
Tr
an

sf
or

m
at

or
en

R
. B

EL
M

AN
S



Tr
an

sf
or

m
at

or
en

2

O
ve

rz
ic

ht
•

Fu
nd

am
en

te
le

 s
tu

di
e 

va
n 

de
 e

en
fa

si
ge

 
tra

ns
fo

rm
at

or
en

 
•

Be
dr

ijf
st

oe
st

an
de

n 
va

n 
de

 e
en

fa
si

ge
 

tra
ns

fo
rm

at
or

•
D

rie
fa

si
ge

tra
ns

fo
rm

at
or

en
•

Pa
ra

lle
lw

er
ki

ng
 v

an
 tr

an
sf

or
m

at
or

en
•

Sp
ec

ia
le

 tr
an

sf
or

m
at

or
en

•
As

pe
ct

en
 v

an
 c

on
st

ru
ct

ie



Tr
an

sf
or

m
at

or
en

3

Fu
nd

am
en

te
le

 s
tu

di
e 

va
n 

he
t 

ge
dr

ag
•

Pr
in

ci
pi

ël
e 

bo
uw

 v
an

 e
en

 tr
an

sf
or

m
at

or
•

Id
ea

le
 tr

an
sf

or
m

at
or

•
R

eë
le

 o
f t

ec
hn

is
ch

e 
tra

ns
fo

rm
at

or



Tr
an

sf
or

m
at

or
en

4

Pr
in

ci
pi

ël
e 

bo
uw

 v
an

 e
en

 
tra

ns
fo

rm
at

or
ijz

er

S
µ

ℜ
=

 

ijz
er

0
r

 =
 

.
µ

µ
µ



Tr
an

sf
or

m
at

or
en

5

Id
ea

le
 tr

an
sf

or
m

at
or

ge
en

 le
kf

lu
x

Feµ
→

∞

ge
en

 ij
ze

rv
er

lie
ze

n

1
2

0
R

R
=

=



Tr
an

sf
or

m
at

or
en

6

Ijz
er

en
ke

rn
 m

et
 s

po
el

•
Ve

rb
an

d 
sp

an
ni

ng
-fl

ux
•

Ve
rb

an
d 

m
ag

ne
tis

er
in

gs
st

ro
om

-fl
ux

•
Ve

rb
an

d 
sp

an
ni

ng
-

m
ag

ne
tis

er
in

gs
st

ro
om



Tr
an

sf
or

m
at

or
en

7

Ve
rb

an
d 

sp
an

ni
ng

-fl
ux

 

u  1

i  µ
 

φ 
N

 1
u 1

 
Φ

i µ
 

N
1 

 

1
1

2
co

s
u

U
t

ω
=

1
.

d
E
d

N
dtφ

=
−

∫



Tr
an

sf
or

m
at

or
en

8

1
N

ψ
φ

=

1
.

0
E
d

u
=

−
∫ 1

1
d dt

u
N

φ
=

1u
dt

N
φ

1
=

∫ ˆ .s
in

t
C

φ
φ

ω
=

+



Tr
an

sf
or

m
at

or
en

9

1
1

1
1

2
U

U
ˆ

2
fN

4,
44

N
f

φ
π

=
≅

=
1

1
ˆ

U
4,

44
N

fφ



Tr
an

sf
or

m
at

or
en

10

M
ag

ne
tis

er
in

gs
st

ro
om

-fl
ux

S

H
d

J
dS

=
=

Θ
∫

∫∫

i
1µ

φ
N

1

 

u 1
 

Φ

iµ
 

N
1 



Tr
an

sf
or

m
at

or
en

11

i
i

B
Sφ

=

0
r

B
H

H
µ

µ
µ

=
=

i
i

i
H
d

H
=

∑
∫

2
2

i
i

b
b

j
j

i
H

H
H

H
δ

δ
=

+
+

∑



Tr
an

sf
or

m
at

or
en

12

B

H

B
i

H
i

∆
H

B
∆

12
B

∆

∆
H

B
 - 

H
µ r

µ r-
 H

[-
]

[T
]

[A
/m

]

 

H

H
 i

∆ 
H

 ∆
 H

 

B 
- H

µ r 

µ r-
 H

 

[-]
 

[ T
 ]  

[A
/m

]  

∆B
1 

∆B
2 

B i
 

B  



Tr
an

sf
or

m
at

or
en

13

1
1i

i
i

H
i

N
µ

=
∑

0
1

1

ii

i
r

iS
i

N
µ

φ µ
µ

=
∑



Tr
an

sf
or

m
at

or
en

14

B
[T

]

H
[A

/m
]

t [
s]

i  
 [A

]
µ

B
[T

]

t [
s]

gr
on

dg
ol

f

3d
e 5d

e

 

t [
s]

i  
 [A

] 
µ  

t [
s]

gr
on

dg
ol

f

3d
e 5d

e

H
  [

A/
m

] 

[ T
 ] 

B 
[ T

 ] 
B 



Tr
an

sf
or

m
at

or
en

15

1
11

13
2

si
n

2
si

n3
i

I
t

I
t

µ
µ

µ
ω

ω
=

+

15
1

2
si

n5
...

2
si

n
...

I
t

I
t

µ
µ

ν
ω

νω
+

+
+

+

()
1

1
2T

i
t

i
t

µ
µ




=
−

+







(
)

(
)

(
)

(
)

2
2

2
2

1
11

13
15

1
...

...
I

I
I

I
I

µ
µ

µ
µ

µ
ν

=
+

+
+

+
+



Tr
an

sf
or

m
at

or
en

16

B
[T

]

t [
s]

H
[A

/m
]

i  
 [A

]
µ

B
[T

]

t [
s]

 

i  
 [A

] 
µ 

t [
s]

 

H
  [

A/
m

] 
t [

s]

[ T
 ] 

B 
[ T

 ] 
B 



Tr
an

sf
or

m
at

or
en

17

Ve
rb

an
d 

sp
an

ni
ng

-
m

ag
ne

tis
er

in
gs

st
ro

om
*

1
1

0
ii

m
i

r
i

N
i

S
µ

φ
φ

µ
µ

=
=

ℜ
∑

*

0
ii

m
i

r
iS

µ
µ

ℜ
=

∑

*
*1 m

Λ
=

ℜ



Tr
an

sf
or

m
at

or
en

18

*
*

1
1

* m

N
i µ

φ
Θ

=
=

Θ
Λ

=
Λ

ℜ

*
2

*
1

1
1

1
N

N
N
i µ

φ
ψ

=
=

Θ
Λ

=
Λ

*
1

2
1

1
1

(
)

d
i

d
u

N
N

dt
dt

µ
φ

Λ
=

=



Tr
an

sf
or

m
at

or
en

19

Sp
an

ni
ng

s-
di

ffe
re

nt
ia

al
ve

rg
el

ijk
in

g
1

1
2

*
*

1
1

1h

di
di

u
N

L
dt

dt
µ

µ
=

Λ
=

2
*

2
*

1
1

1

0
i

h
i

i
r

i

N
L

N

S
µ

µ

=
Λ

=
∑

* 1
1

hL
i µ

ψ
=



Tr
an

sf
or

m
at

or
en

20

1
1

1
*

*
1

1

1
2

si
n

h
h

U
i

u
dt

t
C

L
L

µ
ω

ω
=

=
+

∫ 1
1

1
2

*
2

1
0

1

2
2

si
n

si
n

to
t r

U
U

i
t

t
N

N
S

µ
δ

ω
ω

ω
µ

ω
µ




=
=

+



Λ




*
1

1
1

h
U

L
I µ

ω
=



Tr
an

sf
or

m
at

or
en

21

Id
ea

le
 tr

an
sf

or
m

at
or

 b
ij 

nu
lla

st

e 1
e 2

u 2
u 1

N
2

N
1

+

-+

-
-

+ -

+

i
1

µ

1
1

0
u

e
−

+
=

 

