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Abstract During the last few years, assessment and evaluation of power quality index due to large-scale penetration
of electric vehicles in the system have gained significant
attention. Voltage unbalance in the low voltage distribution
network is amongst the main power quality issues caused
by electric vehicles and therefore it has been quantified and
analyzed in this paper. A CIGRE benchmark model of low
voltage distribution network is taken as test network and
simulations are performed on a sample urban power distribution network. An electric vehicle grid integration and its
charging model is implemented in Simulink. Results for two
charging strategies including uncontrolled charging and tariff
based electric vehicle charging under different electric vehicle penetration levels and uneven charging scenarios have
been obtained. The presented results show that an uneven
EV charging scenario can cause significant voltage unbalance that goes beyond its allowed limit of 2 %.
Keywords Electric vehicle charging · Distribution
network · Power quality · Power converters

Introduction
A typical electric vehicle (EV) is equipped with a battery
bank which stores energy of some tens of kWh [1,2]. Furnishing EVs with required amount of power may start from
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1.6 kW single phase on-board charging at home to tens of
kW for fast charging [3]. In case of charging an EV at
home indicates most probable addition of heavy single phase
loads in the residential low voltage (LV) distribution network.
Nonetheless, a large-scale penetration of EVs may negatively affects distribution network multifariously because of
their high demand of electrical energy and it may lead to
unwanted peaks in the power consumption and consequent
power quality issues including increased power flow in power
cables, transformer overloading, voltage drop, voltage unbalance (VU), harmonic contamination and etc [4,5].
Recently, some considerations have been made to discuss
limitations of power system for EVs charging [6–13] and
it can be considered in terms of technical as well as economic concerns where, deterioration of the power system
components represent economic issues. There are different
power quality parameters to be quantified including, voltage
unbalances, harmonic contamination, frequency variations,
voltage drop/dip [14] and their indexes are restricted by a
number of relevant standards.
Nature of voltage unbalance can be conceptualized as
unequal magnitudes or phase angles of voltages in a three
phase system (under-voltages or over-voltages) and it can
occur in both; an urban residential distribution network,
where heavy single phase loads are imposed, and in rural
distribution system with fairly long power distribution lines
[15,16]. Presence of negative sequence voltage components
leads to large amount of current unbalance of the order of
6–10 times of voltage unbalance percent due to low negative
sequence impedance in a power circuit [17]. Consequently,
an excessive flow of phase currents may cause circuits of
overload-protection to trip and it may also deteriorate cable
insulation which results in latter’s reduced lifespan [18].
Some of its common effects include increased losses, extra
heating effects, vulnerability of the system to faults because
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an unbalanced system might not be capable of feeding loads
properly [19]. Therefore, it becomes quite important to identify and determine the presence of VU in a circuit in order
to deal with it timely for trouble free operation of the power
system and the connected loads.
This paper aims at summarizing and determining a power
quality index, voltage unbalance in a three phase distribution system, associated with uneven EV charging. Focus of
this paper is on an urban residential LV distribution network.
The distribution system is based on the CIGRE LV European benchmark configuration. The distribution network is
analyzed and tested under uncontrolled charging scheme and
tariff based charging strategy with different penetration levels of EVs under two different Scenarios A and B. In the
tariff based EV charging strategy an EV is assumed to be
recharged during off-peak hours and uncontrolled EV charging is carried out on “whenever and wherever needed” basis.
Additionally, a substantial increase in the load on distribution
network may certainly cause a need of network reinforcements to bear the EV charging load with minimum power
quality problem and thus a suggestion for network reinforcement is also given in the paper. In view of complex charging
and discharging characteristics of battery, it is important
to design the battery model accurately which could ensure
reliable operation of the battery. This paper presents EV
charging model implemented in Simulink. The EV charging
is controlled via a DC/DC converter employed with constant
voltage strategy.
The paper is organized as follows; types of EV charging
schemes including uncontrolled EV charging scheme and
tariff based charging strategy are described in “Uncontrolled
EV Charging” and “Tariff Based EV Charging” section
respectively. Suggested network reinforcement for connection of EVs while possibly containing voltage violation
is given in “Network Reinforcement for Connecting EVs”
section. Explanation of the system under study, urban residential low-voltage distribution network, is given in “System
Description” section. EV charging model and corresponding control strategy are explained in “EV Battery Charging
Model and its Control”. “Voltage Unbalance and Relevant
Standards” contains description of voltage unbalance, its relevant standards and EV penetration scenarios. Simulation
results are given in “Simulations” and the paper is concluded
with discussion in “Discussion and Conclusion” section.

