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Abstract: Nowadays, improving the power quality at the Point of Common Coupling (PCC) between
the consumers’ installations and the distribution system operators’ installations depends more and
more on the use of specialized equipment, able to intervene in the network to eliminate or diminish the
disturbances. The reactive power compensators remain valid solutions for applications in consumer
and electricity distribution, in those situations when the criterion regarding the costs of installing and
operating the equipment is more important than the ones related to the reaction speed or the control
accuracy. This is also the case of the equipment for power factor improvement and load balancing
in a three-phase distribution network. The two functions can be achieved simultaneously by using
an unbalanced static var compensator, known as an adaptive balancing compensator, achieved by
adjusting the equivalent parameters of circuits containing single-phase coils and capacitor banks.
The paper presents the mathematical model for the sizing and operation of a balancing reactive
compensator for a three-phase four-wire network and then presents some resizing methods to
convert it into a balancing capacitive compensator, having the same functions. The mathematical
model is then validated by a numerical application, modelling with a specialized software tool,
and by experimental laboratory determinations. The paper contains strong arguments to support
the idea that a balancing capacitive compensator becomes a very advantageous solution in many
industrial applications.

Keywords: electrical power quality; reactive power compensator; static var compensator;
Adaptive balancing reactive compensator; adaptive balancing capacitive compensator; symmetrical
component method

1. Introduction

The Electric Power Distribution Systems face the problems caused by poor power quality,
the most important of which being the high reactive power load, the pronounced load unbalance,
the unsymmetrical voltages, nonsinusoidal current and voltage waveforms, a high rms value and
highly deformed current flowing on the neutral conductor [1-3].

The asymmetry of the three-phase voltage set is primarily due to unbalanced loads, so the methods
and means used to limit this asymmetry are directed to preventing or limiting the load unbalance.
The measures aimed at preventing the effects of the load unbalance include those that achieve their
natural balance. Here are two main methods [1-3]:

e the balanced repartition of single-phase or two-phase loads on the phases of the
three-phase network;

e  connection of unbalanced loads to a higher voltage level, which usually corresponds to the
solution of increasing the short-circuit power at their terminals. This is the case of industrial
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consumers of large power (from hundreds of kVA to tens of MVA) in which power is supplied
through their own transformers, other than those of other consumers connected in the same bus.
Under these conditions, the Voltage Unbalance Factor decreases proportionally to the increase of
the short-circuit power at the connection bus.

The most important methods and means for diminishing/eliminating the load’s unbalances of
the three-phase networks are:

using the balancing schemes with single-phase transformers (Scott wiring or V wiring) [1-3];
e using the Reactive Power Compensators (RPCs) [4-29];

e using the advanced compensators type Switching Power Converter (SPC) [30-45];

e using hybrid solutions, containing components from the above categories [32].

RPCs have been developed mostly over the last 3040 years, starting from Steinmetz’s balancing
compensator, developed over 100 years ago [4].

RPCs are built with passive circuit elements of high reactive power (coils and capacitor banks)
and can be divided into two categories, as the equivalent parameters of the compensation circuits
are fixed or variable. The most common are the RPCs in the second category, known as Static var
Compensators (SVCs) [18-24]. The SVC construction uses high-power electronic components to enable
the switching or adjustment of reactive passive circuit elements. These components are found in
the Thyristor Controlled Reactor (TCR) and Thyristor Switched Capacitor (TSC) units and can be
controlled by automatic control compensation systems [5-9,13-16]. By enabling reactive power flow
control in an Electric Power Distribution System (EPDS), SVCs are widely used in applications for
power factor correction, load balancing, voltage control and flicker mitigation [23].

SPCs are pieces of equipment built as applications of the most performing power electronics
technology, based on high-power switching elements: Insulated Gate Bipolar Transistor IGBT or Insulated
Gate Commutated Thyristor (IGCT) included into the so-called Solid State Devices (SSDs) [30-35].

Developed as versions of the Flexible Alternant Current Transmission System (FACTS) that were
adapted for EPDSs, SCs or SPCs are also part of the equipment category type CPDs [46-50]. They have
been upgraded over the past decades to provide the industrial and commercial, sensible customers
with efficient solutions to improve the power quality at the Point of Common Coupling (PCC).

The most common equipment in the category of SPCs are: Distribution Static Synchronous
Compensators (D-STATCOMs) [32,43,51], Dynamic Voltage Restorers (DVRs) [32,35,36,45], Unified
Power Quality Conditioners (UPQCs) [42,44,47,48] respectively. The main part of this equipment
is a VSI [41,49,50].

Each of these pieces of equipment is characterized by specific applications, as follows [49]:

e  D-STATCOM—power factor improvement, harmonic current compensation, load balancing,
flicker effect compensation [51,52];

e DVR—voltage sag and swell protection, voltage symmetrisation, voltage control, flicker
mitigation [53,54];

e UPQC—voltage sag and swell correction, voltage symmetrisation, voltage control, flicker
mitigation, reactive power compensation, harmonic filtering, load balancing, active and reactive
power control [55].

A comparison between SVC and SPC category equipment, using technical criteria, reveals the net
superiority of the latter, because: they can perform more functions in order to increase the power quality
in the PCC, allow for a more precise control, have a faster response, are more compact, so they occupy
smaller spaces and are quieter. In addition, containing fewer passive circuit elements, they produce
lower energy losses and therefore have higher energy efficiency.

However, a technical-economic analysis of similar function solutions (power factor correction,
load balancing, voltage control, or flicker mitigation) will find that for equipment like SPC the costs are
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higher with 30-35% than for equipment like SVC [56]. And for many EPDSs applications for which the
response speed or the control accuracy of the compensation are not the main requirements, this cost
difference is difficult to justify.

This is also the case of the SVC for power factor improvement and load balancing in four-wire
distribution networks, which are the topic of this paper.

Starting from the demonstration that any three-phase electric load can be balanced by unbalanced
capacitive compensation, the authors of the present paper have the opinion that an SVC built as
an Adaptive Balancing Capacitive Compensator (ABCC) based on TSC banks or even on Contactor
Switched Capacitor (CSC) banks, can be the optimal solution for many applications, both in consumer
installations and electricity distribution operator’s installations [27,29].

