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Abstract - A practical calculation method is developed
to calculate the possible voltage oscillation in
transformer subjected to very fast transient
overvoltages (VFTOs) generated by operating a
disconnector in gas insulated switchgear (GIS). It is
based on the multiconductor transmission-line (MTL)
theory for a shell-form transformer. In the frequency
domain analysis, the high frequency characteristics of
a transformer are calculated using the distributed
constants obtained from the winding geometry.

The calculated frequency characteristic of interturn
voltage agrees with the experimental up to several
megahertz. The interturn voltage waveforms for a
given VFTO pulse are calculated using FFT. The
time-domain results are found to be particularly in
good agreement with the experimental . The feature of
this method is that the high frequency response of
transformer can be calculated directly from the
winding geometry, so that the effects of VFTO on
transfor mers should be assessed during designing.
Keywords: Very fast transient overvoltage, Transformer,
Multiconductor transmission line, Transient Analysis,
Modelling.

[. INTRODUCTION

Very fast transient overvoltages (VFTOs) generated
by operating a disconnector in gas insulated switchgear
(GIS) could cause a voltage oscillation inside the trans-
former connected. The situation is severer in the system
that the main transformer is directly connected to GIS
since the high frequency surges travel more easily along
the coaxial gas insulated bus. Particularly, it is important
to assess the interturn induced voltage level since it is the
most vulnerable point in this situation.

Lumped circuit models have been used to analyse the
transformer transients associated with the lightning or
switching surges [1-4]. For the analysis involving the
VFTO of much higher frequencies, the nulticonductor
transmission-line (MTL) theory is applied [5]. The
method is the turn-to turn modelling which requires a
large computation capacity. To avoid this, the authors
have proposed a hybrid method combining the single
transmission-line analysis of whole winding and the MTL
analysis of the highest-voltage section [6].

The main purpose of present paper is to provide a
practical MTL method to calculate the high frequency
characteristics of shell-form transformers developing a
method to reduce the number of unknowns by combining
multiple turns under common parameters. The interturn
voltage is calculated and compared with the experimental
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results obtained in the actual transformers both in fre-
quency and time domains. The effects of VFTO on the
transformerin actual systems are briefly discussed.

II. MTL MODEL

A. Assumptions

Fig. 1 shows the shell-form transformer in which HV
winding is composed of coils and two static plates (SPs)
indicated as SP,, SP.. It is assumed that the electromag-
netic waves propagate aong conductors inside the core
window just as in a waveguide. Regarding the fields in
the vicinity of N+2 conductors fotal turns N plus two
SPs) to be transverse electromagnetic (TEM), the fol-
lowing relation is obtained for the distributed capacitance
and inductance matrices [C], [L] of N+2 dimensions[7].

[L]1=[C] */vs? (1)
Where, vs is the electromagnetic velocity:

v, =1/.Je.e;m (2)

Here, & is the dielectric constant of insulation.

B. Application of MTL theory

The model shown in Fig. 2 is derived considering the
transformer subjected to a VFTO. Here, the sinusoidal
voltage E, of frequency w represents the VFTO. The
thick parallel lines are the inter-linked transmission lines
of average turn length a, and the dashed lines are ficti-
tious zero-length leads. The current and voltage of lines
are denoted by the vectors (1 (™(x)) and V(™ (x)), with
m=1 or 2 indicating region (1) or (2). Although the core
rejects high frequency magnetic fluxes but still some flux
may form a common flux there. The common flux in-
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Fig. 1. Shell-form transformer winding.
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Fig. 2 MTL model of shell-form transformer.

duces the voltage DE at the mid point of each turn where
SPs have a break.
Thefollowing M TL equation holds[7].

{ %((l ™(x))=- jw [C] (V™ (X))
I

ISV m00)=- w L (1 7(3)

Using (1) in (3) leads to the wave equation:

(3)

d—i(l M(x) =G (11 (x)) (4)
dx

Here, G(=jw/Vy) is the propagation constant. The general
solution of (4) or (3) iswritten as

L (1™ (9)= (A™) exp(- G+ (B™)exp(G) (5
TV () =V LK(A™ exp(- G9- (B™) exp(Gx)}

The vectors A (™) and (B{™) are unknown constants
representing the surge currents. The dissipation can be
incorporated if the following Gis used [6]:

_Jw, wtand 1 | w_ (6)
A 2vg ved Y2sm

This is derived assumng a constant insulation loss tan-
gent of tand and a proximity effect in the conductors of
conductivity s separated by turn insulation d.

