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Plug-In Hybrid Electric Vehicles: Replacing Internal
Combustion Engine With Clean and Renewable
Energy Based Auxiliary Power Sources

Hassan Fathabadi

Abstract—A plug-in hybrid electric vehicle (PHEV) uses an in-
ternal combustion engine to extend its cruising range, and to pro-
duce the electric power needed to be supplied to its electric motor
when the charge level of the vehicle’s battery becomes low and
reaches a predetermined state of charge (SOC). This paper pro-
vides a better solution by replacing the internal combustion engine
of a PHEV with a small-size photovoltaic (PV) module located on
the roof of the PHEV, and a micro wind turbine located in front
of the PHEYV, behind the condenser of the air conditioning sys-
tem. Thus, this study proposes a novel battery/PV/wind hybrid
power source to be utilized in PHEVs. The power source equipped
with vehicle-to-grid (V2G) technology is composed of a 19.2-kWh
Lithium (Li)-ion battery used as the main energy storage device,
and a PV module and a wind energy conversion system. A prototype
of the battery/PV/wind hybrid power source has been constructed
and utilized in a PHEV. Experimental verifications are presented
that demonstrate utilizing the PV module and micro wind turbine
adds 19.6 km to the cruising range of a PHEV with the weight
of 1880 kg during two sunny days, and provides higher power ef-
ficiency (91.2%) and speed (121 km/h). Highly accurate dc-link
voltage regulation and producing an appropriate three-phase sta-
tor current for the traction motor by using pulse width modulation
technique are the other contributions of this paper.

Index Terms—Lithium-ion battery, micro wind turbine, photo-
voltaic (PV), plug-in hybrid electric vehicle (PHEV).

NOMENCLATURE

Cy Parasitic capacitance of the N-MOSFET switch of
the two converters connected to the PV module
and WECS (F).

Cs Secondary-side capacitor of the two converters
connected to the photovoltaic (PV) module and
wind energy conversion system (WECS) (F).

Chov Input capacitor of the converter connected to the
PV module (F).

Clye Input capacitor of the converter connected to the
WECS (F).

Cle DC-link capacitor (F).
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Duty cycle of the signal supplied to the con-
verter connected to the Li-ion battery in charging
mode.

Duty cycle of the signal supplied to the converter
connected to the battery in discharging mode.
Duty cycle of the converter connected to the PV
module.

Duty cycle of the switching pulse supplied to the
switch N-MOSFET 5] .

Duty cycle of the converter connected to the
WECS.

Constant switching frequency of the two convert-
ers connected to the PV module and WECS (Hz).
Solar irradiance on the PV module (W - m~2).
Li-ion battery output current (A).

Load current supplied to the three-phase inverter
and traction motor (A).

PV module output current (A).

PV module current at maximum power point (A).
WECS output current (A).

Turns ratio of the two transformers of the two
converters connected to the PV module and
WECS.

PV module output power (W).

Charging power of the Li-ion battery (W).
Discharging power of the Li-ion battery (W).
Total electric power supplied to the three-phase
inverter and traction motor (W).

PV module power at maximum power point (W).
WECS output power (W).

Equivalent series resistance (ESR) of the Li-ion
battery (£2).

ESR of the dc-link capacitor (£2).

Input resistance of the converter connected to the
PV module ().

Equivalent resistance of the output terminal of
the converter connected to the PV module (£2).
Resistance of the inductor Ly ,; of the bidirec-
tional boost-buck converter connected to the Li-
ion battery (£2).

N-MOSFET switch used in the converter con-
nected to the PV module.

N-MOSFET switch of the converter connected to
the WECS.
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T PV module temperature (°C).

T Switching period of the two converters connected
to the PV module and WECS (sec).

T Switching period of the control signal supplied
to the converter connected to the Li-ion battery
(sec).

Vbat Li-ion battery output voltage (V).

Ve DC-link voltage (V).

Vin Input voltage of the converter (V).

Vv PV module output voltage (V).

Vov—mpp PV module voltage at maximum power point (V).

