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Abstract This paper presents a model predictive control

(MPC) for off-board plug-in electric vehicle (PEV)

chargers with photovoltaic (PV) integration using two-level

four-leg inverter topology. The PEV charger is controlled

by a unified controller that incorporates direct power and

current MPC to dynamically control decoupled active-re-

active power flow in a smart grid environment as well as to

control PEV battery charging and discharging reliably. PV

power generation with maximum power tracking is seam-

lessly integrated with the power flow control to provide

additional power generation. Fast dynamic response and

good steady-state performance under all power flow modes

and various environmental conditions are evaluated and

analyzed. From the results obtained, the charger

demonstrates less than 1.5% total harmonic distortion as

well as low active and reactive power ripple of less than

7% and 8% respectively on the grid for all power flow

modes. The PEV battery also experiences a low charging

and discharging current ripple of less than 2.5%. Therefore,

the results indicate the successful implementation of the

proposed charger and its control for PV integrated off-

board PEV chargers.

Keywords Plug-in electric vehicles, Electric vehicle

charger, Photovoltaic generation, Model predictive control

1 Introduction

As the adoption of plug-in electric vehicles (PEVs)

continue to increase, the power grid experiences new

challenges in terms of grid stability, reliability, power

quality and harmonics [1–6]. This has led to extensive

research on bidirectional PEV chargers that feature grid-to-

vehicle (G2V) operations for battery charging as well as

vehicle-to-grid (V2G) operations. V2G operations of bidi-

rectional PEV chargers are highly attractive due to the

potential of PEVs fulfilling the energy storage needs of the

grid and assisting the grid in terms of providing active

power for load leveling, reactive power support, ancillary

services, voltage regulation, harmonic filtering and power

factor correction [7–14]. Supplying reactive power using

on-board chargers that are connected to a distribution

system has some inherent disadvantages, such as the

mobility and the power limitation of on-board chargers

[15, 16]. V2G services using off-board chargers are more

advantageous compared with using on-board chargers since

off-board stations are stationary and are rated at higher

CrossCheck date: 5 March 2018

Received: 28 August 2017 / Accepted: 5 March 2018 / Published

online: 9 May 2018

� The Author(s) 2018

& Adrian Soon Theam TAN

adriantst90@hotmail.com

Dahaman ISHAK

dahaman@usm.my

Rosmiwati MOHD-MOKHTAR

eerosmiwati@usm.my

Sze Sing LEE

ss.lee@soton.ac.uk

Nik Rumzi Nik IDRIS

nikrumzi@fke.utm.my

1 School of Electrical and Electronic Engineering, Universiti

Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia

2 University of Southampton Malaysia Campus, Nusajaya,

Johor, Malaysia

3 UTM-PROTON Future Drive Laboratory, Universiti

Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

123

J. Mod. Power Syst. Clean Energy (2018) 6(6):1264–1276

https://doi.org/10.1007/s40565-018-0411-7

http://orcid.org/0000-0001-5919-2367
http://crossmark.crossref.org/dialog/?doi=10.1007/s40565-018-0411-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40565-018-0411-7&amp;domain=pdf
https://doi.org/10.1007/s40565-018-0411-7


power levels. Hence, the utility grid can compensate

respective stations via an annual agreement [15].

Furthermore, charging stations can be integrated with

renewable energy sources (RES) such as wind or solar with

suitable maximum power point trackers to lessen grid

dependency. PEVs can act as distributed energy storage

units attribute to the large energy reserve of an electric

vehicle battery and the potential of thousands of units

connected to the grid. Hence, by integrating RES with

charging stations, the impact of PEV charging on the

electric grid can be mitigated, while at the same time

helping to achieve renewable portfolio standards

[17–24].

To provide reactive power compensation without

degrading PEV’s battery during charging, several research

works on bidirectional PEV chargers have been reported. A

bidirectional off-board charger proposed by [15] employs

two linear controllers to track reference active power and

reactive power in conjunction with a phase-locked loop

algorithm. The proposed charger is capable of four quad-

rant operations but does not have RES integration, thus

limiting its potential to be self-sufficient. Meanwhile, in a

single-phase on-board bidirectional charger proposed by

[25], proportional-integral (PI) controllers are employed in

AC/DC converters and DC/DC converters to provide

constant voltage and constant current charging as well as

reactive power compensation. However, the proposed

charger is only capable for two quadrants of operation.

