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Abstract— In this paper, an implementation of solar
photovoltaic (PV) array powered grid connected,
residential electric vehicle (EV) charger is presented,
which caters the need of an EV, household loads and the
grid. The charger is enabled to operate autonomously
using a PV array for providing an uninterruptible
charging and power to householdloads. However, in the
absence of the PV array or insufficient PV array
generation, the grid connected mode of operation is
presented. Moreover, the charger is supported with the
synchronization and seamless mode switching control,
so that the charger automatically connects/disconnects
from the grid without disturbing the EV charging and
household supply. The charger is also enabled with the
vehicle-to-grid (V2G) active/reactive power support to
the grid and vehicle-to-home (V2ZH) power transfer for
supporting the local loads in an islanded condition. The
charger is also controlled to operate as an active power
filter for achieving the wunity power factor (UPF)
operation and total harmonic distortion (THD) of the
grid current within 5%. Moreover, for achieving energy
management, a dc-link voltage regulation based energy
management strategy is used and a sliding mode control
(SMC) is used for regulating the dc-link voltage. For
satisfactory operation under distorted voltage
condition, a second-order generalized integrator
frequency locked loop with dc offset rejection (SOGI-
FLL-DR), is used to generate the sinusoidal reference grid
current. The charger is designed for a single-phase
230V, 50Hz grid and it is experimentally validated in the
laboratory.

Keywords— Electric vehicle, bi-directional charger,
solar PV generation, reactive power, power quality.

I.  INTRODUCTION

In the current scenario, the electric vehicle (EV) is
emerging as a promising solution to the problems caused
by fossil fuel- powered vehicles [1]. However, the
adaptability of EV depends on the charging infrastructure
[2]. The charging of EV requires a huge amount of electrical
energy, which mostly comes from coal/ gas-based power
plants. Therefore, in a true sense, the EVs can be a green and
clean alternative to the present transport system when the
electrical energy required for the charging of EV, comes
from the renewable energy sources such as solar, wind etc.
[3]- The advantage of this kind of charging station is that
the PV array power is generated and used locally. Because

of this, the transmission lines need not be upgraded for the
high power. Moreover, the charging station does not require
todraw power from the grid when the cost of energy is high.
Another advantage of PV array-based charging station is
that it is not location-specific. Ma et al. [4] have proposed
the use of office building and parking area for laying down
the solar PV panels, as these solar PV panels also work as a
shed and prevent the heating of the vehicles and buildings.
Therefore, the use of PV array-based charging station not
only avoids overloading ofthe grid, but it also minimizes the
operational cost of the charging station. Moreover, the
coordinated operation of the PV array and EV mitigates the
impacts of PV generation on the utility, and it eliminates the
problems caused by the solar PV generation intermittency
[5].

Therefore, many researchers have contributed their
work for developing the PV array-based charging station.
Gunter et al.

[6] and Satpathy et al. [7] have proposed the PV array and
wind energy-based grid connected system. Marra et al. [8],
Saxena et al. [9], Monteiro et al. [10], Tran et al. [11], and
Tazay et al.

[12] have reported the implementation of the PV array-
based EV charging station. However, in the literature, a dc-
dc converter (mostly boost converter) is used to connect
the PV array to the dc link. In this paper, the solar PV array
is directly connected to the dc link. The major advantages of
this topology, include the reduction in one power stage
through the elimination of dc-dc converter stage, circuit
complexity and the cost of the converter, without
compromising the performance of the PV array. Moreover,
this topology is a kind of retrofit solution wherein the PV
array can be augmented to the existing charging
infrastructure with minimum change in the software
(maximum power point tracking control algorithm) alone.

