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Abstract: Compensation of reactive power is necessary in power systems due to economical, ener-
getic, and environmental reasons. Reactive power increases energy power losses and carbon dioxide
emissions in distribution lines and power transformers. However, capacitor banks used in most
industrial applications do not significantly reduce energy losses in lines and transformers when
supply voltages and loads are unbalanced and therefore do not fully improve the sustainability of
distribution networks. This fact is explained in this paper using positive-, negative-, and zero-se-
quence reactive power components in three-phase, four-wire sinusoidal power systems supplied
with unbalanced voltages. Likewise, several devices have also been developed for the compensation
of the total reactive power and, specifically, for each of its components in these power systems.
Comparing the effectiveness of these reactive compensators and other well-known passive com-
pensators as capacitor banks on the sustainability improvement of the electrical installation of an
actual industry, reductions between 20% and 100% in energy losses and carbon dioxide emissions,
caused by circulation of reactive currents in transformer and lines, can be expected depending on
the type of compensator used.

Keywords: reactive power; reactive components; reactive compensation; unbalanced systems; sus-
tainability

1. Introduction

Reactive power has been a well-known quantity in the technical literature since Stan-
ley [1], Schallenberger [2], and Steinmetz [3] physically and mathematically explained this
phenomenon in single-phase sinusoidal systems in the late 19" century. The formulation
and physical meaning of reactive power have been extensively studied throughout the
20th century [4-7], and even today [8,9]. The IEEE Standard 1459 [10] defines the reactive
power as the fundamental frequency.

Likewise, this standard defines three reactive power components in three-phase,
four-wire systems based on Fortescue’s contributions [11,12]. These reactive power com-
ponents are the positive-, negative- and zero-sequence reactive powers in three-phase,
four-wire systems. The scientific community has accepted the physical meanings of these
reactive power components, which are actually included in the IEEE Standard 1459. The
positive-sequence reactive power (Q,) is the most important reactive power component
in power systems, much more than the zero-sequence reactive power (Q,). The negative-
sequence reactive power (Q_) is usually negligible because of the limitations of the zero-
sequence voltages below 1-2% imposed by the standards [13-18].

The interest in positive-sequence reactive powers is because these reactive power
components determine the correct operation and stability of generators and motors in
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power systems, as the IEEE Standard 1459 establishes in its introduction. However, now-
adays there are no passive devices for compensating Q. separately from Q_ and Q,. There
are also no devices able to maintain the values of Q, while the other two reactive power
components’ resulting voltage imbalances (Q_ and Q,) are cancelled. All compensation
devices, passive and active, today known in the technical literature are used to compen-
sate the total reactive power, i.e., they can cancel the three reactive power components
(Q4+, Q—, and Qo) at once, but these devices are not able to compensate for the reactive
power components separately.

This is the case with capacitor banks used in most industrial applications. These pas-
sive devices minimize the total reactive power supplied by the sources, but they are not
able to reduce significantly the reactive currents when supply voltages and loads are un-
balanced, such as it will be noted in the application example and was theoretically demon-
strated in [19]. Since 2010, several passive reactive power compensators have been devel-
oped to operate in unbalanced voltage conditions [20—22]. These devices compensate for
the total reactive power in three-phase, four-wire power systems, while they also balance
the active currents. Active devices for reactive power compensation are also well known
in the technical literature, such as SVCs and STATCOMSs [23-38]. The former is funda-
mentally dedicated to reactive power compensation, while the latter can also be applied
to unbalanced compensation and, above all, harmonic filtering. These active devices are
not the object of study in this paper, which is focused on passive reactive power compen-
sators.

Due to the fact there are no passive devices in the technical literature for separately
compensating each reactive power component (Q,, Q_, and Q,), the development of these
passive compensators for three-phase, four-wire sinusoidal systems is the main novelty
of this paper. Specifically, the following devices are theoretically developed in Section 3
for three-phase, four-wire sinusoidal systems supplied by unbalanced voltages:

e Individual compensators for the positive-sequence reactive powers (Figure 1la),
which minimize or cancel the supply of Q. without affecting the values of the other
reactive power components (Q_ and Q).

e Combined compensators for the negative- and zero-sequence reactive powers (Fig-
ure 1b), which remove the supply of negative- and zero-sequence reactive powers
(Q-, Qo) keeping invariable the values of positive-sequence reactive powers (Q.).

e Individual compensators for the negative-sequence (Figure 1c) and the zero-se-
quence (Figure 1d) reactive powers, which respectively cancel Q_ and Q,. The first
individual devices do not modify the values of Q. and Q,, whereas the second indi-
vidual compensators do not affect the values of @, and Q_.
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Figure 1. Compensators for reactive power components: (a) individual positive-sequence reactive
compensators; (b) combined compensators of negative- and zero-sequence reactive powers; (c) a
possible implementation of individual negative-sequence reactive compensators; and (d) a possible
implementation of individual zero-sequence reactive power compensators.

The individual compensators of positive-sequence reactive powers and the combined
compensators are theoretically developed in Sections 3.2. and 3.3.1., respectively. These
devices are formed by passive reactances (coils and capacitors), as Figures 1a and 1b rep-
resent, and they have important practical applications either minimizing the positive-se-
quence currents or removing the reactive currents caused by imbalances, respectively.
These current reductions are useful to improve the sustainability of electrical networks by
reducing power losses in transformers and lines.

Conversely, the individual compensators of negative- and zero-sequence reactive
powers are less effective in reducing the reactive currents than the combined compensa-
tors listed above. Likewise, the phase impedances of these individual compensators have
angles greater than +90° and, thus, they are active devices because they must be formed
by electronic converters (Figures 1c and 1d) and, therefore, are more expensive than the
combined compensators of Figure 1b. These reasons justify the individual compensators
of negative- and zero-sequence reactive powers being out of the title of this paper, which
is focused in passive compensators. However, these active devices are theoretically devel-
oped in Section 3.3.2. as an additional contribution of this paper and they are not practi-
cally implemented.