-+

u 1
 

iµ
1  

N
1 

u 2
 

e 2
 

e 1
 

N
2 

+
+  -  

-

1
1

1
1
d

d
e

u
N
dt

dt
φ

ψ
=

=
=



Tr
an

sf
or

m
at

or
en

22

2
2

2
2
d

d
e

u
N
dt

dt
φ

ψ
=

=
=

1
1

2
2

u
N

ü
u

N
=

=

1
*

2
2

1
2

di
e

u
N
N

dtµ
=

=
Λ

*
*

21
1

2
M

N
N

=
Λ

*
*

*
2

21
1

2
1

1
h

N
M

N
N

L
N

=
Λ

=



Tr
an

sf
or

m
at

or
en

23

*
*

2
2

1
2

1
21

1
N

N
N

i
M
i

µ
µ

ψ
φ

=
=

Λ
=

*
2

21
1

M
i µψ

=



Tr
an

sf
or

m
at

or
en

24

Id
ea

le
 tr

an
sf

or
m

at
or

 b
ij 

be
la

st
in

g

u 2

φ

u 1
N

2
N

1

+

-+

-
-

+ -

+

i 1
i 2

Z

 

-+

u 1
 

N
1 

u 2
 

e 2
 

e 1
 

N
2 

+
+  -  

-

Z  

i 2 
i 1 



Tr
an

sf
or

m
at

or
en

25

1
1

x
d

u
N
dtφ

=

xφ
φ

=

1
1

2
2

N
i
N
i

Θ
=

−

1
1

2
2

1
1

N
i
N
i

N
i µ

−
= 2

1
1

2
1

N
i
i

i
N

µ
=

+

Tw
ee

 c
om

po
ne

nt
en

: 
m

ag
ne

tis
er

in
gs

st
ro

om
be

la
st

in
gs

st
ro

om



Tr
an

sf
or

m
at

or
en

26

* 1
2

2
1

i
N

i
N

=

*
2

1
1

2
1

N
i
i

i
N

≅
=

2
1

2
1

*
1

1h

N
d
i
i
N

u
L

dt




−






=

*
*

1
2

2
1

1
1

1
h

h
di

N
di

u
L

L
dt

N
dt

=
−

*
*

*
2

12
1

21
1

h
N

M
L

M
N

=
=



Tr
an

sf
or

m
at

or
en

27

Sp
an

ni
ng

sv
er

ge
lij

ki
ng

en
*

*
1

2
1

1
12

h
di

di
u

L
M

dt
dt

=
−

*
*

1
2

2
21

2h
di

di
u

M
L

dt
dt

=
−

*
*

*
*

12
21

1
2

h
h

M
M

L
L

=

H
oo

fd
in

du
ct

an
tie

s
W

ed
er

zi
jd

se
 in

du
ct

an
tie

s



Tr
an

sf
or

m
at

or
en

28

R
eë

le
 tr

an
sf

or
m

at
or

•
V

er
sc

hi
lle

n 
m

et
 d

e 
id

ea
le

 tr
an

sf
or

m
at

or
–

ei
nd

ig
e 

pe
rm

ea
bi

lit
ei

t-l
ex

flu
x

i

φ

 

i 

φ 



Tr
an

sf
or

m
at

or
en

29

0N

dN
ψ

φ
=

∫

u 2

φ h1

i 1

u 1
φ σ

1φ h1

u 1
 

φσ
1

u 2
 

i 1 

–
W

er
ve

ls
tro

om
-e

n 
hy

st
er

es
is

ve
rli

ez
en

–
jo

ul
ev

er
lie

ze
n



Tr
an

sf
or

m
at

or
en

30

Sp
an

ni
ng

s-
di

ffe
re

nt
ia

al
ve

rg
el

ijk
in

ge
n

u 1
u 2

i 1

z

i 2
 

u 1
 

φσ
1

u 2
 

i 1 

Z 

i 2 

1
1

1
E
d

iR
u

⋅
=

−
∫ 1 

1
1

2
= 

L
i 

- M
i

ψ



Tr
an

sf
or

m
at

or
en

31

1
2

1
1

1
1
di

di
u

iR
L

M
dt

dt
=

+
− 2

1
2

2
2

2
di

di
u

iR
L

M
dt

dt
=

−
−

+



Tr
an

sf
or

m
at

or
en

32

H
oo

fd
in

du
ct

an
tie

s 
en

 le
k-

en
 

st
ro

oi
in

du
ct

an
tie

s
φ h1

φ σ
1

φ σ
2

 
φ h1

φσ
1  

φσ
2



Tr
an

sf
or

m
at

or
en

33

 



Tr
an

sf
or

m
at

or
en

34

1
1

1
h

L
L

L σ
=

+

2
2

2
h

L
L

L σ
=

+

1
1

1
2

L
i

M
i

ψ
=

−

2
1

2
2

M
i

L
i

ψ
=

−

(
)

1
1

1
1

1
2

h
L
i

L
i
M
i

σ
ψ

=
+

−

(
)

2
2

2
1

2
2

h
L
i

M
i
L
i

σ
ψ

=
−

+
−



Tr
an

sf
or

m
at

or
en

35

1
1

1
1

L
i

Nσ
σφ

=

L
i 22

2
2
Nσ

σφ
=

1
1

2
2

2
1

1
2

1
1

2
2

2
1

h
h

h
L
i

L
i

M
i

M
i

M
i

M
i

N
N

N
N

N
N

φ
=

−
=

−
+

=
−

1
1

1
1
h

N
N

σ
ψ

φ
φ

=
+

2
2

2
2
h

N
N

σ
ψ

φ
φ

=
−

+

*
1

1
h

h
L

L
≅



Tr
an

sf
or

m
at

or
en

36

Eq
ui

va
le

nt
 s

ch
em

a
1

1
1

1
d

u
R
i

dtψ
=

+

2
2

2
2
d

u
R
i

dtψ
=

−
+

1
1

2
1

1
1

1
1 h

di
di

di
u

R
i
L

L
M

dt
dt

dt
σ

=
+

+
−

2
2

1
2

2
2

2
2h

di
di

di
u

R
i

L
L

M
dt

dt
dt

σ
=

−
−

−
+



Tr
an

sf
or

m
at

or
en

37

1
2

1
1h
di

di
e

L
M

dt
dt

=
− 2

1
2

2h
di

di
e

L
M

dt
dt

=
−

+



Tr
an

sf
or

m
at

or
en

38

R
2

i 2
u 2

R
1

u 1

i 1

L
1σ

L σ
2

e 1
e 2

e 1
 

i 1 
i 2 

e 2
 

u 1
 

u 2
 

R
1 

R
2 

Lσ
1

Lσ
2 



Tr
an

sf
or

m
at

or
en

39

Id
en

tie
ke

 v
er

m
og

en

•
M

ag
ne

tis
ch

e 
ko

pp
el

in
g

•
G

al
va

ni
sc

he
 k

op
pe

lin
g

'
2

2
1

.u
e

e
e

=
=

'
2

2
i

i
u

=



Tr
an

sf
or

m
at

or
en

40

'
'

1
1

1
2

1
1

2
2

2
2

2
2

2
h

N
N

N
di

N
di

e
e

L
M

N
N

N
dt

N
dt

=
=

−
+

'
'

1
2

2
1h
di

di
e

L
dt

dt



=

−






'

'
1

2
1

1
2

h
di

di
e

L
e

dt
dt




=
−

=







1
'

1
2

1h

di
e

e
L

dtµ
=

=

'
1

1
2

i
i
i

µ
=

−



Tr
an

sf
or

m
at

or
en

41

Eq
ui

va
le

nt
 s

ch
em

a
R

1
R

' 2

u 1

i 2'
i 1

u 2'

L
1σ

L σ
2'

