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Dynamic On-Line Measurement
of Equivalent Parameters of Three-Phase Systems
for Harmonic Frequencies

L. S. Czarnecki, Z. Staroszczyk

Abstract.

A method of an on-line measurement of equivalent parameters for harmonic frequencies of a three-phase dis-
tribution system with harmonic generating loads is discussed in the paper. The impedances of the supply and
the load, the complex RMS (CRMS) values of the load generated current harmonics, and the CRMS values of
the distribution voltage harmonics are the subject of the measurement. It is shown that the on-line measure-
ment of these parameters requires that the line voltages and currents are measured at least in three different
states of the system. These states of the tested system are changed by disturbing the system with a current har-
monicy generating device, built in a form of a fast thyristor switch. The method is illustrated with measure-

ments in a physical system.

1 Introduction

If the voltage or current harmonics are observed at a
load terminal, we are not capable of concluding wheth-
er thesupply voltage. the load or both are responsible for
this.

There may be several reasons for identifying the
equivalent parameters of a distribution system and its
load for harmonic frequencies. First of all, these param-
eters affect the performance of the resonant harmonic fil-
ters. Moreover, the knowledge of these parameters en-
ables us to predict the system response to new sources of
the waveform distortion. Also, it makes it possible to
identity the sources of the power-quality degradation.
Though, as it was demonstrated in [4] and [5, 6], the di-
rection of the harmonic active power flow £, enables us
to identily the dominating cause of harmonic distortion,
nonetheless, according to [8], equivalent parameters of
the system are needed for a full identification of the
power phenomena in electrical systems and a series/
shunt compensator control.

The equivalent parameters of a distribution system
tor harmonic frequencies can be found with a computer
simulation, and various software is available for that, but
such a simulation 1s usually a lime-consuming process.
Identification of these parameters by a measurement
could be considered, therefore, as an important alternative
[1. 2. 3, 7] to a computer simulation. A direct measure-
ment can provide, moreover, a validation for the simu-
lation results.

There are several general issues related to an identihi-
cation of the distribution-system parameters for harmon-
ic frequencies by an on-line measurement. To measure
these parameters, the voltages and currents of these fre-
quencies have to be present in the system. They are
present, usually, due to the waveform distortion, but may
not have the magnitudes sufficient for the measurement
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purposes. An additional source of the waveform distor-
tion could be used in such a case. Such a source should
be sufficiently strong to provide signals for a measure-
ment, without disturbing, however, the customer or pro-
lective equipment. An on-line measurement of the
system parameters requires that the voltage and current
measurements are performed at different states of the
system. The information on the system parameters is
contained in the difference of such states. To change the
system state, the tested system has to be somehow dis-
turbed. The measured difference 1s affected, however,
by the distribution system and the measuring system
noise. At usually very low level of harmonic contents
and a low level of the acceptable disturbance, obtaining
a sufficient signal-to-noise ratio is a real metrological
challenge.

2  Assumptions

The method of a dynamic on-line measurement 1s
confined in this paper to three-phase, three-wire system
atits junction with the single-phase distribution systems.
These single-phase systems may cause the load imbal-
ance and asymmetry of the voltage and current, but mu-
tual coupling between system phases can be neglected.
On the other hand, the impedance symmetry and mutu-
al coupling are usually a dominating feature of three-
phase supply systems, though they can be asymmetrical
as to the supply voltage. Therefore, such a model is as-
sumed for the three-phase supply system. It is assumed,
moreover, that the distribution system 1s supplied from
an infinite power bus, so that the positive and negative
sequence impedances of the distribution system at the
point of its parameters measurement are the same. There
is no need to measure the zero sequence voltage, since a
ZEro-sequence current cannot occur,
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Harmonic distortion in distribution systems 1s
caused mainly by the load time-variance and its non-lin-
earity. To describe it in terms of admittances, to apply the
superposition principle, and to analyse the system har-
monic by harmonic, it is assumed in this paper that the
system is linear in some range around the working point
specified by the working voltage and the working cur-
rent of the equipment. Most symbols used in the paper
relate to harmonics or to parameters for harmonic fre-
quencies. A particular harmonic order is irrelevant for
the discussion. however. Therefore, to simplify the used
symbols, the index of harmonic order is neglected.

