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SO To predict the operating characteristics of a transformer design, one must
< 7.7 < be able to calculate the leakige {nductance, distributed capacitance, and

P e

" open circuit inductance. Followting are outlined procedures for calculating

B B e

these parameters.

6.3.1 Icakage Inductance

' Equations for calculating the leakage inductance of a simple concentric
 winding will be developed first. Then corrections will be made for other

"~ winding configurations.

6.3.1.1

Figure 6.3-1 shows the cross scction of a simple concentric transformer with
the MMF cdizgram of thg distributed ampere-turns due to the load current of

the transformer,
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*The derivations of t'. 8 section closely follow the derivation of percent

reactance in referenze 8.1.1.1.
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‘The mmf producing the field a% the pad (S) is the ampere turns of the primary,
or the secondary winding. If we assume that the flux diverges rapidly after it
. leaves the coil, so that its density is reduced to a low value, the reluctance of
the external path will be negligible, and the length of the leakage flux path will
be the same as the winding traverse (h). Then the flux density in the pad will
be: w eidl g ] ' ;

S i
“ s y . .
B = 3. 19 Ni  {jnes/sq.in.

h

Assuming a uniform flux density in the pad, the total flux in the pad is:

e, oy
Ds

é = BAg = 3'thNi'QSS lines

The peak voltage induced in a winding by this flux is:

7

e = 2mNE (108
2) (3. wmhmzi LsSU08 o

e =

The inductive reactance is: A~

XL = —-?—- « 2T7fLj;, ©Ohms

Solving for Lj, we E;:et
. $

e - . %

A Ly, = == henri A PR).
A L. - enries
%g@ Zﬁt{i" '
L Sx.xbstitu.ting.f,z;ifi};«tz'~ TEC |
) . et 2 -8 2 -8 ) N ‘
: L. 3:19N 2 55010 . 3.19N°A5(10) (6.3-1) ;
: L h h |
Where: | F
i 3 Ag = &.58 sq. inches
g Note that Ag is the cross sectional area of the pad 5, and Lj, is the l‘e.}kage
inductance between the primary and secondary windings, referred t§ the =
winding having (N) turns. i
o
) 5 9 T
Equation (1) can be used to calculate the leakage inductance of a two winding,
single coil transformer, where the radial build of the coils is negligible
N compared to the radial build of the insulation pad (5) betweenv_windingsf
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G6.3.1.2 | b
= on - B
. 7 An expression for multxple pad coils can be obtained by finding the energy Lol

ﬂgtbred in cach pad, and adding these to obtain the total stored energy.

’ ) -8
3.19 (Nzg . Ag (10) joules (6.3-2)

quizatlon 6,3-2 gives the encrgy stored in the clectromagnetic field between any
. tvio coils where (Nj) is the peak ampere turns acting on the pad, (Ag) is the
cross sez_nonal area.,_of the pad, and h is the winding traverse.

 For mulnple pad’ cmf;. the total energy stored is:

< - 3.19 (N %A (10078 3. 19(Np 13)21\2(10) N
- 2h 2h
z . \2 -8

3. 19 (ann) An(lO) joules

. T +
2h

[{Nl in? A+ Ny ig)> Az + . . .t (Nna‘n)ZAn]

¢, joules

o Where L], is the leakage inductance referred to the winding carrying ig peak

7

Solmng for the 1eakage inductance!

amps. 7

3. }95102 [.(Nl 11) AI + (Nzlz) Ay +. .. % (‘*In in) A;lhenriel

Let Ng be the number of turns on the winding carrying ig peak amps. 'I‘hari,

multiplying by (Ng 2/Ng%):

3,19 Ng2(10) -8 (v ;1)2 L2 i2)2 Aoy . {Nnin)? An
= h [(Ng ig)e (NS ig) e T (Nsis)z
-

Ly,

For any given wave shape, the ratio of two peak currents equals the ratio of
the rms value of the same currents, or:

ig s :
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'I‘he refore.

