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Abstract: The use of electric vehicles (EVs) has recently increased in a smart city environment. With
this, the optimal location of the charging station is a great challenge and, hence, the energy efficiency
performance (EEP) of an electrical system is important. Ideally, the EEP is realized through passive
energy boosters (PEBs) and active energy boosters (AEBs). PEBs require no external resources, and
EEP is achieved through altering the network topology and loading patterns, whereas, in AEBs,
integrating external energy resources is a must. The EEP has also become dynamic with the integration
of an energy storage system (ESS) in a deregulated environment. Customer energy requirement varies
daily, weekly, and seasonally. In this scenario, the frequent change in network topology requires
modifying the size and location of AEBs. It alters the customers’ voltage profile, loadability margin,
and supply reliability when the EV works differently as a load or source. Therefore, a comprehensive
EEP analysis with different probabilistic loading patterns, including ESS, must be performed at
the planning stage. This work uses a harmony search algorithm to evaluate EEP for AEBs and
PEBs, in coordination, when ESS works as a load or source, at four locations, for customers” and
utilities” benefits.

Keywords: probabilistic loading patterns; energy efficiency performance; distribution systems;
passive energy boosters; active energy boosters; energy storage system; harmony search algorithm;
sustainable energy and society

1. Introduction

Technological development paves the way to modernization with significant enhance-
ments in energy consumption, where electricity plays a crucial role. In this scenario,
sustainable energy is the primary requirement for a sustainable society. Though energy
resources are depleting day by day, it is necessary to explore the ever-best approach for
energy efficiency while generating, distributing, and utilizing electricity. In the current
scenario, societal development mainly depends upon the availability of energy resources.
Conversely, the consumers’ energy demand has grown unexpectedly, and agencies are
working tirelessly to explore various energy resources. The availability of the resources is
limited. Therefore, the smart systems for energy efficiency in generation, distribution, and
utilization can be considered alternatives to the resources for sustainable energy and society.

A smart energy system has two aspects: namely, (a) realization of technical parameters
for energy efficiency and (b) bidirectional communication with power components for their
control and monitoring. The first part is more critical to developing a smart infrastructure
for operation and control. In the present scenario, the loading pattern varies with the state
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of the economy and system voltage profile. The involvement of smart devices encompasses
power electronic devices and converters; the loading pattern has become highly non-linear
and needs to be managed on an hourly basis [1]. It further alters the loadability margin
and reliability of power supply, at respective load points, during power delivery. However,
in recent years, the technological evolution in electric vehicles has introduced a new scope
of research for energy efficiency in smart energy systems.

Further, in a smart city environment, the EEP of a distribution system depends upon
several parameters. It changes with the representation of loads, network topology, inte-
gration of DGs and shunt capacitors, and the implementation of various DSM approaches
during power delivery. In addition, in recent years, the integration of EVs has evolved
the new research challenges for energy efficiency. In this work, EEP is realized with and
without external energy resources to benefit utility and consumers. The approach for
EEP without external energy resources is defined as a passive energy booster, whereas
the approach for EEP with external energy resources is the active energy booster. In the
past, the researchers have presented several approaches, with slight modifications, based
on PEBs and AEBs, exclusively. From consumers’ perspectives, in this work, the EEP is
realized by PEBs and AEBs in coordination with ESS, and a comprehensive evaluation is
presented based on several operating parameters.

Several approaches exist for the EEP of the distribution system, and using single and
multi-objective functions, with line losses, are a significant concern. Ideally, it is beneficial
for utilities, whereas it has little significance in consumers’ interests. Ali et al. [2] have
presented several indices-based approaches for the comprehensive evaluation of EEP of
the distribution system. Here, the authors considered different combinations of the load
models, and EEP is realized with and without the integration of external energy resources
exclusively. A heuristic approach is developed, and the weightage of different indices is
varied to show their effects on EEP. However, in this approach, the loads are represented
with fixed weightage to the particular load class or type, as well as under fixed weightage
to the energy parameters. As an extension to the method presented in [2], it is required
to evaluate the system performance for a possible number of customers, as well as the
reliability of power supplies under different probabilistic loading patterns, including ESS.

Authors in [3,4] have developed a heuristic approach, for improving a system’s voltage
profile and EEP, by considering a different objective in optimization that allows the more
significant number of customers to be supplied at a particular time instant. However,
authors in [5] have developed the DSM approach under different loads, such as electric
vehicles, mobile charge, and energy storage devices, for smart grid systems with fixed
network topology. Habeeb et al. [6] have presented the energy management system, with
local generation and energy storage, for domestic applications. Conversely, in [7], authors
have developed schemes for the operation of different power equipment throughout
the day. The real-time implementation of these approaches tends to alter the loading
patterns hourly. In this scenario, the representation of loads in power system operation
and stability studies plays an important role. Bin et al. [8] have presented a multi-objective
optimization problem in a hybrid microgrid environment, where power generation from
the PV system, windmills, and ESS is simulated using fuzzy techniques. Here, the authors
have also considered the static loading patterns, and no emphasis has been laid on the
voltage dependency of loading patterns during a change in network topology. In [9],
the integration of these power generating systems has been simulated with DSM, for an
agriculture farm, to reduce the energy demand of the power grid.

With the implementation of the DSM approach, the load demand was found to be
varying significantly in [10], where the energy demand of the commercial building is
evaluated for the intensification of energy efficiency. However, Asrari et al. [11] and
Dorostkar et al. [12] have presented the impact of DER on the electrical system during
network reconfiguration for EEP. Similarly, in [13,14], the reconfiguration is performed
to improve the reliability of supplying power, with a vehicle, to grid and DG allocation
in an active distribution system, respectively. Conversely, Fu et al. [15] revealed that the
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reconfiguration is limited due to switching loss. Therefore, it requires development of a
timeframe for a particular configuration for the capacity enhancement of existing networks.
Ali et al. [16] have also presented the reconfiguration, in the presence of ESS, considering
static loads. In [17], reconfiguration is performed under an unbalanced distribution system
to coordinate voltage regulators and renewable resources. Song et al. [18] considered the
voltage volatility due to DER, and reconfiguration is performed to minimize it, but in [19],
DG allocation is presented in the presence of ESS for energy performance.

Naguib et al. [20] conferred that environmental uncertainty can affect the system
performance during reconfiguration and DG allocation. Cattani et al. [21] addressed the
distribution system planning by using reconfiguration, and in [22], an AC-DC hybrid dis-
tribution system is developed for the customer’s energy management. Takenobu et al. [23]
presented the annual energy consumption, based on the reconfiguration of the distribution
system, under different operating conditions. This allows system operation flexibility, and
it benefits both the customer and the utility. Conversely, Arsari et al. [24] presented a new
framework of DG allocation, based on time management, hourly—ahead of the system’s
decision making—to reduce the necessity of reconfiguration. In [25], the authors emphasize
the short-term improvement in the voltage profile when using network reconfiguration.
However, in [26,27], the process of reconfiguration is highlighted, and heuristic approaches
are developed for single or multilevel switching operations, whereas in [28-30], network
reconfiguration is performed for loss reduction under a fixed loading scenario.

The above literature has revealed that network reconfiguration and DG allocation play
crucial roles in the EEP of an electrical system. However, in these approaches, the impact of
ESS on EEP has not been considered; instead, they focused on the conventional approach of
network reconfiguration and DG allocation. These approaches can be realized in two ways:
namely, (i) the approaches in which no external energy resource is required to improve
the EEP and (ii) the approach in which external source is a must to improve the EEP. The
former is called a passive energy booster, and later, is an active energy booster. Further, in
recent years, the new type of load, featured with ESS, can be recognized as a dynamic load
since it can work as a load or source, while charging or discharging, respectively.

The performance of the electrical power system with ESS has been presented in [31-33].
However, in these studies, the representation of physical loads and network reconfiguration
have not been considered; instead, results are demonstrated under constant power loads
only. However, in smart energy infrastructure, the voltage dependency of these loads
cannot be ignored. An extensive review presented in [34] has emphasized the need of ESS
for a sustainable microgrid. Considering the above facts, this work intended to develop
a probabilistic loading pattern for the comprehensive evaluation of EEP of the electrical
systems in a smart energy system’s environment. Moreover, in this work, DG allocation
and network reconfiguration are performed, in coordination, under different loading
patterns, including ESS, which is beneficial for the customer and utilities in a sustainable
city and society.

The organization of the paper is as follows: The extensive literature review is presented
under the introduction in Section 1. The mathematical formulations, with operating
constraints, load modeling, and EEP parameters, are described in Section 2. However,
Section 3 presents a detailed description of the harmony search algorithm, whereas Section 4
presents the procedural steps involved in the proposed algorithm. Section 5 describes the
test system and the case study cases. Section 6 presents the test results and discussion, and
finally, the results and findings are concluded in Section 7.

