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Abstract——Adopting high penetration levels of electric vehicles 
(EVs) necessitates the implementation of appropriate charging 
management systems to mitigate their negative impacts on pow‐
er distribution networks. Currently, most of the proposed EV 
charging management techniques rely on the availability of 
high-bandwidth communication links. Such techniques are far 
from realization due to ① the lack of utility-grade communica‐
tion systems in many cases such as secondary (low-voltage) pow‐
er distribution systems to which EVs are connected, rural ar‐
eas, remote communities, and islands, and ② existing fears and 
concerns about the data privacy of EV users and cyber-physical 
security. For these cases, appropriate local control schemes are 
needed to ensure the adequate management of EV charging 
without violating the grid operation requirements. Accordingly, 
this paper introduces a new communication-less management 
strategy for EV charging in droop-controlled islanded mi‐
crogrids. The proposed strategy is autonomous, as it is based on 
the measurement of system frequency and local bus voltages. 
The proposed strategy implements a social charging fairness 
policy during periods when the microgrid distributed genera‐
tors (DGs) are in short supply by allocating more system capaci‐
ty to the EVs with less charging in the past. Furthermore, a 
novel communication-less EV load shedding scheme is incorpo‐
rated into the management strategy to provide relief to the mi‐
crogrid during events of severe undervoltage or underfrequency 
occurrences due to factors such as high loading or DG outages. 
Numerical simulations demonstrate the superiority of the pro‐
posed strategy over the state-of-the-art controllers in modulat‐
ing the EV charging demand to counteract microgrid instability.

Index Terms——Charging, battery management, communica‐
tion-less control, droop control, electric vehicle, islanded mi‐
crogrid.

I. INTRODUCTION 

THE rapid growth of electric vehicle (EV) deployment 
can significantly increase the charging load, which 

could lead to negative impacts on the existing infrastructure 
of power distribution systems [1]. This includes congestion 
of over-aged assets, increase in power losses, and violation 
of the system frequency/voltage [2]. In order to address 
these challenges, researchers have developed both central‐
ized and distributed energy management techniques that reg‐
ulate EV charging and utilize surplus energy in EV batteries 
to provide ancillary support to the power grid. On one hand, 
centralized energy management techniques depend on a sin‐
gle operator/aggregator that coordinates and communicates 
the charging schedules for individual EVs. On the other 
hand, the distributed energy management techniques divide 
the charging scheduling problem into a set of subproblems 
that are solved by multiple aggregators and/or EVs [3], [4]. 
Nevertheless, centralized energy management techniques are 
prone to a single point of failure as well as data privacy and 
security issues [5]. Furthermore, both centralized and distrib‐
uted energy management techniques require utility-grade 
communication links to be connected with individual EV 
chargers in order to communicate with the grid operator and/
or other EVs to coordinate set points of the charger [6]. 
Such a communication network is typically not available, es‐
pecially at the secondary distribution level, and thus it re‐
quires a costly infrastructure upgrade [7].

In contrast to centralized and distributed energy manage‐
ment techniques, autonomous EV charging techniques can 
regulate the EV load without the need for a communication 
network [8]. The basic concept of autonomous charging is to 
utilize local system measurements at the point of charger 
connection with the grid to decide the charging level that 
does not disrupt the grid stability [9]. These techniques help 
facilitate the adoption of EVs for many power distribution 
systems that have limited or no communication infrastruc‐
ture and reduce the computational burden on system opera‐
tors.

There have been numerous studies in the literature that 
have proposed autonomous EV charging control schemes. A 
charging technique based on duty cycles and EV departure 
time is proposed in [10]. The departure time input by the us‐
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er is used to calculate a unique duty cycle that switches on 
and off the charger at a different rate from other chargers in 
the system to prevent simultaneous power consumption. Ref‐
erence [11] also proposes to ① use the user departure time 
in order to decide whether to charge EV once it is plugged 
in or ② delay it to avoid peak load time. The methods intro‐
duced in [10] and [11] assume that EV users will input their 
departure time accurately. Nevertheless, this assumption is 
not always valid and users can “game” these methods by in‐
putting false early departure time to charge their EVs faster. 
Reference [12] presents an autonomous algorithm based on 
historical records of system conditions at the EV charger 
point. This algorithm is not reliable because it does not ac‐
count for future changes in the system configuration and 
loading.

