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Abstract:- In this paper, a DC-DC converter for powering the wireless sensor node in a bridge 

monitoring system is presented. The continuous monitoring of a bridge is essential to keep track 

of its strength and estimate its lifetime, because an old bridge may be a threat to hundreds of 

human lives. Therefore, in most countries the bridges are regularly monitored using electronic 

sensors and data from all these sensors is then collected to a central point, which is in most cases 

a personal computer or cloud system. However, the major problem in this setup is sending and 

receiving the data of all the sensors from distant locations to a single point. The reason is that 

sometimes the length of the bridge is more than one kilometre and even up to five kilometres. 

In this regard, different methods have been suggested to resolve this problem, but one of the 

efficient ways is to use the Wireless Sensor Network (WSN) to share data of all the sensors 

because a typical WSN node is already equipped with some built-in sensors and other sensors 

can also be easily interfaced with it. The WSN nodes require a 3.3V DC supply for their 

operation, which can be provided by the small rechargeable batteries, but the main challenge in 
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this scenario is the charging of the batteries. In a bridge monitoring system, this battery charging 

can easily be done by converting the bridge vibrations to electric power by using a piezoelectric 

energy harvester (PEH). The output power of a PEH greatly depends upon the mechanical stress 

applied to its surface. A typical PEH will produce a voltage from 1 volt up to 5 volts and its 

output current is in milli amperes (mA). Now to get more power from these energy harvesters, 

multiple PEHs can be connected in series and parallel to produce more electric power. An array 

of 25 PEH can easily provide power to a single WSN mote and charge its battery. But the 

problem is, that, the WSN node requires 3.3VDC, while the output voltage of the PEH array 

will be continuously varying between 2V and 20V depending upon the intensity of the bridge 

vibrations. To solve this issue an improved DC-DC SEPIC converter has been designed and 

tested in this research. The results show that the designed converter is capable of providing 

power to the WSN node and charging its battery. 

Keywords: DC-DC SEPIC converter, Wireless Sensor Network, Bridge Monitoring, Piezo 

Electric Energy Harvester 

1 Introduction 

In recent years, power electronics circuits have been employed in many commercial products 

and industrial control systems, i.e., electric vehicles (EVs), power inverters, motor speed 

controllers and voltage conversion from one level to another [1][2]. The reason is their high 

efficiency and simple circuitry. The types of different converter circuits are DC-DC, DC-AC, 

AC-DC and AC-AC power converters [3]. Different topologies have been adopted for these 

converters to fulfil the requirements of the mentioned applications [4]. The scope of this 

research is a DC-DC converter for powering the WSN nodes. There are several configurations 

of DC-DC converters, like buck, boost, buck-boost and SEPIC converters. A buck converter 

converts a high-voltage DC into a lower voltage, while a boost will do its opposite function. 

The buck-boost converter can work as both a buck and boost converter, but the problem is that 

its output is inverted. The best option in this scenario is a SEPIC converter, which increases or 

decreases the DC voltage applied at its input with a non-inverted output. In this research work, 

the power to the WSN nodes has been provided by an array of PEH, which gives a DC voltage 

of 2 to 20V according to the vibration intensity of the vehicles passing over the bridge. So we 

need a DC-DC converter that can convert a wide range of voltage (2V to 20V) to a fixed output 

voltage of 3.3V, which is required by a WSN node and charging its battery [5][6]. It means, 

that it should work as both the buck and boost with non-inverted output voltage. Therefore, 

the SEPIC converter is the best choice for this application [7]. The architecture of the overall 

system is given in Figure 1. The PEH array is composed of a 5 by 5 harvester, which produces 

a voltage between 2 and 20 volts depending upon the pressure exerted by the vehicles [8]. The 

output of the piezoelectric array is an alternating current (AC) voltage. Since the WSN node 

requires a DC voltage, therefore, a diode bridge has been used for converting AC into DC 
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voltage. The SEPIC converter is a closed-loop DC-DC SEPIC converter, which will provide a 

stable 3.3VDC for a wide range of input voltage. The output of the SEPIC converter will be 

used to charge the battery as well as provide power to the WSN node and all the sensors 

connected with it.  

