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Abstract. The electrical equipment operation is cost-effective and reliable when operating
parameters of the electrical network correspond to the rated data of the equipment. The real
operation conditions, however, differ from those required for electrical equipment, which negatively
affects its efficiency. The non-sinusoidal conditions in electrical networks are currently very
common. The paper provides an overview of the characteristics obtained from an analysis of
publications, which are used to evaluate the effect of the non-sinusoidal conditions on power
transformers. The results of the calculation of these characteristics for a transformer installed at a
railway traction substation are presented. Parameters of the non-sinusoidal conditions are obtained

as a result of measurements.

1 Introduction

The operating parameters of electrical networks should
ensure their economically viable and reliable operation,
which is largely determined by power quality. Power
quality, in turn, affects the reliability of electrical
equipment, its functioning, and service life. Electrical
equipment works most efficiently, cost effectively, and
has a long service life, when the operating parameters of
the network correspond to the rated data of the
equipment. In real conditions, the operating parameters
of electrical networks often differ from those required
for electrical equipment, in particular, they do not meet
the requirements of the State Standard 32144-2013 [1].
At present, a major problem in electrical networks is
the non-sinusoidal voltage, which is caused by loads
with nonlinear voltage-current characteristic. The
authors of [2] note that “the large values of indices Kj;

and Ky, that characterize the voltage non-

sinusoidality, are observed in the electrical networks that
power AC railway, aluminum plants and large-scale
metallurgical facilities. The problems related to

providing the required levels of Ky and Ky ... are

virtually never stated and solved”. Non-sinusoidal
conditions cause a large number of negative
consequences, which have been reported in numerous
publications for more than half a century [3-8].
Harmonic voltage and current appearing in non-
sinusoidal conditions cause overheating of transformers,
damage to capacitors, increased losses in induction
motors, erroneous operation of protection and automatic
systems, etc. According to [8], the costs associated with
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harmonics make up 5.4% of all costs related to low
quality of electric energy.

Power transformers are an important component of
electric power systems. In Russia, their total capacity
due to several transformation stages is 6-6.5 times higher
than the installed capacity of generators. The authors of
[9] note that “in the event of an accidental disconnection
of a power transformer, the losses are estimated at
millions of Euros, excluding the cost of repairing the
equipment or replacing it”. In the presence of harmonic
voltages and currents, the transformers are damaged due
to an increase in the heat release in windings and other
components. This accelerates the aging process of
insulating paper, transformer oil, and magnetic system.
Recently, there has been a growing interest in evaluating
the influence of harmonics on power transformers, as
evidenced by the papers of the international conferences
[10-16] and the new edition of IEEE Standard C57.110-
2008 [17].

This paper provides an overview of the
characteristics used in publications to evaluate the
influence of harmonics on transformers. The results of
their calculations are presented. The calculations
involved measured indices of power quality and
parameters of non-sinusoidal conditions for the
transformer TDTNZh-40000/110, installed at the
Slyudyanka railway substation. The rated data of the
transformer are: S;=40000.0 kVA, Up=115.0 kV,

1,=2000 A, Pyz=39.0 kW, P,z=200.0 kW,
R;=1.65 Ohm.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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2 Analysis of non-sinusoidal conditions
at the node connecting railway
substation to supply network

Figure 1 shows a scheme for measuring the power
quality indices and the operating parameters.
Measurements were carried out for 24 hours with a 1-
minute time interval between the measurements.
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Fig. 1. Scheme for measuring the operating parameters.

Figure 2 presents the oscillograms of phase voltages
and currents for one of the measurements, which show
that the voltage and current waveforms are non-
sinusoidal.
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Fig. 2. Oscillograms of phase voltages a) and currents b).

Table 1 demonstrates for some harmonics the values
of measured Ky, and standard Ky, s, for the

coefficients of the n-th harmonic voltage component [1]
and the values of measured K, for the coefficients of

the n-th harmonic current component. The values
exceeding the standard are shown in bold. As evidenced
by the Table, the conditions are unbalanced. The values
of harmonic voltages and currents are of random nature.

Table 2 gives statistical estimates for some harmonics of
phase B. The estimates of the harmonic voltages and
currents of three phases with a probability of 0.95 will be
used to calculate the parameters characterizing their
influence on transformer.