Vive WECS output voltage (V).

o} Power efficiency of the converter connected to
the PV module.

I} Power efficiency of the converter connected to
the WECS.

I. INTRODUCTION

ECAUSE of environmental issues and economic consid-
B erations, there is an upward trend in developing the usage
of electric vehicles (EVs), hybrid electric vehicle (HEV) and
plug-in hybrid electric vehicles (PHEVs) rather than the vehi-
cles with internal combustion engines [1], [2], so there is an
ascending demand for different types of EV charging stations
in some countries [3], [4]. A PHEV utilizes its electric motor
to provide the power needed for propulsion, and is more effi-
cient compared to a traditional HEV that mainly uses an internal
combustion engine [5]. The vehicle-to-grid (V2G) technology
implemented in PHEVs is the other benefit that makes them
more advantageous and popular [6], [7]. In particular, the ad-
vantage of a PHEV is highlighted when it is connected to a
microgrid or a smart grid to manage and balance load demand
[8], [9]. A through survey of the current literature shows that
the research works concerning PHEVs can be classified into
the three categories. The first category includes the researches
performed to improve the performance of the batteries used in
PHEVs. For instance, an analysis about the battery aging in a
PHEV by using the experimental data about the voltage recov-
ery and internal resistance of the battery was reported in [10].
Some other related works are analyzing the effect of thermal
management on PHEVs’ batteries [11], determining a suitable
Li-ion battery pack for a PHEV [12], evaluating the impact of
ultracapacitors on degradation of the performance of a Li-ion
battery used in a PHEV [13], and maximization of the income
of charging the batteries of PHEVs [14]. The second category
is composed of the research works that have proposed some
peripheral devices and facilities for PHEVs such as the wireless
charging mechanism applicable to PHEVs [15], and the reso-
nant converter based battery charger suitable for a PHEV [16].
Finally, the third category comprises the articles that propose
different strategies to combine the charging and discharging
process of PHEVs with other power sources such as renew-
able energy resources to satisfy load demand in a grid [17].
Some examples are utilizing PHEVSs in a smart grid to optimize
the electrical parameters of the grid by providing distributed
demand response [18], and new energy management scheme
proposed for utilizing solar energy in PHEVs [19].
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The main drawback of a PHEV is that it uses an internal
combustion engine to extend its cruising range, and to produce
the electric power needed to be supplied to its electric motor
when the charge level of the vehicle’s battery becomes low
and gets to a predetermined state of charge (SOC). This study
addresses this problem by presenting a novel battery/PV/wind
hybrid power source utilized in a PHEV with the weight of
1880 kg. The rest of this paper is organized as follows. The
proposed battery/PV/wind hybrid power source is designed and
implemented in Section II. Details about the constructed hy-
brid power source and experimental verifications are given in
Section III, and the paper is concluded in Section I'V.

II. IMPLEMENTATION OF THE BATTERY/PV/WIND HYBRID
POWER SOURCE PROPOSED FOR PHEV's

The configuration of the battery/PV/wind hybrid power
source proposed to be utilized in PHEVs is shown in Fig. 1.
It is composed of a Li-ion rechargeable battery used as the
main energy storage device, a bidirectional dc/dc boost—buck
converter connected to the Li-ion battery, a single-phase bidi-
rectional dc/ac inverter connected between the battery and grid
to provide V2G operation, a PV module used as the auxiliary
power source, a unidirectional dc/dc boost converter connected
to the PV module, a wind energy conversion system (WECS)
used as the other auxiliary power source, a unidirectional dc/dc
boost converter connected to the WECS, a three-phase bidirec-
tional pulse width modulation (PWM) dc/ac inverter connected
the traction motor, which is practically a three-phase permanent
magnet synchronous motor (PMSM), and a combined power
control and maximum power point tracking (MPPT) unit. It is
reminded that in a PV system, the MPPT unit tracks the max-
imum power point (MPP) of the PV module connected to the
system [20]. The WECS itself consists of a micro wind turbine, a
permanent magnet synchronous generator (PMSG), and a three-
phase rectifier. The dc-link voltage is continuously regulated to
a designated constant value. Fig. 2 shows the electric circuit of
the two similar unidirectional dc/dc boost converters connected
to the PV module and WECS. The converter provides an aver-
age power efficiency of 98% around its nominal operating point
referring to a power transmission of 200 W, and its gain is given
as [21]

