
energies

Article

Impact of Series and Parallel Connection of Macro Fiber
Composite Patches in Piezoelectric Harvester on Energy Storage

Dariusz Grzybek * and Piotr Micek

����������
�������

Citation: Grzybek, D.; Micek, P.

Impact of Series and Parallel

Connection of Macro Fiber

Composite Patches in Piezoelectric

Harvester on Energy Storage. Energies

2021, 14, 2379. https://doi.org/

10.3390/en14092379

Academic Editor: Anibal De Almeida

Received: 15 March 2021

Accepted: 19 April 2021

Published: 22 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Faculty of Mechanical Engineering and Robotics, AGH University of Science and Technology, al. Mickiewicza 30,
30-059 Kraków, Poland; micek_pt@agh.edu.pl
* Correspondence: dariusz.grzybek@agh.edu.pl; Tel.: +48-126173080

Abstract: A beam containing a piezoelectric layer or layers is used for piezoelectric harvesting
from various processes. The structure of the beam is made by gluing the piezoelectric material
on one side (unimorph) or both sides (bimorph) of a carrying substrate. Two piezoelectric layers,
glued on both sides of the substrate, may be electrically parallel or series connected. This paper
presents an experimental analysis of the impact of parallel and series connections of two Macro Fiber
Composite (MFC) MFC patches in a bimorph on the charging of a capacitor. In experiments, the
effective charging process of the capacitor was obtained both for parallel and series connection of
two MFC patches. The bimorph with a parallel connection generated a larger capacitor charging
power than the bimorph with a series connection in the range of voltage across the capacitor from 1 to
18 V. However, the bimorph with a series connection was more effective than a parallel connection
for voltage across the charged capacitor from 18 to 20 V. The maximum capacitor charging power
generated by the bimorph, in which two MFC patches were parallel connected, was 1.8 times larger
than that generated by the bimorph with a series connection and was 3.3 times larger than that
generated by a unimorph with one MFC patch. The impact of level of voltage across the capacitor on
its discharging process has a significant meaning for the ratio of maximum power between bimorphs
and between the bimorph and unimorph.

Keywords: piezoelectric energy harvesting; Macro Fiber Composite; parallel connection; series
connection; energy storage; bimorph; unimorph

1. Introduction

Piezoelectric energy harvesting from processes in which mechanical energy may be
wasted has recently been the subject of intensive study in the scientific field. Piezoelectric
materials are used for energy harvesting from, e.g., building vibrations, the motion of
machine elements, wind energy, ocean waves, acoustic energy and biomechanical reactions.
Mechanical energy is converted into electric energy by the use of a device, called a harvester,
in which piezoelectric material is deformed by its mechanical structure. A prismatic beam
with a rectangular cross-section is one commonly used mechanical structure of the harvester.
The beam, which is constructed from a carrying substrate and a piezoelectric material, is
applied for energy harvesting from various processes: mechanical vibration [1,2], rotational
motion [3,4] and wind energy [5,6]. Mechanical energy is converted into electric energy in
a piezoelectric material, which is squeezed or stretched during beam bending. A carrying
substrate is made from steel, brass, aluminum, copper or various composites. Ceramics,
e.g., lead titanate zirconate [4,5]; composites made from piezoelectric ceramics and polymer
matrix, e.g., Macro Fiber Composite [1,2]; and piezoelectric polymers, e.g., polyvinylidene
fluoride [7], are the typical piezoelectric material used in beam manufacturing. Composites
have lower efficiency in energy conversion than piezoelectric ceramics, but are more
resistant than monolithic ceramic to destruction due to deformations [8].

The beam structure is made by gluing the piezoelectric material to one side (uni-
morph) [1,9] or both sides (bimorph) [2,10] of the carrying substrate. Two piezoelectric
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layers, which are glued on both sides of the substrate, may be electrically parallel or series
connected [11–13]. Schemata of parallel and series connection of two piezoelectric layers,
each of which is equipped with two electrodes, are presented in Figure 1.

Figure 1. Electric connections of two piezoelectric layers in bimorph: (a) parallel; (b) Series.

