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ABSTRACT With urban and rural infrastructure development, the power system is being forced to operate
at or near its full capacity. This paper proposes four new methodologies to find the solution to the optimal
reactive power dispatch (ORPD) problem, considering the capabilities of modern DFIG-based WTs and VSI-
based solar PV. The proposed formulation considers the techno-economic objective functions, specifically
the minimization of the active and reactive power cost and the maximization of reactive power reserve. This
leads to an effective solution to the probabilistic multi-objective ORPD (PMO-ORPD) problem, especially
in the context of modern wind farms (WFs) and solar PV. The proposed formulations are necessary for
effectively managing power systems with renewable energy sources and contribute to developing efficient
and sustainable power systems. Additionally, this study employs probabilistic mathematical modeling
that incorporates Weibull, lognormal, and normal probability distribution functions (PDFs) to represent
uncertainties in the wind, solar, and load demand. Monte-Carlo simulation (MCS) is employed to generate
probabilistic scenarios, allowing for a comprehensive analysis of the PMO-ORPD problem. A new two-phase
(ToP) multi-objective evolutionary algorithm is proposed, which incorporates the superiority of feasibility
constraints to effectively solve the probabilistic multi-objective optimal reactive power dispatch (PMO-
ORPD) problem. From the analysis and comparison of simulation results, it has been observed that the
proposed algorithm effectively solves the deterministic and PMO-ORPD problems.

INDEX TERMS Constraint domination principle, multi-objective evolutionary algorithms, optimal reactive
power dispatch, reactive power reserve, renewable energy sources.

I. INTRODUCTION
A. LITERATURE REVIEW

power systems, a major drawback as more power is required
to meet the growing demand and traditional fossil fuel-based

The power system is mostly run under stressed operating
conditions due to rapid load growth. A rise in greenhouse
gas emissions has accompanied the increasing load growth in
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power plants are used more frequently, resulting in higher
emissions. This has a detrimental environmental impact, con-
tributing to global climate change and other environmental
issues. Therefore, power systems need to incorporate clean
and sustainable energy sources, such as wind and solar, into
their generation mix to mitigate the negative impact of load
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growth on greenhouse gas emissions. In the atmosphere,
they do not impact greenhouse gases like NO, and SO, [1].
Alternatively, renewable energy sources (RES), particularly
wind and solar, have recently received much attention from
academic and industrial circles. As more renewable energy
sources, such as solar and wind, are integrated into the power
system, managing their variable and intermittent nature has
become a major challenge [2]. The power system needs to
be flexible enough to accommodate changes in power output
and demand and ensure the grid’s stability [3].

Furthermore, increasing load demand, i.e., the power sys-
tem operators (SO), are supposed to move the transmission
system with higher loading and lower capacity margin. With
the increased loading of the new transmission system, the
question of voltage stability is a major concern in the oper-
ation of a power system. Voltage stability is a critical aspect
of power system operation that refers to the ability of a power
system to maintain a steady voltage profile under normal and
abnormal operating conditions. Voltage stability is particu-
larly important in load growth, which refers to the increasing
demand for electricity in a power system over time [4].

One key factor affecting voltage stability is the system’s
reactive power level. When a power system experiences a
disturbance that causes a change in voltage, reactive power
is needed to restore the voltage to its desired level. The volt-
age may fluctuate or collapse if insufficient reactive power
reserve is available in the system, leading to a potential
system blackout. Therefore, it is essential to ensure sufficient
reactive power reserve in the system to maintain voltage sta-
bility during disturbances. This can be achieved by installing
reactive power compensation devices such as shunt capaci-
tors, reactors, or operating generators with sufficient reactive
power output. Proper voltage control schemes and system
planning can also ensure adequate reactive power reserve to
maintain voltage stability [5]. Therefore, the availability of a
sufficient amount of reactive power supply in the network is
thus very critical for the safe and efficient operation of the
electrical power system. Voltage stability is a power system’s
ability to retain appropriate voltages under normal conditions
and after a disruption [6]. The SO must also ensure that any
contingency or unexpected load variation does not produce
a voltage instability that can lead to voltage collapse. Volt-
age instability point and hence the voltage collapse can be
minimized with appropriate availability and distribution of
reactive power.

Several scholarly articles have examined the ORDP prob-
lem specifically for systems comprised of conventional
thermal units using classical optimization techniques such
as linear programming (L.P.) [7] and quadratic program-
ming (Q.P.) [8]. These cannot find the global or near-global
optimal solution to the ORPD problem. Also, these tech-
niques are implemented to find the solution to the ORPD
problem by considering theoretical assumptions such as
ORPD is convex, continuous, and differential. With the grow-
ing sophistication of computational intelligence, numerous
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single objective evolutionary algorithms (E.A.s) are being
implemented and analyzed for solving non-convex, non-
linear ORPD optimization problems considered conventional
thermal generators. These include teaching learning-based
optimization (TLBO) [9], ant colony optimization [10],
quasi-opposition TLBO (QOTLBO) [11], hybrid imperialist
competitive algorithm (ICA), and particle swarm optimiza-
tion (PSO) hybrid ICA-PSO [12], artificial bee colony
with firefly (ABC-FF) [13], modified GAME theory [14],
quasi-oppositional differential evolution (QODEA) [15] and
artificial bee colony (ABC) [5].

Considering only thermal generators to solve the ORPD
problem can limit the potential for optimal solutions that
balance cost, reliability, and environmental sustainability.
Incorporating uncertain renewable resources such as wind
and solar generation can provide a more comprehensive
and robust approach to power system planning and opti-
mization. Several studies have examined the integration of
uncertain load and wind power into the ORPD problem,
such as success history-based adaptive differential evolution
(SHADE) [16], TLBO [17], and improved marine predator
algorithm (IMPA) [18].

In the past few decades, there has been a growing
interest in utilizing multi-objective evolutionary algo-
rithms (MOEAs) to efficiently solve MOORPD prob-
lems for systems with thermal generators, considering
the diverse and complex objectives associated with these
systems. That includes non-dominated sorting genetic
algorithm II (NSGAII) [19], improved generalized D.E.
(I-GDE3) [20], Two-Archive Multi-objective Grey Wolf
Optimizer (2ArchMGWO) [21], classification and Pareto
domination based MOEA (CPSMOEA) [22], modi-
fied NSGAIl (MNSGAII) [23], hybrid fuzzy MOEA
(HFMOEA) [24], multi-objective Chaotic improved PSO
(MOCIPSO) [25], classification and Pareto domination
based MOEA (CPDMOEA) [22], multi-objective D.E.
(MODE) [26], Chaotic Parallel Vector Evaluated Interac-
tive Honey Bee Mating Optimization (CPVEIHBMO) [27],
multi-objective ant lion optimization (MOALO) [28], multi-
objective Imperialist Competitive Algorithm (MOICA) [29]
and strength Pareto multi-group search optimizer (SPMGSO)
[30] were applied to solve MOORPD problems considering
conventional thermal generators. In recent years, renew-
able energy sources such as wind and solar power have
become increasingly popular, which poses a challenge for
the MOORPD problem due to their uncertain behavior.
In the realm of MOORPD problem-solving, incorporat-
ing the uncertainty of wind and solar generation has been
achieved through the use of optimization techniques such
as general algebraic modeling system (GAMS) [31], [32],
hybrid artificial physics optimization (APO) and PSO called
APO-PSO [33], NSGA-II [34], enhanced firefly algorithm
(EFA) [35], opposition-based self-adaptive modified gravita-
tional search algorithm OSAMGSA [36], and two-point esti-
mate method (TPEM) [37]. In these probabilistic MOORPD
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problems, reactive power reserve (RPR) was not considered.
Reactive power reserve plays a critical role in maintaining
stable voltage levels in power systems. Without considering
RPR, the system can become unstable and suffer from voltage
collapse, leading to power outages, voltage fluctuations,
reduce the reliability of the system and increase the risk of
blackouts. Neglecting RPR can also reduce the efficiency of
the system and increase the operating costs, as maintaining
a balance between active and reactive power. Therefore, it is
critical to consider RPR in the MOORPD problems to ensure
the stable, reliable, and efficient operation of power systems.
Stochastic multi-objective optimal dispatch (SMO-OD) [6]
were implemented to considered the RPR. However, cost
of active power generation were not neglected during opti-
mization. Without proper consideration of the cost of active
power, the optimization process may prioritize the reduction
of reactive power generation costs at the expense of increased
active power generation costs. This can lead to solutions
that are not cost-effective and may not meet the economic
requirements of the system. The literature review on the
ORPD problem is presented in Table 1, which integrates the
main findings and limitations of various methodologies used
in previous research.

Both wind and solar power generation are probabilistic;
due to their high share of these, voltage stability and the
expected reactive power reserve (ERPR) can precariously
affect them. In addition to the above problems, conventional
thermal generators are the key RPR providers in the power
system. In recent years, DFIG-based wind turbine (W.T.) and
VSI-based solar PV. systems have been able to participate
in providing the reactive power reserve (RPR) according to
their reactive power capacity curve [40], [41]. The increased
integration of wind and solar PV. generation can reduce reac-
tive power generation from conventional thermal generators,
increasing the RPR of the system. Maximizing RPR is crucial
for maintaining system stability, improving system efficiency,
and ensuring the reliable and sustainable operation of the
power system [5], [6].

