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Transportable Energy Storage for More Resilient
Distribution Systems With Multiple Microgrids

Shuhan Yao , Student Member, IEEE, Peng Wang , Fellow, IEEE, and Tianyang Zhao , Member, IEEE

Abstract—Transportable energy storage systems (TESSs) have
great potential to enhance resilience of distribution systems (DSs)
against large area blackouts. A joint post-disaster restoration
scheme for TESS and generation scheduling in microgrids (MGs)
and network reconfigurations is proposed to minimize the total
system cost, including customer interruption cost, generation
cost, and TESS related costs. A temporal–spatial TESS model
which is related to both transportation networks and DSs
is proposed to represent the difference between TESS and
ESS in terms of flexibility and cost reduction of ESS sharing
among MGs. The proposed restoration problem is formulated
as a mixed-integer linear programming with considering various
network and TESS constraints. The proposed model and scheme
are tested in a modified 33-bus test system with three MGs and
four TESSs. The results verify that a distribution system with
TESS is more resilient compared with conventional ESS because
of the benefit from total cost reduction.

Index Terms—Transportable energy storage systems,
microgrids, service restoration, resilience, time-space network.

NOMENCLATURE

Acronyms

DS Distribution system
MG Microgrid
TESS Transportable energy storage system
DG Distributed generator
DER Distributed energy resource
TSN Time-space network
MILP Mixed-integer linear programming
VSP Vehicle scheduling problem
SOC State of charge.
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Indices and Sets

N Set of DS buses, indexed by i, j, k
E Set of DS branches, indexed by (i, j)
T Set of time spans, indexed by t, T = |T|
�(i) Set of buses connected to bus i by a branch
M Set of MGs, indexed by m, u
Mv Set of virtual nodes in TSN
� Set of TESSs, indexed by ω

Z Set of arcs in TSN, indexed by (m, u)
Z+

m Set of arcs in TSN starting from MG m
Z−

m Set of arcs in TSN ending at MG m.

Parameters

�T Time span
rij, xij Resistance and reactance of line (i, j)
ϕi Power factor of load at bus i
PDt

i, QDt
i Active/reactive load at bus i in time span t

Smax
ij Apparent power capacity of line (i, j)

Vmax
i , Vmin

i Maximum/minimum voltage magnitude at
bus i

Pmax
DG,m, Qmax

DG,m Maximum active/reactive power of equiva-
lent dispatchable DG in MG m

Emax
DG,m, Emin

DG,m Energy capacity/minimum reserve in MG m
Pt

D,m, Qt
D,m Local active/reactive load in MG m in time

span t
ηch, ηdch Charging/discharging efficiency of TESSs
Pmax

ch , Pmax
dch Maximum charging/discharging power of

TESSs
SOCmax / min Maximum/Minimum SOC level of TESSs
Ecap

TESS Energy capacity of TESSs
Wi Unit interruption cost for load at bus i
Cgen,m Unit generation cost for the DGs in MG m
Ctran,ω Unit transportation cost for the TESS ω

Cbat,ω Unit battery maintenance cost for the
TESS ω.

Variables

PGt
i, QGt

i Active/reactive power generated at bus i in
time span t

PDt
r,i, QDt

r,i Load restored at bus i in time span t
Pt

ij, Qt
ij Active/reactive power from bus i to bus j in

time span t
Vt

i Voltage magnitude at bus i in time span t
αij Binary variable, 1 if the line (i, j) is con-

nected, 0 otherwise
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βij Binary variable, 1 if bus j is the parent of
bus i, 0 otherwise

Pt
DG,m, Qt

DG,m Active/reactive power generated of equiv-
alent dispatchable DG in MG m in time
span t

Et
DG,m Energy of equivalent dispatchable DG in

MG m by the end of time span t
It
ch,ω, It

dch,ω Binary variables, charging/discharging state
of TESS ω in time span t

ζ t
ω,mu Binary variables, 1 if TESS ω is on arc (m,

u) in time span t, 0 otherwise
Pt

ch,ωm, Pt
dch,ωm Charging/discharging power of TESS ω

from/to MG m in time span t
SOCt

ω SOC of TESS ω by the end of time span t.

I. INTRODUCTION

LARGE area blackouts lead to widespread catastrophic
consequences for economy and society [1], [2]. It high-

lights the importance of power systems resilience against
major disruptions [3], [4], especially for DSs [5]–[7]. In
a more resilient DS, electric service restoration can be imple-
mented efficiently using stationary [8], [9] and transportable
sources [10], [11]. After a disaster, stationary sources, e.g.,
DERs and MGs, can be adopted for one island of the
DS [8], [9]. Equipped with vehicles, transportable sources,
e.g., TESSs, have great potential to enhance the resilience
through optimal scheduling among multiple islands within
the DS.

