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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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1 . InLroduction 

Enowledge of the high frequency behaviour of transformers is indispensable for 

the calculation of transients and overvoltages that can occur in networks 

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 iDick, 

Ervell, ]978) . Finally applications for transformer modelling in electro­

magnetic transient programs are known (Vaessen, 1987). 

In 1,his report reslll ts from high frequency admi tt-ance and transfer measure­

ments of a three phase 25 NVA transformer are given. They can be used as a 

starting point for the applications mentioned above. 

The method used for the measuremenLs is uuLlined in section 2, it is based 

"pon the use of the digital recorded time responses from impulse testing. Sec­

Lion 3 is a presentation of measured frequency spectra together h-U",h some 

lwipf explanation. The development of simple transformer models which describe 

.some of t.he behav}our are dealt with in section 4. FInally some conclu~'jons 

Hl'P' drawn and suggestions for future work are given. 

The authors Huppose that the measurements presented jn this report can be of 

great j nterest to others as we] 1. They are willing to ~ive their data to any­

nne \~orldng on transfonner modelling for scientific purposes. 



- 2 -

2.Neasurements. 

Thp.re are several \.rd.ys to measure the transfer arKi admittance funcLi0I1S of 

trallsfonners. The meLhod used to obt.ain the resulls presented HI Lhis rerxH't 

is based upon the use of the recorded i ime l'esponses flT)fH impulse tesling. i\n 

J.mpulse vol tag~ ha: ... been applied to a transformer tel1uinal and "Lhe l"1:!qll i n~d 

time responses have bp-en recorded. \.;:ri th the aid of a digj -L i zer. The d.igj Lal re­

('orded time ftulction.s have been Fourier transformec.-1 t.o ()bLain Ule frequenc':v 

spectr:-i and from lhesp th~ desired t,ransfer and admiLlane(.' fUIJl!LiOIlS have been 

calculated. 

2.1 Experimental set-up. 

N 

High Voltage side Low voltage side 

r 0-rV"VY'-_--, 

s 

T 

xo------~ 

"'jqllr~ 1: Top V it~W of the t1'tJlIsfonner 

wi th winding connections. 

The measu['(~ments have been done 

on a 150/11 kV 25 NVA transform .. ,r 

at KEMA-laooratories, Arnhem J !'-ie­

therlands. The top vie,,' of lhe 

trans former ~,..i th 'h'inding connec­

tions is given in flgurp 1. More 

i nfurmaLion abouL t.he ·transformer 

nan be fOlllld in append; x A. ])u­

ring nur'mal practice r,s arid 1. 

are curmecLed, to y,z. and x res­

pective(.v, thus making' a Yd 

transformer. During Lhe measure­

ments IH'PHPnled io this reporL 

N r x , .v I fino z have been c:onnec Led 

wi th the t.ank of the transformer 

giving a YN.vn transfoI1I1er with a 

turns ratio of 7.9. 



to digitizer r 
V, V2 

Jl -
1, 

pulse 
I>-~ 

5.950 ..A T 
---=.J -l- HV side !,v side 

4 m 

50 oC':r 
I to digitizer 

Figure 2: Experimental set-up 
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1 
to d iqitizer 

Figure 2 shows the experimental 

set-up. A 3.6/18 lIB (lEG 60-21 

impulse voltage with a crest va­

lue of 250 V (adjus table) has 

been used as the input signal. 

The applied voltage as well as 

the transfered voltage have been 

measured with a high impedance 

voltage probe in order to avuid 

loading the transformer. Current 

has been measured with a coaxial 

shunt of 5.95 Ohm parallel to a 4 

meter coaxial cable, chal'acteris­

Ucly terminated. 

The signals have been recorded on 

a two channel 10 bit digitizer 

with 2k-words of memory for each channel. A computer has been used for automa-

ted measurements. The recordings are stored on floppy-disk. The entire set-up 

has been powered by a :1 kVA isolation transfOlmer. The tank of the LransfcI"I"'·" 

tD be measured has been connec led. to both winding star points and has ueen 

used as ground re f e ['f-:'!Ilce • 

Curr'enL measurements Hi Lh the shunt are reliable as long a~ Lhe transfUl1l1er 

impedanee keepf'. well abovf> 5 Q. This can be a problem for admittance measure­

menls carried out un the low voltage side of the trangformer, which has l.esH 

imI~ance than the high voltage side. 

Th" 1 0 bi l AID converter of the digitizer has a signal-to-noise-ratio of ap­

proximately 60 dB caused by the quantisation of the recorded signals. This 

meang that signal components that are too sma]l can not be distinguished frOID 

Lhp bi L-noise caused by thp dig] t:ill(~r. Thf-'> frequency spectr\ 1111 of the- i.flIpu I sc 

VU l tag(-' uHP<i T'PJIlCl i ns we! 11 ahow' HIp. hi L-no i Sf:' leve L up t.o 1 l"JHz.. til ven I.h~ 

rae'[ Lhat th'..· main rpsonallees of t.he transfonner lie belm.: 200 kHz a sample 

f"rpquenc!! of 1 1'1Hz has been chosen for the digitizer. With lIlis choice of lhe 

RClmpl.e frequency aliasirtg; is avoided.. The memory size of 2k-words allows for a 

Lilw-:- I'egistra!:ion of 2.048 IlLS and afLer computation a frequenc.v spectrum up to 

500 I,Hz with a resolution of 488.3 Hz. The frequency spectra have been c,,1<:u­

lat(ed using an FFT algorHm. 
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2.2. Processing 01" Ule IIleal:iUrelIletlL~. 

From the recorded signals frequency 3J.X~ctra have been ci:ilc\llal~>d. From UH __ ~se 

spE'ctra, admittances and transfer fUflctions can rJe determined. This \..:i II lJe 

demonstrated by means of an example. 

... 
no 

, .. 
,. 
.. 
• 

-.. • --t~~-~ 

• • , , . , 
1£-3 

~, 

Figurc 3: Recorded valucs of 

input voltage. 

-.. ,. 

-.. 
.. 
• • t--------"c-------~,~~-----~I~~------~~ " . 

Figure 4: Specirum of 

input voltage. 

Fig:ure 3 shoh's lhe measured input volLage on low-voltage side V1 (li. Fi!!.IlJ'(' 4 

shm>ls the corresponding frequency spectrum Iv 1 (jw) 1 (only abHolute value). 

Fi~ure 5 and 6 show measured input curreut on low-vollage side ll(t) and fre­

qUf-~f1CY spectrum 111 (JW) I respect.i ve.l~r. Figure 7 and 8 show this for the lr'arlS­

f ered voltage V 2 • 

Frequency spectra have been given up to 200 kHz. The vertical illliLs are dB's 

(() db co rresponds to 1 }N 1Hz) 

111::-31 --. -... 
• 

-.-
-... • .. , , . 

IE-31 

fligllre 5: Recorded values of 

input current. 

'" 

• 

.. 
.. 
• 

-.. 
-.. • '00 ... 
Figure 6; Spec trllw of 

input cllrrent. 

". I ... 
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NoLice t,he deformation of the applied impulse due to the trallsfonner. 111., hi 1.­

noise caused by the digi l izer can be seen cleal'l;.' Ln the minImum at 65 KHl<:': j n 

l.hp spectrum of the prirnar,v current (Figure 6) and 8bove 120 kHz in the spec­

trwn of the transfered voltage (Figure 8;. For these parts of the sper:Lra Lhe 

n-d iabilit.,Y of the measurements is low. The coherence function (Rolh, 1971). 

an indication for the reliabiliLy, produces 1m,,", values jn Lhese regions . 

... 

... 

... 
, .. 
• 

-, .. 
-... • .. • .. . 

11t·~ ..., 

Figure 7: Recorded values of 

transfered voltage. 

.. 

• 

, .. 
.. 
M 

.. 

.. 
• • .. , .. . .. ... 

Figure 8: Spectrum of 

transfel'ed vol tilgA. 

-'" 

The admittance Y(jw) and transfer function H(jw) can be detenuined fI'oUl lhe 

calculated frequenc~' spectra by: 

Y(jw) = 
I, (jw) 

V,(jw) and H(jw) = 
V.(jw) 

V I \.jw) 

Figure 9 g:i Yes the absolute value of the calculated no-load inpuL ad.lld.ltance 

on low-voltage side Y(jU/) on the cenler leg. Figure 10 gives Lhe correspondlri>l 

transfe[' to high-voltage side H(jw). 0 dB corresponds to 1 AIV [0[, the adUt,L­

I.ance and i VIV [01' the transfer spectrum. 

-" .. .. 
-.. .. 
-00 • 

-00 _ft 

-, .. -.. • .. , .. , .. -••• • .. , .. -'EO ... 
Figure 9: Spectrum of admittance Figure 10: Spectrum of transfer function. 
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Tile hUl'izontal resulutiorl of the f['equenc;\' specLra d£' has Ueen given b.'" 

df = SFjiYlS in w'bieb SF is the sample frequency- and HS the memury ::::;.l;/,e ,,)1' Ute 

Jig i t. Lzer charmel. Thi s resoluLion can be enharlced by adding zerul~.s Lo lhe 

registpred time signals Lhus increasing memory size <;\.l·tificially which r~~!::iuls 

in a better resolution (smaJler df) for the frequency speclrum. The lime ~ig­

nals have tu be da.rnped (lIlt. ",hen reaching the end of Lhe Lime h'indoh' to prevetlL 

elTors. If this is not the case, a continuity correction in the time domain 

has to be made first. Even then osc:il1atory error~ still occur v:hen zeI'o's 

ha\'t~ bt<>-en adder1 t.o theJ::';e co[-reL'ted l.i.me signa1s. The height of the usci lla­

t.i.on~- depencts on the error which lS made at the trlUlcation of the time 5igllal.~ 

a t the pnd of the ti me w indoh' • 

Fi,gure 1l shm']s the spect.>rum uf the no-load input admitt:.ulce (like figure 9) 

l-.:hiJ.<:, figure 12 shows the calculated spectrum Hith .i.ncrf~ased !'requency resolu­

t i on (factor 4) by add: ing" zerOes to the tj fiR signa] s. Figure 13 and 14 sho¥<.' 

