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The present investigation introduces an advanced methodology for maximum power point tracking (MPPT) applied to a piezo
harvester scheme. A comprehensive rectifier circuit, equipped with an embedded MPPT component, is established to optimize
energy production by monitoring a DC-DC inverter connected to the rectifier. Furthermore, the system’s sensitivity error has
been finely tuned to dynamically adjust its impedance unit in real time, thereby optimizing load acquisition. This innovative
approach seamlessly integrates the MPPT algorithm into the piezo harvester circuit. Moreover, the vehicle’s road handling is
significantly augmented through the incorporation of a robust steering front and an active differential control system.
Leveraging the MPPT module, the rectifier consistently achieves a power recovery efficiency exceeding 85%, independent of
varying load conditions. Additionally, a DC-DC converter circuit has been seamlessly integrated to finely adjust the output
voltage to meet specified levels. Numerical simulations demonstrate the effectiveness of the harvesting scheme, extracting a
substantial output power of 90W with an overall efficiency of 70%. The improved MPPT approach, employing angles of
arrival (AoA) DV-Hop control strategies, minimizes the system’s power consumption based on the Global Positioning System
(GPS). The utilization of Harris Hawks optimization (HHO) and the generation of quadrants in the four-quadrant operation
mode of DC motors in the wireless sensor network (RCSFs) have been significantly enhanced in this study. Simulations reveal
that, at a velocity of 50 km/h, shock absorbers utilizing the received signal strength indication (RSSI) can harvest between 60
and 90W on a class C road, based on the time of arrival (TOA). Striking a balance in ride comfort using the time difference of
arrival (TDOA) as a trade-off constitutes approximately 30% of the piezoelectric harvester (PEH) system’s power consumption
when operating in active suspension mode, optimized by particle swarm optimization (PSO).

1. Introduction

In premium electric vehicles, the imperative of extended
range is becoming increasingly critical as the integration of
a greater number of components aims to improve comfort
performance levels. To accommodate concerns about ride
quality, increasing emphasis is being applied to the adoption
of electronically controlled suspension (ECS) systems, com-
prising both semiactive and fully active systems with
increasing capabilities, in electric vehicles [1]. Over recent
decades, considerable research has been devoted to address-
ing the problems associated with energy autonomy, in par-
ticular, the powering of embedded sensors [2]. Even
though integrated sensors have been gaining in accuracy,

reliability, and robustness while reducing their size, the lim-
ited lifetime of their power supply is a major drawback [3].
One promising approach is to harness ambient mechanical
energy to ensure sustainable power autonomy [4]. Minimiz-
ing the energy consumption of electronic components has
substantially contributed to the progress of wireless mobile
applications [5]. Conversely, however, batteries, which ini-
tially powered the growth of portable electronic devices,
are now hampering further progress due to associated main-
tenance issues, such as recharging and replacement [6].
Although the performance of electric vehicle parts and sub-
systems improved substantially between 2003 and 2024, as
demonstrated by the logarithmic scale [7], battery develop-
ment has revealed its limitations [8]. In addition, scientists
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have highlighted the fact that battery technology is not
evolving as dynamically as other electric vehicles. In this
regard, researchers have emphasized that battery efficiency
advances more gradually than other technological develop-
ments [9].

