IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received May 4, 2020, accepted June 9, 2020, date of publication June 18, 2020, date of current version July 1, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3003369

Reliability Evaluation of Composite Power
Systems: Evaluating the Impact of Full and
Plug-in Hybrid Electric Vehicles

SAIFULLAH SHAFIQ “'!, USAMA BIN IRSHAD?, (Student Member, IEEE),
MOHAMMAD AL-MUHAINI3, (Senior Member, IEEE),
SASA Z. DJOKIC 4, (Senior Member, IEEE), AND UMER AKRAM?>, (Member, IEEE)

!Electrical Engineering Department, Prince Mohammad Bin Fahd University, Khobar 31952, Saudi Arabia

2Electrical Engineering Department, Macquarie University, Sydney, NSW 2113, Australia

3Electrical Engineering Department, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia

#School of Engineering, The University of Edinburgh, Edinburgh EH8 9YL, U.K.

5School of Information Technology and Electrical Engineering, The University of Queensland, Brisbane, QLD 4072, Australia

Corresponding author: Saifullah Shafiq (sshafiq@pmu.edu.sa)
This work was supported by Prince Mohammad Bin Fahd University (PMU).

ABSTRACT The rising concerns over global climate change and depleting fossil fuel reserves are two
of the main reasons for the ongoing efforts towards the electrification of the transportation sector. While
greenhouse gases (GHGs) emissions from other sectors are generally falling, emissions from the road
transport have increased over the past few decades, with both full electric vehicles (FEVs) and plug-in
hybrid electric vehicles (PHEVs) being recognized as potential alternatives to combat climate change and
reduce GHG emissions. However, wide-spread integration of FEVs and PHEVs will substantially increase
the load on the power system which will eventually affect the reliability of existing power systems. In this
paper, a probabilistic model for integrating FEVs and PHEVs with existing power grids is proposed that
incorporates important FEV and PHEV characteristics, such as battery capacity, charge depleting distance,
and charging rates. In addition, user behavior is taken into account through time of recharging, arrival
and departure times, and daily miles driven. Furthermore, different charging strategies, i.e., opportunistic
charging and controlled charging with and without vehicle-to-grid (V2G) scheme have been considered to
evaluate the impact of FEVs and PHEVs on the composite power system. IEEE-RTS-79 system is used to
examine the proposed probabilistic technique considering different FEV and PHEV penetration levels as
well as charging strategies. Simulation results show that even a relatively low penetration level of FEVs or
PHEVs might have a significant impact on the system reliability unless a proper charging and/or discharging
schemes are utilized.

INDEX TERMS Composite power system, full electric vehicles, plug-in hybrid electric vehicles, reliability.

NOMENCLATURE B. STOCHASTIC VARIABLES
A. INDICES k  Energy supplied by the PHEV battery
b Index of bus number Y Battery capacity of a PHEV
f  Index of FEV class x  Daily miles driven
h  Index of PHEV class T  Departure time
d Index of day 7 Arrival time
i Index of sampled state
j  Index of load level C. OTHER VARIABLES
k  Sample of an EV class
m Index of system component o Minimum limit of load level range
t  Index of time B Maximum limit of load level range
£  Load level
The associate editor coordinating the review of this manuscript and pe Non EV hourly load
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Percentage of PHEVs

Percentage of FEVs

Percentage of EVs preferring fast charging
Percentage of EVs participating in V2G
Energy needed for battery charging
Energy supplied by EV battery during V2G
Set of EVs participating in V2G

Charging time

Charging voltage

Charging current

PHEV load

FEV load

n; X np connection matrix

np X np susceptance matrix

np, column vector of bus voltage angles

ny, vector of bus load levels

np, vector of bus generation levels

ny, vector of bus load curtailments

ny X n; transmission line susceptance matrix
np, vector of maximum bus generation levels
n; vector of transmission line flow levels
n; vector of maximum line flow levels
Component status

Loss of load probability

Loss of load probability variance

Standard deviation

Number of sampled states

State of load

PHEYV penetration level

FEV penetration level

Number of PHEVs

Number of FEVs

Number of EVs participating in V2G
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Total number of hours per day

Total number of days

Total number of summer days

Total number of winter days

Total number of load levels

Total number of vehicles

Charge depleting distance for an EV
Number of PHEV classes

Number of FEV classes

Correlation factor between « and

Minimum energy supplied by the PHEV battery
Maximum energy supplied by the PHEV battery

