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ABSTRACT

Very fast transient overvoltage (VFTO)
with large waveform steepness and
high amplitude can cause great harm
to winding insulation of transformers
and other equipment connected to
it. Therefore, a transformer winding
model is designed and described in
this paper. Transient overvoltage test
is carried out by pinning method and
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non-contact measuring sensor re-
spectively. Then the simulation results
are compared with those of VFTO
distribution calculation program for
transformer equipment. The results
show that the simulation results are
close to the actual test results. Final-
ly, combining with the experimental
measurement and simulation data, the
potential distribution in transformer
windings under the effect of fast tran-

sient overvoltage is analysed to guide
the overvoltage protection of trans-
former winding insulation.
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Very fast transient overvoltage with high ampli-
tude and high waveform steepness can cause
great harm to winding insulation of transform-
ers and other equipment connected to it

troduction

resently, GIS is widely used in EHV/
HV transmission networks. When
disconnector is switched on or off in
GIS, the moving speed of disconnec-
tor’s moving contacts is relatively slow,
which leads to multiple breakdown of
SF6 gas gap between disconnectors.
Each breakdown will cause the voltage
of disconnector to drop within several
nanoseconds, and produce very steep
voltage traveling wave, which propagates
on both sides from the disconnector and
causes high frequency oscillation on GIS
and adjacent devices. This is the forma-
tion of Very Fast Transient Overvoltage
phenomena. The waveform of VFTO is
steep and its amplitude is high, which
could do great harm to the winding in-
sulation of transformer and other equip-
ment connected with it [1].

Since the discovery of the VFTO phe-
nomenon in GIS, whether large power
transformers can withstand the impact
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of VFTO and how to eliminate the im-
pact of VFTO, have been the concerns of
power system.

Presently, in the design and manufac-
ture of UHV transformer, the analysis of
VETO is mainly based on the theoreti-
cal analysis conclusions in the references
and calculation with simplified trans-
former model. Therefore, the method of
increasing margin is adopted in struc-
tural design and insulation measures,
lacking the necessary data support for
field measurement and research.

Due to the limitation of computing
speed and storage capacity of the com-
puter, the previous calculation is lim-
ited by the number of units for winding
partitioning or can only analyse wind-
ings with fewer turns, and the induc-
tance and capacitance parameters in
the model are centralized and constant,
without considering the frequency-var-
ying parameters of the conductor due
to skin effect. The model is relatively
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simple, and the calculation accuracy is
poor.

In this paper, multi-conductor trans-
mission line (MTL) model based on the
representation of the winding by its indi-
vidual turns is used to analyse the tran-
sient response of transformer windings
under Very Fast Transient Overvoltages
(VFTO). The unequal-length multicon-
ductor transmission-line (MTL) model
isadopted in considering the actual con-
figuration of the transformer circular
winding and the finite element method
in time domain is used to calculate the
voltage distributions along transformer
windings by means of vector fitting and
recursive convolution to dispose the fre-
quency-dependent parameters [2].

The pinning method is used to measure
the voltage distribution of transformer
windings. The pinning method is the
destructive test of insulation. By embed-
ding metal probes inside the windings,
the voltage of discs on the winding can
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Since the discovery of the VFTO phenomen-
on in GIS, whether large power transformers
can withstand the impact of VFTO and how
to eliminate the impact of VFTO, have been
the concerns of power system
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1-transformer disc; 2-copper electrode;
3-polyester film; 4-outside metal shell; 5-BNC
connector plugs

Figure 1. Schematic diagram of capacitance
sensor

be measured directly by using high volt-
age probes and other devices [3]. The
method is simple, and the results are ac-
curate, but it will damage the insulation
of the windings. If the probes used are
too large, they will cause damage to the
insulation of the windings. The distribu-
tion parameters of windings are often
changed, so that the measured results are
not in conformity with the engineering
practice.

Although theoretical simulation and
measurement methods have been stud-
ied, these studies are isolated and lim-
ited. Therefore, it is of great significance
to study the transmission distribution of

transformer windings under VFTO to
optimize the design of transformer insu-
lation structures.

