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Abstract: This paper will present a complete discussion in recent design strategies for harvesting
vibration energy using piezoelectric cantilever transducers. The interest in this primary energy source
is due to its presence in non-negligible quantities in most of the engines used in the industrial process.
Previous work has shown that it is possible to harvest significant amounts of energy capable of
supplying a wireless sensor (WS) node. However, in most research, only one step of the energy
conversion and utilization chain is studied. Starting from the definition of the different design issues
for a piezoelectric micro generator (PMG), the leading optimization solutions will be reviewed in
this paper. Based on the findings, the quantification of the data transmission range of wireless
sensor nodes powered by a PMG is proposed to support the objectives envisioned by Industry 4.0.
The vibration characteristics taken from mining locomotives that have not yet been treated previously
are used to illustrate the improvement of the various optimization solutions. Through our objectives,
this work offers a comprehensive discussion on the use of vibrational energy by wireless sensors,
bringing together the fields of mechanics, electrical, electronics, and wireless communications.
The theoretical basis for each design stage is provided through the design equations. Based on actual
measurements of ambient vibration, it is demonstrated, considering an optimal design of the PMG,
that a WS could transmit data beyond 1 km for physical phenomena to be controlled every 7 min.
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1. Introduction

Nowadays, the need to automate most industrial processes is essential. This automation increases
productivity, reduces costs, improves efficiency, and increases safety [1]. There is growing talk
of Industry 4.0 [2], in which manufactured products can control their manufacturing processes.
Let us recall that in the first industrial revolution it was the question of the mechanization of the
industrial processes. The intensive use of electric energy led to the second industrial revolution,
and widespread digitization led to the third industrial revolution.

In automated systems, most devices have communication facilities that allow them to transmit
information on their operating status at regular intervals of time. Such objects are called smart objects
and are also the basis of the new paradigm known as the Internet of Things (IoT) [3]. For example,
the IoT considers the incorporation in the same building of several sensors for monitoring operations;
this concept is known as the smart building [4]. An essential step in the automation of industrial
processes is then, to provide most devices by micro-sensor capable of performing simple measurement
in their immediate environment and transmitting them to a base station (BS) [5].

Initially, the sensors used are wired, and when many sensors are needed, these wired connections
can be troublesome for many industrial applications [6]. This has led to the advent of the wireless
sensor (WS) [7], which by freeing wired connections offers more flexibility in their deployment.
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The data collected by WS are transmitted wirelessly to BS. Given the advantages offered by the WS,
namely flexibility, ease of deployment, low cost, they are now playing a vital role in the industry
4.0 [8]. More specifically, in the industrial environment, WSs are used in the automation system [9],
operations control, system monitoring (humidity, temperature, fire alarm, dust index, toxic gas,
and pollution) [9,10], and motion control [11]. In most of these industrial applications, WSs are placed
in difficult-to-access locations (mining crushers for example) and maintenance operations for the
replacement of batteries can be costly.

This issue of energy autonomy of WSs has given rise in recent years to a new field of research
known as energy harvesting (EH) [12]. Energy harvesting is the process of converting ambient energy
into electrical energy; the most targeted application is the power supply of the WSs.

EH technologies differ from one another depending on the nature of the used primary energy source.
The main considered sources are the internal light, electromagnetic energy, vibration, and heat [13].
Among these primary sources, vibration abounds in the industrial applications due to the many engines
used in most processes [14]. Concerning the specific case of the mining industry, crushers that operate
24 h a day, mining locomotives for the transport of personnel and minerals, trucks, are examples of
sources of vibration.

A lot of research has been proposed in recent years to optimize the performance of vibratory
energy harvesters. However, since the harvesting and use of vibration energy combine three areas
of activity (mechanical, electronic and wireless communications), very little or no work offers a
comprehensive analysis of the performance of the WS powered by the harvested energy. Therefore, it
is to overcome this lack that this paper proposes an end-to-end analysis of the autonomous WS based
on the vibratory energy; the performance criterion is the transmission range of the node. To achieve
this objective, Section 2 recalls the problematic of this paper as well as a comparison with related works.
In Section 3, there will be a question of sizing the PMG for optimal harvesting. In Section 4, we apply
the design strategies mentioned earlier to the design of a PMG optimized for Industrial Wireless Sensor
(IWSs) applied to a mining locomotive. Finally, the conclusion of this paper is proposed in Section 5.

2. Context, Problematic, Main Contributions and Comparison with Related Work

2.1. Context of the Study

Given the advantages offered by the WSs, namely flexibility, ease of deployment, low cost,
mentioned above, they can play a vital role in Industry 4.0 [8]. However, in most industrial process,
sensors are placed in difficult-to-access locations. An example is the drive diagram of semi-autogenous
grinding (SAG) in the mining industry shown in Figure 1 [15].

Figure 1 shows a process that requires multiple sensors for speed control, vibration levels,
and temperature regulation. Access to these sensors is very often complicated, and this makes the
maintenance operations due to charging or replacing the batteries, costly because, in most cases,
this requires the cessation of production. This work is then in the context of the EH, which aims to
extend the lifespan of sensor nodes.

2.2. Problematic and Main Contributions

This paper is intended to define the main design issues of autonomous WS based on piezoelectric
energy harvesting (PEH). The conversion chain for optimal harvesting will be reviewed, to improve
existing solutions and propose new optimization solutions. The problematic of this work is thus to
provide a reliable perpetual power supply to WSs deployed in an industrial environment. The interest
of WSs in an industrial environment is no longer to be justified in the light of Industry 4.0 requirements
(automation through the use of smart objects [16]).