Yang et al. [14] investigated the impact of parallel and series connection of Macro Fiber
Composite (MFC) patches, glued on one side of a beam substrate, on the charging of a
capacitor. The authors noticed that MFC patches electrically connected in parallel generate
the largest charging current and concluded that this connection is the most efficient in
capacitor charging. However, the authors conducted an analysis for a limited voltage
range across a capacitor: from 1.8 to 3.6 V. Series connection is more effective for capacitor
charging than parallel for some piezoelectric materials, e.g., polyvinylidene fluoride (PVDF)
PVDF/rGO fibers [15]. Song at al. [16] observed that serial connection of MFC patches
was better at producing maximum power than the parallel connection for cases of higher
electrical resistance. Liao et al. [17] noticed that maximum output of electric power is the
same for parallel and series connection, but optimum resistive load, current and voltage
across the optimal value of resistive load are considerably different. Wang et al. [18]
concluded that the value of excitation frequency for maximum output power is the same
for parallel and series connections. Mohammadi et al. [19] noticed that optimum load
resistance in series connection of two PZT layers in a bimorph is four times larger than
the parallel connection. Zhu et al. [20] proposed a criterion for the selection of series or
parallel connection for a multilayered piezoelectric bimorph, which is dependent on the
comparison of applied load resistance with some critical resistance. Parallel and series
configurations are also applied in the connection of several beams containing a piezoelectric
layer [21–23]. Resistive load was applied to parallel or serial connected beams in order to
obtain maximum electric power.

It should be noted that cited scientists [16–20] focus on the determination of optimal
load resistance for which two piezoelectric layers, in bimorph, generated maximum elec-
tric power. The search for a maximum electric power for a resistive load was the main
purpose realized in [21–23]. Electric energy, generated by parallel or series connected
piezoelectric layers, was not stored. Taking into account that maximum electric power is
usually achieved for specific conditions, e.g., for resonant frequency of bimorph in energy
harvesting from mechanical vibration [24], harvested electric energy may not be enough
to permanently supply power to any receiver. However, harvested electric energy may
be stored in a capacitor [25,26] and it may be used for a periodic power supply to some
receiver. Hence, in contrast to [16–20], this article presents experimental investigation
into a bimorph containing two MFC patches, parallel and series connected, for charging a
capacitor which was used for energy storage. In contrast to [14], MFC patches were glued
on both sides of bimorph instead of on one side and experimental analysis was conducted
for the whole range of voltage across the capacitor.

2. Laboratory Setup

Experiments were conducted in laboratory setup and consisted of three main parts:
mechanical system, energy storage system and measurement system (Figure 2). The me-
chanical system contained a motionless part of the stand body (1), moving part of the stand
body (2), slider crank mechanism (4) and tested bimorph (3). A sinusoidal displacement of
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the moving part of the body was generated by slider crank mechanism. Amplitude and
frequency of the sinusoidal displacement could be changed during laboratory research.
One (fixed) tip of the tested bimorph was mounted to the motionless part of the stand body.
Displacement of the second (moved) tip of the beam was extorted by the moving part
of the stand body. The manufactured bimorph had a prismatic shape with a rectangular
cross-section. The beam structure consisted of a carrying substrate and two patches of
Macro Fiber Composite of P2 type, which were glued on both sides of the carrying substrate
(Figure 3). The carrying substrate was made from steel.

Figure 2. Main parts of laboratory stand.

Figure 3. Structure of manufactured bimorph.

Geometric parameters of manufactured bimorph are presented in Table 1.
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Table 1. Geometric parameters of bimorph (values in mm).

Parameters Symbol Value

Length of piezoelectric area inside MFC patch lp 85
Overall length of MFC patch lMFC 100

Width of piezoelectric area in MFC patch wp 14
Width of steel substrate wb 16
Thickness of MFC patch tMFC 0.3

Thickness of steel substrate tb 2
Distance between fixed tip and moved tip lke 105

The energy storage system (Figure 4) consisted of two components: Graetz bridge and
capacitor. Such a system is called a standard energy harvesting circuit (SEH) and is used
for capacitor charging [26]. The measurement system (Figure 4) consisted of three main
components: A/D Board (DaqBoard 2000-CH4), voltage amplifier (ADAM 3016) and laser
sensor of displacement. Three quantities were measured during laboratory experiments:
rectified voltage, voltage across the capacitor and displacement of the moved tip of the
harvester beam. Input impedance of measurement instruments was equal to 300 kΩ.

