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 Energy extraction takes place using several different technologies, 

depending on the type of energy and how it is used. The objective of this 

paper is to study topology influence for a smart network based on 

piezoelectric materials using the double synchronized switch harvesting 
(DSSH). In this work, has been presented network topology for circuit 

DSSH (DSSH Standard, Independent DSSH, DSSH in parallel, mono 

DSSH, and DSSH in series). Using simulation-based on a structure with 

embedded piezoelectric system harvesters, then compare different topology 
of circuit DSSH for knowledge is how to connect the circuit DSSH together 

and how to implement accurately this circuit strategy for maximizing the 

total output power. The network topology DSSH extracted power a 

technique allows again up to in terms of maximal power output compared 
with network topology standard extracted at the resonant frequency. The 

simulation results show that by using the same input parameters the 

maximum efficiency for topology DSSH in parallel produces 120% more 

energy than topology DSSH-series. In addition, the energy harvesting by 
mono-DSSH is more than DSSH-series by 650% and it has exceeded DSSH-

ind by 240%. 
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1. INTRODUCTION 

In the past few years, piezoelectric micro-generators whose energy is derived from ambient 

vibration have a promising future in applications such as self-powering of abandoned sensor networks 

because of good electro-mechanical conversion performance and compatibility with the microsystem 

manufacturing technologies. Using the energy harvested from the ambient environment to power the 

electronic devices can avoid environmental pollution and battery replacement problems. 

Today constitute a new field of application, which lies between mechanics and electronics, for 

example the generation of ultrasound with sonar, transducers to medical use (ultrasound), positioning 

(actuators and motors), gas lighters or fuel injectors (direct injection in diesel engines). Guyomar et al. [1] 

proposed the most basic circuit topology synchronized switch harvesting on inductor (SSHI). This approach 

allows to improve of the coupling coefficient of the electromechanical system using piezoelectric materials. 

It saves up to 10 times in terms of recovered energy. The technique is derived from the synchronized switch 

damping (SSD) semi-passive vibration damping technique. There are two configurations, parallel SSHI and 
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serial SSHI. When the vibration of the vibrating structure represented by the piezoelectric transducer is at its 

maximum, the switch closes. The internal capacitance and inductance constitute an oscillator circuit whose 

frequency must be chosen smaller than the mechanical vibration frequency so that the resonant circuit will 

almost instantaneously reverse the voltage of the piezoelectric element and thus bring the vibration speed and 

the generated voltage into phase. 

Mistral et al. [2] compared the s-SSHI circuit, the p-SSHI circuit, and the standard circuit under 

various operating frequency conditions. In the average coupling state (k2QM=1), the optimum resonance 

frequency for p-SSHI is around the short-circuit frequency, the optimum resonance for s-SSHI is around the 

open circuit frequency. However, with the same configuration, the standard alternating current (AC) circuit 

has two maximums at a short-circuit frequency and at an open circuit frequency. Nevertheless, in long-term 

operation, the property of the harvester (the resonance frequency) may be a change in temperature or 

humidity, which leads to degradation of the optimum impedance of the frequency adaptation. A load-

independent processing circuit such as Lefeuvre et al. [3], proposed synchronous electric charge extraction 

(SECE) can avoid these problems. In general, the power harvested with SECE is 4 times higher than the 

standard technique and is completely independent of the load. The main problem of SECE is the switch on-

time tuning for perfect voltage cancellation. This time may change with the piezoelectric material 

capacitance (temperature, stress, or stain amplitude). The research proposed an optimized version of SECE, 

called optimized synchronous electric charge extraction (OSECE) [4]-[5]. Can be considered as a hybrid 

between SECE (for low load impedance) and SSHI (for high load impedance). Transformer replaces the 

diode bridge with two primary windings connected to the piezo element with two opposing unidirectional 

switching cells triggered on maximum and minimum voltage respectively.  

