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Power Rectifier Device Physics and Electrical Characteristics

The physics of power rectifiers is different in many
aspects from that of their low—power counterparts. The
reason for thisis that power rectifiers must process power
with a minimum power loss with operating conditions often
covering a wide range of blocking voltages, current
densities, and frequencies.

The ability to handle forward currents from 1 A to 600 A.
block voltages up to 100 V, and exhibit excellent switching
behavior at frequencies up to 1 MHz are the unique
performance features of today’s silicon Schottky rectifier
technology Silicon bipolar junction rectifiers can block
voltages up to 1500 V and have current capability up to 190
A. However, in switching applications silicon bipolar
junction rectifiers require minority barrier life-time
reduction to perform the switching behavior at the speeds
necessary for switching operations These devices have
higher conduction losses than slower standard and
fast—recovery bipolar junction rectifiers and are selected
when switching loss dominates.

Circuit designers need low—oss, power rectifiers both in
conduction mode and dynamic mode operations, especialy
in high—frequency applications In this domain silicon—based
technology israpidly approaching its performance limit and
the current industry demand for low—loss diodesis driving
the quest for new semiconductor materials such as gallium
arsenide Schottky devices for improved performance.

To provide the necessary background for selecting and
using power rectifiers, thisfirst chapter presents areview of
basi c semiconductor physics covering energy bands, surface
properties. doping. conductivity, p—n junction and m-s
junction theory. From this, the diode equations for ideal
bipolar p— junctions and majority carrier m—sjunctions are
developed. Next, properties of real diodes are shown;
finally, possible tradeoffsin performance characteristics are
summarized.

Formation of Energy Bands

Niels Bohr provided a model of the hydrogen atom in
which asingle electron orbits the nucleus and is held in orbit
due to the attraction of a proton in the nucleus of the atom.
Bohr added arule of quantization to postulate that a discrete
set of orbits exists from the continuum of possible orbits and
this explains the discrete energy levels needed to describe
the line spectrum of atomic hydrogen.

If we visualize the electron in a stable orbit of radius r
about a proton of the hydrogen atom, we can equate the
electrostatic force between the charges to the centripetal
force, asshown in Figure 1.

ST

\\@

\_//

-

Figure 1. Bohr Hydrogen Atom Model

—q2 _ mv2

4,,eor2 r

(1.1)

where:

m = mass of the electron

v = velocity of the electron

Since the electron is confined to the vicinity of the nucleus
bound by a coulombic force, Bohr demonstrated that the
possible electron energies are quantized. Hence, the energy
states of the electron in the hydrogen atom are given by:

1 1.2)
8h2e2 n2

Ep =

where:

Mg iSthe electron mass and h is Planck’s constant.

Materials used in semiconductor technology can be
described in terms of energy levelsthat electronsin an atom
can occupy. For the purpose of this chapter, we will focus on
energy levels theory. For a single crystal atom, the energy
level perspective can be considered in terms of an orbital
plan and an energy well plan. Both of these are shown in
figure 2 for the silicon atom. Since intrinsic silicon has a
valence of four and forms covalent bonds with four
neighboring silicon atoms when more than one atom is
present, energy levels combine as the atoms are joined.

Asthesilicon crystal isformed, the interatomic spacing
is reduced and electron conduction bands arc formed by
bringing together isolated silicon atoms. Figure 3(a) shows
the formation of energy bands as the atomic separation is
reduced during crystal formation. At absol ute temperature
0°K every state in the valence band will befilled, whilethe
conduction band will be completely empty of electrons.
The arrangement of completely filled and empty energy
bands has an important effect on the electrical conductivity

http://onsemi.com
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of asolid. Every solid hasits own characteristic energy band
structure. The primary difference between an intrinsic
semiconductor, an insulator, and a good conductor isthe size
of the energy bandgap. Silicon has a bandgap of 1.1 eV,
compared to 8 eV for an oxide insulator. The relatively small
bandgap of silicon allows excitation of electrons from the
lower valence band shown in Figure 3(b) to the upper
conduction band by a reasonable amount of thermal or
optical excitation energy. This is why silicon is a
semiconductor. In metals the valence and conduction bands
overlap so that electrons can move freely, resulting in high
electrical conductivity.

Orbital Plan

The energy band diagram of intrinsic silicon is shown in
Figure 4. The intrinsic silicon valence band is completely
filled with valence electrons at absol ute zero and no current
can flow. But at any temperature above: absolute zero, a
small number of electrons possess enough thermal energy to
be excited to the conduction band. For every electron excited
to the conduction band, aholeis created in the valence band.
The intrinsic concentration of holes and electrons is
relatively small for silicon at room temperature.

— / Excitation Orbit
~
~ .
N Valence Orbits
/
\

Valence Electrons (4)

Inner Orbits

Orbital Electrons

Nucleus

Hole

Free Electron

Excitation Level

Increasing
Energy

Energy Well Plan

Nucleus

Valence Levels

Inner Orbital Levels

Figure 2. Orbital and Energy Well View of Electrons in Silicon
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: Carbon atoms
\ Conduction Band 6 electrons/atom
N atoms
6 N electrons
4N
states
6N states 2p
A
Eq
J— 2N states
a
(a) 3 _ 2s
(3]
c
w
4N up g
states
—] Valence Band
| ul Su
\
2N states
1s
—
Diamond ———
Lattice >
Spacing Atomic Separation
CONDUCTION BAND CONDUCTION BAND, CONDUCTION BAND/]
(b) BAND GAP BAND GAP X
OO AN
VALENCE BAND VALENCE BAND "\ VALENCE BAND
a) INSULATOR b) SEMICONDUCTOR c) CONDUCTOR

Figure 3. (a) Energy Band Versus Atomic Separation Relationship;
(b) Energy Band Gap of Insulators, Semiconductors, and Conductors

However, the intrinsic concentration doubles every 10°C and is defined by Equation 1.3.
Inintrinsic silicon, the number of conduction electrons, n, equals the number of holes, p, or

n=p=nj=39 x 10167 3/2 exp(_ EG) cm — 3

kT
(1.3)
where:
n = electron concentration, cm—3
p = hole concentration, cm—3
nj =theintrinsic carrier concentration /cm3

T  =temperature, °K

Eg =bandgap, eV

k  =Boltzman's constant

aT =00°
At 25°C nj for intrinsic silicon is;

ni  =15X 101 carriergcm3
whereas:

ni =1.8X 10° carriers/cm3 for GaAs.

http://onsemi.com
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Hole Electron

E. Conduction Band

Energy  Energy Fo- L1eV

E, Forbidden Band

E, Valence Band

Figure 4. Energy Band Diagram for Intrinsic Silicon

Doping of Semiconductors

Semiconductor materials have no practical application in
their intrinsic form. To obtain useful semiconductor devices,
controlled amounts of dopant atoms arc introduced into the
crystal. When dopant atoms are added, energy levels are
created near the conduction band for n—type semiconductors
and near the valence band for p—type semiconductors. The
band diagrams for n-type and p-type semiconductors are
shown in Figure 5.

The addition of dopant atoms increases either the electron
or hole concentration of the host silicon crystal. Common
silicon dopants are listed in Table 1.

The result of doping is a change in the electrical
conductivity of the crystal. If pentavalent elements such as
antimony, phosphorus or arsenic are introduced into the
silicon crystal, atoms will be displaced by the impurity

Electrons in Conduction Band

L

+++ 4+t

Donor lons

Valence Band

n—type

atoms as illustrated in Figure 6(a). Four eectrons of the
impurity atom form covalent bonds with four surrounding
atoms and the fifth electron is free to act as a carrier. The
pentavalent impurity is called a donor because it gives up
electrons and the material is said to be n—type becauseit is
negatively charged with free electrons and donates electrons
to the conduction band.

Table 1. Common Silicon Dopants

Electron-Increasing Hole—Increasing Dopants
Dopants (Donors) (Acceptors)
P B
As ColumnV Ga Column Il
Sb Elements }Anl Elements

Conduction Band

Acceptor lons

Holes in Valence band

P —type

Figure 5. Band Diagram for n—type and p-type Semiconductors
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Incompleted
covalent bond

This electron jumps
into hole left by boron
atom. Hole position is
displaced to right.
This results in a drift
of holes toward the
negative pole, giving
them the character
of mobile charges.

Applied field
b) p—type Silicon

Figure 6. Impurity Atoms in (a) n—type Silicon; (b) p—type Silicon

If a trivalent impurity atom such as boron, gallium,
indium, or aluminum is added to the semiconductor, the
electrons surrounding the impurity atom cannot form a
stable set of locked covalent bonds The tri—electron
structure of the impurity atom causes one incompl ete bond
as shown in Figure 6(b). The result is a positively charged
material. The trivalent impurity is caled an acceptor
impurity because it accepts electrons from the valence band
and forms holes in the valence band.

When donors are added to silicon, there is a larger
number of conduction electrons or holes, respectively. It
can be shown mathematically that

N~ =2x10% /cmfat26°C
A
(1.4)

n=n-p=N"+
i D

where:

Np is the doping concentration per cubic centimeter for
donors and Np is the acceptor doping concentration per
cubic centimeter.

Therefore, if n or p is known, the other carrier
concentration can be readily found.

The Electrical Resistivity and
Conductivity of Silicon and
Gallium Arsenide

Conduction of electricity through bulk silicon or gallium
arsenide is by magjority carriers Resistivity isthe inverse of
conductivity For n—type material it is given by:

On = NQun (1.5)
where:
on = conductivity (Q—cm)~1
n = eectron concentration, cm—3
q = eectroncharge
Uh, = electron mobility, cm2/V-S
. 1 S
= = 1.
Pnis 1/ on nqun resistivity (1.6)

The mobility described above is the proportionality
constant between the applied electric field (€) and the
resultant carrier drift velocity (vq) for bulk carrier transport
where:

Un = @(obeys Ohm'’s law) w7

Figure 7 shows bulk carrier mobility as a function of
doping concentration for both electrons and holes.

Drift velocity is determined by the mean free time (Ts)
between collisions within the crystal lattice, this being the
time they are accelerated in the direction of the field. Using
Newton’s law of mation, the drift velocity is given by:

_ QeT

= 1.8
Vd =5 1.8)
where:
m* = conductivity effective mass
€ = applied eectricfield
T = mean tune between collisionsin the lattice
since:
V T
un = Td - % (1.9)

In uniform extrinsic crystals where the carrier
concentration is predominantly of one type, the electrical
conductivity ay, is determined by the acceleration of carriers
dueto the applied electrical field and those processes which
arrest carrier motion through the lattice.

Vd

on = gnu = gn—= = q2nmL (1.10)

*

m* = 0.98 for silicon

m* = 0.067 for gallium arsenide

Since the effective: mass of gallium arsenide is much
lower than that of silicon, the force on an electron in an
dectric field accelerates electrons in gallium arsenide much
more quickly than electrons in silicon. For low field
conduction (<103 V/cm) the scattering processes for gallium
arsenide and silicon are similar in magnitude, so the mean
drift velocity for low—energy carriers is much higher,
resulting in alow—field electron mobility of 8500 cm-V—-s1
at 300°K for gallium arsenide and 1500 cm-V—s1 a 300°K
for silicon.

The effective mass of the atom determines the mobility
and hence conductivity of the semiconductor material. For
power rectifiers this property offers the potential for faster

http://onsemi.com
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deviceswith lower on—resistance when gallium arsenide is
selected over silicon.

By taking into account the fact that mobility changes with
doping concentration,one can reconstruct Irvin's curves
which plot resistivity as afunction of doping concentration,
as shown in Figure 8 for silicon and Figure 9 for gallium
arsenide.

From Figure 8 if a concentration of 1016 cn3 is selected,
this equates to aresistivity of 0.5 Q—cm for silicon. Thisis

1400 [T I

Electrons (n-type)

600 -
400 —
Holes (p-type)

NN

Mobility, cm2/Ves
=
o
o

Resistivity, Q—cm

Impurity Concentration, atoms/cm3

Figure 7. Bulk Mobility Versus Doping for Silicon

101014 1015 1016 1017 1018 1019 1020 1021

the typical resistivity tax—get used for a 40 V power
Schottky. From Figure 9, for the same concentration of 1016
cm3, aresistivity of 0.05 Q—cm is obtained with gallium
arsenide as the semiconductor material for again a 40 V
power Schottky device. This demonstrates the feature of low
on—resistance potential with gallium arsenide over silicon
but other problems pertaining to surface properties (which
will be discussed later in this chapter) dominate the forward
voltage drop in gallium arsenide Schottky devices.
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Figure 8. Resistivity as a Function of Doping
Concentration (Irvin’s Curve) for Silicon [1]
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Figure 9. Resistivity Versus Impurity Concentration
for Ge, GaAs, and GaP at 300°K [2]
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The Fermi Level Concept

The fermi level is used to describe the energy level of the
electronic state which one electron has a probability of 0.5
of occupying. However, the fermi level also describes the
number of electrons and holesin the semiconductor.

With reference to the energy band diagram of Figure 10

Ef — Ej _
T n — type (1.12)

n = nj exp

Ei — Ef

P = Ni exp—is

p—type (1.12)

for intrinsic since E; = E;
p=n=n;j (1.13)

In other words, for the intrinsic material, the fermi level
is at the midpoint of the band gap.

Surface Properties of Semiconductors
The atoms in a crystal of silicon or gallium arsenide are
arranged in a well-ordered structure so that the net force
acting on each atom is zero. In the bulk crystallographic
structure of silicon, each atom is surrounded by four others
in atetrahedral configuration. except for imperfections such
as vacancies, substitutional or interstitial impurities, or
dislocations, this configuration extends throughout the
single crystal. The situation at the surface of a crystal of
silicon or gallium arsenide is different from that prevailing
in the bulk in many important ways. First of al, the absence
of neighboring atoms causes the equilibrium positions
adopted by the surface atoms to be different from the bulk.
Secondly, the chemical nature of the surface tends not to be

Ec

Et

p-type

E. = Energy level of conduction band
E, = Energy level of valence band
E; = Fermi energy level
E; = Intrinsic energy level

Rectifier Applications

atomically clean (i.e., the atomic composition of the surface
is the same as the bulk). The surfaces of semiconductors are
complex regions where the chemistry and crystallography is
quite different from the bulk Not surprisingly, the
distribution of electrons and associated energy levels also
differs at the surface. from those pertaining to the bulk.
Since these surfaces are critical in the formation of
oxide—semiconductor interfaces and metal—semiconductor
interfaces, it is important understand them to the fullest
possible extent. Consider a semiconductor materia like
silicon freshly cleaved in high vacuum to expose an
ultraclean surface. From a symmetry viewpoint, two of the
four covalent bonds which hold the silicon lattice together
would be broken at the crystal surface in contact with the
vacuum. These broken bonds are missing two electrons per
atom, and hence, about. 1015 atoms/cm3 are in aposition to
attract negative charges onto the crystal surface and giverise
to energy states in the forbidden energy gap. In practice, the
silicon surface atoms when exposed to air quickly form a
native oxide layer about 40A thick. This satisfies the silicon
“dangling” bonds at the surface and reduces surface states
under clean conditions; to 5 x 101%/cm? or less. Figure 11(a)
shows the energy band diagram for the interface between a
p-type silicon crystal and a vacuum, assuming a perfect
crystal in a perfect vacuum ignoring the effects of broken
bonds at the surface This may be referred to as the flat—band
case, but obviously does not occur in practice: The real
situation is shown in Figure 11(b). The SIO; layer contains
positive charges that result in an n-shift in the
semiconductor, i.e., an n—type semiconductor behaves more
n-type, whereas p-type material behaves less p-type.

Ec

n-type

Figure 10. Energy Band Diagram for n—type and p—type with Fermi Levels Shown
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With respect to the clean surfaces of semiconductors and
metals, surface states also significantly impact device
properties. The deposition of ametal onto a semiconductor
usualy givesriseto abarrier, if the work function fm of the
metal is greater than the work function of the semiconductor.
For the case of a metal to n—type semiconductor, the barrier
height (fg) is equal to the separation of the fermi level (E;)
and the conduction band minimum E; at the semiconductor
metal interface. Schottky proposed that fg be given by the
difference between the metal work function and the
semiconductor electron affinity (Xs). With measured barrier
height for metals on n—type GaAs usually in the range of 0.7

to 0.9 eV, the Schottky model failsto explain the observed
insensitivity of the barrier height to metal work function in
gallium arsenide. The basic explanation for thisis thought
to be surface states and interface states causing the fermi
level to be pinned at a certain level between the conduction
and valence band at the semiconductor surface. Unpinning
of the GaAs fermi level with heavily doped silicon
overlayers has been reported [1] but significant work in this
arearemainsto be done to gain complete understanding and
alow realization of improved on—conduction performance
of gallium arsenide Schottky technology.

Electrons
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Figure 11. (a) Ideal Surface; (b) Band Rending Due to Energy States in the Forbidden Energy Gap
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Semiconductor Junctions

pn Junctions

The rectifying properties of a diode can be understood
most easily from its band diagram. Prior to junction
formation, the band diagram of separated n—type and p-type
silicon is shown in Figure 12. From Equation 1.6:

P = nj exp(Ei — EF)/ kT (1.14a)
From Equation 1.5:
P = nj exp(EE — Ei)/ kT (1.14b)
Hence,
KT In (p/njy = Ei — EF and
KT In (n/nj) = EF — Ei (1.15)
and therefore:
Ei — Ef = dTIn(p/nj) and
EF — Ei = KT In (n/nj) (1.16)
Ec
———————————— Ei
Ef
Ev

Rectifier Applications

When the two separated regions are joined, energy bands
bend to give aflat fermi level when an external voltage is
applied as shown in Figure 13.

Vpi = (Ei — Efown20F)p side + (EF — Ei)nside (1.17)
Vbi = KT (p/nj) + KT In (n/nj) (1.18)
Vpi = KT In [pn/nj2] (1.19)

Since p = Na and n = Np then:
Vpi = KT In[NA Np/ni2| (1.20)

Once the equilibrium point is reached after junction
formation, the electrons on the n—type side cannot flow
across to the p-type side because of the energy barrier due
to the “built-in” contact potential similarly, holes on the
p-type side cannot flow across to the n—type side.

Ec
=

Ev

Figure 12. Band Diagram Prior to Junction Formation

E — — — — ——_

Vpi = The “built in” voltage or contact potential

Ev

Figure 13. Band Diagram of Ideal Pit Junction
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Forward Bias

When an external voltage is applied to the junction, the
fermi level is offset at the terminals by the amount of the
applied voltage TIP a positive voltage is applied to the
p—side of thejunction, the pnjunction isforward biased. This
applied forward bias reduces the “built—in” barrier height
and carriers flow across the barrier, as shown in Figure 14.

In effect. the built—in potential is now reduced, causing a
diffusion current of majority carriers to flow across the
depletion region. Only holes with energies greater than the
“built—in" voltage qVvy; can diffuse into the n—region. In
addition, holesin the n—region near the depletion edge drift
under the influence of the electric field in a direction
opposite to the hole diffusion current, constituting a negative
hole amount.

Total hole current
Jp = Jp/drift + Ip/diffusion (1.21)
The carrier flow of holes from the p-side to n—side shows
as an increase in minority carrier concentration on the n—side

of the junction. The excess minority carriers recombine
outside of the depletion layer, faling to the equilibrium
value within one diffusion length L.

Similarly, total electron current
Jn = Jn/drift + Jn/diffusion (1.22)
The net effect of forward biasisalarge diffusion current

component, while the drift component remains fixed near
the thermal equilibrium value.

Reverse Bias

When the voltage applied to the p-type side is negative,
the junction is reverse-biased. The applied voltage adds
directly to the “built—in” voltage and causes the fermi level
of the p—side to be displaced by an amount qVa. The net
result isthat minority carriers are drawn toward the junction,
and the hole diffusion current is reduced to less than its
therma equilibrium value. The reverse bias current is
extremely small because the source of current flow, the
minority carrier concentration, is small.

p-type
b Electrons
(Vbi—Va)
/_ - - - — — —
/
/
E —— - - - — — =
_— -_ Y  — — — — —
/
N
hole+
n-type
Figure 14. Band Bending Due to Forward Bias Reduces “Built—in” Potential
 — Fe
(Vbi+Va) — —  —  —  — — —H
- o — — —E
Ec / = — A Ef
—_— - /
Ef — — —— —— — — ——+— e
/
E — — — — Ey
Vp applied
E, -y

Figure 15. Band Bending Due to Reverse Bias
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Metal-Semiconductor Junctions

Metal-semiconductor rectifying contacts are formed
when the metal barrier is brought into contact with the
lightly doped semiconductor material, forming an energy
barrier between the metal and the semiconductor The barrier
height of the metal-to—semiconductor junction depends on
the semiconductor material and its surface properties as
explained earlier in this chapter. The energy band diagram
of a rectifying metal—semiconductor contact is shown in
Figure 16.

According to the Schottky model, the barrier height can be
determined by the difference between the metal work
function (f;,) and the electron affinity Xg of the

Rectifier Applications

to theideal situation where the semiconductor is sensitive
to the metal work function. For silicon Schottky
technology thisis accomplished by obtaining an intimate
metal—to—semiconductor contact through the process of
forming a thin silicide layer under the top metal contact.
Table 2 shows the possible ranges of silicides that have
been achieved to gain control of the barrier height on
silicon-based Schottky rectifiers. As yet, control of the
barrier height on gallium arsenide has proven elusive due
to the pinning of the fermi level.

Table 2. Schottky Barrier Heights (®g) of Various
Silicides On n—Type Silicon

semiconductor. However, in most practical situationsathin — —
insulating oxide film exists at the metal—semiconductor Disilicides ®sEV) Other Silicides | ®g(eV)
interface Such an insulation film, often referred to as an TiSi 0.6 HfSi 0.53
interfacial layer, alters the properties of the semiconductor VSi, 0.65 MnSi 0.76
surface from the bulk semiconductor (see section on surface Crsiy 057 CoSi 0.68
properties). The existence of thisinterfacial layer enhances e os NS 07
the density of surface states near the surface and as aresult 2 i — :
the barrier height does not follow the Schottky model of: NbSi, - NiSi 0.7
q)b — q)m _ XS (123) MoSi, 0.55 RhSi 0.74
Where @, = barrier height, @, = work function of metal, HfSi_z — szs_i 0.74
X = electron affinity of the semiconductor. TaSi 0.59 Pt;Si 0.78
The barrier height consists of four components. WSi, 0.65 PtSi 0.87
¢b = dm — X5 — AsS — A¢ (1.24) FeSiy - IrSi 0.93
Where Ass = contribution due to surface states and A.1. is CoSip 0.64 Ir2Sis 0.85
image force lowering [3]. NiSip 0.7 IrSiz 0.94
In practical processing of Schottky contacts, emphasisis
placed on making the metal—semiconductor contact close
% Ec
(VpisVa) T T T T T E
/ e — — — — —E
Ec / = — A Ef
—_— - /
E — — — —— — — ——+— e
/
E — — — — — — — Ey
Vp applied
Ey vy

Figure 16. Schottky Energy Band Diagram (No-bias)
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Since the work function of the metal and the electron
affinity of the semiconductor are properties of the two
materials selected to form the Schottky contact, the barrier
height to electrons remains constant and does not vary with
applied voltage. Under no bias, electrons at the edge of ' the
conduction band in the bulk semiconductor see a potential
barrier qVy; (Figure 17(a)). The number of electrons with
energies greater than Ec + qVy; traveling into the metal
congtitute a semiconductor—to—metal current density
component Js-m. Since under no bias the Schottky diodeis
in equilibrium, the number of electrons transversing the
metal—semiconductor junction from metal to semiconductor
is:

‘]S—M - _ klNDe—qui/kT

Ju_s = — klNce*“’D/kT

(1.25)
(1.26)

where:
N isthe effective density of the conduction band states
Na isthe hulk majority carrier concentration from n=Np.

Forward Bias (Va5>0) and Reverse Bias (Va<0)

The applied voltage changes the potential barrier for
electrons. In the semiconductor but not for electronsin the
metal. Therefore, Js remains constant whereas Jy_s
increases with increasing Va. With Va applied, the barrier
for electrons in the semiconductor reduces to q(Vpi,—Va)
and becomes (see Figure 17(b)):

Js_y = kyNpe ~aVoi-Va/KT (1.27)
The total current is
JS*M + ‘]M—S
whichis
J = klNDequbi/kTquA/kT _ klNDequbi/kT (128)
J = k,Npe ~9Vo/KT[gaVa/kT _ 1] (1.29)

Since;
JM*S — klNce_¢D/kT — _klNDe—qui/kT

—qVbi/kT — —¢p/K
NDe Vbi/ = Nce /

Since @ and Vy,; do not change with Va then:

J = k;Ne~9D/KT[gaVa/kT — 1] (1.30)

J = J[eNVaKT — 1] (1.31)

which isthe form of the general diode equation.
According to thermionic emission theory, to describe the

charge transport of electrons over a potential barrier the

general form of the diode equation can be rewritten as

J = AT?e ~(@D/KD(gdVa/KT — 1) (1.32)

where
Current flow across the Schottky barrier interface
Richardson’s constant
absolute temperature
electron charge
Boltzman’s constant
barrier height
applied voltage

From Figure 17 the potential barrier for electrons in the
semiconductor increases and resultsin asignificant decrease
in the number of electrons that can get to the metal.
However, electrons in the metal see the same barrier as
before fg;fg does not change with reverse bias. Therefore,
the reverse current becomes

Jg = J[edAT — 1]
SinceVa - (-VR) then [eédVRKkT-1] - 0
Jr=1Jo
Jo = AT2e ~¢D/KT)

<& o 4>«

(1.33)

This describes the reverse saturation current for the Schottky
barrier rectifier.

http://onsemi.com

20



Rectifier Applications

IM-s=Jsm Js-m>J m-s
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Figure 17. Schottky Barrier Rectifier Energy Band Diagrams (a) No Bias; (b) Forward Bias; (c) Reverse Bias

Similarly the diode equation for a pn junction obeys the and where:
genera diode equation, which is: Dp = diffusion coefficient of holes
Pno = concentration of minority carrier holesin n—type
J=1J qva/kT _ 1 no
of® ) (1.34) material at equilibrium.
where: Lp = diffusion length of minority carrier holes in
0= 4 p "TTn : D, = diffusion coefficient of electrons

Npo = concentration of mgjority cater electrons in
p-type material at equilibrium.

Ln = diffusion length of minority carrier electronsin
n—type material.
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Rectifier Applications
Real Diode Characteristics

Forward Bias

Real diodes do not follow the ideal diode eguation
because of physical limitations of the device fabrication or
design techniques. The bipolar silicon rectifier is fabricated
using a p—n—n+ rectifier vertical structure, shown in
Figure 18.

In this device the n—epitaxial layer is flooded with
minority cater holes during forward bias. The bulk
resistanceis given by:

R = pl/A (1.36)

where:

p =resistivity

1 =drift region width

A =drift region area.

This bulk resistance is reduced during forward bias as a
result. of the injection of minority carriers from the P*
region. This alowsthe rectifier to carry high current density
during forward conduction. This carrier action is called
conductivity modulation. In a Schottky rectifier, the carrier
action is with majority carriers and no conductivity
modulation occurs. The charge transport mechanism in the
Schottky is thermionic emission as opposed to diffusion and
drift in the pn—n+ structure of the bipolar rectifier. A
cross—section of the vertical structure Schottky is shown in
Figure 19 on the following page.

Typical forward characteristics of a45 V Schottky and a
1000 V ultrafast rectifier are shown in Figure 20(a) and (b),
respectively.

In the case of the Schottky rectifier, the forward voltage
consists of four components:

Vi = ¢B + (KT/Q) 1n (JF/AT2) + JFRspepi + JFRsPsub
(1.37)

where:
@ isthe contribution due to barrier height in (eV).
(kT/q) In (JH/AT?) is the contribution due to contact
potentia (V).
Jr RRepi specific resistance of drift region voltage drop.
Jr RRgb substrate resistance voltage drop.
Jr RRepi and Jr= RRgyp are the contributions due to the
specific resistance of drift region and substrate, respectively.
In the case of ap—n rectifier, the forward voltage consists
of four components al so:

Vt = Vpi + JFRspepi + JFRspsub + JFRIifetime
(1.38)

where:
Vyi the built-in potential described by equation 1.20
Jr Rspey is specific resistance of drift region voltage drop
Jr Rspgyp is specific resistance of substrate voltage drop
JrRjitatime IS Soecific resistance due to heavy metal lifetime
reduction. In astandard recovery rectifier JRjitetime, IS Z€ro.

Aluminum or
Titanium, Nickel, Silver Fired Passivation Glass
Top Metal
-~

Titanium, Nickel, Silver Backmetal

Figure 18. Vertical Structure of pnn+ Rectifier
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Schottky Barrier Metal

Isolation Barrier Metal

Aluminum or
Titanium, Nickel, Silver Nickel
Top Metal

i Instantaneous Forward Current (Amps)
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Figure 19. Vertical Structure of Schottky Rectifier
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Figure 20. Typical Forward Voltage Characteristic
(a) Forward Voltage Characteristic of a 45 Volt Schottky MPR20O4SCT,
(b) Forward Voltage Characteristic of 1000 Volt Ultrafast MUR8100E

http://onsemi.com
23



Rectifier Applications

Reverse Bias
The reverse leakage current consist of four components
for abipolar p——n+ rectifier:

R=ID+Ig+lt+Is (1.39)
where;
Ip =diffusion current, sometimes called saturation
current Jo
g =space charge generation current

Iz =lifetime reduction current due to heavy meta
doping
s =surface passivation.

The hole diffusion current (Ip) in the drift region is
minority carrier concentration in the drift region as shownin
Equation 1.35. The space charge generation current (Ig) is
the current that results from the charge transport
mechanisms within the space charge region. The space
charge region is the region that develops at the transition
region between p-type and n-type materials. Under the
conditions, of equilibrium described in Figure 21,
hole—electron pairs continuously form in the space charge
region as aresult of thermal agitation.

However, the hole and electron forming a pair soon
recombine. The period of time during which the
electron—hole pair existsis referred to as the minority carrier
lifetime. When a reverse bias is placed across the pn
junction, the space charge region expands from the
transition region into portions of the p and n materials on
both sides of the junction. At the same time a larger field
develops across the junction. The creation of thisfield, in
turn, attracts mobile electrons and holes being generated in
the space charge region and sweeps them into the p and n
materials before they can recombine. This current isreferred
to as the space charge generation current | .

The lifetime reduction current (I¢) is due to the influence
of platinum or bold when introduced into the silicon crystal
to enhance switching speed. The surface leskage current (1g)
is due to leakage paths on the surface of the semiconductor
or charge influence in the insulation used to provide junction

passivation In general, the contribution of surface
passivation and lifetime reduction currents tends to be much
higher than the space charge generation and diffusion
components of the total reverse leakage current.

The reverse leakage current of a Schottky rectifier is
dominated by the barrier height of the Schottky. In general
Schottky reverse leakage currents are approximately five
times higher than traditional Ultrafast rectifiers.

|Lp| Ly | depletion
- +
-l +
P [= I N
= +
- +
- +
\—L—l space
charge region
J or drift region
Np — Np
+
+
~Lp +
- Ln
= charge
distribution
E()
-L L
P N .
X
electric field
Emax
V()
A
Vo —4 | -
Ln
contact potential

Figure 21. Property of pn Junction at Equilibrium
Showing the Space Charge and Transition Region
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Breakdown Voltage

Both Schottky and Ultrafast rectifiers exhibit avalanche
breakdown. Avalanche breakdown is a process in which a
single charge carrier ionizes an atom within the crysta
lattice under the influence, of a strong electric field. Each
electron and ion formed as a result of the ionization process
isitself accelerated by the electric field through the space
charge region. This acceleration imparts sufficient energy
for the electron or ion to ionize other atoms it may impact
and thereby create additional electrons and ions. The result
of thisrapid increase in reverse current is called avalanche
breakdown.

For a step junction p*nn* structure, Poisson’s equation
relates the electric field E to the charge density P in the
depletion layer:

dE(y) _ P()
o)~ € (1.40)

€€,

where:

€s = isthe semiconductor dielectric constant and g isthe
permittivity of free space.

For a step junction where one side is heavily doped the
electrical properties are determined by the characteristics of
the lighter doped side. In ptn™n™* step junction, the maximum
field can be found by integrating from the depletion edge to
Xd the junction.

0
I —Xd

_dv _ 9NDx
dy ~ esep (1.42)
Integrating once the potential difference across this

one-sided step junction gives:

_ —A4ND

N N
q D g _ 9NpXg (1.41)

E =

V= Zeseq (1.43)
2es€0

xd = /Tgnp VI (1.44)
2es€Q

= [== - 1.45

xd = /gnp VB~ VA (1.45)

Rectifier Applications
Substitute 1.45 into 1.40:

2qND

Emax = eso VB — Val
When the maximum field exceeds a critical field for
silicon, then avalanche breakdown occurs.

Capacitance

Under reverse hias conditions both Schottky and p*n—n™*
junctions exhibit a voltage-dependent capacitance
relationship. This relationship is expressed as capacitance

per unit area;
. €s€09Np
TV 2Vvg + VY, (1.46)
Capacitance is significant in  Schottky rectifier

applications at high frequency.

Capacitance is a function of bulk concentration, area of
junction and barrier height Asthe barrier height islowered,
the capacitance of a Schottky increases. As the active area
of the Schottky junction is increased, the capacitance.
increases. As the concentration of the bulk region is.
decreased; the capacitance is decreased.
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Figure 22. Capacitance Versus Reverse Voltage For
Schottky Rectifier
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Dynamic Switching

In general, Schottky technology offers switching
performance because Schottky is a majority carrier
technology. In fact, switching both forward and reverse
directions are mgjor drawbacks of p*n n* technology. For
example, when ap*n*n* rectifier is switched from reverse
blocking to on—conduction as shown in Figure 23, its
forward voltage drop exceeds its steady—state forward
voltage drop. This phenomenon is called forward voltage
overshoot during the turn—on transport. This is due to the
fact that during Ugh—speed switching from the off—state to
the on-state, current through the rectifier is limited by the
maximum rate at which minority carriers are injected into
the junction. A high voltage drop therefore devel ops across
the diode for a short period of time until minority carriers
diffuse into the junction and reduce the drift region
resistance. This process was explained in an earlier section
as conductivity modulation. The time it rakes for the diode
to recover to within 10% of its steady-state forward
conduction voltage is called the forward recovery time.

Vi

The reverserecovery of ap*nn* rectifier is. an even more
serious drawback than the forward recovery characteristic.
Reverse recovery time is the time required for injected
minority carriers to be removed from the space charge
region when the device is “turning off.”” The reverse
recovery time. Which if we assume the reverse recovery
characteristics are approximated to atriangle of baset;, and
height I;rm peak reverse recovery current, then the reverse
recovery charge Q,y can be calculated to be;

Qrr = 2lerm - trr coulombs (147)

Figure 24 shows the reverse, recovery characteristic of
four power rectifier technologies.

The abrupt and soft recovery technologies of Figure 24 are
traditional p*n*n* diodes with lifetime control for improved
switching. However, when the switching frequency of
power circuits increases, the turn—off di/dt also increases.
This causes an increase in both the peak current Iy, and the
resulting reverse recovery di/dt; this causes higher losses
and more noise in the circuit.

Figure 23. Forward Recovery Characteristics of p+nn+ Diode When Switched From
Reverse Blocking to On Conduction
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GaAs Schottk

Rectifier Applications

GaAs SCHOTTKY

MEGAHERTZ BIPOLAR DIODE
SOFT RECOVERY P-N DIODE
ABRUPT RECOVERY P-N DIODE

Figure 24. Reverse Recovery Characteristics

Rectifiers such as the Megahertz™ technology or the
GaA s Schottky technology offer reduced t,r and Qy. features
and alow circuit operations at high frequency. Figure 25
shows the potential for Megahertz and GaAs Schottky
rectifiers as enabling technologies for high—frequency
applications.

Figure 26 shows the forward current relationship of two
Schottky rectifiers at 25°C and 150° C. The phenomenon of

iF
(Amps)
A

Ultrafast

Megahertz

/

negative temperature coefficient is observed.

From Figures 27 and 28 one can see that the gallium
arsenide technology is essentially thermally stable since
losses did not increase with temperature. whereas losses,
although reduced, did increase with the Megahertz device
over the 100°C, temperature excursion and a significant
increase was exhibited by the Ultrafast rectifier.

GaAs

100kHz

Frequency

1MHz 10MHz

Figure 25. Safe Switching Area Curve for Ultrafast, Megahertz and Gallium Arsenide Schottky Power Rectifiers
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Figure 26. Forward Current Relationship of Two Schottky Rectifiers at 25°C and 150°C
(the phenomenon of negative temperature coefficient is observed)

I = 1A/div 1
I, N R A R A S N AU AU AU 25°C
- GaAs
- T Mem C GaAs
Vi = 100V > l <«| 20ns.1V
iF = 5A ’104 Mem D
ir e N ./\\‘ MemD |, MegaHz
Tease = +25°C Megahertz +
I - Ultrafast
i Ultrafast
GaAS/MURH840--------- o --:&\/.-- N R B Chan 1
T 20 ns .1V
MUR3040 I

Figure 27. The Reverse Characteristic of Ultrafast, Megahertz and GaAs at Tp = 25°C.
All Devices Exposed to the Same Test Conditions.
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Figure 28. The Reverse Recovery Characteristic of Ultrafast, Megahertz and GaAs at Tp = 125°C.
All Devices Exposed to the Same Test Conditions.
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Silicon Temperature Coefficient Formula for
Forward Voltage

When current is held constant, changesin forward voltage
asaresult of changesin junction temperature may be found
from

Vi (Tj) = VE(25°) + ¢ (Tj — 257) (1.48)

where
V¢(Tj) =forward voltage at T;
V¢(25°) = forward voltage 25°C
@S = temperature coefficient for silicon
T = junction temperature

Design Tradeoffs

Rectifier Applications
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Temperature Coefficient (mW/°C)
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-2.5
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Figure 29. Jq; of Forward Voltage for a Family of
Si Diodes

Table 3. Effects of Physical Change on Electrical Characteristics

Electrical Parameter Change
Physical Change Increase Decrease
Increase Resistivity (Epi) Vs BV tir CT Iy trr
Area CT tr Iy ter Vi
Thickness(Epi) ter Vi Bv CT tr
Barrier Height Vi CT Iy
Lifetime ter \%

ty — Forward Recovery
CT - Capacitance Transient

V¢— Forward Voltage
Conclusion

Power rectifiers are essential components in the power
electronics industry. As power rectifiers are improved in
terms of conduction and switching performance they
become enabling technologies for power conversion
systems.

ON Semiconductor has established a technological
strength, experience and skill resulting in functionally
valuable products for our customers. This introductory
chapter combines theory with description of real rectifier
performance for both existing and emerging rectifier
technologies.

tr — Reverse Recovery

BV — Breakdown Voltage
Iy — Reverse Leakage

At ON Semiconductor we have accepted the challenge
from our customersto provide enabling power rectifiers and
continue to strive towards the ideal device.
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Chapter 2

Basic Thermal Properties of Semicondutors
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Basic Thermal Properties of Semiconductors

Three basic processes play a part in the removal of heat
from the rectifier junction to the ambient air: (1) conduction
(heat traveling through a material); (2) convection (heat
transfer by physical motion of a fluid); and (3) radiation
(heat transfer by electromagnetic wave propagation). Heat
flows by conduction from the die to the package mounting
surface in stud—, base—, or surface-mount pads, but it flows
from the die through the leads to the mounting terminalsin
a lead—mounted part For case—-mounted parts, convection
and radiation are of primary importance in the design of the
heat exchanger, which is covered in Chapter 13. For
lead—mounted parts, radiation and convection from the body
both play a role in removing heat from the die and are
discussed later in this chapter. Transient thermal
considerations and thermal runaway are often important
design factors and receive treatment near the end of this
chapter.

In order to simplify the analysis of heat flow, the concept
of thermal resistance is used. Just as a materia offers
resistance to the flow of current, it may be thought of as
offering resistance to the flow of heat. Resistance to heat
flow is called thermal resistance and for steady—state
conditionsis given as:

Rg = AT/P (2.1a)
or
AT = RgP (2.1b)
where;
Rg = thethermal resistancein °C/W
AT = thetemperature difference between pointsin °C
P = the power in watts.

Junction temperature of semiconductors must be held
below the rating assigned to the part The junction is
therefore commonly used for one of the reference pointsin
applying Equation 2.1. The other reference point is the case
for semiconductors enclosed in case-mounted packages or
a specified point on alead for semiconductors enclosed in a
package intended for PCB insertion To denote the reference

point, the symbols in Equation 2.1 have subscripts. Thus
Rgic signifies thermal resistance, junction-to—case. While
RpjL signifies thermal resistance, junction—to-dead. The
corresponding temperatures are denoted ATjc and Ty,
respectively.

Thermal Models

Thermal resistance may be used to form electrical models
which permit calculation of the temperature rise at various
points in a system. Similar to an electrical physica
resistance, thermal resistance is not constant; changes in
mounting, temperature, or power levels will cause some
maodification of values. Nevertheless, the concept provides
avery valuable tool in handling thermal problems.

By use of athermal model, complex thermal systems may
be easily analyzed using electrical network theorems. The
following sections discuss models for single chip case-and
|ead—mounted parts and for multiple chip assemblies.

Case—Mounted Rectifiers

The total therma resistance, junction—to—ease, is
composed of three identifiable thermal resistances, as
shown in Figure 30. The die-bond thermal resistance is
usually the largest value. Actual values are determined by
the design of the device: the size of the chip, the type of the
die bond, and the type and materia of the package.
Variations among parts from a given product line are the
result of variationsin the die-bond thermal resistance which
is affected by the type of solder or bonding material used. As
agenera guide, however, thermal resistance asafunction of
the die areafor various common diode packages using solder
die bonds behaves as shown in Figure 31.

Some parts may have a piece of material inserted between
the die and the package to take up stresses developed by
differing thermal coefficients of expansion of the package
and of the die. Thistechnique allows a hard solder die attach
technique to be used, which improves temperature cycling
behavior Other parts may contain insulators that electrically
isolate the chip from the package. These materials add
another component of thermal resistance to the assembly.

Junction Junction
Direction of Heat Flow \ Die
Die Bond —_ T
LT TN ) Die Bond
g " 3
il
Package Header Package

~

Figure 30. Thermal Resistance Components of the Junction—-to—Case Thermal Resistance
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Figure 31. Typical thermal resistance of common
rectifier packages having copper material in the heat
flow path (data averaged from measurements at ON)

Thermal resistance (Rg) follows the same genera
equation as does €l ectrical resistance:

Ro = Py (2.2)
where:
p = thermal resistivity
I = length of thermal path
A = areaof therma path

The equation states that thermal resistance is inversely
proportional to area; however, the data of Figure 31 does not
indicate this relationship exactly. The deviation is caused
because the area of heat flow through the package is not the
same asthediearea. Asheat flows, it spreads out toward the
edges of the package; consequently, aslarger die are placed
in a given package, the area for spreading reduces
proportionally.

Lead—Mounted Parts

Inthe axia lead—mounted rectifier, heat travels down both
leads to some kind of a heat dissipator, which is usually
nothing more than a printed—circuit wiring pattern. Heat is
also removed from the package by convection and radiation,
which make the thermal circuit model immensely more
complicated for a lead—mounted part than for a
case—-mounted part. However, certain lead—mounted parts
are easily handled because the thermal resistance of both
leads is identical and quite low compared to the package
radiation and convection components which maybe

neglected. Examples of parts in which this simplified
approach is satisfactory are the MR750 series. Thermal
resistance asafunction of lead length is shown in Figure 32.
Note that the thermal resistance is linearly proportional to
lead length, indicating that the package heat transfer
components play a negligible role in the total thermal
resistance. If the package thermal resistance components
were not negligible, the lineswould curve asthe lead length
increased.

Data is often given for the case where both leads have
identical lengths. However, identical lead lengths will not
result in lowest thermal resistance to the mounting points
since the net thermal resistance is composed of two parallel
paths. The lowest net value will always occur when one of
the pathsis made as short as possible. For example, suppose
a mounting situation is encountered where the leads must
take up a 1 inch span. If each lead were 1/2 inch long, the
thermal resistance (from Figure 32) is 13°C/W maximum.
However, the device could be mounted with one lead 1/8
inch long and the other 7/8 inch long. The thermal resistance
from junction to the end of each lead is 4°C/W for the 1/8
inch lead and 23° C/W for the 7/8 inch lead. The net thermal
resistance of the parallel combination is 3.4°C/W. The
reduction from 13°C/W is quite significant but to take
advantage of this reduction the mounting terminal must have
alow thermal resistance to the ambient As the span becomes
less, the advantages of asymmetrical mounting become less
significant.

2

O
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B ‘ ‘ / /
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L30[  Through Other Lead / v
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Figure 32. Thermal Resistance as a Function of Lead
Length for MR751 Series Axial-Lead Rectifiers
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As a design guide, when using lead—mounted pans,
Figure 33 shows typical datafor three popular case types.
The data should not be taken as absolute because
junction-to—ambient thermal resistance cannot be regarded
as adesign constant. The factors involved are discussed in
depth in Chapter 13.

iy
7777077777077

MOUNTING METHOD 1
P.C. Board Where Available
Copper Surface area is small

| —

BN SN

MOUNTING METHOD 2
Vector Push—In Terminals T-28

¥ L=1/2"
/Lo

g~

/IBoard Ground Plane

VIR

MOUNTING METHOD 3
P.C. Board with
Copper Surface of Area A

Rectifier Applications

Parts with asymmetrica lead conduction and/or
significant convection and radiation from the case requite
use of a complete thermal model. Figure 34 shows a
satisfactory approximation.

LEAD LENGTH L
CASE # | MOUNTING
METHOD 1/8" 1/4" 12" 3/4"
1 65 72 82 92
59
(DO—-41) 2 74 81 91 101
3 40°C/W (L =3/8", A=2.25" 2)
1 - 55 - 58
60 2 - 65 - 68
3 25°C/W (L = 5/8", A=6.25"2)
1 50 51 53 55
267 2 58 59 61 63
3 28°C/W (L =1/2", A=6.25"2)

Data shown for the mountings shown is to be used as typical
guideline values for preliminary engineering or in case the tie point
temperature cannot be measured.

Figure 33. Typical Values for Rgja in Still Air

Reic
2°C/WI/in

ReLa ResaL
40°C/WI/in 25°C/W

' '

Reca
70°C/W
AA'AY
RecL ReLk Resk
0.5°C/W  40°C/W/in L L
Tak T Ta =

Use of the above model permits calculation of average junction temperature for any mounting situation.
Lowest values of thermal resistance will occur when the cathode lead is brought as close as possible to a
heat dissipator, as heat conduction through the anode lead is small. Terms in the model are defined as follows:

TEMPERATURES
Ta = Ambient
Taa = Anode Heat Sink Ambient
Tak = Cathode Heat Sink Ambient
Tia = Anode Lead
T k = Cathode Lead
T3 = Junction

*Case temperature reference is at cathode end.

THERMAL RESISTANCES
Rgca = Case to Ambient
Rgsa = Anode Lead Heat Sink to Ambient
Rgsk = Cathode Lead Heat Sink to Ambient
RgLa = Anode Lead
RgLk = Cathode Lead
RgcL = Case to Cathode Lead
Rgjc = Junction to Case*
RgjaL = Junction to Anode Lead (S bend)

Figure 34. Approximate Thermal Circuit Model for a Case 60 Part
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Use of the thermal model of Figure 34 to calculate
junction temperature is illustrated by the following
example:

Cathode Lead Length = 1/4inch Ta = 60°C
Anode Lead Length = 1/2 inch Taa = 70°C
RgsaA = Rgsk = 40°C/W (typical
for printed board wiring)
Tak = 80°C
From the data in the figure, calculate:
RoLA = 40x1/2 = 20°C/W,
RoLK = 40x 1/4 = 10°C/W.
The model of Figure 34 may be successively ssimplified by

using Thevenin's network theorem as illustrated by
Fgure35. The resulting junction temperature is 117°C.

Thus, the effective thermal resistance, junction—to—ambient,
is (117-60)/2 = 28.5°C/W; however, the number is not
especially meaningful because the tempera—tufts of the
ambient and the printed board wiring are not the same.
The concept of a single thermal resistance number to
describe the thermal properties of axial-ead parts must be
used with caution, because the ambient temperature is
generally notthe same as the temperature of the points which
serve as a heat sink for the leads. Furthermore, in the case of
an asymmetrically mounted part, there is little likelihood
that either mounting point would be at the same temperature
because more hesat flows out through the low resistance lead.
Thus, thermal resistance of alead—mounted diode in terms
of a single value is only useful when all the reference
temperature points involved have the same temperature.

85°C/W 2°C/W
M ' A
—70°C [ T ow 50°C/W 70°CIW
T
{ 80°C = 60°C =
] I I
@
85°C/W 2°C/W 29°C/W
= 240° T, 71.6°C =

(b)

Figure 35. Successive steps in the solution of the example in the text. Thermal problems may be solved by
applications of network theorems. (a) Model with example numbers inserted,;
(b) Simplified thermal circuit obtained by applying Thevenin’'s Theorem to each side of the model

Multiple Chip Devices

Assemblies having more than one die per package — for
example  full-wave, bridge, or three—phase
configurations-have a considerably more complicated
thermal situation because of thermal coupling between the
die. To appreciate how the coupling problem can be handled,
consider the thermal model of Figure 36. Coupling is
represented by the resistances connecting all the die
together. The coupling between adjacent dieis primarily a
result of heat transfer through the lead frame, but the
surrounding encapsulate is also a thermal conductor. In
addition, each die is also coupled to the diametrically
opposite one through the molding in the center of the
assembly. The center coupling requires the addition of two
other resistance paths.

Since the modd is so complex, it iseasier to work in terms
of a coupling factor. The general equation for thermally
coupled die can be written as follows:

ATj1 = Re1PD1 + Re2Kg2PD2 +

Re3KO3PD3 + - - - RonKonPDn (2.3)
where:

ATy = therisein junction temperature of diode 1 with
respect to the reference temperature

Rgn = thethermal resistance of diodes 1 through n

Pon = thepower dissipated in diodes 1 through n

Kgn = the therma coupling between diode 1 and
diodes 24

n = thedie of interest
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Thermal
Resistances

Die Bond

Adjacent Die

Coupling
Additional
Opposite

__Die Coupling

Lead Frame
and Case
Material

Figure 36. Sketch of Physical Construction and Thermal Model for a Bridge Assembly

Assuming equal thermal resistance for each die, Equation
2.3 simplifiesto

ATj1 = Re1(PD1 + Kp2PD2 + Ke3PD3 +
-+ - KonPDn) (2.4)
For the condition where Pp1 = Pp2 = Pp3 = Ppp, the total
dissipation Ppt =n Pp1.
For this special case, Equation 2.4 can be further
simplified to

ATy1 = Re1(1 + Kg2 + - - - Kon) PDT/n  (2.5)

An effective package thermal resistance can be defined as
follows:

Ro(eff) = ATJ1/PDT (2.6)
Combining Equations 2.5 and 2.6 yields:
Ro(eff) = Ro1 (1 + Kg2 + Kg3 + - - - Kon)/n  (2.7)

Assume an assembly has a thermal coupling coefficient
between opposite dice of 0.12 and between adjacent dice of
0.20. If the individual die has a thermal resistance of
6.0°C/W, the effective bridge thermal resistance may be
calculated from Equation 2.7 as

Re(eff) = 6.0(1 + 0.20 + 0.120 + 0.20) /4
= 2.28°C/W

This value is the one specified on the data sheet as the
effective bridge thermal resistance, junction-to—case.
Satisfactory average, steady—state temperature calculations
may be made by multiplying Rgesr), by the total power
dissipated in the package under a given load condition,
provided the current in each diode isidentica in wave-shape
and amplitude.

The coupling factor is particularly vauable when abridge
assembly is operated in the split load circuit of Figure 37(b)
instead of the more usual bridge circuit of Figure 37(a.) The
following example illustrates the use of the data.

Assume that the previous assembly is used in the circuit
of Figure 37(b) and operates such that

Pp2 = 10 W
Ppg =5W

PD1
PD3

Maximum temperature rise occursin diodes 1 and 2. Using
Equation 2.4 and substituting val ues:

ATJ1

6.0 [10 + (0.02)(10) + (0.12)(5)
+ (0.12)(5)] = 79.2

Load 1

Load 2

(b)

Figure 37. Basic Circuit Uses for Bridge Rectifiers (a) Standard Circuit; (b) Split Load Circuit
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Transient Response of
Semiconductors

Each component of thermal resistance in a semiconductor
also has athermal capacitance associated with it, related to
the mass of the material. A high capacitance isdesirablein
order to improve the transient and overload capability of the
part since it slows the response to a power pulse.

A mathematical analysis of one-dimensional heat flow
indicates that the thermal response follows the relationship
Ty « Jt - However, the various time constants associated
with a semiconductor affixed to a package, and the fact that
heat flow is not usually one-dimensional, make the response
extremely difficult to calculate. The most practical method
of handling the transient thermal problem isto measure the
thermal response of the semiconductor to a step of input
power and to present the data in a graph. The thermal
resistance as a function of time is called transient thermal
impedance and may he calculated by:

where:
r(t) fraction of steady state value at agiven time
Ror thermal resistance, junction to areference point
Choice of reference point depends on the type of part. For
case-mounted parts, the logical reference is the case. For
lead—mounted parts the leads are generally chosen;
however, the ambient ins sometimes used.

Thermal Response

Thermal response of lead—mounted semiconductors is
difficult to present because of the effect of lead length.
Figure 38 shows the thermal response of two lead—mounted
parts. In general, the slope, between 10 and 100 ms, as on
Figure 38(b), is followed until steady—state conditions are
approached. Figure 38(b) shows transient thermal
impedance, Zgy 1. Where the effects of lead length are
considered. Curves for other lead lengths can be sketched
using the given curves as a guide and flattening the curve at

ZgJRr(t) = rt) ReJr (2.8) the appropriate value of steady—state thermal resistance.
1.0 ——
ol 0.7 —
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2 03 =
S L
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28 1]
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Figure 38. Typical Thermal Response of Lead—Mounted Rectifiers
(a) Case 59 with Fast Recovery Diode, Plotted Normalized;
(b) Case 59 with Standard Diode, Plotted in Terms of °C/W
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Figure 39 shows response curves for typical power
rectifiersin stud—mount and press fit cases. Differencesin
dies and manufacturing techniques make it difficult to
guantitatively explain behavior, although it is evident that
the more massive packages and larger die have slower
responses.

Measurements of various rectifier diode arrays have
reveded that times well ever 10 seconds are required for

1.0

Rectifier Applications

temperature changes of other die to become manifest at one
of the other die in the same package. As aresult, transient
coupling can be neglected because of the relatively high
frequencies employed in electronic work.

When rectifiers are used in intermittent operation the
thermal response of the heat sink may be used to advantage.
Heat sink properties are discussed in Chapter 13.
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Figure 39. Typical Thermal Response of Stud—Mounted and Press—fit Rectifiers (a) DO-4 Package;
(b) DO-5 Package; (c) DO-21 Package
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Use of Thermal Response Data

A simple equation to permit calculation of temperature for
arbitrary pulse trains with random variations is impossible
to derive. However, since the heating and cooling response
of asemiconductor is essentialy the same, the superposition
principle may be used to solve problems which otherwise
defy solution. Using the principle of superposition, each
power interval is considered positive in value and each
cooling interval negative, lasting from time of application to
infinity. By multiplying the thermal resistance at a particular
time by the magnitude of the power pulse applied, the
magnitude of the junction temperature change at a particular
time is obtained. The net junction temperature is the
algebraic sum of the terms.

The application of the superposition principle is easily
seen by studying Figure 40. Part (a) illustrates the applied
power pulses. Part (b) shows these pulses transformed into
pulses lasting from time of application arid extending to
infinity; at to, P, starts and extendsto infinity; at t1, apulse
(—Py) is considered to be present and thereby cancels P, from
time t1, and so forth with the other pulses. The junction
temperature changes, due to these imagined positive and
negative pulses., are shown in part (¢). The actual junction
temperature is the algebraic sum as shown in part (d).

Problems may be solved by applying the superposition
principle exactly as described; the techniqueisreferred to as
the pulse-by—pulse method. It yields satisfactory results
when the total time of interest is much less than the time
required to achieve steady—state conditions. This method
must be used when an uncertainty existsin arandom pulse
train as to which pulse will cause the highest temperature.

@

(b)

(©)

(d)

Figure 40. Application of Superposition Principle (a) Input Power;
(b) Power Pulses Separated into Components;
(c) T; Change Caused by Components; (d) Composite T,
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Where power surges or overloads occur with uniform
trains of repetitive pulses, more accurate answers with less
work are obtained by using amodel based on averaging the
power pulses. The basis of this method is shown in
Figure 41. The average power pulseisfollowed by one pulse
of the repetitive train and then the overload pulse. The
temperatureis caculated at the end of the surge or overload.

Pov
nth o

pulse

Po— — —

Pavg

t%—»t

T

Figure 41. Model for a Repetitive Equal Pulse Train
Having an Overload Condition

Handling Nonrectangular Pulses

Therma response curves, such as those shown in
Figure 38 and 39, are based on a step change of power; the
response will not be the same for other waveforms. Thus far
in this treatment a rectangular—shaped pulse has been
assumed. It would be desirable to be able to obtain the
response for any arbitrary waveform, but the mathematical
solution is extremely unwieldy. The simplest approach isto
make a suitable equivalent rectangular model of the actual
power pulse and to use the given thermal response curves;
the primary rule to observe is that the energy of the actual
power pulse and the model are equal.

Experience with various modeling techniques has lead to
the following guidelines:

1. For apulsethat is nearly rectangular, awaveform
having an amplitude equal to the peak of the actual
pulse, with the width adjusted so the energies are
equal, is aconservative model (see Figure 42(a)).

2. Sinewave and triangular power pulses model well
with the amplitude reduced by afactor. Fa, of 91%

Rectifier Applications

and 71%. respectively, of the peak and the width
adjusted to 70% of the baseline width (as shown in
Figure 42(b)). A power pulse having a sin? shape
models as a triangular waveform.

Rectifier diode forward power pulses are a combination of
sin and sin? waveforms if the current is a sinewave. In
general, suitable mudding resultsif the amplitude waveform
factor, Fa, isabout 0.91 when the peak current is low and
0.71 when the peak current is high, that is, when the voltage
drop across the forward resistance (Rf) is significant. (At
low levels, diode voltageis fairly constant over the forward
current cycle yielding a sine wave power waveform, while
at high power levels the diode voltage is more nearly
proportional to the instantaneous value of current resulting
in a power waveform closer to a sin? function. See
Chapter 4.)

Rectifiers used with SCRsin phase control circuits must
handle the current waveforms of part (c) of Figure 42.
Empirically developed modeling rules for SCR power
losses are indicated; the rules are dlightly more conservative
when used with rectifiers than with SCRs.

Power pulses having more complex waveforms are
modeled by using two or more pulses as shown in
Figure 42(d).

Note: A point to remember is that a high—amplitude pulse
of a given amount of energy will produce a higher rise in
junction temperature than will a lower amplitude pulse of
longer duration having the same energy

The general equation for modeling is:

TV = Piav)Tw

~ FAP(PK) (29

where. Ty = pulsewidth of model
Pay = average power inthe original waveform
Tw = timeduration of original waveform
(Pav) Tw = Areaunder the power

waveform)

Fa = amplitude waveform factor previously
discussed

Ppx) = peak power of original waveform
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Figure 42. Models for Frequently Encountered Power Pulses
(a) Model for Nearly Rectangular Waveform; (b) Models for Sine Wave and Triangular Pulses;
(c) Models of SCR Current Waveforms for Various Conduction Angles (x). Pulses for « >120° are centered with
respect to the sine wave. Pulses for « > 90° start at the leading edge;
(d) Model for a Complex Waveform
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Example Peak Temperature Calculations

The following examples illustrate proper analysis
procedures for commonly encountered circuit applications.
Thefirst oneisfor atrain of randomly spaced square pulses,
and the second is for a single—phase circuit subjected to an
overload. The second example requires use of proper power
pulse modeling techniques to obtain a solution.

EXAMPLE 1
Finding T; at the end of the nth pulsein atrain of unequal
amplitude, spacing, and duration:
General Equation:
n
Tn = :Elpi[f(th -1 - 1i-2) — rtan—1 — t2i—1)IReIC
(2.10)

where n is the number of pulses and P, is the peak value of
theith pulse.

To find temperature at the end of each of the three pulses
shown in Figure 43, Equation 2.10 becomes:

T1 = P11r(t1) ReJc (2.10a)

T2 = [P1r(t3) — P1r(t3 — t1) + P2r(t3 — t2)]
Rgjc (2.10b)

T3 = [P1r(ts) — P1r(ts — t1) + Par(ts — t2)

— Por(ts — t3) + P3r(t5 — t4)] Rgac  (2.10c)

Assume the following pulse conditions are applied to a
rectifier with a transient thermal response as shown in
Figure 38(a) and Rgy = 31°C/W for alead length of 1/4
inch.

P1=80W to=0 t3=13ms

P,=40W t1=0.1ms t4=33ms

P3=70 W tp=0.3ms ts=3.5ms
Therefore:

t1—-tp=0.1ms
to—t1=0.2ms
t3—to=1ms
tg—tz3=2ms
ts—t4=0.2ms

=
o
o

8o "1

P2
40

20

t3—t1=12ms
ts5—t1=34ms
t5—t>=3.2ms
ts—tz3=22ms

P(rk), Peak Power (Watts)
(o))
o o

oty L

2.0
t, Time (ms)

Figure 43. Pulse Train Analyzed for Peak

Temperatures in Example 1 Text
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PROCEDURE:
Find r(t, — tx) for preceding time intervals from
Figure 31a; then substitute into the set of Equations 2.10.

T1 = P1r(t1) RegL = (80)(0.02) 31 = 50°C

T2 = [P1r(t3) — P1r(t3 — t1) + P2r(t3 — t2)] ReJL
= [80 (0.058) — 80 (0.056) + 40 (0.054)] 31

= [4.64 — 4.48 + 2.16] 31 = 4.96 + 66.96 = 72°C

T3 = [P1r(ts) — P1r(t5 — t1) + P2r(t5 — t2)
— P2r(t5 — t3) + P3r(t5 — t4)] ReJL
= [80 (0.074) — 80 (0.073) + 40 (0.072)
— 40 (0.066) + 60 (0.027)] 31

[(5.91 — 5.83) + (2.88 — 2.64) + (1.62)] 31
2.48 + 7.44 + 50.22 = 60.14°C

The calculations above are performed so that, preceding
the final answer, the residua temperature caused by the
preceding pulses is evident. Note that very little residual
temperature is left from the first pulse at the end of the
second and third pulses. Also note that the second pulse gave
the highest value of junction temperature, a fact not so
obvious from inspection of Figure 43. Because of the high
temperature caused by the second pulse, significant residual
temperature from the second pulse was present at the end of
the third pulse.

EXAMPLE 2

Find T; at the end of an overload condition in atrain of
pulses of equal amplitude, spacing, and duration.

The overload—current condition shown in Figure 44 is
applied to the rectifier used in the previous example and is
modeled as shown in Figure 45. Py is the average power
dissipation before the overload condition, P» is the average
power dissipation during the overload condition, and P3 is
an equivalent peak power pulse resulting from the last
overload pulsein the overload train. For the average current
of 0.4 A, before the overload condition, and the average
current of 2.2 A during the overload, the average power
dissipation can be determined from rectifier power
dissipation data. The datashowsP; =0.4W and P, 3.0 W
for aresistive load. P3 is a peak power and is obtained by
noting that an average current of 2.2 A has a peak value of
6.9 A (3.14 x 2.2) causing a pesak voltage of 1.45 V, obtained
from rectifier Vg data. Using the modeling rules, the
equivalent rectangular pulse, Ps, using a conservative
waveform factor of 0.91 yields:

P3 = (0.91)(6.9)(1.45) = 9.1 W
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Overload Current, Igiay) = 2.2 A
A

-
Forward Current,
IF(AV) =04A Forward

o A0

Forward Current

Figure 44. Overload Current Condition Used in Example 2 to Calculate Peak Junction
Temperature

Applied
Voltage

L

Figure 45. Model of Power Pulses Resulting from the Overload Current Conditions of Figure 44

Thetimets —ty isfound by adjusting the width Ty, of the Solving,
power pulse P3 for equivalent energy by using Equation 2.9

o Torioa-osoun som o
+ 9.1 (0. =1 ~
t3-tp = Tm = PZW
3 Ts = [0.4 — 0.4 (0.317) + 3(0.317) — 3(0.096)
+ 9.1 (0.091) — 9.1 (0.068)] = 1.15 (31) = 36°C
(t5 - o) = (3)(196.1667) E5ms (0.091) (0.068)] (1)
' Thus, the junction temperature has cooled 17°C from time
thus, t3 to time t5. Reverse power dissipation, due to reverse
tr —t1) = (ta — t3) = 8-342— 55 _ 2.54 — 142 ms voltage and leakage current, has been assumed negligiblein
the above example. If thisis not the case, average reverse
t] = (9)(16.67) = 150 ms t3 -t = 6.92 power dissipation is added to pulses P, and P,; also a peak
t = t1 + (to — t1) = 151.42 —t1 = 9.34 reverse power pulse is added between t4 and ts. Equations
2=1+2== : >s-u=>s 2.11aand 2.11b are accordingly modified.
t3 = to + (t3 — tp) = 156.92 t5 —tp = 7.92
tg =t3 + (t4 —t3) + 1 = 159.34 t5 — t3 = 2.42

The general equations used to calculate the junction
temperature rise above ambient at t3 and tg are as follows:

T3 = [P1 — P1r(t3) + P2r(t3) — P2 r(t3 — t1)
+ P3r(t3 — )] RgJL  (2.11a)
T5 = [P1 — P1r(ts) + P2r(ts — P2 r(ts — t1)

+ P3r(ts — t2) — P3r(ts — t3)] ReJL  (2.11b)
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Thermal Runaway

Rectifier circuits may operate the rectifying diode such
that therma runaway is liable to occur and result in
destruction of the diode. The problem arises because several
characteristics are a function of temperature. Reverse
recovery, reverse leakage, and usually forward power losses
increase with temperature. As power is applied, junction
temperature increases, causing power losses to increase.
The additional power causes a further increase in
temperature. Thus, aregenerative process is operating.

In any thermal system, the conditions for therma stability
are such that as the ambient temperature rises. the system
must be capable of dissipating more heat than is generated.
That is, the heat generated in the semiconductor must be less
than the thermal conductivity from junction—to—air.
Mathematically, the conditions for stability are

dPp/dT3 < 1/RgJA (2.12)

where dPp/dT; = change in power dissipation per unit
change in temperature
Rgaa = thermal resistance, junction—to—ambient.

A graphical approach [2] may be used to analyze the
problem and illustrate the principles involved. It also
permits visuaizing the influence of ambient temperature
and thermal resistance. Figure 46 shows how this is done;
values aretypica of those encountered with Schottky barrier
power rectifiers, which have a sufficiently high reverse
leakage current to cause thermal runaway.

Curve A is aplot of the heat generated at the rectifier
junction versus junction temperature: The ordinate is simply
Pr(av) and may be found from Ig vs. Tyand Vg curves; itis
easy to do for dc conditions. The slope of curve A is
dPp/dT .

