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Abstract— This paper investigates the impact of uncoordinated,
coordinated, and smart charging of plug-in hybrid electric
vehicles (PHEVs) on the optimal operation of microgrids (MGs)
incorporating the dynamic line rating (DLR) security constraint.
The DLR constraint, particularly in the islanding mode, influ-
ences the ampacity of MG feeders, when distribution lines
reach their maximum capacity. To overcome any line outage or
contingency situation, smart PHEVs are utilized to help improve
the grid security. However, using PHEVs can cause higher
power losses and feeder overloading issues. To address these
concerns, a reconfiguration technique is employed in this paper.
A heuristic algorithm, known as the collective decision-based
optimization algorithm, is utilized to overcome the non-convexity
and nonlinearity of the problem. The unscented transform
technique is employed to model DLR uncertainties caused by
solar radiation, load demand, and weather temperature, as well
as PHEVs’ uncertainties caused by varying charging strategies,
numbers of PHEVs being charged, charging start time, and
charging duration. Moreover, a deep learning gated recurrent
unit technique is designed to forecast renewable power output
for mitigating the uncertainties in renewable energy components.
A modified IEEE 33-bus test network is deployed to evaluate the
efficiency and performance of the proposed model.

Index Terms— Smart plug-in hybrid electric vehicle, PHEV
charging management, deep learning, reconfiguration.

NOMENCLATURE

A. Sets/Indices
__,___ Index of minimum and maximum val-

ues.
�DL

�
lm,mn, z Set/indices of lines.

�N/ i Set/index of generation units.
�T

�
t Set/index of time.

λ Index of piecewise linearization seg-
ments.
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B. Constants
A� Projected area of conductor (m2/Linear

m).
D0 Conductor diameter.
Hc, Zc, Zl Altitude of sun, Azimuth of sun,

Azimuth of line.
Ibase Base value of current.
K f Thermal conductivity at air tempera-

ture.
mCp Conductor overall heat capacity (J/m-

◦c).
Rmn, Xmn, Zmn Resistance, reactance, impedance of

distribution lines.
RU G

i , RDG
i Ramp up/down rate of DG units.

T(ave) Average temperature of aluminum
strand layers (◦c).

U T G
i , DT G

i Minimum up/down time of DG units.
CT S, DT S Energy storage minimum charging and

discharging time.
δ Time period (1 hour).
ηCh, ηDisch Charging/discharging efficiency.
ρG

i Generation cost of the i th DG unit.
ρM

t Market price.
� Number of segments of piecewise linear

curve.
ρ f Air density.
ε Emissivity.
β Angle between the wind direction and

the conductor axis.
ϕ Effective angle of incidence of the sun’s

rays.
α Solar absorptivity (0.23 to 0.91).
μ f Dynamic viscosity of air temperature.
C. Variables
C S Energy stored in energy storage units.
I L
mn,t Current flow of distribution lines.

Kangle Wind direction factor.
PCh, P Disch Charging/discharging power.
P D, QD Active/reactive power demand.
P L

mn,t , QL
mn,t Active/reactive power flow of distribu-

tion lines.
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PG
i,t , QG

i,t Active/reactive power of DG units.
P M

t , QM
t Active/reactive power of utility grid.

qr , qs, qR, qc Radiated heat loss, Heat gain from sun,
Resistant heat gain (W/m), Convection
heat loss (W/m).

T Conductor Temperature.
Ts,Ta Surface temperature of conductor (◦c),

weather temperature (◦c).
T Ch, T Disch Number of consecutive charging and

discharging hours.

T G−on
i,t , T G−o f f

i,t Number of consecutive on and off hours
for DG units.

V Voltage magnitude of buses.
Vw Wind velocity.
wL

mn,t Distribution line status.
xi,t Commitment state of DG units.
yCh, y Disch Energy storage charging and discharg-

ing state of charge (SOC).
�Vmn,t Required variable to apply KVL.
θ L

mn,t Fictitious current flow regarding the
distribution lines.

θM Fictitious current flow regarding the
utility grid.

θD Fictitious current flow regarding the
demand.

ψ Covariance.
μ Mean.

I. INTRODUCTION

AMICROGRID (MG) is the aggregation of distributed
energy resources (DERs) and loads in a small elec-

tricity network that operates in both off-grid (islanded) or
grid-connected modes [1]. Over the last decade, MG has
attracted a great deal of attention, due to its significant
advantages, such as high resiliency and reliability, low
operation and planning cost, self-healing ability, and low
losses within the network [2]–[6]. However, challenges still
exist in MG operations, e.g., stability, scheduling, main-
tenance, and malfunctions still need more efforts to get
solved [7]–[9].

