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Abstract

This research proposed a hybrid energy harvesting system (HEHS) based on Suspension Energy Harvesting using
a regenerative shock absorber (RSA) with SC/Battery hybrid energy storage system (SCB-HESS) based regenerative
braking system (RBS) for the middle electric vehicle (MEV). In the regenerative braking mode, the artificial neural
network (ANN)-based RBS control mechanism was utilized to optimize the switching scheme of the three-phase
inverter and transferred the braking energy to be stored in the energy storage devices. Furthermore, a
supercapacitor-based RSA is capable of harvesting the vehicular suspension-vibration energy and converting it into
electrical energy to extend energy storage devices. The experimental total energy harvesting efficiency of the
supercapacitor-based RSA ranges between 21.74% and 49.93%, with an average total efficiency of 31.93%. In
addition, the research findings revealed that the proposed hybrid energy harvesting system based on SCB-HESS-
based RBS with suspension energy harvesting using RSA enhanced the regeneration efficiency of 31.75% compared

with SCB-HESS-based RBS MEVs.

Keywords: Electric Vehicle (EV), Brushless DC (BLDC) motor, Neural Network (NN), Regenerative Braking System

(RBS), Supercapacitor, Suspension-vibration energy.
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[. INTRODUCTION

Rapid economic growth and rising affluence
contributes to an increase in private-car ownership,
which consequently contributes to increased toxic
vehicular emissions. At present, most battery electric
vehicles are run on electrochemical batteries (i.e. the

[11-[6].

electrochemical batteries suffer from a number of

main energy storage system) However,
drawbacks, including high cost, short life cycle, limited
driving range and low power density as well as
subsequent diminished regenerative braking efficiency.
The present state of energy harvesting that efforts to
convert lost energy into an available form does not
focus on the vehicle but on components instead

(1], [4].

potential for the present automotive industry by

Energy harvesting technology has significant

improving vehicle energy efficiency and fuel economy.
For electric vehicles technologies, regenerative braking
energy, and the vehicular suspension-vibration energy
[7].

Furthermore, a bulky energy storage system (ESS)

are the main targets of energy harvesting
containing multiple battery packs is required to meet
the vehicle regenerative braking efficiency.

To overcome the drawbacks, a hybrid energy
storage system (HESS) based on multiple battery and
supercapacitors (SC) was utilized to improve vehicle
acceleration and prolong the battery life span [3].
Different energy management strategies have been
proposed in literature for optimal power split strategies

in HESSs [1]-[6]. Majority of the prior work is proposed

for fuel cell systems hybridized with SC and/or batteries.

Similar energy management techniques can be
adopted for battery/SC hybridization. Strategies that are
based on heuristics or empiric experience can be easily
implemented by rule-based control algorithms [4]-[6]
or using fuzzy logic methods [1], [4]. The simple filter-
based or frequency-based power split strategies have

been implemented in [11] and [12].
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For a conventional EV, a significant amount of
energy is consumed in urban driving cycles by braking
[1], [2]. To improve the performance of EVs, the
regenerative braking system has been developed. It
utilizes the electric motor, providing negative torque to
converting kinetic energy to electrical energy for
recharging the energy storage devices. The dissipation
of kinetic energy during braking, by an electric vehicle
can be recovered advantageously by controlling the
power electronics for total energy management
onboard the vehicle. Therefore, regenerative braking is
an efficient technology to improve the efficiency of
electric vehicles. Various attempts to satisfy the control
performance needs for regenerative braking have been
presented in the literature, such as rule-based
strategies [5]-[6], PID control strategies [3]-[5], and
neural network approaches [4]. in the regenerative
braking condition, the DC-link voltage is boosted. Hence,
the ANN controller-based RBS program transferred the
braking energy to store in the SC. [5]-[6]. Specifically,
the battery/SC HESS scheme utilizes the high power
density of an SC and the high energy density of a
battery. Nevertheless, a high-power electronic interface,
e.g. the bidirectional DC/DC converter, is required to
connect the battery and the SC, rendering it cost-
ineffective [1]-[6]. Moreover, the high-power electronic
interface induces the power dissipation and the
subsequent diminished regenerative braking efficiency
[6].

In  practice, shock-absorber vibration energy
corresponds to road roughness and vehicle speed [7],
[8], and [10], experimented with the hydraulic damper
with a permanent-magnet synchronous machine and
variable resistors; Despite extensive studies focused on
regenerative shock absorbers (i.e. electromagnetic,
hydraulic and mechanical schemes) [9]-[15] and [18],
The electricity produced by the generator is stored in

supercapacitors to charge the battery and extend the



range of EVs. The mechanical properties of the full-
scaled fabricated prototype were studied by utilizing a
mechanical testing and sensing fixture. An average
power output of 3.701 W in 1Hz-3 mm sinusoidal
vibration input and a peak efficiency of 51.1% and
average efficiency of 36.4% were achieved in a bench
test [141-{16].