Reference [26] proposes a PEV DC charging station using

a neutral point clamped converter. The proposed DC bus

architecture allows the connection of distributed power

systems such as RES and energy storage devices. The grid-

connected converter in the system is regulated using volt-

age oriented control with multiple linear controllers and for

the voltage balancing mechanism, another linear control is

utilized. In a separate study, a unified single-phase and

three-phase control of on-board PEV chargers proposed by

[27] utilizes separate linear controllers with respective

references to provide desired control for grid power flow

and battery charging.

In the aforementioned PEV chargers [15, 25–27], their

control of desired variables as well as the modulation

required to generate the expected voltage are realized using

linear controllers such as PI controllers. In order to fulfill

numerous control requirements, the linear controllers are

cascaded with multiple outer loops that may result in

higher bandwidth for the inner controller loops. Although

this control technique is easy to implement, its perfor-

mance for the whole system is heavily dependent on the

performance of the inner control loop. For this reason, the

parameters of the inner controller must be chosen carefully

to provide system stability at all operating points.

Moreover, the usage of linear controllers leads to more

complicated and time consuming gain tuning [28–30].

In recent years, finite control set model predictive con-

trol (FCS-MPC) has gained greater popularity due to

having several advantages such as fast dynamic response,

easy inclusion of nonlinearities and constraints of the

system and the flexibility to include other system require-

ments in the controller [31–33]. FCS-MPC is an opti-

mization problem where a sequence of future actuations is

obtained by minimizing the cost function. Since power

converters are systems with finite number of states, the

MPC optimization problem can be simplified and reduced

to the prediction of the behavior of the system for each

possible state. Extensive research work has been done on

performance evaluation between FCS-MPC and traditional

linear-based controllers such as the PI controller

[31, 34–41].

In terms of dynamic response, FCS-MPC is slightly

faster and has less overshoot than the PI controller. Fur-

thermore, the PI controller suffers from decoupling capa-

bility between the d and q axes. From the studies in

[31, 37, 41], the current in the q axis is disturbed when step

changes in the d axis current reference are applied. This

coupling is not present in the response of the FCS-MPC. In

addition, FCS-MPC requires simpler implementation as

compared to linear controllers, since saturation of the

manipulated variables, anti-windup protection, decoupling

networks, modulator and tuning of the controller parame-

ters are not required. In addition, numerous research

studies have established that FCS-MPC yields smaller total

harmonic distortion (THD) and smaller mean absolute

current reference tracking error as compared to traditional

linear controllers [31, 36, 37, 40, 41]. Hence, FCS-MPC

could be an excellent alternative for PEV charger control.

However, there is a lack of application of MPC using either

current control or power control in the PEV charger. To the

author’s best knowledge, the MPC of the PEV charger with

renewable energy integration has never been reported.

Motivated to fill this research gap, this paper presents a

model predictive control (MPC) of off-board PEV chargers

with photovoltaic (PV) integration using two-level four-leg

inverter topology. The charger operates in four quadrants in

the active-reactive power planes to achieve multiple

functions (i.e. PEV battery charging, PEV battery dis-

charging for load leveling, providing reactive power sup-

port and acquiring maximum PV power generation). The

control of the four quadrant modes is realized by incor-

porating both direct power and current MPC that dynami-

cally controls the decoupled active-reactive power flow in a

smart grid environment as well as controlling the PEV

battery charging and discharging reliably.

Through implementation of direct power and current

MPC, optimal switching states for the charger is directly
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generated, thus eliminating the need for a modulator. By

adopting direct power and direct current FCS-MPC, the

charger is able to provide higher quality of power and

current with low THD and ripple content for the grid’s

power flow and PEV charging as well as good dynamic

response to the overall system. In addition, using the pro-

posed control strategy, PV generation with maximum

power tracking could be seamlessly integrated with the

power flow control to provide additional power generation

to charge the PEV battery or supplied to the grid, reducing

the grid dependency on the charging station. Detailed

analyses of the proposed system and its control are pre-

sented here. The results show that the charger exhibits fast

dynamic response and good steady-state performance

under all power flow modes and various environmental

conditions. The remainder of the paper is arranged as fol-

lows. Section 2 elaborates on the proposed system topol-

ogy and control algorithm. Section 3 presents the

simulation study of the proposed system and its perfor-

mance analysis. Finally, a conclusion is drawn in

Section 4.