3 Measurement of Linear Unbalanced
Load Admittances

Each linear unbalanced load has an equivalent cir-
cuit of the structure shown in Fig. 1. As it has been prov-
en in [10], there 1s an infinite number of such circuits
equivalent to the original load at a symmetrical supply
voltage, but only one if this voltages is asymmetrical. To
identify such a load means to find the line-to-line admit-
tances Y13, Y131, and Y > for harmonic frequencies
based on the voltage and current measurement at the load
terminals L1, L2 and L3. The complex RMS (CRMS)
value of the supply current n-order harmonic of a linear
unbalanced load can be expressed in terms of the equiva-
lent admittance, Y., unbalanced admittance for a posi-
tive sequence voltage. A. and unbalanced admittance for
a negative sequence voltage, F. They are equal to
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where ¢=e'*"¥ and @' is complex conjugate of ¢.

Let the symbols I, and U , denote the CRMS values
of the positive sequence components of the n-order har-
monic of the voltage and current at the load terminals,
and similarly, I, and U , denote the CRMS values of the
negative sequence of the voltage and current harmonic.
They can be calculated based on the measurement and
calculation of the CRMS values of the voltage and cur-
rent harmonics at the load terminals, These CRMS val-
ues are related mutually as follows:

ly=Y U, +EU,. (2)
[, =AU, +Y U,. (3)

Eq. (1) has the determinant of non-zero value, thus,
admittances Y., A and F are mutually independent. The
third of them cannot be calculated if the remaining two
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are known. Thus, these admittances cannot be calculated
fromegs. (2) and (3). There is the lack of one equation.
Consequently, an unbalanced load cannot be identified
based on a single measurement of voltages and cur-
rents. The measurement has to be repeated at a different
supply voltage. Let different states of the system be de-
noted by [1] and [2]. From four equations of the form
of egs. (2) and (3) three can be chosen for example, the
following:

Iph]_ :Iegpl_lj'kﬁgra ” {4}
Lll]=AU 1]+ Y. Uylll], (5)
Ll2]=Y. U 2]+ E U [2]. (6)

The third eq. (6) 1s independent of the firsteq. (4) on
the condition, however, that

U, 12] L U2
u,il  u,ll

(7)

and in such a case the admittances Y .. F and A can be ex-
pressed as
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and hence, eq. (1) results in line-to-line admittances of
the load equivalent circuit, namely
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One might notice, that admittances ¥ ., A and F could
be easily eliminated from the procedure of the line-to-
line admittances Y 5y 3, Y131 and ¥y 412 calculation. The
same relates to the voltage and current symmetrical
components. If the line quantities are used for calculat-
ing the load equivalent parameters, it is not directly vis-
ible, however, that the supply voltage has to be asym-
metrical, since at a symmetrical supply voltage there 1s
an infinite number of circuits equivalent to a three-phase
load. Moreover, admittances Y., A and F provide with
eqs. (2) and (3) a deeper insight into the behaviour of a
three-phase load as an entity at asymmetrical supply
than the line-to-line admittances.

4 Measurement of the Parameters of an
Unbalanced, Harmonic Generating Load

Harmonic generating loads are usually non-linear.
According to Section 2, the load is linear in some range
around the working point. i.e. for each harmonic fre-
quency, apart from the fundamental, there 1s an equiva-
lent circuit as shown in Fig. 2. The symbols J; 1.2, J1213
and J; 3 | represent the CRMS values of the line-to-line
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Fig. 2. Equivalent circuit of a non-linear load around
a working point

current harmonics generated by the load, and Y| 1.
Yy and Y, - represent admittances for incremental
voltage changes around the load working point.

Evenif the CRMS values of the line current harmon-
ics, J . J» and J 5 are known. one equation is missing
tocalculate J 2. J1 213 and Jy 31y values trom Kirchoff s
equations for nodes L1', L2" and L3, since

Juy+dia+Ji13=0. (12)

Thus, there 1s an infinite number of different CRMS
values J 112, /1213 and Jy 3, equivalent with respect to
the line current CRMS values J, ;. J,» and J 5. One of
them can be chosen arbitrarily without atfecting the line
current harmonics CRMS values J;, Ji» and J; 1, s0
that, also without affecting the terminal current har-
monics CRMS values [ . 2and [ 5. Let us assume that
Jinz2=0.Insuchacase, Jiy3=J12, iy =—Jpy, and
the load equivalent circuit for a harmonic frequency has
the form shown in Fig. 3.