One of the important tasks in MG is energy management
for both islanded and grid-connected modes, which has been
widely investigated in the literature. For example, in [10],
the energy management of a MG is studied given that the
MG participates in the market and competes with distribution
market operators. In [11], storage units are considered in MG
energy management to compensate for uncertainties associated
with renewable energy resources. In [12], the energy man-
agement of a MG is investigated, considering both electric
vehicles (EVs) and renewable energy resources. Li et al. [13]
investigate the energy management of multi-agent MGs for
both islanded and grid-connected operations, by utilizing an
iterative bi-level optimization technique. In [14], robust opti-
mization is employed to minimize the operation and mainte-
nance costs simultaneously of a MG, considering an energy
storage system, a wind plant, and a solar plant. In [15],

the coordination of plug-in hybrid electric vehicles (PHEVs)
and a MG is studied, where the main objective is to minimize
the load variance. In [16], a two-stage optimization framework
is developed to minimize the energy loss of a MG along with
different penetration levels for PHEVs.

Although MG challenges have been explored from varied
aspects, the impact of DLR on a reconfigurable MG (RMG)
has yet been studied in the literature, especially with PHEVs
integrated with the RMG. Technically, DLR is a practical
security limitation for the ampacity of feeders, which limits
the lines from approaching its maximum capacity particularly
in the summer. The IEEE standard-738 requires that the heat
balance equation (HBE) of the conductor depends on the
conductor specifications (e.g., current, resistance, and size)
and weather condition [17]. It is worth noting that comparing
to bulk power networks, distribution lines of a MG are
more disposed to overloading and voltage fluctuation due to
higher Thevenin impedances. These can be significant issues,
especially in the attendance of renewable energy and in the
islanded mode, when MG lines work near their maximum
capacities. To this end, to prevent any contingency and feeder
overloading, considering the DLR as an independent constraint
is essential.

In addition to the DLR constraint, high penetrations of unco-
ordinated, coordinated, and smart PHEVs are also investigated
in MG operations. Therefore, this paper for the first paper
investigates the optimal operation of RMGs under uncoordi-
nated, coordinated, and smart charging schemes of PHEVs
along with DLR constraints. To prevent feeder overloading
and also reduce power losses within the MG network, recon-
figuration is employed as a strategic technique in the grid.
Reconfiguration improves the voltage profile, load balance,
grid reliability and reduces the emission and line losses by
changing the topology of the network through some pre-
located tie switches [18], [19].

Modeling the RMG, PHEVs, and DLR constraint simultane-
ously will lead to a complex optimization problem with many
uncertain parameters. Thus, a newly stochastic framework
based on the unscented transform (UT) [20] is employed
to model the uncertainties. Moreover, a deep learning gated
recurrent unit (GRU) architecture is adopted to forecast hourly
load demand and renewable energy output power. Also, the
DLR constraint introduces a set of nonlinear equations into
the RMG problem. On the other hand, due to the effect
of DLR on both active and reactive power flow, AC power
flow should be used, which contains nonlinear equations.
To deal with the nonlinearity of the problem, a heuristic
algorithm, i.e., the collective decision-based optimization algo-
rithm (CDOA), is utilized to overcome the non-convexity and
nonlinearity of the problem. Briefly, key contributions of this
paper include:

• Investigation of coordinated, uncoordinated, and smart
PHEVs impacts on MG operations under the DLR
constraint.

• Propose a new stochastic framework based on UT to
model uncertainties in PHEVs, e.g., the charging strategy
and number of PHEVs to be charged.
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The rest of this paper is organized as follows: Section II
describes the dynamic line rating constraint. Section III
presents mathematical formulations of the proposed recon-
figurable MG. Section IV explains the charging behavior
of PHEVs. Section V presents the stochastic UT method.
Section VI presents the simulation results, followed by the
conclusion in Section VII.