2 PEV chargers with PV integration

2.1 System configuration

Figure 1 shows the circuit configuration of the proposed

PEV charger system with PV integration. The system

consists of two integral stages, AC/DC converter and DC/

DC converter. The AC/DC converter is a three-phase

voltage source converter (VSC). The VSC is responsible

for directing the power flow of the system by controlling

switches S1 to S6 with the help of model predictive direct

power control (MPDPC). Active power can be drawn from

the grid for PEV battery charging as well as additional

power generated by the PV array can be fed back to the

grid seamlessly. At the same time, reactive power support

can be delivered to the grid when requested by the utility

using MPDPC.

Hence, the proposed PEV charger system operates in all

four quadrants of the power plane as illustrated in Fig. 2. In

the meantime, the DC/DC converter controls the PEV

battery charging through switches S7 and S8. A current

MPC is implemented to control battery’s charging and

discharging. When S7 is turned on and S8 is turned off, the

current flows through S7 and the inductor L, thus charging

the battery. When S7 is turned off, the free-wheeling diode

of switch S8 conducts the inductor current back to the

inductor and battery. During this operation, the voltage at

the DC link is stepped down from 400-600 V to 240 V.

Hence, buck converter operation is achieved during

battery charging. Meanwhile, when S8 is turned on and S7
is turned off, the battery current energizes the inductor.

When S8 is turned off, the inductor current flows through

the free-wheeling diode of switch S7, thus sending power

back into the grid. During this boost operation, the battery

voltage of 240 V is stepped up to the 400-600 V range.

Note that active power and reactive power sent from the

grid to the charger have a positive sign and vice versa.

While a negative sign for the battery’s power denotes that

the battery is receiving power from the grid and vice versa.

These notations will be used throughout this paper. A

detailed description of applied MPC can be found in the

next section.

2.2 Predictive control of bidirectional power flow

between AC and DC terminals

Figure 3 shows the control diagram of the MPC of the

proposed PEV charger system. From the diagram, there are

two predictive models in charge of providing the optimal

switching action to switches S1 to S8 of the proposed

charger. The proposed predictive strategy is based on the

fact that only a finite number of possible switching states

are available to the power converter.

The first predictive model is responsible for controlling

the switching of the VSC (switches S1 to S6) to control

active and reactive power flow between the AC and DC

terminals as well as controlling the DC link voltage. First,

the grid phase voltages and phase currents are sampled in
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Fig. 2 Power flow operation of PEV charger
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Fig. 1 Configuration of the proposed PEV charger system
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order to calculate the grid’s instantaneous power for the

predictive model. Since the upper and lower switches of

the VSC are operating in a complementary mode, there are

eight different switching states available, which lead to the

formulation of seven different voltage vectors in the ab
orthogonal coordinates, as illustrated in Fig. 4.

There are a total of six active vectors and two zero

vectors. Voltage vectors generated by the inverter, when

expressed in terms of switching states and DC link voltage

are:

vab ¼
ffiffiffi

2

3

r

Vdc Sa þ Sbe
j2p
3 þ Sce

j4p
3

� �

ð1Þ

where Sa, Sb and Sc are the switching states at each leg of

the inverter. The switching states can be represented in

binary states 1 or 0 at which state 1 indicates that the upper

switch is on and the lower switch is off and vice versa for

binary state 0. Hence, the voltage vectors are represented in

the form of (SaSbSc) as shown in Fig. 4.

In order to produce instantaneous active and reactive

power for the predictive controller, the grid voltages and

currents are first measured. Then, the grid voltages and

currents are expressed in a stationary reference ab frame by

using power invariant Clarke transformation, which is

given by:
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The three-phase VSC is connected to the grid through an

inductor with an inductance of Ls and an equivalent series

resistance (ESR) of Rs. Although the ESR of the inductor is

small and can be neglected, it is taken into consideration

here for more precise control of the power. By applying

Kirchoff’s voltage law at the VSC, the grid voltage, vsab
can be expressed as:

vsab ¼ Ls
diab

dt
þ Rsiab þ voab ð4Þ

where iab denotes the grid current; voab denotes the output

voltage of the converter, all in the ab reference frame.