To consider the use of vibration energy using piezoelectricity, a piezoelectric transducer (PT) is
used to convert vibrations into alternative electrical energy. The amplitude of this alternating current
(AC) energy is very often small to be directly straightened by a diode; a non-linear module is then
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used to amplify the harvested energy. The increased AC energy is then rectified, filtered, and adapted
to be stored in a battery. This battery will then be used to power a WS. On the other hand, the function
of the WS will be the measurement of environmental data, their processing, and the transmission of
the processed data to BS. This end-to-end use of vibrational energy is shown in Figure 2 below.

Figure 1. Drive diagram of a crusher with various sensors.

Figure 2. Harvest and use of vibratory energy for wireless sensor (WS).

This paper is intended to recall the main design issues of autonomous WS based on PEH.
The conversion chain for optimal harvesting will be reviewed, to improve existing solutions and
propose new optimization solutions. This work is motivated by the fact that after observing the
conversion chain shown in Figure 1, we found that very few PMG design works offer a complete
design solution for a given application. We understand by a complete design solution, a design that
considers the energy need of WS, the characteristics of ambient vibrations, the design of the optimal PT,
and an adapted energy harvested circuit (EHC) while aiming to limit the size of the PMG. However,
in the literature, most of the work deals with only one and at most two of the issues. This can be
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justified by the fact that a complete solution combines several specialties, the most important of which
are: mechanics, electronics, power electronics, and wireless communications.

In the field of mechanics, it is more precisely dealt with the characteristics of vibrations and PT.
One of the pioneers in the design of PT is S. Roundy [17]. He has developed through his various works,
some of which are mentioned in [18–21], the design equations of PT for optimal harvesting.

In the electronic field and more specifically in the design of the non-linear module, D. Guyomar,
through many research including [22–25], proposed solutions to amplify the output voltage of the PT.
About the rectification of the AC signal provided by the PT, some of the work offered in recent years is
also to be considered. These works focus on the design of new diodes with increasingly low threshold
voltages [26,27] because it helps to minimize losses in the conversion circuit.

In the field of power electronics, advances in the design of direct current (DC)/DC converters are
also to be careful to optimize the harvested power. These converters not only improve the conversion
efficiency [28–30] but also perform maximum power point tracking (MPPT) [31,32].

The wireless communications domain also interests the operability of a WS powered by a PMG.
This is because it is necessary to propose energy consumption models of WSs that are quite
complete [33–35] to be able to predict the reliability of the autonomous WS. Intending to an optimal
solution, we must also consider the solutions proposed in recent years, aiming to minimize the energy
budget of the WSs [36–39].

This work is addressed to beginners in the field as well as to experts who would like to bring new
optimization solutions. We want this paper to alleviate the fact that the different areas involved in the
design of PMGs have evolved as long separately. The main contributions of this review can then be
summed up as follows:

• Define the design consideration of PMG.
• Undertake an analytical study of a PMG by provides the design equations.
• Vibration levels detected in a mining locomotive.
• Design, modeling, and simulation of PMG dedicated to WSs for industrial applications.
• Estimation of the level of harvestable power in a mining locomotive.
• Performance evaluation of the WS powered by the harvested energy.

2.3. Comparison with Related Works

As mentioned above, very few works or even a survey offer a complete discussion of harvesting
and exploitation of vibratory energy. Most of the surveys focus only on one part of the complete solution.
As comparative studies, we refer readers to the work and surveys referred to [8,19,24,40–49]. A summary
of this research is listed down in Table 1.

The work in [8] proposes a review of wireless sensor networks (WSN) in the context of Industry 4.0.
It is addressed to the industrial environment of WSN topology, IWSs communications technologies,
significant applications of IWSs, and major IWSs features. It also provides a new architecture based on
the quality of service (QoS) and quality of data for IWNs.

In [40], it is presented a complete review of the history of vibrational piezoelectric conversion.
After classifying piezoelectric energy harvesters into three major groups: macro and mesoscale,
micro electromechanical systems (MEMS) scale, and nanoscale, Alperen and Honor recalled the
manufacturing methods and the reached output power levels. This work considered only the PT
without an EHC. The influence of the piezoelectric material is also treated.

In recent years, to follow the miniaturization of the WSs, many works have been proposed to
accompany the miniaturization of PTs, which are classified in [40] into three groups: macro and
mesoscale, MEMS scale, and nanoscale. To take into account three-dimensional effects in PT structures,
even at small scales, analysis tools have been developed in [48] while maintaining the one-dimensional
model by Giacomo et al.
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Table 1. Comparison with related work.

Ref PT EHC DE * DC ** Keys Points

[8] √
× ×

√

• Communication technologies of IWS.
• Network topologies.
• Application of Wireless Sensor WSs in the industrial context.
• Architecture based on Quality of Service QoS.

[40] √
× × ×

• Properties of piezoelectric material.
• Classification of piezoelectric transducer.

[48] √
×

√
×

• Inclusion of three-dimensional effects in the analysis of piezoelectric
transducers while considering a one-dimensional model.

• Analysis of the transducer in the frequency domain.

[49] √
×

√
×

• Analysis of the non-linear behavior of piezoelectric transducers.
• Nonlinear transducer modeling with experimental validation.

[41] √
×

√
×

• Comparison between electromagnetic and piezoelectric harvesting.
• Summary of a piezoelectric energy harvester.
• Hybrid Generator.

[42] √
× ×

• Piezoelectric materials.
• Architectures of the PT.

[43] √
×

√
× • Micromachining fabrication.