2. Mathematical Formulations for Energy Efficiency
2.1. Problem Formulation

With the involvement of smart devices in energy systems, the operation and control
has become fast. As a result, it has improved the decision-making capacity under the
frequent change in operating conditions for energy efficiency, which involves the reduction
in power loss, improvement in voltage profile, and loadability margin—exclusively or in
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coordination—with certain weightage of each parameter. However, the change in working
conditions may compromise one parameter over another. In this scenario, the primary
function of PEBs and AEBs is to deal with the constraints, such as active and reactive power
demand, voltage limits, line capacity, and network radiality. Therefore, the optimization
problem is formulated as follows:

Minimize — f(x) D)

The above problem is subject to the following constraints:

a.  Active and reactive power limit: The algebraic sum of all the generations, power de-
mands, and power losses should be zero, and it is defined as:

Z?:l Pgi — 2?21 Pp; — 2;-;1 Pi=0 ()

Y1 Q6i— Y Qoi— 3y Qui=0 3)
Here, in (2) and (3), the Pg; and Qg; are the generated power at the ith node, Pp; and Qp;
are the demands at the ith node, and Pp; and Qy; is the power losses beyond ith node.

b.  Voltage limit: The PEBs and AEBs are responsible for improving the system voltage
profile. However, PEBs can improve up to a certain extent, whereas AEBs can im-
prove the voltage profile even beyond 1.0 pu. Therefore, voltage limit restrains the
overcompensation due to AEBs, and it is defined in (4):

Vi,min S Vz S Vi,max (4)

c.  Capacity limit: In power distribution, the lines have their capacity to transfer power
and, hence, the loadability. The line capacity is usually evaluated with current limits,
and the maximum load that can be connected at a particular node is defined with kVA
loading. These limits are described in (5).

Ii < Ii, max (5)
kVA; < kVA; max
d.  Network radiality limit: A distribution system is generally operated as radial to coordi-
nate protecting devices. The branches are arranged in a downward stream. In a set
of branches, the index value k;; is equal to ‘1’ for all connected branches between the

‘ith” and ‘jth’ nodes; otherwise, it is zero if that branch is considered as a tie-line in the
configuration. In a radial network,

kij =1 — — for all connected branches

kij =0 — — for tie-lines

Therefore, for network radiality the following is to be satisfied.

Zkl] =n-—1 (6)
Here, in (6), 'n’ is the total number of nodes in a radial path, including the substation.

e.  State of charge limit: An energy storage system (ESS) in electrical power distribution
can work as a load, as well as an energy resource, depending on its state of charge
during operation. ESS below its lower limit of SOC tends to work as load, whereas
it can meet load demand under peak loading conditions when SOC is above the
prescribed limit.
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Soch,min < Soch < Soch,max (7)

f. AEB’s limit: The external DGs are the source of AEBs. If AEBs are operated below their

minimum prescribed limit, they become uneconomical. The lower limit is taken as
0.3 times of its full capacity in this work. Therefore, the following limits are imposed
for AEBs for the energy-efficient operation of the power system.

0.3 x AEBi,max < AEB; < AEBi,mux (8)

2.2. Energy Efficiency Analysis

In the deregulated competitive energy market, the energy efficiency is not limited to
a mere single parameter, such as the reduction in power loss. Rather, it depends upon
several other parameters, such as time of operation, loading patterns, state of the economy,
environmental conditions, and the number of customers to be supplied, i.e., loadability
limit, voltage profile at the customer end, reliability of supplying power, as well as the
quantity and quality of supplying power. To improve the EEP, utilities usually implement
energy boosters during operation. These energy boosters can be classified as PEBs and
AEBs. The effect of various PEBs and AEBs on the EEP is summarized in Table 1.

Table 1. Parameters for energy efficiency performance.

S. No. Parameters Significance in EEP

1 KW demand (Ps;) The }ntegratlon of PEBs and AEBs improves the voltage profile, altering the
loading pattern.
The reactive power flow in the system directly affects the voltage profile. The

2 kVAr demand (Qs;) higher the reactive power lower will be the voltage and hence the poor
energy efficiency.

3 KVA demand (Ss;) The number of custom?rs to be supplied depends upon the kVA rating of
transformer at load point.

. _ The loads are voltage-dependent, and hence, the voltage profile can alter the

4 Node voltage profile (Vi) loading pattern and the operating efficiency of the connected loads.

5 Loadability index (f«;) Loacllablhty margin limits the maximum number of customers supplied at a
particular node.

6 Power loss (P ) PEBs and AEBS reduce the power loss by improving voltage profile and
local generation.
The reliability of supplying power is influenced by the possible number of

7 Margin of Reliability (MR) consumers, voltage limit, and thermal limit. The PEBs and AEBs improve

these aspects and hence the reliability.

2.3. Load Representation and Modeling

Practical loads are the combination of several types of loads having different charac-
teristics [35]. The operating characteristics of these loads may change with time and the
system voltage profile. Depending on their voltage profile sensitivity, loads are classified as
residential, commercial, and industrial loads. Conversely, the operating characteristics can
be represented as constant power, constant current, and constant impedance for individual
loads. In practice, these loads act together, and therefore, it is required to consider the
various combinations of different load classes and types, as shown in Table 2.
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Table 2. Load type and load class with their voltage exponents.

Voltage Exponents Voltage Exponents
Load Type Load Class
a B « B
Constant power 0 0 Industrial 0.18 6.0
Constant current 1 1 Commercial 0.99 3.5
Constant impedance 2 2 Residential 1.2 29

In this work, based on the above representation, the loads are modeled as follows:

a. Load model-1 (LM-1): In LM-1, the load at each node is considered to be a constant
power type and represented as

P, =axPy {%r
Qi = a* Qi {%}ﬁ

b.  Load model-2 (LM-2): In LM-2, the loads are considered as the combinations of various
load types, such as constant power, constant current, and constant impedance loads,

and it is represented as
=t (LT ]+ ] w
0i = O (a{‘\%]ﬁl b{%}ﬁz +C[‘ZB]53)

c.  Load model-3 (LM-3): In LM-3, the loads are considered as the combinations of var-
ious load classes, such as residential, commercial, and industrial loads, and it is
represented as

)

fi=ra (<[ )" o[i] <[]
=00 (<[] ++[]" +<[]")

In (10), voltage exponents &y = 1 = 0, 2 = B2 = 1, and a3 = B3 = 2, as well as
‘a’, ’b’, and ‘c’ are the fractional contributions in the LM-2. Conversely, in (11), the voltage
exponents a1 = 0.18, f; =6.0,ap =0.99, B =35 andaz =12, B3 =29, aswellas
‘x’, 'y’, and ‘z’ are the fractional contributions in LM-3. In various LMs, the fraction ‘a’,
‘b’, ‘¢’ and x’, ‘y’, ‘2’ are obtained using (21), where it varies at random as a function of
probabilistic constant factor (PCF).

Considering the above formulation, the node voltage and loadability are calculated

using equivalent radial network between two nodes, as shown in Figure 1:
ing equivalent radial network between t d h in Figure 1

(11)

STRR RS

Vi/o ViLO Py +Qy
Figure 1. Representation of radial network between two nodes.

Let the receiving-end power factor angle (), sending-end voltage angle (J), and
Y =0 + 4, so the following equations can be written:

Vicos ¥ = Vjcos 0 + Ljrij ; (12)

Visin¥ = Visin 0 + Ijx;j ; (13)
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V2 = (Vicosb + Lirij)* + (Vsin® + L;x;j)” (14)
Equation (14) can be written as (15), in terms of load demand, as follows:
P2+ Q7

V2 = V2 4 21P, +2xistj+(r$j+x§j) 72 (15)
j

Further re-arranging (15) gives receiving-end voltage, represented, as follows, by (16):

173
2 2 2

2
V= V? (rigPyj + xjQs7) * [{‘; (risPy +xistj)} — (B ++2) (P;+Q§j)] ; (16)

The loadability limit is the maximum volt-ampere capacity of a radial feeder. Equation (16),
for receiving-end node voltage, is used to find the loadability limit. The following inequality
constraint is to be satisfied for the feasible solution of (16)

(4 rmn) - (Ged)Eeg) 20w

In order to define the maximum load that can be connected at the respective nodes,
the existing load is replaced by f; x (Ps; + jQs;), and (17) is further modified as a quadratic
form of Ifsj,- On solving, it yields

V? { (rijPsj + x;jQsj) + \/(7-2- + x-2.) (PSZJ + ng)]
2(9(1] sj rl]QS])

Here, ’f;’ is the factor that describes the possible additional load that can be connected
at respective nodes before voltage collapse. The value of ’f;;” may vary differently at each
node in different configurations. To show the effect of improvement in the voltage profile
at respective nodes, in a reconfigured network, the sending-end node voltage is assumed
constant for the calculation of loadability factor at any subsequent node. The total power
losses in the system are calculated as follows in (19) and (20):

P2 4+ Q%
Pir = 2<s]V25]) rij ; (19)
j

(3+3)
5] 5]
Qur=), ij
Equations (19) and (20) show the voltage profile dependence of power losses in

the system.

fsj = (18)

Xij ; (20)

2.4. Probabilistic Loading Patterns (A) and Cases of Study

In practice, the loading pattern, at a particular node or load point, varies at random,
depending on the contribution of a specific load type or class. Equations (21) and (22)
describe different loading patterns.

