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ABSTRACT - A significant contribution of this paper is developing a half car model with a built-in
piezoelectric stack to evaluate the potential of harvesting power from the car suspension system.
The regenerative car suspension system is modelled mathematically using Laplace transformation
and simulated using MATLAB/Simulink. Two piezoelectric stacks are installed in series with the

front and rear suspension springs to maintain the performance of the original suspension system KEYWORDS

in ride quality and comfortability. Half car model is subjected under harmonic excitation with Energy harvesting;
acceleration of 0.5 g and velocity of 9.17 rad/s. The harvested voltage and power are tested in both piezoelectric stack
time, and frequency domain approaches. The influence of the different parameters of the method;
piezoelectric stack (number of stack layers and area to thickness) and car suspension (sprung and zzgfscbésrp;';;’:f’
unsprung stiffness and damping coefficients) are examined. Also, the effect of road amplitude analytical mocielling

unevenness is considered. The results illustrate that the maximum generated voltage and power
at the excitation frequency of 1.46 Hz are 33.51 V and 56.25 mWV, respectively.

INTRODUCTION

Recent researches are focused on harvesting the loss of vibration energy into useful electrical energy. Dampers of the
car suspension system are the main source of the vibration losses. [1, 2]. There are several mechanisms discussed in
harvesting car’s mechanical vibrations such as, attaching multiple piezoelectric harvesters [3-14], electromagnetic [15—
19], electrostatic transducers [20], linear electromagnetic shock absorber, MR electromagnetic regenerative damper,
hydraulic, rack-pinion, ball-screw, and cable/pullies [21-26]. However, Piezoelectric harvester is one of the most efficient
and desirable transducer because of its simplicity, operate in the wide frequency range, excellent electromechanical
coupling, and producing the highest power density [27—-30]. The work in installing the piezoelectric energy transducer in
a car suspension system has been discussed by some researchers; however, more attention should be paid to this issue.
Most of the studies were focused on evaluating the dissipated energy from the car suspension system not the harvested
energy [21]. Wei and Taghavifar [31] evaluated the power dissipation from a half car model. The dissipated power by the
front suspension was greater than the rear car suspension by 35%. The reason behind this variation is the high values of
the front suspension parameters compared with the rear parameters.

For energy harvesting applications, two primary groups of piezoelectric materials are divided into two main groups
including in piezo-ceramics such as Lead Zirconate Titanate (PZT) or Barium Titanate (BaTiO3), and piezo-polymers
like Polyvinylidene Fluoride (PVVDF). Many energy harvesting works are oriented to utilizing the Lead Zirconate Titanate
(PZT) type due to its advantages. The PZT film coefficient is at least two times greater than the other types which helps
in providing high power output [32]. As reported by Makki and Iliev, PZT has harvested power output per unit area of
9.37x10*mwW/mm? while, PVDF has harvested a lower value of 5.31x10-4mW/mm? [33].

Piezoelectric materials could be attached in different locations in car suspension system. Attaching piezoelectric
harvesters to the car springs is one of the possible ways as they will generate electrical charge across their terminals when
the vehicle is subjected to the road vibrations and cause the springs to strain [3, 13]. Namuduri et al. [3] developed an
energy harvesting system by attaching a layer of piezoelectric composite fiber on top of the four surfaces of the leaf
springs. The harvesting system generates electricity due to the compressions and tensions of the spring during the car
travel. Each piezoelectric element is coupled to a rectifier to convert the AC output voltage to DC that is used in powering
multiple devices in the vehicle or storing it in a battery or capacitor. They reported that the generated electric charge is
proportional to the level of stress ¢ or strain S applied to the springs, more deformation subjected to the harvester will
generate more electrical charge . Wang et al. [4] modelled the harvesting system as a quarter car model with attaching a
piezoelectric element in parallel with the spring of the suspension system. The system was able to generate a theoretical
power up to 2.84W when subjected to a sine wave acceleration of 1g. The efficiency of the energy harvesting system was
affected by the tire stiffness, suspension spring stiffness, and a suspension damping coefficient. The theoretical analysis
results such as resonant frequencies, harvested voltage, and the effect of the various external resistances were validated
experimentally by modeling the car body and tires as aluminum blocks. However, Al-Yafeai et al. [5] compared the
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results of the harvested energy from Wang’s quarter model [4] with their proposed half car model by inserting two
piezoelectric materials in the front and rear suspension system. The findings show that, there was an increase in the
harvested voltage and power by about 77% and 57%, respectively. The output voltage and power from Wang et al. [4]
and Doaa et al. [5] models were calculated without considering the stiffness coefficient of the piezoelectric element which
will profoundly affect the magnitude of both harvested voltage and power. Considering the value of the piezoelectric
stiffness coefficient and installing it in parallel with the suspension system will increase the overall stiffness of the system
and this significantly decreases the harvested voltage and power from W to mW due to the less deformation of the
piezoelectric material.