Several designs of energy harvesting suspension
systems have been presented and optimized in order
to ensure an improved performance for different
applications. Moreover, regenerative braking has
already been available and applied to hybrid and
electric vehicles commercially. However, both the
energy harvesting suspension systems and regenerative
braking  technology is still under continuous
development. It can be concluded through studies that
both energy harvesting methods have limitations such
as total weight increases, extra space requirements,
system losses, efficiency losses, costs, etc. In this
respect, optimizations continue for more light weighted
designs with choosing the more suitable material
selection, power electronic interface, suitable switching
control and dimensional designs [71, [17].

Specifically, this research experiments with the
proposed a HEHS based on suspension energy
harvesting using regenerative shock absorber (RSA). The
proposed RSA composed of three main parts; the
suspension vibration energy, conversion mechanism
and energy storage modules with SC/battery Hybrid
Energy Storage System (SCB-HESS) based RBS, in the
regenerative braking condition, the DC-link voltage is
boosted. Hence, the ANN-based RBS program with

suitable switching pattern of three phase inverter
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transferred the braking energy to store in the SC, both
the energy harvesting was utilized to extend the battery

life and the driving range for MEV.

Il. THE SCB-HESS REGENERATIVE MODE
In the SC-enabled regenerative braking mode, the
DC-link voltage is boosted and power diode becomes
forward-biased a boost circuit of the three-phase
inverter can be formed. High sides of the switches of
the half-bridge are turned off and the low sides of the
[6]. The

regenerative braking energy is then transferred and

switches are pulse width modulated
stored in the SC module (Figure 1 b) Conventionally, an
additional buck-boost DC/DC converter is deployed to
transfer the braking energy to the SC, as shown in Figure
1, (@ SC-enabled regenerative braking mode by

regenerative shock absorbers, and (b) SC-enabled

regenerative braking by RBS.

lll. THE CONVERSION MECHANISM

The  conversion mechanism  converts the
bidirectional between the inner and outer cylinders in
linear motion (up-down movements) into a
unidirectional rotation to drive the generator shaft.
Figure 2(a) illustrates the prototype and 3D model of
the RSA, consisting of two cylinders, bevel gears,
overrunning clutches, rack-pinions, a shaft and internal
gear as shown in Figure 2(b) [15].

In Figure 2(b), the shaft with two pinions is
assembled without being stationary. The unidirectional
overrunning clutches (CSK-PP type) are fitted to the

shaft and fixed into the pinions [15].
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Figure 1 The conversion mechanism of the proposed system (a) SC-enabled regenerative braking mode by regenerative shock

absorbers (b) SC-enabled regenerative braking by RBS

| 1; Right rack 5. Drive bevel gear
| 2. Leftrack 6. Drive bevel gear
3. Right pinion 7. Shaft
4. Left pinion 8. Internal gear

9. Overrunning clutch

(b)

@)

Figure 2 The prototype and 3D model of the RSA: (a) outer,

and (b) inner structure

Upon vibration, the alternating pattern of
movement between the inner and outer cylinders in
linear motion induces the upward and downward
movements of the racks. The racks then transmit the
vertical movements to the left-right pinions. Given the

rack and pinion assembly, the two pinions rotate in
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directions opposite to each other [15]. The dual
overrunning clutches alternately engage and disengage
the shaft (i.e. if one overrunning clutch engages, the
other disengages), This, results in the unidirectional
rotation motion of an output shaft, independent of the

movement of the racks, as shown in Figure 3.

Racks move upwards
and downwards

Pinions ratate in
opposite directions

Overrunning clutch \
embedded into pinions \

"
Shaft moves in single
fixed direction rotation

Figure 3 The conversion mechanism with bidirectional

linear motion into a unidirectional rotation



IV. SYSTEM POWER ANALYSIS
In this study, the conduction and switching losses of
the dc—dc buck converter is considered for buck mode.
The dc—dc buck converter power electronic interface
conduction losses of the high-side switch is computed

as

Pon,H = Igut X Ron,H X ‘:;z.ut (1)
m
The dc-dc converter conduction losses of the low-

side IGBT can be written as

Vou
PonL = Igut X Rop, X (1 - Tnt) (2)
where Vi, is the input voltage, and Vyy; is the
output voltage. P,p g is the high-side IGBT on
resistance, Py, 1, is the low-side IGBT on resistance.

