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Abstract: The integration of distributed generation (DG) into a power distribution network allows
the establishment of a microgrid (MG) system when the main grid experiences a malfunction or is
undergoing maintenance. In this case, the power-generating capacity of distributed generators may
be less than the load demand. This study presents a strategy for the effective utilization of deployed
active and reactive power sources under power mismatch conditions in the islanded distribution
networks. Initially, the DGs” and capacitors’ optimal placement and capacity were identified using
the Jaya algorithm (JA) with the aim to reduce power losses in the grid-connected mode. Later, the
DG and capacitor combination’s optimal power factor was determined to withstand the islanded
distribution network’s highest possible power demand in the event of a power mismatch. To assess
the optimal value of the DG—capacitor pair’s operating power factor (pf,,,,..) for the islanded
operation, an analytical approach has been proposed that determines the best trade-off between
power losses and the under-utilization of accessible generation. The test results on 33-bus and 69-bus
IEEE distribution networks demonstrate that holding the islanded network’s load power factor
(Pf10a0) €qual to pf,,,.c during the power imbalance conditions allows the installed distributed
sources to effectively operate at full capacity. As expected, the proposed strategy will assist the utility
companies in designing efficient energy management or load shedding schemes to effectively cope
with the power mismatch conditions.

Keywords: capacitors; distributed generation; distribution network; islanded operation; microgrid;
power supply-demand imbalance

1. Introduction

Obtaining favorable results by introducing distributed generation (DG) and capacitors
into distribution networks necessitates a well-thought-out design strategy. The optimal
positioning and sizing of capacitors and DGs potentially result in improved voltage stability,
reliability, power quality, reduced power losses, and eliminating or deferring the upgrades
of the electrical power networks. In addition, DGs’ and capacitors’ joint presence allows the
distribution networks to be operated as autonomous grids whenever the primary grid faces
a fault or is being serviced. In the recent literature, heuristic and meta-heuristic techniques
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have been commonly used to optimize the capacity and placement of DGs and capacitor
units in the distribution networks. However, the literature focuses on identifying the DGs’
and capacitors’ simultaneous allocation for grid-integrated distribution networks.

Among the examined papers, two studies [1,2] in the literature have retrieved the
pivotal option of microgrid (MG) formation, while allocating the DGs and capacitors in
on-grid radial distribution networks. Gholami et al. [1] optimally allocated the capacitor
units in DG-integrated power distribution networks for both on-grid and off-grid operation
modes. Under islanded operation, the authors assumed that a section of the distribution
system was operated with accessible energy. Nevertheless, they did not entail any method
for fully operating the installed sources. Wang and Zhong [2] optimally allocate the
capacitor and DG units both on the grid and in the islanded mode of the distribution
system in order to boost voltage levels at network buses. However, the authors chose
different DG and capacitor banks for both operation modes, and their placements changed
when the operation mode switched, which is an unrealistic strategy. In one study, Yazdavar
et al. [3] optimize the capacitor and DG sizes, locations, and types for a standalone MG
that is not the part of central grid. Thus, the authors ignored both the grid-integrated and
islanded modes of operation. In addition, while optimally allocating the DGs alone, a
method for determining the best DG locations and sizes for islanded networks has been
reported in a few studies [4—6]. However, the mentioned studies hypothesized that the DG
units’ capacity was more than the total energy consumption (power losses and demand)
and hence used the isolated operation approach to address islanded distribution networks.

Although islanded and isolated networks have nearly identical control and opera-
tional needs, they differ in planning, owing to the islanded mode’s short interval of MG
operation [7]. The on-grid distribution networks typically operate in autonomous mode
for a brief time when the primary grid experiences a fault or is undergoing maintenance.
Therefore, the installation of larger DGs can ensure the sustainable operation of the electric
grid. However, it will raise the overall cost of the power system, making the electric grid
more complicated. Therefore, a mechanism must be developed to utilize the same installed
DGs as a standby power source till the grid’s supply is restored. It will be possible if the
installed DGs supply power to a specific distribution network section by dividing the entire
network into several zones. Alternatively, if distribution system operators (DSOs) can
persuade consumers to limit their electricity consumption, then at least a portion of each
consumer’s load demand can be met with available energy. Hence, it is necessary to create
a mechanism to fully utilize the installed DG and capacitor units to serve a significant part
of the islanded network’s total load demand under supply—demand mismatch conditions.
Such an approach will also allow the utilities to design effective energy conservation, load
shedding, and demand-side management (DSM) schemes to improve the reliability of
the islanded distribution networks when there is a supply-demand disparity (Figure 1).
The systematic literature findings have been compiled in Table 1. In addition, in [8], the
authors of this paper presented a detailed critical review of the studies that have been
especially undertaken in the domain of simultaneous DG and capacitor allocation in the
power distribution networks.

Furthermore, in the literature, various studies [9,10] emphasize the risk of a total
blackout and suggest restoration techniques that leverage distributed generation to restore
critical loads, especially since shedding load is a critical method for handling power
imbalance conditions when the power supply is less than the demand. Load shedding
enables DSOs to allocate available energy to critical loads and discard the remaining load.
However, an analysis of how the distributed sources” available power generation capacity
can be optimized to serve the maximum possible share of the total network load while
minimizing load shedding is necessary to make an informed decision.
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Figure 1. Strategies to handle the supply—demand imbalance (Pgemang > P condition.

supply)

Considering this fact, this study proposes a dual-stage strategy for optimally placing
DGs and capacitors during the grid-integrated mode of distribution networks and efficiently
operating them for islanded operation. The optimal DG and capacitor allocation for grid-
integrated operation is determined in the first part using the Jaya algorithm (JA) to decrease
losses while keeping voltage deviation (VD) at buses within safe ranges. The second part
determines the DG and capacitor combination’s optimal operating point for carrying the
maximum power demand of the islanded distribution network in the event of power
deficiency conditions. The second part of this study proposes an analytical approach to
determine the optimum power factor of the DG—capacitor combination, evaluating power
losses and under-utilization of the mounted distributed power sources.