The normal topology of all synchronized switch harvesting (SSH) circuits including double 

synchronized switch harvesting (DSSH) [6] enhanced synchronized switch harvesting (ESSH) [7]-[8]. The 

enhanced synchronized switch harvesting (ESSH) configuration is actually an improvement of the DSSH 

technique. The ESSH technique depends on the Cint intermediate capacitor does not discharge completely 

through the inductor. This amount of energy stored in Cint ensures a better compromise in switching timing 

between the extracted energy and vibration damping. In addition to Guyomar team has reported several other 

switching techniques. Examples include synchronized switch harvesting on inductor using magnetic rectifier 

(SSHI-MR) [9], Hybrid SSHI and synchronized switching and discharging to a storage capacitor through an 

inductor (SSDCI) [10]-[12]. All these strategies are based on the real-time identification of the resonant 

frequency of the vibrating structure.  

In this context, to improve the extracted energy, the research study and propose the best network 

topology of generators positioned at different locations of the SHHI circuit, but many problems arise when 

deploying these non-linear energy recovery topologies [13]-[15]. They are based on signal detection, circuit 

frequencies, switch operation, optimal load. DSSH technique consists of a nonlinear treatment of the output 

voltage of the piezoelectric element. In addition, the advantage of this approach compared with the usual 

standard technique is that the extracted power is independent of the load. In this work is to propose different 

network topologies based on the DSSH technique to extract the maximum power independently of the 

adapted frequency and the resistive load of the same system without losses. Then to show the feasibility of 

such a network and to study the different ways of connecting the piezoelectric elements while using the 

technique of improving DSSH energy extraction. The case of a multi-mode plate structure excited in pulse 

mode is considered. Finally, the different network topologies will be described. The harvesting capacities of 

the different network topologies will be presented and compared. The goals of the next sections are to present 

and use a theoretical model and simulation results to demonstrate the DSSH technique preformance coupling 

with the piezoelectric materials for mechanical energy harvesting applications. 

 

 

2. THEORETICAL ANALYSIS AND SYSTEM DESIGN 

2.1.  System design 

The electromechanical behavior of the generator is studied from simplified way. Indeed, around the 

resonant frequency of the structure, and in the case of a small displacement for which the movement remains 

linear, the piezoelectric generator can be modeled by a "mass+piezo+spring+damper" [16]. In addition, the 

piezoelectric element is coupled to a host structure. A simple but representative modeling (close to the 

resonances) of such a system is a simple second order, as illustrated by Figure 1 and which follows a 

behavior described by relation (1), where u, F, V, and I respectively represent the displacement at a point of 

the structure, the applied force, the voltage and the current leaving the active element.  

A multimodal Mass-Spring-Damper model is used to describe the whole structure in Figure 2. 

Considering an m mode system with n piezoelectric patches, the mechanical equations can be written for 

each model. The governing equation of Mm mode and nth piezoelectric patch are given in (1). 
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Figure 1. Mechanical representation of the 

piezoelectric systems 

 

Figure 2. The structure of piezoelectric energy 

harvester array 

 

 

The equations of the electromechanical behavior of an intelligent structure [4]: 

 

𝑀𝑚�̈�𝑚 + 𝐶𝑚�̇�𝑚 + 𝐾𝑚
𝐸𝑢𝑚 = −∑ 𝑎𝑖𝑗𝑉𝑗 + 𝛽𝑚𝐹

𝑛
𝑗=1  (1) 

 

𝐼𝑛 = ∑ 𝑎𝑘𝑛�̇�𝑘
𝑚
𝑘=1 − 𝐶0𝑛�̇�𝑛 (1) 

 

Mm, Cm and Km are then defined respectively as the dynamic mass, the structural damping factor and the 

short-circuit stiffness. α and C0 are respectively the equivalent force factor and the equivalent blocked 

capacitance of the piezoelectric insert. From (1), we can establish an electrical diagram generator equivalent. 

