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Abstract: Partial discharge (PD) is an abnormal activity that occurs in high-voltage components, such as power cables,
switchgear, machines, and power transformers. Such activity needs to be diagnosed for the equipment to last longer as
PD could harm the insulation and potentially lead to asset destruction from time to time. Moving one or more externally
mounted acoustic sensors to different locations on the transformer tank is commonly used in order to detect and locate
PD signal occurring in the power transformer. However, this procedure may lead to less accuracy in PD identification.
Therefore, this research paper presents an analysis of acoustic sensor placement based on time of arrival (TOA) technique
for PD location in a power transformer. The detection and location can be determined by permanently installing the
acoustic sensor to provide valuable data in an early stage of occurrence for online condition PD monitoring. Several
methods are available for the detection of PD signal, whereby one of the best choices is via acoustic emission (AE).
PD creates an ultrasonic signal used for PD detection. This paper proposes the possible placement of AE sensors to
be mounted on the power transformer wall based on ideal and static PD signals. The sensors were placed in order to
capture the PD signal without any disturbance signal from inside or outside the tank. The time for the signal for the first
approach for each sensor is recorded to estimate the PD location using the TOA technique. A comparison between the
least square method (LSM) and Gauss–Jordan elimination (GJE) for the TOA technique was analyzed to differentiate
the resulting performance. This research utilized three different PD sources to apply the performance analysis on PD
locations, while five cases were proposed to represent the five different placements of four sensors for the analysis. This
research ultimately suggests that sensors be placed and randomly mounted on the four sides of the transformer tank,
with one sensor allocated to one side. Among all five cases, Case 1 and Case 5 yielded a displacement error (DE) less
than others, while between these two cases, Case 5 gave the lowest DE. The findings were recorded based on LSM and
GJE methods used to differentiate the resulting performance.
Key words: Partial discharge, power transformer, wave propagation, time of arrival, AE sensor

1. Introduction
Partial discharge (PD) by definition is a localized electrical discharge that only partially bridges the insulation
between conductors and which can or cannot occur adjacent to a conductor [1]. It is also defined as a short or
small amplitude of electrical discharge that occurs in the voids within an electrical insulation [2].
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PD measurement can be undertaken using various techniques either directly or indirectly to determine
the presence of PD activity. The best method to monitor the active PD activity within large structures such
as power transformers is an acoustic emission (AE) method. This method is reliable for PD detection and PD
source localization, whereby the measurement by acoustic method is based on the ultrasonic noise generated
by the PD. The all-acoustic system consists of one or more ultrasonic transducers for capturing the acoustic
signal. There are no voltage or current readings required for the measurement of PD, which make this system a
suitable tool for on-field measurement for the transformer. The on-field measurement is required as the power
transformer will not have to shut down. The shutdown of the transformer will cause many problems in terms
of output power as well as economic loss.
The AE sensors are mounted on the exterior of the transformer tank for PD detection. The detection
and the localization of the PD source can be achieved by externally moving the mounted sensors to different
locations on the transformer tank. However, these movable sensors will take a longer time for the detection and
the localization of the PD. Thus, the optimum and possible placement of the sensors need to be determined
for the system to precisely determine the relative arrival times of the acoustic signals at each of the sensors.
Nonaccurate AE sensor placement should be avoided for shorter times of measurement.
The AE sensor, thus perpetually installed, is to give early detection of incipient faults. This system
consists of multiple sensors placed at locations where faults may be anticipated at the core of the transformer.
With a minimum of four sensors installed on the earthed tank of a transformer [3–7], it is possible to determine
the nearness to the location of the PD signal. Measuring the corresponding times of arrival of the pulses from
the discharging site at the sensors, and assuming a constant velocity of acoustic propagation while knowing the
times of arrival for all the sensors, four distances can be computed as in Equation 1.
distance = acoustic wave speed (m/s) × travel time (µs)

(1)