A =1—PCF x rand() (21)

1— M

Ay = 5

(22)
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The value of PCF is operator-dependent, and it can lie between 0 and 1. Here, in (21),
the ‘0’ value of PCF means the contribution of “A;” is 100%. It is independent of random
function, whereas if PCF > 0, then the loading pattern ‘A;” will depend upon the random
function at that moment, e.g., if PCF is 0.6 and rand() is obtained as ‘1’ at any moment, then
‘A1” will be 40%, which is its minimum value. Similarly, at any other moment, if rand() is
‘0’, then the loading pattern (A1) will be 100% again. This allows the selection of ‘a’, ‘b’, ‘¢’
and/or ‘X', 'y’, 'z’, as well as the corresponding study cases for EEP, of a power distribution
system under consideration.

Considering the above formulation, the three different cases of probabilistic loading
patterns (PLP), under LM-2 and LM-3, are studied and described in Table 3.

Table 3. PLP under LM-2 and LM-3.

LP LM-2 LM-3

PLP-1 a=AMand b=c=A; x=AM andy=z= A,
PLP-2 b=Aanda=c= Ay y=AMandx=z=27A;
PLP-3 c=AMandb=a= A, z=AMandy=x=A7Ay

A

The selection of ‘a’, ‘b’, ‘c’ and/or X/, ‘y’, ‘2’ is such that
a+b+c=1 (23)

xt+y+z=1 (24)

Therefore, with one component known, the others are equally divided using (22).
In LM-2 and LM-3, the fractional values ‘x’, ‘y’, and ‘z” are the same as ‘a’, ‘b’, and ‘c’.
However, in the analysis, they may be taken differently for the comprehensive evaluation
of EEP during power delivery.

2.5. Representation of Enerqy Storage System

The state of charging and discharging the battery defines the behavior of the energy
storage system (ESS) to be worked as a load or source. However, all the ESS may not be
fully charged or discharged simultaneously. In this scenario, the representation of the ESS
can be modeled with the help of a random distribution function. The ESS, under charging
state, works as a load, whereas it will work as a source under discharge state. The modeling
of ESS is represented as follows

ESS = + ESS;,(1 — PCF x rand( )) (25)

In (25), plus and minus represent the behavior of ESS as a load or source, respectively.
ESS;y, is the initial state of ESS that may be fully charged or discharged, as per ESS operation,
of load or source. PCF is the probabilistic constant function that is taken as 0, 0.25, and
0.5 for constant power loads. In contrast, for voltage-dependent loads, PCF is taken as 0.4
under different cases of PLPs shown in Table 3. It means, if the value of rand() is ‘1’, the
minimum or maximum state of charge or discharge of ESS depends upon the PCF.

2.6. Margin of Reliability

During operation, the reliability of supplying power depends upon the connected
loads and time of operation. In this scenario, the loading patterns play an important role
since, under different circumstances, the behavior of voltage-dependent loads are found
to be different, contributing to the reliability of supplying power and energy efficiency at
that instant. From [2], it can be observed that the relative value of reliability can exceed the
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unity since it is the indexed value. Considering the indexed value of reliability of supplying
power, the variation in the margin of reliability (MR) can be evaluated as follows:

Rlpgse — RIReconfigumtion

% MR =
thase

x 100 (26)

In (26), the margin of reliability can be plus or minus, depending upon the indexed
value of the reliability index (RI), in reconfigured networks. Therefore, if MR is positive,
the reliability of supplying power in the reconfigured network will improve and vice-versa,
as compared to the base or original configuration.

3. Harmony Search Algorithm

The improvisation of musical harmony inspires the harmony search algorithm. HSA
gives a set of solutions where the best solution is a near-optimum solution. The important
feature of HSA is that it can independently consider each component variable in a single
solution vector while it generates a new vector. This feature can accelerate the convergence
rate of the HS algorithm by imposing constraints in the process of harmony improvisation (i.e.,
pitch adjustment, memory consideration, and random selection) for selecting a new decision
variable. In HSA, discrete and continuous variables are managed together [3,4,35-38].

In the optimization process, HSA performs three functions described as:

a.  Initialization of harmony memory
b.  Improvisation of harmony memory
c. Updating the harmony memory

The harmony memory (HM) is a collection of possible solutions, depending upon
the nature of the problem. Initially, HM is selected at random and/or based on prior
information. The size of HM is operator-dependent, which further varies with the number
of solution vectors and the complexity of the problem. Conversely, 'HM’s improvisation can
be achieved by selecting a new solution vector, at random, from either the initial solution
space or the HM. The selection of a new solution vector from HM is decided based on
the harmony memory considering rate (HMCR). Later, the pitch and bandwidth of such a
selection is adjusted with a certain probability. Finally, the new harmony is evaluated, and
the HM is updated based upon the audience response, i.e., improvement in the objective
function corresponding to that selection.

A detailed explanation of HSA parameter selection is given in [3,4,35-38]. In Table 4,
the effect of HSA parameters is summarized in the optimization function. Here, it can be
noticed that the minimum power loss is obtained when HMCR is 0.85, PAR is 0.35, and
HMS is 12 for the system under consideration. Therefore, with the change in HMCR, there
is a significant change in the objective function.

Table 4. Results based on various HSA parameters for a 33-node radial distribution system.

Cases HAS Parameter Objective Function as
HMCR PAR HMS Power Loss (kW)
0.90 0.25 12 147.63
1 0.70 0.25 12 143.44
0.45 0.25 12 144.35
0.35 0.25 12 155.73
0.85 0.35 12 139.55
5 0.85 0.45 12 140.02
0.85 0.55 12 139.97

0.85 0.65 12 140.65
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Table 4. Cont.
Cases HAS Parameter Objective Function as
HMCR PAR HMS Power Loss (kW)
0.80 0.40 5 159.81
3 0.80 0.40 20 147.90
0.80 0.40 25 162.68
0.80 0.40 35 163.82

3.1. Harmony Improvisations

In HSA, the critical aspect is harmony improvisation. In harmony improvisation, there
are three rules: namely, (a) random selection, (b) harmony memory consideration, and
(c) pitch adjustment.

In the case of random selection, the new solution vector is selected from the global
solution space with a probability of “1-HMCR'. Initially, with lower HMCR, the possibility
of selection from global space is high. This is to explore the possible solution and to generate
a solution vector in HM.

HMCRyay — HMCR i) % t

Tmux

HMCR (t) = HMCRy;;,, + ( (27)
From (27), it can be observed that, with the increase in iteration, the HMCR increases,
which, in turn, allows the higher probability of selection of a new solution vector from the
HM. Further, the solution vector selected from HM has to be adjusted with the neighbor
solution vector with PAR probability. The PAR increases with iteration and finally reaches
‘1’, which means every solution vector needs to be pitch adjusted. The new vector, at this
stage, is further modified with bandwidth. The PAR and bandwidth are defined using
the following:
PARyax — PAR i) X t

T)Tl ax

PAR (t) = PARyyn + ( (28)

Winin ) t

B
BW(t) = BW=xe ln(BWmax Tmax (29)

In (28) and (29), the PAR increases linearly, whereas BW decreases exponentially with
an increase in iteration. This allows for the increase in probability for pitch adjustment with
every increase in iteration, but it reduces the requirement of change in bandwidth at the
same solution.

3.2. Solution Vector for PEBs

In the case of PEBs, the solution vector stored in the HM is limited to the tie-lines only.
Therefore, in this case, the HM can be defined as

HSV! = [TL} T} TLY TLY TLL. .. ... ] (30)

In (30), each solution vector is defined corresponding to the respective tie-lines, and
there may be any number of tie-lines in the sample system. Therefore, for a large network,
it is required to generate a single solution vector in HSA.

3.3. Solution Vector for AEBs

In the case of AEBs, the solution vector stored in the HM is limited to twice the number
of AEBs. Therefore, in this case, the HM can be defined as

HSV! = |DG} DG} DG}......... ND)NDiND}............ } (31)
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In (31), DG} DG} DGJ ... represents the solution vector, corresponding to the size of
AEBs, and ND} ND! ND] ... represents the solution vector, corresponding to the locations
of AEBs.

3.4. Solution Vector for PEBs and AEBs in Coordination

In the case of coordinated operation, the solution vector stored in the HM is the tie-
lines, DG size, and its location at a particular node. Therefore, in this case, the HM can be
defined as

HSV! = [TL} TLy T} TL} TL)...... DG DG} DGL...... ND§ ND}, ND;......|  (32)

In (32), the solution vectors are represented, in coordination, for PEBs and AEBs, which
were defined exclusively in (30) and (31), respectively.

4. Proposed Algorithm and Flowchart
Figure 2 shows the flow chart of the proposed algorithm. The steps involved in the

proposed algorithm are described as follows:

Read line and load data

LM=LM+1

Yes N|
43
Set LM=1
i
PLP=PLP+1
Set PLP=1
Yes
2
Set Case-1

|
Read the HSA parameter

>
Generate HM variable of PEB’s and AEB’S in a single solution vector

Case=Case+1

Print best HM >
Set iteration i=1
>
Run the load flow for initial configuration as the case may be
v

Calculate solution after each iteration

+

Improvise HM using HSA rules

Is HMnew
better?