The electrical part is separate of the mechanical part by a perfect transformer with gain α. By analogy, in the 

mechanical branch, the equivalent stiffness Km is represented by a capacitor Cm, the mass Mm by an 

inductance Lm and the damping D by a resistance Rm. 

 

2.2.  Double synchronized switch harvesting (DSSH) 

The research developed the double synchronized switch harvesting (DSSH) consists of a 

combination of the serial SSHI and SECE architectures, as shown in Figure 3 [6], [9]. This technique control 

between voltage increase and energy recovery. In addition, the DSSH technique allows recovered power 

independent of the load. In the case of constant amplitude excitation at the resonant frequency, it has been 

shown that this technique also extracts energy much faster than all other techniques [8]. This configuration is 

controlled differently from the parallel SSHI configuration. Switch S2 is closed only when Cint is fully 

charged by the rectifier, while switch S1 is closed only when the energy stored in L2 is maximum. 

 

 

 
 

Figure 3. Piezoelectric energy harvesting system with DSSH technique 
 

 

The Mathematical expressions for DSSH circuit is subdivided into two steps as follow: 

- Step 1: Switch S1 is closed in the first step the current flowing through the circuit when the switch S1 is 

closed and we find in (2). 
 

 𝑢𝐿 + 𝑢𝑝 + 𝑢𝑖𝑛𝑡 = 0   

 

𝐿1�̈�𝑝 + 𝑟1�̇�𝑝 +
𝑞𝑝

𝐶𝑒𝑞
= 0 (2) 

 

𝐶𝑒𝑞 =
𝐶𝑝𝑧𝐶𝑖𝑛𝑡

𝐶𝑝𝑧+𝐶𝑖𝑛𝑡
  (3)  
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Where: 

Ceq: : the equilavent capacitance of Cpz and Cint, for independent DSSH circuit 

q : the piezoelectric element charge 

L1 : the series inductor connected to the piezoelement 

r1 : the internal resistance of the inductor L1 

Cpz : is equivalent piezoelectric capacitance 

Cint : is Intermediate capacitance of the external circuit 

 

The switch S1 is opened when the voltage Vp of the piezoelectric element is maximum at its edges, the 

current flowing in the first part of the circuit is given by solving the second-order differential equation given 

in (4), 

 

𝑖𝑝 = �̇�𝑝 = 𝐶𝑒𝑞𝑉𝑝
𝜔0

√1−𝜉0
2
𝑒−𝜔0𝜉0𝑡 sin(𝜔0√1 − 𝜉0

2 𝑡)  (4) 

 

for the switching event, with ωo and ξ0, the natural angular frequency and the system damping coefficient, 

respectively, defined as (5), 

 

𝜔0 = √
1

𝐿1
𝐶𝑝𝑧𝐶𝑖𝑛𝑡
𝐶𝑝𝑧+𝐶𝑖𝑛𝑡

 ; 𝜉0 =
1

2
𝑟1
√

𝐶𝑝𝑧𝐶𝑖𝑛𝑡
𝐶𝑝𝑧+𝐶𝑖𝑛𝑡

𝐿1
 (5) 

 

after this development, we deduce the expression of the energy extracted during this switching period for the 

independent DSSH circuit and also for the other network topology, 

 

𝐸1 =
1

2
𝐶𝑖𝑛𝑡(𝑉𝐶𝑖𝑛𝑡)𝑒𝑛𝑑

2
 =

1

2
𝐶𝑖𝑛𝑡 [

𝐶0

𝐶𝑖𝑛𝑡+𝐶0
 (1 + 𝛾0)𝑉0]

2

 (6) 

 

after this energy transfer process, switch S1 gets opened and the next energy transfer process starts from 

intermediate capacitor to the boost inductor. 

- Step 2: in the second part when switch S2 is closed, the intermediate capacitor is connected to the 

inductor. The current flowing in the intermediate stage of the circuit is given by solving the second order 

differential as shown in (7). 