assumes electricity tariff to be constant for all day/night.
Because, they are not given advantage of economic tariff
during valley hours even when the grid operating conditions are flexible for bearing increase in the economic energy
consumption. In case of large scale penetration of EVs, an
uncontrolled charging strategy is likely to arouse voltage
unbalance and other aforementioned power quality issues.
In this charging strategy, it is supposed that EV charging
is done immediately after a journey is performed, depending
on the state of charge (SOC) of the battery of vehicle. Where,
SOC can be defined as an amount of stored energy (in %) in
the battery. It majorly depends on the distance traveled by an
EV and consumed energy. Mathematically, it can be written
as in Eq. (1) [20]:


d ≤ AE R
1 − AEd R
(1)
S OCbat =
0
d ≥ AE R

Uncontrolled EV Charging

where, PC(h) E V represents power for recharging an EV,
P = 0, Eq. (3) becomes:
putting, E VNr (max) and E VCWt (h)

In the uncontrolled charging strategy, EV charging can be
freely done without any incentives and penalty for charging and restrictions respectively. In this charging plan, EVs
can be connected and charged on the basis of “whenever
and whenever needed”. In this charging mode EVs owner
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where, d is the distance covered by an EV during a day and
AE R represents all ranges of EV.
As it is assumed that EV charging can be done at any point
any time during 24 h so an EV may be charged at home, work
place/offices and public places. Maximum number of EVs
that can be charged simultaneously at all the available charging points in the power distribution system can be formulated
as:
EVs number being charged at hour h can be found as given
in Eq. (2):
E VNr (max) =

24 

t (h)=1


S
P
P
E VCHt (h)
× E VP L
+ E VCWt (h)
+ E VCPt (h)
(2)

where E VNr (max) is the maximum number of EVs to be
S is the EV charging at home at
recharged at hour h, E VCHt (h)
P is the EV charging at work place/commercial
hour h, E VCWt (h)

P is the EV charging at public place
center at hour h, E VCPt (h)
at hour h, and E V P L is the EV penetration level.
Sum of the power drawn from an LV distribution network
for recharging all ranges of EVs can be expressed as in Eq. (3)
and power required to charge E VNr (max) can be calculated
using Eq. (4):

PE VNr (max) = E VNr (max) ∗ PC(h) E V

PE VNr (max) =

24 

t (h)=1

(3)


S
P
E VCHt(h)
∗ PC(h) E V ∗ E V P L
+ E VCPt (h)
(4)
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where PE VNr (max) is the active power required to charge
E VNr (max) .

Tariff Based EV Charging
In this EV charging strategy an EV is assumed to be recharged
when grid operating conditions are some favourable, on contrary of uncontrolled charging in which EVs were free to be
recharged anywhere, any time. As price of electricity is not
fixed all the time, so EV owners can be informed about the
instant tariff so that they are attracted to recharge their vehicles during valley hours. However, optimality of this charging
strategy depends on EVs driver’s willingness that whether
they are attracted by low tariff policy or not and in this way
a part of the load of EV charging may be shifted towards
optimal operating conditions. An objective of the optimal
charging strategy is to minimize likelihood of strain on the
power grid by urging the EV drivers to recharge their vehicles during valley hours. In this charging strategy amount
of power drawn at hour h could be preferably either less
than the required total charging power (as compared with
uncontrolled EV charging) or equal to that. In this charging strategy high price tariff is considered during peak hours
between 13:00 and 20:00 h of a day and low tariff is observed
for the rest of time of 24 h [21].
Depending on the willingness of the EV driver to avail
low tariff at hour h, amount of power required to recharge all
ranges of EVs at a residential unit and public points is given
in Eqs. (5, 6) and total power drawn from an LV distribution
network for charging E VNr (max) can be expressed as given
in Eq. (7).
PE V H S ≤
Ct (h)