Figure 4. Structure of storage system and measurement system.

3. Results
3.1. Impact of Capacitor Leakage Current on Losses Stored Energy

An impact of capacitor leakage current on losses of stored energy was determined in
the first stage of laboratory research. Determination of these losses required an assumption
of parallel resistance RC in the energy storage system (Figure 5).

Figure 5. Parallel resistance in energy storage system.

The charging of four capacitors to about 20 V and discharging of these capacitors
was realized in the first stage. Capacitors with capacitances of 250 µF, 500 µF, 1000 µF
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and 1500 µF were used in laboratory research. Capacitors were charged by the bimorph
presented in Figure 3. The courses of voltage across tested capacitors for the discharging
process are presented in Figure 6. The equivalent resistance Req for both the storage system
and measurement system was calculated on the basis of Equation (1). [27]

ln
(

Vt

Vi

)
= − t

ReqC
(1)

where t is time, Vt is voltage across the capacitor, Vi is voltage across the capacitor for t = 0,
C is capacitance of the capacitor.

Figure 6. Course of voltage across the capacitors for discharging process.

Values of the equivalent resistance Req for each capacitor are presented in Table 2.

Table 2. The equivalent resistance for storage and measurement systems.

Quality Unit Value

Capacitor capacitance C µF 250 500 1000 1500

Equivalent resistance Req kΩ 298 297 296 295

Taking into account that the average equivalent resistance Re (2965 kΩ) was approxi-
mately equal to the impedance of the measurement instruments (300 kΩ), the value of the
capacitor leakage current was negligibly small.

3.2. Capacitor Charging by the Use of Unimorphs

The capacitor with a capacitance of 500 µF was charged by a unimorph containing
one MFC patch. Laboratory research contained two experiments:

• The capacitor was charged by a unimorph containing an MFC patch glued on the
upper surface of the carrying substrate;

• The capacitor was charged by a unimorph containing an MFC patch glued on the
bottom surface of the carrying substrate.

Charging of the capacitor was conducted for the same parameters of sinusoidal
displacement of the moved tip of the harvester beam in both experiments. Amplitude was
equal to 2 mm and frequency was equal to 10 Hz. Courses of voltage across the capacitor
and average charging current are presented in Figure 7a,b.
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Figure 7. Charging of capacitor: (a) voltage across a capacitor; (b) average charging current.

3.3. Parallel and Series Connection of MFC Patch in Bimorph

The bimorph contained two MFC patches which were glued on the upper and bottom
surface of a steel substrate. Each commercial MFC patch is equipped with two points to
which electrodes are connected. In laboratory experiments, these points were marked as
follows (Figure 8):

• A1 connected the conduit and upper electrode in MFC glued on the upper surface of
the substrate;

• B1 connected the conduit and bottom electrode in MFC glued on the upper surface of
the substrate;

• A2 connected the conduit and bottom electrode in MFC glued on the bottom surface
of the substrate;

• B2 connected the conduit and upper electrode in MFC glued on the bottom surface of
the steel substrate.

Figure 8. Conduit connections in MFC patches.

Four connections of two MFC patches in the bimorph can be distinguished. These
connections are presented in Figure 9.
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Figure 9. Connections of two MFC patches in bimorph: (a) parallel 1; (b) parallel 2; (c) series 1;
(d) series 2.

3.4. Capacitor Charging by Use of Bimorph with MFC Patches Parallel and Series Connected

A capacitor with a capacitance of 500 µF was charged in our laboratory experiments.
Experiments were conducted for sinusoidal displacement of the moved tip of the bimorph,
in which amplitude was equal to 2 mm and frequency was equal to 10 Hz. Voltage across
a capacitor and the charging current for four connections of MFC patch are presented in
Figure 10.

Figure 10. Capacitor charging by use of bimorph: (a) voltage across a capacitor; (b) average charging current.