Uw Lransfer lo the high-voltage side wi th normal and enhanced resolutions. 

wrlile t.he time signals are damped oul at the end of the time windo\-I no errors 

occUt' in the calculated spectra with enhanceri r.esolution. Notice the hei.ght of 

Lhe resnnance peal(S and the smoothness of thp curves for the di ffer'ent s i t.ua-

t jon!,",. 

.. 

.. .. ,n .. 
'" 

50 

.,., 

11£-3 .. 
-
.. 
,. 

.. , .. - .. ... 
l'i9ure 11: Normal frequency resolution Figure 12: Enhanced resolution . 

.. 
v'"' 

v'" -
.. 
.. 

.. 

·1.------~,t.------~ .. ;:~~~_f===~~ .. ~~~~ .. , .. " , ... 
'" 

Figure 13: Nor11ll11 frequency resollltion Figure 14: Enhanced resolution. 
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2.3 Errors introduced. 

Two major errors that. occur are: too short a time window and too low a ~1:iJ1lple 

frequency. They will be discussed here shortly. The second error has been pre­

vented during the measurements, the first one occurs occasionally as ean be 

seen ill 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

na.! s are not damped out at the end of thp time wi ndow. therefore oscillations 

occur .in the spectrum with enhanced frequency resolution (Figure 16). The ef­

fect. of the enhancement. has been clearlY demonstraled at the firsL resunance 

frequency of 5 kHz. 

..... ... 
-
2M 

'," 

• • 
...... ,~ __ .,'f-_._-+, ---.. t-' --......" 

\. "_ u • •• 

. .... ... 
-
-
-,. 

•• .. -,n 

"' 
Fi!]ure 15: Nor1IJ8l frequency resolution Figllre 16: Enhanced resollltion . 

.. 

.'\1 iaslng occurs when sampled time si gnals contain components which have a 

hi gh"r frequency than the Nyquist frequency (half the sample frequency I. The 

h.-i ~her frequency components have been folded back to lower frequencies as a 

('(lTlsequence of the overlRp of the partial spect..ra of Lhe periodic conlinur.tled 

t i.me signal. Onc~ H spectrum has been corrupted. h'i Lh aliasing there is fl(J h'ay 

Lo reconstruct the original spectrwn. For this reason it is necesoary lo pre­

vrmL a1 iasing. 

Three solutions lu prevent aliasing are possible. The sample frequency can be 

raisE:..xi ill order to be shure lhat the highest occuI'ing ~ignal frequency is less 

LhHn Lhe Nyquisi frequency. With the SHIIlt:' memor,)' size lhe frequency resoluliun 

is lcn..;f-' ['ed. A second solution is the use of low-pa.ss fillers (anti aliasing 

fi.lters} at the entz·ance of the digitizer. Signal components with a frequency 

ahove the cut-off frequency of the filter have been attenuated thus reducing 
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the aliasing effect. Frequency resoluLion has noL been affected I .. hen using 

this solution. A practical problem is iJlf-! difference uetw~en the LI-vo l'i llers 

;md tilp. extra phase-lag caused by them which leads l.o errurs in the calculated 

admittances and transfp.r functions. 

For the third solution the input signal has been carefull,y chosen in l)rder to 

1 im.i t the frequency content above half the sample frequency. So aliasing is 

]>reven Lee! , at least subsLanLiunally limi Lee! wi LhouL Lhe aid uf filter",. Even 

\-,lhen some resonanL frequencies of the Lrl:U1sformer (XJ(;ur aoove the NyqulsL 

frequency aliasing is still limited due to Lhe small energy cuntenL of Lhe in­

put signal in this frequency range. This method has been used Lo ubLaiu 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 all kinds of 

admittances and voltage transfers. Of most quantities both absolute value and 

arglUDent are given, sometimes only the absolute value. In some cases 

additional measurements or the results of some operations are added. 

Each paragraph treats one quantity 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 ,,",ich of both outside legs is shown. 

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

tho>3e cases references to chapter 4 are unavoidable. 

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, SandT, S being 

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

paragraphs only use h.v. and l.v. as abbreviations; the text belm, the figures 

llSPS even more abbreviations when necessary to save room. 

No-load h.v.S: no-load admittance on the high-voltage side of the center leg 

(leg S); 

short-circuit 1.v.T: short-circuit. admittance on the low-voltage side of 

leg T; 

transfer h.v.R to l.v.S: voltage transfer from the high-voltage side of leg R 

to the low-voltage side of the center leg. 
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:l. 1. No-load admittance h. v. center leg. 

"" OJ 

OJ 
[JJ 
1 

OJ 
CD 

- 'i---+--+---+---+---t-I --+---+---+----I---li 
50 (kHz) 100 .S0 (kHz) 100 

17igure 17: No-load h.v.S; absolute value Figure 18: Argument. 

The no-load h.v.S is shown in figure 17 (absolute value) ar,d figure 18 (argu­

ment j. One can see the fast. decline of the absolute value at 101-'] frequeIlcj es 

caused by the large inductance in the no-load situation. The argument of the 

admittance changes in this frequency range from -90· (inductive) to +90· 

(capacitive) . 

For frequencies up to 65 kHz some minima and maxima in the absolute value 

occur. In the argtunent. sharp peaks are visible. A peak in the argumenL al.way~ 

'x,incides with the middle of a decl ining side in the absolute value as is 

usual to second-order resonances. At 65 kHz the resonances disappear a.bruptly. 

These phenomena are probably caused by resonances of the leakage flux of par­

Ual windings, as first described by Wagner [19]5]. Above 75 kH" the adud L­

tan"", is that of a capacitor of (770 ± 20) pF. The last quantity has been de­

rived from a log-lag-plot of the absolute value up to 1 i'illz (not shown herei. 
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Figure 19: No-load h.v.S measured 

The no-load h. v . S also ha~ been 

measured using a sweep generator 

with adjustable voltage ampli­

tude. The absolute val.ue of the 

admittance obtained is given In 

figure 19 up to 4.5 kHz. Only the 

absolute value is given because 

the argument is nut easily deri­

ved by this method. 

The shown curves are for effec­

tive values of the voltage on the 

high-voltage winding oC 2V and 

100V. The cur-ves for lOV and 50V 

almost coincide. Although the 

amplitude does not seem to have 

much influence on the admittance, 

it is too early to conclude tilat 

this is also the case for higher 

ampli tudes than used here. The 

high-voltage winding has been 

with sweep generator designed for a rated voltage of 

85 kV. the applied voltage of lOOV is much less than 1% of this. At this 10h' 

voltage the iron is still in the linear part of the magneLisation-characLerh-;­

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

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

:1. 11 this phenomena will be outlined further. 
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3.2. Short-circuit adruittance h.v. center leg. 

-1-"-'-,.------

'" m 
I. 

!S) 

:;::[ OJ 
I 

I. I 
--"-i I I I -----+-

10h 50 (kHz) 100 50 (kHz) 

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

The short-circuit h.v.S is ohown in figure 20 (absolute value) and j'jgure 21 

(argument). As a first approximation one observes a decrease in admi tlance U1J 

to 10 kHz, and after that an increase. The argl.UDent shows a 'transit.ion from 

_90 0 (j nducti ve) to +90 0 (capaci ti ve ) . 

Further behaviour looks like the beha,-iour 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 kHz. Above 75 kHz the admittance is thaL of a capacitor of (850 

-:!: 20) pF. 
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Fr"erj Imped Tnrillct flethod 

51 Hz 63.0 Q 196 mH stat Freq 

122 153.5 200 Pl1iseresp 

147 182.1 197 stat Freq 

244 271.9 178 Pu1seresp 

326 402.1 196 stat Freq 

366 431.5 188 Pulseresp 

488 640.1 209 Pulseresp 

Table 1 

The absolute value of the short-circuit admittance also has been measured for 

some stationary frequencies. The results are given in table 1. From Lhe abso­

lute value an inductance has been derived by the formula 

L = .-£L w 
This holds as long as the argument of the impedance is close to 90·. The 

short-cireui t inducl,ance is 196 mil according to measurement.s with stationary 

frequencies. The average of the four values from pulse measurements is 194 mil, 

a close agreement.. The manufacturer also gives a value of 194 mil (calculaLed, 

see appendix A). Because of the finite time window used to measure the pulse, 

ahberations have been introduced in individual frequency point.s. But. by avera­

ging over a few poinLs a high accuracy can be derived. The abberations only 

exist for 1m, frequencies, they are always detectable as a fast swinging in 

th" frequency plots. 
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F: 
.C _. 
CJ 

/ 
-J --~--~--~--~--~--+---+---+---+-~ 

5 (kHz) 1(3 

I , 

~ I 

--j---f-- -t---;-~. - !--.- .. -; -
5 (H-Iz' 

Jo~igure 22 Inductance frow short-circuit h.v.S Figure 23: Resistal1ce 

10 

Assuming the short-circuit h.v.S can be described as an R-L-series connection, 

it is possible to derive the resistance R and the inductance L from the real 

and imaginary part of the admittance. The results for frequencies up Lo 10 kH" 

ar'e given jn figure 22 (inductance) and figure 23 (resistance), The values are 

reHable 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 consLanL 

ai; 208 mH above 500 Hz, The lower values found below 500 Hz are due tu Lhe 

finite time window used. 

