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Abstract. The parameters of electrical network modes often do not meet the requirements of
Russian GOST 32144-2013 and the guidelines of Vietnam. In the actual operating conditions while there is
the non-sinusoidal mode in electrical networks voltage and current harmonics are present. Harmonics result
in overheating and damage of power transformers since they cause additional active power losses.
Additional losses lead to the additional heat release, accelerating the process of insulating paper,
transformer oil and magnetic structure deterioration consequently shortening the service life of a power
transformer. In this regard there arises a need to develop certain scientific methods that would help
demonstrate that low power quality, for instance could lead to a decrease in the electrical equipment service
life. Currently we see a development of automated systems for continuous monitoring of power quality
indices and mode parameters of electrical networks. These systems could be supplemented by
characteristics calculating programs that give out a warning upon detection of the adverse influence of
voltage and current harmonics on various electrical equipment of both electric power providers and electric
power consumers. A software program presented in the article may be used to predict the influence of
voltage and current harmonics on power transformers.

1 Introduction

Today, voltage and current harmonics are a major prob-
lem of the electrical networks. As a result, the parame-
ters of network modes under actual operating conditions
differ from those required for electrical equipment. They
do not satisfy the requirements of the Russian state
standard [1] nor the Vietnamese guidelines [2, 3]. In [4],
it is noted that in Russia “large values of Ky and Ky,

that characterize non-sinusoidal voltage are observed in
electrical networks supplying power to the alternating
current railway, aluminum smelters and large metallur-
gical enterprises”. The results of K, measurements

that characterize non-sinusoidal current in the 110 kV
electrical networks of Vietnam [5] showed that they are
2-3 times higher than the standard values [2, 3].

For many years, a considerable attention has been
paid to estimating the effect of voltage and current har-
monics on power transformers [6-8]. This article pro-
vides an overview of the characteristics used to estimate
the influence of harmonics on power transformers. Based
upon these characteristics a computational program
“Prediction of non-sinusoidal mode parameters effect on
power transformers” was developed using the Microsoft
Excel and Matlab software packages. The program cal-
culates active power losses when voltage is sinusoidal
and non-sinusoidal, estimates an increase in losses when
voltage is non-sinusoidal and a decrease in the trans-

kovernikova@isem.irk.ru

former service life and evaluates energy efficiency of the
transformer.

This article solves the problem stated in [4] of the
need to develop “a common scientific methodology and
recommendations that would help assess ...the damage
associated with the total service life decrease of energy-
consuming devices and equipment of a consumer con-
nected to a network, where the power quality indices do
not comply with the requirements of the state standards”.

The above-stated characteristics were calculated for
the TDTNZh-40000/110 transformer installed at one of
the railway substations with the help of the developed
computational program. The power quality indices and
the non-sinusoidal mode parameters obtained at the
railway substation were used as background information
for the calculation. The transformer nameplate data as

per GOST 51559-2000 are as follows: S;=40000 kVA,
Up=115kV, 1;=200 A, Py;r =39 kW, P;;z=200 kW,
Ry =1.65 Ohm.

2 Analyzing non-sinusoidal mode in the
node of a railway substation connection
to the power mains

Fig. 1 shows the oscillograms of voltages and currents
for one of the measurements and it is obvious that the
shapes of voltage and current curves are non-sinusoidal.
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Fig. 1. Oscillograms of phase voltages a) and currents b).

Table 1 contains the measured Ky, and standard
Ky n 9505 values of coefficients of the n-th voltage har-
monic [1] and the measured values K, of coefficients

of the n-th current harmonic (for some harmonics). The
norms [1] are most often violated at ten harmonics given
in the Table. The Ki,.,, values that are over the limit

are shown in bold. The standards were complied with
only on the 13-th and 17-th harmonics. The Table shows
that the mode is unbalanced. The magnitudes of voltages
and currents harmonics are random. The assessments of
the voltages and currents harmonics of three phases with
a 95% probability will be used to calculate the parame-
ters, which characterize their effect on the transformer
under consideration.

