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ABSTRACT

A measurements-based electrical method for locating partial discharges (PD) in
transformers is described in the paper. This location method relies on the series
resonance frequencies of the signals produced at the transformer terminals by a
discharge on the winding. Based on the equivalent circuit of plain disc type wind-
ing which consists of series inductance (L), series capacitance (K) and shunt ca-
pacitance to earth (C) of the winding, an analytical location algorithm is derived
which gives the relationship between the location of a discharge and its terminal
response’s series resonance frequencies. LKC parameters of the equivalent circuit
can be estimated using the series resonance frequencies of a calibration signal
measured at the bushing tap during PD calibration. The PD location algorithm was
tested on 11 KV transformer winding using signals produced by a discharge simu-
lator and real discharges, and the results confirm its validity with a location accu-
racy of better than 10% of the winding length. However, blind area where this loca-
tion algorithm is not applicable does exist near the neutral of the winding and far
away from the measuring terminal. Since this location algorithm uses the series
resonance frequencies below 500 kHz, it can be implemented with conventional PD
measuring circuitry and instruments to detect and locate discharges in power
transformers.

Index Terms — Partial discharges, power transformers, propagation, wind-
ings, bushing tap, location algorithm.

1 INTRODUCTION

aid of making the decision of either taking the trans-
former out of service for further investigation or keeping

insulation faults, if allowed to develop over time, may
lead the insulation to a total breakdown and result in
catastrophic failure of power transformers. As an impor-
tant entity of power plant, loss of a power transformer in
operation can lead to economic penalties due to loss of
power supply and the capital expenditure for replace-
ment. PD monitoring therefore forms an important part
of online condition monitoring and is used as a diagnostic
tool for quality of insulation. If during the monitoring pro-
cess an excessive amount of discharge activity has been
detected, the location of discharge needs to be sought in

Manuscript received on 30 December 2003, in final form 8 October 2004.

it in operation with increased monitoring.

Non-electric PD location methods include the acoustic
location technique which uses acoustic emissions from a
discharge and the time differences for it to travel to
acoustic sensors. Although the acoustic location method is
popularly used on site and the IEEE transformer commit-
tee is drafting a guide for acoustic PD detection and loca-
tion; the location results could be sometimes misleading
especially when there is solid insulation between the dis-
charge source and the sensor. The transmission losses in
different media and their interface [1] and the reduced
sensitivity to a discharge buried within windings [2] are
the concerns when using the acoustic PD location tech-
niques.

1070-9878,/05/$20.00 © 2005 IEEE
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Electrical PD detection method [3] measures apparent
charge quantity using conventional PD measuring cir-
cuitry and instruments with an effective frequency band-
width of less than 500kHz. Ultra high frequency (UHF)
PD detection utilizes the frequency components of a dis-
charge signal in the range of 300 MHz — 3 GHz for de-
tecting discharges in power transformers [4]. Since electri-
cal methods of PD detection are more sensitive, electrical
location techniques are preferable for PD online monitor-
ing. Recent developments in electrical location methods
[5-9] are based on the fact that while a discharge signal
propagates from the location to the measuring terminals,
the terminal response acquires the information on the lo-
cation of the PD source.

The method developed in [5-7] requires computer-
based simulations. Transformer windings are modeled us-
ing either a lumped element model [5] or a distributed
parameter multi-conductor transmission line model [6]. To
locate a discharge, simulated transfer functions from
probable positions of the discharge to the terminals are
recorded and compared with those obtained from mea-
surements of a real discharge. One drawback with this
method is that it requires detailed transformer construc-
tion data which may not be available for most operating
transformers. Further methods developed in [8-9] are
based on evaluating the sectional winding transfer func-
tions (SWTFs) from the probable PD locations to the
winding terminals, and use those for the location with the
measured discharge responses at line and neutral-ends.