Piezoelectric energy harvester can also be mounted on the vehicle wheels as it will produce electricity due to the
deformation of the wheels. Xie and Wang [6] built a dual mass piezoelectric bar harvester placed on the wheels of the car
suspension system. They have modeled it as a spring and a damper in the mathematical model. A piezoelectric material
was made of PZT-4 (lead zirconate titanate) with a width of 1.5 cm and a height of 10 cm without specifying the number
of layers. The model was subjected to different classes of road roughness classified by ISO/TC108/SC2N67 starting from
a very smooth to a poor road surface. From a road profile of class D, which means inferior road surface, the system has a
potential power of 738 W that could be attained by inserting more than four piezoelectric harvesters to the system. They
have mentioned that, the resultant power is influenced by several factors such as the input car velocity, road roughness
irregularity, and the dimensions of the piezoelectric element.

Piezoelectric materials can be mounted in the inner circumference of the tires and connected to the capacitor for
storing the electrical charge. Behera [7] connected 32 piezoelectric modules of type PZT-5A that were arranged in three
strips connected in series. The model was able to harvest the power of 14 mW per wheel rotation per second at velocity
travel of 40km/h. Whereas, Lafarge et al. [8] assembled a cantilever piezoelectric beam of type PZT-27 into the wheels
of the car. The quarter car model was excited at 91Hz that relates to the first natural frequency of the cantilever beam.
The harvested power was evaluated with two different loads resistance: 22kQ and 222k€Q. The peak values were reported
as 1 mw and 1.4 mW, respectively, which can be powered several sensors for monitoring applications. The system was
also investigated in real case by installing the piezoelectric beam into the unsprung mass. At speed car of 10km/h, the
harvested power was varied between 0.001 mw and 0.021 mW. However, the harvested power of the range of 0.01mW
and 0.07mW was occurred at 30 km/h.

Additionally, piezoelectric material could be designed as a regenerative shock absorber that will generate electricity
from the variation of fluid pressure due to piston displacement in the dampers. The piston compresses the fluid inside the
damper and creates pressure when it is exposed to vibration. The resulting fluid pressure causes the deformation of the
piezoelectric plates and consequently produces an electric charge. Lee et al. [9] installed two parallel plates of
piezoelectric material of type PZT-4 in the suspension shock absorber. At the excitation frequency of 10Hz, the output
voltage and power generated were about 20V and 1.2mW, respectively. However, Lafarge et al. [10] studied the effect of
the location of piezoelectric material in the shock absorber, whether to be stacked on the damper’s surface (d31) or placed
between two surfaces (d33). At speed of 30km/h, the results showed that PZT-5H harvested a higher power (6mW) when
it is in the mode d33, while, the power of 3 mW was recorded in the mode d31.

Another approach to increase the harvested energy from car suspension system is using a multilayer piezoelectric
stack [11-14]. Arizti [13] implemented a PZT stack on the top part of the piston in the shock absorber. Due to the
significant disturbance in front wheel compare it to the rear one, the system was able to generate a voltage of 17.69mV
from the front wheel per one bump in the road. The harvested power from their proposed system was not mentioned.
They have reported that, increasing the effectiveness of a multilayer PZT stack depends on increasing the thickness of
the piezoelectric layers or increasing the number of layers. Hendrowati et al. [14] built a system with multilayer
piezoelectric mechanism to increase the performance of the piezoelectric harvester. This mechanism was able to convert
the relative vertical displacement into horizontal displacement in order to reduce the relative displacement and amplify
the spring force. The PZT stack mechanism was connected in series with the suspension’s spring, and this led to generate
a power of 7.17 times larger than the direct mounting to the car suspension system. The harvesting energy from the
suspension system can be also used to control the vibrations in the system by implementing a piezoelectric stack in the
shock absorber. Ali and Adhhikari [11] established a dynamic vibration absorber that is modeled as two degrees of
freedom (2 DOF) system coupled with the electric circuit. The harvesting system was subjected to the sinusoidal
excitation at a constant frequency, while Madhav and Ali [12] excited the same system with random input excitation. The
aim of the two researches was to find the optimal mechanical and electrical parameters in order to get the maximum
power output and minimum system’s vibrations.

