Journal of Operation and Automation in Power Engineering

Vol. XX, No. XX, Dec. 2022, Pages: XXXX (Proofed)

OAPE
b http://joape.uma.ac.ir 1978

University of Mohaghegh Ardabili

Research Paper

Improving the Resiliency of Electrical Distribution Networks by
Optimal Embedding Switchable Capacitor Banks in Microgrids
Based on a Convex Model

Hesam addin Yousefian © | Abolfazl Jalilvand © , and Amir Bagheri*

Department of Electrical Engineering, University of Zanjan, Zanjan, Iran.

Abstract— The importance of durability and sustainability in electrical energy, particularly in emergency conditions, has led to the
development of operational techniques aimed at improving the serviceability of electrical distribution networks (EDNs). Operating the
electrical distribution network as a smaller, islanded system in the form of a microgrid (MG) is one of the key enhancement methods that
has gained attention. Each microgrid is subject to specific constraints that must be addressed. Moreover, the increasing penetration of
renewable distributed generation (DG) units introduces additional limitations. The limited reactive power generation by synchronous DGs
within each MG leads to higher levels of load shedding. This paper investigates the resiliency of EDNs with a focus on microgrid formation
strategies. To achieve this, the limitations of MG formation, including the use of wind turbines, photovoltaic units as renewable DGs,
and energy storage systems, are considered. The application of switchable capacitor banks (SCBs) is proposed and formulated to meet
these requirements. All equations are convex and formulated within the GAMS environment using mixed-integer quadratically-constrained
programming (MIQCP). The proposed framework is evaluated using the IEEE 69-node test system, considering various case studies. The
results show that the economic deployment of SCBs in the MG formation of the studied EDN leads to a reduction of the objective function
by approximately 13.6%, a loss reduction of about 26.1%, and a significant increase in the penetration of renewable resources by 285.6%.
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lines
PY..q. Rated power of wind turbines
PFpg Power factor of synchronous DGs
net /Qmret, Minimum/maximum reactive power passing through

, lines
RF™¢  Resistance of line 1
Sy Solar radiation intensity
SOCq> Maximum state of charge of ESSs
A Ambient temperature
e Temperature of PV units
\% Output voltage of PV units

Vwind  Instantaneous wind speed at time ¢

Veein/Ve—out Cut-in/cut-out speeds of wind turbines

Vinin/Vimaez Minimum/maximum voltage of buses

Vampp The highest level of power point tracking voltage in PV
units

VEY Open-circuit voltage of PV units

Viatea Nominal speed of wind turbine

VOLL Value of loss of loads

X[Fime  Reactance of line 1

Nen/Nden Efficiency of ESSs either in charging or discharging

modes
ot Coefficient of load in a day
Series
Qr Series of branches
Qn Series of buses
Qr Series of time

Quma  Series of micro-grids

Qpg Series of PQ buses

Variables

Gi,m Binary variable denoting the existence of bus ¢ in
micro-grid m

Cij,¢  Square of current of line ¢, j at time ¢

CAP; Binary variable denoting whether an SCBs is placed at
bus ¢ (1) or not (0)

CH;: Binary variable denoting whether charging of a placed
energy storage unit at bus ¢ (1) or not (0) at time ¢

DCH,; ; Binary variable denoting whether discharging of a placed
energy storage unit at bus ¢ (1) or not (0) at time ¢

DG;  Binary variable denoting whether a DG is placed at bus @
(1) or not (0)

DGﬁff,‘f”d Binary variable for the existence of at least one
synchronous DG in each micro-grid (1) and (0) otherwise

DG%,? Binary variable denoting the existence of DG ¢ in
micro-grid m (1) and (0) otherwise

ESS; Binary variable denoting whether an energy storage unit
is placed at bus 7 (1) or not (0)

flow; ;m Hypothetical active power passing through lines

Gen;,m Injected hypothetical active power

L j¢ Passing current through line ¢, 5 at time ¢

K1;: Binary variable denoting whether the first step of SCBs
at bus 7 is switched(1) or not (0) at time ¢

K?2;; Binary variable denoting whether the second step of SCBs
at bus ¢ is switched (1) or not (0) at time ¢

K3;: Binary variable denoting whether the third step of SCBs

] at bus ¢ is switched (1) or not (0) at time ¢
Pfj’}?e / Qf;”ﬁ Active/reactive power passing through the lines
P / Qﬁsth Active/reactive load shedding powers

Pftv Active power supplied by PVs
P{‘{T Active power supplied by wind turbines

Proia1  Total load of system

PV; Binary variable denoting whether a PV unit is placed at
bus z (1) or not (0)

thAP Reactive power supplied by SCBs

Ty /i g Positive/negative binary variable used for lineariza-
tion of absolute function

SOC;,: State of charge for ESSs

Ui,jt  Square of voltage of bus

Vit Magnitude of bus voltage

W; Binary variable denoting whether a wind turbine is placed
at bus 7 (1) or not (0)

Xi,j,m Binary variable denoting whether line (i, j) is an active
branch (1) or not (0) at time ¢

X%Cfn Binary variable of connection/disconnection of lines in
micro-grid

P7Gt / th Active/reactive power injected from the upstream
network into the system

Pi,DtG / thc Active/reactive power supplied by synchronous DGs

OF Main objective function

1. INTRODUCTION
1.1. Background and metivation

Due to the increasing impact of climate change globally, the
concept of EDN resilience has emerged, prompting researchers
to explore various techniques to optimally address this challenge.
EDN resilience is defined as the ability to maintain network
operation during emergency conditions caused by natural disasters
(high-impact, low-probability events) [1-3]. A review of the
related literature shows that several operational methods have been
proposed to improve the resilience of EDNs (as classified in Fig.
1). Among these methods, microgrid (MG) formation stands out
as an effective approach for enhancing EDN resilience [1-6].