Several studies have considered the use of measured volt‐
age at the point of common coupling (PCC) as a direct input 
to control the EV charging load. For example, [13] introduc‐
es a voltage-based EV charging controller that adjusts the 
charging load through a voltage-droop function. Reference 
[14] utilizes an autonomous voltage-based EV charging con‐
troller and explores its interaction with distributed generators 
(DGs) in a grid-connected system. Reference [15] proposes a 
non-linear voltage-based autonomous controller with an ex‐
ponential function that compares the PCC voltage with a ref‐
erence voltage to decide the charging rate. A fuzzy-based 
charging scheme that is sensitive to voltage levels at the 
PCC is proposed in [16]. Other studies have investigated the 
control of EV charging based on the system frequency. In 
this regard, the operation of islanded microgrids (IMGs) is 
more constrained than grid-connected systems, where the 
low short-circuit capacity of IMGs could result in frequency 
deviations as a result of any configuration change [17]. Fur‐
ther, droop-controlled IMGs require the droop of frequency 
and voltage in order to achieve active and reactive power-
sharing. Therefore, it is important to consider the changes in 
the system frequency in autonomous EV charging control 
logic in IMGs. A frequency-based controller is introduced in 
[18], where EV charging load is controlled based on the fre‐
quency deviation of the microgrid. Similarly, [19] proposes 
to use the system frequency to regulate the EV charging 
load, while the bus voltage is used to control the level of re‐
active power support of EV to the grid.

Nevertheless, existing research works in this area have the 
following shortcomings and gaps. First, the communication-
less controllers proposed in the literature are very conserva‐
tive, causing unnecessarily slow charging without fully utiliz‐
ing the capacity of the microgrid. In this regard, the frequen‐
cy- and voltage-based controllers proposed in previous stud‐
ies reduce the EV charging speed even when the system fre‐
quency and the bus voltages are above their respective nomi‐
nal values.

Second, the charging control logic implemented in previ‐
ous studies can result in unfair allocation of microgrid capac‐
ity among EVs. In this context, social charging fairness is 
defined as the equal share of limited microgrid capacity 
among EVs when power resources are in short supply [20]. 
Multiple solutions have been proposed to solve the issue of 

charging fairness in communication-based EV energy man‐
agement techniques [21]-[24]. In regards to communication-
less techniques, the controller proposed in [18] considers an 
equal charging rate for EVs in the system. Further, [25] in‐
vestigates the use of voltage sensitivity to achieve charging 
fairness among EVs in the system. However, both of the 
controllers in [18] and [25] allocate power system capacity 
among EVs based on “memory-less fairness”, which is allo‐
cating resources fairly at the present moment without consid‐
eration of the historical allocations [26]. A memory-less fair‐
ness policy equates the EVs that are being charged for hours 
and the EVs that are just plugged into the system, which 
does not achieve charging fairness.

Third, the frequency- and voltage-based controllers in 
[13] - [19] are set to regulate the EV charging load down to 
the minimum acceptable charging rate and then switch off 
the charger when the system frequencies and/or bus voltages 
go below their respective acceptable limits. This creates a 
discontinuity in controllers that could lead to charging load 
oscillations around the cut-off point. In this regard, the EV 
chargers are switched off due to violation of the system oper‐
ation conditions, i. e., system frequencies and/or bus voltag‐
es, and as a result, the system frequencies and/or bus voltag‐
es rebound, which cause the chargers to activate again and 
so forth.

To fill these gaps, this paper aims to develop a communi‐
cation-less management strategy for EV charging in droop-
controlled IMGs via an adaptive Sigmoid-based controller. 
The strategy considers social charging fairness during peri‐
ods when the microgrid capacity is limited. The key contri‐
butions of this paper are as follows.

1) An adaptive Sigmoid-based controller that manages the 
charging rate based on the system frequencies and bus volt‐
ages is proposed. Compared with previous research works, 
the proposed controller provides more flexibility and better 
utilization of the power system capacity in EV charging 
without jeopardizing stability.

2) A social charging fairness system that assigns priority 
levels to EVs based on their past charging power allocation 
is developed. The priority level for each EV is autonomous‐
ly lowered as its charging allocation in the historical time ho‐
rizon increases. The priority level is utilized to adjust the 
Sigmoid-based controller to provide more system capacity to 
the EVs with higher priority levels.

3) The cut-off point in the controllers proposed in the pre‐
vious research works has been replaced by a novel communi‐
cation-less EV load shedding scheme that gets triggered 
when an under-voltage or under-frequency event occurs in 
the IMG when the generation does not meet the required de‐
mand. The proposed shedding scheme is coordinated with 
the priority level of EVs to ensure fair EV shedding.

4) A system violation index (SVI) is proposed to quantify 
the effectiveness of the proposed strategy in reducing viola‐
tions of system operation constraints that result from EV 
charging.

Without loss of generality, the following assumptions are 
made during the development of this paper.

1) Similar to the research works in [14] - [19], it is as‐
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sumed that the proposed strategy is programmed into all EV 
smart chargers connected to the microgrid, and cannot be 
modified by EV users. It is acknowledged that different 
charging infrastructure providers, EV manufacturers, and 
even individual EV users may have their own charging strat‐
egies or proprietary algorithms. This could be addressed by 
a gradual integration plan that involves pilot studies, incen‐
tives for charger operators, and a transition period to allow 
for updates and adjustments.