DFIG-based wind farms and VSI-based solar PV. systems
are known to have limitations in providing reactive power
support to the grid. The electrical system requires reactive
power to maintain voltage stability and ensure the system’s
proper functioning [31]. One of the main challenges with
DFIG-based wind farms is their limited capacity to provide
reactive power support. This is because the reactive power
output of the DFIG is limited by its rotor current and the
rotor voltage [40], [41]. As a result, when the wind farm
operates at the full reactive power limit, it may not be able to
provide sufficient reactive power support to the grid, leading
to voltage instability.

Similarly, VSI-based solar PV. systems also have limita-
tions in providing reactive power support. This is because
they rely on grid-tied inverters not designed to provide reac-
tive power support [6]. As a result, when the solar PV. system
operates at the full reactive power limit, it may not be able to
provide sufficient reactive power support to the grid, leading
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to voltage instability. Operating near the steady-state stability
limit can be undesirable because the electrical system oper-
ates very close to its maximum capacity, increasing the risk of
voltage instability and system failure [32], [36], [37]. There-
fore, it is important to ensure that DFIG-based wind farms and
VSI-based solar PV. systems are properly synchronized with
other reactive power regulators, such as synchronous gener-
ators, shunt VAR compensators (SVC), and MVAr injection
from the transmission line charging, to maintain voltage sta-
bility and ensure the proper functioning of the system [33],
[34], [35]. Moreover, both wind and solar power generation
are probabilistic. The high share of these sources can lead to
voltage instability and a precarious depletion of the expected
reactive power reserve (ERPR).

To address these issues, this paper proposed a new method-
ology to efficiently solve the optimal reactive power dispatch
(ORPD) problem, considering modern DFIG-based WTs and
VSI-based solar PV. capabilities in the power system. Further,
the new techno-economic formulation-based frame resolved
not only technical issues (power loss, voltage deviation, and
voltage stability index) but also encounter economic issues
(cost of active and reactive power, cost of a capacitor, cost
of active power loss, and cost of transmission line charging)
in the presence of uncertain wind and solar PV. generation.
Moreover, the mathematical model of uncertain wind and
solar power generation should be properly taken into account
to make a realistic technical and economic framework.

B. MOTIVATION

The prime goal of ORPD is to calculate the voltage at PV.
buses excluding the slack bus, the transformer’s off-nominal
turns ratio, and the MVAR injection of SVC. Practically
ORPD is a constrained type multi-objective, mixed-integer
(transformer turns ratio and SVC are discrete variables), and
nonlinear problem. From Table 1, it is concluded that most
of the authors considered a conventional ORPD problem to
minimize technical single or weighted sum multi-objective
function(s) such as minimization of active power 10ss Py s,
voltage deviation (V.D.), and maximize (VSI) Li,ger. How-
ever, in the sense of a deregulated power system, such a
formulation seen in the table does not always guarantee that
the solution to the problem is appropriate. Therefore, eco-
nomic objective functions must involve in addition to the
technical issues. Some papers in [6], [26], [31], [35], and
[38] considered the cost of active or reactive power generation
from conventional thermal generators and wind farms. At the
same time, the cost of SVC, the effect of MVAr injection
from line charging, the cost of power loss, and the combined
cost of active and reactive power are not considered. These
parameters directly or indirectly affect a power system’s reac-
tive power and voltage level. Different models of DFIG-based
WFs have been used in the literature, which are limited to
either a maximum power factor cos ¢ or fixed regulation
limit [31], [37]. These models are not fully accurate and
therefore do not allow the full advantage of the reactive power
injection/absorption from the DFIG-based WT.
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TABLE 1. Literature review of optimal power dispatch.

Algorithm Test system CHT Objective Function Problem Limitations
TLBO [9] 14,30 & 57-bus Penalty function Cost & Pros Deterministic | Frovide a single solution that does not capture the
trade-offs between different objectives.
ACO [10] I57 & 118 Penalty function Pross, and VSI Deterministic It cannot lead to more informed and robust
QOTLBO [11] 30& 118 Penalty function Pioss, V.D., and VSI Deterministic | accision-making. The ~cost of active power
generation was neglected, leading to increased
ICA-PSO [12] 57 & 118-bus Penalty function Pross & VD Deterministic operating costs, inefficient allocation of resources,
N L and not being suitable for long-term planning. Wind
ABC-FF [13] 14 & 39-Bus Penalty function Pross & VD Deterministic or solar integration was not studied as wind and
GAMS [14] 39-bus ECM, WS & GP Pross & VD Deterministic solar energy sources became more prevalent.
QODEA [15] 30,57 & 118-bus Penalty function Pross, V.D., and VSI Deterministic
ABC [5] 30, 508-bus Penalty function Pross, VD, and RPR Deterministic
SHADE [16] 30 & 57-bus. ECM Pl & VD Probabilistic Without sufficient reactive power reserve, the
- = system may experience voltage instability, leading
TLBO [17] 30 &118-bus Linearization Pross, V.D. Probabilistic to voltage fluctuations, equipment damage, power
IMPA [18] 30 Penalty function Pross, V.D. & VSI Probabilistic | °'ages and even blackouts.
ECM [38] 30-bus ECM SVCs, Pross, VSI Probabilistic
NSGA-II [19] 118 Penalty function Pros & VD Deterministic Wind fmd solar integrfflion were not implemented,
and missed opportunities for realizing the benefits
I-GDE3 [20] 118 & 300-Bus Penalty function Pross & VD Deterministic of renewable energy sources. Inaccurate system
2ArchMGWO [21] 30,57 & 118-bus Penalty function Pross & VD Deterministic | Modeling, inefficient use of resources, reduced
reliability, poor future planning.
CPSMOEA [22] 30& 118 Penalty function Pross & VD Deterministic RPR was not studied, which can lead: to voltage
s L instability, inefficient use of resources, inability to
MNSGA-II [23] 30& 118 Feasibility rule Pross, and VSI Deterministic handle unexpected events, and increased risk of
HFMOEA [24] 24 RTS Feasibility rule Pross, and VSI Deterministic equipment damage.
MOCIPSO [25] 30 and 57 CPR Pross, and VSI Deterministic
CPSMOEA [22] 30 & 118-bus Penalty function Pross & VD Deterministic
MODEA [26] 30 & 57-Bus Penalty function 1.C., Pross & VSI Deterministic
NSGA-II [39] 30-bus WSA Pross & VD Deterministic
CPVEIHBMO [27] 30,57 & 118 Penalty function Pross, V.D., and VSI Deterministic
MOALDO [28] 30, 57 & 300-bus FR Pross, VD and VSI Deterministic
MOICA [29] 30,57 & 118 bus CDP Pross, VD and VSI Deterministic
SPMGSO [30] 30 & 162 Penalty function Pross, V.D., and VSI Deterministic
TPEM [37] 14 & 30 Bus WSA Plow & VD Probabilistic RPR was not implemented, which can lead: to
voltage instability, inefficient use of resources, poor
NSGA-II [34] 30-bus ECM Pross & VD Probabilistic integration of renewable energy sources, inability to
GAMS [32] 57-bus ECM & FSA Puoss and VSI Probabilistic handle unexpected events, and increased risk of
equipment damage.
APO-PSO [33] 30, 57 & 118 bus Penalty function Pross, V.D., and VSI Probabilistic
OSAMGSA [36] 30-Bus Penalty function Pross, V.D., and VSI Probabilistic
GAMS [31] 30& 118 ECM PLoss, Cost of WT, VSI Probabilistic
EFA [35] 30 Penalty function P.L, V.D. & cost of M.W. Probabilistic
Does not consider the cost of reactive power can lead
SMO-0DC [6] 30-bus ECM Cost of MVAr & RPR Probabilistic to increased costs, inefficient use of resources, poor
allocation of resources, and reduced competitiveness.
CHT=Constraint Handling Technique, FR=Feasibility rule, WSA=weighted sum approach, ECM=epsilon constraint method, O&M=Operation, and maintenance cost,
Pros=Active power loss, IC=Cost of SVC, CDM=constraint domination principle, VSI=voltage stability index (Liwex), VD=Voltage deviation, OAPD=Optimal active power
dispatch, FSA=Fuzzy selection approach, CPR= constrain-prior method

C. CONTRIBUTION

The optimization of active and reactive power generating
costs and the maximizing of reactive power reserve (RPR)
were taken into consideration in a few articles that solved
deterministic and probabilistic single objective ORPD prob-
lems. The authors have conducted a literature review and
found that no previous studies have considered a PMO-ORPD
problem that simultaneously incorporates techno-economic
objective formulations, including the cost of active and reac-
tive power, as well as Reactive Power Reserve (RPR) and
Lindex, in the presence of Doubly-Fed Induction Genera-
tor (DFIG)-based Wind Turbines (W.T.) and Voltage-Source
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Inverter (VSI)-based solar Photovoltaic (PV.) systems. Also,
research on managing the RPR generated by the DFIG-based
WT and VSI-base solar PV. system with the maximization
of RPR of thermal generators has not yet been examined.
In the proposed formulation, the two main objective func-
tions are the minimization of the expected cost of reactive
power-producing devices and the maximization of expected
RPR (ERPR). Four new formulations are modeled for dereg-
ulated power systems to solve the PMO-ORPD problem
focusing on system voltage security. For a realistic system,
1000 scenarios are generated using the active power of wind,
solar PV., and variable load demand then the fuzzy C-means
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(FCM) clustering technique is applied to find the 20 represen-
tative scenarios. The multi-objective problem is solved using
a constrained two-phase (ToP) algorithm that computes the
number of non-dominated solutions (Pareto Front) for the
system operator in a single simulation run.

