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An optimal allocation and sizing strategy of distributed energy
storage systems to improve performance of distribution networks

Choton K. Das®*, Octavian Bass®, Thair S. Mahmoud?®, Ganesh Kothapalli*, Mohammad
A.S. MasoumP, Navid Mousavi®

@School of Engineering, Edith Cowan University (ECU), 270 Joondalup Drive, Joondalup, Perth, WA
6027, Australia
bDepartment of Engineering, Utah Valley University, Orem, UT 84058, USA

Abstract

The allocation of grid-scale energy storage systems (ESSs) can play a significant role in
solving distribution network issues and improving overall network performance. This paper
presents a strategy for optimal allocation of distributed ESSs through P and Q injection
by the ESSs to a distribution network. The investigation is carried out in a renewable-
penetrated (wind and solar) medium voltage IEEE-33 bus distribution network for two
different scenarios: (1) using a uniform ESS size and (2) using non-uniform ESS sizes.
DIgSILENT PowerFactory is used for system modeling and testing, and simulation events
are automated using Python scripting. A hybrid meta-heuristic optimization algorithm
such as the fitness-scaled chaotic artificial bee colony algorithm is applied to optimize pa-
rameters of the objective function. The artificial bee colony algorithm is also applied to
justify the results attained from the fitness-scaled chaotic artificial bee colony algorithm.
A performance comparison, in relation to proposed P(Q injection approach with previously
applied P injection technique, is presented. The obtained results suggest that the proposed
PQ injection-based ESS placement strategy performs better than the P injection-based ap-
proach, which can significantly improve distribution network performance by minimizing
voltage deviation, power losses, and line loading.

Keywords: Energy storage system, voltage profile, optimal sizing, power loss, line loading,
optimal placement, DER, asset management, network planning, artificial bee colony,
DIgSILENT PowerFactory.

Nomenclat ure Brra  cost weighting factor in relation to line load-
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Bprs cost weighting factor in relation to power
BEss cost weighting factor in relation to ESSs losses
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Bvpey cost weighting factor in relation to voltage

deviation

At interval of time

ne charging efficiency of an ESS

D discharging efficiency of an ESS

YrLd  cost rate for line loading

Yprs cost rate for power loss

YvDev cost rate for voltage deviation

" load weighting factor of bus n

ALgg a variable for representing an ESS position

aP, bP, & cP coeflicients for real power of phase a,
b, & ¢

a@, bQ, & cQ coefficients for reactive power of
phase a, b, & ¢

Cl ., cost in relation to line loading

CL,, cost in relation to power losses

Cyy  unit cost for UltraBattery

CV pey cost in relation to voltage deviation

Frss—max maximum energy of an ESS

Fgss_pn minimum energy of an ESS

Fgss energy of an ESS

E?SIS energy of an ESS at time ¢ + 1

El.4s energy of an ESS at time ¢

Ity ax maximum iteration number in FSCABC op-
timization

K total number of active ESSs

Lrgrrap trial limit to improve a food source in FS-
CABC optimization

LB1  lower limit of decision variable S ¢qp
LB2  lower limit of decision variable Si¢qq
LB3  lower limit of decision variable A%qq
M total number of lines in the network
N total number of buses in the network

Prss_ymax maximum power of an ESS

Prss_prny minimum power of an ESS

Prss power of an ESS

Pzg . real power delivered from i to a adjacent bus
k

PF consumed real power at bus ¢

PZG generated real power at bus ¢

Pfi)i power delivered to ¢ from a adjacent bus j

Pl . pasp real power loss without ESS allocation
(base case)

Pl pgg real power loss through optimal ESS allo-

cation

Prr total active power loss

Pp(i,j) active power loss of a line linking two buses,
7 and j

Pr_r input real power (MW) of the feeder

P]{JSS’C charging power of an ESS at time ¢
P}EJSSD discharging power of an ESS at time ¢
Plos power of an ESS at time ¢

PFgss—_pax maximum power factor (p.f.) bound-
ary on the dispatch of ESSs

PFrss_any minimum p.f. boundary on the dis-
patch of ESSs

PFhss p.f. on the dispatch of an ESS on bus n

PLRIp_gss index for real power loss reduction
through optimal ESS allocation

PLRIg_gss index for reactive power loss reduction
through optimal ESS allocation

PLRIr_ggs index for total power loss reduction
through optimal ESS allocation

b reactive power delivered from i to a adjacent

i—k
bus k
Q? consumed reactive power at bus @
Q¢ generated reactive power at bus i
]D ”,; reactive power delivered to i from a adjacent

bus j
QL. _pagp reactive power loss without ESS alloca-
tion (base case)

Q. psg reactive power loss through optimal ESS
allocation

Qrr

Qr(i,7) reactive power loss of a line linking two
buses, ¢ and j

total reactive power loss

Qr—_F input reactive power (MVar) of the feeder

Ry (i,7) resistance of a line linking two buses, i and
J

SEss_max maximum size of an ESS

SEss—yry mimimum size of an ESS

Skegp real power (MW) injected by an ESS to nth
bus

Skssq reactive power (MVar) injected by an ESS to
nth bus

Skss size of an ESS in MWh
Stgg total size (MVA) of an ESS in nth bus
S7,  load at nth bus (p.u.)

Spv_max solar DGs’ rated capacity (kVA)



Spy_op solar DGs’ operational capacity (kVA)
Swinp wind DGs’ total capacity (kKVA)

SLl—t
SLY 4sp loading of Ith line without ESS allocation
SLYgs loading of Ith line after ESS allocation

loading of Ith line

SLY;4x maximum loading limit of /th line
SLY arpp rated ampacity of Ith line
SOC% g state of charge of xth ESS

Vavrn  lower limit for voltage

Vrarep system’s rated voltage (p.u.)

Vrer reference bus voltage (p.u.)

Vrarget system’s target voltage

X (i,7) reactance of a line linking two buses, ¢ and
J

X7TrLLoss Total line loss
% LLdl; 55 percent loading of Ith line without ESS

allocation

% LLdﬂESS percent loading of [th line after ESS al-
location

UB1
UB2
UB3
vyt
Vg voltage of nth bus (p.u.)

upper limit of decision variable St¢qp
upper limit of decision variable S%¢qq

upper limit of decision variable \%
PP v ESS % LLdT,_gss total percent loading of a line after

ESS allocation

% LLdT,,_gss total percent loading of a line with-
out ESS allocation

voltage at times ¢ in a day

Vavrax upper limit for voltage

1. Introduction

Today’s power systems encounter a period of change originated by various issues in relation
to energy crisis and renewable integration [1-4], demand management and appropriate use
of energy [5-8|, greenhouse gas (GHG) emissions [9, 10|, voltage profile and power quality
management [11, 12], network congestion management [13], power system reliability [14, 15],
and network expansion [16]. Energy storage systems (ESSs) are growingly being integrated
in distribution networks to offer various advantages related to technical, economic, and en-
vironmental issues [17, 18]. These encompass facilitating renewable energy source (RES)
integration [19-21], power compensation [22, 23], load levelling [24] and peak shaving [25],
load shifting [26, 27|, frequency regulation [28, 29], voltage control or mitigation of voltage
deviation [30, 31|, power quality improvement [28, 32], RES energy time-shifting [33] and
distributed generation planning [34], energy arbitrage [35] and operating reserves [36, 37],
network expansion [38], overall cost reduction [39] and profit maximization [28, 40], green-
house gas (GHG) reduction [41, 42], and network reliability [43, 44]. However, the benefits
from the ESS placement cannot be achieved in cases of their misuse or misplacement in
distribution networks [45].

Asset management in distribution networks is considered as a vital task by network service
providers for ensuring reliable network operation. However, this can be an expensive task
which might increase network cost, such as the cost due to network reinforcement for voltage
and thermal stability. Consequently, electricity prices can be affected significantly. There-
fore, providing a low cost solution to distribution network operators targeting a better asset
management practice is the motivation of this work. Optimal allocation of ESSs, based

on performance expectations and optimization approaches, is reported in several studies
[28, 31, 32, 38, 43, 46-63].



