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Winding Leakage Inductance

* Winding
— #def: AWinding is an ordered system of conductors used for excitation of a
magnetic field.

=> it is used for generation of a magnetic field (motors) or its reception
(generators)

— Commonly it is placed in slots, but there are also slotless variants.
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Winding Leakage Inductance

* Winding
— #def: AWinding is an ordered system of conductors used for excitation of a
magnetic field.
=> it is used for generation of a magnetic field (motors) or its reception
(generators)
— Commonly it is placed in slots, but there are also slotless variants.
* Acurrent flowing through the winding generates magnetic flux
- A part of the magnetic flux goes through the air gap
=> main (magnetizing) magnetic flux
— A part encloses through slots
=> |leakage magnetic flux
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Winding Leakage Inductance

* If there is a relation
W=L] or L
then each magnetic flux is bound to an inductance.
* Main magnetic flux
=> main (magnetizing) inductance
* Leakage magnetic flux
=> |eakage inductance
* By calculation it is possible to determine the leakage inductance by solution of
the magnetic field in a slot of an electric machine
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Winding Leakage Inductance

* Calculation of a leakage inductance:
- Presumptions:

>

>

>

*

The winding is formed by conductors placed in a slot
The iron has infinite permeability (u,, — )

The magnetic flux lines enter the slot perpendicularly
to the slot walls

The flux lines in the slot do not make curves

The length of the slot is much greater than its width
and height

*) The transformer window may be then considered as a limit case of a slot ;-)
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

Slot width: bd [m]
Conductor height: h [m]
Slot length: [ [m]
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

&= BdS
S
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

&= [ BdsS
US
h

&

O = Bdydz

[
0 0

®=Bhl

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

&= [ BdsS
US
h

&

[
o= Bdydz
UO 0

®=Bhl

oy

B

_Bm
2
B, hl

D

2
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

...B_may be determined on base of
equality of magnetomotive forces:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

...B_may be determined on base of
equality of magnetomotive forces:

1= H,d
b
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

...B_may be determined on base of
equality of magnetomotive forces:

1= H,d
b

Jb,h=H,b,
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

...B_may be determined on base of
equality of magnetomotive forces:

1= H,d
b
Jbsh=H b,

H_=Jh

m
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

...B_may be determined on base of
equality of magnetomotive forces:

1= H,d
b
Jbsh=H b,

H_=Jh

m

B :MOHm:MOJh

m

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
1. ,Trivial“ approach:

...now let’s constitute to
_ B, hl

2

B, =u,Jh
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:

1. ,Trivial* approach:

...now let’s constitute to

y. _ B_hl
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2
_h by B_:
B(y=h)=B_ B =t Jh
Then we obtain:
()
Yy
0 B(y)
X
yA
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:

1. ,Trivial* approach:

...now let’s constitute to

vy, :Bmhl
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2
_h by B_:
B(y=h)=B_ B =t Jh
Then we obtain:
o
Yy D= 1 2
=—u,J h°l
77777777 ‘ 2
0 B(y)
X
yA
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:

1., Trivial* approach: ...now let's constitute to

y. :Bmhl
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2
_h by B_:
B(y=h)=B_ B =t Jh
Then we obtain:
()
y )
=—u,J h°l
77777777 ‘ 2
0 B(y)
X
yA
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:
— The magnetic flux density at the bottom of the slot is zero

B(y=0)=0
— The magnetic flux density at the top of the slot is maximal
B(y=h)=B,_

— Presumption: The magnetic flux density rises linearly from the bottom of the
slot, however it is necessary to consider its actual value in each y-position

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Magnetic flux density in specific y-position:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Magnetic flux density in specific y-position:

B(Y):MOH(}’):MOJ)’
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Magnetic flux density in specific y-position:

B(Y):MOH(}’):MOJ)’

But, at this level the magnetic flux interacts
only with a part of the conductor:
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Magnetic flux density in specific y-position:

B(Y):MOH(}’):MOJ)’

But, at this level the magnetic flux interacts
only with a part of the conductor:

=] +B(y)ds
S
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Magnetic flux density in specific y-position:

B(Y):MOH(}’):MOJ)’

But, at this level the magnetic flux interacts
only with a part of the conductor:

=] +B(y)ds
S

2
cI)':f MOJ%dS
S
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Now let’s solve the integral:

2
(I)'=f MOJ%dS
S
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Now let’s solve the integral:

2
(I)'=f MOJ%dS
S

3, 1h
jpal

D'=
3h

Wo

0
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Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Now let’s solve the integral:

2
(I)'=f MOJ%dS
S

3 h
ol
3h |,

1
[cb :guojhzl}

D=,

FACULTY OF ELECTRICAL ENGINEERING

WWW.FEL.ZCU.CZ



Winding Leakage Inductance

* Determination of a magnetic flux through one conductor:
2. Analytic approach:

Now let’s solve the integral:

2
(I)'=f MOJ%dS
S

3 h
ol
3h |,

1
[cb :guojhzl}

...which is in contradiction
with previous result!