The capacitor was effectively charged both by the bimorph with a parallel 1 connection
and with a series 1 connection. In the next step, both energy stored in the capacitor and
the charging power of the capacitor were calculated for a parallel 1 connection and series
1 connection on the basis of voltage across the capacitor presented in Figure 10a. Results for
the bimorph were compared with energy stored in the capacitor and the charging power of
the capacitor for a unimorph containing one MFC patch glued on the upper surface of the
substrate. Energies and charging powers are presented in Figure 11.
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Figure 11. Characteristics of capacitor charging process: (a) energy stored in capacitor; (b) charging power of capacitor.

3.5. Current for Capacitive Load and Resistive Load

Laboratory experiments contained two stages:

• Determination of charging current for four levels of voltage across a capacitor: 5 V,
10 V, 15 V and 20 V (Figure 12a);

• Determination of current for four levels of voltage: 5 V, 10 V, 15 V and 20 V (Figure 12b).

Figure 12. Load of bimorph: (a) capacitive; (b) resistive.

Figure 13a presents the charging current of the capacitor with a capacitance of 500 µF.
Figure 13b presents the rectified current for a resistive load. Experiments were conducted
for sinusoidal displacement of the moved tip of the bimorph, in which amplitude was
equal to 2 mm and frequency was equal to 10 Hz. The charging current of the capacitor
and the rectified current for the resistive load were generated by the use of a bimorph with
a parallel 1 connection of two MFC (Figure 9a). The maximum charging current and the
maximum current in the resistor were around the same. However, the courses of these
current were significantly different. This was recorded from two states in the charging
process of the capacitor. Charging of the capacitor and not-charging of the capacitor
appeared for voltage across a capacitor equal to 5 V (Figure 13a). Charging of the capacitor
and discharging of the capacitor appeared for voltage across a capacitor with 10 V, 15 V
and 20 V. Discharging states and discharging current became larger for a larger voltage
across the charged capacitor. The maximum value of discharging current in the capacitor
was equal to 0.06 mA for the highest voltage across the charged capacitor.
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Figure 13. Current courses: (a) for capacitive load; (b) for resistive load.

Comparison between average values of rectified current for the resistive load and
average values of the charging current of the capacitor are presented in Figure 14. It should
be noted that the difference between these average values of current increased when the
voltage increased.

Figure 14. Average current for capacitive and resistive load of bimorph.

4. Discussion

The courses of voltage across a capacitor and average charging current were insignifi-
cantly different in the capacitor charged by the unimorph with an MFC patch on the upper
side of the steel substrate and by the unimorph with an MFC patch on the bottom side
of the steel substrate. Different thicknesses of each of the bonding layers between the
substrate and the particular MFC patch may be the cause of the different values in the
charging current. Prasath et al. [28] noticed that bonding layer thickness has a significant
effect on the coupling and electrical constants. Glue connection is a process in which the
run cannot be fully predicted.
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The capacitor charging process, presented in Figure 10a for four connections, was
effectively realized by the use of a bimorph with both parallel 1 connection (Figure 9a)
and series 1 connection (Figure 9c) of MFC patches in the bimorph. Parallel 1 connection
generated a larger charging power of the capacitor than series 1 connection for most of the
range (from 1 to 18 V) of voltage across the capacitor (Figure 11b). This observation is in
accordance with Yang et al. [14], who noted that parallel connection is the most efficient
method of charging a capacitor for voltage across the capacitor from 1.8 to 3.6 V. However,
on the basis of results presented in this paper, it can be noted that series 1 connection
generated a larger charging power than parallel 1 connection in the range from 18 to
20 V. Hence, series 1 connection was more effective in the capacitor charging process than
parallel 1 connection for the highest voltage across a charged capacitor.

The capacitor was not effectively charged by the use of parallel 2 connection (Figure 9b)
and series 2 connection (Figure 9d). Prospective values of voltage across the capacitor
and charging current for series 2 connection and parallel 2 connection were equal to
zero, because the voltage generated by one MFC patch was subtracted from the voltage
generated by the second MFC patch for series 2 connection and the current generated by
one MFC patch was subtracted from the current generated by the second MFC patch for
parallel 2 connection. However, voltage across the capacitor and charging current for series
2 connection and parallel 2 connection was different from zero in laboratory experiments.
Different thicknesses of bonding layers between the substrate and the particular MFC patch
may be the cause of such results. The impact of voltage losses (0.7 V) in Graetz bridge
diodes may be the cause of an insignificantly larger voltage across the capacitor obtained
for series 2 connection of MFC patches in comparison to the voltage obtained for parallel
2 connection. The voltage produced by series 2 connection was larger than the voltage
produced by parallel 2 connection; hence, voltage losses in diodes had a smaller impact on
series 2 connection in comparison to parallel 2 connection.