In order to study the distribution char-
acteristics of transformer winding tran-
sient overvoltage, this paper takes the
actual transformer winding model as
the test object, and uses the transformer
winding transient voltage testing plat-
form based on coupling capacitance sen-
sor and compares it, respectively, to the
pinning method and non-contact sen-
sor method. The comparison between
simulation and actual winding measure-
ments is also discussed to verify them
and to study the distribution of transient
voltage in windings.

2. Non-contact measuring sensor

The basic principle of non-contact
measuring sensor is to use the coupling
capacitance between transformer wind-
ing conductor and sensor electrode as
the high-voltage arm capacitance of
capacitance divider, and the insulating
medium capacitance between sensor
electrode and metal shell as the low-
voltage arm capacitance. The principle
of capacitance divider is used to measure
the high voltage on transformer winding
(4], [5]. The structure of a coupling ca-
pacitance sensor used in the experiment
is shown in Figure 1 and Figure 2.

(a) Front of the sensor
Figure 2. Picture of the sensor
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(b) Back of the sensor

The coupling capacitance between
the copper electrode and the winding
conductor is the high voltage arm ca-
pacitance of the voltage divider, and the
polyester film between the copper elec-
trode and the aluminium shell is the low
voltage arm capacitance of the voltage
divider.

The VFTO response characteristics of
the sensor are verified by the experi-
mental circuit shown in Figure 3. The
VETO generated by the impulse voltage
generator has front rise time of about
50 ns and the superimposed high oscil-
lation frequency is about 10 MHz, which
meets the requirements of IEC 60071-1
standards [6] for steep front waveforms,
as shown in Figure 4.

3. Test winding model

The transformer winding is the circuit
part of the transformer. According to
the principle of impulse wave transmis-
sion and distribution in windings, the
potential gradient at the winding end is
au times larger than the gradient 1 of the
pseudo final voltage distribution. The
smaller the au is, the smaller the maxi-
mum gradient is, the more uniform the
gradient distribution is, and the better
the impact performance of the wind-
ing is. az is determined by the following
equation (1):

w1

Where:

C is the capacitance per unit length to
ground of the winding,

K is the longitudinal capacitance per
unit length to ground of the winding,

tis the total winding length,

Co is the total ground capacitance of the
winding,

Kois the total longitudinal capacitance of
the winding.

(1)

From the point of view of improving im-
pact distribution, continuous capacitor
shield, interleaved winding or combi-
nations of several structures are usually
used.

In order to meet the research needs, a
model of sandwich interleaved-inter-
leaved-continuous combination wind-
ing is designed. The parameters of the
model are shown in Table 1.
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The wire used in this wingding is pa-
per insulated composite wire which is a
combination of two single wires; turns
insulation is 1.35 mm.

The oil channel is arranged as follows: 6
and 8 interlaced in the sandwich-inter-
leaved interleaved type winding, 4 and
6 are interlaced in the continuous type
winding parts.

The connection diagram of test winding
model is shown in Figure 5. The winding
is a longitudinal symmetry; only the first
half (1-54, 55) is indicated in this paper.

4. Model test of winding

In order to study the impact of VFTO on

transformer windings, it is necessary to

apply a pulse voltage which can simulate

VETO on the windings. At present, two

kinds of waveforms are usually used to

simulate:

1. Double exponential impulse voltage
with steeper wave front to simulate
the situation when VFTO has steep
rising edge;

2. Unipolar impulse voltage with oscil-
lation frequency in MHz to simulate
the characteristics of VFTO with os-
cillation component.

In order to verify that the non-contact
voltage sensor can be used for practical
measurement, while considering the ne-
cessity of studying the standard lightning
impulse that the transformer winding
must withstand, the voltage distribution
of the winding model under three typi-
cal impulse voltage waveforms (standard
lightning wave, steep front double expo-
nential wave and high frequency oscil-
lation wave) is measured by the sensor.
Compared with the potential signal
measured by pinning method, the non-
contact sensor can be used to measure
the potential distribution of windings.