Update HM

Figure 2. Flowchart of the proposed algorithm.

Step-1: Read the line and load data.

Step-2: Set LMs, PLPs, and cases of study

Step-3: Run the load flow for initial configuration and save the result as reference.

Step-4: Read the HSA parameters and generate HM, as per the solution vector described
in Section 3.
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Step-5: Set iteration counts = 1.

Step-6: Calculate the solution after each iteration and apply HSA rules for HM improvisation.
Step-7: If the new HM is better than the old, update HM, or else set counts = count + 1.
Step-8: In case-1, consider the following:

a. run the load flow for LM-1, LM-2, and LM-3 under light, normal, and overloading
scenario and find optimal configuration.

b. run the load flow for LM-1, LM-2, and LM-3 with 1DG, 2DG, and 3DG allocation
in base configuration.

c. run the load flow for LM-1, LM-2, and LM-3 with 1DG, 2DG, and 3DG allocation
in optimal configuration, which is obtained in (a).

Step-9: In case-2, consider the following;:

a. run the load flow for LM-1 under normal loading scenario for 0%, 25%, and 50%
SOC, with 1EV, 2EV, 3EV, and 4EV's as a load and find optimal configuration.
b. run the load flow individually for LM-2 and 3 under normal loading scenario for

PLP-1, PLP-2, and PLP-3, with 1EV, 2EV, 3EV, and 4EVs as a load and find
optimal configuration.

Step-10: In case-3, consider the following;

a. run the load flow for LM-1 under normal loading scenario for 0%, 25%, and 50%
SOC, with 1EV, 2EV, 3EV, and 4EV's as a source and find optimal configuration.

b. run the load flow individually for LM-2 and 3 under normal loading scenario for
PLP-1, PLP-2, and PLP-3, with 1EV, 2EV, 3EV, and 4EVs as a source and find
optimal configuration.

Step-11: In case-4, consider the following;

a. run the load flow for LM-1 under normal loading scenario for 0%, 25%, and
50% SOC, with 1EV, 2EV, 3EV, and 4EVs as a load, at the most occurred loca-
tion obtained in case 2 and 3, and find optimal configuration and DG allocation
in coordination.

b. run the load flow individually for LM-2 and 3 under normal loading scenario for
PLP-1, PLP-2, and PLP-3, with 1EV, 2EV, 3EV, and 4EV's as a load, at the most
occurred location obtained in case 2 and 3, and find optimal configuration and DG
allocation in coordination.

Step-12: In case-5, consider the following;

a. run the load flow for LM-1 under normal loading scenario for 0%, 25%, and
50% SOC, with 1EV, 2EV, 3EV, and 4EV's as a source, at the most occurred
location obtained in case 2 and 3, and find optimal configuration and DG allocation
in coordination.

b. run the load flow individually for LM-2 and 3 under normal loading scenario for
PLP-1, PLP-2, and PLP-3, with 1EV, 2EV, 3EV, and 4EVs as a source, at the most
occurred location obtained in case 2 and 3, and find optimal configuration and DG
allocation in coordination.

Step-13: Print the EEP under different LMs for different SOC, PLP, EVs, and DG allocations,
as the case may be, of energy efficient configuration.

5. Test System, Assumptions and Cases of Study
5.1. Test System

In this work, a sample 33-node radial distribution system, as shown in Figure 3, is
considered, and the proposed algorithm is demonstrated in the MATLAB environment.
In this network, the branches or lines are divided into two parts, such as tie-lines and
connected branches. The tie-lines are the branches made OFF from the network during
operation, whereas the connected branches are the branches that remain in operation.
Here, the base configuration is represented when tie-lines 33-37 are opened, and the other
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configurations are obtained by changing the status of the switch from ON to OFF in other
branches during optimization. The first node is the substation, and the voltage at that node
is maintained as 1.0 pu.
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Figure 3. A sample 33-node radial distribution system.

5.2. Assumptions

i
(4] 1N

®

The following are the assumptions while performing optimization in this work:

(a) The substation can meet the power demand of the system
(b) The maximum voltage at the substation is 1.0 pu.
(¢) The minimum and maximum voltage, at respective nodes, are 0.90 pu and 1.05 pu.
(d) The maximum capacity of a single AEB is 1 MW at one location.
(e) The switching loss is negligible.
(f) The appropriate size of AEBs is available at the optimal location and can operate at

their maximum capacity.

5.3. Energy Efficiency Analysis under Different Cases of Study

Table 5 shows the five different study cases for EEP analysis of the distribution system.
However, these cases can be redefined as EEP evaluation when ESS works as a load or
source. In the case-1, the EEP is analyzed without ESS. EEP realization of the network
under consideration is presented in the following sections, from 6.1 to 6.5, exclusively, for

all cases.
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Table 5. The cases of study for EEP evaluation with PLP under different LMs.

Cases Description Remarks
. . . This allows the EEP evaluation of reconfigured network and AEBs
EEP evaluation of new configuration .. .. .
Case-1 with PEBs and AEBs exclusivel allocation in the original network and reconfigured network under
Y different LMs without ESS.
This allows the change in a network topology for single/multi objectives
Case-2 EEP evaluation with PEBs and the EEP evaluation of the resulting configuration under different
LMs with ESS as a LOAD.
This allows the change in a network topology for single/multi objectives
Case-3 EEP evaluation with PEBs and the EEP evaluation of the resulting configuration under different
LMs with ESS as a SOURCE.
Case-4 EEP evaluation with PEBs and AEBs  This allows EEP evaluation in the coordination of PEBs and AEBs for
in coordination energy-efficient operation under different LMs with ESS as a LOAD.
Case-5 EEP evaluation with PEBs and AEBs  This allows EEP evaluation in the coordination of PEBs and AEBs for
in coordination energy-efficient operation under different LMs with ESS as a SOURCE.

6. Test Results and Discussions
6.1. Case-1: EEP Realization in Original and Reconfigured Topology (without ESS)

Table 6 shows the test result of the 33-node electrical system under different LMs
for case-1. Here, the tie-lines in the original configuration are 33, 34, 35, 36, and 37,
fixed, and the EEP is evaluated under light, normal, and overloading scenarios. Part-A
of Table 6 shows that the optimal configuration obtained under the overloading scenario
is different from the light and normal loading scenario in LM-1. However, in LM-2, the
optimal configuration under light loading is different from the normal and overloading
scenario. Conversely, in LM-3, the optimal configuration is the same under light, normal,
and overloading scenarios.

The power loss under LM-2 and 3 is less than the LM-1 because the load profile in
LM-1 is fixed, whereas it is voltage-dependent under LM-2 and 3, which draws less power
if the voltage profile is lower than their nominal voltages at the load bus. As a result,
the loadability margin has improved in the case of LM-2 and 3. Here, the %MR has been
reduced over the various loading scenario, as shown in Part A of Table 6.

Similarly, Part B of Table 6 shows the EEP analysis of the original configuration
when 1DG, 2DG, and 3DGs are placed at optimal locations under different LMs. All EEP
parameters vary with the DG placement, but %MR in LM-1 is found unchanged. This
is because the system’s reliability depends upon the network configuration and loading
patterns, which, in this case, are fixed. However, MR has increased in LM-2 and 3 with DG
placements. Part-C of Table 6 shows the EEP analysis of reconfigured networks, obtained in
Part-A, with optimal 1DG, 2DG, and 3DG placement. Here, it can be noticed that the power
losses have reduced, and MR has increased under all LMs. When DGs are placed in the
optimal configuration, obtained in Part-A, the reduced DG size can significantly improve
the EEP compared to the original configuration’s DG allocation.

6.2. Case-2: EEP Realization with PEBs (ESS Works as a Load)

Table 7 shows the test result of the 33-node electrical system under different LMs for
case-2. The original configuration, with tie lines as 33, 34, 35, 36, and 37, is fixed, and the
EEP is evaluated under different LMs. In LM-1, three different cases are developed where
PCF is taken as 0.0, 0.25, and 0.50 when ESS works as a load. The EEP of an electrical
system is also evaluated for single, two, three, and four ESS.
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Table 6. EEP for Case-1 (reconfiguration and DG allocation exclusively).

