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Mobile Energy Storage for Inverter-dominated
Isolated Microgrids Resiliency Enhancement
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Abstract—Inverter-dominated isolated/islanded
microgrids (IDIMGs) lack infinite buses and have low
inertia, resulting in higher sensitivity to disturbances and
reduced stability compared to grid-tied systems. Enhanc-
ing the resilience of IDIMGs can be achieved by maxim-
izing the system loadability and/or mitigating the expected
disturbances such as line switching operations. This paper
proposes a two-stage framework based on the deployment
of mobile energy storage (MES) to enhance the resilience
of IDIMGs. In the first stage, the network configuration
and deployment of MES are optimized to maximize the
system loadability. The proposed formulation for this
stage is a stochastic multi-period mixed-integer nonlinear
program (MINLP) that maximizes a weighted sum of
minimax loadabilities. In the second stage, transitional
locations of MES, line-exchange execution sequence, and
droop control of dispatchable sources are jointly optimized
to mitigate line-switching disturbances that occur when
transitioning to the new network configuration obtained in
the first stage. The second stage model is a multi-objective
MINLP. The proposed models are solved within the gen-
eral algebraic modeling system (GAMS), utilizing a mod-
ified IEEE 33-bus system. Simulations are conducted to
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assess the significance of each proposed model, and the
results reveal remarkable improvements in system
loadability with the utilization of the first-stage model and
significant reductions in the total switched power with the
adoption of the second-stage model.

Index Terms—Droop control, isolated microgrids,
minimax loadability, mobile energy storage, smooth re-

configuration.

NOMENCLATURE

A. Indices and Sets

b index for MES systems
d index for representative daily profiles
f index for intended line-exchange operations
i,J,ii,jj indices for system buses
i index for system lines or transition between
buses i and j

k index for line-exchange execution stages
I set of exchanged lines
v index for optimization iterations.
P set of lines in ear r
P, the number of edges that form ear
r index for system ears
t index for time periods
B. Notation

. variable/parameter x related to a charging
* process

d variable/parameter x related to a dis-
X charging process

. variable/parameter x related to a dis-
x patchable source

o reference set value for a variable x related
X to a dispatchable source

MES variable/parameter x related to an MES
X system
xmi“,xm‘“ g;inimum and maximum values for varia-

ex
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x" variable/parameter x related to a system load
XY variable/parameter x of a PV source
xV variable/parameter x of a wind source

C. Parameters

FC
(g/km) fuel cost for an MES system
lc
(Q&;/hour) labor cost for operating an MES system
0 travel distance between two buses
n charging/discharging efficiency for an MES
system
K parameter for specifying limits on power
factor
M large disjunctive constant
NMES  total number of MES systems
R, X resistance and reactance of a line in per unit
P probability
T time dedicated for a line-exchange stage
and MES
W weighting coefficient for modeling mul-

ti-objective function

D. Variables

st cost of an MES transition for a
(%) line-exchange stage
T, transit
(%) total transition cost of MES systems
~ temporal minimax loadability (fraction of
4 nominal load)
2 maximum loadability (fraction of nominal
load)
m active power slope for droop control
n reactive power slope for droop control
wnse  IUmMber of transitions achieved by an MES
N system
w angular frequency in per unit
P, O, S active, reactive, and apparent power in per
unit
€0c state of charge for an MES system
Tsw total switched power for exchanged lines
§ in per unit
V.1 magnitude of voltage and current of each

bus in per unit

E. Binary Variables

S5 status of a line, where 1 indicates a closed
line
¥ auxiliary variable for determining the

line-exchange execution sequence
transition status of an MES between two
buses, where 1 indicates a transition event
the connectivity status of an MES system
to a bus, where 1 indicates connected

I. INTRODUCTION

A. Background and Literature Survey

Isolated microgrids (IMGs) are typically established to
supply remote and isolated communities, including
rural areas, industrial activities, military bases, aircraft,
and ports [1]-[4]. For example, Canada has approxi-
mately 300 remote communities in its northern regions,
which are not connected to the national grid [1]. Con-
necting these IMGs to the national grid is uneconomical
due to their size and geographic separation. In addition,
microgrids with a grid connection may be intentionally
islanded due to maintenance or economic reasons [2],
[3]. Under specific circumstances, islanded microgrids
exhibit similarities to IMGs [4], [5]. As renewable en-
ergy resource penetration increases, isolated/islanded
microgrids undergo a transition towards invert-
er-dominated systems, referred to as inverter-dominated
isolated/islanded microgrids (IDIMGs) [6], [7].

IDIMGs are characterized by small inertia and low
stiffness compared to the main grid due to the lack of
infinite bus and bulk synchronous machines. Typical
disturbances in grid-tied systems, such as a line or dis-
tributed generator (DG) outage, or a line-switching
process, could significantly affect the stability and reli-
ability of IDIMGs. Thus, boosting the ability of IDIMGs
to withstand disturbances increases their resilience.