A comprehensive review on ESS placement, sizing, and operation is presented in [17] for
mitigating the issues of distribution networks. This study also presents the role of ESSs
for power quality improvement. In [46], an optimal allocation of ESSs is performed in
an [EEE-33 bus distribution network to minimize voltage deviation, line losses, and line
loading. In that paper, the ESS sizing is accomplished through the application of a unity
power factor (p.f.) approach on the dispatch of ESSs, where the ESSs only inject P to the
network. Ref. [38] proposes an optimal placement of distributed community-based ESSs in
distribution networks to achieve the benefits from energy loss reduction, energy arbitrage,
peaking photovoltaic (PV) generation, emission reduction, network upgrade deferral, and
Var support. This study demonstrates that load models should be incorporated in an ESS
planning problem to obtain more realistic outcomes, while applying the constant power load
model may miscalculate the profitability of ESS investment.

An optimal placement and sizing of ESSs, for improving voltage profile of a wind-penetrated
distribution system and minimizing cost of the system, is accomplished in [47]. In [48], the
planning and control of ESSs is performed in an RES-integrated distribution network to
minimize operational and investment costs, while focusing on a network of static ESSs ac-
companied by deterministic capacity. In [49], the risk of energy transaction mechanisms for
energy agents under a distribution company is mitigated through optimal ESS placement.
In this study, two types of ESS technologies such as Lead-acid and Li-ion are considered,
where interaction among the ESSs is performed through the achievement of Nash equi-
librium. However, other performance indices such as improvements of voltage profile and
power quality are not investigated. In [50], ESS allocation is optimized for the risk miti-
gation of distribution companies while reducing operational costs and maximizing energy
transaction profits. This study also considers Lead-acid and Li-ion ESS technologies for in-
vestigation and does not include voltage profile improvement or line loading minimization in
the objective function. Total energy loss of a distribution network is minimized by optimal
ESS placement and sizing in [51]. This study demonstrates some limitations and indicates
possibilities for future research including development of further realistic models, thorough
mathematical modeling of radial networks, and further investigations on background injec-
tions at buses considering complicated spatial structure. In [28], the net profit of distributed
ESSs is maximized through the achievement of energy reserve and energy price arbitrage,
distribution system congestion management, and a frequency regulation service through
controlling active and reactive powers. This study also presents the importance of reactive
power control to simultaneously support efficient energy trading and balancing services, and
network congestion management.

In [52], the ESS placement is accomplished for both distribution and transmission net-
works. The optimal ESS size on the distribution side is calculated to address peak load
shaving and load curve smoothing. On transmission side, a sensitivity analysis is performed
using a time domain power flow, complex-valued neural networks, and economic dispatch
to place the ESSs. Ref [53] investigates the impact of ESS configuration and location on
voltage profiles, power losses, and utilization of ESSs within a feeder of a low voltage (LV)
distribution network. This research also suggests that either a power electronic system
without ESSs or a single-phase ESS may be deployed to attain cost-effectiveness of the



system. In [31], a multi-objective optimal ESS allocation and sizing problem is formulated
to mitigate voltage deviations and improve supply quality, eliminate line congestions and
load curtailment, and minimize electricity and distribution network costs. An optimal ESS
allocation strategy is proposed in [55] to simultaneously minimize voltage deviation, opera-
tion cost, and air emission of a wind-penetrated power system. However, this study did not
consider line loading and losses during objective function formulation. In [54], an optimal
ESS management strategy is proposed for an RES-penetrated distribution system to mini-
mize energy losses of the network, GHG emissions, and overall power generation cost. This
paper indicates some future research opportunities such as- (i) identifying sensitive network
branches and adjusting sections to reduce energy losses and (ii) identifying and installing
the most appropriate ESS technology.

In [57], optimal allocation and operation are performed for distributed ESSs for improving
load and generation hosting capability. As a result, peak demand and power loss are reduced
achieving better voltage regulation. In [58], optimal ESS allocation in an LV distribution
network is performed targeting the prevention of under- and over-voltages and minimization
of total network costs (regarding ESS and network losses). This research did not investigate
minimization of line loading and application impact of optimal ESS control algorithms in
real-time network operation scenarios. In [59] and [60], the ESS allocation is performed
for minimizing the problem of voltage fluctuations due to PV integrations in LV networks,
while not investigating RES integration impact on line losses and loading. Again in [32],
the allocation of distributed ESSs is performed for minimizing both network losses and
the energy cost in relation to congestion management and external grid, and for providing
voltage support.

In [61], optimal ESS allocation is accomplished to maximize distribution network benefits
through minimizing the costs of ESS installation, energy losses, maintenance, interruption,
and system upgrade. In [56], optimal ESS placement and sizing are accomplished for max-
imizing distribution system benefits while managing loads, and minimizing total costs and
net present value (NPV). Both studies [61] and [56] consider three ESS technologies, e.g.,
Lead-acid, vanadium redox (VR), and sodium sulfur (NaS) for performance comparison.
However, these studies did not investigate improvement of voltage profiles and distribution
system reliability. In [62], a planning framework is developed for determining optimal lo-
cation and sizes of distributed ESSs in wind-penetrated power systems to minimize costs
in relation to wind curtailment and line congestion, and to maximize the normalized profit
of ESS owners. In [43], optimal ESS placement is performed to minimize interruption and
annual costs as well as improve reliability of distribution systems. In [63], the annual elec-
tricity cost is minimized through optimal ESS allocation in a wind-penetrated distribution
network, where reliability enhancement and peak shaving are not considered.

In the above literature, various optimization and modeling techniques (single and hybrid)
are employed for the optimal allocation of ESSs [28, 31, 32, 38, 43, 46-63]. In [46], the
artificial bee colony (ABC) algorithm is applied for optimal ESS allocation in distribution
networks and the results are verified through the application of the particle swarm optimiza-
tion (PSO) approach. A probabilistic load flow, a hybrid multi-objective PSO integrating
a non-dominated sorting genetic algorithm (NSGA-IT), and a five-point estimation method



(5PEM) technique are used in [47]. Again, a fuzzy PSO (FPSO) is utilized in [50]. An
optimal power flow (OPF) with mathematical modeling technique is applied in [51]. A
multi-agent approach based on game theory is employed in [49]. Ref. [31] uses the AC-
OPF and mixed-integer second order cone programming (MISOCP) approaches for optimal
placement of ESSs. A mixed-integer linear programming (MILP) approach is applied for
optimal ESS placement in [28], while [48] presents a network-aware technique for the plan-
ning and control of ESSs. In [54] and [62], the NSGA-II is used for optimization, while [55]
employs two multi-objective approaches such as gravity search algorithm and a hybrid PSO-
GA algorithm for optimization. Ref. [59] applies a genetic algorithm (GA)-based technique
combined with simulated annealing, while [60] applies a GA-based bi-level optimization
strategy for solving optimal ESS placement problem. Again in [32], an alternating direction
technique to multipliers is employed for the placement of distributed ESSs. In [58], clus-
tering and sensitivity analysis and the multi-period OPF approaches are applied. The GA
(integrated with linear-programming) and a sequential Monte Carlo simulation (MCS) are
used in [43, 61], while these strategies along with MATLAB optimization toolbox are em-
ployed in [56]. A multi-objective optimization technique (cost-based) by MATLAB is used
in [57]. However, the application of hybrid optimization algorithms is also recommended in
[17, 64, 65] for obtaining good optimal solutions.

This paper introduces a hybrid optimization technique, namely a fitness scaled chaotic
artificial bee colony (FSCABC) algorithm [66, 67] for optimal placement of ESSs. Being
simple and robust, the ABC algorithm has triple search capability to solve complex com-
binatorial and multi-dimensional optimization problems [46, 68-70]. The hybrid FSCABC
technique improves the performance of ABC algorithm by eliminating the trapping problem
in local optima [66, 67, 71]. Although various issues of distribution networks are addressed
in the aforementioned literature, very few studies ([46]) simultaneously focus on voltage
profile improvement, line loading minimization, and power loss reduction. Moreover, the
investigations for optimal ESS placement are carried out in [46] injecting P only (Q=0) from
the ESSs to the network. However, the performance can be improved further with P and Q
injection by the ESSs. This paper has addressed this need.