In this paper a location algorithm is developed based
on an analytical solution which is derived from the equiva-
lent circuit of a plain disc winding power transformer. This
location method relies on the series resonance frequen-
cies of the signals produced at the transformer terminal
by a discharge on the winding. Using this location algo-
rithm, PD location can be found through standard mea-
surements known as PD calibration and PD detection,
performed with conventional PD measuring instruments.
Consequently the technique developed here overcomes the
problems exhibited in [5-9] for plain disc-winding trans-
formers.
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2 ANALYTICAL SOLUTION

As shown in Figure 1, the equivalent circuit of a single
winding at high frequencies consists of multiple stages of
LKC unit, where L is the series inductance, K is the se-
ries capacitance and C is the shunt capacitance to earth
of the winding. A bushing capacitance Cj is connected at
the line-end and the neutral is grounded. Discharge sig-
nals can be measured at the line-end as the line-end cur-
rent i, at the bushing tap, or at the earthed neutral point
as the neutral-end current i,,.

The voltage and current distribution along the winding
are given by equations (1) and (2) [10]:

u(x, jw) = Acosh(rx)+ Bsinh (rx) (1)

1
i(x,jw)=E[Asinh(rx)+Bcosh(rx)] (2)

where,
— LCw?
R 3)

T 11— LKo?

L
2=V c(= LKa?)

Taking the total length of the winding as unit length,
when a PD current, i,,, occurs at a distance x,, from the
line-end, the voltage and current distribution along the
winding due to the PD source will be described as similar
to equations (1) and (2), except that the constants 4 and
B are different for the two parts of the winding, one be-
tween the line-end and PD source location, and the other
between the PD location and earthed neutral. Therefore,
the voltage and current distribution can be written as:

u(x, jw)= A cosh(r(x,—x))+ B;sinh(r(x,—x))

for 0<x<x,

and

4)

%)
1
i(x, jo)= ~ [ A,sinh (r(xy—x)) + B, cosh

(r(xo—x))] for 0<x<x, (6)
uy(x, jw)= A,cosh(r(x—x,))+ B, sinh
(7

(r(x—=xg)) forxo<x<1

Ipd
L L L
v 7 VR A,
K K
[ —offo—]
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Figure 1. LKC equivalent circuit of a single transformer winding at high frequencies.
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1
i(x, jo)= 7 [ 4, sinh (r(x — x,)) + B, cosh

(r(x—x0))] forxo<x<1 (8)

The constants A4,, B,, A, and B, can be determined by
the boundary conditions of the winding given by

i1(0,jo) =joCyz-uy(0,jw) )
ipd:il(xO’jw)+i2(xO?jw) (10)
uy(1, jw)=0 (11)

An analytical solution for the line-end current can be
obtained by equations solving (5) to (8) with the boundary
conditions in equations (9) to (11). The transfer function
of the line-end discharge signal is given by

Cp .
< sinh (r(1-x,))
L(jo)= Cy “Tpa (12)
—cosh(r) + < sinh (r)

Equation (12) shows that the line-end response of the
discharge signal, not only contains the information of the

discharge itself i,,, but also its location x,.

3 PD LOCATION ALGORITHM

The location information is reflected as series reso-
nances on the line-end response of the discharge signal,
i;, since x, only appears in the numerator of equation (12).
Whereas parallel resonances, governed by the denomina-
tor of equation (12), are fixed and only related to the whole
winding, as the total length of the winding is regarded as
unit length when deriving the equations above. The series
resonance frequencies of the line-end current are given by

Cp .
?rsmh(r(l—xo)) =0 (13)

where either r = 0 or sinh(r(1 — x,)) = 0. The only value
of w giving r = 0is when o = 0 and this is of no inter-
est for this study, and so,

sinh (r(1—1x,)) =0 (14)
is the only solution required.

Since r has an imaginary value,
sinh (r(1—xy)) =—jsin(jr(1-x4))=0 (15)
sin(jr(1—xy))=sin(nm)=0, forn=0,+1,+2,...
(16)

jr(1—x,)=nm  for n=0,+1,+2,... (17)

In equation (17), n = 1, 2, 3, ... correspond to the
order of the resonance. The series resonance frequencies
of the line-end current due to a discharge on the winding
change with the location of the discharge. Therefore, such
series resonances measured at the line-end can be used
for locating the PD.

Squaring equation (17) on both sides and substituting
equation (3) for r2, the following equation is obtained:

) 2 (nm)? _
(1-xy)°=— — for n=0,+1,£2,... (18)

n [ 1-47*f’LK
xg=1-—\ ——— (19)
2f LC

Equation (19) can be used to calculate the location of
the PD source when the frequency of a series resonance
of the line-end discharge signal (f) and its order (n) is
known, provided that LC and LK values of the equiva-
lent circuit of winding are also known.