 

𝑖𝑖𝑛𝑡 = 𝐶𝑖𝑛𝑡𝑉𝑖𝑛𝑡
𝜔𝑖𝑛𝑡

√1−𝜉𝑖𝑛𝑡
2
𝑒−𝜔𝑖𝑛𝑡𝜉𝑖𝑛𝑡𝑡𝑠𝑖𝑛(𝜔𝑖𝑛𝑡 √1 − 𝜉𝑖𝑛𝑡

2 𝑡) (7) 

 

Where: 

 

𝜔𝑖𝑛𝑡 = √
1

𝐿2𝐶𝑖𝑛𝑡
   (8) 

 

𝜉𝑖𝑛𝑡 =
1

2
𝑟2√

𝐶𝑖𝑛𝑡

𝐿2
   (9) 

 

the equation of the current at the end of this process is given by (10), 

 

(�̇�𝑖𝑛𝑡)𝑒𝑛𝑑 ≈ 𝐶𝑖𝑛𝑡(V𝑐𝑖𝑛𝑡)𝑒𝑛𝑑𝜔𝑖𝑛𝑡𝑒
−𝜉𝑖𝑛𝑡𝜋 2⁄   (10) 

 

the expression of the harvested energy for a single operation cycle is given by (11), 

 

𝐸𝐷𝐻𝐻𝑆−𝑖𝑛𝑑 = ∫𝑉𝐷𝐶 𝑞�̇�𝑑𝑡 = 𝑉𝐷𝐶∆𝑞𝑠   (11) 

 

otherwise: 

 

(𝐸2)𝐷𝑆𝑆𝐻−𝑖𝑛𝑑 =
1

2
𝛾𝑐𝐶𝑖𝑛𝑡(𝑉𝐶𝑖𝑛𝑡)𝑒𝑛𝑑

2
 (12) 
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with γC, the overall efficiency of the converter, given by, 

 

𝛾𝑐 = 𝑒
−𝜉𝑖𝑛𝑡𝜋  (13) 

 

in the case of topology DSSH-ind, as there are multiple output capacitances (Cs1=Cs2=Cs3…), the harvested 

energy is expressed as (14). 

 

EDSSHind = ∑ (
1

2
γcCint(VCint)end

2
)
j

n
j=1 = ∑ (

1

2
γcCint (

C0

Cint+C0
(1 + γ0) V0)

end

2

)
j

n
j=1  (14) 

 

2.3.  Network topology design 

In this section we will presented five networks topologies, all of them are based on the circuit DSSH 

and standard circuit (STD). Which includes a rectifier bridge and a storage capacitor, or the DSSH technique 

in Figure 4. The technique used in this work is, in fact, the DSSH. It consists of a piezoelectric element, a 

series inductor with small internal resistance, a diode bridge, an intermediate capacitor, and an inductor.  

This inductor also has small internal resistance. The circuit also has a diode, a smoothing capacitor connected 

to the load. There are two switches in the circuit. One switch is connected between the piezoelectric element 

and the uncontrolled bridge and the second switch is connected between the intermediate capacitor and the 

other inductance [17], [18]. 

 

 

 
 

Figure 4. The circuit Mono-DSSH network 

 

 

3. ENERGY HARVESTING: ANALYSIS AND PERFORMANCE STUDY 

In this sub-section, the aim of this work is to analyse agile approaches to optimize the produced 

power by a piezoelectric generator. In order to maximize the electric energy, a performance study of the 

different network topologies in different places of a structure is conducted, for extract the maximum power 

independently of the adapted frequency and the resistive load of the same system without losses. in addition 

to show the feasibility of such a network and to study the different ways of connecting the piezoelectric 

elements while using the technique of improving DSSH energy extraction. 

 

3.1.  Energy harvesting by topology Mono-DSSH (m-D) 

In network topology mono-DSSH, we connect n piezoelectric in parallel in the same circuit.  

