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a  b  s  t  r  a  c  t

Integrating  a fleet of  electric  vehicles  (EVs)  in  the distribution  system  without  a  communication
infrastructure  exhibits  several  issues  that  need  to be  handled  by  electric  utilities.  Robust  autonomous
controllers  are crucial  in this  case  to manage  the  charging  operation  without  violating  the  grid  standard
limits.  This  paper  proposes  a  communication-free  autonomous  charging  controller  for  EVs in  distribution
systems.  The  controller  is  based  on fuzzy  logic  considering  both  the  system  voltage  profile  and  the  EV’s
battery  state  of  charge  (SOC).  The  fuzzy  inference  system  is  designed  to avoid  under  voltage  issues  in
the  grid,  flatten  the  system  loading  profile  and  accomplish  fair charging  among  different  EVs  connected
to  the  system.  An  18-bus  distribution  system  driven  by the  proposed  controller  was  implemented  in  a
lectric vehicles (EV)
uzzy logic control (FLC)

simulation  environment.  The  proposed  controller  performance  was  investigated  under  different  distri-
bution  system  operating  conditions  such  as different  loading,  different  levels  of EV  penetration,  system
reconfiguration  as  well  as  with  distributed  generation.  In all cases,  the  controller  demonstrated  faster  and
better  charging  performance  without  violating  the  standard  voltage  limits  compared  to other  research
reported  in  the  literature.

©  2017  Published  by  Elsevier  B.V.
. Introduction

With the desire for clean and efficient transportation coupled
ith advances in the battery and power electronics technologies,

n increased use of plug-in EVs and hybrid EV in the market is
ccurring. EVs are expected to dominate the vehicle market in the
ear future [1]. Although EVs have numerous positive advantages,
uch as reduced local emissions [2,3], and less dependence on fos-
il fuel through the integration of renewable energy resources [4],
nmanaged charging can negatively affect the utility grid.

Many studies showed that without any management over the
rocess of EV charging, failures or unacceptable power supply qual-

ty issues will occur in the grid frequently even with a small EV
enetration rate. The resulting impacts, on the low voltage distri-
ution grid range from transformers overloading [5] to line losses
6], low voltages [7]. Therefore, charging management is a major
ssue for successful integration of EVs in the distribution network
here the vast majority of the impacts will occur since most of the
Vs will be connected to it.

∗ Corresponding author.
E-mail address: mohammed@fiu.edu (O.A. Mohammed).

ttp://dx.doi.org/10.1016/j.epsr.2017.03.009
378-7796/© 2017 Published by Elsevier B.V.
Many techniques have been proposed in the literature to con-
trol EV charging and prevent these negative impacts on the utility
grid. These methods can be classified into three main categories:
centralized, decentralized and autonomous charging control. The
majority of the proposed control strategies were focused on cen-
tralized control coordinated with utility operator. In Ref. [8], the
centralized control strategy allowed balancing single-phase loads
connected to the microgrid by adapting the charging rates of the EV
storage devices. EVs, as energy storage, was  used in Ref. [9] for fre-
quency regulation. Methods to minimize distribution feeder losses
were considered in Refs. [6,10]. These studies revealed that feeder
load profile can be flattened and voltage violations can be reduced.
Centralized controllers generally depend on one large system oper-
ator that manages the whole process after collecting all the required
data. If the main link with the operator is lost, the whole system will
be badly affected and this is a major drawback with centralized con-
trollers. Other techniques have focused on decentralized control,
which has the advantages of reduced communications infrastruc-
ture and less computational burden.

In Ref. [11], control of energy flow between EVs and the grid has
been demonstrated using fuzzy logic controllers (FLC) mainly for

voltage compensation and peak shaving. The proposed technique
in Ref. [11] requires heavy computation and assumes that all EVs
in a certain area will charge from a certain charging station and

dx.doi.org/10.1016/j.epsr.2017.03.009
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.03.009&domain=pdf
mailto:mohammed@fiu.edu
dx.doi.org/10.1016/j.epsr.2017.03.009


Systems Research 148 (2017) 48–58 49

t
[
o
l
a
t
i
i
T
f
m
i
p
[
v

c
t
a
c
d
o
t
c
f
s
c
t
m
s
I
o
(
I
c
R
s
t
E
e
w
b
[
w
w
c
v
t

p
o
s
i
e
s
I
a
h
p
i
s
o
T
p
r
e

Fig. 1. The primary distribution feeder test network.

Table 1
Distribution system parameters.