Considerable progress has been made with respect to the
utilization of stationary sources in DS restoration [12], [13].
DGs are widely adopted in the restoration when the DS is
isolated from the main grid [14]. When DGs are insufficient
to meet the energy requirements, MGs can be used to aggre-
gate a wide range of DERs for service restoration [15]–[17].
In addition, the DS can be sectionalized into multiple islands,
where each island has one MG [18]. These researches illus-
trate that DS can benefit enormously from the stationary
DERs, especially MGs, in enhancing resilience against large
area blackouts. Furthermore, with the increasing penetration of
public charging/discharging facilities [19], [20], MGs provide
opportunities to integrate TESSs for DS service restoration.

For the integration of TESSs, some researches have been
conducted to apply TESSs into power systems operation under
both normal [21], [22] and extreme conditions [23]. Under
normal conditions, TESSs are utilized to provide ancillary ser-
vices to both transmission networks [24], [25] and DSs [26].
For transmission networks, TESSs are applied to realize load
shifting in [21] and [22]. To alleviate the transmission line
congestion and reduce the operating cost, a battery-based
energy transportation system integrated unit commitment
problem is presented in [24]. Aside from boosting system eco-
nomics, the battery-based energy transportation system is used
to reduce the wind power curtailment in [25]. To regulate
the voltage profiles in DSs, a transition model is devel-
oped to schedule mobile energy storage systems’ position and
operation plans in [26].

Under extreme conditions, TESSs can be scheduled in pre
and post stage of the extreme events. Before the advent
of extreme events, TESSs have been deployed as uninter-
ruptible power supplies in [27]. In [10], electric buses and
transportable batteries are allocated as proactive preparedness
for hurricanes. A joint pre and post-dispatch framework is
proposed for the mobile emergency generators, where the posi-
tion is optimized before natural disasters and real-time output
is optimized after the disasters in [11]. As there is no trip chain
scheduling, one mobile emergency generator is dispatched to
form MGs and then stand still at the same place to serve as
the root bus [11]. In conclusion, the status of TESSs schedul-
ing for resilient response to blackouts is ether pre-positioned
or only implemented one time after outages, which is not
coordinated with the network reconfiguration and operation
of DSs.

The scheduling of TESSs and network reconfiguration of
DSs should be jointly optimized in the post-disaster restora-
tion. After a disaster, there exist multiple faults in the DS,
and the network reconfiguration is necessary to improve the
resilience via forming multiple islands [16], [17]. TESSs can
affect the power balance in each island through a sequence
of trips, e.g., an optimal scheduling of TESSs [24]. To
the best of our knowledge, a joint scheduling of TESSs
and network reconfiguration in the post-disaster restoration
has not been considered yet, especially from the resilience
perspective.

In this context, this paper aims to fulfill the gap in the
application of TESSs into DS restoration. A joint post-
disaster restoration scheme is proposed, in which TESSs are
dynamically scheduled in coordination with DS reconfigura-
tion through MGs, to minimize the total cost in the wake of
catastrophes. Specifically, MGs make the most of available
generating resources and act as root buses to dynamically
form islands for loads pickup, while the TSN is adopted
and customized in VSP [28], [29] to mathematically model
the scheduling problem of TESSs. The optimization problem
is formulated as a MILP model. Main contributions are
concluded as follows.

1) A joint post-disaster restoration scheme for coordina-
tion of TESSs and DSs with multiple MGs is proposed to
bridge the gap in the application of TESSs to achieve a more
resilient DS. A temporal-spatial TESS model, connecting the
transportation networks and DSs, is proposed to represent the
difference between TESS and ESS in terms of flexibility and
cost reduction of ESS sharing among MGs.

2) The total cost, considering both the benefits (mitigat-
ing the customer interruption cost) and operation costs (MG
generation cost, and TESS transportation cost and battery
maintenance cost), is proposed to evaluate the feasibility of
using TESS in DS restoration.

The remainder of the paper consists of five sections.
Section II defines the resilience and illustrates the system
architecture in detail. Section III presents the modeling of
TESSs. Section IV proposes the mathematical formulation of
a joint post-disaster restoration scheme. Section V provides the
numerical results and analysis, and the paper is summarized
in Section VI.



Fig. 1. A conceptual resilience curve associated with an event.

II. RESILIENT DISTRIBUTION SYSTEMS WITH

TRANSPORTABLE ENERGY STORAGE SYSTEMS

This section gives an introduction to power system
resilience evaluation and TESSs. Due to the advantage of
transportability, TESSs are utilized to assist DS restoration.
A novel application of TESS in DS is illustrated to propose
a joint post-disaster restoration scheme.

A. Power System Resilience Evaluation

Resilience is defined as the ability to prepare for and adapt
to changing conditions and withstand and recover rapidly from
disruptions [6]. A conceptual resilience curve associated with
an event in [30] is adopted in this work for illustration, as
shown in Fig. 1. R refers to an index of system resilience
level. The system states involve: pre-disturbance resilient state
(t0, te), event progress (te, tpe), post-event degraded state (tpe,
tr), restorative state (tr, tpr), post-restoration state (tpr, tir) and
infrastructure recovery (tir, tpir). Specifically, a catastrophic
event strikes the DS at te, resulting in a prolonged outage as
electric service to end users is disrupted. The faults and con-
sequences are identified in (tpe, tr) to improve DS operator’s
situational awareness. The proposed joint restoration scheme
is implemented from tr to enhance system resilience level to
Rpr. The DSs remains in the post-restoration state until the
upstream transmission systems come back into operation.