Curve B represents the power—dissi pation capability (rate
of heat flow) of the equivalent thermal circuit as afunction
of the junction temperature of the rectifier. The slope can be
seen to be 1/Rgja, wWhich corresponds to the thermal
conductivity of the total thermal circuit from junction to
ambient air.

With no voltage applied, the unit dissi pates no power and
the junction temperature is the same as the ambient. In
Figure 46, this condition corresponds to the point Ta. When
voltages are applied to the circuit, the heat generated by the
semiconductor (in the form of dissipation) is P;. This
amount of internal heat generation in the semiconductor
requires that the junction temperature increase to Ti.
However, since the junction temperature has now been
increased, the total power generated by the semiconductor
must increase to Po. In this manner, the junction temperature
and resultant power generation increase until a stable
condition is reached at point 1, where the power—generation
and thermal—conductance curves intersect. The temperature
at point 1islabeled T» and may be read from the abscissaas
approximately 48°C; the ambient temperature is at the
intersection of curve B with the abscissa, and is 30° C for this
example.
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Figure 46. Graphical Analysis of Thermal Runaway

It is now possible to predict the effect of changing the
ambient temperature. If the ambient temperature were
increased. curve B would be trandated to the right, resulting
in a higher junction temperature because the intersection of
curve A would be to the right of point 1. If the ambient
temperature increased to 49°C (curve B4), the junction
temperature would be about 85°C. At values of ambient
temperature below 49°C, for this particular thermal
resistance (25° C/W), the circuit ways fulfills the thermal
stability criterion, dPp/dT<Rgja and is therefore a
thermally stable circuit. At an ambient temperature 49°C,
curve B1 istangent to curve A at point 2, where dPp/dT ;=
1/Rga. Under these conditions the circuit is conditionally
stable, since a small incremental increase in junction
temperature will cause an unstable condition. A further rise
in the ambient temperature will cause the thermal
conductance curve B to fall below the power generation
curve as shown by Bs. Under these conditions the
semiconductor junction temperature cannot stabilize. The
power generated within the semiconductor continues to
increase in search of a stable condition until the junction is
destroyed.

From this representation, the effect of changing the
thermal conductance can be determined. If the cooling
facility is changed (for instance, a better heat sink is used),
the junction will run cooler for agiven ambient temperature,
since the slope will be increased. Curve B illustrates the
result. Curve C shows what happensif Rgja isincreased to
40°C/W. Note that the maximum ambient temperature
alowed is29°C and that the junction temperatureisat 75°C
at the point of thermal runaway (point 3).
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To aid the circuit designer in applying rectifiers having
reverse leakage high enough to require that thermal runaway
be considered in the design, a simplified approach has been
devised and is presented on applicable ON Semiconductor
data sheets. It is based on the relationship

TA(max) = TI(max) — ReJA PF(AV)

— ReJA PR(AV) (2.13)

maximum allowable ambient
temperature

where  Ta(max) =

Tymax) = mMaximum allowable junction
temperature (rated limit or the
temperature at which thermal runaway
occurs, whichever is lowest)

Pravy = averageforward power dissipation

Prav) = averagereverse power dissipation

Rgja = junction—to—ambient thermal

resistance.
A reference temperature is defined by Equation 2.14:

TR = TJ(max) — ReJA PR(AV) (2.14)

The reference temperature TR may be limited only by
Pr(av) or may be limited by thermal runaway. T is obtained
by a computer solution of the basic stability criteria
boundary given in Equation 2.12 as explained in the
preceding discussion. Tr datais presented on graphs similar
to that of Figure 47. With Tg known. Ta(max) is found from

Ta(max) = TR — ReJA PF(AV) (2.15)

Equation 2.15 isfound by substituting Equation 2.14 into
Equation 2.13.

Figure 47 shows how Tg is limited by both T ymaxyand
thermal runaway. The transition between these two
limitations is evident on the curves of Figure 47 as a
differencein therate of change of the dopein the vicinity of
115°C. The data is based upon dc conditions. For use in
common rectifier circuits Table 4 indicates suggested
voltage factors for an equivalent dc voltage to use for
conservative design, i.e.

VR(equiv) = Vin(PK) X Fv (2.16)
Thefactor Fy is derived by considering the properties of
the various rectifier circuits and the reverse characteristics
of the particular diode. At afixed junction temperature. the
reverse power waveform is determined for various peak
reverse voltage levels and average power is calculated. From

Ir — VR data, the value of VR isfound which produces the
same power dissipation asin the circuit; it is VRr(equiv)-

Table 4. Values for Factor Fy

125
~ —_— ‘E\ S _SL
o%115 \\\\‘\\ \\\\ \ 5.0
% \\ N \\\\x X\ 7.0
8 105 N NN N
£ NN \\\\\ XN\
. . N ORORNRNN
s ANENRENN
: 2NN
& Rega ((CW) =50 \ \
N \
N\ \
0 50 7.0 10 15 20 30 40

VR, DC Reverse Voltage (Volts)

Figure 47. Maximum Reference Temperature for a
Schottky Rectifier

EXAMPLE

Find Ta(max) for the diode of Figure 47 operated ina24 vV
DC supply using a bridge circuit with capacitive filter such
that the load current I (pc)=10A (Ifav)=5A),
IFPK)/IFavy = 0, input voltage = 20 V(rms,) Rgga = 7°C/W.

Step 1. Find VR(equiv)- Read Fy = 0.65 from Table 4.
VR(equiv) = (1.41)(20)(0.65) = 18.3

Step 2. Find Tr from Figure 47. Read Tr = 108°C @
Vg =18.3and Rgzp = 7°C/W

Step 3. Find Pray) from rectifier data. Pravy = 10W at
Ipk/lavy =20 and Iravy) =5 A

Step 4. Find Ta(max) from Equation 2.15.
Ta(max) = 108+7)(10) = 38°C.
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Circuit Half Wave Full Wave, Bridge Full Wave, Center Tapped*t

Load Resistive Capacitive* Resistive Capacitive Resistive Capacitive
Sine Wave 0.5 15 0.5 0.65 1.0 1.3
Square Wave 0.75 15 0.75 0.75 1.5 1.5

*Note that Vrwm = 2 Viypk) *TUse line to center tap voltage for Vip.
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Chapter 3

The SPICE Diode Model
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The SPICE Diode Model
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Introduction

This chapter presents a description of the SPICE diode
model and methods for the extraction of its parameters. A
comprehensive examination of this model will be given
along with comparisons of the characteristics of areal diode
and those produced by the model. These comparisons will
be used to illustrate the model’s accuracy and limitations.
Based on the nature of the model equations, mathematical
methods for the extraction of the SPICE parameters (with
the exception of the noise parameters) will be presented.
These methods are easily implemented on a hand—held
programmable calculator and will be used to extract the
parameters for a ON Semiconductor MURHSAOCT
rectifier as an example. Throughout this chapter, references
are made to the characteristics and behavior of anidedl diode
model. The development of this model may be found in
several of the many well-known texts on the subjects of
semiconductor device theory and pn junction diodes [1-4].

The SPICE model of a pn junction diode consists of
mathematical equations, parameters, and variables, all of
which are designed to work together to simulate as
accurately as possible the electrical characteristics of areal
device. The equations and variables used for the model in the
SPICE program are fixed and not easily modified [5, 6].
Therefore, the accuracy resulting from a SPICE simulation
of a diode depends on the precise extraction of its model
parameters. Fortunately, there are several parameter
extraction methods which can be applied to thismodel, some
of which yield more accurate results than others. The

Table 5. SPICE Diode Model Parameters

Rectifier Applications

inherent success of a particular method depends for the most
part on how well device physics and theory are utilized in the
design of the model, and upon the availability of data taken
from areal device.

The SPICE Diode Model

The parameters for the SPICE model of the diode are
given in Table 5 [5, 6]. The equations that use these
parameters are divided into four model groups which are
responsible for simulating various diode characteristics.
These groups consists of the large-signal dc model, the
small-signal ac model, temperature and area effects, and the
noise model.

The Large—Signal DC Model

The large-signal behavior of the SPICE diode is
characterized by the relationship between the dc current and
voltage at its terminals. The parameters used to model this
behavior are S, RS, N, By, and 1EV. The parameter 1Sisthe
same as the reverse saturation current I for an ideal diode.
The ohmic resistance RS is used to model the resistance of
the metal contacts and the neutral regions under high— evel
injection. The emission coefficient N is used to modify the
slope of the current versus voltage (I-V) characteristics
curve. Finally, the parameters BV and 1BV model the
reverse breakdown behavior.

Figure 48 shows the equivalent circuit of the SPICE diode
for large-signal dc analysis. Thiscircuit contains an internal
diode D1, a series resistance having a vaue of RS, and a
shunt conductance GMIN. The SPICE program adds this
conductance, which is transparent to the user, around every
internal pn junction to aid convergence. The program default
value for GMIN is 10-12 mhos but can be set to any other
non—zero value with a OPTIONS line in the circuit file [5].

Name Parameter Default value Typical value Units
IS Saturation Current 10.0f 50.0 f A
RS Ohmic Resistance 0 2.0 ohm
N Emission Coefficient 1.0 11
TT Forward Transit Time 0 10.0n sec

CJO Zero-bias Junction Capacitance 0 100p F
VJ Contact Potential 1.0 0.8 \%
M Junction Capacitance Grading Exponent 0.5 0.3
EG Energy Gap 1.1 11 ev
XTI IS Temperature Exponent 3.0 3.0
KF Flicker Noise Coefficient 0 0.1f
AF Flicker Noise Exponent 1.0 1.0
FC CJ Forward-bias Coefficient 0.5 0.5
BV Reverse Breakdown 0 100.0 \%
1BV Current at BV 10m 200.0 p A
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VE

Vb

MWV

D1 Gmin

Figure 48. DC Large-signal SPICE Diode Model

The dc model variables consist of the voltage across the
external diode terminals V. The voltage across the internal
diode terminals Vp and the terminal current Ip. With these
parameters and variables, the large-signal dc characteristics
are modeled by the following equations

VE=RS:-Ip+ VD (3.1)

and

Ip = f(VD) (3.2)

where four regions of operation describe the functional
relationship between the internal diode voltage and diode
current.

(@ ForVp = =5 N -Vt

ID=1S - [exp(N\{th) - 1] +GMIN - VD (3.3)

(b) For =BV < Vp—-5-N - V¢
ID= —-1S + GMIN * VD (3.4)

(c) ForVp = —BYV,

Ip = —IBV (3.5)

(d) ForVp < —BV,
_ e —(BV +VD)\ _ BV
Ip= —IS [exp(—vt ) 1+ Vt} (3.6)

For all of these equations, V isthe thermd voltage which is
defined as

3.7

To insure convergence between regions (c) and (d), it is
necessary that IBV isdefined as

IS - BV

IBV = Vi

(3.8)
A typicd plot of Ip versus Vp generated by these equations
is shown in Figure 49 where each of the regions (a) through
(d) areindicated.

The Small-Signal AC Model

The ac model of the SPICE diode is derived from the
linearized small-signal behavior of the internal diode D4
shown in Figure 48. The circuit elements of this model
include the junction capacitance CJ, the dynamic
conductance GD, and the diffusion capacitance CD, all of
which are hias dependent as are those corresponding
elements of the ideal diode model.

@)

b Z | —— 1s

———————————— —— BV

Figure 49. Large-scale |-V Characteristics of the
SPICE Diode Model

The junction capacitance is modeled by the parameters
CJO, VJ, M, and FC. The parameters CJO and VY are
identical to the zero—bias junction capacitance Cj(0) and the
contact potential V; described for an ideal diode. The
parameter M isagrading exponent that is used to change the
slope of the junction capacitance versus voltage (C-V)
characteristics curve. For abrupt or step junctions, M is 0.5
while for linearly graded junctions, M is about 0.333. The
parameter FC is used to model the capacitance under
forward bias conditions.
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The variables for the model are the junction capacitance
CJin farads and the internal diode voltage Vp which are
related by

CJ = f(VD) (3.9

where two regions of operation describe this function.
(a) ForVp < FC - VJ,

(3.10)

VD -M
VJ

CJ=CJO-{1——

(b) ForVp = FC - VJ,

- C0 (1 _Fc- M-V

CJ_(l—FC)(M”) (1 FC-(M+ 1)+ V3 )
(3.112)

To insure that the last equation remains well behaved, PC
isrestricted to values between zero and one; that is,

0<FC<1 (3.12)

A typical C-V curve produced by these equations is
shown in Figure 50 where each of the two regions are
indicated.

The dynamic conductance is modeled by the slope of the
|-V curve evaluated at a particular bias voltage. This slope
isfound from the voltage derivative of the current described
in equations (3.3) through (3.6). The conductance GD in
mhos of theinternal diode D, asafunction of the voltage Vp
is derived from

GD = (VD) (3.13)

where three regions of operation describe this functional
relationship which involve the parameters IS and N.

(@ ForVp = =5 N - Vi

_ IS VD
Gp = (N Vi exp(—N - Vt) (3.14)
(b) For =BV < Vp < =5 N - Vi,
- _1s
GD = Vb (3.15)
(c) ForVp = —BY,
GD =0 (3.16)

The diffusion capacitance CD is modeled by the forward
transit time parameter TT, and the parameters IS and N.
Similar to anided diode, this capacitance in faradsis voltage
dependent and is derived from

CD = f(Vp) (3.17)
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Figure 50. Junction C-V Characteristics of the SPICE
Diode Model

where three regions of operation describe this functional
relationship:

(@ ForVp = —5-N - Vi

_ TT - IS . VD
CD_(N'Vt> eXp(N'Vt)

(3.18)
(b) For =BV < Vp < =5 N - V¢
_ _TT-1S
CD = ~Vp (3.19)
(c) ForVp = —BV
Ch=0 (3.20)

The complete small-signal ac model of the SPICE diode
is shown in Figure 51 where the resistance RS has been
included with the elements defined above.

Temperature and Area Effects

Temperature behavior of the SPICE diode is modeled
through certain temperature-dependent parameters. These
parameters are IS, VJ, CJO, and EC. In the equations to
follow, TNOM is the nomina or reference temperature
having a default value of 27°C. This value can aso be
changed with the use of the .OPTIONS line. The variable T
isthe analysistemperature (in °C) which has adefault value
of 27°C if the TEMP line is omitted from the circuit file. If
the . TEMP lineis used for temperature analysis, T takes on
the values given in this line. It is important to note that
SPICE assumes all input data and model parameters have
been specified at 27°C. Even though temperature is
specified in the circuit file and in the .OPTIONS Iinein °C,
itis converted by SPICE to °K for use in the equations.
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For the saturation current 1S, the parameters N, EG, and
XTI are used to model its temperature dependence with the
equation:

)XTIlN

IS(T) = IS(TNOM) - (ﬁ

q-EG 1 1
: exp[[ N - K ] ' [TNOM - T]} (3.21)

A

RS

Figure 51. AC Small-signal SPICE Diode Model

where IS (TNOM) is the nominal value of the saturation
current and 1S(T) is the value evauated at the analysis
temperature T.

The contact potential V J has the temperature—dependent
function given below

VI(T) = VI(TNOM) - (L)

TNOM
ck - i(TNOM

In this expression, VJTNOM) is the TNOM value of VJ,
VJ(T) isthe value evaluated at T, and nj(T) istheintrinsic
carrier concentration (in cm—3) of silicon which is aso a
function of temperature. That is,

1.5
TNOM)

Eq(TNOM)  Eq(T)
XeXp{[qu] [ gTNOM - gT ” (3.23)

where Eg(T) is the temperature-dependent function for the
energy gap (in eV) of silicon. From experimenta results, this
function isfound to be

ni(T) = 1.45 - 1010 . ( T

7.02-10—4-712
T + 1108.0

At 27°C, Eg calculates to be about 1.115 eV.

Eg(T) = 1.16 — (3.24)

For the zero-bias junction capacitance CJO, the
parameters M and VJ are used to model its temperature
dependence with the equation:

CJO(T) = CIO(TNOM) -

VI(T)

{1+4-10—4~M-(T—TNOM)+m~[1—m”

(3.25)

The last temperature—dependent parameter is FC, the
junction capacitance forward-bias coefficient. This
parameter has the simple function given as:

VI(T)

) (3.26)
For the ideal diode, certain parameters are functions of the
junction area. The SPICE program aso provides
area—dependency on these parameters through the use of the
AREA factor in the diode description line in the circuit file.
The parameters affected by the AREA factor are IS, RS, CJO
and IBV which are modified by the following equations:

IS = AREA - IS (3.27)
_ RS

RS = zh2x (3.28)

CJO = AREA - CJO (3.29)

IBV = AREA - IBV (3.30)

where AREA has a default value of 1.

The Noise Model

Small-signal noise behavior of the SPICE diode is
modeled by two noise current sources added to the
small-signal ac circuit model as shown in Figure 52. The
current sourceirsis responsible for modeling thermal noise
generated by the resistance RS. The mean—squared value of
thermal noise current (in A2) generated by this source is
expressed as

2 4.k-T

s = Ak (3.31)

- Af

where T is the temperature in °K and Af is the noise
bandwidth in Hz. The current source ip, is responsible for
modeling both shot and flicker noise (1/f noise) generated in
the depletion region of the diode. The total mean—squared
value of noise current (in A2) generated by this source is
expressed as

2
ip=2-q-Ip - Af + KF -

D.Af  (3.32)

f
where |p isthe dc diode current, f is the frequency at which
the noise is measured, and AF and KF are SPICE flicker
Noi se parameters.
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The Diode Model versus a Real Diode

To see how well the equations for the SPICE diode model
smulate the behavior of both ideal and real diodes,
comparisons are made among the terminal characteristics of
al three. These comparisons use standard characteristic
curves which illustrate the behavior of atypical red diode
(shown with solid curves), and those produced by the ideal
and SPICE diode models (shown with dashed curves). For
clarity, all curves are labeled to indicate their origin.

The current (logarithmic scale) versusvoltage (linear scale)
for adiode driven by aforward-bias dc voltageis plotted and
shown in Figure 53. From this -V plot,three distinct regions
of operation are observed. In Region |, the deviceis operating
under extreme low-evel injection for bias voltages ranging
from zero to about 100 mV, typicaly. For this mode of
operation, the injected carriers passing through the depletion
region are largely affected by the many generation and
recombination (G—R) centers found near the metdlurgical
junction. The dominant effect of these G-R centers causesthe
increase in the diode current with respect to the voltage to be
smaller than ideally predicted. In Region Il, the diode is
operating under low—evel injection. The voltage range for
this region is from about 100 mV to a value determined by

Vg(max) which is derived from
NZ
low
V =Vt In|——— 3.32
F(max) = Vi - 1n( ¢ nzi) (3:32)

where Njow is the smaller of the impurity concentrations.
Under this mode of operation, the G-R centers do not affect
the injected carriers as much asin Region |, and the current
increase over this voltage range is found to be close to that
predicted for an ideal diode. Beyond the voltage Vg(max), the
diode operates under high-Hevel injection as illustrated by
Region I11. Here the resistances of the neutral n and p-type
regions produce ohmic voltage dropswhich tend to reducethe
current increase. As these drops become more dominant, the
diode current stops increasing exponentially and becomes
more proportional to the bias voltage.

Gmin

By

AY|
J
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A 4
i GDL CJ
D
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Figure 52. AC Small-signal SPICE Diode Model with
Noise Sources
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Figure 53. Forward—bias |-V Characteristics for Real,
Ideal, and SPICE Diodes

Superimposed on this plot is the dashed curve
representing the -V characteristics of an ideal diode. It is
clear that this model isfairly accurate in Region I1, but falls
short of predicting the behavior of Regions | and I11. The
second dashed curve is that of the SPICE diode which is
generated by Equations 3.1 and 3.3. Compared to the real
diode, the characteristics produced by this model illustrate
significant accuracy in Regions |l and I11. However, like the
ideal diode, the characteristics are less accurate in Region |.

In Figure 54, the linear—scaled |-V characteristics of aredl
diode are shown for both the forward and reverse—hias
conditions. Asthe reverse-bias voltage increases toward the
breakdown voltage, the diode current in the reverse
direction exhibits a slight increase due to surface leakage
effects. For real diodes, this current is referred to as the
reverse leakage current Igr. The current at which breakdown
occursis called the breakdown current Igy, Thefirst dashed
curve represents the 1-V characteristics of an ideal diode.
Under reverse-bias conditions, the reverse |eakage current
is main—-mined by the saturation current Is which is constant
and not affected by the voltage. Even though the breakdown
voltage can be calculated, the true breakdown behavior is
not predicted by the ideal diode model equations.

The second dashed curve represents the -V
characteristics of the SPICE diode as generated by
Equations 3.3 through 3.6. For this model, the reverse
leakage current is maintained by the saturation current
parameter |S, which is also constant and unaffected by the
voltage. However, the behavior of the model at the
breakdown voltage isfairly closeto that of areal diode.
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Figure 54. Forward and Reverse-bias |-V Characteristics for the Real, Ideal, and SPICE Diodes

Junction capacitance versus voltage characteristic curves
are shown in Figure 55. Under forward-bias, the C-V
characteristics for areal diode are well behaved for voltage
values close to the contact potential V. For an ideal diode,
however, the capacitance calculated near Vj tends to
approach unrealistic values. In the reverse—hias region, the
results of this equation show close similarity to the
capacitance of areal diode.

The results of the SPICE diode junction capacitance
equations show avery accurate similarity to the capacitance
of area diode, especialy in the reverse-hiasregion. Thisis
due in part to the. parameter M in Equation 3.10 which
allowsthe dope of the C-V curveto vary, lathe forward-bias

log Cp A

Ci
\
\
(Ideal), |
\ (SPICE)
s
/7
c, ©) } (Real)
=7 \ |
—— o
——— \ \
\ \ .
0 FCeVg Vj Ve

Figure 55. Forward and Reverse—bias Junction C-V
Characteristics for the Real, Ideal, and SPICE Diodes

region, the parameter PC is used in Equation 3.11 to produce
a straight—ine approximation to the C-V curve for voltages
beyond FCeV J.

A plot of diffusion capacitance as a function of
forward—bhias diode current is shown in Figure 56. The
diffusion capacitance behavior of an ideal diode illustrates
aproportional increase in capacitance with current since the
forward transit time T is assumed to be constant. Thisisthe
case for the SPICE diode since the corresponding parameter
TT isalso constant. For areal diode, however, Tt isknown
to increase with current at high current levels due to current
crowding effects. Thus, the diffusion capacitance typically
deviates from predicted behavior asillustrated.

(Real)

- /

.7 (Ideal & SPICE)

log Ip

Figure 56. Diffusion Capacitance Characteristics for
the Real. Ideal. and SPICE Diodes
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Figure 57 isaplot of the temperature coefficient (TCV) as
afunction of forward-bias current. The TCV for ared diode
typically has negative values over low current ranges but
increases to positive values at higher currents. Thisis due
mainly to the positive temperature coefficient of the bulk
resistance which dominates the diode voltage at these levels.
The TCV of an ideal diode has negative values over alarge
range of current as shown. This s also true for the SPICE
diode since the resistance parameter RS has no temperature
coefficient.

TCV A

*)

(Real)

log Ip
—

—
—
—_—

— ™ (Ideal & SPICE)

Figure 57. Voltage Temperature Coefficient (TCV)
Characteristics for the Real, Ideal, and SPICE Diodes

SPICE Diode Model Parameter
Limitations and Restrictions

Based on these comparisons, it is obvious that the SPICE
diode model is capable of performing a fairly accurate job
in simulating the behavior of areal pn junction diode. Itis
just as obvious, however, that the model isadso limited inits
range of accurate smulation duein part to limitations of its
parameters. The following statements provide a review of
the limitations on the model parameters and how they affect
the simulation results. For some of the parameters,
suggested value restrictions are given in order to insure
convergence.
(8 The saturation current I1Sis constant and not afunction
of the reverse-bias voltage. Therefore, the smulated
reverse leakage current remains constant over the
reverse-hias region up to the breakdown voltage.
The ohmic resistance RS is constant and not a function
of current or voltage. The resistance of the bulk neutral
semiconductor regions of areal diode actually increases
as current increases for high-evel injection.
RS has no temperature coefficient. The temperature
coefficient of the resistance of the bulk neutra

(b)

(©
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semiconductor regions of a real diode is actually
positive, which produces a positive TCV at high-level
injection.

The emission coefficient N is constant, and cannot
model the change in the dope of the -V characteristics
between the extreme low—evel and low—evel injection
regions. For convergence purposes, N must be greater
than 0.01.

The forward transit time TT is constant and not a
function of current or voltage. As such, the diffusion
capacitance CD will increase proportionally with
current and the simulated reverse recovery time ty, will
be constant over current.

The temperature dependence of the zero—bias junction
capacitance CJO is consistent with that of silicon only.
In Equation 3.25, the coefficient of thermal expansion
isthat of silicon material.

From Equations 3.22 to 3.24, the TNOM value of the
contact potential VJ must be greater than 0.4 V to insure
convergence for temperature analysis up to 200°C. For
a larger value of the anaysis temperature, these
equations can be used to determine the minimum value
of VJ.

The temperature dependencies of the contact potential
VJ, the intrinsic cater concentration ni, and the energy
gap EG given in Equations 3.22 to 3.24, respectively,
are consistent with that of silicon material only.

For convergence, the forward bias coefficient PC is
restricted to values between zero and one as indicated
in Equation 3.12; that is,

(d)

()

(f)

(9)

(h)

0]

0=<FC<10
(i) Thereverse breakdown voltage BV has adefault value
of infinite. A gspecified value of zero for BV is
interpreted by SPICE to mean infinite.
The reverse breakdown characteristics of areal diode
tend to be “soft”; that is, the reverse leakage current
gradually increases toward the breakdown current as
the reverse-hias voltage increases. For the SPICE
model, the reverse leakage current is modeled by the
parameter 1S which is constant out to the breakdown
voltage. This produces a “hard” breakdown
characteristic for the model.
The current at the breskdown voltage 1EV is dependent
upon IS and BV. For convergence, IBV isrestricted to
values determined by

(k)

V)

IS(T) - BV
V()

where the saturation current |S and the thermal voltage

Vi must be calculated at the largest value of simulation
temperature by Equations 3.21 and 3.7, respectively.

(m) IBV is often not consistent with the breakdown current

IBV of areal diode at the specified breakdown voltage.

IBV = (3.34)
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SPICE Diode Model Parameter

Extraction Methods

The methods given in this section for the extraction of the
SPICE diode model parameters are based on data acquired
from areal device, Table 6 lists the necessary data required
for the extraction of certain parameters. This data may be
taken from actual measurements or from characteristic plots
available on most data sheets. For data sheet information, it
is assumed that the plots represent atypical device and that
the SPICE mode isvalid for these devices. The tools needed
for the extraction methods include a suitable scientific
calculator (programmable, if possible) which is capable of
performing statistical calculations, and an understanding of
linear and nonlinear |east—squares curve fitting methods.

Table 6. Diode Data Requirements for SPICE Model
Parameter Extraction

Parameters

Data Required Extracted
Forward dc characteristics; forward diode
current (Ip) versus forward diode voltage (Vg). [IS, RS, N
Junction capacitance characteristics;
reverse-bias junction capacitance (Cj) versus | CJO, VJ, M
reverse bias voltage (VR).
Reverse recovery time (t,) versus forward TT
diode current (Ig).
Forward voltage (VF) temperature coefficient
versus forward current (ID), or reverse current | EG, XTI
(IR) versus temperature.
Breakdown voltage characteristics. BV, IBV
Noise measurements (parameters usually set | KF, AF
to default values).
Other parameters for which the defaults are
assumed: FC = 0.5 (typical) FC

For some parameters, more than one method of extraction
may be given. To determine which method is best in
providing a set of parameters yielding the most accurate
simulation, it is necessary to examine the differences
between actual device data and the results provided by the
model equations when using these parameters. By defining
these differences as errors, a single quantity can be
calculated for each method that can be used as a basis of
comparison. This quantity is called the error function E»
which isthe sum of the squares of the magnitudes of the per
unit or normalized errors between actual device dataand the
corresponding data generated by the model. Thisfunctionis
represented by the equation given below

E2 = le1l2 + le22 ... + [enl2 = Zlejl2 (3.35)

where gj, is the normalized error of the ith data point and n
is the number of data points [7], For most modeling
applications, the method which produces the smallest value
of Existherefore judged the best method and the parameters
extracted with this method provide the most accurate results.

Forward DC Characteristics (IS, RS, N)

There are three methods for the extraction of the
parameters |S, RS, and N which model the large—signal dc
behavior in the forward-bias region. The first method
computes these parameters from three points taken from the
forward—bias |-V curve and is appropriately called the
three—point -V method. The second method uses a fixed
value of RS (which can be taken from the results of the
three—point 1-V method) and performs a linear regression
data fit over the 1-V curve to extract IS and N. The third
method uses a fixed value of IS and performs a nonlinear
data fit to extract N and RS, This method is useful if the
reverse leakage current IR is specified and isto be modeled
by IS.

1. Method 1 (Three—point 1-V method). To use this
method, it is necessary to have aplot of the dc
forward—bias 1-V curve where the current axisis
logarithmically scaled and the voltage axisis
linearly scaled as shown in Figure 58. Estimated
values for the parameters can be found from the
steps outlined below.

(i) Select three data points from the -V curve shown as
points 1, 2, and 3.

(ii) Using the values of current and voltage
corresponding to these points as indicated, calculate
values for the parameters RS, N, and IS from the
following equations

1n(ID—1)
(VF2 = VF1) + (VF1 - VF3) - { —i&
(i)
RS =

1n(:D—l)
(p2 - 1p1) + (Ip1 - ID3) - 1(E)

D2

|

(3.36)
N = (VF1 - VE2) + RS - (Ip2 - ID1)
= i 3.37
Vi - (2 (3.37)
ID1
IS =
VF1-RS:-Ip1 (3.38)
exp( N-Vt ) -1
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Figure 58. Forward—bias DC Data for the Three—point

I-V Method

2. Method 2 (Linear regression with fixed RS). With
this method, alinear regression datafit is
performed on the data covering the full range of
the I-V curve to an equation of astraight line
which represents the diode dc characteristics. This
equation can be derived by combining Equations
3.1land 3.3to
produce
IDi = 1S - [exp(%\s,t“)') - 1} (3.39)

where Ip; and V represent the ith data point taken

from n data points on the I-V curve (shown in

Figure 59), and RS is a known value of the ochmic

resistance parameter. Assuming that the

exponential term is sufficiently large, this equation
can be approximated by

1n(Ipiy = 1n(IS) + % (%ﬁ"m

) (3.41)
Taking the natural logarithm of both sides yields
yi =b+m:-x (3.42)

which is the equation of a straight line expressed
as

IDi = IS - exp(%\s/t'lm) (3.40)
where:
yi = 1n(Ipj) (3.43)
VEi — RS - IDj
Xj = (—F' Vi D') (3.44)
b = 1n(IS) (3.45)
and
m=% (3.46)
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The constants b and m are the y—axis intercept and
slope, respectively, of the straight line represented
by Equation 3.42, Values for these constants can be
found by solving the matrix equation

S(Xi) b 2(vi)

2(xi) - (vi) (3.47)
where the summations are taken over the n data
points. The calculated values of b and m are then
used to find ISand N from Equations 3.45 and 3.46
where

IS = exp(b) (3.48)
and
N=1 (3.49)

It is important to note that many scientific
calculators have built-in statistical functions
capable of performing linear regression
calculations. For the type of equations used in this
method, these functions can be used to extract the
parameters IS and N directly. This, of course,
eliminates the need to generate and solve Equation
3.47. The stepsinvolved in this method are outlined
below.

Select a value of RS which maybe the value
calculated from Equation 3.36 in Method 1.
Perform alinear regression datafit on n data points
taken from the I-V curve to Equation 3.42 where
the yi and xi data values are calculated from
Equations 3.43 and 3.44. This data fit will give
valuesfor b and m.

(iii) Calculatethevauesof ISand N from Equations 3.48

3.

and 3.49, respectively.

Method 3 (Nonlinear curvefit with fixed 1S). The
techniques used in this method are similar to those
of Method 2 except that 1S is held fixed, and RS
and N are extracted. This method is particularly
useful when 1S must model a known value of the
reverse leakage current. The equation for the curve
fit is derived from Equation 3.39 where voltage is
expressed as the dependent variable; that is

VEi = N - thn(ll—gi + 1) + RS - Ipj (3.50)

where Ipj and Vi again represent the ith data point
taken from n data points on the |-V curve, and ISis
aknown value of the saturation current parameter.
This eguation may be expressed as a linear
combination of two functions of the current in the
form of

yi = a1 - f1(Ipi) + a2 - f2(Ipj) (3.51)
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where:
Yi = VFj (3.52)
f1(pi) = Vt - 1n(||—§i + 1) (3.53)
f2(IDi) = IDi (3.54)
ai =N (3.55)
and
a2 = RS (3.56)

The constants a1 and ap are found from the solution
of amatrix equation similar in appearance to that of

Equation 3.47 where
S[f(pd12  Z[fa(pif2(1Di)] al
Sf0pdf20p)]  S[fL0Di)2 a|
Zly1 - f1(Ipi)]
STy1 - f20Di)] (3:57)

The summations for the elements of this matrix
equation are again taken over the n data points.
Values of a; and & found from this equation are then
used to calculate N and RS where:

N =aj (3.58)
and
RS = a2 (3.59)

The details explaining more on the techniques of
this method may befound in [8], The stepsinvolved
in this method are outlined below.

(i) Select avalue of ISwhich may bethat of the reverse
leakage current at avalue of specified reverse-hias
voltage.

(il) Generatethe matrix Equation 3.57 wherey; and the
functions f1(Ipj) and f(Ip;) are calculated from
Equations 3.52 through 3.54 for the n data points
taken from the I-V curve.

(iii) Solve this matrix equation for the constants a; and
&, and calculate the values of N and RS from
Equations 3.58 and 3.59, respectively.

Junction Capacitance Characteristics
(CEO, VJ, M, FC)

There are two methods for the extraction of the parameters
CJO, VJ, M and FC which modedl the behavior of the
junction capacitance. The first method computes these
parameters from three points taken from the reverse-bias
C-V curve and is appropriately called the three—point C-V
method. The second method uses afixed value of VJ (which
can be taken from the results of the three—point C-V
method) and performs a linear regression data fit over the

C-V curve to extract CJO and M. In both methods, the
parameter FC is set to the default value of 0.5 since
forward—bias capacitance information israrely presented on
most diode data sheets.

1. Method 1 (Three—point C-V method), To use this
method, it is necessary to have a plot of the
reverse-bias junction capacitance curve (Cj versus
VR) where each axisislogarithmically scaled as
shown in Figure 59.

(i) Select adatapoint at the lower end of the C-V curve
shown as point 1. The voltage at this point should be
lessthan the typical ided value of VJ (that is, 0.8 volt
to 1.0 volt).

(ii) Select two data points at the upper end of the curve
shown as points 2 and 3. The voltages at these points
should be much greater than the typical ideal value
of VJ.

(iii) Using the values of capacitance and voltage
corresponding to these points as indicated, calculate
values for the parameters M, VJ, CJO, and FC from
the following equations

(%)
M= B (3.60)
V|
In(3)
cip\ /M
k1 = (=L
1 (Cjz) (a constant) (3.61)
_ki-VR1-VR2
VI = T—ky (3.62)
M
- VR1
CJO =Cj1 - (1 + VJ ) (3.63)
FC = 0.5 (3.64)
A
log C;
VRri1 VRi VrR2 Vg3 Log Vg

Figure 59. Reverse-bias Junction Capacitance Data
for the Three—point C-V Method
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2. Method 2 (Linear regression with fixed VJ). With

(i)
(i)

this method, alinear regression datafit is
performed on the data covering the full range of
the reverse—bias C-V curve to an equation of a
straight line representing the capacitance
characteristicsin this region. For reverse-bias
voltages, Equation 3.10 can be expressed as
Cji = CJO-(1+%) M
where Cjj and V; represent the ith data point taken
from n data points on the C-V curve (shown in
Figure 59), and VJisaknown value of the contact
potential parameter. Taking the natural logarithm of
both sidesyields

(3.65)

1n(Cj)) = 1n(CJO) — M - 1n (1 + %) (3.66)

which isthe equation of a straight line expressed as

Yi=b+ m:-x (3.67)

where:
yi = 1n(Cj) (3.68)

Ve
Xj = 1n(l + V—Fj') (3.69)
b = 1n(CJO) (3.70)
and

m=—-M (3.71)

The constants b and m are the y—axis intercept and
slope, respectively, of the straight line represented
by Equation 3.67 Values for these constants can be
found by solving amatrix equation similar to that of
equation 3.47 or by using the linear regression
function on the calculator. The parameters CJO and
M are then calculated from

CJO = exp(b) (3.72)

and

M=-m (3.73)

The steps for this method are outlined bel ow.
Select a value of VJ which may be the vaue
calculated from Equation 3.62 in Method 1.
Perform alinear regression data fit on n data points
taken from the C-V curve to Equation 3.67 where
the y; and x; data values are calculated from
Equations 3.68 and 3.69. This data fit will give
valuesfor b and m.

(iii) Calculate the values of CJO and M from Equations

3.72 and 3.73, respectively, and the value of FC from
Equation 3.64.
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Reverse Recovery Time Characteristics (TT)

For the extraction of the forward transit time parameter
TT, the results of reverse recovery time (t;;) measurements
derived by Leinfelder are employed [9]. The common
JEDEC test circuit for measuring t;; shown in Figure 60
while the idealized time-domain waveform of the diode
current resulting from this circuit is shown in Figure 61. The
reverse recovery timet,, is commonly measured between the
time that the current (previously forward biased at | ) passes
through zero going negatively and the time that the reverse
current recoversto avaue which islessthan 10% of the pesk
reverse current Igy [10]. From Figure 61, t;, is shown to
consist of tg, which is the time for the diffusion charge
supporting the reverse current to reduce to zero, and tpwhich
isthe time for the depletion charge supporting the forward
voltage to also reduce to zero. At the end of t,, the diodeis
turned off and cannot sustain the reverse current. The total
charge depleted from the diode during the reverse recovery
time is called the reverse recovery charge Qy, which is the
sum of the charges Q4 and Qp represented by the areas under
the waveform during times t; and t,, respectively. By
assuming that Qyr is dominated by the charge Q4 so that the
reverse recovery time ty, is approximately equal to t,, the
following equations can be generated from the information
shown on Figure 61. For the current fall-time t;:

IE
()
where Ig isthe forward-bias diode current in amps and. di/dt

is the slew—rate in amp/second of the current set by the
circuit. The expression for ty; is:

tf =
(3.74)

IR
()
where IRy is the peak reverse current. Assuming that the
reverse recovery charge Qy is approximately equal to the

charge Qs, the area under the triangle corresponding to this
charge is computed from

O =0 :_ta-'RM:i(m):i(m)
r=xa 2 2 \dt) 2 \dt/ (3.76)

From Leinfelder’swork, an expression for Q,y was derived
from curve-fitting methods and was found to be accurate for
simulating t;. Thisexpressionisgiven as

i
TT

tr =1a =
(3.75)

Qrr=1IF-TT - exp (—

—Ig-TT-exp | —-n
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Figure 60. JEDEC Reverse Recovery Time Test Circuit
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Figure 61. Idealized Time—domain Waveform for the Diode Current from the Test
Circuit of Figure 60

where TT is, of course, the forward transit time parameter.
By setting Equations 3.76 and 3.77 equa to each other, a
single expression involving TT is derived

t%r di IE
7<a)=|FTTeXp - Nn

e

(3.78)

Thus, by knowing t; | and the current ew—rate di/dt,
Equation 3.78 can be solved iteratively to find TT.
Numerical algorithms such as Newton’s method can be used
on this equation which is easily implemented on a
programmable calculator [7].

The steps for extracting the parameter TT are outlined
below.
(i) From the device data sheet, determine values for the
reverse recovery time t,, the forward-bias diode
current I, and the dew-rate of the current waveform

di/dt.
(if) Generate a function of the forward transit time TT
where:
2 .
f(TT)=%‘(%)=IF-TT-eXp -n [_F_
T - (§)
(3.79)

(i) Use Newton’'s method to solve Equation 3.79 for the
valueof TT that will set f(TT) to zero.
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Temperature Characteristics (EG, XTI)

There are three methods for the extraction of the
parameters EG and XTI. In each of these methods, only one
temperature—dependent expression is used where EG is
selected and XTI is calculated. The first method uses the
small-scale expression for the voltage temperature
coefficient TCV found from the derivative of the voltage Vg
with respect to temperature. The second method uses the
large—scale expression for the TCV which is derived from
the change of the diode forward voltage over large
temperature changes. The third method uses the expression
for the temperature dependent saturation current IS givenin
Equation 3.21 to model the temperature behavior of the
reverse leakage current Ir. In all of the equations used in
these methods, temperature values must be convened to
degrees Kelvin (°K).

1. Method 1 (Small-scale TCV method). From
Equations 3.1 and 3.3, the expression for the diode
forward voltage as a function of temperatureis
derived as:

-N- - 1n (1D .
VE() = N - V(T) - 1n (IS(T) - 1) +RS-Ip (3.80)

Using the temperature—dependent expression for
the saturation current |S given in Equation 3.21, the
small-scale or derivative form of the voltage
temperature coefficient TCV is derived and shown
below

dVvE(T)

TV="4r lipT

{N V() - 1n(|5% + 1) — (EG + XTI - Vt(T)]

=
(3.81)

where Ip is the forward current and T is the
temperature at which the TCV is measured, usually
27°C. Thisequation is now used to find EG and XTI
with the steps outlined bel ow.
(i) From the data sheet, determine the value of the TCV,
and the values of the forward current Ip, and the
temperature T corresponding to the TCV.
Select asuitable value for the energy gap EG which
should correspond to the type of material used to
process the diode (for example, 1.11 eV for silicon).
(iii) Solve for the value of the parameter XTI from
Equation 3.81 where

= (-1
XTI = (Vt(T)>

: {N V() - 1n(ISII(DT) + 1) ~(EG+T- TCV)}

(if)

(3.82)
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T1 To (27°C)

Ve (Ta) VE (To) VE

Figure 62. Typical Forward-bias Diode Voltage
Temperature Characteristics
2. Method 2 (Large-scale TCV method). Again from
Equation 3.80, the large—scale form of the voltage
temperature coefficient is derived and shown

below
_ AVE(T) _ VE(T1) — VE(To) (1
V=T =7 1i-To |ID—(T—0>
Ty - 1n(1L l
N - Vi(To) - ln(lsl('io)> — [EG + XTI - Vi (To) - (—Tl — (TTOO)) ]J

(3.83)

where T1 isatemperature read from the data sheet,
To isroom temperature of 27°C, VE(T1) and VE(Ty)
are the diode voltages at these temperatures, and Ip
istheforward current, al of which are shown on the
typical I-V curve of Figure 62. This equation and
data are used to find EG and XTI with the steps
outlined below.

(i) From the datasheet -V curve plotted for at least two
temperatures, calculate the large-scale TCV at the
current Ip from the expression

_ VE(T1) - VE(To)
T1-To

Select a suitable value for the energy gap EG which

should correspond to the type of material used to

process the diode (for example, 1.11 eV for silicon).

(iii) Solve for the value of the parameter XTI from
Equation 3.83
where

[N - Vi(To) - 1n(ls'(—$o)) —(EG + To - ch)}

T1-1
Vi(To) - (

TCV |ID (3.84)

(ii)

CTl =

(3.85)
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3. Method 3 (Reverse leakage current method).
Assuming that the temperature behavior of the
diode reverse leakage current | g can be modeled
by that of the saturation current parameter IS,
Equation 3.21 can be used directly to extract the
parameters EG and XTI. From this equation, the
temperature—dependence of I can be written as

XTIIN
IR(TD) = IR(To) - (%)

[(q’\‘. EKG) ' (Tio ) Til)} (3.86)

where T1 isatemperature read from the data sheet,
To is room temperature of 27°C, and Ir(T1) and
IR(To) are the leakage currents at these
temperatures, al of which are shown on the typical
IR versus temperature curve of Figure 63. Equation
3.86 and this data are used to find EG and XTI with
the steps outlined bel ow.

From the data sheet reverse leakage current versus
temperature (Ir versus T) curve, select values of the
leakage current at the temperatures To(27°C) and T1
that is, IR(To) and IR(T1).

Select a suitable value for the energy gap EG which
should correspond to the type of material used to
process the diode (for example 1.11 eV for silicon).
(iii) solve for the value of the parameter XTI from

(i)

(i)

Equation 3.86 where
ey e - )
n() (3.87)
loglg 4
IR (T2)
Ir (To)

27°C

Figure 63. Typical Reverse Leakage Current
Temperature Characteristics

Reverse Breakdown Characteristics (BV, IBV)
The steps for extracting the parameters BV and IBV are
outlined below.

(i) From the device data sheet, determine the value of
the maximum dc blocking voltage Vr(max).
Multiply this voltage by a constant kgy having a
value ranging from about 1.3 to 2.0. This will
account for the amount of manufacturers
guard—band placed on the breakdown voltage in
order to insure the maximum voltage rating. This
opera—don produces the value for the breakdown
voltage parameter BV where

(i)

BV = kBv - VR(max) (3.88)
(iii) Caculate the value IBV from
IS(Tmax) - BV
BV = (1.1) - =\max) * BV .
(1-1) Vt(Tmax) (3.89)

where the 1.1 multiplier insures the inequality in
Equation 3.8 and T max is the maximum simulation
temperature,

Example Parameter Extractions for the

MURHB4OCT Diode

As an example of the methods presented in the last
section, the SPICE model parameters will be extracted for
the ON Semiconductor MURH84OCT rectifier with the aid
of a programmable scientific calculator. Pertinent
characteristic curvestaken from the device data sheet will be
used to provide the necessary data for the extraction. In the
processes that are to follow, particular attention will be
placed not only on these curves but also on certain tabular
information regarding maximum ratings and electrical
characteristics. It isimportant that this dataisincluded in the
determination of the parameters since the model must
simulate as closely as possible all characteristics of the
diode.

It isindustry practice to use 25°C as room temperature.
For the extraction process, the SPICE default of 27°C will
be used instead and it will be assumed that the 2°C
difference will not produce any significant errors. At 27°C,
the value for the thermal voltage V{ which is used in several
of the extraction methods is calculated from Equation 3.7
where

Vi = 25.85562 mV (3.90)

For consistency, the order of parameter extraction will
follow that of the last section which begins with the forward
dc characteristics.
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Forward DC Characteristics (IS, RS, N)

The forward-bias 1-V curve for the MURH840CT
rectifier is shown in Figure 64. Data from this curve will be
used in each of the three methods for extracting the
parameters 1S, RS. and N.

1. Method 1(Three—point 1-V method). As shown in
Figure 64, three points are selected on the I-V
curve at 25°C as points 1 through 3. The current
and voltage values corresponding to these points
arelisted in Table 7. From Equations 3.36 through
3.38, the following parameters are computed from

this datafor 27°C:
RS = 40.20590 mQ (3.91)
N = 2.854546 (3.92)
and
IS = 3.255398 uA (3.93)

2. Method 2 (Linear regression with fixed RS). From
Figure 64, the |-V datagivenin Table 8 is
obtained. These 10 |-V data points are
transformed into x—y data points with Equations

3.43 and 3.44 where
yi = 1n(Ipj) (3.94)
and
] VEi — RS - IDj
Xi = (%) (3.95)

fori = 1to 10. The value of RS used in Equation
3.95 isthat found from the results of Method 1 given
in Equation 3.91. For a linear regression data fit
using this transformed data, the matrix equation
below is generated from Equation 3.47

10 390.3876 b 2.420368
390.3876 16911.02 . m - 528.9597
(3.96)
This equation is solved for b and m where
b = —9.909661 (3.97)
and
m = 0.2600451 (3.98)

From Equations 3.48 and 3.49, vaues for the
parameters IS and N are calculated, and presented

with RSwhere
IS = exp(b) = 49.69228 uA (3.99)
N = L = 3.84554 (3.100)
and
RS = 40.20590 mQ (3.101)

Rectifier Applications
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Figure 64. MURH840CT Forward—bias DC Data
for the Three—point I-V Method

Table 7. Data for the Three—Point |-V Method

Point Diode Forward Current Diode Forward
(Ip) (A) Voltage (V) (V)

1 1.0m 0.423

2 1.0 0.973

3 30.0 2.390

3. Method 3 (Nonlinear curvefit with fixed 1S). The
maximum instantaneous reverse current (IR) at
25°C is specified on the data sheet as 10 pA.
Since this current ismodeled by 1S, it is necessary
to keep its value lessthan 10 pA in order to satisfy
the maximum IR specification. Thus, for this
method, ISis set to 3.0 pA whichiscloseto the
vaue at 25°C and 400 volts shown in the plot of
reverse current versus reverse voltage of Figure 69.
From Table 8, the 10 -V data points are
transformed into y data points with Equation 3.52,
and the two current functions with Equations 3.53

and 3.54 where
Yi = VFj (3.102)
In
f1(Ipi) = Vt - 1n(% + 1) (3.103)
and
f2(Ipi) = IDi (3.104)

for i =to0 10. The value of IS used in equation (103)
is 3.0 A. For a nonlinear curve fit using this
transformed data, the matrix eguation below is

generated from Equation 3.57

1.202756 43.00399 a2 | _ 5.401513

43.00399 2276.01 a2 224.1998
(3.105)
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This equation is solved for & and a where

a] = 2.986477 (3.106)
and

a2 = 42.0777m (3.107)

From Equations 3.58 and 3.59, values for the
parameters N and RS are cal culated, and presented
with ISwhere

N = a1 = 2.986477 (3.108)
RS = ap = 42.07777 mQ (3.109)

and
IS = 3.0 uA (3.110)

Table 8. Forward Current Versus Forward Voltage for
the MURH840CT

Diode Forward Current Diode Forward Voltage
(Ip) M) (Ve) (V)
1.0m 0.423
10.0 m 0.512
100.0 m 0.663
1.0 0.973
5.0 1.408
10.0 1.706
15.0 1.925
20.0 2.104
25.0 2.256
30.0 2.390

To determine which of these three sets of extracted
parameters best simulates this example device, the diode
forward voltage is calculated from the SPICE model and
compared to the data sheet value at the same current. These
calculations are performed for each set of the extracted
parameters and listed in Table 9 where V¢ is the voltage
calculated from

(3.111)

V|:c=N-VT-ln(II—g+1)+RS-ID

and € isthe error in percent between the data sheet voltage
Ve and Vgc caculated as

- YEC = VF . 1009
e = Ve 100% (3.112)

At the bottom of this table are the error functions (Ep)
calculated from the errors generated by the results of each
method in accordance with Equation 3.35. From an
examination of these values, it is clear that the parameters
extracted with Method 1 produce the lowest value for Eo.
However, the forward voltage errors for currents beyond 1.0
A (where the device is most likely to be used) are
significantly larger than those produced by the parameters
extracted with the other two methods. The parameters
extracted by Method 2 yield lower errorsin this range even
though it has alarger error function. However, the value of
IS extracted by this method is too large to satisfy the data
sheet specification for maximum Ig. The parameters
extracted by Method 3 produce the largest error function of
the three while having errors above 1.0 A comparable to
those of Method 2. The value of 1S used in this method does,
however, meet the maximum I specification. Plots of the dc
characteristics resulting from each of the three methods are
shown in Figures 65(a) through 65(c). Both data sheet and
calculated voltages are plotted versus current to illustrate the
closeness of datafit.

At this point in the extraction process, adecision must be
made as to which of the three parameter sets should be used
to most accurately model the device in a practical and
realistic manner. If the maximum Ir specification (at both
25°C and 150°C) can be waived, then the parameters
extracted with Method 2 should be used. If this waiver
cannot be exercised, which is often the case, then the
parameters from Method 3 should be used in spite of the
inaccuracy of the datafit for currents below 1.0 A. For this
example, the maximum Ir specification will be observed
and the parameters extracted by Method 3 will be used.
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Table 9. SPICE Diode Voltages and Percent Error for All Three Methods

Rectifier Applications

Method 1 Method 2 Method 3
MURH840CT IS = 3.255398 pA IS = 49.69228 pA IS =3.0 uA
Data Sheet RS =40.20590 m RS =40.20590 m RS =42.07777 m
Values N = 2.854546 N = 3.845540 N =2.986477
Ip (A) VE (V) Vec (V) e (%) Vec (V) e (%) Vec (V) & (%)
1.0m 0.423 0.4230000 0.0000 0.3033381 —28.2889 0.4488392 6.1086
10.0 m 0.512 0.5930908 15.8380 0.5283141 3.1864 0.6368089 22.4236
100.0 m 0.663 0.7666325 15.6308 0.7604325 14.6957 0.8083743 21.9267
1.0 0.973 0.9727604 -0.0246 1.0255167 5.3974 1.0240414 5.2458
5.0 1.408 1.2523701 —11.0533 1.3463608 -4.3778 1.3166286 —6.4894
10.0 1.706 1.5045580 -11.8078 1.6163086 -5.2574 1.5805403 —7.3540
15.0 1.925 1.7355133 —9.8435 1.8576529 —3.4986 1.8222380 —5.3383
20.0 2.104 1.9577755 —6.9498 2.0872862 -0.7944 2.0548409 —2.3365
25.0 2.256 2.1752744 -3.5783 2.3105025 2.4159 2.2824602 1-1729
30.0 2.390 2.3897603 -0.0100 2.5296600 5.8435 2.5069275 4.8924
- E, = 0.0914765 E, = 0.1155167 E, = 0.1203895
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Figure 65. (a) MURH840CT DC Characteristics from Method 1;
(b) MURH840CT DC Characteristics from Method 2;
(c) MURHB840CT DC Characteristics from Method 3
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Junction Capacitance Characteristics
(CJO, VI, M, FC)

The reverse-bias C-V curve for the MURHB840CT is
shown in Figure 66. Data from this curve will be used in each
of the two methods for extracting the parameters CJO, VJ,
M and FC.

1. Method 1 (Three—point C-V method). From
Figure 66, a point is selected at the lower voltage
end of the C-V curve as point 1. Points 2 and 3 are
selected at the upper voltage end asindicated. The
capacitance and reverse voltage values

Rectifier Applications

fori=1to11. Thevaueof VJused in Equation 3.118 isthat
found from the results of Method 1 given in Equation 3.114.
For aliner recession data fit using this transformed data, the
matrix equation below is generated from Equation 3.47:

11 31.17795 b | | -261.1229
31.17795 133.9153 m —758.7108
(3.119)

Table 11. Junction Capacitance Versus

rresponding to th int nin
$(;b|elo d g tothesepo Sare show Reverse Voltage for the MURH840CT
From Equations 3.60 through 3.64, the Diode Reverse Diode Junction
following junction capacitance parameters are Voltage (Vg) (V) Capacitance (C)) (pF)
computed from this data: 0.01 150.0
M = 0.4012080 (3.113) 0.10 130.0
VJ = 0.2159243 V (3.114) 0.40 100.0
CJO = 152.7494 pF (3.115) 0.70 90.0
and 1.00 80.0
FC = 0.5 (3.116) 2.50 60.0
Table 10. Data for the Three—Point C-V Method 550 40.0
10.00 30.0
Diode Reverse Diode Junction
Point Voltage (VR) (V) Capacitance (Cj) (pF) 30.00 20.0
1 0.01 150.0 70.00 15.0
2 70.0 15.0 100.00 13.0
100. 13. . .
3 00.0 30 This equation is solved for b and m where

2. Method 2 (Linear regression with fixed VJ). From
Figure 66, the C-V data presented in Table 11 is
obtained. These 11 C-V data points are
transformed into x—y data points with Equations

3.68 and 3.69 where
yi = 1n(Cji) (3.117)
and
. VRi
Xj = 1n(1 + V—J') (3.118)
1000
@
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Figure 66. MURH840CT Reverse-bias Junction
Capacitance Data for the Three—point C-V Method

b = —22.58128 (3.120)

and
m = —0.4082637 (3.121)

From Equations 3.72 and 3.73, values for the
parameters CJO and M are calculated, and
presented with VVJ and EC where

CJO = exp(b) = 155.9821 pF (3.122)
M = —m = 0.4082637 (3.123)
VJ = 0.2159243V (3.124)
and
FC = 05 (3.125)

To determine which of these two sets of extracted
parameters best simulates this example device, the diode
junction capacitance is calculated from the SPICE model
and compared to the data sheet value at the same voltage.
These calculations are performed for each set of parameters
and lisgted in Table 12 where Cjc isthe calculated capacitance

-M
Cjc = CJO - (1 + \\//—FJ‘)
and ¢ is the error in percent between the data sheet
capacitance Cj and Cjc caculated as

e = <IC 1. 100%
j

(3.126)

(3.127)
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At the bottom of this table are the error functions (Ey)
calculated from the errors generated by the results of each
method. From an examination of these values, it is clear that
the parameters extracted with Method 2 produce the most
accurate data fit to the actual device. Therefore, for this

example, the parameters extracted by Method 2 will be used.
Plots of the junction capacitance characteristics resulting
from both methods are shown in Figures 67(a) and 67(b).
Both data sheet and calculated capacitance are plotted
versus reverse voltage to illustrate the closeness of datafit.

Table 12. SPICE Diode Junction Capacitances and Percent Error for Both Methods

Method 1 Method 2
CJO = 152.7494 pF CJO = 155.9821 pF
MURH840CT VJ =0.2159243 V VJ =0.2159243 V
Data Sheet M =0.4012080 M = 0.4082637
Values FC=0.5 FC=0.5
Vi (V) Cj (F) Cic (F) £ (%) Cic (F) £ (%)
10.0 m 150.0 p 150.0000 p 0.0000 153.1256 p 2.0837
100.0 m 130.0p 131.1195p 0.8611 133.5354 p 2.7195
400.0 m 100.0 p 100.3089 p 0.3088 101.6770 p 1.6769
700.0 m 90.0 p 85.5457 p —4.9492 86.4700 p -3.9222
1.0 80.0p 76.3538 p —4.5577 77.0247 p -3.7191
2.5 60.0 p 55.3101 p —7.8164 55.4806 p —7.5323
5.5 400p 41.0343 p 2.5857 40.9452 p 2.3631
10.0 300p 32.5062 p 8.3539 32.3030 p 7.6767
30.0 200p 21.0384 p 5.1922 20.7476 p 3.7379
70.0 150p 15.0000 p 0.0000 14.7049 p -1.9674
100.0 13.0p 13.0048 p 0.0370 127170 p —2.1769
E> = 0.021063, E, = 0.018759
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Figure 67. (a) MURH840CT Junction Capacitance Characteristics from Method 1;
(b) MURH840CT Junction Capacitance Characteristics from Method 2

http://onsemi.com

68



Reverse Recovery Time Characteristics (TT)

Thetypical vaue for the reverse recovery timet,, for the
MURHB840CT is 24.6 ns. This value is specified at a
forward—bias current (1) of 1.0 A and a current slew—rate
(di/dt) of 50 A/s. The function equation for the forward
transit time parameter TT generated from Equation 3.79 is
shown below

20 - 10-°

f(TT) p—

15.129 - 1079 — TT - exp | —

=0
(3.128)
From Newton’s method, the value of TT that satisfies this
equation isfound to be

TT = 32.96688 nseconds (3.129)
Temperature Characteristics (EG, XTI)

The temperature characteristics of the MURH840CT are
illustrated in Figures 68 and 69. Even though only three
temperature points are given on these two plots, there is
sufficient data available to allow the parameters EG and XTI
to be extracted with Methods 2 and 3. Since information
about the small—scale voltage temperature coefficient is not
known, Method 1 will not be used.

1. Method 2 (Large—scale TCV method). The
large—scale TCV is abtained from the
forward—bias |-V curve of Figure 68. At aforward
current (Ip) of 1.0 A, the diode voltages at 25°C
(To) and 100°C (T1) areread as 0.973 V (VE(Ty))

Rectifier Applications

2. Method 3 (Reverse leakage current method). In
Figure 69, the reverse leakage current (Ig) versus
reverse voltage at three temperaturesis plotted. At
areverse voltage of 400 V, the reverse currents at
25°C (Tp) and 150°C (T4) are about 3.0 A
(Ir(To)) and 300.0 pA (IRr(T1)), respectively.
Again for EG of 1.11 eV, the value for the
parameter XTI is computed from Equation 3.87 as

XTI = 3.710244 (3.132)

In Table 13, the values of EG and XTI from each method
arelisted dong with the diode voltage calculated at a current
of 1.0 A for 27°C and 100°C, and the saturation current
parameter 1S calculated at 150°C. With the value of XTI
obtained from Method 2, it is seen that the value of the TCV
is close to that computed from the data sheet given in
Equation 3.130. However, IS and, consequently, IR
calculated at 150°C is found to be much larger than the
maximum value of | specified at this temperature which is
500 pA. By using I data over temperature to extract XTI as
was done with Method 3, IS at 150°C is found to be very
closeto IR at the same temperature as shown in Figure 69.
The value of the TCV computed with this XTI is. however,
not as accurate that produced by the XTI of Method 2.
Again, the specification for maximum IR will be observed
and XTI computed by Method 3 given in Equation 3.132
will be used.

Table 13. Comparison of Temperature Characteristics

and 0.776V (VE(T1)), respectively. The value of Parameter Method
the large—scale TCV is calculated from Equation or Variable 2 3 Units
3.84 where EG 111 111 eV
TCV = —-2.62667 mV/°C (3.130) XTI 23.702105 3.710244
Selecting the valuefor the energy gap parameter EG VE (27°C) 1.024041 1.024041 v
asllleVv whmh@typmal for silicon, the\{aluefor Ve (150°C) 0827008 0.906044 v
the parameter X T is computed from equation (85)
as TCV —2.698264 -0.782152 mv/°C
XTI = 23.702105 (3.131) IS (150°C) | 2.989445 m 300.0 A
100.00 1000 ;
500 T
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Figure 68. MURH840CT Forward—bias Voltage
Temperature Characteristics

VR, Reverse Voltage (V)

Figure 69. MURH840CT Reverse Leakage Current
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Reverse Breakdown Characteristics (BV, IBV)

The maximum dc blocking voltage Vr(max) for this
device is read from the data sheet as 400.0 V. Using a
guard—band multiplier kgr of 1.3, the breakdown voltage
parameter BV is calculated from Equation 3.88 to be

BV = 520.0 V (3.133)

For a maximum simulation temperature of 150°C, the
current at the breakdown voltage IBV is calculated from
Equation 3.89 as

IBV = 4.279703 A (3.134)
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Summary

To summarize the extraction process, dl SPICE parameters
for the MURHB840CT are listed in Table 14. Characteristic
plots generated by the SPICE diode model using these
parameters are shown in Figures 70a) through (d).

The SPICE diode model has been shown to consist of a set
of eguations and parameters derived from the theory
developed for anideal diode. Certain modifications of these
equations allow the model added accuracy in the simulation
of real diodes. Although the model has some limitations, it
can be used to redistically model the behavior of most
semiconductor pn junction devices which include
low~current integrated circuit diodes, high—current
rectifiers, varactor diodes, Zener diodes, and Schottky
barrier diodes.
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Figure 70. (a) MURH840CT SPICE Model Forward Voltage DC Characteristics at 27°C and 100°C;
(b) MURH840CT SPICE Model Reverse—bias C-V Characteristics;
(c) MURHB840CT SPICE Model Reverse Leakage Current Characteristics;
(d) MURH840CT SPICE Model Reverse Breakdown Characteristics
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Table 14. SPICE Diode Model Parameters for the MURH840CT
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Name Parameter MURH840CT Value Units
IS Saturation current 3.0 A
RS Ohmic resistance 42.07777 m ohm
N Emission coefficient 2.986477
TT Forward transit time 32.96688 n sec

CJO Zero—-bias junction capacitance 155.9821 p F
VJ Contact potential 0.2159243 \%
M Junction capacitance grading exponent 0.4082637
EG Energy gap 1.1 eV
XTI IS temperature exponent 3.710244
KF Flicker noise coefficient 0
AF Flicker noise exponent 1.0
FC CJ forward-bias coefficient 0.5
BV Reverse breakdown 520.0
IBV Current at BV 4.279703
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Rectifier Diode Specifications and Ratings

Understanding the electrical and thermal characteristics
discussed earlier is helpful in design work. However, diodes
are tested by the manufacturer and ratings are based on
compliance to given specifications. Therefore, a thorough
understanding of the meaning and significance of
specifications and the devel opment of ratings is mandatory
if devices are to be used reliably and economically.

Specification formats for rectifier diodes are established
by the rectifier JEDEC! committee for registered part
numbers, that is, INXXXX numbers. Although
non—registered house-numbered parts do not aways
conform to the registration specification requirements, the
JEDEC specifications generally are used as guidelines.
Furthermore, adherence to letter symbols and definitions as
developed by JEDEC is widespread, although they have
changed in the past and will undoubtedly change in the
future. The information presented is based on the present
status of the standard ANSI-EIA—-282-A—-19891, which is
referred to in this chapter as “ The Standard.” The Standard
was developed by the JEDEC Committee on Rectifier
Diodes and Thyristors and approved by ANSI in September
1989.

The Standard contains an extensive section on testing.
Most of the tests described are not used for high volume
production, but are chosen to insure that arectifier diodeis
capable of meeting its ratings in a low—frequency, usually
60 Hz powerline application. These tests are intended to be
used to verify the specifications of JEDEC registered part
numbers and may be considered “referee” tests. In this

chapter, tests from the Standard are referred to as “ Standard
Tests.”

Since the Standard has changed from previous issues, past
practices are noted because many rectifiers used today were
registered years ago. In addition, background informationis
given so that future changes may be understood.

Table 15 indicates the JEDEC symbols and terms used.
The terms are also defined on the waveforms of Figure 71.
The waveform sketches are typical of operation in a
half-wave rectifier circuit driven from a sine wave source,
which isthe traditional basis of rating rectifier diodes. Two
cycles of normal operation are shown followed by a
half—cycle current surge of peak value Isgy. All values of
terms are referenced to the zero baseline. Instantaneous
valuesof if, Vi and pg are shown at arbitrary timest; and to
on the waveforms; the other terms apply at specific points.

In general, the subscripts carry a consistent meaning
throughout the waveforms. M stands for maximum or peak,
S stands for surge, a nonrepetitive event, F stands for
forward, and (AV) stands for an average value, sometimes
referred to as a dc value. R has a dual meaning: when
following the primary symbol (i.e. 1, V, Por T) such asin Ig
it stands for reverse; when preceding the subscript M, it
stands for repetitive. A few exceptions occur to the
nomenclature scheme and some terms can't be shown on the
waveforms; these cases are described in Table 15.

1Joint Electron Device Engineering Council of the Electronic
Industries Association (ETA) and National Electrical
Manufacturers Association (NEMA).

Table 15. JEDEC Letter Symbols for Rectifier Specifications

Voltage Current Power Dissipation Junction
Forward Reverse Forward Reverse Forward Reverse | 'emperature
Total RMS VERMS) VERMS) IFRMS) IR(RMS) - - -
Alternating Component RMS A Vi, It Iy - - -
DC (NO AC) VE VR IF IR Pg Pr Ty
DC (With AC) VE(@av) Rv(av) IFav) ) Prav) Prav) Tiav)
lo(1)
Instantaneous Total Value VE VR i iR PE PR t3
Maximum (Peak) VFM VRM IFM IRM PFM PRM TJM
Specific Maximum Peak Total2
Repetitive - VRRM IFRM IRRM - - Tirm
VRwM IFsm
Non-repetitive - VRsMm IFM(OV) IrRsMm - - *Tism
Special cases3 TIFRM
TirwMm
Tirsm

1. Rectified Output Current, Average 180° Conduction Angle. 50 or 60Hz, Sine Wave Input

2. Primarily used for ratings, see text
3. Primarily used in developing current ratings, see Figure 71 and
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Historically the major use of rectifiersisin the conversion
of 60 Hz supply line voltage to direct current; consequently,
the earliest JEDEC specifications consisted smply of a
current rating, a voltage rating, and some measurement of
reverse current and forward voltage. Presently thermal and
reverse recovery datais also required on al rectifier diodes
because of their widespread use in power electronics.
Graphs of the characteristics specified, showing the effect of
voltage, current, and temperature, are frequently given on
manufacturers’ data sheets.