L
h1

e 1
=

e 2'

i µ
1 1

1
1

1
1

1
1h

di
di

u
R
i
L

L
dt

dt
µ

σ
=

+
+

 

e 1
=e

’ 2 

i 1 
i’ 2

 

u 1
 

u’
2 

R
1 

R
’ 2 

Lσ
1

L’
σ 2

 

iµ
 

L h
1

'
1

'
'

'
'

2
2

2
2

2
1h

di
di

u
R
i

L
L

dt
dt

µ
σ

=
−

−
+



Tr
an

sf
or

m
at

or
en

42

St
at

io
na

ire
 to

es
ta

nd
R

1
R

' 2

U
1

U
2'

X
1σ

X
σ2'

X
h

I 1
I 2'

I µ

E
1

E
2'

=

1
1

1
1

1
h

U
R
I

jX
I

jX
I µ

σ
=

+
+

 

E 1
=E

’ 2 

I 1 
I’ 2

 

U
1 

U
’ 2

R
1 

R
’ 2 

Xσ
1

X’
σ 2

 

iµ
 

X h
 

'
'

'
'

'
2

2
2

2
2

h
U

R
I

jX
I

jX
I µ

σ
=

−
−

+
'

1
2

I
I

I
µ

=
−



Tr
an

sf
or

m
at

or
en

43

Ijz
er

ve
rli

ez
en

R
1

U
1

X
1σ

I 1

R
' 2

U
2'

X
σ2'

I 2'

X
hI µ

E
1

E
2'

=
R

Fe

I Fe

Z
'

 

E 1
=E

’ 2 

I 1 
I’ 2

 

U
1 

U
’ 2

R
1 

R
’ 2 

Xσ
1

X’
σ 2

 

Iµ
 

X h
 

I F
e 

R
Fe

Z’
 



Tr
an

sf
or

m
at

or
en

44

Fa
so

rd
ia

gr
am

1
1

1
1

1
1

U
R
I

jX
I

E
σ

=
+

+
'

'
'

'
'

'
2

2
2

2
2

2
U

R
I

jX
I

E
σ

=
−

−
+

'
1

2
Fe

h
Fe

E
E

jX
I

R
I

µ
=

=
=

'
1

2
0

Fe
I

I
I

I
I µ

−
=

=
+

'
'

'
2

2
U

I
Z

=



Tr
an

sf
or

m
at

or
en

45

R
1

U
1

X
1σ

I 1

R
' 2

U
2'

X
σ2'

I 2'

X
hI µ

E
1

E
2'

=
R

Fe

I Fe
Z

'

I 0

 

E 1
=E

’ 2 

I 1 
I’ 2

 

U
1 

U
’ 2

R
1 

R
’ 2 

Xσ
1

X’
σ 2

 

Iµ
 

X h
 

I 0 

R
Fe

Z’
 

I F
e 

1
1

ˆ
4,

44
h

E
j

N
fφ

=

1
0

Fe
I

I
I

I
µ

=
+

=



Tr
an

sf
or

m
at

or
en

46

Fa
so

rd
ia

gr
am

m
a

bi
j n

ul
la

st

U
1

I µ

E
1

E
2'

=

I Fe

I 1
I 0=

R
1I

1

X
1σ

j
I 1

^ hφ

 

^  
h

φ 

E 1
=E

’ 2 

U
1 

R
1 I

1 

Iµ
 

I F
e 

jX
σ 1

 I 1
 

I 0=
I 1 



Tr
an

sf
or

m
at

or
en

47

Fa
so

rd
ia

gr
am

m
a

bi
jo

hm
se

be
la

st
in

g

U
1

I µ

E
1

E
2'

=

I Fe

I 1

I 0

R
1I

1

X
1σ

j
I 1

^ hφ

U
2'

I 2'

X
σ2'

I 2'
j

R
' 2

I 2'

 

^  
h

φ 

E 1
=E

’ 2 U
1 

R
’ 2 

I’ 2
 

Iµ
 

I F
e 

jX
σ 1

 I 1
 

I 0 

I 1 

I’ 2
 

R
1I 1

 

jX
’σ

2 I
’ 2 



Tr
an

sf
or

m
at

or
en

48

Fa
so

rd
ia

gr
am

m
a

bi
j r

es
is

tie
ve

-
ca

pa
ci

tie
ve

 b
el

as
tin

g

U
1

I µ

E
1

E
2'

=

I Fe

I 0

R
1I

1

X
1σ

j
I 1

^ hφ

U
2'

I 2'

X
σ2'

I 2'
j

R
' 2

I 2'

I 1

 

^  hφ 

E 1
=E

’ 2 

U
’ 2

R
’ 2 

I’ 2

Iµ
 

I F
e 

jX
σ 1

 I 1
 

I 0 

I 1 

I’ 2
 

R
1I 1

 

jX
’σ

2 I
’ 2 



Tr
an

sf
or

m
at

or
en

49

Be
dr

ijf
st

oe
st

an
de

n 
va

n 
de

 
ee

nf
as

ig
e 

tra
ns

fo
rm

at
or

•
N

ul
la

st
•

Ko
rts

lu
iti

ng
•

Be
la

st
in

g
•

O
ve

rg
an

gs
ve

rs
ch

ijn
se

le
n

•
Ve

rli
ez

en
, r

en
de

m
en

t e
n 

gr
oe

iw
et

te
n

•
In

vl
oe

d 
va

n 
de

 h
ar

m
on

is
ch

e 
ne

tv
er

vu
ilin

g



Tr
an

sf
or

m
at

or
en

50

N
ul

la
st

-K
en

m
er

ke
n

U
0

I µ

I Fe

I 0

R
1I

0

X
1σ

j
I 0

ϕ 0

E 1
E

2'
=

U
20'

=

ϕ 0

E 1
=E

’ 2=
U

’ 20
 

U
0 

R
1 I

0 

Iµ
 

I F
e 

jX
σ 1

 I 0
 

I 0 

R 1

U 0

X
1σ

I 0

X
h1I µ

E 1
E 2'

=
R F

e

I Fe

U 20'

 

E 1
=E

’ 2 

I 0 U
0 

U
’ 20

 

R
1 

Xσ
1 

Iµ
 

X h
1

I F
e 

R
Fe



Tr
an

sf
or

m
at

or
en

51

0
0

1
1

1
1

h
Fe

Fe
h

U
I

X
R

R
jX

j R
jX

σ

=
+

+
+

0
10J

Fe
P

P
P

=
+

0
0

1
1

h
h

U
U

I
j

jX
X

µ
≈

=
−

0
Fe

FeU
I

R
≈

0
Fe

I
I

I
µ

=
+



Tr
an

sf
or

m
at

or
en

52

kl
ei

ne
 1

-fa
sig

e 
tra

ns
fo

rm
at

or
en

3-
fa

sig
e 

tra
ns

fo
rm

at
or

en

S n [V
A

]
i 10

 [%
]

co
s ϕ

0
S n [k

V
A

]
i 10

 [%
]

co
s ϕ

0

25
22

10
3

12
5

16
50

1,
5

25
0

15
10

0
0,

8

50
0

14
0,

28
 ..

. 0
,3

5
10

00
0,

5
0,

35
 ..