Minimum battery capacity of a PHEV
Maximum battery capacity of a PHEV

Parameter required for PHEV energy calculation
Parameter required for PHEV energy calculation

Battery capacity of FEV

Number of samples of each EV class
Number of transmission lines
Number of buses

Agp Average departure time

Agr Average arrival time

T2 Discharging period for EVs used in V2G process
MTTR Mean time to repair

MTTF  Mean time to failure

FOR Forced outage rate

I. INTRODUCTION

Fossil fuels consumption is constantly increasing while the
resources are depleting. Consequently, dependence on fos-
sil fuels is a problem that needs to be urgently addressed.
Vehicles and automobiles consume tremendous amounts of
fossil fuels. To decrease their dependence on fossil fuels,
combustion engine-based cars can be converted into electric
vehicles (EVs). Plug-in hybrid electric vehicles (PHEVs) and
full electric vehicles (FEVs), which are in this paper referred
to as electric vehicles (EVs), are an upcoming technology that
will help reduce the dependency on conventional resources.
It is posited that a wide use of all types of EVs will greatly
help in reducing carbon emissions, thus alleviating environ-
mental challenges [1], [2].

This paper makes distinction between FEVs, which use
only energy from the on-board batteries for driving, and
PHEVs, which use both internal combustion engine and
on-board batteries for driving, with the capability of charging
from electric grid. EVs benefit society by diminishing green-
house gas (GHG) emissions, reducing our dependence on
foreign oil and, at times of peak power demand, supply energy
to the grid by using vehicle-to-grid (V2G) technology [3]-[6].
These statements are reinforced by the fact that the cost of
fueling PHEVs by gasoline is greater than the electricity cost,
so it is estimated in [7] that a full electric driving capacity of
40 miles could result in a two-third reduction in oil consump-
tion [7]. Practically all car manufacturers are now offering
different types of EVs, ranging from small and medium size
passenger cars, to sub-urban vehicles (SUVs), and vans. As a
result of an increasing awareness of the numerous benefits
of EVs, it has been predicted that approximately 37 million
hybrid electric vehicles (HEVs) will be available in the US
market by 2030 [7]. Moreover, it has been anticipated that
the penetration level of FEVs will reach 15% in Switzerland
by 2020 [8] while it will become 62% in the US by 2050 [9].

The benefits of EVs are many and varied, but energy
demand for charging their batteries may cause considerable
problems when they are connected to the power system for
charging since they put an ample burden on the electric grid
[10] which is already being noticed by system operators [11].
As the number of EVs is presently small, their effect on
the power system is minimal. However, a rapid increase in
the number of EVs and their widespread integration will
have a strong impact on the reliability of power systems.
Moreover, the increased charging load may lead to under volt-
ages, higher losses, phase unbalance, load peaking, line and
transformer overloads. To mitigate these problems, research
has been initiated to evaluate the effects that EVs could
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have on existing power systems. Several studies have focused
on developing EV charging load models and their imple-
mentation to study the impact and alleviate various power
system problems [12]. For example, many researchers have
investigated the integration of EVs into distribution power
system with respect to dynamic behavior of a power system
[13]-[16]; economic and financial analyses [17]; short- and
long-term planning issues [18], [19]; and market policies
and opportunities [3], [20], [21]. However, the reliability
assessment of power system, when EVs are integrated into
the system, has not been given much attention so far. Since the
EVs mainly affect the local distribution systems, the previous
work mostly tried to determine how different distribution
system characteristics will be affected by the EVs.

A condition-dependent outage model is used to estimate
the failure rate of transformer in order to assess the reliability
of a PHEVs integrated residential distribution system [22].
In [23], an interruptible FEV charging load model is used
to evaluate the reliability of an urban distribution system
in China. The reliability of the distribution power system
is also assessed in [24] considering vehicle-to-home (V2H)
and V2G charging schemes while battery exchange mode
is considered in modelling the FEV charging load in [25].
In [26], the impact of EV penetration level on the reliability
of distribution system is evaluated for the scheduled and
unscheduled V2G discharging modes. The work in [22]-[26]
is targeted towards the evaluation of EV charging load in a
distribution system. Moreover, the focus is on assessing the
distribution power system facilities provisioning the energy
to end users while satisfying the minimum allowable range
of service continuity without considering the supply-demand
balance. Although the effects of EVs will be most clearly
seen in distribution systems, the increasing penetration of
EVs will also have a cumulative effect on the entire grid, and
this additional load will affect the power system reliability
at both transmission and generation levels. However, limited
research has been conducted to evaluate the impact of EVs
on the generation and transmission side, and currently no
detailed model exists for analysis of related EV impact.

