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ABSTRACT In recent years, piezoelectric materials have been widely investigated for harvesting energy
from ambient vibrations. A vibrating piezoelectric device (PD) generates alternating current (AC), which
needs to be converted into direct current (DC) for powering electronic devices or for storage. A traditional
full-wave bridge rectifier (FBR) interface circuit serves this purpose, but it suffers from high power loss
due to the presence of high forward voltage across the diodes. In this article, an improved H-Bridge
rectifier circuit is proposed as the AC-DC rectifier circuit to reduce power loss for high frequency and
low amplitude application. The performance of the proposed rectifier circuit was experimentally studied,
analysed and discussed. Two different testing scenarios for high frequency, namely, varying input power
with fixed excitation frequency and varying excitation frequency with fixed input voltage were considered.
Applicability of the circuit at low frequency range was also investigated. The outcome shows that the
proposed circuit notably increases the voltage and the power produced from the PD when compared to
traditional FBR circuits.

INDEX TERMS Piezoelectric energy harvesting, rectifier circuits, self-powered AC-DC circuit, H-bridge,
MOSFET.

I. INTRODUCTION
High energy demand and consumption are some of the most
critical challenges faced by modern society. Thus, scien-
tists and researchers are persistently searching for renewable
energy sources to reduce the reliance on unsustainable
sources of energy. A wide range of energy sources are read-
ily available in the environment, in the form of thermal [1],
solar [2], wind [3] and mechanical energy [4]. Appropriate
energy-harvesting (EH) mechanisms are required to convert
these energy sources into electrical energy [5]. Piezoelectric
device (PD) is an excellent candidate for harvesting elec-
trical energy from ambient vibrations [6], [7], [8], which is
one of the most commonly available energy sources.
Apart from the material itself [9], the research and

development of a piezoelectric energy harvesting (PEH)

system encompass three main aspects, namely, mechanical
system [10], electronic circuit and storage device. A flow
chart summarising the main function of these aspects in the
PEH process is shown in Fig. 1.
A PD is often mechanically attached to a simple mechan-

ical structure, such as a metallic cantilever beam to increase
its EH efficiency [11], [12], [13]. When this EH system is
subjected to mechanical vibration, the PD generates electric-
ity under the converse piezoelectric effect. The electricity
generated can be used to power electronic devices (load) or
be stored in storage devices such as batteries for later use.
The electrical energy harvested from PD is in micro-scale,
which can be used for powering remote sensors for structural
health-monitoring (SHM) purposes [14], [15], for powering
medical devices [16], for feeding loads in military [17], for
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FIGURE 1. A flow chart summarising the PEH process.

powering cameras for animal tracking [18], and for charging
mobile phones [19].
Electrically, a vibrating PD behaves as a capacitive

AC source [20]. It needs to be converted to direct cur-
rent (DC) for practical use. Therefore, an electronic rectifier
circuit, known as the AC-DC rectifier circuit, is needed
for the conversion. A traditional full-wave bridge recti-
fier (FBR) circuit serves the purpose, but it suffers from
one major drawback – high power loss due to its forward
voltage [4], [5], [21], [22], [23], [24], [25]. In addition, to
operate the FBR circuit, the voltage generated by the PD,
VPD must be higher than the diode’s forward voltage, which
is expressed as:

VPD > Vrect + 2VD (1)

Where Vrect is the output voltage of rectifier, and VD
is the voltage drop. If Eq. (1) is not satisfied, the voltage
generated by the PD is internally dissipated, resulting in loss
of energy. An efficient AC-DC rectifier circuit is therefore
highly sought after to minimise energy loss.
For the FBR circuit, maximum rectified voltage occurs

under no-load condition [26], [27], [28], and it is ideally
equal to the peak – peak open circuit voltage at the PD
terminals [29]. When the peak-peak voltage of PD is lower
than the diode’s forward voltage, the rectifier circuit is
non-operational. To overcome these drawbacks, numerous
rectifier circuits have been previously proposed for PEH.
Another commonly used traditional rectifier circuit is volt-

age doubler (VD) [20], [27], [30], [31]. Similarly, due to high
forward voltage of the diodes used in the circuit, it is also
not ideal for PEH. This is particularly concerning at high
frequency of excitation, as the voltage generated is relatively
small. The use of these circuits could lead to loss of volt-
age and subsequently result in high conversion loss and low
efficiency [32].
Several strategies have been proposed by various

researchers in this field to reduce power loss due to the pres-
ence of diodes. One example is the use of low-voltage drop
Schottky diodes. However, this diode suffers from another
drawback, which is its high reverse leakage current. When
it is in reverse bias mode, current flows through the deple-
tion region, resulting in dissipation of power in the form
of heat [19], [21], [32]. On the other hand, Devi et al. [33]
proposed the use of zero-bias Schottky diodes with low for-
ward voltage and rapid switching function. Ideally, this diode

