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Abstract

Transformers are monitored for various purposes such as monitoring losses, stability analysis, and fault prediction. An
equivalent circuit model consisting of passive elements is usually used for this aim. Steinmetz's transformer model has
the ability to represent well the behavior of transformers at low frequencies. In this study, a new method to obtain the
Steinmetz model parameters of a 3-phase transformer under load is presented. In the method, calculations are done by
considering each leg of a 3-phase transformer as equivalent to a single-phase transformer. The calculations use the
current and voltage of the winding in each leg as input parameters. Equations of the method are given first for single-
phase transformer and then for 3-phase transformers with A/A and A/A connections. Since it is not possible to measure
the winding currents on the delta connected side in practice, a new method to obtain winding currents using line currents
is also given in this paper. The validity and accuracy of the method has been demonstrated by the simulation studies

carried out in Matlab/Simulink environment.
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1. Introduction

Monitoring of transformers, which is one of the
important and expensive equipment of power
systems, is a popular topics of recent years.
Generally, an equivalent circuit model is used for
monitoring. Equivalent circuits of transformers are
copies of transformers, usually consisting of passive
circuit elements that can represent linear or non-
linear behaviors of them under various conditions.
The methods used in transformer monitoring are
usually based on calculating the parameters of a
transformer model from offline measurements or
online operating data. Monitoring of these
parameters is mostly done for the purposes such as
stability analysis, monitoring of losses, improvement
of design or fault diagnosis. At this point, the
equivalent circuit used in monitoring is vital. In order
to predict the behavior of a transformer in a power
system, the equivalent circuit of the transformer and
the values of its parameters are needed. Furthermore,
the equivalent circuit parameters of the transformer
must be known for the analysis of circuits containing
transformers. The dynamic behavior of transformers
in some cases such as irush, saturation,
ferroresonence can be examined using a nonlinear
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model [1-3]. Linear models are sufficient to analyze
non-dynamic behavior.

The approaches used in the literature to obtain
equivalent circuit parameters are based on either the
data of the experiments carried out in the laboratory
environment [4] or the calculations over the
design/label values [5-6]. However, it is not possible
to conduct experiments by separating the currently
operating transformer from the system it is connected
to, and the design parameters of most transformers
are not available [4]. An important approach for
obtaining parameters is to use an optimization
technique. Practical Swarm Optimization [7],
Genetic Algorithm [8], Imperialist Competitive
Algorithm [9], Gravitational Search Algorithm [9],
Bacterial Foraging Algorithm [10], Artificial Bee
Colony Algorithm [11] and Chaotic Optimization
Approach [4] are some of them. Some other methods
used to obtain transformer parameters are the finite
element method [12], frequency response analysis
[3], gray box modeling [13] and state space approach
[14]. However, these methods are not easy to apply
to a transformer as it is mostly under load. Although
there are many studies proposed for the parameter
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estimation of transformer operating under load [6, 7,
15-19], single-phase transformers are considered in
these methods.

The most well-known transformer model in the
literature is the one developed by Steinmetz [20].
This model is well representative of the behavior of
the transformer at low frequencies. The well-known
classical way to obtain the parameters of the
Steinmetz model is to apply open-circuit and on-load
experiments to the transformer. A  major
disadvantage of this method is that experiments can
only be performed offline.

In this study, a new method is presented that enables
the equivalent circuit parameters of 3-phase
transformers to be obtained using real-time operating
data. The prominent advantages of the method are
that it can be applied to transformers under load
using real operating data, that it does not require
transformer design parameters, and that it can be
applied to 3-phase transformers. The method is
developed by considering each leg of the 3-phase
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transformer as a single-phase transformer. The
equations used in the calculations are given for the
single-phase transformer first and then for the star-
star and delta-star  connected transformers
respectively. Calculations are made using primary
and secondary winding currents and voltages on the
windings. In practice, since it is not possible to
measure the winding currents of the delta connected
side; a method for the calculation of the winding
currents using line currents is also given. The
performance of the method has been demonstrated by
the simulations made in  Matlab/Simulink
environment. The results clearly showed that the
method can calculate Steinmetz parameters of 3-
phase transformers very well.