II. CONSTRAINT OF DYNAMIC THERMAL LINE RATING

Dynamic line rating (DLR) is a practical constraint that
plays a major role in the security and operation of an islanded
MG, when the line current approaches its maximum capacity,
especially in the summer season. The conductor temperature
depends on the feeder ambient conditions, conductor current,
conductor size, and resistance according to the IEEE standard
738 [17]. Indeed, the total conductor temperature is the sum
of heat gains (solar and resistant heats) and the heat losses
(radiated and convective heats). To this end, the HBE of the
conductor at any time interval is calculated as follows [17]:

qc,z,t + qr,z,t + mCp
�Ts,z,t

�t
= qs,z,t + I 2.R(Ts,z,t) (1)

These terms can be defined as follows:

A. Heat Loss

The conductor heat losses are known as the convection and
radiated heat losses.

1) Convective Heat Loss: Convection heat loss is classified
as:

a) Natural convection: The conductor can be cooled by
the surrounding air (no wind) as below:

qcn,z,t=3.645.ρ0.5
f .D

0.75
0 .(Ts,z,t − Ta,z,t)

1.25 (w/m) (2)

b) Forced convection: In this case, a cylinder moves the
air to cool down the conductor. The forced convection, based
on the IEEE standard [17], can be defined for high and low
wind speeds as

qc1,z,t = Kangle.[1.01+1.35N0.52
Re .K f .(Ts,z,t−Ta,z,t) (w/m)

(3)

qc2,z,t = Kangle.0.754.N0.6
Re .K f .(Ts,z,t − Ta,z,t) (w/m) (4)

where NRe is the Reynolds number and defined as follows:
NRe = D0.ρ f .Vw

μ f
(5)

Moreover, Kangle is the wind direction and defined as

Kangle=1.194-cos(β)+0.194cos(2β)+ 0.3sin(2β) (6)

The IEEE standard recommends that the largest value among
the convection heat must be taken into consideration as:

qc,z,t = max(qcn,z,t , qc1,z,t , qc2,z,t ) (7)

2) Radiated Heat Loss: the conductor radiated heat can be
taken into account as:
qr,z,t=17.8×D0×ε×(

�
Ts,z,t+273

100

�4

−
�

Ta,z,t−273

100

�4

)

(w/m) (8)

B. Heat Gain

The conductor heat gains are known as solar and resistive
heat gains.

1) Solar Heat Gain: The rate of solar heat delivered by the
conductor is calculated as:

qs,z,t = α.Qse. sin(ϕ).A� (w/m) (9)

ϕ = arccos[cos(Hc). cos(Zc − Zl)] (10)

2) Resistive Heat Gain: the resistive heat is obtained as:
qR,z,t = I 2

z,t .R(Ts,z,t).Ibase (11)

According to (2), an approximate relationship between two
time steps for the line average temperature can be assumed
as:
Tz,t+1−Tz,t= �t

mCp
[I 2.R(Ts,z,t)+qs,z,t−qc,z,t−qr,z,t ] (12)

III. RECONFIGURABLE MG SCHEDULING FORMULATION

The objective is to minimize the total operation costs of the
MG as formulated in (13). In (13), the first term represents
the cost of power exchange with the utility grid; the second
term is generation costs of dispatchable generators (DGs); the
third term represents the cost of power losses in distribution
lines or tie lines.

min
�

t∈�T

ρM
t P M

t δ+
�

t∈�T

ρG
i PG

i,t δ+
�

t∈�T

ρM
t Rmn

�
I L
mn,t

�2
δ

(13)

The constraints of the proposed problem are categorized in
three main groups.

A. Power Flow Equations

Equations (14)-(17) model the AC power flow in a radial
distribution network. Indeed, the active and reactive power
balances at system buses are guaranteed in constraints (14)
and (15), respectively.

�
lm∈�DL

�
P L

lm,t−Rlm

�
I L
lm,t

�2
�
−

�
mn∈�DL

P L
mn,t+PG

i,t−PCh
t

+ P Disch
t + P M

t = P D
t ∀i ∈ �N , ∀t ∈ �T (14)�

lm∈�DL

�
QL

lm,t−Xlm

�
I L
lm,t

�2
�
−

�
mn∈�DL

QL
mn,t+QG

i,t

+ QM
t =QD

t ∀i ∈ �N , ∀t ∈ �T (15)

Also, limitations (16) and (17) apply the Kirchhoff’s voltage
law to distribution/tie lines.�

Vm,t
	2−�

Vn,t
	2 = 2

�
Rmn P L

mn,t+Xmn QL
mn,t

�

− (Zmn)
2
�

I L
mn,t

�2+�Vmn,t

∀mn ∈ �DL, ∀t ∈ �T (16)�
Vm,t

	2
�

I L
mn,t

�2 =
�

P L
mn,t

�2 +
�

QL
mn,t

�2 ∀mn ∈ �DL,

∀t ∈ �T (17)
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The term �Vmn,t in (16) is an auxiliary variable. Thus, it can
be positive/negative based on the difference between voltages
of the sending and receiving ends of line mn, and can be zero
when line mn is switched on at time t .

