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Abstract—The future grid with high plug-in electric vehicles 
(PEVs) penetration poses great challenges to the stability of the 
distribution system. Power quality degradation and transformer 
overload are some of the critical issues that need to be addressed. 
To alleviate the effect, smart charging coordination has been 
introduced using various optimization techniques and 
considerations on PEV penetration, charging parameters as well 
as grid operation limits. This study presents smart charging 
coordination of PEVs in a residential distribution network 
considering a daily residential load demand profile in Malaysia 
using a particle swarm optimization (PSO) algorithm. The 
proposed optimization is operated within several operating 
constraints such as power demand and bus voltage constraints 
while achieving the objective function of load optimization and 
minimum power loss. The performance of the proposed method is 
evaluated using a 415V IEEE 33-bus radial distribution network 
system with each bus connected to a residential feeder populated 
with PEVs. Results are compared between uncoordinated and 
coordinated charging considering four different PEV penetration 
levels. The proposed coordinated charging manages to optimize 
the load with PEV charging and gives a promising reduction in the 
network’s power losses compared to uncoordinated charging. 
 

Index Terms—Charging coordination, Distribution network 
system, Electric vehicle (EV), Minimize power loss, Particle 
Swarm Optimization (PSO) 
 

I. INTRODUCTION 
HE transportation sector which mainly uses traditional 
combustion engine vehicles (ICEV) is reported to be the 

top consumer of oil resources. The sector is expected to 
experience shortages by 2038 [1]. The introduction of electric 
vehicles (EVs) is an initiative towards sustainable technology 
and significantly contributes to a cleaner environment. A series 
of commercial EVs have been produced by leading 

manufacturers such as Tesla, Nissan, Mitsubishi, and Renault. 
Hybrid EVs (HEVs) are the first widespread EVs on the market. 
However, EVs which can be plugged into the grid namely plug-
in EVs (PEVs) offer better performance and reliability [2].  

With the increasing penetration of PEVs expected soon, PEV 
charging would consume a large amount of power, particularly 
during peak loading time. The demand from a PEV is usually 
larger than common household appliances. The Nissan Leaf, for 
example, requires a 3.3kW charger [3] and this demand is 
double the hourly average household demand during daily 
residential activity [4]. PEVs such as the Tesla Roadster require 
a much higher charging demand of at least 10kW [3]. 
Additionally, PEV owners are more likely to start charging as 
soon as they arrive home. Overnight charging would be the best 
and optimal time for utility providers due to the current low 
household demand during this period. Base-load power plant 
operations will be more effective and smoother with optimum 
use throughout the day [5]. However, simultaneous PEV 
charging demand is risky and has to be addressed. 
Uncoordinated PEV charging is a concern for utilities as the 
charging would cause overloading, voltage profile degradation, 
and increased power losses [4], [6]. To avoid power interruption 
during the connection of massive numbers of PEVs to the 
power system network in a short period, load management in 
terms of PEV charging coordination needs to be carried out. 

Charging coordination of PEVs can be performed using 
different optimization techniques to achieve various objectives 
such as peak load shaving, minimizing energy losses, 
improving voltage deviation, and cost-saving [7]. 
Investigations in [8] have shown that with the application of a 
smart charging coordination strategy, the integration of PEVs 
into electrical networks is five times greater than uncoordinated 
or dumb charging. Among the numerous optimization 
techniques, three metaheuristic algorithms are commonly used 
namely Genetic Algorithm (GA), Particle Swarm Optimization 
(PSO), and Simulated Annealing (SA) [9], [10]. Most PEV 
charging coordination studies on residential distribution 
systems are based on a load profile reference which emphasizes 
the grid operational requirements and preferences of PEV 
owners. 