Thus, the derivative of the phase current components can

be obtained as:

dia

dt
¼ 1

L
ðvsa � voa � iaRsÞ ð5Þ

dib

dt
¼ 1

L
ðvsb � vob � ibRsÞ ð6Þ

The power invariant instantaneous active and reactive

power are given by:

P ¼ vsaia þ vsbib ð7Þ
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Q ¼ vsbia � vsaib ð8Þ

Then, differentiating (6) and (7) yields:

dP

dt
¼ vsa

dia

dt
þ ia

dvsa

dt
þ vsb

dib

dt
þ ib

dvsb

dt
ð9Þ

dQ

dt
¼ vsb

dia

dt
þ ia

dvsb

dt
� vsa

dib

dt
� ib

dvsa

dt
ð10Þ

By considering the balanced sinusoidal three-phase

voltages at grid frequency xs (rad/s) in the system, the

grid voltages can be denoted as:

vsa ¼ vs sin xstð Þ ð11Þ
vsb ¼ �vs cos xstð Þ ð12Þ

Subsequently, the derivative of the grid voltages can be

obtained as:

dvsa

dt
¼ �xsvsb ð13Þ

dvsb

dt
¼ xsvsa ð14Þ

By substituting (11) to (14) into (9) and (10), and

simplifying with (7) and (8), the resulting dynamic models

of the active and reactive power are:

dP

dt
¼ 1

L
ðv2sa þ v2sb � vsavoa � vsbvob � RsPÞ � xsQ ð15Þ

dQ

dt
¼ 1

L
ðvsavob � vsbvoa � RsQÞ þ xsP ð16Þ

Considering the power variation within one switching

period Ts, discretization of (10) enables the calculation of

the predicted active and reactive power at the next

sampling instant Pp(k?1) and Qp(k?1), i.e.,

Ppðk þ 1Þ ¼ PðkÞ þ Ts

L
v2saðkÞ þ v2sbðkÞ � vsaðkÞvoaðkÞ

�

�vsbðkÞvobðkÞ � RsPðkÞ
�

� xsTsQðkÞ
ð17Þ

Qpðk þ 1Þ ¼ QðkÞ þ Ts

L
vsaðkÞvobðkÞ � vsbðkÞvoaðkÞ
�

�RsQðkÞÞ þ xsTsPðkÞ
ð18Þ

Following the principle of MPC, a quadratic cost

function which computes the deviation between the

reference power and predicted power is minimized by

selecting the optimal voltage vector from all of the possible

candidate voltage vectors as illustrated in Fig. 4. The cost

function g1 is represented as:

g1 ¼ P� � Ppðk þ 1Þð Þ2þ Q� � Qpðk þ 1Þð Þ2 ð19Þ

where P� denotes the reference active power and Q�

denotes the reference reactive power. Pp(k?1) and

Qp(k?1) are calculated by using (17) and (18) respectively

for each of the seven possible voltage vectors shown in

Fig. 4. Then, the cost function g1 evaluates the error

between the reference and predicted active power and

reactive power in the next sampling interval. The voltage

that minimizes the cost function g1 and has the smallest

error is selected as the optimal voltage vector and is then

applied to the system.

2.3 Predictive control of PEV for charging

and discharging operations

Meanwhile, the second predictive model in Fig. 3 is

responsible for regulating the charging and discharging of

the PEV battery by controlling switches S7 and S8. A ref-

erence battery power, P�
bat is delivered to the predictive

controller to determine the operation of the DC/DC con-

verter. By setting the battery charging voltage to a prede-

termined level (240 V), the control of the power flow for

the battery could be simplified and achieved with a single

current predictive control to control inductor current IL.

The inductor current, IL is first sampled and its value is

used to predict the inductor current in the next sampling

period. Then, the inductor voltage, VL can be represented

as:

VL ¼ L
dIL

dt
ð20Þ

In order to obtain the predicted inductor current at the

next sampling instant, (20) is discretized and rearranged,

yielding:

VL ¼ L
I
p
Lðk þ 1Þ � ILðkÞ

Ts

I
p
Lðk þ 1Þ ¼ Ts

L
VL þ ILðkÞ

8

>

>

<

>

>

:

ð21Þ

Since there are only two switches involved in the current

predictive control (S7 and S8) and they are working in

complementary mode, there are only two possible voltage

vectors available.

