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Abttmct: The paper presents tbe Wts of studies in the mea of 
bamonics m HV nehvorks that were owained at the Siberian En- 
ergy Institute. The studies have been p e r f i i  based on the 
method of harxnonic distdm powers that was developed at the 
Siberian Energy Institute. It wntains the notions of distortian 
power generation and a b " .  The method farms the basis of 
the software package "Harmonics" that is applied for calculation, 
analysis and study of the hannonic modes in networks of a compli- 
cated configcaaton. The probabilistic mathematical models of 
loads are suggested. The probabilistic approach to calculatim 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 abmption The harmonic voltage levels can be nor- 
malized in both operat& and planned ltetworks of a complicated 
cdigmt ion in a centrakd way. 
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I. INTRODUCTION 
The 110-220 kV networks m extended and have a great 
number of connected large c o m e r s  such as aluminium 
plants, railroads. Inaccardancewiththe 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 analysed 
by the devised method of distortion powers. The properties 
ofhannonicnetw~arestudied,anapp~ 
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to normalization of harmonic network operation is devised. 
The results of measurements also show that -ONC cur- 
rents and voltages are nonstationary and asymmetrical in 
phases. Mathematid models of loads have been comtmted 
to take into account an asymmetrical probabilistic nature. 

U. 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 [l, 31. The 
condition is calculated for each harmonic separately. 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 ~ ~ ~ e ~ t e d .  In this method the electric 
network and consumer with respect to node i on the n-th 
harmonic are repmented by the equivalent wo-pole ele- 
ments consisting of parallel connected sources of current, 
conductance and susceptance (Fig. 1). 

The balance of curtents is obsemed in node i on the n-th 
harmonic, i.e. generation of currents by their sources to node 
iisequaltothecurrentsabsorbedbynodaladmittances 

C I ~ ~  +I* = (I@* +I*) + j(Iah + I+) * 
(1) 

m 

j=1 

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, comsponds to the balance of currents 

i 

Fig.l.Equivahit circuit of the network and comauner by the "A of d i m -  
tioaparbalsnce 
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of the n-th barmanic of the node in exp” (1). - (2) 
The nodal voltage expressedby the distoaion powers is 

I 

tion of the distortion power (GDP) to node i by the non- 
linear load of the networic that is located in node j and in 
node i; U, - admissible value of the harmonic voltage; 

the distortion power (ADP) by the conductances of the net- 
work and load in node i; D,, =U,U,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) 
I 

(3) 
I 

is of random character and can be calculated by Merent 
methods. First, distortion powers can be assigned by magni- 
tudes and phases, second, by meanvalues and standard de- 
viations of the magnitudes and phases and, third, they can be 
represented by mathenzatical models as polywmials, Te- 
flecting a probabilistic nature of powr variation and played 
by the Monte-Carlo method. Choice of the representation 
farm for distortion power generation depends on the purpose 
of calculation, In order that the harmonic voltage lwel did 
not exceed the specified value when connecting consumers 
to the network node, the following condition should be sat- 
isfied: 

Possibility for maintenance of the studied the harmonic 
voltage levels in the node, when the value of the wulting 
generation of the distortion power changes during opemion, 
is reflectedby the reserve (margin)valuewith respect to the 
absorption of distortion power Drmn 

The harmonic voltage Ievel in the nodes of power systems 
isdetmnud 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 

U, = U,, * (6) 

w h c n a ” m  ‘ ofanonlinearloadis-the 
v a h n o f d i s t o r t i o n ~ ~ n  D,, dlaadisde- 
terminedbythemeanharmonicNlrentvalue. 

C c ” o f a  consumsrto asysttm cm laad totbe reso- 
1)5u1ce of amxpmcs ofthe network and consnmer, when 
the total value of distortion power abmpon by su~ccp 
tances becomes equal to zero. 
From the condition 

D d + D o h r k = o ,  
that cortesponds to the resonance of nodal susceptances the 
resonant voltages in node i are cakulated 

U,, = U 4 , , h  . (8) 
D018k + Dahpln  

Resonance voltages are calculated for the mean values of 

“OnantcapacityofabatteryofcapacitorsQ, de- 
distortion power gemtion. 

termined by condition (7) is equal to 

(9) 

where a - 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 efkct on operating conditions of both the network and 
nonlinear loads. 