Topology and elements of all reactive power compensators mentioned above have
been determined by applying Ohm’s law and Fortescue’s theorem [11] under the consid-
eration these devices must supply fundamental-frequency reactive currents of positive,
negative and zero sequences. The use of Fortescue’s theorem is the key that determines
topology differences between our compensators and the industrial capacitor banks, Jeon’s
compensators, and similar passive devices described in [21,22]. Since Fortescue’s theorem
is not applied to implement latter passive compensators, these can only compensate the
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total reactive powers, but they are not able to compensate separately each of the reactive
power components.

Finally, in Section 4, the operation of the reactive power passive compensators devel-
oped in this paper is tested in an application example on the actual unbalanced electrical
installation of a manufacturer of frozen products. Likewise, the effectiveness of these pas-
sive devices on the sustainability improvement in the transformer and lines of that instal-
lation are been compared with those obtained from the capacitor banks and Jeon’s com-
pensators [20]. The comparison determines that:

e  The individual compensators for the positive-sequence reactive powers reduce en-
ergy source losses and carbon dioxide emissions caused by circulation of reactive
currents in a similar amount as the traditional capacitor banks (60-80%).

e  The combined compensators of negative- and zero-sequence reactive powers cancel
energy losses occurred in the neutral conductor, but they achieve modest reductions
in source energy losses and carbon dioxide emissions due to circulation of reactive
currents (20-40%).

e  The total reactive power compensators (TRPC) reduce 100% of energy source losses
and carbon dioxide emissions caused by circulation of reactive currents, which is not
possible with the capacitor banks today used in industrial applications.

2. Active and Reactive Power Components in Unbalanced Systems

In this section, the expressions for the positive-, negative-, and zero-sequence com-
ponents of the active and reactive powers are established for the three-phase, four-wire
sinusoidal and unbalanced system represented in Figure 2 using Ohm’s and Kirchhoff’s
laws and Fortescue’s theorem.
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Figure 2. Three-phase, four-wire sinusoidal system.

Considering that both the source and the load of the three-phase sinusoidal system
in Figure 2 are unbalanced, in general, and these subsystems are connected through lines
and neutral wires of negligible impedances, the Complex Root Mean Square (CRMS) line
(I,) and neutral (Iy) currents (z = 4, B, C) of this system are, according to Ohm’s and the
first of Kirchhoff’s laws, as follows,

I_z = 7z ’ l7zN = (G, + Ez) ’ l7zN = I_za + I_zr

I_N = Z (G, + Ez) ’ VZN 1)

z=A,B,C
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V,n being the line-to-neutral voltages, ¥, = G, + B, the load complex admittances, ex-
pressed as a function of the load conductances (G,) and susceptances (B,), and I,, = G, -
V,y and I, = B, -V, are the active and reactive line currents of each phase (z = 4, B, (),
respectively.

Since voltages and currents of the system in Figure 2 are generally unbalanced, these
quantities can be decomposed into their positive- (+), negative- (—), and zero-sequence
(0) components, according to Fortescue’s theorem [11]. Thus, if the symmetrical compo-
nents of the line-to-neutral voltages are Vyy, = Vizay, Vyy_ = V. 2a_,Vyyo = Voza,, the
line currents can be decomposed as follows:

Iy = % (L +aly+a*l) = (Vy + 85 + 6610) - Vans = Vo - Vs

- - - - 1 ,_ - = - =N = -
IA— =§(IA + aZIB + alc‘) = 6__(Yh + 6be_ + 60Yl) : VAN— = Y_ - VAN—
U

2)
- - 1, __ -\ = -
Lpo = % L+l +1) = 6T(Yl. + 8y Yy + 86n)  Vano = Yo * Vano
0
where a = ¢/127°,
- Van- - Vano
Oy =5—=06ys(a_—ay) 8o = 7o 8o2(ao — ay) 3)
AN+ AN+

are the negative-sequence unbalance factor (§,) and the zero-sequence unbalance factor
(8,) of the line-to-neutral voltages,

_ I _ _
v, =2 =G, +B, V. ="=G6_+B. 7,="=G,+B, (4
AN+ AN— VANO

are the complex admittances for the positive-, negative-, and zero-sequences, expressed
as a function of the respective conductances (G;,G_,G,) and complex susceptances
(B, B, By),

Yo = % (V4 + Y5 +Ye) =Yy 2—ppy = Gpy + Byy ®)
are the well-known complex admittance of the load supplied with positive-sequence volt-
ages, and

T T T oo
Y, == = = = = =—(YA+a2YB +aYC) = YL—(p
' VAN— VANO VAN+ 3 ' '
(6)
b _ e _ Do

1o _ _
h = =-(y+a¥ +a?¥e) =Yy2—g,

VAN 0 VAN + VAN -
are the ratios between voltages and currents of different sequences, which have dimen-
sions of admittance and are defined in systems with both asymmetrical sources and loads.

The complex power supplied by the source and absorbed by the load of the system
represented in Figure 1 can be determined as a function of the line-to-neutral voltages and
line currents,

S=Vin-Li+Vey I +Ven-Ic =P+Q (7)
where P and Q are the active and complex reactive powers, respectively,
P =Gy Viy+Gp-Viy+Gc-Véy Q=B Viy+Bs-Viy+B: Viy ®)

and the asterisk (*) denotes the conjugate of a complex quantity. The complex power can
also be expressed as a function of the complex powers corresponding to each sequence as
follows [10]:
S=8,+S_+S,=3Vanslay +3Vay_Li_ +3Vanolzo =P +Q )
The real part of the complex power (S) is the active power (P) and the imaginary part
is the reactive power (Q),

P=P +P +P Q=0,+Q_-+Q (10)
where (P, P_, Py) and (Q,, Q_, Q,) are the well-known active and complex reactive powers,
respectively defined in [10] for the positive-, negative-, and zero-sequence voltages and
currents.
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2.1. Positive-Sequence Active and Reactive Powers

Positive-sequence active and reactive powers (P,, Q) are the main components of the
complex power supplied by the generators in power plants and transferred through the
high voltage (HV) lines as well as delivered in most low voltage (LV) distribution networks.