The best compromise solution from the non-dominated
solution is computed with the help of fuzzy decision-making
(FDM) theory. The main contributions of this work are
detailed as follows:

o A new probabilistic multi-objective optimal reactive
power dispatch (PMO-ORPD) model is proposed, which
considers the integration of DFIG-based WT and VSI-
based solar PV. and considers techno-economic objec-
tive functions.

o The proposed PMO-ORPD model is solved using a new
two-phase (ToP) multi-objective evolutionary algorithm
(MOEA) that integrates the superiority of feasibility
constraint handling to solve the ORPD problem effi-
ciently.

« Incorporated appropriate probability distribution func-
tions (PDFs) to model the probabilistic wind and solar
generation and applied a Fuzzy C-means (FCM) clus-
tering technique to extract the most representative
scenarios to reduce the problem’s computational com-
plexity.

o The proposed algorithm has been compared to var-
ious recent constrained multi-objective evolutionary
algorithms (CMOEAs) that have not been previously
employed to solve the classical ORPD problem.

The remaining sections of the paper are divided as follows.
The MO-ORPD problem is formulated in Section II, which
involves uncertain generation and demand modeling, for-
mulation of objective functions, and constraints. Section III
deliberates the proposed algorithm. Section IV provides the
investigation of simulation results. Section V gives the discus-
sion, and Section VI elucidates the conclusion of this work.

Il. PROBLEM FORMULATION

In the following subsections, PDFs of wind solar and load
demand are modeled. Next, modeling the reactive power
capability curve of DFIG-based Wind and VSI-based solar
PV. was discussed. The operating cost of active and reactive
power is computed in this section. Two classical formulations
based on objective technical functions and four new formu-
lations based on techno-economic formulation are modeled.
The decision variables, multi-objective functions, and opera-
tional constraints are formulated.

A. MODELING OF UNCERTAIN LOAD DEMAND, WIND,
AND SOLAR GENERATION

In the literature, load demand, wind, and solar power gen-
eration have all been modeled using normal, Weibull, and
lognormal PDFs [6]. The PDFs mentioned above are math-
ematically defined as:

VOLUME 11, 2023

Weibull PDF for the wind velocity (v) estimating:

A, () = (S) (z)(b_l) ol )] 1)

a

Lognormal PDF for the solar irradiance (G) predicting:

|:7(lnszc)2 :|
R —1 2d (2)
G x d2m

Active and reactive load demand (/) is modeled as;

— = X e_(%) 3)

A shows probability; a, b, ¢, d u, and o are the standard
parameters of Weibull, lognormal and normal PDF are given
in Table 9 in an appendix. Wind power is the function of wind
velocity (v) and is calculated as [34]:

Ag (G) =

Ap () =

0, forv < vy and v > vy
V=
Pgw ) =1 Pur ( =z ) for vy <v <v, “4)

Py for v < v < vou

r — Vin

whereas the parameters v;,, v, and v, are the cut-in, rated,
and cut-out wind speeds. Solar power (pgs) is the function of
solar irradiance and is calculated as [34]:

2

or0 <G <R
P L8 G LR

G
Py, (—)for G >R,
GsTd

&)

where G4 and R, are the solar irradiances and certain irra-
diance at 1000 W/m? and 120 W/m?, respectively, figure
1 shows the generation of normal, Weibull, and lognor-
mal PDFs considering 1000 Monte Carlo simulation (MCS)
states. Parameters for the generation of probabilistic scenar-
ios of load, wind, and solar PV. generation are reported in
Appendix Table 9.

For a given scenario, the computation of the objective func-
tions of a candidate planning will pose a heavy computational
burden in the optimization process. Therefore, a clustering
approach, which can reduce the computational burden by
eliminating identical scenarios, is employed to find the rep-
resentative scenarios. This paper applies a fuzzy C-means
clustering method to find the 20 representative scenarios.
In this method, all 1000 MCS load, wind, and solar PV.
power scenarios are initially normalized between O and 1.
Then, it is possible to further divide each normalized variable
into a specified number of clusters. Through this, it is pos-
sible to generate the total number of possible representative
clusters/scenarios Ny and their associated probability pgc.
For detail, see fcm built-in MATLAB function for computing
representative scenarios and their probability.
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FIGURE 1. PDF functions of wind, solar, and load demand considering 1000 samples of MCS.
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FIGURE 2. Reactive power Capability curve a) DFIG-based wind and b)
VSI-based solar PV. [41].

B. MODELING OF REACTIVE POWER CAPABILITY LIMIT
FOR WIND AND SOLAR PV SYSTEMS

In the literature, wind and solar usually inject active power
into the system. Whereas, the reactive power from these
sources can be injected into the system, which helps to
strengthen the voltage profile, and RPR and minimize energy
loss. The lack of attention at the planning stage to the reactive
power injection/absorption by Wind and solar PV. generation
units could contribute to a possible rise in investment costs.
Therefore, this paper integrates renewable energy source
technologies, including DFIG-based WT and VSI-based solar
PV. with the system. The reactive power capability constraints
of these probabilistic sources shown in Fig. 2 are discussed
below.

1) DFIG-BASED WT
Maximum reactive power absorption/injection of DFIG-based
WT depends on the slip (s) and probabilistic active power
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generation (pgw ,sc), Whereas active power is the function
of wind speed (v). From Figure 2 (a), it is clearly showing
that the maximum reactive power absorption or injection

QV:absorb oW et qenends on the stator/ rotor current limit

i,sc i,s¢c ..
. . 1
157/ 1594 respectively. Mathematically, Q%72 /Q!" "¢

can be computed as [41]

2
g = —/ (Wil = (222) @)

I — s

Qrimiect _ VisellZ ™ sinyise— |Vise (X3 + X
i,sc |Zis +Zim| |Zl§ +Zim|2
@)

where V;  is the system voltage at bus i over a scenario (sc)
and s; g is the slip of a DFIG-based wind unit at a scenario
(sc). Z" = R + jX" and Z® = R} + jX; are the equivalent
main and stator impedances respectively of W.T. Power factor
angle y; 4 is given as

Ly PRAZ + 2P+ Visel (RS + R

(1= sist) Vit 121125 + Z}m e

®)

Yi,sc = COS

2) VSI-BASED SOLAR PV

Figure 2 (b) clearly shows that the maximum absorption/
injection (reactive power capability limit) of VSI-based solar
PV. depends on the inverter current limit /7" [5]. Maximum
and minimum reactive capability limits of VSI-based solar
PV. can be computed as

v, max

o Pt _ Vil — (pgs e (G? - (9)

Parameters for the computation reactive power limit, for both
wind and solar PV. generation, are given in Table 12 of the
Appendix.
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C. OBJECTIVE FUNCTIONS AND CONSTRAINTS

1) CLASSICAL FORMULATION

In the literature, expected Pposs (EPLoss), expected V.D.
(EVD), and expected Lingex (ELindex) [5] objective functions
are used for deterministic and probabilistic ORPD problems.
These objective functions can be calculated as:

Nsc
EP Loss — Z
sc=1

nl
X pse (Zkzl GrpVE + VP — 2v,-v,~cos<8,-,-)])

(10)
Nsc NL
EVD=2) b (ZLZI Vi~ 1|) (11)
Nsc
ELingex = Zse:l Pse X Lindex, sc (12)

whereas k is the branch connecting i and j sending and
receiving end buses, Nsc is the total number of representative
scenarios, Gis branch conductance, § voltage angle, N, is
the load buses. ELjyg. indicator [5] has developed on L;
local indicator. Let N.G.and N.L. be the number of generator
and load buses, respectively, then local indicator L; can be
calculated as;

GN %4 .
Li=|1 —Zizl F,-ivj ,wherej=1,2,...,NL (13)
Lingex = min (max (Lj)) (14)
where , Fj; = —[Y] 121" [Y1c] and Sub-matrices Y77 and Y; g

are calculated from the Ypys matrix after separating PV. and
P.Q. buses.
This paper considers two classical formulations, the opti-
mization of technical objective functions,. These are,
o Classical formulation, C1: simultaneous minimization
of EPj,ss and EVD
o Classical formulation, C2: simultaneous minimization
of EPLoss and ELingex

C1 and C2 are both available in the literature.

