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a b s t r a c t

Excessive carbon emissions from the current transportation sector has encouraged the growth of electric
vehicles. Despite the environmental and economical benefits electric vehicles charging will introduce
negative impacts on the existing network operation. This paper examines the voltage impact due to elec-
tric vehicle fast charging in low voltage distribution network during the peak load condition. Simulation
results show that fast charging of only six electric vehicles have driven the network to go beyond the safe
operational voltage level. Therefore, a bi-directional DC fast charging station with novel control topology
is proposed to solve the voltage drop problem. The switching of power converter modules of DC fast
charging station are controlled to fast charge the electric vehicles with new constant current/reduced
constant current approach. The control topology maintains the DC-link voltage at 800 V and provides
reactive power compensation to regulate the network bus voltage at the steady-state voltage or rated
voltage (one per unit). The reactive power compensation is realized by simple direct-voltage control,
which is capable of supplying sufficient reactive power to grid in situations where the electric vehicle
is charging or electric vehicle is not receiving charges.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

Electric vehicle (EV) attracts global attention lately and is
expected to receive greater adoption into transportation sector in
most countries due to its major advantage of zero tailpipe emis-
sions. EV was first introduced in the nineteenth century but soon
replaced by internal combustion engine vehicles. The reasons were
the invention of muffler and electric starter, which reduced the
noise of internal combustion engine vehicles and removed the
need of hand crank to start the internal combustion engine vehi-
cles [1]. On the contrary, EVs could travel relatively for short dis-
tance and were much more expensive than internal combustion
engine vehicles. However nowadays, excessive carbon emissions
from internal combustion engine vehicles have triggered govern-
ments around the world to find a solution. The return of EVs is seen
as a promising solution in the effort to reduce carbon emissions, as
well as to prevent dependence on fossil fuel resource.

EVs generally can be classified into three types, which are
hybrid electric vehicles, plug-in hybrid electric vehicles and
battery electric vehicles. In order to study the impact of EVs

interconnection to the power grid, only plug-in hybrid electric
vehicles and battery electric vehicles are considered since these
two EV types can receive charges from power grid. Therefore, from
here onwards, the term EVs are meant to represent plug-in hybrid
electric vehicles and battery electric vehicles rather than hybrid
electric vehicles.

The randomness of EV connected to power network makes the
network planning and operation become difficult. Different possi-
ble charging mechanisms worsen the situation as EV drivers can
choose to use either slow charging or fast charging to charge the
EVs. A few standards are established for EV charging levels, such
as SAE J1772, CHAdeMO and IEC 61851 [2–4]. Slow charging is a
common and inexpensive way to charge an EV without draining
much power from the distribution network. However, slow charg-
ing requires long charge duration to fully charge the depleted bat-
teries of standard EVs, approximately 6–8 h. On the other hand,
fast charging will be more preferable as it only takes 30 min to
charge up 80% of the battery capacity [5]. However, fast charging
drains very high power from the power grid and can stress the
local power grid.

The availability of EV charging network is one of the crucial fac-
tors to realize the roll out of EVs in one country. In terms of prefer-
ence between slow charging network and fast charging network,
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the importance of the latter one is more prominent. Recently, Neth-
erlands planned to build one of the world’s largest nationwide fast
charging network, which consists of more than 200 DC fast charging
stations [6]. People are more willingly to accept EVs if fast charging
network is ready because the charging process will only take up
30 min, which possibly can be even reduced with the development
of EV technology to make it comparable to refueling time.

In the viewpoint of power utility, the roll out of EVs is not favor-
able since EVs need to receive charges from power grid. Many
studies had shown that the interconnection of high penetration
level of EVs to power grid could affect the system operation. The
impacts of EV charging on harmonics [7], power demand load pro-
file [8–10], system losses [11,12], voltage profile [11–14] and
transformer overloading [15,16] have been comprehensively
investigated. The results showed that uncoordinated EV charging
with plug-in simultaneously during the peak demand periods,
could go beyond the safe operating limits of power grid even for
modest level of EV interconnection.

Power network reinforcement and components upgrade are
simple ways to cater for negative impacts of EV charging. However,
this solution requires high investment cost for implementation.
The authors in [17] showed that investment cost can increase up
to 15% of the existing network cost to provide sufficient power
supply if high penetration level of EVs are included into the power
grid. Hence, that is a need to find a more economic and efficient
solution. EVs post challenges to the network operation, but at the
same time, EVs are also potential energy sources. Instead of install-
ing new components to solve the negative impacts of EV charging,
EV itself has great potential to be used as a solution.