A. EEP analysis of reconfigured network
EEP evaluation under LM-1 EEP evaluation under LM-2 EEP evaluation under LM-3
Loading scenario Light Normal Over Light Normal Over Light Normal Over
Optimal Conf 7,14,9, 32,37 7,14,9, 32,37 7,14,9, 32,28 7,14,9, 32,28 7,14,9, 32,37 7,14,9, 32,37 7,14,9, 32,37 7,14,9,32,37 7,14,9, 32,37
Vmin 0.9508 0.9378 0.9287 0.9553 0.9410 0.9292 0.9512 0.9384 0.9254
Fsi,min 18.53 14.73 12.20 19.11 15.32 12.80 18.63 14.84 12.31
P, (kW) 87.59 139.55 205.62 81.86 127.47 183.59 86.43 137.20 200.80
%MR 1.2812 1.2812 2.3501 2.2355 1.1569 1.1302 1.2622 1.2566 1.2505
B. EEP analysis of original network with DG allocations
EEP evaluation under LM-1 EEP evaluation under LM-2 EEP evaluation under LM-3
AEBs scenario 1DG 2DG 3DG 1DG 2DG 3DG 1DG 2DG 3DG
OriginalConf 33, 34, 35, 36, 37 33, 34, 35,36, 37 33, 34, 35, 36, 37 33, 34, 35, 36, 37 33, 34, 35, 36, 37 33, 34, 35, 36, 37 33, 34, 35,36, 37 33, 34, 35, 36, 37 33, 34, 35, 36, 37
DGsize(Node) 1975 (7) lors 11 796 (25 1976 () 1304 60 o5 (30 21900 1136 @) 726 (14
716 (14) 868 (24) 952 (30)
Vmin 0.9450 0.9673 0.9629 0.9472 0.9708 0.9620 0.9515 0.9659 0.9658
Fai.min 22.13 29.29 25.26 22.83 29.36 27.03 23.35 29.08 26.87
PL, (kW) 108.31 86.24 73.49 102.50 85.51 72.87 97.88 81.11 68.50
%MR - - - —0.0420 —0.0302 —0.0178 —0.0765 —0.1250 —0.1327
C. EEP analysis of reconfigured network with DG allocations
EEP evaluation under LM-1 EEP evaluation under LM-2 EEP evaluation under LM-3
AEBs scenario 1DG 2DG 3DG 1DG 2DG 3DG 1DG 2DG 3DG
Optimal Conf 7,14,9, 32,37 7,14,9, 32,37 7,14,9, 32,28 7,14,9, 32,28 7,14,9, 32,37 7,14,9, 32,37 7,14,9, 32,37 7,14,9,32,37 7,14,9, 32,37
DG size (Node) 1030 (30) 13% g;) 9:%?3 1571(25) 1;2; (%)5) ;96;1((3',9())) 1570 (25) 15(7)27 g;) ?gg gé;
855 (24) 879 (24) 811 (8)
Vmin 0.9478 0.9707 0.9732 0.9489 0.9725 0.9732 0.9507 0.9694 0.9720
Feimin 14.75 30.08 32.53 14.94 30.13 29.64 15.42 32.24 29.43
P, (kW) 98.19 73.54 59.46 85.70 61.86 59.28 81.58 60.06 56.45
%MR —0.8123 —0.8123 —0.8123 —0.7195 —0.7468 —0.7103 —0.7716 —0.8404 —0.8292
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Table 7. EEP for Case-2 (when ESS works as a load).
A. EEP evaluation under LM-1
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
SOC 0% 25% 50% 0% 25% 50% 0% 25% 50% 0% 25% 50%
Optimal EVS 24 2 5 5,2 27,2 10,19 23,5,2 30, 6,2 24,2,19 18,5,19,2 19, 4, 28,13 13,23,2,28
(Location)
Optimal Conf 7,14,10, 32,37 7,13,9, 36, 28 7,14,9,32,37 7,14, 10, 32,28 7,13,9,32,28 7,14,9, 32,28 6,14, 10, 36, 37 7,14,10, 36,28 7,14,9, 36, 37 7,34,10,17,28 7,14,10, 36, 28 7,34, 10, 36, 28
Vmin 0.9370 0.9377 0.9369 0.9403 0.9402 0.9411 0.9336 0.9327 0.9330 0.9226 0.9354 0.9360
Fsi;min 14.72 15.58 14.73 14.71 14.68 13.83 13.19 15.26 15.62 14.24 13.80 14.54
P, (kW) 148.10 145.29 143.01 147.77 149.81 147.01 162.97 164.78 148.31 183.94 174.35 163.09

%MR —1.0526 —0.6973 —0.8123 —0.9409 —0.7283 —0.6982 —1.5227 —0.9105 —0.7816 —0.5477 —0.9105 —0.7326

B. EEP evaluation under LM-2

With With 1EV Station With 2EV Station With 3EV Station With 4EV Station

SOC
(60-100%) PLP=1 PLP=2 PLP=3 PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP=3 PLP=1 PLP=2 PLP=3

Optima! EVS 18 33 32 18, 32 32,15 15,31 10, 33, 15 31,15,18 16, 15,18 15, 30, 32, 31 16,32,18,14 32,30, 18, 14

(Location)

Optimal Conf 7,14,9,32,37 7,14,10, 32,28 7,14,9,31,28 7,13,9,31,28 7,14,9,31,37 7,14,9, 30, 37 6,14,9,31,37 6,14,9,31,37 7,13, 10, 30, 37 7,34,10, 31,27 7,14,10, 30, 37 7,13,9, 30,37
Vnin 0.9396 0.9442 0.9460 0.9526 0.9524 0.9446 0.9559 0.9500 0.9440 0.9512 0.9601 0.9553
Fsi,min 16.48 17.05 17.35 17.35 16.92 15.82 17.07 17.16 17.74 17.41 20.51 18.96

P, (kW) 124.17 118.33 104.40 103.07 100.24 9291 87.19 91.43 87.19 82.25 80.21 74.88
%MR —0.8491 —1.0015 —0.7938 —0.7784 —0.9003 —0.6252 —1.4383 —1.4025 —0.9168 —0.7571 —0.8689 —0.6699
C. EEP evaluation under LM-3
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
SOC
(60-100%) PLP =1 PLP =2 PLP =3 PLP=1 PLP =2 PLP =3 PLP =1 PLP =2 PLP =3 PLP =1 PLP =2 PLP =3
Optlma! EVS 31 16 16 30,32 29,18 15,32 18,29,15 8,31,33 32,30,14 30,29, 17,31 32,31, 33,25 32,30, 16,18
(Location)
Optimal Conf  7,14,9, 36,37 7,14,9,31,37 7,14,9,31,37  7,14,9,31,28  7,14,10,31,37  7,14,10,31,28  7,14,9,31,37  7,14,10,31,28  7,13,9,31,37 7,14,9,30,28  7,14,10,31,28  6,13,9,31,37
Vmin 0.9441 0.9388 0.9337 0.9437 0.9446 0.9507 0.9542 0.9568 0.9469 0.9479 0.9639 0.9528
Fsi min 16.27 14.64 13.75 14.82 15.27 16.36 17.61 18.28 17.27 15.86 18.27 16.06
Py, (kW) 116.19 114.33 124.65 103.44 102.09 105.97 85.70 83.18 89.70 80.11 74.13 84.53
%MR —0.8572 —0.8825 —0.8515 —0.7700 —1.1233 —0.9918 —0.9064 —1.0288 —0.9881 —0.4787 —1.0305 —1.3883
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The location of ESS, in these cases, is found to be different under different LMs, as
shown in Table 7. The 0% SOC means ESS is wholly discharged and acts as a load of its total
capacity, similar to 25% and 50%. Since ESS works as a load, the overall loading patterns
of the system will increase, and as a result, the power loss may increase under different
LMs. Here, the optimization is performed for ESS locations under different LMs. Part A of
Table 7 shows the optimal location of ESS when it works as a load, found at node numbers
24,2, and 5 in LM-1, with SOC as 0, 25, and 50%, respectively.

The optimal location of ESS varies with LMs and is found at 18, 33, and 32 in LM-2, as
well as 31, 16, and 16 in LM-3 for one EV station, as shown in Part B and C of Table 7. Here,
it can also be noticed that the optimum location of ESS and the resulting configurations
are found to be different for 2EV, 3EV, and 4EVs under different LMs. However, the MR is
increased compared to the original configuration in these configurations.

Here, it can also be observed that the optimal configuration, under different loading
patterns, is found to be different. The variation in the resulting configuration and the ESS
location may further alter the %MR for 1EV, 2EV, 3EV, and 4EVs. Though ESS works as a
load, the power loss in the resulting optimal configuration is slightly greater compared to
the optimal configurations obtained in case-1, as shown in Table 6.

6.3. Case-3: EEP Realization with PEBs (ESS Works as a Source)

Table 8 shows the test result for EEP realization with PEBs for case-3 when ESS works
as a source. In this case, the EVs location was found to be different in comparison with
the previous case. Additionally, the optimal configuration and other EEP parameters vary
significantly. The optimal configuration, with tie-lines 7, 9, 14, 23, and 27, is obtained for
LM-1 with 1EV under 0% SOC. Similarly, the optimal configuration is the same for 25%
and 50% SOC, whereas the other EEP parameters are different.

The optimal configuration under the same EVs may be different. It can be noticed that
the optimal configuration with 2EV, 3EV, and 4EVs under 50% SOC are found to be 7, 9, 14,
32,37,7,9,14,32,28, as well as 7, 9, 14, 32, and 37. The difference in optimal configuration
can also be observed under 0% and 25% SOC. EVs work as a source to alter the load profile
and relieve the demand at that node. Here, the system losses have been reduced, and the
loadability margin has improved because of the improvement in voltage profile. From the
results, it can be observed that the margin of reliability has also been improved.