24 

t (h)=1

PE V P P ≤
Ct (h)

24 

t (h)=1

PE VNr (max) ≤

24 


t (h)=1


S
E VCHt (h)
∗ PC(h) E V ∗ E V P L

(5)


P
E VCPt (h)
∗ PC(h) E V ∗ E V P L

(6)


S
P
E VCHt (h)
∗ PC(h) E V ∗ E V P L
+ E VCPt (h)
(7)

It should be noted that in case of large-scale penetration of
EVs, given that economic signal is provided to consumers,
if large number of EVs are connected for recharging at the
same time then it could also cause the utility grid to reach its
beyond normal loading condition.

Network Reinforcement for Connecting EVs
In order to reinforce a distribution network for connection
of EV charging load, multidimensional measures can be

taken to enhance resilience of the distribution system such
as using main fuses of bigger size, enlarging power cables,
up-gradation of power circuits and or implanting additional
distribution transformers to split a circuit to avoid technical violations [22,23]. A traditionally used method for
network reinforcement is about extension of the network
while building secondary substation closer to load center or
using enlarged power cables and such reinforcements may
incur heavy costs and ecological problems due to installation of new and heavy power cables. Generally, network
reinforcement costs are driven by scale of violations in terms
of voltage due to demand growth. In order to ensure voltage
levels within allowed limits, new transformers may be used
in a circuit and the pertaining cost can be found using Eq. (8)
[24].
C Rein f. = Pt + N Cnet. + Cunit

(8)

where, N Cnet. represents assets (circuits with addition of
new transformers), Cunit stands for cost of a unit, and Pt
is a proportion of network. A network reinforcement with
addition of new transformer could provide an opportunity
to raise voltage level in a part of the circuit and then it
may be stepped down near load point. Raising a voltage
level to around 1 kV and then lowering it to 0.4 kV with
a suitable transformer may be a cost effective reinforcement
method. The raised voltage level may be used for weaker
portion of the network and suitable transformers be placed
near point of consumption for lowering voltage to an appropriate level. However, insertion of new transformers must
comply with standard regulations of the utility. It should
also be taken into account that the transformer could equalize load among three phases of the system as it is always
important for with respect to position of a consumer. In
fact, the strategy could be more useful in rural zone distribution networks where a few consumers are connected
to fairly long power cables. Cost of the reinforcement of
an LV network depends on various factors including distance between medium voltage (MV) network and point of
consumption, network location i.e., urban, rural or industrial and present condition of the existing network. This
paper considers two types of network reinforcement including reinforcing power cables and inserting new transformers
with raised voltage level from 0.4 kV. Directives of European Electricity Distribution Investments state information
about investments for reinforced cables of the network and
extracting the same information about suitable transformers
from [25] helps estimates the reinforcements costs for the
second case. Cost for the reinforcement based on raised voltage level at a certain segments of the line with appropriate
transformers is found to be 34 % less than that of reinforced
cables.
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MV Distribution System: 20kV Line-to-Line

System Description
The sample system under consideration for measuring the
content of unbalanced voltage in the LV distribution network is based on low-voltage European distribution systems
devised by CIGRE Task Force C6.04.02 [21]. Two scenarios are taken into account with unequal distribution of EVs
load on each phase of the 3-phase power system. As per
low-voltage European distribution systems, sample systems
include an urban residential distribution system. The benchmark LV distribution network represents a real world LV
distribution system which is more user friendly and flexible for testing and analysis of distributed energy resources
integration. The benchmark system consists of three distinct feeders including residential, commercial and industrial,
however, this paper deals with only LV residential feeder.

