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Many nations are trying to accelerate the deployment of electric vehicles (EVs) on their road networks, in
an effort to relieve greenhouse gas emission and shortage of fossil fuels. The number of EVs and charging
facilities is expected to increase significantly in the near future, making the existing transportation
systems increasingly coupled with the electrical power systems. These growing couplings may bring
new stresses and risks to both systems. However, the failure of electric vehicles charging facilities have
not been considered. In this context, this paper investigates the resilience of an electrified transportation
network (ETN) under potential failures of its supporting charging facilities. Specifically, a two-staged
system optimal dynamic traffic assignment model is proposed to describe characteristics of an ETN
such as the configuration of charging stations, travel ranges of EVs and the state of charge of EVs. This
model is based on the cell transmission model (CTM) and two metrics are presented to quantify the
ETN performance under the scenario of charging facility failures. A numerical example is studied to
demonstrate the effectiveness of the proposed ETN resilience analysis framework.

Keywords: Electrified transportation network, Resilience analysis, Electric vehicles, Charging stations,
Cell transmission model, Dynamic traffic assignment.

1. Introduction

As one of the critical infrastructures, the road
transportation network plays a crucial role
in our society, for transporting commodities
from manufactures to clients and providing
travel services for people’s daily life. However,
the structural facters, unexpected natural dis-
asters (i.e., earthquake and hurricane) and
malicious acts render the road transportation
network vulnerable to disruptions, which can
cause significant loss from both economic and
welfare perspectives. Therefore, resilient road
networks are required, characterized by the
ability to resist and absorb the negative im-
pacts of crises and to recover functionality
efficiently.

Since Holling (1973) first conceptualized
resilience in the context of ecological sys-
tems, this concept has been increasingly in-
troduced to other research domains (Abdin
et al., 2019; Fang and Zio, 2019; Wang et al.,
2019). The concept of resilience is firstly
specified in the context of the transporta-

tion system in 2006 by Murray-Tuite (2006).
Since then, increasing attention has been de-
voted to this topic in transportation (Zhang
et al., 2019). According to the approaches
used in the literature to measure the per-
formance of the system, three main meth-
ods can be categorized: optimization-based
methods, simulation-based methods and data-
driven methods.

For the optimization-based methods, the
user equilibrium or system optimal principle
are usually employed as convergence rules.
For example, Liao et al. (2018) presented
an optimization model for resilience under
the constraints of budget and traversal time.
Zhang et al. (2019) presented a bilevel math-
ematical optimization model to mitigate the
system-wide traffic congestion and increase
the system resilience.

For the simulation-based methods, micro-
scopical traffic simulations are performed to
simulate the changes in transportation net-
work. Aimsun microsimulation software was
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used in Fountoulakis et al. (2017) to estimate
the traffic system comprising both connected
and conventional vehicles in highway, under
various penetration rates of connected vehi-
cles. Wang et al. (2019) illustrated the safety
resilience of expressways by a two-staged mod-
elling approach based on the data obtained
from Aimsun.

Different from the other two methods, data-
driven methods directly take advantages of
the historical data instead of investigating the
evolving mechanism of the system. A GPS
data-based method was proposed in Dono-
van and Work (2017) to quantitatively mea-
sure the resilience of transportation systems.
Qiang and Xu (2019) utilized an empirical ap-
proach to assess road network resilience based
on the crowdsourced traffic data from Google
Maps.

Besides the conventional factors causing
disruption that are typically considered in
assessing the resilience of the transportation
system, new challenges are posed to trans-
portation systems and the world with the ad-
vancement of technology and increasing cou-
pling among critical infrastructures. In this
scenario, new factors need to be taken into
account to explore their influence on the re-
silience of the transportation system. For
instance, Ahmed et al. (2019) evaluated the
resilience of the transportation system con-
sidering the presence of connected and auto-
mated Vehicles.

In this paper, we assume electric vehicles
(EVs) are widely used, and also for long trips.
The disruption of charging stations (CSs) on
the highway is considered. A new traffic
optimization model is proposed to track the
state of charge (SOC) of EVs and describe the
profile of charging stations on the highway,
based on the cell transmission model (CTM).