Table 1. Basic parameters of test winding model

Presently, in the design and manufacture
of UHV transformer, the analysis of VFTO is
mainly based on the theoretical conclusions
and calculations with simplified transform-
er model

1-impulse generator; 2-high-voltage probe; 3-copper bar; 4-polyester film; 5-BNC
connector plugs; 6-sensing copper; 7-signal processing; 8-oscilloscope

Figure 3. Schematic diagram of an experimental circuit
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Figure 4. The output of the measurement system under VFTO

Name of Number of Total Number of Wires Internal
the disc disc turns parallel wires | (Paper insulated composite wire) | diameter/mm
L1 8 104 2 2.212-10 906
ZZ-135 ——————
L2 16 224 2 559-114 900
G 8 12 2 2.224-10 898
S T T T
G1 76 1064 2 ' ' 898

L1: sandwich-interleaved type winding; L2: interleaved type winding; G, G1: continuous type winding;
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The test platform is shown in Figure 6.
The test voltage of up to about 3 kV can
be generated through this platform. The
sensor is about 10 cm away from the
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- g ranged on every two discs on the wind-
12 [l nfir[s[s[r[izEs[e I]] 1313] 7 [ 7 1a1efo ing. There are 108 discs in the winding

and a total of 1504 turns. In order to sim-
ulate the effect of iron core, a coaxial alu-
minium shielding barrel is placed inside
the winding and a grounding bolt is in-
stalled at the end of it to ground it. Since
transformer oil does not have a great in-
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o776 s[5 s+ [«B3[32]2]1]1hs fluence on voltage transmission, and in
X order to facilitate the comparison of the
c1 |]|3 [8T9 9 0]t H” [ 12 12 [13 [13 [14 [14 |4 two test methods, the oil-immersed state
of winding with tank is not considered
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Figure 7 shows the output signals of the
¢ I[8]8]s o oo nnrz]rz3[13 R 4™ and 62" disc sensors at the end of
disc and needling probe on correspond-
6 [“.’. TTele[5[5[¢]+ 33 G122 Lk ing discs which is embedded in the

winding when standard lightning wave
(1,2 /50 ps) is applied from the top and
the end of the winding is grounded.

Figure 5. Connection diagram of a test winding model (upper part of the winding)

Figure 8 shows the output signals of
some sensors and needling probes on
corresponding discs when applying
o steep front double exponential waves
Wlﬁdlﬂg (0.1/50 ps).

modle

needling probe

capacitance
Sensor

Figure 9 shows the output signals of
some sensors and needling probe on
corresponding discs when applying high
frequency oscillation wave (100 ns rising
edge 3.5 MHz attenuation oscillation).

impulse It can be seen that the sensor has good
generator response characteristics when measur-
ing the winding potential distribution
under the previously mentioned three
typical impulse voltages. The slight dif-
ference between the two measurements
Figure 6. The test platform is mainly due to the fact that the needle
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Non-contact measuring sensor can be used instead of needle probe
in order to study the transient voltage distribution
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Figure 7. Comparison of measurement signals under standard lightning wave
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Figure 9. Comparison of measurement signals under high frequency oscillation wave
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Since transformer oil does not have a great
influence on voltage transmission, and in
order to facilitate the comparison of the
two test methods, the oil-immersed state
of winding with tank is not considered in

this test

probe can damage the insulation of the
windings, and the direct electrical con-
nection may change the distribution
parameters of the transformer windings,
leading to changes in the transient pro-
cess, making the measured results in-
consistent with the actual situation.

Because lightning impulse wave is a
routine test item of insulation test, and

VFTO wave has the characteristics of
steep wave front and high frequency,
it is difficult to realize the common
test instrument. The previously men-
tioned three test waveforms have the
typical characteristics of insulation
test and VFTO, so the coupling ca-
pacitance sensor can be applied to the
measurement of winding potential
distribution.

5. Comparison of simulation and
measurement

In practical engineering application,
we developed a program based on the
transformer winding model of unequal
length, multi-conductor transmission
line, and applied time-domain finite
element method to simulate the volt-
age distribution of transformer wind-
ing under VFTO. In order to verify the
correctness of the methods used in the
simulation calculation, the transient
voltage distribution of the above trans-
former winding model is simulated by
a program and verified by the test plat-
form. If the simulation results are close
to the actual test results, the simulation
method can guide transformer winding
over-voltage insulation protection.

A high voltage pulse source with an am-
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tfs
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Figure 10. Input transient excitation signal

Figure 11. Comparison of measurement and simulated results of the

5t disc end

1% 02 04 06 08 1 12 14 16 18 2
tlus

Figure 12. Comparison of measurement and simulated results of the

10* disc end

26

Figure 13. Input voltage waveform of the 1 disc
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plitude of up to about 100 ns / 50 s is
used as the impulse signal source, and its
output signal is the transient waveform
shown in Figure 10. Figure 11 is a com-
parison of measurement and simulated
results with our program of the 5% disc
end. Figure 12 is a comparison of mea-
surement and simulated 10™ disc end.

