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Abstract: Renewable energy sources require power electronics for the power processing in order to enhance the operation and
performance. In this study, a method of harnessing wind power on-board of an electric vehicle using switched reluctance
generator (SRG) coupled to a wind turbine, which is mounted on the vehicle is discussed. The wind turbine integrated with
SRG poses a number of challenges for vehicle application as the location and the design are special. The present investigation
aims at acquiring the first hand experience in the practical implementation of such a system for on-board power generation.
Various configurations of wind turbines are studied. The experimental test from a prototype is presented to validate the

theoretical predictions.

1 Introduction

Electric vehicles (EVs) and hybrid electric vehicles (HEVs)
show very encouraging results in cutting down the pollution
[I, 2]. The immature of charging infrastructure and
considerable charging time are part of the reasons for the
slow acceptance of pure EVs in public. Other alternative
sources such as solar, fuel cells and wind have been used in
conjunction with the primary battery source. The advantage
of the alternative solutions is that the power can be
generated on-board even when the vehicle is stationary thus
permitting the usage of luxury loads. The concept of
on-board power generation to drive certain loads when the
engine is switched may become an integral part of any
vehicular electrical design in the future because of
environmental issues. The other advantage of on-board
power generation using alternative sources is that the
batteries can be charged while the vehicle is in motion thus
reducing the reliance on the charging station.

Fuel-cells based on-board power generation still needs on-
board energy storage for transient changes in the load profiles
and under power regeneration. The design challenge is to size
and integrate the right amount of energy storage to efficiently
perform the important function of storing excess energy and
supply the power when required by the load [3]. At present,
the cost of the fuel cells and the storage are the challenges
yet to be addressed for commercial application.

The application of photovoltaic (PV) cells for on-board
power generation is too bulky for automotive application
[1]. The concept of harnessing wind power by mounting
number of small wind-capturing units on a vehicle is
discussed in [4, 5]. However, the concept of having number
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of small wind turbines is not practical to generate enough
power to drive the loads of a modern EV.

The switched reluctance machine owing to its simple
robust structure, its inherent temperature insensitive
property, no rare earth material, absence of field coils and
fault tolerance ability makes one of the ideal choices for
wind power generation. The ability to maintain high
efficiency at different speeds and the capability to operate
under automotive or general environment are the other
reasons for the growing interest in the use of switched
reluctance machine for wind power generation [6, 7].
Chang and Liaw [8] show a grid-connection system using
switched reluctance generator (SRG).

The main objectives of the present investigation are, to
develop a laboratory testing platform to simulate the wind
power assisted SRG operation so as to charge batteries and
to support other vital loads in an EV. The motor in the
investigation serves to mimic the operation of a wind
turbine. The study will focus on the practical issues
including dc-link voltage ripple, switching frequency and
balancing switching losses in the design of an integrated
system that is suitable for an EV. Different controlling
methods of the SRG and their relative merits will be
compared and a suitable control strategy will be implemented.

2 Structure of the new EV

The current investigation focuses on capturing the wind force
in a moving vehicle for generating electrical power on-board
using wind turbines mounted on vehicles rather than erected
on ground. The power required to overcome air drag is
proportional to the cube of the relative velocity and to
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overcome the rolling drag is shown by Shimizu et al [9]

Pr=P,+P,

= umu+ pCdSv3 (D

where P, and P, represent the rolling and air drag powers, u
and Cy are the rolling and air drag coefficients, respectively,
which combine with other factors of the vehicle
specifications such as total vehicle weight m; and frontal
area S, with respect to certain conditions, such as vehicle
velocity v and air density p. For increasing the mileage per
charge it is to use a part of the air drag to generate the
electric power for charging the batteries of EVs or directly
supplying some loads of EVs.

The proposed architecture is shown in Fig. 1. On-board
power generation is implemented by integrating wind
turbines with a SRG. The dual-voltage architecture [10] is
adopted here owing to the advantage of the dual-voltage
system in driving high-power and low-power loads. The
system is named assisted SRG integrated on-board power
generation dual-voltage architecture.