To improve the resilience of IDIMGs, one approach
is to enhance their load capacity or loadability, which
entails increasing the maximum load that the system can
handle without exceeding operational limits and con-
straints [8], [9]. By maximizing loadability, the sys-
tem’s ability to withstand disturbances without experi-
encing voltage collapse is enhanced. The concept of
loadability has been extensively studied and incorpo-
rated into power system planning and operational
studies [10], [11]. Maximizing the loadability of is-
landed microgrids is proposed in [12] and [13]. In [12],
the effect of droop parameter settings for dispatchable
sources (DSs) on the loadability of islanded microgrids
is investigated, while in [13], a dynamic power routing
scheme is proposed to maximize the loadability of is-
landed microgrids.

Enhancing the system loadability can also be achieved
by optimizing the network configuration. The presence
of tie lines in the system is essential for network recon-
figuration to maximize the restored loads during faults.
During normal operation and considering the existing tie
lines, finding the optimal network configuration can be
accomplished by considering several objectives such as
minimizing the annual system losses [14], increasing the
hosting capacity of the system [15], and enhancing the
voltage profile [16]. For IDIMGs, the objective of
maximizing the system loadability is of prominent im-
portance due to the lack of voltage stiffness.

Mathematical models for determining the optimal
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network configuration that maximizes system loadabil-
ity are proposed in [17] and [18]. In [17], the focus is on
conventional distribution networks without the inclusion
of distributed generators. The exploration of optimal
network configurations and droop settings for DSs to
amplify the loadability of islanded microgrids gain trac-
tion in [18]. However, the influence of energy storage
devices on maximum loadability remains a notable gap.

The incorporation of energy storage devices stands as
a potent catalyst for improving system loadability, pri-
marily by reducing peak loads. This pivotal factor af-
fects both optimal network configuration and the max-
imum loadability of the system. Furthermore, the pres-
ence of energy storage devices introduces a time cou-
pling between successive intervals. This interdepend-
ence necessitates a departure from the single-period
formulation adopted in [18], compelling the adoption of
a multi-period framework to effectively encapsulate
their operation.

Energy storage devices can be either stationary or
mobile. Mobile energy storage (MES) offers spatio-
temporal flexibility, which can provide better solutions
to system challenges compared to stationary energy
storage. MES systems have been shown to provide ef-
fective solutions for load restoration through microgrid
formation [19]-[22], which may be solely sufficient to
economically justify their presence in future power
systems. Therefore, MES systems are considered in this
paper. The optimal location of energy storage may no
longer be optimal when the network configuration
changes. As a result, the coordination between network
reconfiguration and MES deployment is required while
maximizing the network loadability. To this end, a new
mathematical formulation that is capable of jointly op-
timizing the network configuration and MES deploy-
ment to maximize the loadability of IDIMGs is required.

Changing the network configuration in IDIMGs poses
a significant challenge due to the need for executing a set
of line-switching operations in a low-inertia system with
non-stiff bus voltages, as discussed in [23] and [24].
While solving the network reconfiguration problem for
grid-tied systems, the line-switching operations are ei-
ther penalized in the objective function using a switching
cost term, as in [25] and [26], or constrained to a limited
number within the constraints set, as in [27] and [28]. In
low-inertia IDIMGs, reducing the number of
line-switching operations is insufficient to avoid their
detrimental effects, as these operations cause more sig-
nificant disturbances than in grid-tied systems. These
disturbances, in IDIMGs, could cause stability, reliabil-
ity, and power quality issues in addition to the high wear
and tear costs of the switching devices [23]. A superior
solution is to find a mechanism for achieving seamless
network reconfiguration. Seamless line switching can be
realized if the power flow in the switched line is mini-
mized. Consequently, transitional droop control setting

is proposed in [23] to minimize the power flow in the
lines subject to switching operations. However, if the
number of DSs is small in the system, the DSs’ ability to
minimize the power flow in the switched lines is limited.
Furthermore, reference [23] does not consider the utili-
zation of energy storage devices, such as MES systems,
to minimize power flow in switched lines. Given their
spatiotemporal flexibility, MES systems can offer an
effective solution for minimizing power flow in lines
undergoing switching operations, with a high probability
of achieving zero power flow.

B. Research Gaps and Contributions

To the best of the authors’ knowledge, no previous
work has proposed a two-fold coordination between
seamless network reconfiguration and the deployment of
MES systems to enhance the resilience of IDIMGs.
Specifically, no research has explored the coordination
between network reconfiguration and MES deployment
for maximizing the loadability of IDIMGs.

Additionally, prior studies have not considered the use
of MES systems to minimize power flow in switched
lines for achieving seamless reconfiguration. To address
the aforementioned gaps in the literature, this paper aims
to enhance the resilience of low-inertia IDIMGs by a
two-fold coordination between network reconfiguration
and MES deployment. The paper contributes the fol-
lowing to the literature.

1) A mathematical model to jointly determine the op-
timal network configuration and MES deployment,
which maximizes the loadability of IDIMGs.

2) A mathematical model to simultaneously deter-
mine the optimal transitional locations of MES systems,
line-exchange execution sequence, and transitional
droops for DSs in order to minimize the power flow in
switched lines for executing seamless network recon-
figuration.

3) A two-stage framework that integrates the afore-
mentioned mathematical models to enhance the resili-
ence of IDIMGs while considering the cost of MES
transitions.