Phase Conductor ACSR 2
Neutral Conductor ACSR 4
Max  Amps 180
Houses 1020

Table 2
Secondary network parameters.

Parameter Value

EV charger penetration 50%
Distribution service transformer 150 kVA, %Z = 1.8
Secondary conductor (transformer to splice box) 350 Al, 4/0 Al Neutral
S. Faddel et al. / Electric Power 

he charging station will work most likely as an aggregator. In Ref.
12], the fuzzy logic controller was used to manage the charging
f large pool of EVs for load flatting at the primary distribution

evel. The charging stations are communicating with an aggregator
t the distribution system substation to decide on the total power
o be exchanged with the grid. In Ref. [13], a decentralized charg-
ng algorithm was formulated by emulating the charging pattern
dentified through linear programming (LP) optimization solutions.
his latter method achieved a cost that is close to the one resulted
rom centralized optimal control using LP. Another decentralized

ethodology focuses on managing all of the charging within a park-
ng lot with its own maximum charge rate [14]. The scheduling
roblem formulation for the EVs charging was investigated in Ref.
15]. The objective function was to impose a generalized notion of
alley filling.

All the above mentioned methods depend on some kind of
ommunication. This communication can be done with the sys-
em operator for the case of the utility or with charging station
ggregator. To reduce the requirement for large investment on
ommunication infrastructure, autonomous charging control was
eveloped. It mainly relies on some sort of local input at the point
f connection which lessens the need for communication infras-
ructure. Fuzzy logic was used in Refs. [16,17] to adapt a PID
ontroller to control the voltage under different loading conditions
or a standalone PV system. Limited work was performed to con-
ider communication-free EV charging which permits independent
harge control. An autonomous control scheme for multiple EVs in
he distribution networks was proposed in Ref. [18]. The proposed

ethod focused on using the EV as energy storage during tran-
ition from grid connected mode to islanded mode of operation.
n Ref. [19], an autonomous approach for real time management
f local voltage and thermal constraints for distributed generation
DG), utilizing the concept of sensitivity analysis, was  considered.
t controls generator active and reactive power output to over-
ome voltage and thermal issues near the point of connection. In
efs. [20,21], the authors have proposed a voltage-based control
cheme for charging EVs. This control, though requires no real-
ime communication, effectively coordinates charging among the
Vs connected to the distribution nodes in a good manner. How-
ver, it requires changing the reference points of the controllers
ith each seasonal variation. In addition, EVs at the upstream

us charge relatively faster than the downstream ones. In Refs.
22,23], a technique for EV charge management with variable gain
as introduced. Although the method showed a good performance
ithout the need for changing the controllers’ reference points, the

harging rate slowed down. Also, the controller showed a conser-
ative behavior when it comes to increasing the charging rate for
he upstream bus when there is a room to charge more.

Aside from the existing work in the literature, this paper pro-
oses an autonomous fuzzy logic controller to manage the charging
f EVs that are connected to different houses in the distribution
ystem. The controller is communication-free which reduces the
nvestment cost needed for a communication infrastructure. It
nsures that the voltages at different houses will not exceeds the
tandard limits (±5% as reported by ANSI C84.1-2006 standard).
n addition, the controller uses the idea of fair charging to man-
ge a near equal charging rate between different EVs at different
ouses in the system. An 18 bus distribution system including the
rimary and secondary parts driven by the proposed controller

s implemented and tested in simulation environment. Extensive
imulations were performed to test and verify the effectiveness
f the proposed controller under different operating conditions.

hese tests include the controller performance under different
enetration levels of EVs, different loading conditions and system
econfigurations, in presence of capacitor banks, and in the pres-
nce of distributed generation units. Also, the sensitivity of the
Service conductor (to the houses) #2 Al
No. of customers 20

controller to errors in state of charge estimation is tested. The pro-
posed controller shows better performance compared with other
techniques reported in the literature. It does not violate the voltage
standard, shaves the peak loading, can accommodate large pene-
tration of EVs, manages fair charging among different EVs, takes
the advantage of any existing room for more charging and per-
forms well in the presence of voltage control units and distributed
generation.