D=,
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Winding Leakage Inductance

* Now let us compare both results:
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Winding Leakage Inductance

* Now let us compare both results:

1., Trivial* approach:
PP cp:%uojhzl
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Winding Leakage Inductance

* Now let us compare both results:

1., Trivial* approach:
PP cp:%uojhzl

2. Analytic approach:
y PP o ,:%M()thl
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Winding Leakage Inductance

* Now let us compare both results:
1. ,Trivial* approach: 1

CDZEMOJhZI
2. Analytic approach:
y PP <I>'=%uofhzl
The ratio of both results is:
1 2
S Jh
=P _3 _2
¢ %Mojhz )

... coefficient of partial interaction of a triangular magnetic field.
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Winding Leakage Inductance

* Using @’ it is possible to determine the leakage inductance of a conductor in a

slot: |
@’:guoml
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Winding Leakage Inductance

* Using @’ it is possible to determine the leakage inductance of a conductor in a

slot: |
@’:guoml

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



Winding Leakage Inductance

* Using @’ it is possible to determine the leakage inductance of a conductor in a

slot; 1 ,
(I)'Zguojh l
L,=2
1
L TR
L :3
© Jbh

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



Winding Leakage Inductance

* Using @’ it is possible to determine the leakage inductance of a conductor in a

slot: |
@’:guoml
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Winding Leakage Inductance

* Using @’ it is possible to determine the leakage inductance of a conductor in a

slot; 1 ,
(I) ':§M0Jh l
L,=2
1
L TR
[ = 3
© Jbh
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Coefficients of Partial Interaction

* Differ for different typed of magnetic fields:
— Triangular ascending field
— Trangular descending field
— Rectangular field (a conductor without current; air)
— General field — area of slot opening
* Asimplified determination of coefficients of partial interaction may be
performed on base of induced voltages
* Induced voltage into a coil in a slot:
JU

V2

U=-=N,D'f

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



Coefficients of Partial Interaction

Thus for a constant frequency we can write down
U~N.®'=kN_
To be able to integrate the whole induced voltage in a coil side, it is necessary
to:
— a) integrate the amount of winding turns according to magnetic flux
* In place at y a part of magnetic flux d® interacts with N(y) colil turns and
it creates voltage of dU. => dU,(y)~N(y)d®

— Db) integrate the magnetic flux according to the amount of coil turns
* In a place at y with a part of dN winding turns interacts with the
magnetic flux @(y) resulting in dU, => dU,(y)~®(y)dN
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Coefficients of Partial Interaction

1. Triangular ascending field:

B(y)
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Coefficients of Partial Interaction

1. Triangular ascending field:
— Let’s integrate the amount of coil turns according to magnetic flux:
dU,(y)~N(y)d® y

B(y)
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Coefficients of Partial Interaction

1. Triangular ascending field:
— Let’s integrate the amount of coil turns according to magnetic flux:

dU( )J~N(y)d® vy,

U.~ fN Jdo < S 0 V=t
B(y=h)=B_
)
B()
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Coefficients of Partial Interaction

1. Triangular ascending field:

— Let’s integrate the amount of coil turns according to magnetic flux:

dU, ( J~N(y)d® Y,
U.~ fN Jdo < 5] -
— ltrises Ilnearlyfrom the bottom of the slot: B(y=h)=B_
N(y)=Nc% @
y
J— 0 B(y)
X
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Coefficients of Partial Interaction

1. Triangular ascending field:

— Let’s integrate the amount of coil turns according to magnetic flux:

dU( J~N(y)d® Y,
U.~ f N(yJde ¢ 5| | -
— ltrises Ilnearly from the bottom of the slot: B(y=h)=B_
N(y)=N& @
" Y
— Similarly rises the magnetic flux density:
d(I)zB(y)dS:Bm%ldy - 0 B(y)
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Coefficients of Partial Interaction