The rest of the article is structured as below.
Section 2 introduces the proposed model and
presents the two metrics for estimating the
impacts of the failures of charging stations on
the performance of the transportation system.
Section 3 conducts a numerical case study
to illustrate the proposed model, followed by
Section 4 with concluding remarks and future
research directions.

2. Methodology

Since the existing CTM-based traffic models
fail to consider the new factors that EVs bring,
a linear programming model for the multi-
ple destinations system optimal dynamic traf-
fic assignment problem considering EVs and
charging stations (SO-DTA-E&C) is proposed
in this paper. The proposed model is able to
describe the profile of the charging stations,

track the state of charge (SOC) of EVs and
assign the system optimal traffic based on the
travel range and the charging demand of EVs.

2.1. SO-DTA-E&C

In order to track the state of charge (SOC) of
each EV, energy level [ is employed to describe
the real-time SOC for each EV. Considering
the EVs with different battery capacities, the
average travel range L,y is used to represent
the battery capacity for all EVs. The electric-
ity consumption of EV can be approximated
to be a linear function of the distance traveled.
Therefore, mileage can be used to quantify the
electrical energy level and is used as its unit
measurement, for simplicity. The battery ca-
pacity is discretized into homogeneous energy
levels. Each energy level can supply electric
energy for an EV to travel a certain mileage.
In this paper, the mileage traveled by an EV
using one energy level is used to define the cell
length (cl) in the CTM. Based on the above
assumptions and settings, the total number of
energy levels (L) of each EV can be calculated
by the following equation:

Lavg
L cl (1)
.{C is used }to represent the set of energy levels
1,---,L}.

In the original SO-DTA model, only a single
destination is considered. This paper intro-
duces an extended version to handle a general
network with multiple O-D pairs and consid-
ers also the route choice behaviors specifically.
W is used to represent the set of all O-D pairs.
R represents the set of all the paths. RY
represents the set of the paths that belong to
the O-D pair w. A path r is represented by
an ordered collection of cells (P").

For simplicity, the ordinary, merging and

diverging cells defined in the original CTM
Daganzo, 1994, 1995) are called general cells
Cg), since they share the same updating rules
in this paper. N;(t) is defined as the maximum
number of vehicles that can be present in
general cell ¢ at time ¢t. In order to integrate
the electrified component (e.g., charging sta-
tions) into the CTM, charging cells (C¢) and
queueing cells (Cg) are originally defined here.
Then, a charging station is modelled by a fixed
structure where a charging cell is sandwiched
between two queueing cells, as shown in Fig.
1.

The charging cells are used to accommodate
the vehicles connecting to the chargers. For
charging cell i, NC;(¢) is defined as the max-
imum number of chargers at time t.

Additionally, a new parameter a! is defined
to represent the average charging speed at
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Fig. 1.  Cell representation of a charging station.

charging station 7 at time ¢. It can be also
interpreted as how many energy levels can
be supplied at each charger, in charging sta-
tion 4 in a time interval 7. Generally, EVs
charge faster in a commercial charging station
than their energy consumption rate under a
common use mode (e.g., no air conditioning).

Hence, o

; is assumed to be greater than or
equal to 1 (energy level per time interval 7).
Moreover, for simplicity, a! is rounded to an
integer. When a charging station fails, a! is
equal to 0, which means no energy can be
supplied during failures.

Queueing cells are used to accommodate
the vehicles waiting to connect to chargers
in the charging stations or waiting to leave
the charging stations. Such a structure can
prevent the charging cell from being congested
and can guarantee it works normally when
the downstream general cell is congested. The
queueing cell before the charging cell can be
regarded as the section from the ramp to the
parking lot, and the one after the charging
cell can be regarded as the section from the
parking lot to the main road, in the service
area. We use NP;(t) to represent the maxi-
mum number of parking spaces for queueing
cells.

In normal conditions (i.e., without failures),
SO-DTA-E&C is formulated in the next sub-
section.