Few studies have focused on evaluating the impact of
EVs on composite power system, i.e., transmission and
generation side [1], [27]-[31]. In [27], the author has inves-
tigated the impact of PHEVs on the U.S. electricity sup-
ply. But some important modelling parameters have been
ignored, in addition, some unrealistic assumptions have been
made. For example, it is assumed that all the PHEVs would
drive 20 miles per day with all the energy in the batteries
being consumed. In [28], a bidirectional charging power con-
trol is developed to manage the load and generation balance.
The authors in [29] have considered PHEVs to improve the
power system reliability when wind energy resources are
utilized. Some important factors related to user behavior that
affect the EV charging profiles, such as, vehicles arrival and
departure time, miles driven, time of recharging etc. are not
considered in [27]-[29]. In [30], the authors have developed
the PHEV charging load model to evaluate the reliability of
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the U.S. Northwest Power Pool area considering different
penetration levels. The methodology to estimate the gener-
ation expansion required to maintain the reliability of the
system in the presence of PHEVs is proposed in [31]. In [1],
an analytical approach is utilized to assess the power system
reliability when PHEVs are integrated in the grid under dif-
ferent charging scenarios. In [1], [30], [31], random variables
are used to incorporate varying daily mileages and arrival
times. However, the EV charging load modelling is based on
oversimplified assumptions; for example, small batteries with
fixed charge depleting distance are assumed for all the EVs.
Moreover, it is assumed that all the EVs will be fully charged
regardless of the randomness of driver stay-at home habits.
In addition, the EVs uncontrolled charging in a reliability
analysis tends to be deterministic, i.e., only one charging sce-
nario is developed and utilized over the reliability assessment
time horizon (typically one year). In fact, the EV charging
load is completely dependent on the driving pattern variations
and the EV profiles (market share, penetration level, charging
levels, battery specifications, etc.). It is evident that a detailed
realistic model of FEVs and PHEVs is still lacking in existing
literature.

In order to fill that gap, this paper presents a detailed
probabilistic modeling of PHEV and FEV loads, which is
specifically aimed at assessing the reliability of a composite
power system. Moreover, different charging strategies such
as; opportunistic charging and controlled charging with and
without V2G are presented. The analysis is conducted on an
hourly basis for both summer and winter season, considering
different classes of PHEVs and FEVs. The probabilistic load
model considers different loading ranges for each hour. The
modeling of PHEVs and FEVs incorporates a number of
important EV characteristics: (1) battery capacity, (2) charge
depleting distance, and (3) charging rates, while user behavior
is taken into account through: (4) time of recharging, (5) vehi-
cle arrival and departure time, (6) discharge rate, and (7) miles
driven. The proposed methodology is illustrated on a widely
used IEEE RTS-79 network, where generator, transmission
line, and transformer outages are analyzed using Monte Carlo
simulation (MCS) approach. The loss of load probability
(LOLP) index is used to evaluate the system reliability for
different EV penetration levels. The results demonstrate that
even a relatively low penetration levels of EVs might have
a significant impact on the system reliability unless a proper
charging strategy is implemented.

Il. MATHEMATICAL MODELLING

This section provides a detailed mathematical formulation of
the probabilistic modeling employed to evaluate the reliabil-
ity of a composite power system.

A. LOAD MODELLING

Different load levels are considered in the proposed proba-
bilistic model, based on available hourly demand data from
[32]. The probability of system load to have value within two
different load ranges, «; and B;, in each hour can be calculated
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as follows:
ply=p"t+Txd—-1), Vi.d (1)
St’[j = 1<01j<17£d <,3j)’ Vl, d,] (2)
o+ 'Bj )
t = — vj 3)
| &
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My = T—D;Sz,zj, vt,j, Tp = [Sp, Wp]  (4)
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D dy=1 Vi 5)
j=1
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where:
Mg =0 (7
and
r is a uniform random number between 0 and 1.
~ 4
pl=p+ E‘(10§r<05 —1o5<r<1) (8)
where:
O =pBi— o= i1 — 1, Vj )
and

r is a uniform random number.

