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Abstract—This paper presents an adaptive self-

configurable rectifier to increase the range of vibration 
excitation that a piezoelectric energy harvesting power 
management circuit (PMC) can operate with. The proposed 
circuit configures itself as a voltage doubler (VD) to 
increase the low voltage of piezoelectric energy 
harvesters to meet the minimum operating voltage of the 
PMC. This allows energy harvesting from low voltage 
range that is not viable using a full-wave bridge (FB) 
rectifier. When the piezoelectric voltage increases and 
causes the voltage amplified by the VD to approach the 
maximum operating voltage of the PMC, the proposed 
circuit reconfigures itself to FB rectifier that does not 
amplify the voltage. This allows operation at a higher 
voltage range that is restricted by the VD topology. Two 
different reference voltages each for the VD topology and 
the FB rectifier topology with low-pass filtering are used to 
ensure correct switching of the rectifier topology. The 
proposed control circuit can cold start from a piezoelectric 
voltage of 1.2 V in the VD topology to amplify the voltage 
to allow an existing PMC that needs a minimum input 
voltage higher than 1.2 V to operate while consuming 240–
410 nW of power. With the two-reference-voltages control 
method, 20% more energy can be transferred through the 
PMC than the one without it.  
 

Index Terms—adaptive, low power, piezoelectric energy 
harvesting, rectifier, self-configurable, switching. 
 

I. INTRODUCTION 
NERGY harvesting from energy sources such as thermal 
[1], solar [2], fluid flow [3], and motion from the ambient 

environments [4] into electrical energy for low power devices 
has garnered increasing research attention recently. With the 
growing interest in using wireless sensors for condition or 
structural health monitoring [5]-[8], energy harvesting is seen 
as a promising way to power the ubiquitous wireless sensor 
nodes without relying solely on batteries that require regular 
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replacement, which is usually associated with high costs [9]. 
One of the most prevalent sources that can be harvested in 
engineering structures and machinery is vibration [5]-[8].  

Piezoelectric energy harvesters (PEHs) are widely used in 
vibration energy harvesting due to their high energy densities 
and self-contained power generation capabilities [10]. Due to 
the nature of vibrations and PEHs, the electrical output from 
PEHs is generally ac [4], [11]. Since most electronic circuits 
require dc voltage, the ac output of PEHs needs to be rectified 
before feeding it to a PMC for maximum power transfer and 
voltage regulation [12]. Both passive [11], [13] and active 
[14], [15] FB rectifiers have been widely used to convert the 
ac output from PEHs to dc. Passive diode based rectifiers are 
common due to their simplicity and robustness against high 
voltage [11], [13], [16], although there are some voltage and 
power losses due to the inherent diode forward voltage drop 
VF. The diode forward voltage drop also limits the capability 
of the rectifiers in converting very low ac voltage.  

Active rectifiers have been proposed to overcome the issues 
related to VF in passive diode based rectifiers when the ac 
voltage from the energy harvester is low [14], [17]. However, 
in energy harvesting applications without an external power 
source, energy harvesters still need to produce a certain level 
of voltage to power the active rectifiers for them to operate 
properly [15]. Therefore, the minimum voltage required by 
active rectifiers could still be similar to VF in passive rectifiers 
[15], [17]. The maximum operating voltage of active rectifiers 
is also limited by the fabrication technologies or components 
to, for example, 5–10 V [17], [18], which is far lower than the 
voltage that PEHs can possibly generate [6], [13].    

Passive diodes have also been used as VDs to amplify the 
rectified piezoelectric voltage [19]. This is particularly useful 
to boost the low voltage amplitude of PEHs due to low 
vibration excitation or small-size of PEHs [20]. However, 
VDs can only increase the piezoelectric voltage. Any further 
increment of the voltage that is already very high when the 
vibration excitation is high requires the circuit components to 
have a very high voltage rating to withstand and handle the 
electrical energy. This can be very expensive or even not 
feasible for certain fabrication technologies [19], [21]. 

Methods that have been proposed to extend the operation 
range of piezoelectric energy harvesting include using two 
PEHs that can be connected in series [22] or connecting 
equally-split electrodes of a monolithic PEH in series [23] to 
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increase their output voltages. These methods involve the use 
of multiple PEHs or customized transducers, which might 
limit their wide application due to constraints such as cost and 
also their integration with existing PMCs. 