In the EV under development, the wind power is captured
by two wind turbines that are coaxially connected to a SRG to
generate electrical energy. Fig. 2 shows the circuit for the
SRG drive [11]. Two capacitors are used for decoupling.
One is for bulk energy and one for high-frequency filtering.
The output of the generator is used to charge the batteries
or to support other loads. Load range can be extended.
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The present investigation aims at acquiring skill of practical
implementation of such a switched reluctance wind power
generator (SRWPG) system for on-board power generation.

3 Mounting locations and wind turbine
structure

The mounting location and the structure of wind turbine for
on-board power generation have to satisfy several factors
for successful integration of the turbine and the SRG. The
following factors have to be addressed for such an
application:

1. The system should not cause appreciable drag;

2. It should not block the driver’s view;

3. It should capture as much wind power as possible;

4. Tt should not hamper the aesthetic appeal of the vehicle.

The regular wind turbines with fewer blades cannot be
mounted because of the large wind span of the blades. On
the other hand, if the wind span of the blades is reduced the
turbine cannot capture enough wind power. Another option
is to use a number of smaller wind turbines mounted at
various locations to generate the required electrical power
but this option requires many generators and has control
and management complexity. In order to overcome the
limitations of wind turbines, the unit as shown in Fig. 3a is
considered for the proposed integration. The parameters of
the wind turbine are given in Table 1. The advantage of
this preferred structure is the easy coupling of the generator
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Fig. 1 Schematic of a dual-voltage series hybrid architecture using one battery bank
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with two coaxially mounted wind turbines as shown in
Fig. 3b.

The wind generator should occupy the main weight of the
whole wind generating system. The propulsion motor and
batteries are located in the rear and middle parts of the EV.
The front of EV is lighter than other parts of the EV and
hence the generator is located in the front. The new

Table 1 Parameters of the wind turbine

No. Name Size, mm
1 length of the blade 50

2 width of the blade 10

3 diameter of the turbine 250

4 diameter of the shaft 19
1264
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structure, two coaxially mounted wind turbines coupled
with a SRG, can collect energy as much as possible from a
moving EV, and can also be conducive to the weight
balance of the front of the car body.

The scaled drawing of the generator integrated with the
ring wind turbines with respect to the EV is shown in
Fig. 3c. In front of the hood (600 mm x 400 mm), the wind
force must exist and may be much larger than that of other
locations when a vehicle is moving. The whole structure of
EV with on-board wind power generation is shown in
Fig. 3d. Once the vehicle reaches a certain speed, the wind
power captured by wind turbines, will be converted into
electric power, which can charge the battery, or directly
supply the EV propulsion system. Between the SRG and
the battery a power diode D is added to avoid the battery
current flowing to the SRG. The dummy load is a device
used to simulate a load, and in this system, it is for
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protecting purposes. In most cases, a switch connected with
dummy load is not turned on when under normal operation.
When the battery of the EV is fully charged, the switch will
be closed, so the generated power will be absorbed by the
dummy load in order to keep the whole system safe and
simple.

4 Proposed control scheme for the SRWPG
system

The SRG can be controlled either in constant flux mode [12]
or constant power mode [7]. In order to implement constant
power control the current as well as the voltage must be
sensed, multiplied and compared with the reference power
signal. Flux control need dedicated flux model. An
improved co-energy control is proposed in [13], but the
method is quite complex for practical implementation as it
needs a torque sensor and an encoder.

A voltage mode control is used here because the regulated
voltage can be directly fed to a battery charge/discharge unit
without the need for a separate dc—dc converter interface. The
battery charge/discharge unit can transfer the power from the
generator to batteries which in turn will feed the power to
other loads in the vehicle. Owing to the above reasons the
voltage mode control was adopted for this project.

The control system of the SRGs is shown in Fig. 4. V§, and
I are the reference dc-link voltage and current, respectively.
0on and 6,4 are turn-on angle and turn-off angle, respectively.
D*, iy, and V4. are the duty ratio, phase current and average
dc-bus voltage, respectively. In the proposed work, the
well-established proportional-integral (PI) controller is used
for the voltage control because of its simplicity instead of
more complex control strategies such as iterative learning
controller [14] and adaptive controller [15]. PWM and
hysteresis controllers that are characterised by their
simplicity are proposed to use in current controller. The two
current controllers are working alternatively in this system.

