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Active Load Balancing in a Three-Phase
Network by Reactive Power Compensation

Adrian Pana
“Politehnica” University of Timisoara
Romania

1. Introduction

1.1 Brief overview of the causes, effects and methods to reduce voltage unbalances

in three-phase networks

During normal operating condition, a first cause of voltage unbalance in three-phase
networks comes from the asymmetrical structure of network elements (electrical lines,
transformers etc.). Best known example is the asymmetrical structure of an overhead line, as
a result of asymmetrical spatial positioning of the conductors. Also the total length of the
conductors on the phases of a network may be different. This asymmetry of the network
element is reflected in the asymmetry of the phase equivalent impedances (self and mutual,
longitudinal and transversal). The impedance asymmetry causes then different voltage drop
on the phases and therefore the voltage unbalance in the network nodes. As an example of
correction method for this asymmetry is the well-known method of transposition of
conductors for an overhead electrical line, which allows reducing the voltage unbalance under
the admissible level, of course, with the condition of a balanced load transfer on the phases.
But the main reason of the voltage unbalance is the loads supply, many of which are
unbalanced, single-phase - connected between two phases or between one phase and
neutral. Many unbalanced loads, having small power values (a few tens of watts up to 5-10
kW), are connected to low voltage networks. But the most important unbalance is produced
by high power single-phase industrial loads, with the order MW power unit, that are
connected to high or medium voltage electrical networks, such as welding equipment,
induction furnaces, electric rail traction etc. Current and voltage unbalances caused by these
loads are most often accompanied by other forms of disturbance: harmonics, voltage sags,
voltage fluctuations etc. (Czarnecki, 1995).

Current unbalance, which can be associated with negative and zero sequence components
flow, lead to increased longitudinal losses of active power and energy in electrical networks,
and therefore lower efficiency.

Voltage unbalance causes first negative effects on the rotating electrical machines. It is
associated with increased heating additional losses in the windings, whose size depends on
amount of negative sequence voltage component. It also produces parasitic couples, which
is manifested by harmful vibrations. Both effects can reduce the useful life of electrical
machines and therefore significant material damage.

Transformers, capacitor banks, some protection systems (e.g. distance protection), three-
phase converters (three-phase rectifiers, AC-DC converters) etc. are also affected by a three-
phase unbalanced system supply voltages.
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220 Power Quality — Monitoring, Analysis and Enhancement

Regarding limiting voltage unbalances, as they primarily due to unbalanced loads, the main

methods and means used are aimed at preventing respectively limiting the load unbalances.

From the measures intended to prevent load unbalances, are those who realize a natural

balance. It may mention here two main methods:

e balanced repartition of single-phase loads between the phases of the three-phase
network. This is particularly the case of single-phase loads supplied at low voltage;

e connecting unbalanced loads to a higher voltage level, which generally corresponds to
the solution of short-circuit power level increasing at their terminals. Is the case of
industrial loads, high power (several MVA or tens of MVA) to which power is supplied
by its own transformer, other than those of other loads supplied at the same node.
Under these conditions the voltage unbalance factor will decrease proportionally with
increasing the short-circuit power level.

From the category of measures to limit unbalanced conditions are:

e  balancing circuits with single-phase transformers (Scott and V circuit) (UIE, 1998);

e  balancing circuits through reactive power compensation (Steinmetz circuit), single and
three phase, which may be applied in the form of dynamic compensators type SVC
(Static Var Compensator) (Gyugyi et al., 1980; Gueth et al., 1987; San et al., 1993;
Czarnecki et al., 1994; Mayordomo et al., 2002; Griinbaum et al., 2003; Said et al., 2009).

e high performance power systems controllers - based on self-commutated converters
technology (e.g. type STATCOM - Static Compensator) (Dixon, 2005).

This chapter is basically a theoretical development of the mathematical model associated to

the circuit proposed by Charles Proteus Steinmetz, which is founded now in major

industrial applications.

2. Load balancing mechanism in the Steinmetz circuit

As is known, Steinmetz showed that the voltage unbalance caused by unbalanced currents
produced in a three-phase network by connecting a resistive load (with the equivalent
conductance G) between two phases, can be eliminated by installing two reactive loads, an
inductance (a coil, having equivalent susceptance B, =G / J3 ) and a capacitance (a capacitor
with equivalent susceptance B. =-G/ J3 )- The ensemble of the three receivers, forming a
delta connection (A), can be equalized to a perfectly balanced three-phase loads, in star
connection (Y), having on each branch an equivalent admittance purely resistive
(conductance) with the value G (Fig. 1).

Ugs
- I
Urr| g <l
Usr
U I
T

Fig. 1. Steinmetz montage and its equivalence with a load balanced, purely resistive
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To explain how to achieve balancing by reactive power compensation of a three-phase
network supplying a resistive load, it will consider successively the three receivers, supplied
individually. For each receiver will determine the phase currents, which are then
decomposed by reference to the corresponding phase to neutral voltages, to find active and
reactive components of currents, which are used then to determine the active and reactive
powers flow on the phases of the network. It is assumed that the phase-to-neutral voltages
and phase-to-phase voltages at source forms perfectly symmetrical three-phase sets. Also
conductor’s impedances are neglected.

Therefore, for the case of supplying the resistive load having equivalent conductance G
between R and S phases (Fig. 2.), a current in phase with the applied voltage is formed on
the R phase conductor:

source SU:\)QR

; \
14 \

b)
Fig. 2. Resistive load supplied between R and S phases
Ips=Us-G (1)
The equation to calculate the rms value is:
Iis=v3-U-G, )

where U is the rms value of phase-to-neutral voltage, considered the same on the three
phases.
On the S phase conductor, an equal but opposite current like the one on the R phase is
formed:

lSR = _Lzs (3)

The two currents are now reported each to the corresponding phase-to-neutral voltage, in
order to find the active respectively reactive components of each other. For this, the complex
plane is associated to the phase-to-neutral voltage; its phasor is positioned in the real axis,
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positive direction. It is noted that the current phasor on the phase R, I, =I;s, is leading
the corresponding phase-to-neutral voltage phasor, U, , with an phase-shift equal to 7 /6
rad, which means that the reactive component has capacitive character:

T T 3 \/§

Irry = IRl(R)a + jIRl(R)r = IRl(R) -COS€+ jIRl(R) 'Sing :E'u G+ JTU -G 4

It can now deduce the equations for the active and reactive power flow on R phase:

J3
2

, . 3 A
Sp1 = DPry +jQr1 =Ug Ly :E'u2 G-

UG (5)
On the S phase, the current phasor is lagging the voltage U, with a phase-shift equal to
7 /6 rad, which means that the reactive component has inductive character. By a similar
calculation with the above, active and reactive powers flow on the S phase are obtained:

3 J3

§51:P51+]Q51=Us~l;1(5):E-UZ-G+j7-U2-G (6)

It may be noted that the resistive load supplied between two phases, absorbs active power
equal on the two phases. But it occurs also on the reactive power flow on the network
phases, absorbing reactive power on the S phase, but returning it to the source on the R
phase, without modifying the reactive power flow on all three phases.

On this ensemble, result:

P1:PR1+P51:3'U2'G:(\/§'U)Z'G si Q1:QR1+Q51:0 (7)

A similar demonstration can be done for supplying the capacitive load having the
equivalent susceptance B. =-G / V3, between phases S and T (Fig. 3).