2) PROPOSED FORMULATION

The system voltage level affects active and reactive power
losses in a power system. Therefore, operational cost is the
total cost incurred by the system to maintain the given ther-
mal generator capacity, Liyq.x, and voltage level. Renewable
energy generation, however, is seasonal and varies depending
on the circumstance. Therefore, this paper aims to find the
solution to the PMO-ORPD problem so that the expected
RPR (ERPR) is maximized along with the minimization of
the expected energy cost. Technically, it can be said that
the system’s reactive power and voltage profile depend on
each other. Therefore, in the proposed formulation, ERPR is
maximized. Here, the authors proposed various formulations
of simultaneously 2 and 3 objective functions. For each pro-
posed formulation operating cost of reactive power includes
the cost of reactive power, the cost of active power loss, the
cost of shunt capacitors, and the cost of reactive injection
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from line charging. Mathematically expected total operating
cost (ETCy) is computed as:

N N
ETC, =" " pex D o (Crosc+Co +Cr) (15)

where, Ng, Nc and N¢y, are the total number of generators,
shunt condensers, and transmission line that injects reactive
power from line charging, respectively, Pgy, is the total
amount of active power loss allocated to the ith generator for
the whole system and Pg; is the amount of power supplied by
ith generator. From (15), Cp; and Cyp, are the total active and
reactive power costs and C, is system active power loss cost
in $/h. These can be defined as:

Cpg = aiPg, + biPg, + ¢; (16)
Ng Nc Nen
CQ’ = ZG:l CQG’S ¢ + Zc:l CQC'S ¢ + Zch:l CQCh”S ¢
a7
Ng
Cos = ZG:I aQQ%;i + bp0g; + Co (18)
Coc = $0.1324 - Qcap/MVAr — hr (19)
Cocy, = Ceh - Qcn (20)
Npr
Qch = . QC,',]‘ (21)

ij=1
where ag, by, cg are the cost coefficients determined from
the active power cost coefficients a;, b;, ¢; [42] and Cg,. is the
cost of synchronous condenser, Qcyp is the decision variable
between 0 to 5 MVAr, ¢, is the reactive power per unit cost
supplied by transmission line charging. Qc, ; is computed
after the load flow by knowing the voltage at from V; and to
Vj bus,Y¢; is the line charging admittance of pi transmission
line,Np, are the total number of lines.
The expected cost of total reactive power can be calculated
as

Nsc
ETCp, = ZSC:I pse X Co, (23)

In this paper, the cost of active power loss Cy, is computed
by using Pro Rata Allocation (PRA) [43]method.

NG
L= ((aP +biP +c)Ks) @4

where K is the Loss allocation factor (LAF) for the generator
at bus i. For the computation of LAF, PRA method propor-
tionally allocates 50% of losses to the generators, that is,

1P Tloss

Kc ==
¢ 2 Pg

(25)

where, Pg is the total amount of active power generation
and Pry.s 1s the total active power loss. It should be noted
that generation loss allocation factors K¢ are identical for all
buses. Additionally, it should be noted that losses allocated to
generators are always positive. The expected reactive power

62805



IEEE Access

A. Ali et al.: Bi-Level Techno-Economic ORPD Considering Wind and Solar Power Integration

reserve (ERPR) at the scenario (sc) is expressed as follows

Nie N,
ERPR=73_ " (psc >y Q6 5™ ~ Q. sc))

(26)

The following PMO-ORPD objective function formulation
has been proposed considering the techno-economic objec-
tive functions.

o Formulation 1— minimization of ETCg, vs maximizes
the ERPR

o Formulation 2— minimize the ETC; vs maximizes the
ERPR

o Formulation 3— minimization of ETCyp, vs maximizes
the ERPR along with maximizing Q.

 Formulation 4 — minimization of ETCp, vs maximizes
the ERPR along with maximizing Q. Vs ELjngex

Coefficients for calculating the cost of active and reactive
power are given in Table 11 of the Appendix.

3) DECISION VARIABLES AND CONSTRAINTS
Multi-objective functions are given as:

minF @) = [/i @), @), ... fu @]
st¢ (X) =0,9(x) <0 27)

Vector F (X) is the objective function, ¢ (X) are the equality
constraints and ¥ (X) are inequality constraints. The decision
variable X is defined as;

T
- VeN G, Oc1, Ocen ¢ Tt Tev 7]

Ve Oc Ty

—
X =|[Vg1,--

(28)

where N.G., NC, and N.T. are the network’s total numbers of
generators, synchronous condensers, and transformers. In the
proposed formulation, active and reactive power balance con-
straints are computed as

NB
PG, —Pp, =YV, zj:l V; [Gij cos (5,']') — Bjj sin (811)]
(29)
NB _
Qc; = Op, = Vi > _ Vi [Gi sin (8) — Bj cos (8)]
(30)

whereas Gj; and B;; are the conductance and susceptance
of transmission lines, Pp; and Qp; are the real and reactive
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power demand. On the other hand, inequality constraints are.

vpin <y < ymax (31)
VEt < Ve < Vg (32)
PE" < PG < PE™ (33)
0¢" < Q6 < Q™ (34)
ijin <T; <T"™VjeNT (35)
oI < Qe < O (36)

S < Spmax 37)

V., is the Voltage at the load bus, Vi voltage PV. bus, Pgand
Qg are the active and reactive power of generators, 7; is the
transformer tapings, Q. is the MVAr capacity of SVC and
S; is the MVA branch flow limit. This paper considers the
base configurations of the IEEE 30-bus systems to perform
deterministic ORPD and compare the results with previously
published studies. All thermal generators are included in
the base designs. For stochastic ORPD, a DFID-based wind
generator and a VSI-based solar PV. are integrated into the
IEEE 30-bus system. Specifically, a wind power generat-
ing source replaces the thermal generator at bus 5, while
a photovoltaic power plant replaces the thermal generator
at bus 8. The modified system’s diagram is illustrated in
Figure 3.

Ill. CONSTRAINED TWO-PHASE (ToP) ALGORITHM

The paper focuses on optimizing multiple objectives includ-
ing the cost of reactive power injection, RPR, VD, P,
and Ljyg.¢, which makes the problem more complex due to
the addition of constraints. This complexity makes it diffi-
cult for a multi-objective evolutionary algorithm (MOEA)
to identify promising feasible solutions for the PMOORPD
problem efficiently. Since a constrained MOEA must balance
all the objective functions within the feasible region, the
convergence speed of the population is unavoidably slow.
To address this issue, the proposed algorithm first aims to
identify high-quality feasible solutions as

1 m
minF (x) = — > fi () (38)

where m is the number of objective functions. The primary

aim of the first phase is to offer high-quality feasible solutions

for the subsequent phase. Additionally, the search engines

for producing offspring utilize two well-known trail vector

strategies of differential evolution (D.E.). These strategies are
D.E./current-to-rand/l

U =X+ F % (Xp1 — X)) + F % (X2 — X3) (39)
D.E./rand-to-best/l/bin
Vi = X1 + F % (Xpest — Xr1) + F % (X2 — X3) (40)

- [T}',‘szrandj<CRorj=jmnd1,...,D @)

Uij =1 5 .
X; j otherwise
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FIGURE 3. Proposed IEEE 30-bus system with a wind generator and a photovoltaic unit.

where, subscript i € [1, Np] and j € [1, D]; D is the decision
vector; v; = (i1, Vx.2, ...,v,;D)T is the i mutant vector;
wj = (i1, Ui, ..., u;p)! is the i trial vector; r1, 5 and r3
are random integers between [1, Np], Xpes is the best individ-
ual in the current population, rand; arbitrary number [0, 1],
Jrand 18 a random number [1, D], F and CR are the scaling
and crossover control parameters, and these are randomly
selected from the Fpoo1 = [0.6; 0.8; 1.0] and CRpo1 = [0.1;
0.2; 1.0].

The feasibility rule constraint technique is utilized to
determine the superior solution between the X; and i; for
the next generation. It is imperative to terminate the first
phase once high-quality solutions have been achieved, even
if the entire population has not converged to a single
point. To accomplish this, the following two conditions are
established:

Condition 1: The feasibility proportion (Pf) should be
greater than 1/3, ensuring the feasible region has been
reached.

Condition 2: The normalized weighted sum of single
objective functions f (%) is calculated and added together.

7oy fi (55) — fmin (})
ﬁ (X) B fmax ()_5) _fmin ()_5)
Fo=>_ i@ (43)

(42)
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Next, the values off (X) are sorted, and the largest difference
(6) is computed for the top 33% of feasible solutions. If § is
less than 0.2, the second condition is met, indicating that some
high-quality solutions have been obtained and are converging
to smaller regions. The primary objective of the first phase is
to generate high-quality solutions for the subsequent phase.
However, the solutions obtained may not be well-distributed
or effectively converged. Thus, in the second phase, a popular
MOEA, namely the non-dominated sorting genetic algorithm
(NSGAID) along with the domination rule of (SPEA2) [44],
is employed to obtain a well-distributed and global Pareto
front. Each population in this dominance rule assigns a fitness
value based on the quantity of dominated solutions. Less
fitness will be associated with a solution if it dominates a large
number of other solutions, and vice versa. After that, fitness
values are taken into account when utilizing a tournament
selection operator to choose the mating pools (parents) of
each population.