R0

Load
Bus
Supply Point

R1

35m

Ground/Earthing
Plate

R2
R11
30m

30m

R4

LV Distribution System: 400V Line-to-Line

R3

R12

R13

30m
30m

R15
R5

R14

35m

R16
R6

Urban Residential Distribution System
R7

In the urban feeder it is assumed that the load on all three
phases of the feeder is equal before additional load of EV.
Capacitance of the cables are ignored due to the cables of
short lengths. The segment of connection cable, that connects
load buses to the main LV feeder, has standard length of 30 m.
The distribution topology is shown in Fig. 1. The transformer
rating is 300 kVA with 20 kV and 400 V on its primary
and secondary sides respectively. Information about number
of consumers (households) at each node of the distribution
system, relevant peak demand of each consumer group and
the contribution of each consumer to the maximum demand
of the feeder are specified in Table 1. The peak demand of N
number of consumers is calculated using Eq. (9).

G (Consumer gr oup) = C F

N


sin (X a )

(9)

a=1

where X a represents power demand of an individual consumer and C F stands for coincidence factor. The coincidence
factor is computed using Eq. (10).

C F = 0.6 1 +

1
N

35m

R8
35m

R9

35m

R18
30m

R10

Fig. 1 Configuration of urban residential distribution system

EV Battery Charging Model and its Control
In view of complex charging and discharging characteristics
of battery, the most popular and commonly used battery LiIon is considered here. Presently, state of the art models are
combination of run time based models and Thevenin models
[26]. A block diagram of EV integration with the grid is given
in Fig. 2 and a model of battery charger is shown in Fig. 3. It
is composed of a bi-directional DC/DC power converter, that
enables two-way power transfer capability, with two switches

AC/DC Converter

Bidirectional DC/DC Converter

(10)

Parameters and specifications of the underground cables
in the distribution network are as follows; an average mutual
impedance measured in Ω K m between nodes R1 and R2,
nodes R3 and R11 and nodes R9 and R17 are 0.1855+j0.1445,
0.3343+j0.3898 and 0.1905+j0.7557 respectively and the
respective lengths of the line segments are 30, 35 and 30 m.

Battery

C dc

Grid
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30m

Control

Fig. 2 EV integration scheme

Control
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+

V oltage unbalance f actor (%) =

Sbc

√
1 − 3 − 6β
√
1 + 3 − 6β

≈
Cdc

Lb

Rb

V2
∗ 100
V1
(11)

Battery

where,
Vb

Sbs

β=
Fig. 3 EV battery charger configuration
Lnom

vs

Rnom

is

AC/DC
Converter

io
Switching C
Signals

is
PWM
Generator

isref
Normalize

is
Conventional
Controller

Repetitive
Controller

vs

Load

vs
iP

Vdc
Vdc

PI Controller

Vref

Fig. 4 Control scheme for AC/DC converter

(IGBT) controlled by a complimentary controller [27,28]. In
discharging mode of the battery with V2G concept, switch
Sbs operates, the converter acts in boost mode, it increases
the voltage Vb and current Ib in the inductor L b and it flows
towards capacitor Cdc . On the other hand, in case of battery
charging process, the converter acts as a buck converter when
switch Sbc is ON and Ib rather flows in opposite direction
from capacitor to the inductor for recharging EV battery.
For the control of the converter and of the battery charger
two control circuits are needed; one is for AC/DC converter
that deals with power exchange between the grid and battery
charger and the other is for battery charging control. The
control scheme of double loop structure is represented in
Fig. 4 that contains an inner current loop and outer loop for
voltage. An elaborated description of the control method can
be found in [29,30].