Note: Symbols, parameters, and variables that are listed in
Nomenclature section are not repeated in (1)-(9) and in all
subsequent equations.

B. PHEV MODELLING
To correctly analyze the impact of PHEVs on a power sys-
tem, it is essential to develop a comprehensive PHEV model
that takes into account both the PHEV characteristics and
PHEV users’ behavior. The adopted probabilistic model is
appropriate for a non-sequential MCS, as it avoids guessing
where a PHEV will be found at any given time and it is gen-
erally superior, i.e. more computationally efficient, to using
an agent-based simulation technique. Different PHEV classes
are considered, with each class characterized by following
seven parameters: yp, Zn, Ky, Kp, ﬁh’ Wh, and xp,.

These values are used to calculate the mean values and
standard deviations of energy supplied by battery («) and
battery capacity (¢) of PHEVs. Mean values and standard

deviations are respectively defined as «, v, £, and .

Ry = 2 er'ch, Vi (10)
Y, Y
Un = # Vh (11)
2y = <k ;ﬁh, Vh (12)
. Y-y
Y = T—h, Vh (13)
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The total number of PHEVSs in each class is:

Nphev = Ny.Pphev (14)
Nphev, = normal (jp, o), Vh (15)
where:
I = Mphev ", Vh (16)
op = 0.01.up, Vh a7
and
n,phev
h
oA =1 (18)
h=1

After calculating the number of PHEVs in each class, other
characteristics of that class must also be determined. By using
a bivariate normal distribution with a correlation factor (p),
k and ¥ can be determined. The correlation represents the
intuitive relationship between the design parameters « and
¥, which are mathematically defined in (19) and (20), where
subscripts 0 and 1 indicate the first and second random num-
bers, respectively [33].

kn = K + bivariate(®, ¥y, Vh (19)
W = W + bivariate(®, ¥)1, Vh (20)

To correctly model PHEV users’ behavior, miles driven,
departure and arrival times for all the PHEV samples on each
day for an entire year are calculated using a lognormal dis-
tribution [33]. The charging time is considered to be between

the arrival time at day ‘d’ and the departure time atday ‘d +1’
for each PHEV when controlled charging strategy is utilized.

Ry n.d = logNormal (3.37,0.5), Vk,h,d 21
Tina = logNormal (Ad,,, ﬁ) . Vkhd  (22)

Ty = logNormal (e V3), Yk hd  (23)

The daily energy required to charge each vehicle can be
calculated based on the miles driven every day. It is assumed
that only AS percent of PHEV owners will prefer to charge
their vehicles using Level 2 type charger as shown in Table 1.
Therefore, charging voltage and current can be obtained as
follows:

€k,h,d = wh'l(Xk,h,dZ)?h)

+xkvh»d‘yh"cizlh'l(xk,h,d&h)’ Vk, h,d
(24)
where y and z are the parameters that allow the calculation of
the energy required per mile driven. It is assumed that only

)»Zzg percent of PHEV owners in class /& will participate in
V2G process.

2
Mg, = Mphewy- Ay oy Vh (25)

Vi hd = 120.10<r<1-25)+230.1(1_xs<,<1), Yk, h,d (26)
Apnd = 151 0<r<1-25) +30.11—rs<r<1), Yk, h,d (27)

where: r denotes a uniform random number.
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TABLE 1. Charging levels based on the SAE J1722 standard.

Charger Type Voltage Level Current  Power Rating
Level 1
(Normal Charging) 120V 15 A 1.8 kW
Level 2
(Rapid Charging) 230V 30A 6.9 kW

The energy available to be supplied by PHEV during V2G
period is calculated as follows:
v2g

ekhta’ = min (Y — ek nd> Vehd-Aknd), Yhd (28)
where:
t € Ty,
and
v2g
k es,

The time available to charge PHEV is calculated based on
the arrival and departure times as follows:

tind = (T = Tepa) + Tonas Yk hod kg8 (29)

After calculating the available charging time, the charging
load of PHEVs which are not participating in the V2G process
is calculated as follows:

ik.hd = min (%,Ak,h,d) , Vk,h,d k ¢ 5}\:25'
Vi,hd * Tk, h,d
(30
hev . 2
ﬂih,d = Vihd-ikhd, Yk hod k&8¢ 31)
where:
Tpndg <t =T, t=<Tind (32)