2) All chargers follow the constant current/constant volt‐
age (CC/CV) charging profile, which is widely used in 
charging EV lithium-ion batteries [27]. While the charging 
profile simplifies the charging control, it might not cover all 
possible charging scenarios such as fast-charging stations or 
newer battery chemistries that need different charging proto‐
cols. Future work could involve adapting the proposed strate‐
gy to accommodate various charging profiles and technolo‐
gies.

3) Compared with other residential loads, EVs have a 
greater degree of flexibility due to the energy stored in their 
batteries. As a result, during periods when the microgrid is 
not operating normally, the normal load is prioritized while 
EV charging load is reduced or interrupted before any other 
loads. Supplemental approaches can be developed to consid‐
er the preferences of EV owners while ensuring the overall 
stability and resilience of the microgrid. This could involve 
dynamic pricing mechanisms, or predictive modeling that 
can enable more user-centered charging control, ensuring 
that the needs of EV owners are aligned with the microgrid 

stability and resilience goals.

II. PROPOSED COMMUNICATION-LESS MANAGEMENT 
STRATEGY FOR EV CHARGING

This section describes the proposed communication-less 
management strategy for EV charging. The proposed strate‐
gy is applied locally by each EV charger in the system with‐
out any communication with the system operator or other 
EV chargers. The block diagram of the proposed strategy is 
shown in Fig. 1. The proposed strategy receives inputs that 
are ① local system measurements (i.e., bus voltages and sys‐
tem frequencies) taken at PCC, and ② battery state of 
charge (SoC) of EV. The proposed strategy calculates the 
battery SoC increase for each EV once it starts charging. An 
EV priority system then assigns a priority level to the EV 
based on how much SoC it gains in the past hours. The pri‐
ority level of the EV will affect the logic of a Sigmoid-
based controller that is responsible for regulating EV charg‐
ing based on changes in the system frequencies and bus volt‐
ages. In this regard, a lower priority level for an EV indi‐
cates that a decrease in frequency or voltage will result in a 
higher reduction of charging speed in comparison to higher 
priority EVs. Moreover, in situations where the system fre‐
quencies or bus voltages go below their respective lower lim‐
its despite the reduction of EV charging current to the mini‐
mum by Sigmoid-based controller, the proposed strategy 
could deactivate the EV charger through its shedding scheme 
to maintain IMG. The proposed strategy is explained in de‐
tails in the following subsections.

A. EV Priority System

The proposed strategy continuously logs the charging pro‐
cess and calculates the SoC increase of the EV battery in the 
past time horizon to determine the priority level assigned to 
the EV. Let D be the set of historical time steps and d be the 
length of historical time horizon considered with D ={t - 1t -
2....t - d}. This means that if d equals 4 hours for example, 
the smart charger will continuously calculate the total SoC 
increase in the last four hours. Parameter d is programmed 
into all EV smart chargers and can be decided by the IMG 
operator depending on system requirements. In this regard, a 
higher SoC increase during the historical time horizon leads 
to a lower priority assignment in comparison to the EVs 
with less past charging. The priority level affects the degree 
to which the EV charging rate is reduced when the system 

frequencies and/or bus voltages are below their nominal val‐
ues. In this regard, the choice of the parameter d is guided 
by several factors that need to be considered. One primary 
factor is the desired level of responsiveness of the charging 
control strategy. A shorter d allows for more immediate ad‐
justments to priority levels based on recent charging behav‐
ior, whereas a longer d captures a broader charging history, 
providing a more gradual response. Let t be the time step at 
which various calculations are performed, where t is used as 
an index to represent different moments in time during the 
charging process. The SoC increase of the j th EV at each 
time step t SoCtj is estimated by integrating the charging cur‐
rent and adding it to the previous state as [11]:

SoCtj = SoCt - 1j +
1

CBatt
∫

t - 1

t

I Batt
tj dt (1)

Sigmoid-based
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Fig. 1.　Proposed strategy for EV charging.
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where CBatt is the rated capacity of the battery for the j th EV; 
and I Batt

tj  is the charger current of the j th EV at time step t. 
The total SoC increase W chg

tj  during the historical time hori‐
zon for the j th EV is calculated as:

W chg
tj = SoCtj - SoCt - dj (2)

The proposed strategy assigns a priority level Ltj to the j th 
EV at time step t according to:

Ltj =

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

1 W chg
tj < ϕ

2 ϕ £W chg
tj < 2ϕ


λ (λ - 1)ϕ £W chg

tj < λϕ

(3)

where λ is the number of priority levels in the system that 
can be assigned to EVs; and ϕ is the total SoC increase that 
moves an EV from one priority level to another. The priority 
level is updated at each time step t. In (3), Ltj = 1 is a higher 
priority level than Ltj = 2 because that latter has gained high‐
er SoC in the past time horizon. In summary, the priority 
system embedded in each local charger uses the SoC in‐
crease of EV battery in the historical time horizon to assign 
an EV a priority level without the need for communication 
with system operator or other chargers. The priority level 
will affect the charging power that an EV is allocated 
through the adjustable parameter in Sigmoid-based controller 
as explained in the next subsection.