allows unidirectional current flow. However, reverse leakage
remains a problem. The circuit itself is also very complex.
Lam et al. [34] proposed the use of active diodes

in an attempt to tackle the drawbacks of semiconduc-
tor devices. This is particularly common in the field of
wireless transmission and medicine. An active diode is
a comparator-controlled switch, which replaces the junction-
based diode. Due to its low forward voltage, significant
improvement in the output power was achieved. However,
the circuit was complex and costly. Another study by
Bowers and Arnold [35] explored the possibility of com-
bining a synchronised rectifier with an active diode for
PEH. However, this method also suffers from high volt-
age loss due to high threshold voltage of the semiconductor
devices.
A metal-oxide-semiconductor field-effect transis-

tor (MOSFET) bridge rectifier circuit was proposed by [36]
to eliminate the loss of voltage in diodes. A severe drawback
of this circuit is the need of external power source to
trigger the MOSFETs, which is inefficient and oftentimes
impossible in practical applications. Another recent study
was conducted on the MOSFET based rectifier circuit by
Arul et al. [37] to reduce the power loss in the rectification
process. A significant improvement in output power and
efficiency was demonstrated when compared to the FBR
circuit. However, the power conversion from the PD was
still limited due to its high threshold voltage. The input
voltage from the PD is 2.09 V, and this circuit does not
commence operation if voltage is less than 0.5 V.
To overcome the abovementioned shortcom-

ings, some researchers have proposed switching
methods [20], [38], [39], [40]. However, the proposed
switching circuits require additional components such as
inductors, switches, external power supply, polarity detectors
and logic gates which renders the circuits complex and
costly. More importantly, all the abovementioned circuits
are non-operational in a low voltage environment (i.e., less
than 0.3 V). Since the conventional diode forward voltage
is 0.7 V, Eq. (1) is not satisfied. Therefore, the voltage
generated by the PD is often internally wasted. Even it is
partially satisfied, most of the energy is wasted. Thus, the
power efficiency of such circuits is very low.
To overcome this drawback, a MOSFET rectifier cir-

cuit was used in [41]. Significant improvement in power
conversion was demonstrated. However, the proposed full-
bridge MOSFET rectifier circuit with switching method
(Fig. 2) includes additional components, namely, a large
inductor and the use of PWM technique, which make the
circuit rather complex and costly. The study also did not
discuss appropriate electrical boundary conditions.
The abovementioned circuit is later improved [41] by

introducing an active MOSFET energy harvesting circuit
(Fig. 3). Further improvement in power conversion, up to
five times of the conventional rectifier circuit, was achieved.
However, this circuit is very complex due to additional

components such as an inductor, switches, analog to digital
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FIGURE 2. Full-bridge MOSFET Circuit with Switching Method.

FIGURE 3. Active MOSFET Energy Harvesting Circuit.

converters, peak detector, logic gates, resulting in high cost.
In addition, the additional components consume power up
to 1 mW. High voltage is also required to kick start both
circuits (Fig. 2 and Fig. 3). This is almost unachievable at
a high frequency excitation, as the voltage produced is rather
low.
Therefore, there is a need to design a more efficient circuit

which could convert AC-DC with minimal complexity, with-
out the need of external power supply, and has the capability
of conversion even when the input voltage is low. In addi-
tion, previous studies mainly focused on PEH with rather
high input voltage (2 – 5 V) at a high frequency of excitation
(i.e., > 100 Hz).
Some real-life examples of such high frequency vibra-

tions include car engine compartment, cloth dryer, casing of
kitchen blender, air noise, power converters and subwoofer.
The PD can only generate a few micro or milliwatts of power
under such high frequency of vibrations, which cannot satisfy
Eq. (1) [35], [36], [37], [42], [43], [44].
To overcome the above issues, a modified self-driven

H-Bridge AC-DC rectifier circuit, consisting of MOSFETs,
is proposed in this article. An attempt is made to circum-
vent the problem of power loss in diodes and to reduce
the complexity of the circuit. The need of external power
source is also eliminated. Due to the low threshold voltage
of MOSFETs, improvement in the output power is antici-
pated as a result of lower loss. In addition, the cost of this
circuit is expected to reduce due to lower complexity. Key
differences between the proposed circuit and existing circuits
are:

FIGURE 4. (a) A vibrating PD (left), (b) PD equivalent circuit model (right).

1. The proposed circuit does not require extra components
such as an inductor, polarity detector, which renders the
circuit less complicated, and thus lower cost.
2. Another distinct advantage is that it does not require

an external power supply to trigger the MOSFET.
3. The use of MOSFETs includes a parasitic diode, which

protects the proposed circuit from reverse voltage polarity,
effectively lowering the power loss [45], [46].
4. The proposed circuit is expected to turn-on at very low

voltage (0.28 V), i.e., it satisfies Eq. (1) easily.
5. This circuit is expected to function at high and low

frequency ranges.
A series of experimental tests were conducted in this study

to investigate the performance of the proposed H-Bridge
rectifier circuit, in terms of output voltage, output power
and efficiency over both high and low frequency ranges.