The current formed on the S phase conductor is leading the voltage with a phase-shift equal
to /2 rad (the complex plane associated to the phase-to-phase voltage U ):

Lsr :j'UST '|Bc| (8)

The rms value can be determined by the equation:

I =~3-U-|B|=U-G 9)

The current formed on the T phase, have the same rms value and is opposite to that on the S
phase:
Irs ==Isr (10)

Now reporting the two currents to the corresponding phase-to-neutral voltages, it can be
determined the active and reactive components of this, and then the active and reactive
powers on the two phases:

1 J3

§52=Ps2+stz=us‘l;2(5):_E'UZ‘G_]'T'UZ‘G (11)
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. . 1 )
S1o=Pry+jQr, =Us - Iry ZE'UZ G-

V3

, UG (12)

It is noted that the capacitive load absorbs the same reactive power on the two phases at
which it is connected. It occurs also on the active powers flow, absorbs active power on
phase T, but returns it to the source on the phase S. On all three phases of the network,
results:

b, =P, +P,=0 si QZ:Q52+QT2:—(\/E-U)z-|BC|=—\/§'U2-G (13)

\\\Re(T)

Irg= '!SY:\\ Ler Im<ST)

R
S ZST lT
source | Uy, |% LI + Uy, ZT(T{,,:*’I%S:\,
G
Ty EE—
3 Im,
(N) @

Re(s) i
» 3 Regr

b)

Fig. 3. The capacitive load supplied between phases S and T

The same method applies now to the case of inductive load, having equivalent susceptance
B, =G /3 supplied between T and R phases (Fig. 4).

The current formed on the T phase conductor is lagging the supplying voltage with an
phase-shift equal to 7 /2 rad:

Ipg==j-Up B, (14)
The rms value can be determined using the equation:
I.=~3-U-B,=U-G (15)

The current formed on the R phase, have the same rms value and is opposite to that on the T
phase:

lRT = _ITR (16)
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. \ RG(T)
S s

Re(rp)) P Imyg

Ly = Iz

source| Up ) Ur I / Reg
U 17 G Usr A 7 -
— TE
(N) Lpr= Iy
= Im(T)//
a) Ve

Fig. 4. Inductive load supplied between T and R phases

Now reporting the two currents to the corresponding phase-to-neutral voltages, it can be
determined the active and reactive components of this, and then the active and reactive
powers on the two phases:

. 1 3
§T3:PT3+]QT3=uT'lT3(T)ZE'UZ'G+]7'UZ'G (17)

. . 1 3
§53=Ps3+]Qs3=uT'lR3(R):_E‘uz'G+]7'u2‘G (18)

It is noted that the inductive load absorbs the same reactive power on the two phases at
which it is connected. It occurs also on the active powers flow, absorbs active power on
phase T, but returns it to the source on the phase R. On all three phases of the network,
results:

Py=Pr;+P;=0 and QszQT3+QR3:(\/§'u)2'BL=\/§'u2‘G (19)

To deduce the power flow on the network phases that supply simultaneously the three
loads previously considered, we can apply the superposition theorem (Fig. 5). Active and
reactive powers flow run on the network phases that supply the ensemble of all three loads
are obtained by algebraic addition of active and reactive power previously deducted for the
individual supplying circuits. It obtains:

PR:PR1+PR3:U2'Gr Qr =Qr1 +Qr; =0 (20)
P52P51+P52=U2~G Q5=Q51+Q52:0 (21)
PT:PT2+PT3=U2'G QT:QT2+QT3:O (22)

www.intechopen.com



Active Load Balancing in a Three-Phase Network by Reactive Power Compensation 225

P=P,+P,+P.=3-U>G Q=Q+Q;+Q; =0 (23)

1
Im(R)i

R 1x=-UG
QRSTS\ 15: a7UG ﬂ G
source| Usr| /U B L B
= = [.=aUG L -—5Bc | N R® RN ]_{C(R)

b)

Fig. 5. The ensemble of the three loads

It notes that after the compensation, in the supplying network of the ensemble of the three
receivers, only active power flows, the same on the three phases. The compensation
conduces to maximize the power factor (Q=0) and to active load balancing on the three

phases:

P=3-P

phase

=3.U>-G (24)

The ensemble of the three loads, in A connection can be equated with three equal active
loads, single-phase, each having equivalent conductance with value G, in Y connection (Fig.
1). The three currents have the same phase-shift with the corresponding phase-to-neutral
voltages and have the same rms value (Fig. 5):

Iy=I,=1,=U-G (25)

3. Most common applications of Steinmetz circuit

Steinmetz circuit is usually applied to balance large loads, with values of order MW of
power, whose contribution to the voltage unbalance in the connecting node is very high.
Figure 6.a presents simplified supply circuit diagram of a three-phase network, of a single-
phase induction furnace. Furnace coil is connected secondary of the single-phase
transformer T. Its primary is connected between two phases of a medium voltage network.
Capacitance C; connected in parallel with the load, is to compensate its reactive component
and therefore to improve the power factor. Capacitance C; and inductance L, are sized to
achieve load balancing active component, as shown above. But the active power of the load
is variable, depending on the specific technological process. To ensure adaptive single-phase
load balancing, capacitor banks having the capacitances C; and C; and inductance L, have to
allow the control of these values according to load variation.
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a) b)

Fig. 6. Simplified circuit of Steinmetz installation for load-balancing applications in the case:
a) induction furnace; b) railway electric traction

Another important application of the Steinmetz circuit is load balancing in three-phase
networks which supplies electric traction railway, equivalent to a single-phase load. Figure
6.b shows the simplified circuit diagram of a substation supply of section from an electric
railway line. Since the load is changing rapidly and within large limits, the compensator
elements must satisfy the same requirements. Is needed a dynamic load balancing
(Grunbaum et al., 2003). The solution applied use a SVC (Static Var Compensator) realized
by a TCR (Thyristor Controlled Reactor). Controlling the thyristors (connected back-to-back)
which are in series with the inductances Li, L, and L3 allow a dynamic control of inductive
and capacitive currents on the branches of the compensator. Thus is performed a dynamic
compensation of reactive load (increasing the power factor) and dynamic balancing of active
load in the supply network.

Application of the Steinmetz circuit is a simple solution, relatively inexpensive and efficient,

which can be applied to any voltage level at any value of load power, a perfect load balancing

on the three phases is obtained. However, it presents the following inconveniences:

- the frequency of 50 Hz, the ensemble load - compensator can be equated with
impedance perfectly balanced, but on other frequencies, namely the higher harmonics
that can be generated by the same load or close loads, it causes a strong unbalance;

- dimensioning the compensator should be made taking into account the restriction to
avoid parallel resonance between the equivalent capacitance of the compensator and
the network equivalent inductance seen at the point of connection to the network, for
harmonic frequencies present in the steady operation conditions, the capacitors will be
included in passive filters for harmonic currents.

4. The generalized Steinmetz circuit

The circuit available for a single phase active load connected between two phases can be
extended to a certain unbalanced three-phase load with active and reactive components
(inductive and / or capacitive). The mathematical model for sizing the compensator
elements and determining the currents flow and powers flow for the purpose of
understanding the compensation mechanism and for conception of control algorithms
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depend on the presence or not of neutral conductor and so of the presence or not of zero
sequence components of currents. In the following, the two situations are analyzed.

4.1 The generalized Steinmetz circuit for three-phase three-wire networks

A certain three-phase electric load is considered, connected to a three-wire network
supplied by a balanced phase to phase voltages set.

In such situations usually can only know the values of the phase currents and phase to
phase voltages, network neutral don’t exist or is not accessible.

The set of phase to phase voltages is considered symmetrical (Fig. 7b), and the equivalent
circuit of the load is taken in A connection, whose elements, for practical reasons, are
considered like admittances (Fig. 7a).