In this paper, an optimal placement problem of distributed ESSs, in an IEEE-33 bus
distribution network, is investigated and formulated. DIgSILENT PowerFactory is used
for system modeling and analysis, and the FSCABC optimization technique is employed for
optimization. Python programming language is utilized for controlling the models developed
in PowerFactory and facilitate optimization. The key contributions of this paper are outlined
as follows:

® The investigation for optimal allocation of ESSs is carried out focusing on voltage pro-
file improvement, line loading reduction, power loss minimization (real and reactive),
and ultimately cost minimization. The optimal ESS allocation related research such
as [32, 47, 53-55, 58, 62] have not widely considered these parameters together except
[46]. Although similar investigation is carried out in [46], a unity p.f. approach is ap-
plied on the ESS dispatch (i.e. the ESSs only inject P to the network). In this study,
however, the ESSs inject both the P and Q to the network for better performance
improvement with variable p.f. on the dispatch of an ESS.



e The ESSs are placed in the networks by two different approaches: (1) using a uniform
ESS size, and (2) using non-uniform ESS sizes. These sort of approaches have not
been utilized by earlier studies such as [31, 32, 49, 50, 53, 57, 63] except [46]. The
results obtained by using these approaches are analyzed and compared with [46] which
establishes the performance improvement. Although the FSCABC optimization tech-
nique is applied for these investigations, ABC algorithm is also utilized to verify the
results attained from the FSCABC approach.

® The performance indices are estimated to monitor the performance improvement after
optimal ESS placement in the network, which are not estimated by the related studies
except [46].

The structure of this paper is organized as follows: The modeling of ESSs is presented
in Section 2. Section 3 discuses the formulation of the problem, while the optimization
and proposed approaches are presented in Section 4. Section 5 discusses about the test
network, factor assignment, and performance indices. The results are analyzed, compared,
and discussed in Section 6. The paper concludes with remarks and future research directions
in Section 7.

2. Modeling of the ESS

The selection of utility-scale ESSs relies upon various performance factors, technical char-
acteristics, and applications [17, 72]. Similar to [46], the UltraBattery (also called advanced
lead-acid battery) is selected in this research from the viewpoint of ESS cost. Although
the UltraBattery is selected as the ESS technology, the proposed ESS model is taken into
account as generic and can be utilized for other ESS technologies.

The ESS model is subjects to the following constraints:

e The ESS is fully charged if state of charge SOC%qq = 1 and fully discharged if

e The ESS should control the real power in both ways and the SOC%¢¢ is subject to
the following constraint [73]:

0.2 <SOCE 45<0.9 (1)

e A priority for real and reactive powers (P and Q) is required to satisfy the rated
apparent power Sapp = v/ P? 4+ Q2.

In addition, the ESS should satisfy boundary conditions from (2) to (7) in time ¢ (indexed
1,...,NT) [46]. The charging and discharging powers are estimated through (2) and (3),
respectively [46]. Restrictions on energy stored by the ESS and ESS charging power are
applied by (4) and (5), respectively. Furthermore, the constraints for energy released from



the ESS and power discharged by the ESS are defined by (6) and (7), respectively [46].

¢ _ (Ehgs — SESS—MAX)
PESS,C = maz{Prss—min, Al } (2)
. Et o — Spss_
PESS,D _ mm{PEss_MAX, ( ESS Z{;S MIN) 771:)} (3)
Charging mode:
E]?:S'IS = min{(E%SS — At Pft«:ss,c 770) , Spss—max} (4)
Pﬁ:ss,c <PJ€JSS<PESS,D (5)
Discharging mode:
) i - t P éSS,D
pes = maz{ | Epgs — At 7 ., SESS—MIN} (6)
D
PJtESS,C <PESS<PESS,D (7)

3. Formulation of the problem

3.1 Objective function

The objective function of the proposed optimal ESS allocation problem is given in (8) and
formulated using (9) to (16) [46]. This is a cost function which includes the costs in relation
to network performance such as voltage deviation, line loading, and line losses as well as
ESS units [46]. Of note, equation (8) is not a multi-objective function as formulated in [74]
where a Pareto front is used to determine an optimal solution amongst multiple solutions.
This function comprises the performance cost factors (C%p.,, Ct .4, and Ch; ) as well as
ESS cost factor (CY19) which are weighted equally with Byvpe,=08rr4=Bprrs=Brss=1.

J(Cri) = minimize { (Bvpeo Clpes + Brra- Chrat Brrs: Cory) + (Bess: Ched) } (8)

-~

Cpe'rfov‘mu,nce

where,
N

CVpey = <Z \Vrarget—VE (SpsspShssos )‘ESS)|> " VWDev (9)

n=1

M
CflLLd = (Z % LLdESS EsspSEssqr AESS) > " YLLd (10)

=1

SL
o LLdlESS(‘SESSP’SESSQ’)‘%SS): (SLIA) < 100 (11)
RATED



CﬁaLs = X7TLLoss " VPLs (12)

)CTLLQSS__ \/{}?LT( SEsspSEssq AESS)} ﬁ_{CQLT( SksspOEssQ AESS)}Q 13
M
" n n . P? 4+Q7
PLT(SESSPaSESSQa AEss) = Z Pr(i,j) = Z (RL(@ j) - v 2 )
=1 =1 | { B( ESSP> E‘SSQ ESS } ’
(14)
M M
Qrr(SEssp: SESSQa AEss) = Z Q1 (i, Z ( (4, ) n 2 )
=1 =1 { ¥f ( Skssp ESSQ AEss }
(15)
The total ESS unit cost is estimated by (16) [46]:.
K
Chse = Skss Cuu (16)
n=1

In the above-mentioned equations, yype, = $0.142 p.u. [46, 57, 114 = $0.503 p.u. [46, 75],
vprs = $0.265 /kWh [46, 75|, and Vrgrger = 1 p.u.. Additionaly, Cppy = $460 /kWh consid-
ering UltraBattery applications in relation to industrial and commercial energy management
[46, 76].

3.2 Constraints of the objective function

The objective function presented in (8) is subject to (17) to (27) including ESS modeling
related equations (1) to (7) [46]:

P (PR = FE Y (P2 ()
jeJ+ keJ—
QG + Z j—)Z QC + Z 1—)k (18)
JeJ+ keJ—
Virrn < |VE™ < Varax (19)
PFpss—min< PFpgg < PFpss—max (20)
SLTt < SLY, Ax (21)
" 0, if the ESS is active
ESS™ , (22)
1, otherwise
" Assign, if Npge=0
ESSP — . fSS_ (23)
0, if Npgg=1
Assi f ANheo=0
SkssqQ = T Z.f fss— (24)
0, if Npgg=1



Prss—min < Prss < Prss—max (25)
Phssc < Phss < Pssp (26)

Erss—min < Erss < Epss—max (27)

where,
® Equations (17) and (18) signify the active and reactive power balance of a bus i [46].
e Equation (19) denotes the voltage constraint of each bus [46].

e Equation (20) ensures that the p.f. on the dispatch of an ESS within the range 0.95
to 1 [77].

e Equation (21) guarantees that the line loading of line I must not surpass the maximum
boundary SL!  to safeguard the thermal stability of cables . The SL! is considered

as 80% based on industry practices of planning as described in [46].

e Equations (22) to (24) denote the ESS allocation constraints.

e Equations (25) to (27) guarantees that the ESS power or energy must not surpass
their maximum limits throughout charging and discharging phases. Additionally, (1)
to (7) assure the operation of ESSs within the specified SOC limits [46].

