energies

Article

Mathematical Model of a Nonlinear Power Transformer for
Needs of Relay Protection

Evgeniy Kolesnikov 1'*, Aleksandr Novozhilov !, Dilara Rakhimberdinova (0, Aleksandr Kislov !

and Timofey Novozhilov 2

check for
updates

Citation: Kolesnikov, E.; Novozhilov,
A.; Rakhimberdinova, D.; Kislov, A.;
Novozhilov, T. Mathematical Model of
a Nonlinear Power Transformer for
Needs of Relay Protection. Energies
2024, 17,1710. https://doi.org/
10.3390/en17071710

Academic Editor: Sérgio Cruz

Received: 7 February 2024
Revised: 23 March 2024
Accepted: 25 March 2024
Published: 3 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Electrical Engineering and Automation Department, Toraighyrov University, Lomov Str., 64,
Pavlodar 140008, Kazakhstan; novozhilov.a@teachers.tou.edu.kz (A.N.);
rahimberdinova.d@teachers.tou.edu.kz (D.R.); kislov.a@teachers.tou.edu.kz (A.K.)

Department of Power Supply of Industrial Enterprises, Omsk State Technical University, Mira av., 11,
Omsk 644050, Russia; timokvey@mail.ru

*  Correspondence: kolesnikov.en@teachers.tou.edu.kz; Tel.: +7-707-608-3393

Abstract: In this work, a mathematical model of a three-phase nonlinear transformer is suggested.
The model enables simulating the transformer operation with allowance for its nonlinearity and
covers needs of the relay protection. Our model has been developed on the basis of a mathematical
model with phase coordinates, where differential equations are composed by the Kirchhoff’s phase-
voltage law. Based on this model, we first compose a mathematical model for simulating steady-
state operation modes of a transformer, taking into account the asymmetry and nonlinearity of
its ferromagnetic core. In this model, the initial values of inductances and mutual inductances
of loops are determined from the main phase inductance calculated by the experimentally found
no-load current, and their current values are determined from the currents in windings and the
magnetic fluxes in legs of the transformer core. The magnetic fluxes are calculated by the nodal-
pair method. This improved mathematical model is verified through a comparison between the
calculated harmonic components of the phase currents and the experimental results. The harmonic
components are calculated with the use of Fourier expansion of the calculated phase currents. Their
experimental values are determined with a spectrum analyzer. The calculated and experimental
harmonic components of the currents of phase A during no-load and rated-load operation of the
transformer are tabulated. The comparison of these results shows that the mathematical model of a
three-phase transformer we suggest makes it possible to simulate currents in transformer windings
under steady-state operation modes with accuracy acceptable for relay protection.

Keywords: nonlinear transformer; mathematical model; electrical circuit; magnetic circuit; inductance;
mutual inductance; winding current harmonic components

1. Introduction

A great number of power transformers are used in electric power systems to convert
one voltage class to another. For example, about 461,864 substations are equipped with
them in Russia [1]. Three-phase two-winding asymmetrical transformers are most often
used for these purposes due to their high performance.

World practice in operating three-phase transformers has shown turn-to-turn faults
to be among the most common short circuits in them. According to [1,2], they are up to
70-80% of all transformer failures depending on the power and operating conditions.

One of the main ways of decreasing the statistics of failures and extending the service
life of transformers is the use of relay protection devices based on current transformers [3-5]
and nonconventional high-sensitive protection devices based on inductive measuring
transducers [2,6]. Such devices can be improved, in particular, their sensitivity to turn-
to-turn faults can be increased, by means of receiving information about characteristic
features of currents in the transformer windings in the form of the spectrum of harmonic
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components of the currents during transformer operation. This is especially important
for choosing the response threshold of relay protection devices, the operation of which is
based on the differential principle, which consists of comparing two electrical quantities
with different spectra. Both currents in the transformer windings [3-5] and their magnetic
leakage fluxes [2,6] can be used as compared parameters.

The experimental way of acquiring this information is the easiest. For this, necessary
measurements are made during the operation of a three-phase power transformer. However,
the comprehensive study of a transformer during its operation is not always possible. For
example, currents in the secondary windings attain 150 kA in ore furnace transformers;
therefore, current transformers are not installed on them, and currents in the load circuit
cannot be measured. Hence, a mathematical simulation is more convenient.