To the 4(N+2) unknowns, (A‘™) and (B™), the
same number of linear equations can be constructed by
considering the connecting conditions in Fig. 2. In the
equations, DE can be evaluated by

DE @ jwL, 3 102 (7)
i=1 2
where, L. isthe inductance of the common flux.

G

C. Reduction of MTL equation

It is possible to eliminate 8 unknowns in (5): A,™,
Bo™, A™, B{™ (m=1, 2) — the surge components in all
sections of SPs. The result can be written as:

L (1™ () = (A™) exp(- Gx)+ (B ) exp(GX)
1V () = VLI (A™) e (- G- (B™)exp(@x)} &)
{ +Eo(k,) - VIMI{g“ (A™)- g (B™)}

Where,
g=exp (- Ga) (9)

In (8), the dimension of matrices and vectors is reduced
from original N +2 to N. The last two termsin the second
relation of (8) express the electrostatic and
electromagnetic inductions from SPs. The vector (k,) and
matrix [M] can be defined fromthe original inductance
matrix of N+2 dimensions [8]. The vector (k,) is so-called
initial voltage distribution or capacitive voltage
distfibatoonnecting conditions at x=a/2 in (8) can be ex-
pressed in the form:

1 (10(a/2) = (1¥(a/2)
L V@ (@/2) = (VP (al2))+DE (1)

Where, (1) means the vector of all the elements being
unity. The first equation can be satisfied if the following
equation isintroduced with an arbitrary vector (DA):

1(A?) =(AD) - (DA)
i (B@)=(BY)+g(DA)

(10)

(11)

This means that the forward and backward travelling
waves are modified or scattered by (DA) at the mid-turn.
The second relation of (11) demands the following con-
dition:

w{iL - MDER= v, sinn 2w 1{(A%) + g’l(B<”)}+2DT'f‘,2(1)

(12)
Here, the approximation cosh(Ga/2) @1 is used:

Taking A®, BY and DA as new unknowns, the
number of unknownsis reduced to 3N. A set of 3N linear
equations can be constructed considering both (12) and
the connection equations:

Vi (0) =B, Vi (a)=E,

! (13)
112(a) =15(0), V,?(a) =V, (0) G OIN- 1C

D. Combining turnsfor further reduction

Preliminary numerical calculation has shown that
AW, B® change with i, but DA scarcely changes except
at the coil-ends [8]. It is suggested to set a division com-
prised of mu ltiple turns in the inner coil region as shown
in Fig. 3. Here, the combined turns are drawn as if they
are of a single transmission line, in which the same scat-
tering parameter DA is assumed. The following relations
should hold among the components of i—1 andi-th turns:
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Fig. 3. Travelling waves in a multiple-turn division.



[AY =A%, BY=g'Bf
1A® = A - DA, B® =Bl g" +gDA
The first two are from the continuity of surge compo-

nents, and the last two from (11). From (14), the follow-
ing iterative relations are derived.

(14)

A =gA%- gDA, BY =g'BY+DA (15)
Leti, thefirst turn of divisionk, then these give:

‘I i _ itig*l

{AY =g A - —DA,

I -9 (16)

TBY =it g +3-9
1 i g k 1- g,l DAk

Here, AY, Bél) are renamed as Ay, By.
0

-i+ig

If HV winding is divided into Ny divisions, the num-
ber of unknownsis 3Ng. Choosing adequately small Ng,
the number of unknowns can be reduced substantially.

I11. PRELIMINARY CALCULATION

A. Transformers analysed

The two transformer windings in Table 1 are ana-
lysed. Oneis a 2-coil model constructed for experimental
purposes using the plastic-film insulated coils exdracted
from agasinsulated transformer. The other is a complete
set of HV winding of a 500 kV autotransformer with
oil/paper insulation.

For the 2-coil model of N =84, turn-to-turn calcula-
tion is possible i.e. without multiple-turn divisions.
However, for 500 kV transformer of N =363, it is diffi-
cult to obtain the solution without reducing the number of
unknowns by setting multiple-turn divisions in the a-
thors’ computer environment.

B. Constants of Transformers

The inductance [L] necessary for the present analysis
is calculated from the winding geometry in the following
steps. Firstly, [C] is calculated by the 2dimensional
charge simulation. In the calculation, ground surfaces are
assumed at some distance from the winding as shown in
Fig. 4 (the case of 2coil transformer). Then, L] is ob-
tained using (1). Since core was not used in the experi-
ment to secure the necessary measuring space, some dis-
tances are correspondingly taken between the winding
and the grounded plane in calculating [L].

