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Abstract: The paper presents the results of studies in the area of
harmonics in HV networks that were obtained at the Siberian En-
ergy Institute. The studies have been performed based on the
method of harmonic distortion powers that was developed at the
Siberian Energy Institute. It contains the notions of distortion
power generation and absorption. The method forms the basis of
the software package “Harmonics” that is applied for calculation,
analysis and study of the harmonic modes in networks of a compli-
cated configuration. The probabilistic mathematical models of
loads are suggested. The probabilistic approach to calculation of
harmonic modes in the HV network is considered. High levels of
harmonics are typical of the nodes with a lower value of the distor-
tion power absorption. The harmonic voltage levels can be nor-
malized in both operating and planned networks of a complicated
configuration in a centralised way.

Keywords: Harmonics, harmonic analysis, distortion power,
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1. INTRODUCTION

The 110-220 kV networks are extended and have a great
number of connected large consumers such as aluminium
plants, railroads. In accordance with the current standards in
Russia the normal allowable value of the total harmonic
distortion for 220 kV networks is equal to 2 per cent of the
nominal voltage, the maximum voltage is 4 per cent, the
allowable level of harmonic voltage components of harmon-
ics accounts for 2 per cent. Measurements of the parameters
of harmonic modes in 220 kV networks of the Irkutsk elec-
tric power system which were performed in 1983-1993
showed that the values of total harmonic distortion and the
harmonic voltage levels for many nodes exceeded the allow-
able levels. The harmonic operating conditions are analysed
by the devised method of distortion powers. The properties
of harmonic networks are studied, an approach
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to normalization of harmonic network operation is devised.
The results of measurements also show that harmonic cur-
rents and voltages arc nonstationary and asymmetrical in
phases. Mathematical models of loads have been constructed
to take into account an asymmetrical probabilistic nature.

H. METHOD OF DISTORTION POWERS

The method of distortion powers applies the calculation of
harmonic conditions in the electric network in the current
values that is widely used in Russia and abroad [1, 3]. The
condition is calculated for each harmonic scparately. Non-
linearity of nodes are modeled by the sources of current, the
values and phases of which can be adjusted during calcula-
tion as a function of parameters of the node, to which the
non-linear load is connected. In this method the electric
network and consumer with respect to node i on the n-th
harmonic are represented by the equivalent two-pole ele-
ments consisting of parallel connected sources of current,
conductance and susceptance (Fig.1).

The balance of currents is observed in node i on the n-th
harmonic, i.e. generation of currents by their sources to node
i is equal to the currents absorbed by nodal admittances

m
Z{I@n +Ighin = (Lssgin +Lahgin) + (Lasrin +Labrin)
=
The letters used in the indices are: g - generator, a - ab-
sorption, s - network, h - load, g - active, r - reactive, i -
number of node to be analyzed, n - number of harmonic. The
balance of distortion powers which is obtained by multiply-
ing the currents of the n-th harmonic by the nodal
nominal voltage U, corresponds to the balance of currents
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Fig.1.Equivalent circuit of the network and consumer by the method of distor-
tion power balance
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of the n-th harmonic of the node in expression (1).
The nodal voltage expressed by the distortion powers is
determined as (2)

m

U,=U,

where Dgsjin = Uljg]m’ Dghm = UlIghm - genera-
tion of the distortion power (GDP) to node i by the non-
linear load of the network that is located in node j and in
node i; U_ - admissible value of the harmonic voltage;
Dgn =U U8, Dagn =U,U 8y - absorption of
the distortion power (ADP) by the conductances of the net-
work and load in node D, =UU_b.;
D =U,U_b,,. - absorption of the distortion power by

the susceptances of the network and load in node i.
The total generation of distortion power in the numerator

of expression (1)
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is of random character and can be calculated by different
methods. First, distortion powers can be assigned by magni-
tudes and phases, second, by mean values and standard de-
viations of the magnitudes and phases and, third, they can be
represented by mathematical models as polynomials, re-
flecting a probabilistic nature of power variation and played
by the Monte-Carlo method. Choice of the representation
form for distortion power generation depends on the purpose
of calculation. In order that the harmonic voltage level did
not exceed the specified value when connecting consumers
to the network node, the following condition should be sat-
isfied:
KDnm- + Dm)"‘ j(Dmm + Dnm»)l 2D,5 )

Possibility for maintenance of the studied the harmonic
voltage levels in the node, when the value of the resulting
generation of the distortion power changes during operation,
is reflected by the reserve (margin) value with respect to the
absoxption of distortion power D .