It can be concluded from the previous studies that most of the work was performed considering quarter car model (2
DOF) which does not imitate the real functions of the car. Furthermore, energy harvesting researches on the suspension
system were oriented to modify the shock absorbers in the system that will affect the performance of the suspension
system from different aspects in road handling, and ride quality. The current work aims to develop a half car model with
attaching two piezoelectric stacks in series with the suspension’s springs. This technique will not cause any change in the
performance of the car suspension system. The piezoelectric parameters, as well as the suspension parameters, are
investigated. Piezoelectric energy harvesting system is built and modelled using a MATLAB/Simulink.
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MATHEMATICAL MODEL

Mechanical System without Piezoelectric Stack

Different mathematical models are used for analyzing the vehicle dynamics. Quarter-car model is one of the simplest
and mostly used in the car suspension analysis. It represents one-quarter of the car body connected to one tire, where
each of them has only the bouncing motion. However, half car model analyzes the half car body connected to front and
rear tires. It examines both the bouncing and pitching modes of vibrations. In this work, four degrees of freedom model
is built and illustrated in Figure 1. The equations of motion are developed applying Newton’s 2" law as follows:

The equation of the bouncing motion of the front unsprung mass:

Mys¥up = —Kup(Yur = Yar) = bus (Yur = Yer) + Ko (Ys = L6 — Yur) + byp (Vs — L5 — Yor) 1)
The equation of the bouncing motion of the rear unsprung mass:
Mur}.}ur = _Kur (Yu‘r - YRT) - bur (Yur - YRr) + KST(YS + Lrgs - Yur) + bsr (Ys + Lrés - Yur) (2)

The equation of the bouncing motion of the sprung mass:
MSYS = _st(Ys - Lf_es _'Yuf) - bsf(ys - Lfés - Yuf) - Ksr(ys + L6 — Yur) ©)
— bg, (Y + L85 — Yoy
The equation of the pitching motion of the sprung mass:
185 = Le[Kp (Ys = LBy = Yur) + byp (Y = Lpbs = Yur )] = Ly [Kor (Y + Ly B — Vo) @
+ by, (Ys + L0s — Yy )|

The road profile is modelled as a harmonic acceleration excitation that excites the vehicle front tire Yre (t) and the rear
tire with the following delayed function Yrr (t):

Yer(0) = Yo (x = T) where Yoy (1) = asin(wr) (5)

where a is the acceleration amplitude of the sine wave,  is the angular frequency, and T is the time delay that depends
on the vehicle wheelbase and velocity

=
£

;j bur buf I\-j g}{u‘r

el N ANAY B
AV A A

T A

Figure 1. Mechanical system of half car model

Electrical System

The harvester used in this work is a piezoelectric stack that is made of numbers of piezoelectric sheets layers, n, placed
on top of each other. These layers are connected mechanically in series and electrically in parallel, which means that each
layer will have the same voltage [34]. The piezoelectric stack is operated in 33 mode where the mechanical force is
applied along the polarization axis while the electric charge is collected on the surface perpendicular to the polarization

axis, as shown in Figure 2.
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Polarization

2(Y)

1(X) 4

Figure 2. Direction of polarization for a piezoelectric material

In this model, the piezoelectric stack element will be connected in series with the front/rear sprung stiffness in order
to not affecting the mechanical performance of the suspension system. Connecting a piezoelectric stack in parallel
connection with the suspension spring will increase the equivalent suspension system stiffness and consequently affect
the ride quality and comfortability. The equivalent stiffness in the series connection will be approximately equal to the
stiffness of the sprung mass as if there is no piezoelectric stack as shown in Figure 3.

Kp
Kp Ke
K
Series connection Parallel connection
_KtK Keq = K, + K

eq Kp K, s

Figure 3. Equivalent stiffness as (a) series connection and (b) parallel connection

The piezoelectric material is expressed mathematically as a resorting force in the piezoelectric stack element and the
output current from the piezoelectric material (ip). The restoring force in equation (6) consists of the mechanical and
electrical forces with neglecting the effect of piezoelectric damping. The electric circuit is included in order to collect and
store the energy converted from the vibration energy. The integrated circuit shown in Figure 4 composed of the
piezoelectric material that is modelled as a piezoelectric capacitance (Cp) and resistance (Rp) with the output AC voltage
(Vp) connected to the external circuit. The external rectifier circuit consists of the bridge rectifier made of four ideal
silicon diodes to obtain the output DC voltage (V) connected to the smoothing capacitor (Cp) and external load (Re). The
smoothing capacitor is utilized to reduce the ripple of the output AC-DC signal.

=
Y

Piezoelectric element

Figure 4. Piezoelectric harvesting circuit
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For the piezoelectric element, the relationship between the electrical and mechanical variables can be derived as
follows [35]:

E, = K,Y,,(t) + al,(t) (6)

ip = a¥, — GV, @)

In which the featuring quantities are the short circuit stiffness of piezoelectric stack material K, the displacement Y/,
and the force factor a. The mathematical expression of these quantities illustrated in equations (8-10) which are defined
as a function of the piezoelectric parameters presented in Table 1.