Various specifications (generally referred to as specs) in
common use are examined in this section. Their main
purpose is to insure that the rectifier meets its current and
voltage ratings and to insure interchangeability of parts from
different manufacturers.

Temperature

Temperature isthe fundamental limiting factor of rectifier
diode power handling capability. Manufacturers establish
current and voltage ratings to insure long life using various
criteria, but temperature isimplicit in the ratings.

The maximum and minimum storage temperatures (Tgg)
simply define the temperature range allowable during
storage. Excessively hot temperatures can damage the
die-to—case bond or damage the package or alter electrical
or thermal characteristics, which result in a field failure
when the diode is placed into operation. Excessively cold
temperature can cause cracking of the chip with subsequent
voltage degradation or catastrophic failure. Minimum
operating temperatures are usually the same as minimum
storage temperatures.

The maximum repetitive peak temperature Tjrrym iS the
temperature used to establish Vrrm. It usually is stated on
data sheets as T ymax)-

The maximum peak values Tjigy and Tjrm, though
generally not stated, are factors in determining the surge
ratings and the average current ratings with capacitive or
high form factor loads which cause high peak power
dissipation. The peak temperature limits are useful in
calculating operating limits under unusual pulse or transient
conditions; manufacturers usually provide these limits upon
request. Temperature ratings during forward current
conduction are usually higher than those applicable when a
reverse voltage is present, because the combined stress of
temperature and voltage is the most sensitive chip failure
mode.

Thermal Resistance

Older rectifier diodes do not have thermal resistance
specified since the current rating alone as afunction of diode
reference temperature is a sufficient guide to operation in 60
Hz rectifier currents. Diodes in power electronics circuits,
however, experience avariety of waveforms not covered by
commonly published current derating curves. In order for
designersto compute average junction temperature, thermal
resistance is required and has been a JEDEC requirement for
anumber of years.

Peak junction temperature, particularly in applications
where the diode handles short duration pulses, can be
considerably higher than the average temperature. To
calculate peak temperature, the superposition technique is
commonly used with a curve of transient thermal impedance
or therma response as described in Chapter 2. Not al classes
of rectifier diodes are presently required by JEDEC to
specify transient thermal impedance, but manufacturers
usually publish athermal response curve on data sheets.

Some data sheets contain a specification called “ apparent
thermal resistance” which applies for a particular periodic
waveform of forward current. Apparent thermal resistance
is calculated such that the peak temperature is obtained by
multiplying the apparent thermal resistance by the average
power produced by the waveform.

A typical thermal resistance or transient thermal
impedance test fixture uses the test diode’s forward voltage
at a low “metering” current as an indicator of junction
temperature. A switching circuit alternately applies a high
current pulse followed by the metering current. For
obtaining thermal resistance, the duty cycle of the high
current pulseis nearly 100%. A measurement of the diode
“metering voltage” permits therma resistance to be
calculated. Two approaches find use in determining thermal
response. The first uses high—power single-shot pulses of
varying width followed by a measurement of the metering
voltage. The second applies a pulse long enough to achieve
steady state conditions; after the current drops to the
metering level, the cooling curve is recorded by capturing
the change in forward voltage vs. time. Thermal
characteristics tests require judgment regarding the most
appropriate technique and circuit to use aswell as attention
to numerous details, which are discussed in “ The Standard.”

Voltage Ratings

Voltage ratings are not a characteristic; they cannot be
measured but are assigned by the device manufacturer and
apply over the entire temperature operating range of the
device. Ratings should not be exceeded under any
circumstances. All ‘repetitive ratings are referenced to a
half-wave 60 Hz rectifier circuit using aresistive load.

The first three ratings to be discussed are generally
specified with the same numbers for a particular rectifier.
Although the theoretical basis of peak reverse voltage
ratings is the maximum reverse power generation
permissible before thermal runaway? is reached, these
ratings are frequently limited for other reasons, such as an
abrupt change in dope of the V/I curve, surface effects, or
instability of the V/I curve. Voltage ratings are generally
well below avalanche breakdown voltage, but they may be
alimiting factor at low temperatures.

2\/oltage ratings generally apply when maximum rated forward
current is flowing. Under this condition the thermal resistance,
junction—to—ambient is necessarily rather low which prevents
thermal runaway. However, thermal runaway can occur well below
rated voltage if Rgja and Tp are relatively high.
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The equipment designer has the responsibility for
determining that none of the reverse voltage ratings of the
device are exceeded under any possible combination of
operating or environmental conditions. If voltages
exceeding any of the reverse voltage ratings are applied to

Rectifier Applications

the rectifier diode, a markedly increased probability of
failure exists. The ratings do not imply any safety factor.
Figure 71 illustrates the various voltages applicable to
rectifier diodes.

Ty
iF
Ve
Pe ——f\———
— ——— — P
0 1 F(AV)
0
- —Fv
Ve __w 35 ﬁ R(AV)
=N Veew
VRsm
i 0 :
R . --‘<:v’:_—_45757_j IR(AV)
RM

Figure 71. lllustration of JEDEC Letter Symbols. Sketches show Reverse and Forward Voltage and Current and
Junction Temperature Excursion Resulting from the Developed Power

Peak Repetitive Reverse Voltage (Vrrm)

The rated peak repetitive reverse voltage (Vrrwm) is the
maximum allowable instantaneous value of the reverse
voltage, including al repetitive transient voltages, but
excluding all nonrepetitive transient voltages that occurs
across arectifier diode. To verify the rating, a pulse of 100
ms at a60 Hz rate is used. The peak repetitive reverse voltage
which occurs in a circuit is caused by rectifier diode
properties in conjunction with circuit constants and is, to
some extent, under the control of the equipment designer.
VRRM is a periodic voltage which includes commutation
spikes and inductive kicks which occur each cycle.

Peak Working Reverse Voltage (Vrwm)

The rated peak working reverse voltage (Vrwwm) is the
maximum allowable instantaneous value of the reverse
voltage that occurs across a rectifier diode, excluding all
repetitive and nonrepetitive transient voltages. The input
voltage to the circuit must be such that the peak inverse
voltage applied to the rectifier does not exceed rated Ve -
Therating is generally based upon operation in a half-wave

60 Hz rectifier circuit with resistive load and applies over the
entire operating temperature range.

DC Reverse Blocking Voltage (VR)

The rated maximum dc reverse blocking voltage is the
maximum allowable de reverse voltage, excluding al
repetitive and nonrepetitive transient voltages, across a
rectifier diode. The rating applies over the entire operating
temperature range specified. Values for Vg are usually the
same as Vrwim. but Vi may be restricted to operation at a
lower temperature than V rywm-

Peak Nonrepetitive Reverse Voltage (Vrswm)

The rated peak nonrepetitive reverse voltage (Vrswm) IS
the maximum allowable instantaneous value of reverse
voltage across the rectifier, including all nonrepetitive
transient voltages but excluding all repetitive transient
voltages. The rating applies over the entire operating
temperature range. The nonrepetitive peak reverse voltage
occurs as a random circuit transient, which may originate
within the equipment or be externally generated. Transient
voltages may be minimized by transient voltage
surge—suppression components, as discussed in Chapter 9.
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Reverse Current

Reverse leakage current is so low with the majority of
silicon p—n junction rectifier diodes that it playsno rolein
design. In these cases, reverse leakage specifications are
used to verify voltage ratings. However, the processing used
to reduce lifetime in the manufacturing of ultrafast diodes
causes a marked increase in reverse leakage current.
Schottky diodes also naturally exhibit high reverse leakage.
Consequently, designs using fast diodes must include a
thermal runaway analysis and accurate reverse current data
is essential. The following reverse current specifications are
found on manufacturer’s data sheets.

Maximum or Peak Reverse Current (Irgm)

The maximum reverse current specified is the peak
reverse current through the rectifier with a half cycle of 60
Hz sinusoidal rated reverse voltage (Vrwm) applied at
maximum operating temperature — i.e., the case or lead
temperature at which the forward current is derated to zero,
If reverse power is negligible, the maximum operating
temperatureis equivalent to T rrMm-

In production, Irrm IS generaly measured at room
temperature using a pul se technique because it can be done
quickly even though high—temperature leakage is not
predicted well by low—temperature measurements. The
manufacturer relies primarily on test data correlating high—
and low-temperature leskage and on sample testing of
production lots to insure compliance to the registered high
temperature limits.

Average Reverse Current Iray)

The average reverse current specified is the value of
reverse leakage current averaged over one complete 60 Hz
cycle under the stated conditions of reverse voltage and case
temperature. Rated forward current may also be applied as
an option. This specification serves as a comparison of the
rectifier to an ideal switch of zero leakage in the open
position.

Measurement of Ir(av) does not blend with a production
environment and is not specified on modem diodes. Older
registered parts often specified Irav) usualy with forward
current applied. Its measurement requires use of adynamic
load test circuit which simulates operation in a half-wave
rectifier circuit at rated conditions, If accurate dynamic load
test dataisto be retrieved, the diode must be mounted on a
substantial heat sink having some external means of

controlling the case temperature to within afew degrees. If
temperature control is not used, the inevitable differencesin
forward power dissipation between parts will cause
significant changes in case and junction temperature as
different parts are tested. The resulting data would be usdless
because of the strong dependence of Ir upon Tj.
Consequently Irrm IS the preferred reverse current
specification.

DC Reverse Current (IR)

The specified dc reverse current is the value of reverse
current through the rectifier under stated conditions of rated
dc reverse voltage (VR) and case temperature. At one time,
the temperature specified was required by JEDEC to be at
the maximum operating temperature, but, because of
thermal runaway problems, it may now be specified at a
lower temperature. Sometimes dc reverse current at room
temperature is added to diode specifications by
manufacturers, but it is measured in production using a
pulse.

Reverse Breakdown Voltage V(gRr)

Breakdown voltage is not specified on rectifier diodes
unless the diode is a controlled avalanche type. For the
nonavalanche diode, verification of reverse voltage ratings
is done by means of areverse leakage current test

Controlled avalanche diodes have two values of
“breakdown” voltage specified.

The first is a minimum breakdown specified at a low
current chosen to place operation in the breakdown region
near the “knee.” It may be performed using either adc, ac,
or pulsed signal source, but production testing favors use of
ashort pulse at alow duty cycle. Normal circuit operating
voltages should be bel ow the minimum breakdown voltage.

The second breakdown test is designed to verify the peak
reverse power dissipation specified for a controlled
avalanche rectifier. The standard test consists of
superimposing atransient voltage to adiode which is biased
to rated Vrwm- The series impedance and transient source
voltage are adjusted until the product of reverse voltage and
reverse current equals the specified peak reverse power
dissipation of the diode. In production, a constant current
pulseis applied to al diodes even though the higher voltage
units will be stressed beyond their published ratings because
adjustments are too labor intensive and fraught with chances
for error.
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Forward Voltage

In order to establish current ratings as a function of
reference temperature, a curve of forward voltage (Vg) vs.
forward current is required. To control Vg a specification at
one point is required for JEDEC registered part numbers.
Manufacturers generally follow the JEDEC requirements
for house-numbered parts and often provide supplemental
information.

Maximum (Peak) Forward Voltage (Vgm)

The specified maximum forward voltage is the pesk
forward voltage across the rectifier under the same stated
conditions of current and case or lead temperature used for
the forward current rating (o). Vev may be measured using
either a60 Hz haf sine wave continuous current or a pulse
technique to keep junction heating negligible. Using the half
sine wave, the temperature of the heat sink must be
controlled by external means so that variations in power
dissipation between parts do not influence case temperature,
which isto be held to that specified for 1.

With the pulse method, no heat sink or complicated
temperature control is necessary and, consequently, it is
more practical to use in production testing. A pulse width
under 1 msat aduty cycle under 2% is specified. Testing at
the peak current for which the rectifier is specified, i.e., o
is required to insure that the power dissipation will always
be below a certain limit, in order that temperature limits
(Tarrm OF Tirrm) Will not be exceeded when operating at
rated conditions.

The pulsetest is performed at 25°C (room temperature).
The limit assigned to Vg when measured with the pulse test
is different than that assigned with the 60 Hz test at elevated
case temperature in order to account for the temperature
coefficient of forward voltage, 8y. Since parts from a
particular product line exhibit a consistent 6y, a room
temperature V gy test assures high temperature behavior.

Average Forward Voltage (Vrav))

The specified average forward voltage is the forward
voltage across the rectifier averaged over one complete
cycle under the same stated conditions of average forward
current and temperature used for establishing the current
rating of the part. Vrav) is measured in acircuit similar to
that used for Vv except that an average reading dc meter
isused instead of a peak reading meter.

As previoudly discussed, temperature control isaproblem
with the 60 Hz | oad test; furthermore, this measurement does
not necessarily guarantee that the power dissipation will be
below the limit necessary to keep temperature limits from
being exceeded. This problem isillustrated by the sketch of
Figure 72. Two rectifiers having different forward
characteristics are shown by curves 1 and 2. Both have the
same Vrav) but the rectifier of curve 2 has a higher Veu;
it will have higher power dissipation than rectifier 1. Asa
result, Vr(av) isno longer arequired JEDEC spec and is seen
only on older data sheets.

Rectifier Applications

Figure 72. Two Rectifier Forward Voltage Curves
Showing Difficulty of Controlling Rectifier Power
Dissipation by Limiting Average Voltage

DC Forward Voltage (V)

The dc forward voltage is the forward voltage across the
rectifier for a given dc current and case temperature. This
spec appears on older data sheets, but it does not adequately
control Vg and requires case temperature control for
accuracy.

Forward Power Dissipation

For convenience of the designer, data sheets usually show
aplot of average forward power dissipation versus average
forward current for various conduction angles. Data can be
obtained by measurement or values may be obtained by
using one of several methods of calculation. The methods
trade off accuracy for smplicity and range from the watt per
amp “rule of thumb”3 to integration techniques requiring the
use of acomputer.

Power dissipation may be measured by utilizing the
thermal resistance of the heat sink system. A thermocouple
is attached to a convenient place on the rectifier case or the
heat sink, and the ac current is applied to the input of a
suitable rectifier circuit, preferably the one intended for end
use. The temperature and average current levels are recorded
after thermal stability isachieved. Next, dc current is applied
and its level adjusted until the temperature equals that
obtained during the previous measurement. The forward
drop is now easily measured and used to compute power.
This measurement technique is particularly useful when
operation is desired at frequencies where the transient power
losses of the diode must be considered.
3The watt per amp “rule of thumb” is based on the assumption that
for any given value of average current, the average forward
voltage is one volt. This approximation is conservative at small
forward currents and optimistic at the high values. it does,
however, provide a reasonable guess of average power without

knowing the forward voltage characteristic, providing the
conduction angle is close to 1800.
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Calculation of ac power losses is complicated by the
nonlinear V- characteristic of semiconductor diodes. If
diodes were to have a constant voltage drop with current, the
power waveform would naturally be a sine wave for sine
wave currents. At low currents, the diode drop varies little
with current; consequently, the power is nearly sinusoidal.
At high currents, the resistance of the diode becomes
dominant, producing a power waveform which approaches
the sine-squared waveshape, typical of a resistance. To
show this behavior, Figure 73 compares actual diode power
waveforms a alow and a high level to sine and sine squared
functions.

The most accurate way to solve for average power
dissipation isto use a computer in a piecewise integration.
The computer is programmed to break the current sine wave
into a series of small equal increments. Power for each
increment is found by programming the computer to
multiply Vg — i data obtained by interpolation of data
points. The average power dissipation is the sum of these
increments divided by the number of increments times the
period of the waveform. Accuracy improves with the
number of increments used. As a guide, average power
dissipation will be accurate to better than 1% if the waveis
broken into 20 equal increments and 25 data points are used
to define the forward voltage curve.
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Figure 73. Actual Diode Power Waveforms
Compared to Sine Squared Waveforms for Half-Sine
Wave Currents

Another method of obtaining average power dissipationis
to approximate the forward voltage curve with an offset
voltage and a straight line as shown in Figure 74; thus,
V =V + mi, where m is the dynamic resistance of the
diode.

Since
i = Imsin wt

Tt

PFAV) = %L;vdﬂ

s s
1 ; 2 ain2
=== Volmsing + fml sin“ 0 |do
2““0 oM (4.1)

Integration and substitution yield

2
Volm . mim
— (4.2)

The offset voltage-straight line approximation is fairly
accurate when the peak forward voltage is in the linear
region of the Vg —ig curve. In the nonlinear or exponential
region, this approach can be used if a different slope and
offset are determined for each value of forward current.
Such a determination is an ideal task for a computer. The
result is nearly as accurate as piecewise integration, but the
program requires considerably less computer time than
piecewiseintegration.

PFAV) =

IEm

Figure 74. Approximation of a Diode Forward
Characteristic for Accurate Calculation of Power
Loss when Handling a Sinusoidal Current Waveform

The computer is fed Vg — ir data and programmed to
linearly interpolate between points as in the piecewise
method. Based on the sine wave peak value and a percentage
of peak value, the computer solves for two Vg values, i.e.,
for gy and I'E Vem and Vg are determined from the diode
forward voltage curve as shown in Figure 74. Using these
two values of forward voltage the slope and offset voltage
are found from:

VEM — V'
m=-FM= VF (4.3)
IFM — I'F
and
VO = VEM — IFmMm (4.4)

http://onsemi.com



Values calculated from Equations 4.3 and 4.4 are used in
Equation 4.2 to find power at each current level. Best
accuracy generally occurswhen I’ =0.9 Iy since the major
portion of the sine wave's energy is then between |’ and
||:|\/|.

Of the methods used to cal cul ate the power dissipation in
arectifier, the easiest and most conservative method makes
the assumption that the power dissipation waveform is
sinusoidal. Thus, the average power dissipationisfound as
follows:

Tt

PFAV) = %LI}DM sin6do = ET%A (4.5)
where PpM = IEM X VEM.

For convenience in caculating power dissipation,
Figures 75 and 76 permit form factor and peak to average
values to be found for a number of commonly used
waveforms,
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Current Ratings

Of paramount importance are a rectifier diode’s current
ratings. Current ratings are conditional ratings — dependent
upon the diode's case or lead temperature and the waveform
being handled.

Severa temperature limits play roles in limiting the
current that arectifier diode may handle. Some are indicated
on Figure 71, which shows the junction temperature of a
rectifier diode operating in aresistively loaded, half-wave,
single—phase circuit under steady state conditions followed
by a current surge. In addition, electro-migration may set a
limit upon the current which a diode can conduct on a
continuous basis.

The repetitive peak junction temperature T jprv Sets one
limit upon rectifier current ratings. If exceeded, the die bond
may be weakened, resulting in an eventual field failure. The
limit of Tjrrm depends upon the manufacturers' assembly
technique. The temperature caused by the circuit depends
upon the amplitude and waveshape of the pulse train and the
transient thermal impedance of the rectifier.

Another limitisset by Tirrw (often called T ymax)), which
is the temperature used for determining the voltage rating.
Note that Tjrrm is lower than Tyay) for sine wave
rectification shown in Figure 71. In practice the values of
Tirrm and Tyav) are close together.

A third limit on the rectifier diode’s current rating is the
temperature at which the lead material from the die to the
terminal  fuses or becomes excessively hot. Lead
temperature is afunction of the lead material resistivity and
the rms value of forward current.

The junction temperatures, Tjrm and TirrM, the lead
fusing temperature and electro—-migration must al be
considered in determining a current rating. Since one or the
other will limit current at different operating conditions,
manufacturers often provide curves to aid in determining
satisfactory operating limits.

A fina temperature limit is the peak surge junction
temperature, Tigy which is somewhat above the other
temperature limits. The surge is alowed only a few times
(few being defined by JEDEC as less than 100) during a
rectifier diode’s life. The surge temperature is the basis for
the Iggy rating.
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Average Forward Current (lpg)

It is customary, as well as a prior JEDEC requirement, to
rate rectifiers in terms of average current delivered to a
resistive load at a specified case temperature in a 60 Hz
half-wave circuit, unless another frequency is specified.
(The 1989 version of Standard 282 indicates that the ratings
areto apply for input frequencies from 50 to 400 Hz). The
rated current is defined as | o. The usua basis for thisrating
isthat tybelow TrrMm When Vrwiv is applied. The reference
temperature used for the I rating is presently required by
JEDEC to be chosen approximately 50°C plus or minus
25°C lower than T jrrM-

It is safe to assume that I is aso an rms limit when
estimating current ratings for capacitive loads or other |oads
having a high form factor (ratio of tinsto average current);
however, such an assumption may unduly restrict the
usefulness of a particular rectifier. Form factor and
peak—to—average ratio data are shown in Figures 75 and 76
as functions of conduction angles for commonly
encountered rectifier waveforms. The data are useful in
establishing current ratings for conditions other than the
ones specified.

Figure 77 isan example of current derating data for astud—
or case-mounted rectifier. The dc (rms) limit is called out at
39.3 A. A check of the curve data againgt the data of Figures
75 and 76 revedsthat the flat portion of the curves showsthe
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Tc, Case Temperature (°C)
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Figure 77. Example of Current Derating Data where
RMS Limits are Evident as Flat Portions of the
Curves

same rmslimit; that is, for g/l Fav) = 20, read a=28° from
Figure 76. At this angle, read F = 3.9 from Figure 75;
therefore, Irav) = 39.3/3.9= 10 A, which agrees with curve
6 on Figure 77. Consequently, derating curves for
waveforms other than the ones shown could easily be
determined by using the data of Figures 75 and 76 to obtain
the rms limit and by using the given derating curves as a
guide.

Sine wave derating dataiis based upon tj= rated T jrrm @
short time after cessation of forward conduction. The dc
derating curve, curve 1 on Figure 77 and the square wave
derating curve, curve 2, are based upon Tirpm equaling
rated Tirrvm because the full reverse voltage may appear
immediately after forward conduction ceases. Note that the
sguare wave curve, curve 2, is very close to the sine wave
resistive load derating data; however, the average current
limitisat 28 A rather than 25 A, since l(rms)/l (av) = 1.41 for
asguare wave.

Derating data for a lead—mounted rectifier is shown in
Figure 78. Since no rmslimit isindicated, it can be assumed
that it is greater than (3.9)(4.3) or 18.5 A by using data for
IFm/1(av) = 20 from Figures 75, 76 and 78. Therefore, other
waveforms having armsvalue below 18.5 A could be safely
handled by the rectifier. For these other waveforms, it is
appropriate to use the techniques outlined in Chapter 2 to
check for Tjrrm. It should be held to areasonable limit.

=10 T T T T 1
% N Em 11 (Resistive/Inductive Loads ™|
L6.0 NN IF(av) ]
£ \\\\ |
o N NG 5 .
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©
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Figure 78. Example of Current Data for a Rectifier
which does not show an RMS Limit
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Peak Surge Forward Current (Iggp)

The maximum allowable surge current (Iggv) isthe peak
current that the rectifier can safely handle for aminimum of
100 times in its lifetime. It is a nonrepetitive rating in the
sense that the surge may not be repeated until thermal
equilibrium conditions have been restored.

An illustration of the JEDEC specified conditions is
shown in Figure 79. The rectifier is subjected to rated
voltage and current until thermal equilibrium is established
a the rated case temperature. One half—cycle of surge
current, Iggy. is applied, followed by one half—cycle of
nonrepetitive rated—voltage, Vgrgv. If the junction
temperature is driven too high by the current, thermal
runaway will occur and the rectifier will be destroyed.

In some applications, such as motor control, several
cyclesof surge current called overload current I g,y must be
handled. To illustrate overload capability, data similar to
that of Figure 80 are given on many data sheets. During
each cycle of overload, peak reverse voltage must not
exceed Vrwm. Theintent of the JEDEC specification isto
havet;at itsrated repetitive limit prior to the nonrepetitive
surge. To provide additional information, surge and
overload data are often given for the situation when the
diodeisin acircuit that is turned on at room temperature
(the 25°C curvesin Figure 80).

Forward Currebt

/R Rated Forward Current, |o

Rectifier Applications

Multicycle surge data is used most often to select
properly rated circuit breakers and/or to provide
sufficient series impedance to prevent diode damage
should a load fault occur. Another common use for
overload data is to check rectifier operation in a line
operated circuit with acapacitiveinput filter, as shown by
the circuit of Figure 81(a). Worst—case current surges
occur when the switch is closed as the input sine wave
approaches its positive peak (Figure 81(b)). The
waveform should be compared to the overload rating
curve. In many cases a visual comparison of the current
surgesis all that is necessary. For example, the rectifier
having the surge ratings of Figure 80 will handle two
surges of 80 A eachwhen T3;=175°Cor 120 A whenT=
25°C. Thecircuit current peaks of Figure 81(b) are 110 A
for the first pulse and 60 A for the second one; the other
pulses are so low by comparison that they need not be
considered. Unless the rectifier is used near its upper
temperature limit of 175°C, operation is safe and no
further checking is necessary.

Surge Current, 'FSM

/KRated Forward Current, IO

M —— 1/60 Sec.

WAVAYAY

Working Peak reverse
Voltage, VRWM

Reverse Voltage

VAVAY

Working Peak reverse
Voltage, VRWM

U}

L 1/2 Cycle Non—Repetitive Peak
Reverse Voltage, VRSM

Figure 79. Conditions for the JEDEC Surge Current Specification

http://onsemi.com



Rectifier Applications

150 T When more precise information is needed, the simplest
B \\ | | | | | \égmxaéaii é@ﬁ:':d way to match the rectifier diode capability to the circuit's
00 I — ~~T2725C  (Surge, T, Noted is ] demandsis to convert the overload surge data of Figure 80
g 80 IS oo T Prior to Surge ] and the waveform produced by the circuit (Figure 81(b)) to
3 TSN Non-Repetitive equivalent rectangular waves using the thermal modeling
o \Repet'tlver TR y techniques discussed in Chapter 2. A satisfactory model is
g 40 \\\*\ 25:c \\e\ B Sy obtained if the amplitude is chosen to equal 70%* of the pesk
= N[ || \\\\\ value of the actud pulse and the width adjusted to contain the
T30 ~ T same area. Therefore, the data of Figure 80 can be
§ 175°C 1T “\\ a interpreted as applying a rectangular pulse or a train of
= 20 ™ N pulses having an amplitude of 70% of the sine wave peak
2 N amplitude and a width of 5.83 ins.

15 4 70% is chosen because the power pulse under surge conditions

1.0 20 3.0 50 7.0 10 20 30 50 70 10C
Number of Cycles at 60 Hz

will be close to a sin? function (see Chapter 2).

Figure 80. Example of Surge Current Data (applies
for MR850 Series)
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Figure 81. Start up Transients in a Half-Wave Line Operated Rectifier Circuit:
(a) Half Wave Circuit with Large Input Capacitor; (b) Worst—case Turn—on Waveform (Igay)=100 mA)
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Using the methods of calculating instantaneous junction
temperature presented in Chapter 2, the maximum
temperatures at the end of the power pulse and at the time
when the reverse voltage reachesiits peak may be calculated
for the rectifier data and for the circuit. If the temperature
allowed during surge is higher than that produced by the
circuit, satisfactory operation can be assumed.

Rectifier diode data sheets sometimes show a subcycle
surge rating curve, so called because thetime duration isless
than the 8.33 ms time base of a 60 Hz wave. The rating is
applicable for events which occur while the diode is
operating at rated load current and working reverse voltage.
However, the diode is not required to block immediately
after the subcycle surge current ceases. Therating is useful
when selecting a fast acting, currentlimiting fuse for
protecting the diode during aload fault. Since fuses are rated
in terms of 12t (current squared seconds) an 12t rating for the
diode s often given in place of asubcycle rating curve. Use
of subcycle surge datais shown in Chapter 9.

Switching

Originally switching specifications were not required on
JEDEC registered rectifier diodes, since the principal
applications were at 60 Hz. Because of the widespread use
of rectifier diodes in power electronic equipment, reverse
recovery characteristics are presently required in order to
better assure interchangeability in high—frequency
applications. The terms used in switching specifications are
defined in Chapter 1.

Reverse Recovery

Thetest circuit used to obtain data and specification limits
for reverse recovery usually conforms to one devised by
JEDEC about 1970. As shown on Figure 82, the circuit
consists of a means of discharging the energy stored in a
capacitor though a series inductor and the diode under test.
By properly choosing circuit constants, a half—sine wave
pulse of forward current is passed through the diode. The
circuit can be modified to also store the charge involved
during reverse recovery on a capacitor whose voltage will
yield the reverse recovery charge, Qrg.

60 H
LINE

SCR l CURRENTl
VIEWING
RESISTOR

Figure 82. Standard JEDEC Reverse
Recovery Test Circuit

Rectifier Applications

The registration requirement states that ta, tp, |rRM(REC)
and Qgrr and are al to have maximum limits. The test
conditions are also specified. Suggested conditions are
Tc =25°C, pulse repetition rate = 60 pul ses per second and
di/dt = 25 A/ps. The peak forward current must be at least
three times | o; the pulse width is required to be over five
times the diode’s reverse recovery time to ensure that dud:
is fairly linear and nearly constant through zero crossing
from Igv/4 to Irm(rec) and also to allow enough time for
the steady state charge gradient to be established in the
diode. The pulse duty cycle is low to ensure negligible
heating of the diode.

The circuit of Figure 82 is difficult to adapt to the
necessary conditions required to measure ultrafast diodes,
i.e., those with trr under 100 ns. A fundamental limitation
is caused by the inductor used to generate the forward
current pulse. When the diode enters the high—impedance
phase (tp) during turn—off, the circuit will ring at the resonant
frequency determined by the inductor and the diode
capacitance[2]. Therefore the circuit cannot measure tp
unlessit islonger than the period of the resonant circuit. The
latest version of the Standard, therefore, shows an aternate
means of driving the diode with square pulses derived from
apower MOSFET circuit. The circuit shown in Figure 83,
allows a higher di/dt; typical of modern power electronic
circuits, to be obtained and circuit inductance can be kept
small.

Diode reverse recovery waveforms observed in the circuit
of Figure 82 typicaly appear as shown by one of the
sketchesin Figure 84. Waveforms obtained in the circuit of
Figure 83 are similar, except the forward current pulse is
square. At the end of the period denoted as t,, the diode
impedance beginsto rise, alowing reverse current to decay.
The nature of the decay during the ty, interval depends upon
the impurity profile of the diode, the test or circuit electrical
conditions and, unfortunately, the loop inductance and
parasitic elements of the circuit.

If the waveform decays smoothly in a somewhat
exponential manner, as shown by the waveform of
Figure 84(a), the diode is said to exhibit “ soft recovery.” If,
at some point during tp, the waveform exhibits a rapid
change in slope, as shown by the other waveforms, the
recovery is described as abrupt. Abrupt recovery is
undesirable because it often produces circuit ringing, which
causes EMI problemsin electronic equipment.
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Figure 83. Test Circuit for Ultra—Fast Rectifier Diodes
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Figure 84. Test Current Waveforms for Various Types of Rectifier Diodes under
Test in the Circuit of Figure 82

To aid adesigner in judging the nature of the t, waveform,
arecovery softness factor (RSF) is sometimes stated. RSF
istheratio of ty, to ty; therefore, larger numbers imply softer
recovery. Inspection of the waveforms of Figure 84,
however, reveasthat RSF is of limited value. It does provide
avalid comparison of waveforms (a) and (b), but waveforms
(c) and (d) yield an RSF comparable to those of the soft
waveform of (a), whenin fact (c) and (d) are abrupt. If tyis
not accurately measured, a non-rivial task[2], then RSF is
of no valueat all.

The waveforms of Figure 84 show a long—standing and
stilljpreferred referee method of defining reverse recovery
time. The method of measuring t; is uniform but the
measurement of timety, differs depending upon the character
of the waveform. For waveforms which cross the axis
because of circuit ringing, such as (b) and (c), tp is measured
from IrmRrec) to the zero crossing. For waveforms
approaching the axis asymptoticaly as shown by (a) and (d),
the zero crossing is determined by a straight line drawn from
IrM(REC) through the point where irg has decayed by 75%.

The preferred measurement technique must be done
manually using an oscilloscope and consequently is not used
in a production test environment. It is much more common
to see recovery time measurements referenced to 10% of
IRM(REC) OF to aspecified reverse current level.

The difficulty of performing accurate recovery time
measurement increases with the speed of the diode.
Consequently, a method of measuring the “recovered
charge” Qrr Without measuring the reverse recovery
waveform has been proposed [2] and equipment isavailable
to perform the test eectronically. In addition, calculation of
recovery time has shown good agreement with carefully
measured data for most diodes. The recovered charge isthe
amount of charge delivered to an external circuit by the
diode during turn—off. It is the area under the reverse
recovery waveform (see Figure 84). The electronic
technique uses a means of transferring the recovered charge
to acapacitor where it is stored and whose voltage is easily
measured by a voltmeter. The method is described in the
Standard and also in MIL-STD-750 C, method 4061.1.
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Forward Recovery

Forward switching characteristics are seldom specified on
rectifier data sheets even though a diode’s turn—on behavior
is important in a number of power electronic applications
operating at high frequencies. The reason for the absence of
forward recovery datais that manufacturers are reluctant to
add tests not demanded by design engineers. Theimportance
of having fast turn—on and low dynamic impedance is
evidently not fully appreciated.

Although a forward switching test is not required on
JEDEC registered diodes, the Standard shows a procedure
for measurement and has defined terms. The test circuit is
very simple; it isaseries|oop consisting of a pulsed current

Rectifier Applications

source, the diode and a means of measuring current. The
current source is usually obtained by adding a series
resistance to a voltage generator. The open circuit voltage of
the source is required to be 50 V or 3V gy, whichever is
greater. The rise time of the input wave should be fast
enough so that it does not affect the diode’s performance.

The turn—on voltage wave, with pertinent terms noted, is
shown on Figure 85. Vgrwm, tfr, and the steady state pulse
voltage, VF, are specified. The measurement point Vg for
ter is 1.1 VE when VErwm between 1.3 V and 10 V When
VErm exceeds 10V, Vg is specified at 3VE Should ViErwm
bebelow 1.3V, VEr=VE+ 1/2 (VFRM —V|:).

VERM
—— VER
Vv (1.1 Ve UNLESS OTHERWISE SPECIFIED)
/ /[
0.1V, 54 v
T //
//

tr

Figure 85. Turn—on Waveform Showing JEDEC Defined Terms.
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Basic Single—-Phase Rectifying Circuits
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Basic Single-Phase Rectifying Circuits

In this chapter, basic characteristics of single—phase
circuits with resistive loads are discussed. Polyphase
circuits are treated in Chapter 6; filter design follows in
Chapter 7. Results of all the calculationsin this chapter are
presented in Table 16.

Basic Operation

When considering any rectifying circuit, a designer
desires to know the magnitude of the direct voltage and
current, the regulation of the load voltage, and the efficiency
to be expected from the rectifying process. All these values
depend upon a number of variables—such as the type of
circuit, the constants of the supply, the characteristics of the
rectifying unit, and the nature of the load—which complicate
the analytical solution. However, certain simplifying
assumptionsidealize the circuit so that a useful analysis can
be made.

The simplest circuit for rectifying single-phase
dternating torrent gives half-wave rectification. Such a
circuit is indicated in Figure 86(a), where the bold—faced
arrow represents the rectifying unit and the direction of
conventional current flow. Assume (1) an ideal AC source
without resistance, (2) the impressed emf is a pure sine
wave, (3) the rectifying unit has zero resistance in the
forward direction of current and infinite resistance in the
reverse direction, and (4) the load is purely resistive. With
these assumptions, let a sine wave aternating voltage as
shown in Figure 86(b) be impressed across the input to the
rectifying circuit. The output is a rectified half-wave of
current asindicated in Figure 86(c), which is of asine form,
sincei =(Vu/RL) snwt. During the second half of the cycle
the rectifier blocks current. The current flowing through the
load resistance R produces an iR voltage drop which has
a half sine waveform. The voltage waveform across the
rectifier is shown by Figure 86(e).

Table 16. Characteristics of Basic Single—Phase Rectifier Circuit with Resistive Loads

Full-Wave Full-Wave
Half-Wave Center-Tap Bridge
Rectifier Circuit Connection
[
Load Voltage and Current Waveshape
Characteristic
Diode Average Current
Iravy/IL (Do) 1.00 0.50 0.50
Diode Peak Current
Iem/IF(av) 3.14 3.14 3.14
Form Factor of Diode
IrrMs) (Do) 157 157 157
Diode RMS Current
IrrMs)/IL(DC) 1.57 0.785 0.785
RMS Input Voltage Per Transformer Leg
VilVipe) 2.22 1.11 1.11
Peak Inverse Voltage
VrRrM/VL(DC) 3.14 3.14 157
Transformer Primary Rating
VA/Ppc 3.49 1.23 1.23
Transformer Secondary Rating
VA/Ppc 3.49 1.75 1.23
Total RMS Ripple, % 121 48.2 48.2
Lowest Ripple Frequency, f/f; 1 2 2
Rectification Ratio (Conversion Efficiency), % 40.6 81.2 81.2
L P=IR, V. =R,
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Current Relationships

Since the function of rectification isto convert aternating
current to direct current, the equivalent value of the direct
current output is of primary interest. Its value is measured by
the dc ammeter placed in the circuit of Figure 86(a).

This dc value is the average value of th6 instantaneous
rectified current over one cycle or aperiod corresponding to
2ntradians. Average values can be determined by a graphical
and arithmetic process by measuring the instantaneous value
of current at a series of equally spaced points along the time
axis and then dividing the sum of these values by the total
number of pointsin acycle. A more accurate solution may
be obtained by measuring the area under the rectified current
pulse and dividing by 2rt. The more direct solution is to
apply calculusto the problem, thus:

i

|DC = IAV = Z—%TJ ||v| sin (Dtd((l)t) (51)
0
Solving,
IDC = 2_2'?54 = 0.318 Iy (5.2)
[
g

®
@)
N
/
/ m \\i2 v

/ \ RM
+ \ L :/
0|<— 1 cycle —]

21

(c)

An ac ammeter inserted in the rectifying circuit of
Figure 86(a) gives adifferent reading from the dc meter first
considered. This difference arises because the ac meter
registers effective or root—mean-square (rms) values [1]
rather than average values. The hegting or effective value of
acurrent varies as the square of the instantaneous current.
Hence, to determine the effective value of the rectified
current graphically, it is first necessary to plot squared
values of the instantaneous current as suggested by the
dotted i2 curve on Figure 86(c). The effective area under the
dotted i2 curve may be obtained by the graphical point
method, or by calculus:

T
Effective area = J '.f/. sinZ wtd(wt)
0

; T 12g
wt  sin2mt
= |y -] = 53
0
and the effective or rms current,
effective area (5.4)

o =051Im

+
V =V sin wt
o| \/

(b)

oM
"R,
L

——/ Irms = 0.5 Iy

—Za— lay=03181y

21 !

(d)

<«— V=V sin wt

VRRM = VM

Figure 86. Circuit and Wave Shapes for Half-Wave Rectification: (a) Half-Wave Circuit;
(b) Input Waveform; (c) Current Waveform; (d) Current Waveform with Pertinent Points Indicated;
(e) Rectifier Voltage Waveform
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The average and effective values of rectified current for
the half-wave circuit are indicated in Figure 86. The
integration of Equations 5.1 and 5.3 follow the standard
procedures for obtaining the average and effective, values of
periodic functions.:

Half-wave circuits are not used with transformers unless
current requirements are small, because the dc component of
output current must flow through the transformer. The dc
component causes core magnetization and high core losses
result. However, the half-wave circuit finds limited use in
low—current, direct-ine rectification.

Two types of circuits are used for full-wave, single—phase
rectification. One circuit uses a transformer with a mid—tap
in the secondary winding, as shown in Figure 87(a). The
other uses a bridge configuration, shown in Figure 87(b),
which requires two extrarectifier diodes, but the secondary
requires only half as much winding. Performanceis similar
except that the bridge diodes are subjected to only half the
peak inverse voltage of the center—tap circuit (to be
discussed later). Since both half-waves of current pass
through the transformer (dividing in the secondary of the
center—tap circuit), there is no dc component of flux in the
transformer core to increase core |osses.

Using the same assumptions made for the preceding
half-wave rectifier circuit, the relation between the input
and output sides of either full-wave rectifier circuit may be
readily calculated. Since both halves of the cycle are

|
Vm V=Vysinat |

[« 1lcycle —— |

2m

(©)
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rectified, the current and voltage on the input side are normal
effective values; rms values on the output side are the same
asfor asine wave while the dc or average values are twice
that of a half-wave circuit. The relationships are shown in
Figure 87(d).

Form Factor

Rectifier circuit efficiencies can be related to a quantity
termed form factor (fl. It is the ratio of the heating
component of awave to the dc component:

F — [(RMS)
I(AV)
Substituting the values from Equations 5.2 and 5.4 into
Equation 5.5, the form factor for a half-wave circuit is 1.57.
The form factor is the same for each rectifier element in the
full-wave systems because each side conducts on opposite
half cycles. However, the form factor of the output current
of afull-wave circuit is much better. It is found from the
values shown on Figure 87; i.e., F = (0.707)1(6.636) = 1.11.
Form factor takes on significance when rectifiers must
handl e high peak currents at low duty cycles, since the power
losses in the diodes and transformers are much higher than
encountered with sine wave pulses. Applications where high
form factors are the rule occur when capacitive input filters
are used, when batteries are being charged, and when
rectifiers are used with SCRsin phase control circuitry.

I

(5.5)

IM = VM /RL

I IrRMS = 0.707 Im
+ IAV =0.636 IM

21

(d)

Figure 87. Circuit and Waveshapes for Full-Wave Rectification: (a) Center—Tap Circuit;
(b) Bridge Circuit; (c) Input Waveform; (d) Output Waveform
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Utilization Factor

Because of the waveforms involved in rectifier circuits,
transformers are not used as efficiently as when they handle
pure sinusoidal waveforms. A measure of rectifier circuit
merit isthe utilization factor (UP), defined asthe ratio of the
dc output power to the transformer volt—ampere rating
required by the primary and/or the secondary. For
single—phase circuits with resistive loads, the UF can be
found by using the relationships between rms and average
current. As defined,

IAVVAV
Ug = —————— 56
F IRMSVRMS (5.6)

For the half—-wave circuit:

U = (0.318 I\p) VDc/(0.51 Im)(2.22 VDC)
= 0.286 (5.7)

For a full-wave circuit, transformer utilization is much
improved because conduction is continuous. In the
center—tap circuit, although both the secondary windings are
present, only oneisused at atime. The utilization factor for
the secondary isfound as

_ (0.318 IM)()VDC
F = 2005 IM@.10)VDC
In the primary, the whole winding is naturally in
continuous use; the input power is, assuming a 1:1 winding
for simplicity, (V2/2)ImVirwms)-
Therefore,

= 0.572

_ (0.318 \)(2)VDC
(/2/2)Im@.11)VpC

The bridge rectifier circuit has the same utilization factor
asthe primary of the full-wave center—tap circuit. The UP
of the single-phase bridge is quite high and is only exceeded
by certain polyphase circuits.

However, utilization factor does not tell the whole story in
the case of ahalf-wave circuit since only one half of the sine
wave of current is passed, and the windings carry a dc
component of current which magnetizes the iron core and
increases the core losses. As aresult, hdf-waverectifiersare
only practical for use with atransformer when the current
requirement is very small.

= 0.812

Harmonics

When the current in atransformer winding does not have
asinusoidal waveform, harmonic currents are present. The
harmonic content can be found by a Fourier analysis of the
waveform or a spectrum analysis of current in an operating
circuit. For half sine waves the percentage of each harmonic
with respect to the fundamental is givenin Table 17:

Table 17. Harmonic Percentages of a
Half Sine Wave

Harmonic 2nd 3rd 4th 5th 6th
% 21.2 0 4.2 0 1.8

Harmonics cause transformer core loss and hysteresisloss
to be higher than with single-frequency operation because
these lasses increase with frequency. The extraloss caused
by the second harmonic in the resistive loaded rectifier
circuit is not high compared to other losses in the
transformer and is usually neglected. ‘With other loads,
losses caused by harmonics can be appreciable and not only
complicate transformer design but also cause trouble with
the electrical distribution system.

Ripple Factor

The rectified voltage and current output consists of a
series of unidirectiona waves or ripples. For some
applications these variations are not objectionable, but for
others they must be smoothed out by filters. For dl cases, the
relative magnitude of the ripple is important in the
comparison of rectifying circuits. The comparison is made
in terms of ripple factor. Ripple factor istheratio of effective
value of the aternating components of the rectified voltage
or current to the average value. In equation form ripple
factor is

effective rectified ac load component I'yms
rfF = (5.7)
average load current (Ipc)

Percent rippleis aterm used interchangeably with ripple
factor and is smply theripple factor expressed in percent (r
X 100).

The various components of current associated with ripple
factor are illustrated in Figure 88. Figure 88(a) shows the
single current pulse of half-wave rectification, and
Figure 88(b) shows the splitting of the pulse into a dc
component and a ripple component. Figures 83(c) and 88(d)
give an actua separation of the components, and
Figure 88(e) illustrates the components for full-wave
rectification.

In accordance with the preceding definition, the ripple
factor istheratio of the effective current represented by I’ of
Figure 88(c) to the dc component shown in Figure 83(d).
This ratio may be computed by following the preceding
form of calculation. Thus, the instantaneous ac ripple
component i” may be represented as

i =i-Ipc, (5.8)

and the total rms value of the ripple component I’ /msis

1 21 . 2
'ms = _[5-| ol = Ipc)*do

, 1 21 o _ 2
'rms = z O(I 2|DC+IDC) do

(5.9)
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Figure 88. lllustration of Ripple Factors for
Half-Wave and Full-Wave Circuits

Thefirgt termin this expression isthe rms value of the total
current Irvs). The integral of the id6 part of the second
term integrates to the average value I pc), and the last term
issimply 12(pcy after the limits are applied. Thus:

’ 2 2 2
Irms=\ARMs - 2lpc + Ipc ©10)

By combining Equations 5.10 and 5.5, the ripple factor
may be expressed as
(5.11)

(F is the form factor of the output current, not the diode
current.) Substitution of values from Figures 86 and 87 into
Equation 5.11 gives

0.5Im
Half-wave F = —— M —
0.318Im 1.57
rf=y1572-1=1.21
0.7071pm
Fulllwave F = ———_M _
0.6361M 111

rf=+v1112 — 1 = 0.482
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Rectification Ratios

The preceding discussion of ripple factor leadsto the idea
that the heating losses (12R) which occur in the various parts
of the complete rectifier circuit are increased by theirregular
waveforms of current that are inherent in the rectifying
process. This loss may be illustrated by comparing the
heating loss caused by an ideal direct current to that resulting
from the actual current waves of Figures 88(a), 88(b), and
88(c). The ratio of dc power in the load to ac rms power in
the load is termed the rectification ratio, O and is written as

2
_ looRL

o (5.12)

- I(RMS)RL
Substitution of the appropriate current values in terms of
Imyields:
O = .406 (half-wave),
0 = 812 (full-wave),

The rectification ratio is sometimes called the conversion
efficiency. This term is somewhat misleading since the
overall power efficiency for the assumed conditions (zero
losses) must be 100%. The real significance of the
rectification ratio is that it gives a qualitative indication of
the increased heat losses that occur wherever a pulsating
current flows through resistance elements. A second method
of expressing the increased heat losses is by the current form
factor, discussed earlier, which is the ratio of the
root—mean—-square to the average value.

Voltage Relationships

The input voltage required to achieve a given dc output
voltage (Vpc) is a necessary piece of design information.
The output voltage (Vpc) islpc R and Equation 5.2 states
that Ipc = 0.318 I for the half-wave circuit. The peak
current (Ip) is Vu/RL and the rms input voltage

Vi = Vm/ /2
Combining these relationships yields:

Vi = 2.22VpC (half-wave)

The full-wave circuit produces twice the dc level asthe
half-wave circuit for a given input voltage per transformer
leg. Consequently,

Vi = 1.11VpC (full-wave)

Another voltage of importance is the maximum voltage
which the rectifier must block when it is not conducting. It
is called the peak inverse voltage, or, in rectifier parlance,
VRRrM- VRRM IS the sum of the peak input voltage and the
rectifier peak output voltage at the same instant in time.

In the half-wave circuit of Figure 86, the output voltage
is zero when the input voltage reaches its negative peak;
therefore,

VRRM = VM = (,/2)(2.22 Vpg) = 3.14 Vpc
(half-wave)
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In the full-wave center—tap circuit, the output voltage is
maximum at V), because of rectifier conduction on one
side, when the other side must block V. Therefore, VRrMm
=2V, but now the rms input voltage, V is 1.11 Vpc,
consequently

VRRM = (/2) (2)(1.11) Vpc = 3.14 VpC.
(full-wave center—tap)
For the bridge, the blocking rectifiers are across the output
voltage; therefore, the maximum reverse voltageis V. In
this case,

VRMM = (,/2) (1.11) Vpc = 1.57 Vpc.,
(full-wave bridge)

Circuit Variations

Many applications require equal positive and negative
power supply voltages. Circuits shown in Figure 89 are
commonly used to provide dual output voltages. These
circuits are simply combinations of the standard half-wave
and center—tapped full-wave circuits previously discussed.

O

+

A Rio W

@)

InH

Oi

Chapter 2 illustrates how arectifier bridge assembly may be
properly handled thermally in the circuit of Figure 89(b). If
the loads are balanced, the circuit of Figure 89(a) does not
have a dc component in the transformer core, thereby
overcoming the major objection to the half-wave circuit.

The standard rectifier diode, being just a two terminal
device, has no internal means of regulating current. It is
often used, however, in conjunction with controllable
rectifiers such as SCRs in circuits similar to the hybrid
bridge rectifier shown in Figure 90.

Similar circuits have a multitude of applications but are
most often used with fixed input voltagesto vary the average
power to the load. A change in gate pulse delay to the 5CR
serves to vary the conduction angle, a, as desired. The
hybrid bridge may also be used to regulate the load power
over arange of input voltages or perform a combination of
these functions. In such circuits the form factor can be quite
high. For this reason, additional derating must be applied to
the rectifier diodes current rating when operation is confined
to small angles of conduction.

———————o¢

(b)

Figure 89. Single—Phase Supplies with Dual Output Voltages: (a) Dual Half-Wave Supply;
(b) Dual Full-Wave Supply (a bridge assembly is convenient to use in this application)
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Figure 90. Typical Hybrid Bridge Rectifier with Resulting Diode Current Waveform
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Summary

All the commonly used characteristics of low—frequency
single—phaserectifier circuits with resistive |oads have been
discussed in this chapter. Results are summarized in
Table 16. From the standpoint of maximum utilization of the
transformer and reverse voltage rating of the rectifier
diodes, the bridge circuit is superior to the other two.
Although it requires more diodes, overall cost is generally
similar because of simpler transformer construction and
lower diode Vrrw requirements. At voltages of 12 Vpc and
below, the power efficiency of the bridge becomes
unacceptable because the output current must pass through

Rectifier Applications

two diodes in series. Furthermore, the diode Vrry rating is
of little concern. The full wave center—tap circuit istherefore
preferable at low voltages. For economy reasons, the
half-wave circuit finds use when current requirements are
small, particularly if direct connection to the power lineis
alowable.

Filters are generally used on the output of single phase
rectifying circuits. Circuit characteristics are similar to those
shown in Table 16 when inductive loads or choke input
filters are used, but characteristics change drastically with
capacitive loads or filters. Chapter 7 discusses filtering and
its effect upon rectifier circuit performance.
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Chapter 6

Polyphase Rectifier Circuits
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Polyphase Rectifier Circuits

A multiplicity of polyphase circuits have been devised,
but only a few are of relative importance. This chapter
develops some of the basic relationships to show the
demands placed upon the rectifier diode by some of the more
popularly used circuits. More exhaustive studies are given
in thereferences[1] [2].

Polyphase transformer windings may be wye (Y) (also
called “star”) or delta (A) connected. When Y connected as
in Figure 91(a), voltagesfrom any terminal (i.e.. A, B, or C)
to the neutral (N) are called phase voltages and appear on a
vector diagram as shown in Figure 91(b). The voltages Vag,
Vgc, and Vca arecalled line voltages. The line voltages are
also 120° out of phase, but because they are the vector sum
of two phase voltages they are V3 times larger and are
displaced 30° from the phase voltages as shown in
Figure 91(c). A common method of transformer connection
isthe delta connection indicated in Figure 91(d). The voltage
across the deltatermina is the same as the line voltage, and
consequently bears the same relationship to the phase
voltage asthe line voltage.

By summing voltages from two phases in a transformer,
avoltage bearing any desired amplitude and phase shift from
a phase voltage may be obtained. Thus, there is no inherent
limit to the number of phases which may be generated.

When athree—phase system is driving a balanced load, the
power is given by

P =3V, (6.1)
where P = total power
V = rmsphase or line voltage

corresponding rms phase or line current.

Voc
120°
120° Voa
120°
Vos
(b)
A
A b
c? BB

(d)

Figure 91. Y and A Connections and Appropriate
Phase Relationships:
(a) Wye—Connected Transformer Windings;
(b) Phase Voltage Relationships;
(c) Complete Voltage Vector;
(d) Delta—Connected Transformer Windings

Rectifier Applications

General Relationships in
Polyphase Rectifiers

The analysis of polyphase rectifier circuits may be greetly
simplified if the transformers and rectifiers are idealized,;
that is, they are assumed to possess no resistance or leakage
reactance. Furthermore, the diode is assumed to have a zero
forward voltage drop and a zero reverse current. By
idealizing the components, simple general expressions can
be derived for polyphase rectifiers.

Figure 92 shows the rectified voltage waveform for the
general case of a polyphase rectifier circuit (See Figure 93
for the simplest polyphase rectifier circuit). Conduction
takes place through the rectifier with the highest voltage
acrossit. Note that neither the voltage nor the current is ever
zero in the load. The instantaneous load voltage VL of
Figure 92 is equd to the voltage of the conducting phase, and
isgiven by

vL = Vsin® (6.2)

where V) = the peak phase-to—neutral voltage.

| 2m |
AN N _T_
\ \
\ \
Vm
I\ /N I\ I\
I\ 1\ /1 I\
/ \ L1\ L1\ [\

Figure 92. Rectified Voltage Waveforms for
Multiphase Rectifier Circuit. The number of output
pulses per cycle is designated

Current Relationships

As with single—phase circuits, the average or dc value of
output current is of prime interest. It is the average value of
the instantaneous rectified current over one cycle or aperiod
of 2r/m radians (see Figure 92). Using integral calculus, the
average current per phase equals the rectifier diode current
and is given by

(TU/ 2)+(TT/ m)

IF(AV) = ZMI sin6do (6.3)
) (i 2)+(mim)
Solving,
| .
IF(AV) = ?M[sm(%)] (6.4)

The total load current (1) is in times the current per
conducting phase or

IL(DC) = IM(% sin %) (6.5)
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The rms current (l5) is aso of interest as it determines
heating in the transformer winding resistance and in the
diode. The rms vaue varies as the sguare of the
instantaneous current and may be obtained by integration.

(/2+m/m) 1/2
If = IF(RMS) = [%f IM sin 9d9:| (6.6)
(1t/ 2)+(1t/ m)

Solving:

1/2
If = IF(RMS) = IM[Z—ln(% + %sinzﬁ”)] (6.7)

It is convenient to have the diode rms current in terms of
average current rather than the peak value so that the form
factor of rectifier current may be determined. Equation 6.4
may be combined with Equation 6.7 to obtain

- _ IFRMS) _ (2 + isinZ)
IF(AV)

For m greater than or equd to three, Equation 6.8 may be

approximated as

(6.8)

sing

F=/m (6.9)
The simplification is done by using the small angle
approximation, sin 8 = 6. Ordinarily, the error caused by the
approximation would be too large for 6 = 60°, but because
of the nature of Equation 6.8, the overall error issmall. For
example, for m = 3 Equation 6.8 yields F= 1.76 while
Equation 6.9 yields F= 1.73.

Voltage Relationships

In order to design the transformer, the required input
voltage from each transformer secondary leg (V;) for agiven
output voltage must be known. Since Vy = Ryl and
Vic) = RilL(pe), substituting these relationships into
Equation 6.5 resultsin

VL(DC) = VM(Dsin ) (6.10)

The rms vaue of V; is Vyv2/2. Substituted and
rearranging Equation 6.10 yields

vi = _YL(DC)
I = .
/2(2sinz]

The pesk repetitive reverse voltage or peak inverse
voltage applied to the rectifier, Vrrw, is aso of vitd
interest. In full-wave center—tapped circuits, it isthe sum of
the instantaneous load voltage and peak input voltage.

To obtain exact vaues, the precise output waveform must
be considered. However, Vrrm cannot exceed 2V andin
many polyphase circuits V| (pc)y approaches V. To be
conservative, let Vi = Vy; since Vjpk) = V1 V2, using
Equation 6.11 above, Vrrwm can be put in terms of voltage
as

(6.11)

VRRM = 2(V—"(@) (6.12)

[@sinZ)
For bridge connections, Vrrwm is simply the peak output
voltage, which is one half of that given by Equation 6.12.

Transformer Utilization

High transformer utilization is one of the chief benefits of
polyphase rectifier systems. The utilization factor (UF) is
the ratio of do power in theload to the volt ampere or power
rating of the transformer and is commonly used in
comparing rectifier circuits. As defined,

I[(AV)V(AV)(OUTPUT)
[(RMS)V(RMS)(INPUT)

(6.13)

Values for the terms depend upon whether primary or
secondary UF is desired. The utilization factor of the
primary is found by considering the total volt-ampere
regquirement of the transformer and the total do load power.
The secondary utilization factor generally considers only a
particular winding's contribution to the load and the
volt—ampere requirement of the winding.

Utilization factors can only be computed by studying the
voltage and current relationships in a particular circuit
configuration. It can be shown [1] that the highest obtainable
utilization factor occurs whenin = 3, i.e., conduction occurs
in awinding for 120°. In this case, the winding isidle for
two—thirds of the cycle. The larger the number of phases, the
longer istheidletime and the less effectively the transformer
is being used. To achieve high utilization factors and a so the
advantages of 6- or 12—phase operation, bridge circuits are
used and specia secondary winding arrangements have
been devised which permit m to be three for the secondary
windings, however, in is effectively six or twelve for the
output voltage waveform.

Ripple

The same relationships for ripple hold true for polyphase
circuits as with single-phase circuits. In Chapter 5, it is
shown that the ripple factor of the output voltage may be
expressed as

e Von  _ 2
\/EVL(DC) (hm)? — 1

(6.14)

An expression for the various ripple harmonics is obtained
for the general polyphase rectifier system by applying
Fourier analysisto the waveform. The resulting expression
isgiven by

- _Vmn _ /2
rf = =
f Avipg | me 1 (6.15)
where

i = ripple factor due to the nt" harmonic,
Vmn = pesk voltage of the nth harmonic,
Vi (bc) = dcoutput voltage
m = number of output pulses per cycle,
n = order of the harmonic.

In Equation 6.15, the only harmonics involved are
multiples of in. Thus, for m = 3, only the third, sixth, ninth,
etc., harmonics of the input voltage contribute to the ripple
voltage.
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Rectification Ratio

The last general item of interest isthe rectification ratio O.
sometimes referred to as waveform or conversion
efficiency. It istheratio of dc power inthe load (IZL(DC)RL)
to rms power in the load (| ZL(RM gRL). Intheratio of terms,
the load resistance cancels and I (rms)/lL(Dc) IS the load
current form factor. Consequently, the rectification ratio
may be expressed as

1
9 = [F(load)2

To find the load current form factor, the total rms
component of load current must be known. 1t may be found
from Equation 6.6 by recognizing that the total current will
be m times the phase current. Therefore.

(U 2)+(/ m)
IL(RMS) = [% J
(

Tt/ 2)+(11/ m)

(6.16)

1/2
2
IM sin 6d6:| (6.17)

Solving,

1/2
_ m(mx 1. 21
IL(RMS) = IM[E(E + Esmﬁ)] (6.18)

By comparing Equation 6.1810 Equation 6.7, it can be

seen that rms load current is simply vm times rectifier leg

current and the load current is in times the rectifier leg

current. Therefore, the form factor of the load is simply /Vm

timesthe rectifier leg form factor as given by Equation 6.8.
Accordingly:

%[% + 1sin fn—”]

F(load) = (6.19)

sinst/m

An attempt to simplify Equation 6.19 as done with
Equation 6.8 yields unity. Therefore, it must be used without
approximation to yield meaningful results. Substituting
Equation 6.19 into Equation 6.16 yields

_ 2msin?(m/m)
(% + %sinzﬁ“) (6.20)

Overlap

In practice current does not switch instantaneously from
one diode to another Overlap is observed, that is, a period of
time where current flows in two diodes, each in different
branches. Overlap is caused because leakage inductance and
the stored charge in diodes will not allow current in the
individual phases to change instantaneously.

One effect of overlap isto reduce the output of the rectifier
circuit. This reduction, along with the voltage drop in the

Rectifier Applications

rectifier and transformer should be calculated and used to
correct the output voltage predicted ideally. The overlap
problem is discussed more fully in Chapter 7 and in the
references.

Common Polyphase Rectifier Circuits

A discussion of the basic and more popular rectifier circuit
configurations follows. Pertinent characteristics of each
circuit arelisted in Table 18.

Three—Phase Half-Wave Star Rectifier Circuit

The three—phase star rectifier circuit, often referred to as
the threephase half-wave rectifier, is illustrated in
Figure 93(a). The associated voltage waveforms are shown
in Figure 93(b). Because the circuit is economical, it finds
limited use where dc output voltage requirements are
relatively low and current requirements are too large for
practical single-phase systems. The circuit is worth
studying mainly because it is a building block of more
complicated systems. By using the equations developed in
the preceding section, the various items of interest may be
calculated as given in Table 18.

The dc output voltage is approximately equal to the phase
voltage. However, the diodes must block approximately the
line-to-line voltage, which is V3 times the phase voltage. In
addition, the transformer design and utilization are
somewhat complicated in order to avoid transformer core
saturation caused by the do component of current flow in

each secondary winding.
&k

(@

Vi

A A AW A W AW A
VAVAVAYAY

VA VAVAVAWAN
Van Ven Ven
(b)

Figure 93. Circuit (a) and Waveform (b) for the
Three—Phase Star or Half-Wave Rectifier Circuit
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Three—Phase Inter—Star Rectifier Circuit

The threephase inter—star or zig—zag rectifier circuit
shown in Figure 94 overcomes some of the transformer
limitations of the three—phase half-wave star circuit. The
primary and secondary windings each consist of two cails,
with pairs of coils forming a phase, located on different
branches of the transformer core. The windings on the same
core branch are connected such that the instantaneous
magnetomoative force is zero. Although this connection
eliminates the effects of core saturation and reduces the
primary rating to the minimum of 1.05, it does so at the
expense of economy, since it does not utilize the voltage of
each winding to yield the highest possible out put voltage.
The two secondary windings in series give a voltage of
V3V g instead of 2V g;. This results from the addition of two
sinor voltages that are 600 apart. Consequently. the
secondary volt ampere rating increasesto 1.71 from the 1.48
value shown in Table 18. Otherwise, circuit constants are the Figure 94. Three—Phase Inter—Star or Zig—Zag Circuit
same as the three—phase star circuit and therefore are not
listed in Table 18.

Table 18. Summary of Significant Three—Phase Rectifier Circuit Characteristics for Resistive Loads

Double Wye Wye-Delta Connections
Half-wave with Interphase | Full-wave -
Star Bridge Transformer Star Parallel Series
Average Current through Diode
Iravy/IL(DC) 0.333 0.333 0.167 0.167 0.167 0.333
Peak Current through Diode
Iem/IF(av) 3.63 3.14 3.15 6.30 6.30 6.30
Form Factor of Current through Diode
IrrMs) (Do) 1.76 1.74 1.76 2.46 2.46 2.46
RMS Current through Diode
IrrMs)IL(DC) 0.587 0.579 0.293 0.409 0.409 0.818
RMS Input Voltage Per Transformer Leg
VilVL(pc) 0.855 0.428 0.855 0.741 0.715 0.37
Diode Peak Inverse Voltage
VrRrM/VL(DC) 2.09 1.05 2.42 2.09 1.05 1.05
Transformer Primary Rating
VA/Ppc 1.23 1.05 1.06 1.28 1.01 1.01
Transformer Secondary Rating
VA/Ppc 1.50 1.05 1.49 1.81 1.05 1.05
Total RMS Ripple, % 18.2 4.2 4.2 4.2 1.0 1.0
Lowest Ripple Frequency, f/f; 3 6 6 6 12 12
Rectification Ratio (Conversion
Efficiency), % 96.8 99.8 99.8 99.8 100 100

1. See Table 19 in Chapter 7 for inductive load data.
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Three—Phase Full-Wave Bridge Circuit

A three—phase full-wave bridge connection is commonly
used whenever high dc power is required, as it exhibits a
number of excellent attributes. It hasalow ripple factor, low
diode PIV, and the highest possible transformer utilization
factor for a three—phase system. Because of the full-wave
rectification associated with each secondary winding, it is
permissible to use any combination of wye or delta primary
and secondary windings or three single—phase transformers
in place of one three—phase transformer. A schematic of a
popular circuit is shown in Figure 95(a). The voltage
waveforms are shown in Figure 95(b).

Each conduction path through the transformer and load
passes through two rectifiersin series; atotal of six rectifier
elements are required. Commutation in the circuit takes place
every 60°, or Sx limes per cycle. Such actionisreferred to as
a six pulse rectifier which reduces the ripple to 4.2% and
increases the fundamental frequency of rippleto sx timesthe
input frequency. No additiona filtering is required in many
applications. Thus, with this circuit the low ripple factor of a
six—phase system is achieved while till obtaining the high
utilization factor of a threephase system. The dc output
voltage is gpproximately equal to the peak line voltage or 2.4
times the rms phase voltage; each diode must block only the
output voltage. Three—phase bridge connections are popular
and are recommended wherever both dc voltage and current
requirements are high.

The circuit characteristics are obtained by substituting
m =6in the general equations. Resultsare shown in Table 18.

(b)

Figure 95. Three—Phases Full Bridge Circuit and
Associated Waveforms.
(a) Three—Phases Full-Wave Bridge Circuit;
(b) Voltage Waveforms, Solid Line is Output Voltage
and the Dashed Lines are the Phase Voltages
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Three—Phase Double-Wye Rectifier with
Interphase Transformer

The three—phase double-wye rectifier circuit is frequently
used instead of a bridge circuit because each rectifier diode
contributes only 1/6 instead of 1/3 of the load current.
However, the peak inverse voltage for this circuit is higher
than the three—phase star system due to the interphase
reactor.