Many mathematical models of transformers have been developed by now for different
purposes. Most of these models are reviewed in [7,8]. Some of them are intended for
the description of the current transformer operation [9]. The model in [10] is used for
simulating transient processes in a single-phase transformer. The authors of work [11]
suggested using the finite different method for simulating transient processes in network
transformers, thus increasing computational costs and requiring an external circuit interface.
Reference [12] suggests an equivalent scheme for determining multiwinding transformer-
leakage inductances. The mathematical model proposed by [13] enables the simulation of
three-phase saturating transformers. An equivalent scheme for the real-time simulation
of nonlinear power transformers was developed in detail in [14]. However, the models
of [12-14] require a significant amount of initial data, thus making these models unsuitable
for practical purposes, in particular, when these data should be received from working
transformers. Moreover, output of certain models cannot be used to implement relay
protection. Thus, to estimate capabilities of known mathematical models in terms of their
suitability for use in relay protection, for example, for choosing the differential protection
response threshold, one should analyze the purpose of a model, the required transformer
modeling mode, the ease of acquiring the initial data for modeling, and results of protection
device modeling. Considering all of these points, the quite well-known mathematical
model of a three-phase transformer suggested by P. Bastard et al. [8] for analyzing the
processes occurring in the transformer is apparently the most suitable.

This model is based on ElectroMagnetic Transient Program (EMTP-RV4.1) software
with BCTRAN package. The BCTRAN package describes a transformer based on data
received in different tests. For a three-phase two-winding transformer, BCTRAN computes
two sixth-order matrices. One of them is the matrix of resistances of the transformer
windings, and another is the matrix of the self-inductances of these windings. However, the
use of EMTP hampers comprehension of the model and limits access to internal variables
(magnetic couplings) for their analysis—the more so since these couplings are complex.

Reference [15] shows that the operation of a three-phase transformer can be described
without EMTP, but with any other computing software, for example, MATLAB v6.5.

According to [16], the process of energy conversion in three-phase power transformers
is most fully described by a quite simple and easily understandable mathematical model
with phase coordinates. In this model, the operation of a three-phase two-winding trans-
former is described by only four differential equations [17]. These differential equations
are compiled by the loop current method [18,19] for phase-to-phase voltages. This mathe-
matical model can be implemented not only in a MATLAB environment, but also in Turbo
Basic [20].

However, this mathematical model does not take into account the nonlinearity of
parameters of the magnetic core of a transformer. Self-inductances and mutual inductances
are calculated in the differential equations of the mathematical model in a simplified
form, neglecting transformer core design features. All of these shortcomings reduce the
simulation accuracy and do not enable one to sufficiently and accurately determine the
response threshold of, e.g., high-sensitive turn-to-turn fault protections based on built-in
inductive measuring transducers [2,6].
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To get rid of these shortcomings, the mathematical model presented in [17] as a set
of differential equations is transformed into a mathematical model described by a set of
linear equations. When simulating steady-state load operation modes of a transformer in
this model, the duration of a mode under study is divided into time intervals within which
the transformer parameters are considered constant. The initial values of inductances and
mutual inductances in the mathematical model are determined using the main inductance
of a transformer phase and the ratios of magnetic fluxes in the core legs during the no-load
operation of the transformer. The current values of these parameters are calculated from
the currents in the windings and magnetic fluxes in the legs of the core of this transformer.

2. Mathematical Model of a Transformer

The mathematical model of a transformer [17], represented as a set of differential
equations, is transformed into a mathematical model described by a set of linear equa-
tions, taking into account the diagram of the core (Figure 1) and the electric circuit of the
transformer (Figure 2).
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Figure 1. Diagram of the core of a three-phase power transformer.
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Figure 2. Electrical circuit of a three-phase power transformer.

In Figure 1, up, up, and uc (u,, up,, and u) are the instantaneous values of phase
voltages in the primary (secondary) windings of phases A, B, and C (a, b, and ¢); ia, ip,
and ic (i, ip, and ic) are the instantaneous values of currents in the primary (secondary)
windings of phases A, B, and C (a, b, and c); wa, wg, and wc (w,, wy,, and w) are the
numbers of turns in the primary (secondary) windings of phases A, B, and C (a, b, and ¢),
WA = wp = wc = wj and w, = wp = We = Wo; da, $p, and ¢ are the magnetic fluxes in
the legs of phases A, B, and C of the core; ¢y is the magnetic leakage flux.
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For the experimental estimation of the simulation error, an experimental 6.0 kVA
TT-6-type transformer is used; its parameters are given in Table 1.