According to the first Equation (2), the positive-sequence complex apparent power
can be expressed as follows:

Se =3Vany Ly =3V Viy, =P+ Q4 11)
where the conjugate of the positive-sequence admittance of the load is
Yy =V, + 6,V + 68,V =G, + B} (12)
The real part of S, is the positive-sequence active power (P,),
P, =3 G Viy, (13)
The imaginary part of S, is the positive-sequence reactive power (Q,),
Q+ =3 E:-VAZN+ (14)

2.2. Negative- and Zero-Sequence Active and Reactive Powers

The negative- and zero-sequence active and reactive powers usually occur because
of the voltage imbalances in power systems.
The negative-sequence complex power is expressed as follows:
S =30y L_=37Vi_=P +0. (15)
in which
P.=3G_Vi_ Q- =3B Vi._ (16)
are the negative-sequence active and reactive powers, respectively, and the negative
conductance (G_) and susceptance (B_) are defined by the second Equation (4). The nega-
tive-sequence active and reactive powers are responsible of malfunctions in the operation
of three-phase generators and motors [13,14,16]. Therefore, the negative-sequence unbal-
anced voltage factors are limited to values less than 1-2% by several standards [13-18] in
order to reduce the negative-sequence powers.
The zero-sequence complex power has the following expression:
So =3 Vano " Lao =3 Y5 Vino =Po + Qo 17)
where
Py =30Go- VAZNO Qo =3 ES 'VAZNO (18)
are the zero-sequence active and reactive powers, respectively, which occur because
of either source malfunctions or displacement of the source and load neutral points, and
the zero conductance (G,) and susceptance (B,) are determined by the third Equation (4).

3. Devices for the Compensation of Reactive Powers

The reactive power compensators that can supply the total reactive power (Q) ab-
sorbed by the load in Figure 2, as well as those that separately compensate the positive-
(Q4), negative- (Q_), and zero-sequence (Q,) reactive powers, are described in this section.
These devices are formed, in general, by two three-phase configurations: one in delta, with
admittances (Y3, Y5, and ¥§,), and the other star-configured, with admittances (¥}, ¥,
and Y¢), which is equipped with a neutral conductor (Figure 3).
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Figure 3. General constitution and placement of the reactive power compensators in three-phase,
four-wire power systems.

3.1. Total Reactive Power Compensators (TRPC)

These compensation devices must deliver the reactive powers (Q, = B; - V) and cur-
rents (I, = B, - V,y) absorbed in each phase (z = 4, B, C) by the load in Figure 2. Therefore,
the currents absorbed by the reactive compensator have to be opposite to the load reactive
currents, as follows:

I§ =Y Vay + VipVap — YaVea = Loy = —=B4 - Vay
I = Y§ - Vpy + YgcVpe — VipVap = —Ipy = —Bp - Vpy 19)
I¢ =Y§ Vo + Y4V = YgcVpe = —Igr = —B¢ - Ve
Solutions for the above equations determine that the admittances (Y5, Yi¢,¥&,) and
(Y5, Y§, YE) of the total reactive compensator must have the values indicated in Table 1.

Table 1. Admittances of the total reactive power compensator (TRPC).

DELTA CONFIGURATION STAR CONFIGURATION
Vip Yic Yy /i Yg Ye
O O O _BA _EB _EC

The results summarized in Table 1 are well-known in circuit theory as well as in in-
dustrial practice.
The complex power absorbed by this compensator (S,) is opposite to the load reactive
power, i.e.:
§¢=-Q =B Viy— By Vgy — B¢ - Véy, (20)
Thus, these compensators do not modify the active power (P) delivered by the

source, whereas the source reactive power (Q) is canceled (Table 2).

Table 2. Active and reactive source powers after connecting TRPC (z = 4, B, C).

ACTIVE POWER REACTIVE POWER

D B=) GVA >@-a)=0
Z Z Z
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After connecting the total reactive power compensators, the active currents are not mod-
ified, the reactive currents are cancelled, and the neutral current is reduced up to the value:
1_1’v = GaVyn + Gy + GCVCN (21)
which is three times the zero-sequence component of the active currents absorbed by
the load.

3.2. Positive-Sequence Reactive Power Compensators

The reactive powers delivered through the positive-sequence voltages and currents
are the main reactive power components in most electrical networks. Thus, compensating
the positive-sequence reactive powers (Q,) should be of primary interest.

These compensation devices must absorb the positive-sequence reactive powers and
currents opposite to those absorbed by the load in unbalanced voltage conditions, namely:

_ §¢=-Qy=-3B; " Viy, [ =-I,4,=-B, V;y, z=4B,0), (22

being B, the positive-sequence load susceptance, determined by Equations (4) and (12).

Therefore, the positive-sequence reactive power compensators do not require a neu-
tral conductor to evacuate the zero-sequence currents and, thus, the star Configuration in
Figure 3 can be avoided. Hence, these compensation devices are formed by three admit-
tances (Y5, Y5¢, Y£4) configured in delta. Further, an additional advantage of this configu-
ration is that the line-to-line voltages are applied to these admittances, which only have
positive- and negative-sequence components.

The positive-sequence reactive power compensators are formed by two set of admit-

15 1

tances, (— %EJ,, —2By—3 B,)and (Y)5_, Y5._, ¥§4_), which are connected in parallel, as Fig-

ure 4 represents.