. 0
,4

10
00

13
10

00
0

0,
3

20
00

11
10

00
00

0,
21

40
00

8
30

00
00

0,
18



Tr
an

sf
or

m
at

or
en

53

N
ul

la
st

pr
oe

f

U
0

I 0

X
h1I µ

R
Fe

I Fe
I 0 U

0 

Iµ
 

X h
1

I F
e 

R
Fe

 

0
0

0
0

co
s

P U
I

ϕ
=



Tr
an

sf
or

m
at

or
en

54

0
0

co
s

FeI
I

ϕ
=

0
0

si
n

I
I

µ
ϕ

=

0
0

0
0

co
s

Fe
FeU

U
R

I
I

ϕ
=

=

0
0

1
0

0
si

n
h

U
U

X
I

I
µ

ϕ
=

=



Tr
an

sf
or

m
at

or
en

55

Ko
rts

tlu
iti

ng
 -

St
at

io
na

ir
'

1
2

kR
R

R
=

+
'

1
2

k
X

X
X

σ
σ

=
+

k
k

k
Z

R
jX

=
+ 1

1
k

k
k

U
I

Z
=



Tr
an

sf
or

m
at

or
en

56

Z
k

U
1kI 1k

 
I 1k

 

U
1k

Z k
 

R
k

U
1k

X
k

I 1k
I 2k'

I 1k
 

U
1k

 

X h
1

I’ 2
k

R
Fe

 



Tr
an

sf
or

m
at

or
en

57

U
1k

I 1k

R
k

I 1k

X
k

j
I 1k

ϕ k

 

ϕ k
R

k I
k1

jX
k I

1k
 

I 1k
 

U
1k

 



Tr
an

sf
or

m
at

or
en

58

Ko
rts

lu
its

tro
om

•
In

vl
oe

d 
va

n 
de

 s
tro

oi
in

g
•

Pr
oc

en
tu

el
e 

ko
rts

lu
its

pa
nn

in
g

N
k

k
U

I
Z

=

k
k

N

U
u

U
= (%

)
.1

00
k

k
N

U
u

U
=



Tr
an

sf
or

m
at

or
en

59

kl
ei

ne
 1

-fa
sig

e 
tra

ns
fo

rm
at

or
en

3-
fa

sig
e 

tra
ns

fo
rm

at
or

en

S n [V
A

]
u k [%

]
co

s ϕ
k

S n [V
A

]
u k [%

]
co

s ϕ
k

25
15

,5
0,

96
10

3
0,

66

12
5

7,
7

0,
93

50
3,

5
0,

43

25
0

6,
2

0,
89

10
0

4
0,

3

50
0

4,
4

0,
84

10
00

5
0,

14

10
00

2,
6

0,
77

10
00

0
8,

4
0,

06

20
00

2,
4

0,
54

10
00

00
13

0,
02

5

40
00

2,
2

0,
43

30
00

00
17

,5
0,

01
3



Tr
an

sf
or

m
at

or
en

60

N
N

N
N

kN
N

k
k
N

k

U
U
I

U
I

I
Z

Z
I

U
=

=
=

2
2

k
k

k
Z

R
X

=
+

1
kN

N

N
k

k

I
U

I
U

u
=

=

2
k
N

k
N

J
R

R
N

N
N

N
N

R
I

R
I

P
U

u
U

U
U
I

S
=

=
=

=



Tr
an

sf
or

m
at

or
en

61

k
N

X
N

X
I

u
U

=

2
2

k
R

X
u

u
u

=
+ X

k
Ru

tg
u

ϕ
=



Tr
an

sf
or

m
at

or
en

62

Ko
rts

lu
itp

ro
ef

k
k

k

U
Z

I
=

2
k

k
k

P
R
I

=

2k
k

kP
R

I
=



Tr
an

sf
or

m
at

or
en

63

2
2

k
k

k
X

Z
R

=
−

'
1

2
1 2

k
R

R
R

=
= '

1
2

1 2
k

X
X

X
σ

σ
=

=



Tr
an

sf
or

m
at

or
en

64

Eq
ui

va
le

nt
 s

ch
em

a

1
1

1

2
2

2

U
e

N
ü
U

e
N

=
≈

≈



Tr
an

sf
or

m
at

or
en

65

N
om

in
al

e 
to

es
ta

nd

R
k

U
1

X
k

I 1

Z'

I 2'

U
2'

 

I 1 U
1 

U
’ 2 

R
k 

Xκ
 

I’ 2
 

Z’
 



Tr
an

sf
or

m
at

or
en

66

D
ia

gr
am

m
a 

va
n 

Ka
pp

U
1

U
2'R

k
I 1

X
k

j
I 1

I 1
I 2'

=
ϕ 2

' 2
1

I
I

=

'
1

1
1

2
k

k
U

U
R
I

jX
I

=
+

+

 

ϕ 2
I 1 

= 
I’ 2

 

jX
k I

1 R
k I

1 

U
1 

U
’ 2



Tr
an

sf
or

m
at

or
en

67

Sp
an

ni
ng

sv
er

an
de

rin
g 

bi
j 

be
la

st
in

g
'

1
2

U
U

U
∆

=
−

'
co

s
si

n
R

b
X

b
U

U
U

ϕ
ϕ

ϕ
∆

=
+

"
co

s
si

n
X

b
R

b
U

U
U

ϕ
ϕ

ϕ
∆

=
−



Tr
an

sf
or

m
at

or
en

68

Sp
an

ni
ng

sv
al

 
bi

j b
el

as
tin

g
A  

B  

∆U
” ϕ

  

U
X ∆U

’ ϕ 
 

 

ϕ b

α
 

O
 

I 1 
= 

I’ 2
 

U
1 

U
R
 U
’ 2



Tr
an

sf
or

m
at

or
en

69

(
)

(
)

2
2

2
'

'
"

1
2

U
U

U
U

ϕ
ϕ

=
+

∆
+

∆

2
'

2
"

'
2

1
U

U
U

U
ϕ

ϕ
=

−
∆

−
∆

2
"

'
'

2
1

1

1
U

U
U

U
U

ϕ
ϕ




∆
=

−
−

∆








 2 "
'

'
2

1
1

1 2
U

U
U

U
U

ϕ
ϕ

∆
=

−
−

∆



Tr
an

sf
or

m
at

or
en

70

2 "
'

'
1

2
1

1 2
U

U
U

U
U

U
ϕ

ϕ

∆
∆

=
−

=
∆

+

2
'

"
'

1
2

2
1

1
1

1

1 2
U

U
U

U
U

u
U

U
U

U
ϕ

ϕ
∆

∆
∆

−
∆

=
=

=
+

2
'

"
1 2

u
u

ϕ
ϕ

=
∆

+
∆

'
co

s
si

n
R

b
X

b
u

u
u

u
ϕ

ϕ
ϕ

∆
=

∆
=

+



Tr
an

sf
or

m
at

or
en

71

Sp
an

ni
ng

sv
er

an
de

rin
g

I 1

U
' 2 U 1

+j
X

b

-jX
b

=R
b

Z
b

=R
b

Z
b =R

b
Z

b

(c
ap

.)

(in
d.

)

I 1 
 

U
’ 2 

Z b
 =

 R
b+

jX
b 

  (
in

d.
) 

Z b
 =

 R
b-

X b
   

(c
ap

.) 

Z b
 =

 R
b 

U
1 



Tr
an

sf
or

m
at

or
en

72

Fa
so

rd
ia

gr
am U

1
U

2'

I 1
I 2'

=
ϕ b

ϕ 1

 

ϕ
 b

ϕ
 1

I 1
 =

 I’
2 U

1 

U
’ 2

U
1

U
2'

I 1
I 2'

=
ϕ bϕ 1

 

U
1  

ϕ b ϕ 1

I 1 
= 

I’ 2
 

U
’ 2

R
-L

R
-C



Tr
an

sf
or

m
at

or
en

73

O
ve

rg
an

gs
ve

rs
ch

ijn
se

le
n

•
In

sc
ha

ke
ls

tro
om

•
St

oo
tk

or
ts

lu
iti

ng



Tr
an

sf
or

m
at

or
en

74

In
sc

ha
ke

ls
tro

om
st

oo
t

1
1

1
1
d

u
R
i
N
dtφ

=
+

(
)

1
1

2
si

n
u

U
t

ω
α

=
+

(
)