_ B4y

Kp == (®)
D
Ap
a = d33Ep t_ (9)
P
&334
C,=n—>2F (10)
tp

where A, and t, are the surface area and thickness of one layer of the piezoelectric stack and the total length of the
stack is defined by

I, = nt, (11)

Table 1. Piezoelectric parameters [36]

Parameter Value Unit
Ep 53 GPa
dss 630 pm/V
€33 30.975 nF/m

When a piezoelectric voltage is equal to the output rectified voltage, the diodes conduct, and the current i, flows from
the piezo stack into the external rectifier circuit that can be identified as

( .V .
CoV +— if vV, =V
- .V
D=\ ——  ifp=-V (12)
R,
l 0 if || <V

From piezoelectric harvesting circuit shown in Figure 4, the resistors and capacitors are connected in parallel. The
piezoelectric resistance has a very high value compared to the external load resistance; therefore, the equivalent resistance
R is equal to the external resistance R = Re. It is also assumed that, the smoothing capacitor C. is enormous compared to
the piezoelectric capacitance Cy, thus the DC rectified voltage is approximated as a constant over a cycle [37, 38]. The
equivalent capacitance equals to the piezoelectric capacitance C = Cp. The external load is modelled as a constant current
source, and the four diodes are assumed to exhibit the ideal behavior which means the diode drop is negligible [39]. As a
result, the piezoelectric harvesting circuit can be simplified as the equivalent electric circuit as shown in Figure 5 and
equation (13) with the values of R =10 kQ and C = 60 nF.

% = a¥(t) — CV(t) (13)

aY CD c —— R

Figure 5. Piezoelectric equivelent circuit
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Mechanical System with Piezoelectric Stack

Based on the Newton’s second law, the equations of the electromechanical model with built-in piezoelectric stacks
mounted in series with the front and rear suspension springs are derived. The derived governing equations can be
presented in Laplace transformation as follows:

The equation of bouncing motion of the front unsprung mass:

MusYur = =bug(Yur = Yar) = Kur(Yur = Yar) + bsp(Ys = Lebs = Yup) + Kop (Yor — Yur) (14)
Applying Laplace transformation:
[My 5% + (bss + bys)s + (Ksp + Kif)|Yur = (bups + Kup )Yar + (bsps)Ys — (bspLss)0s + (K )Yy (15)

The vertical displacement of the front unsprung mass can be written as:

Yuf = A].YRf + A2YS - A395 + A4Ypf (16)
where
bufS + Kuf beS
A, = 2 4, = 2
MufS + (be + btf)s + (st + th) MufS + (bsf + btf)s + (st + th)
_ bstfS _ st
A; = > A, = >
MufS + (bsf + btf)S + (st + th) MufS + (bsf + btf)s + (st + th)
The equation of bouncing motion of the rear unsprung mass:
MurYur = _bur(Yur - YRr) — Kur (Yur - YRT) + by (Ys + Lrés - Yur) + Ky (Ypr - Yur) 17)
Applying Laplace transformation:
(Mursz + (bsr + bur)s + (Ksr + Kur))yur = (burs + Kur)YRr + (bsrLTS)es + (Ksr)ypr + (bsrs)Ys (18)

The vertical displacement of the rear unsprung mass can be written as:

Yur = ASYRT’ + A6HS + A7Ypr + ASYS (19)
where
A= [ byrs + Ky ] A= [ b Lys ]
> Mursz + (bST + bur)s + (KST + Kur) 6 Mur52 + (bST + bur)s + (KST + Kur)
K, ber
Ay = . Ag = -
Murs + (bsr + bur)s + (Ksr + Kur) Mufs + (bsf + btf)s + (KSf + Kff)

The equation of bouncing motion of the half-sprung mass:

MY = —bgp (Y — Lbs — Yys) — ber (Vs + L0 — Vi) — Ky (Y — LOs — Vi)
- Kpr(Y; + Lrgs - Ypr) - (Ol)fo - (a)v;)r

Applying Laplace transformation:

(20)

(M52 + (byy + by )s + (Kyp + Kyr) ) Vs

= ((bsrLs = borLy)s + (KppLy = KyrLy)) 65 + (bops)Yar + (bsy$)Yar + (Kop Yoy (21)
+ (Kpr)ypr — (Vs — (@)Vpr

The vertical displacement of the sprung mass can be written as:

Yo = Agls + AroYyur + A1 Yar + ApYpr + A13Vyr — A1aVpr — A1aVpr (22)
where,
p = [(bstf — by Ly)s + (KppLp — KprLy) o= [ bgys ]
= 10 —
? T | Mys? + (bs + ber)s + (Kpf + Kpy) M,s? + (b + bey)s + (Kyp + Ky
bg,s Kpr