Ip
a - U
R U g *.\T Upgs
U Uk AR
U Y TR 1 RS
o ; Ys N\ v,
lg | >
S Yop H Urr ! R
Yor : » -7
QS/ QS | 2d
] Ugr
T =T Ugy
Y
a) b)

Fig. 7. The equivalent A connection with admittances for a certain three-phase load:
a) - definition of electrical quantities, b) - phasor diagram of voltages

For the network in figure 7 we therefore have the following sets of equations:

Yirs=Grs=jBrs  Ysr=Gsr=jBsr  Yyr =Gz —jBrg (26)
Ips=Ugs Yrs Ig=Up Yz Lop=Ug Y (27)
Up=U Us=a"Ug=a"U Uy=alUy=al (28)
Ups=U, ~Us=U-(1-a") Ug=Us ~U;=U(a’-a) Up=U; -U=U(a-1) (29)
Iy=lps —Ipy L=l —lps  Ir=Iy —Is (30)
Using the equations (26) + (30) it obtains:
et (2o a2, s, o B3, L, Sa, |
I,=U- [—%GRS—g-BRS - x/§~BST]+j(— §~GRS+%-BRS—J§-GST ﬂ (31)
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Necessary and sufficient condition for the three phase currents to form a balanced set is the
cancellation of the negative sequence current component:

1
L= 3 (Iy+a* g+ al)=0 (32)
Putting the cancellation conditions for the real and imaginary parts of I; obtained by
substituting equations (31) in (32) we obtain the conditions:

{_GRS +2'G5T_GTR+‘/§'(BTR_BRS):0 (33)

\/g' (GTR _GRS)+ Bgs — 2'BST+BTR =0

This system of equations define the relationship that should exist between the six elements
of the equivalent A connection of a load, so that, from the point of view of the network it
appear as a perfectly balanced load (I; = 0).

These conditions can be obtained by changing (compensating) the equivalent parameters
using a parallel compensation circuit, also in A connection, so that equations (33) (Gyugyi et
al., 1980) to be satisfied for the ensemble load - compensator (Fig. 8).

) load
I% I
R = =
load - pload
Ggs™ - JBgg
lfg i?ad load .nload
S Usr Ul | |O1r - JBrr
load .pload
p Gsr™ - jBsr
T =T
]A } A A ]load
Lp Iy 17 =r
A
Bps, BSA‘T
A
BTR

Fig. 8. The ensemble unbalanced load - shunt compensator

The problem lies in determining the elements of the compensator, so that, knowing the
elements of the equivalent circuit of the load, to obtain an ensemble which is perfectly
balanced from the point of view of the network, as it means that after the compensation, the
currents on the phases satisfy the condition:

IS =a-I5=a 15 (34)

The compensator will not produce changes in the total active power absorbed from the
network (which would mean further losses) and hence will contain only reactive elements
(Gés:GéT:G%z:O)'

In equations (33) will be replaced so:

www.intechopen.com



Active Load Balancing in a Three-Phase Network by Reactive Power Compensation 229

Ggs = Gézogd Ggr = Géoqu ; G = G’ﬁid 35)
Bes =(Bie'+Bgs); By =(Ba'+B); By = (B +By)
From the equations (33) resulting the equation system:
Brs —Brr=A
s 5. ps g8 (36)
Bps —2-Bg; + B, =B
Where:
A= Gl - Bt 4 2 Gl — Gt + Bl

3 N Ne) (37)
B \/7 G oad _ Bload + 2 Bload \/7 Gload _ Bload

Unknowns are therefore: By , Bs, and B2, .

With two equations and three unknowns, we are dealing with indeterminacy. A third
equation, independent of the first two, which expresses a relationship between the three
unknowns, will result by imposing any of the following conditions:

full compensation of reactive power demand from network;

partial compensation of reactive power demand (up to a required level of power factor);
voltage control on the load bus bars trough the control of reactive power demand;
install a minimum reactive power for the compensator;

minimize active power losses in the supply network of the load.

In this chapter we will consider only the operation of the compensator sized according to
the a criterion, other criteria can be treated similarly.

o ap o

4.1.1 Sizing the compensator elements based on the criterion of total compensation
of reactive power demand from the network

According to a criterion, in addition to load balancing, compensation should also lead to
cancellation of the reactive power absorbed from the network on the positive sequence
(cosg” =1). This is equivalent to the additional condition:

Im(I;)=0 (38)

I’ is the positive sequence component corresponding to the load current of the ensemble

C

load - compensator. But for this it can write the condition:

=c

(Lo alor ot I)= Iy 9)

because [ = a-I; = a’-I;, where I, I; and I; are the currents absorbed by the network
after the compensation. As the supplementary condition will be:

Im (I}, ) =0 (40)

mean: G ps =G =3 ( Bgs + B ) =0 (41)
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Associating now the equations (33) and (41), where the equations (35) are replaced, the
system of three equations with three unknowns is obtained:

1 0 -1][Bi&] [A
1 -2 1||B:|=|B (42)
1 0 1]||By| |C
where: C=—— (Gl 3Bl Gl —3-B 1) (43)
V3
Solving the system (42) leads to the following solutions:
A 1
BR5=§'(A+C)
B§T=%-(B+C) (44)
B%Rzl.(—AJrc)
2
oad 1 ( ~oad _ ~oad
BRs=—BR +—3( Gsr _GIR)
oad , 1 ( ~oad _ oad
mean: Bsr=— B} +—3(G1R —Ggs ) (45)
_pload | 1 (~oad _ Aload
Bk =— Bf +\/§(GRS GST)

Using now the equations of transformation of a delta connection circuit in a equivalent Y
connection circuit, is achieved:

G =Gg =Gr =GR 4 Glond , Gload _

(46)
BR :BS =BT :0

These equivalences are illustrated in Figure 9.

R R R
GRs'= JBRS. Yo :
> G- ] = 5 v || = &
T '~ jBSH T Yisr T ¢
o
Gr=Gs=Gr =G =
N - Gl ol ol

A
Brp

Fig. 9. Equivalence of the ensemble load - compensator with a balanced active load
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4.1.2 The compensation circuit elements expressed by using the sequence
components of the load currents

Expressing the compensation circuit elements by using the sequence components of the load
currents will allow a full interpretation of the mechanism of compensation.

For this, lets’ consider again the general three-phase unbalanced load, supplied from a
balanced three-phase source, without neutral, represented by the equivalent A circuit as
shown in Fig. 7. The three absorbed load currents will be:

l;gad -U- [Yload (1 a ) Yload (a _ 1)]
lloud 2 u |:Ylorzd . (az _a) _X;ggtl . (1 / aZ):| (47)
llnad -U- |:Yload ) (a _ 1) _X{;;d -(a2 _ a)]

We apply the known equations for the sequence components:

1 ioad load load
Ly = (IR" +a- I +a* I;")

3
I;,gd % (lllgud +a2 Iloud +a- l?ud) (48)
Igmd _% (lllgad +Iloud + Iload)

where I' , I, and I, 6 are the positive, negative and zero sequence components
(corresponding to the reference phase, R). Replacing the equations (47) in equations (48) the
symmetrical components depending on the load admittances are obtained:

L =U- (Yo + Yo' + Y77
Ly =-U- (@ Yﬁusd +Ygr' +a-Yry) (49)
l?oad =0
Symmetrical components of currents on the compensator phases are obtained by the same
way:
I :_j(Bés +BSAT +B¢R)'u

I, =j(a2-BIA25+BSAT+a-B$R)-U:U-§-(BﬁR—Bﬁs)+j-u-%-(B§S—Z-BSAT+B$R) (50)
I,=0

Writing symmetrical components of the phase currents absorbed from the network by the
ensemble load - compensator:

I _Iloui +lz
I - Iload + I; (51)
1'=0
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The sizing conditions receive the form:

Im(I},,)~U - (B + Bl + B3 ) =0
Im(l:—) _ 0 (—loud) E/_RS ST TR)
Re(L)=0 = {Re(lj,)~U- (B ~Bi;) =0 62
Im(I;) =0