The main contributions of this study are listed below:

i A methodology correlating the effective utilization of the DG and capacitor units
under autonomous operation mode is proposed for the scenario where the power
supply is less than the power demand;

ii. A bi-objective minimization function, incorporating the accessible power genera-
tion’s under-utilization and active power loss reduction, is established to optimize
the islanded distribution network’s operation during power supply and demand
imbalance events.

The rest of the article is arranged in four sections: The optimization problem is

formulated in Section 2. The proposed planning strategy is discussed in Section 3. Section 4
presents the results and discussion, and the conclusion is drawn in Section 5.
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Table 1. A literature review summary on optimal DG and capacitor placements in distribution systems.

Ref# Author(s)/Year Objective Function(s) Optimization Technique(s) Operation Mode(s)
[11] Ahmad Eid (2022) Active and reactive power loss, voltage deviation, and stability Jellyfish search algorithm Grid-connected
[12] Mouwaf et al. (2022) Active power loss, voltage deviation, and stability Chaotic bat algorithm Grid-connected
[13] Leghari et al. (2022) Active power loss and voltage deviation Best-worst optimizers Grid-connected
[14] Naderipour et al. (2021) Costs of energy loss, installation, and maintenance Spotted hyena optimizer Grid-connected
[15] Malik et al. (2020) Active power loss, voltage deviation, and voltage stability index Multiobjective particle swarm optimization Grid-connected
[16] Tolabi et al. (2020) Active power loss, voltage stability, and operational cost Thief and police algorithm Grid-connected
[17] Almabsout et al. (2020) Active power loss Enhanced genetic algorithm Grid-connected
[18] Manikanta et al. (2019) Active power loss Quantum-inspired evaluation algorithm Grid-connected
[19] Sambaiah and Jayabarathi (2019) Active power loss, voltage deviation, Voltage' stability index, mst.allatlon and Salp swarm algorithm Grid-connected
maintenance costs of DGs and capacitors, and gas emissions
[20] Lotfi et al. (2018) Active power loss Particle swarm optimization and genetic algorithm Grid-connected
[21] Mehmood et al. (2018) Energy loss index, voltage enhancement index, and investment cost index Elitist speciation-based genetic algorithm Grid-connected
[22] Dixit et al. (2017) Active power loss Gbest-guided artificial bee colony Grid-connected
[23] Biswas et al. (2017) Active and reactive power loss Multiobjective evoilutlonary gl.gorlthm based on the Grid-connected
ecomposition
[24] Ghanegaonkar and Pande (2017) Active power loss, energy loss, and capacitor switching events Particle swarm optimization Grid-connected
[25] Kumar et al. (2017) Active power loss, voltage deviation, and voltage stability index Multiobjective particle swarm optimization Grid-connected
[26] Muthukumar and Jayalalitha (2016) Active power loss Hybrid harmony searcalrllg—ofi?}rltlnfle artificial bee colony Grid-connected
[27] Khodabakhshian and Andisghae (2016) Cost of losses Intersect mutation differential evolution Grid-connected
[28] Jannat and Savic (2016) Voltage deviation and installed reactive power capacity Non-dominated sorting genetic algorithm Grid-connected
[29] Lalitha et al. (2016) Active power loss and voltage deviation Symbiotic organisms search Grid-connected
130] Andebili (2016) Investment and maintenancle costs of DGs and capacitors, cost of energy Genetic algorithm Grid-connected
oss, and risk cost
[31] Ghaffarzadeh and Sadeghi (2016) The benefit of reduc;fxse;r;iiiﬁ;sgg‘giiof;éigeraigﬂve power loss, and Biogeography-based optimization algorithm Grid-connected
[32] Pereira et al. (2016) Investment costs of DGs and capacitors and system’s operation costs Hybrid Tabu search-Chu-Beasly genetic algorithm Grid-connected
133] Kayal and Chanda (2016) Active power logs, voltage stability factor, ngtwprk sec.ur.ity index, economic Non-dominated sorting .mgltigbjective particle swarm Grid-connected
index, and annual carbon dioxide emission optimization
[34] Khan et al. (2015) Active power loss and voltage deviation Binary collective animal behavior optimization algorithm Grid-connected
[35] Zeinalzadeh et al. (2015) Active power loss, voltage stability index, and sections current index Genetic algorithm Grid-connected
[1] Gholami et al. (2015) Costs of energy loss, peak power loss, and capacitors Genetic algorithm Grid-connected and islanded
[36] Jain et al. (2014) Active power loss, reactive power loss, voltage profile, and gas emissions Modified particle swarm optimization Grid-connected
[37] Mahari and Mahari (2014) Active power loss Discrete imperialistic competition algorithm Grid-connected
[38] Syed and Injeti (2014) Active power loss Backtracking search algorithm Grid-connected
[39] Hosseinzadehdehkordi et al. (2014) Investment and operation costs of capacitors and cost of power/energy loss Differential evolution Grid-connected
[40] Aman et al. (2013) Active power loss Particle swarm optimization Grid-connected
[41] Musa et al. (2013) Active power loss Particle swarm optimization Grid-connected
[42] Manafi et al. (2013) Active power loss Differential evolution and particle swarm optimization Grid-connected
[43] Karimi et al. (2012) Investment and operation costs of capacitors and cost of power/energy loss Differential evolution Grid-connected
[2] Wang and Zhong (2011) Voltage profile Optimal power flow Grid-connected and islanded
[44] Zou et al. (2009) Investment costs for DG and capacitors Particle swarm optimization Grid-connected
[45] Zou et al. (2008) Costs of DG units, capacitors, energy loss, and distribution system reliability Particle swarm optimization Grid-connected
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2. Problem Formulation

The primary goal of this study was to efficiently utilize the installed DGs and capacitors
to their full capacity so that the mounted devices can carry the highest potential share
of the networks’ entire load during the autonomous operation. In this context, a multi-
criterion function was formulated considering the objectives of power loss minimization
and reduced under-utilized capacity of the accessible active-reactive power generation.
The details of the proposed objective functions are presented below.