Ve n
= = (D
‘/in 1- DS
so, the dc-link voltage is given as
n‘/;‘v’e
Vie = ———. 2
“=1"D_ (2)

Equation (2) demonstrates that the dc-link voltage is contin-
uously regulated to a designated constant value by varying the
duty cycle Dy,. As shown in Fig. 1, the output current (/)
and voltage (Vi) of the WECS, and hence, the WECS out-
put power (P, ) is continually calculated by the power control
unit as

Rve = ‘/welwe- (3)
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The PV voltage is given as

(1 - Dpv)Vdc ) (4)
n

As mentioned above, the dc-link voltage is a constant value,
so in accordance with (4), the MPPT unit continuously tunes
the duty cycle D,,, to regulate the voltage of the PV module
(Vpv) to the voltage at MPP (V},y_wpp). In detail, when V,,
is less than V,y _yp, the MPPT unit decreases the duty cycle
D,, and contrarily, the duty cycle D, is increased by the
MPPT unit when V},, is more than V},,_,,,,. The other way to
clearly explain the theoretical concept of the MPPT process is
the functional association between the output power of the PV

module and the duty cycle D), that is formulized in detail as

Vo =

Vo |V
va = ‘/;)V—Ipv - Rin ~ wRL (5)

where R;, and R; introduced in the Nomenclature section are
shown in Fig. 1. Equation (5) explicitly demonstrates that the
PV output power can be regulated to its maximum amount, i.e.,
the PV power at MPP (P, _.,;,;,) by varying the duty cycle D, .
As shown in Fig. 1, the PV module output current and voltage,

power by varying the duty cycle D, . The electric circuit of the
bidirectional dc/dc boost—buck converter with the average power
efficiency of 90% connected to the Li-ion battery is shown in
Fig. 3. The discharging power of the Li-ion battery is given as

(6)

Pdischar = bathat~

The Li-ion battery output voltage and current (V},,¢ and [y, ),
and hence, the discharging and charging powers of the Li-ion
battery are continuously calculated by the power control unit as
shown in Fig. 1. Noting Fig. 3 demonstrates that in discharg-
ing mode, the converter operates as a boost converter, and the
discharging power of the Li-ion battery is expressed as

1 1 v (1 Diise ) Viﬁlt Vdc
0.9 |\1 = Dgiee) "
N

0.001 + Regr
where Dyg;sc i the duty cycle of the control signal supplied
to the gate of the insulated gate bipolar transistor (IGBT) Q1
(discharge switch) as shown in Fig. 3. It is deduced from (7) that
the discharging power can be regulated to a required power rate
by varying the duty cycle Dyjs.. In charging mode, the direction
of the battery current becomes reverse, the converter operates

Pdischar =
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Fig.4. Experimental result: Power efficiency of the unidirectional dc/dc boost
converter versus its output power.

as a buck converter, and the charging power is found as

DcharVdc - W)at (8)
0.001 + Ryat—esr + RLbat

where D, is the duty cycle of the switching pulse supplied to
the gate of the IGBT Q2 (charge switch) as shown in Fig. 3. Thus,
in a similar manner, the charging power is regulated to a required
power rate by varying the duty cycle D.y,,.. As shown in Fig. 1,
the power control unit also measures the dc-link voltage (V)
and load current (}.q), and then computes the total electric
power (F,aq) supplied to the three-phase bidirectional PWM
dc/ac inverter and the three-phase traction motor connected to
the inverter as

Pchar = DcharVdc (

Boad = ‘/dclload (9)

