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Multi-Objective Planning for Reactive Power
Compensation of Radial Distribution Networks
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Using Particle Swarm Optimization
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Abstract—This paper presents a particle swarm optimization
(PSO)-based multi-objective planning algorithm for reactive
power compensation of radial distribution networks with unified
power quality conditioner (UPQC) allocation. A UPQC consists
of a series and a shunt inverter. The UPQC model based on phase
angle control (UPQC-PAC) is used. In UPQC-PAC, the series
inverter injects a voltage with controllable phase angle in such a
way that the voltage magnitude at load end remains unchanged.
Due to the phase angle shift, the series inverter participates in
load reactive power compensation along with the shunt inverter
during healthy operating condition. In the proposed approach,
the optimal location, the optimal reactive power compensation
required at the location, and the optimal design parameters of
UPQC are determined by minimizing three objective functions:
1) the rating of UPQC, 2) network power loss, and 3) percentage of
nodes with undervoltage problem. These objectives are simultane-
ously minimized to obtain a set of non-dominated solutions using
multi-objective PSO (MOPSO). The performances of two MOPSO
variants are compared and the better one is used in all subsequent
studies. A load flow algorithm including the UPQC-PAC model is
devised. The performance of the proposed algorithm is validated
with different case studies.

Index Terms—Multi-objective optimization, power distribution
planning, reactive power, unified power quality conditioner.

I. INTRODUCTION

N optimal reactive power compensation can significantly

improve the performance of a radial distribution network
by reducing its power loss and improving its voltage profile, and
line loadability. There are several reactive power compensation
strategies reported time-to-time in the literature, for example ca-
pacitor placement [1], [2], combined operation of on-load tap
changer and capacitor banks [3], and integration of distributed
generation (DQG) [4], [5]. The latest addition is the distribu-
tion FACTS (DFACTS) device allocation. Although DFACTS
devices are traditionally used in power quality improvement
they can be used in optimal reactive power compensation as
well. In [6], the optimal allocation of distribution static compen-
sator (DSTATCOM) is carried out to minimize network power
loss and to improve node voltage magnitude. The unified power
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quality conditioner (UPQC) is one of the versatile DFACTS de-
vices [7]. The research on UPQC is mostly focused on the mit-
igation of power quality problems for single load [7]-[10]. The
theme of this paper is set as an investigation of its potential ap-
plicability in optimal reactive power compensation of a distri-
bution network.

A UPQC consists of a shunt and a series inverter [7]. The
shunt inverter provides reactive power and harmonic com-
pensations by injecting a shunt current to the load. The series
inverter is used in the mitigation of voltage related problems,
for example sag and swell in supply voltage by injecting a
controllable series voltage. These two inverters are connected
back-to-back with a DC link and this becomes the most
common form of UPQC structure after its practical implemen-
tation reported in [8]. There are various UPQC models, such as
UPQC-P, UPQC-Q, UPQC-S, and UPQC-VA,,;,. The series
inverter only provides active power in UPQC-P and reactive
power in UPQC-Q by injecting a controllable in-phase and a
controllable quadrature voltage, respectively so as to mitigate
voltage sag problem. A comparative performance assessment
of these two models is given in [9]. The series inverter in
UPQC-S can simultaneously provide both real and reactive
powers [10]. In UPQC-VA i, [11], the optimum angle of the
injected voltage of the series inverter is determined to minimize
the VA rating of UPQC. Mostly, the research on UPQC is
focused on the following attributes:

+ development of different series compensation schemes, for

example UPQC-P, UPQC-Q, and UPQC-S [9]-[11];

* development of new UPQC topology/structure, for ex-
ample, 3-phase 4 wire structure [12], interline UPQC [13]
in which these two inverters are placed in different feeders
of a network, and UPQC without the common DC link,
i.e., OPEN UPQC [14];

+ development of new control strategy for UPQC, for ex-
ample phase angle control [15], simultaneous voltage and
current compensation scheme [16], and particle swarm op-
timization based feedback controller [17];

* minimization of the cost/VA rating of UPQC [11], [18];

» combined operation with DG [19], [20].

In almost all works, a UPQC is designed to protect a single
load which is assumed to be the most sensitive load. But, a net-
work may consist of multiple equally sensitive loads. In that
case, an optimal location for UPQC in a network is of an in-
terest. In general, the sag/swell in supply voltage is short du-
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ration phenomena. Thus, to get the maximum utilization of a
UPQC, its potential use in reactive power compensation during
healthy operating conditions should be investigated. But, less
attention is put on this aspect in the literature. In [21], a work
on UPQC allocation for under voltage mitigation of distribution
networks is reported. But, constant shunt compensation is used
irrespective of the load demand and location of a UPQC in a
network. Hence, it is not a realistic approach.