2. Testing system description

The three phase unbalanced configuration under study for test-
ing the effect of EV charging is shown in Fig. 1. It is a primary
distribution network with 18 buses. The operating voltage at the
primary distribution is 12.46 kV line-to-line. The conductors are
organized in a symmetric geometry with a geometric mean spacing
of 4.69 ft. Every load bus has 20 houses connected to each sec-
ondary phase. The parameters of the distribution system are found
in Table 1. This structure was previously used in Refs. [24,25]. The
secondary distribution infrastructure, shown in Fig. 2, is modeled
based on the field site configuration of Utility E in Ref. [26], which
has several splice boxes as well as houses connected directly to the
distribution transformer through triplex lines at a nominal service

voltage of 240 V. The parameters of the secondary distribution net-
work are given in Table 2. A small resistance is also added to model
the EV charging cable.
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Fig. 2. Secondary dist

The applied load profile is based on historical Residential High
inter Ratio (ResHiWR) load profiles found in the ERCOT system
ith five minutes resolution [21]. To the ERCOT loading profiles,
aussian distributed random noise is added to introduce changes

n the individual use. One EV for each two houses in the system was
dopted. This means that for each two houses, one of them will con-
ain an EV and the other will not [20–23]. Therefore, each phase of
he secondary transformer has 10 EVs and the total number of EVs
onnected to the network is 510. This level was chosen because it
epresents a large scale set of EVs in the distribution network and
an cause significant issues with EV charging. The EVs on each bus
re labeled with numbers from one to thirty, i.e. EV1, EV2,. . .,  EV30.
his applies to each of the load buses (2–18). The maximum charg-

ng rate for each EV is 6.6 kW and the full capacity for EV battery
s 24 kWh  which emulates the 2013 Nissan Leaf [27]. For simplic-
ty, the initial state of charge (SOC) for the EVs is set to be around
0%. Also, it is assumed that the network under study is operating
nder the time-of-use (TOU) tariff structure where a lower tariff is
pplied from 6 pm to 6 am.  To take this into account and the fact
hat the EV plug-in time is expected to be random, the plug in time
f EVs was assumed to follow a Gaussian distribution centered at

 pm and with a standard deviation of one hour. The results of the
oltages at the primary load buses are normalized by the nominal
ystem voltage for a 12470Y/7200-V rating while the voltages at
he point of connection (POC) at the different houses were normal-
zed by the nominal utilization voltage for a 240/120-V rating. Since
he nominal utilization voltage is only 230/115-V for a 240/120-V
ating, the POCs may  have higher per unit voltage values than those
f the buses.

The system and the controllers are implemented in Mat-
ab/Simulink. Fig. 3 shows a basic schematic diagram of the
imulation setup designed in the Simulink environment. Three
hase power flow analysis is performed to calculate the voltages
t different charging points of the system. The load flow uses
orward–backward sweeping algorithm which is commonly used
or radial distribution systems. The inputs to the load flow are the
otal power at points of charging. Here, n represents the bus num-
er, where n ∈ [2,18], p is the phase number, where p ∈ [1,3], and

 is the house number, where i ∈ [1,20]. The controller decides on
he power draw, PD(n,p,i), which is added to the non-EV load at the
ouse, and the total power, P(n,p,i) is used as an input for the next

ower flow update.
Fig. 3. Simulation setup in Matlab.

3. The proposed fuzzy logic charging controller

The EV charger converts the AC current coming from the grid
to an adjustable DC current in order to charge the batteries. EV’s
battery charging typically happens in the constant current region
of the Li-ion battery characteristics. Therefore, from the grid point
of view, the EV behaves as a current source [28]. In this paper, the
EV is modeled as an adjustable negative DC current source (acts as
a load) where the power drawn is based on the controller. The SOC
estimation is done using ampere-hour counting method because it
permits the accurate calculation of changes in the SOC. The ampere
hour (Ah) counting method mainly makes use of the Peukert’ law
to change actual current into standard current, and performs inte-
gration over time to estimate the current SOC. This method works
very accurately for Lithium Ion batteries (LIBs) because there are
no significant side reactions during normal operation [29]. Since
the main focus of this paper is the impact of integrating large num-
ber of EVs on the steady state system loading and voltages, the
dynamics of the power electronics are not considered in the simu-

lation.

