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PV modules haveto be bypassed, and so the remaining shaded

modules still limit the current to a certain extent, but partial

Abstract—Electric vehicles (EVs) provide a feasible solution to reduce  ghadin g effects are reduced
greenhouse gas emissions and thus become a hot topic for research and
development. Switched reluctance motors (SRMs) are one of the
promised motors for EV applications. In order to extend the EVs’ driving
miles, the use of photovoltaic (PV) panels on the vehicle helps to
decrease the reliance on vehicle batteries. Based onthe phase winding
characteristics of SRMs, a tri-port converter is proposed in this paper to
control the energy flow among the PV panel, battery, and SRM. Six
operating modes are presented, four of which are developed for driving
and two for standstill onboard charging. In the driving modes, the energy
decoupling control for maximum power point tracking (MPPT) of the PV
panel and speed control of the SRM are realized. In the standstill
charging modes, a grid-comnected charging topology is developed
without aneed for extemal hardware. When the PV panel directly
charges the battery, a multisection charging control strategy is used to
optimize energy utilization. Simulation results based on
MATLAB/Simulink and experiments prove the effec-tiveness of the
proposed tri-port converter, which have potential economic implications
to improve the market acceptance of EVs.

Index Terms—ZElectric vehicles (EVs), photovoltaics (PVs), power
flow control, switched reluctance motors (SRMs), tri-port converter.

I. INTRODUCTION

Electric vehicles (EVs) have taken a significant leap forward
by advances in motor drives, power converters, batteries, and
energy management systems. However, due to the limitation
of current battery technologies, the driving miles are relatively
short that restricts the wide application of EVs . In terms of
motor drives, high-performance permanent-magnet (PM)
machines are widely used while rare earth materials are
needed in large quantities, limiting the wide application of
EVs. As a result of the PV partial shading, the generated
current of the series connected PV modules is limited by that
of the shaded PV modules. Consequently, this not only
reduces the overall generated power significantly, but also
causes a hotspot effect resulting in damage to some PV cells
and malfunction of the PV system. The PV partial shading
problem increases the maintenance cost of the PV system, and
the power loss makes the PV generated power more expensive
than originally planned.

The simplest method to reduce the effects of the PV partial
shading problem is connecting a bypass diode across each PV
module in the series string. However, more than one power
peak (in the PV power curve) can appear and to reach the
maximum power a maximum power point (MPP) tracker has
to be used. Reaching the MPP does not mean all the shaded
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miles are relatively short that restricts the wide application of
EVs [5]-[7]. In terms of motor drives, high-performance
permanent-magnet (PM) machines are widely used while rare-
earth materials are needed in large quantities, limiting the
wide application of EVs [§], [9].

In order to overcome these issues, a photovoltaic (PV) panel
and a switched reluctance motor (SRM) are introduced to pro-
vide power supply and motor drive, respectively. First, by
adding the PV panel on top of the EV, a sustainable energy
source is achieved. Nowadays, a typical passenger car has a
sur-face enough to install a 250-W PV panel [10]. Second, a
SRM needs no rare-ecarth PMs and is also robust so that it
receives increasing attention in EV applications [11]-[16].
While PV panels have low-power density for traction drives,
they can be used to charge batteries most of time.

Generally, the PV-fed EV has a similar structure to the hybrid
electrical vehicle (HEV), whose internal combustion engine (ICE)
is replaced by the PV panel. The PV-fed EV systemis illustrated
in Fig. 1. Its key components include an off-board charging
station, a PV, batteries, and power converters [17]—

[19]. In order to decrease the energy conversion processes, one
approach is to redesign the motor to include some onboard
charging functions [20]—-[22]. For instance, paper [22] designs
a 20-kW split-phase PM motor for EV charging, but it suffers
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from high harmonic contents in the back electromotive force
(EMF). Another solution is based on a traditional SRM. Paper
[23] achieves onboard charging and power factor correction in
a 2.3-kW SRM by employing machine windings as the input
filter inductor. The concept of modular structure of driving
topol-ogy is proposed in paper [24]. Based on the intelligent
power modules (IPMs), a four-phase half bridge converter is
employed to achieve driving and grid-charging. Although
modularization supports mass production, the use of half/full
bridge topol-ogy reduces the system reliability (e.g., shoot-
through issues). Paper [25] develops a simple topology for
plug-in HEV that supports flexible energy flow. But for grid-
charging, the grid should be connected to the generator
rectifier that increases the energy conversion process and
decreases the charging effi-ciency. Nonetheless, an effective
topology and control strategy for PV-fed EVs is not yet
developed. Because the PV has differ-ent characteristics to
ICEs, the maximum power point tracking (MPPT) and solar
energy utilization are the unique factors for the PV-fed EVs.