A modified design of the phase angle control model for
UPQC (UPQC-PAC) [15] is proposed in this work. In the
UPQC-PAC, the series inverter injects a controllable series
voltage so as to shift the phase angle of the load voltage. Due to
this phase shift, the series inverter participates in load-reactive
power compensation along with the shunt inverter and helps in
reduction of the VA rating of the shunt inverter. In [15], UPQC
is modeled for the reactive power compensation of a single
load. Thus, its design is slightly modified so that a UPQC can
be capable of providing the reactive power compensation of a
distribution network. In addition, the total harmonic distortion
(THD) of the load current is included in the model and used in
the determination of VA rating of the shunt inverter. A distri-
bution system load flow algorithm including the UPQC-PAC
model is devised and used as a support subroutine of the
planning algorithm.

To determine the optimal location and parameters of UPQC,
a multi-objective planning model is formulated with three ob-
jective functions. They are minimization of: 1) the rating of the
UPQC, 2) network power loss, and 3) percentage of nodes with
undervoltage problem (PNUVP). The simultaneous optimiza-
tion of these objectives is carried out using Pareto-dominance
principle [22] to obtain a set of non-dominated solutions called
Pareto-approximation set, in which no solution is inferior to
other. The solution strategy used is particle swarm optimization
(PSO) [23] for its easy implementation, effective memory
use, and an efficient maintenance of the solution diversity. Its
performance is also tested on a number of power system prob-
lems [24]. Since PSO is a multi-point search algorithm, it can
provide a set of non-dominated solutions in a single run. There
are many Pareto-based multi-objective PSO (MOPSO) variants
[25]. In this work, two MOPSO variants are chosen. They
are: non-dominated sorting MOPSO (NSMOPSO) [26] and
strength Pareto evolutionary algorithm-2 [27] (SPEA2)-based
MOPSO (SPEA2-MOPSO) [28]. Their performances on the
present problem are compared and the better one is used in
subsequent studies. The planning approach is validated on a
33-node and a 69-node distribution networks. Different case
studies are carried out and the results are analyzed. The results
obtained with the proposed algorithm are found to be better as
compared to the approaches reported in [6] and [21].

The paper is organized as follows: In Section II, the
UPQC-PAC model and its inclusion strategy in radial distri-
bution network load flow are described. The multi-objective
reactive power compensation planning model with UPQC allo-
cation is formulated in Section III. The multi-objective reactive
power compensation planning algorithm using MOPSO is
provided in Section IV. The simulation study is presented in
Section V. Section VI concludes the paper.
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Fig. 1. Basic schematic of UPQC.

Fig. 2. Phasor diagram of shunt and series compensations of UPQC-PAC op-
erating: (a) at normal/healthy condition and (b) at voltage sag.

II. UPQC-PAC MODEL FOR DISTRIBUTION NETWORKS

The basic schematic of a UPQC is shown in Fig. 1. In gen-
eral, the series inverter is used in mitigation of sag and swell
of supply voltage and the shunt inverter is used in compensa-
tions of the reactive component of load current and harmonics
[7]. The series inverter injects a series voltage (Vs.) and the
shunt inverter injects a shunt compensating current (Is;, ) during
healthy condition as well as during voltage sag, as shown in
Fig. 2(a) and (b), respectively. In the UPQC-PAC model, the
series inverter injects Vs, during healthy operating condition to
create a phase angle (¢) shift of the load end voltage. This helps
the series inverter in providing the reactive power and thereby
it reduces the rating for the shunt inverter and the overall rating
of a UPQC to some extent [15]. During voltage sag, the load
end voltage is kept constant by injecting Vg.. The magnitude
of Vs, depends on the maximum rating of the series inverter.
The VA ratings of both the inverters are determined according
to Fig. 2(a).
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A. Determination of VA Rating for the Series Inverter

The VA-rating of the series inverter depends on the injected
voltage (Vs.) and the compensated source end current (/) as
given in the following:

Sge = Vsels. (D

During healthy condition, the series voltage is computed as

Vse = \/VL2 + Vs2 — 2V Vg coséd. )

The voltage magnitude at the source and load ends are kept
same, i.e., [V = Vs]. So

Ve = \/VS2 + Vs? — 2V Vg cos
= Vs/2(1 — cos 6). 3)

Assuming a UPQC to be lossless, the active power demanded
by the load is equal to the active power drawn from the source
[29]. Hence

Vs[s :T/LIL COSgb (4)
Is =1 cos . %)