A VAB B \_(TBC Cc
o G G ]
ol P - TBr_v - fcﬁv
_ _1B . _1B
IABI’ 5 - IBCr 3T
- I;—\Br+ - TBCr+
P P
L ye Iser Ve
AB- BC-
_ _1B
ICAr 3T
- ICAr+
TCAr- Ve
YC;-\—
—
VCA

Figure 4. Constitution of the positive-sequence reactive power compensators (Q,). (Arrows of the
line-to-line voltages indicate the greatest potential point).
1 =

The first set of admittances (— ;Er, -3 B,,— §§+) is a three-phase balanced delta con-

figuration that absorbs reactive currents with positive- and negative-sequence compo-
nents, which are determined according to Ohm’s law and Fortescue’s theorem:
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_ 1= = 1= _ _ _ _
Lgr = _§B+ Vup = _§B+ ' (VAB+ +Vyp-) = —lpr+ — Lupr-

—_ 1 j— p— 1 j— p— — —_ —_

Igcr = =3By Vpe = — 3By (Vees +Vpe-) = —Ipcrs — Ipcr- (23)
_ 1= = 1= _ _ _ _
lear = _§B+ Vea= _§B+ ' (VCA+ + VCA—) = —lcars — Icar-

This delta-balanced configuration supplies the same positive-sequence reactive pow-
ers (Q,) absorbed by the load. However, the complex power shows that a negative-se-
quence reactive power (Q_) is additionally engendered due to the negative-sequence line-
to-line voltages:

=3By (Vi + Vie + V&) = =3B - (Viv, + Vi) = Q. — Q- (24)

1 =

The set of admittances (— % B, — 3 B, — % B,) of the Q, compensator are passive reac-

tances (coils and capacitors).

The other set of admittances (Y5_, Y$._, ¥§,_) constitutes a three-phase unbalanced
delta configuration (Figure 4) that absorbs the negative-sequence reactive powers (—Q_),
which are caused by the negative-sequence voltages on the balanced configuration
(- ;Er, - ;Er, - §§+) and expressed by Equation (24). For the accomplishment of this goal,
the currents flowing through the admittances of this unbalanced configuration are oppo-
site to the negative-sequence currents engendered by the balanced configuration and ex-
pressed by (23), namely,

I_ABr— =§ §+ ' VAB— I_BCr— =§ §+ ' VBC— I_CAr— =§ §+ ! VCA— (25)

Thus, the values of the admittances (Y5 _, Y., ¥§,_) of this configuration are, accord-
ing to Ohm’s law:

_ Ligr- 1= Vs _ aé,
YACB— A_Br — lB AB - _1 B+ U_
Va 3 Vap+ + Vap 3 "1-ady
= Iper- 1 aVyp_ 12 Oy
YBCC_ _T :§B+ 2_—_=—§B+ — (26)
Sc Icar- 15 a?Vyp_ 15 a8y
T =-2==1B, — =1, —
VCA aVAB+ + a VAB— 1 —a 61]
being 8y = Vyn_/Vans = — Vap_/aV, 5, the negative-sequence unbalance factor of the

line-to-neutral voltages, determined by (3), and a = e/ 12",

The complex power absorbed by these three admittances (Vj3_, Ve, ¥542),

Vag " Rpr-)" + Ve " Uper=)* + Vea " (Bar-)" = (M +a+a®) Vg (Fpr)" + @7)
+3Vsp_ - (Idgr)" = By " Vis- =3 By, Viy_ = Qp-

is opposite to the negative-sequence reactive power in Equation (24).

In summary, the positive-sequence reactive power compensators are formed by three
admittances configured in delta (Y3, Y., Y£,), determined by the parallel connection (Fig-
ure 3) of two sets of admittances, (— §§+, - §§+, - §§+) and (Yj_, Y§c_, Y£4-), with no star
configuration of admittances (Y, Y£, Y¢) in Figure 2, such as Table 3 indicates.

Table 3. Admittances of the positive-sequence reactive power compensators.

DELTA CONFIGURATION STAR CONFIGURATION

Vi Yic Yy 144 vg ve
15, ! 15,1 15, 0 0 0
5 +1_a6_l] 5 +1_SU 5 +1_aZSU

According to Equations (24) and (27), the total complex power ($¢) of these two sets
of admittances,
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§¢= _Q+ -Q-+Q-= _Q+ = _§ E:— ) VAZN+ (28)

is opposite to the positive-sequence reactive power Q. absorbed by the load. There-
fore, the compensation devices of positive-sequence reactive power do not affect the val-
ues of the active powers delivered by each source phases (B, = G,V4,z = A, B, C), whereas
the source reactive powers are reduced an amount, in each phase (z = 4, B, C), of value
equal to the third part of the reactive power supplied by the compensator (Q, — ; Q4), such

as Table 4 summarizes.

Table 4. Active and reactive source powers after connecting the positive-sequence reactive power
compensators.

ACTIVE REACTIVE

ZPZ - Z G,V Z (@ —%(1)

The connection of the positive-sequence reactive power compensators cancels the
positive-sequence reactive source currents. The active and neutral currents are not modi-
fied, with the same values determined by Equation (1).

Since most standards [13-18] limit the values of the negative-sequence unbalanced
voltage factor to values under 1-2% (§y < 0.02), the admittances (Y3_, Y5c_, Y54 ) are usu-
ally negligible and, therefore, the positive-sequence reactive power compensators can be
built, with great approximation, by a balanced delta configuration of susceptances

15 15

1_
(=3Bw, =3B —3By).

3.3. Negative- and Zero-Sequence Reactive Power Compensators

Negative- and zero-sequence reactive powers occur because of voltage imbalances
and are not usually the main reactive powers in electrical networks. Therefore, these re-
active powers should be compensated either by only one combined compensator or by
specific compensators of negative- and zero-sequence reactive powers. All these compen-
sation devices are described in this section.