This paper herein presents an adaptive self-configurable 
diode based rectifying circuit to allow piezoelectric energy 
harvesting over an extended range than a PMC with only a 
fixed rectifier topology. The proposed rectifier switches 
between VD and FB rectifier depending on the piezoelectric 
voltage, adapting to both low and high vibration excitation 
respectively. To ensure the proposed circuit switches its 
topologies correctly, reference voltage switching with low-
pass filtering is introduced. The proposed circuit was 
integrated into an existing PMC and tested to demonstrate its 
operating voltage range, switching of the rectifier topologies, 
and power consumption. 

II. SYSTEM DESCRIPTION 

A. Concept of the Configurable Rectifier 
The proposed method is to add a switch to a conventional 

passive diode based FB rectifier to make the rectifying circuit 
configurable between two different topologies of FB rectifier 
and VD. By adding a switch in parallel with diode D4 of the 
FB rectifier shown in Fig. 1, the rectifier can be configured as 
a FB rectifier or a VD. If the switch is opened, the rectifying 
circuit remains as the FB rectifier since the open switch is not 
a conduction path and does not change the overall topology of 
the FB rectifier. When the switch is closed, D4 will be 
bypassed. The terminal of the PEH that is connected to the 
anode of D3 and cathode of D4 will be shorted to the anode of 
both D1 and D4, which is usually a ground reference. Given 
that there is usually a smoothing capacitor Ci at the output of 
the rectifier [11], [13]-[15], which tends to hold some charges, 
a voltage will present at the cathode of D2 and D3. D3 will 
always be reverse biased since its anode is at ground while a 
positive voltage is at its cathode and can be regarded as open-
circuited. This makes the rectifying circuit operate as a VD.  

Fig. 2 shows the voltage waveforms of the rectifying circuit 
in different rectifier topologies. The PEH is represented by its 
voltage source equivalent circuit model [19]. It is assumed that 
the diodes are ideal and the rectified voltage Vrect is equal to 
|vg| in both cases. The subscripts ‘FB’ and ‘VD’ are used to 

differentiate the voltages in the different rectifier topologies. It 
is also assumed that the PMC is not operating, which presents 
itself as an open circuit to the PEH that is experiencing a 
steady vibration. Thus, vg-FB across the terminals of the PEH 
that is connected to a FB rectifier is equal to vP at steady state.    

When the PEH is connected to a VD, diode D2 blocks the 
current path of the PEH from terminal b to terminal a through 
external circuits such as the PMC during the negative cycle. 
D1 is the only path and hence, the inherent capacitor CP of the 
PEH will be charged up to a voltage level of |vP|. During the 
positive cycle, vP and the voltage across CP sum up as the 
voltage vg-VD across the PEH, which is 2|vp| or twice vg-FB. This 
means Vrect-VD of a PEH that is connected to a VD is twice 
Vrect-FB of a PEH that is connected to a FB rectifier under the 
same test condition. 

B. Rectifier Topologies Switching 
VD topology is used when the voltage amplitude of the 

PEH is low. When the voltage is high, the rectifying circuit 
switches to the FB rectifier topology. The switching of the 
topologies can be determined by two different threshold 
voltages as illustrated in Fig. 2. Assume that the rectifying 
circuit is currently in the VD topology, it switches to FB 
rectifier when Vrect-VD exceeds a high threshold voltage VTH-VD 
to prevent Vrect from becoming too high which exceeds the 
maximum operating voltage of the PMC due to the voltage 
amplification by the VD. When it is in the FB rectifier 
topology, another threshold voltage VTH-FB that is lower than 
VTH-VD is used. The rectifying circuit switches to VD when 
Vrect-FB is lower than VTH-FB so that the low piezoelectric 
voltage can be amplified for the operation of the PMC at low 
voltage which is not viable with the FB rectifier.   