This paper presents the mathematical model for the sizing and operating of a Balancing Reactive
Compensator (BRC) for a three-phase four-wire network and then presents a few resizing methods to
convert it into a Balancing Capacitive Compensator (BCC).

The correctness of the mathematical model is confirmed in three ways: first through a numerical
application performed in Mathcad and by a Matlab-Simulink modelling respectively, both performed
under simplifying conditions of the mathematical model and then by experimental laboratory
determinations carried out in real electrical circuits.

The work contributes to enforcing the idea that BCC becomes a more advantageous solution
both by lowering costs due to the removal of high-power coils and by simplifying the automatic
compensation control, for which only TSC banks are used.

2. The “Classic” Method of Sizing a Balancing Reactive Compensator

The application of the symmetric component method to a three-phase four-wire network that
feeds a certain load shows that it determines some currents’ flow on the phases that can be decomposed
into three symmetric three-phase sets: positive, negative and zero sequence.

Reactive power flow on the positive sequence leads to an increase in the technological energy
consumption and thus to the reduction of the efficiency of the distribution network. In addition,
it increases the voltage losses on lines and transformers and thus increases the difficulties in the process
of voltage control in the network.

The presence of negative and zero sequence currents leads to a series of negative effects on the
network and, in those cases where they will lead to the occurrence of negative and zero sequence
voltages, they will lead to multiple negative effects on the receivers. The negative and zero sequence
currents decrease the efficiency of the distribution and damage the quality of the power supplied to
consumers [1-3].

A BRC containing only circuit reactive elements (coils and capacitors) can remove both the reactive
components of the positive sequence currents and the negative and zero sequence components of the
currents caused by the unbalanced loads. This compensator consists of a three-phase circuit with Yn
connection, the only one able to compensate the zero sequence components, and a three-phase circuit
with A connection respectively, the only one that can compensate the negative sequences currents of
the load [9,28] (Figure 1). Obviously, both compensators can compensate the reactive components
of the load positive sequence currents. In some papers, the solution is commonly referred to as the
generalized Steinmetz compensator [28].
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Figure 1. The equivalent schema of an unbalanced load and of the Balancing Reactive Compensator.

As a result of the Adaptive Balancing Compensator (ABC) action, the load-compensator assembly
is seen from the network as a perfectly balanced equivalent load, which consumes only active
power [16,26,28]. For the sizing of the six susceptances of the compensator, the analytical expressions
are determined applying the conditions of simultaneous cancellation of the symmetrical current
components with negative effects on the phases of the load-compensator assembly: the imaginary
(reactive) component of the positive sequence current, the real and imaginary components of the
negative and zero sequence current components [9]:

Im (l:et) =0
Re(Le) =0
Im(L,,;) =0 1)
Re (jet =0
Im (19m -0
Biet = Ligaa + Iy + 13
l%et = llé)ud + l\é + l@ (2)
lnet = lload + lY + lA

Determination of the sequence components of the currents, on the phases of the load—Yn
compensator—A compensator assembly seen from the network, is done based on the phase components
of the currents [28]:

Iload — g, ylend — a2u<G]l§md _ ]'Bgmd) — 2 ( flond _ j Iéorad)

Tlod — 1 ylosd — au<GlCoad _ ]'Blcoud) — a(Ilond _ jrlond) 3)

I} =UaY) = U(—jBY) = —jI}
Iy = UpYy = a®U(—jBY) = a*(—jI}) “)
IE = UcY{ = al(—jBY) = a(—jI¥)
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I3p = UnpYiy = —jav3U(~7B3g) = ~ja(-jI%;) = ~al3
Ach = %BCXBC' = *]\@u.(*]Bﬁc) - *J(fﬂﬁc) = —Igc ®)
Igy =Yea = —ja*V3U(=jBRy) = —ja* (=jIg,) = —a*IC,

A A A A 27A 17A 17A /3 (1A A
Iy =Tap—Icy = —alyp +a”lc ZZIAB_ZICA_]\Z[E}AB"_ICA)
A A A A A 17A A /3 1A
Iy = lBC *lAB = *IBC +a1AB = *EIAB - IBC +]TIAB (©)

A _ TA A 27A A _ 7A 17A /3 1A
Ie =Iep —Igc = —a®lcy + Igc = Ipc + 21Ica + 75 1CA

From the above relations we can see that the three-phase voltage set was also considered

perfectly symmetrical and in the complex plane U, = Uy = U, where U is the phase to neutral
rms. All susceptances were also considered positive (inductive).

The sequence components of the phase currents result as follows [28]:

Re(1f) = 3 (1520 1 + 1)
- (e e s
= 4|21l — rfgnd — fload + /3 (1fgn — 1fon?)
= 4] V3 (L — 1ign) — 2150+ 1fgnd + 50
|20l — rjgnd — gt + /3 (1l — ger)

6
() = §[V3(1 1) — 21t gt

@)

Re(lf) =0
Im(Ly) = =5(If+ 1§ + 1)
Re(Ly) = (1§ — 1)
Im(Ly) = & (=2Ix + Iy + I¢) ®)
Re(1y) = (¥ — 1)
(1) = 321 + 1} + 1Y)
Re(1}) =0
Im(Iy) = - 13 I35 + Igc + 184)
Re(lg_) = %(111%3 ;IéA)A A 9
Im(Iy) = Tg,(ZIBc —Iag —Ica) ©)
Re(19) =0

From the relations (8) and (9) some important properties of the compensator can already
be inferred [28]:

e  because they contain only susceptances, both the Yn compensator and the A compensator do not
intervene on the flowing of the real (active) components of the positive sequence currents (8.1),
9.1);

e the A compensator does not intervene on the flowing of the zero sequence components of the
network currents (in fact this is a confirmation of a known property).
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Thus, relations (1) turn into [28]:

3 (Lot tiged s+ 1lsnd) + (1Y + 1Y + 10) + T (145 + e+ 184) = 0

21lg0d — 1ot — 1io0d /3 (190 — 1507 |+ 33 (1 — 1Y) + (145 — 124) = 0

V(1 — 1igad) — 2000+ 1ot 4 glond | 4 (<20 + 1 + 1Y) + Sl (U 125~ 12,) =0 (10)
21090 — tjgad — [t 1 /3 (180 — 1fgad ) | + B (1 — 1) = 0