2. Computation of Equivalent Circuit Parameters
of Single Phase Transformer

A similar method given in this section is also given
in [15] and [16]. Consider the equivalent T-circuit of
a single-phase transformer given in Figure 1.
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Figure 1. Equivalent T-circuit of single-phase transformer

Let's assume that the primary and secondary side
voltages and currents (u,,, ip, u, and i) of a

transformer operating under a certain load are

u, =[u, (), u,(),.....
i, =[i,), ).
U =[ug(t,), ug(t),......
ig=[ig(t), ()

Where N is the number of samples taken during a
fundamental period T . The conversion of u, to

complex form that consists of only two numbers can

' is(tN41)1 L(tN)]

sampled with a sampling period T . Vectors of
sampled voltages and currents will be as follows

e Uy (L), U, ()] (1)
) ()] )
U, u(ty)] ©

(4)

be done with the help of a component decomposition
technique by the following equations:

1 N ol ) . [ 9T
U, = W;{(up(w _up(tkl))[COS(a)tk )cos(T}Lsm (ot )sin (Tjﬂ (5)
2
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1 N . a)Ts . a)Ts
Upy=mg{(up(wUp(tkl))(COS(a)tk)sm( > D—sm(a)tk)cos( > H (6)
2

Up :pr+jupy

The last three equations are derived from equations
of the individual harmonic extraction method given

in [21]. The same calculations can be made for 1,

U,, and |, and obtained in the form of complex

numbers. These values in complex numbers are used
in the calculation of the winding parameters of the
single-phase transformer. For this, let's consider
Figure 1. First, the secondary side of the transformer
voltage and current values are referred to primary
side using the turn ratio r by the following
equations:

N

_ p
r__Ns (8)
U, =r-U, (9)
o
| == (10)
r

Parameters R, and X, seen in Figure 1 are
magnetization parameters and have very large values
besides the winding parameters (R, L RS' and

op!
LUS' ). Therefore, the magnetizing current (i, ) can be

neglected. In this case, the averages of the primary
and secondary currents can be used as the winding
current. Therefore, the voltage difference from
primary to secondary can be written as:

u,-u, {"’ ; IS‘][(Rp FR)+ (X + X, ]

(11)

Stating total winding impedance (Z, ) by
Z =R+ X, =(R,+R)+j(X,,+ X,.) (12)

total winding resistance (R,) and total leakage

reactance ( X,,) can be obtained by the following
equation.
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(7

R R{Z(UpUs)] (13)
I+ 1

X, =|m[2(u"us)} (14)
I+ 1

Assuming that the parameters of primary side and the
secondary side reduced to primary are equal (

R, =R, and Xop = X, ), the equivalent circuit

parameters can be calculated with the following two
equations.

. U, -U
R, =R,/ =Re| —2—— (15)
I, + 1
U, -U,
X=X, =Im —2— (16)
I, +1

From Figure 1., voltage at the point M can be
expressed as

(17

Also, magnetizing current (1) will be equal to

difference between the currents | ) and I, :

=1, -1 (18)
The impedance (Z, ) of the magnetizing branch in

the equivalent T-circuit is obtained by dividing the
voltage by the current:

U +U,
Zm:U—m:—p > (19)
Lo 2(1,-1,)
The real and imaginary components of the

impedance will give the series R-L values:

2149



Journal of Engineering Research and Applied Science

(20)

(21)

Finally, the following equations are used for the
conversion to parameters consisting of parallel
connected R-L elements.

2 2

Rm — Rsm R-i_Xsm (22)
2 2

X, = RszA (23)

sm

3. Computation of Equivalent Circuit Parameters
of Three Phase Transformer

Since the primary and secondary windings on each
leg of three-phase transformers are exposed to the
same magnetic flux as in single-phase transformers,
each leg of a three-phase transformer can be
considered as a single-phase transformer. In practice,

i i

Ao :—A > ol
i iy

B NG - oh
I i

Co > > oC

Ne oF
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it is not always possible to directly measure the
current flowing through each winding of 3-phase
transformers and the voltage across the windings.
However, the current and voltage of each winding
should be used for the correct calculation of the
parameters. In star-connected windings, line currents
are equal to winding currents and can be measured
directly, but this is not possible in delta-connected
windings. Similarly, while the phase-to-phase
voltage in delta-connected windings is also equal to
voltage on winding, it is not possible to directly
measure the winding voltage in star-connected
windings whose star point is not present. Therefore,
in this section, it is discussed how to obtain
equivalent circuit parameters by the line currents and
phase-to-phase voltages of transformer. For this aim,
two different transformers with A/A and A/A
connections, which are frequently used, are
considered.