The current flowing through the closed loop circuit is calculated as shown in [19], [20], 

 

𝐿1�̈�𝑚−𝐷 + 𝑟1�̇�𝑚−𝐷 +
𝑞𝑚−𝐷
𝑛𝐶0𝐶𝑖𝑛𝑡
𝑛𝐶0+𝐶𝑖𝑛𝑡

= 0  (15) 

 

where, n is the number of piezoelectric elements. In addition, the current 𝑖𝑚−𝐷  can be expressed as, 

 

𝑖 =
𝑛𝐶0𝐶𝑖𝑛𝑡

𝐶0+𝑛𝐶𝑖𝑛𝑡
 𝑉0

𝜔𝑚−𝐷

√1−𝜉𝑚−𝐷
2

 𝑒−𝑤𝑡 sin (𝜔𝑚−𝐷√1 − 𝜉𝑚−𝐷
2 𝑡 )   (16) 

 

where, 

 

𝜔𝑚−𝐷 = √
1

𝐿1
𝑛𝐶0𝐶𝑖𝑛𝑡
𝑛𝐶0+𝐶𝑖𝑛𝑡

    (17) 
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𝜉
𝑚−𝐷

=
1

2
𝑟√

𝑛𝐶0𝐶𝑖𝑛𝑡
𝑛𝐶0+𝐶𝑖𝑛𝑡

𝐿1
 =

1

2
r√

1

L1
×

C0Cint

C0+Cint
×
n(C0+Cint)

nC0+Cint
 = 𝜉

0
√
𝑛(𝐶0+𝐶𝑖𝑛𝑡)

𝑛𝐶0+𝐶𝑖𝑛𝑡
    (18) 

 

this first switching event stops when the current 𝑞
𝐷𝑆𝑆𝐻−𝑚𝑜𝑛𝑜

 is null, thus giving the amount of transferred 

charge, 

 

Δ𝑞𝑚−𝐷 = −
𝑛𝐶0𝐶𝑖𝑛𝑡

𝑛𝐶0+𝐶𝑖𝑛𝑡
(1 + 𝛾𝐷−𝑚)𝑉0   (19) 

 

where,  𝛾𝑚𝑜𝑛𝑜−𝐷𝑆𝑆𝐻, the inversion factor, defined as (20), 

 

𝛾
𝑚𝑜𝑛𝑜−𝐷𝑆𝑆𝐻

= 𝑒
−𝜋𝜉𝐷−𝑚 √1−𝜉𝑚−𝐷

2⁄   
 (20) 

 

substituting in (18) into (20) gives, 

 

𝛾𝑚−𝐷 = (𝑒
−𝜋𝜉0/√1−𝜉0

2

)

√

𝑛(𝐶0+𝐶𝑖𝑛𝑡)
𝑛𝐶0+𝐶𝑖𝑛𝑡

×(1−𝜉0
2)

(1−𝜉0
2×
𝑛(𝐶0+𝐶𝑖𝑛𝑡)
𝑛𝐶0+𝐶𝑖𝑛𝑡

)

 = (𝛾0)
√

𝑛(𝐶0+𝐶𝑖𝑛𝑡)×(1−𝜉0
2)

(𝑛𝐶0+𝐶𝑖𝑛𝑡)−𝜉0
2×𝑛(𝐶0+𝐶𝑖𝑛𝑡))

    

= (𝛾0)
√

𝑛(𝐶0+𝐶𝑖𝑛𝑡)×(1−𝜉0
2)

𝑛(𝐶0+𝐶𝑖𝑛𝑡)(1−𝜉0
2)−(𝑛−1)𝐶𝑖𝑛𝑡

    

 

 

𝛾𝑚−𝐷 = (𝛾0)

√

1

1− 
(𝑛−1)𝐶𝑖𝑛𝑡

𝑛(𝐶0+𝐶𝑖𝑛𝑡)×(1−𝜉0
2)
 =  (𝛾0)

√
1
1−𝛽 

 

where, 

 

𝛽 =
(𝒏−𝟏)𝑪𝒊𝒏𝒕

𝒏(𝑪𝟎+𝑪𝒊𝒏𝒕)×(𝟏−𝝃𝟎
𝟐)
   (21) 

 

where n the number of piezoelectric. 
 