3.3.1. Combined Compensators of Negative- and Zero-Sequence Reactive Powers

These compensators have to supply both the negative- and zero-sequence reactive
powers and currents absorbed by the load, namely:

§C=_(Q—+éo)=_é+é+

_ _ _ _ (29)
IZC = _IZT‘— - I‘I"O = _IZT' + IZ1"+ zZ = (A;B! C)’

being (Q_ and Q,) the negative- and zero-sequence reactive powers determined by
Equations (28) and (30), respectively.

In order to achieve the first Equation (29), the combined compensators of negative-
and zero-sequence reactive powers must be formed by both a star configuration and a
delta configuration of admittances, (Y, Y5, YS) and (Y5, Ysc, Y£4), connected as Figure 3
represents. The star configuration absorbs opposite reactive currents (—1,,) and powers
(—Q) as the load, i.e., the admittances (Y, Y§, Y£) are opposite to the load susceptances
(Table 5). The delta configuration must absorb the load positive-sequence reactive cur-
rents (I,,,) and powers (Q,); therefore, the admittances (Y3, Y5, ¥$4) are opposite to the
admittances of the positive-sequence reactive power compensators, indicated in Table 3.
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Table 5. Admittances of the combined compensators of negative- and zero-sequence reactive powers.

DELTA CONFIGURATION STAR CONFIGURATION
Y Ysc Y& vy Yg Ye
gL g 1 ) - B B B
377145, 37114, 3771 — q2§, s B ¢

Therefore, the combined compensators of negative- and zero-sequence reactive pow-
ers do not affect the active powers and currents supplied by the source, which have the
same values as those absorbed by the load (Table 6). However, these combined compen-
sators supply reactive powers, with values Q5 = Q, —§ Q., in each phase (z = 4,B,C),
and, thus, the reactive powers supplied by the source are balanced after the compensation,
and their values are reduced (Table 6) up to reach the positive-sequence reactive power
absorbed by the load (Q).

Table 6. Active and reactive source powers in systems with combined compensators of negative-
and zero-sequence reactive powers (z = 4, B, C).

ACTIVE REACTIVE
D B=) GVA Y@ -=a
Z Z Z

The connection of combined compensators of negative- and zero-sequence reactive
powers, such as Figure 2 represents, reduces the reactive source currents up to reach the
values of positive-sequence reactive currents. The active currents are not modified, while
the neutral currents are decreased up to the values determined by Equation (21).

3.3.2. Individual Compensators of Negative- and Zero-Sequence Reactive Powers

The individual compensation of negative- and zero-sequence reactive powers is pos-
sible using specific compensators, which are able to separately cancel the delivery of these
reactive powers from the source. However, the use of these compensators is not recom-
mended for the following reasons:

e the negative-sequence reactive powers are usually negligible compared to the posi-
tive-sequence reactive powers, and

e these compensators are hybrid devices, formed by passive elements and electronic
converters, which are generally much more expensive than the passive combined
compensators for the negative- and zero-sequence reactive powers described in Sec-
tion 3.3.1.

However, the use of specific compensators of either negative- or zero-sequence reac-
tive powers do not affect the delivery of active source powers since these devices only
cancel the negative- and zero-sequence reactive powers, respectively (Table 7).

Table 7. Source active and reactive powers in systems with individual compensators of negative-
and zero-sequence reactive powers, (z = 4, B, C).

NEGATIVE-SEQUENCE ZERO-SEQUENCE
COMPENSATORS COMPENSATORS
ACTIVE Z b= Z G,V Z P = Z G,V
z z Z zZ
REACTIVE Z (@z ~10.) =0, +Q Z (@, -100) = 0. +0-
z Z

a) Individual compensators of negative-sequence reactive powers
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These compensators must only absorb negative-sequence reactive powers and cur-
rents with opposite values as those absorbed by the load, i.e.:

§S¢=-Q_.=-B*-Vi_ I=-I,_=-BV,y. z=(4B,0), (30)
where B_ is the negative susceptance determined as the imaginary part of second
Equation (4).

The individual compensators of negative-sequence reactive power are constituted by
three admittances (Y5, Yic, ¥&4) configured in delta (Table 8), which are determined under
the consideration that they must absorb the negative-sequence line currents indicated by
(30) and, therefore, the currents (I _, Igcr—, Icar—) flowing through each of these admit-

tances must be of negative-sequence, with values as follows:
Iqur— = YACB ’ 17AB = _§ B_- I7AB— I_BCT— = YBCC ) VBC = _§ B_- VBC—

- _— —_— 1= .
Iear- =Yia Vea = _gB— “Vea- (31

Table 8. Admittances of the individual compensators of negative-sequence reactive powers

DELTA CONFIGURATION STAR CONFIGURATION
Vs Yic Yéa /1 vg ve
_ a$ _ 4 _ a%§,
1p 2 B —L 1p 2% 0 0 0
3 1_a6U 3 1_611 3 1_(126(]

The connection of specific negative-sequence reactive power compensators only can-
cels the negative-sequence reactive source currents, but the active and neutral currents
remain invariable, with values determined by Equation (1).

b) Individual compensators of zero-sequence reactive powers

These reactive power compensators have to absorb the following reactive powers

and line currents:

§C = _QO = _é + é+ + Q— Iﬁz = __er = _I_zr + I_zr+ + I_zr— zZ= (A’B’C)' (32)

In order to satisfy Equation (32), the individual compensators of zero-sequence reac-
tive powers are constituted by two directly connected configurations, as Figure 3 repre-
sents. The star configuration is a total reactive compensator, formed by three admittances
(Y5, Y5, Y§), with values indicated in Table 1. The delta configuration is determined by the
parallel association of two individual reactive compensators of positive- and negative-
sequence, respectively, whose elements have opposite values as those indicated in Tables
3 and 8, respectively (Table 9).

Table 9. Admittances of the zero-sequence reactive power compensators.