B. Sigmoid-based Controller

A Sigmoid-based controller is programmed on each EV 
charger. The EV charging power is controlled based on the 
adaptive charging speed factor Htj, which is a multiplication 
of Sigmoid-based functions of voltage and frequency, as giv‐
en by:

Htj =
1

1 + e-ρ(Ltj )vtj

1

1 + e-ρ(Ltj ) ftj
(4)

where vtj and ftj are the voltage and frequency measured by 
the charger at the PCC, respectively; and ρ(·) is a function of 
the priority level Ltj. Equation (4) consists of two Sigmoid-
based functions multiplied by each other. The first function 
changes in response to the changes in vtj at time step t, 
while the second function is changed according to ftj. The 
parameter ρ in (4) changes according to the priority level Ltj 
of the EV. This parameter affects the rate of change of the 
Sigmoid-based functions, i.e., the shape and rise of the func‐
tion. In this context, a lower priority level for an EV indi‐
cates that a decrease in frequency or voltage will result in a 
higher reduction of charging speed in comparison to higher 
priority EVs. The effect of the priority level on the level of 
charging speed reduction in the frequency-based control 
function is demonstrated in Fig. 2. As shown in this figure, 
the decrease in the priority level from level 1 (L = 1) to level 
6 (L = 6) increases the decay rate of the function in response 
to the decrease of system frequency and, therefore, slows the 
EV charging speed. The voltage-based control function has a 
similar behavior but with an input range corresponding to 
voltage measurements. In this study, it is proposed that the 
setting of parameter ρ is based on providing high reduction 

in the charging speed for the lower priority levels and slight 
reduction to higher priority levels in the event that system 
parameters, i.e., system frequencies and/or bus voltages, de‐
crease from their nominal values. Once system frequencies 
and /or bus voltages are in the intermediate region between 
their nominal value and lower limit, the function should start 
to steeply reduce the EV charging speed from all priority 
levels, albeit keeping the higher charging rate for higher pri‐
ority levels. When system parameters are close to their low‐
er limits, the charging power reduction is almost equal for 
all priority levels.

The Sigmoid-based controller is utilized in the proposed 
strategy because it provides three regions of continuous EV 
charging control, as illustrated in Fig. 2. Under nominal sys‐
tem operation condition (system frequencies and/or bus volt‐
ages are 1 p.u.), the EV charging speed factor is set at unity, 
i. e., EV charges at full speed. When the deviation for the 
system operation from the nominal values is small (upper re‐
gion), the EV charging speed decreases slowly. This pre‐
vents unnecessary reduction of charging power when the sys‐
tem operating parameter is slightly deviating from its nomi‐
nal value. The intermediate region provides a rapid reduction 
in the charging speed to slow the decrease in system frequen‐
cies and/or bus voltages. When the system parameter is near 
its acceptable lower limit in the lower control region, the 
charging speed is slowly changed to prevent any large power 
oscillation near this point in case of synchronized actions of 
controllers. For example, if the system parameter is increas‐
ing in the lower region, the charging speed factor is slowly 
increased to ensure that the power system can handle the ex‐
tra load without putting its stability at risk.

C. Charging Current Calculation

The charging current of the j th EV at each time step t is 
determined by:

I Batt
tj = I max

j     SoCtj < SoC min
j (5)

I Batt
tj = I min

j + (I max
j - I min

j )Htj    SoC min
j £ SoCtj < SoC max

j (6)

I Batt
tj = 0    SoCtj ³ SoC max

j (7)

where I min
j  and I max

j  are the minimum and the maximum out‐
put current limits of the charger for the j th EV, respectively; 
and SoC min

j  and SoC max
j  are the minimum and the maximum 

limits of SoC for the j th EV, respectively. A minimum charg‐
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ing current is included based on the requirements of EV 
charging standards [28]. In summary, when SoCtj is below 
the pre-defined minimum limit SoC min

j , the EV charger pro‐
vides the maximum charging current to the EV battery. 
When SoCtj is below the maximum limit but above the mini‐
mum limit, the proposed strategy adjusts the charging cur‐
rent based on the Sigmoid-based controller represented by 
Htj calculated in (4). If SoCtj is higher than the maximum 
limit SoC max

j , the strategy switches off the EV charger to pre‐
serve the battery lifetime.

