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Designers unfamiliar with MOSFET or IGBT input characteristics begin drive circuit design by
determining component values based on the gate-to-source, or input, capacitance listed on the
data sheet. RC values based on the gate-to-source capacitance normally lead to a gate drive that
is hopelessly inadequate.

Although the gate-to-source capacitance is an important value, the gate-to-drain capacitance is
actually more significant—and more difficult to deal with—because it is a non-linear capacitance
affected as a function of voltage; the gate-to-source capacitance is also affected as a voltage
function, but to a much lesser extent.
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Topics covered:

» Background

* Test method

* How to interpret the gate charge curve
* How to estimate switching times

* How to compare different devices

1. Input behavior of a MOS-gated transistor

Designers unfamiliar with MOSFET ¢GBT input characteristics begin drive circuit design by determining compeaérds

based orthe gate-to-source, oinput, capacitance listed on the data sheet.vRiQe based otthe gate-to-source capacitance
normally lead to a gate drive that is hopelessly inadequate.

Although thegate-to-source capacitance isimportant value, the gate-to-drain capacitance is actually more significant—and
more difficult to deal with—because it is a non-linear capacitance affected as a function of voltage; the gate-to-source capacitan
is also affected as a voltafgenction, but to a much lesser exteniis gate-to-drain capacitance function is similathiat found

in vacuum tube amplifiers.

The gate-to-drain capacitaneffect isakin to the “Miller” effect, aphenomenon by which f@edbackpath betweenthe input
and output of an electronic device is providedthg interelectrode capacitance. Thifectsthe total input admittance of the
device which results in the total dynamioput capacitance generally being greatean thesum of the staticelectrode
capacitances. The phenomenon of the effects of the plate impedance and voltage gain on the input adsiftesicgtudied in
vacuum tube triode amplifier circuits Bphn M. Miller. Essentially, atigh frequencies wherthe grid-to-plate (gate-to-drain)
capacitance is not negligible, the circuit is not openildlves a capacitand@at is afunction of thevoltagegain. Solving for
the "Miller" effect isnot exactly a straightforward process, ewgith vacuumtubes wheranmuch is known, but i€ven more
difficult in MOSFETSs. In actualitythe gate-to-drain capacitance though smaller in staloe than the gate-to-source
capacitancegoesthrough avoltage excursiomhat isoften morethan 20timesthat of thegate-to-source capacity. Therefore, the
gate-to-drain or “Miller” capacitance typically requires more actual charge than the input capacitance.

To account for both gate-to-souraad gate-to-draiwapacitance in avay readily usable by designersternationalRectifier
supplies a “gate
charge”specifications
for its IGBTs and
HEXFET POWER
MOSFETSs. that can
be used to calculate
drive circuit
requirements.  Gate
charge is defined as v
the charge thatnust 5-10 MSEC
be supplied to the 500Hz
gate, either to swing

the gate by agiven
amount, or toachieve
full switching.

2. Test Circuit
Figure 1. HEXFET POWER MOSFET Gate Charge Circuit.

A typical test circuit

that can be used to measure the gate charge is shown in Figuthi4.dincuit, anapproximately constant current is supplied to

the gate of the device-under-test from the 0.1 microfarad capacitthréagh the regulatatiode D1. A constardurrent in the

drain circuit is set by setting theoltage onthe gate oHEXFET POWER MOSFET 1, sthe net measurement of the charge

consumed by the gate is relative to a given current and voltage in the source-to-drain path.
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Figure 2. Gate Charge Waveform for Different Values of Drain
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An oscillogram of thegate-to-source voltageéuring testing,
shown in Figure 2, relates the gataltage to time. Since a
constant current is supplied to the gate, the horizontal time
scale is directly proportional tthe charge supplied to the
gate. With a suitable scaling factor, therefore, tlsigllogram

is a plot of gate voltage versuharge. The point on the
oscillogram of the secondoltage rise indicates where the
device is fully switchedn. During the firstvoltage rise, the
gate-to-source capacitance dharging, and during théat
portion, the gate-to-drain capacitance is charging. This
oscillogram therefore clearly differentiates betwé®n charge
required for the gate-sourceand gate-to-drain(“Miller”)
capacitances. At the second voltage rise, both capacitances are
charged to the extemeeded to switclhe givenvoltage and
current. A more detailed explanation of the interpretation of
this data is given later. Thgraph inFigure 3 represents gate
voltage versus gate charge in nanocoulombs for an IRF130.
Although the secondoltage rise indicatethe point at which

the switching operation isompleted,normal designsafety
margins will dictatethat thelevel of drive voltage applied to
the gate is greatghan thatwhich is just required to switch
the given drain current andvoltage. The total charge
consumed byhe gate will therefore in practice hagher than

the minimum required-but natecessarily significantly so.
For example, the gate charge required to switch 12 amps at 80
volts is 15 nanocoulombgoint A), and thecorresponding
gate voltage is about 7 volts.