(V𝑐𝑖𝑛𝑡)𝑒𝑛𝑑 =
𝑛𝐶0

𝐶𝑖𝑛𝑡+𝑛𝐶0
(1 + (𝛾0)

√
1

1−𝛽) 𝑉0   (22) 

 

Thus, the extracted energy for a single switch event is given by (23), 

 

(𝐸1)𝑚−𝐷 =
1

2
𝐶𝑖𝑛𝑡(𝑉𝐶𝑖𝑛𝑡)𝑒𝑛𝑑

2
 =  

1

2
𝐶𝑖𝑛𝑡 [

𝑛𝐶0

𝐶𝑖𝑛𝑡+𝑛𝐶0
 (1 + (𝛾

0
)
√

1

1−𝛽)𝑉0]

2

 (23) 

 

during this second step, the governing equation of the current qin through the inductor L2 is given by (24), 

 

𝐿2�̈�𝑖𝑛𝑡 + 𝑟2�̇�𝑖𝑛𝑡 +
𝑞𝑖𝑛𝑡

𝐶𝑖𝑛𝑡
= 0 (24) 

 

yielding the expression of the current in the inductor: 

 

(�̇�𝑖𝑛𝑡)𝑒𝑛𝑑 ≈ 𝐶𝑖𝑛𝑡(V𝑐𝑖𝑛𝑡)𝑒𝑛𝑑𝜔𝑖𝑛𝑡𝑒
−𝜉𝑖𝑛𝑡𝜋 2⁄    (25) 

 

where: 

 

𝜔𝑖𝑛𝑡 = √
1

𝐿2𝐶𝑖𝑛𝑡
   (26) 
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𝜉
𝑖𝑛𝑡
=
1

2
𝑟2√

𝐶𝑖𝑛𝑡

𝐿2
   (27) 

 

the harvested energy expression for a single operation cycle is given by (28), 
 

(𝐸2)𝑚−𝐷 =
1

2
𝛾𝑐𝐶𝑖𝑛𝑡(𝑉𝐶𝑖𝑛𝑡)𝑒𝑛𝑑

2
   (28) 

 

substituting in (22) into (28) gives: 
 

(𝐸2)𝑚−𝐷 =
1

2
𝛾𝑐𝐶𝑖𝑛𝑡 (

𝑛𝐶0
𝐶𝑖𝑛𝑡 + 𝑛𝐶0

(1 + (𝛾0)
√
1
1−𝛽) 𝑉0)

𝑒𝑛𝑑

2

 

=

(

 
 
n (

Cint + C0
Cint + nC0

)(
1 + (γ0)

√
1
1−β

1 + γ0
)

)

 
 

2

× (E2)DSSH−ind 

 

3.2.  Energy harvesting by topology DSSH-parallel 

Expression of the energy of the network topology parallel, when Cpz is constant, thus the electric Ipz 

current too. Moreover, in this case we consider VDC unchanged [21]-[24]. 
 

𝐸𝐷𝑆𝑆𝐻−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = ∫ 𝑉𝐷𝐶 𝑞�̇�𝑑𝑡 = (∇𝑞)𝑡𝑉𝐷𝐶  (29) 

 

where 

 

(∇𝑞)𝑡 = 𝐶𝑟𝑉𝐷𝐶;      (𝐶𝑟)𝑒𝑞 = 𝐶𝑠//𝐶𝑠//𝐶𝑠…𝐶𝑠 = 𝐶𝑠 + ⋯+ 𝐶𝑠 = 𝑛𝐶𝑠 ;     𝐶𝑠 =
∆𝑞𝑠 

𝑉𝑖𝑛𝑡
  (30) 

