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Mobile Battery Storage Modeling and
Normal-Emergency Operation in Coupled
Distribution-Transportation Networks

Hedayat Saboori, Hasan Mehrjerdi

Abstract—Previous research has proved that Mobile Battery En-
ergy Storage (MBES) can play a pivotal role in achieving resiliency
goals in distribution networks besides sustainability purposes. The
missing links in the practical deployment of this new flexibility
resource are the discontinuity between normal and emergency
operating states in addition to the high computational burden.
Accordingly, a new rolling-horizon operation model for a fleet
of truck-mounted mobile batteries (TMMBs) employed in a joint
transportation-distribution network is proposed. The model can
effectively handle and switch between normal and emergency states
by integrating a new schedule memory concept into the upcoming
horizons. The spatial and temporal dynamics of the TMMBs, along
with the transportation time and cost constraints, are modeled by
a novel linear and computationally affordable formulation. The
model runtime is further targeted by proposing a two-stage opti-
mization model to detach transportation network calculations from
the distribution grid. Additionally, a lexicographic multi-objective
paradigm is used to ensure a maximum resiliency plan at the min-
imum expenses during emergencies. The model considers outage
and congestion change of the road traffic beyond the forecasted
values besides network uncertainties. Implementing the model on
a test case proves its functionality in dealing with diverse network
situations.

Index Terms—Distribution network, multi-stage lexicographic
programming, mobile battery, resiliency, rolling horizon.

NOMENCLATURE

Sets

Ap Mobile batteries.

A; Network buses.

Ay Flow linearization segments.

Ap Time periods.

Parameters

TTT ) Total transportation time.
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I. INTRODUCTION

ECENT trends of sector coupling and electrification ex-
acerbate our dependency on continuity of electricity sup-

ply causing the spread of outages impacts [1]. Concurrently,
promoting customer participation via demand response pro-
grams in the context of smart grid initiatives has increased the
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penetration of monitoring and control technologies. The reliance
of these technologies on advanced communication networks
and information systems has made the energy infrastructure
further susceptible to cybersecurity threats and attacks [2]. At
the same time, the climate change consequences intensify the
probability of major disruptive events [3]. The superposition
of these factors is becoming a driving force to augment the
resilience of the energy infrastructure, especially distribution
networks. Energy storage systems are widely recognized for
their capability to enhance energy resilience [4]. Specifically,
battery energy storage systems (BESS) increase resilience by
providing local electric service through an outage and enabling
renewable generators to produce power through outages [5].
Most BESS solutions are currently stationary, interconnected
with permanent infrastructure, and designed to serve localized
loads [6]. On the contrary, the ability of the Mobile Battery
Energy Storage (MBES) to relocate in the grid provides en-
hanced advantages over the stationary counterpart. This flexi-
bility, the principal advantage of MBES, provides connection
changeability as conditions on the grid change over time in both
normal and emergency situations [7]. This feature is specifically
an advantage during outage conditions [8]. The nature of many
outages is that they cannot be completely anticipated. In this
case, the operator can benefit from the MBES by the exact
location of the emergency power requirement. Furthermore,
mobile storage can retrieve excess renewable energy exposed
to curtail due to the various technical and economic limitations.
This is especially the case for the curtailments resulting from
the spatiotemporal constraints [9], [10].

Accordingly, the modeling and operational planning of the
MBES for normal and emergency states have been the focus of
research in the past decade. In [11], a model is proposed for
the optimized investment of MBES in the distribution networks
considering normal and emergency operation. The proposed
two-stage model defines the optimal capacity of the mobile
batteries in the first stage and then reschedules the installed
assets optimally in the second stage. The computational burden
of the model is high, and as a result, the authors have applied the
progressive hedging algorithm to solve the problem. The authors
in [12] have coordinated the repair crew with the MBES to cope
with distribution network disasters. The model is convexified
and then linearized to be solvable with off-the-shelf packages.
In a similar work in [13], the repair crew is coordinated with the
mobile generators and batteries for optimal service restoration in
reconfigurable distribution networks. The authors have used the
traditional time-space network model to handle the spatiotem-
poral nature of mobile resources. Since the high computational
burden, the Floyd-algorithm-based time-space simplification
method is utilized to solve the problem. In [14], a rolling horizon
operation model for optimal distribution network restoration
employing MBES fleet and resource dispatch in microgrids is
proposed. The proposed model considers damage to both the
transportation network and distribution grid while uncertainties
in load demand and availability of branches are considered using
Monte Carlo simulation. The authors in [15] have proposed a
two-stage operation model wherein the mobile resources are
prepositioned before the disaster. The mobile resources are
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dynamically scheduled in the second stage to achieve an optimal
restoration plan. In [16], both stationary and mobile storage
has been used in a three-layer multi-agent model comprising
cyber, physical, and transportation layer. In [17], a coordinated
post-disaster restoration procedure employing mobile batteries
in distribution networks integrating multi-microgrids is pro-
posed. The total system cost is minimized, including unmet load,
generation cost, and mobile battery operation costs. The authors
in [18] have benefited from the spatial flexibility of mobile
batteries for agile restoration of distribution grid to cope with
consequences of high-impact low probability (HILP) incidents.
Accordingly, a stochastic, non-linear, and non-convex model
with joint probabilistic constraints (JPCs) is developed and then
reformulated to a tractable mixed-integer linear programming
(MILP). Finally, the flexibility of power transactions and the
multi-microgrids and MBES is coordinated in [19], wherein the
expected-power-not-served and expected-power-curtailment are
derived as the risk measures.