In this context, energy efficiency is not expected to grow
rapidly over time and seems to be approaching a certain
degree of saturation [10]. This development brings up the
subject of alternative energy resources [11]. The studies of
authors [12, 13] provide a summary of the various potential
energy supplies. Several solutions have been envisaged,
based on the concept of traditional batteries, i.e., based on
energy reservoirs [14]. Firstly, there are fuel cells, which
are the subject of much current research [15]. Nevertheless,
these batteries are still expensive, difficult to miniaturize,
and pose problems for the hydrogen storage [16]. A more
radical solution consists in using nuclear batteries [17], for
which energy densities are thousands of times higher than
those of lithium-ion chemical batteries. The authors of [18]
have developed batteries using low-energy radioisotopes
whose radiation does not penetrate more than a few tens
of micrometers through most solid or liquid bodies [19].
These batteries are perfectly harmless since radioactive radi-
ation cannot pass through (or infiltrate) simple plastic pack-
aging [20]. However, their major setbacks lie in the
collection and reprocessing of used batteries [21]. In 1995,
researchers listed the progress of logic and memory func-
tions since the 1970s [22]. Their work concentrated on
advancements in metal-oxide-semiconductor (MOS) tech-
nology, a pivotal semiconductor technology extensively
employed in the manufacturing of integrated circuits (ICs)
and microelectronics. The innovations in MOS technology
have enabled the reduction of power consumption in chips
while simultaneously enhancing the efficiency of logic and
memory functions [23]. On the other hand, the concept of
a wireless sensor network allows remote monitoring and
data processing [24]. This latter, related to complex and dis-
tributed automobiles, has been able to substantially develop,
thanks to these technical advances [25]. The authors of [26]
summarized the progress made to limit the electrical con-
sumption of such networks in the automotive industry.
These developments dealt with both the actual physics of
the components used and the solicitation strategy of the
nodes within the overall architecture of the network [27].
In [28], the researchers noted that current progress on the
energy consumption of on-board devices in modern vehicles
made it possible to consider other power resources resulting
from the ambient energy exploitation. This has enabled get-
ting rid of battery toxicity and short lifetimes’ drawbacks
that hugely impact wireless sensor networks [5]. Indeed, in
the case of networks made up of a very large number of
nodes, replacing all the batteries is difficult to consider
[29]. In [30], the authors focused on powering a wireless
sensor network node from the surrounding vibrational
energy. It showed the power density evolution as a function
of a lifetime for batteries, solar, and vibration resources [31].
The power densities are given in microwatt per cubic centi-
meter, except in the case of solar energy where it is given in
microwatt per square centimeter [32]. There is not a func-

tion of time, unlike the energy density of batteries [33]. In
other words, the suspension quality greatly contributes to
the car’s handling and braking for driving pleasure and
safety [34]. This latter keeps the vehicle well insulated from
road disturbances (such as bumps) and within an acceptable
steering limit [35]. Moreover, road disturbances and loads
are considered two main factors affecting the vehicle com-
fort [36]. For this issue, road roughness is considered as a
small value at high frequency, whereas a hill is considered
a larger value at the low frequency of road discomfort [37].
Vibratory energy recovery is aimed then at realizing micro-
electrical generators of centimetric size allowing electronic
system feed by absorbing the “ambient” energy present in
the surrounding environment [38–40]. Typically, the vehi-
cle’s suspension system consists of a spring and dampers—-
which are used for the vehicle’s adaptive oscillation, linking
the vehicle to its wheels [41]. A promising application for
communication sensors is the MPPT controller of vehicle
harvestable energy [42]. These autonomous networks’ devel-
opment responds to a growing need to measure, analyze,
and control our natural environment’s evolution, the behav-
ior of civil or military constructions, or the state of our
human body health [43]. Suspension system’s performance
has recently been improved due to the sustainable increase
in vehicle efficiency [44]. Several suspension system design
proposals have been introduced to increase the vehicle sus-
pension system performance and sophistication by redefin-
ing the element boundaries [45]. A large number of
simulation experiments have been executed in the Simulink
2021a environment in order to investigate the performance
of the suggested MPPT control [46].

The MPPT based on the maximum area method for the
PV system operating under rapid variation of solar irradia-
tion has been provided [47]. Recently, significant attention
has been paid to photovoltaic pumping systems based on
maximum power point monitoring by the sine cosine opti-
mization algorithm [48]. To produce maximum power from
the photovoltaic system for various climatic conditions, an
Artificial Bee Colony (ABC) method was implemented and
compared with two other perturbation and observation
(P&O) MPPTs [49]. In order to improve the tracking perfor-
mance of the MPP controller for optimal system energy
extraction under partial shading conditions (PSC), a fast
and accurate algorithm for global maximum power point
tracking (GMPP) based on the sine-cosine algorithm (SCA)
has been presented [50]. Additionally, a Thevenin source-
resistance representation commonly used solar systemmodel
is simplified into [51]. Furthermore, the authors in [51]
introduced a control algorithm, known as the proposed max-
imum power point tracking (MPPT) algorithm.

