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Balancing reactive compensation at three-phase four-wire systems
with a sinusoidal and asymmetrical voltage source
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Abstract. The article presents the essentials of reactance compensation of unbalanced loads in three-phase four-wire systems powered by
a sinusoidal and asymmetrical voltage source. The whole of compensation and symmetrization is based on the Currents’ Physical Components
(CPC) theory. Reactance compensation, i.e. compensation based solely on inductors and capacitors, in four-wire systems requires the device
to be included in a star (Y) structure in order to compensate for the reactive current (reactive power) and the current at the neutral conductor
caused by zero sequence asymmetry, and for the device in a delta (A) structure to allow compensation of the reactive current (reactive power)

and current, causing asymmetry of the negative sequence.
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1. Introduction

In industrial plants as well as commercial and residential
buildings, four-wire circuits are the dominant power systems.
A characteristic property of such systems is the existence of
reactive power and currents asymmetry, which also affects im-
balance (asymmetry) of the supply voltage.

The imbalance of a load and power source along with reac-
tive power contribute to an increase in energy losses, which in
turn leads to a decrease in its quality [15].

Two approaches can be used to improve power quality. The
first approach entails using switching compensators, known
also as active power filters. Such an approach cannot be used
in systems with a high value of the load currents since the tran-
sistors used for shaping the compensation currents have limited
switching power. The second approach involves using reactive
elements to build the so-called passive filters. Passive filters are
usually designed to compensate for reactive power, and thus do
not significantly affect the balancing of the load.

The best solution is to use balancing compensators, which
were first developed by Steinmetz in 1917 [2] for three-wire
systems with sinusoidal voltage. In later years, based on the
work of Steinmetz, many authors presented their research on
the construction of such compensators [3-5].

The increase in the number of four-wire systems initiated de-
velopment of mathematical description of power and currents
[6, 8, 9], and allowed to come up with methods of designing
compensators in such circuits [9—-14].
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Works [1, 19, 20] present a description of the balancing com-
pensators based on the Currents’ Physical Components (CPC)
theory for both three-wire and four-wire circuits with symmet-
rical sinusoidal or nonsinusoidal voltage supply.

Moreover, in publications [16—18] the method of determining
the parameters of the balancing compensator in a delta struc-
ture, supplied with asymmetric sinusoidal voltage, is also pre-
sented. This method is based on the CPC theory.

The article presents a method for calculating the reactance
parameters of the balancing compensator in the star structure
along with a short description of the balancing compensator
in the delta structure. Those are widely described in [16-18].
Parameters of both balancing compensators are determined for
four-wire systems, where the voltage source is asymmetric.
Moreover, because the reader should be familiarized with the
description of the CPC theory in four-wire systems supplied
with asymmetrical sinusoidal voltage, the authors recommend
article [8]. Because it is written in Polish, this paper includes a
summary of this work in Section 2.

2. Currents’ Physical Components (CPC) theory
in three-phase four-wire systems at sinusoidal
and asymmetric voltage source

An unbalanced linear time-invariant (LTI) load supplied by a
sinusoidal but asymmetric voltage source is shown in Fig. 1.

The sinusoidal voltage source that supplies the LTI unbal-
anced load can be presented in the form of:

MR(I) UR
u(t)=| us(r) | =V2Re | Us | &/ =V2Re{Ue/®} (1)
MT(I) UT
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Fig. 1. LTI unbalanced load supplied by a four-wire line

The supply voltage u can be asymmetrical — Fig. 1 — there-
fore it is possible to present it as the sum of voltages of positive,
negative and zero sequences:

u=uP +u"+u”=V2Re{(UP +U" +U*) e/}

2
= V2Re {(1PUP + 1"U" + 1°U*) &/} @
where UP, U" and U” are the complex rms (crms) values of
the symmetrical components of positive, negative and zero se-
quences, described by the Fortescue transformation [1, 7, 21]
and 1P, 17, 1% are the unit symmetrical vectors.
The line current can be presented identically:

iR(I) Ir
i(r)=1is(t) | =V2Re | Is | &/ =v2Re{l/} (3)
iT(I) It

which, as a result of the imbalance and asymmetry of the volt-
age supply, also has components of positive, negative and zero
sequences:

i=iP+i"+i* = V2Re {(IP+ 1" +1) e/}

. 4)
= V2Re {(1PIP + 11" + 1°I*) /" } .

