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Power Factor Improvement of Three-Phase
- Unbalanced Loads with Non-Sinusoidal

Supply Voltage

L. S. Czarnecki

Abstract

Three-phase load asymmetry causes a useless current loading of the supply source and this loading increases
even more if the supply voltage is non-sinusoidal. This loading can be expressed quantitatively with the un-
balanced current i, of RMS value |li, |l. A whole compensation of the unbalanced current i, was proved to be
possible with reactive balancing circuits, however, it may be very complex. This paper shows that a sub-
stantial minimization of the unbalanced current i, may be achieved with such a circuit, bur of much lower
complexity. The method suggested requires that the unbalanced admittances A, of the load for harmonic
frequencies are known. A harmonic analysis that provides the complex RMS values of the phase voltages and
currents harmonics in a cross-section between the load and the source enables us to determine these admit-
tances and design the balancing circuit. It was shown, moreover, that the reduction of the unbalanced current
i, can be integrated with the reactive current i, minimization.

1 Introduction — The change of the load equivalent conductance ia
v with the harmonic order n.

One of the substantial reasons for measurements of
powers, currents or the load parameters in power cir-
cuits is providing the input data for compensators de-
sign. They fulfill usually two tasks. They should im-
prove the efficiency of the power transmission and — The electrical asymmetry of the load, which can be
improve the power quality. A suitable choice of the specified quantitatively by the unbalanced admit-
powers definition for that purpose has been a subject of tance A,.
concern for a long time.

It is known for a long time |1 —8] that asymmetry
of three-phase loads deteriorates the efficiency of the
power transmission, which can be observed in a lower-
ing of the power factor value. Because of the voltage

— The reciprocating flow of energy between the load
and the source, dependent on the load equivalent
susceptance B,,,.

This overloading can be expressed quantitatively
by decomposition of the line currents (Fig. 1) vector

i 1= [ig, ig, ig]" (1)

into the active i, scattered i, reactive i,, and unbalanced

drop on the source impedance, the asymmetrical cur-
rents result, moreover, in asymmetry of the voltage be-
ing provided to other consumers. This supply asym-
metry 1s considered as one of the important factors
affecting unfavorably the power quality. Unfortunately,
the technical problems related to the power factor im-
provement in circuits with non-sinusoidal voltages can
not be solved having as a base the power quantities de-
fined in the IEEE Standard Dictionary of Electrical and
Electronics Terms [9]. Definitions in that Standard
generalize to three-phase circuits Budeanu's definitions
of the reactive and distortion powers. They provide,
unfortunately [10], a misleading interpretation of ener-
gy related phenomena and do not provide any funda-
mentals for compensators design.

As 1t was shown in paper [11], the current over-
loading of the three-phase symmetrical non-sinusoidal
voltage source that supplies a linear, but asymmetrical
load can be attributed to only three phenomena and the
load features:

FTEFP Vol 3 Na 1 TanuarviFehriary 1093

I, currents
I=i,+i +0 +1i, (2)

They are mutually orthogonal [ 11], so that the RMS
values of these currents vectors, defined as
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Fig. 1. Cross section of a three-phase circuil
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fulfill the relationship
A2 = WA 0%+ W2 + W+ e, (4)

It can be visualized with the currents RMS value
diagram, shown in Fig. 2a, with the polygon’s sides
length proportional to the particular currents RMS val-
ae, 121 1 I 102 L, L.