2.1. Power Loss

Because of the greater line resistance to reactance ratio, high current flows, and radial
configuration, the distribution system is the most unreliable. It has the highest power
losses among the three components of the power system: generation, transmission, and
distribution [46]. It has been noted that about 13 percent of the total generated power
is wasted as the real power loss (I? x R) in the distribution networks [47,48]. As per the
statistics, the distribution system is responsible for over 70 percent of the total power
system losses [49]. According to the study [50], these losses range between 33.7 percent and
64.9 percent. In this condition, the inappropriate selection of the DGs and capacitor sizes
and locations will further add to the system losses. Therefore, this study’s first objective is
to minimize the power loss with simultaneous DG and capacitor placements.

Consider the single-line diagram of a simple two-bus radial distribution system
depicted in Figure 2. Radial distribution systems use series impedances to represent
power distribution lines and constant loads to establish a symmetrical system. The power
flow solution for such networks may be computed by using Equations (1)—(3).

Pbr = PbZ + Pbr,loss (1)
Qbr = Qb2 + Qbr,loss (2)
Vip = Vi1 + Ipy (Ryr +jX3,) 3)

where Py, and Qy, are the br branch’s active and reactive powers that flows between buses
b1 and b2; Py, and Qy,; are the real and reactive loads connected at bus b2; Py, 1,5s and Qp;. joss
are the real and reactive power losses of branch br; V};; and Vj; are the voltages across bl
and b2 buses, respectively; Ry, and Xj, are the branch resistance and reactance; and I, is
the branch current flowing between buses b1 to b2.

Vi1 < 6p1 V2 < 8p2
Rbr +ijr

Pyz + jQb2
Figure 2. Single-line diagram of two-bus distribution network.

Equations (4) and (5) can be used to compute power losses encountered across each
distribution system’s branch, whereas Equation (6) can be used to calculate the amount of
power dissipated over the entire distribution system.

P2 +Q2
Pbr,loss = Rbr X (hz|V2|bZ)Vbr S (1, 2,...,nb— 1) (4)
b2

(P2 + Qi)

‘Vbzz Vor € (1,2,...,nb—1) (5)

Qbr,loss = Xbr X
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Tloss = 2 Pbr,loss +7J 2 Qhr,loss (6)
br=1 br=1

where T, is the distribution network’s total loss, including both active and reactive power
losses, and nb represents the total number of buses in the distribution network.

The power flow for the radial distribution networks incorporated with DG—capacitor
units in Figure 3 can be computed using Equations (7) and (8). The active and reactive
power flows at the terminal node of the b + 1th branch can be mathematically stated as

PZ 4 QZ
b,b+1 b,b+1 L DG
Pyy1 = [Pb,b+l - (Rb,b+1|v|2 — Py +appclyy (7)
b
PZ + QZ
b,b+1 b,b+1 L DG CB
Qp+1 = [Qh,b+1 - (Xb,h+1|v|2 — Qp1 +2opcQpyt + 40cBQpia (8)
b
|1 . W . % ¥
? Py per Q41 e Pory +JQp41 Vi n _
[ —— — B +i8,
Typer —
CRID Ryper + 1041
hb+1 k n

2

ot
QEJ+L

.|||_|

DG ! oL
O Pyt Qs

be1t Q55
Figure 3. Radial distribution system with DG and capacitor banks equipped on a bus.

Since the resistance to reactance ratio in distribution networks is so high, active power
losses dominate in these networks. For this reason, the active power loss minimization is
chosen as a first objective for this study rather than the total loss function. In a distribution
network, the branch connecting buses b and b + 1 results in a power loss that can be
computed as given in Equation (9).

2
Piossp,p+1 = |Ipp+1| Rpps1 )

The current flow through that branch (between buses b and b + 1) can be calculated as
Equation (10).

2 2
Py g+ Qppia

V| 10

Ippi1 =
The cumulative real power loss of distribution system is the sum of power losses
across branches of the distribution network, as shown in Equation (11).

The mathematical expression of the first objective of the considered optimization
problem minimizing the power loss function is presented in Equation (12).

nb—1

PlossT = Z Plossh,b+l (11)
br=1

fl = Min(PlossT) (12)

2.2. Accessible Generation Capacity’s Utilization

In the event of a grid failure, DGs can fulfill the distribution network’s energy needs.
The deployed capacitors can aid DGs in fulfilling the reactive power demand of load.
Since the installed power-generating capacity of the DGs and capacitors is typically less



Energies 2023, 16, 2659

7 of 21

than the load demand, the electricity injected into the autonomous distribution network
is less than the energy needs. In this instance, the electric utility can address the supply—
demand disparity by lowering the electricity consumption, shedding the load, or executing
a demand-side management (DSM) scheme.

However, it is critical to figure out how much of the network’s load share can be
supplied with the available DG and capacitor powers to employ any of these solutions.
The problem is to find out how the installed DG and capacitor units can be used so as to
maximize the supplied load share during islanded distribution network operation.

Power-generating sources generally operate at high power factors to minimize power
losses and optimize the distribution networks’ utilization capacity. Furthermore, the
utilization factor of the DGs, which is the ratio of the device’s actual output to the maximum
achievable output (or rated capacity), can alter significantly as the operational power factor
varies. However, the amount of active and reactive power generated is usually determined
by the load. To put it in another way, the load on the distribution network should be
assigned a quantity that allows the coupled DGs and capacitors to run at the required
power factor and serve the maximum amount of energy to the load with minimal system
losses. Therefore, the second minimization function chosen for this study is the under-
utilization of accessible power generation, which evaluates whether or not a resource is
being used to its maximum potential. The proposed objective function’s mathematical
formulation is given in Equations (13)—(18).