Voltage Unbalance and Relevant Standards
As there are numerous definitions of voltage unbalance in
a power circuit, so this section describes the definition of
voltage unbalance, which is under study in this paper and
the relevant standards for its restriction. According to [36],
it is the ratio of the negative sequence voltage component to
the positive sequence voltage component present in a three
phase power circuit”. Mathematically it is given in Eq. (11).

4 + V4 + V4
Vab
ca
bc
2
2
2
2
Vab + Vbc + Vca

where, V1 and V2 represent positive and negative sequence
voltage components respectively. As EVs charging load is
not evenly distributed on the three phases power system so it
may contribute to widen the difference of loads among each
phase of the system. This can result in different voltage drops
between different phases of the system and causes unbalance
voltages amongst the load buses.
In this paper, voltage unbalance factor (VUF), caused by
uneven single phase EV charging, is studied and computed
while considering two different EV penetration Scenarios A
and B of unequal single-phase EV charging.
Scenario A: In this Scenario, load of EV charging on each
phase is as follows; 50 % load is on phase “a”, phase “b” bears
30 % load and phase “c” is subjected to 20 % EV charging
load.
Scenario B: In Scenario, distribution of load of EV charging on each phase is as follows; 80 % load is on phase “a”,
phase “b” bears 20 % load and phase “c” has no EV charging
load.
It may be noted that in the considered scenarios, it is about
to demonstrate possible voltage unbalance problem that may
appear due to any highly uneven distribution of EVs load on
different phases in the LV distribution networks. Division of
EVs charging load, on the load buses in the system, is taken
in proportion to the number of households (consumer group)
connected on the corresponding node.
The European Norm EN 50160 defines the limit in terms
of negative to positive sequence voltage components only,
as these components are truly relevant if there is turbulence
on the load connected to the distribution system. According
to this standard, for a period of week, the 10 min mean rms
values of the voltage unbalance should not be more than 2 %
under normal operating conditions. In case of unbalanced
supply voltage another standard EN 61000 defined by EMC,
for LV characteristics, sets the limit to 2 % only [37]. ANSI
C84.1 suggests maximum voltage unbalance to 3.0 % under
no-load conditions. However, as per European norms, EN
50160 and IEC 61000 are considered the most relevant standards for EV requirements and these are used as reference
[38,39].
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Simulations
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4

8

12

16

R15
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33

R16

48

68

R17
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14

R18

21
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20

24

Fig. 7 Voltage drop on node 15 under Scenario B
60
without EVs
EV−PL: 50%
EV−PL: 60%

45

Power (kW)

9

16

Time (hours)

Peak load
(kVA)

R11

24

1.06

Table 1 Load parameters of the urban distribution system
Number of
households

20

Fig. 6 Voltage drop on node load 15 under Scenario A

0.88

Node

16

Time (hours)

Voltage (pu)

The system model is simulated in SimPowerSystems and
PSCAD™/EMTDC™. The battery block is taken from the
toolbox Library of Matlab. In the urban residential distribution system, presence of load on each load bus is assumed to
be in accordance with previously specified loads in Table 1
before addition of EVs load. Effect on the load buses is investigated with addition of EVs load with penetration levels of
40, 50 and 60 % (connecting 24, 30 and 36 EVs respectively),
in an uneven manner as per Scenario A.
The impact of EV charging load in terms of voltage drop
on node 15 for both Scenarios A and B are shown in Figs. 5,
6 and 7. A daily load curve taken from [21] shows the fraction/percentage of maximum power demand as an apparent
power demand of the system as shown in Fig. 5 according to
that EV charging could be done when the load is around 50 %
of the peak load demand during midnight to 13:00 h, the load
curve is observed for whole week without discrimination of
working days or weekends . It could be noticed that amount
of voltage drop mostly occurs during peak load hours. The
voltage drop on the grid goes beyond allowed limit of 0.93
pu at various moments of the day and consequently it causes
voltage unbalance among three phases of the system. Amount
of voltage drop of different load buses during off-peak hours