Experimental curve indicating the power efficiency of the two
similar unidirectional dc/dc boost converters connected to the
PV module and WECS is shown in Fig. 4. In the experimental
curve, the red points (data) have been used to program the
microcontroller. At any time, the microcontroller estimates the
power efficiencies (« and 3) of the two converters by comparing
these data with the calculated PV and WECS output powers
(P, and Py ). The power control in the battery/PV/wind hybrid
power source is performed by the power control unit as below

Case I (charging mode): If a Py, 4+ BPye > Pioaq, then the
power control unit sets the Li-ion battery in charging mode
by activating the duty cycle Dy, as shown in Figs. 1 and 3.
In this case, the power balance in the hybrid power source is
expressed as

1
Odjpv + BPye = Pload + @Pchar-

So, the electric power consumed to charge the Li-ion battery
is obtained as

(10)

Pchar =0.9 (aPpV + ﬁRve - Boad) . (11)
It is derived from comparing (8) with (11) that
Dchar‘/dc - Vbat
D 1 I'V >
char Fde (0.001 + Ruat—osr + Ri,., )
=09 (ava + ﬁ—Pwe - —Pload) . (12)
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Fig. 5. Three-phase bidirectional PWM six-switch dc/ac inverter.

Equation (12) explicitly demonstrates that in this case (charg-
ing mode), the power control unit measures Py, Py, and P4,
and then regulates the charging power of the Li-ion battery to
the required amount specified in (11) by varying D p ;-

Case 2 (discharging mode): 1f a Py, + BPye < Foaa, then
the power control unit sets the Li-ion battery in discharging
mode by activating the duty cycle Dy, as shown in Figs. 1 and
3 to provide the additional electric power needed. In this case,
the power balance in the hybrid power source is expressed as

ava + /6va + 0.9Pischar = Poad- (13)

In this case, the amount of the supplementary electric power
that should be provided by discharging the Li-ion battery is
found from (13) as

1
= T (Pload - O[va - ﬂPwe) .

Pdischar 0.9 (14)
By replacing Pgiscnar from (7) in (14), it is found that
1 v (1,D1dim) Vbat - Vdc
(1 - Ddisc> bat 0.001 + Regr
= Plnad - Oéva - ﬁpwe- (15)

It is deduced from (15) that in this case (discharging mode),
the power control unit measures P, Py, and P,,q, and then
regulates the discharging power of the Li-ion battery to the
amount demanded in (14) by varying Dgis.. It can be summa-
rized that each duty cycle controls only one parameter with the
following systematic control sequence:

1) Dye — Vaes
2) Dpv - 1Dpv§
3) Dchar -

(16)

char OF Ddisc - Pdischar-

There is no interact between the four duty cycles (Dye,
Dy, Denar, and Dy ), which are the control variables. Simi-
larly, there is no interact between the four controlled parameters
(Vae» Pov,s Penar, and Pgischar)- The only limitation is that Vg,
is first regulated by varying the duty cycle Dy, and then, P,
is regulated by varying the duty cycle D, and finally, P,
or Pyischar 15 regulated by, respectively, varying the duty cycle
Dcpar or Dy The electric circuit of the proposed three-phase
bidirectional PWM six-switch dc/ac inverter connected the trac-
tion motor is shown in Fig. 5. It comprises the six IGBTs that



FATHABADI: PLUG-IN HYBRID ELECTRIC VEHICLES: REPLACING INTERNAL COMBUSTION ENGINE WITH CLEAN AND RENEWABLE

PV
module

PV current
PV voltage

3
el

Wind
turbine

28 D328 D528 07|
PMSG
&
z

S D42 D6 2S Dg|

WECS current

9615
DC bus
+ V. -
i
5 =
+ Ve T
Vo i =
D, Ca =
B
] G3, a3 G4, Q4 G5, Qs
g @ =g
° i
2 A 3.PHASE PMSM
€ Bl In> &)
& I
°) | Ie
g c
GSGE Qs 576@ ar GBQE a8