EV charging scheduling on allocated buses of an IEEE 33-
bus distribution network via the PSO method is proposed in 
[10]. The work focused on minimizing active power losses 
while maintaining the voltage profile on the demand side. A 
PEV charging study based on Evolutionary Programming (EP) 
techniques is conducted in [11]. This study focused on 
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minimizing and stabilizing the voltage level of distribution 
network buses. The flowchart and methodology are discussed 
only in general. Optimal scheduling of PEV charging based on 
meta-heuristic methods and random arrival of PEVs is proposed 
in [12] to minimize power loss and voltage deviation with the 
inclusion of time-of-use electrical tariff to minimize the 
charging cost in the residential distribution system. Reference 
[13] proposed an EV coordinated charging employing the 
sliding recursive algorithm to achieve load shifting and valley 
filling in a residential area in Henan Province of China. To 
overcome the effect of distribution transformer overloading due 
to EV uncoordinated charging, a study in [14] has developed a 
coordinated control strategy of 10 EV charging station piles 
with a real-time distribution transformer load control 
integration. If the transformer is overloaded, the control system 
will send a control command to reduce the output power of the 
charging station piles. The study is conducted in residential 
areas in dense urban areas. The impacts of EV charging during 
workday and holidays in three types of different residential 
districts namely ordinary, mid-level and high-level residential 
districts have been studied in [15]. Through peak-valley pricing 
strategy, the proposed EV charging coordination has improved 
the capability of ordinary residential districts to accommodate 
the EV charging load.  

Centralized and decentralized control are the two main 
schemes in PEV charging coordination strategy [16]. In a 
centralized charging scheme, the PEV charging scheduling is 
controlled centrally by an aggregator. Information such as PEV 
maximum battery capacity, state of charge, and charging rate is 
collected from each connected PEV in the system. All the 
previous reviewed studies in [10], [15], [16] are based on 
centralized control charging. In a decentralized charging 
scheme, each PEV is given preferences to charge or not and can 
share its energy requirements to the aggregator [16]. Some 
studies also focused on decentralized control charging due to its 
advantages such as minimal computational requirements for EV 
controllers, protection of user privacy, enhanced security 
features, and fast convergence [17]. A decentralized EV 
charging control strategy in a residential distribution system is 
proposed in [18] by applying Augmented Lagrangian 
alternating direction multiplier methods. An EV aggregator as 
an intermediary between the power grid and the individual EV 
coordinates the EV charging while meeting individual EV 
charging requirements. Reference [19] developed a fully 
decentralized cooperative approach to maximize user 
satisfaction. The proposed decentralized approach is shown to 
be comparable with the centralized approach. 

From the reviews of EV charging optimization on residential 
distribution systems, most of the developed algorithms are 
based on diverse daily residential load demand profiles. 
However, none considered a local load variation. The main 
contribution of this paper is to propose a centralized smart PEV 
charging coordination via PSO with a consideration of a daily 
load profile representing patterns of electricity consumption for 
typical residential buildings in Malaysia. The developed 
algorithm is tested on an IEEE 33-bus radial distribution 
network while considering the system technical constraints. 

The focused objectives are to optimize load demand with PEV 
charging and minimize power losses of the distribution system 
network.  

The rest of the paper is structured as follows. Section II 
introduces the distribution network and load profile models. 
Section III presents the related problem and objective function 
formulations. Section IV explains the details of the PSO 
algorithm and the proposed algorithm framework. Simulation 
results and analysis are discussed in Section V.  

II. SYSTEM MODELS 

A. Network Topology 
The IEEE 33-bus radial distribution system as illustrated in 

Fig. 1 is used to evaluate the effectiveness of the proposed 
algorithm. This system has a base voltage of 12.66kV, and total 
loads of 3715kW and 2290kVAR. A total of 32 buses are 
connected to low voltage 415V residential feeders populated 
with PEVs. There are a maximum of eight houses equipped 
with PEV home charging outlets on every residential feeder. 
This results in a total of 256 PEVs that can be plugged in at the 
same time in the distribution system. System data including 
lines and load parameters are given in [20]. 

 

Fig. 1. IEEE 33-bus radial distribution system. 

