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Abstract

Power transformers are important components of electrical systems. Their failures are very costly, mainly because of the unavailability of
electrical service they cause. Rapid and accurate diagnosis of internal transformer faults is a key factor of efficient and safe operation.
Such diagnosis is usually carried out by experts. Several methods of power transformer windings diagnosis exist. The online diagnosis,
the interpretation of results and the identification of various internal winding faults are criteria to be taken into account when choosing a
method. The voltage-current method is a powerful method that has been successfully used as a diagnostic technique to detect power
transformer winding faults. In this work we propose a mathematical models of power transformers winding faults based on voltage-
current method. To achieve our goal, we modelled the transformer winding as a distributed network of similar R-L-C circuits. Then we
used Matlab/Simulink to simulate the different winding faults on a number of discs ranging from 5 to 120. We defined four failures indi-
cators and we studied their evolution for each fault. At the end we give for each fault the corresponding mathematical model. The trans-
former used in this work is a 15 MVA 22/0.415 kV distribution power transformer.

Keywords: Distribution Power Transformer; Diagnosis; Voltage—Current; Indicators Semicolon.

1. Introduction

The reliability and the safety operation of electrical networks are major issues for energy suppliers’ company, since most unplanned
shutdowns can cause very serious economic consequences. In electrical networks, the voltages are fixed by power transformers. These
transformers are capable of supporting power ratings up to several hundred MVA. Given the current economic challenges, energy supply
companies invest considerable resources in maintenance operations. These maintenance operations aim to increase reliability, extend the
life of transformers, minimize failures and limit unavailability. A study of 536 failed power transformers shows that the main cause of
transformers failure is due to their windings [1]. Based on this observation, several research projects have been carried out with the aim
of providing maintenance solutions for power transformer windings. We can name: Frequency Response Analysis (FRA) [2-5], Analysis
of sequences negative current [6], Voltage—Current locus diagram (V-1) [7-9], Temperature measurement [10], [1] and flux-based method
[11-12]. Table 1 present a brief comparison between V-l method and other mentioned methods. The FRA technique requires expert per-
sonnel to determine the type and possible location of the fault [13]. Analysis of sequences negative current, temperature measurement
and flux-based method have easy to interpret results but can’t identify various internal winding faults. The voltage-current technique as
presented in [14], [9] relies on constructing a locus diagram relating the transformer input current of a particular phase on the x-axis and
the difference between the input and output voltages of the same particular phase on the y-axis. This allows the modelling of only one
winding of the transformer. In this paper we extend the method to two windings. The current in one primary winding of the transformer
is considered as the x-axis, and the voltage difference between the same primary winding and particular secondary winding is considered
as the y-axis. This allows us modelling two winding of the power transformer (the primary and the secondary). Then we define four
failures indicators and we both study their evolution for each fault and give the corresponding mathematical model.

2. Transformer model

The transformer has been modelled as a distributed network of similar R-L-C circuits (Fig. 1.). This model is used in the FRA but can
also be used in voltage-current diagram method as presented in [7] and [9]. A winding consists of a number of elements called discs.
Every disc consists of a number of turn and has an internal resistance, capacitance and inductance. In the model of figure 1 r and r’ are
respectively the series resistances per disc of the High Voltage and Low Voltage winding; Cg and Cg’ are respectively the ground capaci-
tance per disc of HV and LV windings; Cs and Cs’ are respectively the series capacitances per disc of the HV and LV winding; Ls and
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Ls’ are the selfs and mutuals lumped inductances per disc of HV and LV windings; Cw is the Capacitance between HV and LV wind-
ings. Theses model parameters can be calculated from FRA [15] or from the transformer's geometrical dimensions [16]. We have ne-
glected the distributed shunt conductance in our model like in [17] and [18]. This approach does not allow us to study the case of leakage
fault inside a transformer [14] which is not a problem, since we limit ourselves in this work to: Turn to Turn short circuit; Axial Dis-
placement and Disc Space Variation.

Table 1: Comparison Between V-1 Method and Others Method Mentioned

Methods Allow online diagnosis Ease of interpretation of  Identify various internal wind-

results ing faults
Frequency response analysis [2], [3], [4], [5] v v
Analysis of sequences negative current [6] o o
Temperature measurement [1], [10] v v
Flux based method [9], [12] o o
Voltage—current locus diagram V-I [14], [8], [11] v v v

: \—;—\ Ground

Neutral

AT~ Cw/2

Disc n
|/

77 Ground

Fig. 1: Equivalent Circuit of A Two Winding Transformer Deduce from [17].