The circuit (Figure 96) consists essentially of two
threephase star circuits with their neutral points
interconnected through an interphase transformer or reactor
(also caled a baance coil). The polarities of the
corresponding secondary windings in the two parallel
systems are reversed with respect to each other, so that the
rectifier output voltage of one threephase unit is at a
minimum when the rectifier output voltage of the other unit
is a amaximum, as shown. The action of the balance cail is
to cause the actual voltage at the output terminalsto be the
average of the rectified voltages developed by the individual
three—phase systems. The output voltage of the combination
is therefore more nearly constant than that of athree—phase
half-wave system; moreover, the ripple frequency of the
output wave is now six times that of the supply frequency,

instead of three times.

Interphase
Reactor
(Balance Caoil)

B2

(@

Voltage of second Y
Voltage across load

One Cycle
of Supply

(b)

Figure 96. Circuit and Waveforms for the
Three—Phase Double Wye Circuit: (a) Circuit; (b)
Waveforms
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In order that the individual three—phase half-wave
systems may operate independently with current flowing
through each diode one third of the time, the inter—phase
reactor must have sufficient inductance so that the
aternating current flowing in it as a result of the voltage
existing across the coil has a peak value less than one-half
the dc load current. That is, the peak alternating current in
the interphase reactor must be less than the direct current
flowing through one leg of the coil. Since the direct current
flows in opposite directions in the two halves of the
interphase reactor, no dc saturation is present in this reactor.

Six—Phase Star Rectifier Circuit

The six—phase star rectifier circuit shownin Figure 97 is
often referred to as the three—phase diametric or full-wave
rectifying circuit because it has a center—tapped transformer.
The characteristics are obtained from the general rectifier
equations where m is equal to six. Fields of application
include requirements for very high dc load currents in
low-to-medium voltage ranges. Voltage is usualy
restricted because the peak inverse voltage applied to the
diodes is twice the peak phase voltage and transformer
secondary utilization is poor. Current flows in only one
rectifying element at a time, resulting in a low average
current, but ahigh pesk to average current ratio in the diodes.

The six—phase star circuit is attractive in applications
which require alow ripple factor and a common cathode or
anode connection for the rectifiers. The primary winding is
generally delta—connected, although a wye connection is
sometimes used with a tertiary winding. An additional
advantage of the six—phase star isthat the dc currents cancel
in the secondary and, therefore, core saturation is not
encountered.

@H

Figure 97. The Six—Phase Star Circuit

P

Six—Phase Full-Wave Bridge Circuits

In many agpplications, it is necessary to reduce ripple below
the 4.2% leve characteristics of treephase, full-wave and
six—phase, haf-wave connections. A reduction to
approximately 1.0% at a ripple frequency twelve times the
input frequency can be achieved by using wye-deta
secondaries which result in 300 phase shift between
windings. Either parallel or series bridge connections may be
used for the output as shown in Figure 98.

When an equalizing reactor is used to couple the two
bridge sections asin Figure 98(a), the system behaves astwo
paralel three—phase bridge circuits, with each section
supplying one-half the load current. The parallel connection
of the two groupsis preferable to avoid having current pass
through four diodes in series, but for high—voltage
applications the series connection (asin part b) may result
in amore economical design.

(b)

Figure 98. Six—Phase Full-Wave Bridge Circuits
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Comparison of Circuits

As discussed, the three—phase and six—phase star circuits
have limited applications because of a number of
disadvantages. The most popular circuits by far are the
threephase full-wave bridge and the threephase
double-wye with interphase transformer. Both are aike in
many respects.

Comparing the double-wye connection with interphase
transformer with its rival, the three-phase bridge
connection, it is found:

1. The diodes of one leg of an interphase transformer
connection have to handle twice the voltage but
only half the current of the diodesin oneleg of a
bridge connection with the same values of direct
voltage and current. Thisis because the
commutating groups operate in paralel inthe
interphase transformer connection and in seriesin
the bridge connection. The high voltagerating is
usually no problem and does not, in general,
proportionally increase the price of the diodes
(very high voltage excepted), but the lower current
value reduces the rating of the diodes and all
associated components such as fuses, bus bars, and
cooling equipment, and is therefore a great
advantage.

2. Thetotal power losses are smaller in an interphase
transformer connection because of the lower
current carried by the diodes.

3. Thereactive voltage drop caused by the bus bars
can be made smaller in an inter—phase transformer
connection since the current to be commutated is
only half of the current commutated in a bridge
connection, and the commutating voltage is twice
as high.

For these reasons, the interphase transformer connection
is competitive with the three—phase bridge connection in a
certain voltage—current range, despite the relatively high
transformer rating and the problem of avoiding saturation of
the inter—phase transformer core due to current unbalance.

In special cases where low ripple is required and large
power must be handled, a six—phase bridge or other
high-order system may prove attractive. Other useful
systems are covered in the literature [2].

Rectifier Applications

High—Current Parallel-Connected

Diodes

In some applications in chemica, metal, and
transportation industries, the required dc output current
cannot be achieved by using a single cell diode. In such
instances, it is necessary to operate diodes in paralel. Care
must be taken in the design to achieve a reasonable degree
of current balance. The three main causes of unbalance are:
* differencesin diode forward voltage drop
* odf and mutud inductances of the diode and bus

connection (referred to as the ladder effect in literature [3])

* magnetic coupling between legs.

Diode differences can be minimized by purchasing the
diodes in closely matched sets but matched diodes are
difficult to obtain from manufacturers at a cost—effective
price. The resistance of the fuses used in series with each
diode aso improves balance. Some resistance will be
encountered in the busing and connections. It should be very
low in the main busses as compared to that in each individual
diodeleg.

Use of balancing transformersis a very effective means of
forcing proper current balance and may be less expensive
than purchasing factory matched units. The transformers
consist of laminated iron cores usually with single-turn
primary and secondary windings. The current from two
diodes in parallel passes around the core in opposite
directions so that any unbalance will induce avoltage which
serves to correct the unbalance. The basic technique is
shown in Figure 99. Its extension to larger numbers of
rectifiersisillustrated and briefly discussed in Figure 100.

Figure 99. Parallel Operation of Rectifier Diodes
Using Balancing Transformers
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Computer simulation of the busing used in a stack of
paralld diodes hasled to the following design guidelines[4]:

1. The ac and dc buses of each leg should be as close
as possible. Mutual inductance between these
busesis beneficial.

2. The distance between the parallel diodes should be
increased. The coupling of the mutual inductance
of these paths acts as an improperly phased
balance reactor.

@

3. Thelength of the diode path should be as short as
possible. Although the resistance of the path
increases as the path length increases, the
self-inductance and mutual—inductance effects
predominate, which increases the unbalance.

(b)

Figure 100. Schemes for Balancing the Current When More than Two Diodes are Required.
(a) Balancing Reactors Used with Diodes in an Extension of the Basic Circuit. Transformer T3 must handle
twice the current of T1 or T2; T4 must handle twice the current of T3, etc.;
(b) Balancing Reactors in a Closed—Chain System. Each winding carries only the current of one diode
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Rectifier Filter Systems

Rectifiers without output filters, especially single—phase
circuits, find limited application owing to their high ripple
and relatively low rectification ratio. A Fourier analysis of
the rectifier output waveform yields a constant term (the dc
voltage) and a series of harmonic terms. Filters are usually
added to extract the constant term and attenuate all harmonic
terms. The input impedance of the filter dramatically
influences the current and voltage relations of the
transformer—rectifier combination; therefore, filters are
broadly classified by the type of input element used.

Inductor—input filters are preferred in higher—power
applications in order to avoid excessive turn-on and
repetitive surge currents. Choke-input filters also offer
greatly reduced electromagnetic interference, which is
frequently caused by rectifier repetitive surge currents.
More efficient transformer operation is also obtained
because of the reduction in form factor of the rectifier
current.

An inductor attempts to hold the load current constant and
isthus more effective at heavy loads or small values of load
resistance. Use of aninductor aoneis generally impractical,
particularly when variable loads must be handled because
the attenuation is not sufficient with reasonable values of
inductance. Anaysis of asingle LR network shows that the
ripple is reduced by the factor:

1

1+ (X /RL)” 7
where

XL isthe reactance of the filter choke

R_ istheresistance of the load.

Unless X » Ry, filter action is ineffective. The basic
inductor—input filter is therefore an L section employing
both inductance and capacitance so that the complementary
characteristics of the filter elements are used to advantage.
It should also be noted that inductive loads, or filters, are not
good practice in half-wave single—phase rectifiers owing to
the large rectifier inverse—voltage transient which occurs
when conduction inevitably ceases.

Demands for smaller and lighter equipment have forced
designers to use capacitor—input filters in lower—power
systems operating from singlephase ac lines. When
capacitor—input filters are used, diodes whose average rating
more nearly matches the load requirement can be used if a
source-to-oad resistance ratio of about 0.03 and voltage
regulation of about 10% are acceptable. Close regulation
from the rectifier is seldom needed in electronic equipment

Rectifier Applications

because the rectifier is followed by an electronic regulator
or switch mode dc—to—dc converter.

Behavior of Rectifiers with

Choke—-Input Filters

The voltage and current relations existing in rectifier
systems having a series-inductance (choke-input) filter are
illustrated by the sketches of Figures 101 and 102. While
these apply to specific rectifier circuits, the same general
behavior occursin all rectifier systems of the choke-input
type.

When the input inductance is assumed infinite, the current
through the inductance is constant and is carried at any
moment by the rectifier diode which has the most positive
voltage applied to its anode at that instant. Asthe alternating
voltage being rectified passes through zero or when another
anode becomes most positive, the current suddenly transfers
from one diode to another, giving square current waves
through the individual rectifier diodes, as shown by the
dotted lines in the lower sketches of Figure 101. When the
input inductance isfinite and large, the Situation is as shown
by the solid lines. The current through the input choke
increases when the output voltage of the rectifier exceedsthe
average or dc value and decreases when the rectifier output
voltage isless than the dc value, causing the current through
the individual diodes to be modified as shown. If the input
inductance is too small, the current decreasesto zero during
aportion of the time between the peaks of the rectifier output
voltage, and the conditions are similar to a capacitor—input
filter system, as discussed later in this chapter.

The ratio of peak current per individual diode to the dc
current developed by the overal rectifier system depends
upon the rectifier connection and the size of the input
inductance. When the input inductance isinfinite, the anode
of each rectifier diode must at some time during the cycle
carry the entire load current, except in the case of the
three—phase haf-wave double-wye system, where each
diodeis called upon to carry only half of the load current.
These and other useful current relations for different
rectifier connections are presented in Table 19. When the
input inductanceis not infinite, the current through the input
inductance will vary around the value for the infinite
inductance case, as illustrated in Figure 101. In the least
favorable case, corresponding to an input inductance barely
sufficient to obtain choke—input type of operation, the peak
value of diode current is twice the value corresponding to
infinite input inductance.
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Figure 101. Voltage and Current Waveforms Existing in Rectifier Systems Operating with
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Figure 102. Typical Current Waves in Primary and Secondary Windings of Transformer for Ideal Choke—Input
Systems: (a) Single-Phase Full-Wave System; (b) Three-Phase Half-Wave

http://onsemi.com

Choke-Input Filters:



Rectifier Applications

Table 19. Characteristics of Typical Rectifiers Operated with Inductance—Input Filter Systems

Rectifier Three—-Phase
Circuit Single—Phase Single-Phase Three Phase | Three-Phase Double Wye
Connection Full-Wave Full-Wave Hall-Wave Full-Wave With
Center—Tap Bridge Star Bridge Interphase
Characteristic Transformer
FAverage Current Through Diode
IravyILpc) 0.500 0.500 0.333 0.333 0.167
1Peak Current Through Diode Ipm/IF(av) 2.00 2.00 3.00 3.00 3.00
Form Factor of Current Through Diode
IrRMs) IFav) 141 141 1.73 1.73 1.76
RMS Input Voltage Per Transformer Leg
ViV (pe) 1.11* 111 0.855 0.428 0.885
Diode Peak Inverse Voltage
(PIV) VRrm Vi (DC) 3.14 157 2.09 1.05 242
Transformer Primary
Rating Va/Ppc 111 111 121 1.05 1.05
Transformer Secondary
Rating Va/Ppc 157 111 1.48 1.05 1.48
Ripple (Ve/V(pc) Lowest frequency in
rectifier output (f/f1) 2 2 3 6 6
Peak Value of Ripple
Components:
Ripple frequency (fundamental) 0.667 0.667 0.250 0.057 0.057t
Second harmonic 0.133 0.133 0.057 0.014 0.014
Third harmonic 0.057 0.057 0.025 0.006 0.006
Ripple peaks with reference to dc axis: 0.363 0.363 0.209 0.0472 0.0472
Positive peak 0.837 0.637 0.395 0.0930 0.0930
Negative peak

1. This table assumes that the input inductance is sufficiently large to maintain the output current of the rectifier substantially constant, and
neglects the effects of voltage drop in the rectifier and the transformers. Ppc = 12 R, V| = ILRL

*Secondary voltage on one side of center—tap.

TThe principal component of voltage across the balance coil has a frequency of 3 fi and a peak amplitude of 0.500. The peak balance coil voltage,

including the smaller, higher harmonics, is 0.605.
FAssumes infinite input inductance.

The output voltage from the rectifier diodes applied to a
choke input filter can, for nearly all practical purposes, be
considered the same as if applied to a resistive load. The
output voltage wave of the rectifier can be considered as
consisting of adc component upon which are superimposed
ac voltages, termed ripple voltages. In the case of the
idealized full-wave single—phase rectifier, Fourier analysis
shows that the output wave v|_ has the equation

= M( _2 2 _2 )
VL ra 3cos 2wt 15 cos 4wt 35 cos 6wt
(7.1)

where

Vv represents the peak value of the ac voltage applied to
therectifier diode

w isthe angular velocity (2 if) of the supply frequency.

(A full derivation of this equation is given at the end of this
chapter.)

Note that the dc component of the output waveis 2/Tttimes
the crest value of the ac wave, and the lowest frequency
component of ripple in the output is twice the supply
frequency and has a magnitude that is two-thirds the dc

component of the output voltage. The remaining ripple
components are harmonics of this lowest frequency
component and diminish in amplitude with the order of the
harmonic involved in accordance with Equation 7.1. The
more significant components of ripple are shown in Table
20. The ripple frequencies in the table are presented in
relation to the fundamental frequency of ripple, not to the
input frequency. For the full-wave circuit, the fundamental
ripple component for a 60 Hz input is 120 Hz; the second
harmonic is 240 Hz, and the third harmonic is 360 Hz.
Table 19 aso gives the results of the analyses [1] for the
output waves delivered by several popular polyphase
rectifier connections. The ripple voltages are much less for
the threephase haf-wave rectifier than for the
single—phase connection, and are still less for the six—phase
arrangements. In all cases, the amplitude of the ripple
components diminishes rapidly as the order of the
harmonicsis increased. Not only are the ripple amplitudes
lower but the ripple frequencies are higher for polyphase
than for singlephase rectifiers, attributes which allow
choke size to be greatly reduced. For example, the
three—phase full-wave connections used with a 60 Hz input
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have alowest ripple frequency component of 360 Hz with
an amplitude of 5.7% of the dc level. The second harmonic
is 720 Hz with alevel of only 1.4% and the third harmonic
is 1080 Hz with an amplitude of only 0.6%. Consequently,
a relatively small choke and capacitor can reduce the
fundamental ripple frequency to a very low level and the
harmonicsto an insignificant level.

Input Inductance Requirements

To achieve normal choke-input operation, it is necessary
to maintain continuous flow of current through the input
inductance. The peak value of the aternating current
component flowing through the input inductance must,
hence, be less than the dc output current of the rectifier. The
value for minimum inductance, caled critical inductance
(Lc) isderived from the following argument.

The average or dc current is V| (pcy/RL. The peak
aternating current is very nearly the peak value of the
fundamental—frequency component, since the
higher—frequency components of the ripple current are
relatively small. The current ripple harmonics are smaller
than those given by Table 19, because of the higher reactance
of the inductor at the harmonic frequencies. The inductor is
normally followed by a capacitor having alow reactance at
the fundamental ripple frequency, so that the peak ripple
component is very close to Vpgi/onL. The ratio of
peak—to—average current therefore closely approximates
(Vm1/Vpe)/wL /Ry, which must not be less than unity.

For a single-phase, full-wave circuit, the fundamental
ripple component wy, istwice the input frequency wy; aso, the
ratio Vm1/Vpc is the coefficient (2/3) of the fundamental
ripple frequency term (cos 2wt) in Equation 7.1. After
substituting 2wy, for wy and 2/3 for Vy1/Vpc into the
previous expression, the following equation for critical
inductanceis found:

RL
Lc = 30; (7.2)

Using a similar procedure for polyphase rectifiers, the
critical inductance isfound to be

2RL

-7 m - Do 73

In Equations 7.2 and 7.3
Lc = thecritica inductancein Henries

RL the load resistance in ohms
w; = theinput or line frequency in rad/sec
m = the effective phase number for the output wave.

(If the resistance of the choke, diode, or transformer is
significant, the values should be added to R, ).
For convenience, Equations 7.2 and 7.3 are put in the form

chﬂ

A (7.4)

where A is a constant determined from Figure 103.

500 k —-
200 k -
=
100 k _— 4 ,,/
50 k = —
<20k ,/’( P
LA
10k -
>, ~ 1 \Three—Phase, Full-Wave
5k 4 — Six—Phase, Half-Wave (m = 3)
| - |
2k > Three—Phase, Half-Wave (m=3)
e I
1k Single—Phase, Full-Wave
500 1T Il Il Il Il Il
50 100 200 500 1k 2k 5k

Input Frequency (Hz)

Figure 103. Values for the Constant A Used to
Compute Critical Inductance

Values for other frequencies can easily be obtained by
extrapolation, since A is inversely proportiona to
frequency. The value of A for a single—phase full-wave
circuit operating at 20 kHz, for example, is 400,000 (10
times the 2 kHz value). The critical inductance required in
polyphase systems is considerably less than that required in
a single—phase system. The higher the load resistance (i.e.,
the lower the dc load current) the more difficult it is to
maintain a continuous flow current. Also, with agiven L,
continuous flow will not occur when the load current drops
below acritical value.

When the inductance is less than the critical value, the
system acts similar to a capacitor—input system, described
later. When the load current varies from time to time, it is
necessary to satisfy the equations at all times if proper
operation and, in particular, good voltage regulation are to
be maintained. In order that this requirement may be
satisfied at very small load currents without excessive
inductance, it is usualy necessary to place a resistance
(commonly termed a bleeder resistance) across the output of
the rectifier—filter system. The bleeder current is a
compromise between having excessive dissipation in the
bleeder resistor and excessively large L.

It is important to keep in mind that the effective
inductance L is the incrementa inductance, that is, the
inductance to the aternating current superimposed upon the
dc magnetization. Incremental inductance always increases
as the dc magnetization decreases. Thisfact is of assistance
in satisfying the equations at low load currentswhere R is
large and can be put to advantage by the use of a*“swinging”
choke in which the inductance is varied by the load current
using a controlled approach to saturation that lowers
inductance as current increases.

http://onsemi.com



It is essential to avoid series resonance between the input
choke and first filter capacitor because at resonance very
high circulating currents flow. Since at resonance,
T/wL = wyC, to avoid resonance it is sufficient to insure that

w?LC > 2 (7.5)

1

where o isthe lowest frequency component of the ripple.

The output ripple magnitude depends upon the values of
the choke and the capacitor used. It is calculated as shown
in the subsequent sections.

Voltage Regulation in Choke Input Systems

Given ideal components, theload regulation of arectifier—
filter system employing input inductance greater than the
critical value would be perfect—i.e., voltage output would be
independent of load current. In practice, the output voltage
falls off with increasing load as aresult of resistance in the
diodes, filter, and transformer and as aresult of the leakage
reactance of the supply transformer. The various resistances
in the circuit reduce the output voltage without affecting the
waveshapes in the system. The leakage reactance of the
transformer, however, distorts the waveshape of the output
voltage by preventing the current from shifting instantly
from one transformer winding to another, as in the ideal
cases of Figure 101. The situation in atypical caseis shown
in Figure 104 where u represents the time interval required
to transfer the current. During this transition period, the
output voltage assumes a value intermediate between the
open—circuit voltages of the two windings that are
simultaneously carrying current, instead of following the
open—circuit potential of the more positive anode. As a
result, the average voltage of the output is less than if no
|eakage inductance were present by the amount indicated by
the shaded areasin Figure 104(c). The quantitative relations,
which are quite complicated, depend upon both the rectifier
and the transformer connections.

When the input inductance is less than the critical value,
the output voltage rises, and when the load resistance isvery
large, the output voltage will approach the peak value of the
rectifier output waveform causing the system to have poor
voltage regulation. When the load current is small, the
energy stored in the inductor is aso small and the inductor
isessentially out of the circuit.

Rectifier Applications
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Figure 104. Effect of Transformer Leakage
Inductance on the Behavior of a Polyphase Rectifier:
(a) Three—Phase Half-Wave Rectifier Circuit;

(b) Current of Individual Diodes;

(c) Voltage Wave

Behavior of Rectifiers Used with

Capacitor—Input Filters

The rectifier—filter system illustrated in Figure 105 differs
from that of Figure 101 in that a shunt capacitor is presented
to the rectifier output. Each time the positive peak
aternating voltage is applied to one of the rectifier anodes,
the input capacitor charges up to just slightly less than this
peak voltage. No current is delivered to the filter until
another anode approaches its peak positive potential. When
the capacitor is not being charged, its voltage drops off
nearly linearly with time because the load draws a
substantially constant current. A typical set of voltage and
current waveforms is shown in Figures 105(c) and 105(d).
Use of an input capacitor increases the avenge voltage across
the output terminals of the rectifier and reduces the
amplitude of the ripple in the rectifier output voltage.
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Analysis of Rectifiers with
Capacitor—Input Systems

The detailed action that takes place in a capacitor—input
system depends in a relatively complicated way upon the
load resistance in the rectifier output, the input filter
capacitance, the leakage reactance and resistance of the
transformer, and the characteristics of the rectifier diode. For
purposes of analysis, the actual rectifier circuit, such asthat
of Figure 105(a), is replaced by the equivalent circuit of
Figure 105(b). The diode is replaced by switch S, which
closes only when one of the diodes conducts current. The
transformer is replaced by an equivalent generator having a
voltage equal to the open—circuit line to center—tap
secondary voltage and having equivalent interna
impedance elements Ls and Rs. The inductance Lg is the
leakage inductance of the transformer, measured across
one-half the secondary winding with the primary
short—circuited. The source resistance Rg the corresponding
transformer’s resistance plus aresistance to account for the
resistance of the diode. In very low—voltage systems, asmall
potential @may be needed to more accurately account for the
diode voltage drop. The input capacitor of the filter system
is Cq, and the first inductance L1 (if used) and the load are
assumed to draw aconstant current |1 equal to the dc voltage
developed across the input capacitor divided by the sum of
the actual load resistance plus the resistance of the filter
inductance.

By utilizing the equivalent circuit of Figure 105(b), the
effects that result from changes in individua circuit
elements may be deduced. Thus, a decrease in the load
resistance-i.e., an increase in the dc output current—reduces
the average or dc output voltage, increases the ripple
voltage, and increases the length of time during which the
diode is conducting, as illustrated in Figure 106(a).
Increasing the input capacitance has asits principal effect a
decrease in the ripple voltage and also causes the average
voltage to be increased dightly; these effects are shown in
Figure 106(b). Increasing the leakage inductance (or
resistance) of the transformer, reduces the average output
voltage as illustrated in Figure 106(c), and likewise
decreases the ratio of peak—to—average current flowing
through the rectifier diode. In the case of a source and diode
having very low impedance, the situation is asillustrated in
Figure 106(d), and the peak current becomes quite high.

Trans— - )
former ) Rectlfler. Filter )
i | | |
| | |, |
L1
R
|| C1 Cz
a
(@
Ls Rs Iy

ifLﬁW\_zW_h“_o

@‘* Vv sin wt

(b)

AN

Figure 105. Actual and Equivalent Circuits of
Capacitor—Input Rectifier System, Together with
Oscillograms for Voltage and Current for a Typical
Operating Condition:

(a) Actual Circuit; (b) Equivalent Circuit;

(c) Voltage Across Input Capacitor C1;

(d) Current Through Diode
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Figure 106. Effects of Circuit Constants and Operating Conditions on Behavior of Rectifier Having a
Capacitor—Input Filter: (a) Effect of Load Resistance; (b) Effect of Capacitance;
(c) Effect of Transformer Leakage Inductance; (d) Effect of Very Low Diode and Transformer Impedance

Design of Capacitor—Input Filters

The best practica procedure for the design of
single—phase capacitor—input filters till remains based on
the graphical data presented by Schade [2] in 1943. The
curves shown in Figures 107 through 10 give al the required
design information for half-wave and full-wave rectifier
circuits. Whereas Schade originally also gave curvesfor the
impedance of vacuum-tube rectifiers, the equivalent values
for semiconductor diodes must be substituted. However, the
rectifier forward voltage offset often assumes more

significance than its dynamic resistance in low-voltage
supply applications, as the dynamic resistance can generally
be neglected when compared with the sum of the
transformer secondary—winding resistance plus the
reflected primary-winding resistance. The forward offset
may be of considerable importance, however, since it is
about 0.8 V for conventional silicon junction diodes and
about 0.4 V for Schottky diodes, which clearly cannot be
ignored in suppliesfor 12V or less.
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Figure 108 shows that a full-wave circuit must operate
with wCR|_=10in order to hold the voltage reduction to less
than 10 percent and wCR = 40 to obtain less than 2%
reduction. However, these voltage—reduction figures
require Rg/R._, where Rg is now the total series resistance,
to be about 0.1%. Such alow source resistance, if attainable,
causes repetitive peak—to—average current ratios of 10to 17
respectively, as can be seen from Figure 109. Rectifier
diodes can handle high repetitive peak currents but their
rated average current must be derated. To aid designers,
manufacturers often provide capacitive load derating data.

The turn—on surge current generated when the input—filter
capacitor is discharged and the transformer primary is
energized at the peak of the input waveform causes a surge
current determined by the peak secondary voltage less the
rectifier forward drop limited only by the series resistance

Rectifier Applications

Rs. In order to control this turn—on surge, additional
resistance must often be provided in series with each
rectifier. It becomes evident that a compromise must be
made between voltage reduction on the one hand, and diode
surge rating and hence average current—carrying capacity on
the other hand. If small voltage reduction—that is, good
voltage regulation—s required, a much larger diode is
necessary than that demanded by the average current rating.
An obvious solution to this problem isto avoid the use of a
capacitor—input filter. The alternative of a choke-input
filter, as discussed previously, may be more costly than the
cost of increased rectifier surge capacity.

A design example showing the use of Schade's curve is
given at the end of this chapter. For comparative purposes,
Table 21 shows rectifier circuit values when wCR| = 100
and Rg/R| = 2%.
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Figure 109. Relation of RMS and Peak to Average Diode Current in Capacitor—Input Circuits
(From O.H. Schade, Proc. IRE, Vol. 31, 1943, p. 356)
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Diode Peak Inverse Voltage

The peak inverse voltage applied to the diodes in a
rectifier system operating in conjunction with a
series-inductance input depends upon the topology. It
ranges from as high as Tt times the dc component of the
output voltage, in the case of the single—phase center—tapped
connection, to barely more than the dc voltage in the
three—phase full-wave bridge. Results in typical cases are
given in Tables 19 and 21 and are the same as those
determined for the resistive load circuitsin Chapters 5 and
6.

The peak inverse voltage applied to the rectifiers in
capacitor—input systems is generally based upon the
capacitor charging to Vy which isthe case when theload is
light and the capacitor large. However, the peak of the
reverse voltage sine wave occurs sometime after the
capacitor has been charged. The peak voltage the capacitor
attains is a function of the Rg/R| ratio; the voltage on the
capacitor when adiode’s reverse voltage reachesiits peak is
dependent upon the load time constant. The relationship has
been worked out for two cases as shown in Figure 111.
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Figure 110. Root—Mean—-Square Ripple Voltage for Capacitor—Input Circuits
(From O.H. Schade, Proc. IRE, Vol. 31, 1943, p. 356)
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Figure 111. Ratio of Operating Peak Inverse Voltage to Peak Applied 60 Hz AC for Rectifiers Used
in Capacitor—Input, Single—Phase, Filter Circuits
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Transformer Considerations

The ratio of the actual dc rectified power output to the
volt—-ampere capacity of the windings on the basis of
sinusoidal waves, for the same heat loss due to winding
resistance, istermed the transformer utilization factor (UF).
Its value depends upon the rectifier connections and is, in
general, not the same for the primary and secondary
windings, since the waveshapes in these windings will
generally be different. Table 19 shows the reciprocal of the
UF of the primary and secondary windings for some of the
more commonly used rectifier connections. Derivation of
the valuesis handled as shown for the resistive load circuits
in Chapters 5 and 6.

The wave shapes of the currents that flow through the
windings of the transformer in the idealized case of a
rectifier system operating with an infinite input inductance
are shown in Figure 102 for two typical cases. Because these
waves are not sinusoidal, the heating of the transformer
windings is greater for a given dc power output from the
rectifier than would be the case if the same amount of ac
power were ddlivered by the transformer to aresistance load.
It is accordingly necessary to design the transformer
windings more generously for rectifier applications than for
cases where sinusoidal currents are involved.

Since transformer volt—-ampere ratings vary with the rms
content of the rectified circuit, they must be calculated for
each capacitive-input filter design. Higher Rg/R| ratios
help reduce transformer requirements. Also, the effects of
transformer saturation and finite bandwidth cannot be
ignored. The former tendsto limit the peak current while the
latter allows the capacitor to charge over alonger time and
hence reduces the peak charging current i = C dv/dt. Core
saturation generally occurs on the recurrent charging pesks,
and this will cause a lower output voltage than that
calculated from the rated transformer secondary voltage.
That saturation is occurring and that flattening is not due to
the secondary—winding resistance can be determined by
observing the voltage waveform induced in an unloaded
winding on the same core.

Harmonics

Because the currents which flow in arectifier circuit using
a choke or capacitor input filter are not sinusoidal, high
values of harmonic currents are present. These harmonic
currents complicate the design of the transformer and, in
single—phase circuits, the harmonic currents flow into the
power line where they can cause a number of difficulties
with the power distribution system. In a polyphase rectifier,
the third harmonic can be kept from the powerline by having
the primary windings arranged in a delta configuration. The
circulating third harmonic component of primary current, of
course, causes additional power lossin the transformer.

The choke input filter causes a square wave of current to
flow in asingle phase circuit. A Fourier analysis indicates
that only odd harmonics are present and they decrease as 1/n,
where n is the harmonic number. Thus, the amplitude of the

Rectifier Applications

third harmonic is 1/3, the fifth is 1/5, etc., that of the
fundamental frequency.

Capacitive input filters cause a much higher current
harmonic content than choke input filters cause. The
harmonic content is particularly severe in transformer—ess
single phase supplies because transformer leakage
inductanceis not present. Inductance in seriesin the rectifier
widens the diode conduction angle and lowers the current
peak. A computer simulation of a singlephase bridge
rectifier with a capacitor input filter yielded the results
shown in Table 20 [3]. The value of the filter capacitor is
normally so large that small changesin its value do not alter
the results.

Table 20. Harmonic Currents In a Single—phase
Full-wave Capacitor—Input Rectifier

ZRr*
Harmonic 1% 2% 5% 10%
3rd 83.0% 76.3% 63.5% 49.8%
5th 56.2% 42.4% 22.0% 10.2%
7th 29.2% 15.4% 8.1% 7.3%
9th 11.7% 8.7% 6.1% 3.8%
11th 8.6% 7.1% 3.5% 2.5%

*Zr = Ratio of source inductive reactance to load impedance at the
fundamental frequency.

The bridge is used without a transformer when its output
is used by a switch mode dc—dc converter. In this case, the
harmonic problems are transferred to the transformer in the
electrical power distribution system feeding the equipment.

For a singlephase circuit, it is possible to significantly
reduce harmonics fed into the power line by adding an
optimally chosen inductor in serieswith the lineto widen the
conduction angle of diode forward current [4]. The inductor
is much smaller than would be required for the typical
continuous conduction choke-input filter. An optimally
chosen capacitor added across the line raises the power
factor to approximately 0.9, which is the same as obtained
with atypical choke input filter.

Polyphase circuits behave differently. The larger the
choke, the lower the harmonics and the higher the power
factor. Increasing the inductor above a threshold does not
offer any significant improvement in harmonics or power
factor.

Surge Current

Because semiconductor junctions are limited in the
amount of transient power that they can safely handle,
attention must be given to the surge current occurring when
the circuit is energized. The expected behavior can be
deduced by studying the equivalent circuit of the rectifier
system shown in Figure 105(b).

For analyzing a choke input filter, a choke is inserted
between the switch and the capacitor C;. Before voltage is
applied, C, may be regarded as a short. Current buildup will
be governed by the L/Rg time constant of the circuit. (L isthe
sum of the filter and transformer leakage inductance). The
current surge is not significantly different than encountered
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in normal operation, even if the input voltageis applied at a
time when the voltage has reached its positive peaks,
because the inductor has high reactance to fast rising
transients.

The capacitor—input filter, however, allows alarge surge
to develop, because the reactance of the transformer leakage
inductance is rather small. The maximum instantaneous
surge current is approximately Vy/Rs and the capacitor
charges with a time constant 1=RgCi. As a rough-but
conservative-check, the surge will not damage the diode if
Vm/Rsislessthan the diode I gy rating and T islessthan the
time of one-half cycle. It is wise to make Rgs as large as
possible and not pursue tight voltage regulation; therefore,
not only will the surge be reduced but rectifier and
transformer ratings will more nearly approach the dc power
requirements of the rectifier load.

Comparison of Capacitor—Input and

Inductance—Input Systems

The basis for distinguishing between inductance-input
and capacitor—input systemsis that in the former the current
flows continuously from the rectifier output into the filter
systems, while in the latter the current flows intermittently
from the rectifier into the filter. Intermittent action is also
present with inductance-input systems when the input
inductance is less than the critical value. When thisis the
case, the system is classified as a capacitor—input
arrangement even though it possesses a series inductance.

A comparison of the performance of inductance—input
and capacitor—input systems shows that, in the latter
arrangement, the dc voltage is higher, the ripple voltage
more, the surge current higher, and the voltage regulation
poorer than when inductance input is used with the same
diode, transformer, load resistance, and capacitance. Also,
with capacitor—input the ripple voltage increases with
increasing load current, unlike the inductance-input system
where the ripple voltage is independent of load current. The
utilization factor of the power transformer is much poorer
with the capacitor—input system because of the higher ratio

of peak—to—average current flowing through the rectifier
diode, and likewise the diodeisless efficiently utilized. The
characteristics of several popular rectifier systems are
shownin Table 21.

Shunt capacitor—input arrangements are generally
employed in most consumer equipment such as personal
computers, radio and television receivers, high-fidelity
sound systems, or small public—address systems, when the
amount of dc power required is small. They must be used
with half-wave rectifiers and are attractive when the input
power is taken directly from the ac line without a power
transformer. In contrast, inductance-input arrangements are
used when the amount of power required is large, since then
the higher utilization factor and lower peak currentsresult in
important savings in rectifier and transformer costs.
Inductance input is often employed when good regulation of
the dc voltage isimportant but the precision of an electronic
regulator circuit is not needed. Inductance-input systems
are normal in polyphase rectifier systems.

Filter Sections

Figure 114 givestypical examples of filtersthat are placed
between the rectifier output and the load to make the current
delivered to the load substantially pure direct current. These
filters are made up of seriesimpedances (either inductances
or. resistances) that oppose the flow of alternating current
from the rectifier output to the load and shunt capacitors that
bypass the aternating currents that succeed in flowing
through the series impedances.

For purposes of discussion and analysis, filters are
ordinarily divided into sections, each consisting of a series
impedance followed by a shunt capacitor, as indicated in
Figure 114. In this classification, the inductance in an
inductance-input system is considered to be part of the first
section of the filter. However, a shunt capacitance across the
rectifier output is not included as part of afilter section, but
rather is considered to be part of the rectifier system, which
deliversto thefirst filter section a voltage corresponding to
the voltage developed by the rectifier across the input
capacitor.
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Table 21. Summary of Significant Rectifier Circuit Characteristics.

Capacitive Data is for WCRL= 100 and RS/RL = 2.0%

Rectifier
Circuit Three—Phase
Connection Single-Phase | Single-Phase | Three-Phase Double-Wye | Three—Phase
Single—Phase | Full-Wave Full-Wave Half-Wave | Three—Phase With Full-Wave
Characteristic Load Half-Wave Center—Tap Bridge Star Bridge Interphase Star

Average Current
Through diode
IF@avylLpe) RL&C* 1.00 0.50 0.50 0.333 0.333 0.167 0.167

Peak Current R 3.14 3.14 3.14 3.63 3.15 3.15 6.30
Through Diode L* - 2.00 2.00 3.00 3.00 3.00 6.00
lEm/IEAY) 8.0 8.0 8.0 DATA NOT AVAILABLE

Form Factor of R 1.57 1.57 1.57 1.76 1.74 1.76 2.46
Current Through L* - 1.41 1.41 1.73 1.73 1.73 2.45
Diode C 2.7 2.7 2.7 DATA NOT AVAILABLE
IFRMS)/IF(AV)

RMS Current R 1.57 0.785 0.785 0.587 0.579 0.293 0.409
Through Diode L* - 0.707 0.707 0.578 0.578 0.289 0.408
IFRMS)/IL(DC) C 27 1.35 1.35 DATA NOT AVAILABLE

RMS Input Voltage R&L 2.22 1.11 111 0.855 0.428 0.855 0.741
per Transformer
Leg Vi/VL(Dc) C 0.707 0.707 0.707 0.707 0.408 0.707 0.707

Diode Peak Inverse R&L 3.14 3.14 1.57 2.09 1.05 2.42 2.09
Voltage PIV
VRrRM/VL(DC) c 2.00 2.00 1.00 2.00 1.00 2.00 2.00

Transformer

Primary R 3.49 1.23 1.23 1.23 1.05 1.06 1.28
Rating Va/Ppc - 1.11 1.11 1.21 1.05 1.05 1.28

Transformer R 3.49 1.75 1.23 1.50 1.05 1.49 1.81

Secondary
Rating Va/Ppc - 1.57 1.11 1.48 1.05 1.48 1.81

Total RMS Ripple % R 121 48.2 48.2 18.2 4.2 4.2 4.2

Lowest Ripple
Frequency f/fg 1 2 2 3 6 6 6

Rectification Ratio R 40.6 81.2 81.2 96.8 99.8 99.8 99.8
(Conversion
Efficiency) % L* 100 100 100 100 100 100

*Inductive data valid when the circuit input voltage is a square wave, resistive or inductive load. Ppc = 12| R, (Rg neglected) V| = I R,

Voltage and Current Relations in Filters

The input voltage to the filter is whatever output voltage
is developed by the rectifier connection in the case of
inductance-input systems (it is the same as with aresistive
load), or is the voltage devel oped across the shunt capacitor
in the case of capacitor—input systems. Theripple voltagein
the output of the rectifier—filter system isthen the alternating
component of thisinput voltage reduced by the action of the
filter sections.

Most filter sections are composed of a series inductance
and a shunt capacitance. In practical filters of thistype, the
reactance of the shunt capacitance at the lowest ripple
frequency is much smaller than the resistance of the load (or
the reactance of the series inductance of the following
section). Substantially all ripple current entering the
inductance L of the section flows through the capacitance C

of the filter section. The current in the section is then
Vil(wL— 1/wC), where V; is the alternating voltage applied
across the input to the filter section. The voltage that this
current develops in flowing through the capacitor C is
(VuC)VilwL — 1/wC) = V; /wPLC — 1). Dividing by V;
resultsin the following relationship for the voltage reduction
through an L—C section:;

Vo

Vi_

1
w?lC — 1) (7.6)
where

L = seriesinductance of filter section

C = shunt capacitance of section

w = angular frequency of ripple voltage involved.

Results of Equation 7.6 are given in Figure 113 for the
usua case where the ripple components are harmonics of
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60 Hz. Figure 115 indicates the actua ripple output of a
full-wave single—phase rectifier circuit.

When the current drawn by the load impedance is small,
the series inductance of the LC filter may be replaced by a
series resistance as shown in Figures 114(e) and 114(f). This
arrangement iswiddly used in low—current applications such
as resistance—coupled amplifiers, tuned radio—frequency
amplifiers, and so forth, and has the advantage that a
resistance is much less expensive than an inductance of
corresponding effectiveness. The disadvantage is the dc
voltage drop and power loss that occur in the resistance;
these losses limit the resistance—capacitance type of filter to
cases where the current is small and where a moderate dc
voltage drop is permissible.

In practical resistance capacitance filters, the reactance of
the shunting capacitor is always made small compared to the
series resistance of the filter and to the impedance to which
the output of the filter section is connected. The ripple
current flowing in Ris ViVR2 + (J/wC)2~ Vi/R, where V; is
the ripple voltage applied to the section. The ripple output
voltage of the section results from the current Vi/R flowing
through the reactance 1/wC of the capacitance C of the
section, and hence is Vi{/RwC. Therefore, a section of

Section

Rectifier
Load

o7

(@)

Rectifier
Load

(©)

Section

| Ry |

Rectifier | | | |
c = Ci= |
| I
I I

(e)

Rectifier

resistance—capacitance filter reduces each frequency
component of voltage applied to the input side according to
the approximate relation:

Vo 1

Vi = RoC (7.7)
where

R isthe seriesresistance

C isthe shunt capacitance.

(See Figure 114(e)).

When alarge amount of ripple reduction is required, more
than one section is used because the total capacitance and
inductanceislessthan that required for just one section. The
total reduction in ripple voltage produced by the several
sectionsis very nearly the product of the voltage-reduction
factors of the individual sections. The effectiveness of the
filtering accordingly increases rapidly with the number of
sections. For many applications, asingle section is entirely
adequate, particularly with polyphase rectifiers. Only in
special cases, such as audio—frequency amplifiers with very
high gain, will the number of sections required exceed two,
and then only for those parts of the amplifier that operate at
very low signal—power levels.

Section Section
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Figure 112. Typical L and = Section Filters: (a) and (b) L—C Filters, Choke Input; (c) and (d) L—C Filters, Capacitor
Input; (e) and (f) Filters with Series Resistances
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Graded Filters

When the output of arectifier—filter systemis called upon
to supply voltages for several stages of an amplifier system,
ordinarily the amount of ripple or hum voltage that can be
tolerated is least for those stages that operate at the lowest
signal-power levels. This makesit desirable to arrange the
filter system so that the voltages applied to different circuits
operated from the rectifier—filter system undergo different
amounts of filtering.

For example, the output stage of an audio amplifier
obtains its collector voltage directly from the input
capacitor, which is permissible because of the high power
level at which the output stage operates, combined with the
hum—suppressing action of the usually used push—pull
connection. Progressively increased filtering, is provided
for the lower level stages, care being taken to design the
system so that the reduction in ripple voltage introduced by
the filter between stages is at least as great as the
amplification of the stages.

A graded filter reduces to the lowest possible value the
magnitude of the currents that must be carried by the series
impedance arms of the filter and often makesit practical to
use resistance—capacitance filter stages in parts of the
system, as illustrated in Figure 114. This results in
substantial economy in cost, weight, and size compared to
an arrangement in which the entire rectifier output is subject
to the maximum amount of filtering. A graded filter also
providesisolation or decoupling between amplifier stages,
thereby reducing regeneration.

Filter Component Selection

The inductors used in a low—frequency filter must have
laminated iron cores with an air gap that is sufficient to
prevent the dc magnetization from saturating the core. The
inductance that is effective in the filter is the incremental
inductance, which depends both upon the dc and the ac
magnetizations of the core. In estimating the ac
magneti zation that can be expected, it is normally assumed
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that the alternating current flowing in the inductanceis equal
to the voltage of the lowest ripple frequency applied across
the input of the filter section, divided by the reactance of the
inductance of the section. The aternating magnetization in
the inductance of the first section may be relatively large,
whereas the alternating magnetization for the inductances of
the other filter sections will be very small if the first section
isat al effective.

The capacitors used in filters must be capable of
continuously withstanding a dc voltage equal to the peak
voltage applied to the rectifier. Electrolytic capacitors are
ordinarily used where the peak voltages do not exceed 400
to 500 V. Such capacitors have very low cost in proportion
to capacitance, but they possess the disadvantage of a
limited life. Various types of plastic capacitors are usually
used at higher voltages and also find use at lower voltages
where long life is more important than low cost.

Example of Power Supply Design

Information given in this chapter is used to design a power
supply for an audio amplifier in a home entertainment
center. The dc supply voltage will be obtained from a 120V,
single-phase line. Electronic regulation is not necessary,
economically feasible, or particularly desirable for such
applications. The supply will consist of a step—down
transformer, rectifier diodes, and a capacitive-input filter as
shown in Figure 116.

Design Constraints

For this example, a supply is to be designed to meet the
power requirements of a20 W stereo amplifier (operating in
amaximum ambient temperature of 55°C) which must drive
8-Q speaker loads. The output power transistors are in a
totem—pole configuration and operate from a single dc
supply. Theoretically, a36 V supply would be adequate, but
a full load voltage of 40 V is required to make up for
transistor and resistive losses. The average current drawn
from both channels at rated power out (20 W per channdl) is
1.43 A. To minimize distortion, idle current is 50 mA per
channel. At zero signdl, therippleis critica and must be held
to 400 mV maximum so that no hum is detectable.
Regulation is not critical, but it is desirable to keep the
no—oad voltage below 50 V to ease the voltage requirements
of the output transistors.

VL
? o +
Rs
* ® o —

Figure 115. Bridge Circuit Used for Example Design

From the previous discussion, the power supply
specifications are summarized in terms of the constants

required:
1w 2 nf = 377 rad/sec
2.R. = Vi(pc/lLpo)

40/1.43 =28 Q at full load
50/0.1 =500 Q at idle

3. VL(Dc)(fU” |Oad)/V|_(Dc)(id|e) = 80%
4.ry = 400mV/50V = 0.8%

Passive Component Selection

The choice of circuit is between a single—phase
full-wave center—tap or a full-wave bridge circuit as
outlined in Table 16 in Chapter 5. The center—tap requires
only two diodes, but it has the disadvantages of requiring
an additional winding, causing a poorer transformer
utilization factor, and doubling the required voltage ratings
of the diodes. The deciding factor in favor of using the
bridge rectifier circuit is its higher secondary utilization
factor. This is an important consideration when using a
capacitive input filter because high rms currents are
required from the transformer to obtain good output
voltage regulation (i.e., alow Rg/R ratio is required).

The curves shown in Figure 110 are used to find avalue
for C to meet the ripple specification. To use the curves, it
is hecessary to estimate avaue for the Rg/Ry_ ratio. Thiscan
be done by referring to Figure 108 and assuming that theidle
dc voltage equals the peak of the input voltage and that the
wCR_ product is large enough to place operation in the right
hand plateau of Figure 108. Based on these assumptions,
note that to hold V| (pc)/Vim above 80%, Rg/R. < 7%. If it
is desired to minimizel C, then operation may move into the
knee region and Rg/R; may need to be made considerably
lessthan 7% to hold V| (pc)/Vm to 80%.

From Figure 110, at w = 0.8%, Rg/R. = 1% (being
conservative), read wCR_ = 90. Therefore, C = 90/(377)
(500) =496 pF and a standard value of 500 pF can be used.

A suitable value for Rg to maintain the required voltage
regulation can be obtained by using Figure 108. Under full
load with C = 500 pF, wCR =5.2. Again assuming that the
output voltage at idle equals the peak input voltage, which
makes VL(DC)/VM = 80%, read Rg/R_ 3.5% a
WCR| =5.2. Therefore, Rs = (0.035) (28) = 1.0 Q. This
vaue may be largely composed of the sum of the
transformer secondary resistance, the reflected primary
resistance, and the diode dynamic resistance.

At idle, Rg/R; = 1.0/500 = 0.2% and, as previoudy found,
wCRL = 90. From Figure 108, V| (pc)/Vwm is read as 97%,
which verifies the validity of the assumption that at idle

VL(ipc) =Vm-

in many cases, minimizing C will result in lower cost. However,
by choosing a larger value of C, Rg may be increased to obtain
the same voltage regulation, with the beneficial effects of lower
ruts and peak surge currents. The lower rms values may result in
lower cost for the transformer and diodes, so that the overall
power supply cost is less.
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Transformer Selection

The peak output voltage developed across the capacitive
filter has been specified as 50 V, which requires a
transformer secondary rms voltage of 35 V. However,
because of the forward voltage drops across the diodes, a
standard 36 V transformer may be used. The transformer
volt—ampere rating is dependent on rms current, which can
be obtained from Figure 109. At full load Rg/R; =3.5% and
wCR_ = 5.2. In full-wave circuits, n = 2, the value of
NwCRL = 10.4, and Rg/R| = 3.5%, yielding a diode current
form factor of approximately 2.1. The load and secondary
form factor, being full-wave, is I/v2 times the diode form
factor. Consequently, the transformer rating is

VA = (36) (1.43) (2.1)//2 = 77.

Diode Selection

A diode bridge assembly is chosen for ease of installation.
Since each diode’s reverse voltage is clamped by the filter
capacitor, the bridge voltage rating need only be sufficient
to handle a high line condition, typically 130% of nominal.
In this application, 100 V diodes are adequate.

In choosing a bridge, the total output current of 1.43 A is
used as a selection guide rather than average current per
diode. A series of bridgeswith 2.0 A current ratingswill be
evaluated for this application. It is necessary to determine
whether these bridges can handle the repetitive peak
currents into the filter and theinitia surge current required
to charge thefilter capacitor.

The steady—state peak-to—average current ratio can be
obtained from Figure 109. With RgR. = 3.5% and
nwCR =104, a pesk—to-average ratio per leg of 7 is
interpolated. Consulting Figure 116, taken from the diode's
data sheet, a peak-to—average ratio of 7 per leg yields a
maximum full-wave average current capability of about 1.7
A at 55°C, which exceeds the requirement comfortably.

2.0 I I I I I
\&‘ Full-Wave Bridge Operation -

g6 N\ \\
95 12 " \ Resistive Idnductive
5 1.4 N Loads ]
o N §<
>
£ 0gl_ Capacitive Loads ’\\§\
8 | Irmlray =5.0 \\
a Iem/IF(av) = 10 N
04—  Iem/lF@av) =20
_% | (PerLeg)

0 | | | |
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Ta, Ambient Temperature (°C)

Figure 116. Derating Data for the Example
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The diode bridge assembly has a surge current rating of 60
A for onecycle; i.e., it will handletwo 60 A, half-cycle (8.3
ms) surges. The worst—case peak surge current in this
applicationis

VM/Rs = 50/1.0 = 50 A

The time of the surgeisthetime it will take to charge the
capacitor, roughly the time constant of the seriesresistor and
the filter capacitance, or

t ~ RgC = (1.0) (500) uF = 0.5 ms.

Since the surge current isless than the rating and the time
is much less than one cycle, the bridge will be satisfactory.
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EQUATION 7.1

is derived as follows:

ot=m

sinot dot) = 2YM

DC component = \# T

Ripple component of ~*~°
frequency nw/2x

ot=m
= 2—VMJ cos nwt sin ot d(wt)
wt=0

T
_2vpm|cos(n — 1wt cos(n + 1) ot ot = 0
Tom 2(n-1) 2n+1) |ot==n
=va( —2)

T nz_l

In these equations n may have values 2, 4, etc.
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Chapter 8

Rectifier Voltage Multiplier Circuits
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Rectifier Voltage Multiplier Circuits

Voltage-multiplying power supply circuits are often
employed when high—voltage sources are required, current
demand is small, and regulation from the rectifier systemis
not too important. Voltage doublers are widely used in
“universal input” line—operated equipment.

The principle of operation for all multiplying circuitsis
essentially the same. Capacitors are charged and discharged
on dternate half—cycles of the ac supply voltage. The
voltage at the output terminalsis the sum of these voltages
in series. Thus, the rectifier loading is necessarily capacitive,
and high peak currents flow through the rectifier, much like
rectifier circuits with capacitor input filters.

Voltage—Doubling Circuits

The conventional full-wave voltage doubler is shown in
Figure 117. It isthe most commonly used voltage-doubling,
circuit. The circuit operates asfollows: Co ischarged to Vi
through D, and Rsp during the negative half—cycle of the
supply voltage. During the positive half—cycle, the supply
voltage charges C; trough D1 and Rs;. A voltage of 2 Vi
appears across the output terminals. The capacitors voltage
ratings must be greater than V), and the peak voltage rating
of therectifiers, Vrrm must be greater than 2 V. Theripple
frequency istwice that of the input supply.

Rs1 Rs1= Rs2
Cl: 02
D1
% 2V

Dy

Rs2

Vusin ot
O

Figure 117. Conventional Full-Wave Doubling Circuit

Conventiona voltage-doubler circuits may be designed
from curves similar to those used for capacitor input filters.
(See Figures 118 through 121.) Voltage doublers exhibit the
high inrush and peak repetitive currents encountered with
capacitive input filters. The source resistance, Rg, must be
chosen to limit the inrush current to a safe level.

As an example, suppose approximately 200 V dc is
required from the ac line to supply al kQ load. A rectifier is
selected whose surgerating is 10 A. Rippleis not critical and
it is desired to minimize capacitor size.

Rsis selected from:

Rs

vV

VM(max)/IFSM
(1.41)(130)/10 (High line is taken as 130 V)
19 Q (use 20 Q).

v v

Capacitor size is determined by using Figure 118, which
requiresthat V| (pc)/Vm and Rg/Ry. be calcul ated.

Vi(DC)/VM = 200/(1.41)(117) = 1.21
(Normal line is taken as 117 V)
Rs/RL = 20/1000 = 2%
Read wCR| = 7.0,
~.C = 7.0/oRL = 7.0/(377)(10%)
= 18.6 uF (Use 20 uF).

With C = 20 pF wCRL = 7.54 and the remaining circuit
information may be found:

From Figure 119, Ipm/IFav) = 5.5

From Figure 120, It/Irav) = 2.2

From Figure 121, rs = 13%.

http://onsemi.com

131



Rectifier Applications

2.0 —10
/’/l’—— 0.1
/1 ,—/
N 0.25
1.8 gin= 0.5
)/ //e" 0.75
o= 1.0
e / /8 15
' d 2.0
//
L 14
s 4.0
: o= %
= L~ L
s 12 /4 / 6.0
//
/|
/)
7 10
10 Sr—
j/ j 12
T
15
0.8 Peatl
. 7
/ 20
/A
0.6

1.0 20 406.0 10 20 40 60 100 200 400
oCRy, (C in Farads. Ry in Ohms)

Figure 118. Output Voltage as a Function of Filter Constraints for Full-Wave Voltage Doubler
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Figure 119. Peak Rectifier Current as a Function of Filter Constants for Full-Wave Voltage Doubler
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Figure 121. Ripple as a Function of Filter Constants for Full-Wave Voltage Doubler

Inthe cascadecircuit (Figure 122), C, ischarged through
D, during the negative haf-cycle. In the positive
half—cycle, C; in series with the input voltage charges C,
to avoltage of 2V, when R isvery large. The capacitor
C1 should be rated greater than V, Co greater than 2V,
and the rectifier should have apeak inverse voltage rating
exceeding 2Vy. Theripple frequency isthat of the input.

Table 22. Voltage Doubling Circuit Characteristics

The cascade voltage doubler has poorer voltage
regulation because the charge on C1 must supply the charge
to Cp, however, it has the advantage of acommon connection
between the output and the input. To compare the two
voltage-doubling circuits, the circuits may be evauated
using similar components. The resulting characteristics are
givenin Table 22. Design curves have not been worked out
for the cascade circuit. It performs better when C4 is much
larger than Co.

Vin
Circuit Volts Rg RL C VL(DC) IL(DC) I
Configuration (rms) Ohms Ohms ukF Volts mA %
Conventional 117 20 1k 20 255 205 12.0
Cascade 117 20 1k 20 160 160 16.0
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“Universal” Input Circuit

Switchmode power supplies normally rectify the ac
power line mains directly without using a low—frequency
transformer. Isolation from the line is provided by the
high—frequency transformer in the power supply. Most
manufacturers supply to the worldwide market place whose
ac mains voltages and tolerancesfall into two broad ranges:
90t0 130V ac, and 180t0 270 V &c.

Figure 122. Cascade (Half-Wave) Voltage Doubling
Circuit Full-Wave Voltage Tripler Circuit

A popular means of accommodating both rangesis shown
by the circuit of Figure 123. When the switch is open, the
circuit operatesasafull bridge rectifier. With 230 V ac input,
the dc output is approximately 320 V. When the switch is
closed, the circuit is configured as a full-wave voltage
doubler, producing about the same output with a 115V ac
input. The switching power supply is designed to provide a
regulated output despite variationsin the dc level caused by
operation over either ac input range.

Switching can be made automatic [1] in response to the
applied line voltage in order to eliminate power supply
failure caused by having the switch or terminal strapsin the
wrong position. For automatic switching, atriac is used for
the switch. It isturned on by a circuit which senses when the
ac line peaks are below that produced by 130 V rms. To
simplify the design, integrated circuits such as the MC
3423P overvoltage sensing circuit are available.

The ripple is highest when the circuit is operating in the
voltage—doubling mode. To conserve space and lower cost,
small capacitors are desirable. Therefore, high ripple on the
order of 10 to 20% is often allowed; the switching supply
reducestherippleto alow valuein its outputs. On the other
hand, in high—quality equipment designed to ride through a
half or full cycle line voltage dropout, the filter capacitors
may be somewhat oversized in order to provide the desired
hold—up time.

The preceding example illustrated the use of the curves
when maximum output voltage was not a design goal but
it was desired to minimizethe capacitor size. In most cases,

particularly for the universal input, WCRL ischosen onthe
order of 50 or more and Rg/R| is as small as practical in
order to obtain a high output voltage. For example, with
wcreL =100 and RgR. = 1%, V| (pc)/Vm isonly 1.7 (from
Figure 118). To more nearly approach 2, Rg/Ry ratios are
chosen on the order 0.25%. With Rg/R. = 0.25% and
wcrL = 100, V| (pcy/Vm isamuch more acceptableratio of
1.85. However, the rectifier peak—to—avenge current ratio
is now about 11. (See Figure 119) When switched to full
bridge operation, the filter capacitors are placed in series
dropping were to 50. The curvesin Chapter 7 reveal that
VL (ocy/Vm =0.96 and | pm/ I F(av) = 15, worse than during
operation asadoubler.

(

AC

!

C1

AN

To

Figure 123. Dual Input Voltage Range Circuit

During turn—on, the low value of Rg needed for good
doubler operation resultsin enormoudly high inrush current.
Consequently, universal rectifier circuits must use some
method of having Rs high at turn—on and low during
steady—state operation. Two schemes are presently used;
one uses a negative temperature coefficient thermistor and
the other uses atriac.

Thethermistor isused in place of Rgon Figure 123 and is
chosen to have aroom temperature resistance to limit inrush
current to a safe value. As charging current flows, the
thermistor hests; its temperature rise causes a corresponding
drop in its resistance value. The time constant of the
thermistor must be longer than that of the rectifier filter for
this scheme to work. The disadvantage of the thermistor is
that it cannot respond to momentary interruptions on the ac
line which alows a high surge current to flow when the line
voltage reappears.

A more foolproof and commonly used scheme parallels
Rs—which islarge —with atriac. A control circuit firesthe
triac when certain circuit conditions are met which insures
that the capacitors are fully charged.
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The full-wave voltage tripler shown in Figure 124
operates as follows. On the negative half—cycle of the
supply voltage, C; and C3 (inparallel) chargeto V. Onthe
positive half—cycle C; (in series with the supply voltage)
chargesto 2V . Thus avoltage of 3V will appear at the
output terminal s of the circuit. Thevoltagerating of C; and
C3 must be greater than V), and the rating of C, must be
greater than 2Vy. The diodes should be able to block at
least twice the maximum peak value of the input supply
voltage. Theripplefrequency of the output istwice that of
the input. The output characteristics for the full-wave
tripler are shown in Figure 125.

The cascade principle may be extended to obtain avoltage
tripler as shown in Figure 126. The operation of the cascade
voltage tripler is quite similar to that of the cascade voltage
doubler circuit. The voltage rating of C4 should be greater
than V), and the voltage ratings of C, and Cg should be
greater than 2V). The peak inverse voltage ratings of the

Rectifier Applications

diodes should also exceed 2V . The ripple frequency of the
output voltage will be the same as the frequency of the
applied voltage.

As might be anticipated, the regulation and ripple of the
cascade voltage tripler is inferior to that of the full-wave
voltage tripler. For a comparison of the two circuits, refer to
Table 23.

Rg Cy Dy
Vv sin ot D, Co
C >
RIS 3Vm
C3
D3
<

Figure 124. Full-Wave Voltage Tripler Circuit

500 T T 40
N C1=C,=C3=20pF -1 36
= \\ Vin = 117 V (rms) Rs C1 Cy
S 400 = 132 » IC IC
s ~  Re=20 - o—A—( 14
> Vi(po) N~ £ D1 D3
< 24 Vy sin wt D
3 300 ~ % M >
= 20 ©
5 E o 1.
2 200 eilN 16 N
3 2 ©s
— 12 &
a] ; 2
100 — Ripple 8.0 & A
> //
4.0
0 0 |jl«e—— 3 VM B — g
0 40 80 120 160 200

I (pc), Load Current (mA)

Figure 125. Output Characteristics for the Full-Wave

Voltage Tripler Circuit of Figure 124.

Table 23. Voltage Tripling Circuit Characteristics

Figure 126. Cascade (Half-Wave) Voltage Tripler

Circuit RL VL(DC) IL(DC) RL VL(DC) IL(DC) I

Configuration Ohms Volts mA re Ohms Volts mA %

Full-Wave 5.0k 385 77 2.4 15k 255 170 8.0
Half-Wave 5.0k 328 66 28.0 15k 170 112 37.0
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Voltage Quadruples

The full-wave voltage quadrupler circuit of Figure 127
operatesin the following way: Assume that the input supply
voltage is positive. This causes capacitor C; to charge
through D> to V. Also, capacitors C4 and Co in serieswith
D4 charge to V /2 (assuming the capacitors are equal in
value). The charging voltage polarities of C1, C, and Cy4 at
this point are shown in Figure 127. On the negative
half—cycle, Cq in series with the supply voltage charges C3
through D1 to 2 V. Also, capacitor Co charges to Vi
through D3 with the opposite polarity than that shown in
Figure 127. On the next positive half—cycle, capacitor C4is
charged to 2 V) since the voltage across C, and the supply
voltage are in series. In addition, the charge on C; is
replenished. At this point, the output voltage across Cz and
C4is4V). The next negative cycle replenishes the charge
on Cy and C3 and the next positive cycle replenishes the
charge on Cq and Cy.

The ripple on the output has a frequency twice that of the
input. The voltage rating of C1 and C, must be greater than
Vu whilethat of C3 and C4 must be greater than 2 V. All
of the diodes must have a voltage rating greater than 2 V.
Output characteristics are shown in Figure 128.

The cascade half-wave voltage quadrupling circuit is
shown in Figure 129. The operation of this circuit is
basically the same as the other cascade networks. The
capacitance of C; should be high and its voltage rated above
V' while the remaining capacitors and the diodes should be
rated above 2 V. Theripple frequency of the output isthe
same as that of the supply.

The regulation of the half-wave voltage quadrupler is
inferior to the full-wave as might be expected. (Compare
Figure 128 to Figure 130.) To improve regulation, the values
of capacitors C; and Co are increased. To illustrate this
improvement, the output characteristics of the circuit of
Figure 129 were obtained when all capacitors equal 20 pF
and 40 pF The results are shown in Figure 130.

®
+
TC3
+
av
o RL é M
Vi sin wt D3
+
o TCy
Dy
®

Figure 127. Full-Wave Voltage Quadrupler
*\/oltage Polarity is opposite to that shown when fully
charged. See text.
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Figure 128. Output Characteristics of a Full-Wave Voltage Quadrupler Circuit.
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(o,

Vv sin wt
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Figure 129. Cascade (Half-Wave) Voltage Quadrupler Circuit
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Figure 130. Output Characteristics of the Half-Wave Voltage Quadrupler Circuits

Figure 131. n—Section Voltage Multiplier Circuit

High—Order Cascade Voltage Multipliers Thus, odd multiples of VM from the upper branch and even
In theory, the number of sections which can be added to multiples from the lower branch can be obtained with respect

the basic cascade circuit is unlimited, as illustrated in to ground.

Figure 131. In practice, the number of sectionsis limited

because the regulation becomes progressively worse as References

additional sections are added. 1. SK. Tong and K.T. Cheng, External—-Sync Power
Both even and odd multiples of VM can be obtained. The Supply with Universal Input Voltage Range for

capacitor connected to the supply charges to VM. The Monitors, ON Semiconductor Application Note,

remaining capacitors on that Sde of the dircuit chargeto 2 VM. AN1080.
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Chapter 9

Transient Protection of Rectifier Diodes
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Transient Protection of Rectifier Diodes

In order to achieve the high degree of reliability already
associated with silicon rectifier diodes, it is imperative to
understand that the ratings are based on the absolute
maximum rating system. With this system, ratings apply
within a certain defined set of operating, test, or
environmental conditions, and degradation or failure may be
caused by a combination of electrical or environmental
stresses, even though application of any one rating will not
impair the performance of the device. Ratings are
established by extensive tests, including life-tests
conducted by the manufacturer, and are typically checked
during production by quality control sampling. The user
should be aware that there is no safety factor implied above
each maximum rating, although manufacturers generally
employ one.

Because of the intolerance of silicon rectifier diodes to
voltage transients in excess of their ratings, a proper circuit
design generaly requires some built-in meansto afford safe
operation. Therefore, it isimperative to discuss some of the
causes of voltage transients and means of limiting them.
Unwanted transient voltages, commonly referred to as
surges, are present in all electrical and electronic systems.
The origin of surges may be external to the electronic
equipment or surges may be internally generated by the
equipment’s electronic circuits. Surges are randomly
created on the utility distribution system by lightning,
capacitor bank switching, start-up and shut down of
electrical and electronic equipment, and fault clearing.
These surges often have high energy and must be considered
in the design of rectifier circuits operating from the utility
mains. Internally generated surge voltages are usually
caused by rapid switching of current. The surge voltage
produced is a result of energy stored in circuit and wiring
inductance.

Overcurrent can also lead to failure of semiconductor
diodes. The small therma mass associated with silicon
devices allows the junction temperature to rise and fall very
rapidly during a current surge and remain undetected by an
externa thermocouple. If, during this event, the junction
temperature exceeds the maximum rated value, the device
may fail destructively (short) as a result of thermal
breakdown.

Consequently, silicon diodes are specified so that the
excursion of the junction temperature during expected
overloads can be calculated and thus held within proper
limits through circuit design and thermal management.
Fuses, circuit breakers, or protective circuitry are used to
protect rectifier diodes from excessive current.

Externally Generated Voltage Surges

Several years of work by many people in IEEE
committees culminated in the publication of |EEE standard
587-1980, which describes “typical” transient conditions
occurring in unprotected power circuits. It addresses
transient voltages that exceed twice the peak operating
voltage, with durations ranging from a fraction of a
microsecond to a millisecond, and originating primarily
from system switching and lightning effects. Transients
shorter than 100 ns and long—duration surges that sometimes
exist on power lines are not covered by the standard. The
standard also proposes tests which approximate the
real-world transient conditions for the purpose of
evaluating the survival capability of equipment connected to
ac mains. The |EEE standard was later adopted by ANS| and
given the document number C62.41.