Ay = 2 Ay = 2

Mgs? + (bss + by )s + (Kyp + Kpr) Mgs? + (bss + bg,)s + (Kyf + Kpr)
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Kpr a
A, =
Mqs? + (bgp + by )s + (Kyp + Kpy) " | Mys? + (b + by )s + (Kyp + Koy

Az =
The equation of pitching motion of the half-sprung mass:

I8 = Le(bsp(Ys — Lpbs — Yup) + Ky (Yo — LeOs — Yy ) + aVyp) — Ly (bsy (Vs + L6 — V)

23
+ Kpr (Ys + Ly 05 — Yy ) + aliy, (23)

Applying Laplace transformation:
(152 + (bypL + by 12)s + (KppL2 + K, L2)) 6
= ((bstf berLy)s + (KypLp — prLr))Ys — (bosLys)Yup + (boyLys)Yyy (24)

= (KorLp)Yor + (KprLy)Ypr + (aLy)Vos = (aly)Vpr
The angular displacement of the sprung mass can be written as:

0s = AysYs — AreYuy + A17Yur — ArgYpr + AroYpr + AzoVpr — A21Vpr (25)
where,
A _ [ (beLf - bSTL )S + (K fo - Lr) ] A _ beLfS
Y 152 4 (bop L2 + by L2)s + (KppL2 + Ky L2) | 0 152 + (bysL? + by L2)s + (Kpp L2 + KprLZ)
A _ bsrL S ] A _ K fo
Y 152 4 (bop L2 + by L2)s + (KppLE + Ky L2) | T U5 + (bop L2 + by L2)s + (KpsL2 + Ky L2) |
Ky L, ] [ aly ]
A19 = 2 2 2 AZO = 2 2 2 2
1352 + (bspL? + bsrL2)s + (KppL2 + Ky L)) Iss? + (bspL? + by L2)s + (KppL2 + Ky L2))
al, ]
Ay =
I;s2 + (bspL? + bsrL2)s + (KppL2 + Ky L))

The mechanical and electrical relationships in equation (6) will be modified for the front and rear piezoelectric stacks
as
Front piezoelectric stack:

MpYpr = =Kop (Yor = Yur) + Kps(Ys = L8 — Yo ) + (@)Vps (26)
Applying Laplace transformation:
(Mpfsz + (Kss + K, f)) or = (Ksp)Yur + (Kpf)Ys = (KprLy )65 + (@)Viyy (27)

The vertical displacement of the front piezoelectric stack can be written as

Yor = AxoYyp + ApsYs — Az + AxsVys (28)
where,
K
Ay = [ 2 I ] Azz = [ ]
Myps* + (st + Kpf) Mpys?® + (st + Kpf)
A24_ _ [ Kprf ] AZS = [ a
Mpps? + (st + Kpf) Mpys?® + (st + Kpf)

Rear piezoelectric stack:

Merpr = _Ksr(Ypr - Yur) + Kpr(Ys + Lrgs - Ypr) + (a)Vpr (29)
Applying Laplace transformation:
(Mprsz + (Ksr + K )) pr — (Ksr)yur + ( )Ys + (KprLr)es + (a)[/;Jr (30)
The vertical displacement of the rear piezoelectric stack can be written as
Ypr = ApYur + Az7Ys + Azgls + A29Vpr (31)

where,

K K
A26 — sr )] A27 — pr

[M,,rs2 + (Ksr + K, My, s? + (Kg + Kpr)
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KprLy Ao = a
Mprs? + (Ko + Kpr) 2 Mpps? + (Ko + Kpf)

The governing equations for the equivalent electrical system as derived in equation (13) can be modified and written
separately in Laplace transformation as:
The front harvested voltage and power:

Ayg =

Vi = aR(Y; — Ly0s — Y,r) — CRV; (32)
Applying Laplace transformation:
Vf = AzoYs — A3105 — A30Ypf (33)
V2
_f
Pr="p (34)
The rear harvested voltage and power:
V, = aR(Ys + L6 — Y, ) — CRV, (35)
Applying Laplace transformation:
Vi = AzoYs + 43,05 — A3y (36)
VZ
P = % (37)
where
Ao = aRs A = LraRs A = L,.aRs
7 CRs+1 T CRs+1 7 CRs+1
YS‘
L, Ly
L I
IVJS
Y,
Prll\_ Kpr
I_'j bq,. bsf —|
K?T'
(I
Yur Mur’
Kyr | |bu'r‘ buf Kuf
YR?"
AN Vs
SV O V4
—>
Figure 6. Energy harvesting model
RESULTS AND DISCUSSION

In order to evaluate the harvested power from a half car model using piezoelectric harvesting system,
MATLAB/Simulink model demonstrated in Figure 7 is built to carry out the time and frequency domains simulation for
the performance of the proposed harvesting system. The suspension parameters used in the mathematical model are listed
in Table 2 [40].
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Figure 7. Simulation scheme for the energy harvesting model