However, under LM-1, the power loss across 1EV, 2EV 3EV, and 4EVs varies slightly,
whereas the reduction in loss, in the case of LM-2 and LM-3, is found to be very significant.
These losses are 135.47, 134.25, 132.47, and 126.48, in the case on LM-2, and 126.26, 123.84,
121.60, and 119.77 kW in the case of LM-3, respectively. The reduction in power loss and
improvement in the voltage profile further help improve the loadability margin and MR.
For example, with 1EV, the f;; for 0% SOC in LM-1 is 14.74, whereas, for LM-2 and LM-3,
they are 15.05 and 15.46, respectively.

6.4. Case-4: EEP Realization with PEBs and AEBs in Coordination (ESS Works as a Load)

Unlike the above two cases, case-4 considers the PEBs and AEBs in coordination,
where optimization is performed when ESS works as a load. The coordinated operation of
PEBs and AEBs allows for finding the optimal configuration and DGs allocation with 1EV,
2EV, 3EV, and 4EVs under different loading patterns, as shown in Table 9. Part A of Table 9
offers the EEP evaluation under LM-1. Here, three different cases are considered, such as
0%, 25%, and 50% SOC in the case of LM-1, as well as PLP-1, PLP-2, and PLP-3 in the case
of LM-2 and LM-3. The optimal location of EVs is decided based on their locations in case-2
and 3, as shown in Tables 7 and 8. Here, the most occurred site of EVs is identified, and
later, with their fixed location, the optimization is performed for coordinated operation. In
LM-1, with 1EV, the most occurred site is at node 18, and for 2EVs, it is at node 2 and 19. A
similar check is performed for 3EVs and 4EVs across all cases under LM-2 and LM-3.
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Table 8. EEP for Case-3 (when ESS works as a source).
A. EEP evaluation under LM-1
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
socC 0% 25% 50% 0% 25% 50% 0% 25% 50% 0% 25% 50%
Optimal
X 31 32 33 31,17 9,18 29,32 8,18,31 16, 30, 31 17,31, 32 16,24, 31,32 8,15,27,33 17,18, 28, 33
EVS(Location)
Optimal Conf 7,9,14,23,37 7,9,14,23,37 7,9,14,23,37 7,9,14,23,37 7,9,14,23,37 7,9,14,32,37 7,14, 10,32, 37 7,9,14, 32,37 7,9,14,28,32 7,9,14,32,37 7,9,14,32,37 7,9,14, 32,37
Vmin 0.9386 0.9386 0.9378 0.9387 0.9378 0.9390 0.9391 0.9398 0.9429 0.9405 0.9384 0.9385
Fsi;min 14.73 14.73 14.89 15.04 15.21 14.77 15.33 15.02 15.02 14.98 15.46 15.40
P, (kW) 137.87 138.03 138.24 135.55 136.19 136.97 133.44 133.24 133.97 131.70 133.11 133.02

%MR —0.8123 —0.8123 —0.8123 —0.8123 —0.8123 —0.8123 —1.0526 —0.8123 —0.6982 —0.8123 —0.8123 —0.8123

B. EEP evaluation under LM-2

With With 1EV Station With 2EV Station With 3EV Station With 4EV Station

SOC
(60-100%) PLP=1 PLP=2 PLP=3 PLP=1 PLP=2 PLP=3 PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP=3

Ophma! EVS 12 27 9 15,31 8,33 9,32 15,17,32 15,16, 33 14, 30, 31 8,10, 29,32 7,17,32,15 14,12,15, 32
(Location)
Optimal Conf 7,9,14,32,37 7,9,14,32,37 7,9,14, 32,37 7,9,14,32,37 7,9, 14,28, 32 7,9,14,32,37 7,9,14,32,37 7,9,14, 28,32 7,10, 14,32, 37 7,9,14,32,37 7,14,10, 32,37 7,9,14, 28,32
Vmin 0.9386 0.9413 0.9433 0.9394 0.9441 0.9429 0.9396 0.9442 0.9454 0.9416 0.9428 0.9470
Fsi,min 15.06 15.32 1591 14.99 15.76 15.75 15.20 16.16 15.95 1548 15.72 16.53
P, (kW) 13547 126.77 118.73 134.25 125.25 120.93 132.47 122.71 115.13 126.48 121.93 11441

%MR —0.8274 —0.8707 —0.9091 —0.8226 —0.7482 —0.8912 —0.8217 —0.7523 —1.1480 —0.8474 —1.1124 —0.7822

C. EEP evaluation under LM-3

With With 1EV Station With 2EV Station With 3EV Station With 4EV Station

SOC
(60-100%) PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP=3 PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP=3
Optimal

. 18 32 33 18,30 24,31 15,31 12,28,29 18,30, 33 14,31,33 16,17, 30, 33 30,31,27,18 18,31, 32,33

EVS(Location)

Optimal Conf 7,9,14,32,37 7,9,14,32,37 7,9,14,32,37 7,9,14,32,37 7,9,14, 28,32 7,9,14, 28,32 7,9,14,32,37 7,14,10, 32,37 7,9,14,32,37 7,9,14,32,37 7,9,14,32,37 7,14,10, 32,37
Vmin 0.9410 0.9413 0.9393 0.9417 0.9449 0.9427 0.9431 0.9415 0.9397 0.9424 0.9433 0.9405
Fii,min 15.46 15.26 15.19 15.64 15.26 15.13 15.54 15.72 15.34 16.06 15.46 15.54

Py, (kW) 126.65 127.53 132.50 123.84 126.60 133.29 121.60 124.39 131.37 119.77 121.85 128.37
%MR —0.8722 —0.8660 —0.8409 —0.8781 —0.7413 —0.7141 —0.8767 —1.1081 —0.8270 —0.8865 —0.8723 —1.0800
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Table 9. EEP for Case-4 (ESS works as a load).