Table 1. Parameters of the experimental TT-6 transformer.

Parameter Designation Value
Phase voltage, V U; 222
No-load current, A Txx 0.127
Number of turns in the primary/secondary winding w1/ Wy 252/31
Primary/secondary winding resistance, ohm R1/Ry 0.9/0.06

In Figure 2, i1-iy are the instantaneous values of currents in the 1st-4th loops; R4, Rg, Rc,
and R;, Ry, R. are the active resistances of the primary and secondary windings of the
transformer equal to R; and Ry, respectively; Ry,, Ry, and Ry, are the active resistances of
the transformer phase loads.

If the voltages are considered sinusoidal in the mathematical model [17], then the
operator of differentiation, d/dt, in its equations can be changed to the expression jw
with allowance given [15]. In this case, the set of equations of this mathematical model is
transformed into the set

upp = i1 (R +Rp) — 12Rp + uxy;

upc = (i, —i1)Rp + 2Re + ux; )
0 =i3(R, + Ry + Ry + Ry,) —ig(Ry, + Ryp,) + uy3;

0= (iy —i3)(Rp + Rpp) +1ig(Re + Rye) + uxg,

where uap and upc are the instantaneous values of the linear voltages of phases A, B, and C;
and uy;—uy4 are the voltage drops across the inductive resistances and the mutual inductive
resistances of the 1st—4th loops:

Uy = jirXq1 +ji2X12 +jizXq3 +jiaXq4;

Uy = jigXo1 +jinXoo +jizXo3 + jigXoy;
U3 = ji1Xz1 +jioXz2 + iz (Xja + Xip + X33) +jia (—Xip + X34);
Uyy = ji1Xg1 + jioXa + iz (—Xpp + Xg3) + jia (X + Xie + Xag) )

where Xj,, Xjp, and Xj. are the inductive resistances of the transformer load; Xyw = wLyw;
v and w take on values from 1 to 4; and Ly, represents the self-inductances and mutual
inductances of the flux linkages of the loops.

The self-inductances in the flux linkages of the loops are defined as

Li; =LA —Lap —Lga +Lp; Lop = Lg — Lgc — Lcg + Lc;
L33 =La+Ljg —Lap —Lpa +Lp + Lip; Lag = Ly + Lip — Lpe =Ly + Le +Lie, ()
And the mutual inductances are
Lio = Lag — Lac — L + Lgc; Los = Lga — Lgp — Lca + Lews
Ly1 = Lga — Lca — L + Lcp; Lo = Lag — Ly — Lac + Lucs
L1z = Laa — Lap — La + Lpp; Log = Ly, — Lpe — Loy + Lees
L31 = Laa — Lpa — Lag + Lyp; Lap = Ly — L — Lpc + Lec; (4)
Lis = Lap — Lac — Lp + Lge; Lag = Lap — Lac — Lp + Ly
Ly = Lpa —Lea — Lpp + Leg; Lag = Lpa — Lea — Ly + L,
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where Ly, Lg, Lc and L;, Ly, L are the inductances of the phases of the primary and sec-
ondary windings; Lag and Lga, Lpc and Lcp, and Lca and Lac are the mutual inductances
between the phases of the primary winding; and Ly, and Ly, Ly, and L, and L, and L, are
the mutual inductances between the phases of the secondary winding. Moreover, La,, Laa;
Labs Loa; Lac, Leas La, Lap; Leb, Lo; L, Les; Lea, Lacs Lob, Livc; and Lec and Lec are
the mutual inductances between the phases of the primary and secondary windings.

3. Inductances, Mutual Inductances, and Active Resistances in the Mathematical Model
of a Transformer

The calculation of the inductive resistances of the windings of a three-phase trans-
former in the general form is difficult [2,21]. However, if the transformer core is considered
non-saturated and the magnetic leakage flux of the windings is neglected, then the main
inductive resistance, Xy, and inductance, Ly, of a phase can be calculated as follows [21]:

Zm = U1 /L Xm = \/Z2, — R%; Xg = X /1.5; Ly = Xo/2nf (5)

The accuracy must be acceptable for relay protection. Here, Zy, is the impedance of the
phase of the primary winding of the transformer, and f is the network frequency. The phase
voltage Uy, the no-load current Iy, and the active resistance Ry of the primary winding can
be easily found in an experimental way.

