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Abstract: This investigation deals with a mathematical model for a distribution transformer
including saturation effect. To this end, the equations related to a three phase transformer
are specified and the effect of an inter-turn fault is included. Naturally by applying an inter-
turn fault the inductance and resistance matrix will change. Thus, unknown quantities of
inductances and resistances for completing the matrix are calculated and the inputs, outputs
and state variables are specified. All the equations will be rewritten in terms of state
variables, subsequently saturation effect is added to the model. Finally the block diagram of
the specified model based on the obtained equations are designed and the ultimate model is
simulated. The saturation effect, added to the mathematical model and also the variable
fault parameters are known as two significant contributions which distinguish this study
from other investigations. Various results obtained from the simulation of the final model
confirm the changes in the behavior of faulty transformer such as: a large circulating
current flowing in the shorted turns, lower impact on terminal voltages and currents, a
sudden increase in current flowing in the primary winding, asymmetrical flux distribution

and inverse proportion of the fault severity and the limiting resistor.
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1 Introduction
1.1 Transformer Fault Classification

transformer as a vital part of a power system, plays

an important role in the transmission process of
generated energy in power plants and distribution of it
to a point of power utilization. In today's world, due to
the incremental rate of complex loads in power
networks with various control systems which causes an
amazing network expansion, transformers are seriously
and continuously exposed to risks. This fact is the main
reason that necessitates the Recognition; classification
and urgent detection of transformer faults. Accordingly,
the faults can be categorized as external and internal [1].
The external faults involve; overloading, voltage
increase due to impulse excitation, short circuit in the
network and etc. Whereas, the internal faults involve;
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winding defects, winding insulation failures, oil
decomposition, core faults, defects in the mechanism of
tap-changer and etc. Among all the mentioned faults,
winding insulation failures are always considered as the
most important reason of power transformer outage,
which are usually categorized as static and dynamic
failures [2], [3]. The reason of static failure is winding
insulation defect during manufacturing. But the
important factors that cause dynamic failures include;
over voltages caused by lightning, over voltages caused
by switching, inrush current of transformers, prolonged
overloading and failure of the cooling mechanism.

Inter-turn fault is known as a famous reason of
insulation failure in transformers. Transient over
voltages, caused by impulse excitation, is a
determinative factor in creation of winding inter-turn
fault. Thus, overvoltage distribution along the winding
must be uniform [4]. It should be noted that, urgent
detection of inter-turn fault has a great importance in
preventing the increment of fault severity [5].

1.2 Literature Review and Contribution

Various methods have been proposed in order to
detect inter-turn fault which are completely mentioned
in Table 1. On the other hand, the disadvantages of the
applied methods are presented in Table 2.

In [22], [23], the behavior of transformers are
analyzed with high emphasis on experimental models.
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Table 1 Description of some important methods for internal fault detection.

Methods Ref. Remarks and essential descriptions
[11, [6], [7] o Differential relays measure the primary anq se_condary phase current of the transfqrmer and
Differential convert them to a mutual base value which is comparable with the calculated differences
Protection in the currents.

[1], [6], [7] o Small current differences indicates the normal operation of the transformer and also external
fault occurrence condition. This small value is equal to the magnetizing and also the core
loss of the current. But this difference value becomes greater during an internal fault.

_ [8], [9] o Transformer oil and its winding insulation can be destructed and decomposed to different
Dissolved gases due to thermal or electrical stress. A range of generated amount of gases between 0-
Gas Analysis 500 ppm, shows the normal operation of transformer.
(DGA) [10], [11] e The high amount of circulating current caused by an internal fault can be detected with
obtained DGA data, applied by various methods such as Rogers Ratio method.

[12]- [14] e Due to high dependency of winding admittance to the operating frequency, the FRA is
introduced as another method for detection of inter-turn fault. In this method the

Frequency admittance is measured in a wide range of frequency.
Response [15] e The responses in this method are categorized as low, medium and high frequency response.
Analysis But only low and high frequency responses are considered to be significant in frequency
(FRA) analysis of inter-turn faults.
[16], [17] e This method can also be used in order to detect deformation of windings due to short circuit
fault, and also diagnosis of core fault.
Ad q These methods include
MZS]ZC:s [18]- [20] e Wavelet transform and Atrtificial neural networks
[21] e Fuzzy logic

Table 2 The disadvantages of the mentiond method for internal fault detection.

Methods Disadvantages

o The differential method has high sensitivity to measurement accuracy of the current transformers.
Differential Therefore an algorithm for compensation of measurement through mathematical fault correction,
protection generated by current transformers, is always needed.