2.1.1. Formulation of SO-DTA-E&C
The objective function:
i€{C\Cs} lEL TER tEO,-

s.t.
demand satisfaction:

> d7(t) = DL(t),Yw e W,t €0, T,

reRw
(3)
source cells:
(1) =2l (- )+ (- 1)yl - ),
Vi€ CrNP",jelf VieL,
VTGR, te ]-7 7Td+1
(4a)

xﬁ’r(t) = Z yl Tt — 1),
jery
VieCr,Vle L, VreR,teETy+2,---,Th
(4b)
general cells:
mfﬂ"(t) — CI? Z yl+1 T
ker;
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queueing cells:
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Considering EVs with different energy levels
and destinations, the objective function is to

minimize the total travel time over the whole
time horizon from a system operator perspec-
tive. Eq. (3) guarantees the traffic demand
is satisfied over the departure time period: in

each time ¢, the number of departures dé’r(t)
in cell ¢ with energy level [ for O-D pairs w
equals to the traffic demand with that energy
level and O-D pair. The source cells can store
infinite amounts of traffic. They receive traffic

directly from the path flow pattern dﬁ’r(t).
In Eq. (4a), source cells ¢ only belongs to
a particular route r of a certain O-D pair
w. The cell occupancies for all other source
cells which do not belong to the route r are
equal to zero. Eq. (4a) considers the period
of departure (from time 0 to Ty for variables

dv" (1)) whereas Eq.  (4b) is for the later
period without departures. Constraint Eq.
(5) expresses the cell mass conservation and
gives the specific rules of updating the vehicles
occupancies for general cells. Moreover, the
path-based and energy-based occupancy for
each cell is tracked. Eq. (5a) states that
occupancy in general cell i with energy level
[ at time t equals to its occupancy minus the
outflow with the same energy level [, plus the
inflow with energy level [ + 1 at the previous
time period. This means that when the EVs
stay in the same cell or flow out from a cell,
their energy levels do not change. Eq. (5b)
states that no EVs have higher energy level
than the highest energy level, so no EVs’
energy is able to keep in the highest level
L after flowed into general cell i. Eq. (6)
represents the update rule of the queueing cells
while ensuring that no energy is consumed by
passing through the cell. This is because the
consumed energy from a ramp to a parking
lot or from a parking lot to the main road
is assumed to be negligible compared to the
energy consumption of traveling through a cell
length. Eq. (7) states the update rule for

charging cells occupancy, where xir(t) repre-
sents the occupancy of EVs before the SOC of
EVs is updated in the charging cell ¢ at time
t with energy level I. Egs. (8a) to (8¢c) state
the update rules for energy levels of EVs in the
charging cells. Eq. (8a) states that when the
energy levels of EVs are between [L — af, L],
their energy levels are approximately updated
as energy level L after a time unit. Eq. (8b)
states that when energy levels of EVs are
between [0, L — a!), they increase a! energy
levels after a time unit. Eq. (8c) ensures
that no EVs’ energy levels are below af after
being charged for a time unit. Note that the
charging cell occupancy is conserved before
and after the SOC of the EVs is updated, i.e.,

S A () = 2k (t). Egs. (9a) to (9d)
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state the specific constraints of determining
the flow from cell i to j. Eq. (9e) states
that the flow that advances to queueing cells
is also constrained by the number of parking

spaces remaining (NP;(t) — >, >, m;’r(t)) at
time ¢. Similarly, Eq. (9f) states that the

flow that can be received by the charging
cells is also constrained by the number of
available chargers (NC;(t)—>; >, Iér(t)) at
time ¢. Constraint (10) specifies the initial
occupancies. Eq. (11) gives the initial flow
conditions. Constraint (12) ensures that no
EV can exceed their travel ranges. Constraint
(13) forces the flow along the links that do not
belong to the route r to be zero. Constraints
(14) and (15) give the nonnegative conditions.