When S7 is turned off and S8 is turned on, VL is equal to

the battery’s voltage Vbat. Conversely, when S7 is turned on

and S8 is turned off, VL is equal to Vbat – Vpv where Vpv is

the PV array’s voltage. Then, the cost function, g2 evalu-

ates the error between the predicted inductor current and

the sampled inductor. Cost function g2 can be represented

as:

g2 ¼ I�L � I
p
Lðk þ 1Þ

� �2 ð22Þ

Finally, the voltage vector that yields the lesser error is

implemented for the current control.
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2.4 Maximum power point tracking of PV array

On the PV array side, a maximum power point tracking

(MPPT) using perturb and observe algorithms is imple-

mented to extract maximum available PV power to feed

into the system. The MPPT algorithm will produce a ref-

erence voltage point V�
pv. The difference between the

voltage reference and DC link capacitor voltage will then

be inserted into a PI controller in order to compute the

reference active power for cost function g1. It is important

to note that the range of PV array’s voltage which corre-

sponds to the maximum power point, VMPP must be within

the range of the DC link capacitor voltage. If the VMPP is

located beyond the range of the DC link capacitor voltage,

an additional buck or boost converter is needed to step-up

or step-down the PV array’s voltage to the appropriate

voltage level in the DC link capacitor.

2.5 Summary of the control algorithm

The control algorithm is comprised of two MPCs to

handle the bidirectional power flow between the AC and

DC terminals and the control of the PEV charging and

discharging. Cost function minimization is implemented as

a repeated loop for each voltage vector to predict the active

power, reactive power, and inductor current values, eval-

uate the cost function, and store the minimum value and the

index value of the corresponding switching state for the

respective switches.

The control of the bidirectional power flow can be

summarized as follows:

1) Sample the input phase current iabc and input phase

voltage vabc.

2) Express those phase currents and voltages in stationary

reference ab frame by using the power invariant

Clarke transformation.

3) Those values are used to predict the active power and

reactive power by using (17) and (18).

4) All predictions are evaluated by using the cost

function g1.

5) The optimal switching state that corresponds to the

optimal voltage vector that minimizes the cost func-

tion is selected to be applied at the next sampling

time.

Meanwhile, the control of PEV charging and discharg-

ing can be summarized as follows:

1) Sample inductor current IL.

2) The sampled value is used to predict the inductor

current by using (21).

3) All predictions are evaluated using the cost function

g2.

4) The optimal switching state that minimizes the cost

function is selected to be applied at the next sampling

time.

3 Simulation results

In order to evaluate the performance of the proposed

PEV charger system, the system is implemented in the

MATLAB/Simulink environment. The system parameters

are listed in Table 1.

3.1 Power flow modes

The proposed system has multiple power flow modes

depending on various system parameters such as the

amount of PV power generated, reactive power demand,

and the power level of the PEV battery. Therefore, the

system is simulated for all possible power flow modes in

order to evaluate its effectiveness and performance. For an

exhaustive study, the system is simulated at its maximum

operating range, i.e. ±10 kW battery active power, ±10

kvar grid reactive power and 12.5 kW to 0 kW PV power.

Table 2 illustrates the various modes of power flow of the

proposed system and Fig. 5 presents the corresponding

simulation results. In order to operate the PEV charger in a

single mode, the active power of the PEV battery, PV

power generation and the grid’s reactive power are set

according to the parameters in Table 2.

From Fig. 5, the simulation starts with mode ‘‘000’’ and

ends with mode ‘‘111’’ and each mode transition is set to

occur every 5 s in the simulation. Mode ‘‘000’’ represents

that the PEV battery receives 10 kW of active power from

the grid for charging, the PV array does not provide any

active power generation while the grid receives 10 kvar of

reactive power. Similarly for mode ‘‘111’’, the PEV battery

supplies 10 kW of active power to the grid, the PV array is

generating 12.5 kW of active power while the grid supplies

10 kvar of reactive power. In these modes, the switches

will operate based on the MPC implemented in the system

that yields the smallest cost function.

The DC link capacitor voltage which corresponds to the

voltage of the PV array, Vpv is determined by the MPPT

algorithm which extracts the maximum available PV

power. As can be seen from Fig. 5, the range of Vpv is

limited to within 400 V to 600 V.

Depending on the state of the PEV battery, the grid

supplies and receives active power accordingly. During the

first half of the simulation (mode ‘‘000’’ to ‘‘011’’), the

PEV battery receives 10 kW of active power for charging.

Since the PV array initially does not provide any power

(modes ‘‘000’’ and ‘‘001’’), the grid supplies 10 kW of
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active power to the battery. Then, the PV array starts to

supply 12.5 kW of power (modes ‘‘010’’ and ‘‘011’’) and

the battery receives the 10 kW of active power required for

charging while the grid absorbs the remaining excess

power from the PV array. Note that from the figure, the

active power of the grid falls from the positive region to

negative region at mode ‘‘011’’ signifying that the grid is

receiving net active power. During the second half of the

simulation, the PEV battery supplies active power to the

grid for the V2G operation and the active power of the grid

further falls deeper into the negative region, signifying that

the grid receives even more active energy. Throughout the

simulation as shown in Fig. 5, the converter is also able to

supply and receive reactive power without affecting the

various active power transfers within the system.