5 Experimental results setup

A test platform, in which a motor in the investigation serves to
mimic the operation of a wind turbine and an electric load (0—
100 V/0—60 A) serves to simulate the loads of the EV, is
established. Different current controlling methods of the
SRG and their relative merits and demerits will be
compared and a suitable control strategy has been
implemented. The step response performance is verified
under constant load and constant speed, and then the
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dynamic performance is also verified under variable loads
or variable speeds.

5.1 Test platform

Fig. 5 shows the hardware of the driving circuit and the block
diagram representation of the system, respectively. The
negative terminal of battery is earthed and is a common
path for other electronic circuits in the vehicles. The
asymmetrical bridge drivers shown in Fig. 2 are used as the
driving circuit for the project. The action of the wind
turbine is examined by means of a variable speed switched
reluctance motor (SRM) while the load is represented by a
resistive load or a battery pack paralleled a resistive load.
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The load is assumed to be resistive to simplify the analysis
that is always true for such system with a battery and
decoupling capacitors. Angular velocity and aligned
position are detected by means of photoelectric sensors
mounted on stator shaft of the SRG. The system consists of
the following key components:

1. Switched-reluctance generator: Four-phase, 8/6, 240V,
2000 rpm, 5 kW.

2. Driving converter: Classical asymmetric bridge converter
is employed (Fig. 2). The switches used in the converter are
IGBT modules (FUJI Electric 2MBI-75N-060, 600 V, 75 A).
3. Prime mover: A SRM is utilised to simulate the wind
turbine, whose specifications are two-phase SRM: 220V,
0.55 kW, 1500 rpm.

4. Excitation source: The excitation voltage is to set up the
initial flux and 12 V is selected.

5. Control scheme: The control scheme shown in Fig. 4
consists of a closed-loop voltage controller and
commutation logic controller. They are realised using the
MCU PIC18F4331. The sampling rates are chosen to be
10 kHz for PWM voltage control and 1 kHz for voltage
control loop.

6. Some hardware-protecting circuits are adopted, such as
over phase current, over line current and over voltage
through Hall current sensors, Hall voltage sensors, etc.

5.2 Practical aspects

The generated dc-output voltage of an SRG inherently
contains significant ripples with dominant ripple frequencies
derived from stroke or commutation and PWM switching
frequencies. The output voltage ripple can be minimised by
choosing proper output filter capacitor. The dc-link voltage
V4. can be approximately expressed [16] as

Vdc = VO + Avos + Avoh (2)

where V,, Av,, and Awv,, are average value, stroke ripple
component because of phase commutation and PWM ripple
component, respectively.

With the consideration of capacitor ESR, the voltage ripple
of an SRG Av, can be approximately expressed [16] as

2
2R\ 1
Av. =~ £ _
Yo =10 <R0> +(fosR0Cf> ®

where R; is the ESR of Cy; f, is the frequency of Av,, and R,
is the load resistance.

For the dc-link current iy with large spikes, the filter should
be properly designed to reduce the voltage ripple components
Av, and Av,y, in (2) through choosing the capacitor with
lower ESR at the switching frequency. To achieve this goal,
Cris formed by the parallel connection of a 2200 wF/400 V
and 680 wF/400 V. The total value of C, is determined
according to the specified lower-frequency ripple Av,,. The
frequency f,s of Av,, is directly proportional to the speed,
and it is obtained by

. $,360°
~ (360°/((rotor number)(phase number)))60 s

= 0.4 rpm “4)

Jos
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where S; is the wind turbine rotational speed in rpm and the
motor is 6/4 machine.

Hence, the frequencies f,; under S;= 250, 500 and
1000 rpm are 100, 200 and 400 Hz, respectively.