Sunder—utilization = Savailable — Sgenemted (13)

f2 = min(sunderfutilization) (14)

where Sgeperated is the function of pf ..., which can be computed as Equation (15):

— 2 2
SgenerlltEd(pfsource) - \/PDG,genemed + QCup,genemted (15)

The values of Ppg generated and Qcap,generated at any value of source power factor pf
can be calculated as Equations (16) and (17), respectively.

set

QCap,availahle X pfset

PDG,genemted = > (16)
\/ 1- Pfset
Ppgavailable |
QCup,genemted = \/(WH - (PDG,zwailuble)2 (17)
pfset

Here the S, der-utilization Value might be anywhere between 0 and S;yiip.- A value
of 0 for S, ger-utitization iMmplies that the installed DGs/capacitors are fully operational. In
contrast, Syuder-utilization > 0 indicates that the DGs—capacitors” power is less than their
installed capacity. As a result, the mathematical description of the proposed multi-criteria
optimization problem is given as Equation (18) using a weighted sum approach:

F = Min(f1 + f2) (18)

2.3. Constraints

To evade undesired results in the proposed optimization problem, some constraints
are imposed that must be satisfied in order to solve the problem successfully. As there is
no power supply from the central grid during the islanded operation of the distribution
network, only the mounted DGs and capacitors are responsible for meeting the load’s
energy requirements. Since the installed units” power output often is less than the load
requirement, the first constraint posed for the islanded distribution network is the maxi-
mum active and reactive power flows across the network (Pislzmd,max/ Qisland,mux) that must
be equal to or less than the installed generation capacity of the installed DG and capacitor
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units (Equations (19) and (20)). In addition, each bus in the distribution network must have
a voltage (V}) that should be within £5% of the rated voltage (V,,.4) (Equation (21)). The
assumed V.4 for this study is 1 p.u.

Pisland_max < ZPDG (19)
Qisland_max < ZQCup (20)
0.95p.u. < Vj, < 1.05p.u. 1)

2.4. Decision Variables

For the studied optimization problem, the chosen decision (design) variable is the
power factor of the DG-capacitor combination (pfsource) at which they are functioning. The
upper and lower bounds set for pfsource are 0.8 and 0.93, respectively.

2.5. Modeling of DGs” Power Output

For this study, the DGs” power output is assumed as deterministic. The literature
has classified the DGs into four types. Type 1 DG can inject only active power, including
solar photovoltaic panels, fuel cells, and battery energy storage. DGs of type 2 only supply
reactive power either using capacitors or D-STATCOM. Type 3 DG usually involves the
synchronous generator, which can generate both active and reactive powers. Finally, type 4
DG includes an induction generator that can generate active power while absorbing the
reactive power. This study assumes a type 1 DG, such as photovoltaic panels paired with
batteries, to generate controlled active power output.

2.6. Modeling of Capacitors” Power Output

Capacitor banks are devices that produce reactive power. They are currently available
in the markets as fixed discrete types. Therefore, this paper considers the capacitors of
discrete size for the optimal simultaneous allocation of capacitor and DG units in the
distribution system. The capacitors available in the market are smaller units (50 kVAR),
which are further integer multiples of factor k. Hence, the required amount of capacitor
size can be determined using Equation (22).

Qmax =k x Qo (22)

where k is an integer. The required amount of kVAR can be assessed such as [Qo, 2Qo, 3Qo,

..., kQol.

3. Proposed Methodological Framework to Optimize the Autonomous
Network’s Operation

It is worth recalling that the distribution networks operate in grid-connected mode
except when the grid has a fault or is being maintained. For this reason, the sizing and
placement of capacitors and DGs must be chosen considering a grid-connected operation.
Therefore, the first part of the proposed methodology is to obtain the optimal capacity
and placement of the DGs and capacitors for grid-integrated distribution networks. In
order to determine the optimal location and sizing for the DG and capacitor units, the
Jaya algorithm (JA) was used. The JA, developed by Rao [51], is a stochastic heuristic
optimization algorithm that only involves a single recombination step. In addition, the JA
is different from most population-based optimization approaches as it uses no parameters,
chosen by the user, in its execution. Only the maximum number of iterations (Maxltr) and
population size (nPop) are to be specified for the JA [52,53]. In the recent literature, the
efficiency of the JA has been demonstrated in various studies [54-58].

To mathematically describe the JA’s implementation cycle, let z be the real valued
vector of decision variables composing one solution. The z;.‘, pest AaNd z5 ., indicate the best

j,wors
and worst so far solutions. The ith candidate’s jth decision variable in the kth iteration is
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represented as z;‘ i Then, at the kth iteration, the numerical equation used to update the
candidate solution is given as represented in Equation (23).

) (23)

k k k
) - rZ,j (Zj,worst - Zi,j

where r’l‘ j and r’2‘ j are random numbers selected with uniform probability between 0 and 1

kK _ ok ok (K
Zij=zj+ry; (Zj,hest -

k
zii

at the kth iteration. The objective function value decides whether the updated solution Zf-‘ j

can be preferred or not over the current solution zi»‘ N

The update procedure is repeated for each solution vector of the current population at
iteration k. The outputs of all updates are the input population to the subsequent iteration.
The termination conditions can be either a maximum number of iterations or a convergence
to the desired outcome. The flowchart presented in Figure 4 elaborates the execution cycle
of the JA.

Input the JA’s and optimization
problem’s parameters

)

Generate the initial population and

evaluate the value of cost function

>

Y

Identify the best and worst solutions

\4

Based on the best and worst solutions, modify the solutions as per

zf5 = 25 + ri(fese — |25]) — 155(2fworse — 125))

Is the new solution
Z Lk ;) better than the
previous solution
(Zi"; j)?

Termination
criterion
satisfied?

NO

Output the optimum solution

Figure 4. Execution cycle of the Jaya algorithm.
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Once the DGs and capacitors have been installed for the on-grid distribution network
operation, replacing or relocating them for the short interval of the network’s autonomous
operation is not viable. Hence, it is not feasible to repeatedly optimize the power-generating
equipment’s size and location to enhance the functioning of distribution network under
the autonomous operation mode. Therefore, this study considers the DG—capacitor com-
bination’s power factor (pfsource) as the decision variable to achieve the desired goal of
efficient and maximum utilization of the mounted devices under the distribution networks’
independent operation.