In this paper, the concerned period is (tr, tir), i.e., the restora-
tive state and post-restoration state. In the aftermath of extreme
events, by analyzing the outage information, the distribution
system operator is able to estimate the time period for full
recovery [10], [18]. It is assumed that the upstream transmis-
sion system is restored at tir and the joint restoration scheme
for DS is carried out over the optimization horizon T, as shown
in Fig. 1.

In the wake of major disturbances, a restoration scheme is
implemented over the optimization horizon T to reach a higher
level of Rpr. The resilience level, Rpr, is the index to quantify
the performance of a distribution system.

B. Transportable Energy Storage Systems

TESSs are truck-mounted energy storage systems charac-
terized by utility-scale capacity [23]. In a TESS, an array
of batteries is installed on a transport truck, where power

converters and controllers are integrated. Under the demonstra-
tion stage, TESSs are attractive players in the resilient power
systems, along with the cost reduction and profitable benefits.

Various demonstration projects of TESS application have
been deployed in recent years. In the U.S., electric utility
company Premium Power’s 0.5-MW/2.8-MWh transportable
Zinc-Bromine energy storage system was deployed by Electric
Power Research Institute (EPRI) [31]. EPRI and Department
of Defense of the U.S. initiated a project to demonstrate
a containerized grid support storage system featuring util-
ity capacity up to 2 MWh committed to enhancing energy
security at military facilities [32]. Li-ion developer Altair
Nanotechlogoies has 1-MW/250-kWh trailer-mounted Li-ion
battery systems in service with both AES corporation and PJM
interconnection [31].

In comparison to stationary ESSs, TESSs have a sort of
advantages in terms of transportability, operational flexibility,
which enable TESS to provide power supply to critical loads
under emergency conditions. Furthermore, the installed capital
cost of TESS is expected to reduce to a competitive level in
about 5 to 10 years [32]. TESSs have the potential to rival
distributed generation units like fuel cells and micro turbines
in the coming years [32].

In terms of techno-economic benefits, it is promising to uti-
lize TESSs to provide of various ancillary services [24], [26].
For the more resilient DSs, TESSs can follow the trip chains
among multiple islands to engage in the restoration. The trip
chains can specify the TESSs’ assigned locations in corre-
sponding time span to describe the spatiotemporal driving
pattern of TESSs.

C. Distribution System Restoration With Transportable
Energy Storage Systems

A novel application of TESS in DS is studied to pro-
pose a joint post-disaster restoration scheme, which leverages
TESSs and generating resources in MGs for post-disaster
restoration, as shown in Fig. 2. In the aftermath of extreme
events, the DS can no longer be supplied by transmission grids
as a result of multiple faults across the power systems, includ-
ing substation faults, broken feeders. Under this circumstance,
MGs will be utilized to pick up critical loads by sectional-
izing the DS into multiple islands. TESSs are assumed to
be owned and controlled by utility companies, and they can
be dispatched in time horizon T. In addition, it is assumed
that there exists a transportation network connecting all MGs
within the DS.

The idea is to optimally coordinate scheduling of TESSs
and distribution network reconfiguration with MGs, enabling
a resilient service restoration in DS after natural hazards.
On the one hand, the DS is reconfigured and sectionalized
into a few islands through controlling the ON/OFF status
of remote-controlled switches. In each island, a MG is the
root bus to supply electricity to critical loads and works as
an interface to couple DSs and transportation systems. On
the other hand, by solving VSP, TESSs can be scheduled to
travel among MGs through the transportation network to trans-
fer energy, alleviating distribution network energy imbalance



Fig. 2. Overview of system architecture.

posed by operation and topology constraints in scenarios of
multiple faults, in order to improve the resilience level.

To indicate the resilience level for a DS with TESSs as
shown in Fig. 2, the total cost, considering both the bene-
fits (mitigating the customer interruption cost) and operation
costs (MG generation cost, and TESS transportation cost and
battery maintenance cost), is utilized. The effort is charac-
terized by mitigating the customer interruption cost and MG
generation cost. Moreover, the operation costs of TESS are
considered with the transportation cost and battery mainte-
nance cost. In this sense, the defined total cost can be adopted
to evaluate the feasibility of the joint restoration scheme, and
the minimization of total cost leads to an optimal restoration
scheme.

III. MODELING OF TRANSPORTABLE

ENERGY STORAGE SYSTEMS

In contrast to stationary ESSs, TESSs can transport energy
to designated locations over the transportation network. In
order to deal with scheduling problems more efficiently in both
time and spatial domains, a TSN model is adopted to model the
trip chain of TESSs. This section proposes a temporal-spatial
TESS model to investigate the driving dynamics and charg-
ing/discharging behaviors of TESSs, and studies their impacts
on DS restoration.