It was shown in paper [12] that the unbalanced
current i, and the reactive current i, can be entirely
compensated with a shunt linear balancing and com-
pensating (BaCo) circuit. It may reduce (Fig. 2b) the
square of the source current RMS value [l7]] in an ideal
case, if the active power loss in the BaCo circuit and the
terminal voltage change are neglected. to the value

WillZ = 2+ - (3)

min
If the voltage contains K harmonics, then the re-

quired number of reactive elements M 1n a single phase
of the BaCo circuit has to fulfill inequality

K<M<2K-1. (6)

Therefore, the paper [12] shows a theoretical pos-
sibility of the unbalanced and reactive currents i, and i,
total compensation, rather than a practical technical
solution to this problem. None the less, by showing that
they can be wholly compensated with a linear reactive
circuit, the paper [12] opened a gateway for the unbal-
anced and reactive currents minimization in the three-
phase circuits with non-sinusoidal voltage using more
frurga] BaCo circuits, than those described in [12].

As regard to the reactive current, a very efficient
minimization of its RMS value Il Il can be achieved
with the shunt two elements series LC (TESLC) com-
pensator, applying for its design the method suggested
in paper | 13] for the single phase circuit.

The goal of this paper is to show that such a BaCo
circuit can be designed which minimizes effectively
both the unbalanced and reactive current RMS value.

2 Unbalanced Admittance of the Load

The notion of the unbalanced admittances of a load,
A, for the quantitative description of the three-phase
loads asymmetry was introduced in paper [12]. It oc-
curred to be useful for the balancing circuits design.

b)

il
) 11l

TR

li

ET1162R Tl [TA]

Fig. 2. Current RMS values polygons
a) Not compensated load
b) Load with shunt compensation

AR

Therefore, it deserves more attention, interpretation,
analysis of its properties and measurement.

The electrical asymmetry of a three-phase load at
a symmetrical supply voltage may result in the source
useless loading with an unbalanced current, 1, := [ ip,,
i, i1, ]T. If the source voltage is symmetrical and si-
nusoidal of frequency n@, . then the unbalanced current
i, is also symmetrical, but of the opposite sequence to
the supply voltage u,, := [ ug,, Ug, Uy, ] S€quence.

The unbalanced admittance, A, == A, e’V can be
considered as a complex coefficient of the proportion-
ality between the complex RMS values [y, Uy, of
unbalanced current i,, and the supply voltage u, of the
reference phase R, namely

IRHU = ‘ﬂ-Hu —‘QRJI = éﬂ—.r.'ﬁﬂ‘ (T}

The phase index R for the reference phase is neglect-
ed in eq. (7) for the sake of simplicity. With the symbols

ﬂ Rn 0 0 QRH
A‘n S 0 d-':."rl? ﬂ ’ Hr: = QSH * (8}
1 0 0 d'l"n d i ETir 4

the unbalanced current can be expressed in the form

i, =V2Re ¥ A,U,e""" (9)

u
neN

where N denotes the set of orders n of significant har-
monics. The extra current loading of the source caused
by the load asymmetry is equal to

. | 2

Hlu ” = | 24,
\ nelN

The unbalanced admittance depends only on the load

admittances ¥ gs,» Y510 Y1r, and on the supply voltage

sequence, since for the positive sequence 1t 1s equal to

2

(10)

H.ﬁ'

-=+th.rr e ‘iq:i = l l'5'.Tr.! + Quj—/ﬂﬁn T ElrTHH I ( | }
where ¢ = 1- "™, and it is equal to
-—A—_HJI e ‘i_u o Ilﬂ?'ﬁ] + EEHHH 5 EEITRHJ l: ] 2}

for the negative voltage sequence. To eliminate this in-
convenience in the dependence of the form of egs. (11)
and (12) on the voltage sequence, let us introduce the
“sequence index” s defined as

~__|+1, for harmonics of positive sequence, n = 3k + I, (13)
¥+ -1, for harmonics of negative sequence, n = 3k — | )

and the “sequence turn coefficient” as

e
f e i 2 ¢ —-
V3 3 _{g , for § = +1,

|
E{.F]iZﬁ!Z-;—JE—=E = (14)

-3

s L

i ., fors=-1.