II. EQUIVALENT CIRCUIT MODEL OF PIEZOELECTRIC
ENERGY HARVESTER AND AC-DC RECTIFIER CIRCUITS
This section presents a series of literature reviews, start-
ing from the equivalent circuit modelling of a PEH system,
followed by a review of conventional FBR circuit and
VD commonly used for AC-DC rectification. The proposed
H-Bridge rectifier circuit is then introduced.

A. EQUIVALENT CIRCUIT MODEL OF PIEZOELECTRIC
ENERGY HARVESTER
From an electrical point of view, a harmonically vibrating
PD can be modelled as a sinusoidal current source, ip(t)
connected in parallel to its internal capacitance, Cpand its
internal resistance, Rp [5], [20]. Fig. 4(a) and 4(b) illustrates
a physical PD and its equivalent circuit model, respectively.
The sinusoidal current source, ip(t) is expressed as:

iP(t) = ̂Ipsin(ωt) (2)

where ̂IP is the magnitude of the sinusoidal current, ω is
the angular frequency and t is time [29]. Alternatively, the
vibrating PD can also be represented by an equivalent cir-
cuit consisting of a voltage source connected in series with
a capacitance [29]. The AC generated by the PD varies with
the amplitude and the frequency of the vibration source,
but it is assumed relatively constant, regardless of external
loading [47].
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FIGURE 5. (a) A PD connected in parallel to an FBR circuit, (b) Current and
voltage waveforms generated by FBR circuit (shaded portion indicates
energy loss).

B. FBR CIRCUIT
The FBR circuit comprises of four diodes and is usually
connected in parallel to the PD as shown in Fig. 5(a). The
current and the voltage waveforms generated by the PD after
rectification by the FBR circuit are shown in Fig. 5(b). As
stated in Section II-A, the current, ip(t), generated by the PD
will first charge and discharge the internal capacitance, Cp
from −(Vrect + 2VD) to (Vrect + 2VD). This process occurs
in both half cycles.
Taking the positive half cycle as example and referring to

the rectified current waveform in Fig. 5(b), the current gen-
erated across Interval 1, known as the polarisation current,
is used to charge the internal electrode capacitance of the
PD. Thus, all the diodes are reverse biased, and there is no
current output by the FBR circuit. When the time reaches t1,
the magnitude of the PD voltage, VP(t) is equal to the output
voltage, Vrect. Within this interval, indicated as Interval 2 in
Fig. 5(b), the output current flows to the DC filter capac-
itor, Crect. In other words, energy is lost across Interval
1 (known as “Non-harvesting energy”), shown as shaded
area in Fig. 5(b); whilst energy is generated across Interval
2 (known as “Harvesting energy”), shown as unshaded area.
The circuit operation in both the positive and negative half
cycles is summarised below:

B.1. POSITIVE HALF CYCLE
When t0 < t ≤ t1 (Interval 1):

- PD charges or discharges its internal capacitor, CP
- D1, D2, D3, D4: OFF
When t1 < t ≤ t2 (Interval 2):
- PD delivers power to the capacitor, Crect
- D1: ON, D3: ON
- VP(t) = Vrect

B.2. NEGATIVE HALF CYCLE
When t2 < t ≤ t3 (Interval 3):

- PD charges or discharges its internal capacitor, CP
- D1, D2, D3, D4: OFF
When t3 < t = tπ (Interval 4):
- PD delivers power to the capacitor, Crect
- D4: ON, D2: ON
- VP(t) = Vrect

FIGURE 6. (a) A PD connected to VD and (b) current and voltage
waveforms generated by the PD.

During both positive and negative half cycles, when the
diodes are in turn-on condition, the output current flows
into the capacitor, Crect. When the DC filter capacitor load
is connected in parallel to the rectifier circuit, maximum
voltage is limited to the filter voltage [29], [45]. The output
power varies with the output voltage, Vrect and the peak
output power [48] occurs when:

Vrect = ̂Ip(t)

2ωCP
(3)

and the charge produced by the PD in both positive and
negative half cycle, Qtotal is

Qtotal = 2CPVP(t) (4)