= I(D + D,,,,w + T(Dosrn + D,,,,u)l =D,z &)

The harmomc voltage level in the nodes of power systems
is determined primarily by the large non-linear loads. Con-
tribution of the non-linear load allocated in node j of the

network to voltage of the n-th harmonic of node i is equal to
1D
U = U“ . (6)
” ((Dmgh+Dlhxm)+(Dmh+DMM
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When contribution of a nonlinear load is determined, the
value of distortion power generation Dg,jm of load is de-
termined by the mean harmonic current value.

Connection of a consumer to a system can lead to the reso-
nance of susceptances of the network and consumer, when
the total value of distortion power absorption by suscep-
tances becomes equal to zero.

From the condition

D .+Dy., =0, )
that corresponds to the resonance of nodal susceptances the
resonant voltages in node i are calculated

U on Dgz jln N
D asgin + D, ahgin

Resonance voltages are calculated for the mean values of
distortion power generation.

The resonant capacity of a battery of capacitors Q;, de-

termined by condition (7) is equal to
O =0, - (D + D /(n U :n) »

where Q

Ui = ®)

&)

asrin

- capacity of a battery of power factor correction

capacitors in node i; U - calculated levels of voltages of
the n-th harmonic in p.u.

The devised method was used as a methodological base for
creation of the software package “Harmonics™. The package
“Harmonics” calculates parameters allowing one to estimate
the effect on operating conditions of both the network and
nonlinear loads.

1. NETWORK PROPERTIES CAUSED BY
DISTORTION POWERS

The properties were studied on the scheme with the
minimum number of nodes (Fig.2) in which in accordance
to the author's opinion properties of bulk power systems are
displayed. The scheme of Fig.2 consists of two sections of
the single-circuit 220 kV transmission lines of the same
length with the wire cross-section of 300 mm. At the cur-~
rent density of 1.1 A/mm the power transmitted over trans-
mission lines accounts for 135 MVA. The network is con-
nected to the large 500 kV node through the 500 MVA
autotransformer. In the nodal the harmonic voltage level
amount to 1% of the rated voltage of the basic frequency for
all the studied harmonics. Consumers are connected to
nodes 21, 22 and 23 through the 63 MVA transformers with
the secondary voltage of 10 kV.
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Fig.2. The scheme for studying electric network properties

Fig. 3 presents the values of the total harmonic distortion
and the harmonic voltage levels created by harmonics of
the system of 500 kV in node 23 as a function of line length
change at the nodal loads of 20 MVA (10 MVA of lighting
load and 10 MVA of motor one). The levels of the 5-th har-
monic voltage for nodes 1, 2, 3, 21, 22, 23 are given in
Fig.4.They have a complicated dependence on the line
length. These curves show that support of the harmonic volt-
age levels in the node of system connection (on the 500 kV
buses) does not guarantee admissible harmonic levels in the
network. The electric network can cause considerable
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Fig.3 Total harmonic distortion and the harmonic voltage
levels in the node 23.
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Fig.4. Voltage of the S-th harmonic in nodes as function in line length
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increase in the harmonic voltage levels. Therefore, to pro-
vide the admissible the harmonic voltage levels in the net-
work nodes special measures are required. The maximum
the harmonic voltage levels are observed at the minimum
values of the absorption distortion power of the nodes
(Fig.5). Fig. 6 presents distortion power generation of har-
monic 5 for the 220 kV transmission line at its different
lengths and the same distances between substations. The line
feeds 31 substations with a traction load power of 10 MW
and a local load power of 15 MW each. In this case the
power plants with a capacity of 500 MVA and local loads of
400 MW are connected in nodes 1, 11, 21 and 31. At a line
length of 3000 km the distortion power generation from
node 29 to node 1 situated at a distance of 2800 km amounts
to 50% of the distortion power generation of load in node 1,
i.e. the harmonics run to great distances. The calculations
have showed that the phenomena observed on the 5-th har-
monic are typical of other harmonics as well, however at
different line lengths.