Fig. 5 shows selected line elements in [L] of the
2-coil model. The common inductance L. is set zero

Table 1. Transformers analysed.

500 kV

constants 2-coilmodel

autotransformer

o number of coils 2 10
\(Ijvilr:(jel:s?ons total no. of turns, N 84 363
av. turn length, a[m] 4.77 7.6

) ) intertum thickness, d[mm] 15 1.6-3.0
insulation dielectric constant, & 1.6 2.9
dissipation factor, tand 0.05 0.05

conductor conductivity, S [S/m] 5 «~10’ 5 «~10’
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Fig. 4. Configuration of 2-coil model.
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Fig. 5. Inductance L;; calculated for 2-coil model.

considering the experimental condition of without core.

C. Validation of calculation

The surge components A¢ and By can be numerically
determined solving the 3Ng-dimension linear equation if
the frequency of input voltage E, is given (the amplitude
is set as E,=1 in calculation). Then, current or voltage at
any point isto be calculated for the continuous sinusoidal
input voltage.

Effects of number of divisions are examined in the
case of 2-coil model transformer. Fig. 6 shows the cur-
rent and voltage distributions at 1.5 MHz calculated in
two kinds of division conditions: 84 divisions
(turn-to-turn case) and the case of 40 divisions (2 or 3
turns are combined except at coil end). Their good cor-
respondence indicates the gplicability of the present
method.

The spatial distribution of current of Fig. 6a shows a
fluctuation as typically seen in the waves propagating in
atransmission line. This may be seen as a standing wave
phenomenon. A similar fluctuation is seen in the voltage
distributions of Fig. 6b. It should be noted that only the
absolute values are shown in those results.

The two broken linesin Fig. 6b are the initial voltage
distribution defined by (ko) which is expected at an ex-
tremely high frequency, and the linear distribution e-
pected at a very low frequency. It is justifiable that the
calculated distribution for 1.5 MHz is situated between
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Fig. 6. Current and voltage distributions
in 2-coil model at 1.5 MHz

those two curves of extreme frequencies, with some
fluctuations due to the standing wave phenomenon.

IV. COMPARISON WITH EXPERIMENT

A. Frequency characteristics

Theinterturn voltage induced by VFTO is of the main
concern in the present analysis. Particularly, its frequency
characteristic is important since VFTO may have a vari-
ety of high frequency components [9]. The frequency
characteristic of interturn voltage can be obtained in the
present analysis by calculating

av, =V, -V,

Figs. 7 and 8 are the frequency characteristics of the first
interturn voltage dV; for the two transformers.

In the case of 2-coil model (Fig. 7), curves al and a2
are calculated by the present MTL method with 84 and
40 divisions, respectively. Curve b is calculated using the
turn-to-turn lumped circuit model based on the induc-
tance and capacitance matrices corresponding to those
used in the MTL model. The experimental curve c is ob-
tained observing the interturn voltage through an optoe-
lectronic isolation technique applying a continuous sinu-
soidal voltage of varous frequency [10, 11].

All the characteristicsin Fig. 7 have a series of peaks
due to internal resonances. Among the calculated results,
the resonance peaks by MTL are higher than those by the
lumped circuit result demonstrating the feature of trans-
mission line modelling. Although the calculated reso-
nance frequencies are a bit shifted from the experimental,
their similarity confirms the applicability of the present
method.

In the case of 500 kV autotransformer (Fig. 8), curve
ais calculated by the MTL method with 90 divisions, and
curve b is obtained experimentally. Their correspondence
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Fig. 7. Frequency characteristics of first interturn
voltagefor 2-coil model.
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Fig. 8 Frequency characteristics of first interturn
voltage of 500kV autotransformer..
a 90divs (9divs/coil) MTL
b: experimental

here is less remarkable, probably due to the interferences
from many resonances. At least, their resemblance indi-
cates that the present method can be used for a rough es-
timation

It should be beard in mind that the assessment using
the frequency characteristic tends to overestimate the
interturn voltage level. This is because the actual VFTO
is not a continuous sinusoidal but of a damped
oscillation.
B. Interturn voltage waveforms

The VFTO comprises not only oscillating compo-
nents but also a pulse of higher magnitude [9]. It isim-
portant to know how the transient interturn voltage de-
velops by VFTO. The interturn voltage waveform can be
calculated from the frequency domain data using FFT.

For convenience, representing the VFTO pulse by
one-cycle sinusoidal pulse of 2 MHz, responses of the
two transformer models are calculated and compared
with experimental. Fig. 9 shows the input pulse used in
experiment. The induced interturn voltage is recorded at
selected positions using the optoelectronic technique as
aready mentioned [10, 11].



