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Abstract

A large number of frequency spectra for admittance and voltage
transfer has been measured. The measurements have been carried

out on a 25 MVA 150/11 kV transformer. Recorded input and output
pulses have been processed with the aid of an FFT algorithm to
give admittances and voltage transfers. The results are reliable
between 1 kHz and some hundreds of kHz. Below 1 kHz additional
measurements have been carried out with a sweep generator and with
stationary frequencies. The spectra show large scale phenomena
with superimposed maxima and minima probably caused by part-winding
resonances. A simple model, consisting of lumped capacitances and
inductances is given to reproduce the large scale behaviour.
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Knowledge of the high frequency behaviour of transformers is indispensable for
the calculation of transients and overvoltages that can occur in nelworks
which contain transformers. It is also important in the field of transformer
protection and can be used as a diagnostic tool since mechanical changes and
defects are reflected in the high frequency behaviour of transformers i(bick,
Erven, 1878}). Finally applications for transformer modelling in electro-

magnetic transient programs are known (Vaessen, 1987}.

In this report results from high frequency admittance and transfer measure-
ments of a three phase 25 MVA transformer are given. They can be used as a

starting point for the applications mentioned above.

The method used for the measuremenis is outlined in séction 2, it is based
upon the use of the digital recorded time responses from impulse testing. Sec-
tion 3 is a presentation of measured frequency spectra {ogether wilh some
Lirief explanation. The development of simple transformer models which describe
some of the behaviour are dealt with in section 4. Finally some conclusions

#re drawn and suggestions for future work are given.

The authors suppose that the measurements presented in this report can be of
great interest to others as well. They are willing to zive their data to any-

one working on transformer modelling for scientific purposes,



2, Measurenents.

There are several ways Lo measure the transfer and admittance functions of

transformers. The method used to obtain the resulls presented in this report

is based upon the use of the recorded iime responses {rom impulse tesiing. An

itmpulee voltage has been applied to a transformer terminal and the required

Lime responses have been recorded with the aid of a digitizer. The digital re-

corded time functions have been Fourier

transformed to «blain the frequency

specira and from thegse the desired transtfer and admittance funciions have been

calculated,

2.1 Experimental set-up.

2O

High Voltage side Low voltage side

"‘NWWW’V\-OR f O

-—JWV'Y'\I‘WYY\.OS s OV

__rvwvvvvvvaT .

* O

Figare I: Top view of the transformer

with winding connections.

The measurements have been done
on a 100/1 1‘ kV 25 MVA fransformer
at KEMA-laboratories, Arnhem, he=-
therlands. The top view of the
Lransformer with winding connec-
tions is given in figure 1. More
information aboult the transformer
can be found in appendix A. Du-
ring normal practice r,s and t
are connected, to y,z and x res-
pectively, thus mahing a Yd
transformer. During the measure-
ments pregenied tn this reporl
N,x,¥, and z have been connected
with the tank of the transformer
giving a YNyn transformer with a

turns ratio of 7.9,



Figure 2 shows the experimental
set-up. A 3.6/i8 = (IEC 60-2)
impulse voltage with a crest va-
luve of 250 V (adjustable) hay
been used as the input signal.

to digitizer

Vi V2 The applied voltage as well as

-?l'-_'l the transfered voltage have been

ith high 1im ce
to digitizer measured, wi a hig pedan

voltage probe in order to avoid

£.9% e
loading the transformer. Current
HY side
4 has been measured with a coaxial
shunt of 5.95 Ohm parallel Lo a 4
50 4 to digitizer meter coaxial cable, characteris-
ticly terminated.
Figure 2. Experimental set-up The signals have been recorded on

a two channel 10 bit digilizer
with Zk-words of memory for each channel. A computer has been used for automa-
ted measurements. The recordings are stcred on floppy-disk. The entire set-up
has been powered by a 3 kVA isolation transformer. The tank of the transformer
te be measured has been connected to both winding star poinls and bhas been
used as ground reference.,

Current. measurements with the shunt are reliable as long as the transforaer
impedance keeps well above 5 Q. This can be a problem {for admittance measure-
ments carried out on the low voltage side of the transformer, which has less

impedance than the high voltage side.

The 10 bit A/D converter of the digitizer has a signal-to-noise-ratio of ap-
proximately 60 dB caused by the quantisation of the recorded signals. This
means that signal components that are too small can not be distinguished {rom
the bit-noise caused by the digitizer. The frequency spectrum of the impulse
voltage used remains well above the hil-noise level up to 1 MHz. Given Lhe
fact that the main resonances of the transformer lie below Z00 kHz a sample
Frequency of 1 MHz has been chosen for the digitizer. wWith this choice ol the
sampte frequency aliasing is avoided. The memory size of Zk-words allows for a
time registration of 2.048 ms and afier computation a frequency spectrum up to
500 kHz with a resolution of 488.3 Hz. The frequency specira have been calcu-

iated using an FFT algoriim.
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2.2. Processing ol ihe measuremenis.

From the recorded signals f{requency spectra have been calculaied. From Lhese
spectra, admittances and transfer funciions can be determined. This will be
demonstrated by means of an example.

. -

Bhad % H e 1 - T e .}é: T 200
1E-3 sec wr
Figure 3: Recorded vafues of Figure 4. Specirum of
input voltage. inpat voltage.

Fiegure 3 shows the measured input voliage on low-voltage side V, {L). Figwue d
shows the corresponding frequency spectrum IVI(jnnl {only absclute value).
Ficure 5 and 6 show measured input current on low-vollage side I,(t} and fre-
quency spectrum ‘Il{jw)l respectively. Figure 7 and § show this for the trans-
fered voltage V,.

Frequency spectra have been given up to 200 kHz. The vertical unils are dB’s

(0 dB corresponds to 1 wV/Hz)

+ -0 +
1.8 2 J 58 1

1E-3 £ 3

SEC H2

1
-
g

-4

pe

4 +
Ry T
o8 e a8

Figure 5: Recorded values of Figure 6. Spectrum of

input carrent, input current.



Notice the deformation of the applied impulse due to the transformer. The bit-
noise caused by the digitizer can be seen clearly in the minimum at 80 kKHz in
the speclrum of the primary current (Figure 6) and above 120 kHz in the spec-
trum of the transfered vollage {Figure 8. For these parts of the speclbra Lhe
reliability of the measurements is low. The coherence tunction {Roth, 1971},

an indication for the reliabiliiy, produces low values in Lhese regions.

L] T' - 198
]
e 4
e 1
zee +
i —
-20q
Bl % 1 e —; * - ™ 7y pe 1Y
13 £
L 2 HT
Figure 7. Recorded values of Figure 8. Spectrum of
transfered voltage. transfered voltage.

The admittance Y{jw} and transfer function H{jw} can be determined from the

calculated frequency spectra by:

I, (Jw) Vol jw)

Y(jw) = v, w) and H{Jjw)

Vi (jw)

Figure 9 gives the absolute value of the calculated no-loud inpul admitiance
on low-voltage side Y(jw} on the center leg. Figure 10 gives Lhe corresponding
transfer to high-voltage side H{jw). 0 dB corresponds to 1 A/V for the admili-
tance and i V/V for Lhe transfer spectrum.

.

-2 T -» T

Figure 9! Spectirum of admittance Figure 10: Spectrum of transfer function.



The horizontal resolution of the frequency specblra Jdf has been egiven by
fif = SF/MS in which SF is the sample {requency and M3 the memory sive o Lhe
digitizer channel. This resolution can be enhanced by adding zeroes to tLhe
registered time signals Lhus increasing memory size arlificially which resuls
in a better resglution (smaller df) for the frequency spectrum. The Lime sig-
nais have to be damped oul. when reaching the end ol” the Lime window to prevenl
errors. 1f this 1s not the case, a continuity correction in the tiwme domain
hkas to be made first. Even ithen oscillatory errovs sLill occur vhen zero's
have: been added to these corrected time signals, The height of the oscilla-
tions depends on the error which is wmade at the truncation of the time signals
at the end of the bLime window.