With these distances and the location of sensors, a three-dimensional (3D) plot can be made whereby the
location where these spheres intersect is the discharge source [5, 7–12]. The acoustic waves in a liquid medium
of the transformer tank will be spherical since a PD is seen as an acoustic point source [13]. The acoustic wave
speed or the propagation wave velocity is as important as the propagation wavelength in designing the radio
antenna. The velocity will affect the time of arrival of the PD signal and hence the distance between the PD
source and AE sensor can be determined, leading to the estimation of the location of the PD signal.
However, the estimation of PD location on power transformers contributes to inaccuracies due to multipath interferences of PD signals caused by reflections and noises from inside and outside the transformer tank
[14]. The propagation of the PD signal dispersed in oil will have approximately two different kind of paths, the
direct path and the reflection path [15]. These different paths contribute to different propagation velocity due
to the distinct materials along the path. The wave speed in metal (5900 m/s) is greater than in oil (1431 m/s)
at the temperature of oil of 20 degrees Celsius [16]. Therefore, the wave traveling the direct path may arrive
at the sensor earlier than that from the other path. The velocity of PD signals also can change due to different
temperatures, moisture contents, the gas, and the frequency in the transformer tank [17].
An acoustic emission (AE) detection technique for PD detection has great advantages relative to other
methods such as immunity to electromagnetic interference (EMI) under field conditions provided that ground
loop has been avoided [18, 19]. One of the AE sensors usually used is the piezoelectric sensor (PZT) [20–22].
However, AE sensors can capture a variety of signals, including PD signals. A signal that has a broader frequency
spectrum can appear to be similar to PD. These noises caused by transient noise such as radio broadcasts,
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rain, snow, blowing sand, or any other environmental noise can affect the PD signal detection. Thus, there are
methods for denoising techniques for partial discharge signals in order to suppress the background noise [23, 24].
Although the kind of signal is disturbing the system, the AE method is the best method for localization of the
PD source and for online measurements compared to electrical and chemical methods.
In order to estimate the PD location, an algorithm is used for detection and allocation of the source by
using the TOA technique. A simulation of PD signals is generated in MATLAB to represent a wave propagation
of the sound in oil.
2. Simulated partial discharge signal
The PD signal in this paper was simulated by using the mathematical model in Equation 2 [2, 25, 26].
s(t) = A[e−a1 t cos wd θ − e−a2 t cos θ]

(2)

Here, A is the magnitude coefficient assumed to be 0.01 , a1 = 1×106 s−1 , a2 = 1×107 s−1 , θ = tan−1

wd
a2

,

wd = 2nfd , and fd = 1 MHz. The simulative sampling frequency is fs = 100M Hz . a1 and a2 are the rise and
decay time constant and wd is the angular frequency of the oscillation signal where the simulated frequency of
the PD signal is 1 MHz.
The PD signals simulated by using the mathematical model are much less complicated in waveforms than
actual PD detected by AE sensors in transformers. Acoustic PD commonly assumes that the signal travels a
direct, straight-line route from the PD source to the sensor.
Five different cases were defined for the placement of AE sensors mounted outside the transformer tank
of 0.936 m 3 in size. For a better view, Sensor 1 (s1) was placed on Side 1 of the transformer, Sensor 2 (s2) was
placed on Side 2 of the transformer, Sensor 3 (s3) was placed on Side 3 of the transformer, and Sensor 4 (s4)
was placed on Side 4 of the transformer. Figure 1 shows the sides of the transformer where all sensors (s1-–s4)
were placed.
Side 4
Side 3
Core 1
Core 2
Core 3

Side 1

h= 0.9 m
Side 2
l =1.3 m

z
y

x

w= 0.8 m

Figure 1. The sides of the transformer where the sensors were placed.

The PD source was assumed to be occurring in the transformer tank by using the coordinates (xact , yact , zact ) .
PD sources to be decided accordingly were P D1 = (0.545, 0.68, 0.6), P D2 = (0.258, 0.25, 0.35), and P D3 =
(0.248, 1.0, 0.55). All PDs were assumed to occur at the core of the transformer, namely PD1 at Core 1, PD2
at Core 2, and PD3 at Core 3. However, the analysis was based on the transformer oil only, without the core
and the active part in the transformer. Note that the value of coordination is in meters.
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The placement is shown in detail in Figure 2. The figure shows Case 1 and Case 5 to randomly place all
four sensors on the transformer tank. However, the sensor for Case 2 was placed on the same plane - y, while
two sensors from Case 3 were placed on the same plane and the remaining two sensors were placed at different
widths. In Case 4 they were placed at the same height for all four sensors.

(0.20,1.30,0.70)

(0.80,1.05,0.20)
(0.00,1.05,0.60)
(0.60,0.00,0.70)
(0.00,0.25,1.05)

(0.00,0.25,0.20)

z
y

z
y

x

(0.00,0.25,0.20)
x

(a)

(0.00,0.25,0.60)

(b)

(0.80,1.05,0.60)

(0.80,0.25,0.20)

(0.40,0,0.45)

(0,0.65,0.45)

(0.00,0.25,0.20)

z
y

(0.80,0.65,0.45)

(0.40,1.30,0.45)

(0.00,1.05,0.60)

z
y

x

x

(c)

(d)

(0.40,1.30,0.70)
(0.80,0.65,0.20)

(0.40,0.00,0.70)
(0.00,0.65,0.20)
z
y

x
(e)

Figure 2. The sensor arrangement: a) Case 1, b) Case 2, c) Case 3, d) Case 4, and e) Case 5.