However, if the charger is used only for charging the EV,
the charger remains idle for at least 50% of the lifetime.
Therefore, the converter of the charger has to be used for
other tasks to improve the operational efficiency of the
charger when the EV is not connected for charging. There
are many functionalities proposed in the literature such as
the four-quadrant operation of charger, vehicle-to-home
operation using the EV battery and active filtering etc. [13].
However, in the available literature, different converters
and controls are used for different modes of operation.
Moreover, the charger operation is restricted by the grid
availability (islanded or grid connected operation), types of
mode switching among different operating modes

!seamless or discontinuous! and these conditions affect the
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operational efficiency of the charger. Many efforts are
being made to develop an integrated system with the
capability to perform the above functionalities, which are
beneficial to the grid, household loads and the EVs [14].
Kikusato et al. [15] have proposed a framework for the
charge/discharge management of EV battery using the
forecasted information of home and grid management
system so that the PV array power is utilized maximally
and very less power is drawn from the grid. Sun et al. [16]
have proposed the strategy for minimizing the residential
energy cost considering the driving pattern and the
vehicle-to-grid (V2G) power transfer in EV integrated PV
array and battery-based residential microgrid. Bhamidi et
al. [17] have proposed the optimal planning and
operational strategy of residential microgrid participating
in demand side management. Yang et al. [18] have
reported a strategy for distributed coordination of EV
charging with renewable energy in the microgrid of
building. Chaudhari et al. [19] have proposed a have
developed a chance-constrained based control strategy
for microgrid and the integrated EV. Turker et al. [21]
have minimized the charging cost of the EV using vehicle
to grid and vehicle to home functionality. Erdinc et al. [22]
have proposed a smart household operation with
bidirectional EV and energy storage. However, from the
review, it is observed that the recent literature is
dominated by the

control and single topological structure. Table I shows a
comparison of the presented charger with the current
literature. Therefore, in this paper, a household load
integrated, grid connected solar PV array-based
multifunctional EV charger is implemented with the
combined control for achieving the satisfactory operation
of various functionalities such as i) PV array MPPT
without dc-dc converter, ii) four-quadrant operation of
charger (V2G/G2V), iii) V2H with nonlinearload,

iv) active filtering, v) islanded/grid connected operation,
vi) synchronization (automatic mode switching), vii)
MPPT energy management in the overall system. Jafari et al.
[26] have proposed a novel predictive fuzzy logic based
energy management system for a grid-integrated
microgrid, in which the controller utilizes the long term
data of the system and predicts the energy generation,
demand and the cost of the In the rule-based approach,
the operation of the microgrid is decided by the heuristic
rule. However, the drawback of the heuristic-based rule is
that the rules are microgrid specific. Therefore, it is not
possible to design the generalized rules. The centralized
optimization [44] based energy management system uses
the day-ahead forecast to optimize the microgrid operation.
However, due to the high variability and uncertainty in the
renewable generation, load and limited forecast accuracy,
the day ahead scheduling cannot provide good

performance. The droop control based power management
scheme is also popular in microgrid [38], [45]. However, the
selection of the droop gain for a wide range of operation is
critical. To improve the gain tuning of the droop controller,
low bandwidth communication is used. However, due to the
low bandwidth of the communication channel, a delay
introduces in the signal, which affects the gain tuning. Lin et
al. [37] have proposed the distributed power management
strategy for the multiple paralleled bi-directional
interlinking converter. However, in this paper, a dc-link
voltage regulation based energy management scheme is
proposed, which uses only present dc-

voltage information for effective energy management.
ver, it does not require any communication
medium to

share the information. Therefore, this method is simple,

cheap, reliable and easy to implement for the residential

microgrid. Whereas the schemes presented in [46]-[47],

require the past information, present information and

information about other constraints affecting the system.

However, the effectiveness of the energy management

scheme depends on the promptness and accuracy of the
dc-link
for dc-link voltage regulation, so that both dynamic and
steady- state performances of the system are improved.
SMC is known for its excellent dynamic response and
strong robustness to disturbances and uncertainties, such
as unknown variations of control variables and system
parameters [51]. The main contribution of this work
involves assimilating various functionalities such as i) PV
array MPPT without dc-dc converter, ii) four-quadrant
operation of charger (V2G/G2V),
iii) V2H with nonlinear load, iv) active filtering, v)
islanded/grid connected, vi) synchronization (automatic
mode switching), vii) MPPT derating, viii) PCC voltage
correction, in a single EV charger configuration, without
the need of additional dc-dc converter for PV array,
thereby reducing the cost of charger and improving the
reliability of the charging and household supply. The
advantage of this system is that a single system meets the
requirements of household load, EV and the utility. The
main features of this system are as follows.