DELTA CONFIGURATION STAR CONFIGURATION
Vis Yic Yéa /i vg ve
B, —aé,B B, — 6,B_ B, —a?6yB_ _ _ _
L S S
3 1_a6U 3 1—(15” 3 1—(125”

The connection of individual compensators of zero-sequence reactive powers cancels
the zero-sequence reactive source currents as well as reduces the neutral currents up to
reach the values determined by Equation (21). The active currents become unmodified
after the connection of these compensators.
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4. Application Example

The operation of the passive reactive power compensators developed in Section 3 is
analyzed in this section with an application example. Likewise, the effectiveness in com-
pensating the reactive power of these devices is compared with that obtained in currently
existing passive compensators (such as capacitor banks and Jeon’s compensator [20], or
similar [21,22]) using the reactive power components as analysis tools. The individual de-
vices to compensate specifically the negative- and zero-sequence reactive powers, de-
scribed in Section 3.2.2, are not analyzed as they are not passive compensators.

The data used in the application example have been obtained from measurements
carried out in the transformation house of a frozen products company. In order to be able
to compare with the same criteria, the study of the operation of the aforementioned de-
vices, in terms of reactive power compensation, has been made using only the reactive
power supplies recorded to the fundamental frequency. Therefore, the active load powers
have not been considered for the analysis since they are not affected by the operation of
the capacitor banks, Jeon’s compensator as well as the compensators developed in this
paper.

The values of voltages, currents and powers summarized in Tables 10, 11 and 12,
respectively, have been recorded in the secondary of the transformer of the aforemen-
tioned transformation house, using a Fluke 435 Series II analyzer, without having con-
nected any reactive power compensation device. Table 12 also indicates the values calcu-
lated for the equivalent reactances of each phase of the load (X, = V,y/I,,,), which are ob-
tained by the quotient between the CRMS values of the line-to-neutral voltages (V,y, Table
10) and the CRMS values of the reactive currents (I, Table 11) of each phase of the load
(z = 4A,B,C).

Table 10. Source voltages.

LINE-TO-LINE 1]\};1;]::1:;2; SYMMETRICAL
PHASE VOLTAGES VOLTAGES COMPONENTS
VALUE ANGLE RMS  ANGLE RMS ANGLE
(kVAr) ) (V) ) (V) )
A 387.282 29.96 231.306 0.85 POSITIVE 223.79 0
B 387.569 -89.94  216.704 -118.75 NEGATIVE 0.24 -83.46
C 387.997 14998 223586  117.91 ZERO 8.32 26.24

Table 11. Line and neutral currents due to reactive consumptions.

LINE CURRENTS SYMMETRICAL COMPONENTS
PHASE A PHASE B PHASE C NEUTRAL POSITIVE NEGATIVE ZERO
RMS (A) 291.817 56.729 246.920 228.123 198.422 68.030 76.041
ANGLE (°) -89.15 151.25 2791 -40.75 -90.33 -140.00 -40.75
Table 12. Load reactances and power consumptions.
EQUIVALENT LOAD
REACTANCES POWER CONSUMPTIONS
PHASE PHASE POWERS SYMMETRICAL COMPONENTS
IMPEDA A
M E([()z) NCE ligLE ACTIVE  REACTIVE ACTIVE REACTIVE
W (VAR) W) (VAR)
A 0.79264 90 - 67,498.81 POSITIVE -768.78 133,212.2
B 3.82 90 - 12,293.38 NEGATIVE 27.00 40.86
C 0.9055 90 - 55,207.91 ZERO 741.78 1747.03
TOTAL - 135,000.1 0 135,000.1
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4.1. Compensation of the Total Reactive Power

Three passive devices for fully compensating the reactive power are available. These
are the capacitor banks, Jeon’s compensator (or equivalent ones) and the TRPC, described
in Section 3.1. Values of the reactances of these compensators are indicated in Table 13.

Table 13. Reactances of the total reactive power compensators.

JEON’S
ine CAPACITOR BANK COMPENSATOR TRPC
IMPEDANCE ANGLE IMPEDANCE ANGLE IMPEDANCE ANGLE
Q) ) Q) ) Q) °)
A 3.3388 -90 0.79264 90 0.79264 90
B 3.3388 -90 3.82 -90 3.82 -90
C 3.3388 90 0.9055 90 0.9055 —90

Three-phase capacitor banks are built by delta-balanced configurations of capacitors,
with the reactances determined as X, = 9 VZ/Q*, where V, is the RMS value of the posi-
tive-sequence line-to-neutral voltages (223.79 V, Table 10) and Q* = —j135000 VA is the
conjugate of the total complex reactive power (Table 12). Jeon's reactive power compen-
sator and the TRPC determined as indicated in Table 1 are constituted by the same ele-
ments in this case, in which the active power supplies are not considered. These last two
compensators of the total reactive power are formed by three-phase unbalanced star-con-
figured capacitors, with a neutral conductor, whose reactances are indicated in Table 13.

Table 14 reveals that the three types of passive compensators cancel the supply of
reactive power from the source. However, the compensation mechanism in capacitor
banks is very different as in the other two compensators. Using both Jeon’s compensators
and TRPC, there are no reactive power components at the source, whereas, with capacitor
banks, the source must supply negative and zero sequence reactive powers, which are
compensated by absorbing an equal amount of positive-sequence reactive power. The
presence of these reactive power components is indicative of an inadequate operation of
the capacitor banks, which is confirmed by the non-elimination of the line currents and
the maintenance of the value of the neutral current (Table 15), after the connection of ca-
pacitors. These currents are necessary for the source to supply the positive-, negative- and
zero-sequence powers indicated in Table 14.

Table 14. Active and reactive source powers and their components after compensating.