At stationairy frequencies iL has been shown before that the indue Lance is 

constant below 350 Hz. One can conclude that the short-circuit inductance is 

equal to (200 :!: 10) mH up to at least 2 kHz. 

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

caused by eddy currents jn the windings (copper loss), 
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3.3. Transfer from h.v. to Lv. center leg. 

<CO 

Q~!~--+-~~--+-~-4--+-~-4--+-~-4--+-~~--+--r-+~ 
S0 100 1 S0 (kHz) 200 

Figure 24: Transfer h.v.S to l.v.S; absolute value 

/ 
v{ 

50 100 1513 (kHz) 200 

Figure 25: Transfer h.v.S to l.v.S; argument 

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

2:5 (argument). 

At low frequencies the voltage-ratio is equal to 1:8 with a phaseshift of 

i80o, The voltage transfer slowly increases, up to a maximlUTl at about 60 kHz, 

the argument turns from 180· to 0·. 
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At 170 kHz the absolute value shows a flat miniml.Du, whereby the argumer,t Lu[ns 

t.o 90°. The mooel presented. in 4.1 gives ~ill explanaLion for the maX:LmlHlI at 60 

kHz, but not for the minimum at 170 kHz. 

Super imposed on this ., large-scale" behaviour are min iml;i and. maxima up to (·;5 

kHz. The argument ShCh'S small di.ps at these resonances. 

A maximum in the imaginary part of the transfer always coincides wi-th a maxi­

mum in the rea] part of the admittance on the h.v. side, in no-load as l.Jell as 

iIi sho{'L-cjr'cuit situation. 

3.4. Transfer from h.v. center leg to h.\'. outside leg. 

6) 
OJ 

" m 

"" 

6) 
m , 

( 
\ 

\ \ ' \ 
-----r--,-- -

~ 

~ 

~t \ 
( I< Hz ) 

50 (ktiZ) 

Figure 26: h.v.S to h.v.R; absolute value Figure 27: Argument. 

Figure 26 and 27 give absolute value and argument respectively of the transfer 

h.v.S to h.v.R. The overall absolute value decreases up to about 70 kHz, Lo 

become constant for higher frequencies. The argument starLs at., 180
0 

tJecause 

t.he flux direct.ion ill the measured winding is opposj I.e to the flux direct ion 

in the excited winding. Aft.er some fast changes in argument it stabilises at 

O· above 70 kHz. Here the transfer becomes solely capacitive. 
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Again minima and maxima are visible below 70 kHz. A ma.ximum of i.he L!"aI1Sfer 

h.v.S to h.v.R colncides with a maximum of the input h.v.S. Because Lhe trans­

fer he low some tens of kHz is mainly through the iron flux one can eOfll!lude 

Lhat, a maximlUTl input current means a maximtun iron flux. 

Figure 28 gives the polar diagram for the transfer h.v.S to h.v.R. Each peak 

in figure 26 corresponds to a loop in figure 28. The peak around 5 kHz is too 

fdgh to fit in this figure, only a small part of the corr"e>lf'Onding loop is vi­

si.ble. 

\ 
"-

-1 (V/V) 

Figure 28: h.v.S to h.v.H; 

polar djagram 

EAL 

, 

:> 
"­:> 

10 20 30 (kHz) 

Figure 29: Comparison'between 

h.v.S to h.v.R and h.v.S to h.v.T 

50 
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Tbl:' absolule values of Lhe transfer h.v.S to h.v.R (solid line) Cilld h.v.~; La 

Ii. v. T (dot ted line) are gi yen in figure 29. Both are almost equal. Also I'Dr 

other transfers and admittances the differences between the outside legs are 

small. So further only the results for one outside leg will be presented. 

EjI. ~ ElEl El El ElEl 
!f1~~ 'f +++ +++El 

+ ~ l!lE! tJ + 

~-tJ El 

Z<I<I 4<1<1 6<113 (Hz) 1<1<1<1 

The absolute values of the trans­

fers to both outside leg", also 

have been measured for some sta­

tionary frequencies as shown in 

figure 3D. At low frequencies the 

transfer to each winding is ap­

proximaLely 50%. The flux procitJ­

ced in the Cf'TIter leg divides in­

to two almost equal parls. SOllie 

small differences can be se~n be-

tween both legs. 

The minimum in boLh transfers j s 

caused by resonance of t.he h. v. 

windings on the outside 1 egs. A 

curren L i 8: flo",,' i ug j n Lhese h. v • 

h'inciings uuP Co the series J"f-!'so-

nance beU ... een inducl ance and ca-

pac i Lanue. This current causes a 

reverse flux diminishing the vol­

tage across the winding. This 

I"eVerSe flux closes largely 

through air. 

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

lI.v.S to h. v.T (squares); measured at stationary frequencies. 
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3.5. Transfer from h.v. center le~ to l.v. outside leg. 

- \ \ 

il' 

"'", 
\ 

'" 01 
I 

V 
'" \ m 

I \ \. 
50 (kHz) 100 50 (kHz) lee 

Figure 31: h.v.S to 1.v.T; absolute value Figure 32: Argument 

The transfer h.v.S to l.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. 
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'" m 

""+---~~---+---+~7---~L-j--~I---+~~I. 
50 (kHz) 100 50 (kHz) 100 

Yigure 33: h.v.S to h.v.T divided by 

h.v.S to l.v.T; absolute value 

Figure 34: Argument 

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

fer h.v.S to l.v.T. The results are given in figure 33 (absolute value) and 

fi;(ure 34 (argument). 

The voltage ratio remains almost constant up to abouL 30 kHz. This cOflsLanL is 

det,ermined by the turns-ratio. Different, reSOnanceB appear in bulh windir~s 

bet.ween 30 and 75 kHz. Because of this the voltage ralio shows strung olOcii­

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

become constant again above 75 kHz. The linkage between the windil1.!i:s has beco­

me solely capacitive in this frequency runge. 

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

up Lo 30 kHz. 
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3.6. No-load admittance l.v. center leg. 

(kHZ) 

Figure 35: No-load l.v.S; abs. value 

IS) 
rn 
I 

IS) 
CD 

1+--4 __ ~ __ +--+ __ ~ __ ~-+ __ +--4~~ 
50 (kHz) lee 

Figure 36: No-load l.v.S; ArgulIlCnt 

1he no-load l.v.S is shown in figure 35 (absolute value) and figure 36 

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

""own in figure 17 and 18: a fast decline of the absolute value up to 800 Hz; 

after that a repetition of minima and maxima. The resonanL frequencies are 

RlightJy lower than those measured on the hove 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 l.v. center leg. 

'" 'l'l----

r 

.:.:. 

'" 
'" OJ 

-1~~--~---+---+---+1---+---+1---+1 ---+--~I 
50 (kHz) 100 

Figure 37: Short-circuit l.v.S; 

absolute value 

I I 
50 (kHz) 

Figure 38: Short-circuit l.v.S; 

argument 

Figure 37 and 38 gi,"e absolute value and argument respeeU,-ely of the shorl­

circuit l.v.S. 

Unlike the other input admittances this one shows a simple behaviour. Up to 04 

kHz one can see an inductive behaviour, the absolute value of the admittance 

d.iminishes and the argument is -90·. Above 64 kHz the behaviour is capacitive. 

N{) part-winding resonances are visi.ble. 

I 
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The absence of part-winding reso­

nances maketi j t possible to de­

termine resistance and inducUance 

over a large frequency range. 

Figure 39 gives resistance and 

inductance calculated from the 

measured admi t tance. assuming the 

latter can be represented as an 

R-L-series connection. 

The inductanee is constant and 

equal to 3.2 t 0.1 mHo The resis­

tance increases from 1 Q at 200 

Hz to 30 Q at 20 kHz. 

At 30 kH" the values become less 

accurate J due to the nearby l'eso-

nance. 

Figure 39: Resistance aoo ioouctance for R-L-series connection 

determined fram short-circuit l.v.S 
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Figure 40: Inductance Figure 41: Resistance 

{'or capacitance parallel to R-L-series coullection 

deteI7llined from short-circuit 1. v.s 

(kHz) 100 

To correct for this effect a capacitor is assumed parallel to the series con­

nection of inductor and resistor. The value of the capacitor has been fowJci 

from the value of the inductor and the resonant frequency to be 1950 pF. The 

results are given ill figure 40 (inductance) and figure 41 (resistallce). The 

inductance is constant up to 100 kHz, and equal to 3.15 ± 0.05 mHo The reSIS­

tance increases up 1.-0 1 kO at 100 kHz. This means that, for modelling purpo­

ses, the frequency dependence of the lea.kage 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 frOO! l.v. to h.v. center leg. 

'" 
"'~~--+--4--~~~-+--4---r-~~ 

5e (kHz) lee 

'" OJ , 

'" fl) 

1~-+--4---r--+~~~--~--r--+~. 
50 (kHz) lee 

Figure 42: Transfer l.v.S to h.v.S Figw'e 43: Transfer Lv.S to h.v.S 

absolute value argument 

The transfer l.v.S t.o h.v.S is given in figure 42 (absolute value) and 43 

(argument). The maxima of the transfer coincide with the maxima of the j npul 

admitlallce. 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

menL t.urns from 180' at low frequencies to O' at high frequencies. 
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3.9. Transfer from l.v. center leg to Lv. outside leg. 