Several aspects of MG formation have been explored and
studied previously. However, operational limitations, such as
voltage constraints, conductor thermal capacity, and reactive
power limitations, affect the effectiveness of MGs. Various
techniques—including DG placement, reconfiguration, energy
storage system deployment, parking lots, mobile DGs, and the
master-slave technique (which controls the frequency of each
MG and ensures its variation remains within a predefined
range)—have been proposed and studied to improve MG
applicability. Nevertheless, there are still numerous aspects that
warrant further investigation in the field of resilience enhancement,
with a particular focus on improving MG formation.

1.2. Literature review

Resiliency enhancement of EDNs based on dynamic MG
formation is studied in Ref. [4] by considering different boundaries.
The proposed multi-microgrid formation is formulated as a mixed-
integer linear programming (MILP) problem and is verified on
the modified IEEE-123 bus system. At last, it is concluded that
more resiliency of EDNs can be achieved by flexible boundaries
against fixed boundaries. In Ref. [5], a new expansion planning of
EDNss is proposed aiming at load shedding decrease. The proposed
objective function includes various installation and operation costs
of MG formation. By applying this function, independent MGs
can be formed and the resiliency of EDNs considering supplying
critical loads and minimizing of costs is achievable. Another
framework for resiliency improvement is proposed in [6] based on
a multi-objective function and MG formation. The proposed model
tries to maximize the load restoration and minimize the operation
costs. Demand response programs such as shiftable, curtailable
and transferable loads are considered which lead to an increase in
resiliency index.

In Ref. [7], a resiliency-oriented analysis of EDNs is fulfilled.
Uncertainties of renewable generation, natural disasters, and load
demand are also considered. The downside risk constraint in
modeling the risk can be mentioned as the main approach of
this study. An operation framework of EDNs focusing on multi-
microgrids is proposed in Ref. [8]. In this study, a linear decision
rule based on microgrids is considered to decrease the solution
convergence considering renewable uncertainties. The proposed
decentralized scheme is faster and its effectiveness is evaluated on
the IEEE 69-bus system. In Ref. [9], a question is exposed to
discussion and tried to find the best answer. It is asked whether
operating EDNs as active distribution networks is better or as
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Fig. 1. Classification of resiliency improvement techniques of electrical
distribution network.

islanded MGs. An optimization design for an active distribution
network capable of transitioning into a microgrid is proposed. The
results testify that operating active distribution networks capable
of transitioning into a microgrid can reduce operational costs and
increase reliability and resiliency of EDNs. A two-stage energy
management system that tries to improve the resiliency of EDNs
is introduced in [10]. A new convex formulation for the power
flow equation is proposed to limit the computational processing
time. Analyzing the results reveals that the resiliency of EDNs
is improved by taking into consideration the following three
preventive functionalities which are: supplying the high priority of
critical loads, reducing the generation amounts of DGs that have
high probability of failures, and decreasing the serving of loads to
ease the impact of failures. In Ref. [11], a novel topology design
of microgrid formation is proposed to improve the resiliency of
EDNs. In the proposed method, all the available MG topologies
are considered and all the stable MGs are classified according
to the predefined maximum line vulnerability rank and degree.
The results showed that the mentioned criterion is sufficient
in determining the best topology of MGs even in emergency
conditions. Resiliency improvement is the main goal of Ref. [12]
that is reached by battery electric buses utilization along with other
generation resources. Due to this, various simulations are done and
the numerous advantages of battery electric buses are concluded
as powering up methods in MG formation of EDNs. In Ref. [13],
MG performance is improved by proposing a method considering
various uncertainties of EDNs. By applying the proposed method,
the MG performance is maximized and the optimal configurations
are identified even in contingencies. The resiliency of EDNs is
improved by a method proposed in Ref. [14]. This method is based
on network reconfiguration and identifies optimal structures of
systems possessing several faults. Another metaheuristic optimizing
algorithm is introduced in [15] and analyzing the results reveals its
advantages. In order to evaluate the resiliency of MGs in EDNs,
unlike previously reviewed articles, three indices are defined in
Ref. [16]. Results exhibit that by applying these indices, the
resiliency of EDNs is enriched. On the other hand, it is proved that
by applying battery energy storage systems along with renewable
energy resources, the lost energy is mainly decreased. In Ref.
[17], MG formation is considered economically to enhance the
resiliency of EDNs. Combination of synchronous DGs with wind
turbines, photovoltaic units, and battery energy storage systems
are introduced as hybrid MGs and it is proved that hybrid MG
formation is a cost-effective method for resiliency improvements.

