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ABSTRACT

This paper deals with the design, modeling and analysis of implementing a Multilayer Piezoelectric Vibration Energy
Harvesting (ML PZT VEH) Mechanism in the vehicle suspension. The principle of work of the proposed ML PZT VEH
mechanism is reducing the relative motion of the suspension, amplifying the applied force to the PZT by a specific de-
sign of mechanism and combining a single layer PZT into multilayer PZT to increase the produced electricity. To
maintain the performance of suspension as the original suspension, the ML PZT VEH mechanism is mounted in series
with the spring of the suspension. The proposed ML PZT VEH mechanism and its implementation to the vehicle sus-
pension were mathematically modeled. Responses of the vehicle before and after implementing ML PZT VEH mecha-
nism were simulated. The results show the proposed mechanism can produce output voltage of 2.75 and power of 7.17
times bigger than direct mounting to the vehicle suspension. And the simulation result shows that mounting ML PZT
VEH mechanism in series with the spring of the vehicle suspension does not change the performance of suspension.
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1. Introduction

Only 10% - 16% of the fuel energy is used to drive the
car, to overcome the resistance from road friction and air
drag. One important loss is the dissipation of vibration
energy by shock absorber of the vehicle suspension due
to road irregularity, vehicle acceleration and deceleration
[1,2]. The research about energy recovery from vehicle
suspensions began more than ten years ago as an auxiliary
power source for active suspension, and also as energy
regenerating devices.

Suda et al. [3,4] investigated a self powered active
suspension control system, in which one motor is used to
generate electricity and another motor is used to control
the vibration. Nakano et al. [5] also investigated the
self-power vibration control using a single motor, in
which a variable resistor, a charging capacitor and relay
switches were used to control the motor force to follow
the desired skyhook damping force. Okada et al. [6,7]
proposed an active-regenerative control for suspension,
in which energy is regenerated at high speed motion, and
active control is used to provide damping at low speed
when the regenerative voltage lower than the battery
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voltage.

Gysen et al. [8] designed an electromagnetic regenera-
tive suspension by modifying the shock absorber using
permanent magnet and coil. Gupta et al. [9] and Zuo et al.
[10] implemented an electromagnetic regenerative sus-
pension in the vehicle suspension and investigated the
performance experimentally. They used 1:2 prototype of
regenerative suspension and could regenerate power of
16 - 64 W at RMS speed of 0.25 - 0.5 m/s. Rajamani and
Hedrick [11] developed a hydraulic-regenerative shock
absorber by combining a hydraulic system and rotary
electromagnetic generator. The effect of fluid viscousity
to the transmission of hydraulic power was done by
Avadhany [12]. The industry has also attemted to bring
active suspensions into practice by making use of some
of the vibration energy and reducing the power consump-
tion. For example, Levant Power Corporation [13] has
fabricated a regenerative rotary shock absorber named
GENSHOCK and tested the GENSHOCK by imple-
menting it in the Humvee suspension running on the
standard road. It can regenerate power of 500 W. An-
other example is one feature in Bose’s active suspension
[14] equipped by a regenerative power amplifiers which
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allow power to be returned from the motor.

Pickelman et al. [15] developed a regenerative shock
absorber using piezoelectric material mounted on the top
of the shock absorber cylinder. Arizti [16] investigated
the use of multilayer piezoelectric for regenerative shock
absorber. Response of the regenerative shock absorber
with multilayer piezoelectric due to bump and harmonic
excitations were mathematically modeled and simulated.
The regenerated electricity is 17.69 mV, smaller than
typical electromagnetic regenerative shock absorbers.
However, the use of piezoelectric has some advantages,
such as its compatibility and size.

To increase the generated electricity from piezoelectric
material, multilayer or piezoelectric stack is usually used.
However, the epoxy interlayer bonds in multilayer pie-
zoelectric transducer has a significant effect on the elec-
tromechanical properties. This phenomena has been re-
ported by Saillant et al. [17]. To obtain optimum per-
formance, the thickness of the interlayer bond should be
minimized. Luo et al. reported the use of piezoelectric
stack in a vibration energy harvesting mechanism which

can produce electricity in two direction of excitation [18].

Lie et al. developed in a different design of mechanism
using piezoelectric stack to harvest the vibration energy
of a vibrating machine [19]. Feenstra et al. developed a
mechanically amplified piezoelectric stack to harvest the
vibration energy through a backpack that can generate
electrical energy from the differential forces between the
wearer and the pack [20].

