Modeling and simulation of the power transformer faults
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The modeling of power transformer faults and its application to performance evaluation of
digital protection algorithms are the objective of this study. This paper presents the
algorithm that can be used to simulate an internal turn-to-earth fault occurring on either
the primary side or the secondary side of the transformer. The method of simulating
external faults occurring at the transformer terminals is also explained. Simulation
results showing the validity of the model are presented.
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1. Introduction

The development and the validation of
algorithms for transformer protection require
the preliminary determination of a power
transformer model [1]. This model must
simulate all the situations that will be chosen
to study the behavior of the protection
algorithm. In particular it must allow for the
simulation of internal and external faults.

Most of the Electromagnetic transient
programs (EMTP) available are able to
accurately simulate other phenomena

occurring in the transformer like inrush
magnetizing current, exciting current and
transformer saturation [2]. Developing a model
to simulate internal and external faults of a
power transformer, and applying it to test a
transformer protection algorithm, is a true
validation for it.

This paper describes a model that can be
used to simulate internal and external faults
of a transformer. The model is based on the
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hysical concept of representing windings as
mutually coupled coils. The impedance matrix
can easily be derived from commonly available
test data. In this paper the analysis presented
in [3,4] is used to build the model. The
algorithms presented in [5,6] have also been of
guidance to the work presented in this paper.

2. Model Outline

The algorithm presented in this paper
can be divided into three parts as indicated
below.

Part A:

In this part the excitation and short circuit
tests in positive and zero sequences are used
to compute two matrices [R;] and [L)]
modeling a healthy transformer [3]. In the
case of a three-phase transformer, with two
windings for each phase, these matrices are of
order 6 as shown in Egs. (1,2).
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Where R, and L. are the resistance and the
self-inductance of coil i, and M; is the mutual
inductance between coils i and j, see Fig. 1. In
this manner the transformer will be handled
as mutually coupled branches.

ap as

cp cs

Fig. 1. Transforwer primary and secondary windings.
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Part B:

In this part the winding of a transformer
suffering from a turn-to-earth fault is divided

‘into two coils, and the transformer is then

described with two 7x7 matrices [R:] and [L.].
In [4] a method is described for the
determination of the 7x7 matrices, this
method can be applied for a faulty coil on
either the primary side or the secondary side
of the transformer.

Part C:

It is the objective of this paper to describe
Part C of the algorithm. Part C utilizes the
analysis presented in Parts A and B and
develops complete equations that can be used
to simulate an internal turn-to-earth fault
occurring on either the primary side or the
secondary side of the transformer. Itis also
used to simulate external faults occurring at
the transformer terminals.

3. Turn-To-Earth Faults

3.1. Matrices calculations

When a turn-to-earth fault occurs in
phase bp, its coil will be divided into two sub-
coils bpl and bp2, as shown in Fig. 2. Each
sub-coil will have its own resistance, self-
inductance and mutual inductance with the
other sub-coil and all remaining coils of the
transformer. This leads to the formation of
new 7x7-[Rz] and [L.] matrices [4].

bpl
=9bp2

Fig. 2. Turn-to-earth tault in winding bp.
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The 7x7-matrix [Rz] will be determined
with the help of the following relations:

My
Rbp] = nP Rbp
bp
”bp:
Ry:=—2R,,
My, ) . (3)

n,  is the Number of turns of coil bp,
n  is the Number of turns of coil bpl,
nyz  1s the Number of turns of coil bp.

The main difficulty is to determine the
new 7x7-matrix [L.]. The elements that related
to the faulty sub-coils bpl and bp2 in Eq. (4)
are unknown. The other ones are determined
in a straightforward manner by the tests
described in [3] and can thus be considered as
known data.

L, M.  Mig M SME SN s SN
l Mo Lo Mg, Mo, Mo Mo M,
l.\lm M L Mg Moo RSN

L= My M Mo Lup Mosss My My
5_\1,,W Muw  Moaw Mg, FECE SRS N
| Mae Mo Moy My, Mo BN
(M, M., Mo, Mo, NS SN S

4)

The first step is to determine the self and
mutual inductance of the faulty sub-coils:
L1, Lip. and Mepinpz. This purpose will be
achieved according to three rules: consistency,
leakage and proportionality.