Inaccessibility to phase terminals in the transformers with delta connections for measurement of the
phase currents

Dissolved gas
analysis (DGA)

(DGA)

The results and forecasts derived from dissolved gas analysis method such as local overheating and
high circulating current can also be created by other internal faults in addition to inter-turn fault.
Therefore, this method can cause ambiguity in determining the precise type of fault.

This method is not suitable for dry transformers, transformers with a natural cooling mechanism and
transformers with air forced cooling mechanism.

frequency response
analysis (FRA)

e FRA always requires additional equipment for diagnosis.

The prediction of operating conditions is not easily possible due to complex admittances, and always
requires an expert’s opinion and evidential reasons.

Advanced methods

These methods are not practical. As an example, in artificial neural networks the neural current is not
easily available for transformers. Besides, advanced calculation methods always require a large
number of powerful processors.

But considering the high price of transformers and
difficult accessibility to the equipment required for
performing the experiment, this method is not feasible
for everyone. Furthermore, analyzing inter-turn fault
effects, on accessibility to the equipment required for
performing the experiment, this method is not feasible
for everyone. Furthermore, analyzing inter-turn fault
effects, on transformers with different characteristics
and in different voltage levels requires multiple
experimental models which is illogical from economic
point of view. In [24], a model based on flux
rearrangement around the damaged turns has been
developed. But the mentioned model is very simple and
only simulated a single phase transformer. On the other
hand, it does not have transformative fault parameters

including changeable fault resistance and also
changeable number of faulty turns of transformer
winding. Ref. [22], [25], [26], present a finite element
model (FEM) of a transformer in addition to an
experimental model. The various aforementioned
models of the transformer, with inter-turn fault, are
based on finite element analysis, mathematical model
without consideration of saturation effect and also
limited experimental models in accordance to the
specifications of the transformer which are given in the
transformer plaque. In fact, none of the published papers
have presented a flexible model, based on mathematical
equation, considering linkage and leakage flux of the
transformer (changeable self and mutual inductances).
On the other hand, the aforementioned models do not
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have flexibility for different fault severity. Therefore,
providing a transformer approximate model including
inter-turn fault which can operate under
v’ different nominal specification of the transformer
v different winding resistance and inductances
(changeable resistance and also self and mutual
inductances)
v/ various fault resistance and fault severity (the
ability to present an acceptable flux analysis)
v'various involved number of turns in the faulty
winding
v selective fault in each section of each winding
v consideration of the core saturation effect
seems to be essential.

The mentioned model is proposed to achieve a better
understanding from the behavior of distribution
transformers with inter-turn fault in a frame of a flexible
model based on mathematical equations, with the ability
to change the fault parameters including fault severity
and the number of shorted turns of the primary winding.
Different parameters of transformer such as voltage,
frequency, inductance, resistance and etc are
changeable. It should be noted that, the saturation effect
is included in the model as well. This paper is based on
mathematical equations of a transformer with inter-turn
fault. Therefore, the passive parameters, caused by
inter-turn fault, should be specified. Then, the equations
are rewritten according to new status, considering the
saturation effect. Finally the obtained block diagram of
the specified model is designed and simulated.

2 Three-Phase Transformer Model, with Inter-turn
Fault

A sample model for a normal 3-phase transformer is
well known [27]. The resistance and inductance matrix
for a normal operated 3-phase transformer are also
presented in [27]. Imposing an inter-turn fault to phase
‘B’ of the transformer primary winding divides the
mentioned coil into two segments including sub-coils
‘a’, and ‘sh’, as shown in Fig. 1, [27].
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0 0r 0 000
r=[0 0 0r, 0 0 0
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000 0 O0r, O
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L=|Lsh1 Lsh2 Lsha Lshsh Lsha Lshs Lshe
Laz Lap Lsa Lash Las Las Lagg
Lsg Lsp Lsa Lssh Lsa Lss Lsg
Lex Le2 Lea Lesh Lesa Les Les |

As a result, the resistance and inductance matrix will
change to, 7*7 matrix with unknown parameters as
shown in (1). It should be stated that, the quantities of
the faulty sub-coil, are shown with, ‘sh’ index and the
red colored parameters are known as passive parameters
which should be calculated subsequently.

i 4\ &,
E— =
N(l< V ¢ﬂ(l
\ i\
r P/,
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B R.\‘h
N
RI,] 2

Fig. 1 Inter-turn fault modelling in a distribution transformer [28].

2.1 Determination of inductances and resistances

Passive resistance quantities depend on the ratio
between, the number of turns in each sub-coil to the
general number of turns in the faulty (primary) winding
[27]. The unknown quantities of inductance matrix are
specified by three important rules including:
consistency, proportionality and leakage [27]. It is
necessary to mention that, leakage factors, such as
«h Ogi and o, are considered as known parameters.