Let J, and J, denote the CRMS values of the posi-
tive and negative sequence of the current harmonics gen-
erated by the load. The superposition principle results in:

=Y Up+EU,+, (13)

Ly=AU+Y U,+J, (14)

The CRMS values U, U,,, I, and [, can be calculat-
ed based on the measurement at the load terminals. They
are known variables ofegs. (13)and (14). The values Y .,
Fvands and J, are unknown. Five equations are required
for their calculation while a single measurement at the
load terminals provides only two equations. Measure-
ments in three different states, denoted by [1], [2] and
[3], of the load are needed, therefore, to identify the load
equivalent circuit, i.e., the values Y, F. A, J,and /..

Since the matrix of egs. (13) and (14) written for
three different states of the load is a sparse matrix, i.e.
with a number of zero entries, it may be convenient to
solve first a subset of these equations, for example, with
only unknown variables Y ., A and J .. It may simplify the
measurement-error analysis, as well as it may enable to
draw conclusions regarding disturbances of the system
needed for this error reduction:
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Fig. 3. Maodified equivalent circuit of a non-linear load
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After the equivalent admittance Y . 1s calculated, pa-
rameters F, J , of the load equivalent circuit can be found
from eq. (13) for two different states, namely:

Ll -Y Ull]=EU[1]+,
(16)
Ll2] =Y Upl2l = EU[2]+ /.

There is a number of different options regarding the
choice of the circuit equations, different than egs. (15)
and (16). The choice of other option may affect some
practical aspects of the measurement and the solution ac-
curacy, but the discussion of such options i1s bevond the
scope of this paper.

5 Measurement of the Three-Phase
Supply Parameters

According to the assumptions made in Section 2, the
equivalent circuit of a supply three-phase system may
have the form shown in Fig. 4. The circuit 1s symmetri-
cal as to internal impedances but can be asymmetrical
with respect to the internal voltages e |, e, and ey 3. At
such assumptions:

£p=£p_2pipf
(17)
gnzﬁn_Znim

withZ =2, :=Z,. Thus, there are only two egs. (17) for
three unknown variables E,, E, and Z, calculation.
Measurements in two different states of the source are
needed for the supply source parameters measurement.
The following set of equations can be chosen, for exam-
ple, for the parameters calculation:

Uidll=sEs—=Lslpll],
Ual1l=Eqs~Z:Lnll], (18)
Uil2)=E;—Z:1,l2],
s0 that. for each harmonic
U 21-U_[1
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Fig. 4. Equivalent structure of a three-phase supply
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and the CRMS values of £, E, for each harmonic can
be calculated with egs. (18). Such a measurement does
not enable us to calculate, however, the phase and mutu-
al impedances of the supply source. The impedance for
symmetrical components of both sequences is equal to

Li=2, -2y, (20)

thus, there 1s no possibility to separate impedances Z,
and Zy; if only impedance Z. is known. To calculate im-
pedances Z; and Zy; the impedance for the zero-se-
quence component has to be calculated which is possible
only in a four-wire system. Fortunately, there is no need
l0 know the line and mutual impedances of the source in
three-wire systems. Such a system can be described en-
tirely in terms of only three parameters £, £, and Z, at
any working conditions.

6 Tested System and its Disturbance

Todraw conclusions on practical aspects of the meth-
od presented, it was applied for the on-line measurement
of the equivalent parameters for harmonic frequencies
of the power electronic laboratory and its supply in a
building with a 150 kVA transformer. The grid in the la-
boratory was rated for 100 A with 70 A fuses.

Though any disturbance of the identified system
with distorted waveforms may provide information suf-
ficient for measuring the system equivalent parameters.
nonetheless, when the system is disturbed with a linear
device then the measurement accuracy depends strong-
ly [9] on the harmonic level in the tested system. Having
the tested system disturbed with a harmonic generating
device (HGD), the measurement becomes independent
of the harmonics existing in the system.

An HGD built of a thyristor switch was used for
changing the tested system states. By periodic short cir-
cuit of two chosen supply lines for a time of few 100 us
at the line-to-line voltage near to its zero crossing, the
HGD has created current pulses of peak value of 60 A in
the supply lines. Such pulses have disturbed the supply
voltage sufficiently for the parameters measurement, but
without any harmful observable effects on the equip-
ment installed in the laboratory. The tested system was
not disturbed in the reference state | | |, disturbed with the
HGD connected between phases L1L3 in the second
state [2], and connected between phases L2L3 in the
third state [3]. Phase L3 was used as the reference phase
for the voltage measurements. Only currents in phases
L1 and L.2 were sampled in experiments. A wide fre-
quency spectrum of disturbing current spikes made it
possible (o measure harmonic CRMS values up to the
25th order.