All research about energy recovery from vehicle sus-
pensions are done by modifying the shock absorber using
electromagnetic or piezoelectric material to regenerate
energy. This paper aims at designing, modeling and ana-
lyzing the implementation of a Multilayer Piezoelectric
Vibration Energy Harvesting (ML PZT VEH) Mecha-
nism in the vehicle suspension. The principle of work of
the proposed ML PZT VEH mechanism is amplifying the
applied force to the PZT by a specific design of the
mechanism and combining a single layer PZT into mul-
tilayer PZT to increase the produced electricity. To main-
tain the performance of the suspension as the original
suspension, the ML PZT VEH mechanism is mounted in
series with the spring of the suspension. The proposed
ML PZT VEH mechanism and its implementation to the
vehicle suspension were mathematically modeled and
simulated. This paper is organized as follows. In Section
2 we outline the design concept of the ML PZT mecha-
nism. In Section 3 we mathematically model the dynam-
ics of vehicle with and without the ML PZT mechanism.
In Section 4 we describe and discuss the results. Conclu-
sions are then presented in Section 5.

2. The ML PZT VEH Mechanism
The ML PZT VEH mechanism is used to harvest the
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vibration energy from the vehicle suspension and is de-
signed to be mounted in series with the spring of the
suspension. Vibration from spring of the suspension will
be transfered to the ML PZT VEH mechanism and con-
verted into electricity. Figure 1 shows the proposed ML
PZT VEH mechanism. The ML PZT VEH mechanism is
designed to reduce the relative displacement of the sus-
pension and to increase or amplify the spring force of the
suspension. The principle of work of the mechanism is
detailed as follows. Relative vertical displacement of the
suspension will be converted and reduced into horizontal
displacement by the mechanism, and then transfered to
the ML PZT. The spring force of the suspension is am-
plified and transfered to the ML PZT. The ML PZT will
convert the amplified spring force into electricity. As
shown in Figure 3, elastic rubber is placed at the outer
part of the ML PZT to compensate excessive force from
the suspension and maintain the ML PZT safe.

As shown in the Figure 1, spring force from the sus-
pension is transfered to the body 1 (L,) of the mechanism,
called Fy,(t). Fyg, (t) will produce oscilating verti-
cal motion y (t) of body 1 (L;). The oscilating vertical
motion y (t) of body 1 (L) will produce oscilating angu-
lar motion ¢(t) of body 2 (L), horizontal motion x (t)
of body 3 (L3) and oscilating horizontal deflection of the
ML PZT.

The kinematics relationship of the ML PZT VEH
mechanism is described in Figure 2. Angular displace-
ment from ¢ (t) to ¢, (t) will produce linear dis-
placement from A; to A, and from B; to B,. And its
relationship can be written as follows.

X _ BB, L,singAg _t
y AA LcosgAd

Equation (1) shows that ratio of the horizontal dis-
placement to the vertical displacement of the mechanism
depends on the initial angle of the ML PZT VEH mecha-
nism ¢ (t). Therefore, the kinematical relation between
vertical and horizontal force; and vertical and horizontal
displacement of the ML PZT VEH mechanism can be
expressed as follows Equations (2) and (3).

and, @

Fuu(t)
L,
x~te o]
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Figure 1. Schematic diagram of ML PZT VEH mechanism.
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Figure 2. Kinematic of mechanism showing the relation
between ¢(t), y(t)and x(t).
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Foen (t) = W;l) 2
x(t)=y(t)xtang 3)

The structure of ML PZT and rubber in the ML PZT
VEH mechanism is shown in Figure 3. Elastic rubber is
placed on the outer part of the ML PZT to compensate
excessive force, preload from the suspension and to keep
the ML PZT not damaged. When the ML PZT VEH
mechanism subjected to harmonic force, the ML PZT
will experience amplified harmonic force and generate
electrical energy.

As the damping effect of the ML PZT is small and
negligible, the equilibrium of force of the ML PZT can
be written as:

E
Foey =K, xAX,k, = ;Af 4)
r
Based on the Newton second law of motion, the equi-
librium of dynamic forces of the ML PZT mechanism is
written as follows.