In the proposed controller, the EV charging algorithm aims at
charging the EV without violating the voltage standards of the grid.
This will reduce feeder losses and avoid overloads [6]. For a given
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Fig. 4. Controller block diagram.
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Fig. 5. Rate of charge usi

istribution transformer, the load consists of both controllable and
on-controllable loads. By managing the loading level using the
ontrollable load, the voltage profile of the system can be improved
ue to the direct relation between them. Also, the controller will
ense any load change in the system through the voltage at the
oint of connection since any load change will affect the current
owing in the system and the voltage drop across the feeders. In
his paper, it is assumed that the controllable loads are represented
y the EVs only. The proposed controller is based on fuzzy logic (FL)
s depicted in Fig. 4. The FL is a multivalued logic where the vari-
ble can belong to many membership functions at the same time. It
as the capability to handle the uncertainties that might arise in the
ystem through simple IF-THEN conditioning rules, hence eliminat-
ng the need for developing complex mathematical models. Fuzzy
ogic is used in that work because it can be designed without the
eed for training data, as long as we know the domain we are mod-
lling and its reaction or rules. Also, fuzzy logic has the advantage
f its interpretability and simplicity since it allows modelling using
ear natural language rules. Since in distribution systems, there are
ome voltage standards (0.95–1.05 p.u) that should be followed, the
istribution system is radial which gives an idea about the voltages
t the different buses, and the EV battery SOC has a range to work
n (0–100%), it is appropriate to use a controller based on fuzzy

ogic to handle the different circumstances that might arise in real
ystems since it can provide adaptive control within the assigned

oundaries of membership functions.

The proposed FL controller represents a relationship between
he EV charging rate (Pr), the voltage at the point of charge (POC)
V) and the state of charge (SOC) of the EV’s battery connected to
 voltage controller logic.

the same point. The inputs to the controller are V and SOC while
the output is Pr . All the control signals (inputs and output) are in
per unit. The crisp output Pr from FL controller is multiplied by the
base charging rate (Pr max) to obtain the actual charging rate in kW.
The charging rates are chosen based on the IEC-61851 standard [30]
where there is a minimum (30% of the rated value) and maximum
charging (100% of the rated value) ranges to work on. A saturation
limits are introduced in the controller in order to ensure unidirec-
tional power flow under any circumstances. An integrator is used
to accumulate the energy and add it to the initial battery capac-
ity to approximately estimate the current SOC. The output of the
controller is continuous as long as the state of charge SOCi < SOCmax

(maximum SOC) and there is no voltage violation (the voltage is
higher than 0.95). The fuzzy inference system is designed to avoid
voltage violation and ensure fair charging among the different EVs
connected at different houses.

Fairness is an important factor during the charging of the EVs.
As described in Ref. [17], it means that “the contribution of each
EV to cope with voltage standards should be decided such that the
charging of one EV does not go greatly faster than another EV based
on their locations in the network”. That is, it is not appropriate
that EVs connected to downstream, i.e. lower voltage buses, suffer
from much lower regulated charging rates than those connected
to upstream, i.e. higher voltage buses. This factor can be consid-
ered in the control design by using a charging rate function that is

not excessively sensitive to the voltage level. Only when the volt-
age is considerably high, the charging rate should increase. This
is done by expanding the fuzzification range of the voltage rep-
resented by the Zero (Z) membership function to be from 0.95 to
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Fig. 6. Secondary voltage profiles with and without control at (a) EV 30 bus 2, (b)
EV  23 bus 6. (For interpretation of the references to color in the text, the reader is
referred to the web version of this article.)
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.025, as described in Fig. 4. When the voltage is pretty high, the
ositive (P) membership function is used to indicate high voltage. If
he voltage deteriorates below 0.95, the Negative (N) membership
unction is assigned.

Another factor which should contribute to the charging rate
ecision is the EV’s SOC. It is desirable that EVs that have a lower
OC to be allowed to charge at a higher charging rate and as the
OC increases, the charging rate should decrease slowly. This helps
o increase the battery life time by reducing the charging rate sig-
ificantly when the battery is near the maximum capacity. This is
onsidered in the proposed controller by dividing the SOC universe
f discourse into three membership function, as shown in Fig. 4.

f the SOC is less than 40%, the Low (L) membership is assigned to
t and if it is higher than 85%, the High (H) membership function
s used. In between, the Medium (M)  membership function will be
pecified. The fuzzy output (charging rate) is defuzziffied based on
amdani technique [10] considering the center of gravity method

sing four membership function. The Zero (Z) membership will be
sed to stop the charging in the case of any voltage violation. The

ow (L) membership function is introduced to reduce the charg-
ng rate if the battery is near fully charging to protect the battery
nd increase its life time. The high (H) membership function will
e considered if there is no voltage violations and the SOC is very

ow while the medium (M) membership function will be used in all
he other cases. These assignments are indicated by the rule table
hown in Fig. 4 and the 3-D surface plot in Fig. 5. In all cases, lin-
ar (triangular and trapezoidal) membership function are used to
inimize the computation effort and avoid long processing time.