1
1

1
1

1

2
si

n
d

U
R

t
i

dt
N

N
φ

ω
α

=
+

−

()
(

)
1

1
1

1
1

2
co

s
U

R
t

t
id
t
C

N
N

φ
ω

α
ω

=
−

+
−

+
∫

1 1

2
co

s
re
m

U
C

N
φ

α
ω

=
+



Tr
an

sf
or

m
at

or
en

75

()
(

)
1

1
1

1
1

2
co

s
co

s
re
m

U
R

t
t

id
t

N
N

φ
φ

α
ω

α
ω

=
+

−
+

−






∫

()
(

)
ˆ

co
s

co
s

re
m

t
t

φ
φ

φ
α

ω
α

=
+

−
+







V
er

ho
ud

in
g 

in
sc

ha
ke

lst
ro

om
 to

t n
om

in
al

e 
st

ro
om

Tr
af

o-
ve

rm
og

en
 H

oo
gs

pa
nn

in
g

 L
aa

gs
pa

nn
in

g

50
0 

kV
A

11
16

5 
M

V
A

6
10

50
 M

V
A

4,
5

9



Tr
an

sf
or

m
at

or
en

76

re
m

φ

st
at

φ

φ

φ  
[W

b]
φ  

[W
b]

t [
-]

ω
u

i  
 [A

]
µ

t [
-]

ω

st
at

φ̂
re

m
φ

2 
   

   
+

(a
)

(b
)

(c
)

π
2π

2ππ

0

∼Β

i  
 [A

]
µ

∼Η

ω
 

re
m

 
φ 

st
at

φ 

φ 

φ  
[W

b]
 

φ  
[W

b]
 

ω
 t[

-]  
u

i µ
 [A

]  

t [
-]

 
ω

 

st
at

 
φ ̂ 

re
m

 
φ 

2 
   

   
+  

π 
2 π

 

2π
 

π 

?  

∼B
 

i µ
 [A

]  ∼
H

 



Tr
an

sf
or

m
at

or
en

77

t [
s]

re
m

φ

st
at

φ

φ tra
ns

φ to
t

φ  
[W

b]

t [
s]

re
m

φ 

st
at

φ 

φ tra
ns

φ to
t

φ  
[W

b]
 



Tr
an

sf
or

m
at

or
en

78

()
(

)
1

1
/

/
ˆ [

co
s

co
s

]
t

t
re
m

t
e

t
e

τ
τ

φ
φ

φ
ω

α
α

−
−

=
−

+
−

()
st
at

tr
an
s

t
φ

φ
φ

=
+

1
1

1h
L

L
L

σ
=

+

1
1

1L R
τ

=



Tr
an

sf
or

m
at

or
en

79

St
oo

tk
or

ts
lu

iti
ng

R
k

i s

L
k

u 1 (
)

1
1

2
si

n
s

k
s

k
di

u
U

t
R
i
L
dt

ω
α

=
+

=
+

 

I s U
1 

R
k 

L k
 

(
0)

0
si
t=

=



Tr
an

sf
or

m
at

or
en

80

(
)

(
)

2
si

n
2

si
n

k kR
t

L
s

k
k

k
i

I
t

C
I

e
ω

α
α

ϕ
−

=
+

−
−

−

s
k

g
i

i
i

=
+

1
2

2
k

U
R

 +
(

)
k

k

I
L

ω
=

k
k

kL
bg
tg
Rω

ϕ
=

1
k

k
X

s
k

k
R

L
X

u
R

R
u

τ
ω

ω
=

=
=



Tr
an

sf
or

m
at

or
en

81

t [
s]

i [
A

]
u 

[V
]

u

ki

gi
si

 

t [
s]

i [
A]

 

u 
[V

]  

u

i k 

i g 
i s 



Tr
an

sf
or

m
at

or
en

82

2
co

s
k kR
t

L
s

k
i

I
t
e

ω
−




=
−

+










ˆ
2

1
k k

R X
s

k
I

I
e

π
−




=
+










1
1

k
R

k
X

R
u

X
u

e
e

π
π

κ
−

−

=
+

=
+



Tr
an

sf
or

m
at

or
en

83

u R u X
(d

ist
r.)

0
0,

4
0,

2
0,

6
0,

8
1

11,
2

1,
4

1,
6

1,
82

κ
[-

]

11,
2

1,
4

1,
6

1,
82

0
0,

04
0,

02
0,

06
0,

08
0,

1

u R u X
(v

er
m

.)

κ
[-

]

 

u R u X
(d

is
tr.

)

0 
0,

4 
0,

2 
0,

6 
0,

8 
1

1 1,
2 

1,
4 

1,
6 

1,
8 2 

κ 
[-

]  

11,
2 

1,
4 

1,
6 

1,
8 2

0
0,

04
 

0,
02

 
0,

06
 

0,
08

 0
,1

 

κ 
[-

]  

u R u X
(v

er
m

.



Tr
an

sf
or

m
at

or
en

84

Ve
rli

ez
en

•
Ijz

er
ve

rli
ez

en
–

W
er

ve
ls

tro
om

ve
rli

ez
en

–
H

ys
te

re
si

sv
er

lie
ze

n
•

W
ik

ke
lin

gs
ve

rli
ez

en
 o

f 
be

la
st

in
gs

ve
rli

ez
en

•
R

en
de

m
en

t
•

G
ro

ei
w

et
te

n



Tr
an

sf
or

m
at

or
en

85

W
is

se
ls

tro
om

ve
rli

ez
en

•
P w

~σ
d2 f

2 B
2

–
D

ik
te

 b
ep

er
kt

–
El

ek
tri

sc
he

 g
el

ei
db

aa
rh

ei
d 

te
 h

oo
g

φ w
φ

0
φ w

i w

d

 

φ w
φ 

0
φ w

i  w
 

d



Tr
an

sf
or

m
at

or
en

86

H
ys

te
re

si
sv

er
lie

ze
n

1,
6

ˆ
~

hP
f
B



Tr
an

sf
or

m
at

or
en

87

G
lo

ba
le

 ij
ze

rv
er

lie
ze

n

Fe
w

h
P

P
P

=
+

2

0
Fe

Fe
NU

P
P

U


≅









Tr
an

sf
or

m
at

or
en

88

W
ik

ke
lin

gs
ve

rli
ez

en
2

2
2

'
'2

2
1

1
2

2
1

1
2

2
1

J
k

P
R
I

R
I

R
I

R
I

R
I

=
+

=
+

≈

2

J
JN

NI
P

P
I




≅









Tr
an

sf
or

m
at

or
en

89

R
en

de
m

en
t

1
2 1

1
1

1
Fe

J
Fe

J
P

P
P

P
P

P P
P

P
η

−
−

+
=

=
=

−

1
1

1
1

co
s

P
U
I

ϕ
=

2

1

1
1

1

1
co

s

Fe
JN

NI
P

P
I

U
I

η
ϕ




+






=

−



Tr
an

sf
or

m
at

or
en

90

1
Fe

N
JNP

I I
P

=

2

1
Fe

JN
J

NI
P

P
P

I



=

=







η
P 

[W
]

η

I/I
N

P J P Fe
0 [-

]

[-
]

 

η 
P 

[W
] 

η 
P J

 
[-]

 

P F
e0

 
I/I

N
  [-

] 



Tr
an

sf
or

m
at

or
en

91

G
ro

ei
w

et
te

n
N

N
N

S
U
I

=

1
ˆ

4,
44

N
N

N
S

N
f

I
φ

=

ˆ
4,

44
N

Fe
g

S
f
S
J
S

=
B

4
~

NS
L 3

~
G

L 3
~

vP
L



Tr
an

sf
or

m
at

or
en

92

2
2

2
2

3
~

J
g

g
g

P
RI

J
S

J
S

L
Sρ

ρ
=

=
=

2
~

ko
el

S
L



Tr
an

sf
or

m
at

or
en

93

pr
ijs

ve
rm

og
en

ge
w

ic
ht

ve
rm

og
en

~
~

3 4L L
1 L

Pr
ijs

:
~

1
1

1
~

1
co

s
v

v
P

P
P

S
L

η
ϕ

=
−

=
−

−
R

en
de

m
en

t:

K
oe

lin
g



Tr
an

sf
or

m
at

or
en

94

In
vl

oe
d 

va
n 

de
 h

ar
m

on
is

ch
e 

ne
tv

er
vu

ilin
g

•
H

ar
m

on
is

ch
e 

ne
tv

er
vu

ilin
g

•
In

vl
oe

d 
va

n 
ha

rm
on

is
ch

en
 o

p 
ee

n 
tra

ns
fo

rm
at

or



Tr
an

sf
or

m
at

or
en

95

D
rie

fa
si

ge
tra

ns
fo

rm
at

or
en

•
Pr

in
ci

pi
ël

e 
bo

uw
•

Sp
an

ni
ng

sv
er

ge
lijk

in
ge

n 
va

n 
de

 
dr

ie
fa

si
ge

tra
ns

fo
rm

at
or

•
Sc

ha
ke

lg
ro

ep
en

•
Eq

ui
va

le
nt

 s
ch

em
a



Tr
an

sf
or

m
at

or
en

96

Pr
in

ci
pi

ël
e 

bo
uw

•
O

na
fh

an
ke

lijk
e 

m
ag

ne
tis

ch
e 

ke
te

ns

1U
1

1V
1

1W
1

2W
1

2U
1

2V
1

1U
1 

1V
1

1W
1

2W
1

2U
1 

2V
1



Tr
an

sf
or

m
at

or
en

97

Ve
rb

on
de

n 
m

ag
ne

tis
ch

e 
ke

te
n

φ
1 φ

2
φ 3

φ m

 

φ 1
 

φ 3
 

φ 2
 

φ m
 

1
2

3
(

)
(

)
(

)
(

)
0

m
t

t
t

t
φ

φ
φ

φ
=

+
+

=



Tr
an

sf
or

m
at

or
en

98

Kl
as

si
ek

e
dr

ie
fa

si
ge

ke
rn

tra
ns

fo
rm

at
or

1U
1

1U
2

2U
1

2U
2

1V
1

1V
2

2V
1

2V
2

1W
1

1W
2

2W
1

2W
2

 

1U
1 

1U
2 

2U
1 

2U
2 

1V
1

1V
2

2V
1

2V
2

1W
1

1W
2

2W
1

2W
2



Tr
an

sf
or

m
at

or
en

99

Fl
ux

ve
rlo

op

φ

φ 1
φ

2
φ 3

φ 1

2
φ 3

t

t

t
φ 1

φ
2

φ 3
φ 3

φ 1

φ
2

φ 1
φ

2
φ 3

φ 1
φ

2
φ 3

 

φ 1 
φ 2 

φ 3

φ 1 

φ 

t

t

t
φ 1

φ 2

φ 3
φ 3

φ 1

φ 2

φ 1
φ 2

φ 3 
φ 1

φ 2
φ 3

= 
0

φ 2 
3 φ 

= 
=1

/2
 φ 1 

φ 1
3φ 

=

φ 2

φ 2
3

φ 
=

=1
/2

 φ
 

1



Tr
an

sf
or

m
at

or
en

10
0

Ke
rn

 m
et

 v
ijf

 b
en

en

 



Tr
an

sf
or

m
at

or
en

10
1

Sp
an

ni
ng

sv
er

ge
lijk

in
ge

n

1
1

1
1

1
1

1
1

1
1

1
2

2
2

1
1

1
2

1
2

1
2

U
U

U
V

U
U

U
h
U

U
V

W
U

V
W

U
W

U
U

U
V

U
W

U
R
I

j
L

I
j
L

I
j
M

I
j
M

I
j
M

I
j
M

I
j
M

I
σ

ω
ω

ω
ω

ω
ω

ω
=

+
+

+
+

+
+

+

2
1

1
1

U
L

N
σ

σ
=

Λ 2
1

1
h
U

h
L

N
=

Λ

1
2

1
2

U
U

h
L

N
N

=
Λ



Tr
an

sf
or

m
at

or
en

10
2

1
1

1
1

1
1 2

U
V

U
W

h
U

M
M

L
=

=
−

1U
2W

1U
2U

1
M

M
2

=
−

1U
1

1U
2

1V
1

1V
2

1W
1

1W
2

2U
1

2U
2

2V
1

2V
2

2W
1

2W
2

 

1U
1

1U
2  

1V
1

1V
2

1W
1  

1W
2  

2U
1

2U
2

2V
1

2V
2

2W
1  

2W
2  



Tr
an

sf
or

m
at

or
en

10
3

1
1

1
2

2
2

0
U

V
W

U
V

W
I

I
I

I
I

I
+

+
=

+
+

=

1
1

1
1

1
1

1
1

1

2
2

2
1

2

1
(

(
))

2
1

(
(

))
2

U
U

U
V

W
U

U
U

h
U

U
V

W
U
U

U
R
I

j
L

I
j
L

I
I

I

j
M

I
I

I

σ
ω

ω

ω

=
+

+
−

+

+
−

+

1
1

1
2

1
1

1
1

1
2

3
3

2
2

U
U

U
U

U
U

U
h
U

U
U

U
R
I

j
L

I
j

L
I

j
M

I
σ

ω
ω

ω
=

+
+

+

'
'

1
2

2
2

2

1
U

U
U

N
I

I
I

N
k

=
≈



Tr
an

sf
or

m
at

or
en

10
4

(
)

'
1

1
1

2
1

1
1

1

1
0

1
1

1

3
(

)
2

3 2

U
U

U
U

U
U

U
h
U

U
U

U
h
U

U
R
I

j
L

I
j

L
I

I

R
jX

I
j
X

I

σ

σω
ω

=
+

+
+

=
+

+

3
1

3 2
h
f

h
U

X
X

= 1
1

1
1

3
3

f
f

L
L

S
U
I

U
I

=
=



Tr
an

sf
or

m
at

or
en

10
5

Sc
ha

ke
lg

ro
ep

en

 

U
   

 V
   

 W
 

U
   

 V
   

 W
U

   
 V

   
 W



Tr
an

sf
or

m
at

or
en

10
6

st
er

dr
ie

ho
ek

zi
g-

za
g

U
fa

se
1

1
23

U
lij

n
3

1
23

Y,
y

st
er

sc
ha

ke
lin

g
D

,d
dr

ie
ho

ek
sc

ha
ke

lin
g

z
zi

gz
ag

sc
ha

ke
lin

g



Tr
an

sf
or

m
at

or
en

10
7

Sp
an

ni
ng

sc
on

ve
nt

ie
 v

oo
r e

en
 

w
ik

ke
lin

g 
in

 s
te

r
 

U f

2 1 

U
f 

U f

W
f

V f
 

V
f

W
f

2 1

U
f



Tr
an

sf
or

m
at

or
en

10
8

Sp
an

ni
ng

sc
on

ve
nt

ie
 v

oo
r e

en
 

w
ik

ke
lin

g 
in

 d
rie

ho
ek

 

1U
 

1V
1W

U
l  

V  
l 

W
 l 

U
f e

q

V f
 e

q

U
 l 

1U
1V

1W

U
 l 

 

U
f e

q

U
 l 

 

W
f e

q 

V  
l  

W
 l 

 



Tr
an

sf
or

m
at

or
en

10
9

Sp
an

ni
ng

sc
on

ve
nt

ie

se
cu

nd
ai

r

te
rti

ai
r

pr
im

ai
r

3U
1

3U
2

2U
1

2U
2

1U
1

1U
2

3V
1

3V
2

2V
1

2V
2

1V
1

1V
2

3W
1

3W
2

2W
1

2W
2

1W
1

1W
2

 

te
rti

ai
r 

3U
1

3U
2

3V
1

3V
2

3W
1

3W
2

U
f 3

 

se
cu

nd
ai

r 

pr
im

ai
r 

2U
1

2U
2

1U
1

1U
2

2V
1

2V
2

1V
1

1V
2

2W
1

2W
2

1W
1

1W
2

U
f 1

 