From (1), (3), and (5), the VA-rating of the series inverter is
determined as

Sse = Vsl cosp/2(1 — cos é). 6)

B. Determination of VA Rating for the Shunt Inverter

The VA rating of the shunt inverter depends on the load end
voltage (V) which is equal to the source voltage (V) and the
compensating current (Ig;) provided by the shunt inverter as
given in the following:

Ssn = Vslsn. @)

According to Fig. 2, the compensating current can be deter-
mined as

Isn = \/I§+I§ — 2IgI cos(¢p — 6). ®)

From (5) and (8)

Isy = Ip\/1 4 cos2¢ — 2cos ¢cos(gp — 6). )

As noted above, one of the basic functions of UPQC is harmonic
compensation. Thus, the THD of load current is included in the
model. THD is defined as the ratio of the distortion component
of the current (/%) to the fundamental component (I/):

Idis
THD = —

T (10)
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The shunt inverter of UPQC provides a compensating current
(I%#) so as to neutralize the distortion component of the load
current (I¢%%) [11], i.e.,

I =I5y (1)
From (10) and (11)
THDIf = THDs,IL, (12)

where TH Dy and THDg;, are THD of load current and shunt
compensating current, respectively. From (9) and (12)

THDy,
V14 cos2¢ — 2 cos ¢ cos(¢p — &) ’

THDgy, = (13)

The r.m.s value of shunt compensating current is obtained as

Isy = IL,\/1+THDZ,.

From (9), (13), and (14), the shunt compensating current is de-
termined as

(14)

Isp = Ii\/l + cos?¢ — 2cos pcos(¢p — 6) + THDZ. (15)

From (7) and (15), the expression for the VA rating of the shunt
inverter is found as

Ssn = sti\/l + cos?¢p — 2cos peos(¢p — §) + THD?.
(16)

C. Active and Reactive Power Provided by the Inverters

The active (Ps.) and reactive power ((s.) delivered by the
series inverter can be determined as

Pg, =85, cosbs.

an
(18)

QS@ = SS@ sin 056-

Similarly, the active (Psy ) and reactive power ((J g5 ) delivered
by the shunt inverter are

19
(20)

Pgp, = Ssp coslsn

Qsh = Ssp sinbgy.

The angle s, and #g;, are determined as [15]

sin

5. = 180° —tan 1 { ————
Se a {(1—0035)

} =90% + g (21)

There are two possibilities that: 1) § > ¢ and 2) § < ¢. For the
first case, the expression for the angle fg;, is found to be

{cos (6 — @) — cos p}
sin (6 — ¢)

For the second case, the expression for the angle f 5, is obtained
as

fsn = tan " [ ] +90° -6 (22)

{cos (¢ — ) — cos p}
sin (¢ — &)

s, = tan ! { ] +90° -6, (23)
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The total reactive power delivered by a UPQC is

Quprge = Qse + Qsh. (24)

D. Determination of Phase Angle 6

The maximum value of the series injected voltage (Vs.,, . )
is assumed to be a certain fraction of the desired load voltage,
e = KseVi (Kg. = ratio of the maximum series
injected voltage to the desired load voltage). It is determined by
using (3):

Vsv/2(1 — co8bax) = Kse V. (25)
Since the relationship V; = Vs is maintained, the maximum
phase angle is obtained as

VSemax =

(5max = Cosil(l — ()SKEE)

(26)

From (18), (21), and (25), the maximum reactive power that the
series inverter can provide (i.e., Qi ) is determined:

=VosIs/2(1 — oS Smayx ) 5in(90° 4 0.58,10x)

= T/S' IS sin (5rnax .

QSEI

max

27

If the reactive power compensation required at a node, at which
a UPQC is placed (say node 7) is Qcomp(¢), the maximum re-
active power that the shunt inverter has to provide is

QShi

max

QC‘omp( )

Qsei (28)

max

If @ sns__ 1s found to be higher than the maximum reactive
power compensation capacity of a shunt inverter, i.e., Sgy, it
is set at its maximum value. For reactive power demand at node
i [i.e., Qr(4)], the reactive power required from the series in-
verter becomes

QSei = QL( )

From (6), (18), and (21)

b;
Qse: =Vs(i i) cos ¢;+/2(1 — cos §;) sin (9()0 2)

Qsn; (29)

max

From (30), the phase angle for the series injected voltage at node
1 (6;) is computed as