To produce jitter-free testing waveforms with a re-
peatable spectrum and to synchronize the measurement
with the line waveforms of the tested system, a com-
puter-controlled synchronizing system was developed.
The synchronization made it possible to use 128 or 64
point, two period long signal records for signal pro-
cessing. Hamming's window with 256-point record
was used In experiments to protect the measurement re-
sults from the leakage due to a drift of the fundamental
frequency,
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Fig. 5. Measurement and signal-processing system

7 Measurement and Signal Processing

To verify experimentally the discussed method a
measurement and signal processing system (M&SPS).
of the structure shown in Fig. 5, has been assembled. It
has been built of a microcomputer equipped with a 12 bit
A/D conversion card with simultaneous sampling in
four channels, resistive voltage/current sensors. isola-
tion amplifier and antialiasing filters. Signals were pro-
cessed with LabWindows CVI.

The measuring channels were affected by the elec-
romagnetic interference, noise. non-linearity, and mu-
tual coupling. The noise properties were tested by ob-
serving the spectrum noise for coherent input signals.
The noise was found to be equivalent to 1 bit at 10 bit
quantization. The level of the electromagnetic interfer-
ence occurred to be of the order of —60 dB for the line
frequency, and below — 70 dB for higher harmonics. The
non-linearity was tested by averaging the channel output
spectrum for the input signal of a frequency different
from the line frequency. Fig. 6 shows that the output sig-
nal has been distorted with the second harmonic of the
order of —60 dB and with higher harmonics below
—70 dB of the fundamental.

8 Comments on Calculation Errors

The system parameters are expressed in the dis-
cussed approach with increments of the CRMS values of
the voltage and current harmonic in states [a] and |b] of
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Fig. 6. Harmonic distortion of measuring channel
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the system. The CRMS values of the voltage and current
harmonics in these states are very close, usually, to one
another, so that, the increments are measured with a re-
duced systematic error but with a doubled random error.
These two errors affect the accuracy of the system pa-
rameters calculation with an error, referred to as a caleu-
lation error.

Let us denote the calculated value of the voltage
n-order harmonic increment by AU. It differs from the
true value of this increment U/[a] — UJ[b] by systematic
error ; . and by random error p,, i.e.

Ula]-U[bl =AU+ ¢, + p.. (21)

where &, and p, are complex numbers. Similarly, for the
n-order current harmonic increment

[[a]-I[b] = AL+ &, + pi. (22)

where Al denotes the calculated value of increment, ob-
tained with systematic and random errors, &, and p,.

The calculation accuracy in such an approach is af-
fected by three types of measurement errors:

— Systematic errors ¢, and &; which do not change
at each measurement in the same conditions. The in-
cremental measurement eliminates many common
components of these errors, such as temperature,
aging or electromagnetic interference. The values £,
and &, specify the errors of measuring and calculating
the CRMS values of harmonics of the voltage and
current increments in two different states of the
system. The change of the system tested, so that also
the'measurement system state, 18 the source of these
errors, caused by measurement system non-linearity.
Their values were evaluated in Section 7.

— Random errors p, and p; caused by noise in the test-
ed and in the measurement system. Assuming that
the system is stationary, these errors are relatively
easy to be damped by repeating the measurement.

— Total errors of measuring the CRMS values of the
voltage and current harmonics. Theireffect on the ac-
curacy of values E and J calculation depends on the
supply impedance and the load admittance.

The measurement noise comes from the tested
system itself, as well as from the signal conditioning cir-
cuits, 1solation amplifiers, from antialiasing filters, and
from the quantization noise of the A/D converter. The
time-domain noise is transformed to harmonic spectrum
according to Parseval’s theorem. If ois the standard de-
viation of the input signal noise with zero mean value,
and N 1s the number of DFT samples, then harmonics
RMS values are calculated with the random error of the
standard deviation o, equal to

. o
T
g v N
Due to weighted additions during DFT calculations,
the spectrum noise is Gaussian for any type of noise in
the ime-domain. This allows us to treat equally all com-
ponents of the random noise which occur in the tested
and measurement systems, independently of their
source and properties. Random spectral errors in physi-
cal experiments were estimated to be of the order of

(23)
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—60 dB. mainly due to the noise in the system tested.
Fortunately. this error can be reduced by repeating
measurements and averaging the results until the required
signal/noise ratio is obtained, at the cost, however, of
increased measurement time.