Table 2. Parameters used in the mathematical model of the half car suspension system [40, 41]

Parameter Value Unit
M; 520 kg
Mut, Mur 40 kg
Is 2000 kgm?
Ks, Kr 26000 N/m
Ktr, Kt 130000 N/m
Ct, Cr 520 Ns/m
Cts, Ctr 265.73 Ns/m
Ly 1.23 M
L, 1.65 m

Calculating the natural frequencies of any harmonic excitation model is essential to define the locations of the
resonance. Since half car model is four degrees of freedom (4 DOF), this means that it has four natural frequencies that
can be found from the peak values of the displacement amplitude of each sub-system with the input road displacement

amplitude as shown in Figure 8.
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o
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=
i 0.1 1
\
\
\
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\
\ \‘\<
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\ 1 i R 00 Dt st e el L
\ 0 y
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Figure 8. Displacement ratio vs. frequency for 4 DOF model
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Piezoelectric stack of type PZT-5H is utilized in this study due to its advantages in harvesting the vibration loss energy.
It is widely available that makes it cheap, and it has a high value of piezoelectric constant dss [42]. Two piezoelectric
stacks are mounted in series with the front and rear suspension’s springs in the half car model. Therefore, their series
mounting will not affect the dynamic performance of the suspension system. The recommended natural frequency of the
sprung mass is below 1.5Hz. A value of more than 1.5Hz is not expected since it increases the acceleration of the car
body and causes discomfort to the passengers. Also, the natural frequency of the pitch mode should be close to the bounce
mode of the sprung mass and should not be affected during the pitch motion. Moreover, the unsprung masses natural
frequencies should be not less than 8Hz since the human body is more sensitive to the vertical vibration motion in the
frequency range of 4-8Hz. The natural frequencies of the energy harvesting system presented in Table 3 match the ranges
that are recommended by Hossain and Chowdhury [43].

Table 3. Natural frequencies of the half car model

Description f (Hz)
Sprung pitch motion 1.06
Sprung bounce motion 1.46
Front unsprung bounce motion 9.68
Rear unsprung bounce motion 9.68

The available harvesting power from vehicles subjected to harmonic excitation is the amount of the power dissipated
by the suspension dampers. Thus, the average potential power from the front and rear suspension dampers in one
oscillation is the product of the damping force and its relative velocity which can be calculated as [44]:

2
P = bsfwz(ys - Lfe B Yuf) + bsrwz(ys +L.0— Yur)2 (38)
g 2 2

where (Ys - L 0 - Yy) and (Ys + Ly 6 - Yy) are the amplitude of the relative displacement of the suspension. The
average power by the suspension dampers in the frequency domain is depicted in Figure 9. The peak values of power
dissipated from the suspension dampers are occurred at the resonant frequencies of the system. At the pitch natural
frequency, the dissipated power is about 187W.
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Figure 9. The variation of the average dissipated power by the suspension dampers in the frequency domain

The road texture is divided into four main groups according to the ISO 13473-1 [45]. The value of the texture
wavelength A for each category is i- microtexture: A < 0.5mm, ii- macrotexture: 0.5mm < A < 50mm, iii- megatexture:
50mm < A <0.5m and iv- unevenness: 0.5m <A <50m. The common unevenness texture wavelength used in the literature
is 5m [46]. The vehicle traveling velocity u over a road is affected by the excitation frequency f and the road wavelength
A as shown in the following equation,

u=fa (39)
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Since most of the vehicles’ rigid body excitation frequency within the range [0.5 - 15Hz], so that the corresponding
vehicle velocity is varied between 9km/h and 270km/h [47]. Accordingly, the results from Figure 10 showed that, the
first dissipated power occurs when the vehicle is traveled at a velocity of 19km/h. The second corresponding peak that
reveals to the sprung bouncing mode has a power dissipation of 2990W. However, the average power increases
significantly to 31kW at the front and rear unsprung natural frequency of 9.7Hz with a velocity of 174.24km/h.
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Figure 10. The variation of the average dissipated power by the suspension dampers with different car velocities

Harvesting the potential power from car suspension system is carried out by inserting two piezoelectric stacks each
has 40 layers with a surface area and length of 49mm? and 40mm, respectively. The steady-state responses for evaluating
the harvested voltage and power are simulated by exciting the vehicle using sinusoidal acceleration excitation input with
an amplitude of 0.5g (4.9m/s?) and velocity of 9.17rad/s. It can be observed from Figure 11 that, the maximum generated
voltage and power at the steady state phase are around 33.51V and 56.25mW, respectively. The root mean square RMS
for the harmonic excitation of the harvested voltage and power are 23.7V and 28.13mW, respectively.
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Figure 11. Harvested voltage and power in the time domain