2F =m, xX,
Fuen (1) = F (1) =m, x%, (t)

As the rubber mass is small and negligible, Equation
(5) can be written as:

Fien (1) = F (1) (6)

The ML PZT consists of several layer of piezoelectric
element as shown in Figure 4, where each element has
exactly the same mechanical and electrical responses.
The equation of force equilibrium of the system can be
written as:

®)

Fo () =F.(t)-F(t) @)

For multilayer piezoelectric (stack) Equation (7) can
be written as:

:YL—Au(t)—nNV (t) ®)

p

Fo (1)
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Figure 3. The structure of ML PZT with elastic mass
(rubber).

Lo
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u(t)
Figure 4. Force equilibrium of ML PZT.

Using constitutive equation for piezoelectric material,
the ML PZT can be mathematically modeled as a single
degree of freedom. The equilibrium of force of the system
between mechanical and electrical component is shown
in Figure 5. The equation of mechanical and electrical
coupling can be derived as follows.

SF =Ml

Mzl (t)+ Kpru(t) =NV () = F, (t) ©)

where,
YA YA

N :Tdssl Kpzr :L_p

3. Vehicle Dynamic Analysis
3.1. Without ML PZT VEH Mechanism

Figure 6(a) illustrates a quarter car model of vehicle
with two degree of freedom (2DOF). Excitation from
road profile is represented by y(t). Figure 6(b) shows the
free body diagram of sprung mass and unsprung mass of
the quarter car model. Based on the Newton’s second law
of motion, the follwing equations can be derived from
the free body diagrams.

3.1.1. Free Body Diagram of the Unsprung Mass
SF =M xZ
My 2, +(C, +C, ) 24 + (K, + K, ) 24 (10)
=C,y+K,Yy, +C.z, + K,z
Laplace transformation of Equation (10) is:
[M,s%+(C,+C,)s+(K, +K,) ]2, (s) a
=[C,s+K,]y(s)+[Cs+K,]z(s)
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Figure 5. Free body diagram of mechanical-electrical system
of the PZT.

M, LZS Ms 1

(a)

Figure 6. (a) A quarter car model of vehicle with two degree
of freedom; (b) Free body diagram of sprung and unsprung
mass.

And the displacement of unsprung mass can be written
as

Zys (s):le(s)y(s)+GV2(s)zs(s) 12)

where,
o) [C.s+K,]
G (5) [M,s*+(C, +C,)s+(K, +K,)]
6, (s)- [Cs+K,]

[Muss2 +(C,+C,)s+(K, + KW)J

3.1.2. Free Body Diagram of the Sprung Mass

2F =M, x Z
(13)
M,z +C.2, + Kz, =C, 2,  + K,z
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Laplace transformation of Equation (13) is:
[M,s*+Cs+K, |z,(s)=[C,5+K,]z,(s) (14)

And the displacement of sprung mass can be written as

2,(s) =Gy, 2, (s) (15)
where,
B [Cs+K,]
G, (5)= [Ms?+Cs+K, |

Based on Equations (12) and (15), the transfer function
of the vehicle dynamic without ML PZT VEH mecha-
nism showing the relation between excitation and dis-
placement of the sprung mass can be represented in the
block diagram as shown in Figure 7.

3.2. With ML PZT VEH Mechanism

In this paper, the proposed method to regenerate vibra-
tion energy from vehicle suspension is by implementing
the ML PZT VEH mechanism without changing the per-
formance of the suspension. The principle of work of the
ML PZT VEH mechanism is amplifying the applied
force to the PZT by a specific design of the mechanism
and combining a single layer PZT into multilayer PZT to
increase the produced electricity. To maintain the per-
formance of the suspension as the original suspension,
the ML PZT VEH mechanism is mounted in series with
the spring of the suspension.

Figure 8 shows a quarter car model of vehicle with
ML PZT VEH mechanism mounted in series with the
spring of the suspension in two degree of freedom
(2DOF). Excitation from road profile is represented by y
(t). Figure 9 shows the free body diagram of sprung
mass and unsprung mass of the quarter car model. Based
on the Newton’s second law of motion, the following
equations can be derived from the free body diagrams.

3.2.1. Free Body Diagram of the Unsprung Mass
SF =M xZ
M7, +(C +C,, ) 2s + (K, + K, ) 2, (16)

=C,y+K,y+C,z, +K,z

X6l y g, Gy, 48
Gy,
Y!s! Gv,!S!Gv,!S[ Z!s!