This work’s main purpose was implemented through an
effective design of a hybrid maximum power point tracking
(MPPT) for assessing ride comfort, power consumption, and
potential energy harvesting under road irregularities generated
according to the ISO standard. The established scheme is
based on linear tangents-interpolation (LT-I) techniques.
The latter has been applied to an energy harvesting system
bonded to an active suspension of a quarter car model based
on adaptive fuzzy and active force control (AF-AFC).
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Furthermore, the energy recovery system has been eval-
uated based on the following criteria: spring-mass accelera-
tion, spring-mass displacement, suspension deflection, and
tire acceleration which are known to significantly influence
the ride comfort performance of the vehicle. The proposed
LT-I scheme’s performance has been compared with perturb
and observe (P&O) and advanced divide and conquer (DC)
algorithms.

By incorporating the suggested system into the quarter-
car suspension, it is indeed possible to improve the overall
performance in the relevant frequency range (0-100Hz).
This enhancement is achieved by improving the skyhook
control benefit and using a lower passive damping coefficient
than that applied in a conventional suspension assembly.

The structure of this paper is described as follows: in Sec-
tion 2, a maximum power point tracking (MPPT) has been
presented as a controller model implemented on the piezo-
electric voltage output, using the Harris Hawks optimization
algorithm. Section 3 provided an introduction to the bond
graph (BG) model. Next, Section 4 detailed the active flutter
(AF) and active fault tolerance (AFC) mechanisms, focusing
on the combined BG AF and AFC scheme. Section 5 dealt
with the simulation procedure and presented the results.
Section 6 concluded with a synthesis of the main results.

2. MPPT Controller Applied to Piezoelectric
Voltage Output Using Harris Hawks
Optimization Algorithm

2.1. The Electrochemical Parameters of the Proposed PEH. A
lot of methods have been reported to enhance the energy
obtained by reverting or inverting the integrated capacitor
once the interior current supply passes over zero [2, 5].
Though the reviewed systems achieve improved extreme
power extraction, the output load resistance range for
achieving high power extraction is good. However, when
the system load is beyond this defined range, the productiv-
ity level rises significantly. Thus, the traditional complete-
bridge rectifier is exposed in Figure 1.

The electrical characteristics of piezoelectric generators
are generally very favorable: AC and high voltage, low cur-

rent, and capacitive output impedance. Therefore, the
energy produced by these piezoelectric generators is gener-
ally not directly usable for the supply of conventional elec-
tronic devices which require a low-voltage DC supply. As a
rule, a rectifier bridge followed by a filter capacitor is used
to convert the AC voltage delivered by the piezoelectric
inserts into DC voltage. With a sinusoidal mechanical load
of constant amplitude, it can be shown that there is an opti-
mum load resistance at which the power output of the piezo-
electric inserts is maximum. A DC-DC converter is often
inserted between the rectified voltage and the load to be sup-
plied (see Figure 1). This converter can have several roles:
either to impose a constant voltage on the load (voltage reg-
ulation) or to impose a V rec/Irec ratio equal to the optimal
resistance to optimize the power supplied by the microge-
nerator (impedance matching).

2.2. Proposed Rectifier and MPPT Controller for the Power
Recovery Process. This section highlights an MPPT scheme
that has been extensively used in dynamic systems. The pur-
pose of the analysis is to provide an overview of the different
power ranges of this harvester: describing their operating
principles and highlighting their advantages and limitations.
This will be useful for the reader who needs a comprehensive
education on power harvesting methods, as well as to keep
abreast of the latest developments in this field. From there,
the ultimate goal of this strategy is to research the power
gap in the proposed system. This gap will be the basis of
the research that will be conducted in this work.

Figure 2 illustrates the established MPPT approach for a
piezo energy recovery scheme. This device is attached to the
complete-bridge circuit to convert the AC output voltage of
the piezo into a DC signal. In addition, a DC-DC circuit
tracks the equipment to adjust V . The DC-DC transformer
regulated the generated signal using the proposed MPPT
controller. This enhanced MPPT energy controller tracks
the system’s threshold setpoint and then regulates the DC-
DC mode of operation. Furthermore, the rectifier output
followed the MPPT output voltage to maximize the voltage
value V , when the harvested voltage of the rectifier is
adjusted to V ref . The output voltage may be higher or lower
than V ref . The bucket-boost model is adapted to be used for
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Figure 1: PVEH model connected to the DC-DC converter.
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DC-DC conversion. The proposed MPPT method is based
on the duty cycle control of the DC/DC convertor.