All the reviewed papers till now focus on resilience enhancement
of EDNs by microgrid formation and MG formation is considered
as one of the main approaches in achieving resilient EDNs.
Other aspects of microgrids formed in EDNs are studied in the
following reviewed ones (especially the application of MGs in
normal conditions) to show the effectiveness MG formation in both
normal and emergency operated EDNs. The bilateral connection
of different MGs in a normal operating EDN is studied in [18, 19]
based on optimal energy trading among each other. Four MGs are
simulated in MATLAB as cooperative MGs in numerical study and
the results represent a reduction in load shedding and operational
costs. The penetration level of ESSs in MGs is the main goal
of Ref. [20] in order to increase the efficiency of microgrids.
The objective function of the proposed strategy is to decrease
the overall cost of MGs while maintaining their durability and
sustainability. The aspects of interconnected MGs are studied in
Ref. [21] focusing on voltage stability and loadability. The impact
of demand response programs on MGs is also evaluated. The
proposed optimizing algorithm is formulated as a mixed-integer
nonlinear stochastic problem where the minimization of MGs’
operational cost is the main objective function. The results exhibit
voltage profile and loadability improvement and loss reduction.
Enhancing the resilience of EDNs by MGs seeking for maximum
installable PV units is studied in Ref. [22]. In this regard,
mobile synchronous DGs are considered and the results reveal that
simultaneously taking into account of maximizing PV penetration
and dispatch problem of mobile synchronous DGs can lead to
a more resiliency. Other aspects of MG formation such as aims,
trends, scopes, recommendations, controlling methods, and etc. can
be found in [23-26].

1.3. Research gaps and novelties

As it is clear, both active and reactive powers of a system
must be controlled whether in normal or emergency conditions
and the generated powers must be equal with the consumed ones
as the power balance rule. The demand for reactive powers in
an EDN is only supplied by synchronous DGs in the emergency
operating mode which is not sufficient. According to this fact,
some of the loads are curtailed while the extra capacity of active
power generation is available. In other words, this insufficiency
acts as a constraint and limits the supplying of loads and as a
result, the resiliency of EDNs. None of the reviewed articles have
paid attention to this issue and no more reactive power-generating
device is optimally placed for resiliency improvement of EDNs.
A summary of works that are reviewed previously is included in
Table 1.

This paper proposes the optimally placement of switchable
capacitor banks (SCBs) in the energy management process and
evaluates their role in releasing the capacity of renewable resources
and resiliency improvement of EDNs. Unlike the non-convex
model, the proposed approach is a convex MIQCP one whose
solution results in global optimum by the aid of GUROBI solver
in GAMS.

1.4. Contribution and paper organization

Reactive power along with active power management can be
beneficial in enhancing the resiliency of EDNs especially in
emergency operating mode. A formulation methodology included
with SCB is proposed as an innovation to improve the resiliency of
emergency-operated EDNs. The presented model follows multiple
aims, and the main one is the reduction of energy not supplied by
releasing more available capacity of optimally installed renewable
DGs. The formulations are based on mixed-integer quadratically-
constrained programming (MIQCP) and the validating process is
done on the IEEE 69-bus system. Shortly, the main outstanding
specifications of this paper are as follows:

o Improving the resiliency of EDNs confronted a destructive

disaster;
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Table 1. Summary of studied works in the reviewed articles.

Distributed energy resources

[Ref.] (Year) Formulation Synchronous DG WT PV ESS Master-slave control ~ Switchable capacitor banks Maximum use of renewable resources
[4] (2023) MILP VA v VA Vv

[5] (2024) MINLP V4 - - - -
[6] (2022) MILP v v v v
[71 (2023) Heuristic - V4 v V4 -
[8] (2023) Heuristic vV VA Vv v

[9] (2021) MILP V4 - V4 v

[10] (2023) NLP v - V4

[11] (2023) MILP - - VA VA

[12] (2023) Heuristic v - A Vv

[13] (2024) Heuristic v 4 v V4

[14] (2021) Heuristic vV VA Vv -

[15] (2024) Heuristic v - A Vv

[16] (2023) Heuristic - 4 VA V4

[17] (2021) MILP Vv v Vv -

[18] (2024) Heuristic v Vv Vv Vv

[19] (2024) Heuristic v - A -

[20] (2023) Heuristic Vv V4 v V4

[21] (2022) MINLP vV VA vV v -
[22] (2022) MILP v - VA - v
This study MIQCP Vv V4 v V4 Vv V4 Vv

« Focusing on reactive power management and its corresponding
necessities especially;

o Surveying the impacts of reactive power management on
releasing renewable resources capacity;

o Considering different strategies for improving the resiliency
of EDNSs;

« Evaluating the role of SCBs in the resiliency of EDNs.

The rest parts of the paper are organized as follows:
Section 2 presents problem formulation which includes numerous
sub-sections such as objective function, power flow equations,
micro-grid formation, radiality, load shedding, synchronous DG,
wind turbine, PV unit, energy storage system, and SCB constraints.
In Section 3, the simulation results are evaluated and analyzed.
Finally, in Section 4 the main highlighting approaches are
concluded.