The load current (3) can be decomposed into five components
described in the CPC theory for three-phase four-wire systems
supplied from an asymmetrical voltage source [24].

This paper presents solely the values of the component wave-
forms.

The active current i, is defined as follows:

iy = Gou = V2Re { Gy, (UP + U" + U?) e/}

: ®)
— \/ERC{G[) (1PUP+ 11'1Un+ 1ZUZ)e,/(01‘}

where Gy, is the equivalent conductance of the balanced load.
The reactive current i, is described as follows:

i = Bou(t £T/4) = V2Re { jBy, (UP + U" + U*) e/}

4 (6)
= V2Re {jBy, (1PUP + 1"U" + 1°U*) &/}

where By, is the equivalent susceptance of the balanced load.
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In the CPC theory, there is the unbalanced current iy, which
is expressed as follows:

I, = (Yq) U+ 1P (A"U* +A”U™)

7
+ 1" (A"UP +A™U?) + 17 (A"U" + A"UP) ™

and can include three components, namely:

e the unbalanced current of the positive sequence i :

it =V2Re {IPe/”}

) 8)
— \/ERQ{‘IP (YdUp +AnUZ +AZUn)e]w1}

e the unbalanced current of the negative sequence ij:
i =V2Re e/}

, )
= V2Re {1"(YqU" +A"UP +A*U*) e/}

e the unbalanced current of the zero sequence i’:
i7 = V2Re {IZe/")

, (10)
= V2Re {1%(YqU* +A"U" +A*UP) e/ }

In formulas (7)—(10), individual admittances denote:

e the voltage asymmetry dependent admittance Yy, expres-
sed as:
Yg=Gq+ jBa=Y.— Yy
YRUR +YsUZ+YrU3 (1D
[lull?

1

e the unbalanced admittance of the negative sequence A" [22,
23], equal to:
A" =

(YrR+0Ys+ oY) (12)

Q| —

e the unbalanced admittance of the zero sequence A” [22, 23],
which is defined as:

A”= - (Yr+a"Ys+aYr) (13)

W —

It should be mentioned that the equivalent conductance and
its susceptance of the balanced load, used in (5) and (6), respec-
tively, together produce the admittance of the balanced load re-
sponsible for the active power P and reactive power Q of the
load. The formula for this admittance is as follows:

P—jo

Yb:Gb+]Bb: 2
[[ull

(14)

If the load is supplied from a symmetrical voltage source, the
equivalent admittance of the balanced load is:

. P—j 1
Yb:GbﬂBb:Hu||’2Q=3<YR+Ys+YT>=Ye (1)

The difference between (15) and (14) results in equation (11).
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3. Parameters of the balancing
reactive compensator

The only current component necessary for the load to draw ac-
tive power P is the active current i,. The other currents, i.e.
reactive current i and the unbalanced current i,, increase the
three-phase rms value ||i|| of the current of the load, and con-
tribute to energy loss, proportional to the square of this value.

The load is described by four admittances i.e. the equivalent
admittance of the balanced load Yy, the voltage asymmetry de-
pendent admittance Y4, the unbalanced admittance of the neg-
ative sequence A", and the unbalanced admittance of the zero
sequence A”.

In an attempt to demonstrate the possibility of reactance
compensation in four-wire systems with an asymmetrical volt-
age source, additional decomposition of the voltage asymme-
try dependent admittance Y4 should be accomplished. After
decomposition, relationship (11) is expressed by three compo-
nents:

e the voltage asymmetry dependent admittance of the nega-
tive sequence Y}, described as:

—2n
Y= ———
4T3+ n2+ 2

(16)
[rucostn+vscos{(1-25) s 25

where n is a complex asymmetry coefficient of the supply volt-
age of the negative sequence, namely:

U _ Ut U sy
UP  Upei®  UP

n=ne!¥t =

a7)

and z is a complex asymmetry coefficient of the supply voltage
of the zero sequence:

U? U%/f U*

Z _ 2 _ Y -9
UP  UPpei? Upe

zzzejlllz —_ (18)

o the voltage asymmetry dependent admittance of the zero se-
quence Y, defined as follows:
—2z
3[14n2+27]

YdZ -
(19)