 

 

 

 

 

 

Figure 1 (Overall Block Diagram) 

2 Bridge monitoring and Wireless Sensor Network  

2.1 Bridge Monitoring 

In a bridge monitoring system, different parameters of the bridge are monitored using adequate 

sensors. The important parameters and the sensors used for this purpose are given in Table 1.  

These sensors are mounted on the bridge at a suitable distance and a set of all these sensors is 

connected to a WSN node. The common WSN nodes have one or two sensors onboard, while 

several other analog and digital sensors can be interfaced using its ports. The WSN nodes fixed 

on the bridge at different locations communicate with each other and pass on the collected data 

from one end of the bridge to the other end [9].  In other words, all the WSN nodes form a 

wireless network to sense and share different bridge parameters to measure its strength and the 

remaining lifetime of the bridge [10].  

Table 1(Bridge parameters to be monitored with required  sensors) 

 

Parameters to be monitored Type of Sensors 

Girder Displacement ADXL345, A 3D Accelerometer 

Towers Displacement Laser-based drift monitor 

Strain/ Stress of the main Girder EFPI Fiber-Optic strain sensor 

Temperature field of the main 

Girder 

DHT22 (Precise digital Temperature 

Sensor) 

Cable Tension and Vibration VS-97 Accelerometer 
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2.2 Wireless Sensor Network 

A Wireless Sensor Network (WSN) is composed of many communicating devices with sensing 

capabilities called sensor nodes (or motes) [11]. A typical WSN network includes 10s to 100s 

of WSN motes and each mote contains a microprocessor, two or more sensors and a radio 

transceiver. The radio and network technologies used in the motes can be used to create a 

wireless network, where each WSN node can acquire environmental or other information 

through the sensors and can share it with other motes. This type of network provides a more 

flexible arrangement and lesser maintenance costs. Each node has a CPU, a power supply, 

commonly a battery and a radio transceiver with an internal antenna or linking to an external 

antenna for communication [12][13][14].  

The wireless sensor network contains multiple sensor nodes and one base station. After 

collecting the data from all the sensors, the base station sends all the acquired data to a cloud 

system through the Internet for storage and further analysis. These sensors are connected with 

the WSN mote through its extension ports. The embedded processor inside the WSN mote 

reads the bridge parameters through these sensors. A typical WSN network for such 

applications is given in Figure 2 [15].  

 

Figure 2 (WSN Mote and Sensors setup on a bridge) 

The multiple WSN nodes are fixed on the bridge at a distance easily covered by the radio 

signals of the WSN mote. Each WSN node in Figure 2 has a WSN mote along with sensors 

for bridge parameters monitoring. They have been placed at a distance easily covered by the 

communication range of an individual mote. The WSN nodes require electrical energy to 

perform their functions like sensing and communication. One solution is to use battery cells 

for this purpose, but the issue is that they have a limited lifetime and must be replaced before 

fully discharged to avoid any data loss. But this solution is not feasible due to the high cost of 

new batteries and their short replacement period. The architecture of a typical WSN network 

is given in Figure 3. 
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2.2.1 WSN Mote used 

Each sensor node used in the proposed bridge monitoring system is a TelosB WSN mote, which 

contains a powerful microcontroller, 2.4GHz Radio, multiple channels of analog to digital 

converter and Extention ports for interfacing the external sensors. In this experimental setup, 

four TelosB WSN motes were used, the front side is given in Figure 4. 

 

 

 

 

 

 

 

 

 

The essential feature of a WSN mote is, that, it should consume ultra-low power to work for a 

long period with a single charge of the battery. Due to this reason, many researchers have used 

this WSN mote in their systems and we have also selected it for the bridge monitoring system, 

as it consumes a very small amount of electrical energy [9]. 

3 Piezoelectric Energy Harvesting 

3.1 The Piezoelectric effect 

Several natural substances, including quartz, Rochelle salt, topaz, tourmaline, and Berlinite 

(which are physically identical to quartz), exhibit the piezoelectric effect [16]. Four categories 

of ceramics, composites, polymers, and single crystals can be used to manufacture piezoelectric 

materials for energy harvesting [17].  The piezoelectric effect describes how certain materials 

Figure 3 (A typical WSN Netwrok Architecture) 