2.2. A two-stage model for charging
station failure

To model the failures of the charging stations,
we use a} to represent when and where the
failures are, and for how long the correspond-
ing charging stations do not provide service.
Other parameters are the same as for the nor-
mal conditions. In practice, failures’ location
and time of occurrence are usually uncertain
and unforeseeable; thus, the system’s operator
is only able to make responses to the failures
after they occur. Once a failure occurs, the
time required to repair it can be roughly esti-
mated in advance. Therefore, in this paper, we
assume that the system operator will immedi-
ately receive the failure information (time and
location) once it occurs and when the charging
service will be recovered. Based on the above
assumption, a two-stage model is proposed to
represent the optimum system operation un-
der uncertain charging station failure. Let T
represent the time instance at which a failure
occurs. We firstly run SO-DTA-E&C as the
first stage (the normal conditions) and it is
represented as I. Then, the second stage (the
failure) is denoted as I and the optimization
model is given as follows.

The objective in case of failures is the same
as for the normal conditions, i.e., minimizing
the total travel time (Eq. 16):

min. >3 > > Y, wnt) (16)

i€{C—Cs} IEL TERLED, -, T,

For the second stage, the following con-
straints are added based on the results cal-
culated from the first stage problem:

vy (t) = 2l (t), Vi€,

(17)
VieLl, VreR,te€0,--- Ty -1

vy 1(8) = yiy 1 (),
V(i,j)e& Ve L, VreR, te0,--- Ty —1
(18)

dip(t) = di77(8),
VieCr, Vi€ L, VreR, tc0,--- Ty —1
(19)

&7 (t) = 2750,
VieC, Ve L, VreR, t€0,--- , Ty -1
(20)

Eqgs. (17) to (20) state that the status of
the system before the failures occur should be
the same as for the normal conditions. After
the failures occurred, the route choices and
energy needed by the traffic demands that
have not departed are replanned according the
the current system’ status, informed failures’
profiles and the constraints of the system op-
eration rules. The response actions include
changing the charging stations for some EVs,
changing routes for some EVs without charg-
ing demands, and that once the failed stations
are restored, they are immediately required to
provide charging services without delay.

The changes of constraints (3) - (15) are
mainly the considered time frame. Specif-
ically, for Eq. (3) and Eq. (4a), ¢ is in
Ty,---,Tq and Ty,---,Tq + 1, respectively.
Eq. (4b) remains the same. Egs. (5) - (9)
and Eqgs. (12) - (15), their ¢ is in Ty, -+, Tj.
Egs. (10) and (11) are not needed.

2.3. Assessment metrics

In order to investigate how charging sta-
tion failures influence the system performance
of the electrified transportation, two perfor-
mance metrics are proposed. Let x indicate a
charging station failure.

The satisfaction level ¢"(t) is defined to
indicate the extent of the delay caused by
the failure k for all the EVs by time t. The
satisfaction level is calculated by the ratio of
the actual accumulated arrivals in case of the
failure event k to the expected accumulated
arrivals in case of no failure, by time ¢:

I,
B dices 2oier 2orer Tirr(t)
— ;-
ZiECs Zlec ZTER lz?(t)

If the failure does not make any negative
impacts on users’ travel time, i.e., everyone
reaches their destinations on time by time ¢,

P (1)

(21)
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the satisfaction level ¢"(t) equals to 1. The
smaller the value of ¢"(t), the more users are
delayed and still on the road by time t.

The charging station utilization n;(t) is
defined to illustrate the contribution of the
charging station ¢ to EVs charging by time ¢.
The utilization 7; ;j(¢) of charging station i by
time ¢ under normal conditions is formulated
as follows:

t 1,
> =0 Zlez: ZT'ER Iz?(t) : 0‘5,1

ni1(t) =
(22)

where 320 Y e Yper 7 (1) - af; means
the total number of energy levels (total elec-
tric energy) supplied by charging station
by time t. The denominator represents the
the total electric energy supplied by all the
charging stations by time ¢

Similarly, the utilization 7f';;(¢) under fail-
ure condition x can be calculated.

3. An Example
3.1. Data description

This example is originally from Nguyen and
Dupuis (1984) network with 13 nodes, 19
links and 4 OD pairs. This road network is
modified here by adding 4 charging stations.
Its cells’” representation, consisting of 48 cells,
is shown in Fig. 2. The charging stations are
assumed to be only equipped with DC fast
chargers and 20 chargers are installed at each
station. They provide charging through 480V
AC input. They can deliver 60 to 80 miles of
range in 20 minutes of charging (DOE, 2019).