(1-Gv, (5) Gy, (s))

Figure 7. Block diagram of the vehicle without ML PZT
VEH mechanism.
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Figure 8. The structure of vehicle, suspension and ML PZT
VEH mechanism.

v
Mg ES 7 E veh
I
i . s
m —>
FCS Fi F Jeh :
) VEH ,
FCS Fkg Pll]
0 °

st
ka T l TFCW

i
l:us

Figure 9. Free body diagram of the vehicle and ML PZT
VEH mechanism.

Laplace transformation of Equation (16) is:
M,s*+(C, +C,)s+(K, +K,) |z, (s
[Mos*+(C,rCor (K r K] ()

=[C,s+K,]y(s)+[Css+K,]z (s)

And the displacement of unsprung mass can be written
as

2, (8) =Gy, (5) ¥(s)+ Gy, ()2 (5) (18)

[C,s+K,]

[Muss2 +(C,+C, ) s+ (K, + Kw)]
[Cs+K,]

M, s% +(C, +C, )s+(K, + KW)]

Gy, (s)=

GMZ (S) = [
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3.2.2. Free Body Diagram of the Sprung Mass
ZF =M, xZ

19
M,z +C,z, =Csz'us+FVVEH (19)

Laplace transformation of Equation (19) is:
(Mss2 +Css)zS (s)=(C.8)z, (s)+FY (s)  (20)

VEH

And the displacement of unsprung mass can be written
as

2,(8) =Gy, (5)2,s(3)+Gy, (5)F. ()  (21)

where,
Cs
Gus (5)= (M (sz +)C s)
1
O )= (s cs)

3.2.3. Free Body Diagram of the ML PZT VEH
Mechanism

SF=M,x2, M2 +F. =F, (22)
VEH

As the deflection of the mechanism is extremely small
compared to the displacement of M, and the ML PZT
VEH mechanism is attached firmly at the sprung mass
(the body of vehicle), the displacement, velocity and
acceleration of the ML PZT VEH mechanism is the same
to those of the sprung (Z,, ~Z,,Z, ~Z, and Z =~Z.).
Therefore, Equation (22) can be written as:

M, Z, + F\\/’EH =K, (2, -2,)
M,z + Kz, =K.z, —F) (23)
Fr o =Kz, -M, 7 -K.z,

From Equation (23), it can be seen that the ML PZT

VEH mechanism is subjected to a force known as Fe,, .
By Laplace transformation, Equation (23) is written as:

Fies (8)=Cu, (8)2s (5) =Gy, (8)Zs (5)
FY (s)=K,z (s)—(Mms2 +K5)Zs(s)

VEH sTus

(24)

where,
Gy, (s)=K,
Gy, (s)=M,s* +K,

Figures 10 and 11 illustrate the ML PZT VEH mecha-
nism and the free body diagram of its mechanical and
electrical system. Due to the geometrical design of the
mechanism, the vertical applied force Fy, (t) is trans-
formed into horizontal force Fi, (t), and then the hori-
zontal force Fyg, (t) will push the pusher rod/mass M,
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Figure 10. ML PZT VEH mechanism.
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Figure 11. Free body diagram of mechanical-electrical system
of the ML PZT VEH mechanism.

and the ML PZT. Assuming that the friction of the
mechanism is small enough, the vertical applied force
Fuey (1) is transformed into horizontal force Ft, (t) di-
rectly without delay. Therefore, there is no phase leg
between the vertical applied force Fy, (t) and the hori-
zontal force Ry, (t).

Based on the model and its free body diagram illus-
trated in Figures 10 and 11, the following mathematical
equations expressing the dynamics of the mechanical and
electrical systems are obtained.

3.2.4. Free Body Diagram of the Pusher Mass of the

ML PZT VEH Mechanism
2F =M; x 'Z'p

. . H (25)

M:Z,+C,z, +(Kr + Kpn)zp =Ry +F

where,
My =M, +Mey

Laplace transformation of Equation (25) is:

(MTSZ +C,s+ KT)ZP(S):%;S)+N xV (s) (26)

And the displacement of the pusher mass can be written
as
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Z,(3)=Gy, (s)Fuen (s)+Gy, (s)V(s) (27)
where,

1
M;s®+C,s+K; )tang

Gw, (s)= (

N
M;s?+C s+ KT)

Gy, (S) = (

3.2.5. Mathematical Model of the Electrical System of

the ML PZT
N
RNV EV(E)=5Z,() o
V(s) =Gy, (s)Z,(5)
where,
N y_Q ¢
Gy =g V-S-R (29)