Then, a simulated binary crossover operator is applied
between randomly selected parents from the mating pool to
create child populations for better exploitation. On the other
hand, the polynomial mutation operator is applied to increase
the exploitation of the capability of the proposed algorithm.
The combined population and offspring’s updated fitness
values (i.e., fitness) are then computed. Finally crowding
distance operator is applied to select the final survival of the
fittest population for the next generation. The procedure as
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Load IEEE 30-bus system. paramcters of MOEA, Np. gen max
Generate scenarios (s¢) and set sc=1, sc_max=20

v

) Randomly generate the initial population x; of Np size and
i Evaluate objective functions (/;. £, ...fu) and (CV)

v

d=1.G=1.p/=1, run=run+l

a==0:2
PR=1/3
G<=0.9%gen max

A 4

F=Sum(f;, £, ...fw)/m; % weighted sum approach

v

Phase 1

r=rand; Ysgenerate the random number between 0 and |

Yes w No

A 4

input of NSGA-II
X;—; ; Feasible solutions at the end of phase |

v

P (O create off-spring population using Genetic operators
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Gth £, Fo, ... Fv Apply domination rule of SPEALL create
< Fronts
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=~ v

X1 apply crowding distance to the fronts for the sclection
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No
« en>=pen_max

Save final individuals

Generate trial vector (1)) using (39)

Generate trail vector () using (40) and (41)

v v
v

| Apply FR between U; and x; for the next population xq+1

L 2

Update: pf=size(find(C'F==0})/Np;
J % by using (43)
Cr= Gl

Apply fuzzy membership function for the BCS

sc=sct+1

FIGURE 4. Flow chart of proposed algorithm.

mentioned above is continued until terminating criteria are
satisfied. The steps of the second phase are given in the flow
chart shown in Figure 4.

IV. SIMULATION RESULTS AND DISCUSSION
To implement the proposed formulation, the IEEE 30-bus
network is considered to find the optimal solution to the
PMO-ORPD problem by injecting wind and solar power.
The proposed network has six units, nine shunt synchronous
condensers, and four transformers. Bus, branch, and gen-
erator data are taken from [45], and the parameters for
calculating cost functions are shown in Table 10 and 11 of
Appendix A.

In the following subsequent subsections, simulation results
and their detailed analysis and comparison are considered
to investigate the effectiveness and performance of the pro-
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posed algorithm to solve deterministic and probabilistic
MO-ORPD problems along with the integration of wind
and solar generation. A deterministic MOORPD problem
(without wind and solar) is considered to compare the pro-
posed algorithm with the recently implemented methods.
In the deterministic case, three recent constrained MOEA
such as constrained co-evolutionary multi-objective opti-
mization (CCMO) [46], ToP [47], and constrained two
evolutionary archives algorithm (CTAEA) [48] and one for-
mer NSGAII [49] methods are implemented and select the
best MOEA for the solution of PMO-ORPD problem.

A. DETERMINISTIC MO-ORPD

The control variables for the system include the voltage level
of all generators, transformer tap ratio, and shunt VAR injec-
tions. These variables are continuous (generator’s power and
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voltages) and discrete (tap ratio of transformer and shunt VAR
injection). For the fair composition between the implemented
algorithms and recent methods available in the literature, all
the control variables are considered continuous as well as
mixed-integer in the base case. Each case is run 25 times
independently, 25 Pareto fronts are obtained and the best P.F.
is selected by using statistical data of hyper-volume (H.V.)
performance indicator. To make a fair comparison of the dif-
ferent cases, the values of objective functions vary, so they are
first normalized to ensure a uniform range between 0 and 1.
A reference point of (1, 1,...,1 )M is then used to compute the
hyper-volume indicator (HVI). When comparing the P.F.s of
different algorithm runs, the P.F. with the highest HVI value
attained by the algorithm is considered the most optimal. For
those interested in H.V. consider the reference [50].

The fuzzy decision-making (FDM) theory is used to
choose the P.F.s of compromise solution [51]. The fuzzy set
theory’s membership function is explained as;

1 forfk < fmin

r fmax _ fk . "
= 1 G Jort" < fn < f @4
m m

0 forfl > fre

where, f,’; is the objective function, m is the index of objective
functions, k is the nondominated solution, ¥, is membership
function. Normalized membership (1% function is computed
by
k_ S iy
W= SR )
k=1“m=1Mm

Out of all non-dominated solutions (N;), a larger value of uk
is the best compromise solution. Table 2 shows the statistical-
value of H.V. of all the implemented algorithms and the BCS
using FDM theory.

From Table 2, simulation results of H.V. and BCS in both
cases, ToP gives the best results compared to all the other
algorithms. Table 2 reveals that the lowest loss obtained in
Case 1 is 4.4129 MW, whereas the V.D. is 0.0894 p.u subject
to satisfying all the constraints obtained by ToP.

Additionally, all decision variables are feasible. The
decision-maker must carefully choose the best options
because certain reactive power levels are close to the max-
imum value. The load bus voltage is also within a narrow
range of acceptable limitations. Due to the system voltage
level being forced to be close to unity, the second objective
function will not result in under or over-voltage problems.

However, this could also impact generators or VAR com-
pensating equipment to the point that they exceed their
reactive capacity restrictions. Furthermore, the supply and
compensation of reactive power in the power system depend
on several other factors, such as the constant transmission line
parameters, load bus voltage type, and location of the load.
However, in this work, ToP, with the CDP constraint handling
technique, finds the solution within a feasible search space
where the reactive power supply must lie within a desirable
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FIGURE 5. Best P.F. of all the algorithms and their B.C.

limit. Figure 5 shows the final non-dominated solutions of the
best P.F. of all the algorithms for both of the cases.

From Figure 5, it cannot be observed which MOEA gives
the best P.F. in terms of both exploration and exploitation.
Therefore, researchers used statistical tools such as H.V.,
min-max, the mean, and standard deviation to find the best
MOEA. Further, the decision vector and objective functions
of the best compromise solution are shown in Table 3. It can
be observed from Table 3 that the decision variables are
within the limit. The proposed algorithm efficiently finds
the feasible non-dominated solutions of both problems, i.e.,
continuous and mixed integers. Likewise, Table 4 compares
the proposed method with the recent methods available in the
literature. From the comparative Table 4, ToP outperforms as
compared to most of the algorithms in both of the objective
functions.

The analysis and comparative study show that the ToP
algorithm can find the most compromise solution compared
to other recent optimization algorithms. Also, showing the
values of H.V. and FDM results that the ToP outperforms
as compared to all the other algorithms. It can be said that
complex PMO-ORPD problems will be efficiently solved
with the help of Top algorithms. In the next subsection, newly
formulated problems of PMO-ORPD are solved with the help
of the ToP algorithm.

B. PROBABILISTIC MO-ORPD (PMO-ORPD)

In this section, simulation studies are carried out to illustrate
the proposed methodology for PMO-ORPD with integrating
reactive capability of DFIG-based Wind and VSI-based solar
PV. generation and system uncertainties.

In the PMO-ORPD problem, the proposed network is mod-
ified by replacing thermal generators at buses 5 & 8 with
DFIG-based wind turbines (25 turbines of each 3MW) and
VSI-based solar PV. (50 M.W. capacity) renewable genera-
tors. Furthermore, two classical formulations of simultaneous
and four new formulations are designed considering the
techno-economic of two and three objective functions. These
are:
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TABLE 2. The statistical value of H.V. of all the implemented algorithms and the BCS using FDM theory.

Continuous value of decision variable FDM for the BCS

Method Max Min Mean SD index fl 2 mu min f1 min 2
NSGAIL 0.9158 0.5980 0.6234 0.0824 28 4.5286 0.2973 0.0295 44161 0.0911
CTAEA 0.7814 0.3018 0.7349 0.1201 39 4.7796 0.1213 0.0280 4.5266 0.0931
CCMO 0.8981 0.8907 0.8956 0.0025 28 4.5359 0.2868 0.0292 44141 0.0904
ToP 0.9212 0.5492 0.8163 0.1650 38 4.5320 0.2891 0.0302 4.4129 0.0894
Mixed-integer values of the decision variable FDM for the BCS

NSGAI 0.8812 0.8737 0.8771 0.0052 25 4.4995 0.3166 0.0297 44136 0.0969
CTAEA 0.7448 0.1122 0.5574 0.2504 27 4.7422 0.1432 0.0268 4.4982 0.0925
CCMO 0.8805 0.8758 0.8752 0.0031 24 4.5119 0.3065 0.0293 44131 0.0909
ToP 0.8871 0.8615 0.8806 0.0022 31 4.4991 0.3233 0.0299 44154 0.0932

TABLE 3. Simulation results of the base case of continuous and mixed integer type problems.