Figure 4 (WSN Mote TelosB) 
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can generate an electric charge in response to mechanical stress. The piezoelectric effect is 

reversible, as materials that give the direct piezoelectric effect, which causes electricity to be 

generated when stress is applied, can also exhibit the reverse piezoelectric effect. Which causes 

stress to be generated when an electric field is applied [18]. The positive and negative charge 

carriers within a piezoelectric material shift in response to mechanical stress, creating an 

external electrical field [19]. When the electrical field is reversed, the piezoelectric material is 

compressed or stretched. The creation and detection of sound, high-voltage generation, 

electronic frequency generation, microbalances, and ultra-fine optical assembly focusing are 

just a few of the applications where the piezoelectric effect is useful. Many atomic-resolution 

scientific tools, including scanning probe microscopes (STM, AFM, etc.), are built on this 

phenomenon [20]. A more commonplace application of the piezoelectric effect is as an ignition 

source in cigarette lighters. The piezoelectric effect's working operation is presented in Figure 

5 [21]. When the voltage is zero in the normal condition, which is when no external force is 

applied. Nevertheless, voltage is produced when tension or compression is applied [22][23]. 

 

 

 

 

 

 

 

 

The relations for the piezoelectric materials are given below (IEEE Standard, 1987): 

 

(i) Direct Piezoelectric Effect: 
d

i ij im mD e d = +      (1) 

(ii) Reverse Piezoelectric Effect: 
c e

k jk j km md E s = +      (2) 

(iii) It can also be written as: 

Figure 5 (Working principle of piezoelectric effect (a) zero  stress; (b) tension;  and  (c) compression [21]) 
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    
=     

    
     (3) 

 

In the above expressions:  

“D = electric displacement vector of the size (3×1) (Coulomb/m²), ε vector (6×1) is the strain  

E vector (3×1) (Volt/m) = the applied electric field, m and vector (6×1) (N/m²) is a stress  

The piezoelectric constants are the dielectric permittivity ije  of size (3×3) (Farad/m)  

The piezoelectric coefficients 
d

imd  (3×6) and 
c

jkd (6×3) (Coulomb/N or m/Volt)  

and the elastic compliance 
e

kms of size (6×6)(m²/N)  

The piezoelectric coefficient 
c

jkd  (m/Volt) defines strain per unit field at constant stress  

and d

imd  (Coulomb/N) defines electric displacement per unit stress at a constant electric field” 

[3][23]. 

3.2 Simulink model of the piezo bender energy harvester 

To realize the overall process of energy harvesting from the piezoelectric harvesters, a model of 

piezo bender has been designed and simulated in the MATLAB/ Simulink environment 

[24][25]. The model consists of a vibration source, a piezo bender, a bridge rectifier, and a DC-

DC converter. The piezo bender harvests energy from a vibration source. The energy harvested 

from the piezo bender is used to charge a battery and provide power to a load. The model is 

given in Figure 6.  

Piezoelectric benders are flexible beams having a natural fundamental frequency of oscillation 

from a mechanical standpoint. A piezo bender generates the most power when it oscillates at 

this resonant frequency. Since the source's frequency is closer to the resonant frequency, it 

generates nearly the maximum amount of power from this energy harvester [26]. The signal 

generated by the vibration source is a “chirp” signal, whose frequency increases and decreases.  

 

 

 

 

 

 

Figure 6 (Simulink Experimental setup of piezo Bender to get voltage and power [24]) 
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The left side of the piezo bender is clamped to a vibrating item, which forces the motion. An 

extra mass is allied to the right side of the piezo bender [24]. The right end's motion is not 

synchronized with the left end due to the piezo bender's elasticity, mass, and inertia. The 

deformations produce a charge and voltage across the piezo bender's electrical terminals, which 

are gathered as electricity. The piezo bender generates AC power, which is converted to DC 

power by a full-wave rectifier. It has four diodes and a filter capacitor that smooths the DC 

voltage. The energy harvester starts by charging a battery. The energy harvester and the battery 

are then both powered up at the same time. 

The buck converter controls the voltage to deliver the highest amount of power to the load 

while maintaining unidirectional power transfer. In this case, the converter is controlled in an 

open loop by a pulse generator with a fixed switching frequency and duty cycle. You can 

develop a more sophisticated closed-loop controller to optimize the transmission of power and 

improve the performance of the energy harvester under varied settings if the vibration source 

does not have a constant frequency or contains harmonics [27].  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7(a) shows the output of the piezo bender after passing through the bridge rectifier. 