Table 1. Kuw and Kiw), %.

n 3 5 7 9 11 ] 23|25
Kuma4 09 [20[10]11 (14|16 038
Kums 19 (23|12 |12 [15]13]0.9
Kumc 12 |22]109(10]16|13]09
Kumoss | 1.5 | 15110104 ]1.0]04 |04
Kima 120 199 |51 2712919 ] 1.6
Kims 1.6 |74 (34 |27]|25]18]09
Kimc 364193171 ]150(27]3.0]1.7

3 Active power losses in transformer in
non-sinusoidal mode

Harmonics of voltages and currents cause additional
active power losses in the transformer. A diagram of
losses classification is given in Fig. 2 [7-10].

Total losses Py

v v
No-load Load
losses Pyy losses Py
Hysteresis Eddy Total stray Ohmic
losses current losses | | 10sses Prsy losses Ppc
v
v v
Eddy current Other stray
losses Prc losses Pos;
v v
v v v v v v
Eddy | |Losses due Edd Eddy Eddy Eddy
current to currents Y current current current
losses in | | circulating lcurreﬁt losses in | | losses in | | losses in
the between 0S5es In core magnetic| | the tank
o the cores
windings the clamps screens walls
windings

Fig. 2. Classification of active power losses in transformer.

3.1 No-load losses in non-sinusoidal mode

In [9] the transformer no-load losses in the non-
sinusoidal mode Pp; _pg are calculated using an expres-
sion

max

Pupons = Pun [1/n2'6(KU(n )/100)2], )

n=l
where n — a number of a harmonic; Py — no-load
losses of the transformer in the sinusoidal mode, kW;
Ky n) —a coefficient of the n-th voltage harmonic, %.
Using the expression (1), the no-load losses were
calculated for harmonics 2-40 for the Ky, values with
a 95% probability. A screen shot with the calculation

results is given in Fig. 3 as the program output. Losses in
the non-sinusoidal mode compared with losses in the

sinusoidal mode Ppyr vary only slightly. The total
excess of losses in three phases is 0.8 W.

No-load losses in non-sinusoidal mode

Parameter Phase A Phase B Phase C
Pup W 13000 13000 13000
P,ﬂ.w:f‘ w 13000.17 13000 41 13000.23
AR W 017 041 023
_\i‘L w——l 08
‘\P:\‘( e 0.0021
PV 390008

Caleulation | File Excel

Where  + P, . —no-load lossaes in sinusoidal mode, W
+ By yg — io-load lossaes in non-sinusoidal mode, W
. = excess of no load losses in non-sinusoidal mode, W;

= excess of no load losses in non-sinusoidal mode in three phases, W,
= excess of no load losses in non-sinusoidal mode in three phases, %;
Back Py s — no-load lossags in non-sinusoidal mode in three phases, W: Next

Fig. 3. The calculation result of no-load losses in non-
sinusoidal mode.
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3.2 Load losses in non-sinusoidal mode

According to the diagram in Fig. 2, load losses in the
transformer consist of resistive losses in windings and
eddy current losses [6, 8-10].

Resistive losses in windings Ppc_yg are determined
using the expression

nmax

Poens = D&SZ(K[(;;) /100)2 , 2

n=1

where Ppo_g =Rl ,23 — resistive losses when the current

is sinusoidal; Ry — resistance of the transformer
winding, Ohm; [, — the effective value of the
transformer winding rated current, A; K;,, - a

coefficient of the n-th current harmonic, %.
An increase in active power losses in the non-
sinusoidal mode is determined using the expression

APpe_ns = Ppe-ns —Ppe-s - 3)

Fig. 4 shows the resistive losses in high and medium
voltage windings of the considered transformer calculat-
ed using the expressions (2, 3). It follows from the Table
that the power losses in windings increase by 14.71 kW
when the current is non-sinusoidal.