4. FSCABC optimization and proposed approaches

4.1 FSCABC optimization approach

In this paper, the FSCABC algorithm proposed in [66, 67] is applied for optimizing the
grid-connected ESS placement problem. The ABC algorithm is proposed by Karaboga in
2005 [69, 78, 79], which is a bio-inspired swarm intelligence metaheuristic search technique.
The possibility of being trapped in local optima while using ABC algorithm [66, 67, 71] can
be solved by hybridization with two useful approaches: (1) the fitness scaling approach; and
(2) the chaotic approach [66, 67].

With the first approach, the raw fitness values are scaled in a range suited to selection
function which are used to select the next generations bees with a high probability of se-
lection to bees. This basically converts the raw fitness results (which are returned by the
fitness function) to values well-matched to selection function. The chaotic approach enriches
the searching behavior of traditional ABC and assists to avoid the trapping possibility into
local optimum [66, 67]. Chaos theory is characterized by the well-known butterfly effect
ascertained by Lorenz [80]. After searching by each bee of ABC colony, the chaotic search
is conducted in the neighborhood of the present best solution which provides a better solu-
tion into the subsequent generation phase. With the above considerations, the FSABC is
applied for optimizing the proposed ESS placement problem. The overall FSCABC opti-
mization process is clarified by the flow chart as depicted in Fig. 1(a). Among many fitness
scaling methods such as linear, rank, power and top scaling, the power and rank scaling

10
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Figure 1: (a) Flowchart of FSCABC optimization approach and (b) flowchart of the proposed optimal ESS
allocation approach.

are hybridized to remove their individual limitations. For instance, power scaling can find
a solution promptly while having instability problem and rank scaling performs better in
terms of stability. Hence, a new power-rank scaling technique, combining both power and
rank strategies, is proposed as follows:

q
—t 28)
a5 (

> ici Tai

where, r,_; = the rank of ith bee, F'S = the number of food sources, and ¢ = the exponential
value for power computation.

i r
flt;sCALE —

According to the chaos theory, minute changes in initial conditions cause widely diverging
outcomes, providing long-term behavioural prediction impossible in general [67]. The chaotic
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search is defined by the well-known logistic function as given in (29).
ettt = b (1 -2y, i=1,2,...,FS (29)

where, 27 = the ith chaotic variable, n = the iteration number, and u*/ = the bifurcation
parameter of the system with p*/ € [0,4]. The chaotic behaviour is exhibited with %/ = 4,
29 € (0,1), and 2¥ ¢ {0.25,0.5,0.75}.

In the initialization phase, the colony size (CS) of solutions z;;(i = 1,2,...., FS; j =
1,2,...,PD) (PD = problem dimension) is determined with the number of employed bees
(Ngmp) and the number of onlooker bees (Np,p), while satisfying C'S = Ng,5 + Nons-
The population is initialized with 7 = 0 as represented in (30).

T = LB + i (UB — LB), i=1,2,...,FS (30)

1

where, LB = the lower boundary, UB = the upper boundary, and {]‘.md = a random number
within the range [0, 1]. By applying the following equation, each employed bee travels from

one old position z;; to a new candidate position v;;:
vij = g + O (245 — w1y) (31)

In(31),k€1,2,.., FSand j € 1,2,.., PD are randomly nominated and k should be different
from ¢, where, q);-"]‘?”d = uniform random number within the range [-1, 1]. If the new position
value v;; is better than x;;, then x;; is updated with v;;, otherwise x;; remains unaltered.
The probability of a food source (p;) and the fitness scores of food sources of employed bees
(fit!*) are estimated by (32) and (33), respectively, where, f(z;)°* signifies the values of a
objective function to be optimized.

fit!*
pi = —Zs (32
Zf:sl flt;c
fit!® = T fai)?>0 -
P )] fa) <0

Depending on the p; value, the onlooker bee chooses a food source by applying a roulette

wheel selection approach and then this new location is determined by (34), where w?? =

i
weight coefficient in relation to employed bee information.

vij = @i + wi P O (i — wiy) (34)

As the parameter ® is the key factor for convergence in ABC [66], the chaotic sequence
of this parameter is defined by (35) and applied into (31) & (34).

OEHACS = 2 5 [4®1em (1 — @Y™ h)] — 1 (35)

The abandoned solutions are improved in the scout bee phase and replaced by a new solution

12



CHAOS ven
T as given in (36).

J:iCjHAOS = min (z;;) + gofj‘-md [max (x;;) — min (x;;)] (36)
where, max(zy;) = max {15, 2oj, ..., xn; }, min(;;) = min{xy;, Taj, ..., 2n;}, and EF" = a

random number within the range [-1, 1]. Similar to parameter ®, the chaotic sequence of
@ri™ is defined by (37) and applied into (36).

SO%HAOS _ 4()0:;”“1 (1 . szjand) (37)

4.2 Proposed approach

Figure 1(b) represents the proposed methodology for solving the optimal ESS allocation
problem. The FSCABC parameters are initialized after entering all the necessary component
data in a distribution network. The parameters and variables of FSCABC optimization
process are summarized in Table 1. For feeder load scaling, the Pr_r & Qr_F are entered to
the feeder and a voltage dependency of loads is created. The time-variant characteristics of
[46] are applied for characterizing the loads, wind, and solar DGs. Subsequently, the problem
is formulated to minimize the sum of C%p,,, CL ;4 Chr,, and CZES. The investigations are
carried out in two stages: (1) investigation category I— using a uniform ESS size; and (2)

investigation category II— using non-uniform ESS sizes.

The ESS locations are determined through the decision variable A},¢¢ (can be 0 or 1, while
0 signifies the ESS is active and 1 means inactive). The size of an ESS (MVA) in the network
is obtained from the decision variables Sjggp (MW) and Sfggq (MVar). The Shagp, SEsso
and A\jgg are generated randomly within the selected ranges and applied to the system. The
Skssp and Spggq are injected such that the maximum number of ESSs having lower capacity
(in the ranges P = 0.1 MW to 2 MW, Q = 0.1 MVar to 1 MVar for investigation category
ILand P = 0.1 MW to 2.5 MW, Q = 0.1 MVar to 1 MVar for investigation category II) can
be dispersed in the network. During investigation category II, the Sgggq is kept uniform
for all ESSs on the network, while the S}¢qp is assigned non-uniformly to the ESSs. The
initial values are nominated randomly according to the selected ranges of P and Q, and
ESS sizes to be tested on the network. The overall nomination of ESS sizes is subject to
LB1, UB1, LB2, UB2, LB3, UB3, AC and DC bus sizes, transformer size, string size of
ESSs, and inverter specifications. Due to the complexity of the ESS allocation problem,
all selected parameters and steps are necessary to find the optimal solution. Finally, the
FSCABC optimization process determines the optimal values of Siggp, SEgsg, and Aigg
by fulfilling the objective function constraints.

In this paper, a variable p.f. (within the range 0.95 to 1) approach for sizing is applied
to the dispatch of ESSs. The intention of the approach is that the ESSs will inject both
P and Q rather than injecting P only (the unity p.f. case). This approach improves the
performance of the network through more reactive power compensation. Hence, the ESS
locations and size are found utilizing the multi-functionality of ESSs in supplying the MW
and MVar required to assist the voltage controllers on the network and minimize line loading
and losses.
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Table 1: Parameters and variables of FSCABC optimization approach

Type Parameters/variables Description/settings

Input parameters Verarep,Rr(i,7), X1.(4,7), P, Q, Essential for the distribution network model.

Pr_p,Qr_r, SWIND, SPV-MAX,
Spv_op, and Sgss—max

Output parameters Cobews ClLLd, Cé;.LS, and ngg Essential for the objective function.
Stssp This variable represents the amount of P
Decision variables injection from the ESSs in the network.
Stg 50 This variable represents the amount of Q
injection from the ESSs in the network.
AEss This variable represents the position of ESSs
in the network.
pbit grand, grand grand and z Settings: pb*f € [0,4], v7end € [0,1],

FSCABC ¢
PATatierers orend e [-1,1], orend € [-1,1], 29 € (0,1),

and z? ¢ {0.25,0.5,0.75}.