IV. NORMALISATION OF OPERATING CONDITIONS
OF HIGHER HARMONIC NETWORK

The harmonic operating conditions can be normalized by
the following methods as a function of the specific electric
network and load powers {2]:

o decrease in generation of the harmonic currents of recti-
fier loads by increasing the number of ripples and commuta-
tion angles;

o installation of filters for harmonic currents in the con-
nection points of large converter units;

Voltige, /%)

Fig.5. Voltage, ADP, GDP of the 5-th harmonic in node 23 as function in
line lengths
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Fig. 6.Distortion power generation of harmonic 5 in node 1 from traction
loads at different line lengths



» enhancement of the active absorption in one or several
nodes of an electric network with extended transmission
lines.

As was shown above, normalization of the operating con-
ditions in the connection nodes is insufficient for their nor-
malization in all network nodes, as far as the extended
transmission lines cause the increase in harmonic levels. In
these lines to normalize the harmonic operating conditions
the use is made of its following properties: high levels of
harmonics correspond to nodes with lower generation and
absorption levels; change in absorption in one of the nodes,
placed on the extended line, results in change in the har-
monic voltage in other nodes. The indicated features make it
possible to normalize the harmonic operating conditions in a
great number of nodes of an extended line by increasing the
active absorption with the help of low-capacity resonance
installations (Fig.7).

Installation of three absorption devices for 5-th harmonic
with an absorption capacity of 2 MVA in three nodes at a
distance of 250, 750 and 1250 km from the feeding station
has normalized the harmonic level along the whole line
1500 km long (compare curves U5, U5-f). Absorption being
increased by connecting the resonance installations in nodes
with the minimum absorption, the voltage of 5-th harmonic
decreases more than threefold along the whole line. One
device with a capacity of 2-44 MVA allows normalization of
the harmonic operating conditions of the line 300-1000 km
long depending on specific features of a concrete network.
About 2 MVA of the power of cosine capacitors is required
per 1 MVA of the distortion power absorption.

V. MODELLING OF DISTORTION POWER
GENERATION OF NONLINEAR ASYMMETRICAL
LOADS

Accuracy of calculations of the harmonic operating condi-
tions in 110-220 kV networks depends to a great extent on
the precise modelling of distortion power generation of the
largest nonlinear loads. The results of daily measurements of
harmonic modes which are taken every minute by the soft-
ware package “Omsk” for example, may be applied for
model construction. The main nonlinear loads of 110-220
kV networks are traction substations of the
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Fig. 7.Change in voltage of harmonic 5 with and without the active absorp-
tion devices

railways and aluminium plants. Below a mathematical
model for the distortion power generation of traction load is
given for illustration. Measurement of the harmonic operat-
ing conditions for traction loads shows that the harmonic
currents are asymmetrical and change steadily in wide
ranges because of addition of currents from several electric
locomotives, powered from the substation on the railway
section 60-80 km long (Fig.8).

Processing of measurements of parameters on the har-
monic operating conditions allows the probabilistic mathe-
matical model for distortion power generation of load, con-
nected to the substation, to be obtained. Distortion power
generation of harmonics is determined by the active load
power and caused by the consumer’s technology.

Distortion power generation of the nonlinear asymmetrical
load to calculate harmonic operating conditions is repre-
sented by the expression:

D= Dign1+ Ry (% )Y+ Ry X ) YEXR— j P ¥ o))
where k=1 corresponds to the positive sequence, k=2 corre-
sponds to the negative sequence (in HV networks the levels
of zero sequence currents are much lower than the positive
and negative sequence currents, therefore the zero sequence
currents are not modeled),

m - the number of operating condition from the analyzed
sample,

Dine = PK e EXP(= j @) 18 the mean value of distortion
power generation of the n-th harmonic of sequence k,

P, is the mean daily value of active power,

K kne 1S the mean daily value of the total harmonic distor-
tion that is calculated as