[44] √ √ √
×

• The energy conversion efficiency of the PMG.
• Design guidelines through simulation results.

[19] √ √ √
×

• Transducer design equations.
• Optimal load resistor of the PMG.

[45] √ √ √
× • DC/DC converters for PMG.

[24] √ √ √ √ • Nonlinear Electronic Interfaces and Issues in Small Scale Implementation.

[46] √ √ √
×

• Properties of piezoelectric materials.
• PTs geometry.
• Performance of recent PT designs.

This paper √ √ √ √

• PT design equation.
• Analysis of the EHC.
• Considering the energy need of IWS.
• Definition of the specifications of the self-powered IWS.

* DE: Design Equations, ** DC: Design Consideration.

Giacomo et al. in [49] also analyzed the complex domain concerning the modeling of non-linear
transducers. Nonlinear analysis of the behavior of the piezoelectric transducer was considered, and an
experimentally validated model was established.

In [47], the advances made in the field of vibrational energy harvesting means piezoelectric and
electromagnetic transducers have been proposed. This work also deals only with the PT without
taking an interest in the EHC circuit. The different geometries of the transducer are presented as well
as the design equations.



Energies 2020, 13, 63 6 of 28

In [42], Niezrecki et al. have treated the physical principle of piezoelectric conversion by
emphasizing the used piezoelectric material. They also only deal with the architecture of the PT.

In [43], Renaud et al. have postponed the manufacturing techniques of PTs. More precisely, after
having processed the machining technologies, a PT is then manufactured. By deriving analytical
equations, a comparison between theoretical estimations and experimental results was proposed.

In [44], Lu et al. have proposed a power balance of the PT and have derived the optimal DC
power recoverable through a PT combined with a bridge rectifier.

Roundy et al. [19], which is the most comprehensive and reference work to date, have proposed
modeling a PMG conversion chain including PT, diode bridge, and DC/DC converter. Equivalent
electrical circuits have been established, and an expression of the optimal load resistance has been
defined according to the dimensions of the PT. The input characteristics of their design have been set
for an acceleration of 2.5 m/s2 and a frequency of 120 Hz.

Guyomar et al. offer in [24] the state of the art on the various nonlinear techniques designed
to amplify the open circuit performance of the PT. The optimization of the PMG through DC/DC
converters is widely discussed in [45].

Caliò et al. [46], have proposed a review on solutions of piezoelectric energy harvesting.
It is mainly developed according to the principle of piezoelectric transduction, the properties of
the main piezoelectric materials, the modeling of PT, and the performance of PTs in terms of
power density. The techniques for adjusting the frequency are also processed. This is one of the most
comprehensive survey on PMGs; the only aspect that has not been addressed is the definition of PMG
design considerations.

As can be seen, very little or no work proposes the complete conception of the PMGs, because of
the multidisciplinary nature of this research field. It is to be seen that the most processed design phase
in the literature is that of the PT. It also appears that very few surveys incorporate the energy budget
of the WS into their studies. However, these are the primary design consideration, since, in most
industrial processes, events can occur at any time. It is essential to ensure that the amount of the
harvested energy allows the WS to be able to track these events to ensure a good quality of service.

In comparison with the work mentioned above, we have in this paper integrated the requirements
of wireless communications and defined all design considerations of the PMG. The rest of this paper
deals with the sizing of the PMG for a given application. Each floor will be treated individually to
deduce a global optimization solution.

3. Design Consideration of a Piezoelectric Micro Generator for Wireless Sensor

3.1. Generic Model for Converting Vibrations into Electrical Energy

Since the input of PMG is the vibrations, it is obvious that its performance strongly depends on the
characteristics of the input vibrations. The model for converting vibrations into energy was proposed
by William et al. [50]. The model consists of a second-order system that relates the input vibration
y(t) to the output displacement z(t), as shown in Figure 3. K is the stiffness, m is the equivalent mass,
and bm and be are, respectively, the mechanical and electrical damping.

From the model in Figure 3, and for a sinusoidal excitation vibration, the electrically generated
power by the system is expressed in [51] as:

P =
mξY2

(
ω
ωn

)
ω3[

1−
(
ω
ωn

)2
]2
+

[
2ξ ω

ωn

]2
(1)

with ωn and Y is the resonant frequency and the amplitude of vibration, respectively. ξ is the damping
ratio (ξ = b/2mωn).

Figure 4 is an example of an electrical power frequency response for several electrical damping
values. The result is that the maximum power is reached at the resonance, from where they need
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before any design to determine the characteristics of ambient vibrations. For ω = ωn, the maximum
recoverable power is obtained from the Equation (1) as:

Pmax =
mY2ω3

4ξ
(2)

This expression can finally be written in the function of the input acceleration A (with A = ω2Y)
as follows:

Pmax =
mA2

4ξωn
(3)

The latter equation shows that the maximum recoverable power is proportional to the square of
the amplitude of the input acceleration A and inversely proportional to the fundamental frequency ωn.

Figure 3. Generic vibration converter model.

Figure 4. The frequency response of the electric power for A = 0.4 m/s2, ωn = 94.2 rad / s and
m = 5 g.

3.2. The Piezoelectric Transducer (PT) Design

Once the characteristics of the ambient vibrations are known, they will allow the PT to be sized.
The PT is the essential element of the conversion chain; this is justified by the results reported in Table 1.
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There are three main conversion mechanisms of the mechanical energy of vibrations into electrical
energy: electrostatic, electromagnetic, and piezoelectric. These different techniques of harvesting
vibrational energy have been detailed in [47]. Among these conversion mechanisms, the piezoelectric
technique has received the most attention, thanks to its direct mechanical-electric conversion ability,
and thanks to its capacity to be integrated into desired applications [48,52].