1 |: QSei
{Vs(i)Is(d

O; =sin—

(‘)}]' GD

E. UPQC-PAC in Voltage Sag Mitigation

A UPQC-PAC can also be used in voltage sag mitigation by
injecting the series voltage according to Fig. 2(b). Suppose, the
source end voltage (Vg) is reduced to kVg (0 < £ < 1) due
to kg.q p.u. sag in source voltage (where, kg.q = 1 — k). The
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amount of voltage sag that can possibly be mitigated using the
maximum series injected voltage (Vs._.. = Kg.Vr), used in
reactive power compensation, can be determined as

VE+ (kVs)® — 2V (kVs)cos 6 = VE, . (32)
Putting Vs.,,.. = Ks.Vz and Vg = V7, in (32),
k? —2kcosé +1— K2, =0. (33)
The solutions of (33) are:
k=cosd+y/eos26 + KZ — 1 (34)

Therefore the value of ks, can be obtained as

ksag=1—k=1- (cosé:l: \Jcos?6 + K2, — 1) . (3%

From (26) and (35), a unique feasible solution for maximum
value of kg,, is obtained as

hSagnn = K&, (36)
It is observed that higher value of Ks. is required to mitigate
higher amount of voltage sag. But, this increases the VA rating
of the UPQC. Hence, the choice of K g, requires a compromise
between the rating of UPQC and the desirable amount of sag
mitigation.

F. Distribution System Load Flow With UPQC-PAC Model

To study the impact of the UPQC allocation in distribution
networks, the UPQC-PAC model is incorporated in the forward-
backward sweep load flow algorithm [30], which consists of two
steps:

* Backward sweep: In this step, the load current of each node

of a distribution network having N number of nodes is
determined as

- {1

where Pr(m) and Q1 (m) represent the active and reac-
tive power demand at node rn and the overbar notation (-)
indicates the phasor quantities, such as Iy, V. Then, the
current in each branch of the network is computed as

n)—l—ZIL

mel

I(mn) = (38)

where the set I' consists of all nodes which are located
beyond the node n [30]. To incorporate the shunt inverter
model, the reactive power demand at the node at which the
UPQC is placed, say, at node ¢, is modified by

Qr'(i) =

QL( ) QSh

max

(39)
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» Forward sweep: This step is used after the backward sweep
so as to determine the voltage at each node of a distribution
network as follows:

V(n) = V(m) — I(mn)Z(mn) (40)
where nodes » and m represent the receiving and sending
end nodes, respectively for the branch mn and Z(mn) is
the impedance of the branch. The series inverter model is
incorporated by advancing the phase angle of the voltage
of the node at which the UPQC is placed (i.e., node ) by
the phase shift angle §, as given in the following:
V(i) = Vpr/(a; + 6) (41)
where «; is the phase angle of the voltage at node ¢ before
UPQC placement and Vpy is the desired load voltage.

III. MULTI-OBJECTIVE PLANNING MODEL FOR REACTIVE
POWER COMPENSATION WITH UPQC ALLOCATIONS

In the proposed planning approach, a multi-objective plan-
ning model is formulated to determine the optimal location for
UPQC, the optimal amount of reactive power compensation re-
quired at the location, and the optimal value of Kg.. These
optimizing variables are determined by minimizing three ob-
jective functions. They are: 1) VA rating of the UPQC, 2) net-
work power loss, and 3) percentage of nodes with undervoltage
problem (PNUVP) compared to the uncompensated network
(i.e., without UPQC). The objective function 1 deals with system
economy and its minimization provides an economical solution.
The objective functions 2 and 3 are the performance measures of
a network. The minimization of these objectives is required to
obtain better performance a network. The expressions for these
objective functions are given as follows:

Objective function 1 : Sypoc = Ssh + Sse (42)
pUPQC _ Z {[L(mn)}Qr(mn)

Objective function 2 : Pp, .
jkeY

(43)

NV
Objective function 3 : PNUV P =100 (LQC> (44)

where Iz, (mn) and r(mn) represent line current and resistance
of the branch mn. The set Y consists of all branches in a
network. N{;TIEQC and N5V represent number of nodes with
under voltage problem with and without UPQC allocations, re-
spectively. Basically, the denominator of the objective function
3 is used to understand the degree of undervoltage mitigation
taking place due to the UPQC allocation.

The optimization is carried out under the following
constraints:

1) A UPQC is designed so that it can mitigate a given max-
imum value of voltage sag, if required. Thus, the value
of K g is to be kept above the minimum value required
to mitigate the given maximum amount of voltage sag.
It can be derived by using (36).
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2) The total reactive power delivered by a UPQC is
to be kept below the sum of the reactive power de-
mand of all nodes in a network, i.e.,, 0 < Qupge <
(XL e}

3) The line current (I;;) is to be kept below the
thermal limit of the line, ie., [;; < IL" (IL" =
thermal limit of line 7).