2. PROBLEM FORMULATION

Essential equations and problem formulations are defined in the
following sub-sections. The first part covers the minimizing of
load shedding in emergency situations as the objective function.
Convex power flow, forming of micro-grid, radiality of system,
load curtailment, synchronous DG, wind turbine, photovoltaic,
energy storage system, and switchable capacitor bank equations
are included in the rest of subdivisions respectively. Also, it
should be mentioned that the simulation is implemented in the
GAMS environment using the GUROBI solver and all the applied
equations are linearized and convex.

2.1. Objective function

The main measuring parameter of EDNs in the case of
emergency operation mentioned by literatures is the load shedding.
Almost all the studied and proposed methods try to decrease the
amounts of load shedding or to supply at least all sensitive loads
during this mode. Like previous works, this paper focuses on load
shedding as the objective function that must be minimized. On
the other hand, maximizing the generation of renewable resources
such as wind and PV units is calculated and analyzed and their
impact on the load shedding reduction is discussed. The penalty
factor of VOLL and priority factor (f) of loads are multiplied by
active power load shedding (P'*"), and thus the objective function
of this paper is formulated as Eq. (1).

OF =min{y_ > P xVOLLxfi} (1)

2.2. Power flow equations

In order to relate the voltage magnitude of buses and the
currents passing through the lines, the power flow equations must
be modeled. Some researchers proposed a linear form for ordinary
AC power flow that can reduce the complexity of the model and
lead to a fast runnable one. Thus, the linearized model of power
flow proposed in [27] has been applied in the modeling of the
problem as Egs. (2)-(13).

ZJ‘GQ Pmtt T Z

line !
| Butt CijitoP; =

2
PG+ P+ P + Piiv Pl + Pp,, — Pc,,
ZJ_EQ A, Q755 + Z  Bu X" CijatoiQi = 3
Q1t+Q1t +QthAP QlSh
—(1 — Xi,;)bigM < Uyt + 2(RI™ PSS 4 X[ Qrs ) — @
. 2
UZ t + (Rl”w + thne )Ci,j,t < (1 - Xiyj)bigM
(PR +Qre) < CiguUse ()
Pl = —Pify (6)
e =~ Qe )
Xij; =X (8
— X Priy, < PIY < Xa PR, ©)
Vmin < ‘/i,t < Vma:c (10)
Vmin < V;l,t < Vmax (11)
(len)Q g Uz’,t g (‘/maac)2 (12)
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0<Cyje < Xi,j([;’,njaI)Z (13)

Egs. (2) and (3) cover the active and reactive power balance
of the system, respectively. As mentioned before, the master-slave
technique is applied to control the frequency of each formed MG.
According to this technique, each MG must be included with at
least one synchronous DG as the master unit and other units as
slave ones in the critical operation of EDNs. The voltage of the
two adjacent buses is related by Eq. (4). Eq. (5) relates the main
parameters of the system including the nodal powers, voltages, and
currents to each other. The amount of sending and receiving active
and reactive powers of buses are considered equal by Egs. (6)
and (7). Eq. (8) guarantees a bilateral connection of the existing
lines between two buses. The passing active and reactive powers
of disconnected lines are fixed to zero by Eqs. (9) and (10). The
limitations of the voltage of buses are also presented in Egs.
(11)-(12). The passing current through each line must be lower
than its thermal capacity. This issue is expressed by Eq. (13).

2.3. Constraints of micro-grid formation

Microgrid formation as the most effective method that enhances
the resiliency of EDNs is applied and modeled by Egs. (14)-(20).
According to the mentioned convex model, the network can
be operated in any predefined number of individual islands as
microgrids. In this formulation, a binary variable (a;,m) is defined
to specify the existence of bus ¢ in micro-grid m. Based on
this model, each bus of the network must belong to a typical
MG at every time (Eq. (14)). In the following, the essential
microgrid-forming equations are discussed. In the first step, it
should be assumed that each bus and each line of the network
belong to only one islanded area (microgrid); this characteristic is
defined by Egs. (15)-(17). To make islanding, any two different
islands at time ¢ must not be connected to each other by the lines
that exist between them. The linearized model of this issue can be
expressed by Egs. (18)-(20).

> tim < 1 (14)
me g
MG MG
Xijom = Xjim (15)
> X <1 (16)
meQ g 0
MG __ o
Doy Ko = Xig (17)
MG
Thgam T Tigom < (1= Xi,m) (18)
Gism = Gjam = T35 = T 5 (19)

L S| (20)

©,J,m

2.4. Radiality constraints

One of the main characteristics of EDN is radial connection of
its lines. This characteristic must be confirmed in any operating
mode even in emergency conditions. Therefore, to prevent mesh
structure and also creation of separated buses in the system, the
following two conditions must be checked simultaneously:

1) The number of lines must be equal to the number of buses

minus one (specified for both normal and critical operations);

2) One path must exist from the upstream network to all buses

of the distribution system in only normal operation.