Most of the previous research investigating MBES has utilized
a spatiotemporal operation model involving different variables
for each connection and transportation state. Based on this differ-
entiation, many constraints have been used to model the MBES
behavior. These features and the inherent high-dimensionality
resulting from spatiotemporal nature have made the developed
models computationally intensive and thus time-consuming.
This issue will be particularly problematic in emergencies with
severe runtime constraints. Besides, most of the previous studies
on MBES are based on a coupled model for transportation
and distribution networks. In other words, the minimum travel
distance between possible bus candidates has to be calculated
at any model run. This issue increases solution runtime in the
cases without changes in the transportation network routes, con-
nections, or congestion. The increased runtime resulting from
the current MBES literature practice is significantly exacerbated
in the context of uncertainty management reformulations. Last
but not least, much of the MBES research has focused on
developing a model for one of the operations states, i.e., normal
or emergency. Neglecting state changeability limits the func-
tionality of the developed models to hypothetical single-state
situations rather than real-life conditions with a high likelihood
of unanticipated state switching.

Accordingly, a scheduling model is proposed in this paper for
optimal MBES operation in distribution networks. The proposed
model splits the transportation network from the core MBES
scheduling by employing a two-stage model. Then, based on
the network situation, the model will handle and switch be-
tween normal and emergency conditions. Achieving the max-
imum network resiliency at a minimum operational expense
is then guaranteed through a lexicographic procedure during
emergencies. The proposed scheduling paradigm benefits from
a novel MBES spatiotemporal model involving transportation
time and cost constraints with a linear and low computational
burden formulation. The inherent parameter uncertainties and
unforeseen events are also addressed using a new schedule
memory concept-based rolling horizon procedure. Having this
feature, the model can consider transportation network outages
and congestion changes beyond the forecasted values besides
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Fig. 1. General concept of the TMMBs operation is coupled distribution-
transportation network.

distribution grid uncertainties and outages. In summary, the
paper contributions are as follows:

1) Proposing a hybrid and switchable normal-emergency op-
eration paradigm based on a two-stage and lexicographic
procedure ensuring maximum resiliency at minimum op-
erating expenses during disasters.

2) Developing an efficient and low computational burden
linear spatiotemporal model for mobile batteries taking
transportation time and cost into account

3) Integrating the impact of the transportation network and
distribution grid outages and forecast errors via a new
rolling horizon model deploying a novel schedule memory
concept.

The remaining parts of the paper are organized as follows:
Section IT introduces the conceptual and mathematical model of
the proposed model. Section III presents the results of imple-
menting the model on a test case. Lastly, Section IV draws the
concluding remarks and drives trends for future works.

II. PROPOSED MODEL

The mobile energy storage systems are mobilized grid-scale
battery systems employed in transmission or distribution net-
works [20]. The whole battery system comprising storage cells,
power converter, and transformer (high voltage connection) is
compacted and containerized, suitable for truck or train trans-
portation [21]. Although a fleet of truck-mounted mobile battery
(TMMB) systems is considered here, the proposed model is
general enough to be used in any other cases [22]. At specific
points where the transportation network coincides with the dis-
tribution grid and sufficient space for parking is available, the
TMMB can connect to a network bus. The dynamic bus location
of the TMMBs offers unprecedented flexibility to the network
operator, especially in distribution networks. Exploring this
potential is targeted in the following by modeling the TMMBs’
spatiotemporal dynamics besides technical constraints.

Fig. 1 demonstrates the general concept and integral parts of
the targeted problem. As in the figure, there is an electrical power
distribution network coupled with a road transportation network.
The distribution network is supplied from a main upstream
sub-transmission substation. Besides, some renewable and
distributed generation resources are connected to network

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 13, NO. 4, OCTOBER 2022

buses. This renewable-integrated and coupled distribution-
transportation network aims at supplying load demand. The
above-described network benefits from a fleet of TMMBs
capable of moving between network buses and changing
connection locations. Parameters and assumptions related to the
distribution grid, transportation network, renewable resources,
main substation, load demand, and TMMBs constitute inputs of
the problem, namely optimal network operation. These values
are entered into an optimization problem to achieve defined
operation objectives while observing various constraints. One of
the main features of the proposed model is the ability to switch
instantly between various operation states of the distribution
network, i.e., normal and emergency. Central to these operation
states, minimizing the total operation cost and maximizing the
network resiliency are addressed. To this end, a new efficient
and linear mathematical model is proposed to consider real-life
constraints related to the TMMBS’ transportation time and cost.
Once the problem is solved, network variables will be defined.
The main variables of the problem are the spatial-temporal and
power-energy status of the TMMBs.

Accordingly, curtailed renewable energy at both normal and
emergency operation state and unmet load at the emergency state
will be defined. Finally, the value of the bus voltages and line
flows are known. If the network state changes due to a natural
disaster or a fault situation, some of these outputs will be fed back
to the problem as input parameters, described in the following.
This rolling horizon paradigm helps to switch instantly between
two operation states when needed.

The general logic of the proposed scheduling method for both
normal and emergency operation states is depicted in Fig. 2.
As in the figure, the proposed operation paradigm comprises
three parts, First Stage, Second Stage, and Schedule Memory.
In the first stage, an initial preprocessing has to be performed.
This stage excludes transportation network calculations from
the central TMMBs scheduling. As in the figure, this stage will
be repeated if there are changes in the transportation network
connections or congestion. This feature means that the related
calculations are not necessarily involved in every model run re-
sulting in a lower computational burden. Then, the TMMBs will
be scheduled based on the network situation in the second stage,
namely normal or emergency operation state. The results of the
last model run are then practically implemented at the current
time period after defining and saving the schedule memory. The
operation schedule for the forthcoming period will be decided
according to the new information received during the same pe-
riod. For this purpose, three investigations will be made based on
the new information received. The first investigation compares
the status of the transportation network in the upcoming period
with the previous one. If there are changes in the form of road
disconnection or congestion changes, the First Stage has to be
simulated. Then, the network operation state will be decided at
the Second Stage based on the second and third investigations.
The second investigation denotes checking outage of the distri-
bution lines or power sources, including distributed generators
and/or main substation. This situation indicates probable load
shedding because of generation inadequacy or island forma-
tion. If the above situation is the case, the model is directed
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Fig. 2. Flowchart of the proposed method for TMMBs operation.

to the Emergency operation schedule. Otherwise, the Normal
operation schedule is selected due to observing errors in the
forecasted network data, for instance, load demand or renewable
generation. Irrespective of the network operation state, this
cyclic operation paradigm will be counted and continued until
the last time. The process is terminated by reaching the last
defined time period, as seen in Fig. 2.