In fact, leakage factors have a strong relationship with
the geometry of transformers and it is the main reason
which makes these factors hard to obtain. However, the
leakage factors can be approximated by neglecting the
leakage flux outside the windings and assuming it to
flow completely parallel to the axis of transformer
windings [29].

Each winding inductance consists of, self and mutual
inductance. For instance:

Laa = (LLa +Lma)

o

Ly :(LL3 +Lm3) 2

Lshsh = (LLsh + Lmsh )

In accordance to the mentioned rules, the unknown
self and mutual inductances of the inductance matrix are
calculated by a numerical resolution method, as follows:

2
n
L, =L,* —= 3
aa 33 [nSJ ( )

Consequently, L, can be obtained by replacing ny,
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instead of n_ in (3).

n n
Lash = Lsha = L33 *(_aj(ij
N, n,

nsh

n
=L, =" (L, + L) (4)
na a
But other inductances including, mutual inductances
among the sub-coils of faulty winding in phase ‘B’, and

other windings are still unknown, which are calculated

by assuming:
L, n
al — a — k 5
I-shi nsh ( )
Thus, the mentioned inductances are given by:
na na
k n n n
L-:LIZ — sh — sh __aLI (6)
T 14k 1 e Metng o ong :
nsh nsh
1 1 n,
Ly =L = W = n == Ly
+ 1+ -2 n3 (7)
n

However, by assuming a typical winding to be wound
on the same leg as the sub-coils of faulty (phase ‘B’ of
primary) winding, the equations will be different for
that. In this method the sub-coil of the faulty winding
which has the largest number of turns will be selected.
Suppose, sub-coils ‘a’ has the largest number of turns
between two sub-coils. As a result, the following
equation is specified.

;ai =& 8
. ®)

As mentioned before, different leakage factors such
as o, ,04,; andoy are assumed to be known. Thus,
for obtaining the unknown inductances, the following
formula is obtained.

’L 1-¢ LL,
ai ia 3|\/_ L33 c L3i2 ( )

And as a result of consistency principle Lg; can be
calculated as follows.

Lshi = L3i - Laj (10)

2.2 Voltage Equations

The faulty phase voltage equations of the primary
winding, considering an inter-turn fault occurred on
phase ‘B’, with certain number of turns which is shown
by ng,, can be written as

V3 :ra|a+zf (ia+icirculaling)+pj‘a (11)

Vg =T ish + p/ish (12)

where z¢ is the fault impedance, igyyaing 1S the

circulating current caused by inter-turn fault in the
shorted turns, vy, and ry, represent the voltage and the

resistance of the shorted turns, respectively, and
p =d /dt. The voltage equations for healthy windings

in both primary and secondary sides in phase ‘A’ can be
written as follows.

vy :r1i1+pj1 (13)

Vo=hi+ph (14)

Equations of healthy windings in phase ‘B’ and ‘C’
can be written in the same way as above. By taking a
look at the voltage equations, the induced voltage terms

including, p4,, P4y, P4 and p 4, can be seen

obviously. All the induced voltage terms depend on
inductances. Besides, after the occurrence of an inter-
turn fault the inductance matrix will change, which
involves known and unknown arrays. Thus, for
completing the voltage equations in details, the
unknown quantities should be rewritten based on the
known inductances and considering three important
rules including consistency, leakage and proportionality,
as mentioned before.

2.3 Determination of the Induced Voltage Equations

By assuming
n,=n, =n;,
(15)
n,=n,=n

2 4 6

The first induced voltage term of faulty winding is
p A, which can be written, based on L, 5 and L. For
this purpose, the flux equation should be written based
on the flux matrix as follows:
Ay =Ll + L0, + Ll +Lglg + Lo,

+L 0. +L gl

In the next step, the unknown inductances will be
replaced in accordance to (3)-(10), as expressed below.

2
n, | . n, Ny .
/’La:LLS [_J I, +——1
n3 n3 n3

2
n,. n,. (n ). n,ng.
—a|l+—a|2+[—aj i+
LM N, N, Ny Ny 17)

m3

(16)

Jrﬁiﬁn—f"i5 +n—f“i6
n3 n3 n3
Finally, derivative of (17), represents the induced
voltage of sub-coil ‘a’, and will be written as
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e _os o |[Me ] die N0y iy
P4 n,) dt n,n, dt

. S 2 . .