By comparing the transient overvoltage
impulse experiment with the numeri-
cal simulation results, it can be seen that
when the transformer winding is im-
pacted by the transient wave, the mea-
sured results are approximately the same
as the numerical simulation results.

6. Distributed simulation of trans-
former winding VFTO

The correctness of the program simula-
tion is verified by the experiment and
simulation calculation of the previously
mentioned windings. Input voltage
waveform of the 1* disc is shown in Fig-
ure 13, the output waveform of each disc
end of the winding is shown in Figure
14, the maximum potential of each turn
is shown in Figure 15, the maximum
voltage between turns and the poten-
tial gradient between discs are shown

Different winding structures lead to different
longitudinal capacitance, which leads to the
change of potential distribution, and this can
be used to optimize the transient voltage
distribution characteristics of windings

in Figure 16 and Figure 17, respectively.

The simulation results show that under
the influence of the VFTO signal, the
maximum inter-turn voltage difference
of the transformer winding model ap-
pears between conductors number 1
and 8, which is about 0.16 p.u. The peak
value of voltage, except for the first line
disc at the input end, is located in the
second disc, which is about 1.2 p.u. in-
put voltage, and then decays rapidly. The
main reason for this phenomenon is that
the transient transmission has an oscil-
lating process.

According to the maximum voltage
curve between turns in Figure 16, the
maximum interturn voltage is about
16 % in 1* disc, and then begins to con-
stantly decrease; and the 4™ cake (about

52 turns), when reduced to less than
12 %, and the 12" disc (about 164 turns)
quickly drops to 5 %, the disc former 16
cake (about 220 turns) voltage drops rel-
atively quickly, then the voltage gradient
distribution decreases slowly. In this pa-
per, it is believed that the change of volt-
age drop rate near the 4™ and 12 disc is
due to the change of coil structure at the
place where the coil is: 1~4 disc is sand-
wich interleaved winding, 5~12 disc is
ordinary interleaved winding, and then
turns into continuous winding. Differ-
ent coil structures lead to different lon-
gitudinal capacitance of the windings,
which leads to the change of potential
distribution. This shows that the entan-
gled coil structure can optimize the tran-
sient voltage distribution characteristics
of the transformer windings in the rapid
transient process.
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(a) signal of the 2" disc end (outside diameter
side)
Figure 14. Output waveform of the disc end

(b) output waveform of the 6% disc end (outside
diameter side)

(c) output waveform of the 10* disc end (outside
diameter side)
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Figure 15. Maximum electric potential of turns
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Figure 16. Maximum voltage between turns

Figure 17. Potential gradient between discs
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The rationality of the simulation is verified
by comparing the test data with the

simulation data

The simulation results show that when
VETO, and other fast transient overvolt-
age signals, are applied to the winding
end, the maximum potential of wind-
ing discs and turns appears at the head
discs, and the maximum value of poten-
tial gradient between discs and turns is
also located at the head discs. If we give a
quantitative description of the so-called
“head discs™ here, it is recommended
to use the figure of 20 % according to
the simulation experience. In order to
achieve ideal and reliable potential dis-
tribution, a specific step capacitance
compensation can be carried out in
combination with specific simulation in
engineering production [7].

Conclusion

In this paper, the transient voltage dis-
tribution test platform is used to test
the impulse transmission along the en-
tangled winding model by non-contact
measuring sensor and needle probe
respectively. The conclusion that the
non-contact measuring sensor can be
used to study the transient voltage dis-
tribution is drawn. At the same time,
the rationality of the simulation is veri-
fied by comparing the test data with the
simulation data. Suggestions for the
compensation of transformer winding
capacitance in engineering application
are put forward. For example, high volt-
age coils can be compensated by staged
capacitance, which can be selected ac-
cording to different voltage levels. Some
combination designs of sandwich inter-
leaved-interleaved across 4 discs capac-
itor shield winding, 2 discs capacitor
shield winding, or continuous combi-
nation winding can improve the poten-
tial distribution to enhance the ability
to withstand VFTO.
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