A. Temporal-Spatial Constraints of Transportable Energy
Storage Systems

In order to deal with scheduling problems more efficiently
in both time and spatial domains, new modeling methods have
been applied, such as continuous time modeling and TSN
modeling [33]. In contrast to the continuous time modeling
method [33], the TSN model is more suitable for schedul-
ing problem involving both space decisions and discrete time
intervals [28], which is in line with the discrete time spans in
planning horizon for DS. In addition, the TSN-based schedul-
ing model can be formulated as a MILP problem, which could
be effectively solved by off-the-shelf solvers.

(a) (b)

Fig. 3. Transportation network with virtual nodes.

Fig. 4. Time-space network model.

A transportation network connecting multiple MGs is con-
sidered, as shown in Fig. 3. Each arc is marked with an
associated travel time. For example, it takes two time spans
for TESSs to travel between MG2 and MG3, whereas only
one time span for any other transit. In order to enable arcs to
represent the corresponding status in each time span, a virtual
node, i.e., MG4 is introduced in between MG2 and MG3, so
that travel time of each arc in the network is exactly one time
span [24].

The transportation network with travel time is modeled
by a TSN, as shown in Fig. 4, which has been broadly
used to model airline and public transportation schedul-
ing problems [28], [34]. In this work, a mathematical model
for TESS scheduling problem is presented based on the
TSN involving MG nodes and trip arcs. The trip chain can
be represented by a sequence of arcs, which indicate the
departure MG nodes and destination MG nodes in a given
timetable.

As illustrated in Fig. 4, the TESSs traveling and parking
behavior is described by different types of arcs to indicate
the spatiotemporal dynamics of TESSs. The TSN comprises
MG nodes and the arcs linking various MGs, indicating the
feasible transit routes. There are two types of arcs in the
TSN. One type is referred to as the transit arc, which allows
TESSs to transport energy among MGs. Another type is the
parking arc, which represents the TESS stays at a certain
MG for exchanging power with DSs through charging or
discharging. Therefore, a trip chain for each TESS can be
determined to schedule TESSs to different MGs over the time
horizon T.

The TSN-based TESS model is formulated as follows.

∑

(m,u)∈Z

ζ t
ω,mu = 1, ∀ω ∈ �, t ∈ T (1)



∑

(m,u)∈Z−
m

ζ t
ω,mu =

∑

(m,u)∈Z+
m

ζ t+1
ω,mu, ∀ω ∈ �, m ∈ M ∪ Mv, t ∈ T\{T}

(2)∑

(m,u)∈Z+
m

ζ 1
ω,mu = ζ 0

ω,m, ∀ω ∈ �, m ∈ M ∪ Mv (3)

ζ t
ω,mu + ζ t+1

ω,um ≤ 1, ∀ω ∈ �, (m, u) ∈ Z, m �= u, t ∈ T\{T} (4)

Equation (1) ensures that TESS ω can be either on tran-
sit arcs or parking arcs. Constraints (2) and (3) refer to the
flow conservation for both MG nodes and virtual stations.
In (2), TESS ω, which ends the trip in time span t at MG
node m, is certain to keep staying on one of the arcs which
start from node (t, m) in the next time span t + 1. Particularly,
constraint (3) declares the initial position. The constraint (4)
guarantees that under no circumstances TESSs are able to
make immediate round trip, i.e., TESSs moving from one MG
to another one are not permitted to go directly back to the
previous MG.

B. Operation Constraints of Transportable Energy
Storage Systems

When arrives at one MG, i.e., on parking arcs shown in
Fig. 4, TESS can charge from or discharge to this MG, while
satisfying the following operation constraints.

0 ≤ Pt
ch,ωm ≤ ζ t

ω,mmPmax
ch,ω,∀ω ∈ �, m ∈ M, t ∈ T (5)

0 ≤ Pt
dch,ωm ≤ ζ t

ω,mmPmax
dch,ω,∀ω ∈ �, m ∈ M, t ∈ T (6)

0 ≤
∑

m∈M

Pt
ch,ωm ≤ It

ch,ωPmax
ch,ω,∀ω ∈ �, t ∈ T (7)

0 ≤
∑

m∈M

Pt
dch,ωm ≤ It

dch,ωPmax
dch,ω,∀ω ∈ �, t ∈ T (8)

It
dch,ω + It

ch,ω ≤
∑

m∈M

ζ t
ω,mm,∀ω ∈ �, t ∈ T (9)

SOCt+1
ω = SOCt

ω − �T

Ecap
TESS

⎛

⎜⎝

∑
m∈M

Pt+1
dch,ωm

ηdch,ω

− ηch,ω

∑

m∈M

Pt+1
ch,ωm

⎞

⎟⎠,

∀ω ∈ �, t ∈ T\{T} (10)

SOCmin ≤ SOCt
ω ≤ SOCmax,∀ω ∈ �, t ∈ T (11)

Constraints (5) and (6) establish the feasible sets
of charging/discharging power of TESS ω to MG m.
Equations (7) and (8) define the TESS charging/discharging
constraints associated with its operation mode. The oper-
ation mode constraint is described in (9), indicating that
TESS can operate in charging/discharging mode for exchang-
ing power with MGs only if it is on parking arcs to
stay in a certain MG. For instance, if TESS ω stays at
any MG and we can obtain that

∑
m∈M ζ t

ω,mm = 1, thus
TESS ω can be operated either in charging/discharging or
idle mode, otherwise, the sign of charging/discharging sta-
tus would be sandwiched to zero. Constraint (10) deter-
mines the SOC of TESS ω by the end of time span t.
Finally, the SOC upper and lower bounds limitations are
denoted in (11).