This enables us to express eqs. (11) and (12) n a
common form

_A..Rn = [}—75‘1’!1 T ﬁIESH + EIETH J-"
and for remaining phases, S and T

ﬂﬂu i i,"_7.:.l|.|'fi:’i.“iu'z - ﬂ‘f—l’r‘ ‘ﬂ I'n = ITm]‘JrﬂTir = Eiu' (16)

Unbalanced admittances A, measurement requires
that a harmonic analysis of the phase voltages and cur-
rents provides us with the complex RMS values Uy,
Us,» Uy, and 1y, I, I, of the voltage and current

(15)

FTEP Val 3 Na 1| Iannarv/Fehrmary 194973
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harmonics. This enables us to calculate the complex
apparent power S of particular harmonics

in = -ER.H rR;! +£_f5" fﬁn +QTH v-fTH' [l?]

With this power, the equivalent admittance Y, of
the load can be calculated, namely

Y., =G, +]jB, =8, /u,ll’ (18)
where
lu, i* =U%, +U%, + U%, (19)

The unbalanced admittance A, can be calculated as
dﬂn :-{Rﬂf—{iﬂﬂ—-]—fﬂﬂ [2{]]

independently of the harmonic sequence.

The notion of the unbalanced admittance attributes
the quantitative measure for the load asymmetry effect
on the supply source overloading. In such a way it
climinates an ambiguity of the term ‘load asymmetry’,
since the electrical asymmetry of the load may not re-
sult in the asymmetrical loading of the source. Moreo-
ver, even at the symmetrical and sinusoidal supply
voltage. its sequence may affect the current asymmetry.
The circuit, shown in Fig. 3, is an example of such a
situation. Despite of its asymmetry, it does not load the
source of positive sequence voltage of frequency o,
with any unbalanced current, so that A%, =0 and the
power factor A (in the literature the abbreviation PF is
often used for the power factor instead of A) of such a
load, A :=P/S=1. However, for the same circuit the
unbalanced admittance is equal to Ay, = 2+/3e"™ S, at
the supply voltage of the negative sequence, so that the
source current is strongly asymmetrical, which reduces
the power factor to A = 0.447.

3 Unbalanced and Reactive Currents
Minimization

Total compensation of the unbalanced and reactive
currents, #, and i, requires that a balancing and com-
pensating (BaCo) circuit that draws current (— i, — i) is
connected at the source terminals. If the BaCo circuit
has a triangle configuration, (Fig. 4), then its phase sus-
ceptances, denoted by T'y,, . have the value [12] gener-
alized with the use of the sequence index s, equal to

I

TRSH =78 R’E{dn } B i (lm{ﬂn } i Bm )s
V3 3

2

I
TSTH - Elln{iin }_; Ben'f (21)

= =_T1.t* Re{A, }_l{Im{gﬂ}+ B, ).
43 3

R

O
ol =10

S | "

L, J_ —_— m - |
R=.,35

i

5, ET 116.3R

Fig. 3. Example of circuit
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If we arrange the phase currents jyy, of the BaCo
circuit, its susceptances Ty, and phase to phase volt-
ages Vy,, into the following vectors

jREir TREH {} [} FERSH |
Jn =\ JsTn | T:r = 0 J-'!';'i'l‘n 0 1 ‘{J — ESTH {22)
| JTRn | . 0 0 Tig, | | Vorgn

then the phase currents of the BaCo circuit can be ex-

pressed as

jr = V2Re ZJT,V,e"™
neN

Current j, compensates the unbalanced and reactive
currents 7, and i, entirely, however, this requires that the
BaCo circuit has the complexity, i. e., the number of
reactance elements K in a single phase as specified by
the mnequality of eq. (6). If it does not have the com-
plexity required, the source loading with the unbal-
anced and reactive currents cannot be compensated to-
tally, but only minimized.