Before approaching the following time period, the schedule
memory has to be first saved, and then in case of receiving new
information or network changes, the program will be rerun for
the next time period. Otherwise, the last obtained results will
implement until new information is received. Details of each
operation stage, in addition to the TMMBs spatiotemporal model
and operation schedule, are provided in the following.

A. First Stage: Minimum Distance Calculation

Fig. 3 depicts a generic coupled distribution-transportation
network with TMMBs. As in the figure, there are some road
parking points and some connection points. As declared be-
fore, the connection points denote the coincidence location of
both networks possessing the required parking location for the
TMMB truck. These points are the only locations where the truck
can park to connect the battery to one of the network buses. The
time required to change the connection of the TMMBs between
network buses depends on three factors, the time required to
disconnect the existing connection (TD), move between network
buses (TM), and reconnect to the new bus (TC). Therefore, the
required time for each possible transportation can be calculated
by minimizing the sum of the abovementioned three times to

2229

Bus

Destinationl

I
— - — Total Transportation Time I / \
= = Shortest Path (Time) 74 ==PE====
= = = Roads l? o
‘P Park Point m
e Connection Point

Fig. 3. A generic coupled distribution-transportation network with TMMBs.

achieve the Total Transportation Time (TTT), as in (1).

TTTji, = min (TR + T35 +T6)) ¥ i} € Ar (1)

The time of disconnection and reconnection are predefined
and constant values for all possible transportations. However, the
movement time of the TMMBs is a function of the transportation
network configuration and its congestion and varies from case
to case. As a result, the TTT in (6) can be rewritten as:

TTT 5 = (Té?) +Tg>) +min T, ¥V {ijh e A @)

Typically, there are several paths for moving between two
buses. However, the shortest route for each possible movement
can be obtained from the currently developed algorithms, for
example, the shortest path algorithm. The minimum transporta-
tion time between connection buses can be calculated utilizing
this method at the beginning of the daily operation schedule. The
result then has to be added to the detachment and attachment time
of the TMMBs to calculate the TTT, as shown in (2). The results
for all transportations between network buses with a connection
point can be simply represented by the Total Transportation Time
Matrix (TTTM). Each row and column in the constructed TTTM
denote each connection point’s distances to other connection
points.

This matrix can be simply calculated ahead of the main
scheduling module. Excluding the required calculation time
of the TTTM from the scheduling will help reduce the exe-
cution time in the receding horizons, especially those without
transportation network changes or damages. In other words, the
TTTM will only be recalculated when the road lines are damaged
or their traffic does not meet the predicted patterns. The TTTM
calculated in this step will then be used for optimal scheduling
of the TMMBs.

B. Spatial and Temporal Dynamics of the TMMBs

Each TMMB can change its bus connection if and even if
the TTT between origin and destination buses is expired at
future consecutive time periods. To model this situation, it is
considered that each TMMB will adopt one of the connection
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or transportation modes. The connection mode is shown with a
three-dimensional binary variable as follows.

Ol €{0,1} Vbe Ap, i€ Ar, teAr (3)

If mobile battery b is connected to bus i at time period t, then
the corresponding status binary value is equal to one; otherwise,
it is zero. It should be noted that the mobile battery can only
connect to one of the network buses at any given time, which is
modeled by (4).

>

3

Wiy <1 VbeAp, teAr 4)

Unlike the previously proposed models, battery transportation
mode is also defined based on the binary status variable to avoid
increasing the number of decision variables. Accordingly, when
the value of this variable is zero for all network buses for a
specific time period, it is considered that the battery is moving.
This rule is used to formulate the transportation time limit. In
other words, if a TMMB is currently connected to a bus, it
can only change its connection at future time intervals if the
transportation time required to move is elapsed. This situation
means that the transportation status of the battery can be modeled
by its not-connection status. This limitation is modeled by only
one inequality as follows.

MB MB
Qiey T Qg <1
VbEAB, teAT?{iaj}GAlyi#ja
w={t+1,.. t+TTT,} 5)

Based on this inequality, the battery can only change its bus
connection location if it will not be connected to any network
buses at future intervals, at least to the extent of the total trans-
portation time between origin and destination buses. The prob-
lem with this inequality is that the battery may not necessarily
connect to the destination bus after passing the required, leaving
it in neither connection nor transportation mode. This problem
is handled in the following by linking the transportation cost to
the non-connection times of the battery. The transportation cost
of the TMMB is related to the truck’s fuel consumption, which
is, in turn, a function of the transportation time. Accordingly,
the transportation hours of the TMMB can convert into its
transportation cost by multiplying the fuel cost of each driving
hour, as follows.

ey -5 (1- Xty vecas icar @
i

The above equation denotes that there will be a transportation
charge for each hour that the battery is not connected to any of
the network buses, meaning its transportation. Since this cost
term will be included in the objective function, the solving
procedure will minimize its value by removing unnecessary
non-connection periods. This, in turn, means that the battery will
connect to one of the network buses immediately after elapsing
the required transportation time when changing the connection
location.
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C. Second Stage: Normal Operation

As in Fig. 1, after calculating the TTTM in the case of
changes in the transportation network, the new information
received is evaluated to decide the network operation status.
If the network conditions change, the model will be resolved
again. The network changes may be in the form of forecasting
errors or equipment outages. In this case, the model is resolved
considering new data for the upcoming time period. Based on
the level of the changes, the network operation state will fall
into normal or emergency. The normal operation state denotes
encountering errors in the forecasted values comprising network
data without power generation or load supply deficiency. For the
Normal operation state, the course of the commands is based on
the following objective function.