V3 (1l — rigad) —21ignd o pload 4 glend | 4+ L (21 + 1Y + 1Y) = 0

A= Q= = OV

The unknowns of the problem are the currents on the Yn and A compensators” branches
respectively. They have a reactive character, with positive or negative values as the susceptances
are inductive or capacitive. First, the expressions of the currents through the six susceptances of
the compensator are determined by solving the equation system (1) [9,28]. But to get out of the
indetermination, it must be completed by a sixth equation linking the unknowns, independent of the
other five. This will be determined based on an additional condition applied to the operation of the
compensator. Such a condition, useful to simplifying the solution of the equation system, is [12,28]:

B+ 15 +12,=0 (11)

This additional condition will have the effect of A compensator intervention only on the negative
sequence currents flow. [12,28]. From relations (10.2) and (12) it results:

Im(Ly) =0 (12)

afterwards, taking into account the relation (9.1), it is obtained:
IF=0 (13)
Analytical solving of the equation system formed by Equations (1) and (11) leads to

the solutions [28]:
Y _ 1 load load load
Iy =5#\&" — ") — I

A7 V3
Iy = (I - 15" ) - 15 (14)
18 = g (0 =15 ) -1
Ip = 315 — 152"
Ie = 5(1&" — 157" (15)
iea = 3(0a - 16"

The expressions for sizing the susceptances in the compensator structure immediately result,
written according to the equivalent conductances and susceptances of the load [28]:

Yy _ 1 load load load
BA - GC - GB - BA

V3
Y _ 1 load load load
BY = L (Glgnd — Glond ) — B
Y _ 1 load load load
Be = 5(G™ —G4™ ) — B¢
A 2 load load (16)
B _ Gload _ loa
AB = 3.3\ VB A
A 2 load load
BBC T 33 GC - GB
A _ 2 load load
BCA T 33 GA - GC )
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The susceptances of the compensator can also be expressed depending on the active and reactive
components of the currents or the active and reactive powers on the load phases.

The values of the six susceptances of the compensator result negative or positive, depending on
the nature and the level of the load unbalance. For the A compensator, one can notice that the algebraic
sum of the values of the three susceptances is null, which comes as a consequence of using condition no.
(8). This causes that in the structure of this compensator be included at least one inductive susceptance
(coil) and at least one capacitive susceptance (capacitor bank).

3. Compensation Mechanism Expressed Based on the Currents Flow

The analytical determination of the currents’ expressions on the phases of the load-compensator
assembly in its various three-phase sections is useful in explaining the compensation mechanism.
For this, the expressions for phase currents and then for their symmetrical components, expressed in
both cases through the phase components of the load currents, are determined.

Thus, by replacing the expressions (14) in relations (4), the currents are obtained on the phases of
the Yn compensator [28]:

I = Y = —j L ( fload _ fload _ \/glfg;zd)
IB — 22 ]IY ( % +j \F) (Iloud Ilco;d _ \@Ig);zd) (17)
e (o) ()

and afterwards the sequence components:

Re(1) - 0

Im(If) = %(Iloud + Ilond 4 Iload)

Re(l;) _ %(ZIload Iload Iload + \@(Iéorad . Igorad))

Im(l;> _ % leoud _ Iloud _ Iload + \@(Ilozzd _ Iloud)) (18)
Re(l())() _ % 72[load + Iload + Iloud + \/’(Iload _ Iload))

ot e 3 )

—
3
BY=)

(1

For the currents on the phases of A compensator, from the expressions (6) result:

IA _ l(_leoud + Iload Iload)
IA

: 1 load load
+ j-Jg (1Hend — pigad)
72110ad + Iloud + Iload Jr]% Iloud . Ifggd (19)

1

3
A1 load Ioud load load load
I = 3 (2Ag 1 + 5 ) + s (e — 1

and the sequence components will be:

Re(1f) =0
m(13) =0
Re(l;) = %( ZIIoad + Iload + Iloud)

A 20
m(13) = %(Ié:‘;“"’—lé";d) (20)
Re([&) -

—~
3
~— O
I~
>o
—
I
o
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Detailing now the relations (2) using the explicit forms from (8), (18) and (20), we can formulate
the compensation mechanism that leads to the maximization of the power factor (cos¢;"; = 1) and
total load balancing, using the currents sequence components. It can be immediately seen that:

Im(Ip,) = —Im(Iy)

(Zjpaa) = —Re(Ly) — Re(Iy)

(Ljpaa) = —Im(Ly) — Im(Iy) 1)
R€<I?oad> = —Re l(})’

Im (l?oud) =—Im (1(1)/)

In fact, all the equations (1) are satisfied. The following statements can be made [28]:

1.  The Yn compensator cancels the following components of the load currents:

e the imaginary (reactive) component of the positive sequence currents of the load;
e thereal and imaginary components of the zero sequence currents of the load;
e  apart of the real and imaginary components of the negative sequence currents of the load;

2. The A compensator compensates two components of the negative sequence currents:
one belonging to the load and the other belonging to the Yn compensator.

The only component of the load current remaining uncompensated is the real (active) component

of positive sequence currents, component that is found in the currents taken from the supply

network (PCC):
1/ oad | jload | jload
L = Ly = Re(Ly) = Rel(Ly,) = 5 (1484 + 1504+ 1154) @)
The load-compensator assembly takes from the network identical currents on the phases,
which only have an active component, whose rms values are equal to each other and equal to the

average of the three rms values of the active currents on the load phases.

4. Compensation Mechanism Expressed Based on the Powers Flow

Knowing the currents’ expressions, the powers expressions can easily be found. For the Yn
compensator we obtain:

sY = QAlX* —jury pPY=0 QY%= %(P(Ijoad _ pllgoad) _ szad

Sk =Upl* =jUly Py =0 Qf=Jz(PR"—Pe) Qg™ (23)
SE= Uty = jUIY PY =0 QY= L (Pl — plpet) — Qlow

It is observed that the active powers on the Yn compensator phases are null, which is natural
because it contains only susceptances. Regarding the values of the reactive powers on the phases of
the Yn compensator, it can be observed that they depend both on the reactive power values of the load
and on the active powers. It can also be observed that:

Q% + Q) + QF = — (4 + Qg + ) 24)

Therefore, the Yn compensator is the one that achieves the total compensation of the reactive
power of the load.