III. NETWORK PROPERTIES CAUSED BY 
DISTORTION POWERS 

The properties were studied on the scheme with the 
minimum number of nodes (Fig.2) in which in accordatlce 
to the author‘s opinion properties of bulk power systems are 
displayed. The scheme of Fig.2 consists of two sections of 
the slnglecircuit 220 kV transmission lines of the s ~ m e  
length with the wirecrossdonof300mm. Atthecur- 
mnt density of 1.1 A/“ the p e r  transmitted over trans- 
mission lines accounts for 135 MVA. The network is con- 
nected to the large 500 kV node thmugh the 500 MVA 
autotransformer. In the nodal the harmonic voltage level 
amount to 1% of the rated voltage of the basic frequency for 
al l  the Studied hatmonics. consumerS are connected to 
nodes 21,22 and 23 through the 63 MVA transformers with 
the SecOnQry voltage of 10 kV. 
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Fig.2. The sdvme fbr studyiag elecbic network pmpeaties 

Fig. 3 presents the values of the total harmonic distortion 
and the harmonic voltage levels created by hannonics 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 ofthe 5th har- 
monic voltage for nodes 1, 2, 3, 21, 22, 23 are given in 
Fig.4.They have a complicated depmkme on the line 
length. These curves show that support of the llarnlonic volt- 
age levels in the node of system connection (on the 500 kV 
buses) does not guarantee admissible harmonic levels in the 
~rk.Theelec&icnemrkcancauseconsiderable 
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Fig.4. Voltage oftbe S-th hannanic innodes as fundion lo line length 

iacnast in tbe b ” i c  voltage levels. Tbesefiwe, to pro- 
vidctbc admiff ihlctht~cvol tagelevels intheo#-  
work nodes spcciai” axe required. The maxi” 
the harmonic voltage levels axe obserwd at the minimum 
values af ah& absorption distortion power of the nodes 
(Fig.5). Fig. 6 presents distortion power gawation of bar- 
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 mdon load power of 10 M W  
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 obsemed 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]: 

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

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

1 ,  r 3Q 

Fig.5. Voltage, ADP, GDP of the 541 harmonic in node 23 as function 
line lengths 

in 

269 



. e lhmmmu ofthe active absorptianinaaeor several 
nodes of an electric network with extended t”ssl ‘ ‘on 
line. 

Aswasshawnabave , I lo”  a ‘anoftheoperatingcon- 
ditions in the connection nodes is iwuf6cim for their nor- 
“ i o n  in al l  netvork nodes, as fkr as the extended 
transmission lines caw the i“ in harmonic levels. In 

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, d t s  in change in the bar- 
monic voltage in other nodes. The indicated feahues make it 
possible to normalize the hammnic aperating conditions in a 
great number of nodes of an extended line by increasing the 
active absorption with the help of low-ty reso~latlce 

installations (Fig.7). 
Instatlatian of three absorption devices for 5-th harmonic 
with an absorption capacity o f 2  MVA in three nodes at a 
distance of 250, 750 and 1250 km from the feeding station 
has nomalized the harmonic level along the whole line 
ls00 km long (compare curves US, U5-f). Absorption being 
increased by coMecting the resonance installations in nodes 
with the mini” absorption, the voltage of 5-th harmonic 
decreases more than threefold along the whole line. One 
device with a capacity of 2-4 MVA allows normalization of 
the harmonic Operating conditions of the line 300-1000 km 
long depending on specific features of a concrete network. 
About2 MVA ofthe power ofcosiae capacitors is required 
per 1 MVA of the distortion power absorption. 

these lines to normalize the llalmonic operating canditions 

railways and aluminium plants. Below a mathematical 
maddfortkdistoaioDpower gemration oftraction load is 
given fbr illusmtia Mem”ent o f t k  harmonic operat- 
ing CondiIiOns for traction loads Shows that the barmanic 
c U l T e m i i l e a l q ” d  . andchanpstedily inwide 
rangesbecauseofadditionofcurrents~mseveraleleGtric 
locomotives, powered from the &starion on the railway 
section 60-80 km long (Fig.8). 