Volatge (pu)

EV−PL: 60%
EV−PL: 50%

100

30

Apparent power (% of peak load)

15
80

0
60

3

6

9

12

15

18

21

24

Time (hours)

Fig. 8 Rise in power consumption
40

20

0

0

4

8

12

16

20

24

Time of day (hours)

Fig. 5 Daily load curve of the LV distribution network (according to
[21])
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of the load curve are observed to be normal to an extent with
a condition that all EVs are not plugged in at once during
night time.
The number of households in the urban network is 112. As
per assumed EV penetration level, according to which there
would be 27 EVs in the urban area. Addition of EV charging load on each node is kept proportional to the previously
connected load (before connection of EVs) and additional
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Table 2 VUF (%) at different load buses with EV penetration level of 40, 50 and 60 % under Scenario A
Node name

EVs phase

No. of EV
PL: 40 %

R4

a

0

b

0

c

0

R11

R15

R16

R17

R18

a

1

b

1

c

0

VUF (%)

Voltage Unbalance Factor (%)

VUF (%)

0
0.91

0

0.95

1

0

1

a

3
1

4

c

0

1

1

a

6

7

8

b

3

c

1

1.61

4

a

1
0

c

0

0

a

4

5

b

2

c

1

1

1.86

2
1

2

1.5

1

NL: 11
NL: 15
NL: 16
NL: 17
NL: 18

0.5

20

30

2.05

40

50

60

EV Penetration Level (%)

Fig. 9 Voltage unbalances (%) at load buses under Scenario A

load. In fact, when the voltage decreases it causes load current to go higher and an then more voltage falls down further.
Thus, it may result in excessive voltage drop and may limit
the functionality of other sensitive loads. Additionally, rise
in power consumption for a period of 24 h is illustrated in
Fig. 8 for 50 and 60 % EV penetration level. It is observed that
with 60 % EVs in the system, there is nearly 109 % increase
in power consumption, as it changes from 23 to 49 kW. In
view of obtained results, it could be noted that the network
experiences a significant raise in peak load and it most likely

3

4

2.31

2.20

1

1
1.80

2.5

10

4
2.15

1

b

1.51

0

b

2

0.96

1
1.45

0
1.90

VUF (%)

0

1
1.24

No. of EV
60 %
0

0

3

0

No. of EV
PL: 50 %

2
2.25

1

2.30

1
6
2.31

2

2.54

1

to lead to excessive voltage drop and then voltage unbalance
in the system.
The voltage unbalance factor in percent [VUF (%)]
obtained at different nodes of the residential feeder under
Scenario B is mentioned in Table 2 and the relevant result is
shown in Fig. 9. The simulations are carried out again for different penetration levels of 15, 25 and 30 % under Scenario B.
The corresponding obtained results are mentioned in Table
3 and the simulation result, shown in Fig. 10, reveal that the
unbalanced load of EV charging causes the voltage unbalance to exceed allowable limit, only due to EVs load when
EV penetration level is around or above 50 %. In case of, Scenario B, which is a worst unbalanced scenario, an uneven EV
load of only 25 % may cause arise voltage unbalance in the
distribution system. It is noteworthy, that the demonstrated
results of quantified voltage unbalance factor are solely projected due to EVs integration in the system. As no EV load
is connected to node load R4 and R7, so amount of voltage unbalance on them is within normal range, below 0.98 %
which does not pose any issue for the power system or and
the equipment as given in Tables 2 and 3.
It can always be observed that an uncontrolled EV charging is more likely to pose serious negative impact on the
load buses rather a tariff based charging strategy could be of
low detriment for the system. With the tariff based charging
strategy, strain on the distribution system could be avoided
to a limited extent, provided that off-peak hours are observed
preferably in day-time or and within daily load diagram and
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Table 3 VUF (%) at different load buses with EV penetration level of 15, 25 and 30 % under Scenario B
Node name