27 2r
- |Yr cos(yr)+Ys cos (l//2+3> +Yrcos (l[/ 3)]

and
e the voltage asymmetry dependent admittance of the
“mixed” sequence Yj*, equal to:

nz _ 727711
C 31 mE ] 20

21 27
- | Yr cos(y3)+Ys cos (%3) +Yrcos <1I/3+3>]

where m denotes a complex asymmetry coefficient of the sup-
ply voltage of the “mixed” sequence between the zero sequence
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component of the voltage related to the negative sequence com-
ponent of the voltage, expressed as:

U* U%/E U*~

U _Ue® _U” je-s)
U" Ureid UM

my = myel¥s — @21)

and my is a complex asymmetry coefficient of the supply volt-
age of the “mixed” sequence between the positive sequence
component of the voltage related to the negative sequence com-
ponent of the voltage, described as:

UP _UPe® UP o)
U" Uneid Un

mp = Merw = (22)

In line with this, we get a description of the load, consisting
of six admittances contributing to the unbalanced and reactive
currents of the load.

The balancing compensation in four-wire systems, regardless
of whether the voltage supply is symmetrical or asymmetrical,
requires two structures, i.e. the compensation device connected
in the Y-configuration — it is thus possible to compensate for
the reactive current (reactive power) and the balancing of the
load as a result of compensation of the zero sequence unbal-
anced current. The second structure is a device connected in
the A-structure — it allows for compensation of the reactive cur-
rent (reactive power) and for the balancing of the load as a re-
sult of the compensation of the negative sequence unbalanced
current (in systems with symmetrical voltage supply) and the
positive sequence unbalanced current (in systems with asym-
metrical voltage supply).

When determining the parameters of the device compensat-
ing for reactive power and balancing the unbalanced compo-
nents of the currents, we assume that it is a lossless device. In
the Y-structure, wires’ susceptances are marked with symbols
TR, Ts, and Tt. In the A-structure, susceptances line-to-line are
marked with symbols Trs, TsT, and TtRr. In addition, the sym-
bols of the compensator’s admittances are complemented with
the Cy index for the star configuration and the Cp index for the
delta configuration.

The equivalent admittances of the load in Y-structure can be
expressed by compensator’s susceptances, namely:

e the susceptance responsible for compensation of the reac-
tive current (reactive power):

. TrUg + TsU3 + TrU3
Yoy = jBoyh = j—= HUH; =

(23)

e the susceptance responsible for compensation of the cur-
rents associated with the admittances of the voltage asym-
metry dependent admittance:

Yoo 2n
= 3l 17
2 2r @4
. [TRcos(l//l)+Tscos (l//l—3> +TTCOS<II/1+3>]
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YE 2z
SO ey
27 27 25
. [TR cos(yn)+Ts cos (1//24—3) +TTcos<l//2—3>]
nz . 2m1
T TS T ] o6)

2n /4
. [TRCOS(W3)+TS cos (l// —3> +Trcos <l//3+3>]

e the susceptance responsible for compensation of the cur-
rents related to the unbalanced admittance of the negative
sequence:

1
ASY =j= (TR-i-OCTs -‘rOC*TT)

3 27

e the susceptance responsible for compensation of the cur-
rents related to the unbalanced admittance of the zero se-
quence:

1
AéY :jg (T + " Ts + aTt) (28)

In order to define the parameters of the compensator that will
compensate for the reactive power and the unbalanced current,
while simultaneously not interfering with the active power of

the system, the following conditions should be met:
e the reactive current of the voltage source is zero if:

Bcyb +Bp =0 (29)
o the unbalanced current (7) equals to zero if:
(Yoya +Yo) U+ (174" + 17A¢, + 1747 + 1°A¢, ) UP
+ (1A + 1°AQ, + 1PA” 4 1PAL ) U
+(1PA" + 1PAg, + 1A% + 17A¢, ) U* = 0.

(30)

The (Ycya + Y4) U quantity can be expressed as:

(Y2 g+ Yo g+ Y& FYI+Yi+Y)U. (3D

The coefficients in (30) are identical for each transmission
line. Therefore it is sufficient to satisfy the dependence for one
selected line, and in particular for the R-line:

(Yeyq+YEa+YEq+Yi+Yi+Y{) Ur
+ (A" AR, +A”+AL ) UP
+ (A" +AQ, +A”+AE,)U"
+ (A" +AQ, +A”+AL,) U =0.