A. EEP evaluation under LM-1

With With TEV Station With 2EV Station With 3EV Station With 4EV Station
SOC 0% 25% 50% 0% 25% 50% 0% 25% 50% 0% 25% 50%
Og:)irfal 7,14, 10, 28, 31 9,28,31,33,34 7,9,13,28,31 9, 26,30, 33,34 7,10, 28, 30, 34 7,9,13,28,36 7,9,14,28,30 7,12,28,31, 35 7,13,28,32,35 6,9,13,27,30 10, 28, 31, 33, 34 10, 14, 28, 31, 33
Optimal EVS
Location) 18 18 18 2,19 2,19 2,19 2,19,23 2,19,23 2,19,23 2,19, 23,30 2,19,23,30 2,19, 23,30
691 (33) 933 (15) 952 (29) 890 (17) 820 (21) 773 (32) 612 (13) 696 (18) 662 (29) 778 (18) 755 (33) 837 (30)
DG 428 (12) 885 (7) 548 (8) 568 (7) 693 (17) 836 (25) 795 (33) 996 (29) 977 (25) 975 (29) 954 (25) 688 (15)
877 (25) 990 (30) 615 (17) 923 (25) 932 (25) 709 (15) 867 (25) 568 (8) 775 (16) 797 (7) 721 (26) 784 (7)
Vmin 0.9684 0.9656 0.9710 0.9599 0.9553 0.9785 0.9732 0.9721 0.9728 0.9681 0.9703 0.9712
Fsi,min 27.16 31.73 28.19 26.07 24.58 28.47 28.04 30.81 27.31 24.46 30.78 28.96
P, (kW) 59.71 55.39 59.04 57.86 58.97 59.77 57.64 59.87 61.60 59.53 56.42 61.55
%MR —0.9553 0.0017 —0.7455 0.2208 —0.4815 —0.6964 —0.4128 —0.4004 —0.6657 —0.9202 —0.2524 —0.4389
B. EEP evaluation under LM-2
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
SOC
(60-100%) PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP =3 PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP =3
O(Pét)i::}(_al 7,10, 13,28, 32 7,9,28,32,34 9,14,28,30,33 10, 14, 27, 30, 33 6,13, 16, 35,37 10, 14, 28, 30, 33 9,14, 28, 30, 33 9,28,31,33,34 7,10,13, 28, 31 7,9,13,32,37 10, 13, 28, 30, 33 6,9,26,31,34
Optimal EVS 18 18 18 2,19 2,19 2,19 2,19,23 2,19,23 2,19,23 2,19,23,30 2,19,23,30 2,19,23,30
(Location)
785 (31) 662 (31) 977 (25) 670 (25) 963 (30) 610 (25) 946 (7) 890 (4) 683 (24) 863 (25) 625 (18) 947 (29)
DG 746 (14) 816 (24) 699 (17) 655 (33) 996 (8) 921 (7) 812 (29) 914 (30) 771 (16) 852 (30) 925 (29) 612 (8)
996 (24) 826 (14) 930 (7) 931 (8) 955 (24) 626 (32) 753 (33) 787 (17) 693 (30) 691 (15) 601 (8) 793 (15)
Vmin 0.9757 0.9745 0.9739 0.9714 0.9660 0.9728 0.9728 0.9722 9632 0.9699 0.9631 0.9633
Fgi min 26.71 29.64 29.46 29.58 35.42 31.21 28.58 30.79 22.60 25.72 34.77 28.27
P, (kW) 58.39 56.11 53.37 58.68 57.02 53.96 57.57 56.57 55.16 58.09 57.52 55.30
%MR —0.9806 —0.6383 —0.0501 —0.1342 —1.0598 —0.3125 0.1254 —0.1120 —1.1570 —0.8885 —0.2734 —1.3336
C. EEP evaluation under LM-3
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
SOC
(60-100%) PLP=1 PLP=2 PLP=3 PLP=1 PLP =2 PLP=3 PLP=1 PLP =2 PLP=3 PLP=1 PLP =2 PLP=3
og::;n 6,10,13, 28,30 9,27,30,33,34 7,13,26,32,35 7,9,14,28,30 7,9,13,27,30 7,9,13,28,32 7,8,28,32,34 7,9,13,28,32 7,10, 14, 28,30 79,12, 28,31 10,27, 30, 33, 34 7,12,28,32,35
Optimal EVS
(Location) 18 18 18 2,19 2,19 2,19 2,19,23 2,19,23 2,19,23 2,19, 23,30 2,19,23,30 2,19, 23,30
632 (9) 957 (25) 831 (29) 667 (11) 735 (12) 666 (25) 664 (14) 745 (9) 934 (29) 985 (25) 984 (18) 935 (30)
DG 947 (25) 920 (8) 856 (15) 827 (30) 797 (32) 733 (15) 922 (24) 848 (24) 942 (8) 613 (23) 749 (25) 886 (24)
610 (33) 741 (18) 860 (25) 641 (31) 984 (25) 979 (29) 750 (29) 807 (29) 482 (31) 834 (18) 889 (7) 883 (15)
Vmin 0.9614 0.9579 0.9741 0.9680 0.9717 0.9760 0.9692 0.9687 0.9701 0.9702 0.9732 0.9760
Fsi,min 21.05 2421 30.09 27.42 25.60 26.51 25.80 27.51 28.95 22.80 31.06 30.57
P (kW) 55.32 54.99 58.58 57.33 56.81 59.58 56.29 57.65 57.23 57.56 54.64 56.64
%MR —1.3101 0.2732 —0.8319 —0.5304 —0.5192 —0.7529 —0.6434 —0.8319 —0.7244 —0.5743 —0.0033 —0.4092
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As shown in Part-A of Table 9, the optimal configuration with 1EV for 0% SOC is 7, 14,
10, 28, 31, for 25% SOC is 9, 28, 31, 33, 34, and for 50% SOC is 7, 9, 13, 28, 31. The location of
EVs is the same across PLPs, whereas the optimal configuration is found to be different.
The DG allocations vary differently, and they are 632 kW at 9th node, 947 kW at node 25,
and 610 kW at node 33 for PLP-1, whereas, for PLP-2, the DGs are 957 kW at node 25,
920 kW at node 8, and 741 kW at node 18 in the case of LM-3, as shown in Part C of Table 9.
In these cases, the reduction in power loss is found significantly improved compared to the
original configuration, as shown in Table 6. Here, it can also be observed that improvement
in node voltage increases the loading profile at respective nodes with the DG placement.
Compared to the original configuration, some configurations can reduce the MR.

6.5. Case-5: EEP Realization with PEBs and AEBs in Coordination (ESS Works as Source)

Table 10 shows the EEP realization of the sample distribution system, with PEBs and
AEBs in coordination, when ESS works as a source. Here, three different cases are also
considered for EEP evaluation.

Part-A of Table 10 shows the EEP analysis with LM-1 under different cases of SOC.
Similar to case-4, the most occurred location of EVs is identified, and later, with their fixed
location, the optimization is performed for a coordinated operation. In LM-1, with 1EV, the
most occurred location is at node 32, and for 2EVs, it is at node 18 and 32. A similar check
is performed for 3EVs and 4EVs across all cases under LM-2 and LM-3.

As shown in Part-A of Table 10, the optimal configuration with 1EV for 0% SOC is 10,
27,30, 33, 34, for 25% SOC is 7, 8, 12, 26, 31, and for 50% SOC is 7, 10, 14, 28, and 30. In
these configurations, the EEP is found to be different.

6.6. Comparative Analysis of EEP with PEBs and AEBs across All the Cases

In a smart city environment, the EEP varies differently in the presence of ESS. In recent
years, the use of electric vehicles has increased manifold, which demands smart operation,
control, and monitoring. The smart process does require realizing the EEP from different
perspectives. Sections 6.1-6.5 present the EEP realization in five separate cases. As described
in Section 5, ESS is involved in all the cases except case-1. Therefore, case-1 represents the
generalized EEP under different loading scenarios, whereas, in other cases, the ESS either
works as a load or source depending upon their charging or discharging states. Table 6
presents the EEP of distribution with three loading scenarios: light, normal, and overload.
With LM-1, under normal loading, as shown in Part-A of Table 6, the optimal configuration
is 7,9, 14, 32, 37, whereas, for overloading, it is 7, 9, 14, 28, 32. It shows that the optimal
configuration is different when loading patterns change, even in the absence of ESS.

Conversely, integrating ESS with the existing system, as a load or source, can signifi-
cantly affect the loading patterns. Therefore, EEP of the distribution network needs to be
realized at the planning stage to identify the most economical location may not be optimal
for EV stations. This aspect has been realized, in this work, through four different cases
where EEP is evaluated with PEBs and AEBs when ESS works exclusively as a load or
source. However, case-2 and 3 present the EEP with PEBs and ESS. In these cases, the
optimal configuration under LM-1 (with 50% SOC) is found to be 7, 9, 14, 32,37 and 7, 9, 14,
23, 37, respectively. Here, it can be noticed that, in case-2, the ESS works as a load, whereas
case-3 works as a source. On comparing case-2 and 3 with case-1, the EEP is found to vary
differently. The third aspect of the proposed approach, i.e., case-4 and 5, is EEP realization
with PEBs, AEBs, and ESS in coordination. EEP, in cases 2 and 3, varies with ESS as a load
or source; therefore, in cases 4 and 5, the coordinated operation is realized accordingly. In
these cases, the optimal location of DGs and the ESS differ. Here, some locations are found
repeatedly across different LMs in case-4 and 5. From across four cases, the optimal location
of ESS is identified: node 18 for 1EV, nodes 2 and 19 for 2EVs, nodes 2, 19, and 23 for 3EVs,
and nodes 2, 19, 23, and 30 for 4EVs when ESS works as a load. On the other hand, the
optimal location of EV stations when ESS works as a source is node 32 for 1EV, nodes 18
and 32 for 2EVs, nodes 17, 18, and 32 for 3EVs, and nodes 17, 18, 30, and 32 for 4EVs.
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Table 10. EEP for Case-5 (ESS works as a source).