Im(limd)_u‘%(Bﬁs_2BsAT+BiA"R>=0

Solving this system of equations give the following solutions:

1 _ 1 _
Bt =———— | ——=-Im(I; )+Re(l, ,)——=-Im(I
RS \/5 ] u i \/g (—load) (-Ioad) \/5 (—loud)j|
1 [ 1 2 .
BS. =— ——-Im(I; )+——=-Re(l 53
ST \/g ] u \/5 (—load) \/g (—laad):| ( )
1 [ 1 . 1 .
BY, =—— | —=-Im(I} ,)—Re(l, ,)———-Im(I
TR \/5 ] u i \/5 (_loud) (_load) \/5 (_loud):|

Since the positive sequence and negative sequence currents flow can be considered
independent, A compensator also can be decomposed into two independent A
compensators, fictitious or real. Therefore one compensator will be symmetrical (A+) and
produce compensation (cancellation) of the reactive component of the positive sequence
load currents and the other will be unbalanced (A-), and will compensate the negative

sequence load current. The mechanism of the compensation of the sequence load currents
components is illustrated in Figure 10.

_ + + load _ ++ -
R 152 — Re(lload) llf“d Z‘}?a — lload +£load

. +
J Im(lload) 1
c 2 + 2 g+ load _ 2 4+ -
lS =a Re(lload) a lload lS =a lload +a£load

a®jIm(Z},40)} |

. + + load
T l;’ —a Re(lload) alload ZT

I 2 -
7a£load +a llaad

. - -
a l[oad al[oad 1 ![oad ____________________ '

Tl load
aj m(_/oaa' )ﬂ B?; BI%; B§;~ B}%fg
positive sequence negative sequence
compensator compensator
Bgs = Bsy =By Bps + Bsy + Brg =0

Fig. 10. Compensator representation by two independent compensators: one for the positive
sequence compensation and other for the negative sequence compensation of the load
current
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The elements of the two compensators will be:

+ + + 1 +
B?S = BSAT = B?R =m'lm(llmd>

1 _ 1 _
B3 =———Re(I, )+ ——-Im(I
RS \/g U e(L 1) 3.U m(1,,.,)
_ 2 _
BSAT = _m \ Im(—luad)
v 1 _ 1 _
By = R Re(L,,) + ERTA Im(,,,;)

(54)

Expressing then real and imaginary parts of symmetrical components depending on the

elements of the equivalent circuit of the load, i.e.:
Im(L},) = (B! + B +B§?;;‘*) u

load) ( Géggd P B laad GéD;d + % ' G’;?Igd - g oadj u

V3 1

load load load load load
oud) GRS __BRS BST - GTR 5 BTR U,
2 2
it obtain:

1
A+ _ pA+ _ pA+ _ load load load
BRS _BST _BTR __g'(BRS +BST +BTR )

L
=
1
5
~ B+ 2 B+ (Gl -Gt

3 3 J3

It is noted that the sum of A- compensator elements values is zero.

BAf _ % Bload _1 . Bload
RS — RS ST

3 3
1

A- _
BST - 5

1

load
B TR

(Gl -Gl

2 1

load load load
- Bgs +§'BST _E'BTR +

(Gl -Gl

1

A= _ load
BTR - _g ’ BRS

Bis +Bsy +Bry =0

(55)

(56)

(57)

Instead, the sum of the A+ compensator elements will be equal and opposite to the sum of

the reactive elements of the load.

4.1.3 Currents flow in the ensemble load - compensator expressed by symmetrical

components

On the basis of equations (53), the currents on the branches of the two A+ and A- fictitious
compensators can be determined, using real and imaginary parts of the sequence currents of

load:
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(58)

With these equations we can determine the currents on the phases of both fictitious
compensators, and then the currents flow in symmetrical components, into the ensemble
load - compensator.

IA+,— 1 . (1A+,— _ IA+,—)+ ](_ \/5 IA+,— \/§ ) IA+,—J

iR = LRs LR “irs T LTR
2 2 2

1 \/g IA+,—

I == (s + 2 Iy )+ I (59)

e i1

+,—- 1 +,— +,—
l? :E'(ﬁR +2'1§T A imR

A+ compensator produces a three-phase set of positive sequence currents, which
compensate the reactive component of the positive sequence load current on each phase,
and A- compensator produces a three-phase set of negative sequence currents, which
compensate the negative sequence load current on each phase (both active and reactive
component):

B ojim(f) 1 —at [-jm(r)] 1 =a[-jim(r)] (60

Iy =-Ly IS =a-(-L,) I =a’(-L,) (61)

= =load

The currents on the three phases, after compensation, represent a balanced set, positive
sequence and contain only the active component (they have zero phase-shift relative to the
corresponding phase-to-neutral voltage), equal to the active component of positive sequence
load current:

L =L + I3 + Iy =Re(I},,)
[ =1 +1 +1 =a” - Re(I},) (62)
I =1+ 13" +1Y =a-Re(I},,)

Figure 11 shows the compensation mechanism of load currents symmetrical components
using phasor diagram.

Starting from the three phasors of unbalanced load currents, considered arbitrary, but check
the condition I;+I;+I, =0 (which means they have a common origin in the center of
gravity of the triangle formed by the peaks of the phasors), were determined the reference
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symmetrical components phasors (corresponding to phase R, Figure 11.a). They will allow
for the determination of the phasors [;" and I because:

(63)

124— = _Im(l;;)ad)
Iy =

_Iloud

=- (L + 17T

_ 7t -
- lload + lload

Fig. 11. Phasor diagram illustrating the compensation mechanism of the load current
symmetrical components: a) - determination of symmetrical components of reference (phase
R), b) - compensation of the negative sequence component, c) - compensation of the
imaginary part of the positive sequence component

Currents on the phases of the ensemble load - compensator are then obtained, first by
compensating the negative sequence (Figure 11.b) and then by compensating the positive
sequence (Figure 11.c) realized on the basis of equations:
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Ly =Ty + I+ I
[=Ig+a* I +a- I} (64)
L=l +a-Ig +a* I
Obviously that in practical applications is not economically to use two compensators. A
single compensator, having variables susceptances will be sufficient to produce both

positive sequence compensation (increasing power factor) and the negative sequence load
currents compensation (load balancing).

4.1.4 Currents and compensation circuit elements expressed by load currents
Using the currents equations on the load phases with active and reactive components and
supposing their inductive character, mean:

llI‘{md = IRa _jIRr
[ =a- (I, - jl5,) (65)
ll;”d =a- (ITu - jITr )’

and replacing into the sequence currents equations (48) results:

+ 1 .1
Load =3 (IRIZ + 1511 + ITu) - ]_ ’ (IRr + ISr + ITr)

3 ’ (66)
1 1. 3. 1. 43 1 1. 3. 1. 43
_loadzg.[IRa__.ISa+ 'ISr_E'ITu_ 2 'ITr\J—F]_'(_IRr—'—_'ISr—I— .ISa _.IT;'_ 2 'ITa

By developing the equations (58), we obtain relations between currents respectively
susceptances on the compensator branches respectively active and reactive components of
currents on the load phases:

1 1
llA?S =g'(ISu _IRa)_ﬁ'(z'IRr +2'ISr _ITr)
a1 1
lSTzg'(ITa_ISu)_%'(_IRr+2'15r+2'ITr) (67)
1 1
liR =5‘(IRL1 _ITa)_ﬁ'(z'IRr _ISr +2.1Tr)

1 [ 1
B2. = I, -1, )+—-(I,,-2-1, =2-1
RS 3\/5 U _( Sa Ra) /3 ( Tr Rr Sr):|
B _#.—(1 —1 )+i.(1 —2.1,-2-1 )} (68)
ST 3 \/§-U I Ta ~ 15a /—3 Rr Sr TIr