(32)

With regard to the fact that the description in (32) is sub-
mitted in the form of complex numbers, this equation must be
fulfilled separately for the real part and the imaginary part, thus:

Re {(YQ,q+ Y& a+ Y& a+Yi+Yi+YY)Ur
+ (A" +AL, +A”+AL,) UP
+ (A" +AL, +A”+AE,) U
+ (A" AL, +A"+AL UL =0

(33)
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and

Im{(Y@,q+Ye,a+ Y+ Yi+Yi+YY)Ur
+ (A" +AL +A"+AL,) UP
+ (A" +AQ, +A”+AL,) U"
+(A"+AQ, +A*+AL) U} =0.

(34)

As can be seen from (32), it describes the unbalanced current
consisting of three components of the relevant sequences, i.e.
positive, negative and zero, and therefore, it is not possible to
compensate for the unbalanced current with only one configu-
ration of the compensator.

From relationships (33) and (34) only parameters (admit-
tances) describing the unbalanced current of the zero sequence
must remain, and thus:

Re { (Yg}Yd + Y a+YEa+Yi+Yi+ Yy) Uk

35
(AT AL ) U+ (A AR UM =0

and

Im{ (Y@, g+ YE,q+ Y& a+Yi+Yi+YY) Uk G6)
F(A A U+ (4" 442 U7} =0

Equations (29), (35) and (36) form a system of three equa-
tions with three unknowns 7y, Ts, and Tr. After the transforma-
tion, they can be presented in the form of the matrix equation
of the compensator in the Y-configuration:

Ui U§ Ut Tr —By||u||?
ReK1 ReKz R6K3 Ts = —ReK4 (37)
ImK1 IH1K2 ImK2 TT —ImK4
where parameters from K to K4 are equal to:
. 1 ‘
K, :(61+C4+C7)~Z€”/2+]§ (1+ne/¥),
. 1 ‘
Ky = (c2+cs+eg)-ze/V2+ j= (o + ane’/V)
2= (e2+es+eg) 2 J3( ) (38)
. 1 ‘
Ky = (estesteo)-ze/V + j3 (a+ ane’¥),
Ky = (Y3 4+ Y54 YY) 2e/V2 £ A” £ A"pe/V
and the coefficients from ¢ to ¢g are:
2ncos(yy) 2ncos(y;—120°)
O="J3a 22y 2T )3 22
3(1+n2+22) 3(1+n*+22)
2ncos(y1+120°) 2zcos(y)
GS=—Jaa L 4TI Ay
3(14n%+|z?) 3(14+n2+22)
_2zcos(ynr+120°) _ 2zcos(yr—120°)
ST R0 0 ST T 3arre 0 B9
2m; cos(y3) 2mj cos(y3—120°)
="y, 8= 2 2\
3 (1+mi+m3) 3(1+mi+m3)
.2my cos(yz+120°)
Co=-J 2, 2
3(1+mi+m3)
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After substituting the data and solving the matrix equation of
the compensator (37), we obtain parameters Tr, Ts, and Tt. If
any of the parameters takes the value with a “minus® sign, then
its quantity is calculated from the following relationship:

-1
L=—— 40
oTx (40)

where Tx denotes the value of the calculated susceptance for
a particular transmission line. Alternatively, the following rela-
tionship can be used:

C=—.

P (41)

In (40) L denotes that the calculated susceptance should be
inductive, while in (41) C means that the obtained susceptance
should be capacitive.

Correct calculation of the compensator parameters causes the
value of the reactive power seen from the side of the voltage
source to be equal to 0, while the value of the unbalanced cur-
rent of the zero sequence is also equal to 0, although the current
will still flow in the neutral conductor on account of asymmetry
of the active currents resulting from asymmetry of the supply
voltages. Therefore:

Ig +1;s +IaT7éO~ 42)

In addition, the inclusion of the Y-structure compensator re-
sults in a change of the value of the positive sequence unbal-
anced current and the value of the negative sequence unbal-
anced current because it changes the value of the unbalanced
admittance of the negative sequence (12) and the value of the
unbalanced admittance of the zero sequence (13).