In orderto achieve low-costand flexible energy flow modes, a
low-cost tri-port converter is proposed in this paperto coor-dinate
the PV panel, SRM, and battery. Six operational modes are
developed to support flexible control of energy flow.
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TABLE I
J1 AND J2 AcTiONS UNDER DIFFERENT MODES
Made 11 and 12
1 I tum-off; 12 tum-on
2 J1 and J2 tum-on
3 J1 turn-on; J2 tum-off
4 J1 and J2 wwm-on
5 11 and J2 fum-on
fi J1 turn-ofT; .JE' Lurm=am

II. ToPOLOGY AND OPERATIONAL MODES
A. Proposed Topology and Working Modes

The proposed tri-port topology has three energy terminals,
PV, battery, and SRM. They are linked by a power converter

that consists of four switching devices (Sp —S3), four diodes

(Dg — D3), and two relays, as shown in Fig. 2 [26].
By controlling relays J1 and J2, the six operation modes are

supported, as shownin Fig. 3; the corresponding relay actions are
illustrated in Table I. In mode 1, PV is the energy source to drive
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Fig. 4. Equivalent circuits under driving modes. (a) Operation circuit under
mode 1. (b) Operation circuit under mode 2. (¢) Operation circuit under mode
3. (d) Operation circuit under mode 4.

the SRM and to charge the battery. In mode 2, the PV and battery
are both the energy sources to drive the SRM. In mode 3, the PV
is the source and the battery is idle. In mode 4, the battery is the
driving source and the PV is idle. In mode 5, the
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battery is charged by a single-phase grid while both the PV
and SRM are idle. In mode 6, the battery is charged by the PV
and the SRM is idle.

B. Driving Modes

Operating modes 1-4 are the driving modes to provide
traction drive to the vehicle.

1) Mode I: At light loads of operation, the energy gener-
ated from the PV is more than the SRM needed; the system
operates in mode 1. The corresponding operation circuit is
shown in Fig. 4(a), in which relay J1 turns off and relay J2
turns on. The PV panel energy feeds the energy to SRM and
charges the battery; so in this mode, the battery is charged in
EV operation condition.

2) Mode 2: When the SRM operates in heavy load such as
uphill driving or acceleration, both the PV panel and battery
supply power to the SRM. The corresponding operation circuit
is shown in Fig. 4(b), in which relay J1 and J2 are turned on.

3) Mode 3: When the battery is out of power, the PV panel
is the only energy source to drive the vehicle. The
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Fig. 5. Equivalent circuits of charging condition modes. (a) Grid charging
mode. (b) PVsource charging mode.

corresponding circuit is shown in Fig. 4(c). J1 turns on and J2
turns off.

4) Mode 4: When the PV cannot generate electricity due to
low solar irradiation, the battery supplies power to the SRM.
The corresponding topology is illustrated in Fig. 4(d). In this
mode, relay J1 and J2 are both conducting.

C. Battery Charging Modes

Operating modes 5 and 6 are the battery charging modes.

3) Mode 5:When PV cannot generate electricity, an exter-nal
powersource is needed to charge thebattery, suchas ac grid. The
corresponding circuit is shown in Fig. 5(a). J1 and J2 turn on.
Point A is central tapped of phase windings that can be eas-ily
achieved without changing the motor structure. One of the
three-phase windings is split and its midpoint is pulled out, as

shown in Fig. 5(a). Phase windings Lg1 and Lg are employed

as input filter inductors. These inductors are part of the drive
circuit to form an ac—dc rectifier for grid-charging.

6) Mode 6: When the EV is parked under the sun, the PV
can charge the battery. J1 turns off and J2 turms on. The
corresponding charging circuit is shown in Fig. 5(b).

III. CONTROL STRATEGY UNDER DIFFERENT MODES

In order to make the best use of solar energy for driving the
EV, a control strategy under different modes is designed.