The propagation velocity of oil used in this paper was Voil = 1431 m/s at the temperature of oil of 20
degrees Celsius [27]. The propagation velocity was used in computing the time delay for the simulated PD
signal. Figure 3 shows the signal that arrived at the sensors for Case 1 of PD 1 as shown in Figure 3a, Case 1
of PD2 as shown in Figure 3b, and Case 1 of PD3 as shown in Figure 3c.
The time delay is measured using Equation 3 [5, 27] and recorded in Table 1.
(x − xi )2 + (y − yi )2 + (z − zi )2 = (Voil × Ti )2
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Figure 3. Simulated PD at time of arrival in Case 1 for a) PD1, b) PD2, and c) PD3.
Table 1. Time of arrival at each sensor for Case 1, Case 2, Case 3, Case 4, and Case 5 from PD1, PD2, and PD3.

PD location

Cases

PD1

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

PD2

PD3

Time of arrival (µs)
T1
T2
T3
T4
559.89 481.84 420.41 500.72
559.89 485.12 538.55 460.33
559.89 460.33 314.02 447.42
395.57 497.05 207.80 457.13
472.89 490.88 332.16 450.41
208.55 384.01 683.36 774.50
208.55 251.05 596.68 612.83
208.55 612.83 697.51 392.99
339.89 212.72 475.89 743.72
348.75 316.53 482.26 779.78
603.78 748.22 458.08 236.78
603.78 553.12 301.79 180.21
603.78 180.21 388.90 695.21
307.80 710.28 462.06 245.19
386.88 714.57 518.11 257.33

3. Positioning algorithm
This section analyzed the allocation of PD sources based on the TOA technique. The positioning algorithm
was based on the distance between the sensor and the PD source, whereby the localization is an overdetermined
system where the number of unknowns is less than the number of the measured ranges. It consisted of more
than three known reference nodes and one target node.
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The position of the target node is known as the intersection of all spheres, for which the coordinates of
the reference nodes are the centers of the respective sphere and the target node. A minimum of four sensors
were needed, thus requiring four equations to locate the PD source. The position of the target node is the PD
source coordinate. The line can be described as in Equations 4–7.
(xcalc − xs1 )2 + (ycalc − ys1 )2 + (zcalc − zs1 )2 = (voil × T1 )2

(4)

(xcalc − xs2 )2 + (ycalc − ys2 )2 + (zcalc − zs2 )2 = (voil × T2 )2

(5)

(xcalc − xs3 )2 + (ycalc − ys3 )2 + (zcalc − zs3 )2 = (voil × T3 )2

(6)

(xcalc − xs4 )2 + (ycalc − ys4 )2 + (zcalc − zs4 )2 = (voil × T4 )2

(7)

Here, T1 , T2 , T3 and T4 are the propagation time, (xcalc , ycalc , zcalc ) is the calculated PD source, and
(xsi , ysi , zsi ) when i = 1, 2, 3 , and 4 is the position of sensors. The goal of the location estimation is to find
the closest distance from the actual PD source (xact , yact , zact ).
In PD cases, nonlinear equations, Equations 4–7, appear where number of unknowns is greater than
a number of equations (overdetermined system). The simplest way in solving the nonlinear equation of an
overdetermined system is to convert the nonlinear equation into a linear equation. From here there are two
common methods in solving a linear system, which are the least square method (LSM) and Gauss–Jordan
elimination method (GJE) [9, 11]. Both methods are noniterative algorithms for PD localization. However, the
accuracy of the estimation may be affected by noise and multipath propagation and routes for the PD signal.
3.1. Least square method (LSM)
From Eqs. 4–7, subtracting the first equation (first sensor range equation) from other equations will yield
Equation 8 [9].

xs2 − xs1
2 xs3 − xs1
xs4 − xs1

ys2 − ys1
ys3 − ys1
ys4 − ys1

  2


m1 − m22 + k2 − k1
xcalc
zs2 − zs1
zs3 − zs1   ycalc  = m21 − m23 + k3 − k1 
m21 − m24 + k4 − k1
zs4 − zs1
zcalc