Enhancing loadability and mitigating line-switching
transients contribute to improving the resilience of
low-inertia IDIMGs [29]. Both the enhancement in
loadability and the reduction in total switched power are
quantified and used to assess the improvement in resil-
ience [29], [30].

The rest of the paper is organized as follows. The
proposed two-stage framework is introduced in Section II,
whereas the mathematical models for the two stages are
presented in Sections III and IV, respectively. Section V
investigates the effectiveness of the proposed framework,
and finally, conclusions are stated in Section VL.

II. Proposed Two-stage Framework

Enhancing the resilience of IDIMGs can be achieved
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by strengthening the system and mitigating expected
disturbances. One way to harden the system against
disturbances that may lead to voltage collapse or nui-
sance tripping is to increase the system loadability. To
achieve this, a two-stage framework is proposed that
maximizes the loadability of IDIMGs using a smooth
network reconfiguration and MES deployment. The
network reconfiguration needs to be seamless in order to
minimize disturbances accompanying the line-switching
operations required for the reconfiguration process in
low-inertia IDIMGs.

Figure 1 illustrates the proposed two-stage frame-
work.

Wind power

/ Load

Solar po\\'cr\

=
B
=
J\ A =35
b e e £ 8
o o= -bi NpoE
33N [~ _N_lIr3E
£ ' il 22
] et s e S e s R s A s e s
= - = D
L o,
W own
(=9
=)/ §
* =4

First-stage model
(maximizing loadability) System input
objective: Eq. (2) data
constraints: Eqs. (3)—(36)

Current network Network MES
configuration configuration

locations

Compare

i

Expected loads
and renewable
output

Set of
line exchanges

Second-stage model
(executing a smooth
reconfiguration)
objective: Eq. (14)
constraints: Eqs. (41)-(54).
(37). (39)

Transitional
droops for
DSs

Execution
sequence for
line exchanges

Transitional
MES locations

and schedules

Fig. 1. Proposed framework for resilience enhancement of
IDIMGs based on maximizing the loadability using MES and
smooth network reconfiguration.

The first stage aims to find the optimal network con-
figuration and MES deployment, which maximize the
system loadability for a predefined time horizon, while
the second stage aims at mitigating the line-switching
transients accompanying the network reconfiguration
required by the first stage, i.e., executing a smooth re-
configuration. In the first stage, a stochastic multiperiod
formulation is developed to account for the variability
and uncertainty of loads and renewable generations, as

well as the energy coupling between subsequent time
periods due to the existence of MES. The output of the
first stage is a single network configuration with fixed
locations for the MES systems, tailored to accommodate
a predefined array of daily profiles spanning the fore-
seen time horizon. This fixed output serves to minimize
the transportation cost of MES, while concurrently
maximizing the system loadability for the considered
time horizon.

To change the network configuration to the one ob-
tained in the first stage without introducing significant
disturbances to the system, a seamless reconfiguration
plan is developed by the second stage of the proposed
framework. In the second stage, a multi-objective for-
mulation is proposed. The main objective is to minimize
the power flow in the lines subject to line-switching
operations to reduce switching transients and achieve a
smooth reconfiguration. The second-stage problem is
formulated as a multi-objective problem because the
cost of MES transitions is modeled as a conflicting
objective. The second-stage model provides an optimal
routing plan that specifies the transitional locations for
the MES systems as they move from their initial loca-
tions in the current network to the new positions in the
final reconfigured network, as shown in Fig. 2. In these
transitional locations, charging and discharging powers
are coordinated with the DSs’ control to minimize the
power flow in specific lines undergoing line-switching
operations, such as line i—j, as demonstrated in Fig. 3.
The order of switching these specific lines to achieve
the required network reconfiguration, is also determined
by the second-stage model. Thus, the second-stage
model simultaneously optimizes the execution sequence
of line-switching, the transitional droops of DSs, and
the transitional locations for MES systems to achieve a
smooth reconfiguration. The details on the utilization of
transitional droops in DSs and the execution sequence
for line switching, have been introduced and explained
in [23], though there is no coordination with the em-
ployment of MES in [23].

=== Line affected by a switching operation
Bus j

Bus i

Transitional position 1 Final position after

Bus i A network reconfiguration

Bus jj

Initial position

before network
reconfiguration

Transitional position 2

Fig. 2. Utilizing transitional positions of MES systems to mini-
mize the power flow in specific lines for achieving smooth re-
configuration.
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(b)

Fig. 3. Examples for power flow reduction in line i—j using an
MES system. (a) Discharging. (b) Charging.

[I. FIRST-STAGE MATHEMATICAL MODEL

This section presents the mathematical formulation
for the first-stage problem, which involves a stochastic
multiperiod network reconfiguration that considers the
MES deployment for loadability maximization. The
optimization model presented in this section is desig-
nated as M1.