If the applied drivevoltagehas an amplitude of 1®olts (i.e.

a 3 voltmargin), then the total gate chamgeually consumed
would be about 20 nanocoulomifgpint B). As shown on the
graph, whether switching 1@olts or 80 volts inthe drain
circuit, there is a much less than proportional difference in the
charge required. This tsecausehe “Miller” capacitance is a
nonlinear function of/oltage,and decreases with increasing
voltage.

14

12

Voltage (IRF130:4 = 1.5 mA, b =1A, Vpp = 10, 40 and 80 volts).

The importance of the gate charge data to the designer is illustrat
as follows. Taking the charge are required $witch a previous
example, about 15 nanocoulombs of gate if 1.5 amps is supplied to
gate, thedevice will bedrain voltage of 80 voltsaand a drain current
of 12 amps. Since the 15 nC gate charge is the product of the g
input current and thewitching time, switched in 16S. It follows
that if 15 mA issupplied to the gatéhen switchingoccurs in 1us,

and so on. These simple calculations immediately tell the designer t
trade-offs betweenhe amount of current available from tkeve
circuit and theachievable switching tima/ith gate charge known,
the designer cadevelop a drivesircuit appropriate to the switching
time required.

Consider a typical practical example of a 100 kHz switcher, in whic

V. VOLTS
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it is required to achieve a switching time of 100 nanoseconds.

IRF130.

Figure 3. Gate Voltage Versus Gate Charge for the
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The required gate drive currentderived by simply dividinghe gate charge, 15 X P0by the required switching time, 100 X

10°, giving 150 mA. From this calculation, the designer can further arrive at the drive circuit impedance. If the drive circuit
applies 14 volts téhe gatefor instancethen adrive impedance of about 50 ohms wouldreguired.Note that throughout the

“flat” part of the switchingeriod (Figure 3), the gatmltage is constant at about 7 volthie difference betweethe applied 14

volts and 7 volts is what is available to drive the required current through the drive circuit resistance.

The gate charge data also lets the designekly determine average gate drive powldre average gate driy@wer, Bryve, is

QcVf. Taking theabovel00 kHz switcher as an exampénd assuming gate drive voltage ¥ of 14 volts,the appropriate

value of gate charged® 27 nanocoulombs (point C on Figi®e The average driveower is therefore 27 X 10X 14 X 16 =

0.038 Watts. Even though the 150 mA drive current whiaks during the switching intervahay appear to be relativelyigh.

the averag@ower is minuscule (0.004%) elation to thepower being switched ithe drain current. This isecausehe drive
currentflows for such a short periothat theaverage power is negligibl@hus actual drivgpower for MOSFETS isninute
compared to bipolar requirements, which must sustain switching current during the entire ON condition. Average drive power, C
course, increases at higher frequencies, but even at 5 MHz it would be only 1.9W.

3. The Gate Charge Curve

The oscillograms of thgate-to-source voltage in Figure 2 neatly delindmtisveenthe charge requiretbr the gate-to-source
capacitanceand the charge requirdor the gate-to-drain, or “Miller” capacitance. The accompanying simplified test circuit and
waveformdiagram ( Figures 4nd 5respectively) givehe explanationBeforetime 1, the switch S islosed;the deviceunder

test (DUT) supports the full circuit voltagepd, and thegate voltageand drain current argero. S is opened at timg the gate-
to-source capacitancgtarts to charge, and tlgate-to-source voltage increases. ®rentflows in the drain until thegate

reaches the thresholbltage. During period T to t, the gate-to-source capacitance continues to chaige,gatevoltage
continues to risand the drain curremises proportionally. So long as the actdedin current is stilbuilding up towards the
available drain currentp] the freewheeling rectifier stays in conduction, the voltage across it remains low, and the voltage across
the DUT continues to be virtuallyhe full circuit voltage, \bp. The top end of the drain-to-gate capacitangg therefore
remains at a fixed potential, whilst the potential ofldveer endmoveswith that of the gate. The charging current taken ky C
during this period is smalbndfor practical purposes tan be neglected, sincedis numerically small by comparison with

Gcs.