e The use of PV array energy for EV charging and powering
the household load, simultaneously in islanded and grid
connected mode.

e Development of robust control strategy for generating a
sinusoidal voltage at PCC, with total harmonic distortion
(THD) less than 5%.

e The use of EV battery energy for supplying the
household load uninterruptedly in islanded mode using
vehicle-to-home (V2H) functionality.
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TABLE I: STATE OF ART ON SOLAR PV ARRAY BASED EV CHARGER

S. References PV array |Four V2H Activ Islanded |Synchroniza| MPPT|PCC
No. without | Quadran| with |e / Grid tion Derati | Voltage
dc-dc t nonlin | Filteri | Connected | (Automatic | ng Correcti
Converter | Operatio ear ng Mode on
n load Switching)
(V2G/G2
V)
1 [23],[12],[27],[10]],[11],[29 No No No No Grid No No No
1,[38],[4 Connected
2 [24 No No No No Both Yes No No
3 [25],[26] No No No No Both No No No
4 [9] No No No Yes Grid No No No
Connected
5 [28],[30],[31]],[32],[33],[35 No Ye No No Grid No No No
S Connected
6 [34] No No Yes No Both No No No
7 [36],[37] No No No No Islanded No No No
8 [39] No No No No Islanded No Yes No
9 [40] No Ye Yes No Both Yes No No
s
(1) Proposed system Yes Ye Yes Yes Both Yes Yes Yes
s

e Design of control for synchronizing the grid and PCC
voltage and logic for generating the switch enabling logic
(E) for a seamless transition between islanded to grid
connected mode.

e Active power filter operation using VSC, so that the
charger does not pollute the grid.

e On-demand vehicle-to-grid (V2G) reactive
capability using the VSC and the EV battery.

e In grid connected mode, voltage and current always
comply with the IEEE-519 standard.

¢ Capability to operate under distorted voltage condition.

¢ A dc link voltage regulation based energy management
strategy for all operating modes.

¢ A sliding mode control based robust dc-link voltage
regulation, so that the energy management scheme
performs its aforementioned tasks.

power

Il.  SYSTEM CONFIGURATION
The circuit topology of the presented charging system is shown
in Fig. 1. This system is a single-phase bi-directional
charger for an EV that integrates the solar PV array directly on
the dc-link of the VSC. This system charges the EV battery

using the solar PV power/the grid power and feeds the solar
PV

/ EV battery power into the grid. This charger is a two-
stage charger, i.e. a bi-directional ac-dc conversion followed
by the bi-directional dc-dc conversion stage. The ac-dc
stage converts the input ac voltage into the dc voltage while
charging the EV battery and works as an inverter to change
the dc voltage into the ac voltage while feeding the solar PV
power and EV power into the grid. The EV battery is
connected to the output of the bi-directional dc-dc
converter (BDDC). The dc-dc converter in this charger
accomplishes the various tasks. While charging the EV
battery, the dc converter works in buck mode and operates

Here PPV, PEV, Ph and Pg are solar PV array power, EV
power, household load power and grid power, respectively.
In this expression, the positive power represents the
supplying of power, and negative power represents the
consumption of power. This means that the EV and the grid
can both supply and consume power. In grid connected
mode, the charger undergoes the transient caused by the
change in solar irradiance, household load and EV charging
current. The change in the PV array power only affects the
grid power and the charging/discharging of the EV battery
and household supply should not be affected.