(kHz) 

Figure 44: Transfer l.v.S to 1.v.T 

absolute value 

(kHz) 

Figure 45: Transfer i.v.S to i.v.T 

argWllCnt 

The transfer l.v.S to Lv.T is given in figure 44 <absolute value I and 

figure 45 (argumentl. It resembles the transfer h.v.S to h.v.R and h.v.S to 

Lv.R. The decline from the low-frequency (magnetic) tr-dnsfer to the high-fl"e­

quency (capacitive) transfer is steeper t.han wit.h excitation of the h.y. win­

ding (figure 31), because the magnetic transfer is N' times higher with eXCl­

tation on 1. v. side (N being the turns ratio). The capaci ti ve -trcmsfer j s of 

the same order of magnitude in both cases. The high-frequency tra.nsfer 1.v.S 

to 1. v . T is approxima tely 0.02 V IV. 
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3.10. Transfer from 1. v. center leg to h. v. outside leg. 

Figure 46: transfer l.v.S to h.v.T 

absolute value 

(kHz) 

Figure 47: Flux linkage between 

h.v.T and l.v.r 

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. S to 1. v. T (3.9). The argument shows a steady decrease up Lo 40 

kHz (not presented here). At higher frequencies the argument is nut clearly 

defined because of the high noise-level. 

The linkage between the h.v. side and the l.v. side can be observed in figure 

47. The transfer l.v.S Lo h.v.T is divided by the transfer l.v.S to l.v.T. The 

absolute value of the result is given in figure 47. The quotient is consLant 

up to 30 kHz. High-voltage and low-voltage windings resonate independently at 

higher frequencies because the iron flux no longer dominates the leakage flux. 
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3.11. No-load admittance h.v. ouLside leg. 

IS) 
m 

g: 
I 

IS) 
ill 

>:: 
11--~~--4-~--+--+--+--+--+-~ 

50 (kHz) 10e 
'+--+--+-~--4-~~~--~-r--+-~ 

100 50 

Figure 49: Argument 

(kHz) 

Figure 48: No-load h.v.T; absolute value 

Figure 48 gives the absolute value of the no-:load h.v.T; figur'e 49 gives the 

argument. The pattern is much more irregular than ~",ith excitation of Lhe {'en­

ter leg. This means that the paLt"rn of minima and maxima at leasL parLl.y is 

caused by the non-excited legs. When exciting the center leg the non-excited 

legs are idenlical. This is not the case with exci Lation of an ouLsid,' .Leg 

h'arli ng to the irregular patter·n. 

The overall behaviour of the three legs is nearly id.entical; a sharp admi-LLan­

ce minimum below 1 kHz followed by a number of minima and maxima up to 70 kH". 

The admittance of the outside legs resembles that of a capacitance of 900 pF 

above this frequency. 
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>: 
t~~+4~~~~~~~4-~4 

2 3 (kHz)4 

Figure 50: No-load h. v.1"; absolute value 

1I/easured with sweep generator 

Also for this leg the no-load ad­

mittance has been measured wlLh a 

sweep generator with variable 

vol tage ampli tude. Figure 50 

shows the absolute value of the 

no-load admittance up to 4500 Hz. 

The two curveS are for effective 

values of the input voltage of 2 

Volt and 100 Volt (dotted line). 

A double peak between 500 and 800 

Hz is clearly visible, just like 

the shift to lower frequencies 

for higher' input voltages. 

The double peak is caused, by the 

different resonant frequencies of 

both unexcited high-voltage win­

dings. In chapter 4 a model to 

explaine the double peak will be 

given. 

The shift of the resonant frequency shows the increase in inductance at higher 

voltages. For frequencies above 1 kHz the impedance is independent of Lhe ap­

plied voltage amplitude, for the amplitudes used. Application of higher 

voltage amplitudes will cause the resonant frequencies to shift to even lower 

\~lues and may even cause differences for higher frequencies. But it seems to 

be save Lo say that above a few kHz there is no longer an influence of the vul 

Lage amplitude on the admittance. 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 low­

voltage pulse can be used to predict the response on a high-voltage pulse and 

t.hat. Lhe derived frequency plots are applicable for high-voltage modelling 

above a few kHz in no-load. In short-circuit situation the plots are applica­

ble for all frequencies. 
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3.12. Short-circuit admiLLance h.v. ouL!;ide leg. 

'" OJ 
>: 
-4·1~-+---+---+---+--=t'--~--~1~~1---4~~1. 

50 (kHz) 100 50 100 

Figure 51: Short-circuit h.v.T 

absolute value 

<: kHz) 

Figure 52: Short-circuit h.v.T 

argument 

The short-circuit h.v.T is given in figure 51 (absolute value) and figure 52 

(argument). Again the same difference!; between the center leg and the outside 

leg as in the no-load admittance are visible. The overall 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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Between 12 kHz and 62 kHz th., re-

sonant frequencies of' the center 
, , leg also in the ouLside ,,' appear 

E leg. Rxtra maxima appear in the 
.c 
a outside leg between the second -" 

" 
and the third maximlHIl, between 

" " the fourth and the fifth, between , , , , , , 
the sixth and the seventh and be-

'" , b.Jeen the eighth and the ninth. 
" , Figure 53 gives the absolute , va-, ' , ' 

lues of the shorl-circuit admit-, ' , , ' , 
, ' , 

for both windings Lhe , lance in 
" 
" frequeney range of 10 kHz La 60 
" . 

'" 
, 

kHz. The solid line is for '" 
, an 

outside leg, the dot Led line for 

the center leg. 

'" 
10 213 313 413 (kHz) 613 

Figure 53: Shorr-circuit h.v.T (solid line) and 

short-circuit h.v.S (dotted line) 
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3.13. Transfer from h. v. to 1. v. outside leg. 

'" 
"'+1--~--1---+---r--4---+--~--1---+---r--4---+--~--~--+---r--4---+--~--4 

50 100 150 (kHz) 200 

Figure 54 Transfer h.v.T La 1.v.T; absolute value 

50 100 150 (kHz) 200 

Figure 55: Transfer h.v.1' to 1.v.1'; argument 

The transfer h. v. T to 1. v. T is shown in f iguI'e 54 (ab>lolute value) and figure 

O~ (argwnent) The absolute value possesses a maximum at 64 kHz and a minimum 

at 170 kHz. Again minima and maxjma are superimposed on this overall l>eha­

\'iour. A maximum in transfer always coincides with a maXimlnll in input admi L­

tance. 
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3. 1:-i, Transfer from h. v. ouLside leg Lo center leg. 

50 (kHz) 

Figure 56: Transfer h.v.11 to h.v.S 

absoLute value 

(kHz) 

Figure 57: Transfer il.v.R to h.v.S 

argument 

'fhl:-' Lransfer' h.v.S to h.v.R is ~iven in figure 56 (absoluLe value) and (i~lIre 

elf (ar!:HunenL). The abso]uLe value shows a number of 1IIi:::l.:-..imd aud m.iniuU:t, .\ llla)"!-

mum ill Ll'ansfer c:oifl(,.!jdes wilh a oU:iXimum in t.he aum.i 1. LcHlce up Lo 48 kHz. The 

i-uhniU.iHICt-' IJlrt .. XiIllH at 5:1. kHz and 62 kHz coincide ",j UI minima in I [·~:H1Sret·. The 

mlrJi_mum at 74 kHz tia.':' nu corresp:)nding feaLuI'e in the admiLLanc:e. Above HS Idlz 

Lhp t, r ansfer .is so] t:' ly capaci U ve and equal to al:JOut O. 08V IV. 
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-1 o (V/Vl 50 (kHz) 100 

jilgure 58: transfer h.v.1I to h.v.S; Jo'jgur-e 59: transfer h.v.1I to l.v.S 

poldl' Jiayralll l1v:;;ulute valu(: 

Fi~lwe 58 gives the polar diagram fuc' the transfer h.v.H Lo h.\-,;) ill UH~ i're­

qup.ncy rallge of 1 kHz up to 50 kHz. 

The absolute value el' the tI'ansfer h.v.R La l.v.S i~ gjven in figu['e 59. [L .i'.::> 

equivalent Lo the transfer h.v.R. Lo h.Y.S (figure" 56) up !-~(J '-I<i kHz.- The J in­

kage between h.\" and 1.\.', disappears aL higher frequerlc.ies. v.-here Lhe Lr-8ltsfer 

h.v.J~ tt) h.v.S shO\~'s an overall decreaSlrl,l5 behavjour wiLh inereasirlg fr'equell­

cy, Lhp transfer h.v.H to l.v.S ShOh'S a broad ma-x.1muIH arowld G[) hH;.:;. The 

LT-ansfer- h.v.S Lo 1.\-,S also is maximal at this frequency. The trcUisfer h.v.H 

til] .v.S slowly dec['ea.<:->es above 80 kHz, and reacheB the final value ur approx­

imatel:, 1:100 at. 150 kHz. 
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3.15. Transfer' from h. v. ouloside leg to olher outside leg. 