. Results

For verification purposes, the distribution network shown in
ig. 1 and 2 driven by the proposed controller was simulated
n Matlab environment. The controller was tested under differ-
nt operating conditions and its performance was compared with
elected controllers in literature. The simulation results are pre-
ented here.

.1. Performance evaluation of the proposed FL controller

In this section, the system behavior using the proposed FL con-
roller is compared to the case where no control was applied and
ll the EVs were allowed to charge at the maximum charging rate
o complete as fast as possible. The no-control case represents
he dump or opportunistic charging to demonstrate the negative
mpacts of uncontrolled charging of EVs on the distribution system.
lso, the proposed fuzzy logic controller performance is compared
ith the voltage-based droop controller reported in Ref. [31] and

he exponential autonomous controller behavior reported in Ref.
18]. Table 3 shows the voltages at different buses of the system
or the four cases, dump charging, using droop controller, using
he exponential controller and using the proposed FL controller,
espectively. It can be noticed that there are under-voltages at
uses (5, 6, 7, 8, 11, 12, 13, 14 and 15) where the voltage goes
elow 0.95 pu when dump charging is allowed without control.
hen the droop or the exponential or the proposed fuzzy con-

roller is applied, the minimum voltage of all buses at the primary
ide does not go below 0.95 p.u. For the secondary side, it is found
hat house/EV number 30 at the upstream bus 2 has the highest
oltage since it is close to the substation while house/EV number
3 at the downstream bus 6 suffers from the voltage drop since it
s far from the substation. Due to the space limitations, most of the
esults will demonstrate only these extreme cases. Fig. 6 indicates
he secondary voltage profile for the upstream EV 30 (Fig. 6(a)) and
ownstream EV 23 (Fig. 6(b)) using dump charging, the droop, the
Fig. 7. Total load profile with and without control at (a) phase C bus 2, (b) phase C
bus  6.

exponential and the proposed fuzzy controller. It can be observed
that the voltage at the downstream point goes below 0.9 p.u, as
pointed by the dashed red curve, which is unacceptable. When a
controller is applied, the voltage is limited to be higher than or
equal to 0.95 pu as described by the solid blue, green and black
curves.

The effect of the controlled and uncontrolled charging on the
system loading was  investigated in Fig. 7. It can be observed that
there is a load peaking when all EVs were allowed to charge at the
maximum rate using dump charging as marked by the dashed red
curve. When the droop or the exponential or the proposed fuzzy
controller is applied, the load becomes more flat which is desir-
able. The EV battery SOC over time for EV 30 at bus 2 and EV 23 at
bus 6 is shown in Fig. 8. In case of the dump operation, both the
upstream and downstream EVs charge at the maximum charging
rate and finish as fast as possible at the same time regardless of the
system voltage. This was the reason of the severe under-voltage
and overloads indicated in Figs. 6 and 7, respectively.

On the other hand, when a control is applied, the charging goes
slower in order to avoid the negative impacts of EVs on the distri-
bution system. However, all EVs finish charging before 6 a.m. The

conventional voltage-based droop control [31] has the disadvan-
tage of lacking the fairness among the different EVs in different
locations in the system. It is obvious from the blue curves in Fig. 8
that the droop controller charges the EVs near the substations at
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Table  3
Minimum primary voltage in p.u at different buses.

Node no. Without controller Droop control Exponential controller Prposed fuzzy controller

2 0.9728 0.9815 0.9803 0.9804
3  0.9558 0.9703 0.9691 0.9688
4  0.9548 0.9697 0.9685 0.9681
5  0.9321 0.9568 0.9549 0.9552
6  0.9288 0.9537 0.9525 0.9525
7  0.9274 0.9546 0.9527 0.953
8  0.9267 0.9545 0.9522 0.9529
9  0.972 0.9807 0.9797 0.9797
10 0.9565 0.9709 0.9685 0.9688
11  0.9496 0.9665 0.9635 0.964
12  0.9469 0.9648 0.9615 0.9621
13  0.9456 0.9637 0.9602 0.9611
14  0.9466 0.9646 0.9613 0.9619
15  0.9491 0.9662 0.9632 0.9636
16 0.9508 0.9668 0.9639 0.9646
17  0.9506 0.9666 0.9637 0.9643
18  0.9505 0.9666 0.9636 0.9643

Table 4
Comparison in terms of time to full charge in hours—droop vs. exponential vs. proposed fuzzy controllers.