(8)

Here, ki = x2i + yi2 + zi2 and mi = voil × Ti . From Eq. 8, it can be denoted as 2At = b where
t = [xcalc ycalc zcalc ]T . The solution for t is given in Eq. 9.
t=

1 T −1 T
(A A) A b
2

(9)

Meanwhile, A and b can be obtained from Eq. 10 and Eq. 11.

xs2 − xs1
A = xs3 − xs1
xs4 − xs1

ys2 − ys1
ys3 − ys1
ys4 − ys1


zs2 − zs1
zs3 − zs1 
zs4 − zs1

 2

m1 − m22 + k2 − k1
b = m21 − m23 + k3 − k1 
m21 − m24 + k4 − k1
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3.2. Gauss–Jordan elimination (GJE)
GJE is a method of solving a linear system of equations. This is done by transforming the system’s augmented
matrix into reduced row-echelon form by means of row operations. A new equation for PD location is
consequently shown in Equation 12.
2xsi xcalc + 2ysi ycalc + 2zsi zcalc − R =∥ Si ∥ −(voil Ti )2

(12)

2
2
Here, Si is the acoustic sensor, R = x2calc + ycalc
+ zcalc
, and ∥ Si ∥ is the norm of sensor coordination

where ∥ Si ∥= x2i + yi2 + zi2 . However, with this method, there are three possibilities for the solution. No
solution means the system is inconsistent, along with a unique or one solution and infinitely many solutions.
Equation 12 will result in a 4 × matrix form as in Equation 13.

xs1
xs2
2
xs3
xs4

ys1
ys2
ys3
ys4

zs1
zs2
zs3
zs4


 
−1 xcalc
∥ S1
 ycalc  ∥ S2
−1

=
−1  zcalc  ∥ S3
−1
R
∥ S4


∥ −(voil T1 )2
∥ −(voil T2 )2 

∥ −(voil T3 )2 
∥ −(voil T4 )2

(13)

The augmented matrix for Equation 13 is given in Equation 14. This augmented matrix needs row
operations until the right side of the matrix becomes an identity matrix for the estimation of the PD source
value ( xcalc , ycalc , zcalc ).


2xs1
 2xs2

 2xs3
2xs4

2ys1
2ys2
2ys3
2ys4

2zs1
2zs2
2zs3
2zs4

−1
−1
−1
−1

∥ S1
∥ S2
∥ S3
∥ S4


∥ −(voil T1 )2
∥ −(voil T2 )2 

∥ −(voil T3 )2 
∥ −(voil T4 )2

(14)

4. Discussion
PD localization should be utilized using specific coordination for PD origin and sensor arrangement. From Table
1 the AE signal is captured by the AE sensor from the electrical PD signal, but for some sensor arrangements
as illustrated in Figure 2 their localization would not be possible. The possible arrangement for Case 1 is as in
Figure 2a, while Case 5 is as in Figure 2e. However, in Case 2 as in Figure 2b, Case 3 as in Figure 2c, and Case
4 as in Figure 2d, the arrangement would not possible.
Table 2 shows the calculated value for the PD source and its error percentage from the original source
using both different equations and the least square method. The distance error (DE) for the estimated location
is framed as in Equation 15 [9].
DE =

√

(xact − xcalc )2 + (yact − ycalc )2 + (zact − zcalc )2

(15)

Using the least square method, Case 1 and Case 5 showed a number in DE, but Case 2 only yielded
the value of y and z, while the value of x was dispersed. However, for Case 4 and Case 5, the value was not
accountable as the answers of x, y, and z were either N aN , −Inf , or Inf . Of these cases, Case 2 provided
the location of the sensors situated at the same plane (plane y) for all four sensors. Meanwhile, Case 3 had
two sensors mounted on the same plane (plane y) and the other two sensors mounted on the same plane y.
However, for Case 4, the four sensors were equally distributed on the transformer wall and at the same height.
In contrast, Case 1 and Case 5 both placed the sensor randomly to the four sides of the transformer wall.
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Table 2. PD1, PD2, and PD3 source coordinate estimation for Case 1, Case 2, Case 3, Case 4, and Case 5.