EVs phase

No. of EV
PL: 15 %

R7

a

0

b

0

c

0

R11

R15

R16

R17

R18

a

1

b

0

c

0

VUF (%)

VUF (%)

0
0.90

0

0.97

1

0

0

a

3
0

3

c

0

0

0

a

2

5

2

b

1

c

0

1.78

1

5
2.30

2.21

0

a

1

b

1

c

0

0

a

0

1

b

0

c

0

1

1.98

0

1

1

2.50

2.35

0

2
1.95

1.51

0

b

0

0.98

3
1.45

0
1.60

VUF (%)

0

2
1.20

No. of EV
PL: 60 %
0

0

3
2.35

1

2.30

0
2
2.25

0

3

Voltage Unbalance Factor (%)

No. of EV
PL: 25 %

1

2.40

0

R17 under Scenario A and at R11, R15 and R17 in case of
Scenario B.

2.5

Discussion and Conclusion

2

1.5

NL: 11
NL: 15
NL: 16
NL: 17
NL: 18

1

0.5

0

5

10

15

20

25

30

EV Penetration Level (%)

Fig. 10 Voltage unbalances (%) at load buses under Scenario B

EV drivers are attracted (by low tariff) and willing to recharge
their EVs during valley hours. However, it should also be
noted that an instantaneous increase in the number of EVs
charging during the valley hours might also cause the system
to overload, leading to provocation of technical issues in the
distribution network.
The presented results shown in Figs. 11 and 12 show
that employing tariff based charging helps contain the voltage unbalance factor within the standard allowed limits as
the VUF is reduced to 2 % at the load nodes (NL) R16 and
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A massive adoption of electro-mobility will significantly
alter the existing power system operations and practices. In
view of expected large-scale penetration of EVs in the near
future demands assessment and evaluation of the impact of
heavy single phase EV load on the power system parameters and the relevant suggestion for possible up-gradation of
the power distribution system. In this paper, a power quality
index is evaluated while identifying related technical issue
under various EV penetration levels and uneven charging scenarios. The presented research approach helps identify the
penetration level of EVs that can be fed with power supply
safely i.e., percentage of EVs that does not pose any negative
impact on the system and or for which distribution system
remains stable within the power quality standards.
In the first step, the distribution network is analyzed and
tested under uncontrolled charging scheme with different
penetration levels of EVs. It is detected that voltage unbalance content does not violate its limits till 50 % penetration
level of EVs in the urban distribution system as per Scenario
A. Then, the percentage of EV integration is increased by
10 % until the problem was detected. An assumption about
critical mass of EVs is expected to increase until the distri-
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Voltage Unbalance Factor (%)

2.5

insertion of appropriate transformers can help contain voltage violation to an extent and that is cost effective too as
compared to traditional reinforcement strategies. It is important to consider that there may be a condition when the power
distribution network is no longer able to support further EV
charging load because of system parameters’ violation in the
operation of network.
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Fig. 11 Voltage unbalances (%) at load buses under tariff based charging as per Scenario A
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Fig. 12 Voltage unbalances (%) at load buses under tariff based charging as per Scenario B

bution system continues to support it without exhibiting any
technical violation. To prove it, another unbalanced scenario
with higher number of EVs has been investigated. According
to Scenario B, a technical violation is sought (voltage unbalance factor) beyond the limits when percentage of EVs of
the total transportation system is only 25 %. It is noteworthy,
that as no EV load in connected to load buses R4 and R7
so amount of voltage unbalance on them is within quite normal range, below 0.98 %. Considering two different charging
strategies demonstrate that the tariff based charging strategy could be of low detriment for the system. The presented
results show that, employing tariff based charging helps contain the voltage unbalance factor within the standard allowed
limits. Additionally, it is found that the suggested technique
for reinforcement of network for connection of EVs that is
based on raised voltage level at certain segments of lines with
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