Energies 2018, 11, 1979 9 of 24

Concerning the powers on the A compensator phases, it results:

S8 = U, I4% = uls* . \% —pplond 4 pload 4 pload) (A _ % (Péoud _ P(l:oud)
§A _ QBl%* _ U(ﬂlé)* P]? _ % _zpllgoad + plcoad + szd Qﬁ _ % Plcoad _ P[l&md (25)
§A _ ché* _ U(azlé)* Pé _ % —ZPéO”d + P[lémd + péoad Qé _ % Pllf“d _ Péoad

It is interesting to note that both the sizing of the A compensator’s susceptances and its
intervention on the phase powers flow, depend only on the active loads.

Although it contains only susceptances (coils and capacitors), the A compensator intervenes on the
active powers flowing on the phases. On some phases the active powers are positive while on others
negative, depending on the size and the unbalance of the active load. The resulting values are in fact
the differences between the values of the active powers of the load and their average value, which are
obtained on each phase as a result of balancing (22). The A compensator takes active power from the
phases in which it is in excess and delivers it towards the phases where it is deficient. This determines
a redistribution of the active powers between the phases, thus balancing them. However, throughout
the three phases, the A compensator does not change the active powers flowing, because:

PY+ P53 +P2=0 (26)

The A compensator also achieves an unbalanced compensation of reactive powers. On some
phases it’s doing an inductive compensation and on others, capacitive, depending on the size and the
unbalance level of the active loads. However, throughout the three phases, the A compensator does
not change the reactive powers flowing, because:

QA+Q5+Q¢=0 (27)
5. Resizing from the Condition of Coils Elimination

The “classical” sizing method presented above is very useful in that it simplifies the
mathematical solving and then allows easy understanding of the mechanism of the active and reactive
loads’ balancing.

However, the condition that the sum of the susceptances values of the A compensator being zero
(12), which makes it contain both capacities and inductances, is not a useful sizing criterion from a
practical point of view. Firstly, because of the construction of an unbalanced compensator containing
coils, it leads to increased costs, including a complex automatic control system needed to be used with
variable loads (TCR). Secondly, the fact that the entire capacitive reactive power required to compensate
the positive sequence inductive reactive power of the load is allocated to the Yn compensator causes an
unreasonable use of the capacitors. It is known that a capacitor connected between phase and neutral
(supplied with phase to neutral voltage in Yn connection) supplies to the network a reactive power
three times lower than if it was connected between two phases (supplied with phase to phase voltage
in A connection).

Hence the idea of sizing a compensator type BRC that contains only capacitor banks,
which, in addition to eliminating the disadvantages presented above, brings a major advantage. It is
about the possibility of using a simple automatic control system type TSC, which allows adaptation to
variable loads, by switching single phase capacitor bank steps.

The new sizing methods further proposed start from the “classical” sizing method, as the initial
solution to the problem, which is then corrected by applying the principle of the capacitive reactive
power transfer from the Yn compensator to the A compensator, so that it can obtain only negative or
null values for all the susceptances.
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Typically, by applying the classical sizing method, the A compensator results in one or two
inductive susceptances, and the Yn compensator only with capacitive susceptances, due to the fact
that it has the task of capacitive compensation of the positive sequence.

Without affecting the compensation mechanism, the excess reactive capacitive power on the
positive sequence installed in the Yn compensator is transferred totally or partially to the A
compensator. The value of the reactive capacitive power on the positive sequence, available for
transfer, depends on the average power factor of the load and on the degree and the nature of
its unbalance. For low average power factor loads, the capacitive reactive power requirement for
compensation is high, which allows a high level of balancing or even total load balancing.

Two cases can be distinguished:

case 1—the capacitive reactive power available for the transfer is of low value, insufficient to
achieve total load balancing;

case 2—the capacitive reactive power available for the transfer is of high value, sufficient to
obtain the total compensation of the reactive power of the load on the positive sequence and the total
load balancing.

Thus, for the resizing the susceptances of the Yn and A compensators, there are the
following versions:

version 1, case 1—total transfer of capacitive reactive power; some susceptances of the A
compensator are positive (inductive), so they will be canceled. A partial load balancing is achieved.

version 2, case 2—partial transfer of capacitive reactive power, so that all six susceptances of the
compensator become negative (capacitive).

version 3, case 2—partial transfer of capacitive reactive power, up to the level of cancellation the
lowest capacitive susceptance of the Yn compensator.

version 4, case 2—partial transfer of capacitive reactive power, up to the level of cancellation of the
largest inductive susceptance of the A compensator.

The transfer of the reactive power on the positive sequence between the two compensators
is done in fact by the symmetrical change, of the susceptances values of one of the compensators,
and the symmetrical change, in opposite sense, of the susceptances values of the other compensator.
The computing equations used are:

BYnew _ BY  pYtransfer
A A

Bgnew _ B}é + Bl;ransfer (28)
Bcnew _ BC +B ransfer

B%%ew _ B%B + BAtransfer
B%gew _ B%C + BAtransfer (29)
Béﬁew _ BéA + BAtransfer

The transfer of capacitive reactive power on the positive sequence from the Yn compensator to
the A compensator is obtained if BY!#"5f¢" > ( and:

_ % BYtransfer (30)

pBAtransfer
In versions 2, 3 and 4, such a transfer will cause the two compensators to keep their functions of
compensation on the negative and zero sequence exactly at the same level as the initial sizing. However,
the Yn compensator substantially reduces its contribution, even totally to capacitive compensation on
the positive sequence, while the A compensator takes over this function, which it did not have initially.
This correction of the initial sizing leads to a more efficient use of the capacitors.
In addition to the sizing versions obtained from the classical solution of capacitive reactive power
transfer on the positive sequence presented above, the present paper also takes into account a method
that stems from an observation resulting from the compensation mechanism: Yn compensator is the
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only one that can intervene on the zero sequence currents flowing. It compensates the zero sequence
currents of the load, which leads to the cancellation of the neutral conductor current.

Therefore, a valid sizing criterion is to impose to the Yn compensator the function of cancellation
the zero sequence of the load currents, having a structure formed only by negative (capacitive)
susceptances. We will further refer to the sizing version resulted by applying this criterion, as version 5,
in order to associate it with the four ones previously defined.