(kHz) 

Fi'lurc 60: Transfer fl ••• ll to fl ••• T 

absolute value 

:> 
" :> 

50 (kHz) 

Figure 61: Transfer fl.v.R to 1 .•• 1' 

absolute value 

F.i gure 60 gives t.,he absolute value of Lhe lraJlsfer h. v.R to 11. v. T. Figw'e 61 

gj\·~~s Lht" Lran8fer hov.R Lo l.v.T. BoLh behave lhe same up to 55 kH:l. H.\', :ul{l 

1.v. v.ln!\ing are no longer cormeeted by lhe iron fllLx al.xwe that frequency. lL 

:IS l'em:-J.["h.able that. Lh(..> linkage in lhis case remains up Lo 55 kHz., buL irl CHse 

<>I' I.,·ansfer loo Lhe "PilLer' leg (3.14i lohe linkage between h.v. and l.v. Eide 

rt::maiIlH only up to 4~~ ldiz. The value of the lran::5fer for: high frequency (aoo\'e 

10n !{Hz) .i!-~ approxjJRH.l.p.l.'-, 0.01 V/V fur h.\',}( to h.v.T and 0.00:3 V/V i'ur h.v.R. 

t f! 1,,-,, T. 
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LD 

Figure 62: Transfer h.v.R to h.v.T 

po/nr ,JiBgrnlfJ 

El 
El 

El 

EJ 

El 

El 

++ 

fJ 

EJ 

-I- -I. 
·1· i 'I' ,. 

1---+---r--+---~-+---r--+1---'~'--4-~1 
,Hz) 1000 500 

Figure 63: h.I'.R to h.I'.T (crosses) 

lind ".v.R t.n II.v.S ("'1"ar<',,) 

F.igure 62 g:ive:::; Lhe pular diagn::UT1 for lhe lran~fer h.\'.R Lf) h.v.T in Lhe fre­

quency range of 1 kHz up to 50 kHz. F tl£ure 63 g i. ves Lhe Lrall!::d_'f.·f' h. \ . h: l<' 

h."I.".T (crusses) and the transfer h.\.h to h.v.S (squares)! as measured at ~la­

l Lonary frequency. The transfer to h,\',S shows Ii nttlximum al 550 Hz and a mi_ni-

mum H. t 750 Hz. The tr'ans fer to Ii. v. T shu\-,lS a mln.i mum C\ L 200 H:;; and ,I 1iIa.:", j IIIUIil 
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Inuut admi L LallC~ l. v. UUlH i.de leg. 

IS) 
m 
I 

IS) 
OJ 

'+---~~---+---+--~--+---~-4---+--~ 
·::<Hz) 50 (kHz) 100 

Figure 64: No-load i.v.T; absolute value Figure (;5: No-load l.v.T; argument 

Tht:' no-load l.v.T l.S g.iven in flgure 64 (absolut.e \,<:tlue) and rigun~ oS 

(argument). The behaviour reHembles LhaL of the flo-load 1.v.S. Dj rff:->l'eru~es 

aT' i Sl~ in the frequenc,v range 12 to 32 kHz because or the differenL r'eHunanL 

l·r·'-'qu{~nL'ies. The shol'L-circuit 1.v.T (nut presented here) is ldenLlcal Lo Lhe 

!.--'hor't -(' Lrcui t 1. v. s. 
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:3. 1,.. Transfer froIH 1. '.. to h. \. OU l s '-de leg. 

Q. 

'" 
Q.~~--~~--~~~--~~--+-~ 

S0 (kHz) 108 

l'iqurc 66: Transfer I.v.T f.o h.v.T 

absolute ~'8.1ue 

Q 
m 
I 

IS) 

CD 

51l (kHz) 11l1l 

l'igurc 67: Transfer I. v. T to h. Ii • T 

drgument 

ilH-' lransfel' l.v.T tu h.'.,.'!' is givf~n jJi Llgure uti (au::::;olHLe value) Cl..1K.l ri~lJr'e 

G7 (cu'gumenL). The Lr1::UlSfer' is approxlillaLely equal lo 8: 1 aL 10t.J i'r·equencies. 

II. is equal to a valup of 1:25 at lOU kHz .. A.,gain the differences bet.h'ePII Lhi.s 

lEe'_ll.: and the e.:enLer- Ip,~' <.If'P UtI-' diffel'PTlL [·esum.lllt~e~ lM.>L""'f-.'I~~rl J2 hllz arid ::Hl hii~, .. 
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3.18. Transfer from 1. v. ouLside leg to olher legs. 

(kHz) 

Figure 68 Transfer I.v.1l to Lv.S 

absolute value 

Figure 69: Transfer 1. v. Il to il. v.S 

absolute value 

The transfer from the low-volt.age side resembles the Lransfer from Lhe bigh­

voltage "ide. The main difference is the ratio between lm.-frequency transfer 

and high-frequency transfer, because the turns-ratio is imlXlrLant at low fr'e­

<luRncies, but not at. high frequencies. 
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"'igure 70: Transfer I.v.R to i.v.1' 

absolute value 

(kHz) 1010 

P';gure 7i: Transfer I. v.1' to h. v.R 

Bbsolut~ vaJu~-~ 

Figure 68 gives the absolute value of the transfer 1. v. R. 1.0 1. v. S, I j gun-! 09 

the absolute value of the transfer 1.v.R. to l.v.S, fi,lJ;ure iO the absoluLe 

value of the transfer- I.v.l? to 1.v.'I' and figure II the absolute value oe Lhe 

tnlnsfer 1.v.r to h.v.l-L 
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4. Some simple models to explain the observed behaviour. 

4.1. Single-phase model. 

A widely used model for each phase of a transformer for puwer frequeney is 

sho\,Tl in figure 72. 

+ 

L 
m 

• 

Figure 72: lDw-frequency single-phase transformer 11lOdel 

He!"", LId <Iud Lk2 are leakage inductances of the hi~h-vol tage and the 10w-,'01-

I"age winding. Lm is the iron inductance rated to the high-voltage "ide. 1\1 

and RkL represent the copper losses and Rm is determined by the iron loss, n 

is the turns-ratio. 

fieglecting the losses gives the following equations: 

L 

L 
, m I 

Jr» - . r, n t. 

j, 

v 2 = jr» ;, II + jW(~2 + III) I 
-Z- 2 
Il 

(1) 

(2) 

As ~ f ir'st approximation capaci tances are added to represent the high-frequen­

C;' behaviour, as shown in figure 73. The following equaLiomi hold ror" Lhi", 

case: 

"3 

211 11 + 212 12 VI = 
".., "..2 

( 3; 

+ 

", V2 = 212 II + 222 12 
L "2 

(4) 

m v
2 

where 

Figure 73: High-frequency 11lOdel. 
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- 3([ L. l L + 
JW 'k 1 --1<2 + 'Ill -k2 + (3) 

~11 = --------------------------~A~---------------------------

jW(~2 + 

aJl(i. 

A = 1 

4 + w (C,C, + C,(, +C,C,) 

Frum fonnula (3) and (4) equat.ions can be deri val for Lrall~feI' ['uct. Lons and 

adm i 1... tances . 

No-load admittance on the high-volLage side (Figur-e 74) 

= 
V , 

(5) 

Short.-circuit admittance on the high-voltage side (Figure 75) 

1'1 
V'V.=O 

= (0 ) 

Where l;a> = 
~lLK2 + Lm(~2+lxl/n2) 

-==-~=---rL-'--""=-'------:':""- is the short.-circuit induclance as 

LK2 + m/ n' 
high-voltage side measured on Lhe for low frequencies. 
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~;o-load admit Lance on the low-voltage side 1 Figure 76) 

V 
2 1,=0 = 

Shor L (.' ircui t admi ttance on the 10l,-vol tage side 1 Figure 7f) 

= 

[/ili = 
~1~2 + Lm (I"'K2+'"'K lin 2) 

.is the sho['I.-<.:lc:uiL induclarlce C!ti 

~1+Lm 
meal:-:iured on low-volLage :::iide for low frequencies. 

TI'a.Il~r(·,,' from the high-voltage to the low-voltage side IFigure 78). 

l. Lkl III 2 
(~<l '1.2 + L '1.2 

L C3 ' '1 -- w + -----;}2 ) n m l!l 
(9) 

v;- 1,=0- Lkl 
'1.1 

+ L - w' ('1.1 '1.2 + L 
'-k2 + L -) (C, + C.) 

m In m n' 

Tr-,msfer' from the lOl-l-volLage to the high-voltage side 1 Figure 79) 

L L. 1 

~":'I 
~ - w'(~ '-k2 

+ L 
'-k2 

+ L K ) C' n \1 m m -----;}2 , 
= ---.---~ -1-< 

Lkl 
i 10) 

m 1 -0 
'1.2 

+ ""(~l ~2 + L --+ Lm~2) (C,+C,) I-
n' m n2 

Nor-mall ~/, t.he iron inductance L is much higher Lhan Lhe leakage induct,ances 
III 

Ih1 and n2 Lx2,especially fur low frequeneies . This gives Lhe well known CUL111 

fur the short-circuj L lruiuelanee:::;. 

Lhy = LIn 

I1\S .. '1-.2 

i 1\ ) 

i 12 i 
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FC()JI] the expl'es~iom." (5) Lhr'ough (iiJl r'esonanL rr'equellcLeE CUll be d~~ri\'t-!d . 