 

B. Residential Daily Load Profiles 
A daily load demand curve for typical residential buildings 

in Malaysia shown in Fig. 2 is used to model the domestic load 
variations within 24 hours without PEV charging [21]. Off-peak 
hours occur between 09:00h to 18:00h which are working hours 
and most residents are not at home during this time. After 
18:00h, a sudden increase of load is observed until it reaches a 
peak load at 21:00h. This is the active period when residents are 
already at home and start using their electrical appliances. 
Among appliances that consume the most electricity are air 
conditioner, rice cooker, water heater, refrigerator, oven, 
microwave and flat iron [22]. 
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Fig. 2. Daily residential load demand in Malaysia. 
 

C. Assumptions 
The storage capacity of each PEV battery is set at 16kWh. 

For every timeslot, PEV charging will consume 4kW 
considering the energy flow is unidirectional only. The batteries 
can only be charged and not discharged. All PEVs are assumed 
to be charged at home. Each PEV will complete the charging 
process within 4 hours depending on the power available during 
each timeslot. The maximum power output of a standard single-
phase 230V home outlet is 4.6kW. Therefore, a standard home 
charger of 4kW is suitable for the application.  

III. PROBLEM FORMULATION 
The design of PEV charging coordination of PEVs in a power 

distribution system employs a smart and fast optimization 
algorithm with consideration of an objective function necessary 
to improve grid performance. Based on different PEV 
penetration levels, the charging coordination in this study aims 
to achieve load optimization and minimum power losses while 
taking into account several system constraints throughout the 
process.  

A. System Constraints 
Distribution systems are designed so that all consumers along 

the feeder will experience voltage within a specified range due 
to variation of load. The voltage range of a distribution system 
is limited by minimum voltage, Vmin and maximum voltage, 
Vmax values which correspond to the grid voltage regulations set 
by the utility company as shown in (1). In this study, the voltage 
limits are considered at ±10% (Vmin= 0.9 pu and Vmax = 1.1 pu) 

 

min max for 1,........,iV V V i n≤ ≤ =  (1) 
 
where i is the node of branches and n represents the total 
number of branches. The second constraint is to prevent 
overload of the local substation transformer. The ceiling limit 
of total maximum power demand, Pdemand for the distribution 
system which includes the household load, Pload, PEV power 
consumption, PPEV and line loss in the power system, Ploss is set 
as in (2). 
 

demand load PEV loss2
( )n

i
P P P i P

=
≥ + +∑           (2) 

 

B. Objective Function 
The power loss equation of the distribution system is 

presented by (3), 
 

1 2
1

min | |n
k kk

f I R−

=
= ×∑                (3) 

 
where Ik and Rk are current and impedance at line k. 

IV. OPTIMIZATION ALGORITHM 
The charging profiles of PEVs have major effects on the 

distribution system. The main contribution of this study is 
performing a smart PEV charging coordination to achieve load 
optimization and minimum power losses considering the daily 
residential load profile in Malaysia. This study employs the 
well-known metaheuristic optimization algorithm of Particle 
Swarm Optimization (PSO). This method was introduced in 
1995 by James Kennedy and Russell Eberhart [23]. PSO is a 
swarm intelligence-based search algorithm inspired by the 
social behavior of bird flocks and schooling fish. A particle is a 
“bird” in the search space. All particles have fitness values that 
are evaluated based on the fitness function and velocities which 
direct the movement of the particles. The algorithm is 
initialized with a group or population of random particles, and 
the search for the optimum solution is performed by updating 
generations of particles. Two ‘best’ values namely Pbest and Gbest 
are updated for each particle in every iteration. Pbest is the best 
solution or fitness achieved by the particle so far while Gbest is 
the best value obtained by any particle in the population or also 
known as the global best. Both values are stored in the program. 
Each of the particles will update its position and velocity over 
the iterations based on (4) and (5) until a global minimum is 
reached. 
 

( 1) ( ) ( 1)i i iX t X t V t+ = + +               (4) 
 

where 
 

best ,

best

( 1) ( ) 1 1( ( ))
2 2( ( ))

i i i i

i

V t wV t C r P X t
C r G X t

+ = + − +

−
              (5) 

 
Xi(t) and Vi(t) are the current particle position and velocity, 
respectively. r1 and r2 are random numbers between 0 to 1. 
Constants w, C1 and C2 are parameters to the PSO algorithm. 
PSO is chosen for this study because it is simple and has a fast 
convergence compared to other global optimization algorithms 
like GA, SA and many more [24]. The computational procedure 
of the proposed technique is summarized in Fig. 3. 
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Fig. 3. Proposed smart PEV charging coordination flowchart. 
 