Each node except the substation node is considered as a candi-
date node for the UPQC allocation.
The objective function 1 conflicts with the objective func-
tions 2 and 3, since the minimization of the network power
loss and the PNUVP require higher rating for the UPQC. This
requires multi-objective optimization approach to obtain a set
of non-dominated solutions, in which none is superior to other
[22]. Each solution provides a different combination of location
and rating for UPQC. Finally, a solution can be selected from
the set according to the requirement and investment budget of
a utility. For example, if a utility desires to implement the so-
lution corresponding to the lowest power loss its investment
becomes the highest because the MVA rating for the solution
is highest. There are different multi-objective optimization ap-
proaches [22], for example weighted aggregation, Pareto-based
approach, lexicographic ordering etc. In this work, the Pareto-
based approach is used. The optimization is performed consid-
ering three cases:
* Case A: Simultaneous optimization of the objective func-
tions 1 and 2

* Case B: Simultaneous optimization of the objective func-
tions 1 and 3

* Case C: Simultaneous optimization of the objective func-
tions 1, 2, and 3

A. Pareto-Dominance Principle

The Pareto-dominance principle [22] states that, for an
M -objective optimization (say, minimization) problem, a
solution p is said to dominate another solution ¢ if

Vi, fi(p) < fi(g), and 3y, such that f;(p) < f;(¢) (45)

......

optimal non-dominated solutions are called Pareto-optimal set.

IV. MULTI-OBJECTIVE PLANNING ALGORITHM FOR REACTIVE
POWER COMPENSATION USING MOPSO

In this section, the planning algorithm is provided in detail
along with the brief discussion on MOPSO.

A. PSO: A Brief Overview

PSO is a population-based multi-point search technique [23]
that mimics the social behavior of a flock of birds and a fish
school. The search starts with a population of search points
called particles. Each particle is encoded by a position vector
(X)), containing multi-dimensional information (initially chosen
at random), which is updated by using particle’s velocity (ini-
tially chosen at random) in successive iterations. The velocity
vector (PV) of a particle is updated using its own previous
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best position (pbest) and the best neighborhood particle’s po-
sition (nbest). The best neighbor for a particle is also called
leader/guide particle. The particle velocity and position update
equations for mth particle nth dimension are

tter+1 __ iter , . fiter iter
P‘/mn - wp‘/mn + 501771’1(1)68'57‘:77”7, - Xrn‘n )
+ parna(nbest,) — X00) (46)
iter+1 __ iter iter—+1
X mn =X mn + P Vrnn ' (47)

Among the three component terms in (46), the first term is re-
ferred to as momentum or habit, i.e., the tendency of a particle
to continue in the same direction it has been traveling. It is con-
trolled by a variable inertia weight (w). The second and third
terms, which are scaled by two learning constants (1, @2 ) and
two random numbers {(rn1, rnsy), are referred to as guidance by
self knowledge and collective knowledge, respectively [24]. The
position of a particle is updated with its current velocity using
(47). The fitness of a particle is determined by a pre-defined ob-
jective function.

B. MOPSO: A Brief Overview

MOPSO is a version of PSO to solve multi-objective op-
timization problems, in which a particle has multiple fitness
values. There are many MOPSO variants and the state-of-the-art
review can be obtained in [25]. Most of the approaches belong
to the Pareto-dominance based approaches. The main goals of
all these approaches are to obtain a set of non-dominated solu-
tions closer to the set of the Pareto-optimal solutions (i.e., better
convergence) and to get diversified solutions (i.e., better diver-
sity among the solutions). Better convergence can be achieved
by the selection of proper guide for each particle. Two MOPSO
variants used in this work are NSMOPSO and SPEA2-MOPSO.
NSMOPSO is inspired from the philosophy of non-dominated
sorting genetic algorithm-II [26]. In NSMOPSO, the non-dom-
inated solutions are determined from the population members
of the current iteration and the previous iteration. Then, all non-
dominated solutions are sorted according to niche mechanism
[22]. A set of the guides is formed using a given number of better
ranked solutions. In any iteration, a particle randomly selects its
own guide from the set of the guides. In SPEA2-MOPSO, an
elite archive is created to preserve the non-dominated solutions
found by the optimization algorithm and then it is used to assign
fitness to each member of the archive itself and the current pop-
ulation undergoing evolution. The fitness assignment scheme of
SPEA2 [27] is used in assigning a single fitness value for a par-
ticle from multiple objectives according to its non-domination
rank and solution density [22], [28]. The guide selection for a
particle in SPEA2-MOPSO is done according to the global best
(gbest) topology of PSO [24].