U
f 2

 



Tr
an

sf
or

m
at

or
en

11
0

ee
rs

te
 b

ee
n

tw
ee

de
 b

ee
n

de
rd

e 
be

en

 

ee
rs

te
 b

ee
n

 ( 
 U

  )
 

tw
ee

de
 b

ee
n 

(  
V 

 ) 
de

rd
e 

be
en

 
 ( 

 W
  )

 



Tr
an

sf
or

m
at

or
en

11
1

D
y5

2U 1U
1V

1W

2V
2W

a)

2U

2V
2W

b)

1U 1V

1W

U
2U

U
1U

 

2U
2V

2W

U
f 2

  

U
 l1

 

U
f e

q2

U
f 2

 

V f
 2

  
W

f 2
 

1U
 

1V
1W

V  
l1

W
 l1

 
U

f e
q1

U
l 1

 
V f

 e
q1

U
f e

q2
 



Tr
an

sf
or

m
at

or
en

11
2

1

2

3

4

5
6

7

8

910

11
(1

2)

kl
ok

ge
ta

l =
 5

0
*

*
*

*

*

*

*

*

*
*

*

*

U 1_

u 1_

 

1

2

3

4

5
6

7  

8  

9  10
 

11
 

( 1
2

)

kl
ok

ge
ta

l =
 5

0
* 

* 
* 

* 

* 

* 

* 

* 

* 
*  

* 

* 

U
f e

q1
 (a

an
va

ng
sf

as
or

)  

U
l 1

 

U
f e

q2



Tr
an

sf
or

m
at

or
en

11
3

Sc
ha

ke
lg

ro
ep

 D
y1

 

2U
2V

2W
U

 f 
2 

V f
 2

 
W

 f 
2 

 

W
l 1

 

U
f e

q 
2 

U
f 2

 

U
 l 

2 

1U
1V

1W

U
 l 

1 

U
f e

q1
U

 l 
1 

W
f e

q1

V  
l 1

 

U
f e

q 
2 



Tr
an

sf
or

m
at

or
en

11
4

D
y1

 

1

2 

3

4 

5
6

7

8

910

11
(1

2
)

kl
ok

ge
ta

l =
 1

0
* 

* 
* 

* 

* 

* 

* 

* 

* 
* 

* 

* 

U
f e

q1
 (a

an
va

ng
sf

as
or

)  

V l
1 

U
f e

q2
 =

 U
f2

U
l1

 

W
l1

 



Tr
an

sf
or

m
at

or
en

11
5

Yy
0

2U
2V

2W

a)

2U

2W
2V

b)

1U
1V

1W

1U

1W
1V

U
1U

U
2U

 

2U
2V

2W

U
 f2

W
 f2

V  
f2

1U
1V

1W

U
 f1

W
 f1

V  
f1

U
f e

q2

U
f e

q1

U
 f2

U
 f1



Tr
an

sf
or

m
at

or
en

11
6

Eq
ui

va
le

nt
 s

ch
em

a

1U 1V 1W

2U 2V 2W

I lij
n

U
lij

n
P to

t

M
ee

to
ps

te
llin

g

 

1U 1V 1W

2U 2V 2W

I lij
n 

U
lijn

 

P t
ot
 



Tr
an

sf
or

m
at

or
en

11
7

Ee
nf

as
ig

 e
qu

iv
al

en
t s

ch
em

a

R
1

U
1,

fa
se

X
1σ

I 1,
fa

se

R
' 2

U
2'

X
σ2'

I 2'

X
hI µ

R
Fe

I Fe

 

I 1,
fa

se
 

I’ 2
 

U
1,

fa
se

 
U

’ 2

R
1 

R
’ 2 

Xσ
1

X’
σ 2

 

Iµ
 

X h
 

I F
e 

R
Fe



Tr
an

sf
or

m
at

or
en

11
8

Pa
ra

lle
lw

er
ki

ng

•
Be

la
st

in
gs

ve
rd

el
in

g
•

Vo
or

w
aa

rd
en

 v
oo

r p
ar

al
le

ls
ch

ak
el

in
g



Tr
an

sf
or

m
at

or
en

11
9

Be
la

st
in

gs
ve

rd
el

in
g

T 1
T 2

 

T 2
 

T 1
 



Tr
an

sf
or

m
at

or
en

12
0

I

X
kA

R
kA

X
kB

I U
' 2

Z_'
U

1

I
I U

' 2
Z_'

U
1

k AZ_

k BZ_

AII

R k B

BII

 

Z’

I U
1 

U
’ 2 

R
kA

 
X k

A
I A

 

R
kB

 
X k

B

I 

U
1 

U
’ 2 

Z’

I 

Z k
A

Z k
B

I B
 

I 



Tr
an

sf
or

m
at

or
en

12
1

kA
A

kB
B

Z
I

Z
I

=

kA
kA

kA
Z

R
jX

=
+

kB
kB

kB
Z

R
jX

=
+

kA
A

kB
B

Z
I

Z
I

=

1
1

.
.

AN
kA

BN
kB

A
B

AN
N

BN
N

I
Z

I
Z

I
I

I
U

I
U

=

/ /
A

AN
kB

B
BN

kA

I
I

u
I
I

u
=



Tr
an

sf
or

m
at

or
en

12
2

Vo
or

w
aa

rd
en

•
G

el
ijk

e 
sp

an
ni

ng
 in

 g
ro

ot
te

 e
n

fa
se

20
20

'
'

0
A

B
U

U
U

∆
=

−
≠

kA
kB

kA
kB

U
I

I
Z

Z
∆

=
−

=
+



Tr
an

sf
or

m
at

or
en

12
3

G
el

ijk
st

ro
m

en

U
1

kAZ_ k BZ_

U
20

B

U
20

A
'

'

 U
1 

Z k
A 

Z k
B 

U
’ 20

A
U

’ 20
B 

I

U
1

k AZ_ Z_ kB

kA I k
B

U
20'

U
1 

Z k
A

Z k
B

U
’ 20

I kA
 

I kB
 

 



Tr
an

sf
or

m
at

or
en

12
4

T 1

U
1

T 2

U
2U

1 

T 1
 

T 2
 

U
2 



Tr
an

sf
or

m
at

or
en

12
5

Pr
oc

en
tu

el
e 

ko
rts

lu
its

pa
nn

in
g

kA
kB

u
u

≈

D
rie

fa
si

ge
: -

sc
ha

ke
lg

ro
ep

-fa
se

vo
lg

or
de

kA
kB

kA
kB

X
X

R
R

=



Tr
an

sf
or

m
at

or
en

12
6

ϕ kA kB
ϕ

I
AII BI

R
kA

AII

R
kB

BIIjX
kB

BII

jX
kA

AII
U

1
U

' 2
−

 

ϕ kA kB
ϕ 

U
1-

U
’ 2 

jX
kB

-I B
 

jX
kA

-I A
 

R
kA

-I A
 

I A
 

I  

I B
 R
kB

-I B
 



Tr
an

sf
or

m
at

or
en

12
7

Sp
ec

ia
le

 tr
an

sf
or

m
at

or
en

•
M

ee
ttr

an
sf

or
m

at
or

•
Sp

aa
rtr

an
sf

or
m

at
or

•
Ve

ilig
he

id
st

ra
ns

fo
rm

at
or

•
Ve

rli
es

st
ro

om
sc

ha
ke

la
ar



Tr
an

sf
or

m
at

or
en

12
8

M
ee

ttr
an

sf
or

m
at

or

•
Sp

an
ni

ng
sm

ee
ttr

an
sf

or
m

at
or

•
St

ro
om

m
ee

ttr
an

sf
or

m
at

or



Tr
an

sf
or

m
at

or
en

12
9

Sp
an

ni
ng

sm
ee

ttr
an

sf
or

m
at

or
 

I 0 
^  hφ 

δ  
I’ 2

 
I 1 

E 1
=E

’ 2 

U
’ 2 

U
1 



Tr
an

sf
or

m
at

or
en

13
0

(
)