C. VD
Fig. 6(a) illustrates a circuit representation of a PD connected
in parallel to a VD and a capacitor, Crect. Its corresponding
current, ip(t) and voltage, Vp(t) waveforms are depicted in
Fig. 6(b). Similar to the situation explained in Section II-B
when Vp(t) is less than Vrect, the diodes are in OFF condition.
When Vp(t) is equal to Vrect, the VD starts conducting. In the
positive half cycle, the capacitor, Crect is charged. However,
in the negative half cycle, the current will flow to the ground.
Thus, there is no output current.
In short, throughout Interval 1 and 3 (Fig. 6b), the internal

capacitance of the PD is charged in both positive and nega-
tive half cycles, respectively. However, in Interval 2 and 4,
which are the conduction period of the diodes in positive
and negative half cycles, the capacitor, Crect is only charged
across Interval 2 but not Interval 4. Similar to the previous
section, the shaded portions indicate non-harvesting energy,
whereas the non-shaded portions represent harvesting energy.
Experimentally, this phenomenon has been demonstrated

in [26]. The VD fails to provide any output current to the
external loadduring thenegativehalf cycle, so there is nooutput
power. The process of energy accumulation in the capacitor
throughout both half cycles are summarised as follows:

C.1. POSITIVE HALF CYCLE
When t0 < t ≤ t1 (Interval 1):

- PD charges or discharges its internal capacitor, CP
- D1, D2: OFF
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FIGURE 7. Proposed H-Bridge rectifier circuit with MOSFETs connected to
PD. (1: M1-PMOS, 2: M2-PMOS, 3: M3-NMOS, 4: M4-NMOS, G: Gate, D:
drain, S: source terminals).

When t1 < t ≤ t2 (Interval 2):
- PD delivers power to the capacitor, Crect
- D2: ON, D1: OFF
- Vp(t) = Vrect

C.2. NEGATIVE HALF CYCLE
When t2 < t ≤ tπ (Interval 3, 4):

- PD does not deliver power to the capacitor, Crect
- D1: OFF, D2: OFF
- No output flows to Crect
Considering the VD fails to convert any voltage and

current in the negative half cycle from the PD, it
is deemed ineffective when compared to the FBR cir-
cuit. Thus, VD is not experimentally investigated in
this study.

D. PROPOSED H-BRIDGE RECTIFIER CIRCUIT
In this study, an H-Bridge rectifier circuit, as shown in
Fig. 7 was designed using MOSFETs (Threshold volt-
age = 0.3V) in order to minimise the conduction drop. This
leads to higher conversion capability and thus, higher power
conversion [49]. Another distinct advantage of the proposed
rectifier circuit is that it does not require external power to
drive its gate terminals.
It is worth mentioning that, the key difference between

a traditional diode and a MOSFET with respect to their
terminals is that the diode has two terminals, namely, anode
and cathode; while MOSFET has three-terminals, namely,
gate (G), drain (D), and source (S).
The MOSFET is a controlled device, i.e., the output cur-

rent can be controlled by varying the voltage on the gate
terminal. It has no gate diode, and it is possible to operate
with both positive or negative voltage. Since the MOSFET
has three terminals, it can be used for flowing current in
both directions (D ↔ S). On the other hand, the diode
only has anode and cathode terminals, which is a unidirec-
tional device. In spite of the abovementioned advantage, the
design of MOSFET is relatively complex when compared to
a diode.
The MOSFETs operate in two modes, namely, depletion

mode and enhancement mode. In the depletion mode, the

FIGURE 8. Equivalent circuit of the proposed H-Bridge rectifier circuit
in (a) positive half cycle, and (b) negative half cycle.

MOSFET functions like a normally closed switch, in which
current can flow through when no voltage is applied. On
the other hand, applying a negative voltage would cause
a negative current flow to stop. In the enhancement mode,
the MOSFET functions as a variable resistor (i.e., N-channel
or P-channel). To turn on these MOSFETs, it is necessary
to apply a threshold voltage to the gate terminal as the
positive threshold voltage for N-Channel, and a negative
voltage for P-Channel [28]. The MOSFET starts working,
the On-resistance of MOSFET, RDS(On) is:

RDS(on) = VDS
ID

(5)

where VDS is drain - source voltage, and, ID is drain current.
When the H-Bridge rectifier circuit is connected to the

vibrating PD, it first charges the internal capacitor, Cp of
the PD. When the internal capacitor is charged, the AC will
be delivered to the H-Bridge rectifier circuit. The operation
of the charging of output capacitor throughout both half
cycles are summarised as follows:

D.1. POSITIVE HALF CYCLE
Fig. 8(a) shows the equivalent circuit of the proposed
H-Bridge rectifier circuit when operating in the positive half
cycle. During this cycle, the current will charge and discharge
the internal capacitance, Cp of the PD when the voltage gen-
erated by the PD, Vp(t) ≤ Voutput, in which Voutput is the
rectified output voltage.
On the other hand, when Vp(t) ≥ Voutput, the H-Bridge

rectifier circuit starts to conduct. At this time, M1-PMOS
and M4-NMOS transistors are in conduction mode. Thus,
the rectified voltage is stored in a load capacitor, Cload.