by (; 2 Moy APy + 230 Pl

e ek I
- (1= %w) )Y (1= Cun) PRy

min

Based on the above objective function, switching the value of
1) to one, in the normal operation state, will return a cost-only
objective function equal to the first term of (7). The important
note to be declared here is that the load shedding is not allowed
in this operation state by turning the value of ¢ for all network
buses and time periods to zero, discussed further in the following.
The first term of (7), activating for the normal operation state,
accounts for the total operation cost comprising substation and
renewable resources energy cost in addition to the transportation
cost of the TMMBs. A stair-wise cost function is used to model
substation energy cost. Additionally, renewable resources offer
their power based on a linear cost function. The transportation
cost of the whole TMMBs fleet is also calculated by elaborating
(6) over whole time periods and mobile batteries. The load
demand will be completely met and at the minimum cost by
targeting this objective function. The operator may also bene-
fit from the price arbitrage, renewable curtailment mitigation,
network expansion deferral, voltage drop mitigation, and loss
reduction depending on the network situation as a result of the
optimal spatial-temporal and power-energy scheduling of the
TMMBs.

D. Second Stage: Emergency Operation

During severe events, the outage of network lines or power
sources is quite probable. In this case, a portion of the load
demand may leave unmet because of the supply shortage or
network segmentation. The emergency operation state will be ac-
tivated if the network is under such emergency situations, outage
of distribution feeders, main substation, or distributed resources.
The critical difference between this state with the previous one
is generation inadequacy and/or network segmentation resulting
in probable load shedding. In this case, there may be different
ways to reduce the amount of the interrupted load depending on
the available solutions. However, the maximum recovery rate
of the disconnected load should be achieved at the minimum
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expenses. For this purpose, a lexicographic planning model
is developed. Accordingly, the maximum recoverable load is
determined in the first step. In this case, the model first tries
to maximize network resiliency by maximizing recovered load
from the occurred event. To do this, the value of 1) is set to zero.
As a result, the first term of the objective function introduced
in (7) will be zero, and the remaining term denotes the total
recovered load. The model now tries to retrieve as much as the
load demand irrespective of the cost. After finding this value,
E;’;fd, the following constraint will be added to the model. It
should be noted that this constraint is deactivated for the normal

state since the unity value of .
2.2 (1= Ge)

The above constraint denotes that the total recovered load
demand has to be kept constant and the same as the previously
found value. Having this new constraint, the objective function
in (7) will then be again run by setting the value of 1) to one. Now,
achieving the maximum resiliency operation schedule with the
minimum operation expenses is ensured.

PRy > (1=vu) Bl ®)

E. Schedule Memory

The schedule memory is a new starting point for the horizon
ahead and is related to the changes made to the TMMBs up to the
current time period. The first parameter to be saved is the stored
energy in the TMMBs at the end of the current time period. This
parameter is easily saved and will act as the initial charge at the
beginning of the next time period. The next parameter which
has to be saved is the location of the TMMBs. In this case, there
may be two situations. In the simplest case, where a TMMB has
no displacement at the end of the current period, the current bus
location will be regarded as the starting point for the next period.
On the other hand, the TMMB may be on the road to connect to
a new bus location during the present time period. In this case,
the battery movement must be stored in such a way that it can
be used at the beginning of the next period. For this purpose, a
new virtual bus method is proposed. The concept of the virtual
bus is shown in Fig. 4. In this method, the movement of each
battery on the road is modeled by adding an isolated virtual bus.

Then, the TTTM transportation is adapted with this new bus.
This bus is hypothetical and is not connected to the distribution
network while located between the origin and destination buses
of the previous transportation. In Fig. 4, it is assumed that a
TMMB moves from bus A to bus B at the beginning of hour 1,
and this transportation will take two hours. In this case, at the end
of the first hour, when one hour of the required transportation
time has elapsed, it can be assumed that the battery is located on a
hypothetical bus, one hour away from the origin and destination
buses. As a result, a new row and column must be added to the
TTTM.

The entities of this new row and column are zero except for
the two values, which means that this hypothetical bus is only
connected to its beginning and end buses, A and B. Therefore,
the two non-zero values corresponding to the distance of this
hypothetical bus to the beginning and end of the movement,
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Fig. 4. A generic example of schedule memory.

i.e., buses A and B in our example, are equal to one hour.
Thus, from the network operator viewpoint, the TMMB is in
the hypothetical bus at the beginning of the next period. As a
result, it can accept a new scheduling pattern by moving either to
the origin or destination bus. In this way, the scheduling memory
will be stored to be used at the beginning of the next time period.

Last but not least, it should be noted that the load shedding
at normal operation state is not allowed dissimilar to the Emer-
gency counterpart. These circumstances must be considered in
the active and reactive power balance equations of the network
buses. Accordingly, the power balance equations are arranged

as follows.
Z PGt

ZAPnt)+Pzt +Z (bzt

+ (1= Cuw) PRy + Zp(fj,t) Vie Ar,Vte Ar (9)

In
t
ZQm +QH+ZQ<M Z (byist)

+ (1 - C(i,t)) Q([Zt) + Z QZ,j,t) Vie Ar,Vt € Ar
J
(10

The control over the on-off load switching during emergencies
is built in the above equalities by deploying the { variable. As
a result, by setting the value of ( to zero in (9) and (10), there
will be no chance for the model to manipulate load, denoting
the Normal operation state. Otherwise, the model has complete
control over loads at any time period employing the controllable
value of ( in the emergency state.