The required formulations for satisfying the radiality constraints
are specified as Eqs. (21)-(29). Condition (I) is confirmed by
Eq. (21). A hypothetical power flow is defined and applied as
Eqgs. (22)-(26) to satisfy the radial structure of EDNs in any
operating mode and condition. When an event occurs and causes
the breakdown of an upstream network, the system can be scattered
into various individual islands. In this situation, the condition (II)
is neglected. Also, Eqgs. (27)-(29) ensure the connection of buses
to each other in a specified MG.

Zlml Xij =2 (ZZEQN i— 1) @

Gensm — 0.1 X @i = flow; ; m 22
en;, X ai, Z]_EQN oW, j, (22)
ﬂOWZ',j,m = ﬂOWJ’,iym =0 (23)

flow; j.m < X145, X bigM (24)

flow; j.m > — XS, x bigM (25)

SxNG =20 aim -1} (26)

1,jEQN i€EQN

Genim < Yim X 100 @7

> vim =1 28)

ieQy

YD dim= Yy, 0m 29)

meQ g 1€EQN meQ G

2.5. Load shedding constraints

In order to balance the generated and consumed powers by the
failure of some parts of the network, the concept of load shedding
and curtailment is applied. The constraints of load shedding can
be defined by Egs. (30)-(32). The relation of active and reactive
loads that can be curtailed is modified by Eq. (30). Egs. (31) and
(32) limit the active and reactive amounts of load curtailments to
the maximum load of the determined bus respectively.

AN
o= (%) P (30)
Pl <o P 31
< ol (32)
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2.6. Constraints of SDGs

The limits of active and reactive powers generated by
synchronous DGs (SDGs) are expressed in Egs. (33) and (34).
Whereas nonlinearity characteristic of Eq. (33), it cannot be solved
by GUROBI solver. Thus, it is substituted by approximated Egs.
(35) and (36), in which, DG, is a binary variable representing the
installation of SDG on bus 4, and S2C, indicates the rated capacity
of DGs. Also, in Eq. (37) NR& is the maximum number of
available SDGs. The essential master DG constraints in each MG
are covered by Egs. (38)-(44). The voltages of optimally placed
master DGs are fixed to 1 per unit (pu) by applying convex Egs.
(45) and (46); and the voltage magnitudes of the remaining buses
are maintained within [0.9pu-1.1pu]. Due to the applied model,
the square of voltages is considered in the modeling equations.
Therefore, the limitations of minimum and maximum bound are
taken at 0.81 pu and 1.21 pu respectively.

(PRS)* +(QPF)” < DG, x (SDS,)° (33)

—tan {cos™ ' (PF)} P5° < QP < tan {cos™'(PF)} P5Y (34)

Ph <DG; x Spg, 39)
QPF < DG; x SPS, (36)

> DG < Npg, 37
1€EQN

> DG < Npoo— Y. m+1 (38)

meQpya meQpa
> DGYY > (39)
1€EQN
> DG} =DG; (40)
meQ g

Yo > DG = 3> m @1

meEQ G IEQN meEQ NG
Z DGzcland (42)
1€EQ N
DG < DGAS (43)
im > DG (44)
Ui < 1.21 —0.21 x DG; (45)
Uiy > 0.81 +0.19 x DG; (46)

2.7. Constraints of wind turbines

The generation constraints of wind turbines are expressed by
Eqgs. (47)-(49) while the number of wind turbines that can be
optimally placed is limited by Eq. (47) according to a predefined
allowable number. The generated active power of a wind turbine
at every time is also limited by its corresponding maximum
extractable power as Eq. (48). On the other hand, the electrical
power that is generated by each wind turbine can be calculated
by Eq. (49) based on Ref. [28]. According to this equation, if the
instantaneous wind speed reaches its lower and upper predefined
limits, it gets zero; otherwise, the output power follows a fixed
value or a linear relation based on the wind speed.

> Wi < Nptaw 47)
1€EQy
P} <W; x plyomay (48)
O ;V ‘/twind < ‘/c-in
ywind_y, .
Pl (m) V Veoin < V" < Viatea (49)
Pruted ;V V’rat.ed < ‘/twind < ‘/c-out
0 VY VRIS Vo

2.8. Constraints of PV units

The producible power of PV cells can be calculated by Egs.
(50)-(54) [28] and the number of PV units that can be optimally
placed is limited by (55) according to a predefined allowable
number. The generated active power of a PV unit at every time
is also restricted by (56) in which PYV"¢P*“"*Y indicates the
functional capacity of PV at bus ¢ and tlme t according to the
solar radiation values.

PEVERSS — Noy s VI X I < FE(50)
I{ = si; (Iw + Ki(T77 — 25)) Gb
Ve =V — Ky x Tf? 52

(53)

Nyt — 20
Tcg _ TA . ot
t i sl (70.8

Vurmp X Inymp
FF = —Vo’ZV <17V 54)

> PV, < Npes (55)

i€Qpy

PiI;V < PV; x PL_I;V,Capacity (56)
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2.9. Constraints of ESSs

The related constraints of energy storage systems (ESSs) are
defined by Egs. (57)-(62). Eq. (57) demonstrates the state of
charge (SOC) of ESSs at each hour and bus and relates it to the
charging and discharging powers. According to Eq. (58), at each
time, the storage units must be either charged or discharged. Egs.
(59) and (60) limit the charged or discharged active power of each
unit in the available buses. The SOC of each unit is limited to a
predefined amount expressed by (61) as SOCh,qs. Also, Eq. (62)
equals the SOC of units in the last hour of a day to that of its
initial value [27].