A. Objective Function

As the system loading exceeds certain limits, satis-
fying the power flow constraints becomes infeasible.
Increasing the maximum loadability enhances the sys-
tem’s ability to safely ride through generation or
line-outage events. Since IDIMGs have limited num-
bers of DSs without an infinite bus, the maximum
loadability of an IDIMG is a critical factor for improv-
ing its resilience. Consequently, the selected objective
in the first stage is to maximize the system loadability.
This objective can be modeled by multiplying the sys-
tem load with a scaling factor while setting the maxi-
mization of this factor as an objective function. How-
ever, in the presence of energy storage and renewable
generation, the maximum loadability of the system is
influenced by the available renewable generation and
MES schedule. The presence of MES in the system
introduces a complex interplay between time and en-
ergy, where optimizing the system's loadability within a
specific time period may necessitate compromising
loadability during another time period. Therefore,
achieving maximum system loadability requires sim-
ultaneous optimization across all pertinent time periods
under consideration. This objective can be attained by
defining the following term:

Ay =minZ,, (1)

where 4, denotes the temporal minimax loadability

(TMML) for day d, which is different from the spatial

minimax loadability in [8]; 4,, is the maximum

loadability of the system during time period ¢ while
considering daily load, wind power, and solar power
profiles representative for day d. Maximizing the value

of A,, which is equal to the minimum value of 4,

£
implies optimizing the system loadability for all the
considered periods. The concept of maximizing the
TMML value is illustrated in Fig. 4 considering only six
time periods and four optimization iterations for sim-
plicity, where v is an index for optimization iterations.

v=2

)__ IJL 7

> @]

i

. ot it bt ii
!

Fig. 4. Illustrating the concept of maximizing the loadability, for
a system containing energy storage, by maximizing the temporal
minimax loadability.

The final objective function of the proposed model is
expressed as follows:

maxz/id X p, 2)
d

where p, is the probability of representative day d.

Considering several representative days for a certain
time horizon such as a season, the proposed model aims
to find the optimal network configuration and MES
locations that maximize the summation of the minimax
loadabilities weighted by the probability of their oc-
currence.

B. Constraints

The objective function presented in the previous
subsection is subject to the following constraints:

Piij,t,d + Qiz—j,t,d =1 Vi,zr,d , Vi—j,t,d 3)

i-jt,d
Pt—j,r,d + Pj—i,r,d =17 ,,,R Vi—j.t.d “)

imjndfiojo
2 . .
Qi*/',f,d + Q/'fi,t,d - Ii*j,t,dXi—jﬂ Vi— ]atad (5)
" w PV MES _ § VA
Bla+B ,+B, +B, A xF, =

D P4 Vistd ©
J

g w PV MES 7 I
Qi,t,d + it,d + it,d + it,d ﬂ’d X Qi,t,d -

. 7
S0, ;.00 Virtd ™

J
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ijtd 1td+2(P/th +Q ,th )_ ®)
l/,d(R2 +X)<(1-6_ OM, Vi-jtd
V/‘zrd ztd+2(P /th +Q /th )_ (9)
ID (R + X )= (6., -DM, Vi—jtd
P 0, SO (S™, Yi-jtd  (10)
( ltd) +(Qigtd)2<(Sig’max)2’ vlatad (11)
PE < PE L Vit,d (12)
OF™ < Q8 Vit,d (13)
yet<y, , SV™, Vitd (14)
0= a)td_mztd[-z)gtd’ Vit,d (15)
Vita _V:gtd -n;, O gy Vist,d (16)
o™ <of, <™, Vitd (17)
oS yE <V, Vitd (18)
m™" s=m ,<sm™, Vitd (19)
n™ <nf, , <n"™, Vitd (20)
ZZZM, =N 1)
i b
ZZM =1, Vb (22)
0<F, ,<B", Vbitd (23)
0<PF , <P, Vbitd (24)
Py = ZZ x (B, = Ba)s Vit d — (25)
Pd
b,t,d
€socpia = Csocpi-1a T [7717 bid JAf (26)
77b
e:roncnh gesocbr <esocb’ Vb’t’d (27)
. Bl
2| B =5 =0, vbd (28)
: My
(Ba) +(Qw)2 < (S, vbitd  (29)
thd\ b,t,d KMESs Vbatad (30)
thHi{S ZZ X btd’ Vl,t,d (31)
Qm,\PW xK", Vit,d (32)
o7, <P xK"™, Vitd (33)
g + ; S S , i,l, 3
(BL) +(QF ) < (S"™), Vit d  (34)
(Br)" + (Q, VTS (ST, Vitd o (35)
> 6., =|R|-1, vr (36)

i-jeP,
The power flow and power balance constraints are
modeled by (3)—(9). In (6) and (7), the active and reac-
tive power loads are scaled with 1, , which is maxim-

ized by (2). Equation (10) expresses the upper limit on
the line flow, while constraints (11)—(13) represent the
upper and lower limits on the active and reactive output
power from the DSs. Constraint (14) limits the bus
voltage within a certain range, while equations (15)—(16)
express the droop control for the DSs. The upper and
lower limits on the variables of the droop control are
specified by (17)—(20), equations (21)—(31) model the
MES system and limit its output power, whereas con-
straint (32)—(35) present the upper and lower limits on
the output power from the renewable sources. Finally,
equation (36) forces the radiality structure of the system.
More information on preserving the system radiality
through the ear decomposition of the network graph can
be found in [8].