Parameters Min Max NSGAII CTAEA ToP CCMO NSGAII CTAEA ToP CCMO
Vi(pu.) 0.95 1.1 1.0675 1.0356 1.0620 1.0689 1.0676 1.0364 1.0661 1.0682
V, (p.u) 0.95 1.1 1.0592 1.0260 1.0534 1.0589 1.0595 1.0276 1.0593 1.0589
Vs (p-u.) 0.95 1.1 1.0340 1.0052 1.0319 1.0355 1.0357 1.0033 1.0366 1.0353
Vs (p-u.) 0.95 1.1 1.0408 1.0051 1.0375 1.0370 1.0407 1.0087 1.0432 1.0403
Vi (p-u.) 0.95 1.1 1.0464 1.0355 1.0463 1.0325 1.0401 1.0364 1.0385 1.0355
Viz (p.u.) 0.95 1.1 1.0057 1.0141 1.0236 1.0117 1.0256 1.0231 1.0250 1.0155
T (pu.) 0.9 1.1 4.9943 4.6114 0.8987 4.9980 5.00 2.80 4.60 5.00
Tz (p-u) 0.9 1.1 2.6315 0.6334 3.6910 1.6833 0.20 2.00 2.80 2.20
Tis (p-u) 0.9 1.1 4.7755 4.9979 4.8689 4.5745 4.00 4.80 4.00 5.00
Tz (p-u.) 0.9 1.1 4.9973 2.0961 4.2295 49137 5.00 4.80 5.00 5.00
QCyp (MVAr) 0 5 4.9947 4.9999 4.9029 4.9981 4.00 4.80 4.40 4.00
QCj; (MVAr) 0 5 4.8583 4.9792 4.9008 4.9953 5.00 4.80 5.00 5.00
QCs (MVAr) 0 5 49761 5.0000 2.9527 4.6771 3.60 5.00 2.60 3.60
QCy7 (MVAr) 0 5 5.0000 4.9998 4.8881 4.9996 5.00 5.00 5.00 4.80
QCy (MVAr) 0 5 2.4162 2.3252 2.6784 2.4437 2.60 1.60 2.20 2.60
QC, (MVAr) 0 5 1.0972 1.0514 1.0967 1.0984 1.10 1.06 1.10 1.10
QCy3 (MVA) 0 5 0.9775 09174 0.9428 0.9449 0.96 0.92 0.96 0.94
QCy4 (MVAr) 0 5 1.0204 0.9970 1.0260 1.0224 1.02 1.02 1.02 1.02
QCy (MVAr) 0 5 0.9997 0.9667 1.0001 1.0001 1.00 0.96 1.00 1.00
Ploss (M.W.) 4.5286 4.7796 4.5320 4.5359 4.4995 4.7422 4.4991 4.5119
VD (p.u.) 0.2973 0.1213 0.2891 0.2868 0.3166 0.1432 0.3233 0.3065
QG; (MVAr) -20 150 87.9286 88.1796 87.9320 87.9359 87.8995 88.1422 87.8991 87.9119
QG; (MVAr) -20 60 -0.6298 2.0338 -1.3786 3.8813 -1.4178 -1.2495 -4.8563 1.7724
QGs (MVAr) -15 62.5 17.6294 14.8604 12.3037 15.9142 17.0869 14.8130 17.4422 15.3961
QGs (MVAr) -15 48.7 23.6066 30.2139 26.6132 26.9598 25.1762 25.6823 25.5755 25.7533
QG,; (MVAr) -10 40 29.2848 29.5963 31.1345 27.1749 28.5413 29.8726 32.1251 31.3346
QG;; (MVAr) -15 44.7 23.5357 17.8391 23.3219 18.1268 20.5575 18.7110 19.7293 18.6081

TABLE 4. Comparison of simulation results of BCS of the proposed
method with the recent literature.

o Formulation 1— minimization of ETCyp, vs maximizes

the ERPR
Algorithm P LW) 7D o) o Formulation 2— minimize the ETC,; vs maximizes the
ToP (continuous) 45320 0.2891 ERPR
ToP (mixed integer) 4.4991 0.3233 « Formulation 3— minimization of ETCp, vs. maximizes
MEAASS [52] 6.8893 0.3982 . L
MODE [38] 4.8300 0.1204 the ERPR along w1t.h maximizing Och .
OSAMGSA [36] 5.0713 0.1126 o Formulation 4 —minimization of ETCp, vs. maximizes
PSO [53] 5.3751 0.3651 the ERPR along with maximizing O, vs. EL;
NSGA-II [39] 6.7052 1.7366 g g Qe index
QOTLBO [11] 5.2594 0.1210 . . g
CPVEIHBMO [27] 13783 0.6735 Moreover, 1000 scenarios with the help of MQS are gener
MOALO [28] 49818 0.3742 ated. Afterward, the fuzzy C-means (fcm) technique chooses
MOICA [29] 5.133 0.2811 the 20 representative scenarios, limiting the problem’s com-
QOTLBO [11] 6.4962 0.0856

plexity. Although the size of the representative set is very
small as compared to the size of the probabilistic search
space, it statistically guarantees a probability of 99.99%

o Classical formulation, C1: simultaneous minimization that at least one of the top 1% solutions will be in the

of EPj,s and EVD

980 sample solutions. Furthermore, each scenario gives

o Classical formulation, C2: simultaneous minimization 40 non-dominated solutions, and from that, BCS is consid-
of EPpyss and ELygex

62810

ered by applying FDM theory. Proposed scenarios are shown
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TABLE 5. Proposed representative scenarios and their probabilities.

N, %1 v (m/s) Pogw (MW.) G (Win?) Pgs (MW.) Dse

SCI 0.892 7.186 24.153 168.838 8.442 0.133
sc2 0.893 4912 11.030 518.068 25.903 0.020
SC3 0.903 7971 28.677 0.000 0.000 0.484
SC4 0.908 5.061 11.893 1065.229 50.000 0.002
SCs 0917 6.979 22.953 67.840 1918 0.027
SC6 0.930 6.997 23.059 286.598 14.330 0.101
sc7 0.941 0.977 0.000 229.156 11.458 0.036
SC8 0.942 15.383 71.438 170.195 8510 0.012
SC9 0.953 7533 26.153 456.753 22.838 0.017
SC10 0.953 7.265 24.606 604.063 30.203 0.016
SCl1 0.955 5379 13.725 414750 20737 0.031
sc12 0.957 9.528 37.660 1117.755 50.000 0.001
SC13 0.959 8.039 29.069 353.788 17.689 0.040
SC14 0.960 8.021 28.965 669.115 33.456 0.012
SCl15 0.966 3258 1.488 963.829 48.191 0.042
SC16 0.968 8.447 31.424 755.848 37.792 0.004
sc17 0.970 1.726 0.000 1202215 50.000 0.006
sc18 0.980 9.503 37518 884.036 44202 0.001
SC19 0.983 15.619 72.799 431.538 21577 0.004
SC20 1.047 16.199 75.000 253.267 12.663 0.011

in Table 5; column six provides the probability of scenario,
probability of scenario 3 is about 50% which shows the
appearance of solar irradiance of half of a day. Table 5 clearly
shows that in the same scenario, the maximum value of wind
and solar PV. does not appear, and it is rarely in a realistic
system.

Table 6 presents the simulation results of BCS solutions
of all the objective functions. In Table 6 all the objective
functions are minimized. However, maximization of RPR is
done by minimization of -RPR. Table 6 shows that the max-
imum value of all the objective functions appears in sc7 and
sc20, whereas a minimum value appears in scl, sc4, and sc8.
Therefore, extreme scenarios are 1,4, 7, 8, and 20. Probability
of each scenario pg. from the last column of Table 5 and BCS
of individual objective functions in Table 6 can be used to
compute the expected values of objective functions as shown
in Table 7.

In Table 7, bold values are the best values in the associ-
ated formulation. Comparing the simulation of four proposed
formulations with the two classical formulations, we arrive at
the following findings:

o The cost of active power generation is 743 $/h in both
classical and proposed formulations is same. The cost
of reactive power generation is optimal in the proposed
formulation at 140 $/h compared to a classical formula-
tion of 222.60 $/h in C1 and 226.04 $/h in C2. The cost
of reactive power is minimal in a proposed formulation
of 192 $/h compared to a classical formulation of 276
$/h. The overall cost of active and reactive power energy
is minimum in the proposed formulation F4 which is
935.89 $/h, on the other hand, the energy cost in a
classical formulation is about 1017.01 $/h. The cost of
overall energy is minimal in the proposed formulation
compared to the classical formulation because the cost
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of energy-producing devices is considered one of the
objective functions in all four proposed formulations.

o The expected RPR is maximum in F4 proposed formu-
lation, 283.23 MVAr, and minimum in C2, 264.6 MVAr.

o Expected power loss (EPrys) is minimum in C2,
5.223 MW, marginally less than the proposed formula-
tion F4, 5.364 MW.

o The expected voltage deviation (V.D.) minimum in the
C1 formulation is 0.296; after that minimum V.D. seen
in formulation, F4 is 0.432. This paper’s minimum load
bus voltage is 0.95 p.u, whereas the maximum load bus
voltage is 1.05 p.u. From these extreme voltage limits,
aggregate V.D. is 1.2 p.u (24%0.05=1.2, where 24 are
load buses). In all the formulations, V.D. is less than
1.2 p.u.

Lingey is minimum in C2 and F4 formulations which
is 0.126 p.u. Line charging injection is maximum in
C1 (18.044 MVAr), marginally better than F4, which is
17.948 MVAr.

o The average bus voltage is best in the F4 formulation,
whereas the standard deviation (S.D.) is seen well in the
C1 classical formulation.