1. Triangular ascending field:
— Substitution and result:

b
U~| N(y)do y
0
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Coefficients of Partial Interaction

1. Triangular ascending field:
— Substitution and result:

()
U~| N(y)do Y,
o
Tl Yln ¥ y=h
u~[IN2IB Yi|d y=
~J N h)y By=h) = B,
®
B(y)
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Coefficients of Partial Interaction

1. Triangular ascending field:
— Substitution and result:
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Coefficients of Partial Interaction

1. Triangular ascending field:
— Substitution and result:

®
UiNfN(Y)dq)
0

b
U~
0

y
N
“h

y
B Z1|d
Lo
Bmy?’lh
3h°
B_hl
: 3

U,~

1

N

0
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Coefficients of Partial Interaction

1. Triangular ascending field:

— The calculated induced voltage should correspond with
U~kN® y

B(y)
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Coefficients of Partial Interaction

1. Triangular ascending field:
— The calculated induced voltage should correspond with

U~kN® ,
where @ is the magnetic flux throughslot __ |
B_hl _
=" (e— T y=h
: Bly=h)=B,
)
y
J_ 0 B(y)
X
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Coefficients of Partial Interaction

1. Triangular ascending field:
— The calculated induced voltage should correspond with

U~kNo y
where @ is the magnetic flux throughslot __ |
B _hl _
=" (e— T y=h
2 B(y:h) = Bm
- Thus
B, hl B_hl )]
3 2
0 B(y)
X
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Coefficients of Partial Interaction

1. Triangular ascending field:
— The calculated induced voltage should correspond with

U~kN® y
where @ is the magnetic flux throughslot |
B, hl =
(I): m-— e— T T y h
2 B(y=h)=B,
— Thus
B hl B, hl ¢
U~N —kN y
3 2
. - o2 | — -
Coefficient of partial interaction: k= 3 - 0 B(y)
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Coefficients of Partial Interaction

1. Triangular ascending field:
— The calculated induced voltage should correspond with

where @ is the magnetic flux throughslot |
B, ( | ]| y=h
2 B(y=h)=B_
— Thus
Byhl_ Byl ¢
U.
— Coefficient of partlal Interaction: B J_ ******** 0 é(y)

FACULTY OF ELECTRICAL ENGINEERING

WWW.FEL.ZCU.CZ



Coefficients of Partial Interaction

B.n, Tesla

15

10

Length, mm

\
LR

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01+
-0.01
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Coefficients of Partial Interaction

2. Rectangular filed:
— Like in previous case we integrate the amount of winding turns according to

flux: dU,(y)~N(y)d® Y,
D
0
= B
M~
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Coefficients of Partial Interaction

2. Rectangular filed:
— Like in previous case we integrate the amount of winding turns according to

flux: dU,(y)~N(y)d® Y,
Y
U~ [ N(y)do
0
which rises from the bottom of the coil side
N(y)=Nc%
y
g X
yA
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Coefficients of Partial Interaction

2. Rectangular filed:
— Like in previous case we integrate the amount of winding turns according to

flux: dU,(y)~N(y)d® Y,

()
U~[ N (y)do
0

which rises from the bottom of the coll side

N(y)=N(,%
y

— But the magnetic flux density is constant
d®=B(y)dS=B, ldy
X

Z
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Coefficients of Partial Interaction

2. Rectangular filed:
— Substitution and result:

b
U~| N(y)do Y
0
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Coefficients of Partial Interaction

2. Rectangular filed:
— Substitution and result:

U,.~TN(y)ch> J
0
U.N}NlBldy =0
) N B B
@
B(y)
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Coefficients of Partial Interaction

2. Rectangular filed:
— Substitution and result:

@
UiNfN(Y)dq)
0

h
U~ B, ldy
0

Y
N 2
“h

h

B, y’l

U,~
© 2h

1

N

0
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Coefficients of Partial Interaction

2. Rectangular filed:
— Substitution and result:

@
UiNfN(Y)dq)
0

h
U~ B, ldy
0

Y
N 2
“h

h

B, y’l

U,~
© 2h

1

N

0

B, hl

m

~y
i C 2
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Coefficients of Partial Interaction

2. Rectangular filed:
= In relation for induced voltage:

U~kN® y
IS the magnetic flux in this case:
®=B_hl y=h
=B
N q)’“
B(y)
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Coefficients of Partial Interaction