PDi,t
SOC;,+ = SOC; (t—1) + (Pc; , X Nen) — m 67

chi; 4 dch;; < 1 (58)
0< Pe,, <chiy x Phas (59)
0< Pp,, <dchis x Phsy (60)
0 < SOC; + < SOCrmaz 61)
SOC; 1,, = SOCi 1, (62)

2.10. Constraints of SCBs

Switchable capacitor bank supplies the reactive power of EDNs,
and its different aspects have been studied in literature. But, as
mentioned before, the role of these electrical devices in improving
the resiliency of EDNs has not been studied previously. This paper
tries to study its operational behavior in emergency conditions
as an innovation. The following equations are used to model the
SCBs linearly. Eq. (63) limits the number of SCBs to a predefined
number that can be placed optimally. Eq. (64) relates the amount
of producible reactive power of capacitor banks to the maximum
amounts, and Eq. (65) limits the capacitor banks to the placed
SCBs. It is worth mentioning that N is the number of switchable
steps of SCBs which in this study it is assumed as 3. However,
this can be extended to any other different numbers of steps.

> Cap, < Npak (63)

i€Qoap

it =

CAP { (K1 + K]\in,t + K3it) } « §CAP (64)

(65)

Cap, > { (Klis+ K2+ K3 ¢) }

N

2.11.

The proposed model has been programmed and executed in
GAMS as powerful software for solving optimization problems.
The optimization process of the problem can be depicted as Fig. 2.

Solution process of the proposed model

Step 3: The convexed objective function of the proposed framework is defined in
this step. Constraints of the problem such as radiality, load shedding, microgrid
formation, SDG and RERs generation limitations and etc. are also determined in
this step

Step 4: According to the specifications of the proposed model, mixed-integer
onstrained (MIQCP) is chosen as the optimizing

model.

Step 5: In order to e the model, following setups have been made
a) The “GUROBI” is chosen as the proper er

b) The iteration limit, solution time limit, and maximum number of nodes to be
process in the branch and bound tree in GAMS are set
c) At last, the GAMS optimization model is executed and the results achieved.

Determine the OF and
problem constraints

Set up the
optimization model

Execute the
optimization model

Fig. 2. Conceptual diagram of the proposed framework.

1 3 s 7 ° 11 13 15
Time (Hour)

Fig. 3. The system’s load profile

1 3 5 7 B 1 13 15
Time (Hour)

in a day.

Fig. 4. Intensity of solar radiation in a day.

1 3 5 7 9 1 13 15
Time (Hour)

Fig. 5. Ambient temperature in a day.
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Fig. 7. Considered priority factor or the load of buses.

3. NUMERICAL STUDY
3.1. Input parameters and applied system

In order to evaluate the functionality of the proposed model,
the input parameters and the test system are presented in this
sub-section. The load profile during the day is exhibited in Fig.
3. Moreover, Figs. 4, 5, and 6 depict the solar radiation, ambient
temperature, and wind speed, during the day based on Ref. [29].
Also, the assumed load priority factors for the buses have been
shown in Fig. 7. The necessary constant parameters of the system’s
devices have been given in Table 2. The charge and discharge
efficiencies of ESSs are also assumed 0.95 and 0.9, respectively.

The validation of the proposed model is fulfilled on the IEEE
69-bus system. More information about this system can be found
in [30]. The proposed framework was modeled in the GAMS
environment using the GUROBI solver considering. It should be
mentioned that MIQCP formulations can be solved by various
global optimum solvers (such as CPLEX, GUROBI and etc.).
Among the mentioned ones, GUROBI is chosen and applied due
to its higher solving speed. The simulations are executed on a

Table 2. Specifications of system’s components considered in the study.

System Parameter Value/(Unit)
Prated 100 kW
Vc—in 4 m/s
wT Ve out 35 mis
Viated 14 m/s
Vyvmp 28.66 V
Iyvivp 7.76 A
VLV 36.96 V
PV JEAL 838 A
Not 43 °C
K; 0.00545 A/°C
Ky 0.1278 V/°C
Npvy 491
SOChmaz 0.5 MWh
ESS PESS 0.1 MW
SOC» »s7 74 0.3 SOChax
SCB sgar 100 kVAr
Steps 3
SD& 400 kW
DG PE 08
Network wex 250 A

)

personal computer with Intel Core i5 CPU @ 4 GHz, and 8 GB
RAM. It should be noted that the meta-heuristic-based algorithms
such as genetic algorithm (GA), particle swarm optimization
(PSO), etc., can be also used for solving the optimization
problems. But as these algorithms are based on iterative process
without mathematical methods, the solutions obtained by them are
usually local optima not the global optimum. In the meta-heuristic
algorithms, the quality of solutions is dependent on the algorithm’s
parameters. For example in the GA, the parameters include the
number of population, cross-over rate, mutation rate, etc. But, the
proposed model of this paper is obtained using mathematic-based
solvers in the GAMS where there is no any special parameter for
tuning. Specifically for the convex models, no matter how many
times the optimization is performed, the solution will be the same
if the global optimum solvers such as “GUROBI” are used [31].