9 Experimental Results

The experimental on-line identification of the load
and supply parameters was performed to validate the
method in the power electronic laboratory supplied with
a 150 kVA transformer and the known load parameters.

—  Measurement of Load Admittances

Fig. 7 and Fig. 8 show the results of the experiment
aimed at measuring the admittances of a passive unbal-
anced load, composed of a resistor of R = 13 Q with a
parallel capacitor of C =70 lF, connected between phas-
esL2and L3, Accordingtoeq.(1),Y.=-A=-F=Y 3
forsuch a load at each harmonic frequency. Fig. 7 shows
the wavelorm distortion generated by the HGD. Fig. 8
shows the frequency plots of admittances, calculated
with egs. (8) to (10) and averaged over ten measure-
ments, As it can be seen from the plot in Fig. 8, the ac-
curacy declines above the | 5th harmonic, mainly due to
a decline in the harmonic contents. Nonetheless, all ad-
mittances change similarly with the frequency: their real
part varies around the same constant value while the
imaginary part increases linearly with the frequency in-
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Fig. 7. Wavelorm distortion caused by HGD
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crease. Though the measurement accuracy 18 not high,
one could observe, however, that the measurement was
performed at a relatively low voltage distortion and the
results were averaged over only ten measurements. S1m-
tlar accuracy was obtained also for other loads.

—  Measurement of Load-Generated Harmonics

A three-phase AC/DC rectifier was used as the
source of the load harmonics in this experiment. Since
the harmonic spectrum of the converter supply current
is known, it was considered as a kind of a reference for
the measurement of the load-generated current harmon-
ics. The small circles in Fig. 9 mark the CRMS values in
the polar coordinates of the positive-sequence harmonics
measured 1n the supply lines at various linear loads,
symmetrical and asymmetrical, but at the same AC/DC
rectifier. The asterisks mark the CRMS values of the
load-generated current harmonics calculated with
egs. (16) for the measurement ten repetitions. Fig. 9
shows that independently of the load conditions, the cal-
culated values of the load-generated current harmonics
converge to clusters confined by circles.

Harmonics of the order different than n = 6k + | were
not visible. Taking into account that the RMS value of
the fundamental harmonic in the experiment was in the
range of 15 A to 35 A, and the RMS value of the calcu-
lated current harmonics are below .08 A, the method
provides relatively high measuring resolution with re-
spect to the load-generated current harmonics. This res-
olution can be enhanced by repeated measurements

_ﬂ+jf a I
~0.1 0 A 0.1

Re(J,) »

Fig. 9. Measured CRMS values of the load-generated current
harmonics of positive sequence

h —»

Fig. 10. Plots of the supply source impedance for symmetrical
components versus harmonic order

334

0.8
v Eq
o6/ —| S @HD
P |
0.4 ~ 4o |
&£ fa |
4 i | | Ej;
02— B o
Im{_E,nl élll

B " ol
0 @g:@ IM

~-0.2

. onms
-4 03 =02 =0.] ()

RE[EJ:} =

-0.4

—(0.5 V0.1

Fig. 11. CRMS values of the internal voltage harmonics
of the supply source

which increases the signal-to-noise ratio. The results of
the measurement of the negative-sequence harmonics
do not differ from that presented above for the positive-
sequence harmonics.

—  Measurement of Supply Source Impedance

The results of a measurement of the supply source
impedance for the symmetrical components are shown
in Fig. 10. Since the reduction in the number of the cal-
culated parameters has provided more information
from the measurement than needed, the supply source
impedance was calculated using different voltage and
current sequences and different disturbances. Unfortu-
nately, the true values of the supply source impedance
for harmonic frequencies were not known.