D.2. NEGATIVE HALF CYCLE
Fig. 8(b) shows the equivalent circuit of the H-Bridge rec-
tifier circuit when operating in the negative half cycle.
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TABLE 1. Testing scenario of test 1 (varying input voltage - constant

frequency).

Similarly, when Vp(t) ≥ Voutput, it starts to conduct. At this
time, M2-PMOS and M3-NMOS transistors are in conduc-
tion mode. Thus, the rectified voltage is stored in a load
capacitor, Cload. The parasitic capacitance of MOSFET
between the terminals can affect the performance of the
circuit. Power loss also occurs during the switching period,
knowns as the switching losses. Therefore the switching loss,
Pswitchingloss, of the MOSFET can be expressed as:

Pswitching loss = 1

2
VDSID

(

ton + toff
)

(6)

where ton, toff are the turn on and off timings of the MOSFET
respectively.
Power and efficiency are useful indicators of the

performance of rectifier circuits. In this study, these parame-
ters are used to compare the performance of various rectifier
circuits. To find the efficiency, both input power and output
power should first be calculated.
The input power, Pi is expressed as:

Pi = VPk√
2

· IPk√
2
cosϕ (7)

where VPk and IPk are the peak voltage amplitude and cur-
rent, respectively of PD. ϕ is the phase angle between the
voltage and the current of PD. On the other hand, the power
output by the rectifier circuits, Po is calculated through
the product of the output voltage, Vo and the output cur-
rent, Io through the capacitor, then the efficiency can be
calculated [50].

III. EXPERIMENTAL VERIFICATION
The performance of the proposed H-Bridge rectifier circuit
was experimentally investigated using two test setups: 1) at
high excitation frequency (Test 1 & Test 2), and 2) at low
excitation frequency (Test 3).
In Test 1, the power extracted from the PD through dif-

ferent rectifier circuits and capacitors under varying input
voltages and constant frequency was investigated. Details
are summarised in Table 1.
In Test 2, the power extracted from the PD through

different rectifier circuits and capacitors under varying exci-
tation frequency and constant input voltage was investigated.
Details are summarised in Table 2.
In Test 3, the performance of the proposed circuit at low

frequency of excitation was studied using the finger tapping
method.

TABLE 2. Testing scenarios of test 2 (varying frequencies, constant voltage).

In order to compare the performance of the proposed
H-Bridge rectifier circuit, the comparison is made with the
conventional FBR circuits. The details of each rectifier circuit
adopted in this study are listed as follows:

a) FBR circuit with low forward voltage diodes
(IN5820 AHIM, forward voltage, Vf = 0.15 V),
denoted as FBRLow

b) FBR circuit with standard forward voltage diodes
(IN4007, forward voltage, Vf = 0.55 V), denoted as
FBRHigh

c) H-Bridge rectifier circuit with low threshold volt-
age MOSFETs (threshold voltage, Vth = 0.3 V,
RZR040P01 – PMOS, AP2306AGN – NMOS),
denoted as H-Bridge.

The abovementioned forward voltage of the diodes was
also checked and verified using a voltmeter.
Fig. 9 shows the general experimental setup and proce-

dures to study the performance of the H-Bridge and FBR
circuits in Test 1, 2.
The main criteria for choosing components in the rectifier

circuit is based on the voltage generated by the PD. In this
study, the range of voltage generated by the PD is from
0.2 to 0.5 Vrms. Therefore, MOSFETs, with a threshold of
0.3V, is chosen for the H-Bridge circuit. For comparison
with conventional FBR circuit, a commonly used diode with
0.55V and another one with 0.15 V was chosen.
The performance of the circuits was experimentally tested

by connecting them to a PD attached to an aluminium
beam. A mechanical shaker was used to generate controlled
vibrations to the aluminium beam, which in turns excite
the PD.
A macrofibre composite (MFC) patch, (type: M2814-P2,

dimension: 37 mm x 17 mm x 0.180 mm, internal capaci-
tance: 30.79nF) was used as PD in this experiment. The MFC
patch was surfaced-bonded to one end of a lab-sized alu-
minium beam (dimension: 205 mm x 20 mm x 1 mm). This
end of the beam was then fixed to a mechanical shaker. The
other end of cantilever beam carried two permanent magnets.
The two permanent magnets were placed at the tip of the
cantilever beam, one on the top surface and the other on the
bottom surface. The magnets were configured such that they
are attracting each other. Since they are very strong magnets,
such configuration resembles firmly attaching a proof mass
at the tip of the cantilever. A permanent magnet was used
for the sake of convenience in changing tip mass, such that
the cantilever beam can be easily reused for different tests.
These magnets, acting as proof mass, reduce the resonance
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FIGURE 9. (a) Flow chart illustrating the experimental process, (b) Experimental setup.

