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1. INTRODUCTION

The concern over the environment due to the greenhouse gases emitted by the conventional internal
combustion engine (ICE) vehicles is the major factor that accelerates the growth of the electric vehicle (EV)
industry at a sustainable level. On the other hand, the prospect of the EV has initiated the integration of the
electrical power and the transportation systems in a way that has not been conceivable before. The main link
between the two sectors is the charging of the batteries. Charging stations fall into four basic contexts:

1.1. Residential Charging Stations

The EV users plug in when they return home, and their car recharges overnight. A home charging
station usually has no user authentication, no metering, and may require wiring a dedicated circuit. Some
portable chargers can be wall mounted as a charging station.

1.2. Charging While Park

A commercial venture, offered in partnership with the owners of the parking lot. This charging may
be slow or higher speed, and encourages EV users to recharge their car while they take advantage of nearby
facilities. It can include parking stations, parking at malls and small centers.
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1.3. Charging at Public Charging Stations
These chargers may be at rest stops to allow for longer distance trips. They may also be used regularly
by commuters in metropolitan areas, and for charging while parked for short or longer periods.

1.4. Battery Swaps or Charging in Less than 15 Minutes

It is achievable with EV battery swaps and Hydrogen Fuel Cell vehicles. It intends to match the
refueling expectations of regular drivers. This had been possible due to the reasons that battery capacity and
the capability of handling faster charging are both increasing.

By fitting the charging stations that are roofed by PV arrays, the electrical power to charge the EV
can be derived [1, 2]. In large number of instances, particularly during the daytime working hours, the EV is
parked idly in the parking area under the exposure of the full sun. The application of PV to charge the EV has
been further enhanced by the advancement in the power conversion technologies, battery management systems
as well as the improved installation practices using proper design standards [3-5]. The increasing research
interest in the field of EV charging using PV can be observed from Figure 1, which shows the statistics of
articles published per year in reputed database [6].
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Figure 1. Number of published papers each year in the field of PV—EV charging (indexed in Scopus) [6]

Over the years, numerous EV charging methods using PV have been proposed. However, only two
approaches appear to be viable: (1) using the combination of PV and the grid and (2) using only PV as the
source. By far, former is the more popular; it uses the PV power whenever possible, but switches to the utility
grid when the PV power is unavailable. For latter, the charging is carried out using the PV only, i.e. without
any interconnection to the utility grid [7].

With the growing interest in this topic as shown in Figure 1, it is timely to compile all the related
works, to update their status, and to present it as a single reference. Admittedly, it is very difficult to ensure a
fair benchmarking for each method, as every researcher designs the charging system according to his own
hardware, available EV and different environmental conditions. Furthermore, the control schemes or
algorithms are tested on different PV system, i.e. power ratings, technologies, size, etc. Thus, this paper is not
meant to be seen as an effort to rank the charging methods based on their merits and performance.

To facilitate the readers in going through the paper, the outline is given as follows. In first part, the
background on the EV is briefly discussed. Then a brief overview of PV system is given. Then it includes
various PVV—grid and PV—-standalone EV charging approaches with their salient features. Finally, some main
features of battery management system (BMS) are also presented. In the conclusion of the paper, the future
trends on PV charging are highlighted. It is hoped that the data collected in this paper will be an important one—
stop foundation of information for researchers who wish to work in this area.

2. EVOLUTION OF EV
EV is widely referred to an electrically driven vehicle which uses one or more electric motors for its
propulsion. It may include an electric car, train, lorry/bus, motorcycles/scooters etc. In this paper, however, the
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definition of EV is limited to the hybrid electric vehicle (HEV), plug—in hybrid electric vehicle (PHEV) and
purely battery electric vehicle (BEV). A surprising fact which is not known to many is that the EV was built
and driven much earlier than the internal combustion engines (ICE) vehicles [8]. The first EV was
commissioned in 1828 and experienced the peak development in late 19th century. However, at the beginning
of 20th century, with the advances in ICE with its longer driving range, shorter refueling time, good refilling
infrastructure and cheaper gasoline price, contributed to a dramatic decline on the production of the EVs [9,
10]. In general the EV offers several advantages such as no vibration, smell, noises and ease of gear changes
relatively to gasoline vehicle. The resurgence of the EV in the late 20th century is primarily due to the major
concerns on the impact of the ICE to the global warming and the rapid upwards trend in the price of oil. With
the recent technological advancement in battery technology, power electronics, converters, control and
microelectronics, the EV is expected to make serious inroads to the motor industry.