If the phase voltage U, and load current I} are known, then the active and induc-
tive resistances of a symmetrical load can be quite accurately found from the following
mathematical equations:

71 =Up/Iy X; =/ Z} —R}; Ly = Xi/2nf;
Ra=Rp =R =Ry, L =Lp =L =1, (6)

where R; and X] are the active and inductive load resistances; and Z; and L; are the load
impedance and resistance. The active resistance R; can also be easily experimentally determined.

Following [18], the inductances of the primary and secondary windings of a trans-
former are determined by the values of the magnetic fluxes ¢4, ¢, and ¢. in the core legs.
The inductance of a winding is proportional to the squared number of turns of the winding.

Mutual inductances, for example, between the winding of phase A and other primary
windings of the transformer, are determined by the distribution of the magnetic flux of
phase A over legs B and C of the transformer. Figure 3 shows that the magnetic flux of
phase A ¢4 splits into magnetic fluxes $pap and ¢ ac at point and then flow through the
legs of phases B and C. Just these fluxes determine the magnetic couplings between the
winding of phase A and the windings of phases B and C. These magnetic couplings can be
represented by the coefficients

Kap = dap/Pa and Kac = Ppac/Pa. ()

The magnitudes of dpap and dpac depend on the design features of the core and
materials that it is made of. The accurate calculation of these fluxes is a difficult task.
However, if we suggest equal cross-sections of the legs and yokes of the transformer core
and the permeability of the steel that they are made of, then, taking into account [18,19],
the ratio of magnetic fluxes, i.e., the coefficients Kap and Kac, can be approximately
determined as follows.

According to Figure 3, the lengths of the ¢ op and ¢ 5c closing lines in the core are

Iag = 2(11 + 12) and lac = 2(11 + 212). (8)
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Figure 3. Distribution of magnetic fluxes of phase A.

Since the magnitudes of ¢ and $pac fluxes are inversely proportional to their path
lengths in the core, the coefficients for the experimental TT-6 transformer are

Kag= lAC/(lAB_HAC) = 0.577 and Kpc= 1AB/<1AB+1AC) = 0.423. 9)

Figure 3 shows that the transformer core is symmetrical about the leg of phase B.
Hence, the ¢ ap and ¢ ac magnetic fluxes are equal. Therefore, the coefficients are calculated

as follows:
Kga= Kgc = 0.5. (10)

The distribution of the magnetic flux of the leg of phase C over the legs of phases B
and A is a mirror image of the distribution of the magnetic flux of the leg of phase A over
the legs of phases B and C. Therefore, the coefficients Kca and Kcp should be taken to be
equal to the coefficients Kac and Kag.

We should add that the K, Kp, and K¢ coefficients should be taken to be equal to
unity when calculating the inductances of the primary and secondary windings and closed
turns. The inductances of the primary and secondary windings are calculated as follows:

La =KaLo, Lg = KgLy, Lc = KcLo,

2 2 2
Lo = (W) KaLo. Ly = (Wb) KpLo. Le = <W> KcLo. (11)
WA WB wc

The mutual inductances between the high-voltage winding of phase A and other
windings of the transformer can be determined as follows:

Las = KagLo, Lac = KacLo,

W, Wi W,
Laa = <a>KALO/ Lap = (b)KABLO/ Lac = (C>KACL0- (12)
wa wa wa

The mutual inductances between the high-voltage winding of phase B and other
windings of the transformer can be determined as follows:

Lga = KgaLo, Lgc = KgcLo,

w Wi w
Lga = <a>KBALO/ Lpp = <b)KBLO/ Lpc = ( ‘ )KBCLO' (13)
WB WB WB

The mutual inductances between the high-voltage winding of phase C and other
windings of the transformer can be determined as follows:

Lca = Kealo, Leg = KegLo,
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W, Wi W,
Lea = (a)KCALOr Lo, = <b>KABLOr Lee = <C>KCLO~ (14)
\'Ye wc wc

The mutual inductances between the low-voltage winding of phase A and other
windings of the transformer can be determined as follows:

W W W
Laa = (a)KALo, Lag = (a)KABLOr L.c = <a>KACLO- (15)
wa Wp wc

The mutual inductances between the low-voltage winding of phase B and other
windings of the transformer can be determined as follows:

Wp Wp Wp
Loa = [ — |Kgaly, Liyg = [ — |KgLy, Lyc = | — | KgcLyg,
bA <WB> BaLo, LpB <WB) BLo, LbC (WB> BCLo

Wp Wa Wp We

Loy = (22 Wa hgeo Lo, Lpe = | 2 We ) kool 16
ba (WBWA) BaLo, Lbc (WBWC> BcLo (16)

The mutual inductances between the low-voltage winding of phase C and other
windings of the transformer can be determined as follows:

W, W, W,
Lea = (C>KCALOr L = <C)KCBL0/ Lc = (C>KCLO
wC we we

Lea = (‘LV(C:;ZZ)KCALO, Lo = (;V;ZZZ)KCBLO. (17)

The inductances and mutual inductances of the loops in this mathematical model do
not depend on the saturation of the core. Therefore, the model enables the simulation of
currents in the windings of only a linear three-phase power transformer under arbitrary
symmetrical and asymmetrical steady-state operation modes. However, this mathematical
model can be used to simulate the operation of a nonlinear transformer in the following way.

4. Modeling a Nonlinear Transformer

Real three-phase power transformers are nonlinear. To simulate currents in their wind-
ings, mathematical model (1) of a linear transformer can be used, and the self-inductances
and mutual inductances in this mathematical model should depend on the magnitude of
magnetic fluxes in components of the transformer core and the magnetization curve of steel
the core made of. However, a simulation of the currents in the transformer windings is quite
a difficult task in this case. It can be simplified by using the method of successive intervals.

For this, the duration of a transformer operation mode is divided into time intervals,
At, within which the magnetic fluxes in the core legs, currents i;—i4, and inductances and
mutual inductances in loops 1—4 are constant. During simulation, these parameters at the
beginning of the (q + 1)th time interval are taken equal to their values at the end of the
previous qth interval. The magnetic fluxes in the core legs, currents i;—i4, and inductances
and mutual inductances of the loops are calculated within each time interval as follows.

As can be seen from Figure 1, the magnetic circuit of the TT-6 transformer is branched.
Therefore, according to [18,19,21], the magnetic fluxes ¢4, ¢, and ¢¢ in the branches of
this circuit can be determined by the nodal-pair method (the nodes are marked by a and
b in Figure 1). It should be taken into account that, in addition to these magnetic fluxes
in the transformer core legs, there is a magnetic flux ¢, which is closed between points
a and b through air and the steel tank of the transformer. With the known numbers of
turns in the transformer windings and the currents in them at an arbitrary time point, t, the
magnetic fluxes ¢, $p, and ¢ in the phase legs of the core and the magnetic flux ¢y are
determined in the following order.

First, following [18,19], the positive direction of all of these magnetic fluxes is cho-
sen. In Figure 1, they are directed from node a to node b. After that, the dependences

da = f(uma), b = f(ump), dc = f(umc), and dn = f(umc) are plotted, where upa,
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UmB, Umc, and upy,N are the magnetic voltages in the branches of phases A, B, and C and
the branch N where ¢y is closed. To plot, for example, the dependence ¢5 = f(uma ), a
series of numerical values of the magnetic flux ¢4 are specified. Then, the magnetic field
induction in the branch of phase A is found for each ¢4 value as follows:

ba = da/S (18)

where S is the cross-section area of the transformer core leg, S = 5.77 x 1073 m? for the
TT-6 transformer. When calculating the magnetic field induction in the branches, the cross-
section areas of the legs and the yokes of the transformer core can be considered equal since
they differ by no more than 10%, and this assumption does not result in significant errors.

Again, the magnetic field strength, h,, in the leg is determined from the magnetiza-
tion curve shown in Figure 4 by the calculated bp value. This magnetization curve was
experimentally derived for the TT-6 transformer.

b. T
ba >
1.0 i
¥
|
!
0 hy 1000 2000 3000 h. A/m

Figure 4. Experimental magnetization curve for the TT-6 transformer.