A major revision of the standard was issued in 1991,
upgrading it to a“recommended practice.” [1] Designers of
power-line operated equipment should familiarize
themselves with its contents. The revised document, while
retaining most of the original information, provides updated
and expanded information relevant to “typical” surge
environments based upon location within a building.
Additional guidanceis given on suggested specifications to
be used for equipment, based upon exposure level. The
materia which follows is based upon the main points of the
recommended practice, applicable to the design of a
line—operated rectifier system.

Three location categories are defined: “A” and “B” for
indoor applications, and “C” for outdoor applications. The
location categories are further defined in Figure 132. They
take into consideration the increase in power—ine
impedance to high—frequency surges from the outside to
locations well within the building. Most consumer
€electronic equipment can be expected to find use in location
category A while industrial commercial equipment is often
likely to be used in category B locations.
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from Category C connections to service entrance Underground line to well pump

Lighting systemsin large buildings

Demarcation between Location Categories B and C is arbitrarily taken to be at the meter or at the mains disconnect (NEC
Art. 230-70 [B2]) for low—voltage service, or at the secondary of the service transformer if the service is provided to the user
at a higher voltage.

Figure 132. Location Categories
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A summary of data taken on the rate and magnitude of
transient voltage occurrence is provided. Transient
occurrence varies over wide limits depending upon the
power system, its loading, and the amount of lightning
activity. Data collected from many sources have led to the
plot shown in Figure 133. This prediction shows only the
relative frequency of occurrence, while the number of
occurrences can be described only in terms of low, medium,
or high exposure. These exposure levels are defined in
genera terms as follows:

1. Low Exposure. Systems with little load switching
activity, that are in geographical areas known for
low lightning activity.

2. Medium Exposure. Systems in geographical areas
known for medium-to—high lightning activity
and/or significant switching transients.

3. High Exposure. Rare but real systems subject to
severe switching transients and/or extensive
lightning activity.

*Clearance
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=
S
-
I
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Exposure
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Number of Surges Per Year Exceeding
Surge Crest of Abscissa

107

Low
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1072 | | |
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*In some locations sparkover of clearances may limit the
overvoltages to lower levels

Figure 133. Annual Rate of Occurrences
at Unprotected Locations

Two recommended standard test waveforms are defined
as shown in Figure 134. The first test wave is caled a
combination impulse wave; its open circuit voltage and
short circuit current are shown in Figure 134(a) and
Figure 134(b) respectively. The second test wave isaring
wave as shown in Figure 134(c).

Impulse waves have been in use for many years to test
lightning arrestors and high—power surge suppression
devices, because impulses are characteristic of the
waveform produced by lightning strikes to power lines. The

Rectifier Applications

short form nomenclature for an impulse wave ist,/ty where
t; denotes the rise time and td denotes the pulse width,
defined at the point where the amplitude has decayed to 50%
of its pesk value. Thus the combination wave has a1.2/50 us
open—circuit voltage and an 8/20 s short—circuit current.
The impulse wave deposits substantial energy in a
surge—protective device and is usually chosen to specify
protector performance. For example, Underwriters
Laboratories (UL) has chosen the standard’s combination
wave to test portable power taps (i.e., power strips) having
surge—protective devices.

\%

A
0.9 Vpeak ——
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/ — Vpeak

T1x1.67=12pus
(a) 1.2 x 50 usec Impulse
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Figure 134. Standard Test Waveforms Defined
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Based upon a consensus of engineering experts, the
amplitudes expected for various combinations of location
categories and exposure levels are shown in Table 24. The
information is taken from the updated version of C62.41; in
the original version, only the high exposure levels were
suggested. The revision recognizes the significance of
system exposure as well as equipment location categories.

The ring wave is typical of most disturbances within a
building because transient energy excites the natural
resonant frequency of the wiring system. In practice, the
frequency can vary from a few kilohertz to a few hundred
kilohertz. Thefast risetimeis used because equipment using
thyristorsis prone to false triggering with high d,/d;, and fast
rising wavefronts can cause a nonuniform voltage
distribution in windings. The 0.5 us/I00 kHz ring wave is
therefore primarily aimed at evaluating equipment
immunity to fast wavefronts and high—frequency
disturbances. Since the ring wave is not intended to check
energy capability, its effective source impedance is chosen
much higher than that of the combination wave.

Fast—rising surges are produced on power lines by
opening airgap switches such as relays and contactors.
Although fast transients are attenuated rapidly with distance
by the impedance of the power line, equipment in close
proximity may be affected. A common situation occurs
when two pieces of equipment are powered from the same
duplex receptacle. Switching off the power to one will
couple a high—frequency transient to the other, possibly
causing a malfunction. The waveform chosen to represent
the fast transient is a 5/50 ns impulse applied in a burst
having a duration of 15 ms. It is delivered by a generator
having a 50 Q source impedance with a peak amplitude of

1 kV, 2 kV, or 4 kV depending upon the severity level
desired.

High—energy surges have been added to the menu of
waveforms. The 10/1000 usimpulse is suggested as typical
of lightning—induced pulses traveling in long underground
cables, surges generated by fuse blowing in long cables, and
the envelope of the oscillation caused by capacitor bank
switching. A 5 kHz ring waveis also suggested astypical for
the oscillation caused by capacitor bank switching.

The levels and impedance val ues chosen for testing with
the high—energy surges are shown in Table 25. Building
location categories do not apply because the building wiring
does not significantly attenuate the low—frequency surges.
Levels of test voltages and source impedance of the surges
are based upon system exposure and the system voltage. For
example, the peak total voltage devel oped by fuse clearing
occurring near the pesak of the power line voltage, for a 120
V rmslinein anindustrial environment, is the sum of peak
line voltage and peak transient voltage. That is:

Viotal = 12042 + (1.3)(120),/2 = 390 V

In reviewing the data presented, it is obvious that the
transient voltage levels are highly site dependent. The
dilemma a designer faces is to provide sufficient transient
protection to equipment to insure areasonable survival rate
without adding excessive cost, although the location where
the equipment will be used and the severity of the exposure
level isnot known. A reasonable solution to the dilemmais
to design for a category B, medium exposure level. Users
located in high exposure sites have no doubt experienced
troubles with all electronic equipment and have installed
surge protective devices throughout the facility.

Table 24. Suggested Levels of Standard Voltage and Current Surges

Ring Wave Combination
Location System Peak Peak Effective Peak Effective
Category Exposure Voltage Current Impedance Current Impedance
A Low 2 kv 67 A 300 - -
Med 4 kv 133A 300 - -
High 6 kV 200 A 300 - —
B Low 2 kv 167 A 120 1kA Q
Med 4 kv 333A 120 2 kA Q
High 6 kV 500 A 120 3 kA Q
C Low 6 kV - - 3 kA Q
Med 10 kv - - 5kA Q
High 20 kv - - 10 KA Q
Table 25. Suggested Levels for High Energy Surges
10/1000 ps Impulse 1.5 us/5 kHz Ring Wave
System Exposure Peak Surge Exposure Peak Surge
Exposure Definition Voltage Impedance Definition Voltage Impedance
Low Residential — — Far from - -
Switched Bank
Medium Commercial 1.0 Vpk 1Q Typical 1.0 Vpk 1-5Q
High Industrial 1.3 Vpk 0.25Q Near Large 1.8 Vpk 0.5-1.0Q
Switched Banks
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Internally Generated Voltage Surges

Normal equipment operation generates surge voltages. In
practice, the possibilities are ailmost endless; the circuit
designer must astutely analyze the transient—generating
potential of a particular system in their electrical
environment. A few situations, however, are quite common.

When transformers feed rectifiers from the ac power line,
severa mechanisms for generating transients exist. A
generalized lumped circuit model for atransformer is shown
in Figure 135. It should not be taken too literally because the
elements shown are actualy distributed in nature. However,
the model allows severa effects to be visuaized.

RcL = core loss representation

Lyn" @ primary magnetizing inductance
Rp @ primary winding resistance

Lp : primary winding leakage inductance

T : ideal transformer
Ls : secondary winding leakage inductance
R : secondary winding capacitance

ZL' : secondary load impedance

Cps : primary to secondary interwinding capacitance
Cp : primary winding capacitance

Cs : secondary winding capacitance

Figure 135. Broadband Circuit Model of a Transformer

Note that the interwinding capacitance (Cps) and the
secondary winding capacitance (Cs) form a capacitive
divider. Depending upon transformer construction, their
ratio may vary widely. The winding techniques commonly
used for 60 Hz applications allow Cpg to exceed Cs.
Consequently, if avoltage step is applied at the input, such
as with a switch closure occurring at the peak of the ac line,
it is possible for a voltage surge amost equal in amplitude
to the peak ac primary voltage to appear across the
secondary terminals. Since the surge is not directly related
to the turnsratio, the rectifier reverse voltage may be many
times the normal peak inverse voltage when a stepdown
transformer is used. It should be evident that any line voltage
surge with afast rise time will also be coupled through the
interwinding capacitance and appear at the secondary
without much attenuation.

In addition, because of system resonance the input voltage
step usually generates a damped oscillatory transient with a
peak amplitude possibly as high as twice the normal
secondary voltage. The frequencies of oscillation are
determined by the values of the parasitic reactances in the
transformer and its load. The effects just described are
illustrated in Figure 136.
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g A
B Load

May Have Stray
Inductance or
Capacitance
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Y
]

)

AB g
Switch

Vag-— Closed

Figure 136. Situation where Transformer
Interwinding Capacitance Couples a Transient to the
Secondary

Opening the primary circuit may generate even more
extreme voltage transients resulting from the collapse of the
magnetic flux in the core, represented by Ly in Figure 135.
A worst—case situation is shown in Figure 137 where switch
opening occurs at the time of zero voltage crossing of the ac
line. At thistime, the magnetizing flux is at its maximum and
its collapse may produce atransient, an order of magnitude
higher than the normal secondary voltage. In practice, the
generated surge voltage is not as clean as shown because of

switch arcing.
Switch
O—I—O/ 0 A
AC 'm g
Line o ) B
Load
Line ‘ | | |
Voltage \
N
Magnetizing \/T'\ \ /T'\
Current and | | |
Flux _/‘ ‘ \‘—/ ‘
| | \
Secondary | | [~ \
Voltage M_/‘ ‘\_/‘ Switch
Opened

Figure 137. Typical Situation Showing Possible
Transient when Interrupting Transformer
Magnetizing Current
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Switching of loads on the output of arectifier can cause
transients to be developed across the diodes, as shown in
Figure 138. The inductance Lgq represents the equivalent
inductance of the power source, consisting of wiring
inductance plus leakage inductance if a transformer is
present. A short across Load 2 causes a very high current to
be drawn which stores a large amount of energy in Lgq.
When the fuse blows causing arapid decrease in current, the
inductance generates a voltage of Ldidt having an energy of
L12/2. A similar but less severe effect occurs when normal
loads are intentionally switched off.

AB

Figure 138. Transients Caused by Load Switching

Surge Protection Circuits

Effective control of transient voltage surgesin equipment
used on ac power linesinvariably uses a metal oxide varistor
(MOV). It can handle alarge amount of transient energy for
its weight, size, and cost. Service life is long, if properly
applied. MOV characterigtics are shown in Figure 139 for a
part suitable for use across a 120 V ac power line. It is
bi—directional and exhibits afairly sharp breskdown, which
helps limit voltage surges.

T T T T—T

N GRS NS DU SN PN Ny P E——
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I
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Figure 139. Typical V—I Characteristic of an MOV

Transients from lightning and many other sources enter
the power system as a current source. The high surge
voltages observed across power lines are the result of high
surge currents flowing through the loads across the line. In
order to prevent generation of high voltages, it is generaly
desirableto usean MOV directly acrossthe line to divert the
surge current back to its source, as shown in Figure 140. If
the voltage across the varistor istoo high for the downstream
dectronics, an inductor is used to restrict the current flowing
into the rest of the circuit. A second MOV or other
voltage-limiting device is used to hold the voltage at the
circuit to the desired level. When a rectifier circuit with a
capacitor input filter isin amedium exposure environment,
it may perform the function of the second clipper.

Restrict

Fusing
Options

Divert

Figure 140. Functions of Elements Used in a
Protection Network

MOV s arewd| suited to handle the 100 kHz ring wave and
the 8/20 s impul se associated with the majority of transient
activity. But they cannot handle the high energy of the less
frequent long waves typical of fuse blowing, capacitor bank
switching, and line voltage swells. If the downstream
circuits can be designed to handle these long duration
surges, which may approach twice nomina line voltage,
MOV swhich break down at twice the line voltage peak can
be used. This approach has along history of successin the
design of semiconductor based systems used in electric
utility applications.

In cases where the downstream circuits cannot be
designed to be cost—effective with a twofold voltage
margin, MOV s which clamp at lower levels may be used;
however, theMOQOV islikely to becomeasacrificial e ement
when along—duration surge is encountered. The designer
isfaced with trading off the cost advantages of using lower
voltage downstream components against the increasing
probability of protective device failure as the clamping
voltage is lowered. [2] The breakdown voltage of the
varistor, as an absol ute minimum, must be above the peaks
of ahighlinevoltage. For example, al40V g rated MOV
isthe minimum suitable for 2120 V nominal power linein
the U.S.

Fusing the equipment isimportant because when an MOV
fails, it fails as a short. However, the resulting fault current
will open the device, possibly violently.
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Two fusing options are shown in Figure 140. Placing the
fuse in series with the input line insures that the equipment
is never operated without protection. If theline fuseis sized
to handle high power equipment or equipment having a
substantial inrush current, the varistor may rupture when
shorted before the fuse has time to open. To avoid this
situation, a rugged varistor should be selected which can
handle the line fault current for enough time to cause theline
fuse to blow.

Placing the fuse in series with the MOV permits the
equipment to continue operating but without protection.
This approach isrisky, but has merit when the downstream
circuits are able to handle some transient voltages without
degradation. An additional risk introduced when the fuseis
used in series with the varistor, isthat of the surge caused by
fuse blowing. During the time the varistor is shorted,
sufficient energy may be stored in the upstream line
inductance to cause a damaging voltage surge at the input
terminals to the rectifier circuit. To minimize the surge at
fuse blowing, afast—acting or current-limiting fuse should
be used.

An example of applying surge suppression to a
three—phase circuit is shown in Figure 141. The MOVs
across the input lines serve as the diverters. The filter choke
provides the restrict function, and the filter capacitor also
serves as the clipper. Since these filter components are large,
the surge voltage limited by the MOV siis greatly attenuated
at the dc output. Consequently, it is usually possible to select
the MOV breakdown voltage to exceed twice that of the
nominal line voltage peaks. The inductor must be effective
for the 8/20 ps pulse. It will need to be wound to minimize

Figure 141. Transient Suppression in a
Three—Phase Rectifier
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feed-through capacitance, or else a small high—frequency
inductor can be placed in series with the low—frequency
filter inductor. The circuit should be tested to determine how
much surge voltage is coupled through the transformer; the
surge may not follow the turnsratio.

The popular “universal input” single-phase rectifier
adapted to include transient protection is shown in
Figure 142. Tests have shown the importance of matching
the varistor voltage to the incoming line voltage and have
indicated typical performance when a 2000 A, category B,
8/20 us current surgeis applied [3]. With Ry = 0.5, L1 =100
UH, and Cq = C, = 540 pF, the 2000 A surge caused the 320
V dc output voltage to rise by 74 V. In many cases, the
following circuits can be designed to handle this extra
voltage.

The inductor may be used as part of the EMI filter
commonly required on equipment. It isalso possible to use
a second section of suppression to make the circuit almost
immune to transients, while the inductors also serve as the
norma mode and common mode EMI filters [4]. Such a
circuit isshown in Figure 143. With a3000 A 8/20 pis surge,
the transient voltage on the output filter capacitorsisamere
10 V. The peak inverse voltage across the rectifier is
determined by the peak limiting voltage of the MOV The
EMI filter provided over 100 dB of attenuation from 6 kHz
to 50 MHz, differential mode, and from 6 kHz to 12 MHz
common mode. Good filter and surge suppression
performance is dependent upon the coils. They need high Q
over abroad frequency band and must be wound to minimize
shunt capacitance.

R,

L1

Figure 142. MOV Protection for a
Universal Input Rectifier
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Figure 143. A Transient Suppression and EMI Filter Integrated with the Rectifier Circuit
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Surge Current Protection

High current surges cause rapid heating of the
semiconductor die. If reverse voltage is applied while the
rectifier junction is above its rated temperature limit, a short
may result from the combined stresses. Furthermore, even
when little or no reverse voltage is present, excessive
temperature can weaken the bond of the die to its package,
causing thermal resistance to increase with timein service.
A long term thermally regenerative process occurs, leading
to diode destruction. In some cases, excessive current may
cause the lead material between the rectifier terminal and the
dieto fuse.

Thetype and extent of protection needed is determined by
the circuit characteristics and performance required. Circuit
characteristics are roughly divided into two main types, and
the extremes are:

* Type 1: Circuits with current limiting impedance
* Type 2: Circuits without current limiting impedance

These types are subdivided according to circuit
performance requirements as to whether or not service may
be interrupted upon failure of a diode. Since all circuits
contain a certain amount of impedance, how a given circuit
is classified depends on both circuit impedance and rectifier
dioderatings. In general, acircuit is classified as Type 1 if
the circuit impedance will keep fault currents below the
single—cycle surge current rating of the rectifier diodes
(Irsm), and as Type 2 if the circuit impedance allows fault
currents to go over the diode surge rating. Type 1 circuits
may be protected with conventional fuses or circuit breakers
chosen to open at currents below the surge current ratings of
the rectifier diodes. Type 2 circuits, low impedances, are
desirable from the standpoint of efficiency but require
special fast—acting protective elements.

Current surges in rectifier circuits result from the
following factors:

1. Capacitor in—ush

2. Direct current overload

3. Direct current short (fault)

4. Failure of asingle rectifier diode

Capacitor in—ush is easy to observe and calculate and is
discussed in Chapter 7; the other problems require some
heroism in order to observe circuit conditions. Simulation of
the fault may often be accomplished by using an SCR as a

crowbar; the scope may be triggered by the same signal
which firesthe SCR.

Fusing Considerations

Basic operation of a fuse is as follows. When a current
larger than normal is applied to a fuse, it starts to heat up
significantly because power dissipation is proportional to
the square of current. If this current continues, the fusible
element or link eventually reachesits melting point. Asthe
link melts, voltage builds up across the fusible material
which causes arcing. Arcing continues until enough of the
link has melted so that the applied voltage can no longer
jump the gap. At this time current flow through the fuse
stops. Thisbasic operation is shown in Figure 144. The solid
line shows the actual fault current due to the limiting action
of the fuse and circuit impedance. The dashed line shows the
available fault current that would flow without the fuse. As
shown, melting of the fuse starts at point A. Typically, the
current rises to a peak let—through current as shown at point
B and then decays through the impedance of the arcing fuse
to zero at point C. The time from point B to point C isthe
arcing time of the fuse. The melting time and the arcing time
together make up the total clearing time of the fuse. Clearing
time is often called blowing time.

— ¢ PeakAvailable
77N Let-Through
/ \ Current
/ \
T / \
o / \
5 / \
= 4 \
3 / N
/B N
A < Peak Let-Through ~
Current
Cc
0
Melting \ Arcing ]
Time \ Time Time
<«——— Clearing Time ———»{

Figure 144. Action of a Fuse in a Circuit Subjected to
a Current Surge
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Three basic types of fuses are available: normal—acting or
medium—acting, fast—acting, and slow-acting (often
referred to as “slo-blo”). The different behavior of the
fast—acting and the normal—acting fuse is caused by the
material used for the link (this is the part of the fuse that
melts) that results in the fast—acting fuse having a smaller
thermal inertia. Similarly, the “slo-blo” fuse has a larger
thermal inertia than the normal—acting fuse which results
from use of alow—temperature melting point alloy and a heat
sink. Figure 145 shows the genera blowing time
relationship for the three types at various overload
conditions. Note the large blowing time required for the
“do-blo” compared to the other two. It is because of this
difference that only medium—acting and preferably
fast—acting fuses are used to protect rectifiers. The
fast—acting fuses are sometimes called current-imiting
fuses because of their fast blow times, athough all fuses
could be regarded as current limiters.

[e]
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& 100
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Figure 145. Chart Showing the Relation of Percent of
Rated Current to Blowing Time for Typical Fuses

The best type of fuse in the fast—acting category is the
silver—sand or semiconductor fuse. As the link (usually
made of silver) melts, the arcing caused by the voltage
developed across the fusible material is quenched by sand
crystals placed around the silver link. The sand effectively
lengthens the arc path. The particular size of the sand
crystals is selected on the basis of the voltage and current
ratings of the fuse. Fuses are available which limit fault
current to as low as four times normal rated current.

Fuses are sensitive to changes in current and temperature
not voltage. Figure 146 shows the effect changes in ambient
temperature have on the current rating and blowing time. A
fuse may be used at any voltage up to its maximum rating
without any influence on the fuse's performance. Only after
the link melting temperature is reached and arcing occursin
the circuit, are voltage and available power an influence on
the fuse performance. It has been shown [5] that the clearing
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time 12t (the effective energy that the fuse will let through)
decreases as afuseis used below itsrated voltage.
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Figure 146. Action of a Fuse in a Circuit Subjected to
a Current Surge
There are two common waysto select afuse. Oneway is
to compare the fuse and rectifier on the basis of surge
currentthat is compare peak let—through current and rectifier
surge current for agiven fault current. Another way isto base
the analysis on thermal energy, 12t. It has been shown [6] that

essentially equivalent heating occurs in a fuse and in a

rectifier for aunit of 12t where the 12t of the fuseis based on

a triangular surge current waveform and the 12t of the

rectifier is based on a sinusoid waveform. Based on this

second approach, the following steps can be used as aguide
for fuse selection:

1. Select afuse with acurrent rating which is slightly
higher than the current flowing through the
rectifier under normal conditions. (Remember, this
isan ac rms current rating.)

2. Check the voltage rating on the fuse to insure that
itisequal to or greater than the maximum circuit
voltage.

3. Estimate or measure the available fault current.
Sinceit iscircuit dependent, it can be found
analytically by dividing the source voltage by the
system impedance with the fault placed in the
system.

. With thisinformation, the fuse tables are used to
find the worst—case peak let-through current, Ip T,
and the total clearing energy, 12t, for the selected
fuse. A word of caution: fuse ratings are somewhat
dependent upon mounting hardware. If a
nonstandard mounting is used, consult the fuse
manufacturer to see if there isany changein the
fuse ratings.

5. Using the latter two parameters and assuming a

triangular model for fuse current, find the total
clearing time by using the formula:

tc = 31%t/1%pLT 9.1)
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6. Obtain rectifier data required for this comparison
(aplot of 12t versus pulse base width). If surge
current ratings, Iy, have been given instead, 12t:
can be calculated using the formula:

1t = I’FSM(t/2) (9.2)
The rectifier sub cycle |2t ratings versus pulse width plot
linearly on log— og paper.

7. Compare: With time as the independent variable,
and knowing the 12t for both the fuse and rectifier,
it isnow possible to determineif the rectifier is
actually protected.

8. Put the fuse in the circuit, short the load or
simulate the fault, and see if the rectifier is
protected. Surge current should be examined on an
oscilloscope.

EXAMPLE

Fault current = 3000 A

Rectifier 12t = 27,0000 A2sfrom 1t0 8.3 ms

Load fuserating = 150 A (TY PE KAX)

For the 3000 A fault current, the total clearing |2t and pesk
let—through current are found from Figures 147 and 148 to
be 9500 A2s and 2000 A. Using Equation 9.1, the clearing
timeisfound asfollows:

tc = 312t/12pLT = (3)(9500)/(20002) = 7.1 ms

Thus, the fuse will blow before the rectifier at a peak fault
current of 2000 A. If the |2t of the rectifier had not been
given, it could have been found using the Iggy rating.

IFsv @ 1 cycleis specified at 3600 A. Using Equation 9.2,
1’t = I’EgM(t/2) = (3600)%(8.3 ms)(10~3)/2 = 54 x 10%A%s

Thisvalueistwice the value of 27,000 given on the data
sheet, thus showing that 1%t decreases by a factor of two
going from a pulse width of 8.3 msto 1 ms, a not unusual
situation.

When circuit requirements are such that service is not to
be interrupted in case of failure of a rectifier diode, the
general approach is to use a number of diodes in paralldl,
each with its own fuse. Additional fuses or circuit breakers
are used in the ac line and in series with the load for
protection against dc load faults. Fuse values should be
coordinated so that a diode fuse will open in the event of
diode failure before the line fuses, the load fuses, or circuit
breakers open. In the event of load faults, line or load
elements should open before any of the diode fuses open.
Such asystem isillustrated in Figure 149.

Fuses are typically rated for usein ac circuits. When used
in dc circuits, the voltage ratings are typically half of the ac
rating. Some manufacturers offer fuses specificaly
designed for use in dc circuits, which are much more
difficult to interrupt than ac circuits. There are subtle factors
affecting fuse operation in dc circuits[9].

Redundant systems often need additional transient
protection because fuse blowing causes a transient in the
circuit upstream from the fuse. In the circuit of Figure 149,
an MOV across al six rectifier banksis normally required.
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Basic Diode Functions in Power Electronics

The buck and boost converters are generally regarded as
the basic building blocks for power conversion [1]. By
combining these basic building blocks with some kind of
transformation function, many new complex and all known
converters are derived.

The basic topologies of buck and boost converters are
shown in Figures 150 and 151. In operation, the transistor
switch, often referred to as the power switch, is aternately
turned on or off. When the power switch is on, the amount
of energy stored in the inductor is determined. When the
power switch is off, some or al of the stored energy flows
to the load and the filter capacitor, Cr. These four essential
elements—power switch, diode, inductor or choke, and
capacitor—play key rolesin al power conversion circuits.
Degpite its essential role, the diode has received far less
attention in the literature than its more glamorous associate,
the power switch.

Buck and boost converters are designed to operatein one
of two modes. In “continuous mode”’ operation, the inductor
or choke current never becomes zero during the switching
cycle. In “discontinuous mode” operation, the choke current
decaysto zero, often called “drying out,” before the power
switch turns on again. The overall characteristics of the
converter and the requirements placed upon the four
essential elements differ greatly depending upon whether
operation is confined to the continuous or discontinuous
mode.

* Naturally commutated or soft switching circuits

* Forced commutated or hard switching circuits

In naturally commutated circuits, diode turn off is
primarily by internal recombination and no appreciable
reverse current flows. Basic circuit functions that are
normally naturally commutated include:
* Rectification, discontinuous mode
* Catching
* Clipping
¢ Clamping

To maintain soft switching operation after forward current
ceases, sufficient time for stored charge to recombine must
elapse before the circuit requires the diode to be a high
impedance. Diodes must be chosen so that their “time
constant” (lifetime, *Tg) is less than 20% of the time

alocated during the pulse repetition period. Duty cycles
vary over awide range in pul se-width—modulated (PWM)
circuits so that the time for diode turn off may be below 10%
of the pulse repetition period in some designs.

Forced commutation occurs in circuits where appreciable
forward current is flowing when a change in circuit state
forces the diode to turn off. Usually a high reverse current
occurs during turn—off which must be handled by other
circuit elements.

Basic circuit functions that commonly use forced
commutation include;

* Freewheeling
¢ Rectification, continuous mode

In hard switching circuits, the closer the diode is to the
ideal one with no stored charge, the better the circuit
performs. Aswill be shown later in a detailed analysis, the
|ow—mpedance state which the diode maintains during the
ta portion of reverse recovery time causes high stress on
other circuit elements which can be mitigated by using afast
recovery diode.

Circuits used in power electronics generally can be placed
in one of two categories as far as the demands imposed upon
the diode are concerned. They are;

In many circuits, the element that suffers the highest stress
is a power transistor switch which normally is the most
highly stressed and failure—prone component in a power
electronics system. Consequently, any means to reduce
stress on the power switch is helpful to overall system
reliability and efficiency. Choosing a fast diode is one
means, and using a transistor snubber is another. Snubber
circuits, discussed in the next chapter, usually employ
diodes which also need to be selected for proper operation.

This chapter examines the basic diode functions
separately with the objective of identifying the requirements
of the diodes. Used in conjunction with additional active and
passive components, the basic functions are embedded in a
number of widely used sub—circuits that play important roles
in power electronic systems. Some practical concerns such
as power switch drive circuit problems, parasitic inductance
caused by layout, and use of a diode snubber are discussed
near the end of this chapter. The next chapter shows some
commonly used power electronic circuits to illustrate the
principles of diode selection developed in this chapter.
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Rectification, Discontinuous Mode

The discontinuous mode boost converter shown in
Figure 150 isacommon exampl e of rectification wherethe
switching is soft. Waveforms are shown in Figure 152 for
an idealized case where resistance in the circuit is zero.
However, since resistance causes power loss and heating,
considerable effort is spent in power conversion circuitsto
minimize resistance and waveforms in practice are not
significantly different from those shown.

When the power switch Qs isturned on, current ramps up
in Qs and the choke stores energy in its core. During this
time, shown from tg to t1, the circuit voltages are fixed. The
transistor on—state level is nearly zero, the inductor has V,
impressed across it and the diode must block the output
voltage. When the transistor turns off, the voltage across the
transistor reverses and the “flys back” according to the
relationship, v = -L di/dt. When the voltage across the power
switch starts to exceed the output voltage Vo,the diode
conductsallowing the choke energy to flow into the load and
the capacitor,

The output voltage is a complex function of the switch
duty cycle, the load current, and the output filter capacitor
but it must exceed the input voltage. An attempt to have Vg
< V1 would cause dc current to flow from V1 and the circuit

would not function. Because of the flyback action of the
choke voltage, the converter’'s sometimes called a flyback
converter, but this term is more properly reserved for a
popular transformer—coupled converter that can be shown to
be a cascade connection of abuck and aboost converter. The
boost circuit is aso called a ringing choke or step—up
converter.

The diode requirements are not stringent in this
application. For low loss, the forward voltage drop and
dynamic impedance during turn—on should be low. The
diode only needs to block V. The carrier lifetime *Tg
should be no more than 20% of the charging time of the
capacitor for the boundary condition where the time from t3
to t4 is zero. Otherwise its conduction would extend into the
time when the switch turns on, resulting in reverse recovery
losses.

When theinput voltage isfirst applied, the transistor is off.
Aninrush current flowsto charge the filter capacitor, limited
only by the characteristics of the L C network and any series
resistance in the wiring and components. The current wave
isaone-half cycle of adamped sinusoid and its peak value
can be several times the steady state value that the
components normally experience. Either the components
must be sized to handle the inrush or means must be taken
to limit its magnitude.

I
— | +Vo |
o A . pl .
A !
+
7 Co 5
Vi + Al Vo
Vg D
Qs -

Figure 150. Output Section of a Boost Converter; the Diode Performs Rectification
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Figure 151. Output Section of a Buck Converter; the Diode Performs a Catch Function
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Figure 152. Idealized Waveforms for Boost Converter Operating in the Discontinuous Mode
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Catching

The discontinuous mode buck converter is sometimes
used at low power levels. The diode performs a catch
function rather than arectification function. Waveforms are
shown in Figure 153, idealized to the extent that resistances
in the components are neglected.

When the power switch is turned on, current ramps up in
the inductor; charging the output capacitor and delivering
current to the load. During transistor turn—off, which begins
at time ty, the inductor causes the voltage at point A to go

negative. It is prevented from dropping below the reference
level by the diode. The waveform is sometimes said to be
“caught.”

Without the catch diode, the voltage across the switch
could reach destructive levels. The transistor current now
flows through the diode which permits the choke to continue
supplying current to the load. Since the diode maintains
current flow during pan of the cycle, it is often called a
“freewheeling” diode. By maintaining current flow when
the transistor is off, circuit efficiency isimproved.
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Figure 153. Idealized Waveforms for Buck Converter Operating in the Discontinuous Mode
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Mitigating inductive kick is a common problem in power
electronics. The push—pull circuit of Figure 154 supplies
power to aresistive load viaatransformer. The inductance
Lp represents the sum of parasitic wiring inductance plus
transformer leakage inductance.

Figure 154. A Push—Pull Full Bridge Circuit Using
Catch Diodes

Assuming very fast switching, when Qo and Qs turn on at
timety, V* appearsat point B and point A is pulled to ground.
Current builds up at a rate determined by the circuit time
constant. When the signal to turn off the transistors is
received, they will not turn off at the same time because of
their storage delay time. Suppose Q, turns off first. It will
need to block V* plusthe inductive kick generated by L if
the catch diodes are not in the circuit. A similar situation
occurs when transistors Q1 and Qo are switched.

The inductive kick is given by Faraday's law as
V| =-Lpdi/dt. It isingructive to caculate the inductive kick
for the typical values in a high—frequency power eectronic
circuit. Assumethat V¥ =400 V. R =20 Q (current = 20 A)
and Lp = 0.2 uH. If the switch opensin 20 ns,

VL = — (0.2)(10~%)(20)/(0.02)(110%) = —200 V

Raising the transistor switch blocking voltage
requirement imposes pendties in terms of cost and
performance. Consequently, it is common practice to use
catch diodes to confine the voltage across the switches to
values between the rail voltage and ground. The diodes also

Rectifier Applications

prevent the current in the inductor from changing quickly.
The current is commutated from an off—going switch to a
diode and decays according to the relationship, At = IL/V.

The diode forward recovery characteristic is of utmost
importance in this application since it determines how far
above therail or below ground the inductive kick can drive
the voltage. Since the diode is on only briefly, other
characteristics are relatively unimportant except, of course,
the diode must block the voltage V*. As with other soft
switching circuits, when used at high frequencies the diode
lifetime should be less than a fifth of the time between
pulses. Otherwise, a reverse current will flow through the
diode, which must be handled by the power switch at
turn—on.

Clipping

In clipping, aportion of awave is flattened off or limited to
some arbitrary level, irrespective of the amplitude of the
original signal. Peak clippers find use in power electronics
to protect semiconductors from overvoltage.

A peak clipper, aso caled a peak limiter, prevents the
positive (or negative) amplitude of the wave from
significantly exceeding a value set by the clipper. A smple
example of such aclipper isillustrated in Figure 155. When
the instantaneous value of the input voltage wave lies
between V and Vg, neither of the diodes conduct, and the
input wave is transmitted directly to the output terminals
without change. On the other hand, when the input voltage
is more positive than Va, diode Da will conduct and thus
prevent the output voltage from rising appreciably above
Va. Similarly, when the input Voltage becomes more
negative than Vg, diode Dg will conduct and clip the
negative peaks of the output voltage at alevel approximately
equal to Vg. In circuits of this nature, the output is often said
to be “clamped” to Va or Vg. However, a clamping circuit
does not change the waveshape or limit its amplitude, as
described in the next section. For the diode clippers to be
effective, the series resistance Rs must be considerably
greater than the forward resistance Rr of the diodes, since Rg
and Rg form a voltage divider. In addition, the turn—on
impedance should be low to minimize overshoot and the
diode lifetime fast enough to follow the input waveform.
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If the batteries in Figure 155(a) are replaced by large
capacitors, the circuit functions as a dynamic clipper when
driven by arepetitive ac wave. The left capacitor is charged
to the positive peak of the ac wave and the right capacitor is
charged to the negative peak. Should atransient exist on the
wavein excess of the normal peak value of the wave, it will
be clipped. The action is essentially the same as when
voltage sources are used, except the sources adjust to the
peak of the ac wave. To permit the voltage level to drop in
response to a change in the amplitude of the wave, ableeder
resistor across each capacitor is needed. The RC time
constant is usually chosen to be about five times the period
of the input wave.
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Figure 155. Diode Clipping Circuit and Waveforms
when Peak Clipping a Sine Wave:
(a) Circuit; (b) Waveforms

Clamping

Many asymmetrical waveforms possess a dc reference
component which remains fixed—it is not a function of the
waveform. When such a waveform is passed through a
transformer or a capacitor, the dc component is not
transmitted. Loss of the dc reference is often a problem
because the absolute value of the positive and negative
portion of the wave is dependent upon the duty cycle which

usually varies over a wide range in a power converter. In
order to properly drive a power stage when the drive
waveform is coupled through atransformer, the positive and
negative peaks must remain at fixed levels. To regain the
original waveform it becomes necessary to reinsert a dc
component of appropriate amplitude. This processis termed
dc restoration. It is a special example of a more general
process known as clamping, in which a reference leve is
introduced that has some desired relationship to the wave.

The simplest form of aclamping circuit consists of adiode
associated with a resistance-capacitance network, as
illustrated in Figure 156. The resistance R in these circuits
isrelatively large, and the time constant RC is considerably
greater than the time of one cycle of the applied wave. If
circuits are used that insert a dc component of such
amplitude and polarity that the negative peaks of the origina
wave are at zero level, as shown in Figure 156(a), thenitis
said that the negative peaks of thiswave are clamped to zero.
The same wave with its positive peaks clamped to zero volts
and to +V voltsis shown in parts (b) and (c), respectively.

The detailed action of the diode clamp of Figure 156(b)
can be understood by considering Figure 157. If RC is so
large that it can be considered infinite, then the diode charges
capacitance C to avoltage V' that just barely prevents the
output voltage Vo from going positive; thus, V' is the
reinserted dc voltage. However, if RC ishigh but not infinite,
then some of the charge on the capacitor leaks off during the
timeinterval t3 —to. This causes the output wave to decay
with a time constant RC during the time interval tz — to;
however, if RC isvery much greater than thetimets —ty, the
change AV in the amplitude of the output voltage will be
small. At t3 the voltage at the output terminals increases
suddenly in amplitude by the peak—to—peak amplitude V of
the applied wave and makes the output voltage go AV g volts
positive at time t3. This causes current to flow into the
capacitor to replace the charge that leaked off during the
previous period, as shown. The time constant associated
with this current flow corresponds to C being charged
through the diode and source resistance.

In common with the diode requirements of other soft
commutated circuits, diode forward recovery should be fast
and the lifetime fast enough to not have any stored charge
left in the diode when the next cycle of the input wave
occurs. The proper value for the time constant RC is a
compromise between two conflicting requirements. The
larger this time constant, the smaller will be the variation
AV of the clamping voltage during the cycle, and, hence,
the smaller will be the positive spike at t1 and t3. On the other
hand, the larger the RC product, the more slowly is the
clamping voltage able to adjust itself to reductions in duty
cycle or amplitude of the wave that is to be clamped.
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Figure 156. Clamping Circuits and Waveforms; (a) Negative Peaks Clamped to Zero;
(b) Positive Peaks Clamped to Zero; (c) Positive Peaks Clamped to V
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Figure 157. Detailed Waveforms for the Clamping Circuit of Figure 156(b):
(a) Applied Wave; (b) Output Wave—RC Infinite; (c) Output Wave—-Moderate RC;

(d) Current through Diode Corresponding to (c)
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Freewheeling

An important use of diodesisto keep current flowing in
an inductor when the source of energy is pulsed off. When
used in this manner, the diode is called a freewheeling diode.
Actionissimilar to the catch diode used in the discontinuous
mode buck converter, but the diode is carrying forward
current when the power switch turns on. A common
application isthe buck converter of Figure 151 operating in
the continuous mode. In this case, inductor L is chosen
large enough so that its current never goesto zero.

Waveforms for the buck converter operating in the
continuous mode are shown in Figure 158 They are drawn
to the same scale as those shown in Figure 153, which apply
to the discontinuous mode. It is quite apparent that
continuous mode operation places much less peak current
demand upon the switch, diode, and inductor. Although not
shown, the ripple current through the filter capacitor is aso
much less. Consequently, the current capabilities of the key
power components can be downsized from those required by
the discontinuous mode.
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Figure 158. Idealized Waveforms for a Buck Converter Operating in the Continuous Mode

There are two disadvantages of continuous mode
operation. The inductance of the choke must be much larger
and the diode must experience forced commutation when
the power switch turns on. The resulting reverse recovery
current adds a current spike to the turn—on waveform which
reduces circuit efficiency.

Waveforms for the boost converter operating in the
continuous conduction mode are shown in Figure 159.
Continuous mode operation offers the same reduction of
peak currents in the components of the boost converter as
occurs in the buck converter and it introduces the same
problem, forced commutation. Accordingly, low stored
charge is adesirable diode attribute.
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Figure 159. Idealized Waveforms for a Buck Converter Operating in the Continuous Mode

The rectifier diode (DR) has a dua role. It is a rectifier
since it passes intermittent pulses of current to the filter
capacitor, Cp. It also is a freewheeling diode since it
maintains the flow of choke current when the transistor
switch is off.

To provide high efficiency, the diode D must meet
stringent requirements. Since it supportsthe full load current
possibly up to 90% of thetime, it should have alow forward
drop. When the switch turns off, a low dynamic Vg is
required for low loss and to minimize the switch voltage
stress. (At thisinstant the freewheeling diode also actsas a
catch diode; therefore, the terms “freewheeling” and “ catch”
are often used interchangeably.) When the switch turns on,
both the switch and the diode are subjected to a high current,
limited only by the circuit parasitic inductance and diode
reverse recovery time. Consequently, low diode stored
charge is a very important asset, not only for high diode
efficiency, but also for high switch efficiency and low stress.

Rectification, Continuous Mode

In the basic buck and boost converters, both the power
switch and the diode participate in producing a dc output
from adc input. A rectifier function as classically viewed—
that is, changing an ac wave to a unidirectional wave—does
not exist. However, when atransformer is present, the diode
that functions as a rectifier becomes obvious.

Countless numbers of converters [2] can be derived by
combining buck and/or boost topologies with transformers
and chokes. One of the more popular topologies is the
forward converter shown in Figure 160. It normally operates
in the continuous mode. A more detailed analysis of the
forward converter is given in the next chapter; at this point
the rectification function is the focus of the discussion.
When the power switch is on, the dotted end of the secondary
wiring is positive; the rectifier diode Dr conducts,
permitting current to be transmitted from the input source to
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the choke and the load. When the power switch is off, the
transformer polarities reverse and output current is
commutated to the freewheeling diode while Dr blocks.
When the switch turns on again, current is commutated from

VI DO; Np %

Ns

Dr

the freewheeling diode to the rectifier diode. Both changes
of state occur under forced commutation conditions and
therefore efficiency isimproved as the diode stored charge
approaches the ideal of zero.

L
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e

De Co T Vo
O

@ @

Figure 160. Output Section of a Forward Converter

Forced Commutation Analysis

The previous material has pointed out several power
supply circuits where a power transistor must clear diode
stored charge while turning on. The equivalent circuit of
Figure 161. isuseful for analyzing the commutating interval
for any of these hard switching circuits. The essential
common features are that during the switching interval the
transistor must conduct the current formerly flowing in the
diode, and the voltage across the transistor must drop from
a relatively high off—state level to an on—state level that
approaches zero. To show the major impact of diode stored

charge, an in—depth analysis of the switching process
follows. The analysis reveals numerous advantages of using
diodes having a low stored charge-which is synonymous
with fast reverse recovery—in forced commutation circuits.

The current remains constant as current is switched
between the transistor and diode. At any instant of time, the
sum of transistor current and diode current equals the
inductor current, modeled as a current source. The pertinent
waveforms are shown in Figure 162. The solid lines apply
for apractical diode, while the dotted lines show behavior
for an ideal diode having no switching losses.

Figure 161. Equivalent Circuit Used for Analyzing Losses in Forced Commutated Circuits
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Figure 162. Forced Commutation Waveforms: (a) Power Switch Voltage and Current;
(b) Power Switch Dissipation; (c) Diode Voltage and Current; (d) Diode Dissipation.
Diode Forward Drop and Switch On—State Levels Are Exaggerated

At the start of the cycle at timetp, the diode is conducting
and the transistor is off. As the transistor turns on at t,
current is diverted from the diode. However, the diodeis till
alow impedance and therefore the transistor must withstand
the full input voltage as its current builds up. At t, all the
inductor current is assumed by the transistor. If the diode
wereideal, it would turn off and the commutation would be
complete. The dashed lines indicate what the waveforms
would be if the diode were idedl, that is, if it did not have
stored charge or junction capacitance. With area diode, the
low—impedance state is maintained during the t; interval of
diode reverse recovery. Thus, the transistor current
overshoots because of the reverse recovery current. During
the diode t; time, shown on Figure 162. asthe interval from
to tot'y, the transistor is subjected to high stress. During the
diodety, time, shown on Figure 162. astimeinterval t's tots,
both the transistor and the diode are subjected to high stress.
During the diode ty, interval, diode current decaysto zero and
the transistor current mirrors it, dropping to its on—state

value. Also, the transistor voltage drops to its saturation
level while the diode voltage rises to the supply voltage.
The power dissipation waveforms for both the transistor
and diode are also shown in Figure 162. The shaded area on
the transistor waveform indicates the dissipation caused by
the diode stored charge and capacitance. Note that the
dissipation during t5 is a@most as much as the dissipation
during the switching of inductor current to the transistor in
the time interval t; to to. This situation is not uncommon
when the diode reverse recovery time is approximately
equal to the transistor rise time. Reverse recovery current
raises transistor dissipation appreciably because it occurs
when the transistor is sustaining its full off—state voltage.
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By approximating the voltage and current change with
straight lines, the transistor dissipation during turn—on can
be found from the waveforms using geometry. It isgiven by:

PT = (m)(—tﬂ) + v|<|o + 'R_M(SLCI)(&L)

2 Ts Ts
()] - ()R

The first term is the dissipation in the transistor during
current risetimeif the diode were ideal. The second term has
two parts: the first part is caused by the lengthening of
transistor turn—on by the diode t; interval and the second part
accounts for the overshoot current caused by t,. The third
term is the dissipation during transistor voltage fall time if
the diode were ideal. The last term is dissipation produced
during the ty, portion of diode recovery. It assumes that ty, =
try, Which is not necessarily true; however, it is often true that
the tp contribution to transistor dissipation is comparably
small.

Nearly all the diode dissipation occurs during timety, It is
difficult to quantify since the voltage during the ty, interval
is also affected by the transistor and circuit inductance.
Additionaly, the t, interval is a function of the diode
capacitance  which produces reactive power not
contributing to its power dissipation. For a slow diode,
where ty, is much longer than ty, the diode dissipation may
be approximated by assuming that the full reverse voltageis
across the diode during tp. In this case the transistor
dissipation during ty, is zero, and the diode dissipation is:

PD = V,(M@)(*Jb_)
2 Ts (10.2)

Regardless of how power is shared during the ty, interval,
Equation 10.2 is an accurate expression for the sum of the
transistor and diode dissipation. When the diode is fast, tp
will be much lessthan t,,, and dissipation in the diode will be
very small since the voltage across it will not have time to
rise appreciably. Consequently, when fast diodes are used,
the contribution of ty, to dissipation in both the transistor and
diodeissmall.

The first two terms in Equation 10.1 quantify the power
dissipation during the current rise time interval. The effect
of the diode recovery current during the t; interval isfound
by expressing the first two terms with Irm(rec) asavariable
instead of t;. From the waveforms of Figure 162, observe
that the current waves have a constant sope fromty tot's,
therefore, ta/tyi = Irm(REC)/l 0. Substituting for tain Equation
10.1 and after some manipulation, the following expression
for the dissipation Py, during thet;; and tyintervalsis derived:

P

Vilo . ti |4 4 2IRM(REC) | RM(REC)
2 Ts | 120

] (10.3)

The expression outside the bracketsin Equation 10.3 isthe
transistor dissipation when the diode is ideal—that is,
IrRM(REC) IS Zero. Theterm in bracketsis a multiplying factor
(Pr) which shows the ratio of P with an ideal diode to P,

with areal diode during the current commutation interval.
Because of the squared term, theratio increases very rapidly
with increasing Irm(rec)- Figure 163. illustrates the heavy
penalty that |rm(rRec) iMposes upon the power transistor.
When Irm(rec) = lo, Py isfour times that occurring with an
ideal diode.

It isimportant to recognize that Equation 10.3 isvalid for
al types of diodes. It does not matter whether the source of
IrRM(REC) IS Stored charge in ajunction diode or capacitance
in a Schottky diode; high Irm(REC) Calses asevere increase
in the transistor dissipation during turn—on.

Equation 10.3 can be stated in terms of t;; to show the
effect of changing the transistor current rise time. From
Figure 162. the recovered charge (Qy) during time interval
taisfound by geometry to be:

Qa = ta IRM(REC)/2
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Figure 163. Increase in Switch Dissipation during
Current Commutation Caused by
Diode Recovery Current

Solving for t; and substituting into Equation 10.3, the
following expression is derived after some algebraic
manipulation:

Pl = v||02—TTﬂS- + V'% + (%)JQatrilo (10.4)

The first term is a dissipation component that is
proportional to transistor rise time. It is the dissipation that
occurs when the diode isideal: that is, Q4 = 0. The second
component isfixed by the diode charge while the third term
is affected by both diode charge and transistor rise time. It
is evident that a point of diminishing returns is reached
where improvements in rise time cause negligible reduction
in power dissipation. The primary reason is that as t;; is
reduced, Irm(rec) increases. Secondarily, asty; (diode di/dt)
is reduced, Qg increases somewhat in a practical diode.

Equation 10.4 can be put into another form to access the
point of diminishing returns by malting some simple
approximations. For afast pn junction diode, the charge (Qy)
which appears during time interval t5 is approximately equal
to the stored charge Qs when di/dt israpid. Also the forward
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diode current equals the transistor current which equals the
load current. Therefore,

Qa~Qs~IF-Ts~Ic-Ts~lo-Ts
Substituting into Equation 10.4 and performing some

algebraic manipulations, the following expression is
formed:

Vil trj 2*T

o= ()] + (25 +
The term outside the bracket is by now the familiar
expression for transistor dissipation when an ideal diodeis
used (* Ts = 0). The bracketed term shows the factor causing
increased dissipation in terms of the ratio of the diode
lifetime to the transistor current rise time. Thisterm Pr is
plotted in Figure 164 and offers insight for choosing an

appropriate diode for use in a particular application.

16*Ts

= ] (10.5)
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Figure 164. Effect of Diode Lifetime on Power
Dissipation during Current Commutation

The curve asymptotes to a little over two when *Tg is
much less than t,j, which is approaching the condition when
the diode isideal. However, theratio is only four when *Ts
= 0.4 . This choice may be more cost effective because the
extra dissipation during other parts of commutation may
mask the increase caused by a slower diode. Note, however,
asthe diode lifetime becomes larger than the transistor’srise
time, the power ratio increases rapidly.

Speeding the transistor rise time when using aslow diode
may appear to improve matters, but it is not always wise.
Assume that acircuit is operating with components such that
*Td/tj = 2. The power ratio is approximately 11. If therise
time is cut in half, the ideal power dissipation (the term
outside the bracketsin Equation 10.5) is cut in half, but the
power ratio from Figure 164 is now 20. Clearly, little has
been gained. In practice, much has been lost. The faster
switching will produce a higher peak switch current because
IrRm(REC) Will be higher; consequently, the power switch
drive circuit will need to produce much higher peak currents
and will consume more power.

Rectifier Applications

In most designs, the power switch rise time is chosen to
provide low loss at the frequency of operation. Losses
caused by the diode recovery process are tolerable and a cost
effective design isachieved if diode lifetime (*Tg) is chosen
to be 20% to 50% of the transistor current rise time.

Practical Drive Circuit Problems

In the preceding idealized analysis circuit parasitic
inductances were ignored. When switching at very fast rates,
their effects cannot be ignored and may even dominate the
switching process. During thety interval, dt/dt is determined
by the transistor’s characterigtics, its drive and parasitic
inductance common to the output current loop and the drive
current loop. Voltage induced in the common inductance
plays asignificant role in switching at high speeds.

Consider the circuit of Figure 164. As current buildsup in
the common inductance, the developed positive voltage
effectively reduces the drive voltage (negative feedback),
placing a practical limit upon the ultimate switching speed
during thet, portion of diode recovery. At the end of timetj,
switch current dropsto | o. The di/dt during the ty interval is
not directly controlled by the transistor but is afunction of
the diode stored charge recovery characteristics as well as
the diode’'s capacitance resonating with parasitic loop
inductance. With ultrafast diodes, the recovery interval ty is
short and the transition abrupt. The resulting high di/dt
causes a negative voltage across the common inductance
which serves to increase the on—drive voltage. Thisinduced
voltage generates positive feedback and at high
commutation speeds will greatly increase the diodes

|oi ?
1

Figure 165. Inductance Common to Drive and Output
Current Loops Slows di/dt

Another source of feedback is the capacitance from output
to input of the power switch. When the voltage drops across
the switch, a current is coupled into the switch input circuit.
The coupled currents direction is opposite to that of the
drive, which dows the voltage transition. The effect is
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normally not noticeable when the switch is a bipolar
transistor because the collector—base capacitance is small
and the base current has arelatively high value; the rate of
change of voltage is determined primarily by the
components in the output circuit. However, the feedback
capacitance of a MOSFET is large and, because of Miller
Effect, constitutes the major portion of the FET’s input
capacitance. Because of the positive feedback noted above,
adrive scheme selected for a suitably fast initial di/dt may
cause the rectifier to snap off very abruptly. If the driveis
reduced to slow di/dt to an acceptable speed, the drive may
not provide afast enough dv/dt to keep losseslow during the
tp interval.

Thus, diode Qrr and common inductance between the
input and output current loops team up to compound the
problems of obtaining alow—oss, low—oise turn—on of the
power switch. Current and voltage snubbers, as discussed in
the next chapter, can mitigate these effects. However, using
a diode with low Qgrr and, if possible, a soft recovery
reduces the magnitude of the problems.

Layout Considerations

High—speed forced commutation causes high di/dts and
dv/dtsin circuit wiring, which places stringent requirements
on layout. A poor layout makes a high—speed rectifier look
sluggish. For example, parasitic circuit inductance is often
the underlying cause of what appears to be poor forward
recovery characteristics. A high duck flowing through
excessive stray inductance produces alarge induced voltage.
In a catch diode application where the purpose of the diode
isto clamp voltage to a power rail, the inductance diminishes
its effectiveness.

The layout contribution to parasitic inductance caused by
wiring can be estimated from the length of the wiring loop.
The self inductance of one of two parallel wires may be
calculated from

L =(21nd/r + 0.5) (10.6)

where L = self-inductance of acylindrical wire (nH)
d = distance between axis of wires
r = radius of wires
| = length of wires (cm)

The wires must be conducting equal current in opposite
directions and d must be small comparedto | for the equation
to be valid. The minimum value occurs in the case of two
enameled wires that are touching, making d = 2r. L
calculates to be about 1.9 nH/cm. If d=100r, the calculation
yields approximately 10 nH/cm or 25 nH/inch, commonly
used “rules of thumb.” As the examples show, however,
lower inductance is achieved by minimizing the distance
between wiresin aloop. If atransformer isin the circuit loop,
its leakage inductance will be the dominant parasitic and is
normally found by measurement.

Another aspect of the problem caused by parasitic series
inductance is a forced decrease in the maximum allowable
commutation speed. As the transistor turns off in a hard
switching circuit, such as a continuous conduction mode
buck or boost converter, current in the diode increases
because current in the output inductor is constant. If the di/dt
and the parasitic inductance are high, the voltage across the
power switch will be abnormally high. Therefore, if the
transistor voltage is to be held in check, either its turn off
must be slowed, which causes increased turn off losses, or
alarger snubber isrequired, as discussed in the next chapter.
Both of these remedies become increasingly difficult to
implement as switching frequency is raised.

Parasitic capacitance across the diode is usually small
relative to the rectifier’s junction capacitance, o its effects
are rarely seen. Capacitance from the diode's case to the heat
sink must be addressed because the case is usudly tied to the
cathode.

Output rectifiers often experience high dv/dt, which
injects noise into the heatsink when the output filter inductor
lies between the rectifiers and the dc output as shown in
Figure 166(a). By placing the choke in the return loop as
shown in Figure 166(b), circuit operation remains
unchanged since the choke is still in series with the parallel
combination of the load and the output capacitors. The
advantage of this rearrangement is that the cathodes of the
rectifier diodes are not on a node that has rapid voltage
swings and noise is not injected into the heatsink. The
disadvantage of this arrangement is that the transformer
return is now no longer at adc node and radiation from the

transformer must be addressed.
0 P} YN, I o)
H Vour
o T o)
(a)
o b l O
H Vout
o AN T O

(b)

Figure 166. Output Rectifier Configurations:
(a) Conventional Arrangement for Minimizing
Transformer Radiation;
(b) Alternate Arrangement for Low Noise injection
into Heatsink
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The Diode Snubber

Any of the forced commutation circuits usually produce
high—frequency ringing in the circuit loop that has been
switched off. The ringing occurs because the abrupt change
of current excites the resonant tank composed on the
effective circuit inductance (Lgr) and the diode junction
capacitance (Cj). The Q of this network is high because loop
resistance is purposely kept low to avoid power losses.
Ringing may not appear in circuits using a diode which has
soft recovery because its impedance while in the tp phase
damps the resonant circuit. However circuits using fast pn
diodes with abrupt recovery or Schottky diodes usually
exhibit severeringing.

In circuits using Schottky diodes, the ringing energy can
be high enough to generate a voltage higher than the diode
breakdown voltage. Operation in breakdown is undesirable
because of the increased power dissipation generated and
the possibility of diode failure if its avalanche energy
capahility is exceeded. In addition, the EMI produced by the
ringing usually causes mafunction in nearby electronic
circuits.

To eliminate the ringing, the resonant circuit is critically
damped by placing a series R—C network acrossthe diode as
shown in Figure 167. The capacitor servesto block dc and
it isnormally chosen to be about 10 times the capacitance of
the diode (Cj). The resistor is chosen to provide critical
damping; that is, the Q of the resonant tank is set to 0.5. For
aparallel damping resistor (Rp) in the resonant tank:

Rp = QuLEF (10.7)
When Lgr is determined, the resonant frequency can be
found from the usual relationship

(u) = 1JLggC J)
and Rp determined from Equation 10.7. The capacitance C;
is voltage dependent, so that the ringing frequency is not a
pure sine wave. A value of Cj picked from the diode's
capacitance curve at about 1/3 of Vrry usually provides
suitable resullts.

Choice of the snubber capacitor (Cg) is a compromise
between snubber effectiveness and snubber loss (PR) that is
dissipated in the resistor, Rp The power loss is given by

PR = 1/2 Cs V’RRMfs (10.8)

In order that the snubber capacitor isfully discharged each
cycle, the time constant (Rp Cs) must be less than one-tenth
of the minimum off—time of the diode. If Rp ismade too low,
it will feed significant signal around the diode. Therefore,
efficiency is best when Cgisas small as possible and Rp as
large as possible within the constraints given.

Rectifier Applications

In a full-wave center—tap rectification scheme, one
snubber across the secondary may be used when the output
current islow. At high currents, the preferred method of one
snubber across each diode is required to suppress the
high—voltage spikes induced in the output wiring.

Lt

AY|
PAl

Figure 167. Equivalent Circuit Used to Analyze the
Diode Snubber Circuit

The previous approach of using a large capacitor in the
snubber network and choosing the resistor for critical
damping prevents the voltage peak from exceeding the
norma off-state level. Although satisfactory for
low—voltage circuits, in higher—voltage circuits the power
loss rn the snubber resistor is unacceptable. An approach
which allows Cg to be reduced and shows the trade off in
peak diode voltage has been devised [3] [4]. The peak
voltage and resistor dissipation is obtained by analyzing the
circuit of Figure 167, which is an equivalent circuit for
nearly any hard commutation circuit.

A basdline capacitance Cp and abasdine resistance Ry are
defined as

Cb = LEF(IRM(REC)/VO) 2 (10.9)

Rb = VO/IRM(REC) (10.10)

The analysis neglects the diode junction capacitance and
consequently the oscillations occur at a frequency
determined by Lgr and Ds. The oscillatory wave is damped
by Rs and the peak value is determined by Rg and Cs. For
agiven value of Cg, an optimum value of Rg can be found
that minimizes peak voltage. Figure 167 shows behavior for
Cs=Cy, whichisordinarily agood choice. Note that a broad
null occurs when Rg = Ry, which yields a peak voltage of 1.5
Vo.
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Figure 168. Maximum Overvoltage across the Diode as a Function of Snubber Resistance for a Fixed Value of
Snubber Capacitance CS. (Courtesy Bill Robbins, University of Minnesota)

The energy lossin the resistor at diode turn—off consists
of two components:

WR = (1/2)LEf IPRM(REC) + (1/2CsV?0)  (10.11)
At the end of the current oscillations, energy (Wc) is
stored in Cs, which must be dissipated in Rg and the diode
when the diode turns on. This third component is:
Wc = (1/2) Cs V3o (10.12)

The total energy dissipation W isthe sum of thetermsin
Equations 10.11 and 10.12

WT = WR + Wc = (1/2) LEF I’RM(REC) + CSV°0
= (1/2) LEFI’RM(REC) (1 + 2Cs/Cp)  (10.13)

Figure 169 shows the results of an extensive analysis of
the circuit. All values are normalized, including the scales.
Notethat Vrrwm/V o decreases rather dowly from 1.5to 1 as
Cs becomes larger than Cp. However, the total energy
dissipated increases linearly with Cg, therefore, it is
common to choose Cg = Cp,. When Cg has been sdlected, the
optimum value for Rgis read directly from Figure 169.
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Figure 169. Snubber Energy Loss and the Maximum Overvoltage for the the Optimum Value of Snubber
Resistance Rg and a Function of the Snubber Capacitance Cg (Courtesy Bill Robbins, University of Minnesota)
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Power Electronic Circuits
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Power Electronic Circuits

In the previous chapter, several important functions that
diodes fulfill are described. An anaysis shows the
advantages of using diodes with low stored charge,
particularly in forced commutation circuits. In this chapter
several circuitsin common use are presented, emphasizing
the role that diodes play and offering guidance in
determining the characteristics of importance. Topics
covered include drive circuits, snubbers, and rectification in
switch—mode power supplies. By tresting topicsin thelisted
order, the interaction between circuit functions is more
clearly perceived.

Drive Circuits for Power MOSFETs

In most cases, drive circuits for power MOSFETSs are
simple. A drive stage only needs to develop the required
steady—state voltage between gate and source (usualy 10 V)
and provide sufficient peak current to the FET's input
capacitance to achieve the desired switching speed. For
noise immunity, the drive circuit should be alow impedance
when the PET is in the off—state. The drive source return
should be directly connected to the source terminal of the
PET to minimize the effects of source inductance.

In some cases, electrical isolation is needed between the
MOSFET and the drive stage. One way to do thisiswith a
transformer. When the duty cycle of the drive signal varies
over a wide range, dc restoration is needed to maintain
proper voltage levels between the MOSFET gate and its
source. A drive circuit with dc restoration is shown in
Figure 170. In some circuits, a Zener diode may be required
to prevent transient voltage spikes from damaging the
MOSFET.

Figure 170. MOSFET Drive Circuit Using dc
Restoration to Handle Large Changes in Pulse Duty
Cycle

Drive Circuits for Bipolar Power

Transistors
The design of a drive circuit for a bipolar junction
transistor (BJT) operating in a power converter provesto be
a challenging assignment. Criteria which generaly apply
are;
1. The on—drive (Ig)) should have afast rise time and
provide adequate drive at the leading edge to
reduce turn—on losses.

Rectifier Applications

2. After theinitial pesak, the amount of base current
should drop to alevel just sufficient to produce a
satisfactory on-state (V cg(saT)) Voltage. Keeping
I low during the major portion of on-time helps
reduce the storage time. Since the collector current
varies over awide range in most converters, a
proportional drive scheme or Baker Clamp helps
achieve this condition.

3. A negative base drive (Ig2) is mandatory in order
to keep turn—off switching losses to an acceptable
value. The drive needs to be tailored to the needs
of the particular transistor type used for the power
switch. Most third and fourth generation BJTs
perform well if the change from I g to Ig2 israpid
and g5 is high throughout the turn—off interval.

. When the power transistor is off, the drive
circuitry should present alow impedance to the
transistor base in order to have good noise
immunity.

Rectifier diodes play important roles in many of the
commonly used drive schemes. It is easy to generate the
required negative base current if a bias supply having a
reverse polarity with respect to the emitter of the power
switch is available. However, such abias supply is seldom
available, especidly in a switch-mode power supply.
Designers areloathe to create one because it complicates the
design, particularly if the supply isto operate on worldwide
powerline voltages. Consequently, the circuits presented in
this chapter provide the means to generate the reverse base
current without an external supply.

Baker Clamp

The storage time associated with the turn—off of bipolar
transistors has aways been a problem for circuit designers.
Allowance must be made for worst—case storage time or
disastrous events may occur. Such allowance lowers
efficiency because it shortens the time available to deliver
power pulses, which in turn raises the peak current.
Unfortunately, storage time varies considerably with the
values of Ic and I, prior to turn—off and with the amplitude
and waveshape of Ig». A technique developed many years
ago by R.H. Baker is shown in Figure 171. It reduces and
stabilizes storage time as operating conditions vary.

Circuit operation is as follows. When a positive pulseis
applied to an initidly off transistor, forward current flows
through Dg into the base of the transistor, turning it on. The
voltage at the input is set at two diode drops, approximately
1.5 V. As collector current builds up and collector voltage
drops, diode Dg startsto conduct and keeps V cg from falling
below about 0.8 V. This action prevents the bipolar operating
point from entering the hard saturation region and
theoretically eliminates storage time since the
collector—base junction is not reverse biased. Diode Dg acts
as a current—regulating feedback element, setting the base
current to the amount required by the transistor at a
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particular collector current and on—state voltage. Current at
the input which exceeds this base current (i.e.,, excess
current) is shunted into the collector circuit by diode Dr
When the input pulse goes negative, reverse current is drawn
from the base through diode Dg in parallel with diode Dg
until its stored charge is depleted. Resistor R is present
mainly for noise immunity; it also establishesa small reverse
off—state voltage at the base if the input level remains
negative.

De
bt
| —> Dg
 —
V) Dr R
/

Figure 171. Baker Clamp Configuration

The Baker Clamp provides the expected results for
low—-voltage bipolar transistors — that is, storage time
becomes negligible and fall time is not affected. However,
high voltage power transistors exhibit a quasi—saturation
region caused by stored charge in their wide, high resistivity
collector region. When operated in quasi—saturation, some
storage time still occurs. It is possible to move operation out
of the quasi—saturation region by stacking additional diodes
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in series with Dg, but the on-state loss becomes
unacceptably high.

It might seem that the Baker Clamp is not particularly
effective with high—voltage transistors; however, operation
in hard saturation causes anomalous fall time behavior,
while fall time behavior is more theoretical if operation
extends only into the quasi—saturation region. To show the
effectiveness of a Baker Clamp [1] the test circuit of
Figure172(a) was used. Transistors Q1 and Q, are
aternately turned on to provide Ig; and Ig2 to the power
switch. The load inductor, diode, and capacitor smulate a
flyback converter load. A sketch of the waveforms observed
are shown in Figure 172(b). When I, is first applied, it is
delivered solely to the transistor base. Current builds up
slowly in the inductor but its high impedance alows
collector voltage to drop quickly. Diode Dg conducts,
shunting the excess base current into the collector of the
power switch. As collector current (IcT) rises, base current
(Igp) drops and maintains the value Ic/hge as collector
current ramps toward its peak, which is established by the
pulse width of I;.