A. Single Source Driving Mode

According to the difference in the power sources, there are
PV-driving, battery-driving, and PV and battery parallel fed
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Fig. 7. Working states at mode 2. (a) Winding excitation state. (b) Energy
recycling state. (c) Freewheeling state.

are illustrated in Fig. 6(b). Because the PV is paralleled with
the battery, the PV panel voltage is clamped to the battery

voltage Ug . In mode 2, there are three working states:

winding exci-tation, energy recycling, and freewheeling states,
as shown in Fig. 7. Modes 3 and 4 have similar working states
to mode 2. The difference is that the PV is the only source in
mode 3 while the battery is the only source in mode 4.

Neglecting the voltage drop across the power switches and
diodes, the phase voltage is given by

Un = Ryig + dllik 6

dt
] dx  dxy, k=a b c
= Ryig + Lg + Il )
dt dae,

where Uin is the dc-link voltage, kis phases a, b, or ¢, R is
the phase resistance, /g is the phase current, Ly is the phase
inductance, ¥, is the rotor position, ¢/, U, is the phase flux
linkage depending onthe phase current and rotor position, and

w is the angular speed.
The third term in (1) is the back EMF voltage given by

ek = Ikwr ﬂ . )

a6,
Hence, the phase voltage is found by

, di
U = Riik + L\ + e 3)
dt
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Fig. 8. SRM control strategy under single-source driving mode.

In the excitation region, turning on Sp and S¢ will induce

a current in phase @ winding, as shown in Fig. 7(a). Phase a
winding is subjected to the positive dc bus voltage

+Uin = Ry + Lkﬂ +
dt

€k ( 4)

When Sy is OFF and Sj is ON, the phase current is in a free-

wheeling state in a zero-voltage loop, as shown in Fig. 7(c), the
phasevoltage is zero

dig
Rude + Lg dt * k

0= )

In the demagnetization region, Sy and S; are both turned off,

and the phase current will flow back to the power supply, as
shown in Fig. 7(b). In this state, the phase winding is subjected to
the negative dc bus voltage, and the phase voltage is

dig
L —
kdt* ex (©)
In single-source driving mode, the voltage-PWM control is
employed as the basic scheme, as illustrated in Fig. 8.
According to the given speed w, the voltage-PWM control is
activated at speed control.

u Ri

— in = kk +

B. Driving-Charging Hybrid Control Strategy

In the driving-charging hybrid control, the PV is the driving
source and thebattery is charged by the freewheeling current, as
illustrated in drive mode 1. There are two control objectives:
MPPT of'the PV panel and speed control of the SRM.

The dual-source condition is switched from a PV-driving
mode. First, the motor speed is controlled at a given speed in
mode 3. Then, J2 is turned on and J1 is turned offto switch to
mode 1. By controlling the turm-off angle, the maximum
power of PV panel can be tracked.

There are three steady working states for the dual-source

mode (mode 1), as shown in Fig. 9. In Fig. 9(a), Sp and S
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Fig. 9. Mode 1 working states. () Winding exciting state. (b) Battery charging

state. (c) Freewheeling state.
con-duct, the PV panel charges the SRM winding to drive the

motor. In Fig. 9(b), Sp and S7 turn-off; and the battery is

charged with freewheeling current of the phase winding. Fig.
9(c) shows a freewheeling state.
Fig. 10 is the control strategy under driving-charging mode.

In Fig. 10, Jon is the turn-on angle of SRM; doff is the turn-off
angle of SRM. By adjusting turn-on angle, the speed of SRM
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Fig. 10. Control strategy under driving-charging mode (mode 1).

can be controlled; the MPPT of PV panel can be achieved by
adjusting turn-off angle, which can control the charging
current to the battery.

C. Grid-Charging Control Strategy
The proposed topology also supports the single-phase grid-

charging. There are four basic charging states and Sp is

always turned off. When the grid instantaneous voltageis over
zero, the two working states are presented in Fig. 11(a) and

(b). In Fig. 11(a), Sy and S» conduct, the grid voltage charges
the phase winding Lgp, the corresponding equation can be

expressed as (7); in Fig. 11(b), 8¢ turns off and S conducts,

the grid is connected in series with phase winding to charges
the battery, the corresponding equationglan be expressed as (8)

U L grid
grid= a2 | u,dt (7)

v v L =
B — grid= a2 ar (8)
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Fig. 12. Grid-connected charging control (mode 5).