. '\:-;sum.lng L ;>i'!'l ~ L )j}"l .... ,) unu n 2;/ i Lhf-' ne\:L ('n·'!queIlcit~s L'an be fOIIlJd. 
III \. III J\L 

f'.t - (;:3) 
"/(' 1 L '(C +" , t...JCJ '~1(2\~2 -Kl J 2 l.'3} 

At thi~ frequency Lhere' 8 CI maximum lransfet· h. V. l,O t. v., a mo.)\. IUHllH 

no-load. atlini llaIlCf.;! h. \'. a.nd a mj rd mum shol'l-circu i. L adm i L L:tnce 1. \ .. 

f, = 
2T(j L ([ 1+C3) 

!II 

Iii) 

AL !JLi.s fn~quene'y lhE-:-re are mlnimwil no-load adilli. Llanc:es h. v. as h·._~j j .'JS 

i • \' . 

1 
r. = 

2n./ (~1 +11' LK2 j (C ,+e.) 
( 15) 

A. mjnimuIH shof'l:.-circuil admiLtance h.\/., a maximLHlI no-load admitL:l.IlCf:' J '\"! 

and il maXlffiUIn Lransfer l.v. to h.\'. 

1 ( I (j ) 
f. '" 

Here is a minimum transfeJ' h.v. Lo l.v. as well as 1.\', lo b.\!. ~llefl the 

Lurns-ral i 0 becomes negal L ve, a,-l wa~ in case of the measured transfonnet', 

I h in resonance d.l~:H:lrl!>ears. 

1 

( 171 

)
1ti\ C,C. 

2n (--;;z + L1{2' fez + C
1

+C
3 

~'1ird_fIllUU no-load acim.iltance h.v. and l.v. 

Thi:.:-; model l"lll {Jt:' t:hecked using the fIIea~UrelIlent~ on lhe cerlLeI' leg. Her'{:;' ~ Ilt:"! 

f, = 64 hH~ ~ 400 H7. 

1', = 700 Hz ~ 300 Hz 

r. = 10 hHz ~ 2 kHz 

f. = 6H hH"", kHz 

Bel'aUS(:! 1'1 ,uld J'~ aJlllo~L ('OJIlciue Lhe rH>-luoo l::u.im.i.LLanct:' it,\,. dues [luI SilUW a 

IJ1'UIl0U11Ced maxjmulIl aL 1'1 Il()!' a mlIlilUlUH at 1'5' 
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Resonances on high-voltage side can'L be situated accurately because of part­

winding resonances. BuL the capacitances can be deLennined directly from Lhe 

high-frequency behaviour. The no-load capacitance on Lhe high-voltage side is 

g.lven by 

(18 ) 

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

-1 

CSP = [jill ~:Iv~=~] = C. + C. 

, , 

Figure 74: No-load h.v. 

(19) 

Measurements give the following results. 

CNP = 770 ± 20 pF 

CSP = 850 ± 20 pF 

From these values and the values of f. 

and f. together wi th the measured val ue 

of the short-circuit inductance approxi­

maLions for the capacitances in figure 73 

can be made. 

C,+C. = 850 ± 20 pF 

C.+C. = 1950 ± 20 pF 

C. = 400 ± 100 pF 

C. = 450 ± 100 pF 

C. = 1550 ± 100 pF 

The uncerLanties ,.re 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-circuit h.v. 
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Figure 76: No-load 1. v. 
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One of the maill problerru:; ill modelling i.he 

Lran~fonner is the value of Lhe res.is-­

tors. In this ease lwo sets of values are 

used. In the frequency region up to 25 

kHz the values vali d for 10 kHz are 

applied. 

~1 = 600 Q , ~2 = 10 Q 

They are determined from the short-l~ i r­

cuit admi.ttance on low-volt.age side. Aho­

V" 25 kHz the values valid for 60 kHz aroe 

used 

Rxl = 6000 Q Rx2 = 100 Q 

They are also determined from the short­

CiI"Cuit admi1.tance on low-voltage side. 

(figure 41) under the assLUnption thaL the 

resistance is equally distributed over 

Lhe h.v. and the l.v. windings. 

Other values used in the one-phase mOfiel. 

were 

~1 = 100 mH 

11;:2 = 1.6 mH 

(The measured leah.age inductance of 200 

nIH on h 0 v. side is supposed to be equally 

distributed over both windings.) 

n = -7.9 

L = 30 H 
m 

(This valu.e has been measure<l with low-

vol tage st.a:tionaiI'Y frequencies uf a fe\..,' 

hundreds of Hz.) 

R = 500 kO 
m 

(DeLermined from the value of the fin,t 

minimum of the no-load h. v. ) 

C, = 450 pF 

C. = 1550 pF 

C. = 400 pF 
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Figure 77: Short-circuit l.v. 
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'" 

By using Lhis model admi UA::lIlCeS and. 

voltage t.ransfers were derived and 

compared ,""lLh lhe meaBuremenlH on lhe 

center leg !:)howrl in chapter 3. The 

re~ml t!:i are given in lhe figures 74 

through 79. The dolled curves are model 

results, The solid curves are measur"e­

ments . 

The jwnp in ,;orne of the dotted curves at 

25 kHz is caused by the lransi Lion be­

tween both models. 

Great simular i Ly CI:::\lJ he seen between 180-

d,·!. and measurements. The fasL repetl Lion 

of ndnima and maxima cannot be explained 

by this simple model, but lhe lIlore gene­

ral properties can. At 10 kHz the model 

damping seems to agree with measurements, 

but at 60 kHz the mode] damping is Loa 

]owat the high-vol Lage side. A more Dom­

pl",x model is needed to explain all lhe 

characterislics. In chapter 4.3 sOllie sug­

geHtions aloe given. 

, 
" " , , , , , , 

---

50 

~--- -------

(kHz) lee 

Figure 79: Transfer Lv, to h,v. 
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4.2 Three-phase model. 

l!: In Lhil::i uhapLer a simplt! 

", t 

, 
.,._._.------->----, , 

, 
.3: 
I 

2 
----~-! ~- - ------~--- -----, 

B2 , 

~ , 
, , 

H21 , Ij) 11 T' 'f ' T ;' i 
, , 

Lransfonnel' model has 

been u,;ed tu explaine 

Lhe difference beboi'een 

Lhe (~enLer le~ and Lhe 

outside legs in LllP rrf~-

'Ll 
I' , , L2 , ' L , 

queney-rartg'e up lO 

kHz. Figure 80 gin,s the 

nU:tguetic part. of lbt~ 

LraIlsformer. 

,10 

'-- _.-- --- - ---

, ' , , , , 
,-----------.------

p'igure 80: Simple t,hree-phase transformer toodel 

Us i ng arnperes lat..' fU1' paLh 1 and paLlI 2 gives 

H. Il. + 21.} H.l. = NH[Hl + NLILl l'H1H2 
11.1. - H.Il, + 21.} = NH]H2 + NLI L2 IIIH1H3 

Where 

NLIL2 
Nl,IL3 

'ill is the munber of turns for the high-voltage winding; 

N. is the number of tUITIS for the low-voltage winding. 
L 

The voltage across the windings is determined by flux variations 

VHl = juNH (>, 

'H2 = juNH •• 
VH3 = juNH (>. 

VLl = juNL 
., 

V
L2 = juN

L •• 
V

L3 = juN
L •• 

Flux conservation (Gauss' law) gives 

., + •• + •• = 0 

The I-ipproximaLiuns ma.de uptill now are: 

! 1 a) 
( 191 

13 ) 

,( 4) 

(5) 

(6) 

(7) 

(8 ) 

i9) 

no leakage flux, so all flux generat.ed by the windir~~ remains in the 

magnetic material; 

- in one leg there's only une flux, su flux varlaLlow:> in one parL of Lhe leg 

follow flux variation,; in anolher parl inuuedialely. 
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Leakage flu:" can be incorporated quite easy, but the number of equation" in 

that case makes an easy analytic interpr'etation very difficult. For higher 

frequencies leakage fluxes can't be neglected compared to iron-fluxes because 

of eddy currents limiting the latter. 

Supposing Lhere's just one relative permeability H for the whole iron-core 
"I' 

gives the following relations between flux and magnetic fieldstrength. 

1>, = A PoP 
l' 

1>, = A PoP r -. = A Po'" l' 
In t.his case 

H, 

H, 

H. 

hysteresis effects and flux-dependence 

( 10) 

( 11) 

(12) 

of H are neglected, All 
"1' 

non-linear effects must be described by the equations (10) through (lZ) 

Combining (1) through (12) give" a sel of equations for winding voltage and 

winding current. Hereby Xo = POf'rNIi' 

Vill (1, +21.1 - VH21, = j...xo ( NHIHI + NL ILl - NHIH2 - Nr}L2) 

IiHZl, - VH3 (l,+21.) = j .... 'o( N
H

I H2 + NLI L2 - NHI H3 - NLI L3 ) 

VH1 t VH2 + VH::J :; 0 

NHVL1 = NLVH1 
NHVL2 :; NL VH2 
NHVL3 = NL VH3 

(131 

( 14) 

( 151 

( 161 

(171 

( 181 

These equations describe the behaviour of a three-phase transformer. Other 

net worl< >elements, 1 d"" capacitances, can be added to this model. 

(;onnf~cling a. capacitor C parallel to the high-voltAge winding, while leaving 

th" low-voH,age winding in no-load, gives the following equations for transfer 

from leg 1 to leg 2 and leg 3. 

V
HZ 

1,+21. - w'CXoNH 
= (19 ) 

\11 21,+21, - Z ... ·CXoN
H 

V
H3 

I, - ... ·GXoN
H = (201 

VH1 21,+21. - ZwaCXoNH 

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

b,v: 

1.,+21.- w'CXoNH ] 

21,+Zl.-Z ... ·C"'oN
H 

(21 ) 
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Figure 81: 3-phase network I1J(xJel 
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The model used in this chapler' can iJe 

translated to the network-model "hown 

in figure 81. Only high-voltage hin­

dings are shown, the short-cireui t 

impedance RK + jwL
K

, the magne Liza L.i on 

I'esistJanct~ Rand Lh(--' capaci.tance or 
III 

Lhe h igh-vol tagl~ win<..li[~ i [l no-load C 

havp. bet!rt added 

figure 80. 