On the basis of [16-18], the equivalent admittances of the
load in the A-structure can be described by the compensator
susceptance as follows:

e the susceptance responsible for compensation of the reac-
tive current (reactive power):

. TrsU2« + TsrU2 + TrrU?
Yoo = JjBcyb =J = 5L =

43
ual @

where ||u,|| denotes the three-phase rms value of the voltage
source described in [19-21].

e the susceptance responsible for compensation of the cur-
rents (positive and negative sequences) associated with the
voltage asymmetry dependent admittance:

2n

Yo = j—2
Cad ]1+n2 (44)

2
- | Tstcos(yy )+Trr cos <!,lf1 —3%) +1TRrs cos <%+37r)]

e the susceptance responsible for compensation of the cur-
rents related to the unbalanced admittance of the positive
sequence:

A(I;A = —j(Tsr+ altr + a*Trs) (45)

Bull. Pol. Ac.: Tech. 68(1) 2020

e the susceptance responsible for compensation of the cur-
rents linked with the unbalanced admittance of the negative
sequence:

Ac, = —j(Tst + o' Trr + aTks) (46)
For determining the parameters of the compensator in the A
configuration, which will compensate for the unbalanced cur-
rent of the positive sequence and the unbalanced current of the
negative sequence, and for unchanged the active power of the
load, we have to meet the following conditions:
e the currents associated with the voltage asymmetry depen-
dent admittance and the unbalanced currents of the positive
and negative sequences are equal to 0 if:

(Yeua+Ya) U+ 1" (Ap +A3A) up
+1P (A" +A¢,)U"=0.

(47)

Identically as in (32), parameters can be determined for the
R-line, namely:

(Vesa+Ya) (U +UR) + (a0 +4Z, ) 07
+(A"+A¢,)U" =0.

(48)

Analogously to (33) and (34), equation (48) must be fulfilled
separately for the real part and the imaginary part:

Re{ (Ycua+Ya) (UR+UR) + (47 +A42, ) UP
+(A"+AL,)U"} =0

(49)

and

im{ (Yo, + Ya) (UR+UR) + (47 +42, ) U”
+(A"+Ag ) U} =0.

(50)

In order to determine the parameters of a balancing com-
pensator with a A-structure, use expression (48), whose solu-
tion for three-phase three-wire circuits supplied with sinusoidal
asymmetrical voltage with a load connected in a delta configu-
ration is presented in [19-21]. Despite the rightness of the so-
Iution given by the author in some works, for three-phase four-
wire systems supplied from an asymmetrical sinusoidal voltage
source, relationship (48) must be subjected to additional modi-
fication as follows:

[(Yea+ Y5 +YF +Y7) (UR+UR)]

+ [A@AUP +A™ (UP +U") +AL U +A (U"+U%)| (5D

=0
where admittances with the “#” symbol denote that they were
calculated as a result of a parallel connection of the phase ad-
mittance of the load and the phase susceptances of the balancing
reactive compensator with the star structure.

Additionally, in order to determine the parameters of the
compensator in the A-structure, the condition for the reactive
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power compensation should be included:

Bc,b+Bp =0 (52)
even though it has already been used in calculations for the Y-
structure.

According to (49)—(52), they form a system of three equa-
tions with three unknowns Trs, Tst and Ttr. Following the
transformations, the system in the form of the matrix equation
of the compensator in the A-structure looks as follow:

Ugs  Usr Ut | | Tks ~By |lus|®
ReK 5 ReK 6 ReK 7 TST = —ReK 8 (5 3)
ImK5 ImK6 IIIIK7 TTR —Ing

also, it should be remembered that the reactive power has been
already compensated for in (37):

Ugs Usr U || Tks 0
RCK5 ReK6 RCK7 TST = —Rng (54)
ImK5 ImK6 ImK7 TTR fIng
where parameters from K5 to Ky are equal to:
Ks=cpy (1+ne/") — j (o + ane’"),
Ko =cio(1+ne/¥") —j(1+ne/¥),
K7 =cii (1+ne/") — j (o + o ne’¥), (55)
Ky = (Y5 + Y5+ Y§7) (14 ne/¥)
+An# (] +Zejllf2) +AZ# (nej‘I’I +Zej‘l’2) )
and the coefficients from ¢ to ¢, are:
2ncos(yy 2ncos (y; —120°
010:17(15)7 Ci1 =] (II/ 2 ),
l+n I+n (56)
s 2ncos (y; +120°)
2= 1+ n? '

After activating the compensator in the Y-structure and the
compensator in the A-structure, assuming the losslessness of
such systems, fixed load parameters over time and no change
in the internal impedance of the voltage source, we obtain only
the active current described in (5).