The harvested voltage and power were also studied in the frequency domain, as demonstrated in Figure 12. The input
excitation frequency was varied from 0 to 20Hz, and the other car’s parameters were kept fixed. The results show that,
the first peak occurs at the sprung pitch natural frequency with the output voltage and power values of 17.82V and
31.74mW, respectively. While the second peak records at the sprung bounce natural frequency of 1.46Hz, which has a
corresponding harvested voltage of 33.51V and power of 56.25mW. For the front and rear unsprung natural frequencies
(f = 9.68Hz), the output voltage and power are recorded as 2.815V and 0.39mW, respectively. Thus, it can be concluded,
as expected, that, at the resonant frequencies, more harvested energy is generated if compared with that of the non-
resonant frequencies.
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Figure 12. Harvested voltage and power in the frequency domain

The harvested voltage and power at different vehicle velocities are also demonstrated in Figure 13. It can be pointed
out that, the trend of variation of the harvested voltage and power versus frequency (Figure 12) is similar to that of the
harvested voltage and power versus car velocity (Figure 13). The reason behind this similarity is that, the frequency and
velocity are directly proportional to each other. This correlation is illustrated in equation (39) at a road wavelength A of
5m. The maximum values take place at the velocities corresponding to the resonant frequencies. Accordingly, the most
significant output voltage and power occur at velocity of 26.28km/h that corresponds to the sprung bounce natural
frequency of 1.46Hz. While at the excitation frequency of 1.06Hz, the corresponding vehicle velocity is found to be
19.1km/h that can provide harvested voltage and power of 11.63V and 31.74mW, respectively. The lowest peaks of the
harvested voltage and power related to the unsprung natural frequency at car velocity of 174.24km/h.
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Figure 13. Harvested voltage and power in different vehicle velocities

Taking the most common velocity ranges where the vehicles usually run [40 — 100km/h], the harvested voltage and
power is calculated as presented in Figure 14. This velocity ranges correspond to the non-resonance frequencies. It can
be noticed that the harvested voltage and power decrease with velocity from 5.5V to 0.5V and 1.5mW to 0.24mW,
respectively. Also, the harvested voltage and power at 40 km/h (5.5 V and 1.515 mW) are more than the power harvested
at the unsprung bounce resonant frequency (2.82V and 0.39mW). This illustrates that yet the system can harvest power
out of the resonant frequencies and within the most suitable velocity range at which the vehicles move. For instance, if
the car travelled from Abu Dhabi to Dubai at speed of 110km/h for 2 hours, this would result in harvesting energy of 1.6J.
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Figure 14. Harvested voltage and power in different vehicle velocities (non-resonance frequency)

The effect of road unevenness acceleration amplitude on the harvested voltage and power at the excitation frequency
of 1.46Hz are depicted in Figure 15. The output voltage from the piezoelectric stack increases linearly from 6.7V up to
67.03V with the road acceleration amplitude of 0.1g to 1g. However, the output power rises in a quadratic relationship
with minimum and maximum harvested power of 2.25mW and 225mW, respectively. It can be noticed that, the harvested
voltage and power increases with the amplitude road unevenness. This is due to the change of the linear momentum of
the vehicle, which means an increase of the vehicle velocity and consequently increases the harvested voltage and power
with respect to the unevenness amplitude.
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It can be noted from the previous results that, the harvested power from a proposed energy harvesting system of a half
car model with built-in piezoelectric stack cannot be compared with different harvesting systems found in the literature.
The energy harvesting systems are diverse in the configuration (cantilever [8-10] and stack [11-14]), location of the
piezoelectric element in the suspension system (springs [3-5, 14], shock absorbers [8, 10-13], and wheels [6-8]), the
suspension system model (quarter [4, 6, 8, 10, 14] or half car model [5]), and the road input excitation (harmonic [4, 5,
11, 14] or random [6, 8, 10, 12]).

The effect of the piezoelectric stack parameters, such as the number of layers and area/thickness ratio was also
investigated on the performance of the energy harvesting model. The study was conducted for a multiple number of layers
up to 100 layers. The results demonstrated in Figure 16 show that, having more layers would increase the harvested
voltage linearly and the harvested power exponentially. The multiple layers are connected electrically in parallel,
therefore, the total displacement of the piezoelectric stack could be expressed according reference [34] as follows,

1
Ystack = nYp = K—Fp + nds3V (40)
14

According to equation (40), it can be observed that, the overall displacement of the stack increases with the number
of layers which will consequently decrease the stiffness of the piezoelectric stack. Besides, the total charge in the
piezoelectric stack is the summation of the output charge of all layer. This observation is supported by equation (41). As
a result, the output voltage and power from the proposed piezoelectric stack with 40 up to 100 layers increase by 54V and
0.3W.