The piezoelectric conversion means is based on the piezoelectric effect discovered in 1880 by the
Curie Brothers [53]. They found that some crystals possessed the property to polarize under the result
of pressure, with a degree of polarization proportional to the degree of pressure; this is the direct
piezoelectric effect as shown in Figure 5.

Figure 5. Piezoelectric transduction method for harvesting energy from vibration.

They exist a series of constants that evaluate the activity level of piezoelectric material, and the
main one are the piezoelectric strain constant d, the electromechanical coupling coefficient k, and the
dielectric permittivity ε [47–49]. The factors d and k, are respectively defined by Equations (4) and
(5) below.

d =
strain developed

applied field
(4)

k2
i j =

We
i

Wm
j

(5)

where We
i is the electrical energy stored in the i− axis and Wm

j is the mechanical input energy in the
j− axis.

3.2.1. PT Design Equations

Several PTs geometries exist in the literature; most of them are treated in [47,54]. In most real-world
applications, the fundamental vibrational frequency values are relatively low. It would be difficult to
use a piezoelectric material directly as an elastic element; obtaining a flexible structure allowing large
displacement requires a leverage action. This leverage action is usually achieved by using a structure
of the fix-free beam type, better known as a cantilever structure [19,48,49,55].

The cantilever-type PT is shown in Figure 6 below and consists of three main parts: piezoelectric
layers, cantilever beam, and seismic mass [19]. The piezoelectric layers that make up the active part of
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the structure are used to convert the mechanical vibrations into electrical energy. The cantilever beam
is used to amplify the relative displacement of the seismic mass. Finally, the seismic mass increases the
mechanical stress applied to the piezoelectric layers, thereby increasing the output power. The electrical
output performance of a cantilever PT depends on its L, W, h and m dimensions, respectively, for length,
width, thickness, and seismic mass.

Figure 6. Cantilever type piezoelectric transducer (PT).

The PT for a given application must consider, the amplitude A of the input vibrations,
the fundamental frequency fR, of the supply voltage level of the EHC, VOC, and finally of the
required power to operate the WS, PWS. The dimensions of the PT influence all these parameters.

Without looking at the design parameters mentioned above, in the literature, several designs are
satisfied to recover a certain amount of energy. In [6] for example, a power of 1.1 µW from vibrations
in an moving automobile at 60 km/h. The authors in [6] have used, to achieve the above performance,
the composite QP21B of Mide Technology whose dimensions are 41.4× 17× 0.76 mm3. The design
equations of a PT are resulting from the work of Smith et al. [56,57], where the constitutive equations
describing the behavior of a bimorph cantilever PT have been derived. In these equations, the deflection
δ at the free end of the beam and the charges Q on the electrodes, are connected to the applied force
F to the free end of the beam and to the applied voltage V to the electrodes through a matrix 2 × 2
expressed under the static conditions as follows:

(
δ
Q

)
=


S11L3

2Wh3 −
3d31L2

4h2

−
3d31L2

4h2
2ε33WL

h

(
1−

k2
31
4

) 
(

F
V

)
(6)

The factors S11, d31, k31 and ε33 depend on the used piezoelectric material. If the piezoelectric
beam comprises only the piezoelectric layers, the thickness t of the piezoelectric beam is linked to that
of a piezoelectric layer by the relationship:

t ≈ 2 h (7)

Resonance Frequency of the PT

Depending on the size L, W, h of the beam and the seismic mass m, the resonance frequency fR is
derived from the constitutive equations, considering the absence of an external tension V; what gives:

fR =
2
π

√
Wh3

S11L3m
(8)

Open Circuit Voltage of a PT

For the WS to receive energy, the PT’s open-circuit voltage VOC must exceed a certain threshold.
The generated open circuit voltage is defined in [58] as follows:

VOC = −
3
2

d31LQmmA
ε33Wh

(9)
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Output Power of the PT

It is important to consider the energy budget of the WS when designing the PT as well as the
dissipated power in the EHC. As for the consumed power in the EHC, it depends on the used diodes.

Concerning the energy consumed by the WS, it can be evaluated through its different activities;
this activity depends on the WSN topology in which the WS is located. In most industrial applications,
the used WSNs are star types [59,60], i.e., they consist of BS, also called a coordinator or sink, and a
set of WSs that directly transmit the collected data to the sink. As an indication, the other main WSN
topologies are the mesh topology [61] and the cluster topology [62]. A comparison of the performance
of these topologies is offered in [63]. Figure 7 below represents a star-type WSN and the various
activities of the WS in the network [64].

Figure 7. (a) Star topology wireless sensor network (WSN). (b) WS activities.

As shown in Figure 7b, three sources of energy dissipation must be considered to estimate the
power consumed by the WS: sensor sensing, microcontroller processing, and radio transmission.

The sensor sensing energy Eacqui is defined in [33] as the sum of the energies due to data capture
Esens and that necessary to record the data in memory Erecord. Its estimated expression for a packet
size of ` bits is defined in [33] as follows:

Eacqui(`) = `VsupIsensTsens
}

Esens

+
`Vsup

8
(IreadTread + IwriteTwrite)

}

Erecord

(10)

where Vsup is the supply voltage of the WS. Isens, Iread, and Iwrite are respectively, the total current
required for sensing activity, the current for reading 1-byte data and the current for writing 1-byte
of data. Tsens, Tread, and Twrite are, respectively, the time duration for WS sensing, the time duration
for reading 1-byte data and the time duration for writing 1-byte data.
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Energy for data processing Epro includes energy loss from switching Eswitch and the energy loss
due to leakage current Eleak [33]. In [65] Epro is expressed as:

Epro(`) = `NcycCavgV2
sup

}

Eswitch

+ `Vsup

(
I0e

Vsup
nPVt

)(
Ncyc

f

)
}

Eleak

(11)

where Ncyc is the number of clock cycles per task, Cavg is the average capacitance switch per cycle, I0 is
the leakage current, nP is a constant which depends on the processor, Vt is the thermal voltage, and f
is the sensor frequency.