In order to calculate the charging load of PHEVs partici-
pating in V2G process, the amount of energy supplied during
the V2G must be considered. So,

h . €k,h,d
EZ ;Vt 4 =min (
Tg2v

+ekhtd’vkhdAkhd), Vh,d (33)

where:
t € Tgy

and
k €88

Now, the total load of each PHEV class can be calculated as
follows:

phev _ nphevh phev
A Zszh,d, Vh, t (34)
s aTik=

where the total load for all PHEVs at any time ¢ is equal to
the summation of PHEV loads from all the classes:

7.[phev
e = > e v (35)
h=1
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C. FEV MODELLING

Similar to PHEVs, the integration of FEVs is based on
both FEV users’ behavior and FEV characteristics. Different
classes of FEVss are considered, with each class characterized
by its charge-depleting distance (R) and battery capacity (£).
The total number of EVs in each FEV class can be obtained
using FEV’s penetration levels as follows:

Nfey = Ny.Pfey, vf (36)
Nfeyy = nfev-)hj:evv vf 37

On the other hand, user behavior is accounted for by
applying (21)-(23). Once the miles driven and the arrival and
departure times are obtained, energy needed to charge bat-
teries can be calculated, assuming that FEVs will discharge
linearly with respect to the distance travelled:

&
ek f.d = Ef'l(xk,f,d=ff)+xk»f’d‘§‘l(xkj,d<f_f)’ Vk,f,d

(38)

After the energy required for charging by each vehicle in
each FEV class is obtained, charging voltage and current can
be again determined using (26)-(30). The energy delivered in
V2G process can be found as follows:

2 .
€;vw§,,,d = min (§ — exf.d, Vkf.d-Akfa), Yf.d (39)
where:
1t e Tvzg
and
v2g
ked

The load of each sample of FEV class can be computed
using (30)-(33). Afterwards, the total FEV load at any time ¢
can be obtained as follows:

Tp ng
’ n
S 3 I

P fev

& = Zﬁfj, Vi (41)

D. DC LOAD FLOW CALCULATION

The DC optimal power flow (DC-OPF) is run to determine
whether the total demand (system load plus different pen-
etration levels of PHEVs and FEVs) can be met at all the
time and with respect to possible generators and transmission
lines and/or transformer contingencies. The objective func-
tion (minimization of curtailed load at all network buses) and
the constraints of the DC-OPF are defined below:

np
min Z cb (42)
b=1
subject to: 50 =g—1+c¢ (43)
sah <f (44)
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—sa0 <f (45)
g=¢g (46)
c<l 47
g, c>0 (48)

lIl. RELIABILITY EVALUATION ALGORITHM

The probabilistic models of system load, PHEV, and FEV
are considered to determine the composite reliability, with
loss-of-load probability (LOLP) index used to assess the
reliability performance. First, a uniform random integer value
is generated to select the time of a day.

t =randi(1,T) 49)

Once the time of a day is selected, other random numbers are
used to generate possible values for the system load, PHEV
load, and FEV load at all buses, based on the probabilistic
models described in Section II. The status of each generator,
transmission line, and transformer are determined by gener-
ating and comparing the uniform random numbers with the
related forced outage rates (FORs) [32].

Im = 1,,<FOR,) (50)
where:
MTTR,,
FOR,, = (51)
MTTR,, + MTTF,,
and

r denotes a uniform random number.

Once the state is sampled, the DC-OPF is run to classify
each sampled state either as a loss-of-load state or non-loss-
of-load state, as the reliability of the composite power system
can be determined once the state is classified. After sampling
and classifying each state, the LOLP and its variance are
calculated. The MCS is set to terminate when the variation
of LOLP reaches a certain value, e.g., 0 < 0.02, when the
final LOLP value is achieved. This value of o is selected so
that the variations in final LOLPs are minimized since the
probabilistic model is utilized. Moreover, the computational
burden does not exceed the available computational capabil-
ity. The mathematical relationships are described in (52)-(55).
Here, N is the total number of states that are sampled up
to this point. The process of reliability evaluation is shown
in Fig. 1.

|
0, = ]Vt Qi VI (52)
i=1
1
V(©)=—(0 -0}, Vi (53)
N;
V(O
o = J, vt (54)
2
where:
Q=1 n . Vit (55)
(> cp#0)
b=1
114310

TABLE 2. PHEV classes and parameters [33].