EVs have battery storage and charger to control the power flow.
The EV charger can be designed to allow the active power to flow
bi-directionally in between EV batteries and power network. This
concept is called Vehicle-to-Grid (V2G) and has become a popular
research topic recently. V2G helps to level the power demand load
profile and reduce the system losses [18]. In addition, the charger
can be designed with the capability to export reactive power into
the power grid with the use of charger’s DC-link capacitor and con-
trolled switching. Reactive power compensation can provide volt-
age support, power factor correction and reduction in system loss
[19]. Several papers have addressed the concept of bi-directional
charger with different control strategies to solve EV charging prob-
lem [20–23].

This paper presents the design of a bi-directional EV charger
with novel control topology. The switching of charger’s power con-
verter modules are controlled to fast charge the EV, as well as to
provide reactive power compensation for voltage regulation and
power factor correction. The bi-directional EV charger is capable
of supplying sufficient reactive power to grid in all situations.
The rest of the paper is arranged into sections. Section ‘Principle
of bi-directional power transfer’ describes the principle of
bi-directional power transfer. Section ‘Control description and
component modeling’ explains the modeling and control of
bi-directional EV charger as well as EV storage battery. Section
‘System modeling’ shows the system modeling of the test network.
Section ‘Results and discussion’ presents the results and discussion
of study cases with and without reactive power compensation con-
trol. Section ‘Conclusion’ concludes the paper.

Principle of bi-directional power transfer

Fig. 1 shows two buses, Bus 1 and Bus 2, connected by an
impedance of Z\c ¼ Rþ jX. Each bus has an ideal voltage source,
V1\d1 and V2\d2, respectively. Fig. 1 is used to describe the trans-
fer of real power (P) and reactive power (Q) between this two
buses. Both buses are assumed to have the ability to supply and

absorb P and Q. With reference to the direction of current, I12,
the P flow and Q flow can be given by equations, as follows [24]:

P12 ¼
V2

1

Z
cos c� V1V2

Z
cosðcþ d1 � d2Þ ð1Þ

Q12 ¼
V2

1

Z
sin c� V1V2

Z
sinðcþ d1 � d2Þ ð2Þ

By assuming X� R, Eqs. (1) and (2) can be simplified to Eqs. (3)
and (4), as follows:

P12 ¼
V1V2

X
sinðd1 � d2Þ ð3Þ

Q12 ¼
V1

X
½V1 � V2 cosðd1 � d2Þ� ð4Þ

Both Eqs. (3) and (4) consist of voltage magnitudes (V1 and V2)
and voltage angles (d1 and d2). However, change in voltage angles
has more significant effect on real power flow while change in volt-
age magnitudes has more impact on reactive power flow [24].
Table 1 shows the conditions that allow power transfer between
two buses happens.

Control description and component modeling

Bi-directional DC fast charging station

EV chargers can be installed on-board and off-board of the vehi-
cles. On-board chargers are usually small in size and have low
power rating to be used for slow charging. Off-board EV chargers
are built at dedicated locations to provide fast charge service. Fast
charging network plays an important role to promote EVs as fast
charging can minimize range anxiety among EV drivers. This paper
considers a 50 kW off-board DC fast charging station, which has
the voltage rating ranges from 50 to 600 Vdc and current rating
up to 125 Adc [4].

A common configuration of DC fast charging station consists of
power converter modules or more specifically, an AC/DC converter
and a DC/DC converter. One-directional DC fast charging station
rectifies the three-phase AC input supply into DC output. DC/DC
converter is then used to shift the DC output to an appropriate
level, which is suitable to charge the EV battery. Meanwhile, bi-
directional DC fast charging station has controllable power con-
verter modules. The control topology is the key to control the
power flows in both ways between DC fast charging station and
power grid.

Fig. 1. Schematic diagram of two interconnected buses.

Table 1
Conditions of power transfer.

Conditions Power transfer

d1 > d2 Real power transfer from Bus 1 to Bus 2
d1 < d2 Real power transfer from Bus 2 to Bus 1
V1 > V2 Reactive power transfer from Bus 1 to Bus 2
V1 < V2 Reactive power transfer from Bus 2 to Bus 1
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