In a separate simulation to study the active power flow

in the system, the reactive power reference is set to zero

while the battery reference power is set to - 10 kW.

Figure 6 shows the grid voltage and current for phase a

when PV power generation is turned on. Initially, the grid

is supplying 10 kW of active power to the PEV battery for

charging without PV power generation and the grid voltage

is in phase with its grid current.

Once PV generation is activated at t = 0.1 s, the MPPT

algorithm begins to track the maximum available power

and the PV array starts to supply active power to the

charger. During this event, the magnitude of the grid cur-

rent gradually decreases, as shown in the figure, indicating

that the grid is reducing active power to the battery. After

approximately 0.2 s, the grid current is almost zero, hence

negligible power transfer occurs from the grid. This shows

that the net power flow from the PV array is equal to the

power received by the PEV battery for charging. Shortly

after, there is a 180 degrees phase change in the grid cur-

rent with respect to the grid voltage signifying that the

direction of the power flow is reversed. At this moment, the

maximum point of the PV array is reached and the PV

array generates 12.5 kW of active power into the charger.

Therefore, the proposed charger supplies 10 kW of active

power from the PV array to the PEV battery for charging

and forwards the remaining 2.5 kW of active power back to

the grid. Hence, the proposed charger is successfully pro-

ven to be able to efficiently control the power flow from

various sources.

3.2 PV MPPT performance under various

temperatures and irradiances

A perturb and observe MPPT algorithm is implemented

in the system to extract maximum availability of the PV

power from the PV array under various environmental

conditions. Two important factors that affect the location

of the maximum power point of the PV array are the

incident irradiance and the operating temperature of the

array. Therefore, a simulation study is conducted with

different irradiances and temperatures to investigate the

effectiveness of the algorithm in tracking the maximum

power.

Figure 7 shows the PV MPPT performance of the pro-

posed PEV system under the aforementioned testing

conditions.

In this simulation study, Pbat is set to - 10 kW to

receive power for battery charging while the charger is set

to consume 10 kvar excess reactive power from the grid.

From Fig. 7, it can be pointed out that VMPP is located

Table 2 Various modes of power flow of the proposed system

Mode Pbat (kW) Ppv (kW) Q (kvar)

000 - 10 0 - 10

001 - 10 0 10

010 - 10 12.5 - 10

011 - 10 12.5 10

100 10 0 - 10

101 10 0 10

110 10 12.5 - 10

111 10 12.5 10

Table 1 System parameters used in the proposed system

Parameter Symbol Value

Charger apparent power S 14.1 kVA

Root mean square (RMS) of three-phase line-to-line grid voltage Vab 208 V

Line inductance Ls 5 mH

Line resistance Rs 0.03 X

Grid frequency f 50 Hz

Battery voltage Vbat 240 V

Boost inductor L 11 mH

DC link capacitor Cdc 1000 lF
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between 400 V and 600 V for various environmental

conditions. Therefore, the maximum power point can be

tracked directly without the help of an additional buck or

boost converter.

In Fig. 7a, the irradiance level begins at 1000 W/m2,

decreases to 600 W/m2, and subsequently increases to 800

W/m2. At the start of the simulation, Vpv starts at 600 V and

begins to track to VMPP. After approximately 2 s, the

maximum power point is reached and the PV array is

producing 12.5 kW of active power to the system. After

supplying 10 kW of active power to the battery, the excess

power is feed into the grid as can be seen from the figures.

Fig. 7 PV MPPT performance of the proposed PEV system under

different irradiances and temperatures

Fig. 5 Simulation results of various power flow modes of the

proposed PEV system

Fig. 6 Grid voltage and current for phase a when PV power

generation is turned on

Predictive control of plug-in electric vehicle chargers with photovoltaic integration 1271

123



At the irradiance level of 600 W/m2, the lower maximum

power point of approximately 7.5 kW is attained by the PV

array. Therefore, the grid is required to top up an additional

2.5 kW of active power for PEV battery charging as shown

in Fig. 7a. Meanwhile, at a irradiance level of 800 W/m2,

the maximum power point of approximately 10 kW is

achieved by the PV array. Therefore, there is no net power

transfer from the grid as the PV array is self-sufficient to

meet the demand of the PEV battery.