D. Communication-less EV Load Shedding Scheme

In the situations where the system frequencies and/or bus 
voltages go below their respective lower limit despite the re‐
duction of the EV charging current to the minimum, the pro‐
posed strategy can deactivate the EV charger through its 
shedding scheme. While the EV is plugged in, a communica‐
tion-less EV load shedding scheme continuously monitors 
the system frequency, bus voltage, and EV priority level at 
each time step t, as shown in Fig. 1. Based on these inputs, 
the scheme decides the charger status through the shedding 
control signal Ktj, where Ktj = 0 deactivates the charger. Fig‐
ure 3 and Algorithm 1 demonstrate the overall logic of the 
proposed comunication-less EV load shedding scheme.

By default, Ktj = 1 for any time step unless it is changed 
by the load shedding scheme. When the system frequencies 
or the bus voltages go below their respective acceptable lim‐
it fr or vr, the load shedding scheme checks whether the EV 
is being charged at the current time step t. 

If the EV is charging, the EV is assigned a time delay τ j 
based on the function Time_Delay, which is detailed in Algo‐
rithm 2. The purpose of the time delay is to wait for the sys‐
tem frequencies and/or bus voltages to return to their normal 
operation range and prevent nuisance load shedding. The 
time delay assigned by this function varies according to the 
priority level assigned to the EV at that particular time step. 
In this regard, EVs with lower priority levels are assigned 
shorter time delays to be shed. It is worth noting that the 
function Time_Delay assigns random time delays within a 
certain range for each priority level. This prevents the simul‐
taneous shedding of EVs that belong to the same priority lev‐
el, which could lead to large swings in the system load that 
affects its stability. In case an EV is not charging because it 
has been deactivated by a previous shedding control signal, 
the proposed scheme will not make any change and the shed‐
ding signal for the next time step is kept at zero. In a situa‐
tion where a time delay is assigned, the proposed scheme 
checks if the time delay has passed based on the recorded 
event time. In that case, the function Shedding_Control in Al‐
gorithm 3 deactivates the charger for a future time set D 
based on the priority level. The deactivation time, i.e., the to‐
tal time in which the charger is switched off, increases as 
the priority level decreases. In Algorithm 3, x1 and x2 are the 
deactivation time adjustment variables.

Algorithm 2: time delay function

Function Time_Delay(Ltj)

   if Ltj == 1 then

     τj = rand(π2π)

   else if Ltj == 2 then

     τj = rand(2π3π)

      

   else if Ltj == λ then

     τj = rand(λπ (λ + 1)π)

Is EV plugged in?

t= t+1

Y

Is low frequency or

voltage detected?

IBatt==0?

τj==0?

τj==(t�event)? Kt+1, j = Shedding_Control(Lt, j)

Y

N

N

N

End

Start

Kt, j+1=0

Kt, j=1

N

N

Y

Y

Y

τj=0

τj=Time_Delay(Lt, j), event ← t

EV is plugged in

Fig. 3.　 Flow chart of proposed communication-less EV load shedding 
scheme.

Algorithm 1: proposed communication-less EV load shedding scheme

Input: priority level Ltj, system frequencies ft, and bus voltages vtj mea‐
sured at the j th EV PCC

Output: shedding control signal Ktj

   Ktj¬ 1;"t

Function Main (ftj, vtj, Ltj)

   while EV is plugged in do

      if ftj < fr or vtj < vr then

         if I Batt
tj == 0 then

            Kt + 1j = 0

         else

           if τj == 0 then

              τj = Time_Delay(Ltj )

              event¬ t

           else

             if τj == (t - event) then

                Kt + 1j = Shedding_Control(Ltj )

      else

    τj = 0
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E. Performance Index

The effectiveness of the proposed strategy to reduce the 
violations of the system operation constraints that result 
from EV charging is quantified using the SVI as:

SVI =∑
tÎ T

||Ωf
t Dt +∑

iÎB
∑
tÎ T

||Ωv
ti Dt     "tÎ TÙ"iÎB (8)

Ωf
t =

ì

í

î

ïïïï

ïïïï

ft - fru ft > fru

frl - ft ft < frl

0 else

(9)

Ωv
ti =

ì
í
î

ïï

ïïïï

vti - vru vti > vru

vrl - vti vti < vrl

0 else
(10)

where Ωf
t and Ωv

ti are the frequency and voltage violation fac‐
tors, respectively; Dt is the time step; frl and vrl are the pa‐
rameters representing the minimum operation limits for sys‐
tem frequencies and bus voltages, respectively; fru and vru 
are the maximum limits for system frequencies and bus volt‐
ages, respectively; B is the set of buses in the power system; 
and T is the set of time steps in the studied duration. The ac‐
ceptable frequency limit is typically within the range of frl =
59.70  Hz to fru = 60.3  Hz, while the acceptable voltage limit 
is usually within vrl = 0.95  p.u. to vru = 1.05  p.u.. These val‐
ues define the operation boundaries for system frequencies 
and bus voltages to ensure the stability and reliability of the 
power system [29], [30].