Laplace transformation of Equation (29) is:

v (s):Q(s)(é+ st Q(5)=Gy, (SV(s) (30)

1

GMlg (S) = 1—
( + st
C
Assuming that the load impedance will be the same as

the source, thus the impedance of electrical system is
defined as follows:

1
R=7Z=— 31
e (1)
Using the defined impedance of Equation (31), the

output power of the system can then be defined as:

P(t)=V (1)Q(t) (32)
where,
V (t)=RQ(t) (33)
And the Laplace Transform of Equation (33) is:
V(s)=(Rs)Q(s)=Gy,Q(s) (34)

And the output power of Equation (32) can then be
written as:

P(s)=(R)Q($)x5Q(s) (3)
=Gy, (5)Q(5)xGy,, (5)Q(5)

where,
GM11 (S) = (RS)

Gy, (5)=(s)
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Hu, (5)
_ GM7 (S)GMg (S) HMl (S){GM5 (S)_GM6 (S)HM2 (S)}
1-Gy, (s)Gy, (s)
xGy

With the equations defined above, the electrical re-
sponse of the ML PZT (stack) can be found when sub-
jected to a known dynamic force. And the block diagram
showing the transfer function of the mechanical and
electrical system is shown in Figure 12. And Table 1
shows the parameters used in the simulation.

4. Result and Discussion
4.1. Response of the Vehicle

This part highlights the result of simulation showing the
response of vehicle without and with ML PZT VEH
mechanism in the time and frequency domain. Figures
13-15 show the displacement, velocity and acceleration
responses of the vehicle without and with ML PZT VEH
mechanism subjected to step input/excitation in the time
domain (transient response of the vehicle system). The
initial value and magnitude of the step input used in the
simulation are 0.5 s and 0.1 m respectively. In the figures,
the displacement-velocity-acceleration of sprung and
unsprung of the vehicle without ML PZT VEH mecha-
nism (Zs; Zys; Zs (dot); Z,s (dot); Zs (dot-dot); Z,s (dotdot))
and the displacement-velocity-acceleration of sprung and
unsprung of the vehicle with ML PZT VEH mechanism
(Z, ;2,2 (dot); Z, (dot); Z, (dotdot); Z,

Sm !

Sm

Va(s)

c X 2

P(s)

— {HMa(S)}z G, ()G,

Figure 12. Block diagram of the vehicle with ML PZT VEH
mechanism.
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Table 1. Parameters used in the simulation.

Notation Value Unit
Mus 45 kg
M 300 kg
Mn, 2 kg
Ks 20.000 N/m
K 160.000 N/m
Cs 2.000 Ns/m
Cu 4,000 Ns/m
Y 4.9 x 10 N/m?
A 0.0004 m?
My 0.1 kg
t 0.001 m
das 472 x 1072 CIN
C 510 x 10°° F
n 15
) 20°
0.15
g \VA
ol
é 0.05 7
iy —Zs
o 9 —Zs,
_Zus
—y
0'050 1 2 3 4 5

Time (second)

Figure 13. Displacement responses of the vehicle’s sprung
and unsprung mass subjected to step input.

25 :
—Z, (dot)
2
— Zs (dot)
515 — Zys,(dot) | |
£ — Zus(dot)
2 1
[
o
2 o5 VE\
0
4
05 1 2 3 4 5

Time (second)

Figure 14. Comparison of velocity responses of the vehicle’s
sprung and unsprung mass subjected to step input.

(dotdot)), show similar responses (in a good agreement).
The results indicate that applying ML PZT VEH mecha-
nism does not change the vehicle suspension character-
sitic/performance. Response of acceleration in Figure 15
show that the maximum amplitude is still in the safety
and comfort zone.

The steady state responses of the vehicle were also
simulated by exciting the vehicle using sinusoidal (har-
monic) input with amplitude of 0.1 m and velocity of
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7.54 rad/s. Figures 16-18 show the displacement, veloc-
ity and acceleration responses of the vehicle without and
with ML PZT VEH mechanism subjected to sinusoidal
input/excitation in the time domain (steady state response
of the vehicle system). The steady state response also
show that applying ML PZT VEH mechanism does not
change the vehicle suspension characteristic/performance.
Figure 19 shows the steady state responses of the ve-
hicle without and with ML PZT VEH mechanism in the
frequency domain. This figure shows how the responses

4

N

Acceleration (m/s?)
o

%lv
/ —Z (dotdot)

2 —Zs (dotdot)
—Z,¢ (dotdot)
— Zus(dotdot)

“ 1 2 3 4 5

Time (second)

Figure 15. Comparison of acceleration responses of the
vehicle’s sprung and unsprung mass subjected to step input.