In order to obtain the relations for sizing the susceptances of the Yn compensator, the condition
set in step 1 is:

I =315, =0 (31)

from which result the conditions:

Re(18,) - Re(18,) - Re(12) 0

Im lget) = Im(l?oad) + Im(lOY) =0

By referring to relations (7) and (8), we obtain the equations from which result the unknowns of
the problem I}g, Ig, Ig or B}g, Bg, Bg:

(32)

Y Yy _ 1 load load load load load
Ie -1y = %(_HA[{ +1g " + 1 >+IBr — Iy

(33)
210570 — 1, — 1Y, = V3(1i50 — 1jgn?) — 2180 + 1fgnd - 1fg0d
respectively:
BY _gY_ L (_ZGload | Gload | Gload) . load _ pload
c Pp=13 A B C B c (34)

2B — BY — BY = v/3(Glend — Gload ) — 2Blgnd . plgad 4 pload

The third condition imposed to exit from the indeterminate equation system (34) is the nullification
of the value of one of the susceptances. If the known terms in the Equations (34) are noted:

1
v (—26% + Gl + Gleot) + By — B — Ky (35)
V3(Glend — Glged) — 2Bl5 4 Blped 4 B — K, (36)

three solutions of the problem result:

Y _ Y —Ki+K Y K +K;
P O Ba=—%"+ By="7"
L. B} = 2152 2. BY = 3. BY = Kq (37)
BY = =Rz Bl = -K4 B =0

In normal situations of the load structure, one of the three solutions will have two negative
susceptances. This will be the solution applied to the construction of the Yn compensator and based
on which the method goes to step 2: the A compensator sizing.

This operation will be done from the observation that the Yn compensator sized in step 1,
completely compensates the zero sequence of the load current. So Yn compensator together with the
load forms a three-phase assembly with Yn connection in which the flowing of the zero sequence
components has been eliminated. The equivalent admittances of this assembly are:

Y = Y4 ) = Gl (e )
X = Y+ ] - Gl - (Bl + B o
= 4 Y = Gl (B + B
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Due to this property, this assembly can now be converted into an equivalent one, having
A connection, which is supplied from the three-phase without neutral conductor and having the
equivalent admittances:

e Xeq.xeq
XAqB = YT f;/eq B Y
Yy+Xp+Ye

e X"q ,X’”?

Xch = YT T +Byeeiym (39)

=A '=B ' =C

eq yeq
qu = eqXC S%A eq
—CA T Yy vy

XZ]B - Gng - jBng
Yy = Gic ~ /B (40)
Yy = GquA —] B?A
For a three-phase load having the equivalent scheme with A connection, the total compensation
of reactive power on the positive sequence and perfect load balancing can be achieved by means of

an unbalanced A compensator. The values of the susceptances in its structure are obtained by the
conditions:

0

Re(L,,) =0 (41)
0

This time the equation system (41) has a unique solution [9,12,15]. The susceptances of the A

compensator expressed depending on the conductances and on the susceptances of the equivalent
load are determined with the relations [28]:

A _ 1 eq eq eq
BABfi GBC_GCA _BAB

V3
A 1 (e eq eq
Bpc = V3 Gca = Gap) — Bpe (42)

A _ 1 (c e eq
Bea= 5 (GAB - GBC) —Bca

This fifth version of sizing the two circuits of the compensator has great chances of success in
leading to negative values for all susceptances, if applied in case 2 regarding the characteristics of the
unbalanced load, defined above. In such a situation, version 5 of sizing becomes identical to version 3.

The methods of resizing a BRC in order to transform it into a BCC are a continuation of the
mathematical model used for sizing and explaining the mechanism of BRC operation. To comprehend
the resizing principle, consisting in the redistribution of the reactive capacitive compensating power
on the positive sequence, from the Yn compensator to the A compensator, it is necessary to preliminary
understand the mathematical model of the BRC. For this purpose, Sections 2—4 of this paper summarize
familiar elements, previously developed by the same authors [26-28]. The new contributions of
this paper consist of the mathematical model of the resizing methods (Section 5), respectively the
presentation of the results of certain applications for their validation (Section 6).

6. Case Studies

The following are the results of the use of two software tools for the numerical study of the sizing
and operation of a BRC installed in a four-wire, low-voltage distribution network.

Out of the sizing versions described above, only two examples are presented below: the “classical”
version, interesting by its effects (BRC), and version 5 respectively, considered significant for a capacitor
structure formed only by capacitor banks (BCC).

First, the results of the sizing and calculation of the current flow in phase components and
in symmetrical (sequence) components, and of the power flow on the load-compensator assembly
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phases in various of its sections, performed using the Mathcad (version 2017b, Parametric Technology
Corporation, Boston, MA) software tool (Tables 1-4), respectively, are presented).
The calculation was done by considering some usual simplifying conditions:

e the source is considered an ideal one, providing a set of perfectly symmetrical and sinusoidal
voltages, so that the unbalance will occur only in currents;

e  the circuit elements type R, L, C are considered ideal, perfectly linear;

e theimpedances of the connections between the components of the circuit, including the impedance
of the neutral conductor, are neglected.

The rms value of the phase to neutral voltage is 230 V, the phasor corresponding to the phase to
neutral voltage A is placed in the real axis of the complex plane and the working frequency is 50 Hz.

Table 1. The unbalanced three-phase load.

Component Equivalent Parameters  Active Powers Reactive Powers Phase Currents Sequence Currents

Rt = 128.09 ) Plond = 413 W Qlond = 207 var 1% = (1.796 — j0.9) A L= 1275 j1:454) A
Rlgnd = 3040202 plord =174 W Qlod = 325 var Iiged — 2.100[197/ —2662° A Ib = 19342874 4
oad __
Load (Yn) Rlged = 180.55 (2 Plotd =293 W Qlond = 471 var (1. 60123+ ].(; 051) A L4 = (0.077 + j0.127) A
Lload — 813.46 mH plord =880 W Qo8 = 1003 var 1974 = 1.603/17816° A Iy = 0149582 A
Lio*d = 51811 mH Plosd = 29333 W Qlosd = 334.33var 19" = (1.136 + j2127) A 10 4 = (0.443 + j0.426) A
Lléﬁﬂd = 35751 mH _ - llcond — 2.412/61.88 A l?gﬂd _ 0.615/43'87 A
Table 2. The unbalanced compensator sized by the “classical” method (Balancing Reactive
Compensator (BRC)).