The significance of having two threshold voltages can be 
explained by using the following scenario where only one 
threshold voltage is used, for example, only VTH-VD. It should 
be noted that when the rectifying circuit is in the VD topology, 
|vg-VD| is about twice |vP| generated by the PEH under a given 
vibration excitation. When |vg-VD| is sufficiently high, Vrect-VD 
exceeds VTH-VD and the rectifying circuit switches to FB 
rectifier. The rectified voltage will now become Vrect-FB, which 
is half of Vrect-VD where the maximum possible amplitude is 
|vP|. If the threshold voltage is fixed as VTH-VD and assume that 
|vP| generated by the PEH remains the same, the rectified 

 
Fig. 2. Illustration of the voltage vg, Vrect, and VTH for the switching of 
the rectifier topologies that is connected to a FB rectifier and a VD, 
respectively under no load condition. 
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Fig. 1. Operations of the proposed rectifying circuit as a (a) FB rectifier 
when the switch is open and (b) a VD when the switch is closed. 
Greyed out components indicate that they are not conduction path. 
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voltage using the FB rectifier will become well below the 
threshold voltage. The rectifying circuit will then switch back 
to VD that causes the rectified voltage to exceed the threshold 
voltage once more, and consequently switch back to the FB 
rectifier again. The rectifying circuit will switch back and 
forth between the VD and FB rectifier topologies continuously 
as long as |vg| in the VD topology is higher and |vg| in the FB 
rectifier topology is lower than the threshold voltage, 
respectively. Such a repercussion might reduce the overall 
system efficiency. Therefore, two different threshold voltages 
for the two different topologies are needed to avoid the 
aforementioned problem. 

III. SYSTEM DESIGN AND ANALYSIS 
As discussed earlier, a rectifier that configures itself 

between the FB rectifier and VD topologies can be realized by 
adding a switch to a FB rectifier. A PMC as reported in [11], 
[24] will be used as an example to demonstrate the ease of 
integration of this configurable rectifier into existing PMC. 
The voltages VRD, VBG, and VDCC are existing nodes from the 
control circuit of the PMC [25]. Other reported PMCs may be 
used as these voltages are common, although with different 
labels [12], [15], [26]. VRD is 0.0641Vrect [25], VBG is a 1.182 V 
bandgap reference voltage, and VDCC is an internal power rail 
from the PMC. VDCC follows Vrect and becomes steady at 4.15 
V after Vrect reaches 4.6 V or higher. Fig. 3 shows the 
schematic of the configurable rectifier that consists of a FB 
rectifier and a switch, and its control circuit that consists of a 
comparator, a switch, and some resistors.  

A. Threshold Voltages for the Topology Switching 
The choice of VTH-FB,VD has to take several factors into 

consideration. First is the voltage ratio ηV as given by (1): 

 F
V

F F

grect

g g  

2 0, for FB

1, for VD
,

v VV
n

v nV v nV
η

−
= = =

− −





 (1) 

As the vibration excitation on the PEH increases, |vP| and |ig| 
increase [6], [22]. This causes the rectifying circuit to switch 
from VD to FB rectifier, with |vg| reduced by half as explained 
earlier. From the Shockley equation VF = nVt  ln(ID/IS+1) [27], 
VF slightly raises with the current through the diode ID, which 
is |ig| here. From (1), ηV further reduces as nVF which is a 
slight dc offset in VD due to the charging of Cp via D1 is zero 
in FB rectifier. Thus, VTH-FB which is also the minimum Vrect 
for the circuit to operate as a FB rectifier has to be as high as 
possible to maintain a high ηV following the topology switch 
from VD. Aiming at ηV of over 0.9 for FB rectifiers is 
reasonable as it has been achieved by some reported rectifiers 
such as in [14], [17]. 

VTH-VD has to be higher than 2VTH-FB so that the reduction in 

Vrect as the circuit switches from VD to FB rectifier does not 
fall below VTH-FB, which will trigger the circuit to switch back 
to VD. Operation at or exceeding the maximum operating 
voltage limit of the PMC VPMC(max) for extended periods will 
damage or affect the reliability of the PMC [28]. Thus, VTH-VD 
has to be lower than VPMC(max) so that the rectifying circuit can 
switch to the FB rectifier which lowers Vrect before Vrect 
exceeds or is too close to VPMC(max). Also considering some 
possible variations in components, a safety margin of 10% is 
usually adopted [29]. Therefore, VTH-FB,VD need to satisfy the 
condition shown in (2): 
 TH-FB TH-VD PMC(max)2 0.9V V V< <   (2) 

B. Reference Voltages for Different Topologies 
The threshold voltages are represented by the reference 

voltages in the control circuit. The reference voltage VRH is 
derived from VBG by using a resistive divider network. Since 
two threshold voltages are required, two different values of 
reference voltages VRH-VD and VRH-FB are used. Based on (2), 
VRH-VD is a larger value that is used when the rectifying circuit 
is operating as VD whereas VRH-FB is less than half of VRH-VD 
for the circuit operation in the FB rectifier topology since Vrect 
will be reduced by half when the circuit switches from VD to 
FB rectifier. VRH-VD and VRH-FB are obtained by turning the N-
type MOSFET Mref on or off as given by (3): 