Table 1. Kuw and Kip), %.

n 3 5 7 9 | 11 |23 |25
Kuma 09 {20|10]211|14|16]|08
Kums 19 (23|12|12|15|13]09
Kumce 12 |22]109|10|16|13|09
Kugmoses | 1.5 11511004 |1.0]04]|04
Kima 120 {99 |51 (27 29|19 | 16
Kims 1.6 | 74134 |27|25|18]|09
Kimc 364193 |71|50|27]|30]|17

Table 2. Statistical estimates of U, and I, in phase B.

n
Parameter | Value 3 5 7 1
min 15.4 145.0 4.8 4.1
UV max | 16357 | 1879.4 | 1238.5 | 1606.8
" evar 645.4 978.6 366.0 | 4952
0.95 | 1248.7 | 15384 | 777.5 | 1028.5
min 0.06 0.23 0.06 0.05
LA max 33.2 13.9 10.0 5.5
’ evar 14.6 7.0 2.5 1.5
0.95 25.3 10.0 52 3.1

3 Active power losses in transformer
under non-sinusoidal conditions

Harmonics of voltages and currents cause additional
losses of active power in transformer. Figure 3 shows a
classification diagram of transformer losses [14, 17].

Total losses Pr

|
v 2

Load losses P;;

Fl_\l/

No-load losses Py,

g

Hysteresis Eddy Total stray Ohmic
losses current losses losses
losses Prst Ppe
Eddy Other stray
current losses
losses Pgc Post

Fig. 3. Classification of active power losses in transformer.

3.1 No-load Ilosses wunder non-sinusoidal

conditions

n [14], the authors propose calculating the transformer
no-load losses under non-sinusoidal conditions Py;_ys

using the expression
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n=1

Prni-ns = Pair [1/”2‘6(Un /Ul)z]» (1)

where U, — effective value of voltage at fundamental
frequency (the first harmonic), V; U, — effective value
of the n-th harmonic of voltage, V. Expression (1) can
be transformed, considering K ,,=100U, /U,. By
substituting K., in (1) we obtain

Mgy

Py ns = Pui a [1/n2‘6(KU(,, ) /100)2]. )

Expression (2) was used to calculate the no-load losses
for harmonics from 2 to 39 to 39 for the values of the

index Ky, ) with a probability of 0.95. The calculation
results are presented in Table 3, where Pry;_yg — total
no-load losses. Losses Py;_ns compared to the losses
under sinusoidal conditions Py;r vary insignificantly.
The total excess in three phases is 2.4 W.

Table 3. No-load losses, W.

Parameter Phase A | Phase B | Phase C
Pnir 39000.0 | 39000.0 | 39000.0
Pnins 39000.5 39001.2 | 39000.7
Prnins 117002.4

3.2 Load losses under non-sinusoidal
conditions

According to diagram in Fig. 3, load losses in
transformer consist of two components [3, 14, 15, 17]:
ohmic windings losses and total stray losses.

3.2.1. Ohmic losses

Ohmic losses in windings are determined by expression

M max 5
Ppc-ns = Ppc-s a (1/11) ) (3)
where I; — effective value of current at fundamental
frequency, A; I, — effective value of the »#-th harmonic

current, A; Ppc-_g — ohmic losses under sinusoidal

current that are calculated as Py g = Rplz, Ry — the

transformer winding resistance calculated by rated data,
Q; Ip — effective value of the transformer winding
rated current, A.
Expression (3) can be transformed, considering
K;n)=1001, /1, . After substitution in (3), we obtain
Ppc-ns = Pr-s 2

n=: (&, /100F . @

An increase in the active power losses under non-
sinusoidal conditions is determined by expression

Nmas

APpe_ns = Fpe-ns —Ppc-s - (5)

Table 4 presents ohmic losses in high and medium

voltage windings that are calculated by (3)-(5). As seen

from the Table, the non-sinusoidal current increases total
ohmic losses by 14.5 kW.

Table 4. Ohmic losses, kW.

Parameter Phase A | Phase B | Phase C
Ppc_s 66.0 66.0 66.0
Ppens 63.1 68.1 76.3
APpc.ns 2.1 2.1 10.3
APrpcns 14.5

3.2.2. Total stray losses

Total stray losses under non-sinusoidal conditions
consist of two components: eddy current losses in
windings and other stray losses in other components of
the transformer (core, core lamps, tank wall and
magnetic shields)

Eddy current losses in windings are calculated as
follows

Pee_ns = PEC—S|: 'ijnz(ln /11)2} (6)

where Pp-_g — eddy current losses in windings under
sinusoidal conditions that are calculated as

Ppe_s =0.33(Py12~Ppc-s)- (7
By substituting K, ,, =100/, /1, in (6) we obtain

Prc-ns :PECS|: Z; ”Z(Kl(n)/loo)z} (8)
n= °

Other stray losses in the other transformer
components under non-sinusoidal currents are calculated
as follows

"max
Fost-ns = Fosi-s { ;1 ”O'g(KI(n)/lOO)Z} )

where P,g _¢ — eddy current losses in other components

of transformer wunder sinusoidal conditions that are

calculated by
Fosp—s =0.67( P p=Ppc_s) - (10)
Table 5 demonstrates eddy current losses in
transformer windings and its other components that are
calculated by (6-10). An increase in the eddy current
losses under non-sinusoidal conditions compared to the
sinusoidal ones is 399.0 kW.