C. Planning Algorithm

The planning algorithm consists of two important support
subroutines, i.e., particle encoding/decoding scheme and load
flow with UPQC-PAC model. A particle in MOPSO consists of
three segments with the direct information of: 1) UPQC loca-
tion in the network, 2) the amount of reactive power compensa-

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 29, NO. 4, JULY 2014

Begin
// pop = Size of MOPSO population

/ Nen = Maximum number of iterations

Generate initial population for MOPSO randomly using the

encoding scheme (both position and velocity),

Decode the particles and calculate the objective functions;

Find the initial non-dominated solutions;

Find out initial set of guides;

iteration=1;

While iteration<= g,

For i=1,....7,0p
Assign a guide for particle 7 from the set of guides;
Update velocity and position of the particle;
Decode particle to get the location and parameters for UPQC;,
Perform load flow incorporating the UPQC-PAC model,
Calculate the objective functions,
Endfor

Find out the non-dominated solutions;
Find out the new set of guides;
iteration=iteration+1;

Endwhile

The final set of non-dominated solutions consists of optimal
location, size, and the parameters for UPQC,
End

Fig. 3. Pseudocodes for the reactive power compensation planning with UPQC
allocation using MOPSO.

TABLE 1
MOPSO PARAMETERS
MOPSO parameters | 33-node system | 69-node system
Population size 300 (400 in 500 (600 in
Case C) Case C)
Maximum number 100 (200 in 200 (300 in
of iterations Case C) Case C)
Learning constants (2.5,2) (2.5,2)
Inertia weight (0.4,0.1) (04,0.1)
A
g S \i} Refer_ence
@ 1 @ point
O
s \ brimad—— Dominated
e N objective
2 N space
= \
=) \2 § Pareto-optimal
S NN .3 front
>

Objective Function-1

Fig. 4. Illustration of the dominated objective space.

tion required, and 3) K'g.. During the decoding process, the first
segment of a particle is always converted to its nearest integer
number. The solutions violating the third constraint are penal-
ized. The pseudocodes for the complete planning algorithm are
shown in Fig. 3.

V. SIMULATION RESULTS

A simulation study is performed to validate the proposed
planning approach using two test distribution networks:
1) 33-node and 2) 69-node systems. The system data are avail-
able in [31] and [32], respectively. Both the systems have one
substation located at node 1 and all other nodes are load nodes.
The substation voltage is specified to be 1/0 p.u. The optimal
reactive power compensation is determined considering the
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Fig. 5. PAFs obtained with the 33-node system for the planning: (a) Case 4, (b) Case B, and (c) Case C (PAF along with Pareto-approximation surface).

peak load demand at each node. Firstly, a performance com-
parison between SPEA2-MOPSO and NSMOPSO is given.
Then, the results of different planning cases are presented and
analyzed. The results obtained with different load levels are
provided. A comparative study with two-point reactive power
compensation is shown. The THD of the load current is as-
sumed to be 0.2 and the minimum voltage sag to be mitigated is
assigned as 25% (i.e., Kg. > 0.5). The MOPSO parameters are
optimized using repetitive runs and the optimized parameters
are shown in Table I.

A. Performance Comparison Between NSMOPSO and
SPEA2-MOPSO by Statistical Test

In multi-objective optimization, there exists a set of non-dom-
inated solutions. A set of optimal non-dominated solutions con-
stitutes a Pareto-optimal set. Since the meta-heuristic algorithms
like PSO can not guarantee to provide the Pareto-optimal set,
the set of non-dominated solutions obtained at a simulation run
is called Pareto-approximation set [22]. The two-dimensional
plot (for two-objective problems) of a Pareto-approximation set
is known as Pareto-approximation front (PAF). For a problem
with more than two objectives, the plot of a Pareto-approxima-
tion set is a Pareto-approximation surface. A typical PAF con-
sisting of three non-dominated solutions is shown in Fig. 4 with
dark circles. The quality of a PAF is assessed using the following
indicators:

1) Hypervolume indicator: It is an indicator used to mea-
sure the portion of objective space dominated by the
Pareto-approximation set with respect to a reference
point [33] as indicated in Fig. 4. A higher hyper-
volume indicator signifies larger area dominated by
the approximation set indicating that it is closer to the
Pareto-optimal front (i.e., better convergence). In this
work, firstly, the Pareto-approximation sets obtained
with multiple simulation runs are normalized with re-
spect to 1 MVA and 205 kW. Then, the hypervolume
indicator is calculated considering the reference point
as (1, 1).