Description C““‘:’“;r : ¥ “";Sizecar Medhum Large SUVs
Class hy h, hy h,
Aphev 20% 30% 30% 20%

y 0.3790 0.4288 0.6720 0.8180
z 0.4541 0.4179 0.4040 0.4802
f 8 kWh 10 kWh 17 kWh 19 kWh
v 12 kWh 14 kWh 21 kWh 23 kWh
K 0.2447kWh  0.2750kWh  0.3217kWh  0.3224 kWh
K 0.5976 kWh  0.6151 kWh  0.5428 kWh  0.4800 kWh
% 40 mi 40 mi 40 mi 40 mi
TABLE 3. FEV classes and parameters.
Class Description FEV Percentage E 3
fi pafs‘;fé’gczar 50% 24kWh 100 mi
£, Full-size 50% 30kWh 126 mi

passenger car

IV. CASE STUDY

The method presented in Section III was tested on IEEE
RTS-79 [32], which is a 24-bus system with 38 transmission
lines and transformers and 32 generators, Fig. 2. Non-EV
peak load is 2,850 MW, whereas the maximum generating
capacity is 3,405 MW. The FORs of generators, transformers,
and transmission lines are obtained from [32].

The integration of EVs includes four PHEV classes,
namely compact passenger cars, full size passenger cars,
medium SUVs and large SUVs, as well as two classes of
FEVs, i.e., compact passenger cars and full-size passenger
cars. The parameters of all the considered PHEV and FEV
classes are given in Tables 2 and 3 [33], [35], [36]. The total
number of vehicles in the test system is considered to be
0.8 million. Note that 10% PHEV penetration level means
there will be 80,000 PHEVs available in the system. Among
the total PHEVs, 16,000 PHEVs belong to compact passenger
class and large SUVs class each. Similarly, 24,000 PHEVs
belong to full-size passenger class and medium SUVs class
each (see Table 2 ). The total number of PHEVs in the system
will be doubled when PHEYV penetration level reaches 20%.
Similar calculations, for a given FEV penetration level, can be
done to calculate the actual number of vehicles in each FEV
class, as per the percentages given in Table 3.

V. RESULTS AND DISCUSSION

The DC-OPF results are obtained using software [37]. The
impact of PHEVs and FEVs on the composite power system
in both summer and winter seasons is studied. The months
from April to September and from October to March are
considered as summer and winter seasons, respectively. The
hourly load data of IEEE RTS-79 from [32] is used to analyze
the impact of EVs, with average load profiles for summer and
winter shown in Fig. 3.
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> Select time of a day

Generate uniform random numbers
|

Select non-EV Select PHEV
load using load load using PHEV S?'GCtFEEV load
model model using FEV model
> 4 «

Set system total load on all the load buses

Generate uniform random numbers

Im =1 Im =10
L
Set status of generators, transmission lines, and transformers
Run DC-OPF

Stopping
criteria met?

Yes

FIGURE 1. Flow chart of reliability evaluation process.
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L 1

Bus 1 é* Bus 2 é‘ Bus 7 é*

FIGURE 2. IEEE RTS-79 system [32].

A. BASE CASE (i.e., WITHOUT PHEVs AND FEVs)

The summer and winter loading conditions are used to calcu-
late the LOLP of the system when there are no PHEVs and
FEVs. The base case results are shown in Fig. 4. It can be
seen that the LOLP in winter season is higher as compared
to summer season which is in accordance with the average
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FIGURE 3. Average seasonal system load profiles.
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FIGURE 4. Base case LOLP for summer and winter seasons.
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FIGURE 5. LOLP for summer season due to opportunistic charging.

seasonal system loads (see Fig. 3). The LOLP in winter and
summer seasons are less than 0.95% and 0.4%, respectively.

B. OPPORTUNISTIC CHARGING

EVs start charging at their maximum charging rates in oppor-
tunistic charging scheme once they get connected into the
system [38]. The impact of the EVs on the system would
be worst due to this uncontrolled charging strategy. The
reliability of the system for summer and winter seasons for
different PHEV and FEV penetration levels are shown in
Figs. 5 and 6, respectively. It is clear from the figures that the
system’s reliability is severely affected specially when there
are 20% PHEV and 20% FEV since the total charging load
is maximum for this case. The LOLP reaches 6.89% during
the winter season which is highly unacceptable. Note that the
LOLP is almost same for different penetration levels of PHEV
and FEV from 1 a.m. to 3 p.m. (see Figs. 5 and 6). It is due to
the fact that most of the EVs will be charged in the evening.
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FIGURE 7. LOLP for summer season due to controlled charging without
using V2G.
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FIGURE 8. LOLP for winter season due to controlled charging without
using V2G.