IV. SECOND-STAGE MATHEMATICAL MODEL

The objective of the second stage is to smoothly
change the current network configuration to the one
obtained in the first stage. The network reconfiguration
process requires the execution of a set of line-opening
and line-closing operations. However, in a radial net-
work, opening a single line divides the system into two
islands, potentially leaving some system nodes without
supply. Conversely, closing an additional line converts
the radial structure into a weakly meshed one, poten-
tially disrupting the operation of protection devices
designed for radial networks. To maintain a single is-
land with a radial structure during network reconfigu-
ration, line-exchange operations are executed. A
line-exchange operation involves two associated
line-switching operations: one line-opening and one
line-closing operation. Therefore, any network recon-
figuration process for a radial network can be defined by
a set of line-exchanges to be executed.

A. Modeling Line-exchange Execution Sequence

Executing a certain line-exchange operation changes
the network configuration and affects the power flow in
the lines subject to subsequent line-exchange operations.
The main concern is the increase in the power flow in
those lines as the result of this change. Consequently,
there is a need to determine the optimal line-exchange
execution sequence that minimizes the total switched
power in the lines subject to line-exchange operations.
To model a line-exchange sequence, let L™ denotes the
set of line-exchange operations required to change the
network configuration and let f be the index for

in L% In L*, each

7773)

subjected to a

line-exchange operations
line-exchange operation is represented by (
line

iA—/j indicates the

line-opening operation and 1/:7 points to the line

where

subjected to the associated line-closing operation. To
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determine the execution sequence of the line-exchange
operations identified in L™ let £ be the index for the
line-exchange execution stages. Thereafter, binary
variable 7, . is introduced to determine which intended
line-exchange indexed by f will be executed at which
execution stage, indexed by k. Table I gives an example

of an execution sequence for a set of three intended
line-exchange operations. The three assumed operations

for the purpose of
{(Sf:i 12-22), (23—24,25-29), (31-32, 1?—\33)}.

illustration are L™=

According to the values of y, . in Table I, the execu-

tion sequence is L', L', then L. The optimization
model, designated as M2, for the second-stage problem
is detailed in the following subsections, based on the
modeling approach for the line-exchange execution

sequence presented in this subsection.

TABLE |
EXAMPLE OF A LINE-EXCHANGE EXECUTION SEQUENCE
DETERMINED BY 7, ,

f=1 f=2 f=3
(8-9,12-22)  (23-24,25-29)  (31-32,18-33)
k= 7. =0 N2 =1 7:=0
k=2 7, =0 72, =0 725 =1
k=3 75 =1 7:.=0 755 =0

B. Objective Function

The main objective of the second stage is to execute a
smooth network reconfiguration in low-inertia IDIMGs.
This objective can be achieved by minimizing the
power flow in lines subjected to line-switching opera-
tions. To accomplish this minimization, the

line-opening operation is weighted by S;}_ , and the

line-closing operation is weighted by S:j , where S{:';

represents the apparent power flow in line z—N] imme-
diately before executing the line-opening operation and

Sl_jj represents the apparent power flow in line z—/\]
once the line is closed. Thereafter, the total switched
power can be evaluated by:

ST = sz (( ,,k) +(Si7k)2) (37)

The main Ob]eCtIVB of the second-stage model is to

minimize S™* to achieve a smooth network reconfig-
uration in IDIMGs. This objective is achieved by sim-
ultaneously optimizing the transitional droops of the
DSs, the line-exchange execution sequence, and the
transitional positions of the MES systems. However, the
IDIMG operator may prioritize minimizing the cost
associated with transitioning the MES while also

minimizing S™* . This cost can arise from the addi-

tional movement of the MES systems to minimize the
power flow in the exchanged lines, and can be ex-
pressed as:

G = C™ x Dy X0 +C X " (38)

where C™" is the cost of moving MES b during

line-exchange stage k; ¢, ,,, is an auxiliary variable to

indicate the transition status of MES b during
line-exchange stage k between buses i and j; 0, ; stands

for the distance between buses i and j; and 7, l}( is the

time dedicated for each line-exchange stage and MES 5.
The total transition cost for all MES systems is C""™™",

given by:
T,transit __ transit
cret=2 2 G
bk

It is required to minimize C™"™" while also mini-
mizing the total switched apparent power. Since these
two objectives are conflicting, the problem is formu-
lated as a multi-objective optimization problem, where
one of the objectives is weighted by scalar factor W. The
final objective function for the second-stage model can
be written as:

Min (ST,SW + W T,transit) (40)
It is worth noting that minimizing (40) for different

values of W offers a set of Pareto-optimal solutions to
the system operator.