Load losses in non-sinusoidal mode

Parameter Phase A Phase B Phase C
Ppcs. kW e 66 [
Ppese kW 6807 6838 7627
AP e yss KW 207 238 1027
APypc.s, KW 14.71
Preg, kW 022 022 022
Pyevs, kW 063 053 118
APrc.g o kW 041 031 096
Poszs + kW 045 045 045
Pog s kW | 05 05 | 06
APgsp g KW 003 0.05 02
AP 7y, KW | 199
Pyp s, kW ™2 [ e | sl
Pyrsg kW 216.7
APyy vy kW 253 [ 274 [ 143
APypys KW 167
APyprns . % | 835
Caleulation Comment File Excel

Back Nest

Fig. 4. The calculation result of load losses in non-sinusoidal
mode.

In the non-sinusoidal mode eddy current losses Prg;

consist of eddy current losses in windings and eddy
current losses in other transformer components.
Eddy current losses in windings are calculated using

Pec_ns = Pec-s { 21 n’ (Kl(n) /100)2} , 4
n=

where Pgr_g = O.33(P 1ir—Fpc- s) — eddy current losses
in windings in the sinusoidal mode, F;; — short-circuit

losses in the transformer, kW.

When the current is non-sinusoidal eddy current
losses in other transformer components are calculated
using

Fost-ns = Fosi-s [ "iialxnos(Kl(n) /100)2} )

where Fyg_¢=0.67(P; p—Ppc_s) — eddy current

losses in other transformer components in the sinusoidal
mode.

Fig. 4 shows eddy current losses in the transformer
windings and its other components calculated using the
expressions (4, 5). An increase in eddy current losses in
the non-sinusoidal mode in contrast to the sinusoidal
mode is 1.99 kW.

The total load losses are calculated using

Pri-ns = Ppc-ns + Pec-ns + Fosi-ns - (6)

The calculated load losses are given in Fig. 4. The

above-limit value of load losses in the non-sinusoidal
mode in contrast to the sinusoidal mode is 16.7 kW.

3.3 Decrease in the transformer service life

The actual service life of the transformer ( Zxg; ) in the

non-sinusoidal mode in [11, 12] is proposed to be deter-
mined using the expression

Trsp = Tssz / Faa, O]
where Tgg; — the standard service life of the transform-

er, years; I, — the transformer aging coefficient, p.u. It
is calculated using

15000 15000
383 Oy +273

Fyy= e( , (®)
where @;; — the temperature of the hottest point of the
windings, °C.

Temperature @ is determined using

Oy =00+0,+0,, )

where @y — a temperature increase in the top layers of
oil above the ambient temperature, °C; @, — a tempera-

ture increase of the hottest conductor point above the oil
temperature, °C; @, — the ambient temperature, °C.

Temperature @y, is calculated using

0.8
Oro =Oro_r [(P 1w + Prr)/ (Puir + Purr )] , (10)
where @p,_p — a standard temperature increase in the
top layers of oil above the ambient temperature, °C.
Temperature O, is calculated using the expression

(PDC—S + PEC—SKEC—NS)* o8

@g = @g—R *”max

2
K , (1)
2_‘41 ( IOO)J /(PDC—S "‘Pchs)

where @,_p =0y —Ory_p — a standard conductor tem-

perature increase relative to the oil temperature, °C;

Mmax Nmax
Kegcns= 2 K12(,,)"2/ > Klz(,,) — a coefficient of
n=l1 7

n=1
eddy current losses in transformer windings, p.u. [8];
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Oy — a standard winding temperature increase above

the ambient temperature, °C.

Fig. 5 shows the background data and the calculation
results of the actual transformer service life using the
equations (7-11). From Fig. 5 it follows that the non-
sinusoidal mode conditions in phase C may result in a
6.98 year decrease in the standard service life of the
transformer.