The switching losses of dc-dc converter can be

expressed as:

1 1
_V I t.+t + _VZC
PSW,loss :fs <2 Cl Ll( r f) 2 C oss> (3)
+QchargeVG + V0,

Coss is the output capacitance of IGBT. Qcparge is
the gate charge due to charging the gate capacitance
by cate voltage. Q- is the reverse recovery charge.
Vi is the gate voltage. t, and ty are the rise-time and
fall-time transitions of IGBTs during switching periods.

The total power losses in HESS are the sum of

power losses in the dc—dc buck converter, inverter,

motor, during braking and the SC/battery as

PHESS,loss = Fon,n + Pon,L + Psw,loss + PDiode
+ PInv.Mot,loss + Pbrake
+I3cRsc + Ifge ()

where Pp, moti0ss 1S the power of losses at power

level (P). Since the total power loss is obtained, the
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efficiency can be calculated with the following

equation

— VourXlour (5)
(VourXlouT)*+PHESS,l0ss

n

where Voyr is the output voltage. Ipyr is the
output current.

This part investigates the effects of the RSA scheme
parameters (e.g. damping force, excitation force) on the
output power efficiency. Specifically, the damping force

(Fg) of the RSA can be expressed as

Fy=F= meqjc'+'CL =m,+2m, +

J
l_‘zq“‘]pg"’]b +]s+2]p
TZ
1.5xk2
+ -5 X
BgPpgPpBrpt?r?(Re+Ry;)

(6)

x

where Fy is the damping force, F is the excitation
force, x is the excitation speed, and By, Bpg,Bb, Brp
are the efficiency of the generator, planetary gearbox,
bevel gear and rack-pinion, respectively. m, and
m,are the mass of the outer cylinder and the rack,
while, Jg, g, Jb. s Jp are the inertia of the generator,
planetary gearbox, bevel gear, shaft and pinion
respectively. k, is the rotary damping coefficient, R; is
the Internal resistor of each phase of the generator
charging circuit, R, is external resistors, 7 is the radius
of the pinion, [ is the planetary gear ratio and Cj, is the
linear damping coefficient[15].

The mechanical efficiency (Bm) of the RSA is

expressed as

ﬁm = Bgﬁpgﬁbﬁrp (7)

Substituting (2) into (1) yields

Bmpinput =P (8)
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where Py is the electrical power, which comprises
the fragment charge captured (Pcgptureq) and the
fragment lost to the internal resistance (Pj,g) of the
generator, which can be calculated as:

P = Pcaptured+Plost

Thus, the electrical efficiency of the RSA s
calculated by

P captured

Be = (10)

Pcaptured+Plost

The linear damping coefficient can be calculated as

follows:

(11)

where Cpis the linear damping coefficient, AW is
the mechanical work input of the RSA, W and A are the
frequency and amplitude of the sinusoidal vibration,

respectively.

V. DESIGN OF BEACH TEST EXPERIMENTAL

In this research, a 20 kW BLDC motor [6] was
selected since it has higher power to weight ratio
efficiency compared to other motors. For example, in
comparison to an induction motor, the 20 kW BLDC
motor has a weight of 40.5 kg., which is lighter than the
20 kW BLDC motor which has a weight of 102.5 ke. For
this reason, it is lighter, smaller, and more suitable for
installation in middle electric vehicles with a weight
range of 400-800 kg and suitable for an average running
speed of 30-85 km/h. Details for the beach test

experimental are shown in Figure 4.

34
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Figure 4 Test bench experiment of regenerative braking system.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 5 shows the simulation and experiments of
the relationship between speed and the time spent
using the braking range of 9.26 seconds at a pre-braking
speed of 34.84 km/h to evaluate the supercapacitor
pressure before/after braking which results from the
simulation found that during the previous period and
after braking for 9.26 seconds at an average speed of
34.15 km/h before the braking speed, SC voltage is
increased after braking to 5.8 v, where Table | shows
the experimental results, kinetic energy before braking
and the energy stored after braking at the speed before
braking, averaging 9.41 m/s at the time of braking at 9
seconds. The energy stored after braking averages at
3,215.02 joules. The kinetic energy that occurs before
braking averages at 27,250.90 joules.