The distribution system’s load flow and proposed charging 
strategy are developed using MATLAB software. A load flow 
analysis based on the Newton-Raphson method is performed to 
assess voltage deviations and power losses in the distribution 
grid. Random PEV arrivals are considered. However, only 
several PEV charging outlets are programmed to operate based 
on available power demand on each network bus and 
penetration level set for each timeslot. For timeslots that require 
optimization, the initial population of PSO is randomly 
generated from the network bus numbers required to supply 
PEV charging. The population number is set at 20. Thus, 20 
values of initial power loss are generated. Pbest and Gbest values 
are searched and stored in the program. Each population is then 
updated based on (4) and (5). In the next iteration, new values 
of Pbest and Gbest will be stored. The population is then updated 
again and this process repeats until the iteration is completed or 

the converge condition is met. The peak load and voltage are 
monitored and controlled to not exceed their limits throughout 
the optimization process. Overnight charging mode is chosen 
for this study taking into account PEV users’ convenience and 
their availability at home being much longer during night hours. 

V. RESULTS AND ANALYSIS 
The impacts of the proposed study on the IEEE 33-bus 

distribution system performance are investigated and compared 
between uncoordinated and coordinated charging schemes. 
Results for both charging schemes are evaluated in terms of 
power consumption, power losses, and voltage profiles and 
summarized at four different levels of PEV penetration which 
are 25%, 50%, 75%, and 88%. For overnight PEV charging, the 
charging time frame is selected from 19:00h until 06:00h the 
next morning.  

A. Uncoordinated Charging 
Uncoordinated charging indicates that there is no control over 

the PEV charging time and frequency. PEV batteries either start 
charging immediately upon being plugged in or after a user-
adjustable fixed start delay. Each timeslot is equipped with 
several PEVs based on the penetration level and the same PEVs 
will continue charging for 4 hours to fully charged. Fig. 4 shows 
the daily load profile variation due to increased power 
consumption from uncoordinated charging of PEVs. 
 

 
Fig. 4. Impact of uncoordinated charging on 24-hour power consumption. 
 

Based on the tested IEEE 33-bus distribution system, the 
maximum power capacity is rated at 3715kW. Exceeding this 
limit would cause overloading and degradation to the 
distribution transformer. We observed that at 25%, 50%, and 
75% PEV penetration levels, overloading conditions have 
occurred starting from 20:00h until 23:00h. This condition 
continues for the next 2 hours and 3 hours at 50% and 75% 
penetration levels, respectively. At 88% PEV penetration level, 
overloading occurs as soon as charging starts at 17:00h and 
continues until 04:00h. The highest power consumption occurs 
at 21:00h for all PEV penetration levels. The values recorded 
are 3971kW, 4227kW, 4483kW, and 4611kW at 25%, 50%, 
75%, and 88% penetration levels, respectively. Increased power 
consumption also leads to higher power losses and alarming 
voltage deviations in the distribution system as shown in Figs. 
5 and 6. 
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Fig. 5. Impact of uncoordinated charging on 24-hour power losses. 
 

 
Fig. 6. Impact of uncoordinated charging on 24-hour voltage profile at bus 18. 
 

For all PEV penetration levels, the highest power loss also 
occurs at 21:00h. The values recorded are 235.55kW, 
262.43kW, 291.70kW, and 307.26kW at 25%, 50%, 75%, and 
88% penetration levels, respectively. Power loss without any 
PEV charging at this particular hour is 210.99kW. 