IV. JOINT POST-DISASTER RESTORATION SCHEME

Incorporating TESSs into DSs, a more resilient restoration
solution can be obtained through the coordination of TESSs
and DSs. To achieve the optimal restoration, the mathemat-
ical formulation of joint post-disaster restoration scheme is
presented in this section. The objective is to minimize the
total cost, subject to operation and topology constraints. Partial
load restoration is adopted by introducing continuous variables
for each load as in [35] and [36]. Customer interruption cost
is used to distinguish critical loads [37]–[39]. The objective
function and constraint sets are described as follows.

A. Objective Function

The objective function aims to minimize the total cost, con-
sidering the customer interruption cost, MG generation cost,
and TESS transportation cost and battery maintenance cost, as
follows.

min
∑

t∈T

[
∑

i∈N

Wi
(
PDt

i − PDt
r,i

)
�T +

∑

m∈M

Cgen,mPt
DG,m�T

+
∑

ω∈�

Ctran,ω

∑

(m,u)∈Z,m�=u

ζ t
ω,mu

+
∑

ω∈�

Cbat,ω

∑

m∈M

∣∣Pt
ch,ωm + Pt

dch,ωm

∣∣�T

]
(12)

The first term
∑

i∈N Wi(PDt
i − PDt

r,i)�T calculates the
customer interruption cost in time span t. The second term∑

m∈M Cgen,mPt
DG,m�T indicates the MGs generation cost

in time span t. The third term
∑

(m,u)∈Z,m�=u Ctran,ωζ t
ω,mu

is regarding the transportation cost in time span t, where∑
(m,u)∈Z,m�=u ζ t

ω,mu describes whether the transporting cost
takes effect. When it equals to 1, the TESS ω is in tran-
sit in time span t, resulting in transportation cost. Otherwise,
the transportation cost would not be incurred. The last term∑

ω∈� Cbat,ω
∑

m∈M |Pt
ch,ωm +Pt

dch,ωm|�T provides the TESS
battery maintenance cost for charging/discharging.

B. Distribution Network Topology Constraints

The DS is modeled as an undirected graph G=(N, E) [16].
In the case of multiple faults, there might be some isolated
areas without connection to any generating resources. These
completely isolated areas will be removed. For the sake of
notational simplicity, each MG m is denoted by the node i at
which the MG is connected to the distribution network, i.e.,
m = i. It can be concluded that M⊆N.

The network reconfiguration should retain the radial
structure [11], [16], [18]. There is only one MG in each
island, and no loop or overlap region exists. The
radiality and connectivity features in [40] are extended
to the circumstance with multiple MGs over the dis-
tribution network. The formulation can be described
as following.

∑

(i,j)∈E

αij = |N| − |M| (13)

βij + βji = αij,∀(i, j) ∈ E (14)



∑

j∈�(i)

βij = 1,∀i ∈ N\M (15)

βij = 0,∀i ∈ M, j ∈ �(i) (16)

where |N| and |M| denote the cardinality of the set. The
network reconfiguration is achieved by one-time switching
operation decisions. The necessary condition for the spanning
tree is denoted by (13). Equation (14) determines if a line
is connected by checking that either βij = 1 or βji = 1.
Equation (15) represents that every bus other than the MG
buses has exactly one parent, while constraint (16) enforces
that the MG buses, serving as the root buses, has no parent.

C. Operation Constraints of Distribution Systems

In this paper, a linearized DistFlow model [11], [17], [35]
is adopted in the power flow analysis of DS as follows.

PGt
i − PDt

r,i =
∑

(i,j)∈E

Pt
ij −

∑

(k,i)∈E

Pt
ki, ∀i ∈ N, t ∈ T (17)

QGt
i − QDt

r,i =
∑

(i,j)∈E

Qt
ij −

∑

(k,i)∈E

Qt
ki, ∀i ∈ N, t ∈ T (18)

Vt
j − Vt

i ≤ M(1 − αij) + rijPt
ij + xijQt

ij

V0
, ∀(i, j) ∈ E, t ∈ T (19)

Vt
j − Vt

i ≥ −M(1 − αij) + rijPt
ij + xijQt

ij

V0
, ∀(i, j) ∈ E, t ∈ T (20)

−αijS
max
ij ≤ Pt

ij ≤ αijS
max
ij , ∀(i, j) ∈ E, t ∈ T (21)