Charge Switch

RIZ

Qm

Discharge Switch
Li-ion X
battery

<

o7

Load
current

Battery voltage
Battery current

DISCHARGE

CHARGE

Single-phase inverter (V2G connection)

_@ s @ a0 NN,
@ an ’—@ a2

T vITeHL

4 <Il 0
INVERTER-SWITCH-2

R19

q <Il 0

o2u Single-phase grid
voltage: ~110V, 60Hz

Trans

Fig. 6.

convert the dc-link voltage into a three-phase three-level PWM
ac voltage supplied to the stator of the traction motor, which is
in practice a three-phase PMSM. The traction motor acts as a
three-phase inductive load, so the current supplied to the stator
is the integral of the three-level PWM ac voltage produced by
the inverter. Since the three-phase three-level PWM ac voltage
is different from a three-phase sinusoidal voltage, the current
waveform is inevitably close to a sinusoidal form, not entirely
sinusoidal form, and this means distortion occurs in the cur-
rent waveform. As shown in Fig. 5, each IGBT itself includes
an emitter-to-collector connected diode, the six diodes operate
as a three-phase rectifier to convert the three-phase ac voltage
resulted from the regenerative power produced by the traction
motor during decelerating and braking into the dc-link voltage
to be used to charge the Li-ion battery.

III. CONSTRUCTION OF THE BATTERY/PV/WIND HYBRID
POWER SOURCE AND EXPERIMENTAL VERIFICATIONS

The configuration of the proposed battery/PV/wind hybrid
power source was shown in Fig. 1, based on which the
power source has been constructed to provide experimental

™
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Electric circuit of the constructed battery/PV/wind hybrid power source.

verifications. The electric circuit of the constructed bat-
tery/PV/wind hybrid power source is shown in Fig. 6. As shown
in Fig. 6, the microcontroller MC68HC11E9 has been used as
the power control and MPPT unit. The detailed specifications
of all the components used to construct the battery/PV/wind hy-
brid power source proposed to be utilized in PHEVs are listed in
Table I. An 80-kW three-phase PMSM used as the traction mo-
tor, a 19.2-kWh Li-ion battery, a PV module KC200GT, a 100-W
micro wind turbine and a 100-W PMSG connected to the micro
wind turbine have been utilized. Fig. 7 shows the photographs
of the PHEV equipped with the proposed battery/PV/wind hy-
brid power source, the PV module positioned on the roof of
the PHEYV, the micro wind turbine, and the PMSG connected
to the micro wind turbine. The waveforms of the line voltages
(Vap and V) supplied to the PMSM and the dc-link voltage
are shown in Fig. 8. The waveforms of the line voltages show
that they are the three-level ac voltages with correct magnitude
and phase produced using PWM technique by the three-phase
bidirectional dc/ac inverter, and this explicitly verifies the cor-
rect operation of the three-phase bidirectional PWM six-switch
dc/ac inverter connected to the traction motor. Similarly, the
waveform of the dc-link voltage explicitly demonstrates that



9616

TECHNICAL SPECIFICATION OF THE COMPONENTS USED IN THE CONSTRUCTED
HYBRID POWER SOURCE UTILIZED IN A PHEV WITH THE WEIGHT OF 1880 KG