There are fluctuations in the output voltage due to the variations in the vibration’s frequency. 

In Figure 7(b), the output of the converter is given. The output of the converter is initially 

increasing and after reaching the required value, it is almost constant. When the vibration 

frequency approaches the resonant frequency, it generates maximum power [28]. In Figure 7(c), 

the output current flowing toward the battery and load is given, while in Figure 7(d), the power 

dissipated in charging the battery and load is given. 

3.3 Placement of the PEHs on the bridge to harvest Energy from the bridge traffic 

There are two mechanisms of energy harvesting from the PEH. First, when, huge vehicles pass 

on the bridge, there would be high-intensity vibrations on the bridge. These vibrations will 

provide mechanical stress to the PEHs and as a result, a small amount of electric energy will 

Figure 7 (a) voltage from the piezo bender, (b) output of converter (c) output current and (d) output power 
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be generated [29]. Secondly, some PEHs have also been used on the surface of the bridge road, 

so the passing of the vehicles will provide mechanical stress to them and they will produce 

energy. To get more energy, multiple PEHs have been used in series and parallel 

configurations [30]. 

 

 

Figure 8 (Placement of piezoelectric energy harvesters on the bridge) 

In this experimental setup, the PEHs have been placed on the road in such a way, that the 

passing of the vehicle on the bridge will provide them with mechanical stress, see Figure 8. 

This mechanical stress will become the means of generating energy from them [29]. A 3.3V 

high-capacity battery is connected to each WSN mote and its sensors. The energy source for 

charging the battery is the electrical power generated by the PEHs array. In this experimental 

setup, an array of 25 PEHs is used in series and parallel configurations to get more power. The 

output energy from the PEHs array is an alternating current and its strength is continuously 

varying according to the strength of vibrations on the bridge [31]. Therefore, first, it was 

converted into DC voltage using a bridge rectifier and then a DC-DC SEPIC converter was 

used to provide a stable 3.3V ripple-free electrical energy to each WSN node.  The overall 

arrangement of the WSN nodes and piezoelectric energy harvester on the bridge is shown in 

Figure 2 in Section 2.2. The DC voltage at the output of the bridge rectifier varies continuously 

due to the variations in the intensity of bridge vibrations. The result shows, that the amplitude 

of DC voltage varied between 2V and 20V at the output of the rectifier. 
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The overall schematic of the energy harvesters, bridge rectifier, SEPIC converter and WSN 

node is given in Figure 9. The WSN nodes used in this experimental setup are Telosb. These 

motes require a 3.3VDC supply and the same voltage is also needed for charging the battery 

connected with the WSN mote to provide power in the absence of traffic on the bridge. In this 

regard, we need an electronic circuit, which can convert a wide voltage range into a fixed 3.3V. 

When the amplitude of DC voltage at the output of the rectifier is less than 3.3V, then it should 

work as a boost converter, while in another case, when the voltage is greater than 3.3V, then 

it should work as a buck converter. So the solution is a SEPIC converter, which stands for a 

Single-ended primary inductor converter [32]. For better performance of the SEPIC converter, 

it is equipped with an intelligent controller to keep the output voltage constant.  

4 Design and analysis of the SEPIC Converter 

4.1 Basic SEPIC Converter 

A DC-DC SEPIC converter is a type of DC-DC converter that can step up or step down the DC 

voltage [7]. SEPIC stands for Single-Ended Primary Inductance Converter. This type of 

converter uses a capacitor, an inductor, and a switch to regulate the output voltage. The SEPIC 

converter has a few advantages over other types of DC-DC converters, including efficient 

power transfer, the ability to handle a wide range of input voltages, and low output ripple. As 

a result, SEPIC converters are commonly used in applications such as LED lighting, battery-

powered devices, and automotive electronics. 

4.1.1 Analysis of basic SEPIC Converter 

The successful design and control of DC-DC converters involve a series of mathematical steps 

documented in [33][34]. To achieve optimal performance, various cost, efficiency, size, and 

component selection aspects must be carefully examined. Two fundamental principles of 

circuit analysis are used to determine the steady-state voltage and current waveforms of a DC-

DC converter [35][34]. According to the inductor volt-second balance principle [36], the 

Figure 9 (The overall design of Energy harvester) 
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average or DC value of the voltage applied across an ideal inductor must be zero. Likewise, 

based on the law of capacitor amp-second balance, the average current passing through an ideal 

capacitor must be zero. By averaging inductor current and capacitor voltage across one 

switching period and equating the results to zero, the voltages and currents of DC-DC 

converters can be obtained. 