3. PV SYSTEM

Photovoltaic is the technology that uses solar cells or an array of them to convert solar light directly
into electricity [11, 12]. The most widely used PV arrays/modules are based on poly— or mono—crystalline
technology [13]. However, recently, thin film is getting more popular, especially for large PV systems [14].
Despite their lower efficiency, thin film cells are easier to manufacture, more cost effective and exhibit better
performance at higher temperatures. Other technologies include the Hetero—junction with Intrinsic Thin layer
(HIT) [15] and multi—junction cells [16]; but they are not used for general applications owing to their much
higher cost. A typical commercial module is rated between 200-300W with an open circuit voltage of about
20-30 V. The modules are arranged in series strings to achieve the required working direct (dc) voltage; for
EV charging applications, this voltage is in the range of 200-500 V, depending upon the type of EV. To
increase the array power, several series strings are connected in parallel. The main impetus for the PVV—based
charging station is the consistent drop in the module price. This can be related to the fact that in a typical PV
project, the module comprises approximately 60—-70% of the total investment; thus, the overall cost is very
vulnerable to the price of this component.

4. PV-EVCHARGING APPROACHES

In this section, two PV charging concepts, namely the (1) PV—grid and (2) PV-standalone, are
presented. The PV—grid charging has the advantage that during insufficient solar irradiance, the EV can be
continuously charged by means of the utility (grid) supply [17]. It is also more flexible because in the absence
of EV (to be charged) the PV power can be injected to the grid. On the other hand, the PVV—standalone is more
beneficial in remote areas for example islands or deserts where utility supply is not available or too costly [18,
19]. Its configuration is simpler due to less power conversion stages needed.

4.1. PV-Grid Charging

4.1.1. General

Invariably, EV charging imposes an additional loading to the electricity grid [20-22]. This is because
the current drawn from the grid, particularly for fast charging EV, can be very large. Furthermore, if the
charging takes place during peak hours, the owner may have to pay a high premium for the tariff. Because the
grid is the principal dynamic entity in any electrical power system and hence its burden should be controlled
by proper way [23, 24]. To offset this burden, a PV—grid charging system is proposed [25]. From the grid
operator’s perspective, the availability of PV power translates to reduced spinning reserve requirements and
greater grid stability [26]. Due to its multi—purpose capability, the PV—grid charging stations are attracting
more interest from the EV community [27].

A typical PV—grid EV charging system (excluding the PV array and utility grid) has three main
components, namely (1) an MPPT dc—dc converter (i.e. dc to dc power converter with a built—in MPPT), (2) a
bi—directional dc charger and (3) a bi—directional inverter. A typical set—up for this configuration is shown in
Figure 2 [28]. The dc common bus provides a convenient point for the integration of all associated components
[29]. Its voltage varies for different systems, but 200-400 V range is typical. The MPPT dc—dc converter,
which is usually based on the buck—boost or boost topology, is used to harvest the maximum power from the
PV array. The PV voltage is further conditioned so that it can be transferred efficiently to the dc bus. The dc
charger is used to control the voltage and current so that it suits the EV that is being charged. It also has bi—
directional power flow capability.
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Figure 2. The PV—grid charging system for EV [29, 30]

The bi—directional inverter has dual functions: if the power on the dc bus is to be fed back to the grid,
it behaves as a dc—ac converter (i.e. in inversion mode). On the other hand, if power needs to be drawn from
grid to charge the dc bus, it has to be configured as an ac—dc converter (rectification mode) [31].

4.1.2. Practical PV-Grid Charging Systems

With the new features adopted by various researchers in charging schemes, the system becomes more
flexible and is able to increase the battery lifetime [32]. This is achieved by introducing the battery management
system, which is necessary to avoid the battery from overcharging and hence increasing battery life.
Furthermore, with the expected proliferation of the smart grid topologies [1], the charger is adaptable and can
be integrated in the utility systems quite readily. There are also efforts to introduce the vehicle-to—vehicle
(V2V) and vehicle-to—grid (V2G) concepts, as mentioned in [33-35]; whilst it may be useful for immediate or
emergency charging, cautions have to be exercised with regards to the possible shortened battery life. Adding
an additional battery storage unit in the system [17, 19] is also beneficial to reduce grid burden, but at the
expense of initial investment and maintenance.

In [36, 37], the authors proposed a charging system where a dc—dc charger transfers the charging of
EV from PV to grid during the last 20-30% of the charging phase to avoid the battery from experiencing
unexpected PV output variations.

Another work in [2], proposedan extendable system having multiple charging ports with different
levels (variable) of voltage output. Therefore, it can accommodate different types of EVs. The power control
is done using the dc—dc converter and the algorithm unlike [37], which uses solid state relays for the same
purpose. Grid tied dc—ac inverter and ac—dc rectifier are used instead of using bi—directional inverter[38].