Decrease in the transformer service life AT g; years

Ambient temperature 8, °C: 35
Standard winding temperature increase above the ambient temperature &y, °C: 70
Standard temperature increase in the top layers of oil abave the ambient temperature 87, 5 , °C 55
Standard service life of the transformer, vears Tgg; , vears
Parameter Phase A Phase B Phase C
Py kW 66 66 66
Preg kW 022 0.22 0.2
Pz kW 13 13 13
Prpvs, kW 69.2 69.41 78.1
Pyyp, kW 66.67 66,67 6667
O, °C 55
Oy 1, °C 15
Krcas, 06 276 133 163
Oy, °C 56.39 56.51 61.23
0,,°C 1545 15.49 17
Oy, °C 106.84 106.99 113.23
F ook 072 0.73 139
T gy, years 1802
ATy, vears 6.98
Back Caleulation Comment File Excel Next

Fig. 5. The calculation result of the actual transformer
service life.

3.4 Transformer energy efficiency

Energy efficiency of the transformer is a measure of how
much energy is transferred from the transformer primary
winding to the secondary. In [13] it is stated that the
transformers (7) have a very high efficiency, which
reaches 98-99% for most of them. A transformer with
high energy efficiency contributes to electric power
savings.

In [15, 16], energy efficiency of a transformer is pro-
posed to be assessed using the coefficient

1005S, cos @
BSg cos @+ Poyy_ys + Py nsB°T
where f= (S /S R) — a load factor of the transformer;

nefﬁciency = > (12)

S,, - total measured power of the transformer in three
phases, kVA; SR — rated power of the transformer,
kVA; cosp — measured load power factor; PZ NL-NS —
no-load losses in the non-sinusoidal mode in three phas-
es, kW; B.;; ys — load losses in the non-sinusoidal

mode in three phases, kW; T — a temperature correction
factor.

The temperature correction factor 7 is determined us-
ing the expression

R —operdat. —
T:oAQ(U’JjL().{IQTMJ, (13)

T—nom. T—operat.

where Ry, — resistance of the winding conductors at

the operation temperature, Ohm; R;._ — resistance of

nom.

the winding conductors at nominal temperature, Ohm.

The ratio [MJ reflects the change in re-
T-nom.

sistance of the transformer winding conductors following

a temperature change caused by the transformer load

variation. The change in resistance of the winding con-

ductors is defined using

RT—operat. _ 1+ 250 (®H—average - 20)
R 1+ ax(T,, —20)

T-nom.

) (14)

om.
where «a,;, =0.00393 — a temperature coefficient of
resistance at 20 °C for copper conductors, 1/°C;
Oh-average — a0 average temperature of the hottest point
of the transformer windings in three phases, °C;
Tom =04 +6y — a nominal operating temperature of

the transformer under load, °C.
Taking into account (14), the temperature compensa-
tion factor T is converted into

1+ 220 (@H—average - 20)

=09
1-'_0(20 (Tnom - 20)
(15)
+0.1 1+ aZO(Tnom B 20)

1+ [(251) (@H—average - 20)

Fig. 6 provides the background data used to calculate
the energy efficiency coefficient of the transformer un-
der consideration and the results of its calculation using
(12) with regard to (13-15).

Transformer energy efficiency cioncys Vo
(Al Y Uefficiency s

Total measured capacity of the transformer in three phases S, , KVA: 2430218

Temperature coefficient of resistance at 20 ° C for copper conductors a5, 1/C: 000393
Measured load power factor cosg: 0.59
Parameter
| Sy, kVA 10000
; p, pu. 0.61
| Py s KW 39.0008
[Py kW 2167

109.02

0,=(0,+0y),°C 105
[Tec 101
Mgy % | 917%
Calculation Comment
Back Next

Fig. 6. The calculation result of energy efficiency transformer.

From Fig. 6 it follows that the presence of voltage
and current harmonics leads to a decrease in the trans-
former energy efficiency ratio by 0.48%.
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4 Conclusion

1. The calculation results show that the presence of
voltage and current harmonics in the input voltages and
load currents of the transformer causes additional active
power losses in the transformer, which reduce its service
life and lead to a decrease in the transformer energy
efficiency.

2. At present the work is being carried out to develop the
systems of continuous monitoring of electric power
quality indicators and electrical network mode
parameters, which could be supplemented by
performance calculating programs that predict the
influence of voltage and current harmonics on various
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 111.17.4.
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