 

𝐸𝐷𝑆𝑆𝐻−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
1

2
𝑛𝐶𝑠(𝑉𝐷𝐶)

2 = 𝑛
∆𝑞𝑠

𝑉𝑖𝑛
(𝑉𝐷𝐶)

2 (31) 

 

𝐸𝐷𝑆𝑆𝐻−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
1

2
𝑛𝐶𝑖𝑛𝑉𝐷𝐶𝑉𝑖𝑛𝑡𝛾𝑐 = 𝑛

𝑉𝐷𝐶

𝑉𝑖𝑛𝑡
× 𝐸𝐷𝑆𝑆𝐻−𝑖𝑛𝑑  

 

3.3.  Energy harvesting by topology DSSH-serie 

Expression of the energy of the network topology series [24]-[26]: 

 

EDSSH−serie = ∫VDC qṫdt = (∇q)tVDC (32) 

 

where 

 

(∇q)t = CrVDC  ; (Cr)eq =
Cs

n
 ;  Cs =

∆qs 

Vint
  (33) 

 

EDSSH−series =
1

n
Cin(VDC)

2γc =
1

n

(VDC)
2

(Vint)2
× EDSSH−ind     (34) 

 

3.4.  Energy harvesting by topology parallel of the standard circuit 

In the previous study [27]-[30]. at resonance frequency we discover DSSH can enhance the energy 

output stage. However, The DSSH methods show off higher harvesting capacity with load-independent 

behaviour. The harvesting capability of DSSH is decided with the aid of γC , the intermediate inversion issue 

usually decided through Cint and L2, of this nonlinear circuit topology exhibit enhancement harvested energy 

in contrast to standard technique. The gain is around 500% percentage for DSSH circuit. 

 

𝐸𝐷𝑆𝑆𝐻−𝑖𝑛𝑑 ≈ 5 𝐸𝑆𝑇𝐷  (35) 
 

For n piezoelectric: 
 

𝐸𝑆𝑇𝐷   =
1

5
∑ (𝐸𝐷𝑆𝑆𝐻−𝑖𝑛𝑑)𝑗
𝑛
𝑗=1   (36) 
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According to different expressions in Table 1 of energy for each network topologies. It has noticed 

that the tonic energy is being different to each topologies that is contains 3 piezoelectric. Using STD 

technique to compare the topologies based on circuit-DSSH, as well as STD has different energy when we 

want to change topologies. In this study, the authors compare STD-parallel topologies, which provides a 

maximal energy. 
 

 

Table 1. Is significantly different from the expression energy for network topology DSSH 
Energy Expression In function EDSSH-ind 

EDSSH-ind 
∑(

1

2
γcCint(VCint)end

2
)
j

n

j=1

 ∑(EDSSH−ind)j

n

j=1

 

EDSSH-parallel 1

2
nCinVDCVintγc n

VDC
Vint

× EDSSH−ind 

EDSSH-serie 1

2n
CinVDCVintγc 

1

n
(
VDC
Vint

)
2

× EDSSH−ind 

E mono-DSSH 1

2
γcCint (

nC0
Cint + nC0

(1 + (γ0)
√
1
1−β) V0)

end

2

 

(

 
 
n(
Cint + C0
Cint + nC0

)(
1 + (γ0)

√
1
1−β

1 + γ0
)

)

 
 

2

× (E2)DSSH−ind 

ESTD 1

5
∑(

1

2
γcCint(VCint)end

2
)
j

n

j=1

 ∑(
1

5
EDSSH−ind)

j

n

j=1

 

 

 

In Figure 5 we have a system contains 3 piezoelectric samples based on different forms, mainly we 

have got that the harvested energies which is used in the topologies Mono-DSSH is essentially important and it's 

little bit more than DSSH-parallel nearly 120%. We have also found that mono-DSSH is more than DSSH-

series composition by 650% and it has exceed DSSH-ind by 240%. In this part of work, the authors studied the 

influence of change the piezoelectric samples number. The second Figure 6, a changing to energy of the number 

n. We have noticed increasing of the standard energy, which divides into 3 cases. In the first case when n≤4 we 

find that the standard energy is maximum in the composition DSSH-mono comparing to other compositions. 