Let as suppose that a BaCo circuit of a triangle
configuration has the phase susceptances Dgg,. Dsr,.
Dyy, (Fig, 4b), arranged in a diagonal vector D, simi-
larly as the vector T,. The vector j;, of the BaCo circuit
currents, j, := [ jrs, Js> Jrr 1 18 equal to

(23)

jp=v2Re ¥ iD Ve, (24)

neN
The efficiency of the current minimization by this
BaCo circuit can be expressed in terms of the distance
d of the current j, from the current j.- of an ideal com-
pensator. The distance d is defined here as the RMS
value of their difference, namely

d:=jp—jpll (23)
Since
jT —jﬂ = -\_."E Re ZJ[T:; - D”]Vﬂ Eﬂj”m”_ {26}

neN

then, the square of distance d can be expressed as

d = ZUTRSH ™ DRSHI Vesn + st = Dyt | Vo
2t
+‘TTRH - 'DTH.H[ TRn | (2?)

a) b)

}} z » P O ¢ .=
VRs . '
5 n 5 — o© * "
Ver| Vg i

T |v : 'r
O

Irs

ET 116.4R

Fig. 4. BaCo circuit structures
a) Phase susceptances Tyy
b) Phase susceptances Dy,
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As it is composed of three groups of terms of the
form

P
dyy:= Z]TX}’H = Dyy,
neN

of positive value, therefore, distance d is minimum on
the condition that each term dyy 1s minimum. Observe,
that susceptance Tyy, in eq. (28) depends only on the
load unbalanced admittance A, and on the load equiv-
alent susceptance B,, , while the susceptance Dy, de-
pends only on the chosen structure and parameters of
the BaCo circuit. Therefore, eq. (28) may be considered
as a starting point for the BaCo circuit design.

If the difference Ty, — Dyy, is not equal to zero for
each n € N, then the distance d, depends not only on
susceptance Dyy,, but also on the voltage RMS value
V,y, which changes with the source current, 1. e., with
the BaCo circuit parameters. None the less, if they are
chosen in such a way that any resonance cannot occur
in the circuit, then the relative changes of the voltage
RMS value V,, are in practical situations much smaller
than relative changes of the source current, since the
source impedance stands usually for only a few per cent
of the load impedance. Therefore, one may expect that
minimization of distance dy, at the assumption that
Vyy = const, should not involve any substantial error in
the minimization result.

To eliminate the treat of a resonance amplification
of the source harmonics by the series resonance of the
Ba&:} circuit with usually inductive impedance of the
power system, the branches of this circuit should have
an inductive impedance for harmonic frequencies.

The simplest branches of this kind are an L-branch
(Fig. 5a) and a series LC-branch (Fig. Sb). with suffi-
ciently large inductance L.

In practical situations, for n>1, Vi, < Vi
Therefore, the difference Ty, — Dyy, contributes mainly
to the distance dy,, so that its reduction requires that
susceptance Dy, is of the same sign as susceptance 7T'yy,.
Hence, if Ty, <0, then an L-type branch should be cho-
sen as the BaCo circuit branch, and if Ty, > 0, then an
LC-type branch should be chosen. In the first case, 1if
Tyy; < 0, the inductance Ly, that minimizes the form

#

%
V."L' ¥n

Ay ¢
1{'\' ¥n

(28)

]
TH Yn 0

d, =
i E naw Lyy

neN
is an optimum inductance for the unbalanced and reactive
current RMS value reduction. If Ty, > 0 then inductance

Ly and capacitance Cyy that minimize the form

(29)

2 ”ijr i 2
dyyi= X |Tyy, + Gy Vivn (30)
ne N =5 l"‘:"t‘:'lil I”I}"Cﬁ'l'
a) Lyy b) . Lxy  Cxy
& T :
D(®) Do) / o
9 o
123458 A 23 4567
/‘mim, ; w/w,
i ET 116.5R

Fig. 5. Branches of the BaCo circuit
a) L-branch b) LC-branch
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are the optimum parameters of the BaCo circuit. Com-
paring this formula with eq. (3) in [13], it occurs that
minimization of the distance dy, is equivalent to mini-
mization of the source current RMS value, discussed in
| 13]. The only difference is that the term Ty, stands for
the phase susceptance of an BaCo circuit that entirely
compensates the unbalanced and reactive currents, but
not for the load susceptance.