PD,CS, FS, Ltrrar, and Ityrax Settings: PD = 3, C'S = 100,

FS = CS/2 =population size, Lrrrar, = 60,
and It]VIAX = 1000.

For Sgggp: LB1 and UB1 Settings: LB1 = 0.1 MW and UB1 =2 MW
FSCABC bounds for investigation category I; LBl = 0.1 MW
and UB1 = 2.5 MW for investigation category
1I.

For S}}JSSQ: LB2 and UB2 Settings: LB2 = 0.1 MVar and UB2 =1
MVar for both investigation category I and
investigation category II.

For AL gq: LB3 and UB3 Settings: LB3 =0 and UB3 = 1.

5. Testing, factor assignment, and performance indices

This section explores the distribution network used for testing of the proposed approach,
the assignment of essential factors, and necessary indices to evaluate the improvements of
system performance. The details of the factor assignment and performance measurement
can be found in [46].

5.1 Test network

The proposed approach is tested in a distribution system whose single line diagram is il-
lustrated in Fig. 2. This is an IEEE-33 bus distribution network (radial) whose detailed
model can be found in [46]. The buses are denoted by numbers (1 to 33) and the lines are
indicated by the letter 'L’. Bus 1 is the feeder and lines L33 to L37 are the tie lines of the
network [46]. The ESS model (described in Section 2) is allocated distributively throughout
the network. A high RES penetration scenario is built by incorporating two wind DGs and
seven solar DGs. The loads, wind DGs, and solar DGs are modeled using built-in templates
of PowerFactory and applying the data found in [46]. The wind DGs, namely WDG1 and
WDG?2, are allocated on bus 18 and bus 24, respectively, while the solar DGs- PV1, PV2,
PV3, PV4, PV5, PV6, and PV7 are located on bus 5, bus 21, bus 31, bus 8, bus 12, bus 28,

14



L}
L]
— C .
< ]
19 20 21 |22 26 27 28 | 29 30 3
"
’
L19 | L2o fL21ff-=--.. L35 125 Mi2ef] 27 28 |f L29 )} L30
' .
.
L]
4 )
L18 : \
: . AN
pvi[]: L33 [ pva N pusp e L34

Al

LO1 g LO2 g LO3 LO4AQ LOSLO6 g LO7 g LOBWLOSWLIOW L11§ L12 @ L13 § L14 | L15

External Grid 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16

1

L22 L23 g L24

Figure 2: Single-line diagram of the distribution network model.

and bus 33, respectively. The overall system model information is: base MVA = 10 MVA;
substation voltage = 12.66 kV; size of WDG1 & WDG2 = 1 MW, size of PV1, PV2, & PV3
= 400 kVA; size of PV4, PV5, PV6, & PV7 = 500 kVA; Pr_p = 3.715 MW, Qr_r = 2.3
MVar; and Spy_op= 85% of Spy_nrax [46].

5.2 Assignment of scaling factors and voltage dependency

The system loads follow the IEEE-RTS model and the loads of the feeder are scaled by
following the steps described in [46]. The total real and reactive powers are computed using
a scale (Vsoarp) and considering the voltage dependency of loads as presented in (38) and

(39), respectively [46].

B Vn €aP Vn €pp Vn €cP]
P=Vgscurp . Py |aP. ( B ) +bP. ( B ) + (1 —aP—bP) . ( B ) (38)
L REF VREF VR i

r n €aQ n €bQ n €cQ
Q =VYscare - Qo |aQ) . (VVB ) +0Q). ( i > + (1 —aQ—0bQ) . (VZB ) (39)

REF VrEFR
where, (1 —aP — bP) = cP and (1 — a@Q) — bQ) = cQ.
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The assigned load coefficients are aP = a@) = 0.4, bP = b = 0.3, and cP = ¢ = 0.3,
and the set exponents are e,p = €, = 0, epp = €9 = 1, and e.p = e, = 2 [46]. The scaling
of RES generation (wind and solar DGs) outputs is accomplished as per the characteristics
provided in [46]. The investigation is conducted for a time resolution of 24 hours, where the
hourly data of loads, solar, and wind are used as the input [46].

5.8 Performance indices of the system

This section derives various performance indices of the system required for performance
evaluation. The voltage deviation index is calculated from network buses, while indices for
line loading and line losses are estimated from network lines. Further details of these indices
in relation to definition and formulation can be found in [46].

5.3.1 Indices for voltage deviation and profile improvement

Considering £5% deviation limit, the Viyax, Varrn, and voltage deviation for nth bus are
calculated. The voltage deviation index (VDevI) is expressed as a percentage and defined
by (40) [46].

% VDevl= iv: ('VRATED — Vi ’) x 100 (40)
o VRrareD

The voltage profile of nth bus, overall voltage profile, and the voltage profile improvement
index of the system are defined by (41), (42), and (43), respectively [46].

VProf" =Vg St, 11" (41)
N

VProf = Z VProf" (42)
n=1
P _

vprr — YEr0fu-pss (43)

VPTOfwofESS

where,

d =1 (44)

5.3.2 Index for line loading

The index for line loading (LLdI) represents the measurement of total loading or demand
levels of lines, which is defined by (45) [46]. In this study, the percent line loading of ith
line, for base case and after ESS placement, is formulated by (46) and (11), respectively
[46].

% LLAT y_pss >ty % LLdjss

LLdI = =
% LLAT wo-5ss 310y % LLdY \qp

(45)

16



Ll
% LLdpasp= (@) x 100 (46)
SLRATED

5.53.8 Indices for power loss reduction

The indices for the reduction of active, reactive, and total power losses (PLsRIp, PLsRI,
and PLsRIr) are demarcated by (47), (48), and (49), respectively [46].

M l
P
PLsRIp = Z]é[:l lLs—ESS (47)
Zl:l PLS—BASE
S Q)
PLsRI, = £2=1 ¥Ls—ESS (48)
Q M 1
=1 QLs—BASE
2 2
S (Phpss)” + (@ha
PLsRIy = =1 (L ESS) ( L ESS) (49)

S (Phapase)” + (Quepass)’

6. Results and discussion

This section explores the impact of optimal ESS placement through the PQ injection (on
the dispatch of ESSs) to the distribution system. The performance of the system is analyzed
in three different case studies: Case 1— without ESS placement (base case), Case 2— ESS
placement for a uniform ESS size, and Case 3— ESS placement for non-uniform ESS sizes.
Optimal ESS allocation is performed by minimizing the objective function parameters for
the same network scenario of [46]. As the ESSs inject P (MW) and Q (MVar) to the
network, the p.f. is variable which is limited by PFy; v = 0.95 during optimization. The
results of the system are summarized in Table 2. The investigation is conducted for a time
period of 24 hours and the maximum value of parameters %VDevI, %LLAT, Pr,, and Qo
for that period is calculated. This section also presents a result comparison between two
approaches— the proposed PQ injection approach and the P injection approach of [46]— and
reports the performance improvement. The system results using the P injection approach
(achieved by [46]) are presented in Table 3, which are categorized as Case 4 and Case 5 for
investigation category I and investigation category II, respectively. Similar to [46], the ESS
power rating (MVA) is assumed constant over one hour. Furthermore, the system results
with different weighting factors in the objective function (8) (using PQ injection approach)
are presented in Table 4. In addition, the results obtained from the FSCABC algorithm are
compared with the ABC approach and presented in this section.