To evaluate the effect of pfsource 0N the autonomous distribution network’s functioning,
a detailed framework is presented whose stepwise elaboration is explained as follows.

Step 1. Define the base power, base voltage, load data, and line data for the selected
distribution network.

Step 2. Calculate the starting values of the objective functions, the active power loss in this
case, by running the base case load flow for all the solutions of the starting population.

Step 3. Set the JA’s parameters, nPop and MaxItr, and the parameters of the optimization
problem, n (number of design variables) and Uy and L; (upper and lower bounds).

Step 4. Initialize the starting population with random values of the design variables.

Step 5. Execute the power flow to compute the value of the objective function for each
search agent of the starting population.

Step 6. Find out the cost function values to determine the best and worst solutions.

Step 7. Update the solutions of the current population, based on known best and worst
solutions, as per Equation (23).

Step 8. Carry out the power flow for each new solution vector and determine the cost
function’s updated values.

Step 9. Compare the new updated cost function values with the previous values for each
solution. Adopt the new solution if it is superior to the old one; else, stick with the
old solution. Create the new population replacing the old one.

Step 10. Stop the optimization process if the maximum iteration count is completed. Other-
wise, repeat steps 6 to 9. Finally, report the obtained final optimum solutions of
DG—capacitor sizes and locations.

Step 11. Disconnect the distribution network from the grid and identify the available maxi-
mum active and reactive power generations for the autonomous distribution network.

Step 12.Specify a value for the DG—capacitor combination’s working power factor, pf,,
(Equation (24)).

Step 13.Gradually increase the active and reactive power demands of the load while
keeping the source power factor constant at pf,,. Let P, ;, Q,; be the initial active
and reactive power demands of load connected at bus i, which are assumed as 50%

of P DG, available and QCap,available-

Raise the load’s active and reactive power demands gradually, AP},,;; and AQjy4;, S-t.
Equation (25) holds:

PDG,genemted

> > = Pf et (24)
Ppe +Q
,generated Cap,generated

pfSOMTCE = \/

=Vie (1,2, .o.,nb— 1) = APload’j and AQload,i:
APload,i o APlortd,i—',—l

AQload,i _ AQloud,i—&-l
= and =
Pload,i Pload,i+1 Qload,i Qload,i+1

(25)

where Ppg ¢enerated ad Qcap,generated are the active and reactive powers generated by the
DG and capacitor, respectively.

Step 14. Stop adding to the load demand, if

PDG,genemted = PDG,awziluble QCap,genemted = QCap,uvailuble | VDy > 5%



Energies 2023, 16, 2659

11 of 21

where VD is the voltage deviation (|V, s — V3|) at any bus b.
Output the values of P, DG,generated and QCap,generated :

Step 15. Compute the cost function value as Equation (18).

Step 16. For the next pf,, value, repeat steps 12 to 15.

Step 17. Compare the values of the cost function acquired at each pf,, and display the best
solution value of pf_,,.

A summary of the proposed methodological framework is presented in Figure 5.

®

Obtain the optimal allocation of DG and capacitor units during the grid-
connected mode of the distribution network — Step 10b

: V
Define the input data of distribution network - Step 1 Disconnect the network from main grid, and compute the amount of
¥ active and reactive powers available (Sqyqiante) from the installed DGs

Execute the base load flow to calculate the initial values of
power loss and bus voltages — Step 2

]

Initialize the parameters of Jaya algorithm (Maxltr, nPop)
and optimization problem (nVar, Uy, Lq) - Step 3
¥

Generate initial population of the nVar (sizes and locations
of DGs and capacitors) — Step 4

¥

Run the load flow and calculate the values of cost function
for each candidate solution — Step 5

and capacitors — Step 11
~
]

Set a power factor (pfse.) for DG-capacitor combination — Step 12
|

v
Increase the load’s active and reactive power demands in steps
St Pfiource = Pfiar (Step 13)

Check whether
Pog generated = P avaitable, OF

Y

Qcgenerated = Qc avaitabte: OF
VD, > 5%
Step 142

Identify the best and worst solutions based on the values of
cost function — Step 6

]
Update the candidate solutions — Step 7
]

Run the load flow and calculate the updated values of cost
function for each candidate solution — Step 8

‘ Stop adding load and output the Ppg gen & Qc,gen Values — Step 14b ‘

1

‘ Compute the values of Pjossr and Synger—utitization — Step 15 ‘

Updated solution is better
than the previous solution?

YES NO
Step 9
Prosst, and Suter-unzaion a1
computed for all pf.
values? - Step 16
Replace the previous solution . .
, : Keep th |
with updated solution ecp the previous solution

‘ Output the optimum value of pf;., — Step 17

Termination
criteria satisfied?
Step 10a

Figure 5. The proposed methodology to efficiently utilize the mounted distributed sources in islanded
distribution networks under the power mismatch condition.

4. Results and Discussion

For this study, the IEEE 33- and 69-bus networks were used to implement the proposed
methodological framework. Due to their limited size, these test systems have been widely
employed in the literature. The detailed data of the 33-bus and 69-bus test systems are
provided in [40,59]. The pf.,,,.. Value was calibrated between 0.8 and 0.93 to investigate
the effect of the source power factor on the operation of the off-grid islanded distribution
network. However, the comprehensive examination of the power factor effect has been
provided for four specific cases, as follows:

Case 1: DG-capacitor couple supplying power at a power factor of 0.93 (i.e., at the maxi-
mum bound).