Magnetic coupling between the inductances of primary winding
= = = = Magnetic coupling between the inductances of primary and secondary winding
PR Magnetic coupling between the inductances of secondary winding

3. Methods

The voltage-current diagram method as presented in [14], [9] relies on constructing a locus diagram (x-y) relating the transformer input
current of a particular phase on the x-axis and the difference between the input and output voltages of the same particular phase on the y-
axis. In this paper we extend the method to two windings. The current in one primary winding of the transformer is considered as the x-
axis, and the voltage difference between primary and secondary is considered as the y-axis. the load and the power factor have little ef-
fect on the proposed AV-I1 locus [19], [14].

Fig. 2: Per-Unit Equivalent Circuit of Transformer.

Considering Ar(t) the instantaneous values of the voltage difference between primary ¥, (£) and secondary ¥, () and i(t) the instantane-
ous input current in one primary phase.
For x-axis:

x=ilt) = I, coslawt + @)
())

For y-axis:
y =¥t} =it =avlt) = AV, coslwt + &) )
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Where & and ¢ are the phase angles of Av(t) and i(t), respectively and o is the angular frequency in rad/s.
We can eliminate from (1) and (2)
x

wt = arcos (;T’rr) — 0 = arcos (!—] — @

m

¥y x
= arcos (ﬁ\Vn—:I = arcos (a:l +1(5 —¢)

= (A)T’H.J = cos (ﬂ?"CCIS (fiJ +(65 - QJ])

m

(;T’rrj = cos (nraas (rij)cos(b‘ — @) — s:'n(nrcos (fij) sin(§ — )= (Iij cos(§ — @) — \jl 1- (%:I: sin(§ — @)

m m m

- J,L_—(%J: sin(6 — @) = (é] cos(5 — @) — (;T;r]

= (1 - (;]:)s:’n:(ﬁ —g)= (Ii] cos*(§ — @)-2 (Ii:l cos(§ — @) (AJFWJ + (ﬂjﬂr:l:

m m m

=sin(§ — @) = (%jl sin“(§ — @) +(Ii): cos* (6 — @) — 2 (%J (a-:":;r) cos(6 — @) + (,ﬁj'lr’r..J:

m

= sint (6 -0) = (=) sin* 0 =) +(2) o5 (6 — ) ~2() () costo 02 + ()

m L./ \AV, AV,
x\? 2xycos(§ — @) Yy .

Ax*+Bxy+Cy* =F @)
The relationship between x and y in (3) describes the general equation of a conic in (4).
With:

— L .o _zeslE-g. 1 . F=3zin*(§ - ¢)
A e’ B= Bl €= A2’ ¢

e IfB”—4AC = 0isrelated to a hyperbola;

e If B — 4AC = Ois related to an ellipse;

e IfBE*—4AC = 0is related to a parabola.
Determine the sign of B* — 44C

. 4 .
B®—24C = —— (cos*(6 — @) — 1)

Irr._ m

B2 - 4AC : (sin*(6 — @)

- — = ————\sin"\d —

120V, ? 5)

Equation (5) is always a negative term then the diagram is an ellipse.
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Fig. 3: The Form of the Diagram [14].

The parameters of the diagram (the major axis, the minor axis and the rotation angle) are giving in [8]. Their equations are written below
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e Rotation angle

g =fartg (ﬁ:l

e Semi-major axis

_——wm

| | . [ £y 2
J A+0+D 57 +[a-7)

e Semi-minor axis

=

IJ=|

a2 afa l)
4+0-DyB* +|A-¢]

e  Perimeter (Ramanuja)
P~ n(3(a+b) —Ba +b)a+3b))
e Area

A = wab

(6)

O]

®)

©)

(10)

The constructed diagram corresponding to the healthy transformer will be compared to the faulty transformer diagram. Three types of

internal faults are simulated on the primary winding: Turn to Turn short circuit; Axial Displacement and Disc Space Variation.

We defined the following indicators:

o Rz s the ratio of major axis on the minor axis of the diagram

o Ry as the ratio of the faulty diagram angle - on the healthy diagram angle €

o Rp as the ratio of the faulty diagram perimeter £ on the healthy diagram perimeter P.

4. Simulation results

(11)

(12)

(13)

(14)

The power transformer is connected in A-Y. 120 HV winding discs and 120 LV winding discs of the model shown in figure 5 are simu-
lated using Matlab/SIMULINK software. As the primary windings are connected in A, each extremity of a winding is supplied by 22kV-
50Hz, but with a phase difference of 120° as shown in figure 4. The secondary windings are connected in Y with the neutral grounded as
shown in figure 4. Two resistors (R) are added between each AC source and the transformer figure 5. These resistors correspond to the
line resistance. The value of the RLC parameters of the transformer is given in [18].

5

B

F

I

7

7

GND

Fig. 4: Winding Connection.
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Fig. 6: V-l Diagram of the Healthy Winding.