B?R:?)\/g.u' (IRu_ITu)+ '(ISr_z'IRr_z'ITr):|

-
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And for the fictitious A+ and A- compensators, taking into account the equations (58), are
obtained:

+ + + 1
Iﬁs :ISAT :I%{ :_ﬁ'am +ISr +ITr)
ae 1 1
IRS :g'(_IRa+ISa)+m.(_IRr _ISr +2'ITr)
. 1 (69)
ISAYT g ( I +I ) m'(z'IRr_ISr_ITr)
ae 1 1
ITR 5 ( I +I ) 3\/5'(_11%"'2'[&_1%)
A+ A+ A+ 1
BRS =BST =BTR =_ﬁ'(1Rr +1g, +ITr)
A- 1 [
BRszﬁ IRa+ISu+\/7( Iy, =1, +21Iy,)
1 [ 1 70)
BSATT :m _ISu+ITu+ﬁ(2IRr_ISr_ITr):|
A 1 [ 1
BTR :m _ITa+IRu+ﬁ(_IRr+ZISr_ITV)

4.1.5 The currents and powers flow into the ensemble load-compensator expressed in
phase components
Analytical determination of the currents and powers flow into the ensemble load -

compensator is useful for performing calculations for sizing or for checking the accuracy of
compensation in real installations.

Using equations (59), written to the complex plane associated with phase R, is determined
the current equations I3, respectively I;"~ written in complex plans associated to corres-
ding phase-to-neutral voltages (noted I5"" respectively I;""), making the operations:

[ =a LT L=t L (71)

Result:
A+,— A+,— . 3 A+,— A+,—
(s I 7)== (Igs™ +Ix")
(Ips™ +1g577) (72)
(Ing ™ +1I51)

Combining now the equations (69) with (72) the equations for the currents on the A+ and A-
phases, relatively to the corresponding phase-to-neutral voltages are obtained:
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lIA{+* = l?+¢ = 1?+* = ]% (IRV+ISr+ITr)

127* — % [_2 . IRa+ ISa+ ITa+ ](ZIRT _ISr_ITr)]

1 73)
lé_* = 5 [_2 ’ ISa + ITa + IRa + ](2 ' ISV - ITr B IRT)]
B = 2Dy I+ 2T =Ty, 1)

Using now the equations (69), (72), and (73), for the currents on the compensator phases are
obtained the equations:

IIA: :ngr*—l—lIAZ_* = '(_2'1Ru+ISu+ITu)+ler
R YA

'(IRa_2.ISa+ITa>+jISr (74)

li*:1¢+*+l$_*: '(IRu+ISu_2.ITu>+jITr

W= W= W[

It can be seen clear that the compensator provides on each phase a reactive current
component which is equal and opposite to the reactive component of load current.

As the active components of the compensating currents, it is positive or negative, being
equal to the difference between the active component of positive sequence current (which is
the network load on each phase after compensation) and the active component of load each
current.

Can be now calculated the currents absorbed on each phase by the ensemble load -
compensator:

L =L+ I+ I

s load* * —k
I =18 + I + I (75)
I =L + "+ I

It's obtained:

ok c* c* 1
iR :lS :lT zgl(IRa+ISa+1Ta):Re(llzad) (76)

The active and reactive powers on the three phases of the compensator can now be easily
calculated:

PI§=UR-I§;=U- % ’ [_2 'IRa+15a+lTa+\/§' (ITr_ISr):I = - % ’ (_2' IRu+ISu+ITu)
PSA:us'ISA;:u' % ) |:IR11_2 'ISa+ITu+\/§' (IRr_ITr )] = - % ’ (IRa_ 2'15u+1Tu) (77)
PTA:LITITA";:U % ' |:IRa+ISa_2 'ITa+\/§. (ISV_IRr )j| :L[ ' % ’ (IRa+ISa_ 2'ITu)
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P =PM =P =0

A- A A- A A— A (78)
PA=pd, P> =P P> =P

So, the positive sequence compensator intervenes only on the reactive power flow, and the
negative sequence compensator, although it change the active power on each phase of the
compensated network, on the ensemble of the three phases don’t change the active power
balance because:

Py +P+P =0 (79)

This means that on some phase(s) the A- compensator absorbs active power, and on the
other(s) debits active power as otherwise noted above. He thus produces a redistribution of
active power between the phases, balancing them. It can be said that it made active power
compensation. After compensation:

plgzp;=P{=U~%-(1Ru+15u+ITa) (80)
and so:
z Ppchz Z P;ZHd:u'(IRu-l_ISu-l_ITu) (81)

ph=R,S,T ph=R,S,T

For the reactive powers are obtained the equations:

QR Iu%':—‘l'IRr—ISr—ITr +\/§'(15a_ITa):|
Q?zu'%':—IRr—‘l'ISr—ITr +\/§'(1Tu_IRu):| (82)
Qr =U%' :—er I —4 I, +3 - (Igq —ISa))]
QR =08 = Q" =l -5+ (In +1s, +17,) )
QR =Ug Ig; = %‘(—ﬂRr”sﬁlTr)
Qs =UgI§, =u%‘(1Rr— 2Ig,+I1,) (84)

_ _ 1
Q™ =Uy-If} =U (R tls,=217)

For the ensemble load-compensator:

QR =QR" +QR" +Qk =
Q5 =Qlm 4 Q8+ + Q8™ =0 (85)
Q% = QM 4 O 1+ QR =0
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On each phase the A+ compensator compensates the reactive power corresponding to the
positive sequence component of load currents and A- compensator the reactive power
corresponding to the negative sequence component of load currents.

On each phase the compensator produces a reactive current equal and opposite sign to the
load reactive current.

The A+ compensator is symmetrical and makes the total compensation for the reactive
power of the load.

> Qh=- > Qg (86)

ph=R,S,T ph=R,S,T

The A- compensator is unbalanced, the unbalance depends on the load unbalance.
On each phase A- intervenes with different reactive powers absorbed or debited, but on the
ensemble of the three phases it don’t affects the reactive power flow because:

Y Q= (87)

ph=R,S,T

It can be said therefore that the A-compensator performs a redistribution of reactive power
between phases of the compensated network.

4.2 Steinmetz generalized circuit for three-phase four-wire networks

For the case of three-phase four-wire network, displaying the mathematical model will be

brief, mathematical development method is the same as in the previous case.

Consider an unbalanced load, which may be an individual receiver or an equivalent load

reduced at the interest section of the network (e.g. bars of a low voltage transformer),

supplied from a three-phase four-wire network. The neutral conductor indicates the

presence of single-phase receivers, typical sources of current unbalance. Equivalent circuit of

such a load will always be Yn connection.

Artificial load balancing on the network phases that supply such a load can be done, as in

the case of three-wire networks, by static reactive power sources, which makes shunt

compensation. But this time will be used simultaneously two such three-phase

compensators, containing only reactive circuit elements, which need will be justified during

the exposure of the mathematical model: one with A connection and another with Yn

connection.

Figure 12 shows the simplified electrical circuit for an unbalanced load, using the two

compensators mentioned, where were specified in some of the notations used in the

mathematical model.