Since the load impedance is usually at least by one
order higher then the source impedance, it may be as-
sumed that the resonance frequency of the LC-branch 1s
approximately equal to

AJ(L, + Lyy )Cxy = 0, (31)

where L_ is the source internal inductance. To eliminate
a threat of a resonance for harmonic frequencies, in-
ductance Ly, should have at least such a value that

W, < n.w, (32)

where n_ denotes the order of the lowest characteristic
harmonic. The efficiency of the distance dy reduction
increases with the the inductance increase, 1. e., with the
resonance frequency @, reduction, similarly as 1t was
discussed in [13]. regarding the current RMS value
minimization, however, at the price of compensator
ratings and its cost increase. Therefore, the choice of
inductance is not only a technical matter, but also a
matter of a trade off between the BaCo circuit efficien-
cy and its cost. Discussion of this trade off is out of the
scope of this paper, however. The method is illustrated
on the following example.

— Example:

The RMS values of voltage source harmonics at phase
R in the circuit, shown in Fig, 6, are equal to

E, =100V, E<=0.1E, E,=00SE,

The source was assumed to be symmetrical and the
frequency @, was normalized to @, = | rad/s. At such
assumptions, a circuit analysis program provides the
following results for the not compensated circuit:

-

[ 45.36M L% el Rl
[, =|81.0e " |A, I.=| 3.8¢/% A, I,=| 1.3e"* |A.
37.5e*" 1.9e!* 0.6e""

The phase voltages and currents RMS values are
shown in Fig. 6. The source current RMS value is
i1l = 100.3 A. Its active, reactive, scattered and unbal-
anced components have RMS values:

i)l =56.3 A, i ll=25.2 A, lill=5.7 A, lli |l =78.8 A.
Particular powers are equal to

P =98kW, Q,=44kVA, D ,=10kVA,
Q,=13.7kVA, § =17.5kVA

and the power factor has the value
A= P/S = 0.56.

Having the complex RMS values of the phase volt-
ages and currents harmonics Uy, and [, . the equivalent
admittances Y, and unbalanced admittances A, of the

load can be calculated, namely

FTFEFPVal 3 No 1 Iannarv/Fehmarv 10073
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S 332A 1.1 A :
B==p—r— ——0— " }¢!
. 1H05Q ||
T 329A 37.5A :
€10 i =1 ~ .E — |
Il = 1= . 2H 1Q
HJ;II_;-;;A ”E?F"I” IUD.SA:"----*‘-_______-“:
| 9.62 H 1.76 H'H A=0.56
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Fig. 6. Unbalanced load with BaCo circuit

Y, =038 8, . =0322e95" 8
Y7 =0.221 595" 5

A;=0455¢"" §,
A-=0.132¢735°§,

This enables us to calculate the susceptances Ty,
of the BaCo circuit for a total compensation, namely

Trs1 =0.104 S, Tugs=0.221S, Typy=0.153S:
TST[ =).350 S, TﬂTﬁ = {).[}14 S, Tbl? = U.DO]. S.,
TTRI = [:l. 1[}4 S',. TTR"‘-I _ U. 125 S. TTR_-" - 0-068 Sm

Because Tyq, and Ty, are negative, while Ty, is
positive, the L-type branches are chosen as RS and TR
branches of the BaCo circuit and LC-type as ST branch.
It was assumed that the series resonance of this branch
is at 1/3 of the 5th harmonic frequency. Egs. (29) and
(30) result in the following BaCo circuit parameters

Lys=9.62H, Lg; = 1.76 H, Cs; = 0.217 F, L1, = 9.61 H.