3.1. Star-Star Connected Transformer
Let’s consider the circuit diagram of the star-star
connected transformer given in Figure 2-a.

r[;-.

7] [ wl

: b

|

18

o1

Figure 2. Winding structure of transformers with A/A and A/A connection groups

By considering the windings on each leg of the
transformer as a single-phase transformer, parameters
can be obtained for each leg separately. To do this,
the primary and secondary side voltages of the
transformer must be measured as phase to neutral (

Uan s Ugn s Uen s Ugy s Uy, and Ug, ). Also, the line (or

an?
winding) currents (i,, ig, iz, I, 1, and i.) must be
measured. The sampled voltages and currents are
converted to complex values denoted by U .y , Uy,
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UCN’ Uan! Ubn Ucn! IA’ IB’ IC! Ia’ Ib and Ic

using equations (5), (6) and (7). From these values,
the secondary side currents and voltages are referred
to the primary side with the help of equations (12)

and (13), and the values U, , U, ", U, I, I,
and Ic' are obtained. Finally, using these complex
values, the equivalent circuit parameters can be

calculated respectively for each leg of the
transformer with the help of the following equations:

an !
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R, =R, =Re M} (24)
i I+,
R, =R, =Re Yoy ~Y, } (25)
I +1,
‘U, ~U
=R =Re| =N~ 26
Re=R. e_ I +1, } (26)
X =X, = |m{UfN:J?” } (27)
A a
Xog =X = Im{UfN _:J-bn } (28)
gty
X=X = |m{ulCN ;lIJ } (29)
C c
UAN +Uan'
= AN Fan 30
=20 1) (30)
U +U,
- :pr (31)
2(1,-1,)
UCN +Ucnl
=—CN  “on 32
mC 2(|C |c) ( )
" :Re[ZmA]2+Im[ZmA]2 )
mA Re[Z,.]
" :Re[ZmB]erlm[ZmB]z an
me Re[Z,s]
" :Re[ZmC]2+Im[ZmC]2 (35)
me Re[Z,]
« :Re[ZmA]2+Im[ZmA]2 )
m Im[Z,,]
« Re[Z,s] +IM[Z,] an
me IM[Z,]
_Re[Z, ] +Im[Z, T )
me Im[Z,]

3.2. Delta-Star Connected Transformer

Consider the circuit diagram of the delta-star
connected transformer given in Figure 2-b. Here, a
parallelism can be established between the equations
of star-star and delta-star connected transformers in
order to calculate the equivalent circuit parameters of
the delta-star connected transformer. In fact, the main
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difference between both transformers is that in star
connection, the voltage on each primary winding is
phase to neutral voltage, while in delta connection it
is phase-phase voltage.

In addition, since it is not possible to measure the
winding currents 1,,, 1, and I,.) on the delta

connected primary side, currents on the primary side
winding must be calculated over the primary side line

currents (1,, I; and 1.) and the secondary side

winding currents (Ia', Ib' and IC') that are possible

to be measured. For this aim, the following
calculations are done. First, let's write the primary
side winding currents as the sum of the secondary

side winding currents and magnetizing currents (1, ,

|z and 1 .).

IwAZIaI+ImA (39)
IWB=|bl—I—ImB (40)
IwC:|0I+ImC (41)

Considering the connections in Figure 2, we can
calculate the line currents of the delta connected side
by the differences of the winding currents as follows.

(42)
(43)

o=l —luc =l —lc +la =l
le =l —lia=1ly =1 +1g = lpa
In the last two equations the unknowns are |, | g

and | .. If the sum of these currents is assumed to

be zero, a third equation necessary for the solution is
written.

loa+ g +1,c =0 (44)
Computing the unknowns from the last three
equations, we have the followings:
L, =1, =21 +1, +1_
ImA= A B a b [ (45)
3
ImB:IA+2|B+Ia_2|b+I° (46)
3
20, =1+ +1 —21
ImC= A B 3a b c (47)

Substituting the values found in (39)-(41) equations,
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currents on the delta connected windings are
obtained as follows,

g +1, +1, +1,

| —
la =—2 3 (48)
IWB:IA+2IB+Ia+Ib+IC (49)
3
|WC:—2|A—|B+3|a+|b+|c (50)

Finally, the equations required for the calculation of
the parameters can be written as follows, similar to
the equations in the previous section.