Mo diy N di, [, ) di, g Ny, diy,

n, dt  n, dt n,) dt n,n, dt

; : ; (18)
JMadiy 0, iy n, di
n, dt n,dt n, dt

The second induced voltage term of the faulty

winding is, pAg, which can be calculated in the same

way as P4, . The final equation will be as follows
2 . .
esh = pj’sh = I‘L3 ni dlish*'nihniadi
n, ) dt n,n,dt

. N 2 . .
nishdiﬁ,nid#_'. nish dISh +nihniad£
n, dtn, dt n, ) dt n,n,dt

3

m3 . (19)
(Madis ng dis ng dig

n, d n,dt n, dt

The induced voltage of phase ‘A’ and ‘C’, in the
primary winding can be obtained with the same process,
as mentioned for the sub-coils of the faulty winding.
The induced voltage of phase ‘A’ is calculated from
flux equation as follows.

=L, i, +L i, +L i +L i, +L,i
/’il 1171 127 2 la”a 1sh " sh 147 4 (20)

+Lysls +Ligls

The following equations are obtained, According to

Ref. [29].
n.
Ly = — Lo (21)
1
L n ’
—mi _ | 1 22
I—m2 (nZ] ( )

With the help of (2) and (21), the flux equation becomes

.ooon,. NG .
B i+ =20, + iy,
A= LLlil +Lo ! ! (23)
+i,+ig +ig
The derivative of (23), represents the induced voltage
of phase ‘A’ in primary winding as follows:

di,  di,  n,di, n,di,

]
91=P%=LL1%+LM dt ’dt n, dF n, dt (24)
di, di, di,
ot dt dt
Considering, L.,=L,s=L.: and also
L.,=L,,=L,s, The ultimate induced voltage

equation of phase ‘C’, can be written with the same
process, as phase ‘A’. For completing (14) which is
known as the secondary voltage equation of phase ‘A’,

the secondary induced voltage including, p 4, , should

be calculated. The induced voltage of the mentioned
phase in secondary side is calculated from the flux
equation as

ﬁz = L21i1+|-22i2+|- [ +L23hish +Lz4i4

2a’a
. . 25
+L25|5+L26|6 ( )

The unknown parameters of (25) is calculated in
accordance to (3)-(10), as previously mentioned and the

equation becomes

a Ish

. n
A =Ll +L, ? ’ ’ (26)

n2 n2 n2
With the help of the equations which are used for
referring the quantities of winding secondary side, to
winding primary side [29], and by multiplying both
sides of (26) by (n2 /nl), the following equation is
obtained.

2 i +iy+ig+ig+ig
27
Ny, M hy, | (D)

+7
h
N, Ny ’ n, N ;

n, J n,
=L =L, 0,+L,|—=
nl 12 L2'2 ml [ nl
By dividing both sides of (27) to (n, / nl)2 , the
final flux equation can be written as
e (T (P
. .o i i+ =20, + =y,
A =L+, M M (28)

+i,+ig+ig
The derivative of (28), represents the induced voltage
of phase ‘A’, in secondary winding as follows:

diy di, ngdiy ng dig
di, dt dt n, dt n dt

dt + I-ml

e, =L, —2 (29)
LA, dis dig
dt de dt
The induced voltages of phase ‘B’ and ‘C’ in
secondary winding side, are obtained the same as phase
‘A’ and in accordance to (25)-(29). It is worth noting
that, the first term of all induced voltage equations
shows the leakage inductance, and the second term of

the mentioned equations presents the core model.

2.4 Simulation of Three-Phase Transformer

As mentioned earlier, for simulation of 3- phase
transformer with inter-turn fault, specification of input,
output and state variables are needed. In this simulation
voltages are considered as input, currents are considered
as output and the total flux is used as state variable. The
total flux linkages of windings are known as state
variables. Thus we have 7 state variables. In terms of
these 7 state variables, the voltage equation of the faulty
winding can be rewritten as follows:
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. L 1 dy,
v3:ra|a+zf (Ia+|circulating)+a dt (30)
H 1 dl//sh
Vg, =l +———— 31
h h " sh o, dt ( )

It is noteworthy that, other voltage equations can be
rewritten in the same way. As previously mentioned,
(17) represents the related flux of sub-coil ‘a’ in the
faulty winding in primary. By rewriting (17), based on
v, the following relation is obtained.

2
n n,n
— a H a sh &
Va =Xi3 (_j Iy +— Lsh
n3 n3 n3

2
n n, . n n, n
a i a i a H a sh &
_|1+_|2+[_J Ia+__lsh

n3 n3 n3 n3 n3
X , , (32)
n,.” n,. n,.
+—2i,+ i+
3 n3 n3

where v, =@, 4,, and @, is the base frequency which
is used for reactance calculation. It is noteworthy that,
W4, IS also obtained in the same way. By rewriting (23)
and (28) for two other windings, both in primary and
secondary sides in a similar way, based on y, the
following formulas are obtained.