III. TEST MODEL OF DROOP-BASED IMG

In IMGs, DGs are the main components responsible for 
creating balanced power generation in the distribution sys‐
tems [31]. Due to the absence of a slack bus, DGs are oper‐
ated to follow the power demand by controlling the system 
frequencies and bus voltages of the IMG system. Therefore, 
the suitable operation mode for DGs is the droop control, 
where without loss of generality, the injected active power 
P Src

it  increases by drooping the frequency of the DG unit out‐
put voltage, and the reactive power QSrc

it  increases by droop‐
ing the magnitude of the DG unit output voltage as [17]:

P Src
it =

ω*
i -ωt

mPit

    "iÎGGÍB (11)

QSrc
it =

||V *
i - ||Vit

nqit

    "iÎGÍB (12)

where mPit
 and nqit

 are the droop control settings for DG i; 

ω*
i  is the frequency set for the DG with no load; |V *

i | is the 

voltage at no load for the DG; |Vit | is the voltage of the bus 

connected to the DG; ωt is the system operation frequency 
at time step t; and G is a subset of buses with DGs. The 
drooped injected active power and reactive power are bal‐
anced with the load demands P Dmd

it  and QDmd
it  through the 

power mismatch equations as:

∑
lÎB( )||Vit ||Vlt Yilcos(θ il + δlt - δit ) =P Src

it -P Dmd
it

    "ilÎBÙ i ¹ l (13)

∑
lÎB

||Vit ||Vlt Yilsin(θ il + δlt - δit ) =QSrc
it +QDmd

it

    "ilÎBÙ i ¹ l (14)

where Yil and θil are the Y-bus admittance magnitude and an‐
gle, respectively; and δlt and δit are the voltage phase angle 
at any bus l and bus i at time step t, respectively.

IV. NUMERICAL SIMULATIONS

Numerical simulations are performed in a MATLAB envi‐
ronment to test the effectiveness of the proposed strategy. 
The modified IEEE 33-bus test IMG system shown in Fig. 
4(a) is selected as the test system [32]. The power distribu‐
tion system operates as an IMG and consists of a 33-bus pri‐
mary distribution network operating at a nominal voltage of 
12.47 kV. In order to capture the interaction of IMG with 
EV chargers installed in residential areas, seven secondary 
distribution networks operating at 220 V are modeled and 
connected to the primary buses. Each secondary distribution 
network is modeled as per the CIGRE 14-node residential 
lateral benchmark containing lines 1-14 (L1-L14), as shown 
in Fig. 4(b) [33]. Non-EV residential load profiles with a res‐
olution of 1 min are generated from real data of houses in 
Canada [34]. It is assumed that a total of four DGs are con‐
nected in the system, where all the DGs are dispatchable 
with the exception of DG2, which is wind-powered. The DG 
parameters in IEEE 33-bus test IMG system including rat‐
ings, droop, and nominal operation settings are listed in Ta‐
ble I, where Sgmax is the MVA rating of DG. The wind power 
profile for DG2 is shown in Fig. 5 [35].

Level-2 chargers with a maximum charging power of 6.6 
kW are considered in this study, and the minimum charging 
rate is set to be 1.5 kW as per the IEC 61851 standard. A 
maximum of 200 EVs are assumed to be present in the IMG 
system, which sets the rated EV charging load to be around 
35% of the total rated system load. The battery capacities 
for all EVs are set to be 62 kWh, which are similar to those 
of the Tesla Model 3, one of the most popular EVs in the 
market [36]. SoCmin and SoCmax are set to be 25% and 85%, 
respectively. The EVs are assumed to be charged at homes 
while the arrival time follows a truncated Gaussian distribu‐
tion with a mean value μ of 5 p.m. and a standard deviation 
σ of 1.5 hours [37]. 

Algorithm 3: shedding control function

Function Shedding_Control(Ltj)

   if Ltj == λ then

      D1 =[t + x1t + x2 ]

      KD1j
= 0

   else if Ltj == λ - 1 then

      D2 =[t + x2t + x3 ]

      KD2j
= 0

      

   else if Ltj == 1 then

  KDλj
= 0
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The initial battery SoCs of EVs at arrival follow a Gauss‐
ian distribution with μ = 45% and σ = 10%. All case studies 
are run from 12 p.m. to 12 a.m.. The time interval of simula‐
tion studies is 1 min. Without loss of generality, six priority 
levels are chosen based on d = 6 hours and ϕ. The parame‐

ters of Sigmoid-based controller are listed in Table II. These 
parameters are chosen based on six priority levels to create a 
control that varies when bus voltages and system frequencies 
go below 1 p.u. and 60 Hz, respectively. The level of varia‐

tion between the priority levels is guided by the objectives 
that include the grid stability and minimal power system im‐
pact during EV charging. Throughout the parameter tuning 
process, trade-off considerations between different perfor‐
mance objectives are carefully examined to address the chal‐
lenges of achieving a stable charging system. By iteratively 
adjusting and fine-tuning the parameters based on simulation 
outcomes, ρ is determined.