Figure 6 Represent the voltage-current diagram corresponding to the healthy winding. The indicators values are B, = 7486.61; Rg = 1;
R.=1,R, =1

4.1. Turn to turn short circuit

About 70 percent of transformers failures are caused by internal winding short-circuit faults [20]. In the model studied, 120 discs were

progressively short circuited to find their effect on the diagram.
Figure 7 present the locus for 65, 85, 100 and 120 faulty discs compared to the healthy locus It can be observed from figures 8, 10 and 11
that as the number of faulty disks increase, r,, ., r, are constant at the value of one until 35 discs are defective, then they start to de-

crease linearly until 120 discs are defective. r, evolves in the opposite way as show in figure 9.

%104 Turn to Turn short circuit
T
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g ]
T>> — Healthy
9. ---65 faulty discs
- -85 faulty discs
***** 100 faulty discs
n ) ) ——120 faulty discs
-6 -4 -2 0 2 4 6

Current i(A)
Fig. 7: Effect of the Turn-to-Turn Short Circuit Fault on the Locus.
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Fig. 8: Evolution of the Faulty Area on Healthy Area Ratio.
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Using Matlab’s curve fitting tool, we can give the expression of this curve by the Fourier method using the Levenberg-Marquardt algo-
rithm.

flx) = ay + a, coslxw) + b, sinlxw) +a, cos(2xw) + b, sin(2xw)
Coefficients (with 95% confidence bounds):
ay = 1,459 (—1,222; 4,14)

a, = —0,6254 (—4,215; 2,964)

b, = —0,418 (—1.854; 1.018)

2
a

, = 0,1659 (—0,7427; 1,075
b, = 0,2195 (—0,5081; 0,9471)
w = 0,007598 (3,323e"%; 0,01516)

The RMSE = 2,453¢°%
e Ratio of major axis on minor axis Rz

Ratio of major axis on minor axis
7750 1 T

7700

-

[}

(52

o
T

L

Ratio value

7450 L L L L J
0 20 40 60 80 100 120

Number of faulty disc
Fig. 9: Evolution of the Major Axis on Minor Axis Ratio.

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab).
flx) = ay + @, coslxw) + by sinlxw) + a; cos(2xw) + by sin(2xw)

Coefficients (with 95% confidence bounds):

@, = 7049 (6278;7819)

a, = 587.4 (—432.2; 1607)

b, = 729,8 (135.7 ; 1304)

—149,3 (—398,5; 09.82)

=]
¥
1l

b, = —373.4 (—063,9; —86.59)
w = 0,008473 (0,00864; 0.01031)

The RMSE: 0,03793
e Ratio of faulty angle on healthy angle Rs

Ratio of faulty angle on healthy angle

14—k +7,‘,,,&7+%$\* i
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Fig. 10: Evolution of the Faulty Angle on the Healthy Angle Ratio.

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab).



162

International Journal of Engineering & Technology

Flx) = ag + o, coslxw) + by sinlxw) + a, cos(2xw) + b, sin(2xw)

Coefficients (with 95% confidence bounds):

a, = 1,12 (0,8365; 1,404)
a, = —0,1601 (—0,5364; 0,2161)
b, = —0,1325 (—0,3058; 0,04077)

a. = 0,04003 (—0,05266; 0,1327)

b, = 0,06775 (—0,01931; 0,1548)
w = 0,007814 (0,004864; 0,01076)

The RMSE: 5,602e%

1.005

0.995
0.99

0.985

Ratio value

0.98

0.975

0.97

Ratio of faulty perimeter on the healthy perimeter Re

Ratio of faulty perimeter on the healthy perimeter
: T .

|
e

20 100

40 60 80
Number of faulty disc

|

120

Fig. 11: Evolution of the Faulty Perimeter on the Healthy Perimeter Ratio.

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab).

Fx) = ap + a, coslxw) + by sinlxw) +a, cos(2xw) + b, sin(2xw)

Coefficients (with 95% confidence bounds):

ap = 1,213 (-0,01103; 2.437)
a, = —0,291 (—1934; 1,352)

b, = —0,1728 (—0,7775; 0,432)

a, = 0,07806 (—0,3408; 0,497)

b, = 0,00115 (—0,2159; 0,3982)

w = 0,007048 (—0,0001682 ; 0,01426)

RMSE: 7,179¢7

e Axial displacement

This fault occurs due to the magnetic imbalance between the low- and high-voltage windings due to short-circuit currents [14]. This fault
can be simulated by modifying the mutual inductances and self-inductances of disc [9]. In the model studied, axial displacement is mod-
elled by reducing the inductance by 10%. Axial displacement was progressively simulated on 120 discs to find its effect on the diagram.
Figure 12 present the locus for 50, 80, 100 and 120 faulty disks compared to the healthy locus It can be observed from figures 13, 15 and
16 that as the number of faulty disks increase, R,, R,, R, are increasing linearly in the same direction. &, evolves in the opposite way as

shown in figure 14.