4 PROPOSED PD LOCATION
METHOD

LC and LK values of the equivalent circuit of a wind-
ing can be found by carrying out PD calibration on the
transformer. In conventional PD measurements, to obtain
the apparent charge quantity PD calibration is performed
by injecting an artificial discharge signal at the line-end
and measuring the response at the bushing tap. PD cali-
bration assumes the discharge source at the line-end, i.e.
x, = 0, and therefore equation (19) simplifies to

2
LC +n*m’LK = (i) (20)
2f
Equation (20) shows that if two series resonances f; and
f,, can be obtained corresponding to n, and n,, then LC
and LK can be found for the equivalent circuit of the
winding and are given by

(”1”2)2 1 1
L= ioa-m) (f_‘f_) 2D

we- s () (3] e

The proposed location method can be depicted by a flow
chart in Figure 2, showing the stages of measurements
needed for PD location.

5 APPLICATION OF PD LOCATION
ALGORITHM

5.1 TESTS ON 11 KV WINDING WITH PD
SIMULATOR

The proposed PD location method was applied to 11
kV plain-disc distribution transformer winding containing
72 discs. The winding was constructed out of two parallel
conductors each having cross sectional dimensions of 6 X2
mm, with single side insulation thickness of 0.25 mm. The
inner radius of the HV winding was 251.5 mm and the
outer radius 292.5 mm. Figure 3 shows the experimental
set-up used for verifying the PD location algorithm on the
11 kV winding. The discharge signals, produced by a PD
simulator which is normally used for PD calibration, were
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Inject a PD calibration pulse at line-end

v

Measure calibration signal at bushing tap

v

Find series resonance frequencies from frequency spectrum

v

Calculate winding LKC parameters according to (21) and (22)

v

Measure the discharge response at bushing tap, when a discharge
occurs

v

Identify series resonances from the frequency spectrum

v

Use location algorithm to calculate PD position according to (19)

Figure 2. PD Location method.

HV winding

C
<+ i1 Stepwave
| generator
Cs [ PD simulator
e
VA
— — Earthed LV
E winding
Discharge
degector |.—|
DSO

Figure 3. Experimental set-up used for discharge detection on 11kV
winding.

injected at the line-end of the winding, and also at discs 8,
16, 24, 32, 40, 48, 56, 64 and 72, numbered down from the
line-end. The measuring impedance Z was connected un-
derneath the bushing capacitance (Cy = 220 pF) and the
discharge signal was fed into a Robinson DDS5 discharge
detector. The discharge detector has a gain-adjustable
amplifier and a band pass filter of 10 kHz to 300 kHz.
Signals were taken from the discharge detector to a digital
storage oscilloscope (DSO) which has a 12-bit A/D con-
verter and 20 MHz analog bandwidth.

The partial discharge signals measured at the line-end
for the simulated discharge source at various locations on
the winding were saved on the DSO, the frequency spec-
tra of these responses were obtained using fast Fourier
transform (FFT) and were used to find the series reso-
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Figure 4. Measured discharge signals at line-end terminal in mV.
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Figure 5. Frequency spectra of measured line-end discharge signals
in dB.

nance frequencies of the signals. Out of these discharge
locations, only signals measured at the line-end produced
by discharges at the line-end, and at discs 16, 32, 48 and
64 are shown in Figure 4. Their frequency spectra are
shown in Figure 5.

Figure 4 shows that the measured signals at bushing tap
are oscillatory due to the propagation along the winding.
Figure 5 shows that the frequencies of parallel reso-
nances, which correspond to crests in the spectra, are in-
dependent of the PD location on the winding and are ap-
proximately at 140 kHz, 270 kHz and 350 kHz. On the
other hand, the frequencies of series resonances corre-
sponding to troughs in the spectra change with the loca-
tion of the discharge, and therefore can be used for PD
location [5].