The basic idea behind MPPT is to find and operate the
power generation system (such as optimum current and
voltage) at its maximum power point, where it can generate
the maximum amount of electrical energy. The power gener-
ated by these systems is influenced by various factors,
including vibration intensity, temperature, and vehicle
speed, all of which can change dynamically, but these factors
are not always the same.

Connecting high-voltage current directly with low-
voltage current may impact the charging efficiency of the
capacitor to some extent; for this, the FLC has been used
in this case of studies.

Currently, the primary approach to mitigate the connec-
tion loss between high- and low-voltage currents involves
employing distinct boost circuit and step-down circuit mod-
ules based on the MPPT connected to an FLC block. There-
fore, Table 1 describes PVEH recuperator rules implemented
in a fuzzy logic controller to control and optimize the oper-
ation of an energy recuperator, in order to maximize the
energy recovery efficiency and regulate the recovered output
power, to ensure the implementation of a broadband ambi-
ent vibration energy recovery system.

This processing ensures that the voltage difference
between the two currents remains within a reasonable range,
thereby minimizing the impact of their connection on the
charging efficiency of the capacitor including perturb and
observe (P&O), incremental conductance, and various heu-
ristic algorithms. These algorithms use different strategies
to track and adjust the operating point based on the charac-
teristics of the power generation system. This particular type
is described as the direct MPPT control approach; the con-
troller equation system is extracted and verified by the bond
graph inverse (BGI) model. The fuzzy logic control (FLC)
block is employed, and the duty cycle is directly calculated
by the controller. Consequently, it delivers the MPPT
scheme with optimally simplified control while keeping the
maximum results [31]. The high performance of the existing
control made it possible to use bond graph modeling (BGM)
in the MPPT controller. By using BGM, the observability of
the system is not mandatory. This is a key advantage because
operating point changes, nonlinearities, and uncertainties
such as unmodeled physical quantities can be handled excel-

lently. Nevertheless, the automotive designer must have
prior knowledge of how the power output responds qualita-
tively to the inputs. With the use of a complete band gap rec-
tifier, the AC transducer signal is converted to a DC mode
signal. As the excitation frequency of the PEH header is
small (inferior to 100Hz), the activated diodes could be
operated by a transmitter and a detector. To decrease the
amount of energy wasted through the rectifier, all corrector
devices are configured as dynamic diodes to achieve a minor
voltage drop. By switching to the activated junction rectifier,
the dropped potential in the individual diode is decreased
from 400mV to 10mV.

2.3. Harris Hawks Optimization Algorithm. Harris Hawks
optimization approach is a bioinspired algorithm based on
the cooperative search behavior of Harris Hawks. The pro-
cess involves the integration of various tools, such as social
rules and communication strategies, to guide the search for
an optimal solution. The optimization problem involves
identifying the optimal solution for a given function by
adjusting its variables, typically confined to a specific range
of values. This constraint may lead to a subconstrained opti-
mization problem. Mathematically, the goal is to minimize
the function F over the set E, meaning to find a value ε
within E such that [5]

F x∗ =min ou max f x 1

During the exploration phase in the Harris Hawks opti-
mization (HHO) algorithm, sharks land randomly in differ-
ent locations and wait to detect prey using two strategies:
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Figure 2: MPPT model connected to PVEH converter.

Table 1: FLC rules connected to PVEH scavenger.
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X t + 1 =
Xrand t − r1 Xrand t − 2r2X t , 0, 5 ≤ q,
Xrabit t − Xm t − r3 LB + r4 UB − LB , q ≤ 0 5,

2

where X t + 1 represents the position vector of the road
irregularities at the next iteration t + 1, Xrabit t denotes the
position of the speed bump, and X t is the current position
vector of the bridges. The variables r1, r2, r3, r4, and q are
random numbers within a specified interval [0,1], updated
at each iteration. LB and UB indicate the upper and lower
bounds of the variables, Xrand t signifies a randomly
selected device from the current population, and Xm t
denotes the average position of the current population of
devices. The average position of the maximum power is
attained using Equation (2).

Xm t = 1
N
〠
N

i=0
Xi t , 3

where Xi t indicates the position of each device at iteration
t and N represents the total number of devices.