Except for the developed model for the TMMBs, the following
equations are required to model batteries and network behavior.
In (11)—(13), the batteries are enforced to observe three limi-
tations. The first one is that each battery can choose only one
of the charging or discharging actions for the active power at
any time period [23]. To mathematically model this constraint,
two indicator auxiliary binary variables denote each of the
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charging and discharging actions [24]. The second limitation
over batteries operation is that they can exchange power with
the grid if connected to one of the network buses. The third
limitation is that the battery cannot exceed its power rating while
charging or discharging. All of these limitations are modeled
simultaneously in (11)—(13).

X(b,l,t)+X(bzt <Q(b2t) Vb GAB,ZGA[,vtEAT
an

(bzt S(IB VbEAB7Z€A[,Vt€AT
(12)

O<P(bzt)

0< PRy < XGE0Sh" Vb eAp,icAr, Ve Ar
(13)

There is a similar situation for the reactive contribution of
the batteries. As a result of employing the modern inverters
for interfacing the storage cell with the AC grid, the battery
system can contribute reactive power to the grid besides active
power. Based on the manufacturers’ data, available commercial
battery systems can offer a full four-quadrant operation regime,
as depicted in Fig. 5. As in the figure, the battery can inject
or absorb reactive power while charging or discharging active
power. In other words, the battery may work in one of the
operation states: inductive reactive-active charging, inductive
reactive-active discharging, capacitive reactive-active charging,
and capacitive reactive-active discharging. The batteries can also
work in either pure inductive or pure conductive state, similar
to a parallel reactive or capacitor, benefiting from the full circle
diagram. This capability is modeled while observing the above
three limitations, similar to the active power. In (14)—(16), each
battery is forced to choose only one of the inductive or capacitive
reactive powers lower than its rated power if connected to one
of the network buses.

MB

I
YQ (byi,t)

QC
(b,z,t) +Y

an = X

VbEAB,iEA[,VtGAT
(14)

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 13, NO. 4, OCTOBER 2022

OSQ(bzt)<Y(b{t S(b)B Vb eAp,i€c Ar,Vte Ar
(15)
0< QG5 < Y(%CwS%B Vb e Ap,i€ Ar,Vte Ay

(16)

The stored energy in the battery at any time period is a function
of the previously stored value, and net energy exchange occurred
at the present period. The net energy exchange is a function of
the charging and discharging powers and corresponding effi-
ciencies, as shown in (17). This stored energy has to observe
minimum and maximum boundaries, modeled in (18).

bt 1 ‘1‘2( bzt)n(b)

—Z( Do /nBy) Vb € Ap te Ar (A7)

7 =

MB
byt

Max
(b)

The power rating limitation of the battery inverter has to be
considered owing to the complex (active and reactive) nature
of the power after the inverter. The conventional representation
of this limitation is shown in (19). This equation denotes the
position of the point inside a circle with the radius equal to
the inverter power rating, as shown in Fig. 4 by a dashed
line. Considering that the battery will contribute by one of the
charging or discharging active powers at any time period, the
net active power can be calculated by summing up these terms.
Similarly, the net reactive power can be calculated by adding
inductive and capacitive values. These substitutions are used to
convert (19) to (20). The resulting equation is non-linear and has
to be linearized to keep the linearity of the whole model. The
method presented in [25] is used for this purpose. In this method,
the main non-linear binding circle is approximated by a set of
linear lines, as shown in Fig. 5. The approximation accuracy
will enhance by increasing the number of straight lines (M) at
the expense of the simulation run time. The linearized version
of (20) using this method is shown in (21).

Y + (@)’

Ep" < Ji5 < Efy™ VbeAp,teAr (18)

Net

(byi,t) (byi,t)

< Sl YbeAp,VieAr, VieAr (19)
2 In Ca 2
(P(b i T PR t)) + (Q(b,i,t) + Q(b,i,t))
<Sh) VbeAp,VieAr, VieAr (20)
COS%(P(?Z t)+ (b i t)) +SinW(Q{gti,t)+Qﬁ7?i,t))
Cos (w/M) S(b)
vV m EAjw,b GAB7Vi€A[,Vt€AT
(21)

The same method is used in (22) for the network flow lines,
wherein the apparent flow limit is limited to the line rating. The
LinDistFlow equation in (21) is used to relate bus voltages with
the line active and reactive power flow. The voltage magnitude
limitations are enforced in (22) [26], [27]. Equality (23) denote
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Fig.6. The layout of the modified 33-bus distribution test system coupled with
a transportation network.

the relation between maximum, generated, and curtailed renew-
able energy, and finally (24) limits the reactive power generation
of renewable resources to the maximum allowable value [28].

(2m—-1)m F o (2m-1)7w F
QE‘ﬁW"Q%mw>+Sm M (Q@nﬂ

Cos (w/M) = S(Iz’j)
Vm € Ay, Vi,je A, Vit € Ap (22)
2(R( )Pl + X5 Qi)
= Viiry — Vi ¥ {i,j} € A7, Vit € Ar (23)
Vitis < Vg < VIS Vie A, Vt e Ar (24)
Py =Ppiv + Pty Vi€ Ar,VteAr (25)

Q@t) < tan (Arc(cos PF(}E))) Vie Ar,Vte Ar

(26)

III. CASE STUDY

A modified version of the 33-bus distribution test system is
used to implement the proposed model. Fig. 6 shows the original
system configuration along with the modifications. As in the
figure, two distributed generation resources in the form of the
solar PV and wind turbines are added to, in turn, buses 22 and 25.
It is assumed that the distributed generation resources belong to
the system operator, and as a result, their power generation cost
is zero. The system is also enhanced with two TMMB, TMMB#1
and TMMB#2, each with a 500 kW power rating and capable of
storing 10-90% of its 1000 kWh nominal energy capacity.