2. Rectangular filed:
= In relation for induced voltage:

U~kNo y
IS the magnetic flux in this case:
®=B_hl y=h
— Comparing both results: - B
B, hl B, hl M~ @
U~N —kN
2 B(y)
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Coefficients of Partial Interaction

2. Rectangular filed:

= In relation for induced voltage:
U~kNo y

Is the magnetic flux in this case: _ B

®=B_hl

— Comparing both results:

B_hl B_hl

=kN

U~N
2 y
we obtain the coefficient of partial
interaction of 1
a rectangular field: k= z X
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Coefficients of Partial Interaction

2. Rectangular filed:

= In relation for induced voltage:
U~kNo y

Is the magnetic flux in this case: _ B

®=B_hl

— Comparing both results:

B_hl B_hl

=kN

U~N
2 y
we obtain the coefficient of partial
interaction of 1
a rectangular field: k= z X
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Coefficients of Partial Interaction

3. Triangular descending filed:
— Like in previous cases the amount of winding turns is integrated by flux:

dU,(y)~N(y)d®

W
0
— Which rises from the coil bottom
Y)=WN.7
h B(y)

— But the magnetic flux density descends:

d(I):B(y)dSZBmh_Tyldy
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Coefficients of Partial Interaction

3. Triangular descending filed:
— Substitution and result:

@
UiNfN<Y>dq)
0

h
B (h—y)l
0

h

s

Y
N £
“h
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Coefficients of Partial Interaction

3. Triangular descending filed:
— Substitution and result:

@
UiNfN<Y>dq)
0

¢ y)
UiNf l )
17 h
h
1
=N, y
; h
h
B y°l B y°l
U~|N, nY N, my2
2h 3h° |,
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Coefficients of Partial Interaction

3. Triangular descending filed:
— Substitution and result:

@
UiNfN<Y>dq)
0

B _hl __ B, hl
U.~N, ~N.
2 3

B, hl

m

iNc
6
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Coefficients of Partial Interaction

3. Triangular descending filed:
— In relation for induced voltage
U~kN®
IS in this case the magnetic flux
B_hl
b =
2

— By comparison of
B_hl B_hl
=kN

c 2
we obtain the coefficient of
partial interaction:

UiNNc
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Coefficients of Partial Interaction

3. Triangular descending filed:
— In relation for induced voltage

U~kN®
. . N
IS In this case the magnetic flux

B_hl
b =
2
— By comparison of
B_hl B_hl
U~N. =kN,
6 2

we obtain the coefficient of
partial interaction:
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Coefficients of Partial Interaction

e

S
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Transformer Leakage Inductance

* The leakage inductance of the winding fundamentally influences the short
circuit voltage of a transformer — u,

* From the equivalent circuit of the transformer it results that if winding
resistances are neglected, the transformer short circuit voltage is given by a
sum of leakage inductances of both primary and secondary windings:

U =Xt Xy,

* But, is Is possible to measure only the sum of both
* How does this situation look like from the magnetic field point of view?
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Transformer Leakage Inductance

* Presumptions:
— we have a short circuited transformer
- the secondary winding is power supplied
— primary side is in short circuit

i» R 1 1o JXZ o R 2 ' <IL
AU
Ul RF e JXP U2 '
o o
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Transformer Leakage Inductance

* Presumptions:
— we have a short circuited transformer
- the secondary winding is power supplied
— primary side is in short circuit

- for the purpose of simplification _'i_r Jx, P X, or
we will use the system of ‘
proportional units [p.u.] i l lf
Fe u
al rFe JX# EZ
o o
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Transformer Leakage Inductance

* Presumptions:
— we have a short circuited transformer
- the secondary winding is power supplied
— primary side is in short circuit

- for the purpose of simplification _'i_r Jx, P X, or
we will use the system of ‘
proportional units [p.u.] i l lf
Fe u
al = 0 rFe JX# ag
5 o
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Transformer Leakage Inductance

* Presumptions:

— we have a short circuited transformer

- the secondary winding is power supplied

— primary side is in short circuit _

- for the purpose of simplification _1_r JX, iU, r'
we will use the system of 0—:’—’“’\’“7;)—’\’“’“—:—0
proportional units [p.u.] ' i

— the magnetizing branch
may be neglected u, =0
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Transformer Leakage Inductance

* Resulting equivalent circuit for the short-circuit state:
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Transformer Leakage Inductance

* The transformer equations in per units:
x|+ X, 1,=1,

J X, 11+(r2+]x2) 1,=U,

<
[
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Transformer Leakage Inductance