The above remarks clearly show that if the system operator
is interested in maximizing the ERPR and minimizing the
expected cost of reactive power, the proposed formulation F4
gives better results than other formulations. Moreover, with
the maximization of RPR, system dynamic voltage stability
is also maximized because the generator’s reactive power is
the best source to control the voltage stability. For simplicity
and better visibility, Pareto fronts (P.F.) of worst and best sce-
narios of formulation C1 and C2, scl, sc4, and sc20 (extreme
scenarios), are shown in Figure 6.

The red circle is the best compromise solution (BCS), com-
puted using the fuzzy decision method. Figure 6 shows that
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TABLE 6. Simulation results of BCS of all the formulation.

Cl1 C2 F1 F2 F3 F4
Nee Pross VD Pros Lindex TC,, RPR TC, RPR TC,, RPR TCy, RPR Lindex
+ Qch + Qch
SC1 4.870 0.295 | 4.799 0.122 178.33  -288.58 | 904.12 -287.14 | 18255 -303.17 | 179.50  -306.52  0.122
SC2 4.933 0316 | 4.861 0.122 179.36  -288.01 | 901.89 -288.08 | 182.86 -303.97 | 181.44  -30401  0.123
SC3 5.255 0.291 | 5.180 0.125 188.56  -28431 | 92323 -284.66 | 184.64 -304.05 | 18588  -303.93  0.124
Sc4 4.137 0.332 | 4.108 0.124 176.83  -288.68 | 893.53 -287.44 | 177.44 -304.62 | 180.27 -304.37  0.126
SC5 5.837 0.289 | 5.748 0.127 19593  -281.79 | 952.14  -279.21 | 202.02 -296.09 | 207.27  -296.54  0.126
SC6 5316 0292 | 5.240 0.127 19548  -282.05 | 946.23 -281.81 | 199.70 -298.34 | 198.48  -298.05  0.128
sc7 7.759 0.286 | 7.679 0.129 22343 27234 | 101552 -270.82 | 231.80 -285.95 | 224.00 -290.43  0.130
et 3.184 0.193 | 3.040 0.129 177.01  -288.36 | 909.69 -285.66 | 176.79 -306.69 | 177.65 -304.98  0.130
SC9 5.025 0301 | 4.953 0.131 201.64 27852 | 95831 -279.99 | 206.44 -29425 | 20231  -29577  0.132
SC10 4.755 0.330 | 4.683 0.131 198.28  -280.53 | 951.12 -280.76 | 197.26 -298.94 | 19835  -296.88  0.132
SCl11 6.155 0.336 | 6.097 0.131 21595 27454 | 986.06 -275.70 | 21658 -292.04 | 214.54  -291.57  0.132
SC12 3.218 0324 | 3.181 0.131 185.86  -284.57 | 920.05 -28549 | 18294 -303.46 | 18895 -299.82  0.133
SC13 5.200 0313 | 5.125 0.132 20629  -276.00 | 974.18 27592 | 203.67 -296.83 | 20421  -296.89  0.132
SC14 4.423 0.305 | 4.340 0.132 196.10  -281.09 | 95451 -279.94 | 196.64 -29727 | 197.42  -299.03  0.133
SC15 6.033 0323 | 5.990 0.133 217.40  -272.67 | 989.54 27294 | 21380 -292.70 | 219.66  -290.49  0.134
SCl16 4.187 0342 | 4.185 0.133 197.55  -280.69 | 955.64 -27836 | 197.44 -296.96 | 196.54  -296.83  0.134
SC17 6.181 0.308 | 6.120 0.134 22447 26996 | 991.06 -273.45 | 217.86 -291.61 | 22420  -289.65  0.134
SC18 3.769 0.283 | 3.704 0.135 197.63  -280.69 | 955.15 -279.20 | 19637 -29891 | 195.61  -298.86  0.135
SC19 2.957 0.331 | 2.901 0.135 190.12  -283.16 | 94454 -28257 | 191.11 -298.05 | 18855 -301.65  0.136
SC20 4.296 0.276 | 4.159 0.145 22933 -267.31 | 1027.01  -270.34 | 224.52  -287.50 | 227.21  -288.77  0.145

TABLE 7. Expected values of objective functions and parameters for the formulations.

Performance Cl C2 F1 F2 F3 F4
ECp,, ($/h) 743.25 743.05 743.73 743.75 743.59 743.44
ECy, ($/h) 222.60 226.04 14121 141.00 140.08 139.89
EC,, ($/h) 7.424 7.320 7.666 7.676 7.594 7518
ECq,, ($/h) 4.402 3.796 5.958 5.958 5.958 5.942
Cep ($/h) 39.328 39.362 38.130 38.059 38.696 39.117
ETCy, ($/h) 273.76 276.52 192.96 192.70 192.32 192.47
ETC, ($/h) 1017.01 1019.57 936.69 936.44 935.91 935.89
ERPR (MVATr) -264.94 -264.60 -282.66 -282.56 -282.98 -283.23
EP,oss (M.W.) 5.297 5223 5.470 5.476 5418 5.364
EVD (p.u) 0.296 0911 0.898 0.890 0.923 0.432
ELingex (p1) 0.134 0.126 0.127 0.127 0.127 0.126
EQ., (MVAr) 18.044 18.060 17.495 17.462 17.755 17.948
Average bus voltage 1.0096 1.0383 1.0374 1.0366 1.0369 1.0384
SD of bus voltage 0.0023 0.0021 0.0058 0.0052 0.0049 0.0035

the proposed method finds the widely spread and converged
P.F. Also, the PF. of extreme scenarios for the formulations
F1, F2, and F3 are shown in Figure 6. Due to high RPR,
the proposed formulation ensures better power system sta-
bility and supports the voltage profile of the system at the
time of contingency. Figure 6 clearly shows that the quality
of obtained solutions most widely depends upon the load
demand. With the increase in load demand, finding the uni-
form optimal solution that makes a trade-off between RPR
and cost is very difficult. Therefore, the P.F.s of sc20 (at the
load of 104%) in Figure 6 is discontinuous. Extreme scenarios
of the final non-dominated solution of formulation F4 are
shown in Figure 6. Formulation F4 gives a better voltage
profile and Ljyger than all other formulations. Maximum
expected RPR capacity is also obtained in this formulation
F4. It is clear from the previously described figures that
the suggested method may obtain a widely dispersed and
complete P.F. for the decision-maker to select a single ideal
option. Additionally, Figure 7 shows that all of the decision
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vectors are feasible. In Figure 7, each box plot shows the val-
ues of generator voltage, SVC, and transformer tap settings
for all 20 scenarios.

Figure 8 shows the voltage profile and Lj,g.c0f all the
formulations sc20 (maximum load demand). All the variables
are within the desirable limit. The proposed formulation’s
voltage stability index is slightly better than the classical one.

Figure 9 compares the expected total reactive power injec-
tion in all the formulations and the combined wind and solar
integration share. It is observed from this Figure 9 that in
both of the classical formulations, overall, all reactive power
injection is a maximum of about 90 MVAr compared to
the proposed formulation, which injects about 70 MVAr.
It means that classical formulation will not be able to con-
tribute to securing the power system if the load is increased
or at the time of contingency appears. On the other hand,
sufficient RPR is available in the proposed formulation to
secure the system under load variation, and contingency
occurred.
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FIGURE 6. Final PF and BCS of extreme scenarios of formulation C1 an

However, cumulative wind and solar injection are opposite
to overall MVAr injection. Combined wind and solar share are
minima in the classical formulation, whereas it is maximum
injected in the proposed formulation. Therefore, wind and
solar generation sufficiently support to increase in the ERPR
of thermal generators. ERPR of thermal generators is the main
source to respond to the variation in load demand and under
fault conditions.

C. PROBABILISTIC MOOPRD ON 118BUS LARGE-SCALE
POWER SYSTEM

To show the superiority and performance of the proposed
algorithm, a large-scale 118-bus test system [54] is consid-
ered to solve the PMO-ORPD problem. This test system
comprised 118 buses, 54 generators, and 216 transmission
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S.184 6.11 6.12

PLOSS

d C2.

lines. Cumulative active and reactive power demand at 100%
loading is 6787.2 MW and 2300.8 M VA, respectively. It has
nine transformers located at branches 9, 37, 42, 61, 107,
110, 119, 125, and 150 and fourteen shunt Var compensators
installed at buses 5, 34, 37, 44, 45, 46, 48, 74,79, 82, 83, 105,
107, and 110. In this work, IEEE 118-bus is modified as in
[56] by injecting 12 wind generators at buses 1, 6, 9, 18, 19,
41, 43, 44, 62, 63, 72, and 80. The proposed test system has
a reference generator located on bus 69. The single-line dia-
gram of the IEEE 118-bus tests system is shown in Figure 10.
Simulation results of two classical formulations (C1 and C2)
and two proposed formulations (F1 and F2) are given in
Table 8.