—  Measurement of Supply Source Harmonics

The CRMS values of the supply source internal volt-
age harmonics ¢, were measured in the system with a
harmonic generating load. Thus, the line voltage har-
monics CRMS values u), were affected both by the sup-
ply and the load. The measurement and calculation re-
sults are shown for some harmonics in Fig. 11. Small
squares mark the CRMS values of the voltage harmon-
Ics at the supply source terminals at various load condi-
tions. The asterisks mark the CRMS values of the sup-
ply source internal voltage harmonics e, calculated with
formulas (18). The calculated values converge to clus-
ters confined by ellipses. Though apparently the calcu-
lated values are substantially scattered, one should ob-
serve, however, that the calculated RMS values of the
supply voltage harmonics are well below 1 % of the fun- -
damental, equal to 120 V.

10 Conclusions

The common measurements of the voltage and cur-
rent harmonic contents in power systems do not provide,
usually, information on the load-generated current har-
monics and on the distribution system internal voltage
harmonics. The effects of these sources of the waveform
distortion are superimposed mutually and depend on the
distribution system and the load impedances. The sourc-
es of the waveform distortion could be identified, along
with the admittances for harmonic frequencies by the
voltage and current measurements in three different
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states of the system and by a digital signal processing of
the obtained samples. It seems that the digital hardware
available on the market has the quality that enables us to
identify the equivalent parameters of the distribution
system and the loads for harmonic frequency with accu-
racy which can be considered as satisfactory for various
technical purposes.

11 List of Symbols and Abbreviations

11.1 Symbols

YisanYiaeYins line-to-line admittances of the load
for harmonic requencies

o, o e!*™ and its conjugate

Up. 1 CRMS values of the positive-se-
quence components of the voltage
and current harmonics

= s CRMS values of the negative-se-

quence components of the voltage
and current harmonics
¥ load equivalent admittance for har-
monic frequency
unbalanced admittances for positive
and for negative-sequence voltage
harmonics
CRMS values of the load-generated
current harmonics
Linadiaa iy CRMS values of the line current
y harmonics

==
[~ry

:!Lll-.?til.?lﬁh‘ilﬁl_l

J3 Jc CRMS values of the positive- and
negative-sequence components of the
load-generated current harmonics

BB CRMS values of the positive- and

negative-sequence components of
the supply voltage harmonics

L source impedance for symmetrical

current harmonics

line and mutual impedance of the

supply for harmonic frequency

systematic and random errors of the

measurement of the voltage har-

monic increment

systematic and random errors of the

measurement of the current harmon-

IC increment

o standard deviation of the input signal
noise

O, standard deviation of the random
error of the harmonic CRMS value
calculation

N number of samples used for the Dis-
crete Fourier Transform calculation

11.2 Abbreviations

AC/DC Alternating Current/Direct Current
A/D Analog/Digital

CRMS Complex RMS value

DFT Discrete Fourier Transform

HGD Harmonic Generating Device
L2 L3 load terminals
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Dis¢ussion by J. L. Willems
(Univ. of Gent/Belgium):

In Section 3 of the paper the authors discuss the pos-

sibility of identifying the impedance or admittance de-
scription of a load at a given frequency (fundamental or
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harmonic) from the measurements of the line voltages
and the line currents in a three-phase three-wire power
system in sinusoidal steady state. They state ... there is
an infinite number of such circuits equivalent to the
original load at a symmetrical supply voltage, but only
one 1f the voltage 1s asymmetrical”, This statement also
appears in [10] of the paper. This statement is mislead-
ing. To formulate it exactly, for any three-phase voltage
there is an infinite number of equivalent circuits (where
equivalent means that they correspond to the same cur-
rent for a given voltage). A unique load representation
in sinusoidal steady state can only be found if the current
is measured for rwo independent voltages, where inde-
pendent means that the voltage phasors are not propor-
tional (as complex numbers). This implies that a unique
load representation can be found from the currents for
one symmetrical supply voltage and one asymmetrical
supply voltage, or from the currents for rwo unsym-
metrical supply voltages.

Reply by L. 8. Czarnecki:

I appreciate very much the interest and comments by
Prof. J. L. Willems. 1 cannot agree, however, with the
conclusion expressed in the sentence: “To formulate it
exactly, for any three-phase voltage there is an infinite
number of equivalent circuits ..."”. Just opposite, it was
proven in [ 10], that an infinite number of equivalent cir-
cuits exist not for any three-phase voltage, but only for
svmmetrical three-phase voltages. It was also proven
there, that there 1s only one equivalent circuit for asym-
metrical voltages. Trivial reconfigurations have to be
excluded, of course.
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