To model exploration to operation, the energy con-
sumed by the vehicle is modeled as follows:

E = 2E0 1 − t
T

4

And E indicates the harvester energy of the piezoelectric,
T is the maximum number of iterations, and is E0 is the ini-
tial state of its energy.

X t + 1 = ΔX t − E jXrabit t − X t , 5

ΔX t = Xrabit t − X t 6

3. Modeling and Optimization of the
Piezoelectric Harvester

3.1. Modeling and Control of Vehicle Motion Dynamics for
Energy Harvesting. In this modeling, some mechanical
energy is calculated for several reasons, including estimating
the inequality of energy requirements. The energy flow in a
piezoelectric energy recuperator in a schematic diagram is
modeled by the following equations:

ipzt =
1
tpz

tpz

t1

Ipz sin wt dt − V rec + 2VD

Rpz
tpz − t1

= 1
tpz

Ipz
cos wt1 − cos wtpz

w
−
V rec + 2VD

Rpz
tpz − t1

7

To estimate the collected energy, the average power out-
put ipzt is first determined. In which Ip and ω are the input
current amperage and angular velocity frequency ipzt,
respectively. The power collected by the continuous wave
bridge rectifier is as follows:

Ppzt =
V rec
tpz

Ipz
cos wt1 − cos wtpz

w
−
V rec + 2VD

Rpz
tpz − t1

8

The greatest amount of power collected by the entire
wavelength bridge circuit is achieved once:

Inputs: Population size N and maximum number of iterations T
Outputs: Rabbit location and fitness value Initialize random population X(i = 1, 2,..............., N)
As long as (stopping condition not met) do
Calculate vehicle speed values
Set Xrabbit as vehicle location (best location)
End
For (each device( Xi )) do
Update initial energy E0 and displacement force J ►E0=2rand ()-1, J=2(1-rand ())
Update E using Eq. (3)
If ( E ≥ ) then ►Exploration phase
Update the location vector using Eq. (2)
If ( E < ) then ►Exploration phase
If (r ≥ 0 5 et E ≥ 0 5 alors) ► gentle siege
Update the location vector using Eq. (5)
If no if (r ≥ 0 5 et E < 0 5 ) then ► Soft seat with fast Progressive dives (6)
If not if (r < 0 5 et E ≥ 0 5 ) then ► Gentle siege with progressive fast dives updates the location vector using . . (Eq (5))
If not if (r < 0 5 et E < 0 5 ) then ►Hard seating with progressive fast dives updates the location vector using (Eq (6))
Return Xrabit
End.

Algorithm 1: Optimization algorithm by Harris Hawks.
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V rec =
Ipzt

2wCpzt
−VD 9

The output power Pout and extreme output power Pmax
are specified by Equation (2) through the hypothesis that
the power drop inside an individually dynamic diode is zero.
While most fuzzy logic controllers previously evolved have
been of the rule-based type, in which the controller’s simple
rules attempted to provide a model of the controller’s reac-
tion to particular process statuses, traditional fuzzy logic
control implied four different operation components or
methodology for fuzzification, property function, fuzzy
inference procedure, and defuzzification process [10].
According to [13], an adaptive fuzzy logic system that uses
a Takagi-Sugeno scheme is briefly discussed in this section.
It integrates a generally applied computational back-
propagation learning approach in a neural network scheme.
The adaptive fuzzy model is applied to the MPPT controller
as illustrated in Figure 3. In this system, the framework will
be established in the normal initialization process and all
fuzzy belonging functions are attached to create a full class
of rules. The system consists of a fuzzy product inference
engine, a singleton fuzzifier, a central mean, and a Gaussian
membership function.

εpzt = Ki δi − Mi E2
i ,

Dpzt = ei δi + gi E2
i

10

In the following formula, Dpzt and εpzt denote the
deformation and constraint tensors.Ki and ei are the resilience,
pseudo-piezoelectric coupling, and permittivity dielectric con-
stants, correspondingly. The harvester electromechanical stress
layer has been obtained by applying Hamilton’s approach.
Because of the inverse and primary piezoelectric natural fre-
quency, an electromechanical constraint between the electrical
and mechanical stress can be calculated using the AFC model.
In the statement sequence listed here, E2

i refers to the electric
movement matrix. e indicates the matrix of the dielectric
rigidity and is the deflection vector. g is the matrix of dielec-
tric magnitude. Ep is the vector of electric flow, σ is the
stress vehicle, and C is the resilient substance for a typical
electric flow field:

Mrec ∗ Voutp + V rec ∗ Vpzt + Kpzt ∗ Vpzt = Fout

11

The basic principles of this modern population-based algo-
rithm simulating the hunting behavior of piezoelectric har-
vester have been explained in this section.