The mathematical model used the following hypotheses:

- was considered only steady operating conditions;

- three - phase sets of phase-to-phase and phase-to-neutral voltages in the interest section
are perfectly balanced;

- do not consider non-sinusoidal regime: supplying voltages waves are perfectly
sinusoidal and the load elements and the network are considered linear.
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c load | load !
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; Y A load | load !
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Fig. 12. Reactive power shunt compensators installed to balance a load supplied from a
three-phase four-wire network - equivalent electrical circuit

4.2.1 Criteria for sizing of the compensators elements
Setting values of the two compensators susceptances will be done on the basis of some
criterions regarding both unbalanced regime and power factor improvement,
interdependent actions for unbalanced power distribution networks. Moreover, a
simultaneous approach of those two questions must be made necessarily because, as has
been noted in the previous case, they are always interrelated.
To compensate will use a single compensator or both, as the aim is only load balancing, only
power factor improvement or a simultaneous action. But the reactive power flow change
produced by the compensators requires intervention to check the voltage level in the
network buses, which is an element of restriction. On the other hand, reactive power flow
control can be a method of voltage control. We cannot forget the techno-economic efficiency
of the compensation, which can be maximized by minimization the investment costs for
facilities that maximize the benefits offset by increasing power quality and efficiency of
electricity use.
Therefore, to sizing the elements of the two compensators can be applied one of the
following criteria, or sub-criteria:
a. power factor improvement without taking into account the unbalanced regime;
al. power factor improvement in the supply network by the full compensation of the
reactive current component of positive sequence, using a symmetrical
compensation;
a2. minimize total active power losses in the supply network;
load balancing without taking into account the improvement of power factor;
c. power factor improvement and unbalance decreasing;
cl. minimize load unbalance by cancellation the zero sequence current by
compensation and power factor increase by full compensation of positive sequence
reactive power;
c2. reduce the load unbalance by full compensation of the negative sequence current
and power factor increase by full compensation of the positive sequence reactive
power;
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c3. full balancing and power factor maximization;

c3-1.  intervention of A compensator only for the negative sequence current
flow;

c3-2.  minimization of the active power losses on the compensators;

c3-3. minimization of the installed reactive power for the compensators;

c4. load balancing and reactive power compensation to a required power factor;
d. Minimization of the total active power losses in the supply network.
As in the case of the three-wire network are interest the components of the compensator and
the currents and powers flow on the ensemble load-compensator. These objectives are
necessary to both sizing the compensation equipment and process control, when the
compensation is subject of dynamic control.
For the present study was chosen to present the case of dimensioning the two compensators
elements by applying the criterion C3 (full load balancing and power factor maximization).
This criterion corresponds to a regime that can be considered the most advantageous from
the technical point of view of network operating conditions.
As Dbefore, the symmetrical components method is applied, based on symmetrical
components of currents equations corresponding on the load phases and on the two
compensators, based on the phase components:

+

1 1
l/Dﬂd =§(IRu + ISa +1Ta)_]§(IRr + ISr + ITr)

1[ 1 L3 1{\6

, 1
IRa_E(ISa+ITa) T(ISr_ITr):|+]§ T(ISa_ITu)_IRr+E(157+1Tf)j| (88)
1 V3

1 1| 3 1
l?oad =5[1Ru _E(ISIJ +ITu)_7(ISr _ITr )} + ]§|:_7(15u _ITH)_IRV +E(ISI' + ITr )}

I~ =
=load 3

L= (Ii+ 1 +1Y)
1;:%[\/5(15—1{)+j(—2-1,§+1§+1{)] (89)
5 :%[\/5(1;_1§)+]‘(—2-1§+1§+1TY)]

Iﬁs + ISAT + I]A'R)

T o1
lAz_]ﬁ(

-1 1
L =5 (B =T ) + iy (205 = Tis = i) (90)
I,=0

The meaning of the notations in the above equations is no longer needed to be explained.

4.2.2 Determination of compensation currents and susceptances

Maximizing the power factor requires the full compensation of positive sequence reactive
power, so the cancellation of the imaginary component of positive sequence current. Total
load balancing requires, as in the case of three-wire network, the negative sequence current
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cancellation of load currents, by the cancellation of its real and imaginary parts. But this
time, in the network is also present the zero sequence component of load current; on the
neutral conductor of the load flow a current three times greater than this. The reactive shunt
compensation produced by the two compensators will have to cancel that component, also
by the cancellation of its real and imaginary parts. From the analytical point of view results,
for the sequence components of currents on the phases of the ensemble load - compensator,
the following five conditions:

=c =c =C =c

Im(I;)=0, Re(I'}=0, Im([)=0, Re(I}}=0, Im(I})=0 (91)
where:

+ + + +
L=l tIy+1,

—c =

L =Ly +Iy+1, (92)

C

=0+ +I,

To determine the six currents on the branches of the two compensators, a sixth condition is
needed. In this paper we consider the condition ¢3-1, as shown above, results from the
condition:

Irs+Isr+ 1% =0 (93)

Equation (93) refers to the reactive components of currents on the branches of the
A compensator.

Applying equations (88) (89) (90) in (92) and by joining the conditions (91) and (93) form a
system of six equations with six unknowns, which, expressed in matrix, has the form:

-1 1 -1 _ /3 —3 3| 1] [A
0 1 -1 /3 0 /3 Iy

-3 243 B3| | It
0 0 0|k

1
1

2 1 1 0 0 O0f|r&
0 1 1 1] |rk]

(o4)

om N w

In (94), A, B, C, D, E are known quantities, with expressions that can be written depending
on active and reactive components of currents on the load phases, respectively on the
sequence components of these:

A=—(Ip, +15, +1;,) = 3Im(l?oad)
b :%(_ZIRH +ISL‘I + ITa)_IST + ITV - _2\/§Re(l;’3ud)
3

7
7

C = (_ISu + ITu)+ 2IRr _ISr _ITr = _6Im(l;md) (95)
1

D = ﬁ(_ZIRa + ISa + ITa)+ISr _ITV = _2\/§Re(12md)

E = 3(ISﬂ _ITu)+21Rr _ISr _ITr :_6Im(12)ud)
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Solving the system of equations (94), we obtain the currents equations on the branches of
two compensators:

y A+E y 2A+3D-E y _2A-3D-E
I
3 3 3 (96)
[ _-3B+C-3D-E o _—C+E o _3B+C+3D-E
RS 6\/5 ¢ 5T 3\/5 ’ RS 6\/5
Izlz/:%(lra_ISa)_IRr I§5=%(15u—11<a)
I;/ :%(IRa_ITa)_ISr ISAT :%(ITQ_ISH) (97)
Ill"/ =%(15u_IRa)_ITr I?R :%(IRL!_ITﬂ)
Immediately results the equations for the six susceptances
By =%[%(1Tu Is,) IRF:| Bs :ﬁ(ls‘l k)
BY = Iy~ 1) - 1y | B =5 (I = ) ©8)
B}Q/ :%[%(1541 IRu)_ITrj| BTA“R :ﬁ(IRa _ITa)
Y _ s s S A s °
BR_%(GT_GS)_BR BRS_ﬁ(GS_GR)
B =4(Gi~Gi)-B; B =55(Gr -G3) )
By =L(G;-G;)-B; Br =35(Gk ~Gi)

4.2.3 The current flow on the ensemble load - compensator, in phase components
The currents equations on the phases of A compensator respectively Y, written for the
complex plans reported to phase-to-neutral voltages involved (notation "*"), are:

Iy =1(Ins—Ing ) — 2 (Ins + It
I =2 (Ig —Ins) - i3 (Ins + 131 (100)
Iy =L(Ine - 15 ) - 2 (I +12)
L ==j-Ix
I =13 (101)
L' =-jI

Using equations for calculating the six compensation currents resulted from the criterion
C3-1 (97) currents on the phases of two compensators can be deduced:

12 :%( ZIRu+ISu+ITa)+]%(ITa ISa)
l? :%(I 21511 +ITu)+]%(IRa _ITa) (102)
l? :%(IRu-i_ISa 2‘[Tu) ]%(ISu_IRu)
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li* = j[%(ISa _ITu)+IRr:|
I = | (L~ 1)+ s, | (103)
l? =j|:%(IRa _ISu)"'ITrJ