In Fig. 7b, the operating temperature of the PV array

starts at 25 �C, increases to 50 �C after 10 s and subse-

quently decreases to 35 �C. Similarly, it can be seen that

the MPPT algorithm is able to track the maximum power

with good proficiency. Since the PV array is producing

power above the required power for PEV battery charging

for all of the different testing temperatures, excess active

power is transferred to the grid. Furthermore, the MPPT

operation does not affect the reactive power transfer of the

system as shown in the figures.

3.3 PEV charging performance

One of the most important aspects of the PEV charger is

the ability to provide suitable charging profiles for PEV

batteries depending on the battery’s state of charge to

ensure the safety of the person and vehicle as well as to

preserve the battery’s operating life. Examples of PEV

battery types are a nickel metal hydride battery or lithium

ion battery. The common charging profiles for PEV bat-

teries are constant current, constant voltage and float

charging. During constant current charging, the charging

current is maintained at a specific level until the state of

charge (SOC) of the battery reaches a certain level. Then,

the charging profile is switched to constant voltage

charging and the battery is charged at a constant voltage

level while the charging current is decreasing. When the

charging current reaches a certain level, the battery is fully

charged and the battery voltage is maintained at a float

voltage level. This profile is called float charging. Figure 8

illustrates that the charger with the proposed control

strategy is able to provide all three charging profiles to the

PEV battery with good dynamic and steady-state results.

3.4 System performance analysis

In order to comply with IEEE Standard 519, the grid

current iabc must have a THD less than 5% and its indi-

vidual harmonic components must be well regulated. Fig-

ure 9 shows the harmonic spectrum of phase a current

when the system is delivering 10 kvar of reactive power to

the grid and 10 kW of active power to the battery. The

system demonstrates a low THD count of 0.96% which is

well within the regulation requirements of IEEE Standard

519. The individual harmonic components of the phase

current also show relatively low percentage of harmonic

distortion throughout the spectrum.

Meanwhile, Fig. 10 shows the THD of the grid current

phase a for various power flow modes under different

power factors. From the figure, the four power flow modes

represent the four quadrant operations of the PEV charger

as depicted in Fig. 2. The power factor varying from zero

to unity indicates that the PEV charger is supplying/re-

ceiving only reactive power initially while the reactive

power decreases and active power increases gradually. As a

result, the power factor increases until it reaches the value

of one which indicates that the PEV charger is engaging in

Fig. 8 PEV charger performance of the proposed PEV system for

different battery charging profiles

1272 Adrian Soon Theam TAN et al.

123



only the active power operation. As can be seen from

Fig. 10, the system demonstrates low THD (less than

1.5%) in all four quadrants of operation.

In general, low active and reactive power ripple from the

grid is desirable to minimize power loss due to oscillation

as well as to produce balanced grid currents and voltages

with low distortions. A study is conducted to evaluate the

proposed system’s active and reactive power performances.

Figure 11 shows the active and reactive power ripples

experienced by the system in different operating power

quadrants.

From Fig. 11, we can see that the active power ripple

experienced by the proposed charger increases with the

magnitude of the net active power of the grid. However, the

reactive power ripple of the system does not exhibit similar

characteristics as that of the active power ripple and its

ripple fluctuates in a more random manner. Nevertheless,

both active and reactive power ripples are relatively small,

less than 700 W and 600 var respectively for maximum

ripple experienced by the charger. Accordingly, the maxi-

mum active and reactive power ripple percentages are less

than 7% and 8% respectively throughout all operating

conditions, demonstrating the good performance of the

charger and the MPC in place. Hence, power flow can be

tracked with great accuracy as shown in the results

before.

Another important aspect of the proposed system is the

PEV charger performance characteristics. The charger’s

output voltage and current must be well regulated to protect

and ensure the maximum operating life of the battery. A

high charging current ripple could result in a temperature

increase in the battery cells resulting in degradation of the

battery. General limits for Li-ion and/or lead-acid batteries

are RMS current ripples of 5%-10% of the rated charging

Fig. 9 Harmonic spectrum of phase a current with system parameters

of Q = 10 kvar and Pbat = - 10 kW (fundamental (50 Hz) is equal to

56.08, THD is equal to 0.96%)

Fig. 10 THD of grid current phase a under various power factors for

different modes of power flow

Fig. 11 Active and reactive power ripples for different quadrants
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current and RMS voltage ripples of 1.5% of the rated

battery voltage.