Furthermore, the areas of application of this algorithm
and identified its advantages and disadvantages have been
investigated. In the next section, we will simulate and adapt
this algorithm for the localization of unknown sensors in
RCSFs.

3.2. Formulation of Localization Problems. The aim of this
work is to identify the location of sensors randomly
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Figure 3: DC-DC model connected to PVEH scavenger.
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dispatched in a 2D plane corresponding to the RCS area of
interest: for this case, m ≥ 0 nodes called anchors whose
positions are known a priori and have been considered.
Moreover, the objective of the localization procedure is to
find the positions of n unknown nodes labeled m + 1,⋯N
N = n +m . Each network node is characterized by a simi-
lar transmission radius R. Let x, y denote the coordinates
of the target node and di represent the distance between
the target node and ith anchor.

The following formula is used to calculate the dis-
tance [5]:

dij = xi − xj
2 + yi − yj

2
12

Let d i = di ∓ n the distance value obtained from the
RSSI method be the error committed when estimating
the distance by RSSI. The objective function of the local-
ization problem is determined as follows:

F x,y = 1
M

〠
M

j=1
d̂ j − dj 13

After entering the network parameters, the sensors are
randomly deployed in the simulation zone by clicking
on the “Deploy” random deployment button (Figures 4
and 5). After entering all the initial network parameters,
the parameters of the proposed algorithm (number of itera-
tions and population) must be entered. An example of
deployment and localization using the proposed approach
is shown in Figure 4. Black squares represent randomly
deployed sensors, red diamonds represent anchors, and
brown circles indicate anchors. To start the algorithm, click
on the “HHO Algo” button. The calculated dummy force of
the added skyhook damper is referred to as the transducer
load (Fout). This latter has been calculated according to the
control law of the MPPT controller as

Fout =

−Bpzt ∗ ξ ∗ z′u IF zu ≤ zs,

−W ∗ μ ∗ z′s IF zs ≤ zu,
0 IF zs = zs,
M ∗ δpzt ∗ V rec IF zs = 2 ∗ zs

14

A restrained selection of system settings needs to respect
the basic requirements of the system, such as
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Figure 4: Property features for Vpzt, Vch, and ΔVch of PVEH scavenger.
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0 5 ≤ δpzt ≤ 0 9,

0 05 ≤ μ ≤ 0 2,

ξpzt ≤ 2

15

In addition, it is supposed that §pzt < 0 9, so that the pen-
dulum weight is less than the support radius for system load,
and μ < 0 2 so that the mass of the suspensionm < 0 33 kg for
sensible body weight.

Numerical data that solve the system state equation indi-
cated that the peak occurs between 8Ω and 10Ω, confirming
that the optimum external load for the coil is between 8Ω
and 10Ω to achieve maximum output power. The maximum
power generated by a single coil is around 0.69mW.

Following the same principle, the optimum load for the
piezoelectric film is between 2 kΩ and 3 kΩ, with maximum
output power reaching around 4.55mW.

The transducer output acquired an AC voltage signal
that must eventually be transformed into direct current by
an AC-DC converter to be connected to the battery or the
ultracapacitor.

Ep
i = 0 0 1

tpzt
1 AND

tpzt

t0

k −w + 2 ∗ ψ −Wpzt ∗ t2∗cos wt dt = 0

16

The optimization approach applied in this section has
been classified into two important groups. One is the issue
of multiobjective performance; previous research has carried
out deep results. The latter is an optimal scheme using GA
such as subdivided group optimizer (SGO), artificial beam
collection (ABC), divergence element evolution (DE),
NSGA-II, and multiobjective unified swarm optimizer with
crowding gap (MOUSO-CD).