Controller EV 30 at bus 2 EV 23 at bus 6 Difference

Proportional droop controller 2.63 6.86 4.23
Exponential controller 5.6416 7.0583 1.42
Fuzzy controller 4.45 5.83 1.38
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 very high rate (almost equal to the dump charging case). How-
ver, EVs downstream the system that suffer from the voltage droop
cross the feeders suffers from much lower charging rate. This
omes from the fact that voltage droop controller is very sensitive
o the (voltage) location in the network. These observations are
lso depicted in Table 4 that shows the time to full charge for the
ifferent controllers. The proposed fuzzy controller does not suf-

er from this disadvantage of the droop controller and at the same
ime outperforms the exponential controller in terms of the speed
f charging and the fairness, as depicted in Fig. 8. The time delay
f charging between the EVs at the upstream bus 2 and the down-
tream bus 6 is smaller in the case of the proposed fuzzy controller.
his advantage is also demonstrated in Table 4. This difference
etween the two controllers (the fuzzy and the exponential ones)

omes from the fact that the exponential controller only increases
he charging by large amount if it is too far from its reference value.
his conservative behavior means that if there is a small room in
he network for more charging, the exponential controller will not
Fig. 9. SOC profiles with and without control at (a) bus 2, (b) bus 6 when the EVs
has  a low SOCI.

take that opportunity. The proposed fuzzy controller on contrary,
increases the charging rate if there is a room for charging as long
as it is not violating the standard.

To emphasize the issue of the droop controller and how the
problem of location sensitivity can greatly impact the fairness, a
comparison is done when the EVs have a very low initial SOC (SOCI)
which is assumed here to be 15%. Fig. 9 shows that while EV at the
upstream house at bus 2 charges at very high rate, the EV at the
downstream house at bus 6 does not manage to fully charge by
early morning which is not the case for the proposed fuzzy con-
troller. This shows how the voltage-based droop controller and the
location sensitivity issue can cause problems to the EV owners.

4.2. Fuzzy controller performance under different operating
conditions
To show the effectiveness of the proposed fuzzy controller,
further tests are performed to show its behavior under different
operating conditions in the distribution network. In this section,
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Table  5
Comparison in terms of time to full charge (in hours).

Penetration level (%) EV 30 at bus 2 Mean bus 2 EV 23 at bus 6 Mean bus 6

40 3.2 2.3444 3.842 2.8128
50  4.45 3.6356 5.83 4.3833
60  5.558 4.9108 7.5 5.8636

Table 6
Comparison in terms of time to full charge (in Hours) in case of 40% penetration depth of EVs.

EV level (40%) EV 30 at bus 2 Mean bus 2 EV 23 at bus 6 Mean bus 6

2.3444 3.842 2.8128
3.8703 5.66 4.0078
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Fig. 10. Voltage profiles for POC of EVs 30 and 23 at buses 2 and 6 in case of SC at
bus  5.
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he proposed controller is compared only to the exponential con-
roller which is not sensitive to the location. First, the robustness
f the proposed control scheme with respect to varying levels of
V penetrations is assessed. Table 5 shows a comparison in terms
f the time needed to fully charge the EVs at buses 2 and 6. The
harging times at upstream (EV 30 at bus 2) and downstream (EV
3 at bus 5) as well as the average charging times of all EVs con-
ected to buses 2 and 6 are analyzed for EV penetration levels of
0%, 50%, and 60%. The results demonstrate reasonable tolerance
f this control scheme to different levels of EV penetrations up to
0%. If the penetration depth exceeds this value, EV at house 23
t bus 5 will not be able to fully charge before 6 am which means
hat there is no enough room in this system under study for pene-
ration depths above 60%. It worth mentioning that the maximum
enetration depth of EVs using the autonomous exponential con-
rol reported in Ref. [18] was 50%. This means that the proposed
uzzy can accommodate extra 10% of EVs (equivalent to 102 EV)

hich is highly desirable. In addition, when the penetration level is
ess, in the case of 40%, the proposed fuzzy controller shows much
aster charging compared with the exponential one, as described
n Table 6.