* The transformer equations in per units:
x|+ X, 1,=1,

J X, 11+(r2+]x2) 1,=U,

JX1 1_1+un£2:0
J X 11T JXy 1, = Uy

<
[
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Transformer Leakage Inductance

* The transformer equations in per units:
x|+ X, 1,=1,

J X, 11+(r2+]x2) 1,=U,

]X11_1+un£220

JXu L F X 1= Uy, i
i(x +

. E— Jx, tx ) 2
X, +x |li.+jx . i,=0

J lo w/ -1 J w2 O—W—O

JXu 11t ] (X20+Xu Ly=Uyy

<
[
()

\

O
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Transformer Leakage Inductance

* The transformer equations in per units:
x|+ X, 1,=1,

J X, 11+(r2+]x2) 1,=U,

JX1 1_1+un£2:0
J X 11T JXy 1, = Uy

'—. - I . 1

. o l'i,+i,=0"! ](x10+x20) 2
unl1+J(X20+Xu Ly=Uyy

. - . -~ = ulzo 2k
JXio 11t ] Xy l1+12):O

J Xy l1+12)+JX2012:u2k o o
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Transformer Leakage Inductance

* The transformer equations in per units:

JX1,1,=0

J Xog Ly=Uyy

<
[
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Transformer Leakage Inductance

* The transformer equations in per units:

JX1,1,=0

J Xog Ly=Uyy

=> Xl :0

o

<
[
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Transformer Leakage Inductance

* The transformer equations in per units:

JX1,1,=0

J Xog Ly=Uyy

=> X,,—=0

* The leakage inductance of the primary side results
zero, thus the sum of magnetic fluxes through
primary winding must be zero either.
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Transformer Division Plane

* The a short circuited transformer, the magnetic fluxes from both primary and
secondary windings converge in the primary winding

* The border between both magnetic fluxes is called “division plane”

* Should the induced voltage in the primary winding be equal to zero, the sum of
both magnetic fluxes must be identically equal to zero

* The determination of the position of the division plane allows calculation of
transformer short-circuit voltage
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Transformer Division Plane

* Magnetic field of a transformer:

B(r)
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Transformer Division Plane

* Magnetic field of a transformer:

§
. b1 1 b
B(r) RN |
division plane a ‘
N/ |
o |
0 } \ \ \r
RstF |
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Transformer Division Plane

* Magnetic field of a transformer:

,
B(r) |

111

I | II

Str
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Transformer Division Plane

* Magnetic field of a transformer:
0 - to be able to fulfill the requirement of

ai1:jxlolT1:0

b e b, the sum of induced voltages on the left and on

B | : ‘ ‘ ’ ‘ the right side from the division plane must be

‘ ‘ equal to zero.
A1l \ \

[|m| ‘

0 | | r
R |
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Transformer Division Plane

* Magnetic field of a transformer:
0 - to be able to fulfill the requirement of

ai1:jxlolT1:0
b the sum of induced voltages on the left and on
B(r) | i the right side from the division plane must be
equal to zero.
Il => the sum of areas of II a III must be equal to
the area of I.
(1| + we have to respect the partial coefficient of
0 | - partial interaction: u~k®N
R
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Transformer Division Plane

* Magnetic field of a transformer:
0 - k — coefficient of partial interaction

- as per field shape

b - ® — magnetic flux

' 1
B(r) i ®~B(r)S(r)
/Il - N — amount of coil turns
N~r
I | II
0 | r
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Transformer Division Plane

* Magnetic field of a transformer:

0 - k — coefficient of partial interaction
- as per field shape

| - ® — magnetic flux

b

3

®~B(r)S(r)

:

I11 - N — amount of coil turns

N~r

0 1 r - furthermore let us use the system of per units
R (b,=1p.u.,B =1p.u.)

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ




Transformer Division Plane

* Induced voltage in each area:

| o
| u~k®N
. b1 b
B(r) N |
1 | o |
10 ‘ ‘
I |
0 1 ) | ‘r
Rv |
str
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Transformer Division Plane

* Induced voltage in each area:

| o)
| u~k®N
| 2
| i k,==
. b1 b b3
B(r) R |
1 | o |
10 ‘ ‘
m| | |
0 1 ) | ‘r
Rv :
str
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Transformer Division Plane

* Induced voltage in each area:

| )

| u~k®dN

| : 2

: | k==

. b1 b b3 .
B(r) N | D, ~S,~-r r=§r2

1 4N |

10 ‘ ‘

I |

0 1 ) | ‘r

Rv |

str
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Transformer Division Plane