(39)

C. Constraints

The objective function presented in the previous
subsection is subject to the following constraints:

(3)=(5),(8)—(9),(10), Vi— (41)
©)— (7, 11)=(13), (14), (15)-(16), 42)
(17)-(20), (25), 31), (32)-(35), Vi,k

1), Vk (43)

(22) - (24), (29)—(30), Vb, k (44)

o=t () v e

5’;_7 <§~_ o Vk=1Vi- ]eLex (46)
8y 0o =V 1 V(= ji= ) e L (47)
2 1 =L S (48)

Z,,k DOl Vk=1 (49)

S ip = 5,.7‘,.,0, VkZ1Y(i-j)e L™ (50)
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(55) =) +(05)

—

Vk=1,Vi-je L™ and (37), (39)
Equations (41)—(44) aggregate the same constraints in
M1, but for different indices. In (41)—(44), the variables
are P

2 MES
s B Qi—j,k’ Qj—i,k’ Iy Vies Bas By

ik
g MES g g s* g* C
O O s 5‘—j,k> @, mi, ng, O, Vi, Z,,, By

i i i

(54

and Pbdk Equation (45) specifies the total number of

closed lines during each line-exchange stage. If a line is
selected to be opened in a specific stage, it will remain
open in the following stages due to (46). Equation (47)
connects the current line-exchange stage with the status
of the associated lines, while equation(48) ensures that
one line exchange operation is executed during each
stage. Equation (49) ensures that one line is opened in
each stage, equation (50) fixes the status of the lines that

do not belong to the set L™ during all the line-exchange
stages, whereas (51) determines the transition status of
MES b during switching stage k between buses i and j
based on the connectivity status of the MES. Equations
(52)-(54), (37), and (39) compute the variables required
for the objective function (40).

V. RESULTS

Several case studies are presented to investigate the
effectiveness of the proposed resilience enhancement
framework for IDIMGs. The details of these case stud-
ies as well as the input data are presented in the fol-
lowing subsections.

A. System and Input Data

The IEEE 33-bus system is considered in this paper.
The line data of this system are available in [31], while
the rated active and reactive power loads, as well as the
residential load, commercial load, wind power, and solar
power profiles, are adopted from [32]. The system is
modified by adding two DSs at buses 1 and 18, respec-
tively, with each DS rated at 2.8 MVA and a minimum
power factor of 0.8. Two wind and two solar power
sources are added to the system, located and sized iden-
tically to those in [27]. Unity power factors for all re-
newable sources are assumed. The ratings and bus loca-
tions of the dispatchable and renewable sources are
presented in Table II, and the modified IEEE 33-bus
system is displayed in Fig. 5. As seen in Fig. 5, the as-
sumed system ears are highlighted with different colors,
where the ear decomposition approach for preserving the
network radiality in [8] is adopted. The analysis focuses
on a single MES system rated at 500 kW/776 kWh [21],

[33], assuming 7 and 7 are both 0.9.

A personal computer with a Core i7 processor
(1.99 GHz) and 8 GB of RAM is used for conducting all
the optimization. The proposed mixed-integer nonlinear

program (MINLP) models are solved in general algebraic
modeling system (GAMS) using the SBB solver. This
solver aggregates the standard branch and bound (B&B)
algorithm for treating the integrity constraints with some
standard NLP solvers for solving the relaxed MINLP.
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Fig. 5. The modified IEEE 33-bus system.

TABLE II
LOCATIONS AND RATINGS OF THE DGS

——)

--=--Opened line
—Closed line

(MVA)
Type DS1 DS1 Windl Wind2 Solarl  Solar2
Rating 2.8 2.8 0.4 0.5 0.35 0.45
Bus number 1 18 10 33 7 14

B. Assessment of the First Stage

The obtained solution from the first-stage model is
fixed for a time horizon of one season, using the input
data for the winter season obtained from [32]. To rep-
resent the season, six representative days are considered,
with two days adopted for each month. One day repre-
sents weekday profiles, while the other represents
weekend profiles. To demonstrate the significance of
jointly optimizing network reconfiguration and MES
locations while maximizing system loadability, the
TMML is evaluated using four different study cases. All
of these cases adopt M1, either with or without some
modifications, and are denominated as MI1-Casel,
M1-Case2, M1-Case3, and M1-Case4. The following
paragraphs provide details and results for each study case.
1) MI-Case 1

The initial network configuration in [27], [31] shown
in Fig. 5 is assumed to be fixed, with the opened lines
being 8-21, 12-22, 9-15, 25-29, and 18-33. Addi-
tionally, no energy storage is incorporated in the system.
To establish M1-Casel, the proposed first-stage model
(M1) is modified by adding additional constraints,
which force the intended network configuration shown
in Fig. 5 to be fixed. Furthermore, to prevent the in-
corporation of MES, constraints (21) and (22) in M1 are
modified.

The purpose of M1-Casel is to assess the value of
the TMML if no energy storage is considered and the
network configuration is not optimized for maximizing
the TMML. The only decision variables are the droop
settings that maximize the loadability of the
six-representative days for the winter season. Figure 6
displays the maximum loadability value for each hour
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(4,,) obtained by M1-Casel based on optimizing the

droop settings only. The obtained TMML value in this
case is 0.8975, which is lower than 1 due to the unopti-
mized network configuration and the absence of energy
storage. The effect of optimizing the network configu-
ration and the MES deployment on the TMML is inves-
tigated in the following case studies.
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Fig. 6. Maximum hourly loadabilities and TMML value obtained
by M1-Casel.