Another important test is the controller performance in the
resence of voltage control units. It is the utility’s responsibil-

ty to keep the customer voltage within specified tolerances by
nstalling voltage regulating units. The performance of proposed
uzzy controller is studied in the presence of such units. In this
aper, shunt capacitors are considered to be connected to the
ownstream bus 5 which is chosen since the support at that point
ill help buses 6, 7, and 8 which suffer from low voltages as men-

ioned before in Table 3. The total available capacitors capacity is
ssumed to be 1 MVAR. The capacitor variation step is equivalent
o 0.1 MVAR, which causes an increase/decrease of about 0.007
er unit voltage. The capacitor bank is assumed to be controlled
y an autonomous feedback controller whose voltage set point is
.99 pu and bandwidth is 0.007 pu. Fig. 10 shows the improvement

n the voltage profile at the points of charging for EVs 30 and 23 at
uses 2 and 6, respectively. The corresponding capacitor steps that
sed to improve the voltage is given in Fig. 11. Since the voltage
as improved at the downstream buses, the fuzzy controller will

ncrease the charging rates accordingly. Fig. 12 shows a compari-
on of the average SOC of all EVs connected to the downstream bus

 and upstream bus 2. The comparison shows that All EVs charge
lmost at the same high charging rate which is greatly desirable
nd fair.

The influence of the proposed fuzzy controller with respect to
xpected system reconfiguration is investigated as well. This is
tudied for simple and severe reconfiguration events. The simple

econfiguration is carried out by removing one representative bus
rom the primary distribution system to emulate switching that bus
o an adjacent feeder during a reconfiguration event. For the severe
econfiguration event, multiple buses reconfiguration is achieved
Fig. 11. Shunt capacitor steps at bus 5.

by removing buses 10–18 simultaneously (which are almost half
of the system). Table 7 shows the full charge time of the EV under
different reconfiguration tests. It can be seen that the reconfigura-
tion has not a great effect on the upstream bus since it is already
charging fast. However, it decreases the time to full charge EV 23

at bus 6 from 5.83 in the normal conditions to 5.48 and 5.27 in
case of simple and severe reconfiguration, respectively. This hap-
pens because dropping one or more buses results in controllable
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Table  7
Comparison in terms of time to full charge (in hours) in case of reconfiguration tests.

Penetration level (%) EV 30 at bus 2 Mean bus 2 EV 23 at bus 6 Mean bus 6

Normal case 4.4 3.6356 5.83 4.3833
Configurating bus 2 4.38 3.6264 5.48 4.21
Configurating bus 10–18 4.34 3.5419 5.27 4
Light  loading 4.3 3.5819 5.16 3.98
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Fig. 12. Average SOC profiles at bus 2 and bus 6 in case of SC at bus 5.
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Fig. 13. Voltage profiles for POC of EVs 30 and 23 at buses 2 and 6 in case of light
loading.
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Fig. 14. Average SOC profiles at bus 2 and bus 6 in case of light loading.
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suffers from low voltage, or at the upstream house at bus 2 which
has the highest primary voltage in the system. The test is per-
formed to show the performance of the controller while the house
is feeding itself from a renewable energy resource. Fig. 16 shows the
nd uncontrollable load reduction. This reduction in load causes
ncrease in the charging rate of all the EVs connected to the sys-
em but the EVs that suffer from low voltages are the ones which
ake the advantage of the increased charging which is desirable.

 similar conclusion can be reached for the case of light loading
onditions. This test was done by reducing all the uncontrollable
oads by 20% of its original value. The results for that test were also
resented in Table 7 where it can be noticed that the time to fully
harge the EVs has been reduced. This is also can be observed from
he voltage improvements in Fig. 13 and the average SOC profiles
n Fig. 14.
Time

Fig. 15. Wind power for a sample day in kW.

4.3. Distributed generation units test

The presence of the distributed generation (DG) will impact the
power distribution system operation and control. It is therefore
deemed necessary to evaluate the impact of increased DG on the
proposed controller performance. Among the different DG tech-
nologies, the effect of wind energy is evaluated in this section.
Solar energy is not investigated due to the assumption that the EV
are charging according to the time of use tariff where the EVs are
charging at homes from 6 pm to 6 am.