[\

0.2

>

Displacement (m)
o

<}
o

w LV

0 1 2 3
Time (second)

Figure 16. Displacement responses of the vehicle’s sprung
and unsprung mass subjected to sinusoidal input.

1.5

1 noNN
\
\/

A
N
A¥
\\ // \\l—zsm(dm) ]

—
—
——

Velocity (m/s)
o

05
|V V]V Yz

1 \/ —Zys,(dot) |
VALY AN A

1% 1 2 3 4 5

Time (second)

Figure 17. Velocity responses of the vehicle’s sprung and
unsprung mass subjected to sinusoidal input.
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(9]

-
o

Acceleration (m/s’)
. o o
//

TRV RV =
5 —Z,_(dotdot)
\J — Zs (dotdot)
-10 —_ Zusm (dotdot)
— Zys(dotdot)

% 1 3 4 5

2
Time (second)

Figure 18. Acceleration responses of the vehicle’s sprung
and unsprung mass subjected to sinusoidal input.

40—

System: Hs_m " System: Hs
... Peakgain (dB): 5.25 _ Peak gain (dB): 5.23
At frequency (rad/sec): 7.54 At frequency (rad/sec): 7.56

i

N
o

o
T
o

System: Hus_m ‘ystemz Hus
- Peak gain (dB): 1.03 eak gain (dB): 1.03
At frequency (rad/sec): 6.78 ; ‘lfrequency (rad/sec): 6.79:

P—

Magnitude (dB)
S
o

40
60
-80
0 — i
N —
—_ \
& 45 \\ T
s
° ——Hs_m N\
8 90| Hs N
o —Hus_m —
! —
135 Hus —
10° 10’ 107

Frequency (rad/sec)

Figure 19. Vehicle responses subjected to sinusoidal input in
the frequency domain.

of the vehicle when excitation frequency varies from 0 to
100 Hz. It is shown in the figure that responses of the
vehicle without and with ML PZT VEH mechanism are
in significantly different, both for sprung and unsprung
mass. Peak gain of the unsprung mass (Hs) is 1.03 dB
(1.125) occurring at frequency of about 6.78 rad/s or
equal to vehicle speed of 38.8 km/h (by assuming that
wave length of the road profile is 10 m). Where the peak
gain of the sprung mass (Hs) is 5.23 dB (1.825) occur-
ring at frequency of 7.54 rad/s or equal to vehicle speed
of 43.2 km/jam.

4.2. The Generated Power from ML PZT VEH
Mechanism

Figures 20 and 21 show the steady state responses (gen-
erated voltage and power) of the ML PZT VEH mecha-
nism (voltage and power) in time domain when the
mechanism is subjected to harmonic input/excitation with
amplitude of 0.1 m and frequency of 7.54 rad/s. The re-
sult shows that the maximum generated voltage and
power from the ML PZT VEH mechanism are 6.23 volt
and 1.6 mWatt, respectively.

Figure 22 shows the generated voltage and power of
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Voltage (volt)

Figure 20. The generated voltage from ML PZT VEH me-
chanism.

x 10

ime (second)

Figure 21. The generated power from ML PZT VEH me-
chanism.

: System: V_m
~ 100 System: Hs_m Frequency (rad/sec): 7.54
% Peak gain (dB): 5.25 Magnitude (dB): 35.9
;’ At frequency (rad/sec): 7.54m
3 [—— = *
2 R —— ==
= o
I S i System:P_m
= -100 i Freq (rad/sec): 7.54
| ! Magnitude (dB): -35.5
-200
540
bl |
S 360 o
g’ N
—_—
@ 180 P e
2 T
o 0 L
\\¥
-180 .
10° 10’ 10°

Frequency (rad/sec)

Figure 22. The generated power from ML PZT VEH
mechanism in the frequency domain.

the ML PZT VEH mechanism mounted in the vehicle
suspension in the frequency domain along with the dis-
placement of sprung mass of the vehicle. It is shown in
the figure that the magnification of the generated voltage
and power from the ML PZT VEH mechanism are both
increasing as the frequency-representing the vehicle speed
increase. As shown in the Figure 22, the displacement
magnification/amplification of the system reaches its maxi-
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mum value of 5.25 dB at resonance frequency of 7.54 Hz
which is equal to vehicle speed of 43.2 km/h. At reso-
nance frequency, the magnification of the generated
voltage and power from the ML PZT VEH mechanism
are 35.9 dB (62.37) and -35.5 dB (0.0167), respectively.
And at higher frequency than resonance frequency, mag-
nification of the generated voltage and power of the ML
PZT VEH mechanism are still increasing although the
displacement magnification of the vehicle is decreasing.