When the grid instantaneous voltage is below zero, the two
working states are presented in Fig. 11(c) and (d). In Fig.

11(c), 84 and S» conduct, the grid voltage charges the phase
wind-ing Lz and Lg, the corresponding equation can be

expressed as (9); in Fig. 11(d), Sy keeps conducing and Sp
turns off, the grid is connected in series with phase winding

Lz and Lg to charges the battery, the corresponding
equation can be expressed as (10)
L L ar
U al+ a2 ' gid C)]

L T ) K
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charging. (b) Battery charging. (c) Charging control strategy.

TABLE II
SIMULATION P ARAMETERS
L L
Parameter 7 La al‘" Value
SRM al + a2 gnd 128
PV panel L

Maximum power gsml vuﬁgge ref:rﬁlu:e voldge ~ dt ol (10)
THalug \'lﬁWgrld is the grid voltage; by the phé&& Yock loop

(PSR e T SRR ot g
Maode 1, charging current ﬁﬂ ﬁ
Maode 4, driving speed 1 250 r'min
Mode &, constant voltage charging reference 355V
Muode 6, constant current chn:ﬂz_ reference 1A
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given amplitude of the grid current. Combining sin ¢ and
hef grid, the instantaneous grid current reference #ef grid can
be calculated. In this mode, when Ugrid > 0, the inductance is

Lgp; when Ugrid <0, the inductance is paralleled Lz and L g;

in order to adopt the change in the inductance, hys-teresis
control is employed to realize grid current regulation.
Furthermore, hysteresis control has excellent loop
performance, global stability, and small phase lag that make
grid-connected control stable.
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(a) Simulation results of driving-charging mode (mode 1). (b) Simulation
results of single-source driving mode (modes 3 and 4).
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Fig. 14. Simulationresults fordriving conditions at modes 1, 3, and 4.
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Fig. 15. Simulationresults for charging modes. (a) Grid charging (mode 5).
(b) PV chargingmode 6 (stages 1-2).(c) PV chargingmode 6 (stages 2-3).
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D. PV-Fed Charging Control Strategy

In this mode, the PV panel charges the battery directly by the
driving topology. The phase windings are employed as inductor,
and the driving topology can be functioned as interleaved buck—
boost chargingtopology. For one phase, there are two states, as

shown in Fig. 13(a) and (b). When Sy and S; turn on, the PV

panel charges phase inductance; when Sy and Sy turn off, the

phase inductance discharges energy to battery. According to the
state-of-charging (SoC), there are three stages to make full use of
solarenergy and maintain battery healthy condition, as illus-trated
in Fig. 13(c). During stage 1, the corresponding battery SoCis in
SoC0 —SoCH1, the battery is in extremely lack energy condition,
the MPPT control strategy is employed to make full use of solar

energy. During stage 2, the corresponding battery SoC is in SoC1
—SoC2, the constant-voltage control is adopted to charge the
battery. During stage 3, the corresponding battery SoC is in SoC2

—100%, the micro-current charging is adopted. In order to

simplify the controlstrategy, constant voltage is employed in PV
panel MPPT control.

IV. SIMULATION

A 12/8 SRM is first modeled in MATLAB/Simulink using
parameters in Table II. Fig. 14(a) presents the simulation results
atmode 1. Theload torque is set as 35 Nm, the PV panel voltage
is controlled at the MPP. The freewheeling current is used to
charge the battery. Fig. 14(b) shows the simulation results of the
single-source driving modes (modes 2—4).

Fig. 15 shows the simulation results of charging where Fig.
15(a) is for grid-charging. The positive half current quality is
better than the negative half that is caused by the change in the
grid-connected inductance.

Fig. 15(b) and (c) is for PV-charging. Fig. 15(b) presents
the step change from stage 1 to 2. In stage 1, the battery is low
in SoC. In order to achieve MPPT of the PV, the constant-
voltage control is employed and the PV output voltage is
controlled at MPP (310 V), as shown in Fig. 15(b). In stage 2,
a constant-voltage is adopted; the reference voltage is set to
355 V. As shown in Fig. 15(b), the charging converter output
voltage is controlled at reference voltage in the step change
from stage 1 to 2. In stage 3, 1-A trickle charging is also
achieved, as shown in Fig. 15(c).