Figure 11 shows the spectrum of the no-load input admittance (like figure 39)
while figure 17 shows the calculated spectrum with increased frequency resolu-
tion (factor 4) by adding zeroes to the time signals., Figure 13 and 14 show
the: transfer to the high-voltage side with normal and enhanced resolulions,
While the time signals are damped out at the end of the time window no errors
occur in the calculated spectra with enhanced resolution. Notice the height of

Lhe resonance peals and the smoothness of the curves for the different situa-

bions.
1E-3 -3
-0 - L
AV ALY
- proau
20 e
19 o 1. <
L] + + -t 3
@ [ . =™ [ [ “

AL |

Figure 13: Normal frequency resofution Figure I4: Ephanced resolulion.



2.3 Errors introduced.

Two major errors that occur are: too short a time window and too low a samplie
Trequency. They will be discussed here shortly. The second error has been pre-
vented during the measuremenis, the f{irst one occurs occasionally as can be
seen in some of the figures in chapter 3 and in the example shown hereafter.

Figure 15 shows a part of the spectrum of the absolute value of the no-load
admittance on high-voltage side on the center leg. The corresponding time sig-
nals are not damped out at the end of the Lime window, therefore oscillations
oceur in the spectrum with enhanced frequency resolution (Figure 18). The et'-
fect. of the enhancement. has been clearly demonstrated at the firsi resovnance

frequency of 5 kHz.

HZ

Figqure 15: Normal frequency resolution Figure i16. Enhanced resolution.

Aliasing occurs when sampled time signals contain components which have a
higher frequency than the Nyquist frequency (half the sample freguency!. The
higher freguency components have been [olded back to lower frequencies as a
consequence of the overlap of the partial spectri of the periodic continuaied
Fime signal. Once a spectrum has been corrupted with aliasing there is no way
to reconstruct the original spectrun. For this reason it is necessary to pre-

vaent aliasing.

Three solutions Lo prevent aliasing are possible. The sample frequency can be
raised in order to be shure that the highest occuring signal frequency is less
than the Nyquist f{requency. With the same memory size the frequency resclulion
is lowered. A second solution is Lhe use of Jow-pass {ilters (anli aliasing
filters} at the entrance of the digitizer. Signal components with a frequency

above ihe cut-off frequency of the filter have been altenuated thus reducing
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the aliasing effect. Frequency resolulion has nol been at‘fécted when using
this solution. A practical problem is the difference bebween ilhe two Liliers
and the extra phase-lag caused by them which leads Lo errors in the calculated
admi ttances and iransfer functions.

For the third solution the input signal has been carefully chosen in order to
limit the frequency content above half the sample {requency. So aliasing is
prevenled, at leasl substanlionally limiled without Lhe aid of fillers. Even
when some resonant frequencies of the (ransformer occur above Lhe Nyquist
frequency aliasing is still limited due Lo the small eneryy contenl of the in-

put signal in this frequency range. This method has been used Lo oblain Lhe
results presented in this reporl.
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3.Results of the measurements

in this chapter a large number of frequency plots is given for ail kinds of
admittances and voltage transfers. Of most guantities both absclute value and
argument are given, sometimes only the absolute value. In some cases
additional measurements or the results of some operations are added.

Each paragraph treats one guantity or a few quantities belonging together;
both outside legs are always treated in one paragraph, and only one of both
plots is given, although both have been measured. The text in each paragraph
tells which of both outside legs is shown.

Where possible, an early interpretation of the results is given., In some of

those cases references to chapter 4 are unaveidable.

In this chapter some abbreviations will be used. Low-voltage side and

high-voltage side will be abbreviated by l.v. and h.v. respectively. Because

always admittances are shown and never impedances, the word admittance will be

discarded in the text, The three legs will just be denoted R, S and T, S being

the center leg. A few examples will be given hereafter. The headings above the

paragraphs only use h.v. and 1.v. as abbreviations; the text below the figures

uses even more abbreviations when necessary to save room.

No-load h.v.S8: no-load admittance on the high-voltage side of the center leg
{leg S});

short-circuit 1.,v.T: short-circuit admitliance on the low-voltiage side of
leg T;

transfer h.v.R to l.v.8: voltage transfer from the high-voltage side of leg R
to the low-voltage side of the center leg.
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d.1. No-lpad admittance h.v. center leg.

=
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=2 (knzy 198 =0 (kHz) 160

Figure 17: No-load h.v.S; absoluie value Figure I8 Argument.

The no-load h.v.S is shown in figure 17 (absolute value) and figure 18 {avgu-
ment. ). One can see the fast decline of the abseolute value at low frequencies
caused by the large inductance in the no-load situation. The argument of the
admi ttance changes in this frequency range from -90° (inductive) Lo +980°
{capacitive).

For frequencies up to 65 kHz some minima and maxima in the absolute value
occur. In the argument sharp peaks are visible., A peak in Lhe argument always
coincides with the middle of a declining side in the absolute value as is
usual to second-order resonances, At 65 kHz the resonances disappear abruptly.
These phenomena are probably caused by resonances of the leahage flux of par-
Lial windings, as (irst described by Wagner [1915]. Above 75 kHz the adwmil-
tanve is that of a capacitor of (770 # 20) pF. The lasL quantity bhas been de-

1ived from a log-log-plot of the absolute value up to 1 MHz {not shown herej.
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Figure 19: No-load h.v.S measured
with sweep generator

The no-load h.v.S5 also has been
measured using a sweep generator
ad justable voltage ampli-

tude. The absolute value ot the

with

admittance
figure 19 up to 4.5 kHz. Only the

absolute value is given because

obtained is given in

the argumenl 1s not easily deri-
ved by this method.

The shown curves are for effec-
tive values of the voltage on Lhe
high-voltage winding of 2V and
100V, The curves for 10V and H0V
almost Although the

amplitude does nol seem to have

coincide.

much influence on the admittance,
it is too early to conclude that
this is also the case for higher
amplitudes than used here. The

high-voltage winding has been

designed for a rated voltage of

85 kV, the applied voltage of 100V is much less than 1% of this. AL this low

voltage the iron is still in the linear part of the magnelisation-characteris-

tic.

The use of higher voltages will increase the value of the no-load impe-

dance and so decrease the value of the first resonant frequency. In paragraph

3.11 this phenomena will be outlined further.
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3.2, Short—circuit admittance h,v. cenler jeg.

T T — T 3 T DT . I I e g g —
X -
- o
£
é 'A-/“/,’/
L s
[av] .
I o3, W»m._,-nm—._.
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. ©
=} | .=
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58 (khiz) 199 58 (kHzy 190

Figure 20: Short-circuit h.v.S; abs. val. Figure 21: Argument

The short-circuit h.v.S is shown in figure 20 (absolute value} and [igure 21
(argument}. As a firgt approximation one observes a decrease in admittance up
Lo 10 kHz, and after that an increase. The argument shows a {ransiiion {rom
-90° {inductive) to +90° (capacitive).