2
2

2
1h

'I
'

R
'L

j
I

L
j

+
ω

−
=

ω
σ

µ

 
 

ω
+

ω
+

−
=

σ

1h

2
2

2
1

L
j

'
R

'L
j

1
'I

I


12
2

2
NN

I
'I

1I
−

=
−

≈



Tr
an

sf
or

m
at

or
en

13
1

St
ro

om
tra

ns
fo

rm
at

or
 

^  hφ 

δ  

I 0 I’ 2
 

I 1 

E 1
=E

’ 2 

U
’ 2 U

1 



Tr
an

sf
or

m
at

or
en

13
2

Sp
aa

rtr
an

sf
or

m
at

or
 I

 

U
1 

N
1 

N
2 

N
s 

U
2 

I 1 

I 2 

I 1-
I 2 



Tr
an

sf
or

m
at

or
en

13
3

21

21

NN
UU

=

2
1

s
N

N
N

−
=

(
)

0
N

I
I

N
I

2
2

1
s

1
=

−
+

2
12

1
I

NN
I

=



Tr
an

sf
or

m
at

or
en

13
4

d
2

2
2

1
1

1
S

I
U

m
S

I
U

m
S

≅
=

=
=

(
)

(
)

e
1

2
1

2
1

2

s
1

2
1

1
1

1
1

1

S
m

U
U

I
m

U
I

I
N

U
U

m
U

I
m

U
I

N
U

=
−

=
−

−
=

=

1

2
1

de

U
U

U
SS

−
=

2

1
2

de

U
U

U
SS

−
=



Tr
an

sf
or

m
at

or
en

13
5

Sp
aa

rtr
an

sf
or

m
at

or
 II

 

U
1 

N
1 

N
2 

N
s 

U
2 

I 1 

I 2 

I 1-
I 2 



Tr
an

sf
or

m
at

or
en

13
6

Ve
ilig

he
id

st
ra

ns
fo

rm
at

or
 .S

.w
ik

ke
lin

g 
va

n 
de

 
is

tri
bu

tie
tra

ns
fo

rm
at

or
 

Aa
rd

in
g Fo

ut
st

ro
om

pa
d 

L1
 

L2
 

L3
 

N
 



Tr
an

sf
or

m
at

or
en

13
7

Ve
rli

es
st

ro
om

sc
ha

ke
la

ar

Ve
rb

ru
ik

er
N

et
 

R
 



Tr
an

sf
or

m
at

or
en

13
8

 

Ve
rb

ru
ik

er
N

et
 

R
 

Af
ac

ha
ke

l- 
m

ec
ha

ni
sm

e 

ke
rn

 



Tr
an

sf
or

m
at

or
en

13
9

As
pe

ct
en

 v
an

 c
on

st
ru

ct
ie

 e
n 

pr
ob

le
m

en
 

ei
ge

n 
aa

n 
tra

ns
fo

rm
at

or
en

•
M

ag
ne

tis
ch

e 
ke

rn
•

W
ik

ke
lin

ge
n

•
O

lie
, k

ui
p 

en
 k

oe
ls

ys
te

m
en

•
N

ie
t-o

lie
ho

ud
en

de
 tr

an
sf

or
m

at
or

en
•

R
eg

el
in

g 
va

n 
de

 
tra

ns
fo

rm
at

ie
ve

rh
ou

di
ng



Tr
an

sf
or

m
at

or
en

14
0

M
ag

ne
tis

ch
e 

ke
rn

 

Ko
el

ka
na

al



Tr
an

sf
or

m
at

or
en

14
1



Tr
an

sf
or

m
at

or
en

14
2

 



Tr
an

sf
or

m
at

or
en

14
3

C
ilin

de
r-

en
 s

ch
ijf

w
ik

ke
lin

g
 

LS
 

H
S 

is
ol

at
ie

 



Tr
an

sf
or

m
at

or
en

14
4



Tr
an

sf
or

m
at

or
en

14
5



Tr
an

sf
or

m
at

or
en

14
6



Tr
an

sf
or

m
at

or
en

14
7

 

ex
pa

nt
ie

va
t

do
or

vo
er

is
ol

at
or

en

ve
nt

ila
to

re
n

w
ar

m
te

w
is

se
la

ar
(k

oe
lri

bb
en

) 

po
m

p



Tr
an

sf
or

m
at

or
en

14
8

G
ie

th
ar

st
ra

ns
fo

rm
at

or

ke
rn

LS
-w

ik
ke

lin
g

H
S-

w
ik

ke
lin

g

ju
kb

al
k 

hi
js

oo
g 

aa
ns

lu
iti

ng
 v

an
 d

e 
H

S-
w

ik
ke

lin
g 

aa
ns

lu
iti

ng
 v

an
 d

e 
LS

-
w

ik
ke

lin
g 



Tr
an

sf
or

m
at

or
en

14
9

R
eg

el
in

g 
va

n 
de

 
tra

ns
fo

rm
at

ie
ve

rh
ou

di
ng

 

U
2 

U
1 


	Transformatoren
	Overzicht
	Fundamentele studie van het gedrag
	Principiële bouw van een transformator
	Ideale transformator
	Ijzeren kern met spoel
	Verband spanning-flux
	Magnetiseringsstroom-flux
	Verband spanning-magnetiseringsstroom
	Spannings-differentiaalvergelijking
	Ideale transformator bij nullast
	Ideale transformator bij belasting
	Spanningsvergelijkingen
	Reële transformator
	
	Spannings-differentiaalvergelijkingen
	Hoofdinductanties en lek- en strooiinductanties
	Equivalent schema
	Identieke vermogen
	Equivalent schema
	Stationaire toestand
	Ijzerverliezen
	Fasordiagram
	Fasordiagramma bij nullast
	Fasordiagramma bij ohmse belasting
	Fasordiagramma bij resistieve-capacitieve belasting
	Bedrijfstoestanden van de eenfasige transformator
	Nullast - Kenmerken
	Nullastproef
	Kortstluiting - Stationair
	Kortsluitstroom
	Kortsluitproef
	Equivalent schema
	Nominale toestand
	Diagramma van Kapp
	Spanningsverandering bij belasting
	Spanningsval bij belasting
	Spanningsverandering
	Fasordiagram
	Overgangsverschijnselen
	Inschakelstroomstoot
	Stootkortsluiting
	Verliezen
	Wisselstroomverliezen
	Hysteresisverliezen
	Globale ijzerverliezen
	Wikkelingsverliezen
	Rendement
	Groeiwetten
	Invloed van de harmonische netvervuiling
	Driefasige transformatoren
	Principiële bouw
	Verbonden magnetische keten
	Klassieke driefasige kerntransformator
	Fluxverloop
	Kern met vijf benen
	Spanningsvergelijkingen
	Schakelgroepen
	Spanningsconventie voor een wikkeling in ster
	Spanningsconventie voor een wikkeling in driehoek
	Spanningsconventie
	Dy5
	Schakelgroep Dy1
	Dy1
	Yy0
	Equivalent schema
	Eenfasig equivalent schema
	Parallelwerking
	Belastingsverdeling
	Voorwaarden
	Gelijkstromen
	Procentuele kortsluitspanning
	Speciale transformatoren
	Meettransformator
	Spanningsmeettransformator
	Stroomtransformator
	Spaartransformator I
	Spaartransformator II
	Veiligheidstransformator
	Verliesstroomschakelaar
	Aspecten van constructie en problemen eigen aan transformatoren
	Magnetische kern
	Cilinder- en schijfwikkeling
	Gietharstransformator
	Regeling van de transformatieverhouding