The TMMBs start the daily operation schedule with 10%
initial stored energy from Bus#1 and 90% charging and dis-
charging efficiencies. Besides, a road transportation network is
mapped into the existing distribution network with the inter-
section (connection) points at buses 1, 6, 14, 18, 22, 25, and
33. The minimum distance of the routes, shown by the dashed
line in the figure, is calculated based on the idea introduced
in Section II. For simplicity and a clear comparison with the
emergency case, itis assumed that traveling from one connection
bus to another takes one hour. In other words, all of the entries
except for the main diameter (which is equal to zero) in TTTM
are equal to one. Each hour of transportation of the TMMBs
costs 10 $. This means the same value for each bus connection
change considering a one-hour transportation duration for all
candidates. The line and load data of the system, along with
the stair-wise substation cost function, are provided in [29]. The
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Fig.7. Hourly profile of the load demand and renewable resources generation.
TABLE 1
MAIN SIMULATION RESULTS FOR NORMAL PRE-DISASTER SCENARIO
Case With MB No MB
Generation 5,984 6,458
Cost ($) Batteries 50 -
Total 6,034 6,458
Renewable PV 0 1,317
Curtailment Wind 96.6 393
(kWh) Total 96.6 1,710
Transports TMMB#1 |3 (2,13, 16) -
# (Bus) TMMB#2 2 (4,16) -

capacity of the lines connecting distributed resources laterals,
i.e., lines connecting buses 2-19 and 3-12, is reduced to 500 kVA
to simulate renewable energy curtailment because of line over-
load. Fig. 7 demonstrates hourly forecasted values for the active
and reactive load demand and renewable resources generation.
The proposed model is implemented on the described system in
three subsequent scenarios, namely normal pre-disaster, resilient
emergency, and normal post-disaster, described in the following.
The model is implemented in GAMS and solved using the
CPLEX [30].

A. Pre-Disaster Normal Operation

The previously described system starts the daily operation
horizon with the profiles shown in Fig. 7. The main simulation
results, operation cost, and renewable curtailment for this sce-
nario with and without mobile batteries are given in Table I.

Employing the TMMBs affects the network operation in two
ways, operation cost and renewable curtailment. Based on the
results, the TMMBs utilization has resolved PV curtailment
completely, i.e., 1317 kWh. On the other hand, wind energy
curtailment has experienced a 296 kWh reduction. As a result,
a value of 1613 kWh of curtailed renewable energy is recov-
ered via TMMBs. This energy recovery and the price arbitrage
performed by the mobile batteries have resulted in a daily
operation cost reduction of 501 $, equal to more than 7.7%.
This achievement is realized at the expense of a 50 $ payment
for TMMBs transportation.

Fig. 8 presents the share of each resource in the hourly
curtailed renewable energy for both cases. As can be observed
from the figure, the Wind-MB orange bars, positive values, stand
for wind energy curtailment energy when employing mobile
batteries. It should be noted that the solar energy curtailment will
be completely recovered via employing mobile batteries. On the
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state.

contrary, the negative values, blue and green bars in the figure
denote, in turn, wind and solar energy curtailment for the system
without mobile batteries. The positive hatched area demonstrates
the total hourly renewable curtailment difference between both
cases. As can be observed, utilization of the TMMBs has resulted
in retrieving curtailed renewable energy entirely except for the
wind energy curtailment at hours 1, 2, and 24. The failure of the
mobile batteries to cope with the curtailment at these hours is
related to the required initial and final inevitable transportation
times. In other words, the batteries will fail to capture curtailed
energy during these hours because of being on the roads from
the and coming back to the initial location. The three last rows
of Table I present the transportation schedule of the TMMBs
along with the connection buses. In addition, Figs. 9 and 10
demonstrate the connection-transportation and power-energy
schedule of the TMMBs, respectively. Based on the results
and as expected, both of the TMMBs have selected the buses
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with renewable curtailment mitigation opportunities to connect,
namely buses 22 and 25. TMMB#2 has experienced a different
schedule since it has been charged during the first three hours at
its initial location, Bus#1. Then, it has moved at hour 4 to be at
Bus#22. It has connected to this bus near PV during hours 5-15.
In this bus, the battery is first charged at hour 5, and then it
discharges the stored energy during hours 8 and 9. After that,
it reached its energy storage capacity by charging during hours
10-13 and 15. The stored energy from solar power is retrieved
from curtailment by moving TMMB#2 to Bus#1 during hour 16
to meet a considerable share of the power demand. Accordingly,
MB#1 has only been in its initial location, Bus#1, for the first
hour. Then, it has been on the road during the second hour to
be at the beginning of the third hour at the wind farm location,
i.e., Bus#25. After being connected in this place, it is charged
during hours 3-6. A part of the stored energy is then released at
hours 8, 10, and 12. In this way, the battery has prevented the non-
transferable wind energy from being cut off by performing a time
shift. Then, the battery was transported during hour 13 to be at
the solar power bus location right from its peak production, i.e.,
hour 14. After being connected near the solar power plant, the
battery has absorbed most of the exposure to curtail solar energy
at hours 14 and 15. After that, the battery has moved at hour
16 to its original location, Bus# 1, to deliver the stored energy
during peak load hours. The stored solar energy is ultimately
delivered during the peak load period, hours 18 and 19. As a
result, TMMB#1 has mitigated the renewable energy curtailment
by performing a temporal shift on wind energy and a spatial
and temporal shift on solar energy. Accordingly, TMMB#2 has
performed a price arbitrage benefiting from substation energy
at a lower cost at the initial hours of the operation. Then, a
considerable share of the solar energy is retrieved by performing
a temporal-spatial shift. The battery in this cycle has recovered
most of the non-transferable and exposed to curtailment solar
energy by transferring from bus 22 to Bus#1 during peak hours.