At time t,, the drain currenteachesd, and thefreewheeling rectifier
shutsoff; the potential of thelrain now is nolonger tied to thesupply +Vpp
voltage, \bp. The drain currenhow staysconstant at thevalue b
enforced bythe circuit, whilst thedrain voltagestarts to fall. Since the
gate voltage is inextricably related ttte drain current by the intrinsic
transfer characteristic of tHeUT (solong as operation remains in the

“active” region), the gatevoltage now staysonstantbecause the Dl @ AN
“enforced” drain current is constanor the time being therefore, no

further charge is consumed Hye gate-to-source capacitandscause
the gatevoltageremains constant. Thus the drive curreatv diverts,
in its entirety, into the “Miller” capacitances§, and thedrive circuit
charge now contributes exclusively taischarging the “Miller”
capacitance.

The drain voltage excursion during the periptbtt; is relatively large,
and hence the total drive charge tigically higher for the “Miller”
capacitance £ thanfor the gate-to-source capacitance<{GAt t; the G T Cos  ~— ?S
drainvoltage falls to a value equal tg IXx Roson) , and theDUT now

comes out ofthe “active” region of operation(In bipolar transistor
terms, it has reached “saturation.” Figure 4. Basic Gate Charge Test Circuit

The gate voltage is now no longer constrained by the transfer characteristic of the device to relate to the drain current, and is fi
to increase. This itoes,until time t, when the gateoltage becomesqual to thevoltage “behind”the gate circuit current
source.The timescale onthe oscillogram of thgate-to-source voltage is directly proportionathe chargedelivered by the

drive circuit,becauseharge is equal to the product of currand time, and the current remains constant throughouwthbke
sequenceThus the length of the periogltb t; represents the chargegxonsumed byhe gate-to-source capacitance, whilst the
length of the periodtto t; represents the chargegXonsumed byhe gate-to-drain or "Miller" capacitance. The total charge at
time g is the charge required to switch the giwattage \bp and currentd. The additional chargeonsumed after time tloes

not represent “switching” charge; it is simply the excess charge which will be delivered by the drive circuit because the amplitud
of the applied gate drive voltage normally will be higher (as a matgwanfdesign practicethan thebare minimum required to
accomplish switching.
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4, Beware When Comparing Different
Products

Manufacturers sometimes make technical claims fo “ Qs —Pt¢— Qp —»
their productsthat appear to bplausible, but which
in actuality do not stand up to scrutiny. case in v
point concerns the input capacitance ofpawer
MOSFET. Statements such as “the input capacitanc GATE

of device Y is lesshan that ofdevice X, ergo Y is a VOLTAGE
faster switchthan X”, are frequently bandied about, 7
but are just as frequently erroneouspart from the /
obvious speciousness ohany such statements —

“apples” arefrequently not compared with “apples”,
andobviouslylarger chips have momelf capacitance DRAIN t——»
thansmaller ones—the more basic fundamentals arg / VOLTAGE
generally overlooked. Athis application notshows, —
of “bottom line” importance is the total gate charge T /
required for switching.The lower the charge, the

t,

DRAIN CURRENT

lower isthe gate drive currenteeded to achieve a Voo T
given switching time. I
A general comparison between hypothetical l

MOSFETs brands “X"and “Y” is illustrated in the i
Figure. Device X has a higher inputapacitance; WAVEEORM ‘
hence the initiaslope ofits gate charge characteristic

is lessthan that ofdevice Y. Q‘S of device X iS, Figure 5. Basic Gate Charge Waveforms
however, abouthe same athat ofdevice Y, because
it has a higher transconductareed therefore requiretess

voltage on its gate fothe given amount ofirain current v, A

(Vex Is lessthan \zy) The “Miller” charge consumed by

device X is considerably leshan thatconsumed by device «—Q, ——»
Y. The overall result ighat thetotal charge required to

switch device X, @, is considerablyessthan thatrequired «——Qpey——>

to switch device Y, Q Hadthe comparisotetween devices Quoy—*  «—
X and Y been made otthe more superficiabasis ofinput
capacitances, it would have been concluded— erroneously- DEVICE Y

X ) o 2 AREAOF THIS
that Y is “better” than X. Another consideration is the T ) RECTANGLE
energy required for_ switch_ingAgain, device X scores v DEVICE . (0,2 DIAGONAL CORNERS)
handsomely over device Y this example. Thenergy is the oY VA IS GATE ENERGY
product of the gate chargend thegate voltage,and is i by / FOR DEVICE Y
represented by the area of the rectangiesecorner lies at ST : > Q

. . . . . . O\ \47 QDGXAE
the “switching point”. (Point Tor device X,and point 2 for S ‘ AREA OF THIS
device Y.) It isobviousthat Xrequires significantly less gate o Q> RECTANGLE
energy than Y. To summarize: beware of superficial (0,1 DIAGONAL CORNERS)

IS GATE ENERGY

comparisons. Check the fufhcts beforedeciding which FOR DEVICE X

MOSFET really has the edge in switching performance.

Figure 6. Comparison of Gate Charge Characteristics of Different
Device Types.
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