It should be mentioned that it is not possible to completely,
ideally compensate for the reactive power with the balancing
compensator with the delta structure because in the system it
is not possible to limit the reactive current associated with the
symmetrical component of the zero sequence.

4. Theoretical calculations

For theoretical calculations, the three-phase four-wire system
powered with the asymmetrical sinusoidal voltage source is
shown in Fig. 2. All calculations are based on the assumption
of LTT unbalanced load. In addition, the supply voltage includes
internal impedance (unchanged over time) and is, therefore, an
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asymmetrical source that only generates the fundamental har-
monic whose frequency is 50 Hz.

e-e'+e"+e’ u i
O - I

C r R |Ug I
m T O . -_

NI S Ug Ig
—(: {1 < - [

R T Ur i

N
e lN

Fig. 2. Three-phase four-wire circuit diagram chosen for theoretical

verification

The active power P of the system from Fig. 2 is 53053 W,
while the consumed reactive power Q assumes the value
20898 var and it is a capacitive reactive power.

Configurations and values of the phase impedances of the
load, shown in Fig. 2, are compiled in Table 1.

Table 1

List of phase impedances in ohms with division into resistance,
inductive and capacitive reactance values

Line R XL Xc
4 - 2
1 1 -
0.5 - 1

Table 2 presents the phase values of the voltage supply as
well as the values of the line current of the load, and the val-
ues of the line current of the components obtained in the CPC

theory.
Table 2
List of the values of the phase voltages and the values of the line
currents
Quan. Phase R Phase S Phase T
U 230e/% 215¢ /10" 220e/%%°
I 51.43¢731:6° 152.03¢~715%° 196.77¢7 1624
I, 82.71e/5° 77.32¢=/110° 79.12¢79%°
I 32.58¢/9% 30.46¢ /20 31.16e~ /17
1P 26.32¢783 26.32¢ 71283 26.32¢/ 1117
I 45.38¢7 /81" 45.380/ 119" | 4538=/128.1°
IZ | 106.75¢7178:6" | 106.75¢/178-6° | 106.75¢/178:6°

Bull. Pol. Ac.: Tech. 68(1) 2020
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The waveform of the instantaneous value of the phase volt-
ages at the load’s terminals is shown in Fig. 3.

0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Fig. 3. The waveform of the instantaneous value of the phase voltages
at the terminals of the load

The three-phase rms value ||u|| of supplying voltage (1) is
equal to:
|lul| =384.09 V.

Using the Fortescue system [1, 7], the symmetrical compo-
nents of the supplying voltage are:

Ur 215.53¢ 719"
U™ | = | 30.82¢71499° | V.
U* 42.07¢/102°

The waveform of the instantaneous value of the load’s line
currents is presented in Fig. 4.

T T
Pl =

R4 \\—PnaseR
b ~--Phase S|

-
g \\ - -Phase T
\ N s

Ix=
L
200 PeaN

\=

’
’

0.03 . 0.06
time [s]

Fig. 4. The waveform of the instantaneous value of the line currents
of the load

The three-phase rms value of the load current is:
|li]] = 253.92 A.

Table 3 compiles values of the individual admittances and
complex asymmetry coefficients.

Table 4 presents values of the coefficients from ¢ to ¢g (39).

The values of the coefficients from ¢ to ¢9 and the parame-
ters of the balancing compensator from K| to K4 are compiled
in Table 5.

The solution of matrix system (37) is the vector of the phase
admittances values necessary for the compensation of the re-
active power and symmetrization of the unbalanced current of
the zero sequence. The values of the calculated admittances
for individual line are equal to: Tr = —0.01, 7s = 0.57 and
Tr = —0.97.
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Table 3
List of the individual admittances and asymmetry coefficients
Quan. Value

A" 0.29¢/24°S
A? 0.46¢7/1743"3
Y! 0.05¢/1182° g
Y: 0.05¢~/489°g
YU 0.02¢ /974"
n 0.14¢/ 1519

z 0. 1961 18.2°
m 1.37¢=71337°
m, 6.99¢ /151"

Table 4
List of the coefficients’ value from ¢ to ¢g

Coefficient Value
c| j0.01
c —j0.01
c3 —j0.01
¢y —j0.12
cs j0.09
cs j0.03
c7 j0.01
cg j0.01
Co —7j0.02
Table 5
List of the parameters of the balancing compensator with the star
structure
Parameter Value
K 0.3¢/94%
K, 0.4e—i257°
K3 0.3¢—71583°
K, 0.5¢—7176.7°

To calculate inductance or capacitance, we use expressions
(40) or (41), depending on the sign that is at the given admit-
tances in the vector of calculated values. The inductance value
in the R-line is equal to 733.1 mH and in the T-line it is equal
to 3.3 mH. In S-line we obtained the capacity value, which is
equal to 1.8 mF.