Promsing of of parameten on the har- 
monic opeming conditions allows the probabilistic mathe- 
matical model for distortion power genemtion 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: 

where k==l corresponds to the positive sequence, k=2 corre- 
sponds to the negatwe sequence (in HV networks the levels 
of zero sequence currents are much lower than the positive 
and negative sequence currents, thedore the zero sequence 
currentsatenotmodeled), 
m - the number of operating condition f” the analyzed 
samgle, 
D~ = p & m ( - j P h )  is the mean value of distortion 
power generation ofthe n-th harmonic of sequence k, 
P, is the mean daily value of active power, 

Khc  is the mean daily value ofthe total harmonic distor- 

+ &(.,,>>Q + U ~ & W R - ~ U X . ) ) ~  

tion that is calculated as 

R,,, is the active power deviation for operating condition m 

V. MODELLING OF DISTORTION POWER 
GENERATION OF NONLlNEAR ASYMMETRICAL K h  = D h  iP,,,, 

LOADS 
from its mean value in p.u. ( R ,  = (p, - p c ) / p c  ) that is 

in the mathanatid mdel as a P O ~ o ~ d  Of 
Accuracy of calculations of the harmonic operating condi- 

tions in 110-220 kV networks depends to a m t  extent on 
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appmximation of the cumu18tnrc probability curve R,? 
which is c o e  basad oa the results of statistical proc- 
essing ofmeammmmdtheactivepawcr, 
R, = (Kh - K h ) / K h  iStherelativeVaria- * 

tion in the value ofdistoxtiau papm gieneration of the a-th 
harmonic of secpem k for Operating condition m. 
In the mathematical model it is takem into account in the 
form of a polynomial of the third power as 

Rkmn = B ~ ~ x L  + B Z ~ X L  + B I ~ X ~  + B o b ,  9 

x, isarandomnumber, 
B,h,B,h,B,h,B,, are coeftidents that are obtained by 
approximation of the cumulative probability curve Rhm , 
which is CO- based on the results of statistical proc- 
essing of xmm“& on the main and higher harmonic 
currents, 

is the mean phase value of the distortion p e r  gen- Qknc 
eration of harmonics for the n-th harmonic, 
qknm is the phase deviation from its mean value for the 
distortion power generation ofthe n-th harmonic of sequence 
k. In the mathematical model it is represented in the f6rm of 
a polynomial of the third power 

xph is a random number, 

approximation of the cumulative probability m e ,  which is 
CO- based on the results of statistical processing of 
measured phases ofthe main and higher harmonic currents. 
The bigher 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 
randommunbers. 

If the probabilistic nature of nonlinear loads is considered 
in a simplified way, the values of distortion powers of 
the higher harmonics and their standard deviations may be 
applied. The mean values of distortion powers from several 
sourcesate- . by the geometrical addition. The 
mean-rootquare sum is found for standard deviations and 
the values Correspbnding to the mean value and the value 
witha95 %probabilityaredetermtned * fiomthem. 

The model of traction load that is c u m  for the My- 
sovaya substation on the East- Siberian railway on the 220 
kV fransformer 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 
takenintoaccount.Fig. 8showsadailyvariationoftheac- 
tive power and currents for the prevailing harmonics. The 
mean value of active p e r  is equal to Pp1.34 MW, the 
standard power deviation fiom its mean value accamts for 

P h  = C 3 b  .:km + c,,x:, + Clk Xpkm + c ,  ’ 

C ~ k n , C 2 k ~ r C l k ~ z C O k m  are are OMained by 

40.56%. when proccssmg, * t h e d i s t o r t i o n ~ ~ o n  
d l ” l o a d w a s * ~ t o ~ .  

From the ~ d a p p f o x i m a t i o n  ofthe clmnbaw - *  
o f p o w e r a r e ~ b y t h e  exptession 
ability ofactive pawer cjmiations in Fig. 9 thc randomvalues 

R m  = 3 . 3 1 ~ A  - 4 . 3 9 ~ & ,  + 2 . 7 1 ~ ~  - 0.75 - 
The mean values and the standard dtviations of harmonic 

distortion powers are given in Table I. The polynomial CD- 

viations in the harmonic distortion powers from their mean 
values are presented in Table 2. 

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

mcients approxiIMting the cumulative probabilities &de- 

VI. CONCLUSIONS 

1. The method of distortion powers allows first, the analy- 
sis ofthe 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, i.e. formulation of 
consumer requirements to the network, selection of reactive 
compensators with 

Fig. 9. The cumulative probability ofthe acliw power deviation and its ap 

Table 1 

p ~ a I l b y t h c p o l y n o m i a l  ofthe thirdpower 
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regard to harrnOlliW estimation ofdanger from - 
phenomena. 

2. Extended traasnrssl . 'oniines 11OkVandbighercause 
the edmwwnt of harmonic voltage levels. The high levels 
of harmonic voltages CotrespOIui to nodes with small values 
of distortion power generatidn and abmption. 

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

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

%The traction loads are nonlinear, asymmetrical and 
nonstatiomy. The mathematical probabilistic model of 
traction loads for a node is construded based on the results 
of processing measurements of the parameters for the har- 
monic operating conditioI1s. 
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