Further behaviour looks like the behaviour of the no-load h.v.S (Figure 17 and
18). Absolute value maxima are at the same frequency. The same applies to mi-
nima above 20 kilz. Above 75 kHz the admittance is thal of a capacitor of (830
+ 20) pF.
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Freq Tmped Toduct Method
51 Hz 63.0 0 196 mH Stat Freq
12z 153.5 200 Pulseresp
147 1821 197 Stat Freg
244 271.9 178 Pulseresp
326 402.1 196 Stat Fregq
266 431.5 188 Pulseresp
488 640,1 2089 Pulseresp
Table 1

The absolute value of the short-circuit admittance alsc has been measured for
some stationary frequencies. The results are given in table 1. From the abso-

fute value an inductance has been derived by the formula

L = __LZ_|_
This holds as long as thewargument of the impedance is close to 90°%., The
short-circuit inductance is 196 mH according to measurements with stationary
{frequencies. The average of the four values from pulse measurements is 194 mH,
a close agreement.. The manufacturer also gives a value of 194 mH (calculaled,
see appendix A). Because of the finite time window used Lo measure the pulse,
abberations have been introduced in individual frequency poinis. But by avera-
ging over a few poinls a high accuracy can be derived. The abberations only
exist for low frequencies, they are always detectable as a fast swinging in

the frequency plots.
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Figure 22 Inductance from short-circuit h.v.S Figure 23: Resistance

Assuming the short-circuit h.v.S can be described as an R-L-series connect.ion,
it is possible to derive the resistance R and the inductance L from the real
and imaginary part of the admittance. The results for [requencies up Lo 10 kHz
are given in figure 22 (inductance) and figure 23 (resislance). The values are
reliable up to about 3 kHz. The assumption of an R-L-series connection is no
longer valid for higher frequencies. One can see an inductance fairly constant
at. 208 mH above 500 Hz. The lower values found below 500 Hz are due to Lhe

finite time window used.

At stationairy {requencies il has been shown before that the inductance is
constant below 350 Hz. Cne can conclude that the short-circuil inductance is
equal to (200 + 10) mH up to at least 2 kHz.

The resistance shows an increase from 20 Q at 100 Hz up to 125 @ at 2 kHz,

caused by eddy currents in the windings (copper loss).
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3.3. Transfer from h.v. to 1.v. center leg,
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Figure 24:. Transfer h.v.S to 1.v.S; absolute value
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Figure 25: Transfer h.v.S to 1.v.S; arqument

The transfer h.v.S to 1.v.S is given in figure 24 (absolute value) and figure
25 (argument).

AL low frequencies the voltage-ratio is equal to 1:8 with a phaseshift or
iR80°, The voltage transfer slowly increases, up to a maximum at about 60 kiz,

the argument turns from 180° to 09,



- 16 -

AL 170 kHz the absolute value shows a flat minimum, whereby the argumenl Lurns
to 90%. The model presented in 4.1 gives an explanation for the maximum al 50
kHz, but not for the minimum at 170 kHz.

Superimposed on this “large-scale” behaviour are minima and maxima up Lo 65
kHz. The argument shows small dips at these resonances.

A maximum in the imaginary part of the transfer always coincides with a maxi-
mum in the real part of the admittance on the h.v. side, in no-load as well as

in shori~circuit situation.

3.4. Transfer from h.v. center leg to h.v. outside leg.
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50 (kHz> 109 e (khz) 199
Figure 26: h.v.S to h.v.R; absolute value Figure 27 Argument.

Figure 26 and 27 give absolute value and argument respeclively of the transfer
h.v.S to h.v.R. The overall absolute value decreases up Lo aboul 70 kHz, Lo
become constant for higher frequencies. The argument starls at 180° because
the flux direction in the measured winding is opposite to the {lux direction
in the excited winding. After some fast changes in argumenti it stabilises at

0% above 70 kHz. Here the transfer becomes solely capacitive.
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Again minima and maxima are visible below 70 kHz. A maximum of the transfer
h.v.5 to h.v.R coincides with a maximum of the inpul h.v.S. Because the Lrans-
fer below some tens of kHz is mainly through the iron flux one can conclude
tha!. a maximum input current means a maximum iron flux.

Figure 28 gives the polar diagram for the transfer h.v.S5 to h.v.R. Each peak
in ligure 26 corresponds to a loop in figure 28, The peak around 5 kHz is too
high to fit in this figure, only a small part of the corresponding loop is vi-

sible.

18
Tt T T
4

4

(V/V)

{(V/\)

-
Qh
r
o~ d 4 g»
yy B et @ ; , , :
-1 @ v/ 1 18 20 39 (kHz) L8
Figure 28: h.v.S to h.v.R; Figure 29. Comparison :between

polar diagram h.v.5 to b.v.R and h.v.5 to h.v.T
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The absolute values of the transfer h.v.5 to h.v.R (solid line} and h.v.5 Lo

hev.T {dotted line]

are given In [igure 29. Both are almost egual.

Also or

other transfers and admittances the differences belween the outside legs are

smali. So further only the results for one ouiside leg will be presented.

(VY o
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208 488 608 (.
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The absolute values of the trans-
fers te both outside legs also
have been measured for some sta-
tionary frequencies as shown in
figure 30. At low frequencies the
transfer to each winding is ap-
proximately 50%. The flux produ-
ced in the center leg divides in-
to two almost equal parts. Some
small differences can be seen be-
tween both legs,

The minimum in both transfers is
caused by resonance of the h.v.
windings on the outside legs. A
currenl is flowing in these h.v.
windings due Lo the series reso-
nance belween inductance and ca-
pacitance. This current causes a
reverse flux diminishing the vol-
tage This

across the winding.

reverse Flux closes largely

through air.

Figure 30*: ‘Absolute value of h.v.S to h.v.R (crosses) and

hov.S to h.v.T (squares); measured at stationary frequencies.
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3.5. Transfer from h.v. center leg to 1.v, outside leg.
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Figure 31: h.v.S to l.v.T; absolute value Figure 32: Argument

The transfer h.v,S8 to 1.v.T is given in figure 31 (absolute value) and figure
32 {(argument). It resembles strongly the transfer h.v.S to h.v.R (figure 26
and 27). Both windings enclose the same iron flux. Small deviations are caused

by the leakage flux that is gaining more influence at higher frequencies.

a4
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Figure 33. h.v.S to h.v.T divided by

h.v,S to 1.v.T;

Figure 34: Arqgument

absolute value

To show the flux linkage the transfer h.v.S to h.v.T is divided by the Lrans-

fer

figure 34 (argument).

h.v.8 to 1.v.T. The results are given in figure 33 {(absolule value) and

The voltage ralio remains almost constant up to aboul 30 kHz. This constant is

determined by the turns-ratio.

Different

resonances appear in boih windings

between 30 and 75 kHz. Because of this the voltage ratio shows strong oscil-

lations in absolute value as well as in argument. Absolute value and argument

become constant again above 75 kHz. The linkage belween the windings has beco-

me solely capacitive in this frequency range.

From this one can conclude that the iron flux dominates over the leakage [lux

up to 30 kHz.
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3.6, No-load admitiance 1.v. center leg.
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Figqure 35. No-load [.v.S; abs. value

The no-load 1.v.S is shown in figure 35

{argument.).

se (kHz) 189

{absolute value}

3 —_— Il i
T 1

(kHz ) 1ee

Figure 36: No-load [.v.3; Arqument

and figure 36

At low frequencies the picture resembles the no-load h.v.S, as

shown in figure 17 and 18: a fast decline of the abscolute value up to 800 Hz;

after that a repetition of minima and maxima.

slightiy lower than those measured on the h.v.

The resonanl frequencies are

side. The overall view on l.v.

side shows a minimum at 800 Hz, a maximum somewhere near 10 kHz and a minimum

at 68 kHz. An explanation for this behaviour will be given in section 4.1.
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3.7. Short~circuit admittance 1.v, center leg.

@
T t T T T e r T T T T — T T
[an] —
—~
£
£
D
- i
oy, i
® e
gl J#Whnwv
®

Tk

[
|
;

L ®
X 18]
E: - I - - Il ‘l_ I 1 1 1 H 1 1 1 1 }
T T T BB (ke 100 ' T S8 (kpny | 199
Figure 37: Short-circuit [.v.S; Figure 38. Short-circuit 1.v.S;
absolute value argument

Figure 37 and 38 give absolute value and argument respeclively of the shorti-
circuit 1.v,.8.

Unlike the other input admittances this one shows a simple behaviour. Up to 64
kHz one can see an inductive behaviour, the absolute value of the admiitance
diminishes and the argument is -90°. Above 64 kHz the behaviour is capacitive,

No part-winding resonances are visible.
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The absence of part-winding reso-
nances makes it possible to de-
termine resistance and inductance
over a large frequency range.
Figure 39 gives resistance and
inductance calculated from the
measured admittance, assuming the
latter can be represented as an
R-L-series connection.