6.1 Case 1- base case without ESS placement

The reference values of the result parameters such as %VDevl, %BLLAT, Pry, and Qr
for base case analysis is presented in Table 2. These base values are targeted to minimize
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Table 2: Obtained results from the proposed PQ injection approach

P (MW), Q (MVar), and locations of ESSs %VDevl | %LLAT | Ppg: Qrot Total
(MW)| (MVar)| ESS
Size
(MWh)
Case 1—Without placement of ESSs (base case)
No ESSs 89.73 269.81 ‘ 0.11 ‘ 0.09 ‘ -
Case 2—Distributed ESS placement using a uniform ESS size
ESS9, ESS7, ESS9, ESS14, ESS25, ESS29, ESS30, ESS31, 67.34 221.85 0.084 0.061 8.11
ESS32; for all ESSs P = 0.97 Q= 0.29
Case 3—Distributed ESS placement using non-uniform ESS sizes
ESS7-P=1.19 Q=0.12; ESS10-P=0.72 Q=0.12; ESS14-P=0.80 66.70 204.38 0.074 0.052 10.67
Q=0.12; ESS16-P=0.37 Q=0.12; ESS17-P=0.37 Q=0.12;
ESS22-P=0.37 Q=0.12; ESS25-P=2.5 Q=0.12; ESS29-P=0.72
Q=0.12; ESS30-P=2.5 Q=0.12; ESS31-P=0.37 Q=0.12;
ESS32-P=0.69 Q=0.12
Table 3: System results with the P injection approach obtained by [46]
P (MW) and locations of ESSs %VDevl | %LLAT | Ppg Qrot Total
(MW)| (MVar) ESS
Size
(MWh)
Case 4—Distributed ESS placement using a uniform ESS size
ESS9, ESS14, ESS25, ESS28, ESS29, ESS30, ESS31, ESS32, for 75.75 241.13 0.091 0.068 5.79
all ESSs P=0.72 Q=0
Case 5—Distributed ESS placement using non-uniform ESS sizes
ESS8- P=0.34; ESS10- P=0.38; ESS13- P=0.38; ESS16- P=0.82; 72.16 240.04 0.089 0.067 7.20
ESS17- P=0.1; ESS20- P=0.13; ESS22- P=0.1; ESS25- P=2;
ESS30- P=1.44; ESS31- P=0.73; ESS32- P=0.78; for all ESSs
Q=0

Table 4: System results obtained from the PQ injection approach with different weighting factors in (8)

P (MW), Q (MVar), and locations of ESSs %VDevl | %LLAT | Ppg: QTot Total
(MW)| (MVar) ESS
Size
(MWh)
Case 6—Distributed placement using a uniform ESS size
/@VDe’U = 0.2, ﬂLLd = 0.2, /@PLS = 0.3, and ﬁESS = 0.3
ESS9, ESS14, ESS25, ESS29, ESS30, ESS31, for all ESSs P=1.07 69.80 226.06 0.083 0.059 6.69
Q=0.33
Case 7—Distributed ESS placement using non-uniform ESS sizes
BvDev = 0.3, Br..d = 0.2, Bprs = 0.3, and Bgpgg = 0.2
ESS8-P=0.45 Q=0.1; ESS9-P=0.66 Q=0.1; ESS10-P=0.31 66.39 210.52 0.074 0.051 11.66
Q=0.1; ESS12-P=0.31 Q=0.1; ESS14-P=1.12 Q=0.1;
ESS16-P=0.31 Q=0.1; ESS22-P=0.31 Q=0.1; ESS24-P=0.31
Q=0.1; ESS25-P=2.5 Q=0.1; ESS28-P=0.31 Q=0.1;
ESS29-P=0.31 Q=0.1; ESS30-P=2.5 Q=0.1; ESS31-P=0.93
Q=0.1; ESS32-P=0.31 Q=0.1; ESS33-P=0.32 Q=0.1
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through the proposed P(Q injection approach of ESSs. Although the Vp; is limited by Visax
and V)N, the voltage profile can be improved further. Similarly, the line loading and losses
can be minimized through the proposed PQ injection approach.

6.2 Case 2- ESS placement using a uniform ESS size

The optimal ESS allocation results for uniform Sgpgep and Spggeq values (using the PQ
injection approach) are presented in Table 2. The Sfesp, Spsgg, and AEgg can be identified
in Table 2 by the ESS MW (P), ESS MVar (Q), and ESS number, respectively: e.g., for
ESS9, P=0.97 and Q=0.29 denote that an ESS of 0.97 MW and 0.29 MVar (total size of
1.01 MVA) is connected to bus 9. Eight ESSs of a uniform size (1.01 MVA) are placed
on buses 7, 9, 14, 25, 29, 30, 31, and 32. All the parameters in Case 2 such as %VDeuvl,
WLLAT, Pry, and Qr, are minimized compared to Case 1. A noticeable point is that
all Case 2 parameters are also minimized compared to Case 4 (tabulated in Table 3). For
instance, the values of %VDevI, % LLAT, Pry, and Qro are 75.75%, 241.13%, 0.091 MW,
and 0.068 MVar, respectively, while using the P injection approach [46]. In contrast, when
using the PQ injection approach, these values are further reduced such as %VDevI=67.34%,
%LLAT=221.85%, Pr,=0.084 MW, and (Q7.,,=0.061 MVar. However, the total ESS size
required in Case 2 to improve the performance is 8.11 MWh which is higher than the total
ESS size of Case 4 (5.79 MWh). Hence, there is an increase of distribution system investment
cost during Case 2 compared to Case 4, while improving the performance better than the
Case 4.

6.3 Case 3- ESS placement using non-uniform ESS sizes

After analyzing the impact of optimal ESS placement using non-uniform ESS sizes using the
PQ injection approach, the results are summarized in Table 2 as Case 3. In this case study,
the SEggp is assigned non-uniformly to all ESSs and the S3qq, is allotted uniformly to all
ESSs. The SEgsp, Skssqg, and Aigg can be identified in Table 2 by the ESS MW (P), ESS
MVar (Q), and ESS number, respectively: e.g., ESS7-P = 1.19 Q=0.12 represents that an
ESS of 1.19 MW and 0.12 MVar (total size of 1.03 MVA) is placed to bus 7. Eleven ESSs of
non-uniform ESS sizes (as given in Table 2) are placed on buses 7, 10, 14, 16, 17, 22, 25, 29,
30, 31, and 32. It is apparent that all the parameters (%VDevl, %LLAT, Pry, and Q7o)
are further minimized compared to Case 2. It is also obvious that all Case 3 parameters are
minimized compared to Case 5 (given in Table 3). For example, when using the P injection
approach, the values of %VDeuvl, %LLAT, Pr,, and Qr are 72.16%, 240.04%, 0.089 MW,
and 0.067 MVar, respectively [46]. On the contrary, these values are further reduced while
using the PQ injection approach such as %VDevI=66.70%, %L LdT=204.38%, Pr,=0.074
MW, and Q71,,=0.052 MVar. However, for Case 3, the required total ESS size is 10.67
MWh, which signifies an increment in distribution system investment cost over Case 2 (7.43
MWh) and Case 5 (7.20 MWh). This is mainly due to the fact that non-uniform ESS
sizing approach (Case 3) is more adjustable in relation to overcoming network operational
constraints compared to uniform ESS sizing method (Case 2) and can achieve more optimal
performance across the whole network.
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6.4 System results with different weighting factors in the objective function

The system results of Table 4 are obtained through the application of PQ injection ap-
proach, while using different weighting factors in the objective function (8). This analysis is
conducted to apply a trade-off among weighting factors and comprehend the variability of
obtained results compared to Case 2 and Case 3, while giving different importance to each
performance indicators of (8). The weighting factors are chosen within the range 0 to 1,
while their summation is equal to 1. The results are categorized in two case studies such as
Case 6 and Case 7 for ESS allocation using a uniform ESS size and non-uniform ESS sizes,
respectively. During Case 6, the weighting factors are chosen as Bype, = 0.2, Brrq = 0.2,
Bprs = 0.3, and Brgs = 0.3, while for Case 7 they are set to Bype, = 0.3, Brrq = 0.2, Bprs =
0.3, and Bgsg = 0.2. It is apparent from the analysis of Table 4 that the values of weighting
factors impact the results as compared to Case 2 and Case 3. For instance, the values of
%VDevl, %LLAT, Pro, Qro, and total ESS size for Case 6 are 69.80%, 226.06%, 0.083
MW, 0.059 MVar, and 6.69 MWh, respectively, where the variability of obtained results are
observed as per corresponding parameter values of Case 2. Similar variability is noticed for

parameter values during Case 7, while comparing corresponding parameter values of Case
3.