Figure 5 presents the analyzed system with an added balanc-
ing reactive compensator with a star structure.

In order to perform full balancing compensation in four-wire
systems supplied with asymmetrical sinusoidal voltage, besides
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Fig. 5. Equivalent scheme of the analyzed circuit with an added
balancing compensator with a star configuration

a balancing compensator with a star structure, a balancing com-
pensator with a delta structure should be aggregated, which bal-
ances the unbalanced currents of the positive and negative se-
quences.

Table 6 presents the recalculated values of the unbalanced
admittance and voltage asymmetry dependent admittances.

Table 6
List of the individual admittances

Quan. Value
An# 0.1761'152‘803
AZ# 0.03ej127.5° S
Y 0.02¢/1728" 3
Y4 0.03¢=/159"S
Y 0.005¢/1139° s

Additionally [19-21], phase-to-phase voltages should be cal-
culated of the components of the positive and negative se-
quences of the Fortescue transformation:

e the phase-to-phase voltage (R to S) is:

Ugs = (UP+U") — (a*UP + qU") = 375.40e/363" v
o the phase-to-phase voltage (S to T) is:

Ust = (0" UPHaU")— (aUPH+a*U") = 421.15¢ /53" v
e the phase-to-phase voltage (T to R) is:

Utr = (aUP +o*U™) — (UP +U") = 329.18¢/ 14327V

Table 7 compiles values of the coefficients from ¢ to ¢12,
and values of the parameters from K5 to Kg of the balancing
compensator with the delta structure.

The solution of matrix system (54) is the vector of the line-to-
line admittance values necessary for the symmetrization of the
unbalanced currents of the positive and negative sequences. The
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Table 7
List of balancing compensator parameters and coefficients
in the delta structure

Param./Coeff. Value
¢l —j0.25
¢ j0.24
c2 j0.01
K 1.1¢/153.5°
Kg 1.1¢7/85:6°
K7 1.1e/324
Ky 0.2¢/155.9°

values of the calculated admittances for an individual branch
are equal to: Trs = —0.12, TsT = 0.05 and T1r = 0.06.

To calculate the inductance or capacitance, we use expres-
sions (40) or (41), depending on the sign that is at the given
admittances in the vector of calculated values. The inductance
value in the RS-line is equal to 27.2 mH. The capacity value in
the ST-line is equal to 172.7 uF and in TR-line it is equal to
201.7 pF.

Figure 6 presents the analyzed system with added balancing
compensators with the Y-structure and with the A-structure.

i=i P=i +i"+i" Pi=i +i+i°+i'+i’
I, =5143 A
° I
I, =82.71 A I, =50.99 A
I, =152.03 A
p—— -— —
I, =7132 A I,=108.46 A
I, =196.77 A
o - -
L,=7912A) Les | Cor Y I, =955 A =
- LG8 L,
CTR
I, =4539 A I, =28243 A

Fig. 6. Equivalent scheme of the analyzed circuit with added balancing
compensators with the structures of the star and the delta
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Fig. 7. The waveform of the instantaneous value of the line current
after connecting the balancing compensators

The waveform of the instantaneous value of the line currents,
after compensation of the balancing compensators with the Y-
structure and A-structure, is equal to the waveform of the active
currents expressed by formula (5).
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5. Conclusion

The paper shows that it is possible to calculate the balanc-
ing compensator parameters that completely compensate for
the reactive current (reactive power) and unbalanced current,
even when the supply voltage is asymmetric. This increases the
power factor to unity.

Moreover, the article shows that as a result of the asymme-
try of supply voltages, the current will still flow in the neutral
conductor, resulting from the asymmetry of line active currents.

The method of defining the balancing compensator parame-
ters presented in the paper can be extended to the ideal balanc-
ing compensation or minimization of respective currents’ com-
ponents in nonsinusoidal systems.
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