The RSA bench-test experiments carried out subject
to sinusoidal vibration given variable frequencies (2.0,
2.5, 3.0, 3.5 Hz) and amplitudes (3, 6, 9 mm) for the
force-displacement loops. The experimental platform
of the RSA prototype using HS-5042-AF2 electronic
shock absorber testing system and a UTD2102CEX-EDU
digital oscilloscope to record the voltage signals from
the generator. Due to the dimensional limitations, the

maximum amplitude of the prototype RSA is 9 mm.



Table 1 Experimental and Simulation Specifications

Total
Speed Duration
kinetic Energy
before of
Set energy recovered
braking braking
before (@)]
(m/s) (s)
braking(J)
1 9.60 27,490.43 9.24 2,240.31
2 9.71 28,523.75 9.28 2,811.49
3 9.55 27,233.27 9.24 3,286.39
4 9.59 27,531.91 9.32 3,491.02
5 9.52 27,438.08 9.25 4,127.75

The efficiency of the proposed method can be
evaluated by comparing the SOC of the hybrid energy
storage device. (SC and batteries) during the driving
cycle of MEV, Figure 5 shows the comparison of
simulations and experiments for the charge status of
the SC and battery under 2 conditions: the system
recovers braking using SC with the charge status of the
SC and the battery starting at 87.2% and 82.6%. The
system recovers braking using battery with the SOC of
SC and batteries starting at capacitors 96.1% and 85.5%.

The multi-layer feed-forward ANN provide
satisfactory ANN capability in this proposed scheme.
The inputs comprise the vehicle speed, states of
charge (SOC) of the SC and the battery, and the
number of brake situation per drive cycle. The
regenerative braking force of the front wheel are the
outputs of the ANN algorithmic scheme. Five neurons
in hidden layer are analyzed. Meanwhile, the hidden
layer of the algorithmic scheme consists of five
neurons whose activation functions are of sigmoid
function [6].

The artificial neural network (ANN)-based RBS
control mechanism was utilized to optimize the
switching scheme of the RBS’s three-phase inverter. In
the regenerative braking mode, the ANN-based
SC/battery RBS transferred the braking energy to be
stored in the SC [6].
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In the first case, the initial SOC value of the SC and
the battery are set at 80.2% and 82.4% respectively.
Therefore, the SC voltage is still far from the safety
threshold of 939%, braking with the battery will not be
activated. Consequently, there will be only SC used to
store energy from braking in this case. With the SC
status and battery in this case, Figure 6 shows the
second case of braking, in which the SOC of the SC is
set to an initial value of 96.2%, in this case, since the
capacitor status (SOC) of the capacitor exceeds the set

safety threshold.

40
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Figure 5 The simulation and experiments of the speed and time

spent using the braking range of 9.26 seconds.

A Simulation (Battery Only)

»
o
o
)
T T T

—— Experimental (Battery Only)

SOC of Battery (%)

72.08 A A

0o 100 200 300 400 500 600 700

Time (Sec)

800 900 1000

Figure 6 The initial SOC of 83.2% (Battery)
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Table 2 tabulates the opUma[ simulation Table 2 Experimental Optimal Simulation Parameters
parameters of the RSA scheme. The RSA scheme was of the RSA
Parameter Value

simulated using MATLAB based sinusoidal vibration

under variable frequencies (2.0,2.5,32.0, 3.5 Hz) and

Shaft inertia J 3.251 kg mm?®

amplitudes (3, 6, 9 mm) for the force-displacement Bevel gear inertia | 4811 kg mm
loops. The sinusoidal vibration (x) function can be Planetary gearbox inertia [ 0.22 kg cm?
expressed as, where x is the sinusoidal vibration, t is the Rotor inertia of generator J ¢ 0.5 kg cm’
period time of frequency, A and W are the amplitude The mass of outer cylinder e 401 ks
The mass of rack M- 0.197 kg

and frequency of the sinusoidal vibration, respectively.

Figures 7(a)-(c) illustrate the simulated force-

Pinion inertia | p

32.275 kg mm?