 

 

 

Figure 10 (Simplified circuit diagram of a SEPIC converter) 

The voltages and current through the different components of a SEPIC converter are shown in 

Figure 11. The basic rules and law of circuit analysis will be applied to derive all the unknown 

parameters as shown in figure 11. 

 

 

 

 

 

Figure 11 (Voltage polarities and current directions) 

Inductor currents and capacitor voltages contain DC components and voltage ripples at the 

switching frequency along with its harmonics. In both cases, the ripple magnitude is small 

compared with the dc component and can be ignored. Under normal operation, the circuit is in 

a continuous conduction state i.e. Inductors currents iL1 and iL2 are always greater than zero 

[33]. When the switch is closed for DT (T= ton + toff) seconds, capacitor C1 is charged to Vin, 

energy is stored in L1 from the Vin and in L2 from C1, and the diode is reverse biased and like 

an open, as shown in figure 12. 
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Figure 12 (Switch close state) 

When the switch is open for D’T seconds as shown in Figure 13, the diode is forward biased 

and the iL1 current continues to flow through C1 and D1 and into C2. Both C2 and C1 get 

recharged so that they can provide current to the load and charge L2. 

 

 

 

 

 

Figure 13 (switch open state) 

The first relationship can be found by applying KVL around the loop formed by Vin, L1, C1, 

and L2, and recognizing that the average voltages across inductors L1 and L2 are zero, yields 

1 2 1in L L CV V V V+= +  

1 iC nV V=                                          (4) 

We will derive this relationship described by equation (6) using the inductor’s volt-second 

balance law. Because of the steady-state inductor principle, mentioned above, the average 

voltage across L1 and L2 is zero. Since VL1 and VL2 have two states, the switch-on state and 

the switch-off state. The average value of VL1 and VL2 is 

                                              1 2,L LV V =0         

 (5)                                               
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Applying the switch on state DT and switch off state D’T for inductor L1 we have 

( )1 1L in in out CV DV D V V V+ −= −     (6) 

( )( )1  1 0in in out CDV D V V V+ − − − =    (7) 

1 1 0in out C out CV V V DV DV− − + + =     (8) 

                                    ( ) ( )11 1 0in out CV V D V D− − − − =  

                                   1  0in out CV V D V D − − =  

                                   '

1C in outDV V V D= −   

                             1
in

C out

V
V V

D
= −


                           (9) 

Now apply switch-on state DT and switch-off state D’T for inductor L2 

2 1  0     L C outV DV D V == −       (10) 

1  out
C

D V
V

D


=        (11) 

Substitute (9) and (11) yields the voltage transfer function of a SEPIC converter  

   in out
out

V D V
V

D D
−




=  

   in out
out

V D V
V

D D
= +




 

   in
out out

V D
D V DV

D
+ =  

in
out

V D
V

D
=


       (12) 

( )    out

in

V D
M D

V D
= =       (13) 

From (13) it is clear that the converter is in a buck or step-down mode for D < 0.5, and in boost 

or step-up mode for D > 0.5. In terms of input and output currents  
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( )        out

in

I D
M D

I D
= =


      (14) 

 

Substituting (12) into (11) yields  

1      in
C in

V DD
V V

D D

  
= =  
  




 

1      C inV V=        (15) 

Which is the same result obtained in (4) by applying KVL on the circuit given in Figure 8. 

The second important relationship can be found by applying KCL on the circuit of Figure 8 at 

the top node of L2. Since the average currents in C1 and C2 are both zero, thus 

1 2     C L DI I I= +  

Where 𝐼𝐷 = 𝐼𝑜𝑢𝑡 + 𝐼𝐶2  yields 

2   L D outI I I= =       (16) 

Now we will derive this relationship described by (16) using charge balance. 