Lml anu L m2 are 

ear lier lIIodel as 

L 2 = m 

l'ol'rNH "A 

1,+21 z 

" uN 'A r-or-r H 
i. 

to l.l", III<xiel of 

["e la led Lv Lbe 

The next quanLitieo have been u:::;ed in 

lhe network model. 

LK = 200 IIlH 

~ = 50 Q 

(Indue Lance and resistance dt-~LerIllined 

from short-circuit l.v.S at abuut. 1000 

Hz. ) 

C = 770 pF 

( ca~l lance measured in no-load on 11. v. 

side for high frequencieH. I 

L 
III 1 = 50 H 

Lm2 = 140 H 

(Values delel1llined 1'1'0111 low-vo llage 

mea:::iurements of nu-luad induction fur Lhe 

three legs on h.v. side al sLaLioll",iry 

f ['equenc i es ) 

R = 1.5 No 
m 

([Jeter-mined by trial-elIlu-error lo 

r"produce the double peak in figure 83.) 

This gives the results shown in figures 

82 through 84. 
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Figure 82 shows the transfer from the hlgh-volLage ;;ide of an uuL;;ide leg to 

Lhe high-voltage side of the eenLer leg (dotLed curve) and Lo the othe,' uul­

side leg (solid curve). They musL be compared with the mea:::;ureflrenL~ as .shown 

in figure 63 in chapLer :1. The no-load impedaIlce~ have l.Jeoen given .in figures 

83 (uutside leg) and 84 (center leg). Lhey must be cumpa['ed to figure 19 and 

,,0 uf chapter 3 respectively, 

lL is shown here thaL the characte[,istics of impedance and transfer ",an be 

""p['Qduced fairly well, 
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4. 3 Cunelusion~ and future \.Jurk. 

in chapter 4.1 a single-phase mudel lH appllt.."<.i to expJain the Or::!havlour of 

hig;h- and 1 ow-voltagf:! wiIluirtgs on tJJf-' cerlLer' leg. It i_~ pU!;isible Lo repr'<..xluce 

Lhp iargp scale behav.iDur from the low-frequt~rlc,Y pan.llut:~Ler~ (nu-lo1:id iLnd 

~ ... JI()[·l-ciI'cuit impedance and. turns-raLlo) and three capa.citanc:es. The c(:tpa.cL­

(,mee of the high-volt:.age winding to earth can be deLernd.ned from Lhe high­

frequency behaviour of no-load and !-5hort-ciruulL impedance, whieIt ix allllusL 

pure capacitive. The capaultance of Lhe low-voltage \-'inding to earLh has OePIl 

determined from the resonant frequenc.y of short-ci rcuil induetaClce and capaci­

tarK'''. On high-voltage side these frequencies are hidden by part-windi.l,g 1"('''0-

nances. The capaci Lance between high-voltage windirtg; ,::lTl<l low-voltage Wirl{lj ng 

has be(:!n determined from the differences ill no-loau and shurL-circuiL c'apo{'j-

tam ~e. 

The major prublem is lhe choice uf Lhe re::;isLances. The resistance represen­

t ing Lhe copper losses varies from a few ocun aL 50 H~ to Lens of kn aL 100 kH:L. 

{'lxansfonnen Lo low-voltage aide}. By using a st.epwise variation of the resis­

tance at 25 kHz a fairly goud representatiun is possible. Some abberaLion~ are 

seen on high-voltage side near 65 kHz. 

Frpquency depenuence of no-load inductance and of the re::;islance responsi ble 

for' t.he iron losses have noL been taken into account. Becau!:::ie all effect!:::i of 

t.hese laller two are at lo\.,' frequencies (below a few hHz) this frequene.y 

dependence is probably nc,t :very important for the mooe] given here. 

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

si.mp.le model used. 

In chapter 4.2 a three-phase model has been used to explain Lhe low-frequency 

behaviour of no-load admiLLances or high-voltage windir,gs and Ute Lransfer' 

beLween the windings of different legs. (up to 2 kH,,;). No-load and short-ci.r­

C'ui t. inductance (measured at 50 Hz) Fere applied, 'together with the "lolal ca­

paci tance" of -the high-voltage winding to earth in no-load. The transfer from 

an ouLside leg to Lhp other legs can be reproduced, as well as both no-.1oad 

admiLtances. Problems arise in explaining the transfer frum the center leg Lo 

th" out.side legs. According to the model the transfer is independent of fre­

quency, but according to measurement.s there's a mimimal transfer to both ouL­

slde legs at 750 Hz (the resonant frequency of the outside legs). This is pro­

bab] y caused by fllLxes through air when the outside legs are in resonance. In 

lhE~ model used Lhese fluxes are neglected. 
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To reproduce all measurements a more sophisticated model iB needed, including 

both model,; us .. >d here. Each wimling must be divided in segments to represent 

part winding resonances. Also air fluxes should be included in the mudel. The 

induct,ance of each segment consists of an iron parl and a leakage parL. Becau­

St:' every segment carries the same flux, lhe voltages acaross all iron part::; 

are equal. For the transfer to windings on other legs the frequency dependence 

of the iron inductance is probably very important. At the moment. nu measure­

menLs are carried out for the iron inductances as a fUIlction of frequency uver 

a large frequency ran,gp, 

Tht-! leakage impedance as a fUIlction of frequency can be derived [rom Lhe 

,;horl.-ciI'cuit impedance of the low-voltage winding. The inductance is frequen­

cy independent, buL the resistance is nol at all. This frequency dependenc....:e 

should be included in a future model. 

NOl'e future measurements are needed on non-linear effects because of thp flux­

dependence of iron characteristics. Non-lineair effects have been already de­

Lermined at no-load impedance of the outside leg. No non-linear effect", are 

round at the no-load impedance of the center leg, but use of higher voltages 

wi II surely show them. Al so non-linear effects are expected in the transfer 

between windings on different legs. 

L(;~st buL not l.east more Lransformers ':\re needed to see if the simple models 

p['f~seTi ted in thi:::; work hold for all lransfonners. 
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5. COflulusions. 

In th\':' pr'eceedlII,g chaplet's a number- of frequency specLrct ur cu1tlliLLa[Jce~ and 

V() 1 Lage transfel's measured on a powel' l.rcuIHformer have Ueen g.L veil. i.hf-~:) are 

dP'I'1 Ve<.l by Four'ier lxans[urrn of the input voltage ant.! Lhe iopuL GUI'reni< cHid 

ou Lpu-t vol Lage respec:tj vel,'. By comparIson between the~e J'e:::;ul L~ ;-uld l'e~ul Ls 

obLalned \<lilh Ii sweep generator the method has rJeen ShU,,","'ll Lo be reLiable. Phe­

flOJJl<~na between 1 kHz and some hundr-eds uf kH:;; caIl i:Je repnxiuct..·,d in III()~ L case!:::>. 

Problems arise when using lhic method for phenomena beluw 1. kH~. The 2h wordB 

sLor~age buffer of the digi tlzer does not g'ive enuugJI frequency resoluLiuH \ 0 

repnxiuce these phenomena. With the uhasen sample frequency a large!' ~Lorage 

buffer { 10 - ZOk HOruS) will be needed lo reproduue the lOh· frequency phenu­

mena with the pulse method. In this h'ol'k measurements with a Sheep genera.,!)!" 

and h'i 1.h stat.ionalr,Y frequencies havt" been used to shuh/" the low frequenc;y phe-

nOl!lI·na. 

Problems also arise in frequency ranges where one of iJle two sigflals has a Jow 

energ .... · content. A high noise level occurs in these frequency ranges. Thi:> is 

mas:, cdearly visible wit.h the transfer from a low-voltag\ .. :> side tu lhe hjgh­

\'01 t.CJg:{·~ side on anuLtler ieg, giving a high .low-frequency t.ransfet' and a 10\ ... · 

high-frequem:y Lransfer-. The h.igll noise level apfJears at.)()ve ;")0 kHz (see ['Uf' 

e;'~llillple rigur'e 46). A higher' biL L't'soluLion (12 or 14 biL .in :::;Lea.d or lO oiL; 

is needed Lu show the high-frequency Lransfer in ihis ,.;ase. 