Energy for the transmission of ` bits-data, Etx depends on the distance d between the WS and the
sink and the path loss exponent [66]. Assuming that the transmission distances are greater than 88 m
as in [34], this energy is expressed as follows:

Etx(`, d) = `
(
Eelec + εampd4

)
(12)

where Eelec is the energy consumption per bit in the transmitter and the receiver circuitry. Its value
is evaluated experimentally in [37] at 50 nJ/bit. εamp represents the transmit amplifier for two rays
evaluated experimentally also in [37] at 0.0013 pJ/bit/m4.

Equations (10)–(12) show that, once the hardware parameter of the used WS, is defined, the energy
dissipated to transmit data depends on the packet’s length ` and the total distance d between the WS
and the sink. This energy requirement of the WS per operating cycle, EWS is thus defined by:

EWS(`, d) = Eacqui(`) + Etx(`, d) + Epro(`) (13)

From the WS energy budget, the power to be provided by the PT can then be determined as follows:

P =
EWS

T
+ Pd,EHC (14)

where Pd,EHC is the dissipated power in the EHC, T represents the duration of a WS operating cycle
that is defined by:

T = Tsens + Tread + Twrite + TA + Tsleep (15)

Tsens, Tread, and Twrite are defined as previously, while TA and Tsleep represents the duration of
the active mode and the sleeping mode respectively, of the microprocessor used. Considering as in
most of the work the parameters of the Mica2 Motes [67], the time duration of the active mode will be
1 mS and that of the sleeping at 299 mS as in [68].

To quantify the energy required for the operability of the WS, the parameters of commercial
off-the-shelf components are often used. For the CC2520 of Texas Instruments, used in several works
like [33,64,69], the parameters for estimating the energy budget, and the references in which these
values were defined are reported in Table 2.

3.2.2. Electrical Model of PT

An electric model of the transducer is necessary to size the energy harvesting circuit. In [29,31],
it has been established that the PT at the resonance is equivalent, to an alternating current source
of magnitude IP and frequency fR, in parallel with a capacity CP as shown in Figure 8. In [19], it is
established that the current source iP(t) is proportional to the moving speed as follows:

iP(t) = LWd31S11
.
S (16)
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where
.
S is the strain rate, and the value of the capacitor CP is determined as follows:

CP =
ε33WL

t
(17)

Table 2. Used parameters to estimate the energy consumed by the WS.

Symbol Description Values

` Packet size −−

Vsup Supply voltage to the sensor 2.7 V [70]
d Distance WS to sink ≥ 88 m [34]

Isens Required current for sensing activity 25 mA [33]
Iread Current: flash reading 1-byte data 6.2 mA [71]
Iwrite Current: flash writing 1-byte data 18.4 mA [71]
Tsens Time duration for sensor node sensing 0.5 mS [33]
Tread Time duration: flash reading 565 µS [71]

Twriting Time duration: flash writing 12.9 mS [71]
Ncyc Number of clock cycles per task 0.97× 106 [72]

I0 Leakage current 1.196 mA [72]
f Sensor frequency 191.42 MHz [65]

nP Constant depending on the processor 21.26 [72]
Vt Thermal voltage 0.2 V [65]

Cavg Average Capacitance switched per cycle 22 pF [70]
Eelec Energy dissipation: electronics 50 nJ/bit [37]
εamp Transmit amplifier for two ray 0.13 pJ/bit/m4 [37]

Figure 8. (a) The equivalent electrical model of the PT. (b) PT with resistive load.

A method is proposed in [31,73] to determine experimentally the parameters IP and CP. It consists
of connecting to the PT various resistance value as shown in Figure 8b. For each resistance value,
the excitation frequency is adjusted to the system resonance frequency and, the output voltage V0

is taken. This voltage is theoretically expressed as:

V0 = IP
R√

1 + (2π fRCP)
2

(18)

A least-squares adjustment of the data to the Equation (16) allows determining the values of CP

and IP. It is this method that we will use in this work to electrically model the PT for the measured
vibration characteristics.

3.3. The Non-Linear Circuit Design

The output voltages, as well as the power levels of the PTs, are generally very low. In [74] for
example, it was necessary to put five PT (with the unit dimensions of 3× 2.4× 0.05 mm3) and a seismic
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mass of 8 × 12.4 × 0.5 mm3 to achieve 66.75 µW under an optimal load resistance of 220 kΩ; this
when the acceleration was 5 m/s2, and the frequency, 234.5 Hz. It is obvious that such PT would be
cumbersome for real WSs which are very small.

The research carried out in the field of nonlinear modules has the purpose of proposing solutions
to amplify the voltage and the maximum energy that can be transferred to the load. The most used
non-linear technique is the synchronized switch harvesting on inductor (SSHI) technique [22].