MG1

28 29 30 31 2 3 3 38

Fig. 10. Schematic view of the system damaged by a disaster-Case 3.

3.2. Simulation results and discussion

The following three case studies are implemented on the test
system to analyze the performance of the proposed model.
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Table 3. Simulation results obtained for each case.

No.of Cases SDG WT PV SCB Cost (§) WT (MWh) PV (MWh) Loss (MW) OF (MWh)
Case 1 3 3 3 0 1969200 1.135 0.457 0.138 80.806
Case 2 4 3 3 0 2375600 1.171 0.978 0.152 68.262
Case 3 3 3 3 3 2001000 3.351 2223 0.102 69.821
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Fig. 11. Generated active power by optimally placed SDGs-Cases 1 & 3.
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Fig. 12. Generated reactive power by optimally placed SDGs-Cases 1 & 3.

Case 1: The disaster has affected the test system and the
network includes 3 SDG devices, 3 wind turbines, and 3 PV units.
SCBs are not included in this case.

Case 2: The disaster has affected the test system and the
network includes 4 SDG devices, 3 wind turbines, and 3 PV units.
SCBs are not included in this case.

Case 3: The disaster has affected the test system and the
network includes 3 SDG devices, 3 wind turbines, 3 PV units, and
3 SCBs.

1 3 5 7 9 11 13 15 17 19 21 23
Time (Hour)

®mBus§ ®WBus38 =BusS36

Fig. 13. Injected reactive power by optimally placed SCBs.

The simulation results of different case studies are summarized
in Table 3. Also, the investment costs of different system devices
are calculated per each case and included in Table 3 based on

0.03

E)
S
H
2 0.02
9
5
£ 0.01
2

0

1 3 5 7 9 11 13 15 17 19 21 23
Time (Hour)

—o—Bus 40 (Case1) —8—Bus 50 (Casel) —&—Bus 63 (Casel)
Bus 3 (Case3) —#—Bus 40 (Case3) —e—Bus 63 (Case3)

Fig. 14. Generated active power by optimally placed wind turbines-Cases
1 & 3.

y PV units (MW)

o
2
3
<

1 3 5 7 9 11 13 15 17 19 21 23
Time (Hour)

—4—DBus 6 (Casel) —=—Bus 45 (Casel) Bus 62 (Casel)

—#—Bus 6 (Case3) == DBus 45 (Case3) —8—Bus 62 (Case3)

Fig. 15. Generated active power by optimally placed PV units-Cases 1 &
3.

[32, 33]. Comparing the results of the mentioned case studies
reveals that cases 2 and 3 nearly have the lowest amount of
load shedding but case 2 against case 3 is not economic and
the penetration level of RERs is not acceptable and meaningful
in emergency-operated EDN. More electrical loss and more
air-polluting generation of SDGs are other deficiencies belonged
to this case. On the other hand, the difference in load shedding in
cases 2 and 3 is very small and it can be neglected. However, the
investment cost of installed devices in case 3 is lower than in case
2 about 15.77% and the generated energies of wind turbines and
PV units are more than in case 2 by about 286.16% and 227.3%
respectively. Also, case 3 in comparison with case 1 has several
advantages including lower objective function about 13.6% and
lower loss about 26.1% and higher penetration level of renewable
resources about 285.6%. The difference in investment costs is very
small and can be neglected too. Therefore, according to the named
advantages of case 3 over other methods, this case (case 3) which
can be called as the innovation of this paper, is proposed and
analyzed precisely in the following. Due to the multiplicity of the
figures and also to better evaluate the performance of case 3, the
results are compared with case 1 correspondingly.

The schematic views of the test system in the mentioned cases
are shown in Figs. 8, 9, and 10 respectively. The supplied loads
of each MG along with optimally placed SDGs, WTs, PV units,
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Table 4. The total load shedding of the system at 6:00 PM.

Case Plsh (MW) Qlsh (MVAr)
1 2.90 2.05
3 2.66 1.89

ESSs, and SCBs are also included in these figures. Undertaking
the results reveals that the numbers of formed MGs are different
among the considered cases. In which, the number of MGs in
cases 1 and 3 is 3 and the number of MGs in case 2 is 4 due to
the predefined numbers of SDGs. This difference leads to different
expanse of supplying loads by each MG. As an example, it can be
seen that MGs in case 2 supply more loads compared with cases
1 and 3. Also, each formed MG includes at least one SDG as a
master unit and other types of DGs and ESSs as slave ones.

The figure of generated active powers by SDGs is depicted
in Fig. 11. As it is clear, all the SDGs work at their maximum
capacity in both cases to minimize the objective function. Also,
generated reactive powers by SDGs are shown in Fig. 12, in which
the amounts of generated reactive powers by SDGs as the only
reactive power sources are at the highest level in case 1. On the
other hand, these amounts are decreased in case 3 by optimal
placement of SCBs.