Expected cost of active power generation is varied due
to uncertain wind integration. The expected cost of reactive
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FIGURE 8. Voltage profile (p.u) and Lj,gex of sc20 for all the formulations.

power generation is more than 50% less than classical for-
mulations. Proposed formulations optimally inject MVAr into
the system. Therefore, reactive power loss is marginally high
compared to classical formulations. Expected reactive power
reserve is approximately same in F, F2 and classical C1.
Simulation results in Table 8 demonstrate that the pro-
posed formulation distributes the reactive power of generators
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settings of formulation C1, C2, and F4.
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FIGURE 9. Comparison of total reactive power output and combined
maximum share of wind and reactive solar power.

optimally compared to classical formulations. The proposed
formulation considers the impact of MVAR excitation across
all the series and shunt components of the system. The
final nondominated solutions of C1, C2, and F1, F2, are
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TABLE 8. Expected values of objective functions and parameters for the
formulations.

Performance C1 C2 F1 F2
ECp, (8/h) 106038.3  107336.5 110412.5 94045.9
EC,,. ($/h) 26700.8 26430.7 10989.2 12928.2
EC,, ($/h) 594.7 546.7 672.2 629.1
ECy,., ($/h) 6.380 6.706 9.228 8.692
Ccn (8/h) 3009.0 3229.0 3222.8 3215.6
ETC,, ($/h) 30311.0 30263.1 14893.4 16781.5
ETC, ($/h) 136349.3  137599.7 125305.9 110827.5
ERPR (MVAr) 17642.1 17780.8 177823 17737.8
EP, . (M.W.) 52.805 47.903 57.374 63.111
EVD (p.u) 0.623 1.946 2.301 1.839
ELingex (p-0) 0.086 0.081 0.083 0.082
EQ., (MVAr) 1380.6 1481.5 1478.6 14753
Average bus voltage  1.003 1.025 1.027 1.016
SD of bus voltage 0.012 0.018 0.023 0.026

TABLE 9. Parameters of PDFs.

Uncertainty PDF Parameters Power and load

demand

Wind speed Weibull Shape, a=9; (75 M.W.) 25

Scale, b=2 turbines of
each 3 M.W.
Solar irradiance Lognormal Mean, ¢=5.5; Rated 50 MW
SD, d=0.5
Load Normal Mean, 1;=97; Percentage of
SD, 6.=5 load

shown in Figure 11. The figure shows the proposed algorithm
finds the evenly distributed final nondominated solutions of
conflicting objective functions. The best compromise solu-
tion is obtained by applying fuzzy weight decision-making.
Figure 12 (a) compares the voltage profile of the base
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TABLE 10. Minimum and maximum values of active and reactive power.

PV.bus#  Pgmax Pgmin Qmax Qmin PG
1 200 50 150 -20 Slack bus

2 80 20 60 -20 75

5 50 15 62.5 -15 40
5 (wind) 75 0 Variable  Variable  Variable

8 35 10 48.7 -15 30
8(Solar) 50 0 Variable  Variable  Variable

11 30 10 40 -10 25

13 40 12 44.7 -15 30

case and Cl1, C2, F2, and F2 of the 118-bus tests sys-
tem. F1 found a better voltage profile than the base case,
C2, and F2. Whereas, in terms of voltage profile, C1 out-
performs. Table 8 elucidate that the proposed formulation
outperforms C1 and C2 formulations. Furthermore, Lj;gex
of all P.Q. buses and MVAr injection of all the 54 gener-
ators of classical and proposed formulations are shown in
Figure 12 (b)-(c).

V. DISCUSSION
The multi-objective optimal reactive power dispatch (MO-
RPD) problem is a significant research area in power systems
engineering. It involves allocating reactive power among
various devices in the power system to optimize multiple
objectives simultaneously. Recent Extensive literature on
ORPD is presented in Table 1, which integrates the main
findings and limitations of various methodologies used in
previous research to solve single and multi-objective ORPD
problems. From Table 1, small IEEE 30-bus and large-scale
118-bus test systems are widely used in the literature.
Therefore, in this paper, the IEEE 30-bus and 118-bus tests
system are considered to solve the ORPD problem.
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TABLE 11. Constant parameters for the calculation of cost of thermal,
wind and solar generators.

ai bi ci aQ bQ cQ

0 2 0.00375 0 1.9998 0.037
0 1.75 0.0175 0 1.7499 0.0175
0 2.03 0 0 2.03 0

0 2.03 0 0 2.03 0

0 2.03 0 0 2.03 0

0 2.03 0 0 2.03 0

0 3 0.025 0 2.9976 0.025
0 3 0.025 0 2.9974 0.025

TABLE 12. Parameters for Qmax and Qmin of DFIG-based wind and
VSI-based solar RES.

Parameters Value (p.u)
Maximum rotor (I :,CWd) and stator current (1 ;CWd)

of DFIG-based wind and rated inverter current (1 o pv) Ipu
of VSI-based solar PV.

Equivalent stator impedance of DFIG at bus i (Z f) 0.0059+j0.1107
The equivalent main impedance of DFIG (Z :n) j4.7351

At 100 MVA base and 135 base kV

Classically in the literature, as shown in Table 1, power
loss, V.D., and stability index, Liyq.x is frequently used to
find the solution to ORPD problems. In this paper, these clas-
sical formulations are considered to compare the proposed
algorithm with the available methods in the literature to show
the superiority and performance of the proposed algorithm.
Tables 3 and 4 elucidate that the proposed algorithm finds
the approximate global optimal solution compared to other
methods available in the literature in terms of Pareto Front
(PF.) and statistical comparison such (as maximum, min-
imum, and standard deviation values). Furthermore, hyper
volume indicator (HVI) is used to compare the distribution
and convergence of final non-dominated solutions of the
proposed algorithm with the recent methods available in the
literature.

Wind and solar power integration into the ORPD problem
have gained significant attention in recent decades. As renew-
able energy sources, wind and solar power have unique
characteristics that challenge their seamless integration into
power systems. Several recent studies have focused on incor-
porating wind and solar power considerations into ORPD
formulations to optimize the allocation of reactive power
resources. Therefore, this paper integrates renewable energy
source technologies with the proposed test systems, including
DFIG-based wind generators and VSI-based solar PV. units.
These probabilistic sources’ reactive power capability con-
straints are shown in Fig. 2.

In the literature, load demand, wind, and solar power
generation have all been modeled using normal, Weibull,
and lognormal probability density functions (PDFs). One
thousand MCS-based scenarios are generated using proposed
PDFs. Practically, solutions to these scenarios are computa-
tionally expensive. Therefore scenario reduction technique
based on distance metric has been employed to find the
representative 20 scenarios, as shown in table 5.
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In addition, we have introduced four new formulations
for MO-RPD that aim to distribute reactive power optimally
across all devices, considering the impact of uncertain wind
and solar PV. generation. The mathematical derivation of
these formulations is given in Section II, part C. These for-
mulations consider all the devices that generate or absorb
reactive power. Through applying these four formulations,
we have demonstrated the effectiveness of our proposed
approach in achieving optimal reactive power allocation and
addressing the multiple objectives of power loss minimiza-
tion, voltage stability enhancement, cost of reactive power
generation, and maximizing reactive power reserve (RPR).
The simulation results obtained from our formulation indi-
cate significant improvements in system performance and
validate the efficacy of our proposed methodologies. Intro-
ducing these new formulations for multi-objective optimal
reactive power dispatch provides a comprehensive approach
to address the challenges associated with reactive power
allocation in power systems. By distributing reactive power
optimally among all devices, we can achieve improved sys-
tem efficiency, voltage stability, RPR, cost of MVAr injection,
and integration of renewable energy sources.

VI. CONCLUSION

This paper formulated four new methodologies to solve the
optimal reactive power dispatch (ORPD) problem. The pro-
posed formulation considers the techno-economic objective
functions, specifically the minimization of the active and
reactive power cost, and the maximization of reactive power
reserve. This leads to an effective solution to the probabilistic
multi-objective ORPD (PMOORPD) problem, especially in
the context of modern wind farms (WFs) and solar PV. The
proposed formulations are necessary for effectively managing
power systems with renewable energy sources and contribute
to developing efficient and sustainable power systems. To val-
idate the simulation results of the proposed algorithm, both
continuous and mixed-integer deterministic study cases were
analyzed and compared with the algorithms recently pub-
lished in the literature. Fuzzy decision-making theory extracts
the best compromise solution from the final non-dominated
solutions.

Besides, an accurate reactive power capability curve of
VSI-based solar PV. and DIFG-based wind turbines are
considered to solve the classical and proposed formulation.
To show the performance and effectiveness of the proposed
techno-economic formulation, IEEE 30-bus and 118-bus test
systems are modified to integrate wind and solar-based gen-
eration. Compared to the classical formulation, the proposed
formulation effectively solves the PMO-ORPD problem to
maximize expected RPR and minimize the expected active
and reactive power costs. Integrating wind and solar-based
reactive power into the power system can improve the
Expected RPR and system stability in several ways. For
example, it can help balance the reactive power demand and
supply, reduce voltage fluctuations, and enhance the power
system’s ability to handle disturbances.
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Additionally, integrating renewable energy sources can
reduce the dependence on traditional sources of reactive
power, such as synchronous generators, which can improve
the power system’s flexibility and resilience. Moreover, all
the decision variables and constraints are within limits. In the
future, IEEE 118 bus system is considered to implement
active power reserve and commit or de-commitment of units
by considering proposed formulations.

APPENDIX A
See Tables 9—-12.
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