Consistency

If, when using the 7x7-matrix, coils bpl
and bp2 are supplied in series without any
fault, the same results must be found as when
the 6x6 matrix is used. If it is assumed that
coils bpl and bp2 are supplied in series and
that a current i flows through them. All other
coils are on no-load. Hence

Py = (prl +Mbplbp:) N (5)
Py = (pr: +‘Mbp]bp:) i
In this way

Popt T Pppx = (prl i lwaplbp: t pr:) I (6)
(pbp = (pr) i

These relations lead to the well-known
expression of Ly, considered as two
inductance in series, as follows:

(7

L,=L,+2M,,,,. +L,,,

bp

Liop1, Lepz and Mipin,. are elements of the 7x7
matrix

Liy is an element of the 6x6 matrix.
Leakage

Taking into account a leakage factor
between coils bpl and bp2 is essential since
the fault current will largely depend on the
leakage [4,5,6]. The leakage factor is given by:

M sp16p2

- (8)
prll’bp:

O bpizps =1

A complete analysis for calculating the
leakage factors for faulty coils is presented in
[4] and is used in the model described in this
paper. Hence, the leakage factor will be
considered as a known parameter.

Proportionality

To determine the three unknowns Lipi, Lip.
and Mypinp2 a third equation must be added:
prl -

=k,
Ifbp'.‘ (9)

where,

Npp
k = ot

Nppz -

Alexandria Engineering Journal, Vol. 39, No. 5, September 2000 727



A.L Megahed/ Modeling of transformer faults

Eq. (9) is approximate. It expresses that k
is the voltage ratio between coils bpI and bp2.
It is strictly true if there is no leakage
(ovp1,=0). However, it represents an excellent
numerical approximation when oypiip2 is close
to zero and is very widely used. Solving Eqgs.
(7-9) for three unknowns Liy1, Lipz and Mipinpz
will yield:

L,
L, = -
bpl l y 2 ’] _o,.bp]bp: +1 5 (10)
k- k
L,

bpr T T 2 :
ok 2k 1-0,,, 1, (11)

pr\/] ~ O hpinp2
1
k+E+2,/l—0',,p,bp: . (12)

The second step is to determine the
mutual inductance between  the coil bpl and
any other coil jexcept for coil bp2 (as well as
those between the coil bp2 and any other coil j
except for bpl). The consistency principle
leads to [4,5]:

M =

<Y bplbpZ

Mug = Moy + Mupz (13)

The proportionality relation leads to:

bpl) - nbpl -k (14)

Egs. (13) and (14) lead to:

k
Mbpij = l_rkaPJ

1 , (19)
M =

bpZy 1+k bp)

It should be noted that My, is considered as
known data [3].

3.2. Internal faults algorithm

Fig. 3 shows the model used to simulate
single phase-to-earth faults. The model
consists of a 3-phase supply that is connected
to the primary side of the transformerviaa
short transmission line represented by its
resistance Rr. and inductance Ln. The
secondary side of the transformer is connected
to avariable load (R.., L.o). The faulty winding
bp is divided into two sub-windings bpl and
bp2, and their resistance and inductance are
calculated as indicated in the previous -
section. In practice. ground resistance are
used to limit the ground faults to acceptable
values, hence three ground resistance Ry:, Ry
and Ry; are added to the model.

With the aid of Fig. 3 the machine terminal
voltages, during an internal single phase to
ground fault, can be expressed as follows:

e.p = Vpsin(ot)-Rqii, -Lrpiy-e, -e,
e, =R EIERIE_e ’
epp =V sin(o t-120) - Rriipy - Lripipp - e
Cpp2 ¥ €2 y
s = ~Riip ~Liopiy, - €.
ecp = Vi sin(@t+120) - Ryji, -Lypi, e, - €z
e = -Rpeg - Liopic, - €2 .

(16)

where,

Vi 15 the maximum value of supply voltage.

o 1s the supply frequency in rad/sec,
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Fig. 3. System model for a turn-to-earth fault in winding bp.

The transformer voltage vector
e=|eay, €as, €rp1, €np2, €1s, Ecp, €cs]' 1S related to the
flux linkage vector \w=[wap, Was, Whp1, Whps, Wes,
Vg, Ves]', winding resistance matrix [R:] and
current vector i=[lap, las,lbp1,lbp2, Ibs, lop, les]t Dy

e=py+R:1, (17)

The flux linkage vector \ is also related to the
current vector i by:

p=Lii, (18)

The algorithm utilizes Egs. (16-18) to simulate
atransformer suffering from a single phase-to-
earth fault. The technique provided above can
simulate an internal fault occurring on either
the primary side or the secondary side of the
transformer.