FIGURE 10. Experiment of Test 3.

frequency of the cantilever beam, as well as increase the
displacement at the free end [11].
A function generator (Agilent 33210A) was used to pro-

vide a sinusoidal signal of specified frequency to a power
amplifier (2706, B & K Agilent), which then amplified
the signal before activating the mechanical shaker (APS-
113). The shaker generated mechanical vibrations according
to the input frequency to excite the cantilever beam with
attached PD. When the PD was subjected to excitation, it
generated AC.
The open circuit voltage of PD was measured by a volt-

meter, FLUKE 115, and the current was measured by
a current meter, CD771. Besides, the voltage waveform of
the PD was also observed in the oscilloscope.
In Test 3, the performance of H-Bridge was tested

at low frequency. Another distinct type of piezoelectric
device, namely PZT (Lead Zirconate Titanate) is employed.
Fig. 10 shows the experimental setup of the proposed circuit in
parallel with a PZT patch (25 mm in diameter), which acts as
an input voltage source. This experiment was conducted only
on H-Bridge as the main focus is on high frequency vibration.
To generate low frequency vibration, the finger tapping

method is adopted as shown in Fig. 10. When mechani-
cal pressured was applied, it generated AC which is sent
to H-Bridge for rectification. The rectified DC voltage was

FIGURE 11. The waveform generated by the piezoelectric device in Test 1.

stored in a ceramic capacitor of 1 μF. The voltage and current
across the capacitor was similarly measured to calculate the
output power.

A. TEST 1: VARYING INPUT VOLTAGE AT CONSTANT
FREQUENCY
In Test 1, the frequency was kept constant at 100 Hz while
the amplitude of the input voltage was varied. For each case,
three storage capacitors (C1, C2 and C3) were tested.
The amplitude of the voltage was adjusted using the power

amplifier to obtain the desired peak open circuit voltages.
The measured peak voltage, VPk of PD was shown in Table 1.
The input power were calculated using the Eq. (7).
One of the waveforms captured by the oscilloscope at

100Hz and peak voltage of 0.70 V is shown in Fig. 11.
When the measured open circuit voltages of PD are

0.28 V,0.42 V, 0.56 V and 0.70 V, the rectified voltage from
H-Bridge and FBRLow circuits is shown in Fig. 12 (a).
Note that the rectified voltage of FBRHigh is not shown

as the rectified voltage is too low (due to its high forward
voltage) and is thus neglected. The corresponding calculated
output power from the PD were 0.44 μW, 1.0 μW, 2.0 μW,
and 3.2 μW, as depicted in Fig. 12 (b).

The power output by PD was applied to H-Bridge indepen-
dently, and the rectified voltage was stored in an electrolytic
capacitors (details tabulated in Table 1).
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FIGURE 12. (a) The rectified voltage of circuits and (b) the output power of
PD in Test 1.

Then the power output from H-Bridge was calculated by
taking the product of voltage and current measured across
the capacitor. Similarly, the output power of FBRLow and
FBRHigh were also calculated. The output against input
power for different circuits and capacitors are graphically
presented in Fig. 13. The FBRLow curve shows that the rec-
tified output voltage is around half of the PD’s open circuit
peak voltage. On the other hand, the rectified output volt-
age from the H-Bridge circuit is consistently higher than the
FBRLow circuit.
When the input power of 0.44 μW was applied to the

H-Bridge, 0.27 μW of output power was generated and
stored in capacitor C1, as shown in Fig. 13(a). Similarly,
with the same input power, rectification through FBRLow
and FBRHigh produced 0.20 μW and 0 μW, respectively.
In this particular case, the H-Bridge outperformed the two
FBR circuits. Observing other cases of different input power
and capacitors, it is found that the use of H-Bridge consis-
tently yield the highest output power, in comparison to the
FBR circuits. This is particularly true when larger capacitors
(C2 and C3) are used. This demonstrates that the H-Bridge
is superior to the FBR counterparts.
It is also noted that the FBRHigh curve produced zero

power when the voltage is low (< 0.42 V), as a result of
its high forward voltage. In general, if the forward voltage
is not zero or ideal, its behaviour differs from the actual
characteristics of the diode. The key difference between an
ideal diode and a standard diode is current consumption.
Consequently, the power produced is significantly lesser than
both H-Bridge and FBRLow circuits.
The main reason causing both FBRLow and FBRHigh to

yield lower output power is the use of diodes with high
forward voltage. This problem is alleviated when H-Bridge
is used. The use of MOSFETs, which include a para-
sitic body diode has a lower forward voltage than normal
diodes.