Table 1 shows the series resonance frequencies ob-
tained for various positions of the discharge on the wind-
ing. Only discharges located from the line-end down to
disc 48 produce series resonance frequencies at the line-
end signals, and below disc 48 no observable series reso-
nance frequency is produced on the line-end signals. This
region of the winding for which no series resonance fre-
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Table 1. Series resonance frequencies (kHz) of line-end discharge
signals.

Table 3. Comparison between actual and estimated PD location (disc
number).

Discharge
position
(disc number) f, f, fy
Line-end 122 262 347
8 133 289 375
16 153 316 443
24 183 346 -
32 238 409 -
40 289 - -
48 371 - -

Estimate Estimate Estimate
Actual d PD d PD d PD
PD position position position
position using f; using f, using f
8 -6 9 9
16 5 16 29
24 17 24 -
32 31 37 -
40 40 - -
48 51 - -

quencies are obtained at the line-end signals is called a
blind area for this location algorithm. If no series reso-
nances are available in the line-end signal, the source of
discharge could therefore be estimated as in the region
closer to the neutral-end of the winding.

If the 1°' and 2" series resonance frequencies (f, =
122 kHz and f, = 262 kHz) of the line-end PD calibra-
tion signal are used to calculate LKC parameters of equiv-
alent circuit using equations (21) and (22), the values ob-
tained for LC and LK are LC = 1.7539x 10" " and LK
= —7.5270x10" . Assuming a discharge occurs at the
positions listed in Table 1, these LC and LK values are
used with the series resonance frequency of the measured
line-end signal to calculate the PD location. The esti-
mated PD positions by the location algorithm in equation
(19) are given in Table 2.

LK appears as a negative value in the above calculation
due to (n,/f,) <(n,/f}) in equation (22), which reflects
the simplicity of the equivalent circuit of the winding in
which mutual inductance and resistive and dielectric losses
are not considered. Nevertheless the algorithm derived
from this simplified equivalent circuit gives reasonable es-
timation of PD location when the calculated negative LK
value is accepted.

In Table 2, PD location estimated using f, could only
be obtained up to disc 32, due to the natural fading of the
214 series resonance frequency beyond disc 32 (see Table
1). Similarly, PD location estimated using f5 could only be
obtained for discs 8 and 16.

Comparing the values in Table 2, it can be seen that PD
positions estimated using f, are closer to the actual PD

Table 2. Comparison between actual and estimated PD location (disc
number).

Estimate Estimate Estimate

Actual d PD d PD d PD
PD position position position
position using f; using f, using f;

8 6 6 -10

16 14 10 -1

24 23 14 -

32 33 20 -

40 39 - -

48 45 - -

positions compared to those estimated using f, or f;. LC
and LK values calculated using f, and f, of the line-end
PD calibration signal give more accurate results when used
with f, values in Table 1; the maximum location error be-
ing 3 out of 72 discs. The negative disc number of esti-
mated PD locations using f; indicates that there are sig-
nificant errors when the location algorithm uses f; of
measured discharge signals with LC and LK values ob-
tained through f, and f, of PD calibration signals.

If the 2™ and 3™ resonance frequencies (f, = 262 kHz
and f; = 347 kHz) of the line-end PD calibration signal
are used to calculate LC and LK, LC = 1.1273x10~
and LK = 8.3456X 10~ '* are obtained. If these two val-
ues are used to estimate the PD location using the series
resonance values in Table 1, the estimated PD locations
in Table 3 are obtained.

By inspecting the values in Table 3, it can be seen that
PD positions estimated using f, are closer to the actual
PD position than in other cases. The maximum location
error is 5 out of 72 discs. This again shows that LC and
LK values calculated using f, and f; of a PD calibration
signal give more accurate results when used with f, values
of Table 1.

5.2 TESTS ON 11KV WINDING WITH
REAL DISCHARGES

The PD location algorithm was also verified using a real
discharge model in place of the PD simulator. Such an
experimental set-up is shown in Figure 6. The corona
model, made up of a sharp electrode pointed to the insu-
lated conductor of the winding with an air gap, was ener-
gized by 11 kV supply and the bushing capacitance was
330 pF. The series resonance frequencies of the measured
line-end signals produced by the corona discharge at discs
2, 8,16, 24, 32, 40, 48, 56, 64 and 70 are shown in Table 4.
No series resonance frequencies are obtained from the
line-end signals for PD positions beyond disc 48 in the
blind area.