If the path length of the magnetic flux ¢ 4 in the branch of phase A is considered equal
to la, then, taking into account the data in Figure 1, the magnetic voltage in this branch is

uma = hala. (19)

The magnetic voltage, uma, is calculated for each ¢ 5 value from the magnetic flux se-
ries in the same way, and the dependence, uma = f($a), is plotted based on the calculation
results (curve 1 in Figure 5). The curves ump = f(¢p) and umc = f($pc) are plotted in the
same way (curves 2 and 3). The curves ump = f(¢pp) and uyc = f(Pc) coincide in Figure 5
because of the same path lengths of the magnetic fluxes ¢ and ¢c.

um..'\
2526

$,Wb
-0.0116 0 0.0058  0.0116

-2526%-
Figure 5. Dependence um = f(¢) for the branches of phases A, B, and C.
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The calculation of the dependence upyc = f($pN) in general form is complicated since
the sizes and configuration of the air gaps and components of the ferromagnetic tank of
the transformer should be taken into account. The calculation can be simplified if ¢y is
assumed to be closed through an additional ferromagnetic branch with the cross-section
area S and the length being Iy = (3-10)14. In this case, the length, Iy, should increase with
the transformer power.

The dependence upc = f($pn) for the length of Iy = 31, is plotted in Figure 5 (curve 4).
This procedure does not lead to significant errors. The errors are estimated below.

The magnetic fluxes ¢, ¢, dc, and ¢y can take on negative values; therefore, the
dependences uma = f(¢a), ump = f($B), umc = f(dc), and Upyc = f(Ppn) are shown in
Figure 5 by curves 5-8, which are resulted from rotation of curves 1-4 by 180° around the
origin of coordinates.

According to the nodal-pair method [18,19], the magnetic voltages UmA ab, UmB ab/
UpC b, and Uy op for the branches of phases A, B, and C and branch N are found from the
following equations:

UmAab = —UmA + IAW] +1iaWp;
UmBab = —Ump + iBW1 + ipwo; (20)
UmC,ab = —UmC + icwi +icwo;

UmN,ab = —UmN-

The way of graphical estimation of magnetic fluxes in the legs of a three-phase trans-
former is shown in Figure 6, where the curves uma = f($a), ump = f($dB), umc = f(dc),
and upN = f($pN) are mirror-reflected about the up, axis according to Equation (20), and
the curves uma = f($pa), ump = f(dp), and unc = {(Ppc) are shifted along this axis by the
values (iawq +1aw2), (iBw1 +ipw2), and (icwy + icwy), respectively. The resulted curves,
UmA,ab = f(d)A)/ UmB,ab = f(d)B)r UmC,ab = f((bC)/ and UmN,ab = f((bN)/ are marked by
numbers 1-4 in Figure 6.

U ah A
- 200

- 100

T~ b, Wb

0.0057 0.0114

[® 2 L
0.0114 _/-0.0057

: .

=200

Figure 6. Graphical estimation of magnetic fluxes in phase legs.

To estimate the fluxes from Figure 6, line 5 is drawn parallel to the ¢ axis. It is moved
along the magnetic voltage axis until the condition

ba+Pp+dc+dn=0 (21)

is satisfied. In this case, the magnetic fluxes in the legs of phases A, B, and C are equal to
$a, dp, and dc.
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According to [18,19], the flux linkage and the inductance in an arbitrary winding
are defined as P = w¢ and L = /i, respectively. Hence, the current values of the
self-inductances and mutual inductances of the primary and secondary windings of the
transformer in Equations (3) and (4), required for estimation of the flux linkage in the loops
by Equation (2), are calculated as

La =widba/ia, Lp = widg/ip, Lc = widc/ic;
La = wada/ia, Lp = wodp/ip, Le = wadc/ie. (22)

The mutual inductances between the winding phases are

Lap = LaKap, Lac = LaKac,

2
W, W,
Laa = LA(W:> Ka, Lap = LA( A) Kap, Lac = LA(WZ) Kac,

Lpa = LgKga, Lpc = LpKgpc,

2 2
W
Lpa = LB( ) Kga, Lpp = LB< ) Kg, Lgc = LB< > Ksgc,
WB WB WB

Lca = LgKga, Lep = LeKac,

2
Wp
) Kca, Lep = LC( ) Keg, Lee = LB( ) Kc,
C we we

Wi,
Lya =Lg (WA)KBAr Ly = LB(W )KB, Lyc = LB( C>KBC

Wi, W, W1 W,
Lpa = LB(WEWZ>KBA, Ly = LB( ;wé>KBc,

W, W, W,
Lea = Lc <W;>KCA/ Lep =Lc (W]C3>KCB/ L =Lc (Wé>KBc

We W, We W,
Lea = Lp ( =2 )KCA, Ly = Lc ( s ) Kc. (23)
WC wWa wC

The loop currents are changed to phase currents in Figure 2, following the equations.
ia=101, =1 —11, ic=—lp, la=13 Ip =14 —1i3, ic =~y (24)