On other place in [30], the authors used bi—directional dc—dc charger capable of operating in three
modes. (1) mode 1: to charge EV battery only, (2) mode 2: to charge battery and support grid to control any
variation in inverter’s output and (3) mode 3: when battery is fully charged, the charger provides a support to
grid to stable inverter output. Authors used single bi—directional inverter unlike using two converters as in [2].

The authors in [33, 34] proposed an intelligent fuzzy logic based smart charging system for parking
lots. It manages energy in real time using forecasting models for PV output power and EV power requirement.
For accurate prediction, hourly data, which have been collected over 15 years, are used. The system sets the
charging priorities and the rate of charging. The charging priorities depend upon charging requirements of the
EV like SOC and time of stay etc. While the charging rates depend upon predicted PV output power, EV power
demand and grid energy price.

The reference [39] proposed a dc micro-grid consists of the PV, theand battery bank, and the grid. In
the proposed system, the PV is coupled directly to the dc link without a static converter to reduce the control
complexity. Also, a real-time rule-based algorithm is proposed to manage power among the PV, the battery
and the grid. Here grid is taken as a backup and given last priority to charge the EV.

4.2. PV-Standalone Charging Systems

The PV-standalone charging refers to the charging of the EV solely by the PV power, i.e. without the
involvement of utility (grid) [40, 41]. It is more efficient due to fewer power conversion stages [37, 42].
However, the PV array must be large enough to fulfil the charging requirement for the designated number of
EVs [43]. There are two ways to achieve the charging goals: (1) direct PV to the EV and (2) with an
intermediate battery bank, placed in between the PV and the EV. The block diagrams for these two approaches
are shown in Figures 3 (a) and (b), respectively. Both need a dc charge controller to ensure that the voltage
suits the requirements of the EV. In the first approach, the power obtained from PV array is used directly to
charge the EV battery. Clearly, the disadvantage is when the PV could not supply enough power to charge the
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EV, and then the charging is compromised. Despite this fact, the set—up is simple; only one charge controller
is needed — which is similar to the stand—alone PV system configuration. On the other hand, the intermediate
storage battery bank approach enables the excess energy to be stored and to be utilized later when the PV power
is unavailable because electrical energy is the lifeline of domestic, industrial, agricultural and approximately
every field of life and should not be wasted by any cost [19, 44, 45]. Although this is more advantageous, the
initial investment cost for the battery bank may not be feasible. In certain cases, battery storage is connected
to in between the PV and the EV to filter the abrupt changes in the PV output power [46].

PV arra:
4 Electric Vehicle

= 5

(@)

PV array

Energy Storage Unit Electric Vehicle

Charge Controller

(b)

Figure 3. PV-standalone charging system (a) without battery, (b) with battery

4.2.1. Charging Operation

The main component of the standalone PV charging system is the charge controller. Basically it is a
dc—dc converter with MPPT capability, with a special role to regulate the PV voltage so as to ensure the
charging current is optimized [47-50]. Whilst different researchers propose various types of charge controller
circuits, the primary components are shown in Figure 4 [51]. It comprises of two parts: (1) a voltage comparator
which determines the magnitude of current that is appropriate for a proper charging operation [52] and (2) the
MPPT block to extract the maximum power from the PV. The current reference generated by the voltage
control loop is dynamically limited to have an upper value equals to the MPP current.

PV array Electric Vehicle

Vbatt

\Voltage controller
with anti-windup

Figure 4. Main building block of a PVV—standalone charge controller

The dc—dc converter can be thought of as a controlled current source that injects a given amount of
current i into the battery. The injection depends on the deviation in the battery voltage from a set reference
value Vyarrer. The MPP current referred to the output (inductor) side of the dc—dc converter is dynamically
calculated by the MPPT algorithm as a function of the instantaneous irradiance, temperature and battery
voltage. It is important to note that the voltage control loop will produce a large reference current due to the
accumulation of error at normal operation under MPPT due to its integral action.To prevent output windup
when the over—voltage control action starts, an anti—-wind up is implemented to reset the integral output. For a
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more sophisticated charge controller, intelligent battery management system is included to improve the
charging mechanism.

4.2.2 Practical PV-Standalone Charging Systems

To avoid the charging system from overloading and to synchronize the charging load with the
availability of PV energy, the authors in [53], proposed a first-in—first-out (FIFO) algorithm to manage the
charging queue in the parking lot. In another work [54], the authors introduced an adaptive PV-standalone
system to utilize maximum available solar energy. To compensate for the partial shading and to avoid the
problems arising from it, they use flexible switching matrix (FSM), Flexible String (FST), Flexible PV Module
(FPVM) and Adaptive String (AST). The switching methods are controlled by an intelligent system that
dynamically changes the interconnections of the system by sensing the shading conditions on the PV array.