Ly, =

2 2
A m A &Qn.. A
”(NI 2+ T\ N 1, n

.19 Mg 2(10)-8 [

8°g
2 -8
3,19 N 10 A ‘
L, = z (10) S fenries (6.3-3)
- §i;j;_ ... 4 N In ¥ 5 (6.3-4)
- NS Is s IS NS is n

fquﬁ&on (6
:re'fe rred to

| fé"ﬁ"’tdf&i ampere turns acting on the Nth gap, and A
of that gap.

i3

6.3,1.3

The development of equation 6.3-3 neg
thickness of the coil.
~when compared to the pad thickness S,
accurate results. When this is not true,

Nty A1 <MD S, Ar=mLTy S eley

3-3) gives the leakage inductance between przmary and secondary

the winding with Ng turns. Note that (Np In) : is the fraction of the
(Ng Is)

n is the cross sectional area

»*

lected the mmf distributed over the
If the copper build, ds and dp in figure 6.3.1 is small
equation 6.3-3 will give reasonably
the effect of the coil build must be

“considered.

Figure 6.3-
diagram.

other coils.

a coil and its associated mmf{

2 shows the cross section of
it is shown as a coil in the middle of

To make this a general case,
Thus, the mmf{is not zero on either side of the coil.

y

e d —

FIGURE 6. 3-2
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B =T Cw me e e e o -

The ampere turns at (X) is?

(NDx = (Njpij) +(N2iz)X - (Npip) X
- d a

From equation (b.3-2), the cnergy stored at {X) is:

€ . 319mné A, (08

o x oh joules
- Substituting for (NI)x from above:
' = 2
3.1 10)-8 : , .
& €, = 951‘ ’ [(Nx i) + (Nz i2) X -(Npi)) .’g.] 9x joules
. > d -

The energy stored in the coil build is:
. 21900788 fd“ ‘[(Nl i)+ (Nzig) X - (inx).&]z dx
- o d d

’)‘; v Zh
¢ - Integrating over the limits shown gives:
3 -8 . . .
w = 3.19 (,10) "fc (Nlil)z d + {Nlil)(N212}§.+ (Nzlz)z é. joules
. it 3 . 3 3

M
-
~

4

. X ’ \
The leakage inductance duc to the coil radial build is:

3.19(10)-8 & . . . z
Ly = higZ S | (N1ig)? + (Nji])(N2ip) + (N2i2)°|d  henries
. N = ‘
Multiplying by (NS/NB)Z gives: DR

Ly = 3:1900)° 8nZ2R.a | it + (N1 (N215) + (N212)° | pentes L
| h 3(Ngis)
; Sincé: ' '
| i 1
N Al o« 2
B ig Ig \ - .
| L. 2:1900)78 Ng2Rcd [mnnz + (N1 Q171z) + (Nzlz)z]
; L h 3 (Nglg)?
E 2. -8
! Ly, = 3.19 NEE_AW(}‘O) henries (6.3-5)

L Where Ay = Rcd | (N2 4 (N) 1)) (Nz1p) + (Np1)? ]
. ) P .3 @;81532
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For transformers with multiple ccils