The inductance 1is constant and
equal Lo 3.2 + 0.1 mH. The resis-
tance increases from 1 @ at 200
Hz to 30 @ at 20 kHz.

At 30 kHz the values become less
accurate, due to the nearby reso-

nance .

Figqure 39. Resislance and inductance for R-L-series connection

determined from short-circuit [.v.S
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Figure 40: Inductance Figure 41. Resisiance
for capacitance parallel to R-L-series connection

determined from short-circuit 1.v.S

To correct for this eflfect a capacitor is assumed parallel to the series con-
nection of inductor and resistor. The value of ilhe capacitor has been found
from the value of the inductor and the resonant frequency to be 1950 pf. The
results are given in figure 40 (inductance) and figure 41 (resistance). The
inductance is constant up to 100 kHz, and equal to 3.15 + 0.05 mH. The resis-
tance increases up to 1 kO at 100 kHz. This means that, for modelling purpo-
ses, the frequency dependence of the leakage inductance can be neglected, but
the frequency dependence of the resistance representing the copper losses must

be taken into account.
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3.8, Transfer from l.v. to h.v. center leg.
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Figure 42: Transfer l.v.S to h.v.S Figure 43:. Transfer 1.v.S to h.v.S
absolute value argument

The transfer 1.v.8 to h.v.S is given in figure 42 (absolute value) and 43
{argument). The maxima of the transfer coincide with the mexima of the inpul
admittance. The same phenomenon was observed on high-voltage side. Above 40
kHz the resonances disappear and the transfer stabilises at 0.3 V/V. The argu-

ment turns from 180° at low frequencies to 0% at high frequencies.
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3.9, Transfer from l.v. center leg to 1.v, outside leg.
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Figure 44. Transfer l.v.S to {.v.T Figure 45. Transfer 1.v.S to l.v.T
absclute value argument
The transfer 1.v.S to 1.v.T is given in figure 44 (absolute value) and

figure 45 {argument). It resembles the transfer h.v.3 to h.v.R and h.v.5 to -
l.v.R. The decline from the low-frequency {magnetic) transfer to the high-fre-
quency {capacitive) transfer is steeper than with excitation of the h.v. win-
ding (figure 31), because the magnetic transfer is N? times higher with exci-
Lation on 1.v. side (N being the turns ratio). The capacitive transfer is of
the same order of magnitude in both cases. The high-frequency transfer 1,v.3

to 1.v.T is approximately 0.02 V/V.
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3.10. Transfer from l.v. center leg to h.v. outside_leg.
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Figure 46: transfer 1.v.S to h.v.T Figure 47: Flux linkage between
absolute value h.v.T and I.v.T

The absolute value of the transfer 1.v.S to h.v.T is given in figure 46. Up to
about 30 kHz it is, apart from a constant factor, almost identical to Lhe
transfer h.v.8 to 1.v.T (3.9). The argument shows a steady decrease up to 40
kHz (not presented here). At higher frequencies the argument is not clearly
defined because of Lhe high noise-level.

The linkage belween the h.v. side and the l.v. side can be observed in ligure
47, The transfer 1l.v.S to h.v.T is divided by the transfer 1.v.S to 1.v.T. The
absolute value of the result is given in figure 47. The quotient is consLani
up to 30 kHz. High-voltage and low-voltage windings resonate independently at
higher frequencies because the iron flux no longer dominates the leakage [lux.
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3.11, No-load admittance h.v. outside leg.
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Figure 48: No-load h.v.T; absolute value Figure 49: Argument

Figure 48 gives the absolute value of the no-load h.v.T; figure 49 ¢ives the
argument. The pattern is much more irregular than with excitation of Lhe -en-
ter leg. This means that the pattern of minima and maxiwma at least partly is
caused by the non-excited legs., When exciting the center leg the non-excited
legs are identical. This is not the case with excitation ol an oculside leg
leading to the irregular pattern,

The overall behaviour of tLhe three legs is nearly identical; a sharp admititan-
ve minimum below 1 kHz followed by a number of minima and maxima up Lo 70 kHz.
The admittance of the outside legs resembles that of a capacitance of 900 pF

above this frequency.
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Also for this leg the no-load ad-
mittance has been measured with a

= sweep generator with wvariable
e voltage amplitude. Figure 50
£

< shows the absolute value of the

no-load admittance up to 4500 Hz.

The two curves are for effective

18k

values of the input voltage of 2
Volt and 100 Volt (dolted line).
A double peuk between 500 and 800
Hz is clearly visible, Jjust like
the shift to lower frequencies
for higher input voliages.

The double peak is caused by the
different resonanl frequencies of
both unexcited high-voltage win-
dings. In chapter 4 a model to
. explaine the double peak will be
3 '(l'<[Hz)‘i given,

I F 1 FE— PR} !
T T g +

5—
Figure 50: No-lIoad h.v.T; absolute value
measured with sweep generator
The shift of the resonant frequency shows the increase in inductance at higher
voltages. For frequencies above 1 kHz the impedance is independent of the ap-
plied voltage amplitude, for the amplitudes used. Application of higher
voltage amplitudes will cause the resonant frequencies to shift to even lower
values and may even cause differences for higher frequencies. But il seems (o
be save Lo say that above a few kHz there is no longer an influence of the vol
tage amplitude on the admittasnce, Because the pulse measurements posses only a
small amount of low frequencies, the magnitude and shape of the pulse have
almost no influence on the derived frequency plots. This means that a iow-
voltage pulse can be used to predict the response on a high-voltage pulse and
that. the derived frequency plots are applicable for high-voltage modelling
above a few lkHz in no-load. In short-circuit situation the plots are applica-

bie for all frequencies.
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3.12, Short-circuit admittance h.v. oulside leg.
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Figure 51: Short-circuit hov.T
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Figure 52: Short-circuit h.v.T
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The short—circuit h.v.T is given in figure 51 (absolute value) and [igure 352
{argument.). Again the same differences between the center leg and the outside
leg as in the no-load admittance are visible. The oversll pattern is the same
but the pattern of part-winding resonances is more irregular. In short-circuit
situation the differences are smaller. Up to 12 kHz and above 62 kHz the beha-
viour of the windings is identical.
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igure 53: Short-circuit
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Between 12 kHz and 62 kHz Lhe re-
sonant frequencies of the conter
leg also appear in the oulside
leg. Extra maxima appear in the
outgide 1leg between the second
and the third maximum, between
the fourth and the fifth, between
the sixth and the seventh and be-
tween the eighth and the nintih.

Figure 53 gives the absolute va-
lues of the shorl-circuit admit-
tance for both windings in the
frequency range of 10 kHz Lo 60
kHz. The solid line is for an
outside leg, the dotted line for

the center leg.

h.v.T (solid line) and

short~circuit h.v.S (daottied line)
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3.13. Transfer from h.v. to l.v. ouiside leg,
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Figure 55 Transfer h.v.T to 1.v.T; arqument

The transfer h.v.T to l.v.T is shown in figure 54 (absolute value) and [igure
50 (argument) The absolute value possesses a maximum at 64 kHz and a minimum
at 170 kHz., Again minima and maxima are superimposed on this overall beha-
viour. A maximum in transfer always coincides with a maximum in input admit-

tance.
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3.14. Transier Crom h.v, outside leg Lo cenler leg.
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Figore 58: Transfer h.v.R to h.v.S Figqure 57. Transfer h.v.R to h.v.8
absolute value argument

The Lransfer h.v,5 to h.v.R is given in Tigure 56 {absolute value) and [ieure
57 {arcument). The absolule value shows a number of masxima and minima. & masi-
wem in Lransfer coincides with a maximum in the admwitiance up Lo 48 kile. The
admilionce maximn ai 33 kHz and 62 kHy coincide with minima in eansfer. The
ninimum al 74 kHz has no corresponding feature in the admillance. Above 85 hHz