" n n .
. . a: sh : .
I +hL,+—1,+ Iy, +1,

Wy =X X n, ! (33)
+ig +ig
.o on . ng . J

. . B+ =20+ +i,

Wy, =X+ X0 n, My (34)

+lg +1g
The final rewritten equations for other phases, both in
primary and secondary can be obtained the same as (33)
and (34). The second term of (33) and (34), is related to
the magnetizing inductance of healthy windings. It can
be expressed as

Soon. o ong. S
Yo =Xy | 1+t =0, + =S +i, 41, +1, (35)
1 nl
Equation (36) and (37) are related to the magnetizing
inductance of sub-coils ‘a’ and ‘sh’ in primary,
respectively. They can be written as

, n n ,
. . a: sh : .
n, I1+|2+n_la+n_|5h+l4

l//m_a= Xml | 1 ! (36)

Ny o
+H +ig
.on.. n,. .
n, |1+|2+n—‘1‘|a+ni‘lshﬂ4
l//mish =l = Xm ! ! (37)
Ny o
+H +ig

The minimum shorted turns in the faulty winding will
cause the highest circulating current. Since, in such

situation, n, is usually close to nj, it is assumed that,
¥m =¥m_a- Thus, we can use (35) instead of (36). The

ratio between the linkage flux, passes through the core
inside the shorted turns and the same flux passes
through the middle of the transformer core inside the
healthy turns can be written as follows.

Vi s ng
Zm_sh _ (_hj (38)
l//m n3

According to (37) and (38) and by assuming a
constant supply voltage, occurrence of an inter-turn
fault causes decrement of the flux density, flowing
through the core, inside the faulty turns. On the other
hand, this issue leads to an enhancement of flux density
outside the faulty area. The main reason of this
phenomenon is the high leakage flux, surrounding the
shorted turns unlike the lower amount of flux inside
them. In this situation, due to constant supply voltage
the fundamental linkage flux does not vary, but a major
amount of that, passes the same as leakage flux in a
radial form, around the shorted turns and naturally, the
leakage flux around these turns becomes stronger,
exactly unlike the flux flowing through the core inside
the faulty turns [22]. So, by considering (35) and (37)
and in accordance to the flux equations, which were
previously rewritten, the compact flux equations in the
faulty winding and also healthy windings of a sample
phase, both in primary and secondary side can be
written as

AL )
l//a L3 n3 a n3 n3 sh l//m
2
=X Do | Do Day )y (40)
l//sh L3 n3 sh n3 n3 a l//m_sh
v, =X Llil ¥, (41)
Wy =X+, (42)

The flux equations of other healthy windings are the
same as (41) and (42). Thus the currents which are
known as outputs of our simulation can be calculated
with the help of (39)-(42), and ultimately by substituting
the obtained current equations into (35) and by
assuming "a _ ., (35) becomes

N3

Yi—V¥n +l//2_’V/m _'_l//a ¥

X1 X, 5 EX 3
Ym :Xml . ‘ (43)
_'_WA_’Wm +‘//5_'//m +l//6_,l//m
X Xis X

L4
Equation (43) can be written more compactly as

L6
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Vo =Xy N Ve Ve (Ve Vs Ve

X X X
L X, CXig X L4 Ls X,
1 1 1 1 1 1 1 1
= e z =
X X
E BX,, s x

(44)

L6

Basically, there are different methods for adding
saturation to the mentioned simulated model of the 3-
phase transformer including inter-turn fault. In this
paper, a relation between the saturated and the linear
linkage flux is presented according to (45) and Fig. 2.
The mentioned figure consists of three regions. The first

region is the linear region (w3 <B,). The second
region is called, knee region (B, <y <B,). And the
third region is the fully saturated region (v >B,)

which is approximately linear [29].

v =y Ay, 45)

A &

\.;;stope A4

NN
B, Bz wé{:t

Fig. 2 Piece-wise approximations of Ay vs. w3 [29].

In fact, after modelling the saturation effect,
will be used instead of y '™* in all relations. Therefore,
(44) will change as follows

+ + + +
. X1 X X3 X Xis
sal
lr//m _XM e
Ve AV (46)
’ Xunsat
XLS m
1 1 1 1 1 1 1 1
= e —_—t——F—+——+—+—
X X X1 oy OXis X Ls X

By comparing (44) with (46), it is observed that, the
only difference between the linear and saturated model
is summarized in an extra term in (46), which is shown

by __A¥ In fact, the saturated model consists of the

unsat

X

m

linear model plus saturation block. The saturation block
has a data table with two columns, including Ay,
values which are written in terms of v/ .