With these parameters the BaCo circuit modifies
the phase currents harmonics to the values

A;=0.198e7127°§S,

32.7¢! 5771 1.9¢ 7"
L=[32.7¢"" |A, Is=| 5.4¢" (A, I,=| 1.9 |A
32,7114 3,97 1,3e*

and their RMS values to those shown in Fig. 6. The
unbalanced admittances are modified to

Ai=0, A;=0.11-e"§; A,=0.08- 7§,

It reduces the source current RMS value from
lill=103.3 A to llill = 57.4 A. and modifies the reac-
tive and unbalanced components RMS values to

Iill=9.0A, Ilill=28A

without affecting the active and scattered currents.
Particular powers are modified to

Q. =1l6kvar, O, =03kVA, S§=95kVA
and the power factor is improved to
A=PIS =0098.

Taking into account how strongly asymmetrical the
load is in the example considered, the results of sym-
metrization and improvement of the power factor with

FTEP Val 3 Na 1 Tanmarv/Fehriarv 1003

relatively simple BaCo circuit obtained show that the
method suggested may be really effective.

4 Conclusions

Determining the load asymmetry at non-sinusoidal
voltage by means of unbalanced admittances A, enables
us not only to express quantitatively the source over-
loading caused by this asymmetry, but also their values
provide the input data for balancing circuit design. Such
a circuit, even at a low complexity, may minimize ef-
fectively the unbalanced current. If equivalent suscep-
tances B, of the load are known, then the unbalanced
current minimization may be integrated with minimi-
zation of the reactive current i, as well. This means that
the unbalanced admittances and equivalent suscep-
tances can be considered as very useful parameters of
the load.

They can be determined based on a harmonic anal-
ysis of the phase voltages and currents, that provides the
complex RMS values of the voltage and current har-
monics.

5 List of symbols

Igs Igy Iy phase currents

i, il current vector [ iy, is, i+]' and its RMS
value

n harmonic order

N set of the voltage and current harmonic
orders n

n. order of the lowest significant harmonic

I Iss I,  RMS values of phase currents harmonics

Lpmw Lsps L1,  complex RMS values of phase currents
harmonics

Lalo it vectors of active, scattered, reactive,
and unbalanced currents

K number of harmonics

M number of BaCo circuit components

Uy, Us,, U, complex RMS values of phase voltages
harmonics

U, vector of complex RMS values [ Us,.
ﬂ!‘in‘ HTH}T

Agm As,s Ap, unbalanced admittances of phases R, S,
and T

A, magnitude of unbalanced admittance A ,

A, diagonal matrix built of admittances
'ﬂﬂ.rz'-' A-—-Sn’ and ii"['”

e, |l RMS value of the vector of line voltage
harmonics

Yoy phase X to phase Y load admittance for
n-order harmonic

AY. AT unbalanced admittances for a positive
and negative sequence harmonic

o=1-¢*"  turn coefficient

s sequence index

B=1-e7*"  sequence turn coefficient

(% complex RMS value of unbalanced cur-

rent harmonic in phase X =R, S,or T
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i complex apparent power of n order har-
monic
equivalent admittance, conductance and
susceptance of the load for n-order har-
Mmonic

IEI! ’ GE‘H’ BE!

N phase X to phase Y susceptances of
BaCo circuits which compensates un-
balance current entirely

f i diagonal matrix of susceptances T'yy,

£ vector of phase to phase currents of
BaCo circuits built of susceptances Ty,

Vv Y xvn phase X to phase Y voltage harmonic
RMS and complex RMS value

V, vector of harmonic complex RMS val-
ues EI}’H

Dy, phase X to phase Y susceptances of
BaCo circuits which minimises the un-
balance current

D, diagonal matrix of susceptances Dyy,

T vector of phase to phase currents of
BaCo circuits built of susceptances Dy,

d distance of vectors j j,

Lyy, Cyy» L, inductance and capacitance of XV
branch of the BaCo circuit and the sup-
ply source inductance

