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Abstract - The advancement of technology has made low-powered devices such as wireless sensor network powered using 
small battery become possible. However, this type of battery has limited lifespan and needed to be changed frequently which 
is not convenient when placed in remote area or harsh environment. Therefore, devices that can harvest energy from their 
surrounding are preferred. One of the famous method is by using piezoelectric transducer to scavenge ambient vibration 
energy. However, the piezoelectric harvester (PEH) usually has small bandwidth that it can operate. This paper proposed a 
PEH in the form of cantilever beam with a tip mass along with multiple fixed magnets in certain configuration. The proposed 
design uses external force by magnet to alter its stiffness and then due the nonlinearity effect introduced by magnets, the 
operating bandwidth of the PEH is increased. With proper configuration, the proposed design has improved bandwidth 
compared to PEH without any magnet. It is also found that power output of proposed PEH is relatively higher than 
conventional PEH which is about 1314 µW where this value is enough to power up low-powered device. In addition, the 
power per frequency of proposed PEH is 81.59 µW/Hz, which is about 64 percent higher than the PEH without any magnets.   
 
Index Terms - Broadband, Multiple Magnets, Nonlinear, Piezoelectric, Vibration Energy Harvesting 
 
I. INTRODUCTION 
 
Over the past few decades, energy harvesting 
technology has become an interesting topic among 
the researchers especially when it comes to 
harvesting energy from the environment.Almost 
everything that we used often required battery to 
operate[1] thus, battery that has higher life-span is 
preferable. A self-powered device that can harvest 
energy from its surrounding is therefore favored by 
everyone.Energy from the environment can come in 
the form of thermal energy, radio frequency, 
magnetic field energy or mechanical vibration 
energy[2]-[5]. To harvest these kind of energies, 
transducers are needed and they can be capacitive, 
electromagnetic or piezoelectric transducers [4]. For 
this research, piezoelectric transducers are chosen due 
to theirease-of-use and considered as the best 
materials to be used in harvesting mechanical 
vibration energy from environment. Challenges that 
came when using piezoelectric transducers to harvest 
vibration energyinclude increasing the magnitude of 
power harvested and to broaden its operating 
frequency. To overcome these limitations, several 
methods are introduced over the past years; 1) by 
resonance frequency tuning method,2) by targeting 
multimodal energy harvesting method and 3)by 
nonlinear energy harvesting method. 
The first technique which is resonance frequency 
tuning method tunes the resonance frequency of the 
system either by using manual or self-tuning 
approach. One example of the resonance frequency 
tuning method which is done manually is a design 
that proposed by [5]. Reference [5] proposed a design 
where the piezoelectric energy harvester (PEH) is a 

cantilever beam-type harvester and coupled with a 
magnet that fixed on a slider. By adjusting the magnet 
position, this will affect the stiffness of the whole 
system since the changes in magnet position will alter 
the magnetic force experienced by the harvester.For 
the self-tuning approach, work by [6] proposed a 
harvester with a magnet where the magnet position 
can be changed autonomously. The magnet is fixed 
on a threaded rod and the magnet position is altered 
by using dc motor.Moreover, the harvester requires 
3.2 J to 3.9 J of energy to tune itself. Multimodal 
energy harvesting is method is where itmodifies the 
geometrical design of harvester. The harvester may 
have multiple cantilever beams. This design can be 
seen in one of the harvester that proposed by[7]. The 
harvester is comb-shaped where it consists several 
cantilever beams with different length. The shape of 
each beam is also manipulated to improve the 
performance of the harvester. This method of 
multimodal energy harvesting also can be seen in 
harvester designed by [8] and [9]. Another method to 
improve the performance of harvester when 
harvesting energy from surrounding using 
piezoelectric transduceris by using nonlinear energy 
harvesting approach. Nonlinearities can be brought 
into the system by using magnet, or by introducing 
bi-stable conditions to the system or by using 
mechanical stopper [10].Some example of using this 
method to enhance the performance of the harvester 
is introduced by [11] which not only use magnet but 
also use a trapezoidal cantilever beam. Work 
by[12]reported that using external magnet yields 30.8 
percent and 60.6 percent increase in open circuit 
voltage and optimal load power respectively.Another 
design that utilizes this nonlinear method is PEH 