With a glance to Equations (44) and (46), it can be
concluded that, the saturation block has decreasing
effect on the linkage flux, due to the subtractive effect
of the extra term, showing by _A¥ . In fact the relation

unsat

Xm

between the saturation effect and linkage flux is
expressed in Equation (46).

Therefore, any issue which affects the linkage flux
can be determinative in core saturation and vice versa.

On the other hand, as previously mentioned, by
assuming a constant supply voltage, occurrence of an
inter-turn fault causes decrement of the flux density,
flowing through the core (linkage flux) extremely unlike
the leakage flux. As a result, the linkage flux gets
weaker due to an inter turn fault as depicted in the
following figure.

Fig. 3 Flux density distribution inside the transformer under
faulty operating condition [22].

Thus, both the saturation effect and inter turn fault
have decreasing effect on linkage flux. As a result,
occurrence of an inter turn fault under saturation
condition leads to sequential decrement of the linkage
flux.

By adding the saturation effect, the current equations
can be rewritten as presented in (47)-(53).

By substituting the obtained current equations into
flux equations the final flux equations are obtained in
accordance to (54)-(60).

The saturation effect can also be modeled by three
single-phase saturable transformers connected to the
primary side of the linear transformer model. In
accordance to the mentioned equations, the block
diagram of a 3-phase transformer with inter-turn fault,
including saturation effect and transformative fault
parameters is designed, as shown in Fig. 4.

sat

il =M (47)
XLl

. _ sat

i, = 22 (48)
XL2
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I delta_¥ [~
—va=>| E.q (56) Ya E.q (49) |rmmmimm—s Eq (46) Yin_sat
l—
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Fig. 4 The block diagram of 3-phase transformer with inter-turn fault including saturation effect.
n 2 l// _l//sat n - - . % _l//sat
ia:[_sj u_iish (49) V/zza)bj V,— | 2" dt (55)
na X L3 na X o
2 sat 2
. n, Y —Wm_sh n, . st
iy, = | P Sa (50) o flvo o |[Me) ez
" (nsh j X3 Ny, Va = j Va—Tla n, X s n, Lon dt (56)
- sat
- Vi—Vn 2 sat
i, == (51) Ny | Vo Vs Mo
= V., —r || 2| B Fmsh Ty |t
X La l//sh wb '[ sh sh nSh X L nSh a (57)
i _ VIS _g”rsnat (52) .
5 . L
,XLS 1//4:@0]. V4—r4{—¥/4 Y ] dt (58)
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H Ve = [ Ve—Tg Ve 'Wm dt (60)
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3 Simulation Results and Discussion

The model developed, has been simulated and the
following simulation results refer to a 3-phase star-star
transformer with an inter-turn fault, imposing to phase
‘B> of the transformer primary winding whose
characteristics are given as follows:

Table 3 Three-phase transformer parameters

Rated KVA 630
Frequency 50 Hz
Number of turns per phase in primary 360
Number of turns per phase in secondary 120
Primary voltage 4000 v
Secondary voltage 1300 v
Primary resistance 8.25Q
Secondary resistance 4.0134 Q
Primary inductance 0.66 H
Secondary inductance 0.073H
Mutual inductance 708 H

The result are analyzed by considering different shorted
turns (N, ) and various fault resistances (R, ) and with

constant load and supplying voltage. Fig. 5 shows
different result caused by imposing an inter-turn fault to
phase ‘B’ on primary winding in a three phase
transformer, by assuming N, =50 and R, =0.

Occurring an inter-turn fault, whether in primary or

secondary, causes a severe voltage drop which leads to a
large amount of circulating current flowing in faulty
turns. The mentioned circulating current which is shown
in Fig. 5(b), arises from the high ratio between the
complete winding and the shorted portion of that. It is
worth mentioning that, the circulating current is aimed
at producing an oppositt MMF compared the
fundamental MMF of the winding in order to limit the
entering flux into the turns. All the above explanations
can be justified by Faraday’s law.
When an inter-turn fault occurs, whether on the primary
or the secondary, a large amount of current flows in the
primary winding. The reason for this incremental
behavior in the primary winding is, presence of fewer
turns for producing the magneto-motive force (MMF) in
order to maintain the basic flux of the transformer
winding. As previously mentioned, the circulating
current flowing in the shorted turns will act as an
opposite. MMF. On the other hand, the circulating
current caused by the inter-turn fault has a large amount
and the MMF which is produced by that might be
greater than the fundamental MMF. Thus, the inter-turn
fault has a significant effect on decrement of
fundamental MMF. So inevitably, for having a better
MMF compensation, the primary current should be
increased. The mentioned behavior is shown in Fig.
5(a).