Kiw = Digm ! Pm >
R, is the active power deviation for operating condition m
from its mean value in p.u. (R,, = (P, — Pc)/Pc) that is
represented in the mathematical model as a polynomial of
the third power
2
pm

isa m
xpm is a random number,

Ay, A,,4,, A, are coefficients that are obtained by

Rm = A3x), + Ayx2, + Ajx,, + A, -

Measurement

Fig8. Active power, S-th and 7-th harmonic currents of load connected to
Mysovaya substation.
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approximation of the cumulative probability curve R, ,
which is constructed based on the results of statistical proc-
essing of measurements of the active power,

Riwm = (Kiym — Kine }/ K 18 the relative varia-
tion in the value of distortion power generation of the n-th
harmonic of sequence k for operating condition m.

In the mathematical model it is taken inito account in the
form of a polynomial of the third power as

Riom = B3in*3m + Botn¥3m + Bitn*dim + Bosn »
X, isarandom number,

Byins Boin» Buin» Bosa 8¢ coefficients that are obtained by
approximation of the cumulative probability curve R, .
which is constructed based on the results of statistical proc-
essing of measurements on the main and higher harmonic
currents,

@ne is the mean phase value of the distortion power gen-

eration of harmonics for the n-th harmonic,
@ 18 the phase deviation from its mean value for the

distortion power generation of the n-th harmonic of sequence
k. In the mathematical model it is represented in the form of
a polynomial of the third power

3 2
Pinm = CamXpim +* ComXpim + CrinXopm + C ot >
X piom is a random number,

C11n>Ca4nsCrin»Cosn  are coefficients that are obtained by
approximation of the cumnlative probability curve, which is
constructed based on the results of statistical processing of
measured phases of the main and higher harmonic currents.
The higher harmonic operating conditions are calculated by
the Monte-Carlo method, in accordance with which load is
modeled on the generator of random numbers with the uni-
form distribution law.

For the one-load model the use is made of 5 samples of
random nmumbers.

If the probabilistic nature of nonlinear loads is considered
in a simplified way, the mean values of distortion powers of
the higher harmonics and their standard deviations may be
applied. The mean values of distortion powers from several
sources are determined by the geometrical addition. The
mean-root-square sum is found for standard deviations and
the values corresponding to the mean value and the value
with a 95 % probability are determined from them.

The model of traction load that is constructed for the My-
sovaya substation on the East- Siberian railway on the 220
kV transformer side with a capacity of 40 MVA feeding the
traction load is given as an example. While modeling the
load, 9 main harmonics: 3, 5, 7, 11, 13, 17, 19, 23, 25 were
taken into account. Fig. 8 shows a daily variation of the ac-
tive power and currents for the prevailing harmonics. The
mean value of active power is equal to P.=4.34 MW, the
standard power deviation from its mean value accounts for

40.56%. When processing, the distortion power absorption
of traction load was taken equal to zero.

From the results of approximation of the cunmlative prob-
ability of active power deviations in Fig. 9 the random values
of power are calculated by the expression

Rm =331x3, -4.39x2, +2.7x,, ~0.75 -

The mean values and the standard deviations of harmonic
distortion powers are given in Table 1. The polynomial co-
efficients approximating the cumulative probabilities of de-
viations in the harmonic distortion powers from their mean
values are presented in Table 2.

The model developed for traction loads is applicable for
other load types as well. The polynomial coefficients can be
obtained by processing the measurements of parameters of
harmonic modes.

VI.CONCLUSIONS

1. The method of distortion powers allows first, the analy-
sis of the harmonic modes for the network nodes, represent-
ing formation of the harmonic voltage levels as a result of
interaction of 2 processes: generation and absorption of
harmonics, and second, the estimation of interaction between
the consumer and the electric network, ie. formulation of
consumer requirements to the network, selection of reactive
compensators with

¥ = 3.3125x° - 4.303% + 2.771% - 0.7833

Probability of deviation

Fig. 9. The cumulative probability of the active power deviation and its ap-
proximation by the polynomial of the third power
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regard to harmonics, estimation of danger from resonance
phenomena.

2. Extended transmission lines 110 kV and higher cause
the enhancement of harmonic voltage levels. The high levels
of harmonic voltages correspond to nodes with small values
of distortion power generation and absorption.