−αijS
max
ij ≤ Qt

ij ≤ αijS
max
ij , ∀(i, j) ∈ E, t ∈ T (22)

−√
2αijS

max
ij ≤ Pt

ij + Qt
ij ≤ √

2αijS
max
ij , ∀(i, j) ∈ E, t ∈ T (23)

−√
2αijS

max
ij ≤ Pt

ij − Qt
ij ≤ √

2αijS
max
ij , ∀(i, j) ∈ E, t ∈ T (24)

Vmin
i ≤ Vt

i ≤ Vmax
i , ∀i ∈ N\M, t ∈ T (25)

Vt
i = V0, ∀i ∈ M, t ∈ T (26)

0 ≤ PDt
r,i ≤ PDt

i, ∀i ∈ N, t ∈ T (27)

QDt
r,i = PDt

r,i tan
(

cos−1 ϕi

)
, ∀i ∈ N, t ∈ T (28)

Equations (17) and (18) are constraints regarding real
and reactive power balance at each bus in time span t.
Equations (19) and (20) enforce constraints on line
voltage drop by using the big-M method [36], [41].
Constraints (21)-(24) provide the branch capacity limi-
tations, which is a linearized approximation as given in [42].
Constraint (25) enforces the upper and lower bounds on
voltage magnitude. Constraint (26) sets the voltage of MG
buses to V0. Constraints (27) and (28) require that power
factor of each load should be maintained.

D. Operation Constraints of Microgrids

MGs are entities that coordinate DERs and behaves as a sin-
gle producer or load from the grids’s perspective [43]. In this
paper, a MG is modeled as a single bus with an equivalent
dispatchable DG aggregating the whole generating resources,
an equivalent local load, and charging/discharging facilities.
When integrated with TESS, MGs operation constraints can

TABLE I
NUMBER OF VARIABLES

be expressed as follows.

PGt
m = Pt

DG,m −
∑

ω∈�

Pt
ch,ωm +

∑

ω∈�

Pt
dch,ωm − Pt

D,m,

∀m ∈ M, t ∈ T (29)

QGt
m = Qt

DG,m − Qt
D,m,∀m ∈ M, t ∈ T (30)

0 ≤ Pt
DG,m ≤ Pmax

DG,m,∀m ∈ M, t ∈ T (31)

−Qmax
DG,m ≤ Qt

DG,m ≤ Qmax
DG,m,∀m ∈ M, t ∈ T (32)

Et+1
DG,m = Et

DG,m − Pt+1
DG,m�T,∀m ∈ M, t ∈ T\{T} (33)

Emin
DG,m ≤ Et

DG,m ≤ Emax
DG,m,∀m ∈ M, t ∈ T (34)

Equations (29) and (30) stand for the active and reactive
power support from MGs to distribution systems via PCC
bus m, considering TESS charging from and discharging to
MGs. Constraints (31) and (32) enforce the real and reac-
tive power capacity constraints upon dispatchable DG in each
MG. Equation (33) calculates the energy in each MG. The
energy limitations of MGs are given in (34).

Together with the TESS models in Section IV, the joint post-
disaster restoration scheme is formulated as a MILP problem,
which can be solved by off-the-shelf solvers effectively, and
the constraints are classified into the following 5 categories.

1) Temporal-spatial constraints of TESSs: (1)-(4);
2) Operation constraints of TESSs: (5)-(11);
3) Distribution network topology constraints: (13)-(16);
4) Operation constraints of DS: (17)-(28);
5) Operation constraints of MGs: (29)-(34).
The number of variables in the formulated problem is shown

in Table I.
Since distribution systems cover merely several to tens of

kilometers of power supply radius due to relatively low voltage
levels, so the |M| and |Z| are within acceptable range.

V. NUMERICAL RESULTS

In this section, the case studies are performed on a mod-
ified 33-bus test system [44] to corroborate the effective-
ness of proposed reconfiguration method. The optimization
model is implemented using MATLAB 2016a and solved by
Gurobi [45] (or other off-the-shelf solvers), on a computer
with an Intel Core i7 3.4GHz CPU and 8GB RAM.

A. Test Systems

The modified 33-bus test feeder is shown in Fig. 5. The
entire DS is disconnected from the utility grid, the substation
and three lines (1, 2), (6, 26) and (32, 33) are at fault as a result
of disastrous events. In this study, loads are classified into



Fig. 5. A modified 33-bus test system with 3 MGs and multiple faults.

Fig. 6. Load profile.

Fig. 7. Unit interruption cost.

3 types of end-use customers: industrial, commercial and res-
idential. Fig. 6 gives the load profile [41] and Fig. 7 describes
two load priority levels with unit interruption cost [37], [39].