The ESRs of Cp, Cp and Cy are measured using Hioki
3532-50 LCR HIiTESTER:

where Vp, Av,g, Avap

Ry of Cp: 54.07mf)/100 Hz, 50.55m()/200 Hz and
48.32 m{)/400 Hz;
Ry of Cp: 71.30m)/100 Hz, 55.61 m{}/200 Hz and
48.46 m{)/400 Hz;
Rof Cp 3488 m(V/100 Hz, 31.45m(}/200Hz and
29.92 m{)/400 Hz.

From the above data, it is clear that the ESR of Cris much
smaller than the ESR of Cj in different frequencies, but the
equivalent total of Cy is almost determined by the larger
capacitor C; as the capacitance of the capacitor Cp, is
smaller than that of Cj;. In other words, it is simply to add
additional capacitance in parallel with Cj; to reduce Av, as
shown in (3).

= & &
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Fig. 6 Output characteristics

a Average output voltage against D™ curve
b Average output power against D* curve
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6 Experimental results of resistive load

Several tests were conducted on the test platform shown in
Fig. 5 to compare the results under various operating
conditions under constant and variable speed/load conditions
using PWM and hysteresis current control methods as
described below.

6.1 Test under constant speed and constant load

In this experiment, the test is carried out under constant speed
and constant load and the output voltage is regulated by the
following two methods.

1. Output voltage regulation through PWM controller (duty
ratio, D™):

Fig. 6a shows the average output voltage against D* curve
obtained under constant speed (515 rpm) and constant load
(7.55 Q) conditions. Accordingly, average output power
against D* curve is shown in Fig. 6. A monotonic power
curve with duty ratio can be seen. Figs. 7a and b show the
waveforms of the phase current I, the dc-link voltage Vg
and the load current /i when D* is equal to 0.6.

2. Output voltage regulation through the current hysteresis
control:

In this test, the output voltage is regulated by replacing the
PWM controller with a hysteresis controller in Fig. 4 where it
is shown that the magnitude of reference current I.¢ is
modulated depending on the loading conditions so as to
regulate the output voltage. Fig. 8a shows the average
output voltage against /s curve obtained under constant
speed (515 rpm) and constant load (7.55€)) conditions.
Accordingly the average output power against /¢ curve is

b

Fig. 7 Waveforms under resistive load and PWM control

a Waveforms of I, and Vg (Chl: Ly, 10 A/grid; Ch2: V., 10 V/grid)
b Waveforms of /; and Vy. (Chl: I, 2 A/grid; Ch2: Vg, 10 V/grid)
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Fig. 8 Output characteristics

a Average output voltage against /s curve
b Average output power against /..; curve

shown in Fig. 8b. It can be seen that a linear control of the
power to current can be seen.

In the hysteresis control method, two types of situations are
encountered depending on the loading conditions under the
same speed and /¢ conditions. The results from the two
situations are shown in Figs. 9a and b.

1. The light load (small R): 1, starts to increase since the two
switches of the phase are closed at 6,,. When I, is equal to
L., the two switches of the phase are opened. Since the back
emf is higher than the dc-link voltage at this moment, the
current continues to increase. As a result, the hysteresis
controller cannot regulate the current within the hysteresis
band. The output of the hysteresis controller is therefore a
single pulse as shown in Fig. 9a.

2. The high load (large R): I, also starts to increase since the
two switches of the phase are closed at 6,,. When I, is equal
to I.s, since the back emf is less than the dc-link voltage, the
hysteresis controller will be able to regulate the current. The
regulating action of the controller is depicted in the
switching waveforms as shown in Fig. 95.

6.2 Test under variable loads or variable speeds

According to the previous testing results (shown in Figs. 6 and
8) from different control methods under constant speed and
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Fig. 9 Experimental waveforms using I,.;= 7 A hysteresis control
and resistive load

a Chl: PWM,y; Ch2: Iy, 5 A/grid; Ch3: Vg, 20 V/grid
b Chl: PWM,y,; Ch2: I, 5 A/grid; Ch3, 40 V/grid

constant load, it can be inferred that the hysteresis control
method results in a linear relation between I.r and output
voltage, whereas the PWM control results in a nonlinear
relation between D* and output voltage. Hence, further
experiments are carried out using the hysteresis control method.