International Journal of Industrial Electronics and Electrical Engineering, ISSN(p): 2347-6982, ISSN(e): 2349-204X 
Volume-5, Issue-12, Dec.-2017, http://iraj.in 

 Piezoelectric based Broadband Nonlinear Vibration Energy Harvester using Multiple Magnets 
 

48 

designed by[13]where the harvester is capable of 
scavenging vibration from three direction.Overall, the 
resonance frequency tuning method need manual 
adjustment. Even if it is self-tuned, it still required 
additional energy to operate. Meanwhile, for 
multimodal energy harvesting method, it tends to be 
bulky which is unsuitable for micro-scale devices. On 
the other hand, by using nonlinear energy harvesting 
method, the bandwidth of the harvester can be 
increased easily. With proper configuration, this 
method can also improve the maximum power output 
of the harvester.  
The focus of this paper is to develop mathematical 
model representing the PEH and to find the best 
configuration which can improve the bandwidth of 
the harvester, lower the resonance frequency so that it 
will be suitable to be used for small devices, and to 
enhance the power output of the harvester.The PEH 
proposed is a cantilever beam type with a tip mass or 
proof mass.Several fixed magnets are placed at 
multiple position around the tip mass to influence the 
stiffness of the harvester. These magnet forces can be 
in attractive mode or repulsive mode or the 
combination of two. The simulation study is carried 
out using MATLAB software. 
 
II. MATHEMATICAL MODELLING 
 
The fig. 1 shows our model where the piezoelectric 
patch is attached on aluminum cantilever beam.Three 
magnets are attached at tip mass so that the harvester 
stiffness can be altered using magnet from three 
direction namely top, bottom, and front. The 
equivalent mechanical model is shown in fig. 2 where 
the whole system is subjected to base excitation푥 (푡). 
The system is single-degree of freedom system where 
its mathematical model can be developed based on 
mathematical model in[12]. The equation of motion 
can be given as 
푀 푥̈(푡) + 퐶 푥̇(푡) +퐾 푥(푡)

+ Θ 푉(푡) = −휇푀 푥̈ (푡) 
(1) 
 

퐼(푡) + 퐶 푉̇(푡)− Θ 푥̇(푡) = 0 . (2) 

where 푥(푡)is the relative displacement of proof mass 
of a cantilever PEH,Meq, Ceq, and Keq are equivalent 
mass, damping and stiffness of the PEH respectively, 
Θf and Θb are forward and backward 
electromechanical effects respectively while µ is 
amplitude correction factor for improving the model. 
CS is the clamp capacitance of the piezoelectric 
transducer, and V(t) is the voltage produce across the 
piezoelectric element where R is the load resistance. 
By observing the equivalent model in fig. 2, due to 
extra force introduced by magnets, the equation of 
motion (1) and (2) became 

푀 푥̈(푡) + 퐶 푥̇(푡) +퐾 푥(푡)
+ Θ 푉(푡) + 퐹
= −휇푀 푥̈ (푡) 

(3) 

( ) + 퐶 푉̇(푡)−Θ 푥̇(푡) = 0 , (4) 
 

While Fm is a force exerted by magnet and it is 
described as 

퐹 = 퐹 + 퐹 + 퐹  (5) 
Where Fm1, Fm2, and Fm3 are force due to top, front, 
and bottom magnet respectively.Force by magnet 
when it is assumed attractive according to [15] can be 
written as 

퐹 = −
3휏 푚 푚
2휋[퐷 ]  (6) 

Where 휏  is permeability of medium, 푚 and  푚  are 
moment of magnetic dipoles where it can be 
calculated using (19), and Dm is distance between the 
magnets.Then, force due to top magnet can be written 
as 
 

퐹 = −
3휏 푚 푚

2휋[−푥(푡) + 퐷 ]  (7) 

 
While force due to bottom magnet can be written as 
 

퐹 = −
[ ( ) ]

 . (8) 

 

 
Fig. 1 Proposed design of PEH.  There are three fixed magnets, 

top, bottom, and front magnet. 
 