By dividing the faulty winding to shorted and not
shorted turns, the flux waveform of both segments can
be obtained in accordance to Fig. 5(c). In this figure the
dark black continuous waveform represents the flux

=
(=1
o

[
o
T

Current (A)
o

&
o

100 L L L L

9 9.02 9.04 9.06 9.08 91
Time (s)
(@)
500 T T T =
r". h ,An I h "ql i N la
! it ! [N A v 1y f
A T U R T B I N ]
[ T S B B S S S T O
— 2 S AL S T S B S L B l.cir
< I ‘I ' ‘| RPN I| PPN RPN Ic
£ o \ \ 1
£ i 1 1 INA N, INA T
3 o [ i i I St O A N I U A
[ S N - Y Y T TN S Y S N N S B N |
L T T O O T A O SN S R |
[SVT NS S 1 S O S S I O N S |
[ R R A ¥ A Y A R ¥
1 iH 1 1 i ] 7] \f \ i
500 v o ¥, Y v ok ¥ : Y v
9 9.05 91 9.15 92
Time (s)

4000

20003,

Flux (wb)
o

-2000

4000+
]

N
Q
=]

Current (A)
o

. .
9 9.02 9.04 9.06 9.08 91
Time (s)

(d)
Fig. 5 Waveforms of transformer with inter-turn fault, arising at
t=9s by assuming (N, =50 and R, =0). (a) Primary current
in three phase. (b) Circulating current along with phase
currents. (c) Primary leakage flux along with shunt flux.
(d) circulating current along with fault current.

waveform of not shorted segment and the inconspicuous
Spotter waveform shows the flux waveform of shorted
segment and two other curves represent the flux
waveforms of normal phases. Naturally by increasing
the shorted turns in the faulty phase, the amplitude of its
related waveform will increase. Fig. 5(d), represents the
fault current compared with the circulating current. The
fault current consists of the circulating current plus the
increased current of the faulty winding.

A very important principle in inter-turn fault in
transformers is that, the lower, number of shorted turns,
the higher is the circulating current and the lower is the
primary current. As previously mentioned, the
circulating current produces an opposite MMF
compared to the fundamental MMF of winding. On the
other hand, the supply voltage of the transformer is
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assumed to be constant. Subsequently the fundamental
MMF of the transformer will not change. Thus, by
increasing the shorted turns, the same opposite MMF
need to be produced, as it used to. As a result, a lower
amount of circulating current is produced. Besides the
incremental behavior of circulating current due to
decreasing of the shorted turns, also refers to reduction
of impedance of the shorted loop. Fig. 6(a) shows the
circulating current with the minimum turn (N, =1)

which leads to a high amount of current as expected.
Increasing the number of shorted turns will decrease
the number of healthy (not shorted) turns and leads to
enhancement of primary current. Fig. 6(b) shows the
primary current by imposing an inter-turn fault to phase
‘B’ on primary winding in a three phase transformer, by
assuming N, =75 and R, =0, which confirms the

incremental behavior of primary current due to
increasing the shorted turns of the faulty winding.

The enhancement of primary current caused by
increasing the shorted turns, can be seen obviously by
comparing Fig. 5(a) and 6(b).

In accordance to Fig. 6(c) and comparing it with Fig.
5(c), the flux enhancement caused by increasing the
shorted turns in the faulty winding which is shown by
the inconspicuous Spotter waveform can be seen
obviously. On the other hand, by increasing the shorted
turns in faulty winding, the healthy turns of this winding
will decrease. As a result, the flux which is produced by
the healthy turns of the faulty winding will decrease as
shown by the dark black continuous waveform in Fig.
6(c).

A very significant parameter for controlling the fault
and the circulating current is the fault resistance which
is naturally caused by insulation defection during the
fault occurrence. By increasing the fault resistance, the
fault and circulating current will decrease. In other
words, the fault severity will decrease. On the other
hand by decreasing the fault resistance, the fault and
circulating current will increase. In other words, the
fault severity will increase. Fig. 7(a) and 7(b) shows
different result caused by imposing an inter-turn fault to
phase ‘B’ on primary winding in a three phase
transformer, by assuming Ny, =50and R, =0.25.

A comparison between Fig. 5(a) and 5(b) and Fig.
7(a) and 7(b) shows that by increasing the fault
resistance to 0.25, while we have 50 shorted turns, the
primary current will decrease approximately from 80 to
70. On the other hand the circulating current will
decrease approximately from 480 to 400 and as a result
the fault current will decrease approximately from 560
to 470.