Therefore, a series of events occur to achieve the energy
equilibrium in the system during irradiance change.
Solar irradiance T — Ppy T} — power at DC link T
— Ve TV — Ve regulation — 1p TL — i 1L —i :
Similarly, with the change in EV charging/discharging, the
solar PV array power and the household supply remain
unaffected, and the series of events for energy management
during this transient, are as follows,

()

charging power T} — 1 g, T\ — power at DC link 4
e
conversion — Vg 41 — Vg regulation » 1, TL a5 i TL 80 T

In standalone mode, the energy management in the steady-state
condition is given as,

Pp\/i PEV_ Ph: 0
in boost mode while discharging the EV battery.

(4)
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Similar to the grid connected mode, the solar irradiance
and household load change also disturb the energy
equilibrium in standalone mode. However, the EV battery
PVarray |y
5

lg
—_—

V, I

* o ¥ 1E
230V, 50 Hz
single Phase

Supply

~ A Pk of3

Bidirectional AC-DC  Bidirectional DC-DC
Converter Converter

Fig. 1 Circuit topology of the charger

The maximum generated power from the solar PV array.
The charger is connected to the grid through the coupling
inductor (Lc). It is needed to eliminate the harmonics and to
smoothen the grid current. A ripple filter is also connected
at the PCC (Point of Common Coupling) to prevent the
injection of switching harmonics generated by the VSC into
the grid.

I1l. ENERGY MANAGEMENT STRATEGY

The energy management strategy of this charger is based
on the regulation of constant dc-link voltage. The flow-
chart of energy management under different operating
conditions is shown in Fig. 2. The energy management in
steady-state under grid connected mode is given as,

Pyt PgtPy—Pp=0

1)

compensates for all disturbances in the power, as the dc-link
voltage is controlled through the EV battery. Under the solar
irradiance change, energy management is achieved as,

Solar irradiance T\ — Ppy T — power at DC link T

— Vg L — Vy regulation — | -1
EV EV

(5)

Under household load change, energy management is achieved
as,

i, T\ — power at DC linkPpy 4T —V4 ¥ (6)

— V regulation »> 17 T 51 T
dc EV EV
IV. CONTROL ALGORITHM

The control objective is to charge the EV and supply the
household load uninterruptedly irrespective of any
disturbance. Therefore, the control is designed such that
the multifunctional operation is achieved. The control is
mainly divided into islanded and grid connected mode
(GCM) as shown in Fig. 3
However, the vehicle-to-grid (V2G) active and reactive
powers, vehicle-to-home (V2H) modes are covered in these
two main controls. Moreover, the combined bi-directional
dc-dc converter control for both islanded and grid
connected modes are also discussed.

A. Grid Connected Mode Control

The purpose of GCM mode is to regulate the dc link
voltage and the control the grid current for controlling the
active and reactive power flow, thereby generating the
switching pulses for the VSC. The sliding mode control
(SMC) and VSC control are explained as follows.

1) Sliding Mode Control of dc Link Voltage

In this work, SMC is utilized for regulating the dc-link
voltage and maximum power point tracking (MPPT) of the
solar PV array. The dc-link voltage regulation is also
required for the MPPT of the solar PV array, as in single-
stage topology the

Y
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v Vv
MPPT is achieved by regulating the dc-link voltage at the  voltage of the solar PV array. The MPPT algorithm

estimates the reference dc-link voltage (Vdc*) at which the

peak power of the solar PV array is extracted. However, in the
absence of the solar PV generation, the dc-link voltage is

. active current estimation using

regulated at a specific voltage (360V).
chattering cannot be fully eliminated with the used SMC

SOGI-FLL-DRC Uy

dc link voltage and
MPPT control

Due to the presence of (c+8)sign(S) in (16), the chattering
phenomenon may appear with the used SMC control. The
control. However, the chattering has been restricted to a
certain frequency by defining the lowest allowable steady-
state error by defining the value of § such that the (0+6)
does not become very small. Since o is a positive constant,
the 6 is defined as,

_ [II I

1 V<04V
2) VSC Control in GCM

0.1v
(17)

VSC control is shown in Fig. 3. Due to the non-linear
household loads and the EV, the grid current contains
harmonics. Moreover, the power factor (PF) also
deteriorates. Therefore, for improving the PF and ensuring
the grid current
THD within 5%, a second-order generalized integrator-
frequency locked loop with dc rejection capability (SOGI-
FLL-