Fig. 2 Equivalent mechanical model of the proposed PEH 
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Fig. 3 Geometric diagram of position of front magnet and end 

most of the cantilever beam 
 
 
For force from front magnet, the distance d need to be 
calculated first and it can be obtained using 
 
푑 = 퐿 − 퐿 cos휑. (9) 
 
Then, the distance between front magnet and magnet 
at tip mass can be calculated using 
 

푟 = (푥(푡)) + 푑 +퐷 . (10) 

 
Therefore, the force due to front magnet is 
 

퐹 = −
3휏 푚 푚

2휋[푟]  (11) 

 
but this force is a force vector. Therefore, it need to 
be changed first so the force due to front magnet is 
along x-direction. The force due to front magnet 
became 
 
퐹 =  . (12) 

 
To do the simulation study, the equation of motion 
that developed is converted into state space 
representation. The state space representation later 
solved using ode solver in MATLAB software. The 
state space representation is  
 

푍̇ (푡) = 푍  (푡), (13) 

푍̇ (푡) = − 푍 (푡)− 푍(푡) −
Θ 푉(푡)− 휇푥̈ (푡)−  퐹  , 

(14) 

푍̇ (푡) = − ( ) + Θ ( ). (15) 

 
III. SIMULATION RESULT AND DISCUSSION 
 
The system parameters that have been used for the 
simulation are shown in table 1. 

 
Description Symbol Value 
Aluminum beam 
dimension - 80 x 10 x 0.6 

mm3 
Distributed mass of 
beam 

Mb 1.676 g 

Young modulus of 
beam 

Eb 70 x 109 Nm-2 

Moment of inertia of 
beam Ib 0.54 mm4 

Tip mass with 
magnet 

Mt 2.11 g 

Piezoelectric 
material dimension - 42 x 7 x 0.3 

mm3 
Moment of inertia of 
piezoelectric 
material 

Ip 0.048 mm4 

Clamp capacitance Cs 12.45 x 10-9 F 
Young modulus of 
piezoelectric patch Ep 30x109 Nm-2 

Length of magnet lm 3 mm 
Diameter of magnet dm 4 mm 
Surface flux β 1.4 T 
Electromechanical 
coupling coefficient Θ 1.71x10-4 

NV-1 
Permeability of 
medium 

τ0 4π x 10-7 Hm-

1 

Table 1 : System parameters used for simulation 
 
All parameters value shown in table 1 are used to 
determine the value of system parameters that needed 
in state space equation above using the following 
relations. 

푀 =
33

140푀 + 푀  
(16) 
 

퐾 = 퐾 + 퐾 ℎ

=
3퐸 퐼
퐿

+  
3퐸 퐼
퐿

ℎ

 

(17) 
 

퐶 = 2휉푀 휔  (18) 
 

푚 =
2훽푉
휏  (19) 

 

푅 =
1

휔 퐶  (20) 
 

The following fig.4and table 2shows a chart of 
comparison of performance between the different 
configuration of PEH and type of configuration used 
respectively. 
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Fig. 4 Chart of performance comparison of PEH with different 

magnet configuration 
 
 

 Configuration 
Type 
1 

Conventional PEH (without magnet) 

Type 
2 

PEH with fixed front magnet (attractive) 
only 

Type 
3 

PEH with fixed front magnet (repulsive) 
only 

Type 
4 

PEH with fixed top and bottom magnet 
(attractive) only 

Type 
5 

PEH with fixed top and bottom magnet 
(repulsive) only 

Type 
6 

PEH with fixed top, bottom and front magnet 
(attractive) 

Type 
7 

PEH with fixed top, bottom and front magnet 
(repulsive) 

Type 
8 

PEH with fixed top and bottom magnet 
(attractive) and front magnet (repulsive) 

Type 
9 

PEH with fixed top and bottom magnet 
(repulsive) and front magnet (attractive) 