Fig. 15 shows the wind energy profile for a sample day where
the wind data is actual data from ERCOT [32]. For this test a wind
turbine is installed either at the downstream house at bus 6, which



56 S. Faddel et al. / Electric Power Systems Research 148 (2017) 48–58

 5pm  9pm 12am  3am  6am
0.85

0.9

0.95

1

1.05

V
ol

ta
ge

 (p
.u

)

NO WT
WT upstream
WT downstream

 5p m  9p m 12a m  3a m  6a m
0.85

0.9

0.95

1

1.05

V
ol

ta
ge

 (p
.u

)

Time

NO WT
WT upstrea m
WT do wnstrea m

(a)

(b)

Fig. 16. Secondary voltage profiles in case of no wind turbine, wind turbine at house
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interpretation of the references to color in the text, the reader is referred to the web
version of this article.)
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Fig. 18. SOC profiles in case of wind turbine at house 23 bus 6.
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econdary voltage profiles when no wind turbine (WT) is used and
hen the wind turbines are located at the upstream and down-

tream houses one at a time. The figure indicates that when the
ind turbine is located at the downstream house, it will improve

he voltage profile at the point of charging (POC) of house 23 as
hown by the red dashed curve in Fig. 16(b). However, it will have
o effect on the voltage profile at the POC of the upstream house
0 since the wind power is small and it will have a minor effect on
he other houses. Therefore, Fig. 16(a) shows almost the same volt-
ge profile at house 30 as the normal case with no wind turbine
nstalled (the black and the red dashed curves). Similarly, when
he wind turbine is installed at the upstream house 30 at bus 2, it
mproves the voltage at that house as shown by the green curve in
ig. 16(a) but it will not affect the downstream house 23 in Fig. 16(b)
here the same voltage profile at house 23 as the normal case with

o wind turbine installed (the black and the green curves).
Fig. 17 shows the corresponding charging profiles for the three

ifferent cases. It can be seen that when the wind turbine is installed

t the downstream house 23, the charging rate increases and the
harging process finishes faster as shown in Fig. 17(b). This occurs
ue to the improvement in the voltage. However, when the wind
urbine is installed at the upstream house 30, it will increase the
Time

Fig. 19. Voltage profiles for phase C at (a) bus 2, (b) bus 6.

charging rate by a small amount as shown in Fig. 17(a). This hap-
pens because this house is already connected to a POC with high
voltage and it is already charging with a high charging rate. Table 8
shows the effect of installing a small wind turbine on the time to
full charge the EVs. The interesting result in that table is that when
a downstream house has its own  generation, it can charge with
almost the same charging rate as the upstream house near the sub-
station. This is seen for the case when the wind turbine is installed
at the downstream house at bus 6 where the difference in the time
to full charge the EV between the upstream and downstream house
is 0.05 h (about 3 min) which is highly desirable. This is also obvious
from the SOC profiles in Fig. 18.

4.4. Controller sensitivity to errors in SOC estimation

In this section, the performance of the proposed fuzzy controller
is tested under a range of random errors in SOC estimation. This
test is made to show how sensitive is the controller to errors in
SOC estimation. The controller performance will be tested under
three different errors, with maximum error of 1%, 3% and 5% in

SOC estimation [29,33]. These cases are compared to the accurate
case when there is no errors. Fig. 19 shows the voltage profile at
phase C bus 2 and 6. It is obvious that there is almost no effect on
the system voltage due to SOC estimation error. Fig. 20 shows the



S. Faddel et al. / Electric Power Systems Research 148 (2017) 48–58 57

Table  8
Comparison in terms of time to full charge in hours in case of installing a small wind turbine.

EVs EV 30 at bus 2 EV 23 at bus 6 Difference

Normal case no WT 4.4 

WT  at house 30 bus 2 3.9 

WT  at house 23 bus 6 4.39 
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Fig. 20. Average SOC profiles at (a) bus 2, (b) bus 6.

verage SOC over time for all EVs at bus 2 and 6. It confirms that
he controller was not affected by errors in SOC estimation. This
appens because the SOC error is coming from measurement noise
hich is small and can be positive and negative which makes the

ccumulated error over time too small as well. Hence, it will not
ave much impact on the controller performance.

. Conclusion

This paper presented an effective and practical communication-
ree EV charging controller. The control technique uses fuzzy logic
o ensure fairness among the different EV’s connected at differ-
nt parts of the system as well as commitment with the voltage
onstraint regulation in the distribution network. Several practical
onsiderations and operating conditions in the distribution net-
ork were addressed, including different loading conditions and

ystem reconfiguration. The sensitivity of the controller to errors
s the state of charge estimation is also tested. The simulation
esults show the robustness of the controller under different con-
itions varying from light loading to normal loading conditions and

rom simple to significant reconfiguration. Moreover, the outcomes
nsure the effectiveness of the controller in the presence of voltage
ontrol units connected to the system such as capacitor banks. Also,
he controller performed well in the presence of the distributed
eneration units such as wind turbines.
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