Fig. 12

—Healthy
- - -50 faulty discs
80 faulty discs
100 faulty discs
——120 faulty discs

4

Current i(A)
: Effect of the Axial Displacement Fault on the Locus.
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Fig. 13: Evolution of the Faulty Area on Healthy Area Ratio.

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab) number of terms 1.
Flx) = ay + o, coslre) + by sin(rea)

Coefficients (with 95% confidence bounds):

ay = 1,291 (1,281; 1,301)

a, = —0,2894 (—0,2998; —0,279)

b, = 0,023 (0.0182; 0,0278)

w = 0,01475 (0,01429; 0,01521)

The RMSE: 0,000695
e Ratio of major axis on minor axis Rz

Ratio of major axis on minor axis
T T T o

7600
i

o TR, —s

~
N
o
S
#
#

Ratio value
~
o
o
o
/
4
/
¢

6800 T

6600 - ‘ ‘ ‘

0 20 40 60 80
Number of faulty disc

Fig. 14: Evolution of the Major Axis on Minor Axis Ratio.

100 120

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab) number of term 1.
fl) = ay + o, coslre) + b, sinre)
Coefficients (with 95% confidence bounds):

ap = 7018 (7015: 7021)

a, = 467,2 (463,9; 470,6)

by

—52,42 (—55,54;—49,20)
w =0,01746 (0,01732; 0,0178)

RMSE: 0,5385
e Ratio of faulty angle on healthy angle Rs
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Fig. 15: Evolution of the Faulty Angle on the Healthy Angle Ratio.

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab) number of term 1.
flx) = ay + a, coslxw) + b, sinlxw)

Coefficients (with 95% confidence bounds):

ay = 1077 (1,076: 1.079)

a, = —0,07692 {—0,07838; —0,07546)

b, = 0,00614 (0,00521; 0,00707)

w = 0,01621 (0.01591; 0,01651)

The RMSE: 0,0001525
e Ratio of faulty perimeter on the healthy perimeter Re

Ratio of faulty perimeter on healthy perimeter

Ratio value
o o
o (<=

*

\

\

o
R
%

1.02 g
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Fig. 16: Evolution of the Faulty Perimeter on the Healthy Perimeter Ratio.

The expression of this curve by the Fourier method using the Levenberg-Marquardt algorithm (Matlab) number of terms 1.
Flx) = ay + a, coslxew) + by sin(res)

Coefficients (with 95% confidence bounds):

a, = 1,075 (1,074; 1,076)

a, = —0.07435 (-0,07248; —-0,07323)

fla

b, = 0,009688 (0,008821; 0.01032)
w = 0,01616 (0,015391; 0,01642)
The RMSE: 0, 0001285

4.2. Disc space variation

Disc space variation is one of the most frequently mechanical faults occurring in power transformers [14]. This fault can be simulated by
modifying the series capacitor [14]. In the model studied, Disc space variation is modelled by increasing the series capacitor by 70%.
Disc space variation was progressively simulated on 120 to find its effect on the diagram.

Figure 17 present the locus for 50, 80, 100 and 120 faulty discs compared to the healthy locus. It can be observed from figures 18, 19, 20
and 21 that as the number of faulty disks increase, R, R,, R;, R, are constant. this may mean that the method does not allow the assess-
ment of this fault or that further study would help to understand this phenomenon.
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Fig. 17: Effect of Disc Space Variation Fault on the Locus.
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Fig. 18: Evolution of the Faulty Area on Healthy.
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Fig. 19: Evolution of the Ratio of Major Axis on Minor Axis.
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Fig. 20: Evolution of the Faulty Angle on The Healthy Angle Ratio.
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Fig. 21: Evolution of the Faulty Perimeter on the Healthy Perimeter Ration.
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5. Conclusion

This paper presents the diagnosis of a 15 MVA 22/0.415 kV distribution power transformer by the voltage-current locus diagram method.
The method Consist of establishing a locus diagram (x—y) where current in one primary winding of the transformer is considered as the
x-axis, and the voltage difference between primary and secondary is considered as the y-axis. Three types of faults have been simulated
using Matlab/Simulink software: short-circuit faults, Axial displacement and disc space variation. for each fault and at different number
of faulty discs we determined: the major axis, minor axis, perimeter, area and inclination angle of the diagram. These parameters allow us
to defined four indicators R, R, R4, and r,. The analysis of these indicators made possible the identification of each fault and its math-
ematical model. This technique is very easy to implement. It requires only the metering devices attached to the power transformer and
can be done online. The application of this method to other electrical equipment may be the subject of future research.
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