4, External faults

As the model is intended to be used to
validate protection algorithms, simulation of
external faults is as important as the
simulation of internal faults. External faults
can occur either on the primary side of the
transformer or the secondary side. The
simulation model should be able to simulate
faults on either side of the transformer. The
secions presented below describe the

simulation of an external single phase to
ground fault on the primary side of the
transformer and an external two phase to

ground fault on the secondary side of the
transformer.

4.1. Single phase to ground fault

Fig. 4 shows an external single phase to
ground fault occurring on the primary side of
the transformer. The following equations
describe the transformer terminal voltages
during the fault.

e, =-¢

0= Vm sin(o) )= RTLiso = LTLpiso =€
€. = ~Rpiies =E RIsNE €gis
ehp = Vm Siﬂ‘(l) t= 120) = RTLi}:y: - LTLpihp oy

82?
gl 2

] ]

gl g?

€hs = —'RLalhs =L it €y
e, =V,sint+120)-Rpi., -Lypi, -€, -e, ,and
€ = -Rboi':s ™ LLupi':s )

(19)

where,

€ = (lsu Ty, T lr:p)‘Ru,! ’

egz = (i,p +1iy,, +1,)R, ,and
€gs = (iys +ips T15)R,:,
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Fig. 4. Svstem model for an external single phase to ground fault.
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Fig. 5. Svstem model for an external two phase to ground fault. °
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As in the case of internal single phase to
ground faults the remaining equations that
constitute the external fault model are:

e=py+Rii, (20)
y=L1, (21)
where,

€= [eap’ €45 Cbpsr €bs> Ccps Coy
Y= [Wap’ Was» Wopr Whs» Weps Wes|,and
1= [iap’ 1o ibpv lpss i':p’ ics]‘

It should be noted that is; = ig prior to the
occurrence of the fault. During the fault is. is
obtained by applying a numerical integration
technique to solve Eq. (19). The flux linkage
vector  is also obtained by applying a
numerical integration technique to solve Eq.
(20), and finally the current vector i is
obtained be using the obtained vector y and
inverting the matrix [L,].

4.2. Two phase to ground fault

The transformer during a two phase to
ground fault is represented as shown in Fig. 5.
The model used for this simulation is very
similar to the model described in the previous
section. The only difference is in the equations
representing the machine terminal voltages,
which are given by:

€y =V sin(©t)-Ry i, -Ly pi,, e, e, ,

€, = —€,;

ey, = Vi, sin(O t-120) - Ry iy, =Ly pip, — €, €.,
s = ~€55

ep =V sin(ot+120)- Ry i, - Ly pi, —e

€ = _RLol'.'s - Lboplcs

gl ~%g2 »

-y
(22)

where,
e

= (IJP by Tl )R_y].

sl

The voltages e;» and e,;s; are obtained in the

same manner described in the previous
section. Eq. (20,21) are also used in this
model.

S. Simulation results

Prior to the occurrence of a fault, the
transformer is assumed to be operating
normally at its full load. The model presented
in [3] is used to simulate normal operating
conditions. The transformer parameters used
for internal and external fault simulations are
the same parameters used in [3]. The model
described above can work equally well using
physical . quantiies or. per-unit values.
However in this paper the physical quantities
are used. Egs. (16-18) have been used to
simulate. an internal single phase to ground
fault at 60% of coil bp (i.e. nyp1=0.6nyp). The
ground resistance are R;;=42 ohm, R,>=0 and
Ry5=10 ohm. These values were chosen to limit
the fault currents to acceptable values. The
simulation results are shown in Figs. 6.7.1It
should be noted that fault inception time is
0.045s. Figs. 8,9 show an external two phase
to ground fault occurring in phases as and bs.
It should be noted that the ground resistance
are not effective in limiting the fault currents
in the second case.

6. Conclusions

It has been shown that internal single
phase to ground faults and external terminal
faults could be modeled in a power
transformer. In the case of internal faults a
new inductance matrix has to be computed.
The procedure of calculating the required
matrix is explained.

Inclusion of the ground resistance to limit
the fault currents to acceptable values is
necessary when validating different protection
schemes.  Ground resistance has been
included in the model, and its effect in limiting
single phase to ground fault currents is shown
in the simulation results.
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Fig. 6. Priman side currents for an internal single phase to ground tault..
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Fig. 7. Secondary side currents for an internal single phase to ground tault,
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Fig. 8. Primary side currents for an external two phase to ground fault.
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Fig. 9. Secondary side currents for an external two phase to ground fault.
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