5 ¥ L. ts
o A ;44 ENﬁQz + (Njli) (Nysglyey) + (Ny4y I_m)Z] (6. 3-6) fr
e 5 (9,107 )
« - " Adding equations (6.3-3) and (6.3-5), the transformer leakage inductance is:
% ) - -
SO Ly = ,&E%M»(As + A8 o ies (6.3-7) ‘
o ;j’»- * ( 5
S 7 'Vhere Ag ard A, are defined by cquations {6.3-4) and (6.3-6) re s;mctively;
o -, »and Ly, is the leakage inductance referred to the winding having (Ng) turns. ‘
Tize acauracy of the assumption that the leakage flux path length is equal to )
) - the coil height depends on the coil height to coil build ratio (h and d' in
g A . " fgigure 6.3-1), For _multiple gap coils.
| ar = A/2
V/here A is the wave length of tize mm{ diagram, as shown in figure 6.3-3.
! :
,5
,i S P S
3
FIGURE 6,3-3
: ,
P . . .
Considering the (h/d') ratio, the leakage inductance becomes:
1 ' Ly, w (Ag +Ay) (10) -8 henries (6.3-8)
.- ?fhcrew,ﬁifése Rogowski correction factor (veference 8:1.2.2) is: % |
’ Kr = 1 = i - &dg ~
h -
o I d!
s
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6.3.1.5
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Assume the transfo
leakage inductance (L) using equation (6.
assumed winding (S3) has the same ampere
(S1) but uniformly distributed over the traverse (h]) of the coil.

radial build of (S1) and (S;) is the same.

- d,_.......

Fl

GURE 6. 3-5

rmer is as shown in figure 6. 3-6 and calculate the
3-7) or (6.3-8)., Note that the

turns as the actual winding

p Sa _
100 h, 100
aad- e ~— ol

FIGURE 6. 3-6
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.:,". 2. Draw the actual coil (S}) as shown in figure {6.3-7) showing the ampere
: turn distribution over the traverse h.

) ) wi.{l have {O) ampere turns as shown.

N

-y

(¥

4. Draw a third winding (S3), divid
in figure (6.3-7).

P

R
o
I

S Sz
o i h hz:oo
\ z ,,.E.,_..,,_.,,..,
G
© A3 A3 100
I
| ! A
i o | h4 ﬁ-‘}/OO
] l Ry
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. Draw (S2) as shown in figure (6.3-7).
uniformly distributed over the traverse
ampere turns by the ratio of section trave

The ampere turns ©

turns of (S]) minus (S2).

Since there is no gap
this caclulation.- Not
each section and the traverse {(h) is actuall

ol

FIGURE 6. 3~

7

Short ends or tapped out scctions

Ss
_ h
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Go- A 100 d5
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A,
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h,
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Since (57) has its ampe re turns
(h]) each section can be assigned
rse to the total traverse.

ed the same as (Sj) and {Sz) as shown
f cach section of (S3) is the ampere

Note positive and negative ampere turns.

. Calculate the leakage inductance (L2) of {S3
sections as one winding and the positive scc
between windings, equations (£.3-5
e that the coil build {d) is actually the traverse of
y the build.
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. The toral leakage inductance is the sum of (L) and (L2).
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6.3.1.5 re

The leakage inductance of a transformer having three or more windings can
be determined from equations (6. 3-7) or (6.3-8) by neglecting all but two
windings. The process is repeated until the inductance between all possible
paired combinations has been determined.

6.3.2 .. Distributed Capacitance

The total distributed capacitance of a transformer includes the capacitance
between windings, between layers of a winding, from winding to the core,
from winding to the tank, and the capacitance of all bushings. The designer
must calculate or estimate cach of the above capacitances, and refer thom to
a common voltage level to obtain the total distributed capacitance.

6.3.2.1

v

The following equations, taken from the National Bureau of Standards Circular
C74, (8.1.5.4) will be found useful when calculating the distributed capacitance
of a transformer. '

The capacitance between two parallel plates is:

Cpc = 0.225KA Picofarads . (6.3-9)
S

¥

The capacitance between two concentric spheres is:

Cpc = 2.824 K (BLR2) picofarads (6.3-10)
R)-R2
The capacitance between two coaxial cylinders is:
Crn = LOI3TBE - o farads (6.3-11)
bC log R)
R2

g

Each of the above equations assumes that there is a uniform potential
difference between the electrodes, and equations (6.3-9) and 6. 3-11) neglect
fringing at the edges of the electrodes.