C. CONTROLLED CHARGING WITHOUT V2G

As mentioned earlier that the opportunistic charging strategy
impacts the system reliability adversely, therefore, charging
load of PHEVs and FEVs must be controlled [39]. In con-
trolled charging without V2G strategy, PHEVs and FEVs
are charged based on the arrival and the departure times.
If there is enough charging time available, EVs are charged
slowly in such a way that each EV is fully charged before
the next trip. The LOLP of system for summer and winter
seasons are shown in Figs. 7 and 8, respectively. It can be seen
that the LOLP has been reduced from 2.37% to 0.67% and
6.89% to 2.63% for summer and winter seasons, respectively
when there are 20% PHEV and 20% FEV penetrations in
the system. Note that the system reliability has been consid-
erably improved by throttling the charging rates of PHEVs
and FEVs. It can also be noticed that the peaks are shifted
from 9 p.m. to 10 p.m. and 8 p.m. to 7 p.m. in summer and
winter seasons, respectively.
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FIGURE 9. LOLP for summer season due to controlled charging with V2G.
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FIGURE 10. LOLP for winter season due to controlled charging with V2G.
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FIGURE 11. (a) PHEV load (b) FEV load.

D. CONTROLLED CHARGING WITH V2G

In V2G, EVs provide energy to the grid. Therefore, in con-
trolled charging with V2G strategy it is assumed that PHEVs
and FEVs deliver energy to the grid from 4 p.m. to 8 p.m.
because the peak of non EV load appears during this time
(see Fig. 3). Furthermore, it is considered that the EVs par-
ticipating in V2G process can be recharged from 3 a.m.
to 7 a.m. since the system load is insignificant during this
time. It is also important to note that only 30% of PHEVs
and FEVs are assumed to participate in V2G process to make
the case more realistic. The results for summer and winter
seasons are provided in Figs. 9 and 10, respectively. It is
clear from the figures that the system reliability has been
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improved significantly specially during the time span when
V2G process is being taken place. Most of the time the system
LOLP s less than 1% which shows that the higher penetration
of PHEVs and FEVs can be incorporated in the existing
power system if proper charging and discharging strategies
are formulated. It is important to note that the LOLP for 20%
PHEV case is higher from 4 p.m. to 8 p.m. as compared to
other cases. The reason is that the PHEV's usually have much
smaller battery bank capacities as compared to FEVs, hence,
their participation in V2G process gets reduced as shown in
Fig. 11.

VI. CONCLUSION

In this paper, a probabilistic method for load and EVs
modeling with different penetration levels is presented. The
reliability of the composite power system is evaluated con-
sidering forced outage rates (FORs) of generators, transmis-
sion lines, and transformers. Moreover, different charging
strategies, i.e., opportunistic and controlled charging with and
without vehicle-to-grid (V2G) scheme are used to evaluate
the reliability of the power system. The proposed method-
ology is validated using IEEE RTS-79. Different classes
of full electric vehicles (FEVs) and plug-in hybrid electric
vehicles (PHEVs) are considered to assess their impact on
the composite power system. As expected, the results indi-
cate that loss of load probability (LOLP) increases as the
load increases and becomes particularly pronounced dur-
ing the peak hours. The LOLP for PHEVs is higher than
FEVs due to the higher consumption by the medium and
large SUVs.

These results further suggest that the reliability issues
caused by the integration of EVs can be mitigated sig-
nificantly by implementing controlled charging strategies.
Moreover, bidirectional EV chargers can be utilized to per-
form V2G process that can considerably improve power sys-
tem reliability by supplying energy to grid during the peak
hours. To implement these remedial strategies, EV owners
should be given reasonable incentives to ensure their active
participation.

In future, a comprehensive model can be developed to
incorporate other demand response (DR) resources, such as
thermostatically controlled loads. Moreover, the impact of
demand side management (DSM) on power system reliability
can be evaluated.
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