B. Operational Limits

The magnitude of the voltage at each bus should be within
limits as (18).

V ≤ Vn,t ≤ V ∀t ∈ �T , ∀n ∈ �DL (18)

The current flow of distribution and tie lines should be within
limits as (19). Constraint (19) also proves that the current
flow of a distribution line equals to zero when it is not
operating. If a distribution line is operating, the binary decision
variable wL

mn,t is equal to one; otherwise, it is zero. Moreover,
constraint (20) sets appropriate bounds on the variable�Vmn,t .

0 ≤ I L
mn,t ≤ I LwL

mn,t ∀mn ∈ �DL, ∀t ∈ �T (19)

�Vmn,t


 ≤ �

V − V
	 �

1−wL
mn,t

�
∀mn ∈ �DL, ∀t ∈ �T

(20)

The exchange of active and reactive power with the utility
grid should be within limits as (21) and (22), respectively.

−P M ≤ P M
t ≤ P M ∀t ∈ �T (21)

−QM ≤ QM
t ≤ QM ∀t ∈ �T (22)

Generation units have individual constraints for
restricting active and reactive power as (23)-(24), ramp
up/down (25)-(26), and min up/down time (27)-(28).

PG
i xi,t ≤ PG

i,t ≤ PG
i xi,t ∀t ∈ �T , ∀i ∈ �N (23)

QG
i xi,t ≤ QG

i,t ≤ QG
i xi,t ∀t ∈ �T , ∀i ∈ �N (24)

PG
i,t − PG

i,t−1 ≤ RU G
i ∀t ∈ �T , ∀i ∈ �N (25)

PG
i,t−1 − PG

i,t ≤ RDG
i ∀t ∈ �T (26)

T G−on
i,t ≥ U T G

i

�
x G

i, − x G
i,t−1

�
∀t ∈ �T (27)

T G−of f
i,t ≥ DT G

i

�
x G

i,t−1 − x G
i,t

�
∀t ∈ �T , ∀i ∈ �N

(28)

The minimum and maximum limits of charging and dis-
charging power of energy storage are taken into account
as (29) and (30), respectively.

PCh yCh
t ≤ PCh

t ≤ PCh yCh
t ∀t ∈ �T (29)

P Disch
m y Disch

t ≤ P Disch
t ≤ P Disch y Disch

t ∀t ∈ �T (30)

The capacity of energy storage at any time are within limits
as (31)-(32).

C S
t = C S

t−1 − P Disch
t δ/ηDisch + PCh

t δηCh ∀t ∈ �T (31)

C S ≤ C S
t ≤ C S ∀t ∈ �T (32)

Moreover, minimum charging and discharging time constraints
are determined by (33) and (34), respectively.

T Ch
t ≥ CT S

�
yCh

t − yCh
t−1

�
∀t ∈ �T (33)

T Disch
t ≥ DT S

�
y Disch

t − y Disch
t−1

�
∀t ∈ �T (34)

The operation modes of the energy storage unit at any time
are modeled by (35).

yCh
t + y Disch

t ≤ 1 ∀t ∈ �T (35)

The DLR constraint is taken into account as (36)-(37) and
assures the bounded temperature of each distribution line.



QL

nmt




2+



P L

nmt




2 =



I L

nmt




2
. |Vnmt |2 ∀mn∈�DL, ∀t ∈ �T

(36)

Tnm,t ≤ Tmax ∀mn ∈ �DL, ∀t ∈ �T (37)

C. Radiality Limits

Constraints (38)-(41) assure the radiality of the network. It is
worth noting that to prevent the presence of areas exclusively
supplied by DGs/energy storage units, a set of fictitious current
flow, denoted by θ , is provided.