If the values of series resonances in Table 4 are used to
estimate the PD position using LC = 1.7539x 10" and
LK = —7.5270x10~ ", obtained using f, and f, from
PD calibration, the estimated PD locations are given in
Table 5. The results in Table 5 reinforces what was found
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Figure 6. Experimental set-up with a real discharge on 11kV wind-
ing.

Table 4. Series resonance frequencies (kHz) of line-end discharge
signals.

Disc number f; f, f;
2 124 268 356
8 135 287 375
16 165 319 -

24 216 344 -
32 250 - -
40 287 - -
48 337 - -
56 - - -
64 - - -
70 - - -

previously with the simulated discharge sources, i.e. PD
location estimated using f, is closer to the actual position
than those estimated using f, or f;.

Table 5 shows a maximum error of 6 discs when the
actual PD position is at disc 24. This corresponds to an
error of approximately 8% of the total winding length.

If the values of series resonances in Table 4 are used to
estimate the PD position using LC = 1.1273x107!! and
LK = 8.3456x 10~ !4, obtained using f, and f; from PD
calibration, the estimated PD locations are given in Table
6.

Table 5. Comparison between actual and estimated PD location (disc
number).

Estimate Estimate Estimate

Actual d PD d PD d PD
PD position position position
position using f; using f, using f;

2 1 1 -13

8 7 5 -10

16 18 11 -

24 30 14 -

32 35 - -

40 39 - -

48 43 - -
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Table 6. Comparison between actual and estimated PD location (disc
number).

Estimate Estimate Estimate
Actual d PD d PD d PD
PD position position position
position using f; using f, using f;
2 -12 2 3
8 -5 8 9
16 10 17 -
24 26 24 -
32 34 - -
40 40 - -
48 47 - -

Table 6 shows that PD locations estimated using f, val-
ues are closer to the actual PD positions and the maxi-
mum error is 1 out of 72 discs.

In using the series resonance frequencies of a PD cali-
bration signal to obtain LC and LK values it is important
to consider the order of these resonance frequencies. If
the first and second resonance frequencies of a PD cali-
bration signal are used in calculating LC and LK, the first
series resonance frequency of the measured line-end sig-
nal due to the discharge has to be used in locating the PD
source. If the second and third resonance frequencies are
used to calculate LC and LK, then the second resonance
frequency of the line-end discharge signal has to be used.
Therefore, in locating a PD using the algorithm, an
‘order-matching’ series resonance frequency to those used
in calculating LC and LK is preferred and this produces
more accurate results. When order-matching series reso-
nance frequencies are used, it achieves a location accu-
racy of better than 10% of the winding length.

6 CONCLUSIONS

measurements-based electrical method for
locating partial discharges in plain disc type trans-
formers is presented. This location method relies on the
series resonance frequencies of the line-end signals pro-
duced by a discharge on the winding. The analytical solu-
tion for PD location is derived based on the equivalent
circuit of the winding which consists of series inductance
(L), series capacitance (K) and shunt capacitance to earth
(O). LKC parameters can be derived in the form of LC
and LK using series resonance frequencies of line-end sig-
nals obtained during PD calibration, where a PD simula-
tor is connected at the line-end and the discharge signal is
measured at bushing tap with the conventional PD mea-
suring instruments.

In using the series resonance frequencies of a PD cali-
bration signal to obtain LC and LK values, at least two
frequencies are required and the order of these frequen-
cies should match with that of the resonance of the mea-
sured discharge signal used for location. The ‘order-
matching’ series resonance frequencies are preferred in
this location method and produce more accurate locating
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results. The algorithm was tested on 11 kV plain disc type
transformer winding using a PD simulator and real dis-
charges. The estimated discharge locations showed good
agreement with the real positions and the maximum error
in PD location was less than 10% of winding length when
order-matching series resonance frequencies are used.

Since this location algorithm relies on the series reso-
nance frequencies, which are profound for plain disc type
transformer windings and are normally within the range
of frequencies below 500 kHz, it can be easily imple-
mented by conventional PD measuring instruments with
oscilloscopes for partial discharge detection and location
in power transformers.
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