3.3.1. Non-Linear Circuit Principle

The electrical model of the PT shows that its internal impedance is capacitive (cf Figure 8a).
To harvest the maximum energy, it must be connected, a load whose impedance is the dual of the
internal impedance of the generator, i.e., an inductance L defined as:

L =
1

ω2CP
(19)

The frequencies are not very high in most of the usual applications, and the values of CP being
very low, the above relationship gives rise to large inductance values. To overcome this limit, designers
choose a suitable value of L then, this value is switched for a period equal to half the oscillation period
of the circuit composed of L and CP [75], i.e., the duration of:

T = π
√

LCP (20)

The inductance L can be put in parallel with the PT to give rise to the configuration called
P-SSHI [76,77]. The serial inductance can also be connected to the PT; this is known as the S-SSHI [51,78].
The principle diagrams of these two configurations are shown in Figure 9.

Figure 9. Schematic diagram of the synchronized switch harvesting on inductor (SSHI) technique. (a)
P-SSHI. (b) S-SSHI.

At the moment of switching on these circuits, the capacitor CP is charged to the maximum voltage
value. Closing the switch causes a complete discharge of the capacity and an increase of the current in
the inductance up to the maximum value. This current will then decrease by charging the capacitor with
a reverse voltage at its initial voltage giving an output voltage higher than the initial maximum voltage.
It is this analysis that gives rise to the waveforms shown in Figure 10. The reversal of the voltage
through the inductance is not perfect since some of the electrical energy before inversion is lost in the
switching device. The electrical quality factor models these losses.
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3.3.2. Control Circuit for the Synchronized Switch Harvesting on Inductor (SSHI) Technique

The control circuit oversees generating the signal applied to the switch. The control signal is a pulse
generated at times of the maximum and minimum of the open-circuit voltage value. The control circuit
must, therefore, include a peak detector, a comparator, and a switch. In the literature, two methods are
proposed to carry out the control circuit.

• The first solution is to use two generators; the output of the second generator is used to generate
the control signal [79,80].

• In the most common solution, the control signal is produced from the signal provided by the
PT [81–84].

The first method requires the manufacture of two generators in phase with the same frequency
of oscillation, which makes it difficult to implement. Several switches have been proposed in the
literature [78,85], and the most popular circuit for generating the control signal presented in this work
is the one shown in Figure 11. The circuit comprises the PT and the SSHI circuit; it was proposed
in [78] and has been reused in several other works as [86–88]. The circuit in Figure 11 includes two
switches for the detection of positive and negative maxima of the output voltage of the PT. A detailed
analysis of the operation of the circuit is proposed in [78].

3.4. Alternating Current/Direct Current (AC/DC) Converter, DC/DC Converter and Wireless Sensor
(WS) Performance

In a lot of work on PMGs, designers are limited to the performance of PT [89–91], the objective of
these works consists of determining the optimum load of the designed PT. However, as we mentioned
above the major application of any process of EH is the power of the WS [92]. The WS requires
a DC power supply voltage; the electronic load of a PT must be a constant voltage. The different
circuits designed for this purpose are offered in works such as [29,31,93,94] and will be presented in
this subsection. These circuits can be classified into three major groups [95]: the standard rectifier
capacitor circuit (SRCC), the active rectifier capacitor (ARC), and the SSHI circuit. For each of these
circuits, it will be discussed, after proposing the configuration to define the expression of the maximum
harvestable power.

Figure 10. Amplification of the output voltage of the transducer due to the application of the
SSHI technique.
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Figure 11. A Schematic of self-powered SSHI.

3.4.1. Standard Rectifier-Capacitor Circuit (SRCC)

In the standard conversion circuit, the PT is connected to a standard rectifier-capacitor as shown in
Figure 12. A full bridge rectifier with a capacitor is used to straighten the AC signal. The value capacitor
Crect is used to filter any non-DC component. For this circuit to be operational, the open-circuit
voltage of the PT must be higher than at least twice the threshold voltage of the used rectifying diode.
The proposed solutions to overcome this limitation is then the manufacture of low-voltage threshold
diodes [96–98].

Figure 12. Standard rectifier-capacitor circuit.

Another condition for the circuit in Figure 12 to function correctly is to choose Crect such as
Crect � CP [99] where CP is the capacity of the PT. It is shown in [31] that the power PSRCC delivered to
the load is expressed as:

PSRCC =
2Vrect

π
(IP − 2π fRVrectCP) (21)

The maximum value of this power is reached when the voltage Vrect is equal to half of the Open
circuit voltage VOC of the PT. This maximum power is expressed according to the parameters of the
equivalent electrical circuit as follows:

PSRCCmax =
I2
P

4π2 fRCP
(22)

3.4.2. Active Rectifier Capacitor (ARC)

To achieve a perfect impedance matching to the load, the active rectifier-capacitor topology shown
in Figure 13 was proposed in [29,31]. The DC/DC converter allows the AC/DC converter output to be
adjusted to the load by performing an MPPT function [100,101]. An increase in the harvested power of
400 % compared to the standard circuit in Figure 12 has been reached in [29].
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Figure 13. Active rectifier-capacitor with battery load.

There are several DC/DC converter; these have been presented in [102]. The two main structures
are the DC/DC buck converter and the DC/DC boost converter. The choice of the DC/DC converter
depends on the voltage values Vrect and the supply voltage of the used battery. The value of the
rectified voltage, Vrect for optimal performance is defined in [29] as:

Vrect =
IP

4π fRCP
(23)

Recall that IP and CP depend on the size and properties of the used piezoelectric material.
Once the choice of the DC/DC converter is made, one of the design issues is the determination of

the duty cycle allowing the optimum power transfer to the load. In [29], an expression of the optimal
duty cycle, kopt based on the size of the PT, and the battery characteristics of a lower DC/DC converter
is defined as follows:

kopt =

√
8 fRVrectLCP fS

Vrect −Vbat
(24)

where fR is the resonance frequency of the PT, Vrect is the rectified voltage, L is the value of the used
inductance to design the DC/DC converter, fS is the switching frequency of the DC/DC converter,
and Vbat is the supply voltage of the used battery. For additional information about the DC/DC
converter, applied to PT, interested readers are referred to [29–31,103].