Cases
PD1

PD2

PD3

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

PD location estimation (x, y, z) m
LSM
GJE
(0.545,0.68,0.6)
(0.5431,0.6819,0.5968)
(-Inf,0.68,0.6)
No solution
(NaN,NaN,NaN) (0.545,y,z)
(NaN,NaN,Inf)
(0.545,0.68,z)
(0.545,0.68,0.6)
(0.545,0.68,0.6)
(0.258,0.25,0.35) (0.258,0.25,0.3501)
(-Inf,0.25,0.35)
(x,0.25,0.35)
(NaN,-Inf,Inf)
(0.258,y,z)
(NaN,NaN,-Inf)
(0.258,0.25,0.0704)
(0.258,0.25,0.35) (0.258,0.25,0.35)
(0.248,1.0,0.55)
(0.248,1.0,0.55)
((-Inf,1.0,0.55)
(x,1.0,0.55)
(NaN,NaN,NaN) No Solution
(NaN,NaN,Inf)
(0.248,1.0,-0.9656)
(0.248,1.0,0.55)
(0.248,1.0,0.55)

DE (m)
LSM
4.1541e−16
Inf
NaN
NaN
2.7195e−16
1.6653e−16
Inf
NaN
NaN
1.2719e−16
4.5776e−16
Inf
NaN
NaN
2.5438e−16

GJE
4.1785e−3
−
−
−
4.8012e−1
4.742e−1
−
−
7.401e−1
5.746e−1
4.394e−1
−
−
1.6253
4.3944e−1

The above values were confirmed by using the GJE method, whereby only Case 1 and Case 5 showed the
exact value of x, y, and z. In this instance, Case 1 and Case 5 showed the unique solution for both methods.
The coordinates of PD can be taken directly from the solution, while in other cases, there are infinitely many
solutions, requiring another one or more sensors to be mounted in order to compare the distance between
this coordinate and the solutions. For this case, five sensors or more need to be installed for the system to
have a unique solution for PD origin. However, more than four sensors mounted for PD detection will lead to
unsynchronization of the signal and thus inaccuracy of the PD source estimation.
From Table 2, there are unknown values of x, y, or z in PD2 for Case 3 and PD3 for Case 2, and PD1
for Case 3 and Case 4 accordingly. For these cases, the value of the exact coordinate was undefined by using
GJE, which was the same case as infinitely many solutions. Another solution that was no solution was probably
because of the range estimation error. Therefore, the system could not define the exact estimation of ranges
between the PD and the sensor. These uncertain values are because the LSM and GJE methods have some
limitations because of the inverse matrix from the LSM method and also the row reduction from the GJE
method that lead to a nonidentity matrix.
Furthermore, Case 1 and Case 5 showed DE values much lower than those of the other cases for PD1,
PD2, and PD3. However, for Case 1 and Case 5, it was strongly agreed via LSM and GJE that the sensor
arrangement for Case 5 was the most suitable placement for the sensor detector in order to capture PD signal
accurately. The difference in DE using LSM is shown in Figure 4 and for GJE is shown in Figure 5.
5. Conclusion
The localization of PD would improve the condition-based maintenance of electrical assets as it reduces the
interruption and deactivation times. An effective method of PD estimation was mounting the piezoelectric
sensor outside the transformer tank. The signal transmitted by the PD would be received by the sensor so
1310
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DE - GJE

DE -LSM
5.00E-16
4.50E-16

7.0000E-01

4.58E-16

6.0000E-01

4.15E-16

4.00E-16

2.72E-16

2.50E-16

2.54E-16

DE (m)

DE (m)

3.00E-16
2.00E-16

4.8012E-01

5.0000E-01

3.50E-16

5.7460E-01

5.7420E-01

4.3944E-01

4.3940E-01

4.0000E-01
3.0000E-01

1.67E-16

1.50E-16

1.27E-16

1.00E-16

2.0000E-01
1.0000E-01

5.00E-17
0.0000E+00

0.00E+00
case 1
PD1

case 1

case 5
PD2

4.1785E-03

PD3

PD1

Figure 4. The difference in DE using LSM.

case 5
PD2

PD3

Figure 5. The difference in DE using GJE.

as to capture the arrival time of the signal. The coordinates of the sensor and the arrival time of each sensor
would be calculated following this to estimate the location of PD. However, the placement of the sensor is very
important to get the optimum possible sensor placement for achieving the time of arrival of the PD signal.
As per the above observation, it was suggested to mount all four sensors randomly at the four sides of
the transformer as opposed to mounting them equally on the same plane or at the same height. Therefore, the
sensor position in Case 1 and Case 5 was the most unreliable arrangement for PD localization due to lower DE
by both methods. The value for Cases 2–4 was not obtainable using the least square method. This was due
to its inverse matrix and much higher DE by GJE. The estimation of the PD source was far from the actual
position that needed to be maintained or replaced.
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