In [18] an additional battery bank is included in the system similar to the one shown in Fig. 3 (b). This
bank consists of a second—hand partially degraded lithium batteries. The purpose of using second life batteries
is to keep the system’s cost lower. To make proper and optimal use of these second life batteries, a Battery
Management System (BMS) is also included. The roles of BMS shall be described in the next section.

An innovative EV charging system using hybrid energy storages is introduced in [21]. It includes
batteries, super—capacitors and fuel cells. By utilizing more energy sources, the availability of energy and thus
reliability of the system can be improved [18, 55]. The authors used two control algorithms; the first is used to
interface between batteries and fuel cells, while the second manages the power between super capacitors and
batteries.

5. BATTERY MANAGEMENT SYSTEM (BMS)

When an EV is plugged—in for charging, its battery’s SOC is checked and continuously monitored to
avoid overcharging. This is carried out by the battery management system (BMS). If charging system has V2G
capability [33, 34], then over—discharging is also monitored using BMS. In addition, the SOC data can be used
to forecast the remaining battery capacity; the results are used to predict the distance that can be covered by
the EV. In the PVV—grid charging system, the BMS controls the switching between the grid and the battery bank
for charging the EV when the PV has insufficient power as demonstrated by [17, 56]. In the PVV—standalone
charging, the BMS can be used to regulate the battery voltage and to disconnect the battery from the PV when
the latter produces current more than allowable maximum charging current [18, 57].

Obviously, the energy capacity of a single battery cell is inadequate to drive the traction motor. The
EV battery commonly needs thousands of single cells, packed in series/parallel connections, to form a battery
module[58]. Since the Li—ion cells are sensitive to charge and discharge, they can neither be overcharged nor
over discharged. Overcharging of batteries causes the temperature of different cells to rise unevenly which
leads to the difference of voltage among each cell (cell imbalance). This increases its temperature. If not
controlled, the available capacity of battery is decreased and its life-time is shortened. Figure 5 shows the
location of the BMS in the EV system and its key operational parameters. The voltage, the current and the
temperature are the key operational parameters that are continuously monitored to protect the cells [59, 60].
The BMS comprises of sensors, switches and controllers.

EV battery
dc
charger
\
T
Battery
Management Microprocessor
System
(BMS}

Figure 5. Key operational parameters in BMS
The microcontroller algorithm executes various functions, namely (1) to determine the battery’s SOC,
(2) to perform cell balancing and (3) thermal management. An accurate estimation of SOC is very important
to prevent from unintentional depletion [61]. The extremely high or low SOC may lead to permanent damage
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in the battery. Since no direct method is available to measure SOC, it is estimated from the current, the voltage
and the temperature measurements [61]. Several algorithms are used for the estimation, namely the Open
Circuit Voltage (OCV) [62], Coulomb—counting (or A-h counting), Battery Model-Based [63], Neural
networkand Kalman filtering methods [64].

The problem of imbalance among the cells worsens with time as the weak cells charge less effectively
while the stronger cells charge faster [65]. The cell-balancing of the BMS functions to protect the cells by
performing charge equalization among the cells. The most common approach is to interrupt the charging and
discharging process, in order to avoid the battery cell from reaching its maximum and minimum allowable
state of charge. The three main methods are (1) End of charge method, (2) Active method and (3) Passive
method.

The cell imbalance phenomenon and the open circuit voltage of cells are usually varied in accordance
to the temperature difference. Hence, the temperature of the battery should be continuously monitored and
regulated to prevent the damage of the cells.

6. CONCLUSION AND FUTURE WORK

This paper is written to provide an overview on the technology, the operation and the status of the
available PV charging methods. With the expected high incursion of EV into the grid system, the issue of PV—
grid integration with the charger will be more demanding. It is envisaged that more sophisticated energy
management system is required to manage the charging stations for large number of EVs. The main issue is to
avoid grid interruptions when several EVs are simultaneously plugged into the system during very short period
of time. At the same time, it is important to optimize the EV charging based on the availability of the PV power,
real time electricity demand and tariff structures. Furthermore, the safe charging procedures using battery
management system need to be maintained to ensure long life of the EV batteries. The integration of various
energy sources (besides the PV), for example fuel cell, wind turbines and stand—by battery to the smart grid is
also a possible area to be investigated. Although this integration increases the capital cost, it may be economical
when long term running cost is considered. These are interesting topics that provide exciting further research
opportunities in this area.
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