SYMMETRICAL CAPACITOR BANKS JEON’s/TRPC
COMPONENTS ACTIVE REACTIVE ACTIVE REACTIVE
W) (VAR) (W) (VAR)
POSITIVE -768.78 -1787.73 0 0
NEGATIVE 27.00 40.70 0 0
ZERO 741.78 1747.03 0 0
TOTAL 0 0 0 0

Table 15. Line and neutral reactive currents after compensating.

LINE CURRENTS SYMMETRICAL COMPONENTS
MPENSATOR
co SATO PHASE A PHASE B PHASE C NEUTRAL POSITIVE NEGATIVE ZERO
CAPACITOR RMS(A) 90,793  144.173 4641 228.123 2.899 67.850 76.041
BANKS ANGLE (° -87.12  -3046  18.64 ~40.75 113.27 ~139.90 ~40.75
RMS (A 0 0 0 0 0 0 0
JEON’s/TRPC (4)

ANGLE (°) 0 0 0 0 0 0 0
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The existence of currents is important for sustainability since energy losses and,
therefore, carbon dioxide emissions increase with the square of the RMS values of cur-
rents. From Table 15, it can be noted that the connection of Jeon’s compensator or the
TRPC reduces completely the energy losses and CO2 emissions caused by reactive cur-
rents in transformer and lines. However, the connection of capacitor banks decreases the
line currents and does not affect the value of the neutral current (Table 15), so the percent-
age reduction in energy losses and CO2 emissions in the lines and transformer, after con-
necting delta capacitor banks, are:

AW o= (1 90.793% + 144.173% + 46.41% + 228.123

pilines 70 = 291.8172 4+ 56.7292 + 246.922 + 228.1232
90.793% + 144.173% + 46.41%

 291.8172 + 56.7292 + 246.922

> -100 = 58.675%

AWp,trafo% = (1 > 100 = 79.12%

4.2. Compensation of the Positive-Sequence Reactive Power

The passive devices for compensating specifically the positive-sequence reactive
power (Q,) are analyzed in this section. These compensators are connected to the trans-
former secondary, as Figure 5 represents, and they are only constituted by a delta config-
uration of reactances whose values are calculated according to expressions in Table 3 and
summarized in Table 16 (the star connection represented in Figure 3 does not exist for
these compensators). These devices are applied to cancel the positive-sequence reactive
powers and currents supplied by the sources, as it can be observed in reactive current
waveforms represented in Figure 5, in which it can be noted the great reduction in the
values of the reactive currents. In addition, current waveforms show the positive-se-
quence reactive power compensators do not balance the reactive line currents, as was in-
dicated in advance in Section 3.2.

Table 16. Positive-sequence reactive power compensators.

0, —COMPENSATOR CAPACITOR BANKS/JEON's

PHASE COMPENSATOR
IMPEDANCE ANGLE IMPEDANCE ANGLE
@) © Q) ©)
AB 3.3807 —90 ) i
BC 3.3832 —90 _ _

CA 3.3869 -90 - -
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Figure 5. Placement of the positive-sequence compensators in the installation, as well as reactive
line current waveforms in the transformer secondary and in the electrical installation, obtained rep-
resenting the Fluke 435 measurements with the LabView platform.

Nowadays, no capacitor banks and Jeon’s (or similar) passive compensators are built
to compensate only the positive-sequence reactive power separately from the negative-
and zero-sequence reactive powers; thus, elements based on technologies of these reactive
power compensators cannot be calculated (Table 16).

The impedances of the total positive-sequence reactive power compensators in Table
16 were obtained from the admittance expressions, indicated in Table 3, in which the pos-
itive susceptance (B,) and the negative-sequence line-to-line unbalanced voltage factor
(8y) are, according to Tables 10 and 11, as follows:

5 Ly . -1 s Van- o
B, =Im |= = —j0.8866 O 6y = =—=0.0010724,83.46
AN+ AN+
It is noted in Table 17 the positive-sequence reactive powers supplied by the source

are cancelled after the connection of these compensators, which is a significant reduction
of the total reactive power, from 135000.1 var up to only 1787.82 var. However, the con-
nection of these compensators creates similar source currents and power losses as the ca-
pacitor banks, such as a comparison of Tables 15 and 18 reveals.
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Table 17. Active and reactive powers of the source and load and their components after compensat-
ing the positive-sequence reactive powers.

SYMMETRICAL SOURCE LOAD
COMPONENTS ACTIVE REACTIVE ACTIVE REACTIVE
(W) (VAR) (W) (VAR)
POSITIVE -768.78 0 -768.78 133,212.20
NEGATIVE 27.00 40.79 27.00 40.87
ZERO 741.78 1747.03 741.78 1747.03
TOTAL 0 1787.82 0 135,000.1

Table 18. RMS values of the line currents supplied by the source after connecting the positive-
sequence reactive power compensator.

LINE CURRENTS SYMMETRICAL COMPONENTS
PHASE A PHASE B PHASE C NEUTRAL POSITIVE NEGATIVE ZERO
RMS (A) 93.4588 141.61 49.0968 228.123 1.145 67.941 76.041
ANGLE (°) -87.27 -30.48 19.35 -40.75 179.98 -139.95 -40.75

The percent reduction of energy losses and carbon dioxide emissions in lines and
transformers, derived from the connection of the positive-sequence reactive power com-
pensator, are the following;:

90.45882 + 141.61% + 49.0968% + 228.123%

AWp,lines% = <1

" 291.8172 4 56.7292 + 246.922 + 228.1232

90.45882% + 141.61% + 49.09682
291.817% 4+ 56.7292 + 246.922

> -100 = 58.667%

AW, trafo% = (1 > +100 = 79.11%

Therefore, the sustainability improvement in transformers and lines caused by the
connection of positive-sequence compensators is practically the same as this due to the
connection of capacitor banks.