3.4.3. Piezoelectric Micro Generator (PMG) with SSHI

As in the previous subsections, in this part, the main results are presented about the maximum
harvestable power with an SSHI circuit. The circuit of PMG using the SSHI technique and, more
specifically, the P-SSHI is shown in Figure 14. It is to date the complete structure of the PMGs proposed
in the literature. For the autonomous operation of the PMG, the control circuit must draw its energy
from that collected from the surrounding vibrations. However, very little work has proposed an
evaluation of the dissipated energy in the EHC. It should be further clarified that most of the equations
evaluating the maximum recovered power are derived from the analyses assuming ideal behavior
of the rectifying diode. The real diodes are, however, characterized by a threshold voltage VD and
dynamic resistance RD, and the dissipated power PD is defined as:

PD = VDI + RDI2 (25)

Taking into consideration the dissipated power in the EHC, Liang and Liao [104], quantified the
power lost during the formatting of the harvested energy. The results of their work have made it
possible to define the application limits of the SSHI technique. More specifically, for the standard
circuit in Figure 12, it has been established in [104], the following expressions for the harvested power
PSEHC and the power dissipated Pd,SEHC:{

PSEHC = 4 fRCPVDC(VOC −VDC − 2VD)

Pd,SEHC = 8 fRCPVD(VOC −VDC − 2VD)
(26)
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By performing the same analysis with the circuit of Figure 14, Liang and Liao [104] compared the
power harvested with the standard circuit with that provided by the optimized circuit. It emerged
from this comparison that the standard circuit was more effective when the open-circuit voltage is less
than 5.84 V.

Figure 14. Optimized piezoelectric micro generator (PMG) by SSHI technique.

The objective of this section was to defer the results of quantitative studies of PMGs for WS.
The various circuits proposed in recent years for the design of the PMGs have been reviewed, and the
expressions of maximum recoverable powers have been provided. In the continuation of this work,
we apply the various solutions proposed to date to the design of a PMG for the supply of WSs applied
to a mining locomotive. The objective is to evaluate the performance of the complete optimal solution
of the PMG for WS based on vibration data taken from a mining locomotive.

4. Design of an Optimized PMG for Supplying IWSs: The Case of a Mining Locomotive

In this section, the design of an optimized PMG applied in the mining industry is proposed.
The case of locomotives in a mining environment will be dealt with here. The choice of this application
is justified by the fact that, in the era of major socio-economic upheavals, the economy of many
countries, including Canada, sub-Saharan Africa, China, South, and Central America are still heavily
fueled by the mining industry. To remain competitive, the mining industry has to offer certain facilities
such as the ability to equip itself with locomotives for the carriage minerals on rails and wagons for
the transportation of personnel. The autonomous WSs would then be an excellent compromise for
supporting monitoring applications on the old mining locomotive. This will then be a question of
quantifying the DC energy supplied to WS based on the characteristics of the detected vibrations in
a mining locomotive. Depending on the harvested energy, the WS’s performance will also quantify
regarding the minimum data packet length, transmitted to the BS.

As mentioned in the previous section, the first step in the design is the determination of the main
characteristics of ambient vibrations.

4.1. Test Locomotive and Measured Vibration

To get an idea of the vibration spectrum in a mining locomotive, locomotive number 27 of the
Glencore Horne Foundry of Rouyn Noranda is used. A global view of the locomotive is shown in
Figure 15 below.
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Figure 15. Overview of the test locomotive.

A Vernier GDX-ACC triaxial accelerometer is used for data acquisition, as shown in Figure 16.

Figure 16. Vibration measurement scheme.

The GDX-ACC accelerometer can be used to measure accelerations between ±200 g and offers
the ability to connect via Bluetooth [105]. The sampling frequency is 1000 Hz, and the measured data
is recorded with the graphical analysis software [106] of Vernier; these data are then transferred to
MATLAB for in-depth processing. The accelerometer is located on the board of the locomotive, and the
vibration data obtained are shown in Figure 16. Two series of measures are represented for comparison;
frequency analysis is achieved through the MATLAB’s Fast Fourier Transform.

From the acceleration time response (Figure 17a,b), we find that the maximum acceleration is
0.008 g for the first measurement, while an acceleration peak of 0.015 g is reached in the case of the
second measure. This difference is explained by the influence of the locomotive operating speed which
was not kept constant in both tests.

In the frequency domain (Figure 17c,d), the fundamental frequency in both measurements is
the same, and it is 21.88 Hz. The spectrograms that represent the frequency distribution of power
are shown in Figure 17e,f. A maximum power density of −22.35 dB/Hz is obtained in the case of
the first measurement while a power density of −19.11dB/Hz is reached in the case of the second
measure. According to these observations, the PT must, therefore, be sized in a way that resonates
around 21.88 Hz.
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Figure 17. (a) and (b) Time response of the measured vibrations. (c) and (d) Frequency distribution of
the measured vibrations. (e) and (f) Power spectrum of the measured vibrations.