Applying charge balance on < 𝐼𝐶1 > 𝑎𝑛𝑑 < 𝐼𝐶2 > and with switch on state DT and switch off 

state D’T we have                         

1 2 1    0C L LI DI D I=− + =       (17) 

1 2L LD I DI=  

1 2 L L

D
I I

D
=


       (18) 

 

2 1 2  0out out
C L L

DV V
I D I I

R R

 
= − + + − = 

 
    (19) 

( )
( )

1 2

1
  0    

outout
L L

D VDV
D I I

R R

−−
+ + − =  

( )1 2   0out
L L

V
D I I

R
+ − =  
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( )1 2  out
L L

V
D I I

R
= +  

1 2   ou
L L

V t
I I

D R
= −       (20) 

Substitute (20) into (18) yields 

2 2
out

L L

VD
I I

D D R
= −


 

2

1 out
L

V
I

D D R

 
= 

  
 

2   out
L out D

V
I I I

R
= = =  

2    L out DI I I= =       (21) 

Which is the same result obtained in (16) by applying KCL on Fig. 3 

2
out in

L

V V D
I

R RD
= =


      (22) 

2

1 2 2

in in
L L

V D VD D D
I I

D RD D R D

    
= = =     

      
   (23) 

Equations (22) and (23) are used to find inductor L1 and inductor L2 currents respectively. 

These derived equations can be used to find the voltages and currents across and through all 

the elements of a SEPIC converter. 

4.2 Selection of different parameters and components 

4.2.1 Duty Cycle 

The amount of voltage that SEPIC converters can regulate depends on the Duty Cycle and the 

parasitic elements in the circuit. To find the duty cycle for a SEPIC converter let us rewrite 

(12) 

in
out

V D
V

D
=


       (24) 

Substitute  𝐷′ = 1 − 𝐷   into (24) we have 
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1

in
out

V D
V

D
=

−
 

( )1out inV D V D− =  

( )out in outV D V V= +  

out

in out

V
D

V V
=

+
       (25) 

 

From equation 25, it is quite clear now that the duty cycle depends on both input and output 

voltage. Further, it is maximum when the input voltage is lowest, while minimum when the 

input voltage is highest. 

4.2.2 Inductor Value 

When the switch will be closed, then the voltage across the inductors L1 and L2 is Vin  

1  L inV V=                                       (26) 

11 L
in

di
L V

dt
=  

1 1Δ
     

1 DT 1

in inL L
V Vdi i

dt L L
= = =  

1 Δ    
1

in
L

V
i DT

L
=  

1

1    
Δ

in

L

V
L DT

i
=        (27) 

 

A similar procedure can be applied to inductor L2 

2

2      
Δ

in

L

V
L DT

i
=        (28) 

Equations (27) and (28) are used to calculate the value of inductor L1 and inductor L2 for the 

SEPIC converter. 

4.2.3 Capacitor Value 

The capacitor is needed to store and smooth the DC voltage [34]. During the selection of the 

capacitor, the minimum ripple in the output DC voltage must be considered [35]. To 

accomplish this task we must select a capacitor with low equivalent series resistance, the 
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voltage rating of the SEPIC capacitor must be greater than the maximum input voltage. As we 

know: 

 

Δ ΔQ C V=        (29) 

Δ
Δ      Δ out

Q
V where Q I DT

C
= =  

 Δ  outI DT
V

C
=        (30) 

                
Δ

out out
out out in

I DT V D
C since I and V V

V R D
= = =  

 

Substitution yields 

2

 
D RΔ

inD V T
C

V
=  

2

D RΔ

inD V
C

Vf
=        (31) 

Where “ΔV” is peak-to-peak ripple voltage by assuming no series equivalent resistance and 

“f” is the switching frequency. When picking the output capacitor value, the series equivalent 

resistance must be taken into consideration to ensure the output ripple voltage is inside the 

required limits. 

4.3 The Closed Loop DC-DC SEPIC Converter 

In those applications, where the input DC voltage is constant, the basic SEPIC converter given 

in Figure 10 works fine by applying a pulse train of a constant duty cycle to the gate of the 

semiconductor switch. But, in those applications, where the input voltage is continuously 

changing, i.e. the output of a PEH through the bridge rectifier, the output voltage of the SEPIC 

converter must be continuously monitored and set to the required level by applying a variable 

duty cycle [36]. The structure of the closed-loop SEPIC converter will look like Figure 14. 
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The output of the SEPIC converter is applied to the load as well as to the non-inverting input 

of the comparator in a feedback loop. The voltage level required at the output of the SEPIC 

converter will be applied as the Vref to the inverting input of the same comparator. The output 

of the comparator will produce the difference voltage between the actual output of the 

converter and the required value. The output of the comparator has been applied to a controller, 

which will control the duty cycle of the pulse train applied to switch S1. This duty cycle will 

be varied until the difference between the output voltage of the converter and the required 

value becomes zero. Hence, the output of the converter will be a constant voltage irrespective 

of the changes in input voltage. 