B. Resilient Emergency Operation

The proposed operation paradigm found in the previous sec-
tion, based on the flowchart shown in Fig. 1, will be implemented
on the system hour by hour in practice, and at the end of each
hour, the schedule memory is stored. During each hour, the
new information received will be analyzed and included in the
operation of the future system periods, as discussed earlier. It is
assumed that the system will be operated without any changes
and based on the obtained schedule by the end of the third hour.
However, there will be an accident for the system during hour
four, causing diverse consequences.

The repair crew examination determines that the complete
system recovery will last until the end of hour 15. This means that
there is an emergency state operation period between hours 5-15.
It should be noted that this assumption is for the simple analysis
of the results, and any other dynamics such as step-by-step repair
of lines and roads can be considered owing to the proposed model
flexibility. The event, which can be based on various internal
or external factors, has diverse consequences on electricity and
transportation networks, as shown in Table II. According to the
table, the incident will cause the outage of three lines (19-2,
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TABLE II
CONSEQUENCES OF THE OCCURRED EVENT

Network Event Consequence
Line 2-19
Distribution Line outage Line 3-23
Line 6-26
Connection Outage of
T ST location outage Bu§ #6
Road Doubling each
congestion Travel time and cost
TABLE III
MODIFIED VERSION OF THE TOTAL TRANSPORTATION TIME
1 6 | 14 | 18 | 22 | 25 | 33 | 34
1 0 [24 | 2 2 2 2 2 1
6 | 24 | 0 |24 |24 |24 |24 |24 |24
14 2 24| 0 2 2 2 2 | 24
18 2 |24 2 0 2 2 2 [ 24
22 2 24| 2 2 0 2 2 2
25 2 24| 2 2 2 0 2 | 24
33 2 [ 24| 2 2 2 2 0 | 24
34 1 24 |24 | 24| 1 | 24]124] 0

23-3, and 26-6), the loss of the connection point in Bus#6, and
also doubling the transportation time and cost between other
connection points. As it was introduced, the schedule memory
for the current hour must first be defined and stored. Accordingly,
TMMB#1 at the beginning of the emergency operation, i.e., hour
5, will be in bus 22 and with 510.5 kWh stored energy. As a
result, these conditions will be considered as the initial status of
this battery at the beginning of the emergency operation period.
There are different conditions for TMMB#2, considering that it
moved in the last hour before the event. Due to increased road
congestion and enhanced transportation time, TMMB#2 will not
reach its destination after one hour. Therefore, it is necessary to
model the initial conditions for this battery based on the proposed
virtual bus method. As a result, an additional hypothetical bus
will be added to the TTTM without any connection to other
network buses, i.e., bus number 34. It is supposed that TMMB#2
is located in this hypothetical bus at the beginning of hour 5
with a stored energy of 541 kWh. This situation mimics the
previous transportation state of the battery. The virtual new bus
is connected through road lines only to the beginning and ending
locations of the battery movement before the event, i.e., Bus#l
and Bus#2, respectively. Since expiring one hour out of the two
hours required transportation time, the distance of this hypotheti-
cal bus from the two mentioned buses will be considered equal to
one hour to be in line with the new two-hour transportation time.
Also, the lack of connection of the new bus with other connection
points in the network and also the lack of availability of bus 6 for
connection has been modeled by increasing the transportation
time to 24 hours. Table III presents the modified TTTM for the
emergency state operation considering a new virtual bus. The
proposed model is simulated from hour 5 to hour 15 with the
abovementioned initial conditions and based on the emergency
state operation paradigm.
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TABLE IV
MAIN SIMULATION RESULTS FOR EMERGENCY OPERATION SCENARIO
Case With MB No MB
Total Shed Load (kWh) 6,067 8,335
Generation 1,571 1,571
Cost ($) Batteries 90 -
Total 1,641 1,571
Renewable PV 2,901 4,315
Curtailment Wind 1,698 2,131
(kWh) Total 4599 6,446
Transports TMMB#1 |3 (25,22,33) -
# (Buses) TMMB#2 |2 (34*,22, 33) -
800 @Difference ®WT- MB
@PV- MB BWT-No MB
600 =Ly
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Time [h]
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Fig. 11. Hourly curtailed renewable energy for emergency state with and
without TMMBs.

The main simulation results for this case with and without the
mobile batteries are shown in Table IV. The table contains the to-
tal shed load, wind, PV, and the total curtailed renewable energy,
along with the transportation and bus connection of the mobile
batteries. As in the table, the total unmet load has experienced a
reduction from 8335 kWh to 6067 kWh, denoting a 2553 kWh
decline equal to more than 30%. This reduction in the shed load
is achieved by optimal TMMBS scheduling at the expense of
a 90 $ transportation cost. Considering the isolated situation of
Zone 1, the injected power from the substation and the resulting
cost remained the same in both cases, i.e., 1571 $. The reduction
in the unmet load performed by the mobile batteries is achieved
by storing and transporting excess renewable energy. In other
words, the TMMBs have recovered the excess renewable energy
to meet a portion of the load demand at Zone 4 without any
power sources. As a result, the wind and PV curtailment has, in
turn, reduced by 433 kWh and 1414 kWh resulting in a 28.65%
reduction in the total curtailed energy. To achieve these results,
TMMB#1 has experienced three transportations between buses
22, 25, and 33, while TMMB#2 has had two transportations
between buses 34 (virtual), 22, and 33.

Fig. 11 depicts the share of each renewable resource in the
hourly curtailed renewable energy for both cases. In the figure,
the positive and negative values denote the cases wherein the
mobile batteries are deployed and not, respectively. As can be
seen, the TMMBs deployment has reduced curtailed renewable
energy in three periods, namely hours 5, 8, and 9-12. The
TMMBs have recovered the wind energy during the initial hours
of the emergency state and the solar energy during midday hours.
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The batteries have failed to capture excess renewable energy at
other hours since they have been discharged for some hours.