�
lm∈�DL

wL
lm,t = 1 ∀t ∈ �T (38)

�
lm∈�DL

θ L
lm,t −

�
mn∈�DL

θ L
mn,t + θM

t = θD
i,t ∀t ∈ �T (39)

0 ≤ θ L
mn,t ≤




�N



wL

mn,t ∀mn ∈ �DL, ∀t ∈ �T (40)

0 ≤ θM
t ≤




�N



 ∀t ∈ �T (41)

IV. CHARGING BEHAVIOR OF PLUG-IN HYBRID

ELECTRIC VEHICLES

Uncertain parameters such as the charging value, number
of charged PHEVs, battery capacity, charging duration and
start time, and battery state of charge (SOC), have a great
impact on the behavior of PHEVs. In this paper, three dif-
ferent scenarios of PHEVs’ charging schemes are studied as
follows.

A. Uncoordinated Charging

In this scenario, we assume that PHEVs leave their home
in the morning and return in the evening. As a result, most
of PHEVs are plugged in and start charging after arriving
home, which is around 6:00 P.M. A probability distribution
function (PDF) with a uniformly distributed feature to model
this scenario is defined as [22]:

f (ts) = 1

b − a
a ≤ ts ≤ b a = 18, b = 19 (42)

B. Coordinated Charging

In this scenario, PHEVs are scheduled to charge during off-
peak hours. Specifically, the charging time is postponed after
9.00 P.M, where the market price is low. Therefore, the PDF
of this scenario is defined as follows.

f (ts) = 1

b − a
a ≤ ts ≤ b a = 21, b = 24 (43)
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TABLE I

DIFFERENT TYPES OF PHEV CHARGER

C. Smart Charging

In this scenario, the vehicle starts charging when there is
over generation capacity available, and the electricity price is
low. In fact, in this scenario, the vehicle is charged when there
exists a mutual interest between PHEV owners and utilities.
The PDF is defined as:

f (ts) = 1

ψ
√

2π
e(−

1
2 (

ts−μ
σ )2), μ = 1, ψ = 3 (44)

The vehicle battery is getting charged once it is connected to
the charger at home. The PDF of the daily driven miles of the
vehicle is modeled as:

f (m) = 1

mψ
√

2π
e
−(ln(m)−μ)2

2ψ2 , m 	 0 (45)

The battery SOC depends on the vehicle’s daily driven miles
and its all-electric ranges (AER), given by [22]:

SOC =
⎧⎨
⎩

0 m 	 AE R
AE R − m

AE R
× 100% m ≤ AE R

(46)

The PHEV charging duration is then formulated as:

tD = CBT × (1− SOC) × DO D

η × J
(47)

Table I summarizes charging rates that depend on the
charging level of chargers [22]. As can be seen, charg-
ing levels 1 and 2 are considered for home charging
PHEVs. Please note that both the AC and DC charging
level 3 are not considered in this study due to their main
applications in public transportation. Furthermore, in this
study PHEVs are divided into four classifications with
different market shares and characteristics, as summarized
in Table II.

The market share is modeled as a discrete distribution.
Hence, PHEVs are randomly selected according to their mar-
ket shares. In this study, a normal distribution is assumed as
the distribution of CBT .

μ CBT = Min CBT + Max CBT

2
(48)

ψ CBT = Max CBT − Min CBT

4
(49)

TABLE II

DIFFERENT PHEV CLASSES

V. STOCHASTIC OPTIMIZATION FRAMEWORK

A. Stochastic Unscented Transformer (UT) Framework

UT is a powerful and efficient uncertainty modeling
method [20] with a high speed of convergence and nonlinearity
handling capability, compared to conventional methods such
as analytical methods (which are not suitable for nonlinear
problems) and the Monte Carlo method (which needs a great
number of runs to converge). Hence, the UT method is adopted
in this paper to model the uncertainties associated with the
proposed problem. In the UT method, it is assumed that the
nonlinear problem y = f (x) has h random input variables,
with mean values μ and a covariance matrix ψx . Consequently,
the output mean μy with convenience ψy is calculated by
following 4 main steps.
• Take 2h+1 samples from the uncertain input data:

x0 = μ (50)

xω = μ+ (
�

h

1−W 0ψx ), ω = 1, 2, . . . , h (51)

xω = μ− (
�

h

1−W 0ψx ), ω = 1, 2, . . . , h (52)

Based on the assumption, W 0 is the weight of the mean
value μ.
• Calculate weighting factors of sampling points:

W 0 = W 0 (53)

Wω = 1−W 0

2h
; ω = q + 1, . . . , h (54)

Wω+q = 1−W 0

2h
; ω + h = h + 1, . . . , 2h (55)�

ω∈s

Wω = 1 (56)

• Input sample points to the nonlinear function:

yω = f (Xω) (57)

• Calculate the output covariance ψy and mean μy of the
variable Y:

μy =
�
ω

WωYω (58)

ψy =
�
ω

Wω(Yω − μy)− (Yω − μy)
T (59)

As mentioned before, the formulated problem is a nonlinear
and non-convex problem. Thus, the CDOA heuristic algorithm
is adopted to solve the problem.
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Fig. 1. Block diagram of the gated recurrent unit (GRU).