We take the time step 7 = 6 min and the
free-flow speed vy = 50 miles/h. Hence, the
cell length is calculated as 6 miles. In 2018,
the median of the EV distance ranges on a
full charge is estimated to be 125 miles, as
reported by the U.S. department of energy
(DOE, 2020). This data is used as the av-
erage maximum travel range of EVs in this
example. Therefore, the total energy levels
can be calculated as 25 using Eq. (1). The
charging power for each charger is 60 - 80
miles per 20 minutes, i.e., with a charging
speed of 3.6 - 4.8 energy levels per time
unit. For simplicity, we set ozi ; = 4 energy
levels per time unit in normal conditions.
This study considers a simple failure scenario
where charging station 47 is failed at the 10th
time step and it is repaired after one hour
(20th time step). Hence, this failure event is
represented by of; ;; = 4,t € {0,---,9} U
{20,---,60} and af, ;; = 0,t € {10,---,19}.

t L,
D50 2icco 2oter 2rer Tig(t) ol g

For traffic demands, we assume each O-D pair
has same pattern at each time unit; that is,

Dl (t) = 0,Yw € W,Vt € Tyl € {1,---,4},
) = LVw € WVt € Tyl € {5,6},
t) = 2,YVw € W,Vt € Tyl € {7,---,10},
)

w

Fig. 2.
network.

Cell representation of the studied road

Table 1. Parameters used in this ex-

ample.
Parameters Values
vy (m/h) 65
7 (min) 6
cl (mile) 5
& 0
0 1
Number of cells 48
Number of chargers 80
Qi (v/ 1) 200
N; (v) 1000
NC1 (V) 20
NP; (v) 100
ai[ 4
Lquvg (mile) 125
L 25
Ty (min) 20
T}, (min) 600
Ty 10
3.2. Results

The objective value for the first stage is
79109.75, whereas it is 80576.5521 for the
second stage, which means the accumulative
delayed time for all users is 880.08 hours under
the failure event.

Based on the obtained results and Eq. (3),
the evolution in time of the satisfaction level
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is drawn in Fig. 3. The red vertical line
indicates when the failures occurred. Since the
satisfaction level indicates the extent of the
users delay at destinations, the performance
of the system does not decrease immediately
when the failure occurs and its response lag
behind the development of the failures, as
shown in Fig 3, where the station fails at the
10th time step and is restored at the 20th
time step, the satisfaction level decreases at
about the 15th time step and keeps this trend
until around the 24th time step. Then, the
satisfaction level gradually oscillates back to
the normal conditions.

EE E § FOEO§o§ §

Fig. 3.  Evolution of satisfaction level with time.

Fig. 4 shows the evolution of the charging
station utilization along with time. The lines
with the same color denote the same charging
station’s utilization. The markers of the circle
and cross denote the normal and the failure
conditions, respectively. As shown in Fig.
4, charging station 41 always contributes the
most charging service for EVs among all the
charging stations. After failures occurred, the
utilization rate of charging station 47 imme-
diately decreases and the utilization rates of
other charging stations increase to varying
degrees. Among them, the utilization rate of
charging station 41 increases the most. After
the failed station is repaired, the utilization
rate of charging station 47 gradually increases
but is still less than that of the normal condi-
tions. It means some EVs change the routes
and chose to charge in other charging stations,
because of the failures.

4. Conclusion

This paper proposes a system optimal dy-
namic traffic assignment model, which is able
to describe the profiles of charging stations,
travel ranges of EVs and SOC of EVs at each
time step. Considering potential failures in
the charging stations, a two-stage model is
proposed to represent the uncertain nature
of failures. In order to assess the resilience
of the ETN, two metrics are presented to

Fig. 4.
time.

Evolution of charging station utilization with

quantify the impacts of the failures on the
ETN. Through an example, it is shown that
the critical charging stations can be identified
and the evolution of the performance of the
ETN over time can be observed.

Other topics for further research could in-
clude user equilibrium conditions, optimal al-
location of charging stations considering con-
straints from the electric distribution system
and the ETN, and uncertainties in traffic de-
mand.
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