As a useful observation, the rms values of the three phase currents on the phases of A
compensator are equal, as expected, the three currents forming a symmetrical and balanced
set, of negative sequence:

—
&l"‘ 5

w

)1/2

Iﬁ* = Iﬁ* = Iﬁ* = %(112{11 + I; + I%g _IRuISu _ISaITu _ITuIRa (104)

Calculating now the currents absorbed on the phases of the ensemble load - compensator,
with the equations:

I = I8 + I + Iy
IS =10 + I+ (105)

c* load* A* Y*
Iy =1 +1; +1;

It obtains:
I?,:, + I;/h*r + I;”,f’f =0, Iﬁh*r + I;h*r = —I,ljf‘f (ph = phase =R,S,T) (106)
I =I§ =If =2(Iy, + 15, +1;,) =Re(I}) =Re(L;,,) (107)

It finds that the sizing conditions (91) are satisfied: the negative and zero sequence currents,
and the reactive component of the positive sequence current were canceled by
compensation. In other words, load balancing and full compensation are obtained
(cosg” =cosp’ =1). After the compensation the phase currents become purely active,
balanced with the rms value equal to the arithmetic average of the three active currents of

the load.
But let's not forget the currents flow on neutral conductors. To determine the current
equation on the load neutral conductor, using the formula:

I = I 1 (109

Using the currents equations written for the complex plane associated with phase R:

llI({md = IRa _j'IRr
load . . .
I =a’ (ISa_]’ISr):_%ISa_gISr+]'(%15r_g15u) (109)

l;?ad = a.(ITa _j'ITr) = _%ITa +§1T7 +j'(%ITr +§1Ta)
result:

lﬁ’]ﬂd :%(ZIRH - ISa _ITa)+%(ITr _ISr)+ ] ) [%(_ZIRV +ISr + ITr)+g(ITa _ISa )i| (110)
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The current on the neutral conductor of Y compensator:

Ly=Iy+Ig+17, (111)
where:
Li=—j Iy
Iy =a’(—j-IY)=—LI +j-L1I} (112)

It =a-(-j-I})=LI +j-1I}

Using equations (97) for the currents on the phases of Y compensator, for the current I ¢

results:
Ly =-Iy", (113)
so that:
Iy=Iy+I{" =0 (114)
It can be concluded that:
1 .
=1, =0 (115)

So the compensator Y inject on the neutral conductor a current equal and opposite to that on
the neutral conductor of the load, canceling it.

4.2.4 The powers flow into the ensemble load - compensator
The active powers equations on the load phases are:

Pléoud :uR 'IRa :u'IRa
Pt =u, -1, =U-Iq, (116)
PTZM :uT 'ITa :u'ITa

The active powers on the phases of the A compensator are:

Py =Uy 'IIAzu* =U3(2I, +1g, +1y,)
PSA :uS 'ISAa* :u%(IRa_zlsa +ITa) (117)
Pr=U; Iy, = u%(IRa +1Ig, - 2Iy,)

It may be noted that the A compensator modifies on each phase the active power flow: on

some phase debits while on the others absorbs active power. But on the ensemble of the
three phases, the active power flow is not affected because:

> Pi=0 (118)

ph=R,S,T
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Instead, the Y compensator does not intervene at all on the active power flow:

Py :PsY =P =0 (119)
After compensation:
Py =Uyg - I, :u%(IRu +1g, +ITu)
pSC = uS 'Iga T u%(IRa +ISa +ITa) (120)
P’I€ T uT I’;a T u%(IRa +ISa +IT11)

It is noted once again that the presence of the compensator does not affect the active power
absorbed from the network (the same value before and after compensation).

Z P;;”dz Z Py, =U-(Ip, +1g,+1,) (121)

ph=R,S,T ph=R,S,T
For the reactive powers on the three phases into the ensemble load - compensator it obtains:
load __
Ro=Ug Iy,

]suad =Us-Ig, (122)

load __
T - ur 'ITr

Qp =Uyg Iy, :u'%(ISu _ITa)
QSA = US 'Ié: = u'%(ITu _IRa) (123)
Qﬁ =U; 'I%* = u'%(IRu _ISa)

(IT _ISH)_IRr:|

QL =U, -1 =u[ (1,
Qg = uS 'I;/r* = u[%(IRa _ITIJ)_ISV:| (124)
QI}"/ = uT l]‘"/r* = u.[%(ISu _IRa)_ITr:|

It is noted once again the full compensation of reactive power. The two compensators
determine together on the each phase a reactive current flow, equal and opposite to the load
reactive current. It can be observed that:

> Q=0 (125)

ph=R,S,T

So, the A compensator absorbs reactive power on some phase and debits reactive power on
the others, but it does not affect the reactive power flow on the ensemble of the three phases.
Therefore it can be said that the compensator realizes a redistribution of reactive power
between the three phases.

It can be observed also:

2 Qi=— 2 Q) (126)
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In fact, the Y compensator is that one which effectively realizes the reactive power
compensation of the load.

4.2.5 The currents flow into the ensemble load - compensator expressed by
symmetrical components of load currents

Expressing the compensation current depending on symmetrical components of the load
currents allows a complete interpretation of the mechanism of the reactive power
compensation and load balancing.

Considering the same sizing criterion (c3-1), the sizing conditions (91) will be written as:

(L ) =~Im(L} )~ Im (L}
Re ([, ) =—Re(I)-Re(I)
Im (L, ) ==Im(I, )~ Im(Iy) (127)
Re (I}, )=—Re(I})-Re(I7)
Im(Ly, ) =~Im(L)~Im(L})

Expressing the sequence components of the currents on the phases of the two compensators
expressed by the compensation currents, it’s obtained the equation system:

Im(lzyad) =%(I£s + I +IIA"R)+%(II¥ +15 +I¥)
Re(ll_uad) :%(I%z _Ifas)+ﬁ(1¥ _I;/)
Im (L) = 505 (Is =215 + I ) + (205 = 15 = 17 ) (128)
0 _ Y Y
Re(lwad)—zbg([s IT)
Im(Igmd):%(ZIlg_Ig _171"/)
Adding the additional condition (93), results the matrix form:
11 11 1 1]
5 3 B BB
o -t 1 1 4 1] [ma;,)]
23 243 2 2 || | | Rer
s e( load)
1 _1 _1 L _L L 1}/ Im(I;,,)
3 6 6 23 3 B3|, |= ; (129)
Iy Re(I? )
1 1 RS load
0 2.3 _2\/5 0 0 0 Iy Im(l},,)
1 1 1 Iy 0
= - - 0 0 o - - )
3 6 6
0 0 0 1 1 1

The solutions have the equations:
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Ips = Re(Iloud) Im(Iluad) Re(Iload) %Im(lgmd)
Isy :—%Im( load) Z Im( load) (130)
It :Re(lz_aud)"'ﬁl (Iloud)+Re(Iloud) %Im(l?oud)

Iy =Im(I,

load

)+2Im(I;,)
I§=Im(1;ﬂd)+\/§Re(Ilaad) Im(Iloud) (131)
Iy—Im( loud) IRG( lo d) (I?oad)

Now it can deduce the equations for the currents on the phases of the: A compensator, Y
compensator, load and the ensemble of these, expressed with symmetrical components of
currents on the load phases:

lIA{ = (Iﬁs I?R>+] 2 ( II?S IYA'R) Iload+Iloud 2Re(Iloud)

I§=—1(Ips+214 )+ jLIg =-a I, +a I}, —2a- Re (L) (132)

—loa

I = %(I$R+215AT)+]21$R_ —a’ - L +a’ I, —2a- Re(Iload)
Li=—j-Ix= ]Im( loud) 21, d+2Re(Ilad)
lg = a2 (_] ’ I;/) = _a2 .jIm(lltmd) + a2 'l?oad +2a 'Re(lgmd) (133)

1¥=a-(—j‘ly) -a- ]Im(I,md)+a I, +2a’ Re(loud)

load
lR Iloadh + Iload + Iload

llsoad Iloud + a Iload ta- I load (134)

load + 2 71—
I I load t+a- Loud +a - lload

L =I" + I3+ Iy =Re(I},,)
I =1 +I+ 13 =a” -Re(I;,, | (135)

I =1 +I; + Iy =a-Re(L;,, )

It can be observed that on the phases of the ensemble load-compensator a three phase
positive sequence current it’s formed, corresponding to the active components of the
positive sequence load currents.