The most interesting results occur with afixed base drive
and a variable collector current, a common situation in a
switching power supply. The effect upon storage time is
shown in Figure 173. Note that use of the Baker Clamp has
achieved a remarkable reduction in storage time at low
collector currents and its value is somewhat independent of
collector current. Improvement in fall time is even more
spectacular as shown in Figure 174. The trade—off made for
the improved switching performance is an increased
on-state voltage. It istypically 0.3 V in hard saturation and
0.9V with the Baker clamp.

) N DD

(b)

Figure 172. Baker Clamp Circuit for Evaluating High—Voltage Transistors:
(a) Test Circuit; (b) Waveforms
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Figure 173. Storage Time with Fixed Drive in
a Baker Clamp Circuit

Not all transistors will exhibit the behavior illustrated in
Figures 173 and 174, and data of this nature rarely appears
on manufacturer’s data sheets. Consequently, it is advisable
to test transistors in a circuit similar to Figure 172 to
determine if the improvement in switching losses more than
offsets the additional on—state losses associated with the
Baker Clamp.

Selection of the diodes deserves critica attention. The
collector feedback diode Dg needs to be able to block the
voltage applied to the collector of the transistor. Its stored
charge should be low enough that the diode recovers during
the storage time of the transistor. Otherwise, it will play a
role in the turn—off process, affecting both storage and fall
time. Finding the right diode may not be easy since stored
charge is not often specified and conditions for reverse
recovery specifications do not approximate those in a Baker
Clamp circuit. As a rough rule of thumb, the specified
reverse recovery time should be under a quarter of the
specified storage time of the transistor. Testing a number of
samples with a current probe in series with diode Dg will
normally be necessary to be sure that an adequate margin
exists between diode recovery time and transistor storage
time. A slow forward recovery time is actually beneficial.
The delay allows the spike of current from I, to persist
longer, thus reducing turn—on loss. Fortunately, slow
forward recovery is a characteristic of high—voltage diodes,
regardless of their stored—charge behavior.

On the other hand, fast forward recovery isimportant for
diode Dg, unless a peaking capacitor is placed in paralléel
withit. A low—voltage diode provides fast forward recovery.
A large area diode also may provide sufficient peaking
capacitance. Slow reverse recovery is an advantage. The
stored charge will hold the anode positive during the
turn—off phase, thereby increasing the current available
from the negative voltage source. Often diode D is omitted;
the circuit then depends upon the stored charge in diode Dg
to exceed the stored charge in the transistor, thereby
providing acurrent path for Ig, until the transistor turns off.
Diode Dr also has non—critical requirements. It is used

ts, Current Fall Time (nsec)
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Figure 174. Fall Time with Fixed Drive in
a Baker Clamp Circuit

simply to apply reverse current (Ig2) when V| is derived
from a scheme which drives V| negative.

Fixed Drive Circuit

The circuit of Figure 175 is commonly used with circuits
such as the half bridge in which the power switch cannot be
connected to “ground” [2]. It generates a negative pulse
without the need for a separate supply voltage. Furthermore,
the rise time of the reverse current is not limited by
transformer leakage inductance.

Qp

Nl |

Qp

Re1 I
2%

Rg2 I)

M
D l‘l
¢

Figure 175. Popular Fixed Base Drive Circuit Using
an Isolation Transformer

(@]

A =

The circuit operates as follows. When a positive pulse is
applied, a high peak forward current flows through the
capacitor and diode into the base of Qp turning it on. AsC
becomes charged, Ig1 drops to the value determined by
resistor Rg. g1 isgiven by:

IB1 = (Vs — VBE)/RB1 (11.1)
and the voltage on Cis:
V¢ = Vs — VBE — VD (11.2)

where Vg =amplitude of transformer secondary pulse
Vg = base-emitter voltage of transistor Qp
Vp= forward voltage drop of diode D.

When the pulse voltage drops to zero, the voltage on
capacitor C forward biases the driver transistor, Qp. As Qp
turns on, the negative voltage on C causes a high reverse
current (Ig2) to flow out of the base of Qp
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The circuit can generate a fast—rising, high—current g2
pulse. It isimportant that parasitic wiring inductance be kept
to a minimum. The drive transistor Qp should be a
high—speed switching type and capacitor C must have alow
ESL and ESR. Diode D does not affect the turn—off drive, but
it should have afast forward recovery time and low VErwm
in order to apply ahigh Ig1 to the transistor during turn—on.
Care must be taken to ensure that C is fully charged during
the minimum pulse width, which the transistor is expected
to handle.

Proportional Drive Circuit

Another method of minimizing the increase of storage
time with a decrease of collector current involves arranging
the base drive current to be proportional to the collector
current. Not all bipolar transistors respond favorably with
proportional drive, but most do. In addition, high—voltage
transistors usually exhibit an improvement in fall time,
which lowers switching losses. The improvement in
turn—off time is similar to that achieved with the Baker
Clamp, but the transistor remains in the “hard” saturation
region of operation when in the on—state, which achieves
lowest on—state losses.

The circuit of Figure 176 has been used [3] to drive bipolar
transistors in a power converter operating up to 1 kW of
output power. The scheme is often called a regenerative
drive circuit because the secondary windings of the drive
transformer are in phase, allowing the power transistor to
supply itsdrive signal. During steady—state conditions when
the power transistor Qp ison, the driver transistor Qp is off,
causing the primary winding to be inactive. The base current
is derived from the collector current and its magnitude is
determined by the turns ratio of the secondary windings.
Consequently, no drive circuit power is required to hold the
power transistor on, which results in an efficient drive
scheme. The Baker Clamp diode D may or may not be used
to improve overall losses, depending upon circumstances.

The circuit operates as follow: Assume the power switch
Qpisonand Qp is off.

-

N\@

A

3

+24 'V

R
Dp [

Figure 176. Efficient Proportional Base Drive Circuit
Which Easily Adapts to Using a Baker Clamp

The primary winding has a large voltage drop across it
caused by the current flow in the secondary base drive
winding which produces a drop of about 2.5 V across the
series diodes and the base—emitter junction of Qp In
addition, Cg is charged to about 1.6 V. The phasing of the
windingsis such that the dotted ends are positive. When Qp
is turned on into hard saturation, the dotted end of the
primary is pulled close to ground. The other end of the
primary winding would go negative but cannot because of
the presence of clamp diode Dp which turns on and clamps
the winding to ground. The net effect is one of a short being
placed across the primary which stops the regenerative
action in the secondary. The secondary windings now appear
asashort. Therefore, areverse base current is supplied to the
power switch as C; discharges and the stored charge in
diodes Dg, and Dg> exits. During turn—off of Qp primary
current flow is composed of the reflected currents in the
secondary windings which flow through Dp and Qp. The
base drive to Qp must be sufficient to keep it in hard
saturation while handling the relatively high reflected
secondary currents.

After Qp is off, the drive transformer primary current
decaysto zero and diode Dp turns off. Current flows through
Rp and the primary winding which places areverse bias on
Qp holding it off. Since the only current flow is in the
primary, energy is stored in the core. When the system
reguires Qp to turn on, Qp isturned off and the stored energy
in the core develops a flyback voltage of apolarity to turn on
the power switch, Qp The resulting build—up of collector
current causes a proportional regenerative build-up of
base—drive current (Ig1). which maintains the power switch
in the on—state after the flyback energy has dissipated.

Switching performance is highly dependent upon the
choice of components in the drive circuit as well as the
choice of the power switch. The transformer leakage
inductance must be small to permit a rapid change of base
drive from lg| to 1go. The windings are usualy trifilar
wound on atoroidal core. Naturally, leads and wiring traces
must be short to minimize inductance. The return lead to the
base winding should be connected directly to the emitter of
the power sWitch to prevent the relatively large voltage
developed across the emitter lead inductance from being
introduced into the base circuit. Diode Dp should have alow
turn—on impedance since its reflected impedance is part of
the base circuit during the turn—off interval of the power
switch. A low—voltage pn or Schottky diode servesvery well
in this application.

Diodes Dg1 and Dg> are basically level shifters so their
switching characteristics are unimportant. Their function,
however, is very important because they established the
voltage across the drive transformer windings when the
power switch is on. A resistor cannot take their place
because its drop would vary with changesin load current.
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The circuit easily adapts to Baker Clamp operation by
merely adding diode Dg. The improvement in switching
performance is not as dramatic as achieved in fixed base
drive circuits; with many transistors, lower overal losses are
achieved by letting the transistor saturate. The higher the
switching frequency, the more likely is the Baker Clamp to
be an effective scheme to lower losses. If the Baker Clamp
isused, diode Dr should be selected for low stored charge,
as previously discussed.

Transistor Snubber Circuits
Networks are frequently added to power electronic
circuitsto control the load line and thereby reduce the energy
which a power switch must handle during switching. These
networks are called snubbers, and diodes usually play akey
role. Snubbers are commonly classified into three types
based upon their function:
1. Turn—on snubbers
2. Turn—off snubbers
3. Overvoltage snubbers
Additionaly, these functions can be accomplished by
using either dissipative or nondissipative techniques for
handling snubber energy. In a dissipative scheme, energy
that would cause transistor dissipation is, in effect,
transferred from the power switch to a resistor. In a
nondissipative or “lossless scheme,” resistors are avoided
and transistor switching losses are transferred to the source
or the load using some combination of diodes, capacitors
inductors or transformers.

Power Circuit Load Lines

The usua load line of a power circuit is inductive.
Furthermore, a diode typically is added to catch inductive
spikes and it may aso perform the freewheeling function
when operation isin the continuous conduction mode. To the
transistor, a load of this nature is referred to as a clamped
inductive load.

The buck converter previoudly discussed in Chapter 10
shows the need for snubbers. An equivaent circuit is shown
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in Figure 177, where the filter inductor is replaced by a
current source (continuous mode operation) and stray
inductances are shown as separate circuit elements.
Transistor switch waveforms for a complete switching cycle
commencing with the transistor in the on—state are shown in
Figure 178.

At time tg, the transistor voltage begins to rise but its
current remains essentially constant. At tq, the freewheeling
diode starts conducting, which diverts current away from the
transistor. The voltage across the transistor overshoots V),
because of diode forward recovery time and circuit
inductance. In a high—voltage circuit, transistor turn—on is
faster than diode forward recovery time so that i. reaches
zero at tp and the transistor collector—emitter voltage settles
to its steady state value at t3. The turn—off switching path on
the V- planeis seen from Figure 179 to cause the transistor
to experience high instantaneous power dissipation.
Depending upon the switching speed and frequency, the
average power dissipation could also be significant. For
bipolar transistors, the high power dissipation may be
outside of the transistor’s safe operating area, posing danger
of failure. The bipolar transistor is particularly sensitive to
voltage spikes during turn—off; thus the stray inductive
spikes and the forward recovery overshoot voltage of the
freewheeling diode (V gg) critical to transistor survival.

+ —
Vs
e ST

Figure 177. Equivalent Circuit of a Buck Converter
Operating in the Continuous Conduction Mode
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Figure 178. Power Switch Waveforms for the Buck Converter
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The transistor’s turn—on period commences at time t4. As
current rises, the stray inductances generate a voltage step,
Vsr. As described previoudly in some detail, the reverse
recovery current of the diode causes the switch current igto
exceed |o. At tg the diode impedance begins to increase
which allows the collector voltage to drop towards the
on-state level, which it reaches at time tg. The turn—on path
shown on Figure 179 is also seen to produce high
instantaneous dissipation. The situation is not as stressful to
the power switch because semiconductors are more
forgiving of current peaks than voltage pesaks.

|
A

Snubbers reduce these power peaks by pushing the
switching paths toward the origin. If the paths shown on
Figure 179 protrude beyond the safe operating area of the
power switch, a snubber is essential in order to insure
reliable operation. Even if not required to protect the power
switch, snubbers are often used to reduce switching lossesin
order to allow the power switch to run cooler or lessen heat
sink requirements. Snubbers, when carefully chosen, result
in ahigher power efficiency for the system than if they are
omitted, even if the dissipative type is used [4].

idealized inductive
turn—off path

Turn—off

path

t1

. Vo3 t2
SN\ K

Vi

Figure 179. Switching Load Loci for the Buck Converter

Turn—On Snubbers

Turn—on snubbers are used more frequently with
thyristors than transistors because thyristors have a finite
turn—on di/dt limitation, whereas transistors have large
turn—on (forward biased) safe operating areas. However, the
turn—on snubber lowers stress and pesk power dissipation in
the power switch. It is particularly effective with
high—voltage bipolar transistors and thyristors which exhibit
a significant dynamic saturation voltage. The turn-on
snubber makes use of an inductor to slow current rise time
and allow arapid drop in voltage across the switch to occur
prior to current build-up. Figure 180 shows how aturn—on
snubber is implemented in the buck converter. The key
requirement isthat the inductor is placed in the current path
between the power switch and the freewheeling diode.

Two modes of operation are possible. The first mode

occurs with  a smal inductance such that
AVs = Ldig/dt < V|, The second mode occurs when
AV = V|,

In the first mode, digdt is determined by the
characteristics of the power switch and its drive circuit. The
voltage step, Vst on Figure 178, becomes progressively
larger as Lgisincreased, but the current waveforms of the
transistor and freewheeling diode are virtually unchanged.
The turn—on path from t4 to ts is moved toward the |eft on
Figure 179 as L s increases.

In the second mode, di/dt is controlled by the inductor Ls.
The current switching time is relatively slow but switch
dissipation is nearly zero because the voltage drops almost
immediately to the off—state level as current starts to rise.
With adequate drive to the switch, dynamic saturation is not
noticeable.
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Figure 180. Buck Converter with Dissipative Turn—on Snubber

The current overshoot caused by the reverse recovery of
the freewheeling diode can be reduced to any value desired
by the choice of Ls. The turn—on path from t4 to ts5 is a
vertical line originating close to the origin. When the
transistor is turned off, the energy stored in Lg during the
switch on—state must be controlled. The diode Dgis used as
a catch diode to clamp the inductive spike generated at
switch turn—off. Unfortunately, the diode cannot be used
without aseries (Rs). Thereason is that the inductor current
must decay nearly to zero during the switch off—state in
order for the snubber to be effective. Accordingly, the
snubber circuit values are bound by the following
inequality:

t(off — state) > 3Ls/Rs (11.3)

The resistance of the diode alone is ordinarily too low to
allow proper circuit operation at the high frequencies used
in power electronic circuits. Unfortunately, an overshoot
voltage equal to Rglp is developed across the resistor Rs.
Thus, the design of the turn—on snubber involves a number
of compromises. The snubber’s maximum time constant
(Ls/Rg) islimited by the frequency of operation. Making Lg
larger resultsin lower turn—on losses, but since Rs must also
become larger, the overshoot will increase proportionally.

Qs
Y@

@ L 4 L 4

The inductor used for Lsis not physically large because
it isallowed to saturate at ts sinceits function is required only
during the interval from t4 to ts. The diode Dg performs a
catch function; therefore its forward recovery overshoot
voltage isimportant because it adds to the overshoot voltage
developed across the resistor Rs.

A nondissipative or “lossless’ turn—on snubber is
occasionally used. One approach, based on the work of
Meares[5], isshown in Figure 181. The snubber inductance
isthe transformer’s magnetizing inductance which performs
the same functions as the discrete inductor in Figure 180 and
is subject to the same design constraints. When the current
reverses through the freewheeling diode, the current is
coupled through the transformer whose secondary delivers
the reverse recovery current to the input through the snubber
diode Ds. In this manner, the current demand from the power
source is reduced.

The scheme is not truly “lossless’ because losses in the
transformer and diode Dg cannot be avoided. The forward
recovery of Dg is more important than its forward drop
because it only conducts current for a short period of time.
Its specification requirements are similar to that of a catch
diode.
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Figure 181. Buck Converter with “Lossless” Turn—on Snubber
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Turn—Off Snubbers

The turn—off snubber is designed to slow the rise in
voltage across the power switch while allowing the current
to drop rapidly. The most common approach uses an R—-C-D
network as shown in Figure 182. When the power switch is
on, its current equals g and the voltage drop across the
switch is nearly zero. Since | g is constant during turn—off,
as collector current drops, a current Io—ic flows into the
capacitor through the snubber diode Ds. The capacitor is
chosen to achieve the desired rate of rise of the transistor
collector—emitter voltage. The resistor is used to charge the
capacitor when the switch is on, and therefore it must be
bound by the following inequality:

t(on — state) > 3Rs/Cs (11.4)

To arrive a a suitable design, the peak current to discharge
the capacitor must be considered. It may be approximated
smply as Vcgeff)/Rs. Thus, for a given frequency of
operation the RsCsg product has an upper bound. As Cgis
made larger to reduce the turn—off energy consumed in the
power switch, Rg must be smaller which increases the
turn—on energy. For a given set of conditions, an optimum
value of Cg exists which minimizes the total losses in the
power switch and snubber over acomplete cycle [4]. Using
the optimum value makes the load line appear resistive.

The snubber diode’s forward recovery characteristic is of
major interest since the diode appears as a time variable
resistance (rg) in series with the capacitor during power
switch turn—off. Therefore, in addition to the capacitor
voltage, avoltage of (Io—ic) rr appears across the transistor,
increasing its dissipation.

Turn—off snubbers can also be designed to be “lossless.”
They make use of aresonant circuit; the complete analysis
[6] is complex and beyond the scope of this treatment.
However, a qualitative description of a popular
implementation shows the importance of diode
characteristics, which isthe focus of this chapter. A practical
circuit arrangement is shown in Figure 183(a) where the
lossless snubber is applied to a flyback converter. The

Qs

TCS
L 4

snubber could be applied as well to other transformer
coupled topologies.

The snubber components are Ds;, Dsp, Ls and Cs. The
transformer leakage inductance reflected to the primary is
shown as an external component, L . Theturnsratio of the
transformer is n:1 and its magnetizing inductance is very
large compared to its leakage inductance, so that the
magnetizing inductance does not affect snubber operation.

A qualitative view of basic circuit operation is easily
obtained by assuming that the power switch Qgisinitialy
in the on—state. The capacitor is charged to some positive
voltage between zero and V. When the drive signal changes
to initiate turn—off, after a short delay switch current starts
to fall. The inductive load keeps the load current constant
causing current to switch from Qs into Cs and Dg; since the
current in Lg cannot change rapidly. Depending upon the
initial charge on Cg, the switch voltage may exhibit aninitial
jump until diode Dg; becomes forward biased. Once Dg; is
conducting, the rate of rise of voltage across the switch is
controlled by Cs in a manner similar to that of the more
conventional R—C-D snubber. With a properly chosen
capacitor having a sufficient initial charge, the switch
voltage rises only to a chosen small portion of the off—state
voltage before the switch current reaches zero. The forward
recovery characteristics of the diode are important since its
transient voltage is reflected to the switch voltage
waveform.

When Qs is turned on, it completes the series resonant
circuit composed of Qs, Cs, Dsp, and Ls. The charge on Cs
and its voltage polarity is such that current flows through the
network, and the voltage at point A drops to -Vcp the
voltage across the capacitor prior to the turn—on of Qs. As
current risesin the resonant |oop, the voltage at point A rises
toward +V cp but Dg; conducts when Vp exceeds V. At that
time, the energy stored in Lg flows into the input source.
Thus, the energy stored in the capacitor during switch
turn—off istransferred to the inductance and then to the input
source when the power switch again turns on.

L

Figure 182. Buck Converter with Dissipative Turn—off Snubber
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Figure 183. Application of a “Lossless” Snubber of the Resonant Type: (a) circuit;
(b) current in Dgp

The mode of operation described is based upon one of the
earlier papers on the subject [7]. A later paper [6] explains
that four different modes of operation exist depending upon
the choice of snubber constants, the transformer design and
frequency of operation. While differing in details, all modes
allow proper operation of a power converter if suitably
designed.

Resonant snubbers are difficult to implement in
converters operating under current mode control because a
significant amplitude of half-sine wave current at the
snubber resonant frequency appears on the power switch
waveform during turn—on. The problem must be addressed
or converter operation will be erratic.

In descriptions of circuit operation, diode requirements
are seldom explained in detail. For the circuit being
considered, abrupt current changes only occur when the
power switch changes state or when the diode turns on.
Consequently, a fast diode turn—on characteristic reduces
losses. Diode reverse recovery is usually important in Dgp
but not Dg;. The current waveform of Dsp is shown in
Figure 183(b). The turnoff di/dt is controlled by Ls.
Normally the di/dt is high enough that significant reverse
recovery stress occurs. The diode lifetime (* Ts) should be
at least three times less than the resonant period of the
snubber to avoid significant diode reverse recovery losses.

Overvoltage Snubbers

In most power electronic circuits, even when the load is
clamped, parasitic inductances cause overvoltage spikes.
These parasitics are introduced because of transformer
leakage inductance, capacitor effective series inductance
(ESL), and wiring inductance. A turn—off snubber does not
aways eliminate the overvoltage spike because of the
parasitic inductances in the snubber circuit. Furthermore,
many circuits have no need of aturn—off snubber because of
the load characteristics in relation to the power switch SOA

and because operation is at afrequency where the switching
power loss is not important. In these cases, an overvoltage
snubber may prove useful.

Overvoltage spikes can be clipped with the circuit of
Figure 184. In operation, while the power switch is off, the
voltage on the overvoltage capacitor Cy is pulled up to the
supply voltage, V|, by diode Dy. When the switch turns off,
the diode Dy is activated whenever the energy in the small
leakage and stray inductance, lumped as L, causes the
switch voltage to exceed V. The switch voltage is clipped
to V| plus the diode forward recovery voltage plus the
voltage increase on the capacitor as it absorbs the inductive
energy. Thetime constant Ry, Cy is chosen small enough to
alow the capacitor voltage to decay back to the normal
off—state level before the next turn—off cycle of the power
switch.

Lo

\%1

|

With some loads, the switch voltage during the off—state
will exceed V| under normal operation. For instance, a
forward converter istypically designed to alow an off—state
voltage of 2V,. The overvoltage snubber will work in many
of these situations because after a few cycles of circuit
operation, the capacitor Cy will be charged to the normal

Y|

I

(@]
e

Figure 184. An Overvoltage Snubber
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off—state voltage. Any short spikes which exceed thislevel
are clipped.

While clipping, the energy from the net circuit inductance
is delivered to the capacitor (Cy). The voltage increase
across the switch (AV) isfound by equating energy to obtain:

AV = lg,/LL/Cv

To calculate the switch voltage, the forward recovery
voltage of diode Dy is added to AV from the equation. To
minimize the spike, it is very important to keep inductance
low in the loop consisting of Qs, Cy, and Dy. Use of a
high—quality capacitor having alow ESL is beneficial.

An dternate method of clipping spikesisto use atransient
voltage-suppression type of Zener diode. (The MOV,
discussed in Chapter 9, hastoo wide a voltage tolerance and
too high a dynamic impedance to function well in power
electronic circuits.) However, the Zener may dissipate more
energy than the resistor because it must operate at a voltage
level greater than V. Using the overvoltage snubber, the
energy isdisspated in Ry. It only needs to handle the change
in voltage as given by the above equation.

Snubber Diode Requirements

From the descriptions of snubber diode reguirements
presented in the circuit examples, it is clear that the diode's
forward recovery behavior is of most importancein snubber
operation. Specifically, alow dynamic resistanceis required
at turn—on. Unfortunately, forward recovery isnot arequired
specification on JEDEC registered devices and it is rarely
specified on manufacturer’s data sheets.

As explained in Chapter 1, the diode dynamic resistance
re at turn—on is determined by the resitivity of the materials
in the diode structure and its area. The breakdown voltageis
roughly proportiona to resistivity. Therefore, the turn—on
performance of diodes improves as voltage breakdown
decreases. Little improvement is seen as breakdown drops
below 100 V, however, because other sources of bulk diode
resistance begin to dominate.

Diode selection for low dynamic turn—on resistance on the
basis of voltage break—down is not straightforward. The
specified voltage rating is not areliable guide to the actual
breakdown voltage of a rectifier diode because of a
long—standing industry practice of sourcing both high and
low—voltage devices from the same product family.

The exception is the Schottky diode, which has a
low—voltage rating because of the difficulty in making
high—voltage parts. Consequently, the actual breakdown
voltage of a Schottky is only slightly in excess of rated
voltage. Using Schottkys for applications requiring voltage
ratings below 100 V vyields best performance. For higher
voltage applications, the choice is less obvious. Some

ultrafast diode families have limited voltage capability
which might provide low dynamic impedance. To be safe,
the manufacturer should be consulted. Other sources for low
dynamic impedance diodes having breakdown voltages up
to 200 V include zener or transient voltage suppressor
diodes. These diodes have well controlled voltage
breakdown levels but are not processed for fast reverse
recovery and therefore cannot operate at as high a frequency
as an ultrafast device. From 400 to 1000 V, tests [8] have
shown that aMEGAHERTZ ™ rectifier providesimproved
performance.

Power Conversion Circuits

The output rectification section of a switch mode power
supply (SMPS) commonly uses a full-wave single—phase
circuit (as described in Chapter 5) only when the input isan
aternating wave —that is, a wave having both positive and
negative half cycles of equal amplitude and duration. These
waves are produced by various kinds of push—pull power
converter arrangements. However, a number of popular
topologies are single-ended; therefore, the rectifier circuit
is fed with unidirectional power pulses. In these cases, a
half—wave rectifier is satisfactory, and means are employed
to reset the transformer core to prevent saturation.

The major use of SMPSs is to power digital equipment
whose logic circuits commonly operate from a 5 V bus.
Linear circuits and disk drives usually require other
voltages, with 12, 15, 24, and 28 V being in common use.
SMPSs are cost effective at power levelsaslow as 25 W and
are also used to provide power up to several thousand watts.
Obtaining efficient high—frequency rectification at high
power and low voltage is adesign challenge. For example,
therectifiersina5V, 1 kW supply must handle 200 A, which
dictates use of low forward drop Schottky diodes.
Additionally the equivalent series resistance (ESR) of
capacitors usually determines ripple which forces use of
capacitors of much larger value than indicated by the design
curvesin Chapter 7. Attention must also be given to bussing
and connections in order to minimize losses.

In this section, rectifier circuits commonly used with
popular topologies are discussed with the purpose of
understanding rectifier diode requirements and penalties
imposed by using diodes having various types of nonideal
behavior. In addition, other information helpful in the design
of high-frequency rectifier circuits is offered. This
treatment assumes the reader is familiar with operation of
the various topologies commonly used in switch—-mode
power supplies and therefore descriptions and equations are
presented without qualification. Necessary background is
provided by the books listed in the bibliography.
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The following material shows how rectifier diodes are
matched to the requirements of some popular converter
topologies used in switching power supplies. The treatment
is not exhaustive to keep it within the scope and space
allocated within this book. However, the issuesinvolved in
diode selection are felt to be sufficiently discussed so that the
principles used can be applied to other topologiesin addition
to the ones shown.

Flyback Converter

The output section for the flyback converter in Figure 185
shows the power switch Qs, snubber network (Rgs, Cs, and
Dg), the output rectifier diode Dgr, and filter capacitor Dg.
The circuit can be operated in either the continuous or
discontinuous mode, defined with reference to the current in
the transformer primary, which also doubles as an energy
storage inductor.

The transformer winding polarity is such that no diode
current flows when the transistor switches on. During this
time energy is stored in the core. When the transistor
switches off, the stored inductor energy causes the top of the
secondary to develop a positive voltage which turns on the
diode to charge the capacitor. During diode conduction, the
transformer secondary appears as an inductor as shown in
Chapter 10 for the boost circuit. Its stored energy keeps
current flowing until the required amount of inductive
energy istransferred to the capacitor. The control loop in the
power supply adjusts the duty cycle of the power switch,
such that the stored inductive energy matches that required
by the load, thus keeping the average voltage on capacitor
Co constant.

Pertinent waveforms for each mode of operation are
shown in Figure 186. The waveform set in part b is shown

Rectifier Applications

for the boundary condition; any further increase of
transformer current will move operation into the continuous
mode. Under idealized conditions, the peak diode current is
given by:

|FM:—2|0__

1= D(MAX) lO(MIN)

(11.5)

where: 1o = the dc output current

D(max) = the maximum transistor duty factor.

logminy = the minimum load current.

For a typical design in either mode, the boundary
condition isthe worst case. If Iogviny = 0 and the maximum
switch duty factor is 0.5 (atypical condition), Igm =4 1o. A
low diode forward voltage is required for high efficiency.

As the transistor turns off, two steps of current
commutation take place. First the collector current is
commutated to the snubber capacitor Cg via snubber diode
Ds. As the primary voltage continues to rise, it reaches a
point where the rectifier diode Dr starts to conduct and
current is commutated to Dgr. During this second
commutation interval, fast reverse recovery of Dgand low
forward recovery of Dr are important to obtain efficient
rectification. These effects not only cause losses, but they
also produce a negative spike in the output voltage which
increasesripple.

For the discontinuous mode, the decay of diode stored
charge must be faster than the decay of current in the
inductor. Selecting a diode whose * Ts is under 20% of the
time from t; to ty usually yields satisfactory results. Should
any charge be left in the diode when the transistor turns on,
the circuit functions but the power switch experiences a
reverse recovery current spike which lowers circuit
efficiency.
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Figure 185. Output Section of a Flyback Converter Having a Transistor Snubber
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Figure 186. Flyback Converter Waveforms: (a) Continuous Mode; (b) Discontinuous Mode (Boundary Case)

In the continuous mode, significant diode current is
commutated to the transistor when it turns on. The problems
caused by hard switching — transistor turn—-on loss and
ringing — are reduced by using afast diode. Nevertheless, a
diode snubber is usudly required (not shown on Figure 185).

The reverse voltage is the sum of the secondary voltage
and the output voltage, plus any circuit ringing. The
transformer is normally designed to produce the minimum
required secondary voltage (Vv + Vo) with aduty cycle of
0.5. At this point, the diode peak inverse voltage will only

bealittle over 2 Vo (transformer turns ratios never come out
exactly as caculated and voltage drops must be considered).
The worst case occurs when the converter operates at a high
line condition. A 1.5:1 input voltage range is common; for
this case, the minimum PIV will be three times the output
voltage. Diodes selected for prototype work should have
high voltage ratings, at least 1.5 times that predicted until the
exact operating voltage conditions and parasitic transient
voltages are determined in laboratory testing.
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Forward Converter

The forward converter normally operates in the
continuous mode and the diodes are subjected to forced
commutation. A circuit diagram of the forward converter
and associated waveforms are shown in Figures 187 and
188. Although atransistor snubber circuit is usually added,
it is not shown because it does not influence diode behavior.
The converter bears a superficial resemblance to the flyback
converter just described but operation is entirely different.
The transformer does not serve as a choke.

The winding phasing is such that when power switch Qg
ison, rectifier diode DR isaso on; current flow stores energy
in theinductor Lo and feeds the load. When Qg isturned off,
the voltages on all windings reverse. In the secondary, DR
becomes reverse biased and the choke current is now carried
by the freewheeling diode Dr. The center winding is used to
reset the core by allowing the magnetizing current
developed when Qs was on to flow through the
demagnetizing diode Dp to the supply voltage V. When Qs
isturned on, the winding polarities reverse to their former
state and power is transferred to the load through D which
commutates off the freewheeling diode Df.

Transistor Qs is turned on rapidly to reduce switching
losses; consequently Dgr turns on rapidly which causes a
similarly rapid decrease of current in Dg and a potentially
high reverse recovery current, which passes through Dg to
the transistor. The peak current, whose rate of riseislimited
only by transformer leskage inductance and transistor
capability, could be significantly higher than the normal
current at the end of the transistor conduction interval, if the
diode is not suitably chosen. The current spike may cause a
significant increase in turn—on dissipation in the transistor
by raising its on-state voltage; the drive circuit could be
designed to accommodate this current spike, but this
solution lowers efficiency. In addition, the overcurrent
protection scheme must be designed to ignore the spike. The
lower the stored charge in the diode, the less difficulty is
experienced with reducing turn—on losses and designing
protection circuitry.

When the transistor turns off, several changes of state
occur simultaneously. The end result is that the rectifier
diode is cut off and the choke current flows through the
freewheeling diode. When turn—off isinitiated, the transistor
current decreases rapidly compared to the current changes
in the other components. Reset of the core through the
demagnetizing winding and its series diode Dp commences.
The demagnetizing current is a small fraction of the
collector current. Also the rectifier diode current is
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commutated to the freewheeling diode. The reverse
recovery current of Dr flows through the freewheeling
diode causing a current spike during its forward recovery
which increases its power dissipation. The recovery current
of Dr aso flows through the transformer and appears —
modified by the turns ratio — as areverse current through the
demagnetizing diode Dp. The resulting reduction of current
in Dp increases its impedance which in turn reduces the
reverse recovery current. Thus the reverse recovery current
is lower than might be expected, thereby prolonging the
commutation interval in the secondary circuit.

Using ultrafast or Schottky diodes for the output diodes
reduces the numerous problems associated with stored
charge. The speed requirements for Dp are not severe; it
operates in a soft recovery mode. It must, however, have a
voltage rating over twice the maximum input voltage to the
primary. The peak inverse voltage across the output diodes
is equal to the secondary voltage minus the forward voltage
across the conducting diode, which can be neglected when
selecting diodes. The converter is usually designed such that
the secondary voltage delivers that required to provide the
output voltage when the input voltage is at its minimum
level. At this point the peak inverse voltage is a little over
twice the output voltage. The input voltage range istypicaly
1.5:1 and, alowing some margin for transient spikes, the
voltage rating of the output diodes typically needs to be at
|east four times the output voltage. Since the output circuit
switches by forced commutation, diode snubbers should be
used.

Push—Pull DC-DC Converters

Popular push—pull configurations are shown in
Figure 189. Although the stresses on the power switches
differ, the voltage generated at the secondary of the
transformer and the behavior of the rectifier diodes is
identical for al three configurations. Push—pull converters
can be viewed as two forward converters operating 180° out
of phase and using acommon transformer. Since the power
switches aternately magnetize the core in opposite
directions, no reset winding is required.

Because the secondary voltage waveform is aternating, a
full-wave rectifier circuit is most efficient. Operation of the
rectifier circuit is similar to the single-phase full-wave
choke input circuit described in Chapter 7 where the
inductor current is continuous. In aPWM power converter,
a “dead time” occurs when both power switches are off
causing secondary voltage to be zero. During thisinterval,
each diode idedly carries half the choke current, while
functioning as freewheel diodes.
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Figure 187. Output Section of a Forward Converter (Transistor Snubber not shown)

V2

iDRr nic

iprR * IDF

VL

Fiaure 188. Forward Converter Waveforms for Continuous Mode Operation

t t2
Ts
DTg
Vq/n
V1/n
nic '
i [
s (
[
iLmin ILmax

A

t

http://onsemi.com
188




Rectifier Applications

. |
= L 5
o o
[
Yo |t T
Vi olle
D
Q2 2
Q1
o

@

(b)

(©)

Figure 189. Output Sections of Popular Push—Pull Converters: (a) Center—Tap; (b) Full-Bridge; (c)
Half-Bridge
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It isimportant that the diodes carry equal currentsin order
to develop equal but opposing flux in the transformer, thus
avoiding core saturation. To aid in maintaining equal
currents, the wiring runs to the diodes should be identical.
Purchasing diodes in matched pairs is beneficial but often
not worth the additional cost and complexity added to
production.

The secondary voltage and resulting current in each diode

indicated by the steep slopes on the diode current
waveforms. Note that each diode experiences two distinct
commutation intervals:

1. Current in one diode falls from full current to half
current while the current rises from zero to half
current in the other.

2. Current in one diode falls from half current to zero
while current in the other rises from half current to

are shown in Figure 190. The commutation intervals are full current.
Ts Tg -----
DTs DTs DTs
-— -
Q1 on Q1 on Q1 on Qi on
V1/n
V2
V1/n
/ / TT0L ] ]f\/ l-
ip1
' ¢
" L
/ -
iD2
\/ \/

Figure 190. Secondary Waveforms for Push—Pull Converters

Ininterval 1, no reverse recovery spike occurs since the
diode does not cut off. However, during interval 2, reverse
recovery current occurs in the diode turning off; the reverse
recovery current spike also appears in the current of the
diode and the transistor, which are turning on. Because
reverse recovery occurs when adiodeis carrying only half
the output current, the stored charge requirement is not as
severe as for a forward converter operating at the same
output level and diode switching frequency. Rectifier diode
current handling requirements and voltage ratings are
identical to the forward converter.

The MOSFETsin the circuits of Figure 189 show diodes
connected between drain and source. These are part of the
MOSFET, often called intrinsic or body—drain diodes. The
area of the diode islarge and its current handling capability
generally exceeds that of the MOSFET, especialy for
high—voltage devices. Industry practiceisto assign the diode

a continuous current rating equal to the MOSFET's and a
peak current rating three to five times greater.

Darlington transistors also have a built—in diode from
collector to emitter. The Darlington’s diode is the result of
the emitter metallization partly overlaying the base to
produce the monolithic base—emitter resistor of the output
stage. Consequently, the contact and the collector base
junction form a current path from the emitter to the collector.
Thetotal area of this structure and its current capacity need
not be large to construct a properly functioning transistor,
but they are purposefully enlarged to increase the
collector—emitter diode’s current handling capability. In
general, low—voltage Darlingtons have diode current ratings
equal to the collector current ratings, but in high—voltage
Darlingtons, the diode current rating is typically half that of
the collector current rating.
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The utility of an intrinsic rectifier depends on the
application in which it is used as well as the rectifier's
characteristics. Circuits that use only one transistor rarely
exercise internal diodes. Therefore, intrinsic diode
characteristics are unimportant in “single—ended” buck,
boost, flyback, and forward converters. On the other hand,
in bridge circuits for power supplies or motor controls, the
diodes are often used as circuit elements, where they
function as catch or freewheeling diodes. As discussed, the
catch function requires good forward recovery
characteristics, while freewheeling requires good reverse
recovery aswell. Intrinsic diodes can fulfill necessary circuit
reguirements in many applications.

Off—Line AC-DC Converters
The proliferation of electronic equipment powered by
switch—-mode power supplies has created a great deal of
difficulty for building electrical distribution systems [9].
The difficulties arise because of the narrow pulses of line
current drawn by the capacitor input filters used to provide
the dc power to the power switching stages. The current
pulses have high rms values and a high harmonic content,
which isfed into the electrical distribution system.
Among the problems caused are:
1. Circuit breaker lifeis short and improper operation
oCCurs.
2. Excessive current flows in the neutral of the three
phase power distribution system. The neutral is not
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supposed to carry current, so it is not protected by
breakers; consequently, fires have occurred.

Recognizing the need to control harmonic currents,
organizations such as IEC and IEEE are developing
standards. When implemented, the stringent requirements
of IEC standard 555-2 [10] will force manufacturers selling
in Europe to develop new methods [11] of rectification and
filtering for single—phase circuits rather than use the classic
techniques described in Chapter 7.

One of the more popular schemes uses a
continuous-mode boost converter operating at a high
frequency (100 kHz, typically) under current mode control
[11]. A smplified circuit is shown in Figure 191. The control
circuit receives three inputs. A sample of the full-wave
rectified sine-wave voltage is applied where it serves as a
current waveform reference. A current transformer, as
shown, or aresistor in series with the power switch provides
a sample of the input line current. The third input is
proportional to the dc output voltage. The controller uses
these inputs to provide a PWM drive to the power switch.
The drive achieves two objectives:

1. The dc output voltage is regulated by varying the
ratio for switch on time to off time.

2. The average inductor current over one ac cycle (50
or 60 Hz) isforced to be sinusoidal by varying the
on-time pulse width during the cycle such that the
average of the pulsesis sinusoidal.

o—— BRIDGE g
AC INPUT —p é
O— RECTIFIER

—

CONTROL

CIRCUIT

Figure 191. Popular High—Power Factor Rectification Circuit Using a Boost Converter
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The inductor and switch waveforms are sketched in
Figure 192. Of course, in practice the repetition rate of the
high—frequency switching pulses are much higher than
shown and the pulses cannot be drawn to scale on a sketch
of thiskind.

The choke is usually operated in the continuous
conduction mode over most of the ac cycle. At some point,
typically around 30 V with a 120 V input, the inductor is
allowed to “run dry” in order to keep it small. This creates
a little step in the input current wave which raises its
harmonic content. Thus a tradeoff between choke size and
performance occurs.

The high—frequency rectifier diode Dr must meet stringent
requirements. It operates in aforced commutated mode over
most of the ac cycle so low stored charge is important. In
addition, it must block the dc output voltage, which, for a
boost converter, must exceed the highest line voltage peaks
anticipated. For a“universal input” circuit, the boosted output
voltageistypically around 400V, dictating use of diodeswith
at least a500 V rating. Fortunately, the current requirements
are not severe since the current pulses have the same
amplitude as would occur with aresigtive load.

Inductor Current
Switch Current [

Figure 192. Inductor and Transistor Currents in the Boost Converter Rectifier

Synchronous Rectification
Three demands placed upon the power supply industry
highlight the need for improved rectifiers:
1. Three—volt dc levels for the next generation of
VSLI
2. Improved efficiency
3. Smaller size.

These demands are interrelated; without improvementsin
rectification efficiency, the efficiency of the 5V supply is
likely to remain about 80% and efficiency in a3V supply
will be intolerable. Improvementsin power density demand
lessinternally generated heat.

A wellpublicized method of improving rectification
efficiency is to use a “synchronous rectifier.” Although
some innovative drive schemes have been developed which
do not require additional windings on the power transformer
[12], the most common embodiment consists of a
low-voltage power MOSFET driven by an auxiliary
winding on a power transformer as shown in Figure 193. The
winding polarity is such that each MOSFET receives drive
when it is to conduct current. Current flows from the
MOSFET’s source to its drain, which is opposite to that of
conventional use. When the MOSFET turns off, it blocks
drainto-source voltage as it would in a standard
application.

.g.i
=

&P

L.
1

Figure 193. Rectification by Using Power MOSFETs as Synchronous Rectifiers
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Synchronous rectification is possible because the
MOSFET can conduct current in either direction when its
channel is enhanced. Figure 194 illustrates the first and third
quadrant operating characteristics of a 28 mQ 60 V
MOSFET. If the MOSFET's on-voltage is lower than the
forward voltage of a comparable Schottky, rectification
efficiency is improved. Designing a synchronous rectifier
requires sequencing the MOSFET’s turn—on. Some dead
time is needed; otherwise, both transistors may be on
simultaneously and shoot-through losses will be high.
However, if the dead time is large relative to the carrier
lifetime, the intrinsic diode will begin to conduct current,
charge will be stored in its junction, and high reverse
recovery losses will occur during commutation. A solution
to the cross conduction problem is to use a Schottky in
paralel with the MOSFET to conduct current during
commutation, but the added cost and complexity makesthis
solution unappealing. Unique MOSFETs developed
specifically for synchronous rectification have the best
chance of challenging traditional rectification methods.

A
/: 200
By 500
mV
2

Figure 194. Power MOSFET Output Characteristics in
the 1st and 3rd Quadrant
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Synchronous rectification is not in widespread use at this
time primarily because it is difficult to achieve lower loss
than a Schottky provides. Simplicity of useisalso strongly
in favor of the Schottky. A major advantage of the Schottky
isthat its forward voltage decreases at elevated temperature,
whereas the MOSFET’s on—voltage increases. With present
Schottky and MOSFET technologies, the Schottky is less
expensive becauseits die sizeis smaller.

In spite of the Schottky’s strengths, there are severa
applications where cost is of secondary interest that can
benefit from the use of synchronous rectification.
Sometimes the highest possible efficiency is required
simply to save power, as in a battery—operated laptop
computer where the operating ambient temperature is low
[12]. In other situations, minimizing heat generation is
essential because there is no outlet for it, as in some
aerospace or military applications. Using alarge MOSFET
or agroup of paralleled MOSFETs might be the only way to
achieve the performance goas. Using synchronous
rectifiers also provides new options for secondary side
control and can help improve post regulation. The ability to
control conduction time has enabled designers to omit
ORing diodes in a system of paralleled converters[13].
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Reliability Considerations

Reliability is a discipline that combines engineering
design, manufacture, and test. An efficient reliability
program emphasizes early investment in reliability
engineering tasks to avoid subsequent cost and schedule
delays. The reliability tasks focus on prevention, detection,
and correction of design deficiencies, weak pans, and
workmanship defects with the goa of influencing the
product devel opment process and producing products which
operate successfully over the required life.

The reliability of a product can only be established if
reliability is designed in, proper quality—controlled
inspection and manufacturing assured; and maintenance
procedures carried out. Improvement in reliability occurs
when reliability information, obtained from test and field
data, is analyzed and then, through an iterative feedback
program, is used to improve the design.

This chapter discusses the fundamental reliability
concepts and methods. The focus is on understanding the
causes of failures in order to address them in design,
manufacture, and test.

Concepts

Reliability is the probability that for a given confidence
level, the product will perform as intended (i.e., without
failure and within specified performance limits), for a
specified mission time, when used in the manner and for the
purposes intended under  specified  application
environmental and operational conditions. Reliability is
thus a quantitative metric used to assess performance over
time, and can be considered to be a characteristic of a
product in the sense that reliability can be estimated in
design, controlled in manufacturing, measured during
testing, and sustained in the field.

Quality describes the reduction of variability, so that
conformance to customer requirements/expectations can be
achieved in a cost—effective way. Quality improvement for
atask or aprocessis described in terms of the target field,
current status with respect to target (variability), reduction
of variability (commitment to continuous improvement),
customer requirements (who receives output, what are
person’s requirements/expectations), and economics (cost
of nonconformance, loss function, etc.). While quality isa
measure of variability (extending to potential
nonconformances—ejects) for the product population,
reliability isameasure of variability (extending to potential
nonconformances—failures) for the product population,
time, and environmental conditions.

Rectifier Applications

Reliability serves as an aid to determine feasibility and
risk when utilized early in the concept development stage of
a product’s development. In the design stage of product
development, reliability analysis involves methods to
enhance performance over time through the selection of
materials, design of structures, choice of design tolerances,
manufacturing processes and tolerances, assembly
techniques, shipping and handling methods, and
maintenance and maintainability guidelines. Engineering
concepts such as strength, fatigue, fracture, creep,
tolerances, corrosion, and aging play arolein these design
analyses. The use of physics of failure concepts coupled
with mechanistic aswell as probabilistic techniquesis often
required to understand the potential problems and tradeoffs,
and to take corrective actions when effective. The use of
factors of safety and worst—case analysis are often part of the
analysis. In the manufacturing and operations stage of a
product, reliability analysis is useful in determining stress
screening procedures, reliability growth, maintenance
maodifications, field testing procedures, and various logistics
reguirements such as the number of spare pans.

Thereliability of electronic devices can be represented by
an idealized graph called the bathtub curve. There are three
important regions identified on this curve. In Region A, the
failure rate decreases with time and it is generally called
infant mortality or early life failure region. In Region B, the
failure rate has reached a relatively constant level and is
called the useful life region. Many modem semiconductors
have been improved to the point where infant mortality and
useful region failure rates are so near zero that the name
bathtub curve is used as reference rather than expressing the
true shape of the failure rate curve. Furthermore, the result
of continuous reliability improvement is that many
semiconductor products no longer require environmental
stress screening such as bum—in.

In the third region, Region C, the failure rate increases
again and is caled the wearout region. Modem
semiconductors should not reach the wearout portion of the
curve when operated under norma use conditions (i.e.,
within the maximum rated value) and within reasonable
lifetimes. In fact, the wearout portion of the curve, for many
failure mechanisms, has been delayed beyond the useful life
of much equipment. This is accomplished by physics of
failure studies based on highly accelerated tests from which
design rules are obtained which help to produce products
with improved lifetimes.
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Design for Reliability

Reliability in electronics design hinges on the recognition
that an organized, disciplined, and time—phased approach to
design, development, qualification, manufacture, and
in—service management of a product is required to achieve
mission performance over time, safety, support ability, and
cost—effectiveness. The foundation of the approach consists
of tasks, each having total engineering and management
commitment and enforcement. The tasks are:

1. Define redlistic system requirements.

2. Define the design usage environment
(temperature, humidity, cycling ranges, vibration,
etc., including all stress and loading conditions).

3. Characterize the materials, and the manufacturing
and assembly processes (use design of experiments
to determine and/or validate materials and
Processes).

4. |dentify the potential failure sites and failure
mechanisms (parts and part details, potential
failure mechanisms and modes, architectural and
stress interactions, measures for control).

5. Design to the usage and process capability (life
cycle usage requirements, quality levels
controllable in manufacturing and assembly).

6. Qualify the product manufacturing and assembly
processes. (If all the processes are in control and
the design is proper, then could move from
product test, analysis, and screening, to process
test, analysis, and screening.)

7. Control the manufacturing and assembly
processes. (Processes must be monitored and
controlled to avoid inappropriate shifts; this may
involve screens and tests to assess statistical
process control.)

8. Manage the life cycle usage of the product using
closed— oop management procedures (realistic
inspection and maintenance procedures, tracking
procedures, deficiency reporting, and updatesin
procedures based on actual usage).

The reliability tasks which are utilized to design for
reliability include system architecture and device
specification, stress analysis, derating, stress control, stress
screening, failure data collection and analysis, and failure
modes, effects, and criticality analysis (FMECA). These are
briefly discussed below.

System Architecture and Device Specification

As the physical design begins, reliability analysis can
affect the system architecture and part selection, although
functional and performance characteristics play the
dominant role. Individua components must not be
considered to be the only, or necessarily the mgjor, source of
failures. Interconnections and structures must also be
properly selected. Furthermore, the interactions of stresses
are important. Another aspect of system architectureisthe
use of redundant circuits. Redundancy may be deemed

necessary for mission completion when the reliability
estimates indicate improbable success or unacceptable risk.

Stress Analysis

Given the system architecture and pans, reiability
prediction models are used to assess the influence of the
magnitude and duration of the stresses on the reliability of
the pats and systems, so tha stresss and
environment—controlling systems (i.e., vibration, cooling
systems) and derating techniques can be implemented.
Temperature, humidity, electrical fields, vibration, and
radiation are major stress variables affecting reliability.

There are various ways in which both the operating and
environmental stresses can be controlled to improve
reliability. Methods can be applied to keep harmful stresses
(i.e., high temperatures, high shock loads, high humidity,
high radiation etc.) away from sensitive devices and
structures, or to manage the system environment to obtain
controlled stress conditions. Lowering the harmful stresses
is often a first choice of designers for reliability
improvement. However, the cost and complexity of lowered
stresses must be balanced against the cost and complexity of
electronic complications to improve reliability by improved
architectures and pans.

Derating

Derating is based on the concept that operating electrical,
thermal-mechanical, and chemical stresses accelerate
failures in a predictable manner which, if controlled, will
improve reliability. Using the mathematical expressions of
reliability prediction, one can often derive a derate schedule.
Such schedules must be based on the dominant failure
mechanisms for the particular electronics and must include
interconnects and device interactions, as well asthe devices
themselves.

Stress Screening

Screening is the process by which defective parts,
resulting from improper or out—of—control manufacture and
assembly processes are detected and eliminated from a
production batch. The principle involves observing or
inducing latent defect failures only in a population of parts
that aready has “weak” parts without reducing the
reliability in the population of “strong” parts. The
assumption is that, through the application of short-term
stresses, the weak population can be discovered and
eliminated, leaving a highly reliable population. Stress
screening methods and the associated acceleration stress
levels must be based on the failure mechanisms due to
problemsin quality.

Onetype of screen is called bum-in, whereby the parts are
operated for a period of time at high temperaturesin order
to precipitate defects in the weak population of pans. For
parts with low failure rates (below ten failures per million
device hours) ON Semiconductor believes bum—in prior to
usage does not remove many failures. On the contrary, it
may cause failures due to handling.
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Failure Modes, Effects, and Criticality Analysis
(FMECA)

FMECA isamethod to assess the interoperability of the
pans, subassemblies, assemblies, and subsystems
comprising the system. The objective is to determine the
effect of failures on system operation, identify the failures
critical to operational success and personnel safety, and rank
each potential failure according to the effects on other
portions of the system, the probability of the failure
occurring, and the impact of the failure mode. Reliability
predictions are often used for each element in the system for
each potential failure mode.

Failure Data Collection and Analysis

Failure data comes from life tests, accelerated life tests,
any environmental stress screens that may have been
performed, and, if available, field characterization and
malfunction data. Users of this data must be aware of the
source of data, the specific failure modes uncovered in
failure analysis, the manufacturing and handling conditions,
the application of the partsin thefield, and the applied stress
history. Test data often neglect the kinds of stresses that
actually arise in the field, while field data collection is
notoriously inadequate, in the sense that a failure is often
associated with aremova rather than with awell-dentified
failure mechanism. In other cases, the cause of falure is
either not reported or inaccurately reported if it was caused
from being installed incorrectly, mishandled, or misused.
Users of datamust be especially cautious when using models
extrapolated from field- and test—based models for new
technology-type pans having very little, if any, application
data. Failures should be classified by the failure location or
failure site, the consequence or mode by which thefailureis
observed (i.e., open, short, parameter drift) and the failure
mechanism (i.e, electronic overstress, corrosion,
electromigration, fatigue).

Practical Aspects of Semiconductor
Reliability

An understanding of semiconductor reliability requires
knowledge of the potential failure mechanisms and the
stresses that accelerate failures. What follows is a brief
overview of each of the various failure mechanisms
affecting semiconductor devices. A focus is placed on
temperature dependency because traditionally steady—state
temperature has incorrectly been considered to be a critical
parameter to reliability. This section shows that below rated
temperatures, steady-state temperature is not a major
contributor to failures and that more attention should be paid
to temperature cycling and temperature gradients. Not all
mechanisms described are present in all power rectifier
diodes, but for complete coverage of the topic, are included
here.

Rectifier Applications

Electrical Overstress

Electrical overstress occurs when a higher—than—rated
voltage or current induces a hot—spot temperature beyond
specifications for short periods of time. Hot—spot
development typically occurs at a semiconductor junction
due to an increase in the current flow to accommodate the
additional stressin the device. As the junction heats up, the
increased temperature encourages increased current flow
due to the lowering of the silicon resistance at higher
temperature which in turn further hests up the junction. If the
situation continues, the hot—spot temperature may exceed
the intrinsic temperature of silicon, beyond which the
resistivity of silicon decreases greatly. This allows more
current to pass through the hot spot, further increasing the
temperature, and resulting in thermal runaway. Failure
occurs when the silicon in the hot spot melts, destroying the
silicon crystal structure. If the electrical transient continues,
the interconnects are expected to melt as well.

Second Breakdown

When reduced to basics, excessive temperature causes
most failures in semiconductor chips. High uniform
temperature within the chip is responsible for agradual drift
of characteristics that becomes more noticeable as
temperature is raised, but this rarely causes catastrophic
failure, such as opens or shorts.

Catastrophic failures result from extreme temperature in
alead wire causing it to open, or from a hot spot in the chip
causing it to short. In most circuits, the latter also causes the
former. A reverse voltage is always required in order to
produce a sufficient amount of current crowding to cause a
hot spot, and high hot—spot temperatures cause an extreme
reduction in the voltage capability of a semiconductor. A
thermally induced breakdown, observable on a V- plot,
occurs as shown in Figure 195.

Current

— > \oltage

Figure 195. Typical V-I Plot of Semiconductor
Material Exhibiting Thermal Breakdown
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Thermal breakdown — a switch back of voltage from a
high to low level — has been shown to be a fundamental
property of any semiconductor material. It occurs at the
temperature at which the material becomes intrinsic. The
temperature of intrinsic conduction is inversely related to
resistivity, varying from 200°C to 400°C for resistivity
valuesin common use.

The most thermally rugged devices are silicon,
diffused—unction, or Schottky barrier semiconductors of
low resistivity. Silicon is better than germanium because it
becomesintrinsic at higher temperatures; a diffused junction
results in more even current distribution than does an
alloyed junction, and the lower the resitivity of the material,
the higher the temperature at which it becomesintrinsic.

lonic Contamination

| onic contamination causes reversible degradation such as
athreshold voltage shift and gain reduction in MOS devices
due to the presence of mobile charge ions within the oxide
or a the device-oxide interface. lonic contamination is
caused by mobile ions in semiconductor devices.
Contamination can arise during packaging and interconnect
processing, assembly, testing, screening, and during
operation. Alkali ions, such as sodium, chloride, and
potassium, are the most common contaminants. The amount
and distribution of the akali ions in or near the gate
dielectric region will influence the device threshold voltage
by superposition of these ionic charges on externally applied
device voltage. Extra positive charge a the Si/SIO» interface
induces extra negative voltage resulting in a decrease in the
threshold voltage of the device. The mobility of theionsis
temperature dependent. For this reason, a high—-temperature
storage bake and exposure to high temperature during
bum-in are found to screen out the ionic contamination
failures. A common characteristic of contamination failures
is the reversibility under high temperatures in the
neighborhood of 150 to 200°C which partialy or fully
restores device characteristics, reflecting a disordering of
charge accumulations resulting from ion mobility and
applied bias.

The problem of ionic contamination is solved by use of
high—purity materials and chemicals for processing, use of
HCI during oxidation, and use of phosphosilicate glass
(PSG) or borophosphosilicate glass (BPSG) over the
polysilicon to getter the ions. Passivation layers can provide
additional protection against ingress of akali ion
contamination in completed devices.

Electromigration

Electromigration is the result of high current density,
typically of the order of 106 A/cm?, in metallization tracks
which produces a continuous impact on the metal grains
causing the metal to pile up in the direction of the current
flow and produce voids in an upstream direction with
respect to the current flow. In thin—film conductors,
electromigration-induced damage usually appears in the
form of voids and hillocks. Voids can grow and link together

to cause electrical discontinuity in conductor lines which
leads to open circuit failure. Hillocks can also grow and
extrude out materials to cause short—circuit failure between
adjacent conductor lines in the same level or in adjacent
levelsin multilevel interconnecting structure. Alternatively,
it can break through the passivation or the protective coating
layers and lead to subsequent corrosion—induced failures.
Void-induced open—circuit failures usually occur at an
earlier time than extrusion—nduced short—circuit failure in
thin—film conductors using Al—based metallurgies.

The phenomenon of electromigration—induced mass
transport is attributed to atomic flux during the passage of
current through a polycrystalline thin—film conductor, as a
result of electromigration in the lattice and at the grain
boundaries. There is atemperature gradient dependence of
electromigration failures. An analysis of electromigration
tests on the lifetime of Cr/Al-Cu conductors covered with
polymide passivation showed that the electromigration
failure location is typically nearer to the location of
maximum temperature gradient, whereas the location of a
nontemperature-gradient—induced failure was randomly
distributed.

Hillock Formation

Hillocks in die metallization can form as a result of
electromigration or exposure to extended periods under
temperature cycling conditions. Hillock formation as a
result of electromigration often occurs upstream in the sense
of the electron flow, from the area of voiding. Hillocks grow
fastest at the down—stream edge, closest to the source of
migrating metallization. Both voiding and hillock formation
can occur, sometimes on top of each other. This
phenomenon of simultaneous voiding and hillock formation
occurs at temperatures in the neighborhood of 140 to 200°C.

Hillock formation produced by extended periods under
temperature cycling conditions is believed to be due to a
self—diffusion process that occursin the presence of strains
within the metallization. These strains may be due to a
mismatch in the thermal expansion coefficients of the
metallizations (Au), underlying refractory layer (TiW), Si,
and SIO,. Hillock growth is more extensive in films
deposited on room—temperature substrates than on heated
substrates, indicating that the effect may vary with grain
size. Hillocks can cause electrical shorts between the
adjacent lines and fracture of the overlying dielectric film.
In double-evel metallized devices, hillocks can result in
shorts between the underlying metal layer and the overlying
metal layer. Hillocks can be caused by electromigration.
They can result in thin dielectric sites that are susceptible to
subsequent breakdown of the intermetal dielectric. Hillock
formation islargely remedied by use of alloyed metal such
as Al-Cu and improvements in the technologies of
passivation and packaging. Hillock formation is more a
function of temperature cycling and temperature gradients
and is mildly dependent on temperature in the neighborhood
of 400°C.
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Contact Spiking

Contact spiking is the penetration of metal into the
semiconductor in contact regions at temperatures typically
above 400°C. This failure mechanism is accompanied by
solid-state dissolution of the semiconductor material into
the metal or the alloy of metallization system with the metal
semiconductor interface moving vertically or laterally into
the semiconductor. Contact spiking in chipsis observed at
high chip temperatures or localized high contact
temperatures. Localized high temperatures may cause
failure of the chip to substrate bond, thus increasing the
thermal resistance or producing a thermal runaway of the
device, or resulting in alarge degree of electrical overstress.

Contact spiking can occur in device fabrication when the
device is exposed to high temperatures. This failure
mechanism can be minimized by using silicon containing
aluminum alloys such as Al-1% Si or using barrier metals
such as Ti-W. Metal spikes penetrate into the electrically
active region of the device causing increased leakage current
or shorting. It is not possible to characterize such
interdiffusion failure mechanisms by an activation energy
because of their irregular behavior.

Migration of Al along Si defects has been observed in
NMOS LSl logic devices, due to contact migration also
known as electrothermomigration. Failures are accelerated
by elevated ambient temperature in the neighborhood of
400°C. This failure mechanism may be dominant during
VLSI manufacture and packaging when the temperatures
exceed 400°C.

Metallization Migration

Metal migration occurs between biased lands under
conditions conducive to electro crystallization. Dendritic
growth is a common cause of failure. Conditions for metal
migration include:

1. A leve of current density at the tip of the dendrite
in the neighborhood of 10 A/cm?.

2. Spheroidal and parabolic diffusion.

3. Sufficient liquid medium such as condensed water.

4. Applied voltage which exceeds the sum of anodic
and cathodic potentials in equilibrium with the
electrolyte

5. Materials with defects which allow water
condensation to satisfy the current density
requirement.

Metallization migration involves the formation of
aluminum growths beneath the silicon dioxide layer.
Metallization migration occurs during deposition of
conductors on silicon dice due to the combined effects of
elevated temperature and electrical stress. It has been
reported that triangular—shaped aluminum growths formed
beneath the silicon dioxide layer when conductor
metallization was deposited at high temperature on silicon
substrate. The triangles formed within minutes after
deposition of an 8000 angstrom thick aluminum layer on
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silicon at temperatures from 500 to 577°C. The time for
growth formation decreases with increasing temperature.
Growth caused local electrical short circuits. The high
temperatures at which this failure phenomenon occurs
makes it a recessive mechanism in the normal operation of
microel ectronic devices.

Corrosion of Metallization and Bond Pads

Corrosion is typicaly defined as the chemical or
electrochemical reaction of a metal with the surrounding
environment. The mechanisms of corrosion can be divided
into two types: dry, such as oxidation of aluminumin air and
wet, where the reaction occurs as in the presence of an
electrolyte, a moist environment, and an electromotive
force. Dry corrosion is of minor importance in
semiconductor devices, since the corrosion process is self
passivating for the metal, fanning a thin oxide film which
prevents further oxidation. Wet corrosion, in the presence of
an ionic contaminant and moisture, can provide a conductive
path for electrical leakage between adjacent conductors,
dendrite growth, or corrosion of device metalization or
bond pads. Corrosion typically begins when the temperature
inside the package is below the dew point, enabling
condensation inside the package. During operation, heat
dissipated by the die is often enough to raise the temperature
to evaporate the electrolyte. Elevated temperature due to
device power thus acts as a mechanism to inhibit the
COIrosion process.

Stress Corrosion in Packages

Stress corrosion is a failure phenomenon which occurs
around 300°C and above, predominantly in power devices.
Electrochemical corrosion interacting with mechanical
stress is a potential cause of failure. Failures are typicaly
transgranular and result from the acceleration of the fatigue
process by corrosion of the advancing fatigue crack. For
example, craze cracking of polymers occurs in halogenated
solvent vapors. Adsorbed moisture films due to high relative
humidity exposure cause static fatigue of the lead
zinc-borate sealing glass. The distinct mechanism is
chemical attack on glass, and the time to failure is usualy
modeled by an Arrhenius equation of temperature which
activates above 300° C. Therate of galvanic corrosion in the
presence of aliquid electrolyte increases as temperature is
increased due to a more rapid rate of electron transfer.
Typicaly corrosion products in microelectronic devices,
such as AI(OH)3, are derived from reaction processes which
are monotonically increasing functions of temperature.
Although the corrosion rate depends in part on the
steady—state temperature, corrosion rate also depends on the
magnitude and polarity of the corrosion galvanic potential
which are functions of the electrolyte concentration, pH,
local flow conditions, and aeration effects. Finally, as noted
previously, elevated temperature due to component
operation and especialy continuous high power, acts as
means to inhibit corrosion.
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Wire Fatigue

The wires used to connect die bond pads to |eads can fall
due to cyclic temperature changes resulting from repeated
flexing of the wire. The most prevalent failure site isthe heel
of the wire. Wire-bond failures are typicaly due to the
differential coefficient of thermal expansion between the
wire and the package as the device is heated and cooled
down during temperature and power cycling. Failures may
be inhibited by high loops, though small dimensions of
present—day packages impose stringent requirements on the
loop dimensions, making this solution often impractical.

Wire Bond Fatigue

A wire bond subjected to temperature change experiences
shear stresses between the wire, the bond pad, and the
substrate as a result of differential thermal expansion.
Intermetallic brittleness and growth is enhanced by
temperature cycling. When bonded together, gold and
aluminum present a problem when subjected to temperature
cycling. Au-Al intermetallics are more susceptible to
flexure damage than pure Au and Al wires. Kirkendall voids
occur at the interface between the wire and the bond pad
when the contacting materials are gold and auminum.
Kirkendall voids form when either the aluminum or gold
diffuses out of one region faster than the other can diffuse
from the other side of that region. Vacancies pile up and
condense to form voids, normally on the gold—ich side
along the gold-to—-aluminum interface.

The rates of diffusion vary with temperature and are
dependent upon the adjacent phases, as well as on the
number of vacanciesin the origina metals. The compounds
formed in the intermetallic are often called purple plague
because of the purple appearance of the gold—aluminum
compound. Studies show that the formation of significant
amounts of purple plague is negligible below 150°C.
Intermetallic compounds are mechanically strong, brittle,
and electrically conductive. Temperature and power cycling
can cause failure asaresult of differential thermal expansion
between the intermetallic and the surrounding metal, and
reduce mechanical bond strength as a result of voiding of the
surrounding metal, usually accompanying intermetallic
formation. Gold—aluminum intermetallics are stronger than
pure metals and their growth is enhanced by increased
temperature and temperature cycling.

Generally, the bond strength is more a function of
temperature cycling than steady—state temperature in the
range of temperature between —55°C and 125°C, although
the bond strength decreases as a function of temperature
above 150°C for gold—aluminum bonds and above 300°C
for gold—copper bonds.

Die Fracture

The die, the substrate or the leadframe, and the case of a
package typicaly have different thermal expansion
coefficients. For example, die are usually made of silicon
while the substrate is typically alumina, berylia, or copper
having a coefficient of thermal expansion different from the

die material. As the temperature cycle magnitude rises
during temperature and power cycling, tensile stresses are
developed in the central portion of the die and shear stresses
are developed at the edges of the die. Ultimate fracture of the
brittle die can occur suddenly without any plastic
deformation when surface cracks at the center of the die or
at the edge of the die reach their critical size and propagate
during thermal cycling to the critical crack size.