Fig. 7(c) and 7(d) shows different result caused by
imposing an inter-turn fault to phase ‘B’ on primary
winding in a three phase transformer, by assuming
N, =50and R, =0.5. In this model we increase the

fault resistance from 0.25 to 0.5. Reducing the fault
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Fig. 6 Waveforms of transformer with inter-turn fault, arising
at t=9s by assuming (N, =lor 75) and (R, =0).
(@) Circulating current along with fault current. (b) Primary
currents in three phase for (N, =75) and (R, =0).

(c) Primary leakage flux along with shunt flux for (N, =75)
and (R, =0).

severity after increasing the fault resistance is obvious
by comparing Fig. 7(a) and 7(b) with Fig. 7(c) and 7(d).

Fig. 8(a) is a column chart which shows primary
currents, considering  different fault parameters
including variable shorted turns and fault resistances. As
already proved, the enhancement of shorted turns in
faulty winding will decrease the circulating current
which leads to an increment in primary current of the
transformer. This figure confirms reducing of fault
severity by increasing the fault resistance in accordance
to previous simulated figures of our model.

Fig. 8(b) is a column chart which represents the flux
in both shorted and healthy turns by changing the
number of shorted turns in the faulty winding. This
column chart is a brief result from the effect of changing
the fault size on flux in the shorted and healthy portion
of the faulty winding which is obtained from the
simulation of our model and confirms the enhancement
of shorted turn flux by increasing the number of shorted
turns and consequently decreasing the flux of healthy
turns in faulty winding by decreasing the number of
healthy turns.
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Fig. 7 Waveforms of transformer with inter-turn fault, arising
at t=9s by assuming (N, =50) and (R, =0.25 or 0.5).
(a) Primary currents in three phase for (N, =50) and
(R, =0.25). (b) Circulating current along with phase current
for (N, =50) and (R, =0.25). (c) Primary currents in three
phase for (N, =50) and (R, =0.25). (d) Circulating
current along with phase currents for (N, =50) and
(R, =0.25).

4 Conclusion

This  contribution modeled and consequently
simulated a distribution transformer, based on
mathematical equations both in normal operating
condition and also in the presence of an inter-turn fault.
The saturation effect is also considered in this model,
which is obtained by adding the saturation block to the
linear model of the transformer. The mentioned block is
an approximation of Ay, values, which are written in

N
o oS
g 3

Primary Current (A)
3
S

T

0.25

Fault Resistance

Nsh=25 ® Nsh=50 W Nsh=75 W Nsh=100

(@

4000

1000 I I I
0
25 50 ol 100

Number Of Shorted Turns

[ [N
S S
< =

Fliry ¢wh)

Shorted Turns B Healthy Turns

(b)
Fig. 8 Primary current and flux measurement. (a) Primary
current, considering different fault parameters. (b) Flux in
both shorted and healthy turns assuming different shorted
turns.

terms of y,, . The model has been used to demonstrate

different behaviors of a transformer, considering
alterability in the number of shorted turns in the faulty
winding and also in fault resistance. The mentioned
items are two highlighted distinctions in this study
compared other investigations. The results of
simulations indicate the remarkable ability of the
flexible model to represent the real behavior of a
transformer with an inter-turn fault. The mentioned
results can be written as follows.

Occurrence of an inter-turn fault, whether in primary
or secondary causes a severe circulating current which
leads to an increment in the primary current of the faulty
phase. It was also found that for the faults on the
primary side, the secondary current will remain
unaltered. Increasing the number of shorted turns will
cause flux enhancement of this segment of the faulty
winding. It is noteworthy that, the lower the number of
shorted turns, the higher is the circulating current due to
reduction of impedance of the shorted loop and the
lower is the primary current due to increasing the
number of healthy turns in the faulty winding. Thus, an
inter-turn fault, including a few turns, has negligible
effect on the terminal values of the transformer which

180 Iranian Journal of Electrical & Electronic Engineering, Vol. 13, No. 2, June 2017



makes the fault detection harder. It was also proved that,
by assuming a constant supply voltage, an inter-turn
fault will decrease the flux density passing through the
core, inside the shorted turns and increases the flux
density outside the faulty area. In fact the fundamental
linkage flux remains constant. But it mainly passes in
redial form around the shorted turns which leads to
asymmetrical flux distribution in the transformer.
Finally, the last result which is obtained from the
simulation is the fault severity which can be controlled
by a fault resistance and the number of shorted turns.
The minimum fault resistance causes the maximum
circulating and primary current. On the other hand, the
minimum number of the shorted turns causes the
maximum circulating current and minimum increment
in primary current.
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