The rotary damping coefficient ke

0.0512 V s/rad

the planetary gearbox ratio i 1:35
displacement loops of the proposed RSA scheme
associated with 3, 6 and 9 mm amplitudes, given the 100 o e
80 — 7::“2
frequencies of 2.0,2.5, 3.0, 3.5 Hz. The simulation results &o {/ \\ """""" oy
indicated that the regenerative shock absorber satisfied o \/ ——— *s\,\
2 20 = R R P
the requirements for conventional shock absorbers, g o Q\ N
©-20 D \ )
particularly terms of in damping and elasticity [10]. The P s —_— L \
) ) . . -60 =Rz e O //’
orientation of the force-displacement loops is non- P R 4
-80 \\
horizontal and oblong-shaped, while the mass inertia is 100 =3 g o 15 35 AE
Amplitudes (mm)
related to the negative slope. In addition, the ideal @)
force-displacement loops could be achieved with the 200 —
160 —— | 25H
optimal simulation parameters [10], [11] 120 _— —~ 3.0H:
The simulation results also revealed that the s 2 _," ——= e
< 40 V.- ———— _::&:\
vibrational frequency is positively correlated to the g o RN
force-displacement loop slope, given 3, 6, 9 mm 0 "\_._ Rl _/",7
amplitudes. In other words, the loop slope increases 1:2 i S A
with an increase in the excitation frequency. The non- %5 so 255 0 2.5 5.0 7.5
Amplitudes (mm)
horizontal loops are attributable to the masses of the (b)
outer cylinder (m;) and the rack (m,) as well as the 200 —— [
160 A e NG| XY
inertia of the moving parts, i.e. the pinions, shaft, bevel 120 (_/ P —— \\ St
80 - __:}
gears, planetary gearbox and generator, as estimated by g 40 Xl - ‘~§
8 o k S
Eq. (1). By comparison, the simulated mechanical work & -a0 Vi_ -
input of the RSA (AW) (i.e. inner-loop area) increases 120 e
160 \_' =

with an increase in amplitude (3, 6, 9 mm), given the

same excitation frequency.

12 -4
Amplitudes (mm)

(@

12

Figure 7 The simulated force-displacement loops under the
frequencies of 2.0, 2.5, 3.0, 3.5Hz given the amplitude of: (a) 3

mm, (b) 6 mm and (c) 9 mm
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Figure 8 illustrates the 9 mm-amplitude
experimental force-displacement loops of the RSA
scheme, given the frequencies of 2.0, 2.5, 3.0, 3.5 Hz.
The inner-loop area represents the mechanical work

input (AW) of the RSA.
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Figure 8 The experimental (bench test) force-displacement
loops under frequencies of 2.0, 2.5, 3.0, 3.5Hz given amplitude

of 9 mm

The average experimental linear damping

coefficient (CL) is 1731.4 Ns/m, given 9 mm amplitudes.
resembles the

The experimental result closely

calculated result of 1811.4 N s/m, calculated by (11).

270
. simulatedl]]]]] Measured (The proposed system)

240
Esinulatedfff Heasured (SCB-HESS with RBS)

- % simulatedMeasured (RSA)
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180 171,51

150

120
105.96

Driving distance (km)

90

60

30

3.18 3.79
Driving time (hour)
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Figure 9 The driving range of the EV with RSA only, with the
SCB-HESS with RBS only, with the proposed system (RSA with
the SCB-HESS-based RBS)
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Figure 9 compares the driving ranges and duration
(drive cycle) of the EV without the RSA only, with SCB-
HESS-based RBS, with the proposed system, given that
one drive cycle is 8140.41 m with a total travelling time
of 882.10 seconds. In the absence of the RSA only, the
vehicle could travel 105.96 km (13 cycles) while, under
the SCB-HESS-based RBS condition, the distance
travelled by the EV was 126.33 km (15.5 cycles).
Meanwhile, the distance logged by the vehicle with
proposed system was 175.24 km (215 cycles), an

increase of 48.91 km (6 cycles) compared to that of the

RSA only vehicle.

VII. CONCLUSION
In this paper, a hybrid energy harvesting system was
proposed based on a regenerative braking system and
Suspension

Regenerative Shock Absorber with SCB-HESS-based RBS

Energy Harvesting using Mechanical
for middle electric vehicles (MEV). In the regenerative
braking mode, the DC-link voltage is boosted, and ANN-
based RBS program transfers the braking energy to store
in the energy storage devices.

In this study, experimental were carried out for an
RSA prototype fabricated and bench-tested subject to
sinusoidal vibration. The experimental RSA total
efficiency (B) was in the range of 21.74% -49.93%, with
an average total efficiency of 31.93%. The total
efficiency was positively correlated with the vibrational
frequency and amplitude. The maximum total
efficiency of 63.22% was achieved at 3.5 Hz frequency
and 9 mm amplitude, to comparatively assess the
performance of the proposed hybrid energy harvesting
system, the simulations were carried out under the
NYCC drive cycle. The results showed that the
regeneration efficiency was improved about 31.75% in
comparison with SCB-HESS-based RBS.

The proposed SCB-HESS-based RBS with suspension

energy harvesting is capable of harvesting the braking
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energy and the suspension vibration energy used for

renewable energy applications to extend the battery

life and the EV driving range.
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