Vertical cracking of the die is caused by tensile stresses
and horizontal cracking is caused by high shear stresses at
the edges. The brittle failure criterion can be represented by
the size of a critical crack on the external die surface.
Microcracks are devel oped in the die during manufacture. In
some cases these microcracks may be large enough to cause
brittle failure of the die. A pre—existing defect may develop
into a crack under theinfluence of thermal cycling in the die.
This crack may not be of critical size at the applied service
stress, but may grow to critical size gradually by stable
fatigue propagation. The rate of fatigue crack propagation
per cycle is determined by the cyclic change in stress
intensity factor, ameasure of the stress at or around the crack
tip. The stress generated in the die during temperature
cycling is dependent on the number and magnitude of the
temperature cycles.

Die Adhesion Fatigue

In atypical power or environmental temperature cycle,
the die, the die attach, the die substrate, and the package
experience temperature differences and temperature
gradient differences. Because they also have different
coefficients of thermal expansion, the bond between the die
and the substrate can experience fatigue failure.

The most common die attach defects are voids. The
presence of edge voids in the die attach induces high
longitudinal stresses during power and environmental
temperature cycling. These voids can act as microcracks
which propagate during power cycling resulting in
debonding of the die from the substrate or the substrate from
the case. Voids are responsible for weak adhesion, die
lifting, increased thermal resistance, and poor power cycling
performance. Solder and some epoxies have been shown to
crack and detach during temperature cycling. Voids can
form from melting anomalies associated with oxides or
organic films on the bonding surfaces, out gassing of the die
attach, trapped air in the bonds, and shrinkage of solder
during solidification. Insufficient plating, improper storage,
lack of cleaning, or even diffusion of oxidation prone
elements from an underlying layer can generate voids during
melting of die attaches. In other instances, dewetting of
solder results in excessive voiding, especialy when a
solderable surface, a poor solderable underlying metal, or
excess soldering time produces an intermetal lic compound
not readily wet by the solder. Even under ideal production
conditions, voids are often present due to solvent
evaporation or normal outgassing during cooling of organic
adhesives. Although voids can form from a number of
sources, they are normally limited to an acceptable level

http://onsemi.com

202



through process control. The actual package construction,
the die attach unit materials, and the overal void
concentration determine the actual effect of voiding on
device reliability. While small concentrations of random
voids have little effect on the peak junction temperature, a
large—size void may reduce the thermal performance of the
device by creating alarge temperature gradient.

Cracking in Plastic Packages

Thermal coefficient of expansion (TCE) mismatches
drive the failure mechanisms of cracking of plastic
packages. Silicon has a TCE of about 3 ppm/°C, while
molding compounds typically have a TCE of about 20
ppm/°C below the glass transition temperature. Most lead
frame materials are either Alloy 42 with a TCE of 4.7
ppm/°C or copper with a TCE of about 17 ppm/°C.

A typical process involves die attachment with adhesive
cure at 270°C using polyimide adhesive or at 170°C using
epoxy adhesive, followed by encapsulation and cure of the
molding compound a 170°C. Negligible stress is
established at these elevated temperatures, but the thermal
coefficient of expansion differentials causes increasing
stress as the ambient temperature is lowered. The die attach
produces a bending moment at room temperature that puts
the surface of the dieinto tension and the bottom of the die
into compression. The magnitude of the tensile stress at the
surface of the dieis proportional to the thickness of the die.
Encapsulation superimposes a compressive stress on the die,
and tends to place the molding compound under tension.
Cracks therefore have a tendency to propagate in the
molding compound.

Cracksin packages are a reliability concern because they
provide apath for the entry of contaminants. Shear stresses
are applied on the surface of the chip due to differential
thermal expansion between the plastic encapsulant and the
passivation layer, resulting in the fracture of the passivation
layer, which forfeits its action as an impurity getter and
barrier. This aso causes latera displacement of the
interconnection lines on the surface of the chip and shorts
between the overlying and underlying interconnection
patterns in devices with two or more layers of
interconnection. The effects of stresses applied by plastic are
more pronounced in larger chips especially at the chip
corners. Resilient conformal coating on the die and the use
of plastic encapsulants with alower coefficient of thermal
expansion are some of the methods used to decrease thermal
stress effects in the passivation layer, due to thermal
coefficient mismatches. Damage of passivating film of
plastic encapsulated devices can occur due to thermally
induced stress at the encapsulant passivation layer interface.
The location of aluminum corrosion coincides with defects
in the passivating film, typically caused by differential
thermal stressfrom the encapsulant. Cracks also initiate due
to stress concentrations at the top edge of the die or at the
bottom edge of the lead frame, or due to voidsin the molding
compound. The cracks propagate under the influence of
temperature cycling.
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Delamination is a failure mechanism that occurs between
the die and molding compound and between the molding
compound and the lead frame due to shrinkage after
molding. During board assembly, plastic surface mount
components (PSMCs) are subjected to temperatures in the
range of 215-260° C and heating rates of as high as 25° C/sec
during normal operational temperature cycles. In addition to
TCE driven stresses, if the heating or cooling rates are much
higher than 10°C/sec, thermal stresses associated with
internal temperature gradients can be appreciable. Moisture
absorbed by the package molding compound evaporates
under high temperatures, creating an internal pressure
causing cracking (generaly referred to as the popcorn
mechanism). It is possible for PSMCs to absorb moisture
during storage in normal ambients for vapor—driven stresses
to dominate the mechanics of the package. The main factors
influencing the propensity to crack include: peak
temperature reached during soldering, moisture content of
the molding compound, dimensions of the die, thickness of
the molding compound under the die, and the adhesion of the
die to the lead frame. Baking prior to soldering or the use of
porous encapsul ants eliminates this problem.

Design for Reliability

In general, about the only reliability—improvement
measure available to electronic equipment level designersis
to derate. As mentioned earlier, derating is a technique by
which either the operational stresses acting on a device or
structure are reduced relative to rated strength, or the
strength is increased relative to allocated operating stress
levels. For example, manufacturers of rectifiers specify
limits for blocking voltage, forward current, power
dissipation, and junction temperature. The equipment
designer has the choice to select an alternative component,
or make a change in the operating conditions (i.e., derate a
specific parameter, such as temperature, below the rated
level).

The derating factor, typically defined asthe ratio of rated
level of agiven “stress’ parameter to its actual operating
level, is actually a margin of safety or a “margin of
ignorance.” The amount of derating is determined by the
impact that a failure could cause, and by the amount of
uncertainty inherent in the reliability derating model and all
its inputs. ldedly, this margin should be kept to the
minimum required, so asto maintain the cost—effectiveness
of the design. This puts the responsibility on the reliability
engineer to identify, as unambiguously as possible, the rated
strength, the relevant operating stresses, and the reliabilities.

Steady—state temperature has typically been assumed to
be the easiest parameter to derate. However, only a few of
the failure mechanisms are strongly dependent on
steady-state temperature in the range of operating
temperatures between —55°C to 150°C, and the use of the
Arrhenius temperature equation as a generic relationship is
misleading.
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Examinations of case historiesindicate that temperature’s
relationship to reliability may be more a case of exposing
incompatibilities between operationa requirements and
design or manufacturing processes. In other words, the
product as designed is not suitable for operation in the
desired environment without changes. In such cases certain
guestions must be addressed before taking action:

* Will lowered temperature by itself avoid the
experienced failures? If so, how much should it be
lowered and how is the conclusion reached?

¢ Will higher temperature by itself accelerate the
experienced failures? If so, how much should it be
raised and how is the conclusion reached?

* Will lowering the magnitude of temperature change
avoid the experienced failures? If so, how much should
it be lowered and how is the conclusion reached?

Each action has its own costs, and the designer or user
must fully understand the implications of each to produce
cost—effective, reliable equipment. Often, temperature is
judged to be the culprit, and blaming temperature may shift
emphasis away from actual design or manufacturing
inadequacies. In some cases where temperature may be
identified as an important ingredient in the explanation for
unreliability, the product as designed is not suitable for
operation in the desired environment without being
changed.

To be effective, derating criteria must target the right
stress variables to address a given failure mechanism,
clearly specify the inputs to failure models, and recommend
tests to measure the parameters accurately. Physics of failure
concepts can serve to relate allowabl e operating stresses to
design strengths, through quantitative modeling of the
relevant failure mechanisms. Field measurements may also
be used, in conjunction with modeling simulations, to
identify the actual operating stresses at the failure site. Once
the failure models have been quantified, the impact of
derating on the effective reliability of the component for a
given load can be determined. Quantitative correlations
between derating and reliability enable designers and users
to tailor the margin of safety more effectively to the level of
criticality of the component, leading to better and more
cost—effective utilization of the functional capacity of the
component.

Reliability Testing

The following summary gives a brief description of the
various reliability tests. These tests are commonly
performed by manufacturers to ensure that a product is
properly designed and assembled. Quality products do not
fail in the field from these environmental conditions. Not al
of the tests listed are performed by each product group, and
other tests not described are sometimes performed when
appropriate. In addition, some form of preconditioning may
be used in conjunction with the following tests.

High—Temperature Operating Life

High—temperature operating life testing is performed to
accelerate failure mechanisms that are thermally activated
through the application of extreme temperatures at biased
operating conditions. The temperature and voltage
conditions used will vary with the product being stressed.
All devices used in the test are sampled directly after final
electrical test with no prior burn—in or other prescreening
unless called out in the normal production flow. Testing can
either be performed with dynamic signals applied to the
device or in static bias configuration. Common failure
modes include parametric shifts and catastrophic events.
Common failure mechanisms include foreign material,
crack and bulk die defects, metallization, and wire and die
bond defects.

Temperature Cycle

Temperature cycle testing accelerates the effects of
thermal expansion mismatch among the different
components within a specific die and packaging system.
During temperature cycle testing, devices are inserted into
acycling system and held at the cold dwell temperature long
enough to incorporate thermal stabilization and appropriate
creep and stress relaxation of the materials. Following this
cold dwell, the devices are heated to the hot dwell where they
remain for another minimum time period. The system
employs a circulating air environment to assure rapid
stabilization at the specified temperature. The dwell at each
extreme, plus the two transition times, constitute one cycle.
Test duration for this test varies with device and packaging
system employed. Typical test duration is for 1000 cycles,
with some tests extended to look for longer-term effects.
Common failure modes include parametric shifts and
catastrophic events. Common failure mechanisms include
wire bond, cracked or lifted die, and package failure.

Thermal Shock

The objective of thermal shock testing is similar to that for
temperature cycle testing. However, thermal shock provides
additional stress in that the device is exposed to a sudden
change in temperature due to the rapid transfer time. Failure
mechanisms caused by temperature transients and
temperature gradients can be detected with thistest. Devices
are typically placed in afluorocarbon bath and cooled to a
minimum specified temperature. After being held in the cold
chamber for some minimum period of time, the devices are
transferred to an adjacent chamber filled with fluorocarbon
at the maximum specified temperature. Test duration is
normally for 1000 cycles with some tests being extended to
look for longer—term effects. Common faillure modes
include parametric shifts and catastrophic events. Common
failure mechanismsinclude wire bond, cracked or lifted die,
and package failure.
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Temperature/Humidity Bias (THB)

Temperature/humidity bias (THB) is an environmental
test designed to measure the corrosion/moisture resistance
of plastic encapsulated circuits. A nomina reverse biasis
applied to the device to create the eectrolytic cells necessary
to accelerate corrosion of the metallization or bond pads
without heating the device. Most groups are tested to 1000
hours with some groups extended beyond to look for longer
term effects. A typical test conditionis: Ta =85°C1095°C,
rh = 85% to 95%, and bias = 80% to 100% of the maximum
rating. Common failure modes include parametric shifts,
high leskage, and catastrophic. Common failure
mechanisms include die corrosion or contaminants such as
foreign material on or within the package materias, and
poor package sealing. The purpose of the
moisture—resistance test is to evaluate the moisture
resistance of components under temperature/humidity
conditions typical of tropical environments. A typical test
condition is; Tp = —10°C to 65°C, and rh = 80% to 98%.
Common failure modes include parametric shiftsin leakage
and mechanical failure. Common failure mechanisms
include corrosion or contaminants on or within the package
materials, and poor package sealing.

Autoclave

Autoclave is an environmental test that measures device
resistance to moisture penetration and the resultant effects of
galvanic corrosion. Conditions often employed during the
test include 121°C, 100% relative humidity, and 15 psig.
Corrosion of the die is the expected failure mechanism.
Autoclaveis a highly accelerated and destructive test. This
test may be followed by other tests to further accelerate the
corrosion fallure mechanism. Common failure modes
include parametric shift, high leakage, and catastrophic
event. Common failure mechanisms include die corrosion,
contaminants such as foreign material on or within the
package materials, or poor package sealing.

Pressure/Temperature/Humidity Bias (PTHB)
Thistest is performed to accel erate the effects of moisture
penetration with the dominant effect being corrosion. This
test detects similar failure mechanisms as THB but a a
greatly accelerated rate. Conditions usualy employed
during this test are a temperature of 125°C or greater,
pressure of 15 psig or greater, humidity of 100%, and a bias
level. The purpose of the moisture resistance test is to
evaluate the moisture resistance of components under
temperature/humidity conditions typical of tropical
environments. A typical test condition is: Ta = -10°C to
65°C, and rh = 80% to 98%. Common failure modes include
parametric shifts in leakage and mechanical failure.
Common failure mechanisms include corrosion or
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contaminants on or within the package materials, and poor
package sealing.

Cycled Temperature Humidity Bias

This test is used to examine the ability of devices to
withstand the combined effects of temperature cycling, high
humidity, and voltage. This test differs from a typical
humidity test in its use of temperature cycling.

Power Temperature Cycling

This test is performed on semiconductor devices to
determine the effects of alternate exposures to extremes of
high and low temperature with operating voltages
periodically applied and removed. This is more of a
performance assessment than areliability test. Test duration
isnormally for 1000 cycles with some tests being extended
to look for longer—term effects. Common failure modes
include parametric shifts and catastrophic events. Common
failure mechanisms include wire bond, cracked or lifted die,
and package failure.

Power Cycling

Thistest is performed at a constant ambient temperature
with operating voltage(s) periodically applied and removed,
producing a high operating junction temperature typically
between 50° C and 150° C above ambient.

Low—Temperature Operating Life

This test is performed primarily to accelerate hot carrier
injection effects in semiconductor devices by exposing them
to room ambient or colder temperatures with the use of
biased operating conditions. Threshold shifts or parametric
changes are typically the basisfor failure. The length of this
test varies with temperature and bias conditions employed.

Mechanical Shock

This test is used to examine the ability of the device to
withstand a sudden change in mechanical stress, typically
due to abrupt changes in motion as seen in handling,
transportation, or actual use. A typical test condition is:
acceleration = 1500 g; orientation = Y| plane; t = 0.5 ms, and
number of pulses = 5. Common failure modes include open,
short, excessive leakage, and mechanical failure. Common
failure mechanismsinclude die and wire bonds, cracked die,
and package defects.

Constant Acceleration

This test is used to indicate structural or mechanical
weaknesses in a device/packaging system by applying a
severe mechanical stress. A typical test condition used is:
stress level = 30 kg. Common failure modes include
mechanical failure. Common failure mechanisms include
poor package design.
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Solder Heat

This test is used to examine the device's ability to
withstand the temperatures seen in soldering over a more
extended period as compared to the typical exposure levels
seen in a production process. Electrical testing is the
endpoint criterion for this stress. Common failure modes
include parameter shifts, and mechanical failure. Common
failure mechanisms include poor package design.

Lead Integrity

Thistest is used to examine the mechanical properties of
adevice'sleads, welds, and seals. Various conditions can be
employed and provided for: tensile loading, bending
stresses, torque or twist, and peel stress. The failure is
determined visually under 3x to |0x magnification.

Solderability

The purpose of thistest isto measure the ability of device
leads/terminals to be soldered after an extended period of
storage (shelf life). Common failure modes include pin
holes, dewetting, and nonwetting. Common failure
mechanisms include poor plating and contaminated |eads.

Variable Frequency Vibration

This test is used to examine the ability of the device to
withstand deterioration due to mechanical resonance. A
typical test condition is: peak acceleration = 20 g; frequency
range = 20 Hz to 20 KHz. Common failure modes include
open, short, excessive leakage, and mechanical failure.
Common failure mechanisms include die and wire bonds,
cracked die, and package defects.

Statistical Process Control

Initial design improvement is one method that can be used
to produce a superior product. Equally important to
outgoing product quality is the ability to produce products
that consistently conform to specifications. Process
variability is the basic enemy of semiconductor
manufacturing, since it leads to product variability.
Statistical process control (SPC) replaces variability with
predictability. Use of SPC methods assures the product will
meet specific process requirements throughout the
manufacturing cycle. The emphasisis on defect prevention,
not detection. Predictability through SPC methods requires
the manufacturing culture to focus on constant and
permanent improvements.

Circuit performance is often dependent on the cumulative
effect of component variability. Tightly controlled
component distributions give the customer greater circuit
predictability. These programs require improvements in
cycletime and yield predictability achievable only through
SPC techniques. The benefit derived from SPC helps the
manufacturer meet the customer’s expectations of higher
quality and lower cost product.

Capability of 60 means parametric distributions will be
centered within the specification limits with a product
distribution of +6 o about the mean. This capability, shown
graphically in Figure 196, details the benefits in terms of
yield and outgoing quality levels. This compares a centered
distribution versus a 1.5 o worst—case distribution shift.

To better understand SPC principles, brief explanations
have been provided. These cover process capability,
implementation, and use.

—-60 -50 40 -30 -20 -10 0 10 20 30 40 50 60

Standard Deviations From Mean

Distribution Centered
At £3 0 2700 ppm defective
99.73% yield
At £4 0 63 ppm defective
99.98937% yield
At £5 0 0.57 ppm defective
99.999943% vyield
At £6 0 0.002 ppm defective
99.9999998% yield

Distribution Shifted 1.5
66810 ppm defective
93.32% yield
6210 ppm defective
99.379% yield
233 ppm defective
99.9767% yield
3.4 ppm defective
99.99966% yield

Figure 196. AOQL and Yield from a Normal Distribution of Product with 6o Capability
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Process Capability

One goal of SPCisto ensure aprocessis capable. Process
capability is the measurement of a process to produce
products consistently to specification requirement. The
purpose of a process capability study is to separate the
inherent random variability from assignable causes. Once
completed, steps are taken to identify and eliminate the most
significant assignable causes. Random variability is
generaly present in the system and does not fluctuate.
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associated with the machinery, materials, personnel skills,
or manufacturing methods. Assignable—cause
inconsistencies relate to time variations in yield,
performance, or reliability.

Traditionally, assignable causes appear to be random due
to the lack of close examination or analysis. Figure 197
shows theimpact on predictability that assignable cause can
have. Figure 198 shows the difference between process
control and process capability.

Sometimes, these are considered basic

limitations

/TII\;E

SIZE—>

Process “under control” — all assignable causes are
removed and future distribution is predictable.

~

SIZE—>

Figure 197. Impact of Assignable Causes on Process Predictability

In control (assignable

A\/I'E causes eliminated)

SIZE

~ Out of control
(assigned causes present)

Lower
Specification Limit

SIZE

TIME

-<—— Upper
Specification Limit
In control and capable
(variation from random
variability reduced)

In control but not capable

(variation from random

variability excessive)

Figure 198. Difference Between Process Control and Process Capability
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A process capability study involves taking periodic
samples from the process under controlled conditions. The
performance characteristics of these samples are charted
against time. In time, assignable causes can be identified and
engineered out. Careful documentation of the processiskey
to accurate diagnosis and successful removal of the
assignable causes. Sometimes, the assignable causes will
remain unclear, requiring prolonged experimentation.

Elements which measure process variation control and
capability are Cp and Cpk, respectively. Cp is the
specification width divided by the process width or
Cp = (specification width) 16 0. Cpk isthe absolute val ue of
the closest specification value to the mean, minus the mean
(X), divided by half the process width or Cpk = (closest
specification) — X /3 0.

For critical parameters, the process capability istypically
acceptablewith a Cpk = 1.33. The desired process capability
isaCpk = 2 and theideal isa Cpk = 5. Cpk, by definition,
shows where the current production process fits with
relationship to the specification limits. Off—center
distributions or excessive process variability will result in
less than optimum conditions.

SPC Implementation and Use

Some parameters are senditive to process variations while
others remain constant for a given product line. Often,
specific parameters are influenced when changes to other
parameters occur. It is both impractical and unnecessary to
monitor all parameters using SPC methods. Only critical
parameters that are sensitive to process variability are
chosen for SPC monitoring. The process steps affecting
these critical parameters must be also identified. It isequally
important to find a measurement in these process steps that
correlates with product performance. Thisiscalled acritical
process parameter.

Once the critical process parameters are selected, a
sample plan must be determined. The samples used for
measurement are organized into rational subgroups of
approximately two to five pieces. The subgroup size should
be such that variation among the samples within the

subgroup remains small. All samples must come from the
same source (for example, the same mold press operator,
etc.). Subgroup data should be collected at appropriate time
intervals to detect variations in the process. As the process
begins to show improved stability, the interval may be
increased. The data collected must be carefully documented
and maintained for later correlation. Examples of common
documentation entries would include operator, machine,
time, settings, and product type.

Once the plan is established, data collection may begin.
The data collected will generate X and R values that are
plotted with respect to time. X refers to the mean of the
values within a given subgroup, while R is the range or
greatest value minus least value. When approximately 20 or
more X and R values have been generated, the average of
these valuesis computed. The values of X and R are used to
create the process control chart. Control charts are the
primary SPC tool used to signal a problem.

Once the variability is identified, the cause of the
variability must be determined. Normally, only afew factors
have a significant impact on the total variability of the
process. Most techniques may be employed to identify the
primary assignable cause(s). Out—of—control conditions
may be correlated to documented process changes. The
product may be analyzed in detail using best— versus
worst—part comparisons or product analysis lab equipment.
Multivariance analysis can be used to determine the family
of variation (positional, critical, or temporal). Lastly,
experiments may be run to test theoretical or factorial
analysis. Whatever method is used, assignable causes must
be identified and eliminated in the most expeditious manner
possible.

After assignable causes have been eiminated, new
control limits are calculated to provide a more challenging
variability criteriafor the process. Asyields and variability
improve, it may become more difficult to detect
improvements because they become much smaller. When dll
assignable causes have been eliminated and the points
remain within control limits, the process is said to bein a
state of control.
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Chapter 13

Cooling Principles
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Cooling Principles

In many high current rectifier diode applications, the
losses are large enough that a heat exchanger isrequired in
order to prevent the junction temperature from exceeding its
rated limit and running the risk of failure. This chapter
provides background information for a designer to
investigate the thermal management considerations for
rectifiers. Design charts and discussions of basic principles
are presented. The focusis on the thermal analysis of heat
exchangers. However, tradeoffs involving device
performance and reliability, the environmental usage
conditions, the accessibility to a coolant, and cost must also
be considered as part of the design process.

Thermal Resistance Concepts

Heat istransferred by conduction (heat travels through a
material), convection (heat istransferred by physical motion
of a fluid), and radiation (heat is transferred by
electromagnetic wave propagation). Semiconductors
depend on conduction as a means of transferring heat from
the device junction to the external surface of the package.
Heat transfer from the package to the external environment
depends on the method of interconnection of the package
(i.e., leaded or leadless connection to a heat exchanger or
printed wiring board) and the dominant mode of heat
transfer (i.e., convection typically dominates when forced
air or liquid cooling is used, while radiation may dominate
in vacuum or high altitude applications).

The basic equation for heat transfer is:

q = hAAT (13.1)
where q = rate of heat transfer (W),

h = heat transfer coefficient or thermal
transmittance (W/in%/°C),

A = cross-sectional areanormal to the path of heat
flow (in?),

AT = temperature difference between regions of
heat transfer (°C).

Electrical engineers find it easier to work in terms of
thermal resistance. From Equation 13.1, die thermal
resistance Rgis:

AT _ 1
q hA
where the coefficient h depends upon the heat transfer
mechanism.
When determining cooling capability, it is simpler to use
h rather than R because cooling due to convection and
radiation may be handled as two thermal pathsin parallel.
An analogy between Equation 13.2 and Ohm’s Law is
often made to form models of heat flow. Note that AT could
be thought of as a voltage, thermal resistance corresponds to
electrical resistance (R), and power (q) is analogous to
current (T). This gives rise to the basic thermal resistance
model for a semiconductor mounted to a heatsink indicated

Rg (13.2)
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by Figure 199. Although a case-mounted part is shown, the
model is generally applicable.  For leadless
surface—mounted parts, the dominant path for heat transfer
isthrough the package case. With lead—mounted rectifiers,
most of the heat leaves the junction via conduction through
the leads. Thermal models for lead—-mounted parts are
discussed in Chapter 2.

The equivalent electrical circuit may be analyzed using
Kirchoff’s Law and the following equation results:

T3 = Pp(Rpiyc + Recs + Rosa) + TA (13.3)

where Rgia = total thermal resistance junction to

ambient (Rgsa + Rocs + Rosa)

Reic = semiconductor thermal resistance
(junction to case),

Recs = interface thermal resistance (case to
heatsink),

Rgsa = heatsink thermal resistance (heatsink to
ambient).

With rectifiers having significant reverse power losses,
junction-to—ambient thermal resistance must be considered
early in the design. The thermal characteristics of the
semiconductor are described in Chapter 2.

The interface caseto—sink thermal resistance (Rgcs)
resulting from imperfect mating surfaces and use of
insulators may be appreciable in high—current applications.
Factors involved in minimizing Rgcs are discussed in the
next chapter.

This chapter is devoted to explaining the variables
affecting the heatsink to ambient thermal resistance Rgsa. It
is assumed that the design problem has been reduced to one
where the total power dissipation of the rectifier and the
required heatsink temperature limit are known. Knowing the
upper ambient temperature permits Equation 13.3 to be
solved for the limit Rgga.

The thermal resistance of the heat exchanger, or heatsink,
is an important part of the thermal design, especially for
stud— or base-mounted rectifiers. Heatsinks may transfer
heat to the ambient by natural convection and radiation, or
forced air or liquid cooling may be employed. As a rough
approximation for silicon rectifiers, for dissipating power
levels over 100 W, forced air cooling tends to be most
economical in terms of space and cogt; for power levels over
2000 W, liquid cooling is typically required. Schottky
rectifiers, because of their lower maximum junction
temperature limit, may require forced air or liquid cooling
a lower power levels. However, the current levels are
roughly the same because of the lower forward voltage of the
Schottky diode. In terms of thermal resistance, values aslow
as 1°C/W can be achieved with large volume free
convection heatsinks. Use of air flow can produce values as
low as 0.05°C/W, while use of liquid cooling can closely
approximate the infinite heatsink.
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Figure 199. Basic Thermal Resistance Model Showing Thermal to Electrical Analogy
for a Semiconductor

In the following sections, factors of importance in natural
convection cooling, forced—air cooling, and liquid cooling
are discussed. The intent is to acquaint the electrical
engineer with the basic principles involved. Reference [1]
provides a place to begin further study and has an extensive
list of references.

Conduction

Conduction is a process of heat transfer in which heat
energy is passed from one molecule to the next, while the
actual molecules involved in the transfer remain in their
original positions. In an opaque solid, heat conduction isthe
only means of heat transfer, where heat flows from the hot
to the colder areas of the solid. Conduction can occur in
liquids and gases, but the amount of heat transferred is
generaly smaller for the same geometry.

The thermal resistance attributed to conduction, Rg (cond).
is often modeled in terms of the one-dimensional equation:

Rg(cond) = X/kpA (13.4)

where  Rg (cond) = thermal resistance (°C/W),
X = length of thermal path (in),
kg = thermal conductivity (W/in°C),

A = areanormal to the thermal path (in?).

(The heat transfer coefficient his kg/X.) The coefficient
of thermal conductivity is a material property, which can
range over five orders of magnitude. Thermal conductivity
for a number of materials used in electronics is given in
Table 26.

Heatsink design often involves cost—effectively
minimizing conduction resistance. In large area plates,
conduction resistance may be significant and may play akey
part in determining a design in which the volume and weight
of the heatsink must also be minimized.

Convection

Convection isthe transfer of heat by the physical motion
or mixing action of afluid, such as air or water. When the
movement is due entirely to temperature differences within

the fluid, which results in differences in density, the
mechanism is called natural convection. Note that in a
gravity field, heated air expands, becomes less dense and
therefore lighter than the surrounding air, and rises. Thisin
turn creates the “natural” movement of air. When the motion
of thefluid is produced by mechanical methods, such asfans
and pumps, the mechanism is called forced convection.

Table 26. Thermal Conductivity of Various
Materials at 27°C

Conductivity

Materials W/in-°C
Silver 10.7
Copper 9.75
Gold 7.86
Aluminum, pure 5.75
Beryllia, 99.5% pure 6.20
Aluminum, 68S 5.34
Beryllia, 95% 4.13
Magnesium 4.16
Aluminum 6061-T6 4.13
Red brass 2.92
Yellow brass 251
Beryllium cooper 2.19
Pure iron 1.99
Phosphor bronze 1.36
Soft steel 1.23
Monel 0.94
Hard steel 0.58
Thermal compound 0.018
Mica 0.015
Mylar film 0.0042
Air 0.00083
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Natural Convection

The following equation applies for the natural convection
of vertical plates (heatsink) suspended in free air at ground
level:

0.25

he = 2.21 x 10*3(15[—“5) (13.5)
where h; = convection heat transfer coefficient
(W/in2°C),

L = height of the heatsink (in),
Ts = surface temperature of the heatsink (°C).

Figure 200 is a plot of Equation 13.5. The average natural
convection coefficient h. defines the thermal characteristics
of the air film that encapsulates the plate. The constant isa
function of air density, temperature of ambient air in contact
with the plate, and orientation and shape of the heatsink. The
value of 2.21 x 103 applies for standard pressure and
temperature at sea level for rectangular plates suspended
freely in still air. For other conditions, the “ constant” must
be altered [2].

Air density is a significant factor in convection cooling.
Since density varies with altitude, a correction factor is
indicated on Figure 201. Note that a 10% loss in
effectiveness occurs at about 5000 ft. In space, convection
is zero. Values for hg must be multiplied by the number
obtained from Figure 201 to obtain the proper value.

Plate shape and orientation also affect convection cooling.
Table 27 indicates procedures for obtaining the significant
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Figure 200. Free Convection Coefficient for
Rectangular Plates of Various Heights, L
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dimension L and a correction factor F for rectangular,
circular, and cylindrical surfaces in either a horizontal or
vertical position. For horizontal mounting, the sum of the
convection thermal transmittance from the top and bottom
surfaces must be found. When both surfaces are exposed to
air, the overall thermal resistance is about 25% higher than
would be the case of avertical plate of the same significant
dimension L. For an enclosed chassis, the contribution of the
bottom surface of the upper plateis negligible.

As an example of the use of the data, the convection
thermal resistance of a4 in. x 6 in. plate will be found (total
surface area = 4 x 6 x 2 = 48 in?). Assume the surface
temperature is 120°C and the ambient is 60°C. For mounting
with the 4 in. side in a vertical plane (the most efficient
mounting), read he = 4.4 x 103 W/in2°C from Figure 200.
Using Equation 13.2, Rgconv) = 1/(4.4)(1073)(48) =
4.74°C/W. If the plate were mounted with the 6 in. sideina
vertical plane, he = 4 x 103 W/in?°C resulting in a 10%
increase in Rg(conv)-

For horizontal mounting, a new value of L must be found
from the relationsin Table 27. Dimension L calculatesto be
2.4in. resulting in he = 5x 103 W/in2°C at Ts—Ta = 60°C.
The area of each sideis 24 in?. Using the correction factors
given in Table 27, he(top) = (0.9)(5) 103 =4.5x 103 The
contribution of the bottom surface, if it is exposed, is
0.45(5)103 = 2.25 x 103 W/in?°C. The total value of
Re(conv) = 1/(4.5 + 2.25)(10-3)(24) = 6.15°C/W. Thus, the
horizontal mounting result is about 30% worse than the most
favorable vertical position.
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Figure 201. Altitude Correction Factor for Free
Convection Heat Transfer
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Table 27. Significant Dimension L and Correction Factor F¢ for Convection Thermal Resistance

Significant Dimension L Correction Factor F
Surface Position L Position Fe
Rectangular Plane Vertical Height (max 2 ft) Vertical Plane 1.0
Horizontal Length x Width/(Length + Width) Horizontal Plane, facing downward 0.45
Circular Plane Vertical 7/l x Diameter Horizontal Plane, facing upward 0.9
Cylinder Horizontal Diameter Horizontal 0.82
Vertical Height (max 2 ft) Vertical 0.9
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Forced Convection

In forced convection afluid is moved by or through the
heatsink by an external source, such as a fan or a pump.
Because the fluid flow rate may be quite high, forced
convection is capable of reducing the heatsink thermal
resistance to extremely low values.

Forced—air convection produces a drastic reduction in
thermal resistance of any heatsink as compared to natural
convection due to a “scouring” effect upon the insulating
boundary layer of dead air at the fin surface. Natural
convection cooling is primarily dependent upon the volume
and materia of the heatsink, while forced convection
cooling can be related to the airflow, fin spacing, and the
degree of coupling to the air stream.

The heat transfer coefficient for the usual case of turbulent
air flow paralléel to aplate may be expressed as.

hf = 6.63 x 1073 (V3/L)°% (13.6)

where hf = forced convection heat transfer coefficient
(W/in2—°C),
V = free stream velocity (linear feet per minute),
L = length of the plate (in).

The constant is affected by air density and temperature.
The value given is based upon operation at sea level a an
average air temperature over the heat exchanger of 600°C.
Asadesign aid, values have been calculated from Equation
13.6 and are plotted in Figure 202. Note that a short
dimension in the flow direction increases the coefficient
significantly. The curves stop at points where the flow is
becoming laminar and consequently Equation 13.6 does not
apply. In the laminar region, hs is higher than an
extrapolation of the curves would indicate. Note that
Equation 13.6 should not be used for plates with L less than
4in., astheflow islaminar when it first encountersthe plate.
Short plates do not permit development of turbulent flow.

As an example, the forced convection thermal resistance
will befound for the4in. x 6 in. plate (surface area= 48 in?)
used in the previous example. Assume that the 4 in. sideis
paralld to the flow direction and the air flow rate is 2000
LFM. Reading from Figure 202, hy = 1.4 WI/in®°C.
Therefore, Ry = 1/(1/4)(48) = 0.015°C/W. This value is about
300 times better than that obtained with natural convection.
However, improvements this large are not achieved in
practice because of material thermal resistance losses.
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Figure 202. Heat Transfer Coefficient for
Forced Air Convection
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Water or liquid cooling is similar in principle to that of
forced air. The heat transfer coefficient isrelated to velocity
in a manner similar to that described by Equation 13.6.
Normally, the liquid cooled system is purchased as a unit
whose characteristics are provided by the manufacturer.

Radiation

The third process by which heat can be transferred is
radiation. The ability of abody to radiate thermal energy at
any particular wavelength is determined by the body
temperature and surface characteristics. Anideal radiator is
called a blackbody which, by definition, radiates the
maximum amount of energy at any wavelength. Theratio of
energy emitted by any surface to that of a blackbody at the
same temperature is called the emissivity e.

Incident radiation on a surface is partially absorbed,
reflected, and, in some cases, transmitted through the
surface. However, materials used for heatsinks are opague
and do not transmit radiation. The ability of a surface to
absorb the total incident radiation on it is defined by the term
absorptivity a. Aswith the emissivity, the absorptivity of a
surface is dependent upon the source temperature (i.e.,
wavelength of incident radiation) and the receiving body
surface characteristics.

Many materials exhibit the property of having a= e when
the absorber and the emitter are at temperatures within
500°C of each other. These materials are called gray bodies
and emissivity values for some common materials are listed
in Table 28.
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The basic equation for the thermal transmittance or heat
transfer coefficient when radiation is taking place between

two gray bodiesis:
4
T
- (1) ]/ (Ts = Ta)

(13.7)

4

_ -3.| (Is.
= 368 x 10 e[(mo)

Table 28. Typical Emissivities of Common Surfaces
at 25°C

Surface Emissivity

Aluminum, Anodized 0.7-0.9

Alodine on Aluminum 0.15

Aluminum, Polished 0.05

Copper, Polished 0.07

Copper, Oxidized 0.70

Rolled Sheet Steel 0.66

Air Drying Enamel 0.85-0.91

Oil Paints 0.92-0.96
Varnish 0.89-0.93

where  h, = radiation heat transfer coefficient (W/in2°C)
€ = emissivity,
Ts= surface temperature (°K),
Ta = ambient temperature (°K).

As with convection, the thermal resistance is inversely
proportional to area. Since temperature affectsthe resultsin
acomplex manner, Equation 13.7 is plotted in Figure 203 in
terms of 0°C. The strong effect of temperature upon the
radiation coefficient is apparent. Aswith convection, alarge
temperature drop can occur in large area plates due to
resistance losses, whereby the extremities of the heatsink are
not as effective as the center.

If radiation is obstructed by nearby objects, the “constant”
in Equation 13.7 will need to be modified by a factor (f;)
which is smaller than unity. If the object is at the same
temperature as the fin, an adjustment can be made by
considering the geometry of the radiation pattern. It is
generally satisfactory to consider an unobstructed fin's
radiation as originating at the center of the fin and being
spherical (hemispherical on each side of the fin). An
obstruction will interrupt radiation, or subtract a sector from
the sphere; f, is approximately the ratio of the solid angle
remaining in the obstructed sphere to the solid angle (4 1t
steradians) of the complete sphere.

The fin should be shielded from bodies of higher
temperature. Otherwise, the fin will be heated by radiation
instead of being cooled.
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Figure 203. Radiation Coefficient for a Black Body
having an Unobstructed Pattern

Equation 13.7 also assumes that the radiating body is
small compared to the enclosing body. Other configurations
require amodification of the emissivity value. For the case
of two large paralle plates or for the case where the enclosed
body islarge compared to the enclosing body, the effective
emissivity e isgiven by:

Ef=1+i_1 (13.8)
€1 €2
where: €1 and €, are the emissivities of the two surfaces.
Other situations require an in—depth analysis of the problem.

Asan example of the use of the data for radiation thermal
resistance, R(rad) for the 4 in. x 6 in. plate previously used
will be found. From Figure 203, at Ta = 60°C and Tg =
120°C, hy = 0.7 x 102 W/in?°C. If the plate were painted
(preferably  black), & = 09 and Rgrad)
1/(0.9)(0.7)(102)(48) = 3.3°C/W. Thisvalueislessthan the
convection value because of the high emissivity and high
surface temperature allowed.

Surface emissivity is unimportant when forced air or
liquid cooling is used, because the effect of radiation is
negligible. However, for natural convection cooling,
radiation plays a significant roll and surfaces having high
emissivity should be used. As Table 28 shows, polished
surfaces should be avoided and anodized auminum and
painted surfaces are preferable. Tests on natural convection
heatsinks which are made commercially reveal adecreasein
total thermal resistance of approximately 25% at high
ambient temperatures when a dull black finish is used as
opposed to a bright mill finish.
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Fin Efficiency

Because of resistance losses in the fin material, both
conduct on and radiation cooling efficiencies decrease with
distance from the heat source. Fin efficiency is defined asthe
ratio of total heat dissipated by an identically shaped fin of
infinitely conducting material under the same conditions.
Knowing the efficiency, (n). the fin dissipation, (g), may be
calculated from:

q = nAht (ts — ta) (13.9)
where A = finsurface area,
h; = thetota heat transfer coefficient,

Ts= thetemperature of the heatsink at the heat
source,

Ta= thetemperature of the ambient.
Similarly the fin thermal resistance Rg is:

1

ROSA = ARt (13.10)

If fins are made of relatively thick, highly conductive
material, fin efficiency is close to 100% and the total fin
thermal conductance is the sum of the convection and
radiation components. At the other extreme, if thefin is quite
thin and/or the material has low conductivity, the fin
extremities are ineffective because of high resistance losses.

Both extremes are wasteful of material and costly but the
latter extreme is encountered when a chassis or other
structure is used as a cooling fin for semiconductors. The
range between these extremes s rather narrow.

The analysis of fin efficiency is more manageable when
performed using a circular fin, and when heat transfer by
means of convection and radiation from the fin edge is
neglected. The more commonly used geometries are
handled by converting their dimension to an equivalent

radius using the formulas in Table 29. The fin thickness (S)
isgenerally anegligible factor in the equivalent radius.

An important factor in fin efficiency is the heat input
radius, rj. Figure 204 shows how it is found for the popular
stud and diamond base packages. It is essentialy the average
value of the dimensions of the heat input source.

By analyzing the temperature drop and heat dissipated by
a volume element in an annular ring, a parameter is
discovered which is a characteristic of the material and the
heat transfer coefficient. This parameter, which plays an
important rolein fin efficiency, is called the “ natural radius’
of thefin (R) and is given by:

kaS
R = _zeri (13.11)

where kg = thethermal conductivity of the fin material,
S = finthickness

h: = total heat transfer coefficient of the fin.

For convenience in problem solving, Equation 13.11 is
plotted in Figure 205 for 63S aluminum plates of standard
thickness. Sincetheterm kgSisaconstant for any one of the
curves of Figure 205, the data may be used for heatsinks of
other material by considering the thermal conductivity data
of Table 26. For example, since copper has almost twice the
conductivity of 63S aluminum, a copper plate of 1/32 in. has
the same relationship of h; to Sasdoesa 1/16 in. auminum
plate.

Further analysis yields the equations necessary to plot
Figure 206 and the fact that an optimum fin design is
achieved when the fin efficiency is 50%. An optimum finis
taken as one which has minimum volume and therefore
minimum material which generdly resultsin minimum cost.
For the optimum fin, the outer radius is approximately equal
to the natura radius (when the fin outer radius is large
compared to the heat input radius).

Table 29. Equivalent Outer Radius (rg) for Various Fin Geometries
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(a) Stud Packages

Figure 204. Relation of Semiconductor Device Dimensions to Heat Input Radius r;
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Figure 205. Effect of Fin Thickness and Heat Transfer Coefficient upon the Natural
Radius of Type 63S Aluminum Fins

Toillustrate the use of the data, the efficiency of the 4 in. Figure 206. Therefore R = 2.78 in. The fin thickness is
X 6 in. plate used in the previous examples will be discussed. determined from Equation 13.11 or Figure 205. From the
Assume a DO-5 package is attached which has an effective previous two examples, hy = (0.63 + 0.44) 102 = 0.0107.
heat input radius close to 0.22 in. The effective outer radius Therefore, S maybe less than 1/32 in. for an auminum fin.
rO from Table 29 is 24/t (neglecting S) or 2.78 in. Therefore, Overall thermd resistance is found from Equation 13.10 and
ro/ri = 12.6. For an optimum fin (h = 50%) R/rg 12.6 from i$3.9°C/W for this example.
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Animprovement in fin efficiency or areductioninfin size
for adesired thermal resistanceis achieved by increasing the
radius of the heat source. In practice, this can be achieved by
brazing copper materia to the heatsink. Suppose that 2 in.
diameter discs are brazed to each side of the plate in the
above example and that the thermal resistance of the discs
is negligible. Now ro/ri = 2.78 and R/r; = 2.78 also. From
Figure 206, the fin efficiency is increased to 80%. The
advantage of a large highly conductive semiconductor
package over asmaller oneis thus also apparent.

Application and Characteristics of

Heatsinks

The material in this section provides general practical
information necessary to select and use heatsinks in free and
forced convection. In most cases, acommercial heatsink is
used in manufactured egquipment. The most important
characteristics of heatsinks are specified by the
manufacturer. By using the basic principles of heat transfer,
the behavior of heatsinks under a variety of conditions may
be predicted. Furthermore, the data for Figures 201 through
206 may be used to design single—fin heatsinks and to obtain
the thermal resistance of ametal chassis or a PCB.
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Heatsinks for Free Convection Cooling
Heatsinks can be grouped into three categories:
1. Flat verticalfinned types. Normally aluminum

extrusions with or without an anodized black
finish, they are unexcelled for natural convection
cooling and provide reasonable thermal resistance
at moderate air—flow rates for forced convection.

. Cylindrical or radial vertical—finned types.

Normally cast a uminum with an anodized black
finish, they are used when maximum cooling in
minimum lateral displacement is required.

. Cylindrical horizontal—finned types. Normally

fabricated from sheet—metal rings with a painted
black matte finish, they are used in confined
spaces for maximum cooling in minimum vertica
displacement but are less efficient than the other
two types.



The thermal resistance can be related fairly well to the
surface area and the volume of the heatsink asillustrated by
Figures 207 and 208. The data of most interest is for
heatsinks of categories 1 and 2; the category 3 types do not
fit into a pattern and are of little interest for power rectifiers.
The steady—state characteristics typical of a category 1
heatsink are shown in Figure 209. The slope of the curve
varies from 3°C/W at low power levels to about 2°C/W at
high levels. The improvement in thermal resistance results
from the convection and radiation components becoming
more effective as temperature increases. The transient
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characteristics are shown in Figure 210. Note that the
temperature below 2 minutes is proportional to the square
root of time, a characteristic of one dimensional heat flow.
The time to reach equilibrium is dependent upon the mass of
the heatsink and requires about 20 minutes. Therefore,
patience is required when evaluating the overall steady state
thermal behavior of a system. Note that at times much less
than the time for thermal equilibrium, the effective thermal
resistance can be quite low, which can be used to advantage
when the power diode is used intermittently.
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Heatsinks for Forced Air Cooling

A natura reaction, when a designer finds that a
semiconductor is running too hot when mounted to the
largest heatsink permissible in the system, isto add afan or
blower. Although results may seem satisfactory, a more
compact and less expensive cooling system generally results
if aheat exchanger designed for use with forced air is used.
Improvement in Rgga due to forced air is illustrated in
Figure 211. The asymptotic behavior at high flow ratesis
typical of forced air cooling and indicates that the heatsink
is becoming conduction limited.

When forced air cooling is employed, an interlock is
generally necessary to prevent catastrophic system failurein
the event of a blower malfunction. The use of an air—switch,
comprised of a moving vane in the air flow mechanically
coupled to a microswitch, can be used to interlock the
electrical system.
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Figure 211. Performance Under Forced Airflow of
Typical Category 1 Natural Convection Heatsink

Thebasic air flow rate equation is:

AT = 1.76 Pp/VA (13.12)

where AT = thechangein air temperature (°C),
Pp = the power dissipation (W),
V = airveocity inlinear feet per minute (LFM),
A = areaof duct or chamber (ft2).

For example, if aflow rate of 500 LFM isrequired in aone
sguare foot duct and the power to be dissipated is 1000 W,
the air temperature will increase by 3.5°C. The product VA
is the volume of air flow required in cubic feet per minute
(CFM).

Most efficient use of agiven air flow will be achieved by
|ocating components demanding minimum temperature rise
(for example, semiconductors) closer to theinlet end of the
cooling column and locating those elements for which
maximum temperature rise is permitted (for example,
power resistors) at the exhaust end.

Determination of the required air flow must also take into
account the location of the airmover (fan or blower). If the
airmover islocated at the intake, its own heat loss must be
added to the power which the system is required to dissipate.
In thislocation, however, the ambient temperature which the
blower experiences will be relatively low. At the exhaust, the
airmover operates in a higher ambient temperature but its
own power loss does not raise the ambient air of the
assembly and is, therefore, generally preferable.

Pressure Drop

An important aspect of forced air cooling is that of
pressure drop. Thereis aways africtional resistance to fluid
flow which is a function of geometry, velocity, and
properties of the fluid. The resistance causes a back pressure,
often called pressure drop, AP.

For a passage of given geometry, pressure drop will
increase with the square of air flow. With constant air flow,
changesin the geometry that either restrict area or interfere
with flow will result in an increase in pressure drop.

Airmovers deliver a decreasing amount of airflow asthe
resistance to flow or pressure rise increases. Maximum flow
occurs at zero pressure rise and vice versa. Thus, for an
airmoving system, a unique operational point is determined
by the combination of the pressure drop and flow rate
characteristics of the airmover and the heat exchanger as
illustrated in Figure 212.

Heat
Exchanger

Operating Point

Fan

A P, Change in Pressure

Air Flow

Figure 212. System Operating Point. The Operational
Point of a Cooling System of
Given Geometry and a Given Fan Occurs at the
Intersection of the System’s Pressure Drop vs.
Air Flow, and of the Fan’s Pressure Rise vs. Air Flow
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Except for long straight ducts and certain bends and
transition pieces, pressure drop is difficult or impossible to
caculate. It is generally simpler to mount any type of
airmover in the system and measure the resulting flow and
pressure. Even if only one point is obtained, a system
characteristic or impedance curve may be derived by
assuming the impedance curve is quadratic. Knowing the
CFM required, the resulting pressure is read from the
impedance graph and an airmover meeting these
requirements may be selected.

Note that an increase in flow from 50 to 100 CFM on the
curve would increase the pressure requirements from 1.0 in.
to4.0in., whichisalargeincrease. At a certain point, if more
air is required, the designer is well advised to open air
passages in the system so that the impedance is lowered,
rather than increasing the pressure capabilities of the
airmover.

For a given flow rate and fixed volume, any change in
geometry that increases the heat transfer will increase
pressure drop causing the operational point on Figure 212 to
move to the left. Therefore, for every system—and—fan
combination, thereis an optimum fin geometry. If volumeis
critical, it is best to select a coder—fan combination from a
manufacturer. Often, semiconductor manufacturers offer
rectifier heatsink assemblies designed for forced air service
such asthat shown in Figure 213.

Figure 213. A 650 A Rectifier for 3-Phase Service
Having Integral Heatsink Designed
for Forced Air Systems

Rectifier Applications

Fan Laws

1. Speed: The following fan laws express the manner
in which the various quantities, in any fixed
system, vary with speed of the air moving devices:
a. CEM varies directly with rpm,

b. SP (datic pressure) varies asthe square of the rpm,
¢. HP (horsepower) varies as the cube of the rpm.

Note that if the impeller speed is doubled, the CFM is

doubled, the static pressure is multiplied by four and the

horsepower required is multiplied by eight.

2. Density: The performance rating of any impeller
acting at a constant speed in afixed system will be
altered by achangein air density in the following
manner:

a. CFM remains constant,
b.SP varies directly with air density.

Density is as important as velocity in forced convection
cooling. Since density decreases with altitude, an airmover
which has just sufficient capacity at sealevel isinadequate
at 50,000 ft. In order to provide an airmover that will
function efficiently at all atitudes, specia dlip motors are
available which operate at higher speeds as the load
decreases. Consequently, the motor maintains a constant
mass flow rate in terms of pounds per minute, in spite of the
changesin density caused by altitude.

Liquid Cooling

For very high current requirements, liquid cooling is
required. Heat exchanger manufacturers’ catalogs should be
consulted for selections of suitable systems. The general
principles outlined under air cooling also apply for liquid
cooling. That is, Equation 13.7 applies, the pressure drop,
flow rate relationship is quadratic, and the fan laws aso
apply. Typical performance of aliquid cooled dissipator is
shownin Figure 214.
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Figure 214. Typical Performance of a Liquid Cooled
Mounting Surface
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Component Placement

Traditionally, placement techniques have focused on
improving routability based on minimizing the total
wirelength between interconnected components. However,
electronic card assembly (ECA) reliability, which can be
measured in terms of timeto failure, cyclesto failure, or the
failure rates of the individual components, the
interconnections, and the printed wiring board (PWB), is
also affected by component placement.

The thermal characteristics of an electronic system are
dependent on both the thermal management techniques
being employed and the positioning of the heat dissipating
components. When considering placement, an examination
of both the cooling methods and the failure mechanismsis
required.

In the case where the modd for the totd failure rate, hy(t),
is time independent, the positioning of the components on
the board requires minimizing, as follows:

n
ht = zhi(Ti,ATi)
i=1

(13.13)

where h; isthe failure rate of the i—th part.

On the other hand, the method used in examining failures
due to time dependent failure is based on minimizing the
time, or the number of cyclesto failure, Nt For example, if
the failure mechanism is fatigue caused by temperature

Exhaust

cycling, then the number of cycles to failure is often
modeled by the Manson—Coffin formulation and has the
form:

Nf = A(KAT)N (13.14)

where A, K, and n are based on environmental, geometric,
and material properties. The constant n represents the slope
on alog-og plot of N; versus (KAT) and has a negative
value.

The optimal reliability method used in failure rate
placement cannot always be employed because maximizing
the sum of the individual number of cyclesto failure does not
necessarily ensure the best situation for the component with
the lowest cycle to failure component is maximized.
Therefore, placement of components based on fatigue
failures requires that the components with minimum cycles
to failure are successively maximized. Mathematically
stated the placement problem becomes

Max(MinNfj)fori = 1,...,n (13.15)

The placement of semiconductors on the heatsink is also
important in order to achieve the lowest temperature rise.
Figure 215 shows preferred positions. It is generally more
economical to use one heatsink with several properly placed
transistors than to use individual heatsinks. Cooling
efficiency increases and the unit cost decreases under such
conditions. Details of placement methods can be found in
references[1,2,3].
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Figure 215. Proper Rectifier Placement for Components having Equal Power Dissipation.
Located in this fashion, each semiconductor will operate at the same case temperature and
maximize the heatsink performance. In natural convection, mounting must be vertical.
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Chapter 14

Assembly Considerations for Printed
Circuit Boards
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Assembly Considerations for Printed Circuit Boards

A rectifier diode package style is chosen based upon the
power being dissipated and the assembly technique.
Generally, assembly costs are lower when the diode package
is soldered directly to the printed circuit board (PCB), using
either insertion mount or surface mount, rather than
mounting with screws, clips, or other hardware on a separate
heatsink. However, the power dissipation capability of
conventional PCBs is limited because of the board’s
relatively poor thermal conductivity. With conventional
glass—epoxy boards, component power dissipation is
typicaly limited to 3 W, while more costly metal—backed
boards alow dissipations up to about 10 W. The
metal—backed board can be attached to a heatsink for even
higher dissipation, but this is not often done because the
temperature of al components on the board is raised to
approximately that of the case of the power components.
Thus, in high—power applications, the rectifier diode is
usually mounted directly to a heatsink with wires used to
connect the component to the PCB.

Many earlylife field failures have been traced to faulty
mounting procedures which cracked the die, cracked the
package case impairing its moisture resistance, or mounted
the package in a way that increased its thermal resistance
(reduced its ability to transfer the heat away from the die).
The objective of a good mounting procedure isto secure the
package without causing any physical damage and to
provide a low thermal resistance path to the heatsink
material. In the sections to follow, mounting considerations
are explained for insertion or through-hole PCBs and
surface mount PCBs.

Insertion Mounting

Although insertion or through-hole printed circuit boards
have been the industry standard since the 1960s, errors are
still made in mounting components, particularly when
appreciable power must be dissipated. Thermal capabilities
are often migudged and mechanical damage can occur.

For insertion—-mounted components in a free convection
environment, the primary path of heat transfer isthrough the
leads as discussed in Chapter 2. Sufficient board metal needs
to surround the lead insertion hole to act as a heatsink. A
circular pattern is most efficient per unit area because the
thin board metal has a fairly high thermal resistance.
Sometimes  semiconductor  manufacturers  provide
information as shown in Chapter 2 that may prove helpful.
Otherwise, arequired pad area can be calculated using the
principles discussed in Chapter 13. Before committing a
board assembly to production, the diode lead temperature
should be measured using a fine wire thermocouple under
worst—case conditions.

Although the leads of axialHeaded and tab—mount
packages are somewhat flexible and can be formed for
insertion mounting, it is not arecommended procedure to do
so because of therisk of damage to the package or die. Often,

a mechanical arrangement can be chosen that makes
|ead—forming unnecessary. Many lead—forming options are
available from the manufacturers upon special request.
Preformed |eads remove the user’s risk of device damage
caused by bending.

If, however, lead—forming is done by the user, severa
basic considerations should be observed, When bending the
lead, support must be placed between the point of bending
and the package. For forming small quantities of units, apair
of pliers may be used to clamp the leads at the case, while
bending with the fingers or another pair of pliers. For
production quantities, a suitable fixture should be made that
also includes lead cutting, thereby eliminating repeated
handling of the device.

The following genera rules should be observed to avoid
damage to the package:

1. A lead bend radius greater than /16 inch is
advisable.

2. No twisting of leads should be done at the case.

3. No axial motion of the lead should be allowed
with respect to the case.

Leads are not designed to withstand excessive axial pull.
Force in this direction greater than 4 |b may result in
permanent damage to the device. If the mounting
arrangement imposes axial stress on the leads, a condition
that may be caused by thermal cycling, some method of
strain relief should be devised, such as an expansion elbow
formed in the lead. When wires are used for connections,
care should be exercised to assure that movement of the wire
does not cause movement of the lead at the lead—to—case
junctions. Highly flexible or braided wires are good for
providing strain relief. Wire-wrapping of the leads is
permissible, if thelead is restrained between the plastic case
and the point of the wrapping.

The leads may be soldered providing specifications are
observed. Typicaly, the maximum soldering temperature
for aplastic encapsulated part must not exceed 240°C, and
must be applied for not more than 5 sec at a distance greater
than 1/8 inch from the case. These numbers can vary
depending upon the package type and manufacturer. In all
cases, the manufacturer’s data sheet should be consulted for
the actual specifications. Glass or metal packaged parts
usualy alow higher temperatures. A removable heat
dissipator, clamped on the lead near the body during
soldering, reduces the chance of damage when control of
temperature and time is not precise, such as with hand
soldering. Rosin or activated rosin fluxes are preferred while
organic or acid fluxes should not be used.

Pins, leads, and tabs must be handled and connected
properly to avoid undue mechanical stress that could cause
semiconductor failure. Change in mechanical dimensions as
a result of therma cycling over operating temperature
extremes must be considered.
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The pins and lugs of metal packaged devices using
glassto—-metal seals are not designed to handle any
significant stress. If abused, the seals can crack, destroying
the hermetic seal. Wires may be attached using sockets,
crimp connectors, or solder, provided the data sheet ratings
are observed. When wires are attached directly to the
terminals, flexible or braided leads are recommended to
provide strain relief.

The screw terminas of modules such as the
POWERTAP™ package look deceptively rugged. Since the
flange base is mounted to arigid heatsink, the connection to
the terminals must allow some flexibility. A rigid buss bar
should not be bolted to terminals. Lugs with braid are
preferred.

In al cases, the manufacturer’s data sheets should be
consulted for recommended mounting procedures and
torque specifications. Many packages have specid
reguirements.

Surface—Mount Technology

Surface-mount technology (SMT) began in the early
1970s when electronic manufacturers began to mount
miniaturized components directly on the surface of printed
circuit boards, atechnique evolving from thick film hybrids.
SMT is being used increasingly to meet the electronic
industry’s demand for boards that are smaller, cheaper, and
more reliable.

In surface mounting, the components are soldered directly
on top of solder pads called footprints, rather than inserting
the leads into holes. Surface-mount devices (SMDs) can
either be leaded or leadless. The footprint conforms to the
lead layout of the surface-mount component. Two common
surface-mount footprints are shown in Figure 216. A
comparison between insertion—mount and surface-mount is
shown in Figure 217. Surface mounting has severa
advantages over the insertion—mount method. For example,
SMDs are typicaly 30% to 60% smaller than their
insertion—mount versions. With the smaller package size
and the elimination of the through-hole, board densities can

dramatically increase. The use of surface mount also allows
components to be placed on both sides of the PCB. The use
of surface-mount chip capacitors, resistors, and
semiconductors could theoreticaly give SMT boards
packaging densities similar to hybrids. All this increased
density results in lower parasitic inductances and
capacitances. Smaller and denser PCBs result in reduced
system costs by factoring in effects such as cabinet size,
connectors, and cabling.

The current component industry trend is to make al
popular leaded products available in surface-mount
packaging. This gives the designers the ability to
manufacture complete surface-mount assemblies as
opposed to hybrid boards—that is, boards which contain both
surface-mount and insertior—mount components. Selecting
a suitable surface-mounted rectifier diode equivaent to a
|eaded device generally requires more than a casual ook, as
the designer may be confronted by a number of different
packages.

A number of industry committees play a role in
communicating the importance of standardization to the
component manufacturer. The JEDEC, ETA, IPC, and
SMTA set the standards in the United States while the EIM
isthe counterpart of JEDEC in Japan. These committees set
standards in packaging, outline dimensions, pin spacings,
tape and reel specifications, etc.

In conjunction with the industry trend to use automatic
placement equipment for surface-mount components, most
surface-mount semiconductors are packaged in the
industry—standard tape and reel format per EIA 481. The
current packaging method is a conductive plastic tape with
embossed cavities that serve as a pocket for the individual
device. These tape sizes range from 8 to 24 mm depending
upon the size of the device. A sealing tape is then applied to
retain the device. The reels are typically 7 or 13 inch, the
7 inch reel handling a smaller quantity of devices. Some of
the larger packages, such as the D2PAK, may aso be
packaged in plagtic tubes which are sometimes referred to as
railsor sticks.

http://onsemi.com

226



Rectifier Applications

- 55

(0.236)
6 0.089"
/
L~ (0.075)
1 1.9 A
A
(0.118) 0.108"
° E
(0.063) - - | - ||| - | - |« (0.063) (inches
1.6 16 mm "
(0.090) (0.090) 0.085
2.3 2.3
DPAK SMB

Figure 216. Typical Footprints of Surface—Mount Rectifiers
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Figure 217. Comparison of (a) Insertion—-mount and (b) Surface-mount PCB
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Surface—Mount Rectifier Packages

A designer building a surface-mount assembly has a
choice of a number of surface-mount packages offered by
the semiconductor industry. Depending on the number of
leads, these packages can house either single or dual
(center—tap) rectifier diodes. There are leadless diodes,
SOT-type packages such as SOT-89 and SOT-223, and the
SMB and SMC packages which are two leaded packages
designed specifically for diodes. For higher power levels,
there are the DPAK and the D2PAK. Some of the more
common surface-mount rectifier packages and their general
characteristics are shown in Table 30.

Two common types of lead forms are in use on rectifier
SMDs. SOTs, DPAKS, and D2PAKs have “gull-wings’;
SMBs and SMCs have the “J' bend. Both of these
configurations are shown in Figure 218. Gull-winged leads
are more easily probed by test leads, and gull-winged
packages are easily handled by automated pick—and—place
equipment. Packages with J-bend leads have smaller
footprints and take up less real estate on the printed circuit
board. The disadvantage is that their solder joints are not
easily inspected and test points must be provided to access
the leads.

The power dissipation ratings listed in Table 30 assumes
that the packages are mounted to atypica glass epoxy board
with the minimum recommended size footprints (as shown
on the manufacturer’s data sheet) at an ambient temperature
of 25°C. Higher power dissipation can be achieved by
providing improved heat dissipation through the use of
metal—backed boards and ceramic substrates.

Although the term “SOT” stands for small outline
transistor, the packages are also used for rectifier products.
These are plastic rectangular—shaped packages of varying
sizes with gull-wing leads. The number of leadsis three for
the SOT-23, and four for the SOT—89 and the SOT-223.
The power dissipation ratings range from 225 mW for the
SOT-23 up to 830 mW for the SOT-223.

The SC-59 package is similar to the SOT-23 and is
common in Japan. This packageis very close to the SOT-23
in size and has the same therma and electrica

characteristics. Despite similarities, the SC-59 requires a
different footprint.

For very high—density, low—power applications, the
Japanese have developed several packages smaller than the
SOT-23. These packages are the SC-70 and SC-90. The
SC-90 is about athird and the SC—70 about half the size of
the SOT—-23, with power dissipation ratings of 125 and 150
mW respectively. The SC—70 package is also manufactured
in five— and six— eaded versions to accommodate diodes in
anumber of different configurations using monolithic chips.
Due to their small size and resulting handling difficulties,
these packages are slowly beginning to gain acceptance
outside Japan.

SMB and SMC packages resemble “SO” type integrated
circuit packages except for wide leads bent in a modified
J-bend pattern. The packages have a maximum power
dissipation rating of 0.8 and 1.2 W, respectively. Although
physically larger, the SMB fits the same footprint as the [-W
MELF. The SMB package is an aternative to the leadless
MELF and, due to its shape, it is generally easier to handle
in manufacturing.

The DPAK developed by ON Semiconductor wasthe first
true power package developed for surface-mount
applications. The DPAK resembles a miniature TO-220. In
comparison with other plastic power packages, the DPAK is
physically smaller than aD2PAK yet larger than an SMB and
SMC. The DPAK allows for a large selection of higher
power surface-mount devices since it can house adie size
considerably larger than the MELF and SOT type packages.
The largest high—power surface mount package presently
availableisthe D2PAK, a package capable of handling the
same size die as the TO-220 package with a power
dissipation rating of 2.5 W. Both the DPAK and the D2PAK
have gull-winged leadforms with the center lead clipped,
|eaving the tab for the anode connection.

Prior to the introduction of the DPAK and the D2PAK, the
conventional TO-220 package was used for surface
mounting by forming the leads into a gull wing lead form
and, sometimes, shearing the tab. (Shearing the tab isavery
questionabl e procedure that often causes afracturein the die
that in turn leads to a latent failure.)

g ¢ 3

Gull-Wing

J-Bend

Figure 218. Lead Variations in Surface-mount Components
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Package General Max # Max Die Max PD Description
Destination Package Description Leads Size (Mils) (Watts) (Not To Scale)

SC—90 Low Power, 3 15x 15 0.125 @
Plastic — Gull-Wing Leads

SC-70 Low Power, 6 21x21 0.15 ”
Plastic — Gull-Wing Leads %

SOT-23 Low Power, 3 25x 25 0.225

(TO-236) Plastic — Gull-Wing Leads %}}}

SC-59 Low Power, 6 25x 25 0.225
Plastic — Gull-Wing Leads ?@

SOT-89 Low Power, 4 60 x 60 0.6

(TO-243AA) Plastic — Gull-Wing Leads %’;

SOT-223 Medium Power, 4 90 x 90 0.83

(TO-261AA) Plastic — Gull-Wing Leads

SMB Medium Power, 2 60 x 60 0.8 _)

(DO-214AA) Plastic — J-Leads

SMC High Power, 2 104 x 104 1.2

(DO-214AB) Plastic — J-Leads

DPAK High Power, 3 107 x 107 1.75

(TO-252) Plastic — Gull-Wing Leads and Tab 5%9

D2PAK High Power, 3 170 x 220 25

(TO-263) Plastic — Gull-Wing Leads and Tab ;Q

Thermal Management of Surface—Mount
Rectifiers

One of the mgjor considerations when doing anew design
is removing the heat from an assembly. The problem
becomes even more severe when attempting miniaturization
through the use of surface-mount technology. The problem
is magnified to a greater extent when placing power
surface-mount components such as the DPAK or aD2PAK
on a surface-mount board assembly. Thermal
characteristics of surface-mount packages are a major
consideration since an increase in junction temperature T
can have an adverse effect on the long term operating life of
the component.

The surface—mount rectifier is soldered to a footprint as
shown on the data sheet. This footprint is recommended to
achieve the power dissipation ratings as shown on the data
sheet. By using a larger footprint and more thermally
conductive PCB or substrate materials, the power
dissipation capability can be increased. The dedicated
amount of PCB area should be based upon thermal
management of the circuit. If itistoo large, it will defeat the

whole concept of using surface mount; if it istoo small, it
will limit the power—handling capability of the device.

The designer has the choice of either allocating a larger
area of copper clad to the footprint or using the smaller and
thermally more efficient but more costly ceramics and
metal-backed board materials. Designing more complex
mechanical thermal assemblies can raise the
power—handling capabilities of these packages. The use of
higher power components will more than likely dictate the
use of such alternate board materials in order to properly
manage the thermal characteristics of the assembly.