Three MGs are connected to distribution network at buses
14, 21, 25, respectively, as depicted in Fig. 5. The transporta-
tion routes connecting three microgrids are marked with the
travel time between any two microgrids. Table II provides the
generation and load information for MGs. The local load in
each MG follows the load profile as given in Fig. 6. Four
TESSs are considered and the TESS fleet � is supposed to
be homogeneous, meaning that all TESSs have the identical
properties. Parameters of TESSs are shown in Table III. The
time horizon is set to 24 hours and time step is 1 hour. The
unit generation cost for microgrids is $0.5/kWh. The unit
transportation cost for TESS is $80 per transit. The unit bat-
tery maintenance cost for TESS is 0.2$/kWh. The V0 is set
to 1.0 p.u. The Vmax and Vmin are 1.05 p.u. and 0.95 p.u.,
respectively.

TABLE II
GENERATION RESOURCES AND LOCAL LOADS FOR MICROGRIDS

TABLE III
TESS PARAMETERS

TABLE IV
SIMULATION STATISTICS FOR DISTRIBUTION SYSTEM RESTORATION

In the remaining section, three cases are investigated to
show the feasibility of joint scheduling of TESSs and DSs,
as follows.

Case 1) DS has microgrids without ESSs;
Case 2) DS has microgrids with stationary ESSs;
Case 3) DS has microgrids with TESSs.

B. Simulation Results

The techno-economic results under three cases are com-
pared in Table IV.

Case 1) DS has MGs without ESSs: In this base case, MGs
can utilize their available generating resources to support DS
restoration. By solving the optimization problem, the network
topology and optimal hourly generation dispatch for MGs
are acquired. The network reconfiguration result is to open
switches (3, 4), (8, 21), (12, 22), (13, 14) and (24, 25). As
shown in Table IV, the total cost is $147795, load pickup for
priority I and II are 89.65% and 19.94%, respectively.

Case 2) DS has MGs with Stationary ESSs: In this case,
ESSs are assumed to be fixed at MGs. In the obtained results,
the open switches are (3, 4), (8, 21), (11, 12), (12, 13) and
(24, 25). The total cost decreases by 12.35% to $129536, as
compared to that without ESSs in case 1. The load restored
for priority I and II are 92.66% and 18.22%, respectively. It
is worth noting that incorporating stationary ESSs into MGs
not only reduces total cost through introducing more energy



Fig. 8. Network reconfiguration result for the 33-bus test system in case 3.

Fig. 9. TESS scheduling results in case 3.

of 2 MWh, but also that stationary ESSs can work in coordina-
tion with MGs to better supply critical loads. It is noticed that
total load percentage only increases by 1.54% while the load
restoration for priority I rises by 3.01%. The results reveal
that MGs can manage stationary ESSs to effectively restore
critical loads.

Case 3) DS has MGs with TESSs: In this case, the network
topology, MGs generation dispatch and scheduling of TESSs
are optimized simultaneously to obtain a more resilient restora-
tion solution. Compared with cases 1 and 2, the total cost
decreases by 27.98% and 17.83%, respectively, to $106440.
The load restored for priority I enhances to 97.60% and
reduces to 6.05% for priority II, respectively. These results
illustrate that TESSs can improve the resilience significantly.

Fig. 8 denotes the distribution network reconfiguration
results in case 3. The DS is sectionalized into 3 islands, i.e.,
islands 14, 21 and 25, which is denoted by the corresponding
MG bus number in each island. The opening line switches are
(3, 4), (8, 21), (12, 13), (21, 22), and (24, 25). In addition,
each one is energized by a corresponding MG to satisfy radial
topology, i.e., constraints (13)-(16).

Fig. 9 provides the charging/discharging schedule and spa-
tiotemporal dynamics of TESSs. Note that a positive power
indicates discharging of TESSs, while a negative power means
the charging of TESSs. The projection on XY plane indi-
cates the trajectory of TESSs’ trip chains, while the Z-axis
indicates the active power generation for each TESS. Take

Fig. 10. Generation dispatch and load restored in case 3.

Fig. 11. SOC of TESS in case 3.

TESS3 for instance to illustrate the schedule. TESS3 stays at
initial position MG21 for 9 hours (00:00-09:00) and charges
in (00:00-02:00) and (08:00-09:00). Next, it moves from
MG21 to MG14 in (09:00-10:00) and discharges for 4 hours
(10:00-14:00). Then, it returns to MG21 to get charged
in (15:00-18:00). The final transition is made to MG25 in
(18:00-19:00) and it starts to discharge from 19:00 for 4 hours
to 23:00.

Fig. 10 shows the stacked generation dispatch for MGs and
TESSs. It can be seen that the active power within each island
is balanced along the optimization horizon. Fig. 11 denotes
the SOC of TESS and Fig. 12 depicts energy transfer from
TESS to MGs through charging and discharging behaviors.
Positive energy transfer represents that MG receives energy
from TESSs whereas negative value represents that MG trans-
fers energy to TESSs. It can be observed that energy transfer
is mainly from MG21 to MG25 in the obtained solution.

C. Analysis and Discussions

1) Transfer of Energy Among MGs: In the simulations,
it is observed that TESSs are charged where and when the
power generation resource is relatively surplus for critical



Fig. 12. Energy transfer among MGs in case 3.