ThE' mt-:'H.SUI"f-'!ments of single-phase phenomena like input admiLL.ances and tran~fer 

1.0 the other siue or the same leg ~ho,,~ a large sea) e bellov iour' eXIJlailled iJ,v a 

simple mode]. This model consists of Lhe low-freqw.:::-nc,\l IX:l.rameters ( no-locu.l 

and short-uircul.L impedance aL 50 Hz, and the turns raliu) logether wilh ilieee 

caFaciLances. The c:apacitances on high-voltage side are derived from (he high­

fr~quency behaviour, the capaci tances on low-vol t:.age s ide are der i vee! froill 

resonant frequp-ncjes. The same mode.l is used by Glanin.g"eri1983) "Lu gel expres­

siems for" t,he no-load impedance as a function of frequency. Nodels for traus­

runners with mOrf~ windings using unl,\' capac:i tance and inductance for a cOffiple­

I." wind ing ha\'e been used by Dp.geneH el. ,,1. ( 1982 i and Adielson et. a1. ( 1981 ) • 

The~r compare measured impeda.JIGes and Lransfers WiUl model results. BoLh shmv 

!!()\)d agreement flH' U}(~ largp scale behaviour up to some Lens uf kH~. 
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SUJ)f~I'impoRed on thj s J arge scale behav Lour Hre ma ... xima anu ml.nima 

callSL~ by parL winding resonances of the leClkage fllLx. The maxiulCl in Lhe i.npuL 

adml loLance are the saJile in no-load cmd in shorL-circuil siLuaLion. The fre­

quencies on Im,;-vol Lage side are sligh Lly lower lhan Lhuse on high-vol Lage 

SJdl-~. The outside legs show extra resonances compared to the center leg. The 

frequencies visible .i n Lhe input admittance return in the transfer to the 

other Hide as well as in the transfer to other legs. The measuremenLs of 

Adjelson et. al. (1981) also ShOH minima and maXiIIk'1 superimposed on a large 

scale behaviour explained by their model. The frequencies in the impedance 

J'(~tUl'n .in the Lransfer to the same leg. Transfers t.o olher legs have nol Ut.-;-en 

shown', 

From Lhe shorl-circlill admittance on lO\,J-voltage side, inductance anu l'P!-:)is­

Lance can be deri ved. The inductance . (leakage inductance) has been shown to be 

frequenr;v inciependenL up t.o 100 kH~. The resl.sLH.I1.ct:~ {copper loss} shu~vs a 

sLeady increase with increasing frequeney. 

By divi.ding the Lnmsfer La the high-voltage side by Lhe Lransfer Lo the 1,,,,­

\01 Lag" s; de (both on Lhe same leg) the flux linkage be LweE'n high-voltage siue 

and l()\.,r-volLage side hc.ls been made visiule. Up lo 30 kH~ buUl windings enclose 

tJH~ sanlf~ flu':. For higher frequencies flu'';: linkage IS no longer lJ['esenl. The 

i ['On flux :seem..~ to dominate over the leakage flux up to 30 kHz. 

The transfer from one leg to a'lother' can be divided into four groups. The 

I.ransfer from high-va] tage to high-voltage side show:; a low-frequency value of 

(1. c V/V followed by a slow but steady decrease. The high-frequency value ka­

pa"itive transfer·) of about 0.1 VIV is reached above 100 kHz. The lrHllbfer 

i"r:om high-vo] Lap,e to }oh'-voltage side ~hO\.,rs a Imv-frequency value of O.Oi) VI\" 

fo 1] m.,r('f.l by a slow deurease up to a miniJm.un arOlilld 45 .kHz. ArOtUlU 65 kHz lhere' 

is a br'uad ma.ximurn. :\.ft.er that the transfer decreases to reach Lhe high-fr'e­

quem~.v value of aboul 0.01 V/V aruund l50 kHz. The l['an~rer from lOI ... -I.'ulLage 

L() high-vol Lage side starls wiLh a Jow-frequenc;v value of 4- V/V followed. by a 

I1IH.:--.:.i..mum arou.nd 10 hHz. Fc)[' hlgher fr<equerl<...::ies iL shows a fasL decrease up Lo 

;;0 I{H~. where the behaviuur is losL if] Lhe nulse. The lransfer from lU\.o;-vol­

Lage 'Lo JlM-voltage s.iup ShOWH a lOlv-frequency value of 0.5 V/V, a maximum 

an \\l1ld 10 kB:;:;, a. min.Lmum around 45 kH~_ and a ma."ximLU11 arolUld 65 kH~. All Lre.ns­

!'I.·r'~ show llICL,{l.lIla aIlC] minima superimposed 011 Lhis laJ'ge sea i.e behaviour. 
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Th~ di l ference be Lween the GenLer leg and the au Lside legs in Lhe i'requt:!Jlr..:,\ 

range up to 1 kHz. has been e:,q)lained by a. Lhree-phase model eOIlS t,:.-i L.illg 1lJ;-.linl,\ 

of flu': paths 1n the core of the transformer. The leH..h.age impt:~dance an.d dIP. 

capac'if,(:ulf'e of the high-vollagt-" Hindin,~ 1.0 earUI have t,,1.:'f-'f1 wlLip-d 10 the Illoch· ..... l. 

Tlu-! Ilo-·ioad admit LanCf~~ and Lhe lransfer Lo Lhe other legs have beell n-'IH"Jl"lu­

(:(.,i l)~ this rnodpJ. 

t~()n-jjnec:tr effects <ire shu~ ... n in the no-l.oad adJIliLlCI.Ilf.;e~ un high-vu.lLage side 

and an- suspecLed in Lhe no-J 000 ctdnd. U.ance on lotv-\,ol LH.5.I'~ side and the l t',t! I~;­

fer [rom one .leg- tu ;~(Jother·. These rI(Jrl-J.i.near efCe<-:l:i al'e J Iml ted to lIu.i.uad 

s.i l.uaU,ons and to Lhp fr~quen{"w cange beJo,",,! 1 Ii.Hz. They Call be impOl"LHlll i'(,r' 

modelling purposes but. havt' no effecL on Ll'ansfunnef' testing Hit.h lbe (Julse 

response met.hod. 
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Appendix A. Transfonner data. 

!"]aoufacturer: ;-:;mit transformers B.V. ~ijmegen, NeLherltl.nd~. 

Type: 25 ~IVA, ISO/II hV, Yd 5 

Core: type Three leg core 

Hindow height 2250 mm 

window widt.h 570 mm 

I P!6 diamet.er ns nID, 

.leg crossec t. ion 3350 l!ot 2 

I ,oh'-vol tage winding number of turns 109 

height 1806 nun 

inside diameter 'i85 mm 

ouLside diameter 863 mm 

High-voltage winding; number of turns 860 

height. 1780 mm 

inside d lame Lee ]055 Iiml 

uuLsidt-~ <i"i woe LtT 1188 nun 

tUl par-thed screen i 5 C'onsLrucl.!~ around the low-vnlLag~-.:! \~'ilJdiflg aL a cJjameLer 

(If liB;" lruH. IL consisLs of a.lurrdm.un strips 0.03 IIUIl thick and 120 flYIi hiLde, 

('Of !nei' t,pd on one side. 

Shorl.-circuit impedance on high-voltage side {calculated for 50 Hzl 

x = 00.8 n (19~ mHI 

R = 2.74 n 
t. = S.77 % 

"No-load impedance Of! low-vol Lage sidt, (50 Hz) 

v 
eff = 10 1,V IZI = 470 n L = 1500 mH 

V 
eff = 11 kV IZI = 280 Q L = 900 mH 

V 
eff = 12 kV IZI = 170 n L = 540 IIlH 
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Appendix B: Phase lu-phase measuremen Ls . 

'['tH-! fig:ut't-!s 13-1 t.hrough Sh givf-! the abHoluLt:! vaJue {)f' Lhe Lr."aIlsi'ers ['rum (JIII-' 

ieg Lu anuLhe!", The Lransfe['s frum one wind.Lng Lo the ,.,rinllings Ull anuLht'r le.1.? 

al'p Lfl the scune figure. The solid line is the transfer Lo Lhe high-voltage 

y"rifld.in!:~, the dolled .l.ine Lhe transfer Lo the low-volLag:e winding. 

Figure Bl gives the Lran,.fer h.v.S to h.,.R (,;olid line) 

and the transfer h.v.S to l.v.R (doLLed line). 

Figure B2 gives the l.ransrt::'[" h.\'.R Lu h.\.S (,sulid linel 

and Lhp t nUlsl"~r' h.v.H Lo I,\.S (dol Lpd lirlt:~). 

Fib'Ure B3 cOves Lhe Lransfer h.v.R Lo h.v.T (suLid Liue) 

and the Lransfer h.\'.R Lu 1.\.T (duLL,od lUle). 

Figure B4 !lives Lhe transfer 1.v.S tu h.I·.T (sulid liue) 

and the transfer l.Y.S Lo 1.\'.T (dutted li.ner. 

Figure B5,o:lves Lhe transfer l.v.R Lo h.v.S (solid line) 

and lhe t.ransf,~r 1.v.R to 1.v.S (dotted line). 

Figure B6)( i """ thE' transfer 1. v. T 1.0 h. v. R (sulid lin,,) 

and th" Lr'ansfer 1.v.1< Lo 1.v.1' (do(.ted Une). 
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Appendix C; SingJ.e [.)hase measuremenLs. 

'fhe figures C1 through C1) give the resulls 01' the meaSUl'ellJerlls carlee-c'nic!);?, ,lIlly 

one sin~Jf-' phase. Thf' solid lines are for Lhp ceuLel' Jeg, lhe uuLted lirlt~:-; j'(/I' 

rtn outs ide leg. 

FlgUl"e Cl gives the no-load h.v.S and Lhe nu-load h .•. T. 

Fi.gur f :> C2 ~l\'es the short-circuil h.v.S and Lhe shol'L-circuiL h.v.T. 

F.LgUr'l~ C3 glV(:,~ Lhe no-load] .v.s and Lhe no-load 1.v.T. 

F igLl1'e <.:4 gives the shorL-c- i ('cui t l. v. S. 

Figun~ ('5 gives Lhe Lr'arl1;::>fer h.v.S Lo 1.\'.S ami the Lransfer h.v.T Lu 1. .... T. 

Flgure C6 gives the LraIlsi'er l.v.S to h.v.S and the Lransfer 1.v.T Lo fl.\ .T. 
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