DR) [54] is used to estimate the fundamental load current
so that the reference current becomes free of harmonics.
Fig. 3 shows the extraction of fundamental active load
current Using reference active grid current (ip) and
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component through sample hold with ZCD (Zero Crossing
Detector). The expression for the active current estimation
is given as [54],
i keos®
ip

3= 5?_'_“;. +ﬁ.'4'.1;':|.‘|': (1)
h o

FT@ (k)
i

Where ih and ihp are loads and fundamental load currents.
m & frequency, k is a gain, which decides the speed of
estimation, ko is the dc rejection coefficient, and A is
frequency estimation coefficient.

Using (16) and fhp, the total active current is estimated as,

L=1-1,

5 - (19}
The amplitude of the reactive current (/g) of the reference
grid current (i ), is obtained on the basis of reference

reactive power command (@ref] and it is given as,

2x0
=

[= (20)

Where Vi is the amplitude of the PCC voltage (vs).

The real (Ip) and reactive (Ig) components are multiplied
with the in-phase (ut) and the quadrature-phase unit
template (qt) to
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obtain instantaneous reference active grid current (ip) and
instantaneous reference reactive grid current (ig), and it is given
as,

(21)

L,=1,xu,, i;=1,%q,

The in-phase (ur) and the quadrature-phase unit template (qy) are
obtained using the foIIowirv; expressions,

u= "9 _Yu (22)

" Ve Vi

Where vgp and vgq are the in-phase and quadrature-phase voltage
of PCC voltage (vg) and Vi is the amplitude of the PCC voltage.
These two (vg and vs) voltages obtained using the SOGI-
FLL- DR algorithm become free of harmonics, so that the
estimated unit templates also become sinusoidal. Using vpg

and vgq, the Vtm is obtained as,

(23)

reference reactive
grid current (ig), the total reference grid current is obtained
as,
=i+ (24)
9 p q
This reference grid current (i,”) is compared with the sensed
grid current (ig) and the hysteresis controller generates the
triggering signals for the VSC.

B. VSC Control in Islanded Mode

In islanded mode, the objective of the integrated system
is to charge the EV and supply the household load
autonomously using the PV array energy. Moreover, the
V2H power transfer is utilized to feed the household load
in the absence of the PV array energy. In islanded mode, the
VSC is controlled to operate as an inverter to supply the
load as per the control shown in Fig3
For this, the controller generates the voltage using the
reference frequency and reference voltage as shown in Fig. 3
Using the sensed voltage and the reference voltage, the
pulses for the VSC are generated. While operating in the
islanded mode, the charger needs to be connected to the
grid for two-way
power exchange. Therefore, it is required to match the PCC
voltage, frequency and phase, to the grid voltage, frequency
and phase. So that the connection to the grid becomes
seamlessand
automatic. Therefore, the controller estimates the phase
angles of the PCC voltage and grid voltage and calculates
the phase error between two voltages. The PI controller is
used to minimize the phase error between two voltages.
The PI controller translates the phase error information
into error frequency. Using the error frequency, the
controller generates the reference voltage of corrected
frequency. As soon as, the phase of two voltages matches
to each other, the controller generates the enabling
signal for the bidirectional switch as per the switching
logic shown in Fig. 3.
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C. Bi-directional dc-dc Converter Control

The combined control of the bi-directional dc-dc
converter for islanded and grid connected is exhibited in
Fig. 4. In GCM, the EV battery is charged in constant
current/constant voltage (CC/CV) mode and the cascade PI
controller loop is used to control the charging of the EV
battery. The outer PI controller controls the terminal
voltage of the EV battery and gives the reference battery
current for the current control. The reference current
using a PI controller is given as,

16,0 = o 1)+ kY @V (1 <} + KV (1428

Where Veve is the dc-link voltage error and kpv, kiv are the
gains of the PI controller.