It should be noted that Lx in Table II and the following 
figures refers to priority level L = x, e.g., L6 means L = 6.

A. System Operation Without EV

In case 1, the IMG is run without the presence of EV 
loads. Figure 6(a) and (b) shows the bus voltages and sys‐
tem frequencies, respectively, while the normal load power 
is shown in Fig. 6(c). 

Active and reactive power outputs of DG are shown in 
Fig. 7(a) and (b), respectively. It is noticed from Fig. 6(a) 
and (b) that the bus voltages and system frequencies are 
within the standard limits, which specify that the acceptable 
operation ranges for bus voltages and system frequencies are 
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TABLE II
PARAMETERS OF SIGMOID-BASED CONTROLLER

Level

L6

L5

L4

ρ

2000

2300

2600

Level

L3

L2

L1

ρ

2900

3200

3500

TABLE I
DG PARAMETERS IN IEEE 33-BUS TEST IMG SYSTEM

DG No.

1

2

3

4

mP (p.u.)

0.00208

0.00505

0.00833

nq (p.u.)

0.0486

0.1010

0.1660

ω* (p.u.)

1

1

1

V * (p.u.)

1.03

1.02

1.02

Sgmax 
(MVA)

2.5

1.5

1.0

0.6

Power 
factor

0.80

0.95

0.80

0.80

(a)
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Fig. 4.　Test IMG system. (a) IEEE 33-bus test IMG system. (b) CIGRE 
14-node secondary network.
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between 0.95 p.u. and 1.05 p.u., and 0.995 p.u. (59.7 Hz) to 
1.005 p.u. (60.3 Hz), respectively [38]. Both the bus voltag‐
es and system frequencies reach their lowest operation 
points when the normal load power peaks around 8 p.m., as 
demonstrated in Fig. 6(c).

B. Opportunistic Charging

In case 2, the IMG is simulated with the presence of EV 
load and the assumption that the EVs charge at their avail‐
able rated power. Figure 8(a)-(d) demonstrates the operation 
parameters for this case. It is clear from Fig. 8(a) and (b) 
that no violation is recorded in system parameters under 
light loading conditions. However, this type of EV charging 
results in an unacceptable violation of the respective limits 
of both the bus voltages and system frequencies during the 
peak load time. The voltage limit violations occur in laterals 
4 and 5 because they are relatively farther from the nearest 
DGs than other laterals. It is noteworthy that these violations 
result from the coincidence of both normal and EV peak 
loads. These conditions overload the DGs in the IMG and 
cause undesirable voltage drops across the distribution lines.

C. Controlled Charging

1)　Proposed Strategy Versus Voltage-based Controller　
The proposed strategy in Section II is simulated and com‐

pared with controllers from the state-of-the-art review. First, 
the proposed strategy is compared with the voltage-based 
controller proposed in [25]. The charging controller proposed 
in [25] is given by:

EPtj =
ì
í
î

P min
j + βje

-ujt (vtj - vru )e1 - SoCtj vtj ³ vrl

0 vtj < vrl

(15)

where EPtj is the charger power; P min
j  is the minimum char‐

ger power; βj is a controller parameter for the j th EV; and utj 
is the sensitivity measured by the charger of the j th EV. vrl in 
(15) is a reference voltage set to the lower acceptable limit, 
which is 0.95 p.u.. 

The performances of the two controllers during peak load 
period from the 19th to 21st hours are compared to test their 
effectiveness in controlling the EV charging load when sys‐
tem operation parameters approach their lower respective 
limits. Simulation results for the voltage-based controller are 
shown in Fig. 9(a) - (c). Figure 9(a) shows that the voltage-
based controller results in oscillations around the lower limit 
of voltage during the peak load period. These oscillations oc‐
cur because of the discontinuity in the controller that leads 
to charging load fluctuations, as shown in Fig. 9(c). It is 
worth to recall that this controller is designed to control EV 
charging based on voltage, and therefore, the frequency vio‐
lation shown in Fig. 9(b) is not corrected due to the absence 
of frequency in the input parameters of the controller. The re‐
sults of the proposed strategy are demonstrated in Fig. 9(d)-
(f). Figure 9(d) and (e) shows that the bus voltages and sys‐
tem frequencies stay above their respective lower limits un‐
der the peak load conditions. This is because each EV char‐
ger in the system modulates its power according to the mea‐
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sured voltage and frequency. This results in reduced total 
EV charging load, as shown in Fig. 9(f), which relieves the 
DGs and reduces voltage drops across the system. It is also 
important to note that in contrast to previous research works, 
the charging fairness technique implemented in the proposed 
strategy does not degrade the performance of the EV charg‐
ing control. Figure 9(a) and (c) shows that the EV charging 
load for the voltage-based controller slightly changes in re‐
sponse to voltage changes due to the presence of sensitivity pa‐
rameter that is used to achieve charging fairness. Meanwhile, 
the proposed strategy effectively controls the EV charging ac‐
cording to system conditions, as shown in Fig. 9(d)-(f).