Lhe frunsfer is solely capacitive and egual to about O.08V/V,
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Figure 58: transfer h.v.R to h.,v.S;, IVigure 58. lrapnsfer h.v.i to [.v.S

polar diagram abzsolute value

Figure 58 gives the polar diagram for the transfer h.v.R Lo h.v.s in the fre-
guency range of 1 kliz up te 50 kHz,

The absolute value of the transfer h.v.& to l.v.S is given in {igure 54, L is
equivalent to the transfer h.v.R to h.v.S {({figure 56} up Lo 43 kHz.. The iin-
kage between h.v and 1.v. disappears at higher frequencies. where Lhe transfer
h.v.R Lo h.v.S shows an overall decreasing behaviour wilh increasing [requen-
ey, the transfer h.v.R Lo 1.v.5 shows a broad maximum around ©5 kHz. The
transfer h.v.S to 1.v.S also is maximal at this frequency. The transier h.v.R
Lo 1.v.8 slowly decreases above 80 kHHz, and reaches the final value of approx-

imately 1:100 at 150 kHz.
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3.15, Transfer from h.v, oulgide leg Lo _other outside leg.
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Figure 60. Transfer hov.R to hov.T Figure 61: Transfer h.v.k to I.v.T
absolule value absotute value

F.igub&: BU gives ilhe absolute value of Lhe transfer h.v.R to h.v.T. Figwe 61

gives the Lransfer h,v.R Lo 1.v.T. Bolh behave the same up to 55 kHz., H.v. and

V.ov, winding are no longer connected by the iron flux above that frequency. il

is remariiable that ithe linkage in this case remains up to 35 kHz, bul in case

of

Lrangfer Lo the center leg (3.14) the linkage beltween h.v., and 1.v. cide

remains only up to 43 khiz. The value of ilhe transfer [or high [requency {above

0G0 K}

is approximately .01 V/V Tor h.v.k to h.v.T and 0.003 V/V {or h.v.R
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Figure 62: Transfer h.w.R to h.v.T Figure 63: h.v.R to h.v.T (crosses)

alar TJdiagram amd Bov.R Lo hov. S (sqnares)
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Figure 672 #ives Lhe polar diagram for the transfer h.v.R to h.v.T in Lhe [re-

quency range of 1 kHz up to 50 kHz. Fidure 63 gives Lhe Lransier n.v.k Lo

hov.T (erosses) and the transfer h.ov.k Lo h.ov.5 (squares), as measured al sla-
t ionary frequency. The transfer to ti,v.5 shows a muximum al 350 Hz and a mini-
munt at 750 Hz. The transfer to h.v.T shows a minimas al 200 He and o s imon

al 800G Hz, Tn chapler i wan explanation Cor this behaviour will be given.
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3.18. Tuput admitbtuance L.v. oulside leg.
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Figure 64. No-lvad !.v.T; absolute valuc Figure 65: No-load [.v.T; argumcnt

The no-load 1l.v.T is given in figure 84 (absolute value) and [igure B85
{argument j. The behaviour resembles Lhal. of the no-lvad 1.v.S. Diiferences
artw=e in the frequency range 12 to 32 kHz because oi Lthe differenl. resonanl
froquencies. The shorb-circuit 1ov.T (not presented hered is identical Lo the

short —¢ircuit 1.v.S.
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2

3017, Trangfer from ... Lo hoyv. oulside leg.
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Figure 66. Transfer L.v.T to h.v.T Figurc 67: Transfer 1.v.7 tu hoy.T
absolute value arqgument

The {ransfer 1.v.7 te h.ov,l is given in figure 66 (absolule value) and Figure
67 {argument). The iransfer is approximately equal to 8:1 at low [reguencies.
fL is equal to a value of 1:23 at 100 kHz. Again the diiferences belween Lhis

lew and the center lew are Lhe different cesonances belween 12 kHy and 36 hiis.
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3.18. Transfer from 1.v. oulside leg to uther legs.
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Figure 68 Transfer l.v.R to f.v.S Figurc 69. Transfer [.v.R to h.v.5
absolute value absolute value

The transfer from the low-voltage side resembles the transfer from ihe high-
voltage side. The main difference is the ratio between low-frequency transfer
ami high-frequency Lransfer, because the turns~ratio is important at low fre-

quencies, but not at high frequencies.
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(kHZ)

absolute value

188

Figure 70. Transfer 1.v.R to I.v.T

TTTTT

VY 4o

18

T—T*="T=TTT

T

S B B I

B.21

Figqure 71: Transfer l.v.T

absolule value

(kHz)

to h.v.R

188

Figure 68 gives the absolute value of the transfer l.v.R to 1.v.,5, tigure 69

the absolute wvalue of the transfer 1.v.R to 1.v.S,

value of the transfer 1.v.R Lo 1.v.T and figure 7|

fransfer 1.v.T to h.v.R.

{igure

the absolute value of

70 1hne absolule

Lhe
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4. Some simple models to _explain the observed behaviour.

4.7, Single-phase model.

A widely used model for each phase of a transformer fTor power f[requency is

shown in figure 72.

— I
4 > Ry Lyt Lyeo 2 2
+ n:l +
v
v 2
- ;

Figure 72, low-frequency single-phase transformer model

Hers le and Lk2 are leakage inductances of the high-voltage and the low-vol-
rage winding. L‘m is the iron inductance rated to the high-voltage side. Rk.l
and sz represent the copper losses and Rm is determined by the iron loss. n
is the turns-ratio.

Neglecting the losses gives the lollowing equations:

L

_ . . m
R 3
L L
Vo = w1, o+ jul oI (2)
2 TR g + —2 I

11}

As # first approximation capacitances are added to represent the high-frequen-
ey behaviour, as shown in figure 73. The following equalions hold lor Lhis

case.

v, = Z 1, + 2 I (3)

Vo = 4y, 1, ¥ 2., 1 {4)

Figqure 73: High-frequency model.
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|
. , .3 _ ] K1, ..
Jw(Lkl * Iij et (Lki L‘kZ N Lm LkZ ! 1'Auf—n_z) g + C3} ,
21y T r
L L
. m L3 k1l
B i Uag Lo ¥ Ly Lyp ¥ by 52
1E T A
L
, m . 3 Lkl. )
Jw(Lk2 + ;za - Jjw (Lkl Lkz + Lm Lkz + Lm _;24 (Ll + CB)
“22 7 Iy
anct
2 1.2 o
A= i-w [Cy {L.m( 1—5) +L‘k1+"’k2}+c‘ {Lm+le)+Cz (;;4- L‘k2”

L
m

+ w4tc,62 + C,Cy #C2Cs) (L Lo + g -~ + L, L)
| §}

From Fformula (3) and (4} eqguations can be derived for transfer {uctions and

admittances.

No—-load admittance on the high-voliage side {Figure 74)

i, _ A
V, . . "1
1,=0 Jw(Lk1+Hn) i (Lklhk2+Lth2+Lh 2 b (Catls) {2}
Short-circuit admittance on the high-voltage side (Figure 75)
N i 1-w? 1y, (C+C5)
Vily -0 : {6)
VE—O ,Juﬂ.lh.P

Lo 4 L (Lo 4L/ 5
= Lhi K2 m Lhz n is 1lhe short-circuit inductance as

Where LKP I;

LKZ + m/nz

measured on Lhe high-voltage side for low frequencies.
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No-load admittance on the low-voltade side (Figure 76)

I, a

Valp,z0 ° Ly
[,=0 i
' J”‘Lkz bomw iy gLy o+l Leoth 1) (GGl (7)

Shori circuit admittance on the low-voltage side (Figure 77)
i, L-w?l, (C,4C,)

? (&}

Valy - July o

L.
LKILKZ + Lh(LK2+’hlfnz)

whe e LKS = 1s Lhe shori-cicuit induclance as
LKl“"m

measured on low-voliage side for low ['reguencies.