The principle of work of the proposed ML PZT VEH
mechanism is amplifying the applied force to the PZT by
a specific design of the mechanism and combining a sin-
gle layer PZT into multilayer PZT to increase the pro-
duced electricity. The specific design of the mechanism
is proposed to amplify the applied force (input) from the
spring of the vehicle suspension. This section shows the
comparison of the generated power from ML PZT when
using and not using the proposed VEH mechanism. Fig-
ure 23 show the mathematical model of the vehicle sus-
pension system and the ML PZT with and without the
proposed VEH mechanism.

4.3. Comparison of the Generated Power from
ML PZT with and without VEH Mechanism

Figures 24 and 25 show the steady state responses (gen-
erated voltage and power) of the ML PZT with VEH
mechanism (voltage and power) in time domain when the
mechanism is subjected to harmonic input/excitation
with amplitude of 0.1 m and frequency of 7.54 rad/s
which is equal to vehicle speed of 43.2 km/h. The result
show that the VEH mechanism can amplify the generated
voltage and power 3 times and 7 times of those, the gen-
erated voltage and power from the ML PZT without
VEH mechanism.

MS ES ES

Ms
LPZT M
I VEH 1
Cs . Cs R
Ks
Ks
, Cw

L PZT
Zus Zus
Mus ‘L | Mus LL

(a) (b)

Figure 23. Model illustrating the vehicle mounted with (a)
ML PZT VEH mechanism and (b) ML PZT without VEH
mechanis.
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Figure 26 shows the generated voltage and power of
the ML PZT with and without VEH mechanism in the
frequency domain along with the displacement of sprung
mass of the vehicle. It is shown in the figure that in av-
erage, the VEH mechanism can amplify the generated
voltage and power 2.75 times and 7.17 times of those, the
generated voltage and power from the ML PZT without
VEH mechanism. Figure 26 also show the same phe-
nomena as Figure 22.

10

Voltage (volt)

Figure 24. Comparison of the generated voltage from ML
PZT with and without VEH mechanism.

Power (watt)

Figure 25. Comparison of the generated power from ML
PZT with and without VEH mechanism.
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Figure 26. Comparison of the generated power from ML
PZT with and without VEH mechanism subjected to si-
nusoidal input in the fregency domain.
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5. Conclusion

This paper reports the design, modeling and analysis of
implementing a Multilayer Piezoelectric Vibration En-
ergy Harvesting (ML PZT VEH) Mechanism in the vehi-
cle suspension. Responses of the vehicle before and after
implementing ML PZT VEH mechanism were simulated.
And the generated power of the ML PZT VEH mecha-
nism was compared with the direct mounting of ML PZT
in the vehicle suspension without the VEH mechanism.
The simulation result shows that mounting ML PZT
VEH mechanism in series with the spring of the vehicle
suspension does not change the performance of suspend-
sion. And the proposed VEH mechanism can produce
output voltage of 2.75 and power of 7.17 times bigger
than direct mounting to the vehicle suspension.
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K;: rubber stiffness constant (N/m)

LP
m

: total thickness PZT (m)

. - rubber mass (kg)

M, - ML PZT mass (kg)

n:

number of PZT layer

P(t) : power (watt)

P: power without VEH mechanism (watt)
P_m: power with VEH mechanism (watt)
Q: electric charge (C)

R: resistance (ohm)

tr

: rubber thickness (m)

t: PZT thickness (m)

u(t): displacement of ML PZT(m)

V (t) : voltage (volt)

V: voltage without VEH mechanism (volt)
V_m: voltage with VEH mechanism (volt)
Y : young’s modulus of PZT (N/m?)

Z,,: displacement of pusher (m)

Ax : deflection of rubber (m)

o : excitation frequency (rad/s)
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