The SVI for opportunistic charging, voltage-based control‐
ler, and proposed strategy are listed in Table III. It can be 
observed that the proposed strategy provides a remarkable 
improvement in reducing violations of system parameters.

TABLE III
SVI FOR DIFFERENT CHARGING TECHNIQUES

Technique

Opportunistic charging

Voltage-based controller

Proposed strategy

SVI

0.0855

0.0196

0

As described in Section II, the level at which charging 
power is reduced depends on those of each EV. Figure 10 

presents the priority level distribution of EV during peak 
load period for the proposed strategy and demonstrates the 
power system capacity allocation for different priority levels. 
It is clear from the figure that a higher priority level (less 
past charging allocation) will result in higher power alloca‐
tion for the EV.

2)　Proposed Strategy Versus Frequency-based Controller　
The proposed strategy is also compared with the frequen‐

cy-based controller implemented in [18], which is represent‐
ed by:

I Batt
tj = I min

j + (I max
j - I min

j )( ft - frl )Ψ (16)

where Ψ is the controller droop gain. Figure 11 demonstrate 
the system parameters during peak load period when the fre‐
quency-based controller is implemented in the IMG. As no‐
ticed from Fig. 11, the controller helps avoid violations in 
the system frequencies and bus voltages during the peak peri‐
od.

Nonetheless, the controller applies equal charging reduc‐
tion to all EVs without consideration of fairness, as can be 
observed from Fig. 12, which shows the charging power allo‐
cation during the peak load period for the frequency-based 
controller. 
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Fig. 10.　Priority level distribution of EV during peak load period for pro‐
posed strategy.
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The performances of the frequency-based controller and 
the proposed strategy are also compared during DG outages, 
which could cause a further drop in system frequency during 
the peak load period. A DG outage scenario is implemented 
where DG4 goes out of service at 6:30 p.m.. Figure 13(a)-
(c) illustrates the results for this scenario in the case of the 
frequency-based controller. Figure 13(a) - (c) shows oscilla‐
tions in bus voltages, system frequencies, and EV charging 
power when the DG outage event occurs during the peak 
load period. These oscillations occur despite the reduction of 
charging load to the minimum limit, as shown in Fig. 13(c), 
which indicates that further curtailment of EV load is re‐
quired.
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Fig. 13.　 Simulation results of frequency-based controller and proposed 
strategy in DG outage scenario. (a) The minimum bus voltage for frequency-
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The simulation results of DG4 outage scenario are demon‐

strated in Fig. 13(d)-(e) for the proposed strategy. It is worth 
noting that once the shedding scheme detects a violation of 
bus voltages and system frequencies, it starts to curtail EV 
loads to prevent further violations and bring back the system 
parameters to the acceptable limits, as shown in Fig. 13(d) and 
(e). This would, in turn, result in shifting the peak EV charg‐
ing load a bit further and relieve the system under the abnor‐
mal condition of the DG outage, as demonstrated in Fig. 13(f). 

The SVI for this scenario is calculated for the frequency-
based controller and the proposed strategy, as shown in Ta‐
ble IV. The values of SVI indicate that the load shedding 
scheme incorporated in the proposed strategy greatly reduces 
the system parameter violations during the DG outage.

V. CONCLUSION

This study develops a communication-less management 
strategy for the EV charging in droop-controlled IMGs. The 
proposed strategy controls the EV charging rate based on 
both the system frequencies and bus voltages as well as the 
past charging power allocation. Further, a charging fairness 
system that assigns priority levels to EVs based on their past 
charging power allocation is developed. Moreover, a novel 
communication-less EV load shedding scheme is proposed 
that gets triggered when an under-voltage or under-frequency 
event occurs in the IMG. Numerical simulations are conduct‐
ed to validate the effectiveness of the proposed strategy. The 
results demonstrate the superiority of the proposed strategy 
to the state-of-the-art controllers in modulating the EV charg‐
ing load. The results also show that the charging fairness sys‐
tem implemented in the proposed strategy does not degrade 
the performance of the EV charging control. During a DG 
outage scenario, the proposed strategy successfully curtailed 
EV loads to prevent further violations and bring back the 
system operation parameters to acceptable limits. The effec‐
tiveness of the proposed strategy in controlling EV charging 
without the presence of communication is significant be‐
cause it introduces an implementable and cost-effective solu‐
tion that reduces the anticipated upgrades in power systems 
that are required for the seamless integration of EVs. 

In future, optimizing the values of d and ρ can be a focus 
of research to enhance the effectiveness of the control strate‐
gy. Advanced machine learning techniques could be involved 
to analyze historical data and identify patterns in EV charg‐
ing behavior that have the most significant impact on grid 
stability.
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