5 Simulink Model of the SEPIC converter for Piezoelectric Energy Harvester 

In WSN applications, all the motes are operated by 3.3V, so a DC-DC SEPIC converter has 

been designed to get this voltage from a wide range of voltage coming from the output of the 

piezoelectric harvester array and bridge rectifier. The array used in this application has energy 

harvesters in series and parallel combinations, which generate a voltage between 2V and 20V, 

while the output peak current was 150mA. If more current or voltage is required, then the 

number of piezoelectric sensors may be increased.  

5.1 The complete simulation model 

In Figure 15, the complete Simulink model is given, which consists of the piezoelectric 

harvester, bridge rectifier, improved SEPIC converter with PI type-II controller and scope to 

display different system parameters. The energy generated by the array of PEHs depends upon 

the traffic density on the bridge, more traffic means more energy. For this purpose, the 

Simulink block “signal builder” has been used, which generates different output voltage for 

different time slots, and depicts the variations in generated energy as per the variable traffic 

density. Since the output of piezoelectric harvesters is an alternating current (AC) voltage, an 

Figure 14 (SEPIC Converter with Feedback) 
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AC voltage generator block is used for this purpose. The variations in the traffic density on the 

bridge are shown in Figure 15.  

 

 

The designed converter has been tested for a wide range of input voltage, i.e. 6V, 10V, 14V 

and 18V. For all these mentioned voltages, it provides 3.3VDC. 

Table 2 (Values of the SEPIC converter components) 

Switching Frequency F=50kHz 

Inductor (L1) L1=1.56mH 

Inductor (L2) L2=3.24mH 

Capacitor (C1) C1=2.2uF 

Capacitor (C1) C2=C1=2.2uF 

Load RL=50 Ω 

Vin Vin=2V to 20V 

Vout Vout=3.3V 

Duty Cycle Variable (depends upon the Vin) 

 

5.2 The PSO Optimized PI type-II Controller 

The SEPIC converter requires a controller to continuously monitor the input voltage coming 

from the Piezoelectric energy harvester and set the output voltage needed for the WSN motes 

and charging the batteries. In this regard, an efficient controller is necessary to perform this 

function. In this design, a PI type-II controller is used, which has been optimized by a modified 

particle swarm optimization (MPSO) [37] [38]. Figure 16 shows the block diagram of the 

SEPIC converter with the PI type-II controller with MPSO optimization.   

Figure 15 (The complete simulation model) 
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The ‘type-II’ controller is a kind of lead-type controller with a pole at the origin. Hence, this 

controller provides a maximum of 90° phase boost with zero steady-state error. Despite having 

the non-minimum phase problem, the SEPIC converter exhibits a better closed-loop 

performance with the type-II controller. By proper tuning of the type-II controller using the 

PSO algorithm, the converter performs a faster response, with nominal overshoots and zero 

steady-state error [38]. 

 

 

 

 

 

 

 

 

6 Results and Discussion  

The designed SEPIC converter characteristics are discussed in this section.  The results show, 

that the designed converter is efficient enough to convert all the voltages coming from the 

piezoelectric harvester to a constant 3.3VDC required for the WSN motes and battery charging. 

To evaluate all the possible scenarios, different traffic densities on the bridge have been 

considered and a Simulink model is designed for generating voltages proportional to the traffic 

density on the bridge. The converter is tested with a wide range of voltages coming from an 

array of piezoelectric harvesters depending upon the traffic density on the bridge. Figure 17 

presents the varying traffic densities on the bridge in the range of minimum to maximum.  

Normalized variations in the traffic densities are shown in this figure. At time 0 minutes, the 

traffic density of vehicles is 40%, similarly, at time 0.2 minutes, it is 60% and so on. These 

variations in the traffic density will produce proportional voltage at the output of the 

piezoelectric energy harvester. The AC voltage produced at the energy harvester output is then 

passed through the rectifier to get DC voltage.  