Algorithm 1 Pseudocode of the Gated Recurrent Unit
ProcedureOut put(ht)

For t ime =1: hor i zon do
f or t =1: |G RU|cell s do

1. zt ← σ(Uzht−1 + Wz xt + bz)
2. rt ← σ(Ur ht−1 + Wr xt + br )
3. h̃t ← tanh(U(rt�ht−1)W xt

4. ht ← (1− zt )ht−1 + zt h̃t

end f or
end f or

B. Deep Learning Gated Recurrent Unit (GRU)

GRU was designed to reduce the complex structure of the
long-short term memory (LSTM) [23]. Similar to LSTM, GRU
includes two gated as shown in Fig. 1, which are responsible
to control the flow of data from the input to the output. Based
on the figure, the activation ht at time t is a function of the
candidate activation h̃t and the previous activation ht−1 as:

ht = (1− zt )ht−1 + zt h̃t (60)

where zt is considered as the update gate, which adopts
the updates of the unit for its activation or content, and is
calculated as:

zt = σ(Uzht−1 +Wz xt + bz) (61)

where σ is considered as a smooth parameter. Also, the
differentiable activation functions Wz and Uz are considered as
the input and previous activation constants of the update gate
z, respectively. Moreover, bz is the bias of the update gate z.
Therefore, the candidate activation in (60) is calculated as:

h̃t = tanh(U(rt�ht−1)W xt (62)

where� is an element-wise multiplication. Also, the reset gate
rt is updated as:

rt = σ(Ur ht−1 +Wr xt + br ) (63)

Algorithm 1 shows the pseudocode of GRU to forecast the
renewable energy power output.

Fig. 2. Single line diagram of the tested reconfigurable MG (RMG).

TABLE III

CHARACTERISTICS OF THE ENERGY STORAGE SYSTEM

TABLE IV

CHARACTERISTICS OF DGs

VI. SIMULATION RESULTS

A. Test System

In order to validate the performance of the proposed model,
the modified IEEE 33-bus test network is selected and tested.
Fig. 2 shows the single line diagram of the selected network,
which is equipped with five tie switches (red dotted lines)
and 33 sectionalizing switches (solid lines). The network
includes three DGs (diesel generators), two wind turbines
(WTs), one energy storage system, three PHEV charging
stations, and one photovoltaic (PV) system. The features of
energy storage and DGs are summarzied in Tables III and IV,
respectively. Table V presents normalized forecasted values
of hourly WTs generation, load, market price, PV generation,
and temperature [24]. In addition, the required power demand
of uncoordinated, coordinated, and smart PHEVs in the day-
ahead horizon is depicted in Fig. 3.

B. Simulation Results

In order to evaluate the effectiveness of the pro-
posed method, the following three cases are defined and
studied.

1) Case 1: Considering the DLR Constraint in
Grid-Connected Mode: In this case, the MG works in
the grid-connected mode; in other words, it can exchange
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Fig. 3. Day-ahead required power of uncoordinated (a), coordinated (b), and
smart (c) PHEVs.

TABLE V

HOURLY NORMALIZED FORECASTED VALUES

TABLE VI

TOTAL OPERATION COST FOR DIFFERENT CASES

power with the utility. The output power of DGs within
the MG under the coordinated, uncoordinated, and smart
charging schemes of PHEVs is illustrated in Fig. 4. Based on
the figure, for all types of PHEVs, DG1 and DG2, which are
the cheapest units (see Table IV) generate more power than
DG3. That means the output power of DGs is only based on

Fig. 4. DGs output power in the grid-connected mode considering the DLR
constraint: (a) uncoordinated, (b) coordinated, and (c) smart PHEVs.

economic consideration. The total operation cost of the MG
under the uncoordinated, coordinated, and smart charging
schemes are summarized in Table VI. It is observed that
the operation cost of the smart PHEV scenario is less than
that of others. This is mainly because, unlike uncoordinated
and coordinated PHEVs, the smart PHEV power demand is
increased when the market price is decreased. For instance,
at hour 6 when the market price is very low, the power
demands of PHEVs with smart charging are increased (see
Table VI and Fig. 4). In contrast, for coordinated PHEVs,
at hour 19, the power demand is increased, when the market
price is low (see Table VI and Fig. 4).