In the case of 2coil model, Fig. 10 shows the inter-
turn voltages, comparing the calculated and experimental
results at 3 points (first, middle and end positions in the
first coil). The calculated (Fig. 10a) and experimental
(Fig. 10b) waveforms correspond very well. There is a
distinct delay time in the waveshape at the middle part of
coil in both results, indicating that travelling waves start
from the both of coil ends and propagate toward inner
region [10, 11]. As pointed out previously, their velocity
is interpreted as the electromagnetic wave along the
conductors depending on the dielectric constant of insu-
lation space g as described by (2).

Fig. 11 shows the first interturn voltage of 500 kV
autotransformer subjected to the same sinusoidal pulse of
2 MHz. The correspondence of the calculated and ex-

Fig. 9 Sinusoidal pulse used as input voltage in the

experiment.
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perimental is satisfactory. The induced voltage level is
smaller than that of 2coil model. This is because the in-
creased number of coils decrease the voltage entering
into acoil, therefore, the interturn voltage level.

V. CONCLUDING REMARKS

A practical method to analyse the high frequency
transients in the power transformer is developed by re-
ducing the number of unknowns in applying the MTL
theory. Voltage or current at any point in the winding is
calculable both in the frequency and time domains. The
constants necessary in the calculation can be estimated
from the transformer geometry or design parameters. The
experiments including an actual 500 kV transformer have
confirmed the goplicability of the present method to the
analysis of high frequency transients of several mega-
hertz.

Comparing the calculated and experimental wave-
formsin Figs. 10 and 11, they seem to differ at the later
time of the figure. This shows the dissipation represented
by (6) is not accurate enough. However, their correspon-
dence is better than the frequency domain (Figs. 7, 8). It
might be that the some dissipation mechanism is not well

(b) experimental

Fig. 10. Interturn voltage waveforms of 2-coil model at application of sinusoidal pulse.
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Fig. 11. Voltage induced at first interturn dv,0f 500 kV autotransformer subjected to sinusoidal pulse.



represented in the present model, but it does not play an
important role in the time domain.

From Fig.7, one may think traditional lumped circuit
model can be used for high frequency analysis equally
well. There have been proposed other ways of applying
MTL theory. Cornick et al. used MTL in the highest
voltage section only and replaced the rest of winding by
an impedance [5]. And there is a hybrid method combin-
ing the single transmission-line analysis of whole wind-
ing and the MTL analysis of the highest-voltage section
[6]. Those techniques have following problems compar-
ing with the present method.

Lumped circuit model: The turn-to-turn modelling
requires alarge computation capacity.
Cornicks MTL method: The rest of winding is diffi-
cult to be represented by a simple impedance.
Hybrid MTL method: Resonances tend to be in ex-
cess due to the use of single transmission line.
In this sense, the present MTL method is more advanta-
geousin analysing VFTO's effects on large transformers.

Another salient feature of the present MTL method is
that the high frequency characteristics of a transformer
can be calculated from the configuration of HV winding,
or design data. Fig.12 depicts this process. The first step
is the calculation of capacitances by a charge sirmulation,
then inductances. Next, the surge components (un-
knowns) are calculated at a series of Fourier frequencies,
which gives frequency characteristics. And finally, the
FFT calculation turns out time domain waveforms.

The VFTO generated in GIS comprises various high
frequency oscillations extending to several megahertz
[9]. By the use of present MTL method, it is possible to
estimate the interturn induced voltage in frequency or
time domains based on the constants determined from the
winding geometry. This is particularly useful in design-
ing phase since the most vulnerable insulation is interturn
in VFTO’s point of view.

Thetimedomain calculation using FFT in the present
method seems to give more accurate than the frequency

INPUT: winding configuration

\’

CALCULATION OF CONSTANTS
(capacitances, inductances)

\]

INTPUT: FREQUENCY DOMAIN CALCULATION
grouping > (solver of reduced MTL equation)
pattern

OUTPUT: frequency characteristics
of current & voltage

TIME DOMAIN CALCULATION
(FFT)

v

OUTPUT: induced current & voltage

INTPUT: incoming
VFTO
waveform

—>

Fig. 12. Flow to calculate high frequency character-
istics of transformer using MTL model.

domain. Therefore, it is recommended to run the time
domain calculation for the predicted VFTO waveform in
the case high levels of interturn voltage are anticipated in
the frequency characteristics.

The authors hope this technique contributes to the
better design of transformer and to the improved power
system reliability.
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