2) Diversity indicator: The diversity indicator (A) for
a problem with A objective functions, defined in

(48), measures the diversity among the non-dominated

solutions:
A‘Y,,,,]v‘[ _
> |dy — d
j=1
A=—r— 7

= 48
(Nnd;f (l) ( )

where d;(d) is the distance (mean) between two neigh-
boring solutions of a Pareto-approximation set and the
number of solutions in the Pareto-approximation set
is Npqr. The diversity metric should ideally be zero.
Thus, lower diversity indicator indicates better diversity
among the solutions.

A statistical test is performed to compare the performances
between SPEA2-MOPSO and NSMOPSO on the planning Case
A. The results of 30 runs obtained with each algorithm are shown
in Table II. The difference in view of the hypervolume indicator
obtained with both the algorithms is very less (< 1%). However,
a better diversity is obtained with SPEA2-MOPSO. Hence, it
is used in all subsequent studies. The PAFs obtained with the
33- and 69-node systems using SPEA2-MOPSO are shown in
Figs. 5 and 6, respectively.

B. Results of Different Planning Cases

The PAFs obtained with the planning Case A are shown
in Figs. 5(a) and 6(a) for both the networks. Each solution
represents a different combination of the location and size for
UPQC. The power losses of the uncompensated networks (i.e.,
without UPQC) are 202.67 kW and 224.98 kW for the 33- and
69-node networks, respectively. The result shows that signif-
icant amount of loss reduction can be obtained with UPQC
allocation. The voltage at any node less than the allowable
limit is said to have the undervoltage problem. With a limit of
0.95 p.u., 21 nodes of the 33-node (i.e., 63.63%) and 9 nodes
of the 69-node (i.e., 13.04%) networks have the undervoltage
problem without UPQC. The PAFs obtained with the planning
Case B are shown in Figs. 5(b) and 6(b) for both the networks.
The results illustrate that a UPQC rated around 0.8 MVA is
sufficient to bring out all nodes from the undervoltage problem.
On the contrary, the rating of UPQC as determined in [21] for
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Fig. 6. PAFs obtained with the 69-node system for the planning: (a) Case 4, (b) Case B, and (c) Case C (PAF along with Pareto-approximation surface).

TABLE 11
PERFORMANCE COMPARISON BETWEEN SPEA2-MOPSO
AND NSMOPSO WITH THE RESULTS OF 30 RUNS

Performance SPEA2-MOPSO NS-MOPSO
indicators Mean Variance Mean Variance
Hypervolume | 0.1907 | 1.095x10° | 0.1924 | 7.534x10”
Diversity 1.2092 0.0064 1.4586 0.0034
TABLE I
SOLUTIONS WITH THE LOWEST POWER LOSS AND PNUVP
Test UPQC Rating Power
Sol. | net- | locat- | Kse| Queac of loss | PNUVP
work ion (MVAn) UPQC (kW)
(MVA)
(Sol. 33 7 1 0.8 0.9842 147.5 28.57
A) 69 61 0.5 1.11 1.194 149.7 33.33
(Sol. 33 6 0.5 0.81 0.8373 183.75 0
B) 69 57 0.6 0.78 0.8172 | 196.77 0

the same purpose is above 2 MVA for the 33-node network.
Hence, the proposed approach provides more economical
solution compared to [21]. In the 69-node system, the number
of nodes with undervoltage problem without UPQC is 9. Thus,
there exist only few solutions in the PAF. The PAFs obtained
with the planning Case C are shown in Figs. 5(c) and 6(c)
for both the networks. The Pareto-approximation surfaces on
which the non-dominated solutions are located are drawn for
better visualization.

It is noteworthy that UPQC with same rating located at dif-
ferent nodes in a network results in different power loss and
PNUVP. Thus, there are multiple solutions with same UPQC
rating in PAFs obtained with Case C. The solutions with the
lowest power loss (Solution A) obtained with the planning Cases
A and C and the solutions with the lowest PNUVP (Solution
B) obtained with the planning Cases B and C are provided in
Table III. The results illustrate that the MVA rating and the lo-
cation for UPQC are different in both types of the planning. The
power loss is significantly reduced due to the higher rated UPQC
allocation. PNUVP is found to be non-zero in case of Solution A.
This shows that the solutions corresponding to the lowest power
loss fail to mitigate the undervoltage problem completely. Thus,
PNUVP is chosen as one of the objectives for this planning
problem.
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Fig. 7. PAFs obtained with different load levels for the 33-node system.