Table 5. Total stray losses, kW.

Parameter Phase A Phase B Phase C
Prcs 44.2 44.2 442
Posi-s 89.8 89.8 89.8
Prcns 125.8 106.7 236.6
Posi ns 100.7 100.5 130.7
APgc_ns 81.6 62.5 192.4
APosi-ns 10.9 10.7 40.9
APrs ns 399.0

3.2.3. Load losses

Load losses under non-sinusoidal conditions given (4),
(8), (9) are calculated by expression

P =Ppe-ns + Pec-ns + Fosi-ns -

(10)
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The calculated load losses are presented in Table 6. Table 7. Initial information.

An excess load loss under non-sinusoidal conditions Parameter Phase A | Phase B Phase C
compared to sinusoidal ones is 413.5 kW. Ppcs, kW 66.0 66.0 66.0
Prcs, kW 44.2 44.2 442
Table 6. Load losses, kW. Pyir, kW 39.0 39.0 39.0
Parameter Phase A Phase B Phase C Pins, kW 294.6 2753 443.6
Ppc s 68.1 68.1 76.3 Puiz, kW 200.0 200.0 200.0
Prc 125.8 106.7 236.6
EC-NS Oro_r,°C 25
Posi_ns 100.7 100.5 130.7 0
Privs 294.6 2753 4436 Oy ,°C
Prirns 1013.5 @g—R ,°C 15
AP ys 95.1 | 7681 | 2443 0,.°C 35
AP 413.5 >
e Tgsy , years 25

3.3 Reduction in the transformer service life

The authors of [8] propose determining the real service
life of transformer (7zg;) under non-sinusoidal

conditions by expression

Trst =Tssy / Fua, (12)
where Tgg; — a standard transformer service life, years;
F,, — transformer aging coefficient, p.u. It is calculated
by

(15000_ 15000 j
Fo=e 383 @y +273 ’ (13)
where @;; — hot spot temperature of the windings, °C.

Temperature @ is calculated by

@H:@m+@g+@A, (14)
where @py — oil temperature rise with respect to
ambient temperature, °C; &, — conductor hot spot

temperature rise relative to oil temperature, °C; &, —
ambient temperature, °C.
Temperature @y, is calculated by

0.8
Or0 =Oro-r [(P 1w + Prie)/ (Puig + P )] . (15)
where @r,_p —rated oil temperature rise with respect to

the ambient temperature, °C.
Temperature @, is calculated by

0.8
(PDC—S +PEC—SKEC—NS)*
Oy =04 p| myu( Ky,
R o /(PDC—S+PEC—S)
n=1\ 100 , (16)
where O, p =6y —Or5_p — rated conductor

temperature rise relative to oil temperature, °C; &, —

rated winding temperature rise over the ambient
nmax nmax
temperature, °C; Kpc_ys = 2 K,z(,,)n2 /> Klz(n) -
n=1 n=l1
coefficient of eddy current losses in transformer
windings, p.u. [17].

Tables 7 and 8 show the initial data and results of the
calculation of reduction in the transformer service life by
(12) - (16). As evidenced by Table 8, the non-sinusoidal
conditions in phase C can lead to a reduction in the
standard transformer service life by 7.5 years.

Table 8. Calculation of the real service life of the transformer.

Parameter Phase A Phase B Phase C
Krcns 2.76 2.33 4.63
Oro ,°C 32.6 314 43.9
@g °C 23.6 21.8 34.7
Oy °C 91.2 87.9 113.5
F. . pu. 0.13 0.09 1.43
Trer > years 17.5

4 Conclusion

1.The calculation results indicate that the voltage and
current harmonics lead to additional active power losses
in transformer, which shorten the transformer service
life.

2. At present, the systems for continuous monitoring of
power quality indices are being developed. They can be
supplemented with programs designed to calculate the
characteristics that signal the effect of voltage harmonics
and currents on electrical equipment.

This work is conducted in the framework of the research
projects No AAAA-A17-117030310438-1 of the program of
fundamental research of SB RAS I11.17.4.
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