2) Case 2: Ignoring the DLR Constraint in Islanded Mode:
In this case, the MG is disconnected from the main grid.
Hence, the DGs within the MG should satisfy the load demand
of the network, considering only conventional constraints (i.e.,
ignoring the DLR constraint). Fig. 5 presents the output power
of the DGs in the islanded mode. Same as the previous
case, the DGs output power is only based on economic
consideration; that means the cheapest units are committed
more than others. Similar to the previous case, the operation
cost of smart charging PHEV is less than that of others.
It should be noted that the operation cost of the islanded mode,
for all types of PHEVs, is more than that of the grid-connected
mode. These additional costs are known as the islanding cost.
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TABLE VII

RECONFIGURATION SWITCHING ACTION

Fig. 5. DGs output power in the islanded mode ignoring the DLR constraint:
(a) uncoordinated, (b) coordinated, and (c) smart PHEVs.

3) Case 3: Considering the DLR Constraint in Islanded
Mode With Network Reconfiguration: In this case,
the operation of the islanded MG is investigated under
the effects of uncoordinated, coordinate, and smart charging
of PHEVs considering the DLR security constraint. Based
on simulation results, there exists a constraint violation (i.e.,

Fig. 6. DGs output power in the islanded mode considering the DLR
constraint: (a) uncoordinated, (b) coordinated, and (c) smart PHEVs.

lines overloading) by considering the DLR constraint for
uncoordinated and coordinated PHEVs. That means there
is no feasible solution for the islanded MG operation. The
congested lines of the uncoordinated PHEVs are L15 and
L3 at the peak load hours. Also, for the coordinated
charging of PHEVs, L15 is congested again at the peak load
hour. To address this issue and obtain a feasible solution,
a reconfiguration technique is employed. It should be noted
that although the islanded MG operation under the smart
PHEV has a feasible solution, the reconfiguration technique
is used to decrease the power losses. Table VII presents the
reconfiguration switching for MG operations considering
uncoordinated, coordinated, and smart PHEVs, under the
DLR limitation.

Fig. 6 depicts the optimal DGs’ output power in this case
after employing the reconfiguration technique. It is seen that
the output power of DGs is determined not only based on
economic consideration, which is also affected by the DLR
constraint. For instance, unlike Cases 1 and 2, the cheapest
DG (DG1) is only committed in the entire horizon by approx-
imately 80% of its capacity. Also, in this case, due to the DLR
effect, the most expensive unit (DG3) is committed more than
that in Cases 1 and 2. That means, by considering the DLR
constraint, the locations of DGs also affect the MG operations.
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Fig. 7. Deterministic and stochastic costs for all cases (the values are based
on a thousand dollars).

The total operation cost of this case is also presented in
Table VI. It is worth noting that in all cases the cost of
smart PHEVs is lower than that in others. Fig. 7 depicts
the objective function values for both the stochastic and
deterministic frameworks under different scenarios. Based on
the figure, modeling the uncertainty has a significant effect
on the incremental cost values across all scenarios. This addi-
tional value is the cost of having more reliable results under
uncertainties.

VII. CONCLUSION

This paper studied the effects of DLR on the optimal power
dispatch of a MG considering uncoordinated, coordinated, and
smart schemes of PHEVs. We found that, by considering
the DLR limitation, a feasible solution might not exist for
the MG operation specially in the islanded mode. Network
reconfiguration could be employed to change the topology
of the network, and help obtain a feasible solution. We also
found that the optimal dispatching solutions are varied when
considering DRL, compared to conventional assumptions that
neglect the DLR constraint to protect power lines. This is
mainly due to that when conductors approach their maximum
capacity in the islanded MG mode, the ampacity of the
line is influenced by the DLR constraint. Potential future
work will explore reconfigurable networked MGs, considering
the DLR constraint. Networked MGs could be decomposed
into multi interconnected MGs that can exchange power.
Hence, considering the DLR constraint for both tie lines
and distribution lines would be challenging. In addition,
different MGs may have different weather conditions and
DLR conditions, which makes the energy management more
complicated.
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