The resistance path of MOSFET, which is from drain
to source, is reduced with voltage is applied to the Gate
terminal. Therefore, when sufficient input voltage is applied
to H-Bridge, the conversion capability also increases.
To further understand the performance of the proposed

circuit, a closer look is taken at the waveforms of the output
voltage in oscilloscope (input voltage of 0.7 V) shown in
Fig. 14. The rectified output voltage, Vo by H-Bridge, is rep-
resented by the green curve. The time required for charging
the output capacitor is indicated as t1 in the diagram. The
interval between each “t1” period is the discharging time of
the output capacitor. The charging and discharging processes
take place in both positive and negative half cycles.
As mentioned earlier, the MOSFETs are used to achieve

higher voltage and efficiencies. They are rather straightfor-
ward due to fast switching. The power consumption is also
low due to its low threshold voltage. As a result, the power
converted by the proposed circuit is high, and the output
capacitor is charged. The process is similar in the negative
half cycle.
In the case of the FBRLow, the waveform of output volt-

age against time with 0.7 V of input voltage is represented
by the red curve in Fig. 14. The charging period of the output
capacitor is denoted as t2. Similarly, interval between each
t2 period indicates the discharging time of the output capac-
itor. For each positive half cycle, the charging process starts
when diodes D1 and D3 were turned ON. If the applied volt-
age is sufficient, FBRLow starts conducting, and the output
capacitor will be charged. However, since the applied volt-
age is high, the resistance path from anode to cathode and
the current consumption is also high. Therefore, the voltage
output by FBRLow is relatively lower than the H-Bridge.
In addition, the delay experienced by the FBRLow circuit is
also longer than the H-Bridge.

The FBRHigh was tested under similar condition. The
blue curve represents the waveform of its output voltage with
0.7 V of input voltage. In comparison to the FBRLow, the
diodes used in the FBRHigh have even higher forward volt-
age, resulting in higher resistance in the circuit. Therefore,
the power conversion is lower. The charging time of the
output capacitor is unidentifiable and is thus not shown in
Fig. 14.

B. TEST 2: VARYING FREQUENCY AT CONSTANT INPUT
VOLTAGE
In Test 2, the performance of H-Bridge is studied under
constant voltage at different frequencies. The frequencies
applied are 110 Hz, 120 Hz, 130 Hz and 140 Hz. At each
frequency, the peak open circuit voltage is adjusted and kept
at 0.70 V. Note that due to the difference in frequencies,
the current produced by the PD was different (Fig. 15).
Therefore, the power applied to the circuits was also dif-
ferent. Each frequency was applied to all three circuits
individually and the voltage rectified by the circuits was
stored in electrolyte capacitors (acting as a load). Details
are summarised in Table 2.
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FIGURE 13. Power output by various rectifier circuits with varying input power with (a) Capacitor C1, (b) Capacitor C2, and (c) Capacitor C3 in Test 1.

FIGURE 14. Waveform of voltage rectified by H-Bridge, FBRLow, and
FBRHigh circuits in Test 1.

For each case, the voltage and current across the capacitor
were measured with the voltmeter and ammeter. Similar to
Test 1, they are used to calculate the output power.

In Test 2, the current produced by the PD at different
frequencies with constant peak open circuit voltage of 0.7 V
is in shown Fig. 15. The output current increases steadily
with increase in frequency.
Fig. 16 shows the output power stored in capacitors C1, C2

and C3 under different frequency of excitation. The output
power was calculated as the product of the output volt-
age and the output current through the capacitor. As an
example, when an input power of 3.2 μW was applied to
the H-Bridge, 2.01 μW of output power was generated and
stored in capacitor C1.
It is noted that the power output through H-Bridge is

consistently higher than its counterparts, regardless of the
excitation frequency. It is also noted that the power extracted
with larger capacitors is lower. This is attributed to the
fact that larger capacitors possess higher capacitance and
internal resistance, which reducesthe current (DC) through
the capacitor.
By further inspecting Fig. 16, one could identify that the

actuation frequency also affects the power converted by dif-
ferent rectifier circuits. This is especially obvious in the case

1058 VOLUME 8, 2020



EDLA et al.: IMPROVED SELF-POWERED H-BRIDGE CIRCUIT FOR VOLTAGE RECTIFICATION OF PEH SYSTEM

FIGURE 15. The output current waveform of PD when different
frequencies were applied (Test 2).

FIGURE 16. Power output by various rectifier circuits with varying input
frequency through (a) Capacitor C1, (b) Capacitor C2, and (c) Capacitor
C3 in Test 2.

of H-Bridge, in which the output power generally increases
with the increase in frequency, despite the same input volt-
age of 0.7 V. This is mainly due to the fact that the current
increases with increasing frequency.
However, the extent of increase in output power does

not show consistent trend across different rectifier circuits,
frequency ranges andcapacitors. In the caseof theFBRcircuits,
similar to Test 1, the power converted by FBRLow is always
higher than FBRHigh, regardless of excitation frequency.

C. TEST 3: PERFORMANCE OF H-BRIDGE RECTIFIER
CIRCUIT AT LOW FREQUENCY
To check the functionality of H-Bridge at low frequency,
Test 3 was conducted using the finger tapping method.