Fig. 13. Sensitivity analysis of unit interruption cost and unit transportation
cost.

loads and discharged to the grid where and when the power
or energy is insufficient. Energy imbalance posed by topol-
ogy and operation constraints deters the effective utilization
of MGs’ generating resource. Thus, TESSs can decrease the
total cost through transferring power and energy among MGs
to serve critical loads in DS. It can be observed in Table IV
that the total load restoration only rises by 0.15%, while the
load restored for priority I increase by 4.97% compared to
that in case 2. In this case, the TESS2 is fully charged from
00:00 to 03:00 in MG21 (see Fig. 9 and Fig. 10) to the
SOC of 90% (see Fig. 11. Then TESS2 travels to MG25 in
(03:00-04:00) and discharges to MG25 from 04:00 to 08:00,
while the SOC reduces to the minimum level of 10%. Here,
energy is transferred from MG21 to MG25 through TESS2.
Similar phenomena can be observed from other TESSs.

2) Implementation of Load Shifting Within MGs:
Meanwhile, TESSs can also serve as stationary ESSs to
achieve load shifting within the same MGs. For instance,
TESS1 stays at MG14 in (00:00-13:00), it charges in (07:00-
09:00) and discharges to MG14 from 10:00 to 13:00. As
noticed from Fig. 11, the SOC of TESS1 changes from 50%
to 84.9% and then to 25.3%. This is because during the early
time spans, the load is low as the load profile only ranges

from 0.22 to 0.32, as shown in Fig. 6. TESS1 would charge in
energy sufficient hours and when it comes to the peak hour, the
TESS1 can discharge to MG14 to achieve efficient utilization
of energy resources within MG14.

The comparison of three cases illustrates the importance of
TESS transportability. The integration of TESSs would reduce
the total cost through transferring energy among MGs. The
application of TESSs is more effective to serve critical loads to
attain effective restoration scheme, in terms of that their flex-
ibility and transportability can tackle energy imbalance posed
by topology and operation constraints. Also, the TESSs act as
stationary ESSs in some time spans to perform load shifting
within MGs.

3) Effect of Unit Interruption Cost and Unit Transportation
Cost on Total Cost: Fig. 13 illustrates the variation of total
cost reduction as a function of the unit interruption cost and
unit transportation cost. The X-axis of unit interruption cost is
measured in p.u. on the basis of $10/kWh for priority I load
and $2/kWh for priority II load, which ranges from 0.01 p.u.
to 100 p.u. The Y-axis of unit transportation cost is changing
from $0 to $2000 /time span. The Z-axis of the percentage of
total cost reduction is calculated by comparison between the
total cost in Case 2 and Case 3.

It can be seen that the total cost reduction improves with the
increasing unit interruption cost and the decreasing unit trans-
portation cost. It is because that the lower the unit interruption
cost and the higher the unit transportation cost, the fewer ben-
efits will the DS get from the TESS and vice versa. TESS will
stay at initial MGs to act as stationary ESSs if unit transporta-
tion cost is high enough (See purple area in Fig. 13). Moreover,
the contours on the XY-plane further indicate the correla-
tion between unit interruption cost and unit transportation cost
given a certain level of total cost reduction.

It is also noted that the total cost reduction will remain
stable as the continuous increase of unit interruption cost. The
reason is that when unit interruption cost is too high and thus
the transportation cost can be neglected in the scheduling of
TESS, resulting in the same scheduling trip chain. In that case,
the total cost is only dependent on the unit interruption cost
and the total cost reduction will hit the upper bound.

Therefore, this sensitivity study can serve as a decision sup-
port tool to determine the correlation of the unit interruption
cost and unit transportation cost with respect to the desired
resilience level.

VI. CONCLUSION

The paper investigated a novel application of TESSs into
DS to propose a post-disaster joint restoration scheme, which
aims to minimize the total cost by scheduling TESSs in coor-
dination with distribution network reconfiguration and MG
operations. With charging/discharging facilities, MGs serve as
root buses to dynamically form islands by controlling ON/OFF
status of remote-controlled switches. A modified TSN-based
TESS scheduling model is presented and integrated into distri-
bution network reconfiguration to allocate TESSs among MGs.
The optimization problem is formulated as a MILP model,
which can derive a TESS scheduling sequence and generation



dispatches for both TESSs and resources in MGs. The effec-
tiveness of the proposed restoration scheme is demonstrated
by case studies on a modified 33-bus test system.

The comparative simulations have been implemented to
demonstrate the impacts of TESS on DS restoration. The
TESSs transportability can efficiently transfer energy among
multiple MGs within the DS in appropriate times and locations
to facilitate critical loads service restoration without violat-
ing network topology and operation constraints. Meanwhile,
TESSs can also serve as stationary ESSs to implement
load shifting within MGs. Finally, sensitivity analysis shows
impacts of unit interruption cost and unit transportation cost on
the total cost, indicating the cost-effectiveness of scheduling
TESS in DS restoration.
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