@,, 0, angular resonance frequency of an LC-
branch and fundamental frequency

E RMS value of the source internal volt-

age harmonic

P, § active and apparent powers

o, bs, 0, reactive, scattered, and unbalanced
powers
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Discussion

J. L. Willems (Univ. of Gent/Belgium):

[ do have a remark with respect to the criterion,
given by eq. (25), expressing the quality ol the com-
pensating circuit. The ideal compensator is indeed such
that j,, equals j,. However. since the objective of the
compensating circuit is to realize a line current ¢ which
is as small as possible, the optimization criterion for the
circuit (given that the ideal one is not realizable because
of restrictions on the number of elements) should be:
minimize |17 ]l , or minimize lli |l *+ 1,1l * (since i, and i,
are not affected by the compensation). The primary
purpose of the compensation is indeed not 1o make j, as
close to j as possible. However. I think that because of
the orthogonality both objectives lead to the same re-
sult. Nevertheless it is my opinion that the other prob-
lem statement is to be preferred for conceptual rea-
SOnS.
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Reply of L. S. Czarnecki:

Prof. J. L. Willems is right that there is a reasoning
gap between the primary purpose of the source current
RMS value ¢ minimization and making the current j,, as
close toj, as possible. This was an intuitive assumption
rather than a proven equivalence. Numerical analysis
seems o confirm the validity of such an assumption,
but it would be better to prove it formally.

A. Ferrero, G. Superti Furga (Politech. of
Milano/Italy):

We are of the opinion that Prof. L. S. Czarnecki
should be commended for his work concerned with the
definitions of power components under non-sinusoidal
conditions. In his papers [D1] and [D2] he achieves the
important result of transferring the time-domain based
approach proposed by Fryze to the frequency domain
and finds a rigorous physical meaning to all defined
quantities.

Although the extension of his theory to three-phase
systems 18 not yet completed, we do think that the fre-
quency-domain decomposition of currents proposed by
L. S, Czarnecki is determining in understanding the
behaviour of the different loads under non-sinusoidal
conditions.

Indeed, we are of the opinion that this theoretical
aspect represents the most attractive part of the whole
Czarnecki’s work, while the parts concerned with the
practical problems of power compensation give rise to
some doubts about their practical utility.

In this paper, as well as in other recent works [D3]
and [D4], the Author claims that some of the current
components (namely the reactive current, the unbal-
anced current and the scattered current) in which he
decomposes the line current can be completely com-
pensaled (or at least minimized) by means of a proper
network of passive reactive elements.

However, the following conditions must be satis-
fied to achieve this goal:

— The defined current components must be known (and
hence accurately measured).

— The compensating network must be realized.

Putting into practice these statements is not so easy as
the Author claims because of some drawbacks that we are
going to summarize in the following part of our discussion,
in order to submit them to the Author’s consideration.

[. Astar as the measurement of the current components
1s concerned, the frequency-domain analysis is the
only way they can be determined. The modern digital
instrumentation allows real-time measurements of
the frequency-domain components [D3].

However, our experience in using such techniques
suggests that the result of such measurements can be
misleading when they are applied to the determina-
tion of the current components defined by the Author
in fact, the signal frequency components obtained
employing Fast-Fourier-Transformation (FFT) algo-
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rithms are affected by both the short and long range
leakage errors.

These errors can be reduced employing suitable ta-
pered windows, bul in most cases it still remains
impossible to ascertain whether a small amplitude
component 1s actually present in the signal spectrum
or it is due to a measurement error, On the other
hand, small amplitude harmonic components can be
masked by the side lobes of the employed windows.
In order to focus the consequences of this ambiguity,
suppose that the voltage components #, has small
amplitude and suppose that the current component i,
1s present too with non negligible amplitude. In this
case there 1s no way to decide whether the current
component i, is due to load non-linearity (that means
that the measured voltage component u, was sup-
posed to be a measurement error) or to a resonance
at harmonic n (that means that the measured voltage
component #» was supposed to be an actual harmonic
component of voltage u).