6.5 Quverall result analysis and comparison using the PQ) injection approach

6.5.1 Comparison in relation to voltage profiles

The voltage profiles using the PQ injection approach for Case 1, Case 2, and Case 3 are
depicted in Fig. 3. The feeder voltage profiles for Case 2 and Case 3 (p.u. voltage vs km)

1.01+

1.0
= V
3 0.99- @ VRer
2 = Case 1
> O Case 2
809 OC
S ase 3
>
g09
a0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
Bus number

Figure 3: Voltage profiles for various cases using the PQ injection approach.
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Figure 4: The feeder voltage profile for case 2 using the PQ injection approach.
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Figure 5: The feeder voltage profile for case 3 using the PQ injection approach.

are illustrated in Fig. 4 and Fig. 5, respectively. Various sections of feeder voltage profiles
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(in terms of feeder length) are indicated with different colors, where all the lines of the feeder
have the same length (1km). Although both Case 2 and Case 3 have similar voltage profiles,
Case 3 has improvements in the voltage profile at some buses as illustrated in Fig. 3. For
instance, according to Fig. 3, Fig. 4, and Fig. 5, Case 3 has improved the bus voltage at bus
24 (Case 3=0.97 p.u., Case 2=0.98 p.u.) and bus 25 (Case 3=0.97 p.u., Case 2=0.98 p.u.)
compared to Case 2. Similarly, the voltages are improved for Case 3 at buses 10, 22, 23,
and 26 to 30 compared to Case 2. However, Case 2 has improved bus voltage characteristics
at buses 7 to 9, 13 to 15, and 31 to 33 compared to Case 3. Figure 4 and Fig. 5 shows
that the voltage drop in the feeder section L02-L22-1.23-1.24-1.37-1.29-1.30 and L16-L17 is
higher for Case 2, while Case 3 has higher voltage drops in sections L02-1.22-1.23-1.24 and
LO08-L.29-1.30-1.31-L.32. The highest voltage drop for Case 2 and Case 3 is observed at bus
30 (0.97 p.u.) and bus 24 (0.974 p.u.), respectively. For both Case 2 and Case 3, lower
voltage drops occur at buses 2 and 19. From the illustrations, it is evident that both Case
2 and Case 3 have good voltage profiles, where Case 3 (%VDevI=66.70) provides a slightly
better voltage profile than Case 2 (%VDevI=67.34).

6.5.2 Comparison in relation to line loading

Figure 6 compares the percent line loadings of Case 1, Case 2, and Case 3, which implies
that the loading of each line for all cases is below the maximum boundary 80%. It can
be noted that L1 has a maximum loading of 40.80% for all cases, while L2 has about 28%
loading for Case 1, 27.76 % for Case 2, and 26.86 % for Case 3. All other lines for Case 2
and Case 3 are lightly loaded (e.g., below 15%). From the viewpoint of line to line loading
variation, the line loadings of Case 2 are higher at lines L2, L5-L6, L8-1L9, L11, L13-L14,
L17, L21-L23, L25-1.26, L28-1.31, L34-1.35, and L37 compared to Case 3. In contrast, Case
3 provides higher loading values at lines L3, L7, .10, L15-L16, L18, L.24, L.27, 1.22-1.29, L.32-
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Figure 7: Comparison of losses for various cases using the PQ injection approach (a) active power loss, (b)
reactive power loss, and (c) total line loss.
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L33, and L36 than Case 2. Overall, Case 3 (%LLdT=204.38) provides better line loadings
than Case 2 (%LLdT=221.85). It is apparent from the line loading characteristics of Case
2 and Case 3 that the feeder has sufficient spare capacity to get back from the unexpected
situation during outage.

6.5.3 Comparison in relation to line losses

Figure 7 compares the active, reactive, and total power losses of various lines for Case 2
and Case 3 over Case 1. According to Fig. 7(a), L2 has the highest active power loss of
0.026 MW and 0.025 MW for Case 2 and Case 3, respectively. Case 2 has a higher active
power loss at lines L2, L4-L5, L7-1.9,1.13-L.14, L17, L21-1.23, L25-1.26, 128, and L30, while
a higher active power loss value is observed at lines L3, L7, L12, L15-L16, .19, .24, and
L27 for Case 3. As referred to in Fig. 7(b), again L2 has the highest reactive power loss
of 0.013 MVar for both Case 2 and Case 3. Besides, the reactive power loss and total line
loss profiles for Case 2 and Case 3 at various lines is almost similar to the real power loss
characteristics of Fig. 7(a) except the tie lines. Both Case 2 and Case 3 have reactive power
losses in tie lines as depicted in Fig. 7(b). Overall, the losses are little bit higher for Case 2
(e.g., Proy=0.084, and Q1,=0.061) compared to Case 3 (e.g., Pr,;=0.074, and Q7,=0.052).

6.5.4 Statistical analysis of FSCABC approach with ABC' algorithm

The ABC algorithm is employed for ESS allocation in [46]. The same ABC approach is
utilized to verify the results found from the proposed FSCABC technique using the same
settings of PD, CS, F'S, Lrrrar, Ity ax, and bounds as listed in Table 1. Both the FSCABC
and the ABC optimization are executed 30 times and the best, worst, and mean objective
function values for investigation category I and investigation category II are compared in
Table 5. In addition, the standard deviations for FSCABC and ABC algorithms (0rscapc
and o 4p¢) of objective function values are calculated. The lesser value of standard deviation
implies smaller deviation among solutions of 30 optimization runs. Table 5 suggests that
the solutions obtained from both algorithms (in relation to objective function costs) are
very close to each other. It is also evident that more optimal solutions are achieved from
the FSCABC approach for both investigation categories. Therefore, it is apparent from the
statistical analysis (presented in Table 5) that the proposed FSCABC technique is successful
in attaining required optimal solutions of the problem for both investigation categories.

The computer configuration used for simulation is: Intel(R) Xeon 3.5 GHz processor, 64-
bit windows 10, and 16 GB RAM. Figure 8 illustrates the convergence test characteristics of
FSCABC and ABC optimization approaches for two investigation phases. The convergence
results including computation time are tabulated in Table 6. Table 6 implies that the
FSCABC algorithm converges after 182 and 274 iterations for investigation category I and
investigation category I, respectively. In contrast, the ABC-based approach converges after
257 and 396 iterations for investigation category I and investigation category II, respectively.
In other words, the FSCABC-based approach converges faster than the ABC algorithm. The
proposed optimization approach is an offline method, where no real time decisions needed
to be taken to determine the locations and sizes of ESSs in the network. The focus of
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Table 6: Convergence and computation time of FSCABC and ABC algorithms

Investigation| FSCABC FSCABC ABC ABC computation
category convergence computation time (s) | convergence time (s)
I After 182 iterations 310 After 257 iterations 548
11 After 274 iterations 492 After 396 iterations 762
2.5x10%7

— FSCABC investigation category |
— FSCABC investigation category Il
— ABC investigation category |

Minimization started
— ABC investigation category Il

1.5x10%74

1.0x100°74 Minimum reached

Objective function values ($)

5.0x 10 %64

100 200 300 400 500 600 700 800 900 1000

Number of iterations

Figure 8: Convergence of FSCABC and ABC algorithms.

the approach is obtaining accurate optimal solutions with acceptable computation costs.
However, the searching speed is considered to demonstrate the success of applying proposed
FSCABC approach and compare its convergence characteristics or computation time with
traditional ABC algorithm. Regarding computation time, FSCABC and ABC approaches
take about 310 s and 548 s, respectively, to locate the ESSs during investigation category I.
For investigation category II, the FSCABC and ABC algorithms require around 492 s and
762 s, respectively, to allocate the ESSs on the distribution network.