4.2. Modeling of the PT and Open Circuit Performance

To obtain the PT’s electrical parameters based on the measured vibrations, the experimental setup
shown in Figure 18 proposed in [73] is used. This work [73] resulted in participation in the 19th EEEIC
International Conference on Environment and Electrical Engineering. The setup includes the QP21B
Mide Technology’s composite as a piezoelectric transducer. The transducer is attached to a U58556001
vibration generator marketed by 3B Scientific. The vibration generator is powered by an FG 100
function generator still sold by 3B Scientific. A Hantek oscilloscope records signals from the transducer.

To harvest the maximum energy, it is essential to adjust the resonance frequency of the QP21B
composite to the fundamental frequency of ambient vibrations. For this, an additional mass mt

is necessary. The value of this seismic mass is defined in [107] as follows:

mt =
k

(2π f0)
2 −m (27)
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Figure 18. An experimental device for modeling the transducer.

Using the measurement spectrum data in the mining locomotive, i.e., f0 = 21.88 Hz, A = 0.72 g,
(see Figure 17c) as input parameters. A least-square fitting of data to (18) yields the following values of
IP and CP.

IP = 0.164 mA ; CP = 200 µF

With these values, the performance of the open-circuit PT is shown in Figure 19; the schematic in
Figure 8a was used to obtain these results. It is found in Figure 19a a sinusoidal voltage of amplitude
5.98 V. Figure 19b shows that a maximum power of 240.3 µW is attainable, for optimal load resistance
of 35 kΩ. The used software is the Simscape Tool of MATLAB/SIMULINK.

Figure 19. (a) Open circuit voltage. (b) Maximum recoverable power.

To optimize PT performance, the schematic in Figure 9a is used. The results obtained in comparison
with those obtained without the SSHI technique are shown in Figure 20. It shows that the output
voltage is twice as high as the initial voltage, and a maximum power of 295.5 µW is reached on an
optimal load resistance of 58 kΩ; this corresponds to an improvement in 123 % compared to the
initial power. It should be recalled that experimental results, with the circuit in Figure 11, yielded an
improvement in harvested power of 160% [104]. In the following subsection, an evaluation of the
performance of a WS concerning the transmission distance for the various configurations of PMG
is performed.
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Figure 20. Optimization of PT performance by SSHI technique. (a) open circuit voltage. (b) Maximum
recoverable power.

4.3. PMG and WS Performances

To ensure the operation of the WS based on the harvested energy, it is necessary to achieve
performance enslavement of the WS to the amount of energy available. To accomplish this, some
research uses the duty cycle strategy, which is to leave the WS in standby mode until the harvested
energy is sufficient [69,108]. In other recent work, the used enslavement parameter is the transmission
distance, which is the distance d between the WS and the BS [34,64].

Using the distance as the enslavement parameter combined with the duty cycle strategy, the WS
performance is shown in Figure 21 below. For each of the curves, the energy requirement of a WS in a star
topology WSN is compared to the amount of energy provided by the different configurations of PMG
presented in this paper. The energy requirement of WS is evaluated with Equation (13), with estimation
parameters that are provided in Table 2, with a packet size set at 512 bits. WS performance is defined
in terms of sleeping time and the transmission range. It is assumed that the harvesting process is also
performed during the active mode of the WS.

• Figure 21a deals with applications for which measurements are to be taken every minute. The curve
shows that it is only by considering all the proposed optimizations that it is possible to transmit
data at only 338 m.

• Figure 21b represents the case where a physical quantity must be checked every two minutes.
When designing the PMG with a DC/DC converter, it is possible to transmit data at 478 m. If all
optimization solutions are considered, then the data can be transmitted up to 618 m. The standard
circuit, as well as the only SSHI optimization, does not offer enough energy for the WS to transmit.

• Figure 21c examines the case of applications where measurements are to be made every 5 min.
The performance of the standard circuit does not always allow the WS to transmit while using the
SSHI technique; it is possible to communicate to around 468 m.

• Figure 21d considers the case where measurements can be taken every 7 min. Even with this low
duty cycle, the WS powered by the standard circuit can only transmit at 388 m; while considering
the optimal solution, it is possible to send data to about 1 km.
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Figure 21. WS performance powered by different PMG configurations.

5. Conclusions

We have provided in this paper, a step-by-step design of a self-powered wireless sensor node.
The feeding of the node is based on the vibrational energy through piezoelectric harvesters.
The characteristics of the vibrations detected in a mining locomotive were considered for the design of
the PMG. Firstly, in the introduction, we have justified, through several recent works, the fact that the
energy harvest of vibrations is the most suitable for industrial applications. The ubiquitousness of
this source is no longer to be demonstrated, given the number of types of machinery used in several
industrial processes. Afterward, in Section 2, the main contributions of this work and the comparison
with the existing works were clarified. To obtain optimal design, the conversion chain, including energy
use, was reviewed in Section 3. The results highlight the design issues of autonomous WSs based on
a PMG; the main features are the characteristics of the input vibrations, the power requirements of
the WS, and the constraints related to the size of the circuits. A detailed study of each design step
has been proposed through design equations that are known to be the basis of any new optimization
solution. There was then discussed in Section 4 of the design of the PMG, optimized for applications in
a mining locomotive. To illustrate the contribution of the various optimization solutions proposed in
the literature, an end-to-end evaluation has also been proposed by quantifying the gain regarding data
transmission range by WS when optimization solutions were considered. The results have shown a
WS operability that can meet Industry 4.0 requirements. More specifically, we have demonstrated that
optimal design can transmit data at 388 m to 1 km for a measurement frequency ranging from 1 to
7 min. As future work, it would be interesting to analyze the reliability of autonomous nodes based
on PMGs.
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