FIGURE 17. The efficiencies of H-Bridge in Test 1.

Considering the superiority of the H-Bridge circuit over the
FBR circuits have been demonstrated in Test 1 and Test 2,
the FBR circuits are not considered in Test 3.
In this test, when the voltage applied to H-Bridge by finger

tapping was 0.68 V, the voltage rectified by H-Bridge was
0.53 V. The output power was calculated to be 1.90 μW. The
voltage gain, Va (ratio of output to input voltage of the
circuit) of H-Bridge is calculated as 77.9%. An LED bulb
was successfully powered with the rectified voltage. This
simple experiment demonstrates the possibility of using the
proposed H-Bridge circuit at low excitation frequency.

D. EFFICIENCY OF RECTIFIER CIRCUITS
In previous sections, it is demonstrated that the power
extracted from the H-Bridge circuit is higher than the FBR
circuits under Test 1 and Test 2. In this section, the effi-
ciency of the H-Bridge and the FBR circuits are investigated.
Comparison is also made with selected studies available in
the literature. Fig. 17 shows the efficiency of the H-Bridge
circuit against different input power based on Test 1. The
efficiency of the circuit is found to increase steadily with
the increase in input power.
The highest efficiency of 63% is achieved when the input

power is 3.2 μW. This phenomenon can be explained by the
fact that the MOSFETs are voltage-dependent. Therefore, the
efficiency of the H-Bridge is initially low and it continuously
increases with the increase in peak voltage of the PD.
For the sake of comparison, the efficiency of various cir-

cuits calculated from Test 1 and Test 2 are summarised in
Fig. 18. Note that only the output obtained from Capacitor
C1 is presented as those from Capacitors C2 and C3 show
similar trend and is therefore omitted. Similar to the observa-
tion obtained from previous sections, the H-Bridge is found
to yield higher efficiency than the FBR circuit counterparts
under all testing conditions.
From Fig. 18(b), it can be observed that the efficiency

of the H-Bridge circuit is rather stable with respect to
changing frequency. This is mainly due to the fact that
the voltage was kept constant at 0.7 VPk across different
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FIGURE 18. The efficiency of H-Bridge, FBRLow and FBRHigh circuits connected to Capacitor C1 in (a) Test 1, and (b) Test 2.

frequencies. Maximum efficiency achieved by the H-Bridge
circuit is 62.8%, in comparison to 51% and 21.8% of
FBRLow and FBRHigh circuits, respectively. The difference
in performance is more pronounced at the higher frequency
range. Therefore, it can be concluded that the diode-based
FBR circuits are particularly inefficient when the input volt-
age is low and the excitation frequency is high. This is
mainly due to its junction bias. With the use of the proposed
H-Bridge circuit, the conversion loss in the semiconductor
devices is effectively minimised.
For the sake of comparison, the conversion efficiency

of various rectifier circuits published in previous studies
is summarised in Table 3. The proposed H-Bridge stands
out with a maximum efficiency of 63%, followed by Split
capacitor conversion and Secondary diode conversion [51] of
60.3% and 57.4%, respectively. Maximum efficiency of the
FBRLow and FBRHigh circuits investigated in this study are
51% and 22%, respectively. The FBRHigh circuit has similar
efficiency as the AC-DC rectifier [37], which is expected.
It is worth mentioning that, in order to eliminate

the forward voltage of the diodes, switching methods
such as boost converter, secondary diode conversion and
split capacitor conversion have been proposed by various
researchers. However, the power loss associated with the
use of switches is often high, resulting in relatively low
efficiency [45], [47], [48]. It can thus be concluded that the
proposed H-Bridge rectifier circuit demonstrates significant
improvement in power conversion efficiency.

IV. CONCLUSION
In this study, an improved, self-powered H-Bridge is
proposed for AC-DC conversion of PEH system under low
amplitude and high-frequency application. Taking advantage
of MOSFETs as transistors, which possess low threshold
voltage, the proposed rectifier circuit results in higher power

TABLE 3. Performance comparison of various circuits available in the

literature.

conversion and higher efficiency, when compared to the con-
ventional FBR circuits. The experimental results showed that
the output power and efficiency of the H-Bridge rectifier cir-
cuit is consistently higher than the FBR circuits with different
diodes under all testing scenarios. With an input power of
3.2 μW and input voltage of 0.7 VPk, the proposed rectifier
circuit produced 2.01 μW of output power. Maximum effi-
ciency achieved is 63%, which is significantly higher than the
FBR circuits. In addition, its application at low frequency is
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also briefly investigated. It was found that the voltage gain of
H-Bridge circuit is 78%, with output power of 1.9 μW. For
future work, it is recommended that the proposed circuit
be applied to real-life scenarios. Deeper investigation into
low frequency application, such as human motion is also
anticipated.
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