The maximum capacitor charging power for parallel 1 connection of MFC patches was
around 1.8 times larger than for series 1 connection. It was noticed that the ratio between
maximum power generated by parallel and series connection for the resistive load is signif-
icantly different: Song at al. [16] observed that the maximum power produced by series
connection is larger than by parallel connection; Liao et al. [17] noticed that the maximum
power is around the same for parallel and series connections. Maximum charging power
generated by the bimorph, in which two MFC patches were parallel connected, was around
3.3 times larger than the maximum charging power for the unimorph with one MFC patch
and around 1.8 times larger than the maximum charging power for the unimorph with one
MFC patch. The bimorph, in which two MFC patches were parallel 1 connected, generated
more than double the maximum charging power in comparison to the unimorph, in which
one MFC patch was used. The impact of the level of voltage across the capacitor on its
charging process has a significant meaning for the ratio between maximum power for a
bimorph and unimorph (Figure 13a). On the basis of Figure 13a, it can be said that the
capacitor was charged when the voltage generated by bimorph was larger than the voltage
across the charged capacitor. However, the capacitor was discharged when the voltage
generated by bimorph or unimorph decreased below the voltage across the capacitor.
This observation is in contrast to Wang et al. [29], who noticed that capacitor charging
by piezoelectric patch is not a continuous process, enumerating two states: charging and
not-charging of the capacitor. For particular levels of voltage across a capacitor, the time
of capacitor discharging for a bimorph with parallel MFC’s (Figure 13a), a bimorph with
series MFC’s and a unimorph are different. A comparison of the charging and discharging
processes for bimorph with series MFC’s and unimorph is presented in Figure 15.
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Figure 15. Current courses: (a) for unimorph; (b) for bimorph with series connection.

The bimorph with parallel connection generated larger voltage than the bimorph
with series connection and the unimorph; hence, the time of capacitor discharging was
shorter for the bimorph with parallel connection in comparison to the bimorph with series
connection and the unimorph.

It should be noted that the capacitor was discharged because resistive losses appeared
in the measurement system. Discharging current from the capacitor was a result of in-
put impedance from measurement instruments. Dalzell at al. [30] noticed that the input
impedance of measurement instruments should be taken into account in theoretical pre-
dictions of the rectified response for the resistive load of a piezoelectric harvesting system.
Input impedance must also be taken into account for the capacitive load of a piezoelectric
harvester. Input impedance of measurement instruments, which was equal to 300 kΩ in
laboratory research, caused the capacitor to discharge current which was equal to 0.06 mA
for voltage across the charged capacitor equal to 20 V, 0.05 mA for 15 V and 0.03 mA for 10 V.
The value of the discharging current increased when voltage across the capacitor increased.

5. Conclusions

The effective charging process of a capacitor can be obtained both for parallel and
series connection of two MFC patches in a bimorph. The bimorph with a parallel con-
nection generated larger charging power of the capacitor than the bimorph with a series
connection for most of voltage range across the capacitor. However, the bimorph with
a series connection was more effective in the capacitor charging process than in parallel
connection for the highest voltage across a charged capacitor.

The maximum capacitor charging power generated by the bimorph, in which two MFC
patches are parallel connected, was 1.8 times larger than that generated by the bimorph
with a series connection and was 3.3 times larger than that generated by the unimorph
with one MFC patch. The impact of the level of voltage across the capacitor on its charging
process has a significant meaning for the ratio among maximum power for a bimorph with
parallel MFCs, a bimorph with series MFCs and a unimorph. The capacitor was discharged
when voltage generated by the bimorph or unimorph decreased below the voltage across
the capacitor. The bimorph with parallel MFCs generated larger voltage than the bimorph
with series MFCs and the unimorph, hence the capacitor discharging process had a smaller
impact for the bimorph with parallel MFCs in comparison to the bimorph with series
MFC’s and the unimorph.
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