2) M1-Case2

To demonstrate the effect of considering the energy
storage on the TMML value, the initial network con-
figuration is considered with one available MES system.
Consequently, additional constraints are added to fix the
initial configuration shown in Fig. 5, while constraints
(21) and (22) remain unchanged in M1. Figure 7 dis-
plays the maximum hourly loadabilities obtained by
solving M1-Case2. As seen, the worst maximum hourly
loadability, i.e., the TMML value, is 0.951, when the
MES is located at bus 33. Due to the consideration of a
single MES system, the TMML value is improved by
5.63%. In Fig. 7, it can be observed that the loadability
curves are flattened due to the maximization of the
TMML value while considering energy storage.
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Fig. 7. Maximum hourly loadabilities and TMML value obtained
by M1-Case2.

3) MI1-Case3

To demonstrate the effect of optimizing the network
configuration on the TMML value, the optimal config-
uration that maximizes the TMML value without using
energy storage is considered in this case. This entails
modifying only constraints (21) and (22) in M 1. Figure 8
plots the maximum hourly loadabilities of the six rep-
resentative days for the winter season. By comparing

Fig. 8 with Fig. 6, it can be observed that all the hourly
maximum loadabilities are increased and the TMML
value is 1.137, which represents a 21% improvement
compared to that of M1-Case 1. The obtained network
configuration incorporates opening lines 7-8, 11-12,
13-14, 6-26, and 15-16.

(SIS N
I

'
r
X
-

3 L8P

5
1.6} =1

[

0 2 4 6 g8 10 12 14 16 18 20 22 24

Time (hour)

Fig. 8. Maximum hourly loadabilities and TMML value obtained
by M1-Case3.

4) M1-Case4

In this case, no modification is added to the proposed
model M1. Consequently, joint optimization of the
network configuration and MES deployment are at-
tained. Figure 9 displays the maximum hourly
loadabilities for the considered representative days. It
shows that the maximum hourly loadabilities for all the
considered days are improved compared to the previous
cases where only the network configuration or MES
deployment was optimized. The obtained solution in-
volves opening lines 8-21, 11-12, 14-15, 23-24, and
15—16, and connecting the MES to bus 12, as illustrated
in Fig. 10.
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Fig. 9. Maximum hourly loadabilities and TMML value obtained
by M1-Case4.
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Fig. 10. Network configuration and MES deployment obtained
from solving M1 considering the winter season.
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The TMML value obtained is 1.225, which exceeds
those of M1-Casel, M1-Case2, and MI1-Case3 by
26.74%, 22.37%, and 7.18%, respectively.

The following subsection outlines a strategy to
achieve a smooth network reconfiguration when transi-
tioning the network from the unoptimized configuration
in MIl-Case2 to the optimized configuration in
M1-Case4. This network reconfiguration is also ac-
companied by relocating the MES from bus 33 to bus 12.

C. Assessment of the Second Stage

Upon comparing the set of opened lines obtained in
M1-Case 4 with those in M1-Case 2, the following set
of line exchanges must be executed to reconfigure the

network: I ={(11—12,12—22),(14—15,9—/1\5),

(ﬂj@),(ﬂ,@)} The cost coeffi-

cients used to evaluate the cost of MES transition are

C" =0.4$/km and C*°=25$/hour [34]. The dis-
tance between any two adjacent buses is assumed to be
0.5 km. Thereafter, the Euclidean distances between any
two non-adjacent buses are computed.

By solving M2, three main decisions are determined:
the transitional droop settings, the execution sequence
for desired line exchanges, and the transitional locations
of MES systems. To investigate the impact of optimiz-
ing different decisions on the primary objective of
minimizing the total switched power, four case studies
are conducted, namely: M2-Casel, M2-Case2,
M2-Case3, and M2-Case4. For the four cases, M2 is
solved while setting W =0 in (40). This setting implies
that the IDIMG operator highly prefers minimizing the
switching transients irrespective of the associated costs
due to MES transitions. Thereafter, M2-Case5 is de-
veloped to assess the effect of considering different
values of /¥ on the obtained solution.

1) M2-Casel

The aim of this study case is to assess the total
switched power if none of the above-mentioned deci-
sions are optimized for minimizing the total switched
power. This aim can be achieved by replacing the ob-
jective function in (40) with a different trivial objective,
such as minimizing the voltage regulation. The total
switched power, in this case, is 1.272 p.u. (1.272 MVA).
The line-exchange execution sequence and MES loca-
tions that minimize the voltage regulation are shown in
Fig. 11. It shows the exchanged lines for each
line-exchange stage identified by the index k&, while it
also indicates the location of the MES and the switched
power at each stage. According to Fig. 11, the initial
line-exchange process involves opening line 15-16 and
closing line 18-33. At this stage, the MES is located at
bus 28. As the network configuration changes with each
line-exchange operation, the MES changes its location
in subsequent stages to minimize the voltage regulation.

(15-16.18-33) 8 (14-15.9-15)
| Sz = 0.098 — 8. =0.031
% . =0.029 S, =0.032
v
‘1_—_ 4,25- 70) 26 (”:'p ]'Sf’n]
\ , =0.460 P S, =0241
\ —0')';'; _\."““0 154
-.i k=4 - Ji k=3

Fig. 11. The line-exchange execution sequence and transitional
locations of the MES obtained by solving M2-Casel.