To explain the compensation mechanism, the equations of the currents on the phases of the
two compensators are written so as to highlight the components of positive, negative and
zero sequence sets:
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L) (136)

A7 Ay
L= _jIm(l;r;ud) _]Im(Iz d)+Re(I? d) _Re(I?oad) ]Im(l?oad)
£ = aim(1) o (i) -Re(tl)-Re(£) - im() 9
1 =0 jm{15) —a (2% )Rl )] ~Re(2 )15
A v Y0

It's found that the currents on the phases of A compensator can be decomposed in two three-

phase sets, both of negative sequence:

e one equal and opposite two the negative sequence of the currents on the load phases
(noted A}), which cancels,

e one which depends on the active and reactive components of the zero sequence current
on the load phases (A}).

The currents on the phases of the Y compensator can be decomposed in three three-phase

sets:

e one of positive sequence (Y"), equal and opposite to the set formed by the reactive
components of positive sequence currents of the load, which cancels,

e one of negative sequence (Y~ ), equal and opposite to the set of the currents on the
phases of the compensator (A, ), the two sets canceling each other,

e the third one, of zero sequence (Y"), equal and opposite to the zero sequence set of

currents on the load phases, which cancels.
It also observes that the current on the neutral conductor of the Y compensator compensates
the current on the load neutral conductor, because:

I+Ig+I; =1y =3I, (138)

4.2.6 The compensation susceptances expressed depending on the sequence
components of the load current

Based on the equations (130) and (131), can be established equations for the calculation of
the sixths compensation susceptances expressed depending on the active and reactive
components of the sequence currents (available for the criterion c3-1):

B =L ~Re( L)+ 51m (L)~ Re( L) - 1m (L)

Bg: :ﬁ:_%lm(gjad)"'%lm(ﬁmﬂ (139)

By = E_Re<l;md ) + %Im (l;)ad ) + Re(l?oad ) - %Im(lgud )}
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By = tm(L,,) +21m (L}, ) |
BY = [tm (L1, ) + V3Re (1), ) ~Tm(,,) (140)
By = %:Im(ﬂmd) ~/3Re (l?oad) - Im(llooud )}

Since the currents flow on the three symmetrical sequences are independent, these
susceptances can be decomposed to form five fictitious compensators:

BA, = BIAig + BIAig’ 0 By, = Bﬁ% + B;f% - By, = B?;; + B?E 0 (141)
BY B +BY +B", B' =B +B’ +B", BY=B" +B’ +B'
in which:
Bt = gl Re(liw) 5 im (L)
B =] i (L) (142)
B = g Relli) + (1)
BY: =ﬁ:—Re(1&m)—%Im(1?m)}
B = (1) (143)
BY; =ﬁ:Re(1?oad)—%Im(1?m)}
By =B =B =—m(L,,) (144)
B +B! = %Im(l?oﬂd)
B +B! = %[ﬁ Re(I},,)~Im (I}, ] (145)

B 4B = [~3Re(I},,)~Im(L}, )

It can observe that the susceptances constituted in A] can be determined with the same
equations as in the case of the three-wire network (equations 54). To compensate the
imaginary parts of the positive sequence currents, this time it's used a symmetrical
compensator in star connection (Y" ), which is not necessary the connection with the neutral
conductor of the network.

The zero sequence components of the load currents are compensated by a mix compensator
A;+Y +Y’. TheY andY’ compensators can be grouped into a single receiver Y
connection (Y™°), which must allowed the closure of zero sequence compensation currents,
which is possible only in an Y, connection.
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Fig. 13. The decomposition of the compensators in three fictitious compensators (Y, A7,
A;+Y™?) and the compensation mechanism illustrated by symmetrical components
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Fig. 14. The phasor diagrams illustrate the compensation mechanism for unbalanced load in
three-phase four-wire network
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The five compensators can be reduced to three, each one realizing the compensation on one
of the sequences. Figure 13 presents the three fictitious compensators and the sequence
currents flow into the ensemble load - compensator and Figure 14 presents the phasor
diagram and the compensation mechanism.

In the last one is first illustrated the three phases currents of the load constituted in a three-
phase unbalanced set, by which were determined the reference sequence currents (fig. 14.a).
It can be observed the successive intervention of the fictitious compensators which cancels
the zero sequence components (fig. 14.b), the negative sequence component (fig. 14.c) and
the reactive component of the positive sequence current (fig. 14.d). After the compensation
remains a three-phase currents set perfectly balanced and purely active (in phase with
corresponding simple voltages).

5. Conclusions

Unbalance of phase equivalent impedance and/or load unbalance on a three-phase electrical
network, determine unequal voltage drops on the three phases and hence the voltage
unbalance. The main negative effects of current and voltage unbalances in an electrical
network consist of yields reduction of processes and dysfunctions at a wide range of
equipment, effects which can be equated with damages caused by additional energy losses,
deterioration of quality of processes and life shortening of the equipments.

One of the most popular means of mitigating the load unbalance in three-phase networks is
the Steinmetz circuit. It may be used to convert a purely active load, connected between two
phases, in an equivalent three-phase active load, perfectly balanced, using the shunt reactive
compensation. Active load balancing method in a three-phase network by shunt reactive
compensation can be generalized to any three-phase loads, supplied by three or four wire
networks.

This chapter presents the developed mathematical model for this method, including the
sizing of reactive compensation elements, the currents flow into the compensator,
respectively the currents and powers flow into the load-compensator ensemble.

For this, it has been used as tools both the symmetrical components method and the phase
components method.

Analytical relations for power flow into the load-compensator ensemble established in the
mathematical model, helps to explain the mechanism of load balancing by reactive
compensation, showing how the compensators determine the active and reactive power
redistribution between the phases of the network, thus achieving both reactive power
compensation on positive sequence (for increase the power factor to the required level or for
network voltage control) and load balancing (cancellation of currents on negative and zero
sequence).

Shunt reactive compensation achieved with passive reactive elements (reactors and
capacitors), is an efficient solution for optimization the operating conditions of networks, by
increasing the power factor, voltage control and load balancing. Balancing compensators
remain efficient due to relatively low cost compared to equipment type STATCOM, for the
case of large loads having relatively slow variation. They will contains reactors and
capacitors fixed sized so that it can compensate the higher voltage unbalances. The control
of compensation currents depending on the load currents will be made by static switching
equipment, with an individual command on the branches of the compensator. Such
equipment is therefore SVC type and it will have like control elements reactors or capacitors
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controlled by thyristors (TCRs - Thyristor - Controlled Reactors respectively TCCs -
Thyristor - Controlled Capacitors). One of the disadvantages of such a compensator is given
by the high value of reactive power that must be installed in passive reactive elements,
which must be at least equal to the reactive load. Another disadvantage is given by the need
to adopt efficient measures to mitigate the non-sinusoidal regime resulted from the
operation of the SVC and to avoid the parallel resonances that may be produce between
compensator and network and which can amplify the non-sinusoidal conditions.
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