6.6 Querall performance and ESS cost comparison using PQ and P injection
approaches

Table 7 represents the performance indices of the system which are evaluated as per Section
5.3. Generally, VPII > 1 implies that the system has a good voltage profile. On the
contrary, the higher values of LLdIl, PLsRIp, PLsRIg, and PLsRIp signify higher line
loading, active power loss, reactive power loss, and total line loss, respectively.

The voltage profile improvement in terms of bus voltage, using the PQ injection approach
over the P injection approach for investigation category I and investigation category II, is
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Table 7: Performance indices for various cases of Table 2 and Table 3

Case Details VPII | LLdI | PLsRIp PLsRIQ PLsRIp
Case 1 - - - - -
For a uniform ESS size
Case 2 1.08 0.82 0.77 0.71 0.74
Case 4 1.04 0.83 0.80 0.82 0.89
For non-uniform ESS sizes
Case 3 1.08 0.76 0.68 0.61 0.65
Case 5 1.06 0.82 0.78 0.80 0.89

compared in Fig. 9(a) and Fig. 9(b), respectively. These suggest that the voltage profiles are
improved for both investigation categories while using the PQ injection approach. From the
viewpoint of point to point bus voltage measurement, the PQ injection approach provides
improved voltage profiles at most of the buses for both investigation categories compared
to the P injection approach. For instance, the voltage profile improvement is remarkable
at buses 4 to 18, 20 to 22, 25 to 27, and 29 to 33 while using the PQ injection approach
for investigation category I. For investigation category II, significant improvement in bus
voltages is achieved through the P(Q injection approach at buses 4 to 7, 9 to 18, and 22
to 31. The overall VPII is improved with the use of the PQ injection approach compared
to the P injection approach for both investigation categories as evaluated in Table 7. For
instance, the VPII = 1.04 for Case 4 (using the P injection approach) is improved to 1.08
during Case 2 (using the PQ injection approach) under investigation category I. On the
other hand, Case 3 provides VPII = 1.08 which is higher than Case 5 (VPII = 1.06)
during investigation category II.

Figure 10(a) and Fig. 10(b) compare the line loading characteristics using the PQ injec-
tion approach over the P injection approach for investigation category I and investigation
category II, respectively. These suggest that the line loading during the PQ injection ap-
proach is minimized for both investigation categories compared to the P injection approach.
The opposite characteristics are observed at some points on the curves such as at L9-L10,
L13-L14, L22, L.25-1.26, and L30 for investigation category I and at L9-L10, L18, L24-1.27,
and L36 for investigation category II. The line loading minimization using the PQ injection
approach is also realized from the LLdI value tabulated in Table 7. During investigation
category I, the PQ injection approach provides LLdI = 0.82 (Case 2) which is 0.83 (Case
4) while using the P injection approach. On the other hand, the LLdI provided by the P
injection approach is 0.81 (Case 5) which is minimized to 0.76 (Case 3) with the use of the
PQ injection approach for investigation category II.

Figure 11 and Fig. 12 compare the active, reactive, and total line losses using the PQ
injection and the P injection approaches for investigation category I and investigation cat-
egory II, respectively. According to these illustrations, for both investigation categories,
the PQ injection approach minimizes the real, reactive, and total line losses at most of the
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Figure 9: Voltage profile comparison in terms of bus voltage using PQ and P injection approaches— (a)

voltage profile comparison for investigation category I and (b) voltage profile comparison for investigation
category IL

lines compared to the P injection approach. For both investigation categories in Fig. 11,
although P injection approach minimizes losses at very few lines, the losses are minimized
at most of the lines by the PQ injection approach. For example, the P injection approach
provides lower amounts of active, reactive, and total line losses compared to the PQ in-
jection approach at lines L2, L9, L22-1.23, and L30 for investigation category I, while the
PQ injection approach minimizes more losses at other lines over the P injection approach.
During investigation category II, the PQ injection approach minimizes higher amounts of
active, reactive, and total line losses compared to the P injection approach at most of the
lines except L9, L16, L18-L19, L22, .24, and L27. These minimization characteristics are
also summarized in Table 7 as loss minimization indices which exhibit that Case 2 minimizes
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Figure 10: Comparison of %line loading using PQ and P injection approaches— (a) line loading comparison
for investigation category I and (b) line loading comparison for investigation category II.

higher amount of active, reactive, and total line losses compared to Case 4, while Case 3
delivers lower amount of losses over Case 5.

The overall performance improvement (expressed in percentage), using the PQ injection
approach over the P injection approach, is estimated in Table 8. This suggests that the PQ
injection approach achieves 11.11% improvement for voltage deviation, 8% for line loading,
7.18% for active power loss, 11.13% for reactive power loss, and 8.59% for total line loss
over the P injection approach during investigation category I. On the contrary, during in-
vestigation category II, the proposed PQ approach attains 7.56% improvement for voltage
deviation, 14.86% for line loading, 17.45% for active power loss, 21.77% for reactive power
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Figure 11: Comparison of losses using PQ and P injection approaches for investigation category I— (a)
comparison of active power loss, (b) comparison of reactive power loss, and (¢) comparison of total line loss.

loss, and 18.97% for total line loss compared to the P injection approach. The overall com-
parison in terms of performance indices and total ESS unit cost is presented in Fig. 13. It
is evident from the characteristics that the proposed P(Q injection approach achieves higher
performance improvement compared to the P injection approach for both investigation cate-
gories. However, the PQ injection approach requires higher distribution network investment
cost, and the amount is higher for investigation category II than investigation category I.
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Table 8: Performance improvement using the PQ injection approach compared to the P injection approach

Evaluation parameters H P injection approach ‘ PQ injection approach | Improvement

For a uniform ESS size

%VDevI 75.75 67.34 11.11%
%LLAT 241.13 221.85 8%

Prot(MW) 0.091 0.084 7.18%

Qrot(MVar) 0.068 0.061 11.13%

Total line loss (MVA) 0.113 0.104 8.59%

For non-uniform ESS sizes

%VDevl 72.16 66.70 7.56%

%LLAT 240.04 204.38 14.86%

Pro (MW) 0.089 0.074 17.45%

Qror(MVar) 0.067 0.052 21.77%

Total line loss (MVA) 0.112 0.090 18.97%
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Figure 13: Performance and ESS cost comparison for various cases— (a) for investigation category I (b) for
investigation category II.
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7. Conclusions

This paper has presented an effective strategy to allocate the distributed ESSs in distribution
systems applying the FSCABC hybrid meta-heuristic optimization approach. The system
performance is improved significantly by minimizing some key problems of distribution
networks such as voltage deviation, power losses, and line loading through the application
of the PQ injection approach. The obtained results from the FSCABC technique are verified
by applying the ABC algorithm. Related indices are calculated to measure the performance
improvement and a performance comparison of PQ injection and P injection approaches is
presented. The following conclusions can be made based on the investigations carried out
in this paper:

e The PQ injection approach successfully achieves 11.11% and 7.56% improvements in
minimizing voltage deviation over the P injection approach for a uniform ESS size and
non-uniform ESS sizes, respectively.

e For a uniform ESS size, the proposed PQ injection approach also achieves improve-
ments in minimizing line loading and total line loss over the P injection approach by
8% and 8.59%, respectively. On the other hand, during non-uniform ESS size investi-
gation, 14.86% improvement in line loading minimization and 18.97% improvement in
total line loss reduction are achieved by the PQ injection approach compared to the
P injection approach.

® The proposed PQ injection approach improves the network performances through
increasing the distribution system investment cost. Hence, a tradeoff in relation to
performance expectations and costs should be made.

Regarding future works, a sensitivity analysis regarding the optimal ESS allocation, opti-
mal operation of ESSs taking into account RES uncertainty and the impact on ESS lifetime,
detailed analysis regarding cost or financial impacts of the obtained ESS sizes, ESS place-
ment targeting power quality improvement, and inclusive ESS sizing can be investigated.
Furthermore, the performance and accuracy of the ESS allocation and sizing problem may
be improved by formulating the problem as a multi-objective function.
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