γ1

γ2

D11

D12

=

k11 k12 0 μ14

k21 k22 0 μ24

0 0 k33 0
μ41 μ42 0 k44

∗

λ1

λ2

λ3

EP
4

γ1

γ2

D11

D12
17

However, the signal condition in Equation (6) can be
changed to a hyperbolic hook form to forestall the control
feedback. The harmonic curve provides the global and qua-
dratic stability of the vehicle throughout the movement
spectrum of the automobile in modified subsystems (see
Figure 1). The ideal initial conditions and forces of the car
motion are provided in Equation (5).

3.3. Bond Graph Modeling of the Piezoelectric Harvester. As
illustrated in Figure 1, a PZT harvester is conventionally
exhibited as a sinusoidal current producer ipzt t = Ipzt sin
2πf pztt , parallel to a capacitor C1.

The amplitude of the PZT current output lp changed
according to the amount of mechanical external excitation
of the PZT component; however, it is supposed to be
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Figure 5: Bond graph phase portrait of MPPT controller for PVEH.
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approximately constant for any external load; γpzt is the exci-
tation frequency of the PZT element.

4. The AF and AFC Mechanism

The research on the AFC approach was launched by Hewitt
and his team in the early 1980s, leading to the design of
dynamic control systems. The suggested controller systems
could be robust and more stable following enforced pertur-
bations or parametric variations provided that a certain
number of criteria are satisfied [14, 15]. The balancing oper-
ation of AFC requires the measurement or specification of a
certain amount of the measured variables. Therefore, a sig-
nificant portion of the AFC is designed to be robust and sta-
ble with respect to the changes in the variables of interest
[16]. Consequently, a lot of mathematical and computa-
tional overhead can be considerably decreased, which means
that the scheme can be real-time operated. The AFC can be
demonstrated to include also Newton’s second law of
motion’s state equations. For an individual active automotive
suspension, the equation of motion may be expressed as fol-
lows [18]:

Fs +Qs =mssas 18

Fs is the enforced load, Qs is the perturbation load, mss is
the hanging mass, and as is the acceleration of the suspended
mass, accordingly. The AFC diagram has been implemented
in the suspension device and piezo harvester system. How-

ever, the predicted disturbance value Q′ may be of the fol-
lowing form:

Qs′= Fs′− mss′ as′ 19

The FLC approach is widely considered the most popular
choice due to its simplicity [10]. The basic principle of this
controller is to induce a disturbance by manipulating the
PWM duty cycle commands of the inverters and choppers
(either decreasing or increasing them) and then observing
its effect on the output piezoelectric collected power (PZH).
If the current power P k exceeds the previously calculated
power P K − 1 , the disturbance direction is restored; other-
wise, it is reversed. Despite its ease of implementation, the
MPPT algorithm is associated with several inherent prob-
lems [11].

The primary calculation load in AFC is the propagation
of the calculated inertia table with the system dynamical
velocity into the AFC prediction loop. The basis of AFC lies
(or resides in) employing certain observed and measured
values of the individual system properties identified, specifi-
cally the detected force and acceleration of the driving system
and the projected mass of the system. It is instantly noticeable
that the monitoring algorithm used here is extremely easy
and has enormous implications in practice since the compu-
tational load is very small and it might be readily applied in
real time with no problems, as demonstrated by Equation
(7). These solution benefits are as follows: (1) the MPPT sys-
tem design’s complexity has been drastically reduced, (2) the
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Figure 7: Real vehicle movement according to the road profile.
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computation time has been decreased, and (3) no tuning
energy was involved for the FL gains.

5. Simulation Outcomes and
Experimental Validation

The component proprieties of the quarter car design and the
piezoelectric transducer are extracted from [12] which have
been in use in the BG model.

The first component of the voltage device of the MPPT
controller is the rectifier. With the application of a complete
bridge, the circuit has rectified the AC signal from the piezo
driver into a DC signal. As a result, all input diodes of the
rectifier are implemented as activated diodes to minimize

the potential drop. Therefore, the activated natural fre-
quency of the PZT is a low one (less than 1500Hz). Thus,
the dynamic diodes could be realized by a junction transistor
and a comparator. By switching to the activated diode, the
potential drop in individual diodes is decreased from
400mV to 10mV.