Transfer from the high-voltage to the low-voliage side {Figure 78).

i
H w? l\] .
e S R B Thar LI (9}
\ITZ:O + L - w? { + L +LLM>(C + Cy5)
Lkl m Lkl LkZ in Lk2 m e 2 3
Transfer from the low-voltage to the high-voltage side (Figure 79)
]J iJkl
ta - “"[11 e * bty —1 & 0)
Ve - L
=( ﬂ— 2 + _...}\1
N e R R L

Normally, the iron induntance Lm is much higher ULhan Lhe leakage inductances
[K] and nZLKZ,especially for low frequencies . This gives the well known {urm
for the short-circuit, induclances.

— 2 b
]"KP = L'KI +n LKZ {i1)
{12}

feg T g ? lk}/nz
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From Lhe expressions (51 Lhrough (101 resonanl Mvequencies can be derived.

Assuming Lm;‘,'i. . l,m) ):12141{2 and n?,010 the nexi (requencies can be [oud.

Ki
i
- T (i3
o e 3 +0.)
“ ‘ A L.}\];[Cz e

At this frequency Lhere's a maximum transfer h.v. wo L.ove, @ maxooeum
no-ioad admittance bov. and a miniman short-cireuii admillance L.y .,

i

fz o { ; l*}
2 b (Cy#s)
L1t

AL this frequency Lhere are minimum no-load admitlances h.ov, »as well as
Penv.

1

£y

2 L., +(
2n/ (L #u® L, ) (C+C,y)
A minimum short-circuil admiltance h.v., a maximum no-load admitiance §.v.,
and a maximun Lransfer l.v. to h.v.

1

Ty = —
.ﬂ’L/Lﬂl
e j( Yy +n LI(Z)C:'

Here is a minimum transfer h,v, Lo 1.,v, as well as L.v. Lo h.,v. when lhe

Lurns-ralbio becones negative, as was tn case of the measured transformer,

this resonance disappears.

1
fg = = o ' (171
i c,C
Ki .. - e
an St ne tiyp)h Ga C 40,

Minimum no-looad admittance hov, and 1.v.

Thiz model will be checked using the measurements on Lhe cenler leg. Here the
next requencies were [ound.

f, = 64 kHz + 400 Hz

f, = 700 Hz + 300 Hz

[ 10 kHz + 2 kHz

fg 68 kHe + 1 kHz

1

"

Because [, and g almost coincide the no-load admittance h.ov. does nol show o

pronowced maximan al 7, nor a minimuan al, g,
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Resonances on high-voltage side can’t be situated accurately because of part-
winding resonances. But the capacitances can be determined directly from the
high-[requency behaviour. The no-load capacitance on Lhe high-voltage side is
- given by
-1
Vv,

L C,C
Ne - P, —

Cot+C,y

c =C; + (18}

I1,=0
o

The short—éircuit capacitance on the high-voltage side has been given by

-1
Vi

C = {jw T

SP I, =C, + C, (19)

Va=0
W

Measurements give the following results.
. — CNP 770 + 20 pF
CSP 850 + 20 pF
From these values and the values of T,

'k

{Phm>

and fy together with the measured value

of the short-circuit inductance approxi-

1@k

mutions for the capacitances in figure 73

can be made.
Ci+C; = 850 + 20 pF
< C,+C, = 1950 + 20 pF
B C, = 400 + 100 pF |
C, = 450 + 100 pF
C, = 15560 + 100 pF

1M
A=

5-9 . I( kHz I ' 188
Figure 74: No-~load h.v.
The uncertaniies are mainly caused by the uncertainty in capacitance between

high-voltage and low-voltage windings. Because of the negative turns-ratio of

this transformer there is no resonance only caused by C,.
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Figure 75: Short-circuil h.v.
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One of the main problems in modelling the

transformer is the value of the resis-
tors. In this case lwo sets of values are
used. In the [reqguency region up to 25
kHz ihe wvalues valid for 10 kHz are
applied.

RK1=GOOQ, RKzleQ.

They are determined from the short-cir-
cult admittance on low-voltage =ide. abo-
ve 25 kHz the values valid for 60 kHz are
used

R'Kl = 6000 Q RKZ = 100
They are also determined {rom the short-
circuit admitlance on low-voltage side.
{figure 41) under the assumption that the
resistance is equally disiributed over
Lhe h.v, and the l.v., windings.
Other values used in the one-phase model
were
100 mH
LKZ = 1.6 mH

{The measured leahage inductance of 200

i

mH on h.v. side is supposed to be equally
distributed over bolth windings.}

n=-7.9

L. =30 H

m
{This value has been measured with low-
voltage stationaliry [requencies of a few
hundreds of Hz.)

R = 500 k&

m
{Determined from the value of the first

minimum of the no-load h.v.}

G, = 450 pF
G, = 1550 pF
C, = 400 pF



(Ohm) g

198

1k

18k

T

(kHz?

YY)

Figure 77. Short-circuit 1.v.
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By using Lhis model admiltances and
voltage transfers were derived and
compared with the measurements on the
center leg shown in chapter 3. The
results are given in the f[igures 74
through 79. The dolled curves are model
results, The solid curves are measure-
mentis.

The jump in some of Lhe dotted curves at
25 be-
tween both models.

kHz is caused by the transilion
Great. simularily can be seen belween mo-
del and measurements. The fasl repetdilion
of minima and maxima cannot be explained
by this simple model, but the more gene-
ral properties can. At 10 kHz the model
damping seems to agree with measurements,
but. at 60 kHz the model damping is too
low at the high~vol lage side. A more come-
plex model is needed to explain all the
characterisiics. In chapter 4.3 some sug-

gestions are given.

- -r - o» o) NI ™ " T T T T -
QE S n
~F éi
27 >T
=1 <
2

A

F

- ;

‘M’

MY i -

s "

fS.L: Q:

=l .

S 8

S L R Bwro e e e ettt
Figure I8, Transfer h.ov, lo .y, Figure 79: Transfer l.v. to h.v.
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4.2 Three-phase model,

e e T S

IHI

?9990

|
)
[}
[}
1
L)
1
L)
1
1

s ;3

L

e

[
v
1
]
1
'
)
b
1
'
1

Figure 8B0: Simple Lhree-phase lransformer model

Using amperes law for

Hp1l, - Ha(l, + 21.)
Where

NH is the number of

Ny is the number of

o
NaTa1
= Nylyo

path 1 and path 2 gives
Hy(lL, + 21,) - Hpl, =

NI
FNT

- Nylgg = N

- NHIH3 - N I

turns for the low-voltage winding.

Ll
i

In this chapler a simple

Lransformer model has

been used to explaine
the difference between
the center leg and Llhe
outside legs in the I're-
quency-range up w1
kHz, Figure 80 gives the
magnetic part. of the

Lransformer.

{i3)
1i9)

turns for the high-voltage winding;

The voltage across the windings is determined by flux variations

VH1 = juﬂh L
Vi T WYy ¢
VH3 = juNH L
Vi T Jul, 4
VL2 = juNL o,
Vg = Jul s

Flux conservation (Gauss' law} gives

¢, + o, + 8,5 =0

The approximalions made uptill now are:

i9)

- no leakage flux, so all Tlux generated by the windings remains in the

magnetic material;

- in one leg there’'s only one flux, so {lux varialions in one part of Lhe ieg

follow flux variations in another part immediately.
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Leakage flux can be incorporated quite easy, but the number of equations in
that case makes an easy analytic interpretation very difficult. For higher
frequencies leakage fluxes can’t be neglected compared to iron-fluxes because
of eddy currents limiting the latter.

Supposing there’s just one relative permeability K. for the whole iron-core

gives the following relations between flux and magnetic fieldstrength.