Figure 5 shows that the magnetic flux is low at the length Iy = 314 as compared to
the magnetic fluxes in the transformer core legs, and it decreases as Iy increases. Thus, the
choice of the length Iy within the limits (3-10)14 does not lead to significant errors in the
inductances of the transformer.

5. Results and Discussion

The mathematical model developed makes it possible to simulate almost all stationary
processes in a healthy three-phase transformer accounting for its nonlinearity. Special
software has been created for the model implementation in the TurboBasic V1.1 environ-
ment [20].

The mathematical model was verified by simulating the rated load and no-load modes.
The load resistance of the experimental transformer was taken to be equal to 2.5 Ohm in
the load mode and infinity in the no-load mode.
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It is difficult to visually estimate the adequacy of this mathematical model, for example,
through a comparison between the calculated and experimental dependences i = f(t)
of a three-phase transformer. This estimation is much easier to make from a comparison
between the harmonic components of these dependencies. To distinguish them, we used
the graphical-analytical Fourier-transform method [18,19].

To measure the parameters of the experimental TT-6 transformer and the spectrum of
harmonic components in the network voltage and the current in the primary winding of
the transformer, we used an experimental setup, the electrical circuit of which is shown in
Figure 7.

PA1

A B C
SF TFF
A <1 XS7-XS-9
Lg ¥ v
;‘_5_
XS2[X
XSSB}i
DSO1 ~. |DSO2 PV1
&

Figure 7. Circuit of the experimental setup.

As can be seen from Figure 6, the experimental setup is connected to a three-phase
380 V AC line through circuit breaker SF. The current in the phases of the high- and low-
voltage windings of the transformer is measured by ammeters PA1 and PA2. PAl is a
class 0.5 E59 ammeter; it is connected in series with the phases of the primary windings
through a class 0.2 154/1-type current transformer TA with the use of sockets XS1-XS3
and plugs with jumpers. This connection of ammeter PA1 makes it possible to use the
same device to measure currents in the three phases in turn. This significantly reduces the
measurement error.

The spectrum of the harmonic components of currents in the primary winding is
recorded with two-beam oscilloscope DSO1. It is based on a personal computer with
ELENA-2014 software. The entrance of this oscilloscope is connected to the terminals of
ammeter PA1. This provides galvanic isolation of the oscilloscope entrance and the supply
line. The voltage at the entrance of DSO1 is controlled with high-ohm resistor R4. The
voltage and the harmonic spectrum are controlled with UNI-T UT101 voltmeter PV1 and
RIGOL DS1054Z oscilloscope DSO2.

Ammeter PA2 is a class 0.2 D566 device. It is connected in series with the phases of the
secondary windings with the use of sockets XS54-XS6 and plugs with jumpers. Voltmeter
PV2 of YX-360TRD type is connected to the neutral of load, which is resistors R1-R3, and
one of the terminals of ammeter PA2. This enables the simultaneous control of current
and voltage. The transformer load is commutated with the use of plugs with jumpers and
sockets XS7-XS9. The experimental setup is shown in Figure 8.
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Figure 8. Experimental setup: experimental TT-6 transformer (TV); 2.5-10-ohm variable load resistors
(R1, R2, and R3); AP50 circuit breaker (SF); UNI-T UT101 and YX-360TRD voltmeter (PV1 and PV2);
154/1 measuring current transformer (TA); E59 and D566 ammeter (PA1 and PA2); laptop-based
digital oscilloscope with ELENA-2014 software (DSO1); high-ohm resistor (R4); RIGOL DS1054Z
digital oscilloscope (DSO2); Schneider Electric socket-outlet (X51-59).

The results of the spectral analysis of phase A current during the transformer operation
in the no-load and load modes are given in Tables 2 and 3. The comparison between the
calculation and experimental results shows the simulation error to be no more than 14% in
these operation modes.

Table 2. Calculated and experimental harmonic components of current in the primary winding of the
transformer operating in the no-load mode.