A. EEP evaluation under LM-1

With With TEV Station With 2EV Station With 3EV Station With 4EV Station
soC 0% 25% 50% 0% 25% 50% 0% 25% 50% 0% 25% 50%
Optimal Conf 10, 27, 30, 33, 34 7,8,12,26,31 7,10, 14, 28, 30 10,28,31,33,34 10, 13,28,30,33 6,9,13,28,30 10, 14,28,30,33 10, 14, 28,30, 33 6,9,12,17,28 10,27,31,33,34  10,13,26,30,33 7,12,10,27, 32
Optimal
EVSQocation) 32 32 32 18,32 18,32 18,32 18,32,17 18,32,17 18,32,17 18, 32,17, 30 18,32,17, 30 18,32,17, 30
904 (18) 857 (16) 964 (25) 630 (15) 782 (33) 766 (18) 816 (7) 915 (26) 574 (25) 800 (26) 842 (8) 906 (29)
DG 767 (7) 838 (24) 549 (13) 734 (25) 834 (7) 925 (29) 650 (32) 808 (25) 862 (9) 824 (16) 731 (33) 804 (15)
833 (29) 942 (29) 883 (33) 908 (7) 889 (25) 832 (8) 902 (30) 764 (31) 755 (32) 713 (29) 944 (25) 882 (24)
Vinin 0.9692 0.9593 0.9765 0.9582 0.9752 0.9703 0.9754 0.9754 0.9721 0.9687 0.9748 0.9728
Fei,min 29.01 22.50 28.78 27.84 34.39 25.27 31.39 31.39 27.97 26.74 32.45 29.58
Pr, (kW) 54.94 59.78 56.97 58.66 55.49 57.58 56.77 57.69 61.11 58.56 57.07 56.25
%MR —0.1137 —0.5635 —0.6639 —0.2555 —0.1613 —0.9775 —0.1322 —0.1320 —0.8058 —0.2126 —0.2690 —0.6587
B. EEP evaluation under LM-2
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
SOC (60-100%) PLP =1 PLP =2 PLP=3 PLP =1 PLP=2 PLP =3 PLP =1 PLP =2 PLP =3 PLP =1 PLP =2 PLP=3
Optimal Conf 11, 14, 28, 30, 33 7,10, 14, 28, 30 7,12,10, 32,37 7,8,32,34,37 7,13, 28,30, 35 9,13, 26,30,33 7,9,14, 28,30 9,26,31,33,34 6,9,13,31,37 7,9,14, 28,30 7,9,13,28,30 7,10,27,31, 34
Optimal EVS 32 32 32 18,32 18, 32 18,32 18,32,17 18,32,17 18,32,17 18,32, 17, 30 18,32,17, 30 18, 32,17, 30
(Location)
880 (25) 594 (32) 790 (30) 806 (25) 628 (33) 830 (29) 858 (18) 966 (30) 531 (29) 915 (25) 613 (31) 472 (18)
DG 877 (5) 831 (22) 856 (15) 874 (12) 886 (25) 561 (18) 756 (7) 557 (8) 876 (15) 556 (32) 966 (24) 555 (8)
790 (32) 985 (25) 755 (25) 965 (28) 736 (8) 812 (6) 967 (25) 871 (15) 810 (24) 437 (22) 778 (20) 950 (29)
Vinin 0.9755 0.9668 0.9714 0.9662 0.9659 0.9664 0.9672 0.9706 0.9625 0.9603 0.9643 0.9664
Fsi min 34.26 24.37 31.39 30.87 28.84 32.12 19.94 29.57 20.58 21.88 2295 29.62
P, (kW) 57.81 53.02 53.14 60.50 55.49 54.80 57.38 55.35 55.63 58.36 57.58 53.67
%MR —0.0852 —0.7734 —1.0477 —0.6443 —0.4915 —0.1927 —0.4482 —0.2100 —1.5506 —0.4392 —0.5456 —0.9368
C. EEP evaluation under LM-3
With With 1EV Station With 2EV Station With 3EV Station With 4EV Station
SOC (60-100%) PLP =1 PLP =2 PLP=3 PLP=1 PLP =2 PLP=3 PLP=1 PLP =2 PLP=3 PLP=1 PLP=2 PLP=3
Optimal Conf 10, 28, 31, 33, 34 7,8,32,34,37 10, 14, 28, 31, 33 7,11, 14,31, 37 7,8,28,32,34 7,9,12,27,30 7,12,27,31,35 10,13, 28, 31, 33 7,9,25,32,34 7,9, 26,30, 34 6,8,13,27,31 6,9,12,16,28
Optimal EVS
(Location) 32 32 32 18,32 18.32 18,32 18,32,17 18,32,17 18,32,17 18, 32,17, 30 18, 32,17, 30 18,32,17, 30
878 (16) 848 (25) 610 (26) 854 (16) 793 (15) 851 (25) 908 (24) 912 (25) 680 (15) 807 (33) 690 (8) 843 (24)
DG 979 (6) 678 (12) 653 (18) 834 (24) 663 (31) 839 (17) 866 (15) 815 (8) 813 (24) 648 (8) 670 (17) 871 (32)
714 (31) 889 (30) 946 (29) 941 (29) 820 (25) 673 (22) 918 (30) 607 (33) 977 (29) 914 (29) 870 (25) 893 (8)
Vinin 0.9738 0.9610 0.9740 0.9724 0.9788 0.9644 0.9605 0.9712 0.9708 0.9719 0.9672 0.9748
Fei,min 28.55 26.02 31.41 23.79 29.41 24.11 24.89 31.48 26.77 28.59 27.79 31.51
Pr, (kW) 55.88 58.51 57.06 56.58 56.30 58.77 56.99 55.51 57.33 57.18 57.64 57.01
%MR —0.3905 —0.7449 —0.4915 —1.1597 —0.6402 —0.1447 —0.4603 —0.5888 —0.6973 —0.4448 —1.3562 —0.7979
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Table 11 shows the comparative statement of various techniques available in the
literature for network reconfiguration and DG allocation. The test results show that the
optimal configuration and DG allocation are found to be different using different techniques
with the marginal difference between the power losses in the resulting configuration.
Conversely, the proposed approach is demonstrated for the coordinated operation of DG
allocation and reconfiguration in the presence of ESS, as a load and source, exclusively.
Here, it can be noticed that the existing approaches are tested for constant power load, i.e.,
LM-1, across all cases. In contrast, the proposed approach is tested for LM-1, LM-2, and
LM-3, which are formulated using several load combinations in a practical scenario. On
comparing the DG allocation and network reconfiguration without ESS, and for constant
power load, the power loss in [28], using the TLBO approach, is found to be 58.08 kW with
DG allocation as 1329 (8), 1172 (24), and 726 (31), which offers the total size of 3227 kW.
On the other hand, under identical operating conditions, the power loss in the proposed
approach is 58.10 kW with DG allocation as 890 (25), 856 (9), and 792 (31), which is in a total
size of 2538 kW. Here, it can be noticed that the optimization, performed using existing
approaches, may not yield energy-efficient operation during power delivery in the present
competitive energy market scenario.

The results show that the integration of electric vehicles in the existing network affects
the EEP when ESS works as a load and or source differently. Therefore, it further requires
investigating the ideal location of EV stations before their installation because the location
of ESS, as a load, may not offer the optimal results when ESS works as a source. Further,
the proposed approach performs better with enhanced EEP in terms of voltage profile,
loadability, power loss, DG size, and margin of reliability, which is beneficial for both
utilities and customers.

Table 11. Comparison of different approaches for 3-DG allocation and power loss reduction.

Case/Methods Configuration EV Power Loss (kW) DG Size DG Location
Location

Base Configuration 33,34, 35,36, 37 - 202.67 - -

Optimal configuration 7,9,14,32,37 - 139.5 - -

DG allocation in base Configuration under, -

LM-1

LM-2 78.25 652,999, 656 14, 26, 32

LM-3 33, 34, 35, 36, 37 76.78 781,991, 407 32,7,18

69.72 970, 542, 505 29,9,14

DG allocation in optimal configuration under,

LM-1

LM-2 7,9,14, 32,37 - 72.19 968, 780, 997 23,16,27

LM-3 75.05 419, 408, 653 6,18,28

65.07 680, 828, 622 12,7,30

DG allocation and Reconfiguration under,

LM-1

LM-2 7,13,11, 36,27 - 58.10 890, 856, 792 25,9,31

LM-3 7,12,10, 32,25 56.39 984, 811, 754 25,15, 31
7,12,10, 31,27 52.18 892,967, 780 29,9, 16

DG allocation and Reconfiguration with EVs

as a load

LM-1

LM-2

LM-3 9,28,31,33, 34 18 55.64 933, 885, 990 15,7, 30
9,14, 28, 30, 33 18 53.37 977, 699, 930 25,17,7
9,27,30,33,34 18 54.99 957,920, 741 25,8,18
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Table 11. Cont.

Case/Methods Configuration EV Power Loss (kW) DG Size DG Location
Location
DG allocation and Reconfiguration with EVs
as a source
LM-1
LM-2
LM-3 10, 27, 30, 33, 34 32 54.94 904, 767, 833 18,7,29
7,10, 14, 28, 30 32 53.02 594, 831, 985 32,22,25
10, 28, 31, 33, 34 32 55.88 878,979, 714 16, 6,31
Ref. [28]
IPSO 33,34,9,32,28 - 59.63 557,922,931 18,7,30
TLBO 6,14, 10, 32, 37 58.08 1329, 1172, 726 8,24, 31
PSO 7,13,11,32,27 59.37 1732, 809, 550 29,16,7
Jaya 33,13,9, 28,30 58.49 801, 1215, 745 18,25,9
Ref. [29] 7,14,10, 31,28 - 73.05 526, 559, 584 28, 31,33
Ref. [30] 7,9,14,17,37 - 92.98 55,151, 103 18,31, 32

7. Conclusions

In this paper, the energy efficiency performance (EEP) of the distribution system is
realized through passive energy boosters (PEBs) and active energy boosters (AEBs), exclu-
sively and in coordination, during power delivery in the presence of energy storage devices
(ESS). The electric vehicles are the movable ESS that can work as load or source and are
considered a significant constituent of ESS. For load representation, several combinations
of voltage-dependent loads are modeled using a random distribution function to show
the contribution of different loading patterns under various operating conditions. Here,
the optimization results are obtained using the harmony search algorithm for the 33-node
radial distribution system. From the test results, it has been observed that the EEP of the
distribution system varies differently under different load models in the base and optimal
configurations. However, the variation in power loss is slight, using various optimization
techniques, but other parameters, such as the voltage profile, loadability, and DG size, are
found to be significantly varying. The test results show that the optimal location of EVs, as
a load and source, is not the same and can affect the EEP differently.

Considering the present scenarios of the integration of EVs at different locations, this
work performs optimization. The EEP of the power distribution system under consideration
has improved significantly, and it is beneficial for both utilities and customers. This work
emphasizes the technical aspects of a smart energy system; however, in the future, the
impact of renewable energy resources and ESS on EEP needs to be considered with hourly
loading patterns by developing a bidirectional communication framework for control and
monitoring. The optimal location of EVs is realized when ESS works as a load or source
independently, whereas the common location requires further investigations.
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