When n=4 energy becomes DSSH-mono and DSSH-parallel maximal and nearly equal. In this case, DSSH-

mono composition stays easy and weak in the process. Also economical to wasted energy on the level of 

electronic elements, the rate of dissipation highly increases too. In the case of n>4, we have noticed that the 

curve of extracted energy in DSSH-parallel composition is important to other composition and it has multiplied 

when piezo quantity increased. Finally, we can get maximal energy from forms which contain energy resources 

''piezoelectric materials'' by standing on DSSH-mono composition when n≤4 and including DSSH-mono 

composition method and DSSH- parallel when piezo is more than 4 piezoelectrics samples. 
 

 

  

 

Figure 5. The energy of different network 

topologies 

 

Figure 6. The energy harvested in different network 

topologies as a function of piezoelectric samples number 

 

 

4. SIMULATION RESULTS 

In this subsection, we will discuss the results of the simulation to show that the energy produced is 

critically dependent on how the DSSH circuits are connected. The structure that will be used in the 

simulations is a generator of the current IPZ parallel with a capacitor CPZ [31]-[33] in Figure 7. This model 

used in physical security information managemen (PSIM) by adding the recovery device. Its dimensions and 

physical properties are given in Table 2. 
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Figure 7. The equivalent circuit of a piezoelectric material 

 

 

Table 2. The parameters of the piezoelement 
Element Value 

Piezoelement current IPZ 1 mA 

Piezoelement capacitor CPZ 

Resonance frequency f0 

30 nF 

105.3 Hz 

Piezoelement current IPZ 1 mA 

 

 

The simulation in this part shows the difference in energy recovered by the network topology 

studied as a function of the piezoelectric numbers. Through the Figure 8, it turns out that there are almost the 

same results between studying theory and simulation, so that the DSSH-parallel and Mono-DSSH topology is 

the best, also energy harvesting for network topology STD is negligible compared to the other topologies. 

When the piezo number is less than 4 we notice that the DSSH-parallel and Mono-DSSH topologies have 

approximately the same results, while in the case of n<4, we find that the DSSH-parallel structure is better 

compared to the Mono-DSSH. It explains the difference in energy extraction between the DSSH-parallel and 

Mono-DSSH topology, until we find that the mono DSSH structure is better, due to the presence of a limited 

number of electronic components and thus less energy when the piezoelectric number is less than 4. On the 

other hand, in the case of n>4, we find that the DSSH-parallel structure is better and the higher the piezo 

number and the energy loss remains limited, during Mono-DSSH installation, more power is lost due to 

higher current in the electronic components. 

 

 

  
 

Figure 8. The energy of different network topologies as a function of piezoelectric number 

 

 

5. CONCLUSION 

In the embedded systems study network topology circuit is very important for to extract maximum 

energy. In this work, the authors are studied a five networks topologies for piezoelectric energy harvesting and 

compared the different networks topologies based on a DSSH circuit (circuit Standard, Independent DSSH, 

DSSH in parallel, Mono-DSSH, DSSH in series), have been in distinction in the network topology of structure 

damping harvested voltage, and energy. These topologies consist of non-linear DSSH bind networks in order to 

optimize, the extracted energy. Moreover, simulation have been conducted and results confirmed that the better 

network topology, finally we conclude can get maximal energy from forms which contain energy resources 

''piezoelectric materials'' by standing on Mono-DSSH composition when n≤4 and including mono-DSSH 

composition method and DSSH-parallel when piezoelectric is more than 4 piezoelectric sapmles. Then we can 

compose each piezo 4 in circuit DSSH and the last takes DSSH-Mono in parallel. 
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