R,=R, =Re Y =Y (51)
LSS
o fu-u ]
R, =R =Re| =& —m 52
o =Ry L +1, | 2
. U, -U_"|
¢ ‘ IWC+IC ( )
xo‘A_an :Im UAB _Ua'n (54)
loa+ 1,
X g=X_, =Im Yse ~Us, (55)
I+ 1,
X=X =Im Yea Ve (56)
e+ 1.
Zyp =t 7)
2(1,—1,)
Zpy = (58)
2(1s—1y)
ZmC:UCLUC”I (59)
2 IWC_IC)
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Re[Z] +Im[Z,.]

T RelZ,] 0

Rre = Re[z”‘;]e [;Lr:][sz] (61)

R - Re[Zm; ]ez[+Z rl:][zmc I )

X - Re[Zmﬁ];[; LT][ZmA]Z )
S Rl

X_ - Re[szn]n [+z ::][ch] (65)

4. Simulation Works

The proposed parameter identification method has
been examined with simulations made in
Matlab/Simulink environment. In Figure 3, the view
of the Simulink file used in the examination is given.
Here, a transformer with A-A winding connection is
used, and the mask parameters of this transformer of
the Simulink model are shown in Figure 4. The
"CALCULATIONS" block is the block where the
calculations of the method are made, and the inner
view of this block is given in Figure 5.

In each calculation step, 400 samples were obtained
from each voltages and currents of the 3-phase
transformer with a sampling frequency of 20 kHz.
The simulation was carried out using both A-A and
A-A connections of the transformer. The real and
simulated values are given in Table I. As can be seen
from this table, the method can calculate the
equivalent circuit parameters of the transformer
almost perfectly for both connection types.
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Figure 3. View of the Simulink file used in the simulation of the transformer

E Block Parameters: Three-Phase Transformer (Two Windings) X
Three-Phase Transformer (Two Windings) (mask) (link)

This block implements a three-phase transformer by using three
single-phase transformers. Set the winding connection to "Yn' when
you want to access the neutral point of the Wye.

Click the Apply or the OK button after a change to the Units popup to
confirm the conversion of parameters.

Parameters Advanced ]

Units |SI |
Nominal power and frequency [ Pn(VA) , fn(Hz) ]
|[ 203, 50]

Configuration

Winding 1 parameters [ V1 Ph-Ph(Vrms) , R1{Ohm} , L1(H) ]

|[15000 250 0.8]

Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2(Ohm) , L2(H) ]

| [400 0.0593 0.00018963]

Magnetization resistance Rm (Ohm)

| 2e6

Magnetization inductance Lm (H)

|2000

Saturation characteristic [ i1(A) , phil(Ms); i2, phi2; ...]

|[IJ 0;0.66653 1910.3;277.72 2419.7]

Initial fluxes [ phi0A , philB , phi0C ] (V.s):

|[l2?3 5-1273.5 1114.3]

oK | Cancel |

Help | Apply |

Figure 4. Matlab/Simulink parameters of the 3-phase transformer used in the simulations
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calculations

Figure 5. Internal view of the “CALCULATIONS” block

5. Conclusion and Discussion

Transformer monitoring is one of the important and
popular topics of recent years. A model is usually
used for monitoring. Steinmetz's linear model has the
ability to well represent the behavior of transformers
at low frequencies. The classical method used to
obtain the Steinmetz model parameters of a
transformer is to apply open-circuit and on-load tests
to the transformer. However, since these tests require
the transformer to be separated from the power
system to which it is connected, it is not possible to
apply this method to existing transformers. Almost
all of the methods suggested in the literature to
monitor the equivalent circuit parameters of the
transformer are for single-phase transformers, and
there is no method to monitor the Steinmetz model
parameters of the 3-phase transformer in real time.

In this study, a new method is presented to obtain
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