For V2G power transfer, the reference current for
discharging the EV battery is given by the user. The point to
note here is that the sign of reference EV current for V2G
mode is opposite of the G2V mode. Now using the
reference EV current and the sensed EV currents, the error
in the EV current is calculated and the inner PI control gives
the duty cycle of the bi-directional dc- dc converter. The
duty cycle is calculated as,

de (r) = o (r 1) + k| @L—1 (r 5} + KV (1)i(26)

Where Ieve is the current error and kpi, kii are the gains of
the controller.

In islanded mode, the bi-directional dc-dc converter is
used to regulate the dc-link voltage. Moreover, the MPP of
the solar PV array is also achieved by regulating the dc-link
voltage. For this, the MPPT algorithm gives the reference
voltage of the dc-link for the MPP operation. However, in
the absence of the PV array (V2H), the dc-link voltage is
regulated at a specified voltage (V" =360V) as shown in Fig.
4. In this condition also, cascaded PI control is used whose
outer loop regulates the dc-link voltage and the inner loop
controls the EV charging/discharging current. The
expressmn of the outer loop is given as,

(r)—I (r 1)+k {V (r) V (r 1)}+kV (@7

Where Vde is the voltage error. However, the gains of the
controller are kpd and kid.

Now, (26) gives the duty cycle using reference and the
sensed current. After this, the PWM generator gives
switching signals for the converter.

V. RESULTS AND DISCUSSION

The EV charger designed for single-phase 230V, 50Hz
grid is shown in Fig. 5. The open-circuit voltage and short
circuit current of the solar PV array is 460V and 10A,
respectively. However, the maximum power point voltage
and current are 396 V and 9.5A, respectively. The lead-acid
battery of 240V, 35Ah is used as an EV battery in the
experimental prototype. The implementation of the
charger is carried out using the digital controller (dSPACE-
1006). For the implementation of the control algorithm,
the digital controller requires various (voltage and
current) signals of the charger. Therefore, various voltage
and current signals (analog) are acquired using the Hall
Effect based voltage (LEM LV-25P) and current (LEM LA-
55P) sensor. These signals are converted into digital
signals using an analog to digital converter (ADC). The
digital controller uses the digital signal to implement the
control algorithm and to generate the switching pulses for
VSCand dc- dc converter.

The performance of the charger is shown in Figs. 6-13.
The performance of the charger is evaluated in both steady-
state and dynamic conditions. The steady-state
performance of the charger is presented for the case when
the solar PV array energy is used to charge the EV, feeds the
local household load and supports the grid with surplus
power. The dynamic performance of the charger is
presented for various operating modes in both islanded
and grid connected conditions. During implementation, the
solar PV array power (PPV), the power drawn from the
grid (Pg), and the power drawn from the EV (PEV), are
considered positive. However, the power fed into the grid,
power drawn by the load and power drawn for EV
charging is considered negative.

A. Steady-State Performance of Charger

Fig. 6 shows the experimental results in a steady-state
condition. The steady-state behaviour of the charger is
presented for the GCM, when the solar PV array power
(Ppv) is used for EV charging, powering the local load and
supportlng the grid with the surplus power.
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dc bus voltage and MPPT control in islanded mode
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Fig. 4 Combined control strategy for bi-directional dc-dc
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Fig. 6 Steady state performance in grid connected mode,
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Figs. 6 (a)-(b) show that the solar PV array is generating
3.77kW. Out of 3.77 kW, 0.8kW is taken by the household
load (Ph) and 0.95kW is used by the EV for charging.
Remaining 1.91kW is fed into the grid at UPF. The voltage
(VPV), current (IPV) and power (PPV) of the solar PV array
are shown in Figs. 6(a)-(b). The voltages, currents and
powers of the load and the EV battery are shown in Figs. 6
(c)-(d) and Figs. 6 (j)-(k). The voltage (vg), current (ig), and
power of the grid (Pg) are shown in Figs. 6 (e)-(f). The
charger is not injecting any voltage and current harmonics
into the grid as shown by the grid voltage (vg), grid current
(ig) and load current (ih), total harmonic distortion (THD)
in Figs. 6 (g)-(i).- Moreover, it is also not drawing any
reactive power from the grid as justified by the unity
displacement power factor (DPF) operation of the charger
in Fig. 6 (f). Fig. 6 (1)-(m) show the VSC parameters.