The voltage profile is analyzed at the weakest node of the 
distribution system which is bus 18. Without any PEV charging, 
bus 18 records the lowest voltage drop compared to other end 
node buses. At 25% penetration level, we observed that the 
voltage has experienced a drop below its minimum limit of 0.9 
pu starting from 20:00h until 23:00h. Voltage drop continues 
for the next 2 hours and 4 hours at 50% and 75% penetration 
levels, respectively. At 88% PEV penetration level, all voltages 
are affected and remain below 0.9 pu throughout the whole 
charging time frame. The lowest voltage recorded is 0.879 pu 
at 21:00h for 88% PEV penetration. In conclusion, we observed 
that even with low PEV penetrations, uncoordinated charging 
would adversely affect the stability of the distribution system. 

B. Coordinated Charging 
A smart PEV charging coordination strategy via PSO 

algorithm is proposed to achieve load optimization and 
minimum power losses, taking into account the distribution 
system constraints and residential load profile. Similar to 
uncoordinated PEV charging, the results of coordinated 
charging are evaluated at four different PEV penetration levels 
as shown in Figs. 7, 8, and 9 for 24-hour power consumption,  

Fig. 7. Impact of coordinated charging on 24-hour power consumption. 
 
power losses, and voltage profile, respectively. 

Coordinated PEV charging only allows several PEVs to 
charge in every timeslot. Based on the load curve without any 
PEV charging, the maximum power consumption of 3715kW 
from household appliances is recorded at 21:00h. Thus, no 
PEVs are allowed to charge during this timeslot. The PEV 
charging is managed accordingly via the coordinated charging 
algorithm. Throughout the charging time frame, power 
consumption with the additional load from PEV charging is 
successfully maintained below 3715kW at all PEV penetration 
levels. Power consumption at each timeslot is also optimized 
based on the available power and allowable number of PEVs 
that can be charged on each residential feeder. At 88% PEV 
penetration, we observed that power consumption is near 
maximum at all timeslots with PEV charging. 

 

 
Fig. 8. Impact of coordinated charging on 24-hour power losses. 
 
 Power losses during the PEV charging time frame are also 
reduced significantly for all penetration levels as shown in Fig. 
8.  For coordinated charging, the highest power loss for each 
penetration level is now varied at different timeslots with 
reference to the PEV charging load variation in every 
residential feeder. The values recorded are 211.60kW, 
211.63kW, 212.79kW, and 213.11kW at 25%, 50%, 75%, and 
88% penetration levels, respectively. The highest power loss at 
88% penetration level has only a difference of 2.12kW from the 
nominal value of power loss without any PEV charging. The 
reduction of total power loss in 24 hours at all PEV penetration 
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levels is summarized in Table I. 

 

 
Fig. 9. Impact of coordinated charging on 24-hour voltage profile at bus 18. 
 

From Fig. 9, the voltages at the weakest node of bus 18 are 
successfully regulated within limits even under large PEV 
penetrations. In conclusion, the proposed smart PEV charging 
coordination strategy has improved the distribution system 
performance compared to uncoordinated charging.  
 

VI. CONCLUSION 
This study has presented a smart PEV charging coordination 

based on the PSO method to achieve minimum power losses 
and load optimization with consideration of daily residential 
load variations in Malaysia while maintaining voltage profiles 
and peak demand limits. The proposed PEV charging 
coordination only allows several PEVs to be charged on each 
residential feeder based on available power demand. As 
expected, the distribution system is facing problems of 
overloading, high power losses and voltage regulation due to 
uncoordinated PEV charging. The improvements of the 
proposed algorithm versus uncoordinated PEV charging are 
compared with simulation results in MATLAB software. The 
results are demonstrated at different penetration levels of PEV. 
Coordinated PEV charging is proven to be beneficial in 
reducing system overloads by maintaining the power demand 
below its maximum limit, reducing the system’s total power 
losses and maintaining the voltage profile. The load with PEV 
charging is optimized on every residential feeder where the 
algorithm will allocate as many PEV as possible to be charged 
based on the penetration level. The minimum power losses are 
obtained by searching the best combination of PEV charging 
and bus location in the system. The proposed PEV charging 
coordination strategy has successfully achieved the targeted 

objectives following the satisfying results of total daily power 
loss reduction. Further study will focus on improving the PEV 
charging algorithm with consideration of PEV users’ 
preferences and satisfaction.    
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