6, = A pou H, (10)
$, = A popr H., {11)
#, = A HoH_ H, (12)

In this case hysteresis effects and flux-dependence of H, are neglected.All
non-linear effects must be described by the eguations (10) through {(12)

Combining {1) through (12} gives a sel of equations for winding voltage and
winding current. Hereby X, = poprNHA

VH1(1‘+21’] - VHZI‘ = Judgf NHIH1 + NLILI - NHIH2 - NLILZ) (13
Viphe = V(142150 = Julo( NyLyg + N Io = NIpg = N I o) (14)
Vigp VH?.. Vg, T 0 (15}
NHVL1 = NLVH1 {16}
NHVLZ = NLVH'Z {17}
NVg = N Vg {18)

These equations describe the behaviour of a three-phase transformer. Other
network elements, l1ike capacitances, can be added to this model.

Connecling a capacitor C parallel to the high-voltage winding, while leaving
the low-voltage winding in no-load, gives the following equations lor transfer

from leg 1 to leg 2 and leg 3.

Vi . 1,421, - w’CX,,NH s)
- _ 2

Vi 21,421, - 2wCXoNy

Yus L 1, - w’(‘.XoNH 20)

Viy 21,421, - Zw‘CJ(ONH

The no-load admittance of the high-voltage winding on the outside leg is given
b

1 1,#21 5~ wiCKN,
o 1 421,41, wECXGN, |} (21)
JuK 0Ny M 21,421 ;- 200K Ny

Y = juC +
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The model used in this chapter can be

Figurc 81: 3-phase ncotwork model

[QVFAVS] 2.9

1.5

6.4 B8 1.2 (ki) 2.9
Figure 82. transfer from oulside

leq to other legs

L
Q._HM translated to the net:,work-model shown
N L1 in figure 81i. Only high-vollage win-
L L R
Yoy ——c E o gm dings are shown, the shori-circuit
- impedance RK+,ijK, the magnelizalion
o
L, R, resistance Rm and Lhe capacitance of
o___4w~rV\_AV\p X . ) . .
¥ - the high-vollage winding in no-load C
- E g Lo énm have been added Lo the model  of
v
T igure 80.
o I L and L are rejaled Lo Lhe
L R, ml {1Y4
O ANA earlier moxdel as
* 1:1 R
Hold N, “A
v - ¢ L., R L = ———ﬂzzﬂ———
B3 _r_ o o ml 1,+21,
- _ HoH N A
o ' | Lio= 22T H

1,
The next quantities have bwen used in
the netlwork model.

LK = 200 mH

RK = 50 @

(Indw:t.a.nce and resistance delermined
from shori-circuit 1.v.S at about 1000
Hz.)

C = 770 pF
{capacilance measured in no-load on hi.v,

side for high frequencies.)

L =z B0 H
ml
Lmz = 140 H

(Values determined f{rom  low-vollage
measurements of no-load induclion [or ihe
three legs on h.v. side al statioonairy
frequencies)

Rm = 1.0 MQ .
{Determined by trial-and-error to
reproduce the double peak in Tigure 83.})
This gives the results shown in igures

82 through 84.
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Figure 82 shows the transfer from the high-voliage side of an oulside leg Lo
Lhe high-voltage side of the center lez (dotted curve) and Lo the other oul-
side leg (solid curve). They musi be compared with the measuremenls as shown
in figure 63 in chapter 3. The no-load impedances have been given in [igures
83 {outside leg) and 84 {center leg), Lhey must be compared Lo [igure 19 and
20 of chapter 3 respectively.

1t i1s shown here thal the characterisiics of impedance and transfer can be

reproduced fairly well.

T _— . K —
el 3!
L S
Qe ab
«f =l
or S
L L
. A
<k <
Q- [ Y
S St
= =f
B.4 8.8 1.2 (kHz) 2.8 " 8.4 B.B 1.2 (kHzd 2.8

Figure 83. No-ioad h.v. outside leg Figure 84. No-load h.v. center leg
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4.3 Conclusions and Tuture work,

In chapter 4.1 a single-phase model is applied Lo expiain the behaviour of
high- and low-voltage windings on bhe cenber leg. IL is pugsible Lo reproduce
Lhe darge scale behaviour from the low-frequency paranelers (no-load and
short-circuit impedance and turns-ratiol and three capacitances. The capaci-
tance of the high-voltage winding to earth can be delermined {rom Lhe high-
frequency behaviour of no-load and short-circuil impedance, which is abmost
pure capacitive. The capacitance of the low-voltage winding Lo earth has been
determined from the resonant frequency of short-circuiil inductance and capaci-
tance. On hish-voltage side these frequencies are hidden by part-winding reso-
nances. The capacitance between high-volitage winding and low-voltage winding
has been determined {rom the differences in no-load and shori-cirouil capaci-
tance.

The major problem is the cholce of Lhe resistances. The resistance represen-
ting the copper losses varies from a few ohm at 50 Hz to tens of ko abt 100 kHz
(Lransformed to low-voltage side). By using a stepwise variation ol the resis-
tance at 25 kHz a fairly good represeniation is possible. Some abberalions are
seen on high-voltage side near 65 kHz.

Frequency dependence of no-load inductance and of the resistance responsible
for the iron losses have not been taken into account. Because all efflecls of
these latter two are at low f(requencies {(below a few kHz) Lhis [requency
dependence is probably not very important for the mode] given here.

The part-winding resonances {visible up to 70 kHz) can not be explained by the

simple model used.

In chapter 4.2 a three-phase model has been used to explain the low-frequency
behaviour of no-load admiltances of high-voltage windings and ULhe Lrans{er
hetween the windings of different legs, (up to 2 kHz}. No-load and short-cir-
cuit inductance (measured at 50 Hz) were applied, togeiher with the "total ca-
pacitance” of the high-voltage winding to earth in no-locad. The transfer from
un outside leg to the other legs can be reproduced, as well as both no-load
admittances. Problems arise in explaining the transfer from the center leg Lo
the outside legs. According to the model the transfer is independenl of fre-
quency, but according to measurements there's a mimimal transfer to both out-
side legs at 750 Hz (the resonanl {requency of the outside legs). This is pro-
bably caused by fluxes through air when the outside legs are in resonance. in

the model used these fluxes are neglecled.
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To reproduce all measurements a more sophisticated model is needed, including
both models used here. Each winding must be divided in segments to represent
part winding resonances. Also air fluxes should be included in the model. The
inductance of each segment consists of an iron part and a leakage pari. Becau-
se every segment carries the same flux, the vollages accross all iron parts
are equal. For the transfer to windings on other legs the [requency dependence
of the iron inductance is probably very important.. At the moment no measure-
ments are carried out for the iron inductances as a function of frequency over
a large frequency range.

The leakage impedance as a funclion of frequency can be derived [eom Lhe
short-circuit impedance of the low-voltage winding. The inductance is frequen-
¢y independent, bubt the resistance is nol ai all. This frequency dependence
should be included in a future model.

More future measuremenis are needed on non-linear effects because of the flux-
dependence of iron characteristics. Non-lineair effects have been already de-
termined at no-load impedance of the outside leg. No non-linear effects are
found at the no-load impedance of the center leg, but use of higher volitages
will surely show them. Also non-linear effects are expected in the itransfer

between windings on different legs,

Last but not leas! more transformers are needed to see if Lhe simple models

prasented in this work hold Tor all transformers.
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3. Conclusions.

In the preceeding chapters a number oi frequency speclia ol admiliances and
voltage transfers measured on a power transiormelr have been given. they are
derived by Fourier Lransform of the input voltage and Lhe inpub curreni and
output vellage respectively., By comparison between lhese resulls and resuils
obtained with a sweep generator the method has been shown to be reliable. Phe-
rnomanAa between 1 kHz and some hundreds of kHz can e reproduced in mosb cases.
Problems arise when using this method for phenomena below 1 kHz. The 2k words
=turage buffer of tLhe digitizer does not give enough frequency resolulion o
reproduce these phenomena. With the chosen sample frequency a larger storage
buffer { 10 - 20k words) will be needed Lo reproduce the low {requency pheno-
mena with the pulse method. In this work measurements with a sweep genera.orp
arnd with stationairy [requencies have been used to show Lhe low frequency phe-
MO N,

Problems also arise in frequency ranges where one of the two signals has a Jow
energy content. A high noise level occurs in these frequency ranges. This 1s
mos: ¢learly visible with the transier from a low-voltage side Lo the high-
vollage side on another ieg, giving a high low-Trequency Lransier and a low
high-frequency transfer. ‘the high noise level appears above 50 hkHz (see (oo
example {igure 46). A higher bib resolution {12 or 14 bit in stead ol 10 bit}

is needed Lo show the high-freguency transfer in ihis case.