Figure 16 (SEPIC Converter using PI Type-II Controller and  optimized by MPSO) 
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Figure 17 (Normalized variations in traffic density on the bridge) 

Figure 18(a) shows the generated voltages at the output of the rectifier. This output signal is 

proportional to the traffic densities shown in Figure 17. As a result of varying traffic density 

on the bridge, there are large variations in the output voltage of the energy harvester and 

sometimes it may be 0V when there is no traffic on the bridge. In this application, the load is a 

WSN node, which requires a regulated 3.3VDC. So a SEPIC converter has been used to provide 

fixed 3.3V to the WSN node. It is worth mentioning, that the SEPIC converter is a type of DC-

DC converter, which works as both buck and boost converter. This means, that in both cases, 

it will give 3.3V at output, whether the output voltage of the harvester is less than or greater 

than 3.3V. The output of the SEPIC converter is shown in Figure 18(b). It is exactly 3,3VDC, 

except there are small voltage spikes when there is an abrupt change in the traffic density.  

 

Figure 18 ((a) Voltage from the piezoelectric array (b) Voltage from the SEPIC converter 

output) 

 

 



 
Received: 06-06-2024         Revised: 15-07-2024 Accepted: 28-08-2024 

 

 1090 Volume 48 Issue 3 (September 2024) 

https://powertechjournal.com 

 

5.3 Response of the converter on fluctuating the input voltage  

The designed SEPIC converter characteristics are discussed in this section.  The results show, 

that the converter is efficiently converting the voltage of the piezoelectric harvester with large 

variations to a fixed 3.3VDC, whether the converter input is increasing or decreasing.  

5.3.1 When the voltage of the piezoelectric harvester through the rectifier changes from 8 V 

to 6 V 

In Figure 19(a), the voltage coming from the energy harvester changes from 8V to 6V and the 

converter is giving fixed 3.3V at output with a minor negative spike. The output is shown in 

Figure 19(b).  

 

Figure 19 ((a) When voltage changes from 8 V to 6 V (b) Voltage at the output of SEPIC 

converter) 

5.3.2 When the voltage of the piezoelectric harvester through the rectifier changes from 6 V 

to 3 V 

Figure 20(a) presents the harvester output, when the voltage changes from 8V to 6V. Again the 

converter is giving fixed 3.3V at output with a minor negative spike. The output is shown in 

Figure 20(b).  
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Figure 20 ((a) When voltage changes from 6 V to 3 V (b) Voltage at the output of SEPIC 

converter) 

5.3.3 When the voltage of the piezoelectric harvester through the rectifier changes from 6 V 

to 11 V 

Figure 21(a) shows another large variation in the SEPIC converter’s output, which is 6V to 

11V. But the converter is efficiently absorbing all the extra voltage and giving fixed 3.3VDC, 

as shown in Figure 20(b).  

 

Figure 21 ((a) When voltage changes from 6 V to 11 V (b) Voltage at the output of SEPIC 

converter) 

6 Conclusion 

To validate the functionality and performance of the proposed Single-Ended Primary Inductor 

Converter (SEPIC) converter, a comprehensive model was meticulously developed, rigorously 

tested, and meticulously simulated within the MATLAB Simulink environment. This model 

was designed to evaluate the converter's efficiency under various traffic densities on the bridge, 
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as well as its capability to harness energy from a piezoelectric energy harvester. The MATLAB 

Simulink simulation demonstrated exceptional performance across the entire spectrum of 

traffic densities encountered on the bridge, reflecting the versatility and reliability of the SEPIC 

converter. Even when subjected to scenarios with abrupt changes in voltage levels, the model 

exhibited remarkable stability, with only negligible voltage spikes detected. This resilience in 

the face of varying traffic patterns and energy generation profiles underscores the converter's 

ability to seamlessly adapt to real-world conditions, ensuring a consistent and efficient energy 

conversion process. In summary, the MATLAB Simulink-based simulation not only confirmed 

the feasibility of the SEPIC converter but also highlighted its robustness and adaptability in 

response to dynamic environmental conditions. The converter's capacity to effectively manage 

and convert energy from the piezoelectric harvester underscores its potential to play a pivotal 

role in sustainable and self-sufficient energy generation, particularly in applications where 

capturing and utilizing ambient mechanical energy sources is paramount. 

7 Conflicts of Interest: The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence the work reported 

in this paper. 
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