TABLE I
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Traction motor Two DC/DC boost converters connected to PV
module and WECS
Model LSRPM 200 L Cp& C,, (WF)-Aluminum 70
electrolytic cap 400 V
Made by Leroy-Somer Co. Converter switching
frequency: f; (kHz) 25
Permanent
Type magnet DC-link voltage V. (V) 400
synchronous
motor (PMSM)
DC-link capacitor C,;. (LF)-
Phase number 3 Aluminum electrolytic 680
capacitor/600 V
Nominal I o v 400 Average ESR of
ominal line voltage (V) Cpt Ry (MQY) 109
Rated power (kW) 30 C, (uF)-Premium r.neta]llzed ”
polypropylene capacitor/600 V
Rated torque (Nm) 170 C,(nF)-Parasitic capacitance 2
of IRFPS40N60K -
Rated current (A) 157 Type of transformer 7' Pulse
Speed range (rpm) 0-4500 n= N %Vl 2%
Efficiency (%) 95.7 MOSFET switch S, & S, IRFPS40N60K
Maximum torque/Rated torque 1.4 Diodes: D, - D, 1SETHO06S
Magnet material NdFeB PV module KC200GT
Maximum current/Rated current 15 Current at MPP 7.61
Lpvmpp (A)
Moment of inertia (kg.m”) 0.15 Voltage at MPP 263
Vovempp V)
Weight (k 145 Output power at MPP 200.1430
(S}
et (ke) Py W) . _ _ . _
Battery bank: Short-circuit current 821 Fig. 7. PHEV equipped with the hybrid power source: (a) PV module posi-
Sixteen 12 V/100 Ah Li-ion batteries I, (&) tioned on the roof of the PHEV. (b) Micro wind turbine. (¢) PMSG.
T Lii Open-circuit voltage 329
c 1-10n
v L L S
Voltage (V) 48 DC/DC converter connected to the Li-ion T
battery bank T
Current capacity (Ah) 400 Type Bidirectional
boost-buck
Capacity (kWh) 19.2 IGBT switches: SW, Q1-Q2 | STGY40NC60VD
x40
Series-connected batteries 4 R Lpar (mQ) 108
Parallel-connected sets 4 Single-phase inverter (V2G connection) e
(Single-phase grid voltage: ~110 VAC, 60 Hz) CH2-Ground ¥
Average ESR (R, (ML) 2.9 IGBT switches: Q9-Q12 STGY40NC60VD 1
x8 T
Permanent magnet synchronous generator N, 39, V
(PMSG) N, 12 f .
Model PMG-100 Ly (uH) 08 [
1 W I
Three-phase, star F 82 i }
Type connection Ce (WE) !
Rated power (W 100 Micro wind turbine PP S U S S 9
power (W) CH1: 500 V/ Time [4 ms/div.]
Maximum power 130 Rated power (W) 100 CH2: 5
Rated phase voltage (V) 12 Rated wind speed (m/s) 10
Rated rotation (rpm) 690 Size: diameter (cm) 76 Fig. 8. Waveforms of the line voltages supplied to the PMSM, and the regu-
Magnet material NdFeB Three-phase bidirectional PWM six-switch lated dc-link voltage.
DC/AC inverter
Weight (kg) 28 IGBT switches: Q3-Q8 STGY4ONC60VD | ,
x5

the dc-link voltage is exactly regulated to the appointed value
(400 V). The waveforms of the currents (/4 and Ip) supplied
to the stator of the PMSM are shown in Fig. 9. The periodic
switching pulse with the switching frequency of 25 kHz and
the duty cycle D,,, the regulated dc-link voltage and PV output
voltage are shown in Fig. 10. As mentioned above, the periodic
switching pulse is produced by the microcontroller, and then, is
supplied to the switch S}, of the unidirectional dc/dc boost con-
verter connected to the PV module. Fig. 10 demonstrates that
the duty cycle of the switching pulse supplied to the converter
connected to the PV module is about 0.562 (D, = 0.562),
Vic =400V, and V,,, = 26.25V. Considering the parameters

Time [4 ms/div.]

Fig. 9. Waveforms of the currents supplied to the stator of the PMSM.
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Fig. 10.  Periodic switching pulse supplied to the switch of the dc/dc converter,
the dc-link voltage and the operating voltage of the PV module.
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Fig. 11.  Power efficiency of the battery/PV/wind hybrid power proposed to
be utilized in PHEVs.

of the converter reported in Table I (n = 20/3 ), these values are
exactly compatible with (4). Comparing the operating voltage
of the PV module (26.25 V) to the MPP voltage of the PV mod-
ule ( V,y—mpp = 26.3 V) under nominal condition (solar irradi-
ance G = 1000 W - m~2, temperature 7' = 25 °C) reported in
Table I explicitly verifies that the MPPT unit highly accurately
tracks the MPP of the PV module. The electric power supplied
to the traction motor (PMSM) and the total of the electric power
produced by the PV module, WECS, and discharging the Li-ion
battery were measured point by point, and then, the power ef-
ficiency of the proposed battery/PV/wind hybrid power source
was obtained point by point as shown in Fig. 11. The follow-
ing points, which are the main contributions of this study are
deduced from the experimental results shown in Figs. 8—11:

1) The power efficiency curve explicitly demonstrates that
the proposed battery/PV/wind hybrid power source pro-
vides a maximum power efficiency of 91.2% around the
rated power of the traction motor.
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Fig. 12.  Power flow measured hour by hour during two days.

TABLE II
COMPARISON BETWEEN THE TECHNICAL PARAMETERS OF THE HYBRID
BATTERY/PV/WIND POWER SOURCE IN DIFFERENT MODES

Mode of the power Analysis Cruising Max. 0-100 km/h Max. PHEV weight
source type range speed | acceleration | efficiency (kg)
(km) (km/h) (sec) (%)
Battery/PV/wind Experiment 129.6 121 13.4 91.2 1880
Battery/PV Experiment 123.4 121 13.4 91.1 1880
Battery/wind Experiment 116.3 120 13.4 90.4 1880
Battery Experiment 110 120 13.4 90.2 1880

2) The dc-link voltage is high accurately regulated to the
appointed value (400 V).

3) The traction motor is well supplied by the sinusoidal cur-
rents resulted from the three-level ac voltages produced
by using PWM technique.

The hybrid power source was utilized in a PHEV with the
weight of 1880 kg, and to evaluate the impact of the PV mod-
ule and WECS, four experiments were performed. In the first
experiment, the PV module and WECS both were in operation,
so the power source was in battery/PV/wind hybrid mode. The
power flow representing the power provided by the battery, PV
module, and WECS is shown in detail in Fig. 12.

In the second experiment, the WECS was isolated from the
system, so the power source was in battery/PV hybrid mode.

Similarly, the PV module was isolated from the system in the
third experiment, so the power source was in battery/wind hy-
brid mode. Finally, in the fourth experiment, the PV module and
WECS both were isolated from the system, and so the power
source was in battery mode. The results of the four experiments
are summarized in Table II, the experimental results demon-
strate that utilizing the PV module and micro wind turbine adds
19.6 km to the cruising range of the PHEV during two sunny
days, and provides higher power efficiency (91.2%) and speed
(121 km/h). As reported in Table II, a PHEV with the weight
of 1880 kg equipped with the proposed battery/PV/wind hybrid
power source has a maximum speed of 121 km/h and a cruising
range of 129.6 km.

The construction cost of the PV system and WECS imple-
mented in the PHEV is about €850, while the internal combus-
tion engine replaced with the proposed PV/wind power source
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costs €3100. Moreover, the internal combustion engine should
be supplied with gasoline, which is expensive in many countries,
while the PV/wind power source implemented as a replacement
uses solar and wind energy as renewable energy free of any
charge.

IV. CONCLUSION

In this paper, a novel battery/PV/wind hybrid power source
was proposed to replace the gasoline-powered internal com-
bustion engine of a PHEV with a small-size PV module located
on the roof of the PHEV, and a micro wind turbine located in
front of the PHEYV, behind the condenser of the air conditioning
system. The power source has the capability of V2G, and utilizes
a19.2-kWh Li-ion battery as the main energy storage device, and
a PV module and a WECS including the micro wind turbine as
the auxiliary power sources. A prototype of the battery/PV/wind
hybrid power source has been built and utilized in a PHEV. The
experimental verifications were presented that demonstrated
utilizing the PV module and micro wind turbine adds 19.6 km to
the cruising range of a PHEV with the weight of 1880 kg during
two sunny days, and provides higher power efficiency (91.2%)
and speed (121 km/h). It was also shown that the power source
high accurately regulates the dc-link voltage, and produces
suitable stator currents for the traction motor by using PWM
technique.
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