B. Dynamic Performance of Charger

The islanded mode of the charger is presented to show
the charger capability to operate autonomously using the
solar PV array energy for providing the charging facility to
the EV and supply to the household load. During the
islanded mode of operation, the household load changes
along with the solar irradiance. Therefore, the charger
performance under these disturbances is presented in Fig.
7. Initially, the solar PV array charges the EV and feed the
household load as shown by the negative EV current in Fig.
7(a). However, after some time, the solar PV array
generation (Ppv) becomes zero. Therefore, to feed the load
uninterruptedly, the EV battery starts discharging, to
support the home loads, as shown by the positive battery
current (lev) in Fig. 7 (a). This mode is called vehicle to
home. Fig. 7 (b) shows the voltage generated at the PCC
(vs) using the charger. Moreover, the non-sinusoidal load
current (ih) is also exhibited in Fig. 7 (b). Fig. 7(b) exhibits
that during solar irradiance change the PCC voltage (vs),
load current (ih) and dc-link voltage (Vdc) are undisturbed.

The islanded operation under load change is shown in
Figs. 7(c)-(d). Here, the load is changed in step over a
wide range. The dc-link voltage is maintained by the bi-
directional dc-dc converter, the load change is
compensated by the EV battery. Because of which, the EV
battery charging changes with the load change. However,
the solar PV array generation (Ppv) and the dc-link
voltage (Vdc) are not affected by the load change. Fig. 7(d)
also shows that the connection/disconnection of the
household load is not disturbing the PCC voltage. Fig. 7 (d)
shows that when the load is disconnected, the whole solar
PV array power (Ppv) is stored into the EV battery.
However, the MPP operation of the solar PV array is not
affected.

In Figs. 7 (e)-(f), the solar irradiance is changed in steps,
keeping the household constant. Initially, with the
increase in solar irradiance, PV power increases. As a
result, the power stored in the EV battery also increases to
maintain the active power balance. However, when the
solar irradiance 1is increased from 500W/m2 to

1000W/m?, the solar PV array generation does not
increase because the controller increases the reference dc-
link voltage to achieve the MPPT derating as the charging
rate of EV is restricted by the controller as shown in Fig. 7.
The charger operates in grid connected mode either due
to the excess power generation or power scarcity. In both
cases, the charger exchanges the power with the grid at
unity power factor. However, in grid connected mode also,
many disturbances occur during the operation. Therefore,
the stable operation of the charger under these operating
condition is required. The behaviour under the load
perturbation in GCM is shown inFig.
8. In grid connected mode, the dc-link voltage is regulated
by the voltage source converter of the charger, therefore,
the load change only affects the grid power. Here, the load
is changed in steps and the corresponding change in grid
power (Pg) can be seen in Fig. 8(a). The reduction in load
current (ih) is causing an increase in grid current (ig) as
shown in Fig. 8(b). However, the PV array current (/pv) and
the EV charging current (lev) are not affected by the load
change. The same is justified by the undisturbed PV array
(Ppv) and the EV power (Pev). The voltage across the dc link
(Vdc) is also regulated during the load change. The
performance under solar irradiance change is shown in
Figs. 8(c)-(d). Due to the change in the solar irradiance
level, the PV array generation (Ppv) changes. Since the
household loads and the EV charging should not be
disturbed by the irradiance change, the grid power (Pg)
changes to maintain the power balance. The solar
irradiance is changed in step from 1000W/m? to
700W/m2, 700W/m2 to 300W/m? and so on. Due to this,
the grid power (Pg) becomes both positive and negative.
That means, at 1000W/m?, the excess generation is
supplied back to the grid. However, at 300W/m?, the
power is drawn from the grid. The EV power (Pev), load
power (Ph) anddc-link voltage (Vq) remain undisturbed.