Component Equivalent Parameters  Active Powers Reactive Powers Phase Currents Sequence Currents

CY =8.322uF Pl =0W QY = —1383 var IY = j0.601 A I =j1454 A
C = 15.39 uF Py =0W  Qp=-25572var Y = 06012 A I = 1.454%° A
Yn CL =36.64 uF pl=0wW Ql = —60898var  If = (0.963 — j0.556) A Iy = (0.443 — j0.426) A
- P =0W Q) = —1003 var Iy =1112/=30 A Iy = 0.615/=4387° A
- PL,=0W QY, = —33433var I¥ =(-2293-j1.324) A I} = (—0.443 —j0.426) A

IX = 2.648/7190° A

19 = 0.615/713613° o

Ch4p = 5535 pF

P4 = —119.66 W

Q4 =—68.70 var

14 = (—0.520 +j0.299) A

Il = (0+0)A

Ig}mp _ 2,048/_150'040 A

L4 =3.6763H PY=11933W Q& = —69.28 var 15 = 0.6/1501%° A If =02 A
A L2, =3.6456 H P2 =033W QA =137.98 var 1% = (0.001 — j0.6) A I, = (-0.52+j0.299) A
- P, =0W Qp, = 0var 15 = 0.6/785" A Iy =065 o
- PA=0W Qb =Ovar I2 = (0.870 - j0.502) A I =0+j0)A
A —149.86° 0 0°
- - - I8 = 0.6/714986° 5 0 =02A
P = comp comp +
- A _ —— = (— i =1
Hosew o) 207var 19" = (—052+09j) A IF = j1454 A
P = comp _ comp /120.03° ¥ /90°
Yn+A 11933 W Qp " =-825var LT =104 A I = 14542 A
comp _
- Péomp =033W QZ:OV'IP = —471 var © 964%3— il ;56) A Iy = (—0.077 — j0.127) A
- P =0W o = —1003 var  [$"P = 1.51/75016° o Iy = 0.149/712110° A
tot fot comp =B comp B
. = 1 = .
_ comp._ av Le 0 _ (_ _
Po™™ =0W —334.33 var (-1774— ooz A Lo = (F0443-j0426) A

19 = 0.615/713013°

From the analysis of the results obtained using Mathcad tool, the following can be observed:

1. Inboth sizing versions, the Yn compensator only intervenes on reactive power flow on phases,
providing reactive power;

2. In the BRC version, the Yn compensator supplies the entire reactive power required to fully
compensate the reactive power of the load on the positive sequence, whereas in version 5 this
role is predominantly taken by the A compensator;
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3. Inthe BRC version, the A compensator makes a redistribution of the active and reactive powers
respectively, between the phases without changing their balance over the three phases; it only
intervenes in the negative sequence currents flow;

4. The A compressor from the BRC structure, although containing only reactive circuit elements

(two capacities and one inductance), also intervenes on the phase active power flow;

5. In both sizing versions, the A compensator intervenes identically on the active power flow,
which is the effect of the fact that it intervenes identically on the negative sequence currents

flow; the conclusion is natural, since the intervention is different only on the positive sequence

currents flow;

6.  The (Yn +A) compensator assembly has exactly the same effect in both sizing versions: it totally

compensates the five components of the load sequence currents: the reactive component of

the positive sequence currents, the real and imaginary components of the negative and zero

sequence components.

Table 3. The unbalanced compensator sized using version 5(3) (Balancing Capacitive Compensator (BCC)).

Component Equivalent Parameters

Active Powers

Reactive Powers

Phase Currents

Sequence Currents

CY =0uF PY=0W QY =0 var I =(0+0) A I} =j0.853 A
Cl =7.1yF PY=0W QY = —118 var 5 =02A I} = 085322 A
Yn Cl =283 uF Pl =0wW QL= —4703var 1§ =(044—j0.257) A Iy — (0.442— j0.426) A
- Pl =0wW QY = —588.3 var 1§ = 0513 A Iy = 0614785 4
- PL=0W Qr, =-191var  If= (_1‘77/—]]'510‘02) A I =(-044 " j]()3.2126) A
- - - 1Y = 2.04/=150° A 19 = 0.614/=13° A
ic 1y
Chp =83 uF P4 =-11946W Q5 = —206.9 var 15 = (-052+ j09) A If =jo6 A
Ch- =0 pF PY =11946 W QA = —206.9 var 15 = 1.0391%° A I =062 A
A Cgp =OuF PA=0wW Q2 = Ovar 13 = (052-j09) A Iy = (-052+03) A
- PA, =0W QB, = —4138 var 15 = 1.039/=%° A Iy =062 A
N PA=0W QA = —137.93 var 2= %J'O) A B=( 70]‘0) A
A °© 0 °©
- - - 2=02A =02
] P/c:mp — Qf:’m?’ — Icomp _ (70 52 4 70 9) A It — 1.45A
11946 W ~206.9 var Lo = (202240 I
B P = Q" = [OMP — 1,04/120° A I =145 A
Yn+A 119.46 W —324.9 var M T T T
comp
) PO 0w 7%0 i I = (096 — j116) A Iy = (—0.077 —j0.126) A
com
- Pt — oW 1()'(3;2”1 - 17" = 1511501 A I = 0.148/7124° A
— .1 var - -
comp
B comp aw = comp _ g 0 _ (— —
P =0wW 33408 var I (-177—j1.02) A 19 = (—0.44 — j0.426) A

12" = 2,04/=150 A

19 = 0.614/=13" A,

Table 4. The assembly load-compensator seen from the network (Point of Common Coupling (PCC)).

Component Equivalent Parameters

Real Powers

Reactive Powers

Phase Currents

Sequence Currents

Rt =180.34 Q)
Rt = 180.34
Rt =180.34 O

Network
(PCC)

Piet = 29333 W
Pjet = 29333 W
Pt = 29333 W
Pt — 880 W
Pret = 29333 W

net _
Q%' =0var
Qpet = 0 var
net _
Q¢ ) = Ovar
et
ot = 0var
et — 0 var

av

I = (1.275 + jO) A
et = 12752 A
I} = (—0.638 — j1.104) A
It = 12757120 A
I = (—0.638 + j1.104) A
It = 1275120 A

I, = 1275+ jO) A
It =1275/" A

Ly = (0—j0) A
I, =09 A
It = (0+/0) A
D =00 A

It is obvious that the BCC version of the compensator is more advantageous than the classical
version BRC because it contains only capacities, so single phase capacitor banks if we talk about a

real structure.

