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ABSTRACT. In a three-phase power electrical network, the voltage asymmetry can be split into two different components.
The first component results from the network structure and possesses almost constant value caused by asymmetry of
circuit elements (e.g., lines, transformers, etc.). The second component is a quasi-stationary fluctuation process because it
comes from temporary asymmetry of electric loads, random switching on/off of single phase loads, transient response of
three phase loads. For the previous reasons, a probabilistic vectorial model is proposed to take into account the random
properties of voltage asymmetry. The probability distribution of its magnitude is determined by the two previous
components, each one being characterized by its specific parameter. Finally, a new simple criterion characterizing
asymmetry is proposed, useful for electrical power quality study.
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1. INTRODUCTION 2. MODEL OF ASYMMETRY

In industrialized countries, the reliability and2.1. Deterministic model
productivity of a technical-economic system depends
heavily upon the quality of the electric power delivered A three-phase balanced source is represented as a
to customers. Increasing sophistication of industrigystem of three equal magnitude vectors spaced at 120
processes, especially their automation, requires divedmgrees. Real systems do not conform to this ideal case
apparatus that are sources (and sometimes, victimsaad the theory of symmetrical components [5] has been
well) of electrical disturbances. Electrical power systeintroduced to describe the asymmetry that is practically
is a very complex system and its operation is subjectalivays present.
to several imperfections that are more or less inevitable.
These ones become perceptible when customers'A real system of three vectors;,,W,, V3 can be
electrical appliances are affected. decomposed into a set of balanced positive and negative
Consequently, it is necessary to mitigate thesequences given respectively by the equations:
imperfections but an improvement of power supply
quality is usually limited by the knowledge of physical
phenomena. Thus, more profound knowledge of a
particular imperfection and the modeling of its _ 1(! ) )
mechanisms are the basis of this kind of study. Vy=gWVgratVy,+al, ©
Among the imperfection of three-phase supply

systems, the voltage asymmetry is often encountered\yhere a = exdj2r/3) is an operator that defines a

[1]. The voltage asymmetry may affect the normahyaiinn of 120 degrees in the complex plane :
operation of certain power system apparatus: for ’

example, harmonic spectrum generated by static power
converters [2], supplementary losses and heating (%
cables, transformers an(_j rotating ”!aCh'”eS [3, 4]' occurring in power electronic and electromechanical
The purpose of this paper is to describe t nverters
phenomena generated by asymmetry and built up an '
explicative and usable model for the quantitative
prediction of its effects and of the limits of possiblela.nt
improvements.

v, =shirav, +aty,) &)

Here, the zero phase sequence is ignored since it
es not affect the energy conversion processes

By definition, the sequences ,Vand V, are
rinsically balanced but the system asymmetry is
given by a vectorial ratio usually namemhbalance
factor:
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_V, _ : coefficient between the three vectors. It should be noted
=y ~ rexdj6) (3)  that some loads can be mutually independent (i.e. single
—P phase domestic loads), while others are three-phase but

~ This vectorial unbalance factorr has two mytually dependent (i.e. three-phase induction motors

dimensions and is defined above in a polar coordingfgich the stator coils are electrically coupled in the

system. Its two parameters,¢) may be calculated gjots).

from the actual system parameters which are easily These assumptions are realistic and compatible with

measured [6]. a simplest model of fluctuating power loads [9] and
with the observed experimental data on real networks

Two types of asymmetry components are importafit0].
in three phase networks: one of them is structural and In general, simplifications may be made noting that
the other one is functional. the positive phase sequence does not fluctuate to a high

degree and remains close to the rated value of the

The structural asymmetry is caused by the unequalitage network. In a well balanced network the
phase impedances of the power network (lines aaéhplitude of the positive phase sequence voltage is
transformers) and of the consumer loads. That is whyactically equal to the nominal value but its relative
asymmetry low voltage drops would be present evenfifictuation is comparable with the low level of negative
the generator voltages were perfectly balanced. Dueghase sequence in per unit values. Practically, this one
the slowly changing of the network structure, such gostifies the current definition for the positive phase
asymmetry is practically constant and can be considersstjuence to be equal to the arithmetic mean of the
as a quasi-deterministic value. amplitudes of the three phase voltages [6].

The functional asymmetry is due to consumer loads Because the unbalance factar) (has usually a low
which may have variable cycles of demand, so that thglue and it is independent of the positive phase
phase currents are fluctuating and transitoequence (1), it can be assimilated only to the negative
unbalanced. Contrary to the quasi-deterministic natustase sequence value (2).
of the structural asymmetry, the functional one due to Taking into account the preceding hypothesis, the

consumer loads is frequently random and must Pgobability density function (pdf) of is given by [11]:
characterized in a probabilistic meaning.

2.2. Probabilistic model (r) =(Lj exp{_fﬁ*_mz)} O(m’j @)

s? 2s? s?

Although  the  expression 3) describes K . 1/2
mathematically the asymmetry, it is not always well _1 2 _ _
employed and does not completely represent m 3[;#I ;ﬂ‘ﬂk] ®)
observations on a real network [6].

The model developed here covers both the vectorial U2
nature of asymmetry and its random character resulting s=[(1-p)/6]"?0 (6)
from its structural and functional components [7].