Active power (MW)
—
=
=
=
S
==
=N

Time (Hour)

@Bus 22 (casel) @Bus 55 (casel) Bus 68 (casel) @Bus 29 (case3) @Bus 55 (case3) @Bus 62 (case3)

Fig. 16. Charge/discharge active power by ESSs-Cases 1 & 3.

ng power (MW/MVA?)

1 s 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69
Bus Number

—o—PLSH (Case ) ~@~QLSH (Case 1) —A—PLSH (Case3) ~=M=—QLSH (Case 3)

Fig. 17. Active and reactive load shedding power at 6:00 PM-Cases 1 & 3.

The optimally switched SCB steps per hour of operating period
is shown in Fig. 13. Almost all the steps of SCB in bus 38 are
switched and this issue caused a decrease of generated reactive
power by SDG placed in bus 42 and MG2. Approximately, the two
other SCBs work similarly. Figs. 14 and 15 show the generated
active powers by WTs and PV units respectively. Both WTs and
PV units are in their maximum generating available capacity in
case 3 while these capacities cannot be reached to their highest
level according to reactive power limitations. In other words, by
managing the reactive power of the system even in contingency
conditions, more penetration levels of renewable resources are
available.

1.002

0.998
0.996
0.994
0.992

Voltage (Perunit)
o

L e

8 ©

& 8

0.986
0.984

0.982
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69

Bus Number

(s ] e===Case 3

Fig. 18. Voltage profile of the network at 6:00 PM-Case 3.

The depicted Figs. 14 and 15 testify the mentioned increase
penetration level of RERs. All the available capacities of wind
turbines placed in buses 3, 40 and 63 are dispatched in case 3
while the small amounts of these units optimally placed in buses
40, 50 and 63 are injected to the network in case 1. This issue is
true for PV units too. The whole available capacities of PV units
placed in buses 6, 45 and 62 are injected to the network in case 3
while the corresponding amounts in case 1 are close to zero even
during 11:00 AM to 5:00 PM.

Another superiority of case 3 over case 1 is the higher usage of
ESSs in energy management of an emergency-operated EDN. This
issue is shown in Fig. 16. As it is clear, the higher amounts of
charging and discharging modes belong to case 3. The negative
amounts present the charging mode and positive amounts present
the discharging mode. ESSs are mostly charged from 2:00 AM
to 9:00 AM in which the load of the system is lower and the
wind generation is more available. By increasing the amounts of
system’s load, they are mostly discharged from 5:00 PM to 10:00
PM. Also, it should be mentioned that the active power of PV
units is directly injected to the network because of small amounts
of stored energy during 10:00 AM to about 5:00 PM in both cases.

The values of active and reactive load shedding are shown
in Fig. 17. The model in both case studies tries to supply the
sensitive loads such as loads in buses 11 and 12. However, the
system in case 3 decreases the amounts of curtailed loads with
middle priority factor (priority 3) in comparison with case 1.
As an example, the load shedding amounts of loads in buses
8 and 62 possessed priority 3 is lower in case 3 compared to
their corresponding amounts in case 1 and etc. The total amounts
of active and reactive load shedding are included in Table 4.
Comparing the results of cases 1 and 3 reveals that by applying
the proposed method (case 3) the total amounts of active and
reactive powers of loads at 6:00 PM are decreased about 8.28%
and 7.8% respectively.

The profile of voltage is depicted in Fig. 18 according to the
two different cases. As it can be seen, both cases observe the
predefined limitations of voltage but the voltage profile of case 3
is smoother than that of case 1. In other words, increasing the
penetration levels of RERs and reactive management of SCBs, the
quality of the delivered energy is also improved.

4. CONCLUSION

Due to changing climate conditions globally and the increasing
frequency of high-impact, low-probability disasters, improving the
resiliency of EDNs is vital. In this paper, a novel economic
enhancement framework was proposed, considering reactive power
management through switchable capacitors. The essential modeling
formulations were linearized, and the model was solved as an
MIQCP, minimizing load shedding as the objective function. The
specifications of this model were studied and analyzed using the
IEEE 69-bus test system. Results confirmed that the proposed
framework can improve the durability of EDNs and enhance their
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resiliency economically by deploying switchable capacitor banks.
In summary, it can be concluded:

The proposed framework improves the resiliency of EDNs.
To achieve this, the amount of load shedding was compared
across scenarios, showing a 13.6% decrease in load shedding
for the case equipped with SCBs.

The proposed convex model enhances the role of ESSs in
improving resiliency.

Mitigating reactive power limitations using switchable
capacitor banks in an EDN can unlock the potential
of renewable resources, even in emergency conditions. A
comparison of the results revealed that with SCBs, the
penetration level of renewable energy resources (RERs)
increased by approximately 285.6%.

The quality of delivered energy improves in scenarios
involving SCBs.

For future research, the proposed scheme will incorporate
uncertainty modeling of natural disasters, as well as mobile
synchronous DGs and energy storage systems. It will also consider
integrating electric vehicles as generating resources in emergency
modes, and explore other reactive compensating devices, such
as SVC and power electronics-based solutions, which are not
addressed in this study but will be investigated in future research.
Additionally, the consideration of problem uncertainties (including
load, renewable energy generation, and disaster behavior) could be
another promising avenue for future studies.
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