3. The generated distortion power of nonlinear loads can
spread along the 220 kV transmission lines for a distance of
above 2000 km without essential damping.

4. The harmonic operating conditions in the network with
extended lines can be normalized by increasing the active
distortion power absorption in concrete network nodes with
the help of resonance installations with an active absorption
power of 2-4 MVA.

5.The traction loads are nonlinear, asymmetrical and
nonstationary. The mathematical probabilistic model of
traction loads for a node is constructed based on the resuits
of processing measurements of the parameters for the har-
monic operating conditions.

V. REFERENCES

[1]. Smimov S.S., Kovernikova L. Consumer contribution to the higher-
harmonic voltage level in nodes of an electric network// Elektrichestvo, 1996,
N 1, pp.58-64 (in Russian).

[2]. Arrilaga J. et al. Power system harmonics. Translation from English. -
Moskva: Energoatomizdat. 1990.-320pp.

[3]. Smimov 8.8., Kovemikova LI Studies on harmonics in high voltage
networks. Proceedings of Intemmational Nonference "Power Quality Assess-
ment of im pact”, CIGRE Regicaal meetings - Asia and Middle East, Septem-
ber10-11,1997, New Delhi lndia, pp.1-12.

V1. BIOGRAPHIES

Dr. Sergei S. SMIRNOV
% was bom in 1936 in Berendeevo, Russia. He
. defended thesis of Candidate of Technical
Sciences and received the scientific degree. At
present he is Researcher in the Siberian Energy
Institute in the Russian Academy of Sciences.
His field of interest s in higher harmonics.

Dr. Lidia L KOVERNIKOVA
was born in 1953 in Novo-Aleksandrovka,
Russia. She defended thesis of Candidate of

emy of Sciences. Her field of imterest is in higher
harmonic

TABLE 2
THE POLYNOMIAL COEFFICIENTS APPROXIMATING THE CUMULATIVE PROBABILITIES OF
DEVIATIONS IN THE HARMONIC DISTORTION POWERS FROM THER MEAN VALUES

Harmo-| Seque- Distortion power Distortion power phase
nic nce | D mem Polynom. coefficients Phase Polinom. Coefficients
% B3 B2 B1 BO jdegr. | C3 C2 C1 cO
3 1 1162 253 | -322 | 203 | -0.58 | 121.5 0 0 105.13] -62.81
2 1444 | 253 | -3.22 | 203 | -0.58 | 115656 0 0 (105.13]-52.81
5 1 522 |1 275 | 424 304 | -08 | 839 | -724 | 739 | 1904 | -99.8
2 9.69 26 | -397 | 227 | <046 | -81.2 | 1244 |-217.9]| 154 |-3563
7 1 476 | 263 | 481 | 335 | 073 ] 236 | 464 | -773 | 438 | -774
2 408 | 284 | 435 | 335 | -0.73 | 493 | 1886 |-2738]| 2444 -78
1 1 159 | 293 | 412 31 | -0.91 -4 220 | 419 | 528 | -180
2 241 | 339 | 556 | 348 | -0.73 | 177 | 665 | -1025 | 542 -96
13 1 144 | 3.82 6 |-379 ] -085 4 1015 | -1423 | 699 | -130
2 1.36 | 3.82 6 | -379|-085] 246 | 1057 | -2064 | 1415 | -285
17 1 095 | 422 | 617 ] 382 | -091 | 03 0 0 350 | -176
2 099 | 422 | 617 | 382 | -091] 268 | 504 | 944 | 782 | -283
19 1 108 | 511 | -701 | 397 | -083}| 24 | -107 | -88 563 | -225
2 17 | 541 1 -701 | 397 | -093 ]| 25 635 | -879 | 584 | -158
23 1 115 | 757 | 878 | 402 | -058 ] 59 0 0 328 | -160
2 084 | 757 | 878 | 402 | 058 | -5.3 0 0 328 | -160
25 1 096 | 589 | -715 | 3.78 | -0.98 | 127 | -583 748 185 -197
2 057 | 589 | -715| 378 | 098 | -14 -3.8 190 175 | -151
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