Table 2: Different type of configuration of PEH used in 
simulation 

 
For this simulation, the conventional cantilever beam 
PEH without using any magnet is made as a 
benchmark. Each type of PEH configuration is 
simulated using sweep-up frequency at excitation 
level of rmsacceleration of 2 m/s2. The bandwidth for 
this simulation is calculated based on half power 
bandwidth. Moreover, performance of other 
configurationis compared with the conventional PEH 
in terms of its difference in bandwidth, resonance 
frequency, maximum power output at resonance 
frequency, and power output per frequency. For the 
power output per frequency, the total summation of 
power output for each configuration is averaged on 

certain range of frequency which is from 5 Hz to 45 
Hz. This will be helpful because it provides another 
way to evaluate the performance of PEH by showing 
the quality of each configuration. By introducing the 
magnet interaction into the system, there is some 
improvementin bandwidth of PEH. From the fig. 4, 
by adding a fixed front magnet, the bandwidth is 
increased from 0.8 Hz to 1.4 Hz and from 0.8 Hz to 1 
Hzwhen the magnet is in repulsive and attractive 
mode respectively even though there is some 
decrement in maximum power output for both 
attractive and repulsive mode. But, the power output 
per frequency is still higher than conventional PEH 
for PEH with front magnet in repulsive mode which 
is 57.92 µW/Hz, 16 percent higher than the PEH 
without magnet.  
In addition, when the fixed top and bottom magnets 
are added, the bandwidth is still better than the 
conventional PEH. The bandwidth is increased from 
0.8 Hz to 1.3 Hz when in attractive mode and 
increased slightly from 0.8 Hz to 0.9 Hz when in 
repulsive mode. Furthermore, when all three magnets, 
top, bottom and front magnets are included on the 
system, the simulation resultsshowedthat the 
bandwidth is improved for both attractive and 
repulsive mode. Unfortunately, when all three 
magnets are in either attractive mode or repulsive 
mode, the maximum power at resonance frequency 
and power per frequency, both are lower than the 
conventional PEH. Through observation from the 
result of simulation, the fixed front magnet 
configuration yields positive effect when it is in 
repulsive mode while top and bottom magnet 
configuration yields positive effect when it is in 
attractive mode. Even though the maximum power 
output for both configurations are lower than 
conventional PEH, these two configurations 
outperform the conventional PEH in both bandwidth 
and power per frequency. 
Thus, by combining these two configurations, where 
top and bottom magnet in attractive mode and front 
magnet in repulsive mode, the ideal PEH can be 
obtained. This is shown by simulation result that 
there is significant improvement in bandwidth, 
maximum power output at resonance frequency and 
power per frequency. The bandwidth is 1.4 Hz while 
maximum power output and power per frequency is 
1314.64 µW and 81.59 µW/Hz respectively. It is 
worth to mention that the resonance frequency is 
much lower than conventional PEH as can be seen in 
fig. 4. The resonance frequency for combination of 
top and bottom magnet configuration in attractive 
mode and front magnet in repulsive mode is 13.8 Hz, 
14.2 Hz lower than the conventional PEH frequency 
and this is preferred as it is suitable to power up 
devices such as in wireless sensor network where the 
ambient vibration around the devices is considerably 
low. Besides, from the fig. 5, it also can be observed 
that the peak of configuration type 8 is slightly tilted 
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to the left which indicating the effect of nonlinearity 
produced by the magnet. 

 
 
Fig. 5 Graph of output power vs frequency for type 1, type 8 and type 9 

PEH. 

CONCLUSION 
 
In this paper, a piezoelectric based vibration energy 
harvester with multiple magnet is proposed.The 
mathematical model describing the system is 
developed and the best configuration is obtained 
where the best configuration is when the top and 
bottom magnet is in attractive mode while the front 
magnet is in repulsive mode. The simulation results 
show that the best configuration yields 1.4 Hz 
bandwidth, and its maximum power output at 
resonance frequency is 1314.64 µW, 89.17 µW 
higher than the conventional PEH and has power per 
frequency of 81.59 µW/Hz, which is about 64 percent 
higher than PEH without any magnets. With low 
resonance frequency at 13.8 Hz, the suggested 
configuration of PEH is suitable to power up the low 
power devices by harnessing vibration energy from 
its surrounding. 
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