No-Load Mode

Harmonic No. Calculation Result, Experimental Result, Relative Error. %
Rel. Units Rel. Units s 70
1 1.0000 1.0000 0
2 0.0300 0.0303 4.64
3 0.0151 0.0158 6.14
4 0.0163 0.0153 2.95
5 0.1693 0.1643 2.95
6 0.0024 0.0029 1
7 0.0433 0.0433 4.64
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Table 3. Calculated and experimental harmonic components of current in the primary winding of the
transformer operating in the load mode.

Load Mode
Harmonic No. Calculation Result, Experimental Result, Relative Error. %
Rel. Units Rel. Units v 70
1 1.0000 1.0000 0
2 0.0109 0.0122 11.93
3 0.0082 0.0093 13.42
4 0.0079 0.0073 7.60
5 0.0702 0.0719 242
6 0.0028 0.0031 10.71
7 0.0199 0.0210 5.53

One of the reasons for this error is the presence of higher harmonics in the voltage
of the supply line during the experiment. Another reason can be the use of numerical
methods for estimating the magnetic fluxes in legs.

Nevertheless, the suggested mathematical model of a three-phase transformer enables
simulating currents in the transformer windings under steady-state operation modes with
accuracy acceptable for the relay protection. Since the requirements for the design of
transformers do not depend on their power, there is every reason to believe that the errors
will be similar in simulation of the operation of industrial transformers of arbitrary power.

This mathematical model was developed for asymmetrical three-phase transformers
with two star-star connected windings without zero grounding. However, it can be used
to simulate processes in nonlinear two-winding three-phase transformers with any con-
nection of its windings. In each specific case, the equations of the mathematical model are
transformed several times, except for the equations which consider the nonlinearity of the
transformer; they remain unchanged.

6. Conclusions

One of the main causes of failures and shortening the service life of two-winding
asymmetrical core transformers is the turn-to-turn faults in their windings, which are up to
70-80% of all transformer failures depending on the power and operating conditions.

One of the main ways of decreasing the statistics of these failures and increasing the
service life of transformers is the improvement of differential current protections, which
is reduced to an increase in their sensitivity to turn-to-turn faults. The operation of these
protections is based on the comparison between two electrical quantities with different
spectra of currents in phases. Therefore, their sensitivity can be increased by acquiring
and taking into account information in the form of the spectrum of these harmonics when
choosing the response threshold for differential current protections.

For these purposes, the model with phase coordinates, which is easy for understanding
and implementing, can be used. Its differential equations are compiled by the loop current
method for phase-to-phase voltages. It uses fourth-order matrices to describe the operation
of a three-phase two-winding transformer. Both MATLAB and Turbo Basic environments
can be used to implement this mathematical model. However, despite all of its advantages,
this model cannot take into account the asymmetry and nonlinearity of a transformer.

In contrast to this model, the mathematical model we suggest makes it possible to con-
sider the asymmetry and nonlinearity of the core of a three-phase transformer by replacing
a set of differential equations with a set of linear equations. In the resulted mathematical
model, the initial values of its inductances and mutual inductances are determined based on
the use of no-load current taking into account the transformer core size, and current values
of these parameters are calculated from the currents in the windings and the magnetic
fluxes in transformer core legs. The latter are calculated by the nodal-pair method.
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The simulation results are presented in the form of harmonics derived from the
Fourier transform of the currents, because a visual estimation of the simulation error is
quite difficult.

The comparison between the calculation and experimental results showed the error
in the harmonic currents in transformer windings to be no higher than 14%. This enables
us to estimate the influence of the transformer nonlinearity on the simulation results
with acceptable accuracy. We believe that this error is due to the presence of high-order
harmonics in the supply voltage during the experiment and the use of numerical method
for calculation of these currents.

Author Contributions: Conceptualization, E.K. and A.N.; data curation, D.R. and A.K.; methodology,
EK., ANN. and D.R; software, T.N., A.N. and E.K,; project administration, E.K. and A.N.; resources,
AN., AK. and D.R;; supervision, E.K,; validation, A.N. and D.R.; visualization, T.N. and A.N.; formal
analysis, A.K., TN. and D.R,; writing original, E.K. and A.N.; writing, E.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Committee of Science of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (grant no. AP14972779).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

EMTP  ElectroMagnetic Transient Program
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