* Induced voltage in each area:

| o)

| u~k®dN

3 | 2

| i k==

. b1 b b3 .
B(r) N | D, ~S,~-r r=§r2

1 y4Rn |

Al ‘ ‘ N,~r

I |

0 1 ) | r

Rv :

str
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Transformer Division Plane

* Induced voltage in each area:

| o
| u~k®dN
3 | 2
| i k,==
. b1 b b3 .
B(r) N | D, ~S,~-r r=§r2
1 y4ARN |
A1 N;~r
| | 5 2 3
r r
| | | U~k @ N, 35T
0 1 ) | r
Rv |
str
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Transformer Division Plane

* Induced voltage in each area:

0

6 i 1‘ r
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Transformer Division Plane

* Induced voltage in each area:

0

O_ 1‘ r
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Transformer Division Plane

* Induced voltage in each area:
| )

O_ 1‘ r
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Transformer Division Plane

* Induced voltage in each area:

: o)
‘ | u~k®N
__ 1
| i k==
. b1 b b2
B(r) R | CIDHNSHN(l—r)-rzr—r2
1 | |
‘ ‘ N,;~1-r
\ \
O_ 1 ) | r
R v |
str
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Transformer Division Plane

* Induced voltage in each area:

| o
‘ | u~k®N
__ 1
| i k==
. b1 1 b b2
B(r) o | CIDHNSHN(l—r)-rzr—r2
1 | |
‘ ‘ N,;~1-r
1
| | uiHNkII(I)IINIINE'(r_r2)'(1_r)
O_ 1 ) | r
R v |
str
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Transformer Division Plane

* Induced voltage in each area:

| )
‘ | u~k®N
| 1
| i k==
. b1 1 b b2
B(r) o | CIDHNSHN(l—r)-rzr—r2
1 | |
‘ ‘ N,;~1-r
1
| | uiHNkII(I)IINIINE'(r_r2)'(1_r)
0— 1 | I: uiIIN%' r_2r2+r3)
RstF
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Transformer Division Plane

* Induced voltage in each area:

¢
. b1 | b
Bn| |
1l | |
| |
|1 |
0 1 r
Rw ‘
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Transformer Division Plane

* Induced voltage in each area:

¢
. b1 | b
Bn| |
1l | |
| |
|1 |
0 1 r
Rw ‘
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Transformer Division Plane

* Induced voltage in each area:

0
% |
B(r) ]
1
[ |10
0 1
R
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u~k®dN

1 *
k=3
I 3

*) From the point of view of the secondary winding
it is a descending field.
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Transformer Division Plane

* Induced voltage in each area:

| o
| u~k®N
__ 1
| i K==
Loobh b b3 1 1
B(I”)A 4 | | | (I)IHNSHINE(l_r)'(l_r)zz(l_r)2
1 | |
\ \
[l |
0 1 r
R .
str
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Transformer Division Plane

* Induced voltage in each area:

| o
| u~k®N
| 1
| i k,=—
| b1 b, i 1 1
B(r) - | N | (I)IHNSHIN_(l_r)'(l_r):_(l_r)2
T B ° :
i N ~1-r
[|m| ‘
0 1 r
R
str
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Transformer Division Plane

* Induced voltage in each area:

| )
| u~k®N
3 1
b b, k=73
“ b ? 1 1
| | 2
By \ By~ Sy~ (1=} [1—r|== 11
1 | 2 2
i N ~1-r
1 (1—r)2
I |1l | | U ~ Ky @y N~ = '(1_r>
N 3 2
0 ) ‘ | | ’
R .
str
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Transformer Division Plane

* Induced voltage in each area:

6
b, b,
Bn| |
1| \
y \
|1 |
0 1 r

RstF
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kK==
I 3
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Transformer Division Plane

* The equality of induced voltages in each area may be then written as:

s
i 5 U= U+ Uy
)
B(r) |
1|
/111
I [ II
0 1 ) r
R
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Transformer Division Plane

* The equality of induced voltages in each area may be then written as:

9
i Uy = Uy + Uy
| 3
; f yo~T
| bl il 3
B(r) 1
T uiIIN%°(r_2r2+r3)
il .
Uim"’g'(l_3r+3r2_r3)
I | II
0 1 r
R
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Transformer Division Plane