6.3.2.2 Interwinding Capacitance

Since a uniform potential difference does not normally exist between two
windings of a transformer, none of the above equations may be used directly.

tw

»
R e R G TR
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Figure 6. 3-8 shows two adjacent wandings or parts of windinzos with (v
volts between windings at one end aad (vy) at the other. If cach winding has
a uniform turn distribution, the voltage at X is:

vg = vy t (“'Z""l) __..._;(

_From cquation (6. 3-9) the capacitance ‘of a small element (dx) wide and (23)
Tong is:
C, = [0,2,2,5 K __.qu j dx Picofarads

The encrgy stored in this capacitance clement is:

4 2
6;( = L Cy \'xz :[0'225 KQS"X] dx joules

i

2 25

0.225 K45 voX T oviX . )
€5 ¢ 5 5 [\,1 + .___E;__. = ﬁ dx joules (6.3 12)‘

The total encrgy stored betweern tae two windings can be found by integrating
(6.3-12) {rom X =z 0to X = h.

h 2
£ . [ o.zzg Kfs [‘,1 " vth _ }.%__:i dx joulus
%ﬁ.&i}l {viz + vy ve t VZZ} joules

%« Cdez joules

11
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" Where Cgq i3 the distributed capacitance beiween the two windings referred
" to the winding of e volts.

Solving for Cq we get
_ .225K dsh v12+gvg+vzz
Ca = 3e’

S

Since, for any given waveform

v oo v
e E
The above equation can be written
Z 2
Cq = 2223 g'esh ["1 tVIV2 + V2 ] Picofarads (6.3-13)
) . 3 E2
Comparing equation 6.3-13 with equation 6.3-9 we see that:
2 2| ‘
Cq = CpC [Vl i VI\;Z t V2 ] Picofarads (6.3-14)
. 3E

For the special case where the voltage between windings is uniform, V) = V3
and:

2 |
Ca = Cpc ‘%2"‘ Picofarads (6.3-15)

Equation (6.3-15) can also be used to transfer a known capacitance value from -
one voltage V], to another voltage E.

6.3.2.3 Intrawinding Capacitané:e

-

Figure 6.3-9 shows a conventional wixiding rated at E volts and consisting of
m equal layers. The volts per layer is then:

E;, = E/m

Considering any two adjacent layers, the voltage between the two layers is zera
at one end and two times the volts per layer at the other end.

Substituting in equation {6.3-14), the distributed capacitance between.the two
layers is: :

2 2 ‘ .
Cq = Cpc [(G }’f (0}(2332}:?1) + (2E/m) - ;i%g

- 281 ~
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The total capacitance is (m-1) times the capacitance between two layers or:

{m-1)

Cq4 = 4Cpc
3m

Substituting from equation 6.3-9 for CpC

Cq » .30 KA (m-1) . 0.30 K€h (m-1) (6.3-16)
S mé . :

S m

trawinding distributed capacitance of a winding,

Equation (6.3-16) gives the in
ation (6.3-15) can be used to refer this

referred to that winding. Equ
capacitance to any other winding.

-10) shows another type winding, sometimes called a flyback

Figure (6.3
btain low distributed capacitance.

winding, which is used to o

.
o

;’;
[
i
o
%:;

B

e
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‘ FIGURE 6.3-10

The volts per layer will be the same as for figure (6.3-9) but the voltage
between layers is uniform and equal to the volts per layer. From equation
(6.3-15) the distributed capacitance between any two adjacent layers is:

Cpc(E/m)® . CDC
Cq = ] E ) mZ

The :otal capacitance is {m-~1) times ;chis value or:

Cq = CDc-im—-—Iz-l—)-
m

Substituting from equation (6.3-9)

Cq =0.225 K®sh(m-1) picofarads (6.3-17)
S mé4

-16) and (6. 3-17) shows that the winding of

A comparison of equations (6.3
shown in figure

figure 6.3-10 has 75% of the capacitance of the winding
(6.3-9).

6.3.2.4 Coil to Core Capacitance

The coil to core capacitance can be estimated using equations (6.3-9) and

{6.3-14).
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