The measurements of single-phase phenomena like input admitilances and transfer
to the other side of the same leg show a large scale behaviour explained by a
siple moded. This model consists of Lhe low-frequency paramelers ( no-load
and short-circuitl impedance at 50 Hz, and the turns raitio) Logelher witn three
capaci lances. The capacitances on high-voltage side are derived [rom the nigh-
frequency behaviour, the capacitances on low-voltage side are derived from
resconant frequencies. The same model is uged by Glaninger{1983) tu gel expres-
sions for the no-load impedance as a function of {requency. Models for trans-
formers with more windings using unly capacitance and inductance for a comple-
{e winding have been used by Degenef{[ ei. al.{1982} and Adielson et.al.(1981).
They compare measuted impedances and transfers with model results. Both show

vood agreement for the larde scale behaviour up to some tens of kHz.
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Superimposed on this large scale behaviour are maximn and minima , probably
caused by parl winding resonances of Lhe leakage flux. The maxima in the inpul
admi ttance are the same in no-load and in shori-circuil siluation. The [re-
quencies on low-vollage side are slightly lower than those on high-voliage
siie, The outside legs show extra resonances compared to the center leg. The
frequencies visible in the input admittance returnm in the transfer to the
olher side as well as in the transfer to other legs. The measuremenls of
Adielson et. al.(1581}) also show minima and maxima superimposed on a large
sciale behaviour explained by their model. The f{requencies in the impedance
return in the transfer to the same leg. Transfers to other legs have nob been

shown'.

From Lhe short-circuil admittance on low-voltage side, induclance and resis—
Ltance can be derived. The inductance {leakage inductance) has been shown to be
frequency  itndependenl up to 100 kHz. The resistance {copper loss) shows a

steady increase with increasing frequency.

By lii\fj.dirlg the Lrans{er Lo Lhe high-voliage side by the iLransfer Lo Lhe iow-
vol Lage side (both on the same leg) the lux linkage belween high-vollage side
and ?10w-vnltage side has been made visible, Up to 30 kHz bolh windings enclose
Lthe same fluv. For higher {requencies llu¢ linkage is no longer preseni., The

iron flux seems to dominate over the leakage flux up to 30 kHz,

The transfer from one leg Lo another can be divided into {our groups. The
transfer from high-voitage to high-voltage side shows a low-frequency value of
0.5 v/V followed by a slow but steady decrease. The high-frequency value {ca-
pacitive transfer) of about 0.1 V/V is reached above 100 kHz., The lransfer
irom high-voltage Lo low-voltage side shows a low-Trequency value ol 0.08 V/V
followed by a slow decrease up to a minimuam arocund 45 kHz. Around 65 kHz Llhere -
is a broad maximum. After that the transfer decreases to reach Lhe high-fre-~
quency value of about 0.61 V/V around 150 kHz. The transier {rom low-vollage
t. high-voliage side staris wilh a low-frequency value ol 4 V/V followed by a
maximum around 10 kHz. For higher frequencies il shows a last decrease up Lo
530 kHz, where Lhe behaviour is lost in the nolse. The Lransler {rom low-vol-
tage to jow-voltage side shows a low-frequency value of 0.5 V/V, a maximum
arcwand 10 klz, a minimum arourdd 45 kH: and a maximum around 65 kHz. All Lrans-

fers show maxing and minima superimposed on Lhis large scale behaviour.
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The ditference beiween the center leg and the oulside leds in the requencs
range up Lo 1 ikHz has been expiained by a lhree-phase model consisting mainly
of fiuv paths in the core of the transformer. The leakage ilmpedance and ibe
capaci bance of the high-voltage winding Lo earih have twen mdded to Lhe modet,
The no-ioad admit bances and the bLransfer Lo Lhe other legs have been reprodu-

ced by Lhis model .

Non-iinear effects are shown in the no-load admitlances on high-vollage side
ami are suspecled in the no-load admittance on low-voliawe side and the lruns-
fer [rom one leg to another, These non—linear eflecls are limited 1o noload
siluations and to the frequency range below 1 kHz. They can be imporlanl {for
modelling purposes but have no effech on transformer lesting wilh ihe pulse

response method,
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Appendix A. Transformer data.

Manufacturer: Smit transformers B.V. Nijmegen, Netherlands.

Twpe: 25 MVa, 130/11 kv, Yd 5

Core: type : Three leg core
window Height ;2250 mm
window widih : 570 mm
leg diameler : 735 mm

leg crossection : 3350 cm?

Iow-voltage winding : number of turns 109
height : 1806 mm
inside diameler : 785 mm

oulgide diameter : 863 mm

High-voltage winding: number of turns : 860
height. : 1780 mm
inside diameler @ 1055 mm

oculside diameler @ 1188 mm
an earthed screen is consbruclted around the low-voltage winding al a diameler
of BBLH mm. L consists of aluminum strips 0.03 mn thick and 120 mm wide,

connected on one side,

Short-circuit impedance on high-voltage side (calculated for 50 Hz)

X = 60.80 (194 mH)
R =z 2.74 @
& = B.77T %

No-load impedance on low-voliage side (50 Hz)

v = 10 kV [Z] = 470 Q L = 1500 mH
eff

Voo = 11 kY |z| =280 @ L= 900 mi
eff

Veff = 12 kV ]Zl = 170 © L = 540 mH
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Appendix B: Phase-Lo-phase measuremenls.

The: figures Bl through 36 give Lhe absolute value of Lhe Lransfers from one
feg Lo anothes. The transtfers from one winding to the windings on another ley
aie 1n the same figure. The solid line is the transler to Lhe high-voltage
winding, the doitted line Lhe transfer Lo the low-vollage winding.
Figure Bl-gives the transfer h.v.S Lo h.v.R {solid line)
and the transfer h.v.S to 1.v.R (dotted line).
Figure B2 gives the Lransler hov.R Lo hov.S (sobid Tine)
arndd Lhe transfer hov.R Lo 1.v.8 {(dolbed line).
Figure B3 ¢ives the Lransfer h.v.R to h.v.T isolid linej
and the Lransfer h.v.R Lo 1.v.T (dotled line).
Figure B4 gives the Lransfer l.v.S to h.v.T (solid line)
and the transfer L.v.S Lo 1.v.T (dotied J.'L‘ne}.
Figure B) gives the transier l.v.R to h.v.5 (solid line)
and the transfer 1.v.R to 1.v.S (dotted line).
Figure Bb6 gives the transfer 1.v.T to h.v.R (solid line)

and the transfer l.v.R to 1.v.T {dotted line},
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Appendix €. Single-phase measurements.

The figures Cl1 through €56 give the results of the measuremenls concerning only
one single phase. The solid lines are for Lhe center leg, lhe dotied lines ior
an outside leg.

Figure C1 gives the no-load h.v.S and lhe no-load h.v.T.

Figure C2 gives the short—circuil h.v.8 and the short-circuil hov.T.

Figure 3 gives the no-load 1.v.5 and the no-load i.v. 7T,

Figure Cd gives the short-cirouit 1,.v.S.

k] e

gives Lhe Lransler h.v.5 Lo 1.v.8 and lhe transfer hov.T Lo L.v.T.

o

Figure (

Figure 8 gives Lhe Lransfer 1.v.S Lo h.v.S and the Lransler i.v.T Lo v, T.
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