Case 1: DG—capacitor couple supplying power at pf (also termed as pf DG—Cap)-

source

Case 3: DG—capacitor couple supplying power to the load at the load power factor (pf;,,.)-

Case 4: DG—capacitor couple supplying power at a power factor of 0.8 (i.e., at the minimum
bound).
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4.1. Optimal DG and Capacitor Unit Allocation for Grid-Integrated 33-Bus and 69-Bus
Distribution Networks

The first part of the proposed methodology is to optimize the siting and sizing of active
and reactive power sources in the grid-integrated distribution networks. The obtained
results for the simultaneous DG—-capacitor allotment in the 33-bus and 69-bus systems
are presented in Table 2. After running JA 30 times, starting from randomly generated
populations, the best optimal sizes and locations of the DG and capacitor units were
determined and reported. In the 33-bus test system, the optimal allocations for the DG and
capacitor units were found to be 2.54 MW at bus 6 and 1.26 MVAR at bus 30. Similarly, for
the 69-bus test system, bus 61 was identified as the optimal location for both the DG and
capacitor units, with a capacity of 1.8285 MW and 1.3 MVAR.

Table 2. The results of simultaneous DG-capacitor allocation in 33-bus and 69-bus test systems.

Parameters 33-Bus Test System 69-Bus Test System
DG size in MW (bus location) 2.54 (bus 6) 1.8285 (bus 61)
Capacitor size in MVAR (bus location) 1.26 (bus 30) 1.3 (bus 61)
Power losses before DG and capacitor integration, MW 211 225

Power losses after DG and capacitor integration, MW 58.452 23.171

Minimum bus voltage (p.u.) before DG and capacitor integration, @ bus 0.9038 (bus 18) 0.9092 (bus 65)

Minimum bus voltage (p.u.) after DG and capacitor integration, @ bus 0.9538 (bus 18) 0.9725 (bus 27)
Available power generation from DG and capacitor in MVA 2.835 2.244
Distribution networks’ total load demand in MVA 4.369 4.660

Available generation from distributed power units (percentage of
network load)

64.90% 48.15%

The active power loss minimization (f1) is considered the primary objective function
to attain the optimal DG and capacitor values (sizing and siting). The voltage magni-
tude at the network buses (Equation (21)) and the power flow limit through the wires
(Equations (26) and (27)) are the non-equality and equality constraints posed for this opti-
mization problem.

PSS+ZPDG:ZPload+ZPloss (26)

Qss+)_Qcap = Y Qioad + Y_ Qioss (27)

where Psg and Qgg are the sub-station’s active and reactive power supplies; Ppg is the
DG’s active power injected into the distribution network; Qc,) is the capacitor’s reactive
injected into the distribution network; Pj,,; and Qj,,; are the active and reactive power
loads connected to each bus of the distribution network; and Pj,ss and Qs are the active
and reactive power losses encountered across each network branch.

The four decision variables chosen for this complex optimization problem are DG size
and location (Ppg, Npg) and capacitor size and location (Qcqap, Ncap)- These decision vari-
ables’ lower and upper bounds are set as Ppg = [0 < Ppg < Pyl and
Qcap = [0 < Qcap < led] , except for bus 1 (i.e., the slack bus), DGs and capacitors can be
located on any of the network buses, Npg = [2 < Npg < np)],and Negp = [2 < Negp < 1.

4.2. 33-Bus Autonomous Distribution Network

The 33-bus network’s total load is 4.369 MVA with a 0.85 power factor (pf;,,),
whereas the total power available from the mounted DG and capacitor is 2.835 MVA with a
0.896 power factor (pf.,,c.)- According to the data shown above, the available power of the
attached DG and capacitor is 64.90 percent of the total need for electricity. It is important
to note that the pf .., value is dependent on the mounted DG and capacitor units’ rated
outputs; thus, it may differ accordingly. In the studies that focus solely on the optimal DG
placement, the pf, ... value will be defined by the stated optimal real and reactive power
values produced by DG alone. The optimal allocation of the DG and capacitor units in the
off-grid 33-bus islanded distribution network is shown in Figure 6.
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Figure 6. The 33-bus autonomous network with mounted DGs.

In the first case, the DG and capacitor combination’s operating power factor is set to
0.93 (> pf.ource)- In this situation, the total load handled by the DG—capacitor pair is just
2.677 MVA or 61.27 percent of the distribution system’s entire load demand. The aggregate
active power losses of 0.047 MW are reported under this situation, with bus 18 having the
lowest bus voltage of 0.975 p.u. The DG and capacitor collectively produce 2.731 MVA
power, which is 62.3 percent of the total power demand of the 33-bus network. As a result,
assuming the installed DG and capacitor run at a power factor of 0.93, they can produce
enough energy to meet 62.3 percent of the network’s total load in autonomous mode. The
accessible generation capacity of 3.99 percent remains unutilized in this situation, whereas
the operating efficiency evaluated in this case is 98.35 percent.

In case 2, the DG—capacitor combination’s operating power factor is set to 0.896, based
on the installed units’ rated values (2.54 MW and 1.26 MVAR). The DG and capacitor
operate at full capacity in this state, and no electricity generation is left over. The DG and
the capacitor collectively carry 2.782 MVA of load, accounting for 63.68 percent of the total
demand of the islanded network. With a minimum bus voltage of 0.974 p.u. obtained
at bus 18, an active power loss of 0.045 MW is recorded in this case. The power output
produced by the DG and capacitor in this scenario is 2.835 MVA or 64.90 percent of the
total load. In this case, the network’s operating efficiency is assessed to be 98.13 percent,
which is somewhat higher than in the prior case. In addition, in case 2, the power output
obtained from the mounted power-generating units is higher.

In the third case, the pf, .. was kept at 0.85, which was the same as pf, ;. The
load capacity collectively supplied by the DG and capacitor in this state is 2.352 MVA or
53.83 percent of the entire network load. In this circumstance, the power loss accounted in
the islanded network is 0.034 MW, and bus 18 has the lowest voltage of 0.979 p.u. The total
generated power is obtained as 2.392 MVA that is 54.75 percent of the 33-bus distribution
network’s peak demand. As a result, 15.63 percent of the generation capacity is under-
utilized, with an operating efficiency of 98.33 percent in this situation. However, unlike
prior cases, the installed units offer less power that is marginally more than 50% of the
whole power demand.