To verify the results obtained using Mathcad, a modelling of the same three-phase circuits was

carried out using the Matlab-Simulink tool, SimPowerSys module (see Figure 2).

Only the BCC was considered, sizing version number 5(3). The capacities values of the two
compensators were slightly corrected against the values obtained by computation to be reproduced
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better in the laboratory experiment. It can be observed that for normal operating conditions, the virtual
measurement instruments have basically indicated the same power and current values as those
obtained by computing in Mathcad.

Rioad phase &

AN\ sy 1280871671 chrs
ST 08134586

L load phase A
Riload phase B

AW 3040229885 v

Source

Thoe-Phase

Levroed  |osis1106m

L load phase B
Riload phase C

SAAA~ 180.5460751 chers
EJ‘SM\_ 0.3575073 1

Figure 2. Diagram of the model studied with Matlab—Simulink.
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Figure 3a—e give waveforms obtained with virtual oscilloscopes installed in the four sections
considered significant, the terminals of the following elements: load, Yn compensator, A compensator,
Yn + A compensator and network (PCC) respectively.

The effect of the action of the two components of the compensator can be seen in the waveforms
of the three currents on the phases of the circuit in the section from the source (PCC), Figure 3e.
The perfect balancing, positive sequence, and currents amplitude reduction can be seen as a result
of the compensation of reactive components of positive sequence currents. An overlap of these
waveforms beyond those of phase to neutral voltages shows zero phase shift between current and
voltage on the same phase, proving the active character of currents and powers.

Phase to ground voltages

Unbalanced loads phase currents

| [ | | | [ | 0 0005 001 0015 002 0025 003 0035 004
0 0005 001 0015 002 0025 003 0035 004

(a) (b)

Unbalanced Delta compensator phase currents
T T T T T T

Unbalanced Y compensator phase currents

a4l | | | I | ! I 1 4F
| I I | | I I ; | ; | ; | |
0 0005 001 0015 002 0025 003 0035 004 0 0.005 001 0015 002 0025 003 0035 004
() (d)
Unbalanced Y+Delta compensator phase currents ) i SOLIJFCG phalse currgnts
T T T T T T T
4+ . 4

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
(e) ()

Figure 3. Waveforms of phase to neutral voltages and currents in the sections of the load-compensator
assembly: (a) phase to neutral voltages; (b) currents on the load phases; (c) currents on the A
compensator phases; (d) currents on the Yn compensator phases; (e) currents on the Yn + A compensator
phases; (f) currents on the load-compensator assembly phases (PCC).

The regime presented is one that has a particular property, that the Yn compensator has an open
circuit branch (C}; = 0 uF) and the A compensator has two open circuit (CI%C = 0 uF, C(A: 4 = 0 uF) and
nevertheless the balancing obtained is almost perfect.

The calculations and modelling performed in this case study demonstrate that compensation
of the inductive reactive power of three-phase unbalanced loads and at the same time the total load
balancing, can be obtained by unbalanced capacitive compensation, using a SVC-type ABCC.
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7. Experimental Determinations

The correctness of the mathematical model and of the BRC resizing method for the purpose of
transforming it into a BCC, by transferring the positive sequence compensation reactive power from
the Yn compensator to the A compensator, was confirmed by experimental laboratory determinations.

The schema of the built circuit was that shown in Figure 1. Circuit elements have parameter
values equal to those applied in the numerical study and Simulink model applied for the study of the
BCC, sizing version 5(3), shown above.

So, the values of these parameters were:

—  for the three-phase load: R¥* = 128.09 Q, R¥* = 304.02 Q, R = 180.55 Q,
L% — 813.46 mH, Li¢" = 518.11 mH, L!?*? = 357.51 mH;

—  for the Yn compensator: CX = 0 uF, c§ = 7.1 uF, Cg = 28.3 uF;

—  for the A compensator: C4p = 8.3 uF, C3c = 0 uF, C2, = 0 uF.

A power quality analyzer, type MAVOWATT 230, was used for measurements.
For the five sections of interest in the three-phase circuit, the following graphs were drawn:

e rms values of voltages and currents by phases, active and reactive powers;
e the waveforms of the phase voltages and corresponding currents;
e phasor diagrams of phase voltages and phase currents.

The values obtained by experimental determinations are presented in Figure 4. The differences
between the experimental and the computationally obtained values are mainly due to the fact that
under real conditions; the simplifying assumptions used in the calculation and modelling are no longer
valid. Experimental determinations were performed under the following practical conditions:

e The power supply used was a three-phase autotransformer connected to the laboratory’s
alternating current network with a nominal voltage of 230/400 V. Therefore, both due to the
network and because of the constructive asymmetry of the autotransformer, the supply voltages
of the experimental circuit make up an unbalanced voltage set, both as rms values and as
phase-shifting angles. The percentage deviations of the measured values relative to the reference
values (imposed in the determinations by calculation and simulation) are up to 1.13% for the rms
values and 0.75% for the phase shifts.

e Asymmetry of the three-phase voltage set causes the negative and zero sequence components
occurring. However, their percentages obtained by reference to the positive sequence component
do not exceed 2.2%.

e  The network and autotransformer are the main causes of voltages waveforms distortion. However,
THD for phase voltages does not exceed 1.5%.

e  Currents waveforms distortion is also caused by the nonlinearity of circuit elements (ferromagnetic
core coils and electrolytic capacitors) to which non-sinusoidal voltages are applied. The currents
waveforms are more distorted than the voltages waveforms, but the THD for the currents does
not exceed 5%.

e  Circuit elements are resistors, ferromagnetic core coils and electrolytic capacitors. They do not
intervene in the circuit only by equivalent parameters of type R, L or C, but also by additional
equivalent electrical resistances corresponding to the losses of active power in ferromagnetic cores
and dielectric materials.

e  The measurement system used is a Mavowatt 230 type which is actually a three-phase power
quality analyzer. Measurement errors are small enough but depend on the values of the electrical
amounts in the circuit to which they are connected. This is especially the case for measuring
currents. Since current measurements are made by means of ampermetric clamps with rated
currents of 10 A, low rms values are usually measured with increased errors (£5%). Their phase
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shifts are determined with greater errors. Also distortion of currents and voltages waveforms
causes an additional increase in measurement errors.