Let's consider a system of three vectors Vs, Vs, 1,(x): modified Bessel function of order zero, for
120 degrees phase displaced but having differefie variable $12].
amplitudes of mutually correlateGaussian random In order to interpret the model and to characterize
variables [8] with means ., u,,4;) and a variance- the asymmetry, it is sufficient to know only the two
covariance matrix4?, o). parametersr(,s).

The structural component characterized by the The parametet™) corresponds to the modulus and
differences in the mean values,(u,, i;) corresponds 1S fixed by the structural component of asymmetry

; ; : hen the system is perfectly balanced=0).
to the classic formulation by symmetrical componenf'g ) D
such as modulusr() in (3). The parameters) is the standard deviation of the

The functional component, due to random variatio nctional component .Of asymmetry and i_s pr_oportional
of consumer loads has sta"[ionary properties and the standard deviatiorw() of the fluctuation induced
Gaussian nature corresponds to the limit of a flux ofY consumer loads. It is theoretically zero only when

events defined by Roisson process. When combined the random loads are totally correlated and perfectly

the observable consumer loads may be consideredPgi@nced p=1) and/or when the loads are constant

two "sub-ensembles” which, according to theifo=0).
unbalance level, determine the mutual correlation

ie
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Relative parametric sensitivity of the probabilistiG. APPLICATION CASE
model may be investigated by considering asymptotic

forms of the pdf (4) [7].
If, for example, the structural asymmetry is high bu

fluctuation of the load currents is low, theg'ri<<1) The interest of the model lies in its ability to
and the distribution (4) tends toGaussian distribution  represent phenomenological effects and on its simple

.1. Network characterization

having the pdf: interpretation. The principal application concerns the
utilization of criterion (9) which permits both the
f(r)z(l/st_n)em[—(r—m)z/252] (7) validation of the model and a quantitative
characterization of the network supply quality.
lts mean is @) and its standard deviation is)( In order to identify the model parameters, it is

necessary to measure the asymmetry for obtaining a

When (s - 0), the Gaussian pdf degenerates to ausable statistical distribution. .
Dirac with fixed values ¢ ) and (6) resulting from the  In practice, it is important to choose a sufficiently
deterministic model (3). long duration for measurements where the random

If the structural asymmetry tends to zero, thBroperties can be assumed stationary. _
distribution can be assimilated toRayleigh stochastic ~ S0, a sample statistic_af can be characterized by
process where the phase has a uniform pdf betweeits0two first moments, that is a meam,) and a

and2ttand the amplitude has tRayleigh pdf: standard deviation\(m_z).
5 Direct identification of expression (4) is intrinsically
f(r)= x - g) difficult, therefore it is preferable to choose an
)= e~ (8) , RIS _
s 2s equivalent distribution such that:

2.3. New quality criterion f(r.r,s)= f(r,ms) (10)

The probabilistic model (4) can be used to define a The identification of ¢,s) from empirical moments
new measure of voltage asymmetry. '

A structurally balanced three-phase network usualfy ,4/m, ) permits an explicit identification ofnf,s)
contains a functional asymmetry caused by fluctuati ; : ; ;
single phase and partially three-phase correlated Ioz%% a function (,)f r(nl\/m_zr) The 'non dlmen5|ongd
A fundamental property results from (8) above: even parameter () is an auxiliary variable more easily
the three-phase network is perfectly structuralifientified statistically thanrf) [13].

balanced (i.en=0), the natural load fluctuation o

(i.e.s#0) induces inevitably a finite mean value for Table 1 presents the characteristics of two three-

(7). So, from a probabilistic point of view, a real threePhase low voltage networks, a North American system

phase network is always slightly unbalanced. (120/258V) and a European system (230/400V) denoted
We may therefore define” a new quality scaldp and E respectively. In this table, excegid) the

measure form assimilated to the inverse of a coefficiepther parameters are in percent.

of variation: Table1
M easur ed parameters of asymmetry
Q=ny's ) | case| m | Jm, r m s Q

Note that n) is due to the network structure under A 1.08 | 0632 193] 1204 0565 2.131
the responsibility of the utility and thag} is caused by E 0.205| 0.107,  1.00 0 0163 O
the consumer loads. From the consumer point of view, a
perfectly balanced network is the ideal case wkire The choice of the two systems was made to highlight
and from the utility point of view, a constant and steadyie difference between the two sets of data which are
load corresponds to an ideal case where Q>> 1. not necessarily typical for the countries in question [7].

Obviously the reality is a compromise between these Network A has marked structural and functional
two situations. asymmetries, 1fi= 120) and  (s= 056%%)

respectively, so @>2). The distribution tends to be

Gaussian since the structural asymmetry predominates.
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Network E is structurally well balanceoQ(:o) asymmetry due to network from the functional one

and feeds loads of low fluctuationm= 0s= 01636). caused by individual customer loads.

lts asymmetry is best described by tRayleigh This model, simple and representative, is easily
distribution (8). interpreted and its parameters may be identified

In terms of the supply quality criterion (9), networkexperimentally. It may be used to demonstrate that in a
E approaches the perfection, while network A is lesgal three-phase network system, even perfectly
perfect. These results can be explained by the studybg@fanced in a structural sense, the random current
other parameters such as the up-side short circuit leflactuations lead inevitably to a functional asymmetry.
of the power network and the spatial distribution ofhe last one can not be attenuated by means of passive
connected single and three phase loads to the netwodknpensation but only by active attenuation having the
structure. capability to compensate the process fluctuations

_ dynamically.
3.2. Risk level of asymmetry
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