In GCM, the EV charger participates in demand based
active power exchange with the grid. Therefore, the EV
voluntarily takes active power from the grid or discharges
some of its stored energy to the grid as shown in Figs. 8 (e)-
(f). Due to the charging /discharging of the EV battery, the
grid power (Pg) changes without affecting the PV array
generation (Ppyv) and the load supply (Ph). Figs. 8(e)-(f)
show the step change in the battery current (ley) from
charging to discharging. Due to the discharging of the
battery, the grid current (ig) increases. However, the PV
array current (Ipv) and the dc-link voltage (Vdc) remain
unaltered. Therefore, from the dynamic results, it is
observed that the charger operation in grid connected and
islanded mode are not affected by the disturbances.
Moreover, it is also perceived that one type of perturbation
is not interfering with the operation of another component.

Fig. 9 shows the V2G reactive power performance at
Pg=0kW. Due to the step-change in the reference reactive
power (Qref) from 1kVAR to -1kVAR, the grid current (ig)
becomes leading from lagging. Moreover, the dc-link voltage

© 2022,IRJET | ImpactFactor value: 7.529

ISO 9001:2008 Certified Journal | Page 1060



"/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 09 Issue: 07 | July 2022

www.irjet.net

p-ISSN: 2395-0072

(Vdc) remains undisturbed.

Fig. 10 shows the harmonic compensation and PCC
voltage correction capability of the charger. Fig. 10 shows
that the grid current (ig) is the same as load current (ih)

without harmonics mitigation using VSC. However, it is
observed that the grid current (ig) becomes sinusoidal
after harmonics compensation. The current (is) of VSC is
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Fig. 8 Dynamic performance in grid connected mode, (a)-(b) under change in household load, (c)-(d) under change in solar
irradiance power, (e)-(f) under change in charging/discharging of EV battery

leading from lagging. Moreover, the dc-link voltage
(Vdc) remains undisturbed.

Fig. 10 shows the harmonic compensation and PCC
voltage correction capability of the charger. Fig. 10

However, it is observed that the grid current (ig)
becomes sinusoidal after harmonics compensation. The
current (is) of VSC is shown in Fig. 10. Moreover, it is
observed that the PCC voltage (vg) profile also

shows that the grid current (ig) is the same as load improves due to compensation
current (ih) without harmonics mitigation using VSC.
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C. Comparison of dc Link Voltage Regulation Using PI
Control and SMC Control

Fig. 12 shows the dc-link voltage (Vdc) regulation
capability of the PI controller and SMC under the step
change of 50V in reference dc-link voltage (V* ). From Fig.
12, it is observed that the SMC is faster in regulating the
dc-link voltage ascompared the PI control.
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Performance Comparison of SMC and PI Control at Sudden
Change in Charging/Discharging Current of EV

Due to sudden variation in EV current (ley) from
discharging to charging, the dc-link voltage (Vdc) is not
regulated with the PI cogtrol, as shown in Fig. 13 (a).
However, the SMC control has regulated the dc-link voltage
(Vdc) at the sudden change, as shown in Fig. 13 (b). Since
the PV array MPP operation depends on the dc-link voltage
regulation at MPP voltage; the PV array does not operate at
MPP due to the steady-state error in PI control. Moreover,
it also changes under the sudden change in EV current.
However, with SMC, the steady-state error is always zero
and it also does not change with EV current change.
Therefore, it always operates at MPP.

VI. CONCLUSION

An integrated charger with solar PV array, household load
and grid has been implemented using the IGBT switches
based converters, solar simulator, EV battery, dSPACE
(1006) controller and the test results have verified the
simultaneous EV charging and household supply in both
islanded and grid connected modes. From these test results,
it is observed that this charger is performing its specified
task of EV charging, supplying local loads and maintaining
the power quality at the grid side. Moreover, the islanded
operation with voltage THD less than 5% and vehicle to
home operation using solar PV array is also verified. The
demand-based reactive power support and the active
power filtering using VSC are also validated through test
results. The smooth transition from islanded to grid
connected mode and vice versa are verified by test results.
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