Fig. 12 demonstrates the spatiotemporal status of the TMMBs
during the emergency operation state. Also, Fig. 13 shows the
charging and discharging powers and the stored energy in each
TMMB for the same scenario. Based on the results, both batteries
behave similarly, transferring energy from surplus to deficient
zones. In other words, both batteries have stored and transported
excess energy from Zone 2 (PV panels) and Zone 3 (wind
turbines) to Zone 3 (without source).

As shown in the figure, only Zone 1 has a dispatchable and
adequate power supply, the main substation. Other zones in
the network have been isolated from the substation. Although
Zone 2 and Zone 3 are installed with, in turn, solar and wind
resources, Zone 4 does not possess any power source. Besides,
it should be noted that only the wind turbines can entirely meet
the load demand of Zone 3. In other words, the power supply is
deficient in Zone 2 during the initial hours of the day without
solar radiation. Accordingly, the TMMBs have attempted to
compensate for the supply shortage in Zone 2 and Zone 4.
TMMB#1 spends the first hour of emergency state in its initial
location and charging from excess wind energy, namely Bus#25.
Then, it has used stored energy to supply a portion of the load
demand in Zone 4 by being on the road during hours 6 and
7. Accordingly, TMMB#1 has discharged stored energy from
hours 8 to 9 in Bus#33 of Zone 3. After depleting the stored
energy, it has moved to Bus#22 in Zone 2 to benefit from the
excess solar energy. To do this, TMMB#1 has been transported
during hours 10 and 11 to be in the PV panel location. It has
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Fig.14. Reactive power exchange of the TMMBs during emergency operation.

been charged in this location for one hour and then moved back
to Bus#3. The battery has been on the road during hours 13 and
14 to discharge stored energy at hour 15 in Bus#33 in Zone 4.
As a result, TMMB#1 has experienced three transportations to
meet a portion of the unmet load in Zone 4.

On the other hand, TMMB#2 has continued moving from
the previous hour to reach its destination at Bus#22 in Zone 2.
It is then discharged in this zone during hours 6 to 8 to meet
a part of the power demand when sun radiation is deficient.
The TMMB#2 is then charged during hours 9-11 when it has
access to the PV panels’ excess energy. Subsequently, it has
been transported from hour 12 to hour 13 to be at Bus#33 at
the beginning of hour 14. After connecting to its destination in
Zone 4, TMMB#2 is discharged during hours 14-15 to provide
a share of the load demand. This way, TMMB#2 has reduced
some of the shed load in Zones 2 and 4 by shifting required
energy spatially and temporally.

Fig. 14 shows the reactive power provided by the available
sources in the network, i.e., upstream substation, distributed
renewable resources, and mobile batteries. As explained pre-
viously, the TMMBs can work either in inductive or capacitive
reactive mode. Based on the results, The network state was such
that there was no need to absorb reactive power by the mobile
batteries. In other words, the network never faces an overvoltage
during emergency operation, which requires reactive power
absorption to handle. As aresult, all reactive power sources in the
network, including mobile batteries, have always been injected
the reactive power or, equivalently, have worked in the capacitive
reactive mode. Another point is that the TMMBs have injected
reactive power during hours with lower active power flow. In
other words, the batteries at hours with free apparent power
capacity have used this opportunity to inject reactive power and
meet a portion of the reactive demand.

C. Post-Disaster Normal Operation

After repairing the damages, the network will return to its
normal operation state. The post-disaster normal operation state
commences at the beginning of hour 16. In this situation, the
distribution grid topology and transportation network routes are
the same as the original condition shown in Fig. 6. The only
difference is that both TMMBs are now in Bus#33. There are
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two points related to the second stage of the network operation,
namely the post-disaster situation. The first one is that the batter-
ies must be relocated to the initial location and the initial stored
energy. The second point is that the entries of the TTTM are now
the same and equal to one hour. Simulating the system for this
stage demonstrates a total 3829 $ operation cost, without load
shedding, and 25 kWh of curtailed wind energy. Both TMMBs
have transported from Bus#33 to Bus#1 during hours 22 and
20, respectively. In this stage, only TMMB#1 has charged 135
kW once at hour 16 and then discharged the stored energy at
hour 20. The critical point about this schedule to be pointed
out is that it is entirely in accordance with load and renewable
profiles. In other words, there is no considerable opportunity
for renewable curtailment mitigation at this stage on the one
hand. On the other hand, the shape of the load profile in this
stage, i.e., hours 16-24, is such that there is no chance for price
arbitrage regarding declining load demand. These facts are the
reason for the relative inactivity of the batteries during this
period. The results also indicate that the spatial-temporal and
power-energy schedule of the batteries is entirely consistent with
the joint distribution-transportation network status and operator
preferences.

IV. CONCLUSION

Accordingly, these devices’ optimal modeling and schedul-
ing in a coupled distribution-transportation network were tar-
geted by proposing a combined normal-emergency operation
paradigm. The proposed model handled scheduling uncertain-
ties through a new schedule memory concept integrated into a
rolling horizon approach. The model’s performance was tested
in a three-stage scenario chain, including normal pre-disaster,
resilient emergency, and normal post-disaster operation. The
case study results demonstrated a 6.5% reduction in the total
operation cost comprising a renewable energy recovery rate of
94.5%. Following the consequences of an event, the spatial-
temporal and energy-energy schedule of the batteries altered
to adapt to the new network changes. As a result, the batteries
transferred exposed to curtail renewable energy, spatially and
temporally, to the area without an energy source to increase sys-
tem flexibility and at an affordable cost. The resilient operation
schedule resulted in a 30% reduction in unmet load besides more
than 20% in the renewable energy curtailment retrieval. As future
trends, this study can be continued by evaluating the effect of
repositioning the mobile resources on system flexibility before
extreme events using machine learning techniques. Additionally,
a hybrid short-long term mobile storage system modeling and
scheduling composed of hydrogen tanks and mobile batteries
can be addressed.
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