2) M2-Case2

The objective of this case is to investigate the effect of
optimizing only the droop control of the DSs on mini-
mizing the total switched power. The order of
line-exchange operations and transitional positions,
obtained by solving M2-Casel and depicted in Fig. 11,
remains fixed. To establish the study case identified as
M2-Case2, additional constraints are added to M2 to
enforce the fixed order and positions as indicated by Fig.
11. The total switched power obtained in M2-Case2 is
1.068 p.u., which is 16% lower than the value obtained
in M2-Casel. This reduction is a result of optimizing the
transitional droops to minimize the total switched power.
3) M2-Case3

This case study evaluates the impact of simultane-
ously optimizing the droop control of the DSs and the
line-exchange execution sequence while maintaining
the MES locations as specified by M2-Casel.
M2-Case3 is similar to M2-Case2, except that it does
not include additional constraints to force a certain
line-exchange execution sequence. The total switched
power in M2-Case3 is 0.795 p.u., representing a 37.5%
reduction compared to M2-Casel and an improvement
of 25.6% compared to M2-Case2 due to the optimized
line-exchange execution sequence. The line-exchange
execution sequence and transitional locations of the
MES obtained by solving M2-Case3 are displayed in
Fig. 12.

28 (15-16,18-33) (14=15.9-15)
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Fig. 12. The line-exchange execution sequence and transitional
locations of the MES obtained by solving M2-Case3.
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4) M2-Case4

The optimization model M2 is solved without any
additional constraints or changes to the objective func-
tion, as in the previous cases (M2-Casel, M2-Case2,
and M2-Case3). Therefore, the droop settings,
line-exchange execution sequence, and transitional
MES locations are all simultaneously optimized. The
total switched power attained by solving M2, with
W =0, is 0.140 p.u. This value indicates an 89% re-
duction in the total switched power compared to the
case of non-optimized decisions for minimizing the
total switched power, i.e., M2-Casel. The obtained
line-exchange execution sequence and the transition
plan for the MES are displayed in Fig. 13.

The transition plan in Fig. 13 indicates that instead of
moving directly from bus 33 in the initial network con-
figuration to bus 12 in the final network configuration,
the MES moves to transitional bus 24 and then bus 11
while moving from bus 33 to bus 12. It should be noted
that the total switched power could be reduced to zero if
two MES systems were available with the mentioned
specifications instead of one, or if the power rating of the
single available MES increased to 0.71 p.u. from 0.5 p.u.
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Fig. 13. The line-exchange execution sequence and transitional
locations of the MES obtained by solving M2-Case4.

5) M2-Case5

This case aims to evaluate the effect of considering
the travel cost of the MES system while minimizing the
total switched power. This is achieved by varying the
value of W, which reflects the different preferences of
the system operator. M2 was solved for thirty values of
W between 0 and 200, though only three non-dominated
solutions were obtained, corresponding to the best so-
lutions for one, two, and three transitions of the MES
system. Therefore, when W =0, the maximum number
of transitions is three, whereas as W increases towards
200, the number of transitions decreases to two and then
to one. Figure 14 displays the values of the two objec-
tives for the three non-dominated solutions, where each
non-dominated solution is associated with a value of

N"™™" representing the number of transitions accom-

plished by the MES. Using the generated
non-dominated solutions, the system operator can select

the desired solution based on a techno-economic study
for the considered IDIMG. This techno-economic study
balances the limits on the system disturbances (the al-
lowed maximum switched power) and the allowed
economic budget for moving the MES.

(0.14,78.4)
80+ x
_ — i 3
“ - ==
= 60 (0.17.53)
g X T
= N _ o
= 40F : =
o (0,64, 25.3)
20+ N /X
tj L i L L L L L ]
0 01 02 03 04 05 06 07 08
S5 (pa)
Fig. 14. Values of objective functions for three different

non-dominated solutions corresponding to three values of
Nlransit .

VI. CONCLUSION

This paper proposes a two-stage framework that uti-
lizes mobile energy storage systems to enhance the re-
silience of inverter-dominated isolated/islanded mi-
crogrids. In the first stage, a new mathematical formu-
lation is proposed to maximize the temporal minimax
loadability of the inverter-dominated isolated/islanded
microgrid based on optimizing the network configura-
tion and the mobile energy deployment. In the second
stage, another new mathematical formulation is pro-
posed to minimize the total switched power for smoothly
transitioning to the network configuration obtained from
the first stage. The decision variables for the sec-
ond-stage model are the transitional droop settings, the
execution sequence for the desired line exchanges, and
the transitional locations of the MES systems.

Several case studies have been conducted to investi-
gate the effectiveness of each proposed model. The re-
sults of these case studies indicate that jointly optimizing
the network configuration and mobile energy storage
deployment can result in a 26.7% improvement in tem-
poral minimax loadability. Additionally, when a single
mobile energy storage system with a power rating of 0.5
p-u. is used, the reduction in the total switched power
ranges from 49% to 89%, depending on the budget al-
located for the mobile energy storage transition.
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