Figure 6 depicts the harvester system’s output energy
with an l0μF output condenser, and the output potential
of the harvester system is near 12mV. The established PZT
energy harvesting schemes provided a (global, total) whole
effectiveness of 70%.

The simulation outcomes, illustrated in Figures 7–9,
show excellent agreement between the two types of model-
ing. However, in an open circuit, the average energy flow
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between the beam and the piezoelectric patches is not
exactly zero for the MATLAB simulation, while it is zero
with the localized constant 20-Sim model. This is due to
the fact that the piezoelectric elements have intrinsic losses
in the ANSYS model but none in the localized constant
model where all the viscous losses are taken into account
by the global C-damper to the complete structure in the
developed BG model. The ANSYS localized constant model
is purely monomodal, while the BG model corresponds to
the real multimodal structure C. Accordingly, Figure 10
illustrates the experimental validation system used in the
proposed piezoelectric energy recuperator. The recuperator
is implemented in a real system that uses an inverter and a
powerful DC-DC chopper to control the energy harvested
from a broadband ambient system. To prove and validate
the physical phenomena involved in the proposed models,

the influence of the geometry of the recuperator on the mea-
sured vibratory forces has been modeled. After having
instrumented the prototype in Figures 11 and 12 on a trac-
tion bench, the damper is connected in series to a BC302
strain gauge sensor as shown in Figure 13. The diagram
(HMI) deals with the implication of electrical polarization
caused by the application of applied mechanical stress. The
test was modified as shown in Figure 14 to vary the rod’s
position containing the piezoelectric elements with respect
to the suspension systems, millimeter by millimeter at very
low speeds, i.e., 0.001m/s. These measurements are carried
out in quasistatic mode.

If the system is placed under the conditions of a real road
and with the optimal electromechanical values of the
recuperator (f = 23, 4Hz, R=220 kΩ, and amplitude of
400mVpp) with the addition of the diode bridge followed
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Figure 10: Experimental validation of the proposed piezoelectric energy harvester.
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Figure 13: Proposed DC-DC model for energy harvesting device in automotive applications.

Figure 12: Didactic model of a hybrid vehicle for experimental validation.

12 Modelling and Simulation in Engineering



by a resistor as in Figure 1, the effective voltage obtained is of
the order of V eff = 11 7 V. The power is P = 71mW which is
higher than the previous one because the voltage has been
rectified. Figure 7 illustrates the MPPT controller for the
harvested power according to the changed vehicle speed.
The converted power followed an exponential function of
the vehicle weight amount. The harvested electric power
has produced more than 90% at an unimportant interval of
speed from 20 km/h to 90 km/h as highlighted in
Figure 11. And outside of this range, this power production
is about 20mW. Figure 8 presents the MPPT controller for
the PVEH output power.

This latter is practically continuous at the maximum
value. The structure effectiveness using MPPT has been
improved and reaches 90% in the occupied interval from
1kΩ to 2.5MΩ. The ideal value of Vpzt1 is a proportional
function of the vehicle load, reaching its power optimum.
Counting the nonlinear extrapolation factor, the voltage pro-
duced by the PVEH is at the ideal value with respect to the
load characteristic. As the rectifier operates in the interval of
optimal output value, the device can collect additional energy.

6. Conclusions

In this paper, the most MPPT algorithms used for tracking
the MPP of the piezoelectric harvester system have been
extensively established. Based upon the purposed algorithm,
a piezoelectric harvester optimal prototype has been
designed for nonlinear structures using state-dependent
bond graph architecture as presented in Figures 9 and 14.
The BG has exhibited the rectifier complications in PVEH
schemes. We have shown that the enhanced approach elim-
inates the shortcomings of earlier transformers by means of
an MPPT controller and a single DC-DC converter. The
proposed MPPT algorithm ensured an extraction efficiency
higher than 85% as shown in Figure 13. As such, the total
productivity of the PVEH system has been found to be
70% using this modest and effective regulation of voltage.
In this work, an adapted MPPT algorithm has been estab-
lished that can overcome the incorrect response given by
the conventional controller when the vehicle speed is sud-
denly increased. The modified MPPT has been calculated
without any mathematical calculations suggesting a low-

cost piezoelectric harvester system. Finally, the proposed
method was appropriate to build a strong process for har-
vester prototypes in real physical schemes through a smaller
vibration force amount.
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