All these conditions described above lead to deviations from the simplifying conditions considered
in the determinations by numerical calculation and simulation. However, as can be seen from the
results of the measurements, these deviations are not likely to alter the operation of the modeled circuit.

The main comments regarding the results of the experimental determinations are as follows:

s There is no difference between the values obtained by the numerical calculation and those
obtained by the simulation. This is natural, given that they have been made under simplified
(ideal) conditions. Matlab-Simulink modeling confirms the correctness of the mathematical model
which is the basis for the numerical calculation.

s The largest percentage deviation is —7.64% and the lowest is —0.2%.

= The most visible deviations are those of the values that should be null:

- the negative and zero sequence components of the voltages,

- the active powers on the Yn compensator phases (which contain only capacitors),
- the rms value of the current on the phase A of the Yn compensator (open branch),
- the active and reactive powers on the phase C of the A compensator,

- the sum of the active powers on the A compensator phases,

- the reactive powers on the phases of the load-BCC assembly (in the PCC),

- the negative and zero sequence components of the currents in the PCC.

. Although experimental determinations have been influenced by many error sources, deviations
of measured values from calculated values can be neglected. These deviations do not disturb
the BCC operation. It performs well the two functions for which it has been sized: power factor
improvement and load balancing in the PCC.

=  The measured values confirm the correctness of the mechanism of active and reactive load
balancing by unbalanced capacitive compensation, mechanism anticipated by mathematical
model development:

- cancellation of the zero sequence currents of the load is accomplished only by the Yn
compensator, which supplies a set of zero sequence currents practically equal to their rms
value and shifted by 180°;

- the negative sequence current of the load and the reactive component of the positive
sequence current of the load are canceled by the contribution of both Yn and A
compensators; the two compensators perform together the reactive powers compensation
and balancing;

- the A compensator, although containing only one single-phase capacitor bank, takes active
power from phase A, where it is in excess (over the average value), and delivers it back
on phase B where there is an active power deficiency; the A compensator is the one that
performs the active powers balancing;

- although it contains only capacitor banks, the compensator achieves, not only the
compensation of the reactive power of the load, but also the balancing of the active
powers on its phases.
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Figure 4. The results of the experimental determinations: the rms of the phase to neutral voltages,

of the currents and the powers on the phases, in the five sections considered of the three-phase circuit.
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8. Conclusions

Nowadays, despite the proliferation of high power SSD equipment dedicated to intervene in
electrical networks to improve the power quality, compensator-type SVCs remain valid solutions for
applications in the installations of consumers and operators of electric power networks for whom the
cost criterion for the acquisition and operation of these types of equipment is more important than
those relating to the reaction speed or the control accuracy.

For a large number of industrial or commercial consumers, a SVC-type ABCC that manages the
individual switching of the steps of the single-phase capacitor banks, becomes a very advantageous
solution, both by reducing costs due to the removal of high power coils, and by simplifying the
automatic compensation control.

The article brings important arguments to support the efficiency of an SVC type ABCC, with the
following contributions:

- the detailed mathematical model of a BRC’s operation and the explanation based on it
of the mechanism of balancing the active and reactive three-phase loads by unbalanced
reactive compensation;

- developing a method of resizing a BRC for the purpose of transforming it into a BCC by
transferring the reactive capacitive compensating power to the positive sequence between the
two components of the compensator;

- validation of the mathematical model using both numerical and modeling software tools as well
as experimental laboratory determinations.

The results of the theoretical and experimental study demonstrate that the total compensation of
reactive power on positive sequence and the total balancing of loads in three-phase four-wire networks
can be achieved by unbalanced capacitive compensation.
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Abbreviations and Notations

PCC Point of Common Coupling;

RPC Reactive Power Compensator;

svC Static var Compensator;

ABC Adaptive Balancing Compensator;

ABCC Adaptive Balancing Capacitive Compensator;
BRC Balancing Reactive Compensator;

BCC Balancing Capacitive Compensator;

SPC Switching Power Converter;

TCR Thyristor Controlled Reactor;

TSC Thyristor Switched Capacitor;

CSsC Contactor Switched Capacitor

EPDS Electric Power Distribution System;

IGBT Insulated Gate Bipolar Transistor;

IGCT Integrated Gate Commutated Thyristor;

SSD Solid State Device;

FACTS Flexible Alternant Current Transmission System;
CPD Custom Power Device;

D-STATCOM Distribution Static Synchronous Compensator;
DVR Dynamic Voltage Restorer;

UrQC Unified Power Quality Conditioner;

VSI Voltage Source Inverter;
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phasors of positive, negative and zero sequence components of the phase currents at
the network (in PCC);

phasors of positive, negative and zero sequence components of the phase currents at
the load;

phasors of positive, negative and zero sequence components of the phase currents at
Yn compensator;

phasors of the phase currents at Yn compensator;

rms values of the compensation currents at Yn compensator;

phasors of positive, negative and zero sequence components of the phase currents at A
compensator;

phasors of the phase currents at A compensator;

A A A
Lyp, Ic, Iea

phasors of the currents on A compensator branches;

I ﬁ B E%C' Ié A rms values of the compensation currents on A compensator branches;
Uy, Up, Uc phasors of phase to neutral voltages;

net jynet ynet jynet
Iy Iy, Ie Iy

load tload tload tload
lA /lB /lc /lN

phasors of the currents on the phase conductors respectively on the neutral conductor
at the network (in PCC);

phasors of the currents on the phase conductors respectively on the neutral conductor
at the load;

I Ilggd, I Ilgfd, . rms values of the active and reactive components of the phase currents at the load;
Y{f"”d, Xlé’ ad, XIC””d load admittances for Yn equivalent circuit;

‘~load ~load load pload pload
G, Gg*%, G, B, Bg*,

load
BC

YY, vy, v&, BY, BY, BY
A A A A A A
Yap Yo, Year Bag Bger Bea

equivalent conductances and susceptances of the load;

equivalent admittances and susceptances of Yn compensator;
equivalent admittances and susceptances of A compensator;

sy, PX, QX, . apparent, active and reactive powers on the Yn compensator phases;
§A, Pﬁ, Qﬁ, ... apparent, active and reactive powers on the A compensator phases;
21
A Stokvis rotation operator (a =3 = —% +j ?)
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