V. EXPERIMENTAL RESULTS

The proposed scheme is validated by a 750-W three-phase
12/8-pole prototype SRM, and the experimental setup is
shown in Fig. 16. The motor parameters are presented in Table
. A PV array simulator (Agilent Technology EA4360A) is
adopted as input source. A dSPACE-1006 board is employed
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as the main controller and the PI algorithm is used for closed-
loop control. A 24-V lead-acid battery is used for charging and
discharging tests. The rotor position and motor speed are
calculated from an incremental encoder. An asymmetric-half
bridge converter is used to dive the motor.

The motoring and braking modes forthe SRM when the relay

J1 is ON are shown in Fig. 17, where i, ip, and i are the phase
currents for phase A, B, and C. The motor is powered by the
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does not influence the electrical vehicle. In Fig. 19(b), the battery
is charged by ac source; by the proposed hysteresis control, the
grid current (THD) is 4.716%; and the corresponding THD
analysis waveform is presented in Fig. 19(c), which meets the
requirement of the International Standards IEC61727 and
IEEE1547.

Fig. 16. Experimental setup of the proposed SRM drive system.

TABLE 111
MOTOR P ARAMETERS
Paraﬁu:ti;r Walue
Phase number 3
Stator poles 12
Rdior puh.:s B
Rated speed (o/min) 15040
Rated power (W} 750
Minimum phase inductance (mH) 272
Maximum phase indwetance {mH) 256.7
Rotor outer dinmeter {mm) 55
Rotor inner dinmeter {mm) £l
Stator outer diameter (mm) 1025
Stator inner diameter (mm) 55,5
Core length {mm) B
Stator arc angle () 14
Rotor arc nEEhE:__'_] 16

battery in this condition. The turn-onand turn-offangles are set to

0 and 200, respectively, whenmotoring. In Fig. 17(c), the speed
follows the given value well when it changes from 300 to 800
r/min, and stabilizes within 1.5 s. The Inertial braking condition is

presented in Fig. 17(d), however, the braking time is 2.5 s, and
the energy cannot flow to the power supply. In Fig. 17(¢), the

turn-on and turn-off angles are set to 22" and 430, respectively,
when the motor runs in the regenerative braking mode, and the
braking time is also decreased to 300 ms.

Fig. 18 shows the motoring and braking modes for the drive
when the relay J1 is OFF, where Ay is the current flowing out

from the battery. Clearly, the battery is charged by the demag-
netization current in motoring condition, as shown in Fig. 18(a)
and (b). The energy is recycled to the battery when employ-ing
the regenerative braking mode in Fig. 18(c), compared to Fig.
18(d). Fig. 19 is the standstill charging, in this mode, PV charges
the battery by driving topology and SRM phase wind-ing; the
three phases are in parallel working mode. Fig. 19 illustrates the
battery charging waveforms in standstill condi-tion. In Fig. 19(a),

the battery is charged by PVpanel; P, is the rotor position sensor
signal that keeps at zero proof'the proposed standstill charging
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Fig. 19. Charging experiment waveform in standstill condition (mode 5). (a) Standstill charging. (b) AC source charging. (¢) THD analysis.
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VI. CONCLUSION

In order to tackle the range anxiety of using EVs and
decrease the system cost, a combination of the PV panel and
SRM is proposed as the EVdriving system.

The main contributions of this paper are as follows.

1) A tri-port converter is used to coordinate the PV panel,

battery, and SRM.

2) Six working modes are developed to achieve flexible

energy flow for driving control, driving/charging hybrid
control, and charging control.

3) A novel grid-charging topology is formed without a

need for external power electronics devices.

4) A PV-fed battery charging control scheme is developed to

improve the solar energy utilization.

Since PV-fed EVs are a greener and more sustainable tech-
nology than conventional ICE vehicles, this work will provide

a feasible solution to reduce the total costs and CO2 emissions

of electrified vehicles. Furthermore, the proposed technology
may also be applied to similar applications such as fuel cell
powered EVs. Fuel cells have a much high-power density and
are thus better suited for EV applications.
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