For the proposed case 4, the pf_, .., is tuned to the minimum 0.8 value that is lower
than both pf_ ... and pf;,.;- In this circumstance, the combined load handled by the DG
and capacitor is 2.067 MVA or 47.31 percent of the overall load. With a minimum voltage of
0.981 p.u., this arrangement produces a real power loss of 0.028 MW. Bus 18 observed the
minimal bus voltage once again, just like in previous cases. The total electricity produced
by the DG and capacitor, in this case, is 2.1 MVA, 48.07 percent of the total demand, and
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the network’s operating efficiency is 98.43 percent. It is the worst-case scenario among
the four proposed cases, as the under-utilization of the power-generating devices reaches
25.93 percent, i.e., during the independent functioning of the distribution network, more
than a quarter of the available power-producing capacity is left unused. Table 3 presents
the statistical summary of the four cases examined; moreover, the graphical representation
of the comparative analysis is provided in Figures 7 and 8.

Table 3. Results for the 33-bus autonomous distribution network.

Quantity Case 1 Case 2 Case 3 Case 4
Total power collectively produced by DG and capacitor in MVA 2.731 2.835 2.392 2.100
Load’s total power consumption in MVA 2.677 2.782 2.352 2.067
Operating power factor of the DG—capacitor combination 0.93 0.896 (pf source) 0.85 (pf10ad) 0.8
Real power loss in MW 0.047 0.045 0.034 0.028
Operating efficiency of the islanded distribution network 98.02% 98.13% 98.33% 98.43%
Total power produced by DG and capacitor units (percentage of 62.30% 64.89% 54.75% 48.07%
network load)
The load portion supplied with accessible power generation 61.27% 63.68% 53.83% 47.31%
(percentage of network load)
Under-utilization of mounted distributed generation capacity 2599% 0.0% 10.14% 16.82%
(percentage of network load)
Under-utilization of mount?d distributed generation capacity 3.999% 0.0% 15.63% 25.93%
(percentage of available power generation)
Minimum voltage in p.u. (@ bus) 0.975 (bus 18) 0.974 (bus 18) 0.979 (bus 18) 0.981 (bus 18)
mPower Generated O Generation capacity left un-utilized B Amount of load supplied  CNetwork load left un-supplied

Percentage ofavailable capacity

120

100

Casel

Percentage of network's total load

Case2 Case3 Cased Casel Case2 Case3 Cased

Figure 7. Performance comparison of the 33-bus autonomous distribution network at different
pfsource. (a) Installed power generation capacity’s % utilization and (b) network’s % load share
delivered with accessible power.

C—3 Under-utilization (MVA) m===Power loss (MW) —¢—F ~—{—Efficiency
0.9 98.50

8 98.40

0.7
98.30
98.20

98.10

Under-utilization, Powerloss & F
Efficiency (%)

98.00

97.90

97.80
Casel Case2 Case3 Case4

Figure 8. The observed efficiency (%), under-utilization (MVA), power losses (MW), and objective
function (F) values in four cases for 33-bus autonomous distribution network.

The findings illustrate that keeping the DG—capacitor combination’s power factor
close to pf.,,.c. is the most efficient approach to operate the islanded distribution networks.
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The pf,,,rcc Value can be computed from the DG and capacitor’s optimal ratings obtained
during the grid-integrated network operation. At this power factor, both the DG and
capacitor supply power to their full potentials. It can be seen from the results that the
operating efficiency of the islanded distributed network achieved in cases 3 and 4 is
marginally higher than that obtained in cases 1 and 2 because the mounted active and
reactive power-generating components are not utilized to their full capability in the latter
two cases. Therefore, the reduced power flows through the distribution lines cause a
considerable reduction in power loss. While these cases have lower power losses than cases
1 and 2, the difference is insignificant compared with the additional power delivered by the
mounted units in the first two cases. In addition to the distribution network’s operating
efficiency, the impact of the DG—capacitor pair’s operational power factor on the voltage
profile of the islanded distribution networks has also been analyzed, as shown in Figure 8.
Since the distribution network is less loaded in cases 3 and 4 due to the opted pf ,, values,
the bus voltages attained for these cases show a modest enhancement. In four cases, the
minimum bus voltages for the 33-bus islanded network were recorded at bus 18, ranging
from 0.974 to 0.981. Despite the fact that the power grid was not feeding energy during
the islanded operation, the bus voltages remained within the defined limits even when
the mounted devices were fully loaded. This is owing to the optimum DG and capacitor
positions attained during on-grid operation, with the DG located at the central position
of bus 6 and the capacitor’s placement at bus 30 near the end point buses, which allows
the voltage to be maintained within a set margin (i.e., £5% of V, ;) on the weakest buses.
Furthermore, even though the installed power-generating units can carry more load, the
proposed strategic approach’s operating mechanism prevents the islanded network from
being loaded beyond the limit that drops the voltage below the predefined margin, as
specified in step 14 of Section 3. For this reason, the end buses (buses 18, 25, and 33) have
voltages that are well within the operational limits, as seen in Figure 9.

Casel

Case2

Case3 Case4
1.005

1.000 %

0.995

0.990

0.985

Voltage (p.u.)

0.980

0.975

0.970

PPN FD DD DD

& & DI &
"V eV eV N ¥ @’%"’e"e"@e"e"’%“%“@’@"’@e“

Figure 9. Voltage profiles of the 33-bus autonomous distribution network attained in each case.