Qstack = nQp =ndssf + CpV (41)
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Figure 16. The effect of the number of layers of the piezoelectric stack on the harvested power
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Avrea to thickness ratio is another parameter of the piezoelectric stack that could be studied. Studying this parameter
will influence different stack parameters such as the force factor, stiffness, and capacitance of the piezoelectric material.
The ratio has been examined within a range of [1-1000Jmm. As the ratio increased, the harvested power was also increased
by 0.3W (see Figure 17) due to the increase of the electric generating capacity of the piezoelectric stack.
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Figure 17. The effect of area/thickness ratio of the piezoelectric stack on the harvested power

The effect of different car parameters on the performance of the half car piezoelectric energy harvesting model was
examined as well. Each studied car parameter in Table 2 was changed, and the other unstudied parameters were kept
constant. The influence of the sprung and unsprung stiffness coefficient is demonstrated in Figures 18 through 20. The
results show that, both the sprung and unsprung resonant frequencies increase with increasing the stiffness coefficient.
This result is validated by the relationship between the natural frequencies of the system and the stiffness coefficient
constant (i.e., =,/ K/M). In contrast, increasing the tire stiffness will decrease the resonance power which means that,
stiffer tires result in a harder ride and less suspension movement. However, increasing the suspension stiffness will
increase the relative displacement between the sprung mass and the piezoelectric stack. Accordingly, this will rise the
harvested power from the piezoelectric stack as shown in Figures 18.
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Figure 20. Effect of the sprung and unsprung stiffness coefficient on the output sprung resonant frequency and
resonance power

Sprung and unsprung damping coefficients were examined as demonstrated in Figures 21 through 23. The results
show that, increasing the damping coefficient for both masses will significantly reduce the output resonance power.
However, the sprung resonant frequency will not be affected (see Figure 23). It was also observed that, less suspension
damping will provide higher harvested power by allowing more stress to be applied to the piezoelectric material.
Conversely, having lightly damped or soft suspension will reduce car handling performance and stability [34, 39].
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The previous findings illustrated that, there is a significant potential for harvesting energy from the car suspension
system. The generated vibrations from the road excitation are transmitted to the car suspension system, and the produced
stress will be applied to the piezoelectric stack material. The piezoelectric material will be deformed and created a
significant amount of an electric charges. Without these harvesters, the vibration energy is wasted and dissipated into
heat. Moreover, the vehicle suspension system and piezoelectric stack parameters have shown an essential impact on the
amount of harvested energy. However, there are several solutions proposed by Al-Yafeai et al. [49] in order to maximize
the harvested power from vehicles. Improved the material properties of the piezoelectric material to be equipped with the
car will help in harvesting most of the vibrations subjected to the cars. The configuration of the harvester with the direction
of the applied force has a significant impact on the harvested power. For instance, multilayer piezoelectric sheets stacked
on top of each other can withstand large mechanical forces that will magnify the output charge when compared to a single
layer. Moreover, most of the researchers optimize the output harvested power by connecting the voltage regulator or an
inductor to the energy harvesting circuits.

The harvested energy from the vehicles could be directly utilized or stored in a car battery [50-52]. The batteries will
be self-charged as the car moves and excited by road irregularities. Accordingly, the battery could be act as an additional
electric car battery due to their limited lifetime. The energy harvested batteries could also be utilized in emergency cases
to start up the car when it shut off. Besides, the harvested energy could run different wireless sensors and other auxiliary
systems in the cars.

CONCLUSIONS

Half car model with built-in piezoelectric stack was modeled mathematically using Laplace transformation. The
maximum output voltage and power from the front and rear piezoelectric stacks were generated at the resonant
frequencies. The car was excited under harmonic input with a frequency of 1.46Hz and acceleration amplitude of 0.5g
results in a voltage of 33.51V and power of 56.25mW. The findings also showed that the system could harvest power out
of the resonance frequencies with a remarkable harvested power (1.515mW at 40km/h).

Different factors were tested on evaluating the harvested power from car suspension system. For instance, higher road
amplitude results in higher harvested power. Besides, increasing piezoelectric stack parameters such as the number of
layers and area to thickness ratio were found to increase the harvested power. Furthermore, the parameters of the car
suspension system, such as stiffness and damping coefficients, affect the generated results. Stiffer suspension springs
provide higher resonant frequency and higher relative displacement, which results in higher harvested power. However,
stiffer tires decrease the harvested power due to the less suspension movement and hard ride. On the other hand, increasing
the damping coefficients of the sprung and unsprung systems reduce the harvested power due to minimizing the unwanted
vibrations in the suspension system. However, low damping coefficients provide more stresses on the piezoelectric stack,
which negatively affects the car handling performance and stability. Therefore, it would be recommended in the future
work to determine a balance point between both the car handling performance and the amount of the harvested energy.
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