Fig. 10a shows the waveforms of the dc-link voltage Vg,
and the phase current /,, when the step response of voltage
reference ¥, changes between 0 and 40 V (the resistive
load: 36.07 ), speed: 563 rpm, PI controller: P = 0.625 and
I=60). Vg of I, II, III regions are of 0, 40 and 0V,
respectively. Fig. 10 shows the waveforms of the dc-link
voltage Vy. and the phase current I,, when the given
resistive load is varied between 50 and 36.07 Q (V;.:32V,
speed: 515 rpm, PI controller: P = 0.625 and [ = 60). The
given resistive loads of Regions I, II, III are 50, 36.07 and
50 Q, respectively.

The tests under variable given voltages, variable speeds
and constant load are conducted (13 ) as well. The results
of output power against different generator speeds are
shown in Fig. 11. It is illustrated that good power control
over a wide range of speed of generator using the proposed
constant voltage control performance is achieved.

7 Experimental results of the battery pack
paralleled a resistive load

Battery pack of 36 V, 55 Ah is used in the following tests and
a resistor paralleled with the battery pack is used to mimic the
load of the EV. In the following tests, the given voltage of
SRG is constant 37 V and the speed is 995 rpm.

1. When the resistive load is open with oo (), the battery pack
is charged with all the generated power: 69 W and the
charging waveforms are shown in Fig. 12a.

2. When the resistance is 25 (), the battery pack is in mixed
charging and discharging status. The waveforms are shown in
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Fig. 10  Waveforms of V4. and 1,;, under variation of V. and load

a Vi changed between 0 and 40 V (Chl: Vg, 20 V/grid; Ch2: Iy, 4 A/grid)
b Load changed between 50 and 36.07 ) (Chl: Vg, 20 V/grid; Ch2: I,
2 A/grid)

140

120+

Boo 20 w0 a0 0 w0 70 60 90 100
Motor speed (RPM)
Fig. 11 Waveforms of output power against different motor speeds

under the constant load resistance 13 ) with various voltage
commands

Fig. 12b and the power consumed by the resistance and the
generating power of the SRG are 55 and 69 W, respectively.
3. When the resistance is 10 (), the battery pack is in
discharging status and the power consumed by the
resistance is 129 W and it is larger than the generating
power 69 W of SRG. Its waveforms are shown in Fig. 12c.
4. When the system is installed in a neighbourhood vehicle of
700 kg. The travelling distance is increased from 80 to 84 km
per charge.

It can be concluded that SRG on-board generation system,
connected to the battery pack paralleled with a resistive load,
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Fig. 12  Waveforms of V.. and Iy, with various loads (Chl: V.,
20 Vigrid; Ch2: I, 2 Algrid)
a Battery pack only

b Battery pack paralleled with 25 () resistance
¢ Battery pack paralleled with 10 ) resistance, and the speed is 995 rpm

can supply offset sinusoidal charging current for the battery
pack and the load of the EV.

8 Conclusion

This paper has presented a testing platform for realising a new
architecture for on-board power generation in a pure EV so as
to extend the driving range. A new SRWPG system, as an
important part of the new EV, has been investigated in this
work. The development makes use of the wind power to
form a structure in the vehicle to acquire additional power
through a wind turbine. A new integrated wind turbine is
proposed according to the requirements of the wind turbine
for EVs. A new control scheme for an SRWPG system
according to the operating conditions and characteristic of
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the wind power and SRGs is presented. Also, a control
scheme for an SRG, as a part of the SRWPG system, is
offered, and then different control strategies for an SRG are
discussed. The various results from PWM and hysteresis
control strategies are presented and compared, and the
hysteresis control is selected as the preferred control
because of the linear relationship between the output
voltage and the hysteresis reference control parameter. The
investigation into the realisation of on-board power
generation with wind assisted SRG operation is very
encouraging and provides good energy generation through
on-board SRG on an EV.
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