4.3. 69-Bus Autonomous Distribution Network

For the 69-bus distribution network, the optimal siting and sizing of the single DG
and single capacitor units determined during the grid-integrated mode using JA were
1.8285 MW (at bus 61) and 1.3 MVAR (at bus 61), respectively. Hence, the total accessible
electricity from the mounted distributed resources is 2.244 MVA with a power factor of
0.815 (pf spurce)- The optimal allocation of the distributed active-reactive power units in the
69-bus autonomous distribution network is shown in Figure 10. The IEEE 69-bus radial
distribution network’s active power load is 3.80219 MW, and the reactive power load is
j2.6946 MVAR (total 4.66 MVA) with a pf, ., of 0.816. The computed percentage of the
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power generation share is 48.15% of the total demand from the presented DG and capacitor
values. To examine how this accessible power can be utilized to the maximum potential,
the studied four power factor values for the 69-bus network are 0.93, 0.815 (pfsource), 0.816
(Pfioad), and 0.8. It must be noted that unlike the 33-bus distribution network, the pfspurce
value for the 69-bus network is less than the pfj,,s. Here the pfsource value is close to the
minimum bound of the opted range of power factors, i.e., 0.8. For the 33-bus network,
the pfsource value was close to the upper limit (0.93) of the selected range of the operating
power factors. Hence, the 69-bus distribution network’s power factor values also offer
the sensitivity analysis of the proposed methodology for the autonomous distribution
networks by examining their performance under uncertain input conditions. The quantities
measured for the 69-bus distribution system are presented in Table 4.

36 |37 38 39 40

[
=y

|zx |z-> |30 |3| |5z |33 3435 @
Po e [ ] e e e

Figure 10. The 69-bus autonomous distribution network with installed distributed sources.

For the 69-bus autonomous network, although the DG—capacitor pair’s operating
rated power factor is low, the results revealed that the installed devices produce maximum
power when operating at or close to the rated pfsource. Dissimilar to the 33-bus network,
where the minimum power generation was observed in case4, the minimum amount of
generated power is acquired in case 1 when the mounted DG and capacitor were generating
power at the 0.93 pfsource (Figure 11). This clearly shows that the best power factor for the
autonomous distribution networks lies close to the pfsource. Any other power factor farther
from this range will cause a significant dip in the under-utilization of the mounted devices’
power-generating potential.
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Table 4. Results for the 69-bus autonomous distribution network.
Quantity Case 1 Case 2 Case 3 Case 4
Total power collectively produced by DG and capacitor in MVA 1.966 2.244 2.237 2.167
Load’s total power consumption in MVA 1.923 2.190 2.182 2117
Operating power factor of the DG—capacitor combination 0.93 0.815 (pf source) 0.816 (pf10ad) 0.8
Real power loss in MW 0.0409 0.0532 0.0531 0.0496
Operating efficiency of the islanded distribution network 97.81% 97.59% 97.59% 97.69%
Total power produced by DG and capacitor units (percentage of 42.19% 48.15% 48.09% 46.50%
network load)
The load portion supplied with accessible power generation 41.27% 47.00% 46.93% 45.43%
(percentage of network load)
Under-utilization of mounted distributed generation capacity 5.88% 0.00% 0.06% 1.65%
(percentage of network load)
Under-utilization of mount?d distributed generation capacity 12.23% 0.00% 0.13% 3.43%
(percentage of available power generation)
Minimum voltage in p.u. (@ bus) 0-958 0-954 0.954 0.956
(buses 17-27) (buses 19-27) (buses 20-27) (buses 19-27)

Percentage ofavailable capacity
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Figure 11. Performance comparison of the 69-bus autonomous distribution network at different
pfsource. (a) Installed power generation capacity’s percent utilization. (b) Network’s percent load
share delivered with accessible power.

Conversely, for the 33-bus and 69-bus independent distribution networks, the highest
power losses were produced at the power factors close to the pfspurce. Undoubtedly, this is
because of the maximum power that flows at the pfsource values. The graphical illustration
of the obtained results in the studied four cases for the 69-bus autonomous distribution
network is presented in Figure 12. In addition, the graphical illustration of the network’s
voltage profiles obtained in four cases is presented in Figure 13. The voltage profiles show
that the voltages at bus 61 and neighboring buses lie close to the rated value of 1 p.u., which
are due to the DG and capacitor units” allocation at bus 61. In addition, because of the
tactically placed DG—capacitor modules and proposed mechanism of the methodological
framework, the voltage profiles lie within acceptable bounds in all cases, even if the
DG-—capacitor operates to its full capacity. Unlike the 33-bus distribution network, where
the lowest voltage value was observed at a single bus, the minimum bus voltages for
the 69-bus islanded network were observed across several buses (from bus 17 to bus 27),
ranging from 0.954 to 0.958 in four cases.
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Figure 12. The observed efficiency (%), under-utilization (MVA), power losses (MW), and function F
values in four cases for the 69-bus autonomous distribution network.
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Figure 13. Voltage profiles of autonomous 69-bus distribution network.
5. Conclusions and Future Work

This paper introduces a strategic planning methodology for the efficient utilization
of installed distributed generation units in distribution networks” during their islanded
operation, due to a fault. Unlike the existing studies, the event of power supply—demand
mismatch has been considered to analyze the extent to which the energy needs of the
islanded network can be fulfilled by mounting dispersed power-generating units.

A multi-criterion bi-objective function has been developed, including minimization
objectives of active power loss reduction and decrement in accessible power generation’s
under-utilization.

Four cases were devised to see how much of the available DG-capacitor capacity was
under-utilized at the different operational power factor values of the DG-capacitor combination.

The study found that the non-utilization of available power generation capacity in the
33-bus distribution network can vary by up to 25.93% across power factors ranging from
0.8 to 0.93. Similarly, the under-utilization in the 69-bus distribution network can deviate
up to 12.23%. Furthermore, the obtained results show that deployed DGs and capacitors
operating at a source power factor (i.e., power factor incurred from their optimal capacities)

can meet the energy requirements of a larger portion of the network load.

This is because the load demand handled by DGs and capacitors is less than the
highest possible share at any other power factor. Conversely, operating the DG-capacitor

combination close to the source power factor causes an increase in power loss. However,
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compared with the increased load served with the available generation, the increase in
power loss is negligible.

The efficient employment of the active and reactive power sources in autonomous mode
during power deficit events necessitates developing effective demand-side management
(DSM) schemes for the electrical power systems. The establishment of any such comprehensive
plan is beyond the scope of this study. However, this research will pave the way for such
future investigations. Henceforward, the proposed methodological framework can also be
applied to different DGs, evaluating the uncertainties of power generation.
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