When using surface—mount rectifiers, the board material
may be a glass epoxy, a ceramic subgtrate, or ametal—backed
board to which the device is soldered. The sink—to—ambient
thermal impedance will be a function of the substrate
material, the size of the footprint available for heat
spreading, the proximity of other additional thermal loads
on the board, and the velocity of air flow (in the case of
forced air cooling). The heat—sinking capacity of the board
or substrate will depend on the thermal conductivity of the
board material. The reduction in thermal resistance
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obtainable will depend on board material, thickness, and air
velocity across the board. The use of aternate (non—FR—4)
circuit board materials opens up a whole range of
capabilities for using the DPAK and D2PAK packages at
higher power levels in surface-mount applications.
Thorough testing of the prototype is the only way to prove
the adequacy of a particular thermal design.

Manufacturers of PCB and substrate materials are
constantly working to improve the thermal efficiency of
their materials and to develop new materials.

Board Materials

The printed circuit board material for surface-mount
components plays a crucia role in ensuring the electrical,
thermal, and mechanical reliability of the electronic
assembly. There are many types of available materials and
it is important to carefully evaluate the important board
properties in light of the final application of the product,
before a board material can be selected in a cost—effective
manner. Each material has a set of properties with particular
advantages and disadvantages, as seen in Table 31. No
material will satisfy all design needs or applications and
compromises in material properties should be sought that
offer the best taloring to suit end—product
cost—effectiveness.

Printed circuit boards vary from very basic single-sided
boards to very sophisticated multilayer constraining—core
structures.  In  high—eliability applications, thermal
management and solder joint reliability concerns often
preclude the use of conventiona glass epoxy PCB materials.
However, there are some selection criteriathat are common
to all PCB materials as shown in Table 32 which lists design
parameters and material properties that affect system
performance. Also, Table 33 lists the properties of the most
common board materials.

When components are surface mounted, solder acts as
both the electrical and the mechanical attachment medium.
Mounted to traditional printed circuit board materials, such
as glass epoxy, the thermal expansion mismatch between the
component and the board can cause solder joint stress
failures when a wide operational temperature range is
encountered. This problem becomes more apparent with
larger component package sizes as the thermal expansion
mismatch stressis proportional to package size. Equations
are available (see for example IPC-SM—785, Guidelines for
Accelerated Reliahility Testing of Surface Mounted Solder
Attachments) for predicting thelife of the solder attaches but
for the case of normal rectifier packages, the package
dimensions are small enough that therma expansion
mismatch fatigue is not a dominant failure mechanism.

With higher packaging densities and larger individual
dies, surface-mount PCBs are often required to remove
more heat per unit area than with conventional
insertion—mount PCBs. As discussed in Chapter 2, the
primary path of heat transfer for SMDsis through the leads,
with the exception of the DPAK and the DZPAK.
Unfortunately, conventional organic base board materias

are relative poor thermal conductors and can require
heatsinks or sophisticated cooling mechanisms for thermal
management, with resultant penalties in system weight and
size. Again, before committing a board assembly to
production, the diode lead temperature should be measured
using a fine wire thermocouple, under worst—case
conditions.

Table 33 summarizes some of the more important
properties of board materids. However, for
surface-mounting purposes, the properties that most
significantly influence the selection of board material,
besides thermal conductivity, are glass transition
temperature (Tg) and coefficient of thermal expansion
(CTE). The simplest definition of glass transition
temperatureis just what its name suggests: the temperature
at which the material changesfrom a*“glass-ike” structure
to a soft rubber-like consistency. At this temperature,
significant changes occur in the mechanical properties of the
material. These changes can cause process, handling, and
performance problems.

The coefficient of therma expansion isameasure of how
much amaterial expands per degree of temperature change
and is expressed in units of inch/inch per/°C or parts per
million/°C. The reinforcing woven fabric materials used in
typical multilayer board laminates have alower CTE than
the resin. As a result, the composite laminates have their
expansion restrained in the in—plane directions and, due to
this restraint, the expansion of the laminate in the
out—of—plane direction can be increased over that of the
resin alone. Above the Tg, this out—of—plane expansion CTE
can increase as much as fivefold and result in substantial
strainsin plated-through holes.

In general, PCBs will fit into one of four basic categories
of construction: organic base material, nonorganic base
material, constraining core, and supporting plane or
metal—backed boards.

The most common board material in use is FR—4, an
epoxy fiberglass laminate. Alternative resins to epoxy are
the polyimide, multifunctional epoxies (FR-5). Driven
primarily by the military requirements for improved
reliability, in—service therma performance, and field
repairability, the polyimides have evolved as the most
commonly used material in the high—performance laminate
market. The reason the polyimide resins are used is not that
they have a better CTE than epoxies, but that they have a
substantially higher Tg. Most solder reflow operations occur
below the polyimide Tg, not incurring the problems of the
high out—of—plane expansion and resin softening as with
epoxies. Thus, the problems associated with “pad lifting”
during processing is minimized, and the board repairability
is enhanced. BT-type resins can be used in place of
polyimide at alower cost.

New fabric—reinforcing materials such as quartz and
aramid fiber fabrics are being used to improve the inplane
CTE characterigtics of boards over those obtained with fiber
glass. Unfortunately, due to the extra cost of the materiasas
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well asthe extra processing costs, such asin drill-bit wear,
these newer materials have not yet reached general use.

Nonorganic or ceramic—based boards have come directly
from hybrid circuit technology with its associated capability
for extremely high interconnection densities. These boards
have a lower CTE, no worries of a glass transition
temperature, and better thermal conductivity but cost more
than typical organic—based boards.

Constraining core materials such as copper— nvar—copper
or copper—graphite have been developed for use in
multilayer PCBs primarily to tailor to the boards overal
thermal properties. By varying the ratio of high thermal
expansion copper to low thermal expansion Invar, the
copper—clad Invar core can be adjusted from 3 to 10
ppm/°C. Figure 219 shows atypical multilayer board with
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copper—clad Invar power and ground planes acting as
constraining cores. The overall CTE of the structure can be
tailored by varying the composition and thickness of the
constraining cores.

Often metal cores or backings are used as conduction
plates in a PCB only to improve the overall thermal
characteristics of the board. Figure 220 is a schematic of a
simple one-ayer metal—backed board specificaly designed
for improved thermal performance for power SMDs. Using
an auminum base plate with a thermally conductive
dielectric layer, which isthen overlaid by the copper circuit
layer, the component power dissipations can be easily
doubled. More complex multilayer laminates with “blind”
or “buried” vias can also be bonded to conduction plates.
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004 EPOXY-GLASS

kZZZZZZZZZZZZZi:: .0014 COPPER (SIGNAL)
.006 EPOXY-GLASS

.005 COPPER CLAD INVAR (GROUND)
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Figure 219. Typical Multilayer Board with Copper—Clad Invar Power and Ground
Planes Acting as Constraining Cores
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Thermal Clad™ is a trademark of the Bergquist Company

Figure 220. Schematic of a Simple One-Layer Metal-Backed Board Specifically Designed for
Improved Thermal Performance for Power SMDs
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Table 31. Characteristics of Board Materials

Type

Major Advantages

Major Disadvantages

Comments

Organic base substrate
Epoxy Fiberglass

Substrate size, weight, rework-
able, dielectric properties, con-
ventional board processing

Thermal conductivity, X, Y,
and Z axis CTE

Because of its high X-Y plane, CTE,
should be limited to environments and
applications with small changes in
temperature and/or small packages

Polyimide Fiberglass

Same as epoxy fiberglass plus
high-temperature Z axis CTE,
substrate size, weight, rework-
able, dielectric properties

Thermal conductivity, X and Y
axis CTE, moisture absorp-
tion

Same as epoxy fiberglass

Epoxy Aramid Fiber

Same as epoxy fiberglass, X-Y
axis CTE, substrate size, lightest
weight, reworkable, dielectric
properties

Thermal conductivity, X and Y
axis CTE, resin microcrack-
ing, Z axis CTE, water ab-
sorption

Volume fraction of fiber can be con-
trolled to tailor X—Y CTE; resin selec-
tion critical to reducing resin micro-
cracks

Polyimide Aramid Fiber

Same as epoxy aramid fiber, Z
axis CTE, substrate size, weight,
reworkable, dielectric properties

Thermal conductivity, X and Y
axis CTE, resin microcrack-
ing, water absorption

Same as epoxy aramid fiber

Polyimide Quartz
(fused silica)

Same as polyimide aramid fiber.
Z axis CTE, substrate size,
weight, reworkable, dielectric
properties

Thermal conductivity, X and Y
axis CTE, Z axis CTE, dril-
ling, availability, cost, low res-
in content required

Volume fraction of fiber can be con-
trolled to tailor X—Y CTE; drill wearout
higher than with fiberglass

Fiberglass/Aramid
Composite Fiber

Same as polyimide aramid fiber,
no surface microcracks, Z axis
CTE, substrate size, weight, re-
workable, dielectric properties

Thermal conductivity, X and Y
axis CTE, water absorption,
process solution entrapment

Resin microcracks confined to internal
layers and cannot damage external
circuitry

Fiberglass/Teflon

Dielectric constant, high temper-
ature

Same as epoxy fiberglass,

Suitable for high—speed logic applica-

Laminates low—temperature stability, tions, same as epoxy fiberglass
thermal conductivity, X and Y
axis CTE
Flexible Light weight, minimal concernto | Size Rigid—flexible boards offer trade—off
Dielectric CTE, configuration flexibility compromises

Thermoplastic

3-D configurations, low high—
volume cost

High injection—molding setup
costs

Relatively new for these applications

Nonorganic Base
Alumina (ceramic)

CTE, thermal conductivity, con-
ventional thick—film or thin—film
processing, integrated resistors

Substrate size, rework limita-
tions, weight, cost, brittle, di-
electric constant

Most widely used for hybrid circuit
technology

Supporting Plane
Printed board bonded to

Substrate size, reworkability, di- | Weight The thickness/CTE of the metal core
plane support (metal or electric properties, conventional can be varied along with the board
nonmetal) board processing, X-Y. axis thickness, to tailor the overall CTE of

CTE, stiffness, shielding, cooling the composite
Sequential processed Same as board bonded to sup- Weight Same as board bonded to supporting

board with supporting
plane core

porting plane

plane

Discrete Wire

High—speed interconnections;
good thermal and electrical fea-
tures

Licensed process, requires
special equipment

Same as board bonded to low—expan-
sion metal support plane

Constraining Core

Porcelainized
copper—clad invar

Same as alumina

Reworkability, compatible
thick—film materials

Thick—film materials still under devel-
opment

Printed board bonded with
contraining metal core

Same as board bonded to sup-
porting plane

Weight, internal layer regis-
tration

Same as board bonded to supporting
plane

Printed board bonded to
low—expansion graphite fi-
ber core

Same as board bonded to low—
expansion metal cores, stiffness,
thermal conductivity, low weight

Cost

The thickness of the graphite and
board can be varied to tailor the over-
all CTE of the composite

Compliant layer structures

Substrate size, dielectric proper-
ties, X-Y axis CTE

Z axis CTE, thermal conduc-
tivity

Compliant layer absorbs difference in
CTE between ceramic package and
substrate
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Table 32. Board Structure Selection Criteria

Material Properties
Coefficient
Design Transition | of Thermal Thermal Tensile | Flexural | Dielectric | Volume Surface Moisture

Parameters Temperature | Expansion | Conductivity | Modulus | Modules | Constant | Resistivity | Resistivity | Absorption
Temperature and
Power Cycling X X X X
Vibration X X
Mechanical
Shock X X
Temperature and
Humidity X X X X X X
Power Density X X
Chip Carrier Size X X
Circuit Density
Circuit Speed

Table 33. PCB Board Properties

Material Properties

X=-Y
Coefficient
Glass of Thermal
Transition Expansion Thermal X-=Y Tensile Dielectric Volume Surface Moisture
Temperature (ppm/°C) Conductivity Modulus Constant Resistivity Resistivity | Absorption
Material (°C) (Note 5) (W/M°C) (PSI x 108) | (at 1.0 MHz) (Q/cm) (Q) (%)
Epoxy Fiberglass 125 13-18 0.16 2.5 4.8 1012 1013 0.10
Polyimide Fiberglass 250 12-16 0.35 2.8 4.8 1014 1013 0.35
Epoxy Aramid Fiber 125 6-8 0.12 4.4 3.9 1016 1016 0.85
Polyimide Aramid Fiber 250 3-7 0.15 4.0 3.6 1012 1012 1.50
Polyimide Quartz 250 6-8 0.30 - 4.0 109 108 0.50
Fiberglass/Teflon 75 20 0.26 0.2 2.3 1010 101 1.10
Thermoplastic Resin 190 25-30 - 34 1017 1013 NA -
Alumina—Beryllia NA 5-7 44.0 8.0 1014 - - -
Aluminum (6061 T-6) NA 23.6 200 10 NA 106 - NA
Copper (CDA101) NA 17.3 400 17 NA 108 - -
Copper—clad Invar NA 3-6 150XY/20Z 17-22 NA 108 - NA
Graphite (P-100) 160 -1.15 110XY/1.1Z 37 NA - - -
Graphite (P-75) 160 -0.97 40XY1.7Z 25 NA - - -

2. These materials can be tailored to provide a wide variety of material properties based on resins, core materials, core thickness, and
processing methods.

3. The X and Y expansion is controlled by the core material and only the Z axis is free to expand unrestrained. Where the Tq will be the same
as the reinforced resin system used.

4. When used, a compliant layer will conform to the CTE of the base material and to the ceramic component, therefore reducing the strain
between the component and the P&l structure.

5. Figures are below glass transition temperature, and are dependent on method of measurement and percentage of resin content.
NA — Not applicable.
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Surface—Mount Assembly

Most SMDs have leads which are either solder plated or
solder dipped, thus eliminating the need to pretin the leads
prior to mounting. Pretinned PCBs are provided by most
manufacturers. This aids in the attachment of the SMDs
since both the mechanical and electrical connections are
made at the footprint by reflowing solder and joining the
pans. Unlike the leaded component joints where the leads
provided additional mechanical strength, the SMD is
dependent on the solder joint alone. Thisiswhy good solder
joints are so critical to SMT technol ogy.

A good solder joint must meet three basic criteria: good
wetting of surfaces, fillet complete, and not too much solder.
To meet these requirements the industry adopted mass
soldering techniques. The quality of the end product is
determined by the measures taken during the design and
manufacturing stages. A consistent standard of quality and
reliability in the finished product is not attainable with
manual methods.

The assembly process involves the placement of the
components on the circuit board with atemporary means of
fastening to hold them in place. In insertion mounting, the
component leads are inserted into the holes and then
clinched, automatically aligning the package and holding it
in place until soldering. With surface mounting, the
packages are more difficult to handle in assembly because
they cannot be aligned during the pick—and-place operation.
SMDs must be physically held in place either by an adhesive
or with solder paste, depending upon the final configuration
and soldering process. Adhesives are used to hold in place
SMDs that will be undergoing a wave—soldering process. In
a reflow process, the solder paste holds the component in
place and alignment is not as much of a concern, as the
components generally will be pulled into alignment by the
surface tension of the molten solder. The first mgjor step in
PCB preparationisto “print” the solder paste onto the pads.
This is done by a screen printer. This paste provides the
necessary solder to form thejoint fillets that are so important
to electrical and mechanical connections. The component is
then placed on the fresh solder paste and the operation is
completed through one of severa different types of
soldering processes. This process melts the solder and bonds
the SMD to the PCB. After the soldering operation, the
board is cleaned with a solvent and it is then ready for
testing.

There are two general classifications of soldering
processes. reflow and wave soldering. Wave soldering isthe
traditional method used for insertion mount components,
and it can also be used for SMDs. In wave soldering, the PCB
isinverted so the components are suspended under the board
and then passed through a molten stationary wave of solder.
The solder wave simultaneously supplies the heat and the
solder to make the connection between the component and
PCB footprint. In reflow soldering, solder paste is applied to
the PCB footprint before the component is placed. The
assembly is then heated until the solder paste reflows,

making the joint. Many reflow soldering techniques have
been developed, which vary only in the method of heat
transfer used.

With wave soldering, the component orientation with
respect to the direction is very important. The surface
tension of the solder can prevent molten solder from
reaching the downstream side of the component. The height
of the component body is aso very critical. Components
with heights up to 100 mils can typically be wave soldered.
However power SMDs such as the D2PAK with a body
height of 175 mils are not suitable for wave soldering
because of “shadowing.” Shadowing occurs when the body
height shadows the solder pads from the wave and the
surface tension of the molten solder prevents the solder from
reaching the far end of the component, as shown in
Figure 221.

With the increased package density and the reduction of
space between conductors, nonwetting, solder bridging, and
shadowing are al problems for conventional
wave-soldering equipment. The dual wave method was
devel oped to overcome the limitations of conventional wave
soldering. Thefirst wave in adua wave systemisanarrow,
turbulent jet-like fountain. The function of thiswave isto
ensure that solder isforced into the component area and that
the solder reaches all pads. The narrow length permits gas
evolved from either the flux or component attachment
adhesives to escape. The turbulent jet flow of the wave
provides sufficient pressure to overcome the repelling and
hydrodynamic turbulence caused by the component bodies,
assuring that all pads are wetted with solder. The second,
laminar, wave embodies the characteristics of a
conventional wave-soldering machine and completes the
formation of solder fillets and removes bridges. However,
with increased circuit density and the resulting reduction of
space between conductors, reflow soldering techniques are
preferred for surface-mount technology.

Vapor—phase reflow is the most common process used for
soldering SMDs. The soldering is accomplished by
immersing the assembly in boiling vapors. The vapors
condense and transfer heat to the board using the latent heat
of condensation principle. Since the liquid boils a a
temperature higher than the melting point of the solder, the
solder reflows. Vapor—phase reflow soldering offers the
advantages of rapid heating with precise temperature
control which protects heat—sensitive components from
therma damage. Vapor—phase reflow soldering produces
even heating regardless of the overall geometry and is an
inherently clean operation as only continuously distilled
vapors contact the assembly.

A key ingredient in reflow soldering is the solder paste.
Solder paste consists of flux impregnated with small nodules
of solder. Solvents are added to the paste to provide optimum
flow characteristics during screen printing of the paste onto
the substrate assembly. Solder paste reflow can be achieved
by several techniques including conduction or convection
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ovens, resistance soldering, infrared, laser, and vapor phase
reflow.

In therma conduction belt reflow soldering, the heat
required for the reflow is conducted through the assembly.
This is accomplished by a series of heated platens located
under a continuously moving belt. The platens are
individually controlled so that the reflow thermal profile can
be varied for assemblies with different thermal
conductivities and masses. Generally there are at least two
stages: a preheat zone to reduce the thermal shock and to
drive off the flux solvents, and areflow zone for the actua
soldering. Because the conduction of the heat through the
assembly depends upon the contact of the assembly to the
belt, aweighted fixture is usually used to apply pressure to
multiple points on the assembly. The method is generally
suitable for small substrates with SMDs on the upper side
only. If areducing atmosphere, such asforming gas, is used,
then solder post cleaning may not be required.

In thermal—convection or hot—air soldering, the assembly
is placed on a conveyor that passes it through various heating
zones where hot air or gases are blown across the board.
Special attention must be paid to the air velocity. Too much
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air can blow out or upset the solder in addition to displacing
components on the board. If there is too little air, poor
convective heat transfer will occur.

In resistance soldering, a heated element in physical
contact with thejoint is used to reflow the solder. Instead of
solder paste, an extrathick layer of solder is usually plated
directly onto the footprint.

Infrared reflow uses radiation to transfer heat to the solder
paste to cause reflow. With a conveyorized infrared oven,
the assembly is passed through preheat zones before
reaching the high intensity reflow zone. The main difficulty
with IR oven heating is obtaining and maintaining a uniform
temperature distribution across the assembly due to
shadowing and variabilities in surface emissivity and energy
absorption. With careful process control, IR reflow
soldering can produce excellent results.

Laser soldering relies upon the absorption of laser
radiation by a conductive pad to melt and reflow the solder
paste. Laser soldering is not agenerally used process. It has
its place as a specialized process that takes advantage of the
fact that, with its localized heating, it performsits function
on precisely the areato be processed, and on that area alone.
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Figure 221. Shadowing in Wave Soldering: (a) Surface Tension and Body Height Can
Prevent Molten Solder Reaching the Downstream End of the SMD, the “Shadow Effect”;
(b) Extending the Solder Land May Overcome Shadowing
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Flux and Post Solder Cleaning

Many factors influence the quality and reliability of the
finished product: the soldering process itself, condition of
components and substrates being soldered, the choice and
application of the flux, and method of post—solder cleaning.
Flux selection and post—solder cleaning are becoming the
most important yet least understood factors in
surface—mount manufacturing today.

The choice and application of the flux, plus the method of
flux residue removal from the electronics assemblies are
very important in surface—mount technology reliability. The
flux removes surface oxides, prevents reoxidation, and
assistsin theremoval of corrosive residues on the substrate
during subsequent post—solder cleaning. The flux improves
the wettability of the solder joint surfaces. One must be
careful, however, not to use a highly activated flux in order
to promote rapid wetting to compensate for ill-prepared
surfaces. The flux residues are corrosive and a mildly
activated flux should be used wherever possible.

The major types of fluxes are shown in Table 34 with the
types of cleaning processes suitable for remova of each
flux. In the electronics industry rosin/resin fluxes are the
most popular.

Rosinisasolid resin obtained from pine treeswhich, in a
pure form but usually with additives, is frequently used asa

Table 34. Types of Fluxes Used for Soldering

flux. The main characteristics of a flux are the ability to
promote wetting to surfaces, called flux activity (cleaning of
surface as solder is reflowing), and the corrosivity of flux
residues after soldering. Asageneral rule the more active the
flux, the more corrosive are its residues. In electronic
assemblies that are exposed to elevated temperatures and
humidity, flux residues from fluxes can corrode the
metallurgical tracks on the eectronic assemblies and
component leads. Post—solder cleaning removes any
contamination, such as surface deposits, inclusions,
occlusions, or absorbed matter, which may degrade the
chemical, physical, or electrical properties of the electronic
assemblies.

Theremova of fluxes and flux residues after soldering is
essential for reliable performance of the electronic
assemblies. CFC-113 solvents mixed with alcohols were the
solvents of choice for electronic assemblies cleaning prior
to concerns about depletion of the ozone layer.

The dilemma brought about by government regulations
and the confusion over the multitude of options for specific
applications, with no universal replacement for CFC-113,
makes it difficult for the designer to select surface-mount
technology since the reliability of this technology is very
dependent on high—quality cleaning of the electronic
assemblies.

Military Organic Water Terpene
Flux Approved** Solvent Water with Saponifier with water
R (nonactivated rosin) °a . o .
RMA (rosin, mildly—activated) °a . o B
RA (rosin, activated) *a, b . . B
RSA (rosin, super—activated) . o B
WS (water soluble) [« . .
SA (synthetic resin, activated) d . .
Low Solids

*1 to 10 percent solids.
**U.S. Military
aPer the requirements of MIL-F-14256

bMilitary approved for certain applications MIL-F—14258 Qualified Products List; also approved by U.K. Defense Standards.

CApproved for use by U.K. Defense Standards.
dConditionally approved for use by U.K. Defense Standards.

Source: Adapted from Markenstein, Howard. 1983. “Solder Flux Developments Expand Choices,” Electronic Packaging and Production,

April 1983, pp. 39-42.

http://onsemi.com

236



Semiaqueous Cleaning Process

A semiagueous system is a process in which the
contaminants are dissolved from the electronic assemblies
and the solvent/residue mixture isrinsed from the surfacein
awater stage. A solvent—emulsion cleaning system is shown
in Figure 222. A solvent stage isthe first step in the process,
followed by an emulsion stage established in thefirst rinse
stage by drag—out from the solvent stage with a small
amount of water added. Overflow from the emulsion stage
can be alowed to settle in the decanter vessel. This allows

KCD-9438
MAKEUP

EMULSION STAGE
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the contaminants generated in the soldering process to be
separated from the aqueous effluent. The contaminants
collect in the hydrocarbon layer of the decanter. The
organicsin the water are primarily extracted surfactant from
the cleaning agent formula. Thisis an important distinction
from aqueous cleaning, where all dirt and saponifiers are
flushed down the drain. This allowsthe use of a closed-oop
water recycle system. With the correct filtration, elimination
of water discharge can be possible.

SUPPLY WATER
AIR KNIFE '

EMULSION

TO DRYING
SYSTEM

SOLVENT I

9438 STAGE

WATER RINSE STAGE

| |

SOLVENT + DIRT
WATER + SOAP

DECANTER

TO BURN OR
RECONSTITUTE

al B

TO WASTE WATER
TREATMENT OR RECYCLE

Figure 222. Semiaqueous Cleaning System (courtesy of Du Pont)
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Chapter 15

Heatsink Mounting Considerations
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Heatsink Mounting Considerations

When the power dissipated in a rectifier diode exceeds
approximately 10 W, it is more practical to use an externa
heatsink rather than a PCB to cool the diode. High—density
designs use a cold plate (a plate kept cooled by a flowing
fluid) while the finned assemblies discussed in Chapter 13
are used where space all ocations are more generous. In any
case, proper mounting of the diode to the heatsink is
necessary to provide alow resistance path for heat transfer
and to secure the package without causing mechanical
damage.

In many situations the case of the semiconductor must be
electrically isolated from its mounting surface. The isolation
meaterial is, to some extent, athermal isolator aswell which
raises junction operating temperatures. In addition, the
possibility of arc—over problems is introduced if high
voltages are present. Various regulating agencies also
impose creepage distance specifications which further
complicate design. Electrical isolation thus places
additional demands upon the materials used and the
mounting procedure.

A proper mounting procedure usually necessitates orderly
attention to the following:

1. Prepare the mounting surface.

2. Apply athermal grease (if required).

3. Install the insulator (if electrical isolation is
desired).

4. Fasten the assembly.

5. Connect the terminals to the circuit.

Mounting procedures are dependent upon the package.
However, packages can be placed into one of several generic
classes of packages. As newer packages are developed, itis
probable that they will fit into the generic classes defined.
Unique requirements are given on data sheets pertaining to
the particular package. The following classes are defined:
* Stud mount
¢ Range mount
* Pressfit
¢ Plastic-body mount
¢ Tab mount

Mounting Surface Preparation

Since diodes are cooled by contact between the diode case
and the heatsink surface, it isimportant that the maximum
possible area of the diode caseisin intimate contact with the
heatsink. Consequently, surface flatness and finish should
meet minimum standards and the mounting method should
ideally distribute pressure evenly over the mating surfaces.
Mounting holes and surface treatment must aso be
considered.

Surface Flatness

In general, the heatsink mounting surface should have a
flatness and finish comparabl e to that of the semiconductor
package. In lower power applications, the heatsink surface
is satisfactory if it appearsflat against astraight edge and is
free from deep scratches. In high—power applications, a
more detailed examination of the surfaceis required.

Surface flatness is determined by comparing the variance
in height (Ah) of the test specimen to that of a reference
standard as indicated in Figure 223. Flatness is normally
specified as afraction of the Total Indicter Reading (TIR).
The mounting surface flatness, i.e., AWTIR, if less than 4
mils per inch (normal for extruded aluminum) is satisfactory
in most cases.

Surface Finish

Surface finish is the average of the deviations both above
and below the mean value of surface height. For minimum
interface resistance, afinish in the range of 50 to 60 p—in. is
satisfactory; afiner finish is costly to achieve and does not
significantly lower contact resistance. Tests using a copper
TO-3 package with a typical 32 p—in. finish, showed that
heatsink finishes between 16 and 64 p—in. caused less than
+2.5% difference in interface thermal resistance when the
voids and scratches were filled with a thermal joint
compound [1]. Most commercially available cast or
extruded heatsinks will require spotfacing when used in
high—-power applications. In general, milled or machined
surfaces are satisfactory if prepared with tools in good
working condition.
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TIR = TOTAL INDICATOR READING
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Figure 223. Surface Flathess Measurement

Mounting Holes

Mounting holes generally should only be large enough to
alow clearance of the fastener. The larger thick—flange
packages having mounting holes removed from the
semiconductor die location, such as the TO-3, may
successfully be used with larger holes to accommodate an
insulating bushing, but many plastic encapsulated packages
areintolerant of this condition. For these packages, a smaller
screw size must be used so that the hole for the bushing does
not exceed the hole in the package.

Punched mounting holes have been a source of trouble
because, if not properly done, the area around a punched
hole is depressed in the process. This“crater” in the heatsink
around the mounting hole can cause two problems. The
device can be damaged by distortion of the package as the
mounting pressure attempts to conform it to the shape of the
heatsink indentation, or the device may only bridge the
craler and leave a significant percentage of its
heat—dissipating surface out of contact with the heatsink.
Thefirst effect may often be detected immediately by visua
cracks in the package (if plastic), but usually an unnatural
stressisimposed, which resultsin an early-life failure. The
second effect results in hotter operation and may shorten
long—term life.

Although punched holes are seldom acceptable in the
relatively thick material used for extruded aluminum
heatsinks, several manufacturers are capable of properly
utilizing the capabilities inherent in both fine-edge blanking
or sheared—through holes when applied to sheet metal as
commonly used for stamped heatsinks. The holes are
pierced using Class A progressive dies mounted on
four—post die sets equipped with proper pressure pads and
holding fixtures.

When mounting holes are drilled, a general practice with
extruded aluminum, surface cleanup isimportant. Chamfers

must be avoided because they reduce heat transfer surface
and increase mounting stress. However, the edges must be
broken to remove burrs which cause poor contact between
device and heatsink and may puncture isolation material.

Surface Treatment

Many aluminum heatsinks are black—anodized to improve
radiation ability and prevent corrosion. Anodizing resultsin
significant electrical but negligible thermal insulation. It
need only be removed from the mounting area when
electrical contact is required. Heatsinks are also available
that have a nickel-plated copper insert under the
semiconductor mounting area. No treatment of this surface
iS necessary.

Another treated auminum finish is indite, or
chromate—acid dip which offers low resistance because of its
thin surface, yet has good electrical properties because it
resists oxidation. It need only be cleaned of the oilsand films
that collect in the manufacture and storage of the sinks, a
practice which should be applied to all heatsinks.

For economy, paint is sometimes used for sinks; removal
of the paint where the semiconductor is attached is usually
required because of paint's high therma resistance.
However, when it is necessary to insulate the semiconductor
package from the heatsink, hard anodized or painted
surfaces alow an easy installation for low—voltage
applications. Some manufacturers will provide anodized or
painted surfaces meeting specific insulation voltage
requirements, usually up to 400 V.

It is & so necessary that the surface be free from all foreign
material, film, and oxide (freshly bared aluminum forms an
oxide layer in a few seconds). Immediately prior to
assembly, it is a good practice to polish the mounting area
with No. 400-600 grit paper or No. 000 steel woal, followed
by an acetone or alcohol rinse. If steel wool is used, care
must be taken to remove al sted particlesto avoid flashover.
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Interface Decisions

Even with properly prepared mounting surfaces, when
any significant amount of power is being dissipated,
something must be doneto fill the air voids between mating
surfaces in the thermal path. Otherwise, the interface
thermal resistance will be unnecessarily high and quite
dependent upon the surface finishes and pressure.

For severa years, thermal joint compounds, often called
grease, have been used in the interface. They have a
resistivity of approximately 60°C/W/in. whereas air has
1200°C/W/in. Since surfaces are highly pockmarked with
minute voids, use of a compound makes a significant
reduction in the interface thermal resistance of the joint.
However, the grease causes a number of problems, as
discussed in the following section.

To avoid using grease, manufacturers have devel oped dry
conductive and insulating pads to replace the more
traditional materials. These pads are conformal and
therefore partialy fill voids when under pressure.

Thermal Compounds (Grease)

Joint compounds are a formulation of fine zinc or other
conductive particlesin asilicone oil or other synthetic base
fluid, which maintains a grease-like consistency with time
and temperature. Since some of these compounds do not
spread well, they should be evenly applied in a very thin
layer using a spatula or lintless brush, and wiped lightly to
remove excess material. Some cyclic rotation of the package
will help the compound spread evenly over the entire contact
area. Some experimentation is necessary to determine the
correct quantity; too little will not fill all the voids, whiletoo
much may permit some compound to remain between
well-mated metal surfaces where it will substantially
increase the thermal resistance of the joint.

To determine the correct amount, several semiconductor
samples and heatsinks should be assembled with different

Rectifier Applications

amounts of grease applied evenly to one side of each mating
surface. When the amount is correct, avery small amount of
grease should appear around the perimeter of each mating
surface as the assembly is slowly torqued to the
recommended value. Examination of a dismantled assembly
should reveal even wetting across each mating surface. In
production, assemblers should be trained to owly apply the
specified torque even though an excessive amount of gresse
appears at the edges of mating surfaces. |nsufficient torque
causes a significant increase in the thermal resistance of the
interface.

To prevent accumulation of airborne particulate matter,
excess compound should be wiped away using a cloth
moistened with acetone or alcohol. These solvents should
not contact plastic—encapsulated devices, as they may enter
the package and cause a leakage path or carry in substances
which might attack the semiconductor chip.

Data showing the effect of compounds on severa package
types under different mounting conditions is shown in
Table 35. The rougher the surface, the more valuable the
grease becomes in lowering contact resistance; therefore,
when mica insulating washers are used, use of grease is
generally mandatory. The joint compound also improves the
breakdown rating of the insulator.

The silicone oil used in most greases has been found to
evaporate from hot surfaces with time and become deposited
on other cooler surfaces. Consequently, manufacturers must
determine whether a microscopically—thin coating of
silicone oil on the entire assembly will pose any problems.
It may be necessary to enclose components using grease.
The newer synthetic—base greases show far less tendency to
migrate or creep than those made with a silicone oil base.
However, their currently observed working temperature
range is less, they are dlightly poorer on thermal
conductivity and dielectric strength, and their cost is higher.

Table 35. Approximate Values for Interface Thermal Resistance Data from Measurements Performed in ON

Semiconductor Applications Engineering Laboratory

Dry interface values are subject to a wide variation because of extreme dependence upon surface conditions. Unless otherwise noted, the
case temperature is monitored by a thermocouple locate directly under the die reached through a hole in the heatsink.

Interface Thermal Resistance (°C/W)
Package Type and Data Metal-to—Metal With Insulator
Test Torque See
JEDEC Outlines Description In-Lb Dry Lubed Dry Lubed Type Note
DO-203AA, TO-210AA, 10-32 Stud 7/16" 15 0.3 0.2 1.6 0.8 3 mil Mica
TO-208AB
DO-203AB, TO-210AC, 1/4-28 Stud 11/16"” Hex 25 0.2 0.1 0.8 0.6 5 mil Mica
TO-208
DO-208AA Pressfit, 1/2” - 0.15 0.1 - - -
TO-204AA (TO-3) Diamond Flange 6 0.5 0.1 1.3 0.36 3 mil Mica 1
TO-213AA (TO-66) Diamond Flange 6 15 0.5 2.3 0.9 2 mil Mica
TO-126 Thermopad 1/4” x 3/8” 6 2.0 1.3 43 3.3 2 mil Mica
TO-220AB Thermowatt 8 1.2 1.0 3.4 1.6 2 mil Mica 1,2

1. See Figures 224, 225, and 226 for additional data on TO-3 and TO-220 packages.

2. Screw not insulated. See Figure 234.
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Conductive Pads

Because of the difficulty of assembly using grease and the
evaporation problem, some equipment manufacturers will
not, or cannot, use grease. To minimize the need for grease,
several vendors offer dry conductive pads which
approximate performance obtained with grease. Data for a
greased bare joint and ajoint using Grafoil (], adry graphite
compound, is shown in the data of Figures 224 and 225.
Grafoil is claimed to be areplacement for grease when no
electrical isolation is required; the data indicates it does
indeed perform as well as grease. Another conductive pad
available from AAVID is called Kon-Dux ™. It ismade with
a unique, grain—oriented, flake-like structure (patent
pending). Highly compressible, it becomes formed to the
surface irregularities of both the heatsink and the
semiconductor. Manufacturer’s data shows it to provide an
interface thermal resistance, better than a metd interface
with filled silicone grease. Similar dry conductive pads are
available from other manufacturers. They are afairly recent
development; long—term problems, if they exist, have not
yet become evident.
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(a) TO-204AA (TO-3)
Without Thermal Grease

(1) Thermalfilmd, 0.002 (0.05) thick.
(2) Mica, 0.003 (0.08) thick.

(3) Mica, 0.002 (0.05) thick.

(4) Hard anodized, 0.020 (0.51) thick.
(5) Aluminum oxide, 0.062 (1.57) thick.

Insulation Considerations

Since most power semiconductors use vertical device
construction, it is common to manufacture power diodes
with the anode dectrically common to the case; the problem
of isolating thisterminal from ground is acommon one. For
lowest overall thermal resistance which is quite important
when high power must be dissipated, it is best to isolate the
entire heatsink/semiconductor structure from ground, rather
than to use an insulator between the semiconductor and the
heatsink. Heatsink isolation is not always possible, however,
because of EMI requirements, safety reasons, and instances
where a chassis serves as a heatsink or where aheatsink is
common to several nonisolated packages. In these situations
insulators are used to isolate the individua components
from the heatsink. Newer packages contain the electrical
isolation material within, thereby saving the equipment
manufacturer the burden of addressing the isolation
problem.

When an insulator is used, thermal grease is of greater
importance than with ametal-to—metal contact because two
interfaces exist instead of one, and some insulating
materials, such as mica, have a hard, markedly uneven
surface. With many isolation materials, reduction of
interface thermal resistance by 50%—70% is typical when
greaseis used.
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(b) TO-204AA (TO-3)
With Thermal Grease

(6) Beryllium oxide, 0.62 (1.57) thick.

(7) Bare joint — no finish.

(8) Grafoill, 0.005 (0.13) thick.*
*Grafoil is not an insulating material.
(Data courtesy of Thermalloy, Inc.)

Figure 224. Interface Thermal Resistance for a TO-204 (TO-3) Package

http://onsemi.com

244



Data showing interface resistance for different insulators
and torques applied to TO-3 and TO-220 packages are
shown in Figures 224 and 225 for bare and greased surfaces.
Similar materials to those shown are available from severa
manufacturers. It is obvious that with some arrangements,
the interface therma resistance exceeds that of the
semiconductor (junction-to—case).

The conclusion from Figures 224 and 225 is that
beryllium oxide is unquestionably the best choice. However,
it isan expensive choice. (It should not be cut or abraded, as
the dust is highly toxic if inhaled.) ThermafilmO isafilled
polymide material which is used for isolation (variation of
Kaptond). It is a popular materia for low—power
applications because of itslow cost, ability to withstand high
temperatures, and ease of handling in contrast to micawhich
chips and flakes easily.
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(a) TO=220
Without Thermal Grease

(1) ThermalfilmO, 0.022 (0.05) thick.
(2) Mica, 0.003, (0.08) thick.

(3) Mica, 0.002 (0.05) thick.

(4) Hard Anodized, 0.020 (0.51) thick.
(5) ThermalsilO 11, 0.009 (0.23) thick.
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A number of other insulating materials are also shown.
They cover a wide range of insulation resistance, thermal
resistance, and ease of handling. Mica has been widely used
in the past because it offers high breakdown voltage and
fairly low thermal resistance at alow cogt, but it certainly
should be used with grease.

Silicone rubber insulators have gained favor because they
are somewhat conformal under pressure. Their ability to fill
in most of the metal voids at the interface reduces the need
for thermal grease. When first introduced, they suffered
from cut—through after a few years in service. The ones
presently available have solved this problem by having
embedded pads of Kapton[l or fiberglass. By comparing
Figures 225(a) and 225(b), it can be noted that Thermalsild,
afilled silicone rubber, without grease has about the same
interface thermal resistance as greased mica for the TO-220
package.
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THERMAL RESISTANCE FROM TRANSISTOR CASE
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MOUNTING SCREW TORQUE
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(b) TO-220
With Thermal Grease

(6) ThermalsilO I, 0.006 (0.15) thick.

(7) Bare Joint — no finish.

(8) Grafoil®, 0.005 (0.13) thick.*
*Grafoil is not an insulating material.
(Data courtesy of Thermalloy, Inc.)

Figure 225. Interface Thermal Resistance for a TO-220 Package
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A number of manufacturers offer silicone rubber
insulators. Table 36 shows measured performance of severa
of these insulators under carefully controlled, nearly
identical conditions. The interface thermal resistance
extremes are over 2:1 for the various materials. It is also
clear that some of the insulators are much more tolerant than
others of out-of-flat surfaces. Since the tests were
performed, newer products have been introduced. The
Bergquist K—10 pad, for example, is described as having
about two-thirds the interface resistance of the Sil Pad 1000,
which would place its performance close to the Chomerics
1671 pad. AAVID dso offers an isolated pad called
Rubber—Duc; however, it is only available vulcanized to a
heatsink and therefore was not included in the comparison.
Published data from AAVID shows Rgcs below 0.3°C/W
for pressures above 500 psi. However, surface flatness and
other details are not specified, so a comparison cannot be
made with other datain this note.

The thermal resistance of some silicone rubber insulators
is sensitive to surface flatness when used under afairly rigid
base package. Data for a TO-3 package insulated with
Thermalsilo is shown in Figure 226. Observe that the “worst
case” encountered (7.5 mils) yields results having about
twice the thermal resistance of the “typical case” (3 mils),
for the more thermally conductive insulator. In order for

Table 36. Thermal Resistance of Silicone Rubber Pads

Thermalsilo I11 to exceed the performance of greased mica,
total surface flathess must be under 2 mils, a situation that
requires spot finishing.
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Figure 226. Effect of Total Surface Flatness on
Interface Resistance Using Silicon Rubber Insulators

Manufacturer Product Rgcs @ 3 Mils* Rgcs @ 7.5 Mils*
Wakefield Delta Pad 173-7 .790 1.175
Berquist Sir Pad K—4 752 1.470
Stockwell Rubber 1867 742 1.015
Berquist Sil Pad 400-9 .735 1.205
Thermalloy ThermalsilO 11 .680 1.045
Shin—Etsu TC-30AG .664 1.260
Berquist Sil Pad 400-7 .633 1.060
Chomerics 1674 .592 1.190
Wakefield Delta Pad 174-9 574 .755
Bergquist Sil Pad 1000 .529 .935
Ablestik Thermal Wafers .500 .990
Thermalloy ThermalsilO 1l .440 1.035
Chomerics 1671 .367 .655

*Test Fixture Deviation from flat. From Thermalloy EIR86-1010.
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Silicon rubber insulators have a number of unusual
characteristics. Besides being affected by surface flatness
and initial contact pressure, timeisafactor. For example, in
a study of the Cho-Therm 1688 pad, thermal interface
impedance dropped from 0.90° C/W to 0.70° C/W &t the end
of 1000 hours. Most of the change occurred during the first
200 hours where Rgcs measured 0.74° C/W. Because the pad
“relaxed,” the torque on the conventional mounting
hardware had decreased to 3 in.—{b from an initial 6 in—b.
With nonconformal materials, a reduction in torque would
have increased the interface thermal resistance.

Because of the difficulties in controlling all variables
affecting tests of interface thermal resistance, data from
different manufacturersis not in good agreement. Table 37
shows data obtained from two sources. The relative
performance is the same, except for mica which varies
widely in thickness. At the time of this writing, ASTM
Committee D9 is developing a standard for interface
measurements.

The conclusion to be drawn from all this dataisthat some
types of silicon rubber pads, mounted dry, will out—perform
the commonly used mica with grease. Insulator and
assembly cost may be a determining factor in making a
selection.

Insulation Resistance

When using insulators, care must be taken to keep the
mating surfaces clean. Small particles of foreign matter can
puncture the insulation, rendering it useless or seriously
lowering its dielectric strength. In addition, particularly
when voltages higher than 300 V are encountered, problems
with creepage may occur. Dust and other foreign material
can shorten creepage distances significantly, so having a
clean assembly area is important. Surface roughness and
humidity also lower insulation resistance. Use of thermal
grease usually raises the breakdown voltage of the insulation
system but excess grease must be removed to avoid
collecting dust. Because of these factors, which are not
amenable to analysis, hi—pot testing should be done on
prototypes and a large margin of safety employed.

Insulated Electrode Packages

Because of the nuisance of handling and installing the
accessories needed for an insulated semiconductor
mounting, equipment manufacturers have longed for
cost—effective insulated packages since the 1950s. The first
to appear were stud—mount types, which usually have alayer
of beryllium oxide between the stud hex and the can.
Although effective, the assembly is costly and requires
manual mounting and lead wire soldering to terminals on top
of the case. Consequently, few rectifiers are availablein an
insulated stud package. In the late 1980s, a number of
electrically isolated parts became available from various
semiconductor manufacturers. Insulated parts are generally
handled the same as their noninsulated counterparts, but
some specify special procedures. With insulated partsit is
especially important to consult manufacturers' data sheets.

Rectifier Applications

Table 37. Performance of Silicon Rubber Insulators
Tested per MIL—1-49456

Measured Thermal Resistance
(°Ciw)
Thermalloy Data | Berquist Data
Material (Note 3) (Note 4)
Bare Joint, greased 0.033 0.008
BeO, greased 0.082 -
Cho-Therm, 1617 0.233 -
Q Pad (noninsulated) - 0.009
Sil-Pad, K-10 0.263 0.200
Thermalsil 1l 0.267 -
Mica, greased 0.329 0.400
Sil-Pad 1000 0.400 0.300
Cho-therm, 1674 0.433 -
Thermalsil Il 0.500 -
Sil-Pad 400 0.533 0.440
Sil-Pad K-4 0.583 0.440

3. From Thermalloy EIR 87-1030.
4. From Berquist Data Sheet.

Fastener and Hardware Characteristics

Characteristics of fasteners, associated hardware, and the
tools to secure them determine their suitability for use in
mounting the various packages. Since many problems have
arisen because of improper choices, the basic characteristics
of several types of hardware are discussed next.

Compression Hardware

Normal split—ing lock washers are not the best choice for
mounting power semiconductors. A typical #6 washer
flattens at about 50 Ib, whereas 150 to 300 Ib is needed for
good heat transfer at the interface. A very useful piece of
hardware is the conical compression washer, sometimes
called aBdlleville washer. Asshown in Figure 227, it hasthe
ability to maintain a fairly constant pressure over a wide
range of its physical deflection—generally 20% to 80%.
When ingtalling, the assembler applies torque until the
washer depressesto half its origina height. (Tests should be
run prior to setting up the assembly line to determine the
proper torque for the fastener used to achieve 50%
deflection.) The washer will absorb any cyclic expansion of
the package, insulating washer, or other materials caused by
temperature changes. Conical washers are the key to
successful mounting of devices requiring strict control of the
mounting force or when plastic hardware is used in the
mounting scheme. They are used with the large face
contacting the packages. A new variation of the conical
washer includes it as part of anut assembly. Called a Sync—
Nutd [2], the patented device can be soldered to a PC board
and the semiconductor mounted with a 6/32 machine screw.

http://onsemi.com

247



Rectifier Applications

280
240
@ /
5 /
1 200 —
S ——
O 160
< 1
o /'
=z
5 120
& /|
[0
7))
e 1/
E 40 I

0
0 20 40 60 80 10C

DEFLECTION OF WASHER DURING MOUNTING (%)

Figure 227. Characteristics of the Conical
Compression Washers Designed for Use with
Plastic Body—Mounted Semiconductors

Clips

Fast assembly is accomplished with clips. When only a
few watts are being dissipated, the small board-mounted or
free—standing heat dissipators with an integral clip, offered
by several manufacturers, result in a low—cost assembly.
When higher power is being handled, a separate clip may be
used with larger heatsinks. In order to provide proper
pressure, the clip must be specially designed for a particular
heatsink thickness and semiconductor package.

Clips are especially popular with plastic packages such as
the TO-220. In addition to fast assembly, the clip provides
lower interface thermal resistance than other assembly
methods when it is designed for proper pressure to bear on
the top of the plastic over the die. The TO-220 package
usually islifted up under the die location when mounted with
asingle fastener through the hole in the tab because of the
high pressure at one end.

Machine Screws

Machine screws, conica washers, and nuts (or
Sync—NutsJ) can form a trouble—free fastener system for
all types of packages which have mounting holes. However,
proper torgque is necessary. Torque ratings apply when dry;
therefore, care must be exercised when using thermal grease
to prevent it from getting on the threads as inconsistent
torque readings result. Machine screw heads should not
directly contact the surface of plastic packages as the screw
heads are not sufficiently flat to provide properly distributed
force. Without aflat washer under the head, cracking of the
plastic case may occur.

Self-Tapping Screws

Under carefully controlled conditions, sheet—metal
screws are acceptable. However, during the tapping process
with astandard screw, avolcano-ike protrusion developsin
the metal being threaded; an unacceptable surface that
increases the thermal resistance usually results. When
standard sheet metal screws are used, they must be used in
a clearance hole to engage a speed—nut. If a self-tapping
process is desired, the screw type must be used that
roll-forms machine screw threads.

Rivets

Rivets are not a recommended fastener for any of the
plastic packages. When a rugged metal flange-mount
package is being mounted directly to a heatsink, rivets can
be used provided press—riveting is used. Crimping force
must be applied slowly and evenly. Pop—riveting should
never be used because the high crimping force causes
deformation of most semiconductor packages. Aluminum
rivets are much preferred over steel because less pressureis
required to set the rivet and thermal conductivity is
improved.

The hollow rivet, or eyelet, is preferred over solid rivets.
An adjustable, regulated pressure press is used so that a
gradually increasing pressure is used to pan the eyelet. Use
of sharp blows could damage the semiconductor die.

Adhesives

Adhesives are available [3] that have coefficients of
expansion compatible with copper and aluminum. Highly
conductive types are available; a 10-mil layer has
approximately 0.3°C/W interface therma resistance.
Different types are offered: high-strength types for
nonfield—serviceable systems or low-strength types for
field—serviceable systems. Adhesive bonding is attractive
when case-mounted parts are used in wave-soldering
assembly because thermal greases are not compatible with
the conformal coatings used and the greases foul the solder
process.

Plastic Hardware

Most plastic materials will flow, but differ widely in this
characteristic. When plastic materials form parts of the
fastening system, compression washers are highly valuable
to assure that the assembly will not loosen with time and
temperature cycling. As previously discussed, loss of
contact pressure increases interface thermal resistance.
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Fastening Techniques

Each of the various classes of packages in use requires
different fastening techniques. Details pertaining to each
type are discussed in following sections. Some general
considerations follow.

To prevent galvanic action from occurring when devices
are used on aluminum heatsinks in a corrosive atmosphere,
many devices are nickel— or gold—plated. Consequently,
precautions must be taken not to mar the finish.

Another factor to be considered is that when a
copper—based part is rigidly mounted to an aluminum
heatsink, a bimetallic system results that will bend with
temperature changes. Not only is the thermal coefficient of
expansion different for copper and aluminum, but the
temperature gradient through each metal also causes each
component to bend. If bending is excessive and the package
is rigidy mounted by two or more screws, the
semiconductor chip could be damaged. Bending can be
minimized by:

1. Mounting the component with the plane between
the screws, parallel to the heatsink finsto provide
increased stiffness.

2. Allowing the heatsink holesto be a bit oversized
so that some slip between surfaces can occur as
temperature changes.

3. Using a highly conductive thermal grease or
mounting pad between the heatsink and
semiconductor to minimize the temperature
gradient and allow for movement.

Stud Mount
Parts in the stud—-mount classification are shown in
Figure228. Mounting errors with  noninsulated

stud—mounted parts are generally confined to application of
excessive torque or tapping the stud into a threaded heatsink
hole. Both these practices may cause a warpage of the hex
base which may crack the semiconductor die. The only

CASE 56-03 CASE 245 CASE 257
DO-203AA (DO-4) DO-203AB
(DO-4) (DO-5)

@
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recommended fastening method isto use a nut and washer;
the details are shown in Figure 229.

Insulated electrode packages on a stud—mount base
require less hardware. They are mounted the same as their
noninsulated counterparts, but care must be exercised to
avoid applying a shear or tension stress to the insulation
layer, usually a beryllium oxide (BeO) ceramic. This
requirement dictates that the leads must be attached to the
circuit with flexible wire. In addition, the stud hex should be
used to hold the part while the nut is torqued.

Press Fit

For most applications, the press—fit case should be
mounted according to the instructions shown in Figure 230.
A special fixture meeting the necessary regquirements must
be used.

Flange Mount

Rectifier packages which fit into the flange mount
category are shown in Figure 231. Few known mounting
difficulties exist. The rugged base and distance between die
and mounting holes combine to make it extremely difficult
to cause any warpage unless mounted on a surface that is
badly bowed or unless one side is tightened excessively
before the other screw is started. It is, therefore, good
practice to aternate tightening of the screws so that pressure
is evenly applied. After the screws are finger—tight, the
hardware should be torqued to its final specification in at
least two sequential steps. A typical mounting installation
for a popular flange-type part is shown in Figure 232.
Machine screws (preferred), self—tapping screws, eyelets, or
rivets may be used to secure the package using guidelinesin
the previous section, Fastener and Hardware
Characteristics.

Some packages specify a tightening procedure. For
example, with the POWERTAP™ package, Figure 231(b),
final torque should be applied first to the center position.

CASE 42A
(DO-5)

CASE 311

(b)

Figure 228. Stud—Mount Rectifier Packages: (a) Standard nonisolated types; (b) Isolated type
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— INSULATOR

__—TEFLON BUSHING

_— INSULATOR

__— FLAT STEEL WASHER

_—SOLDER TERMINAL

Tab Mount

The tab mount class is aso used for rectifier diodes as
illustrated in Figure 233. Mounting considerations are
similar to that for the popular TO-220 package, whose
suggested mounting arrangements and hardware are shown
in Figure 234. The rectangular washer shown in the partslist
under column a is used to minimize distortion of the
mounting flange; excessive distortion could cause damage
to the semiconductor chip. Use of the washer is only
important when the size of the mounting hole exceeds 0.140
in. (6/32 clearance). Larger holes are needed to
accommodate the lower insulating bushing when the screw
is electrically connected to the case; however, the holes
should not be larger than necessary to provide hardware
clearance and should never exceed a diameter of 0.250 in.
Flange distortion is also possible if excessive torque is used
during mounting. A maximum torque of 8 in-b is
suggested when using a 6/32 screw.

Figure 229. Isolating Hardware Used for a
Nonisolated Stud—Mount Package

CHAMFER
— ‘<— .01 NOM.
SHOULDER RIN f_L
501 ! 6

.506 DIA.—H .01 NOM.

% @/2 HEATSINK

T —| |<—0.0499 * 0.001 DIA.

HeatSink Mounting

\

ADDITIONAL
HEATSINK PLATE

RIVET

. ]
A4 11\ 477777 s

INTIMATE COMPLETE
CONTACT AREA KNURL CONTACT THIN CHASSIS
AREA

Thin—Chassis Mounting

The hole edge must be chamfered as shown to prevent shearing off the knurled edge of the case during press—in. The press-
ing force should be applied evenly on the shoulder ring to avoid tilting or canting of the case in the hold during the pressing
operation. Also, the use of a thermal joint compound will be of considerable aid. The pressing force will vary from 250 to 1000
pounds, depending upon the heatsink material. Recommended harnesses are: copper—less than 50 on the Rockwell F scale;
Aluminum-less than 65 on the Brinell scale. A heatsink as thin as 1/8” may be used, but the interface thermal resistance will
increase in direct proportion to the contact area. A thin chassis requires the addition of a backup plate.

Figure 230. Press—Fit Package
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CASE1,3,11

TO—204AA CASE 383 CASE 357B
(TO=3)

(a) TO-3 Variations (b) Plastic Power Tap

Figure 231. Flange—Mount Packages Used for Rectifiers

NO. 6 SHEET METAL SCREWS

POWER
TRANSISTOR

INSULATOR

INSULATING
BUSHING
HEATSINK

Figure 232. Hardware Used for a TO—204AA (TO-3) Flange—Mount Part

TO-220 AB TO-220AC

Figure 233. Several Types of Tab—Mount Parts
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Care should be exercised to assure that the tool used to
drive the mounting screw never comes in contact with the
plastic body during the driving operation. Such contact can
result in damage to the plastic body and internal device
connections. To minimize this problem, some TO-220
packages have a chamfer on one end. Packages without a
chamfer require a spacer or combination spacer and
isolation bushing to raise the screw head above the top
surface of the plastic.

The popular TO-220 package and others of similar
construction, lift off the mounting surface as pressure is
applied to one end. (See Appendix A, Figure 236) To counter

a) Preferred Arrangement for Iso-
lated or Nonisolated Mounting.
Screw is at Semiconductor Case
Potential. 6-32 Hardware is Used.
Choose from Parts Listed Below.

)

6-32 HEX
HEAD SCREW

(1) RECTANGULAR STEEL/E
WAS

HER

SEMICONDUCTOR

(CASE 221,#221A)

this tendency, at least one hardware manufacturer [4] offers
a hard plastic cantilever beam that applies more even
pressure on the tab. In addition, it separates the mounting
screw from the metal tab. Tab mount parts may also be
effectively mounted with clips as shown in Figure 235. To
obtain high pressure without cracking the case, a pressure
spreader bar should be used under the clip. Interface thermal
resistance with the cantilever beam or clips can be lower
than with screw mounting.

In situations where a tab mount package is making direct
contact with the heatsink, an eyelet may be used; provided
sharp blows or impact shock is avoided.

b) Alternate Arrangement for Isolated
Mounting when Screw must be at Heatsink
Potential. 4-40 Hardware is Used.

Use Parts Listed Below.

)

4-40 PAN OR HEX HEAD SCREW
___—4-40PANO sc

- FLAT WASHER

«— INSULATING BUSHING

SEMICONDUCTOR
(CASE 221 #221A)

>

(2) RECTANGULAR

|

I

[
INSULATOR

~ |

RECTANGULAR
l/ INSULATOR

L
HEATSINK
~a

-

(2) BUSHING

—

HEATSINK
\ L L
(3) FLAT WASHER<_

—r—1——
|

COMPRESSION WASHER

I
(4) CONICAL WASHER w7
I

_ | -
6-32 HEX NUT\E/4 40 HEX NUT
I

(1) Used with thin chassis and/or large hole.
(2) Used when isolation is required.
(3) Required when nylon bushing is used.

Figure 234. Mounting Arrangements for Tab Mount TO-220 Package
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\ = —//
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\// - HEATSINK

Figure 235. Clip Mounting a TO-220 Mount Package

References 3. Robert Baston, Elliot Fraunglass and James P
1. Catalog #87-HS-9, page 8; Thermalloy, Inc., PO. Moran, “Heat Dissipation Through Thermally
Box 810839, Dallas, Texas 75381-0839. Conductive Adhesives,” EMTAS ‘83 Conference,
2. ITW Shakeproof, St. Charles Road, Elgin, IL Feb. 1-3, Phoenix, AZ.
60120. 4. Catalog, Edition 18, Richco Plastic Co., 5825 N.

Tripp Ave,, Chicago, IL 60546.
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Appendix A

Measurement of Interface Thermal Resistance
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Measurement of Interface Thermal Resistance

Measuring the interface thermal resistance Rgcs appears
deceptively simple. All that's apparently needed is a
thermocouple on the semiconductor case, a thermocouple
on the heatsink, and a means of applying and measuring DC
power. However, Rgcs is proportiona to the amount of
contact area between the surfaces and consequently is
affected by surface flathess and finish and the amount of
pressure on the surfaces. The fastening method may aso be
a factor. In addition, placement of the thermocouples can
have a significant influence upon the results. Consequently,
valuesfor interface thermal resistance presented by different
manufacturers are not in good agreement. Fastening
methods and thermocouple locations are considered in this
Appendix.

When fastening the test package in place with screws,
thermal conduction may take place through the screws, for
example, from the flange ear on a TO-3 package directly to
the heatsink. This shunt path yields values which are
artificially low for the insulation material and dependent
upon screw head contact area and screw material.
MIL—1-49456 allows screws to be used in tests for interface
thermal resistance probably because it can be argued that
thisis “application oriented.”

Thermalloy takes pains to insulate all possible shunt
conduction paths in order to more accurately evaluate
insulation materials. The ON Semiconductor fixture uses an
insulated clamp arrangement to secure the package which
also does not provide a conduction path.

As described previoudly, some packages, such as a
TO-220, may be mounted with either a screw through the
tab or a clip bearing on the plastic body. These two methods
often yield different values for interface thermal resistance.
Another discrepancy can occur if the top of the package is
exposed to the ambient air where radiation and convection
can take place. To avoid this, the package should be covered
with insulating foam. It has been estimated that a 15 to 20%
error in Rgcs can be incurred from this source.

Another significant cause for measurement discrepancies
is the placement of the thermocouple to measure the
semiconductor case temperature. Consider the TO-220
package shown in Figure 236. The mounting pressure at one
end causes the other end —where the die is located — to lift
off the mounting surface dlightly. To improve contact, ON
Semiconductor TO-220 Packages are dightly concave. Use
of aspreader bar under the screw lessensthe lifting, but some
is inevitable with a package of this structure. Three
thermocoupl e locations are shown:

1. The ON Semiconductor location is directly under
the die reached through a hole in the heatsink. The
thermocoupleis held in place by a spring which
forces the thermocoupl e into intimate contact with
the bottom of the semi’s case.

1. The JEDEC locationis closeto the die on the top
surface of the package base reached through a blind
hole drilled through the molded body. The
thermocoupleis swaged in place.

2. The Thermalloy location is on the top portion of the
tab between the molded body and the mounting screw.
The thermocouple is soldered into position.

E.ILA.

DIE THERMALLOY

Z Z

Figure 236. JEDEC TO-220 Package Mounted to
Heatsink Showing Various Thermocouple Locations
and Lifting Caused by Pressure at One End

Y
_W

%W

ON Semiconductor

Temperatures at the three locations are generally not the
same. Consider the situation depicted in the figure. Because
the only area of direct contact is around the mounting screw,
nearly al the heat travels horizontally along the tab from the
dieto the contact area. Consequently, the temperature at the
JEDEC location is hotter than at the Thermalloy location
and the ON Semiconductor location is even hotter. Since
junction—to—sink thermal resistance must be constant for a
given test setup, the calculated junction—to—case thermal
resistance values decrease and case-to-sink values increase
as the “case” temperature thermocouple readings become
warmer. Thus, the choice of reference point for the “case”
temperature is quite important.

There are examples where the relationship between the
thermocoupl e temperatures are different from the previous
situation. If amicawasher with grease is installed between
the semiconductor package and the heatsink, tightening the
screw will not bow the package; instead, the mica will be
deformed. The primary heat conduction path is from the die
through the mica to the heatsink. In this case, a small
temperature drop will exist across the vertical dimension of
the package mounting base so that the thermocouple at the
JEDEC location will be the hottest. The thermocouple
temperature at the Thermalloy location will be lower, but
close to the temperature at the JEDEC location asthe lateral
heat flow is generaly smal. The ON Semiconductor
location will be coolest.
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The JEDEC location is chosen to obtain the highest
temperature on the case. It is of significance because power
ratings are supposed to be based on this reference point.
Unfortunately, the placement of the thermocouple is tedious
and leaves the semiconductor in a condition unfit for sale.

The ON Semiconductor location is chosen to obtain the
highest temperature of the case at a point where, hopefully,
the case is making contact to the heatsink. Once the special
heatsink, to accommodate the thermocouple has been
fabricated, this method lendsitself to production testing and
does not mark the device. However, thislocation is not easily
accessibleto the user.

The Thermalloy location is convenient and is often chosen
by equipment manufacturers. However, it also blemishesthe
case and may yield results differing up to 1°C/W for a
TO-220 package mounted to a heatsink without thermal
grease and no insulator. This error is small when compared
to the thermal resistance of heat dissipaters often used with
this package, since power dissipation is usually afew watts.
When compared to the specified junction—to—case values of

some of the higher power semiconductors becoming
available, however, the difference becomes significant and
it is important that the semiconductor manufacturer and
equipment manufacturer use the same reference point.

Another JEDEC method of establishing reference
temperatures utilizes a soft copper washer (thermal grease
is used) between the semiconductor package and the
heatsink. The washer isflat to within 1 mil/inch, hasafinish
better than 63 p—inch, and has an imbedded thermocouple
near its center. This reference includes the interface
resistance under nearly ideal conditions and is, therefore,
application—oriented. It is also easy to use, but has not
become widely accepted.

A good way to improve confidence in the choice of case
reference point is to also test for junction-to—case thermal
resistance while testing for interface thermal resistance. If
the junction—to—case values remain relatively constant as
insulators are changed, torque varied, etc., then the case
reference point is satisfactory.
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Appendix B

NCP1200 10 W AC/DC Power Supply
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Figure 237. A complete 10 W AC/DC wall adapter featuring an EMI filter.

Additional Information

The following information is available on our web site at 3. NCP1200PAK/D, “NCP1200 Literature Pack.”
www.onsemi.com or from the ON Semiconductor 4. MBRS320T3/D, Technical Data Shest, “ Surface
Literature Distribution Center at 1-800-344-3860 or Mount Schottky Power Rectifier.”
1-303-675-2175 in hard copy or CODROM 5. MUR120/D, Technical Data Sheet, “* MUR120

1. NCP1200/D, Technical Data Sheet, “PWM Series, SWITCHMODE™ Power Rectifiers”

Current—-Mode Controller for Low—Power
Universal Off-Line Supplies.”
2. AND8032/D, Application Note, “Conducted EMI

Filter Design for the NCP1200.”, Christophe
Basso.
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ON SEMICONDUCTOR STANDARD DOCUMENT TYPE DEFINITIONS

DATA SHEET CLASSIFICATIONS

A Data Sheet is the fundamental publication for each individual product/device, or series of products/devices, containing detailed
parametric information and any other key information needed in using, designing—in or purchasing of the product(s)/device(s) it describes.
Below are the three classifications of Data Sheet: Product Preview; Advance Information; and Fully Released Technical Data

PRODUCT PREVIEW

A Product Preview is a summary document for a product/device under consideration or in the early stages of development. The
Product Preview exists only until an “Advance Information” document is published that replaces it. The Product Preview is often
used as the first section or chapter in a corresponding reference manual. The Product Preview displays the following disclaimer at
the bottom of the first page: “This document contains information on a product under development. ON Semiconductor reserves the
right to change or discontinue this product without notice.”

ADVANCE INFORMATION

The Advance Information document is for adevice that is NOT fully qualified, but isin the final stages of the release process,
and for which production is eminent. While the commitment has been made to produce the device, final characterization and
qualification may not be complete. The Advance Information document is replaced with the “Fully Released Technical Data”
document once the device/part becomes fully qualified. The Advance Information document displays the following disclaimer at
the bottom of the first page: “This document contains information on anew product. Specifications and information herein are subject
to change without notice.”

FULLY RELEASED TECHNICAL DATA

The Fully Released Technical Data document is for a product/device that isin full production (i.e., fully released). It replaces the
Advance |nformation document and represents a part that is fully qualified. The Fully Released Technical Data document is virtualy
the same document as the Product Preview and the Advance | nformation document with the exception that it provides information
that is unavailable for a product in the early phases of development, such as complete parametric characterization data. The Fully
Released Technical Data document is also a more comprehensive document than either of its earlier incarnations. This document
displays no disclaimer, and while it may be informally referred to as a“ data sheet,” it is not labeled as such.

DATA BOOK

A Data Book is a publication that contains primarily a collection of Data Sheets, genera family and/or parametric information,
Application Notes and any other information needed as reference or support material for the Data Sheets. It may aso contain cross reference
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