4.3. Combined Compensation of the Negative- and Zero-Sequence Reactive Powers

The combined compensators of negative- and zero-sequence reactive powers are con-
nected, as Figure 6 represents. In this application, these devices are formed by a delta
configuration of coils, with opposite values as the positive-sequence reactive power com-
pensator (Table 16), directly connected to a star configuration of capacitors, with the same
values as the TRPC (Table 13), such as it is summarized in Table 19. These compensators
are used for balancing the reactive source power deliveries, as noted in the waveforms of
the transformer secondary reactive currents (Figure 6).

Table 19. Combined compensators of negative- and zero-sequence reactive powers.

COMBINED COMPENSATOR CAPACITOR
DELTA STAR BANKS/JEON's
PHASE CONFIGURATION  CONFIGURATION COMPENSATOR
IMPEDANCE ANGLE IMPEDANCE ANGLE IMPEDANCE ANGLE
Q) °) Q) °) Q) )
AB(A) 33807 90 0.79264 —90 - -
BC(B)  3.3832 90 3.82 —90 - -

CA (©) 3.3869 90 0.9055 -90 - -




Sustainability 2021, 132, 11134 18 of 21

L1 d
ELECTRICAL

o I
TN ST T
Y

DISTRIBUTION
TRANSFORMER /

COMBINED /
COMPENSATOR

A-Phase -

A-phase [N
B-Phase - B-Phase -

0020

| .
Tt o = i
=y == COMPLETE EVENT | |

Figure 6. Placement of the combined compensators in the installation, as well as reactive line current
waveforms in the transformer secondary and in the electrical installation, obtained representing the
Fluke 435 measurements with the LabView platform.

Today, there are no capacitor banks and Jeon’s (or similar) passive compensators that
can compensate both the negative- and zero-sequence reactive powers separately from
the positive-sequence reactive power (Table 19).

It is noted in Tables 20 and 21 that the negative- and zero-sequence reactive source
powers and currents have been cancelled after connecting the combined compensator in-
dicated in Table 19. Thus, the reactive supplies of source powers and currents have been
balanced, with only positive-sequence components. This implies the sustainability of this
installation has been improved.

Table 20. Source and load of active and reactive powers and their components after compensating
together the negative- and zero-sequence reactive powers.

W) W) (VAR)
POSITIVE 0 133,212.20 -768.78 133,212.20
NEGATIVE 0 0 27.00 40.87
ZERO 0 0 741.78 1747.03
TOTAL 0 133,212.20 0 135,000.1
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Table 21. RMS line currents supplied by the source after connecting the combined compensator of
negative- and zero-sequence reactive powers.

SYMMETRICAL
LINE CURRENTS COMPONENTS
PHASE A PHASE B PHASE C NEUTRAL POSITIVE NEGATIVE ZERO
RMS (A)  198.419 198.419  198.419 0 198.419 0 0
Al\IgLE -90 150 30 24.78 -90 -173.27 24.78

The percent reduction of energy losses and carbon dioxide emissions in lines and
transformers are the following, after connecting these combined compensators:

T 3-198.4192
p.lines /0 = 291.817% + 56.729% + 246.922 + 228.1232

3-198.4192
291.8172 4+ 56.7292 4 246.922

) -100 = 41.35%

AWy trapo% = (1 ) 100 = 20.914%

The reductions derived from the operation of these compensators are lower than in
the previous ones because the negative- and zero-sequence reactive powers are much less
important in power systems.

5. Conclusions

Several devices for compensating the positive-, negative-, and zero-sequence compo-
nents of the reactive power in three-phase, four-wire sinusoidal systems, supplied with
unbalanced voltages, have been developed in this paper, for the first time in the technical
literature. Some of these compensators are passive, formed by reactances (Figures 1a and
1b), while others are hybrid, formed by passive elements and electronic converters (Fig-
ures 1c and 1d). Within the latter are the negative- and zero-sequence individual reactive
power compensators. Likewise, passive devices for the total reactive power compensation
(TRPC) have been established in this paper.

The comparison between the passive reactive power compensation devices devel-
oped in this paper and the passive reactive power compensators known today, such as
capacitor banks and Jeon’s compensators [19], when the supply voltages are unbalanced,
determined that:

e  The capacitor banks and Jeon’s compensators are able to fully compensate the reac-
tive power; however, they cannot compensate the positive-sequence reactive compo-
nent and the combined negative- and zero-sequence reactive components separately
from the total reactive power.

e TRCP and Jeon’s compensators allow achieving 100% reductions in source energy
losses and carbon dioxide emissions caused by the circulation of reactive currents, in
all distribution networks, with independence of the system unbalance degrees. How-
ever, reductions obtained with capacitor banks are less, between 60% and 80% in
most analyzed distribution networks, depending on the voltage and load unbalance
degrees. These lower performances of the capacitor banks are justified by the com-
pensation mechanism of these devices, in which the cancellation of the reactive
source power does not eradicate the presence of positive-, negative-, and zero-se-
quence powers at the source when voltages are unbalanced.

e  The individual compensators for the positive-sequence reactive powers achieve re-
ductions of source energy losses and carbon dioxide emissions in a similar amount
as the traditional capacitor banks, between 60% and 80% in most analyzed distribu-
tion networks, depending on the imbalances.

e  The combined compensator of negative- and zero-sequence reactive powers are able
to cancel the circulation of reactive currents through the neutral conductor; therefore,
these compensators are more effective in the reduction of power losses in the neutral
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wire than the traditional capacitor banks. However, the reductions in source energy
losses and carbon dioxide emissions of the combined compensators of negative- and
zero-sequence reactive powers are usually modest, only 20% to 40% in most analyzed
distribution networks, especially due to the small values that the negative-sequence
reactive powers have in power systems, as a consequence of the negative-sequence
voltage limitations, imposed by different standards.

Although combined- and positive-sequence reactive power compensators do not im-
prove facilities’ sustainability as much as TRPCs, these passive devices are also useful in
other applications where positive sequence reactive power needs to be compensated or
maintained. These applications will be the object of study in future works.
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