* The equality of induced voltages in each area may be then written as:

s
| Usp = U+ Uy
| 3
; f yo~T
| bl il 3
B(r) 1
T uiIIN%°(r_2r2+r3)
/111 |
Uim"’g'(l_3r+3r2_r3)
[ | 1II
‘ % . r31( 23)1(13323
1 —=—-r=2r"+r’|+=-1-3r+3r —r
0 — ' 32 6
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Transformer Division Plane

* The division plane is then located at

O 1
V3
b ... thus approximately in 57,7 per cent of
B(r) | 1 the primary winding.
i
/111
I | II
0 1 ) r
R
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Transformer Division Plane

* The division plane is then located at

0 =L
E
b ... thus approximately in 57,7 per cent of
B | : the primary winding.
T - Between 0 a 0,577 b, there is only magnetic
/111 field of the primary winding.
I | II
0 1 ) r
R
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Transformer Division Plane

* The division plane is then located at

0 oL
73
b ... thus approximately in 57,7 per cent of
B(r) | i the primary winding.
1 o - Between 0 a 0,577 b, there is only magnetic
A1l field of the primary winding.
* The remaining space is filled by the field of
L1 the secondary winding.
0 1 ) r
R
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Transformer Division Plane

* The division plane is then located at

8 1
i
b ... thus approximately in 57,7 per cent of
B(r) | i the primary winding.
1 Bl - Between 0 a 0,577 b, there is only magnetic
All field of the primary winding.
* The remaining space is filled by the field of
Lo ‘ the secondary winding.
0 1 r * This magnetic field is bound with the
R transformer leakage inductance.
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The inductance of a transformer in short-circuit state is bound to the field
0 of the secondary winding
| * For the purpose of simplification let us replace
b_ O b this magnetic field by a rectangular one
| i | ? * Substituting field:

B(r)

Bl | .
- rectangular shape; no winding
- the width of the field will be 6
* Let us again use the system of per units

111

|

|

| |
Y |

0 | r
R !

Str
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:
| )

b
B(r)

1 )
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:
| )
u,.~k ® N,

b
B(r)

1 )

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:
| )

b
B(r)

1 )
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:

0
| | u. ~k ® N,
3 k=1%
,bo b r
B(r) | |
| |
|
|
| \‘
0 | r
R 1 *) It should be an “air” winding, thus a winding
str with full interaction with the magnetic field.
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:

| )
i uirNkr(I)rNr
k=1
, b1 b,
B(r) | | ® ~S ~§ -1
|
|
|
0 | | r
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:

1 )
i uirNkr(I)rNr
k=1
, b1 b,
B(r) | | ® ~S ~§ -1
| N.=1
|
0 | r
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The resulting reduced field:

| )
i uirNkr(I)rNr
k=1
, b1 b,

B(r) | | ® ~S ~§ -1

| N.=1
| U, ~1-5,1-1~3, |
0 | | r
R
str
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The Calculation of Transformer Leakage Inductance in Short-Circuit

. Areall:‘
s
| 5 Uy ~k, @, Ny,
, b b
B(r) N \
\
| |
\ |
0 i ) | r
R v |
str
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The Calculation of Transformer Leakage Inductance in Short-Circuit

. Areall:‘
s
| 5 Uy ~k, @, Ny,
; k. =1
. b1 b !
B(r) N \
\
| |
\ |
0 i ) | r
R v |
str
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* Areall:
B
| Uy ~ky Py Ny
— k=1
| ; I
B(r) N |
| |
|
\4 |
N | \‘
0 | | r | o |
*) The magnetic flux through area Il is excited by the field
R | of the secondary caoil, thus it is in full interaction with it.
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The Calculation of Transformer Leakage Inductance in Short-Circuit

. Areall:‘
s
| 5 U~k @y N,
—— ky=1

. b1 b "

B(r) | | (I)IINSIINr'bf(l_r)
\
| |

A |
0 | ) | r

R v |
str
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The Calculation of Transformer Leakage Inductance in Short-Circuit

. Areall:‘
s
| 5 U~k @y N,
—— ky=1

. b1 b "

B(r) | | (I)IINSIINr'bf(l_r)

Al N,=1
A |
0 | ) | r

R v |
str
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* Areall:
B
| Uy ~ky Py Ny
— k,=1
B(r) N | ®,~S,~r-b,:(1-r)
| |
| \ N,=1"
\4 |
] | \‘
0 | | r | o |
*) The magnetic flux through area Il is excited by the field
R | of the secondary caoil, thus it is in full interaction with it.