Quite similar problems arise in the measurement of
the sign of the harmonic active powers P,, which is
necessary to distinguish harmonics generated in the
load non-linearity and/or time-variance in the case of
non-zero source impedance (that represents the
practical case).

The above mentioned problems can be overcome if
a coherent sampling technique is adopted [D6]. The
drawback of this approach is that a good synchroni-
zation of the sampling frequency with the signal
fundamental frequency can be attained only in steady
state conditions. However, this is not the case of
some practical applications (i. e. arc furnaces) whose
normal working condition is the transient condition.

LI, The practical realization of a passive, reactive ele-
ment l-port network represents, in our opinion, a
further critical point of Czarnecki’s approach.

In his papers he proves that some of the defined cur-
rent components can be compensated by means of
such a network. He also gives some examples, but he
refers always to ideal reactive elements.

However, the actual equivalent circuit of the reactive
elements employed for the practical realization of the
compensating network is rather different from the
ideal one. For example, the equivalent circuit of the
ideal inductor in Fig. D1a is shown in Fig. D1b.
We think that in practical applications employing
power components, the effect of the parasitic ele-
ments can no longer be considered negligible. Did
the Author never consider such effects on the beha-
viour of the compensating network ?

In conclusion, we think that the applications of
Czarnecki’s theory to the minimization of the apparent

a) b) (l?p
|
1
L L Hp
ET116D1 H

Fig. D1. Equivalent circuits
a) Ideal inductor b) Real inductor
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power under practical circumstances i1s critical and
probably less effective (both from a technical and an
economical point of view) than other methods, like
those employing active filters.

On the other hand. we still remain firmly persuaded
that these drawbacks does not lessen the real power of
Czarnecki’s theory which actually lays in the theoreti-
cal approach to the non-sinusoidal situation. The
knowledge that a particular network is able to generate
a single current component is extremely important from
the theoretical point of view, since it allows to assess
the behaviour of the different loads.
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Reply of L. §. Czarnecki:

| appreciate very much a high opinion on my work
concerning power definitions, expressed by A. Ferrero
and G. Superti Furga in their comment, However, 1 do
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not share their deep concern with regard to the effects
of the measurement and compensator parameters accu-
racy on the compensation results.

They are absolutely right that the compensation or
minimization of some components of the load current
requires that these components are accessible for
measurement and a compensating circuit is realized.
This is true, however, for any method of the compen-
sation which was developed in the past or will be de-
veloped in the future. Measurement accuracy, the errors
involved in signal processing and parasitic parameters
of the compensator components will always aftect the
efficiency of the compensation, independently of theo-
retical fundamentals employed for the compensator
design. They will affect the performance of the com-
pensator developed with the time-, or with frequency-
domain approach.

For example, if the voltage and current samples are
used for generating the control signal of the compensa-
tor or for this compensator design and the sampling rate
1s lower than the Nyquist frequency, then some infor-
mation on the voltage and current waveform is lost, in-
dependently how this signal 1s generated, in the time-,
or in frequency-domain. Also, an error occurs at the
RMS value or the active power calculation both 1n
time- and in frequency-domain at the lack of sampling
synchronization.

Hopefully, the total compensation or exactly opti-
mum minimization are only theoretical goals. The
practical goals are rather limited to reduction of the
current RMS value and its distortion to an economically
justified level. Compensation of the minute compo-
nents of the current, even of possible, may not be eco-
nomically justified.

It should be noted that contrary to Budeanu's and
Fryze's power theories which waited for more than 30
years until the first meters of particular powers or cur-
rent components were built, all quantities suggested in
my theory are measurable now, only the measurement
accuracy is affected by the development in signal ac-
guisition and processing.
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