Figure 12 shows the battery current and power ripples

for various battery reference powers. Notably, the power

ripple followed the current ripple as the battery voltage is

set constant. During charging, it can be seen that the cur-

rent ripple is lower for larger active power as compared to

when the battery is delivering power to the grid. Overall,

the charging current ripple is small (less than 1.04 A) and

well within 5% of the rated charging current. As a matter of

fact, the maximum percentage of current ripple per rated

charging current experienced by the charger is about 2.5%.

Furthermore, the battery power ripple is relatively low (less

than 250 W) for the full range of battery reference power.

Hence, the power loss due to oscillation is greatly mini-

mized and the charger operates efficiently.

4 Conclusion

This paper presents a MPC of an off-board PEV charger

with PV integration using two-level four-leg inverter

topology. The control of the charger is realized by incor-

porating both direct power and current MPC that dynami-

cally controls the decoupled real and reactive power flow

as well as PEV battery charging and discharging current.

The result shows that the charger using the proposed

control strategy achieves four active-reactive quadrants of

operations with PV integration with good steady-state and

dynamic responses. PV power generation is seamlessly

integrated into the charger while maximum PV power is

consistently tracked for different environmental conditions.

From the grid-side performance analysis, the charger

demonstrates less than 1.5% THD as well as low active and

reactive power ripple of less than 7% and 8% respectively

for all power flow modes.

Furthermore, the charger is able to provide good

charging characteristics to the PEV battery for the different

states of charge of the PEV battery as well as delivering a

low charging and discharging current ripple of less than

2.5%. These results validate the performance of the pro-

posed charger and its control strategy, hence the proposed

charger is an excellent option for a PV integrated off-board

charger in the charging stations.

Future research work on the proposed charger and its

control can include: implementing long horizon predictive

control to improve its control performance, a unified con-

trol algorithm for managing power flow to multiple PEV

batteries concurrently, as well as charger topology

improvements to further reduce THD, power ripples and

charging ripples.

Acknowledgements This work was supported by Malaysian Min-

istry of Higher Education (MOHE) (No. FRGS/1/2015/TK10/USMC/

03/1).

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

[1] Gunter SJ, Afridi KK, Perreault DJ (2013) Optimal design of

grid-connected PEV charging systems with integrated dis-

tributed resources. IEEE Trans Smart Grid 4(2):956–967

[2] Yilmaz M, Krein PT (2013) Review of the impact of vehicle-to-

grid technologies on distribution systems and utility interfaces.

IEEE Trans Power Electron 28(12):5673–5689

[3] Veldman E, Verzijlbergh RA (2015) Distribution grid impacts

of smart electric vehicle charging from different perspectives.

IEEE Trans Smart Grid 6(1):333–342

[4] Heydt GT (1983) The impact of electric vehicle deployment on

load management strategies. IEEE Power Eng Rev 2:41–42

[5] Luo A, Xu Q, Ma F et al (2016) Overview of power quality

analysis and control technology for the smart grid. J Mod Power

Syst Clean Energy 4(1):1–9

[6] Liu M, Mcnamara P, Shorten R et al (2015) Residential elec-

trical vehicle charging strategies: the good, the bad and the ugly.

J Mod Power Syst Clean Energy 3(2):190–202

[7] Kisacikoglu MC, Ozpineci B, Tolbert LM (2013) EV/PHEV

bidirectional charger assessment for V2G reactive power oper-

ation. IEEE Trans Power Electron 28(12):5717–5727

[8] Izadkhast S, Garcia-Gonzalez P, Frias P (2015) An aggregate

model of plug-in electric vehicles for primary frequency control.

IEEE Trans Power Syst 30(3):1475–1482

Fig. 12 Battery current and power ripples for various battery

reference powers

1274 Adrian Soon Theam TAN et al.

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


[9] Falahi M, Chou HM, Ehsani M et al (2013) Potential power

quality benefits of electric vehicles. IEEE Trans Sustain Energy

4(4):1016–1023

[10] Tanaka T, Sekiya T, Tanaka H et al (2013) Smart charger for

electric vehicles with power-quality compensator on single-

phase three-wire distribution feeders. IEEE Trans Ind Appl

49(6):2628–2635

[11] Pinto JG, Monteiro V, Gonçalves H et al (2014) Onboard
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