C. Results Obtained With Different Load Levels

In this work, the peak load demand of each node of a net-
work is used in the determination of the optimal reactive power
compensation. The reason is that a UPQC designed to operate
at peak load demand can be operated in any other loading con-
dition. Thus, a study on the UPQC-PAC allocation under dif-
ferent loading levels is carried out. The load demand at each
node is computed by multiplying their respective peak demand
with a load level. The PAFs obtained with the 33-node system
are shown in Fig. 7. The result illustrates that the PAFs are of
same pattern. However, the network power loss and the MVA
rating for UPQC are obviously lower for the solutions obtained
with lower load level because of the lesser load current at each
line at lower load level. The optimal location for UPQC corre-
sponding to a particular type of solution, for example the solu-
tion with the lowest power loss, in PAFs is found to be same,
i.e., at node 7.

D. Comparison Between Single Point and Two-Point Reactive
Power Compensation

The work is focused on single point reactive power compen-
sation by allocating one UPQC in a network. Thus, it is inter-
esting to have a performance comparison with two-point reac-
tive power compensation, in which the optimal ratings and lo-
cations of two UPQCs are determined. This can be done by
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TABLE 1V
COMPARATIVE RESULTS OF REACTIVE POWER COMPENSATION
WiTH UPQC AND DSTATCOM [6]

Operational UPQC allocation DSTATCOM allocation
aspects Solution A Solution B Solution A Solution B
UPQC location 61 57 61 61
Power loss (kW) 149.7 196.77 158.61 221.04
Minimum node 0.9401 0.9587 0.9245 0.9492
voltage (p.u.)
MVA rating 1.19 0.82 0.924 2.68

changing the particle encoding of the SPEA2-MOPSO-based
planning algorithm. A particle is encoded with the optimizing
variables for two UPQCs. This increases the dimension for a
particle from 3 (in case of single-point compensation) to 6. The
comparative results of the 33-node system are shown in Fig. 8.
It is observed that the single-point compensation is better option
if the rating of UPQC is below 0.35 MVA because almost sim-
ilar power loss is obtained with lower rated UPQC. If the rating
of UPQC is more than 0.35 MVA the two-point compensation is
better option. It is also observed that the solution corresponding
to the minimum power loss is obtained with two-point compen-
sation. But, the sum of two UPQC ratings is more than double
compared to the single point compensation. The control of mul-
tiple UPQCs is also complex.

E. Performance Comparison With Reactive Power
Compensation Using DSTATCOM Allocation

A quantitative performance comparison between the reactive
power compensation with UPQC and DSTATCOM (6] alloca-
tions on the 69-node network is shown in Table IV. Since both
DSTATCOM and network reconfiguration are simultaneously
used in [6], the performance of DSTATCOM alone in reactive
power compensation is considered to have a fair comparison.
The solutions with the lowest power loss (Solution A) and the
highest node voltage (Solution B) obtained with UPQC alloca-
tion are compared with those obtained with DSTATCOM allo-
cation. The results show that better solutions in view of power
loss and node voltage magnitude can be obtained with UPQC
allocation and the MVA rating of UPQC are also comparable
with DSTATCOM.
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VI. CONCLUSION

A multi-objective planning for the reactive power compensa-
tion of radial distribution networks with UPQC allocation has
been reported. In the proposed planning approach, the optimal
location, the optimal reactive power compensation required at
the location, and the parameters of UPQC are determined. The
UPQC-PAC model is suitably modified so as to provide the re-
active power compensation of a distribution network. Both the
inverters participate in the reactive power compensation. The
THD of load current is additionally included in the model. The
UPQC-PAC model is suitably incorporated into the load flow al-
gorithm of distribution systems. The contributions of this work
are summarized as follows:

* The work shows that a UPQC which is traditionally used in
power quality improvement of a single load can efficiently
be used in reactive power compensation of a distribution
network as well.

+ It is shown that if a UPQC is optimally allocated and oper-
ated at healthy operating condition it can significantly re-
duce the power loss and improve the node voltage of a dis-
tribution network.

* The multi-objective planning approach with UPQC alloca-
tion provides a number of non-dominated solutions which
facilitates in decision making for a utility to choose a final
solution according to its capital expenditure budget and ac-
ceptable power loss and voltage profile of a network.

* The quantitative performance comparison shows that
better solutions are obtained with the proposed approach
compared to [6]. The approach also provides economical
solutions compared to [21].

* The multi-point reactive power compensation provides
better solution for higher rated UPQCs.

+ The optimal locations for UPQC remain unchanged if the
optimization is carried out with different load levels.

The allocation of multiple UPQCs can easily be done by
changing the particle encoding of the algorithm. Some more
features of UPQC can be incorporated into the planning model,
for example voltage stability limit, line loadability, and load
balancing. This needs future investigations.
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