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



The Calculation of Transformer Leakage Inductance in Short-Circuit

* Areall:
i )
U~k @y N,
k. =1
. b1 b !
B(r) | | (I)IINSIINr°b1°(1_r)
Al \ N,=1
|
\Y | [ui11~1-r-b1-(1—r)-1]
o E
R v |
str

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



The Calculation of Transformer Leakage Inductance in Short-Circuit

* Arealll:

Ui ~ Ky Py N oy

| b
B(r)

!
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* Arealll:

Ui ~ Ky Py N oy

b k=1

B(r)

!
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* Arealll:

| )
Ui ~ K @y Ny
k.. =1
| b1 | | b2 | i 1
B(r) ] | (DIHNSIIIN§'<1_r)°b1°(1_r)
a +
v ‘
m| |
0 | | | r
R .
str

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



The Calculation of Transformer Leakage Inductance in Short-Circuit

* Arealll:

| é

Ui ~ Ky Py Ny
k..=1

, b1 b " .
B(r) ] | (DHINSIIIN§'<1_r>°b1'(1_r)

Yy B |

1 ‘ N =1

IV v
m| |
0 - r

R

str

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ



The Calculation of Transformer Leakage Inductance in Short-Circuit

* Arealll:

| )
Ui ~ Ky @y Ny
k.. =1
| b1 | | b2 | 1 1
B(r) ] | (DIHNSIIIN§'<1_r)°b1°(1_r)
Yy B |
1 Ny=1
v ‘ :
| + w1 3-(1=r)by(1-r)1)
0 | | | r
R .
str

FACULTY OF ELECTRICAL ENGINEERING WWW.FEL.ZCU.CZ
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The Calculation of Transformer Leakage Inductance in Short-Circuit
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The Calculation of Transformer Leakage Inductance in Short-Circuit
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The induced voltage to the reduced area must be equal to the sum of voltages
from areas Il - V: Uy, = Uy + Uy + Uy + Uy
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The induced voltage to the reduced area must be equal to the sum of voltages
from areas Il - V: Uy, = Uy + Uy + Uy + Uy

u, ~1-9.-1-1~9,
u,~1r-b-(1-r)1
uim~1%-(1—r)-b1-(1—r)-1
Uy,~11-0-1~0
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The induced voltage to the reduced area must be equal to the sum of voltages
from areas Il - V: Uy, = Uy + U+ Uy + Uy

b
5r=rb1(1—r)+%(1—r)b1(1—r)+6+§2
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The induced voltage to the reduced area must be equal to the sum of voltages
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* The induced voltage to the reduced area must be equal to the sum of voltages
from areas Il - V: Uy, = Uy + U+ Uy + Uy

b
Brzrbl(1—r)+%(1—r)b1(1—r)+6+§2
. ﬁ(1 r)+€>+ﬁ

2 3

L . 1
* The division plane is at r=—
P 73

O

* The magnetic field excited by the secondary winding may be substituted by a
simple rectangular field with b bz}

—_1 2
the same magnitude and width of: 0= 3 vo+ 3
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* Now it is possible to calculate the leakage inductance of the transformer from

the magnetic reluctance of the leakage flux path: 0
L.=AN’
S b1 b
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The Calculation of Transformer Leakage Inductance in Short-Circuit

* Thus the per unit value of the leakage reactance as well as the short circuit

voltage is: oL,
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The Location of the Division Plane in a Real Transformer

* The position of the division plane changes through time in normal duty of the
transformer
« Presuming winding resistances r, r,= 0 and a real duty with i, #0, then

currents i, and i, are not equal and the division plane moves to the centre of

the coll
« Incase whenr,r,#0, the ratio i /i, moves from the set of real numbers to the
set of complex numbers and the division plane “travels” between windings

* The total value of the leakage inductance remains constant
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The Location of the Division Plane in a Real Transformer

* Example: The division plane is located on the surface of the primary winding
)
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The Location of the Division Plane in a Real Transformer

* Example: The division plane is located on the surface of the primary winding
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The Location of the Division Plane in a Real Transformer

* Example: The division plane is located on the surface of the primary winding
)
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The Location of the Division Plane in a Real Transformer

* The total leakage inductance remains identical, what is changing is the ratio
between x, /x,_ : _.
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The Location of the Division Plane in a Real Transformer
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The Location of the Division Plane in a Real Transformer
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The Location of the Division Plane in a Real Transformer
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The Location of the Division Plane in a Real Transformer
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The Location of the Division Plane in a Real Transformer
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