 RH-VD
RH

RH-FB

ref

ref

, for  is on

, for  is off

V M
V

V M
=





 (3) 

When Mref is switched on, it acts as a closed switch that 
shorts the resistor RH1. Thus, VRH-VD is expressed as (4): 

 H3
RH-VD BG

H2 H3

R
V V

R R
=

+
 (4) 

When Mref is switched off, it is an open circuit that does not 
have any effect on the resistive divider network. Thus, VRH-FB 
is expressed as (5): 

 H3
RH-FB BG

H1 H2 H3

R
V V

R R R
=

+ +
 (5) 

Equations (4) and (5) are almost identical apart from their 
denominators where (4) is the sum of RH2 and RH3 whereas (5) 
is the sum of RH1, RH2, and RH3. Therefore, VRH-FB is lower than 
VRH-VD because of its larger denominator that includes RH1. 

C. Switch for Rectifying Circuit 
The switch Mrect is realized by using an N-type MOSFET. 

The SOURCE and DRAIN of Mrect are connected to the anode 
and cathode of diode D4, respectively. This ensures that the 
inherent body diode of Mrect is in the same direction of D4 
without creating a conduction path in the reverse direction of 

 
Fig. 3. Circuit diagram of the configurable rectifier and its control circuit in conjunction with a power management circuit (PMC). 
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D4. Given that the SOURCE of Mrect is referenced to the 
ground of the PMC, turning on or off Mrect is straight forward.  

When the voltage applied at the GATE of Mrect is 0 V or 
lower than the threshold voltage of the MOSFET, Mrect is 
turned off and acting as an opened switch. Therefore, the 
rectifying circuit is operating as a FB rectifier. Mrect is turned 
on when a voltage that is higher than the threshold voltage of 
the MOSFET is applied at its GATE. Once Mrect is turned on, 
it bypasses D4 and consequently turns the FB rectifier into a 
VD.  

D. Switching Control 
The comparator is the main active device in the control 

circuit. It compares VRD with VRH to determine whether the 
amplitude of the voltage across the terminals of the PEH has 
exceeded the threshold voltages. It then turns on or off Mrect 
and Mref to achieve the reconfiguration of the rectifier 
topology and the change of the value of the reference voltage. 
Switching on Mrect and Mref leads to the configuration as the 
VD topology and VRH with the value of VRH-VD. On the 
contrary, the configuration that uses the FB rectifier topology 
with the reference voltage VRH-FB requires Mrect and Mref to be 
switched off. The operation of the control circuit is explained 
as follows. 

VRD and VRH are fed to the negative input and the positive 
input of the comparator, respectively. VBG follows the input 
voltage into the PMC, which in this case is Vrect until it reaches 
1.182 V. Given that VRD is the scaled down voltage of Vrect, 
VRD can be assumed to be lower than VRH initially. The output 
of the comparator VMODE becomes HIGH to turn on both Mrect 
and Mref. Therefore, the rectifying circuit is now operating 
using the VD topology and the reference voltage is VRH-VD. 
When VRD exceeds VRH-VD due to high vibration excitation on 
the PEH, VMODE becomes LOW, which turns off both Mrect and 
Mref. The rectifying circuit subsequently operates as a FB 
rectifier with a lower reference voltage value of VRH-FB. 

It should be noted that there will be some ripples at Vrect due 
to low vibration frequencies of the PEH, small smoothing 
capacitor, and energy transfer process from the PEH to the 
storage capacitor via the PMC [30]. Although the ripple can be 
reduced by increasing the capacitance Ci, it is preferable to 
keep it small for a faster settling time for maximum power 
point tracking [26]. Therefore, VRD which is scaled down from 
Vrect will have some ripples too. This may cause the circuit to 

falsely switch its rectifier topology. To mitigate this, VRD goes 
through an RC low-pass filter (LPF) before being fed to the 
comparator. 

IV. EXPERIMENTAL VERIFICATION 

A. Experimental Setup  
A commercially available macro fiber composite (MFC) 

M8528-P2 from Smart Material was bonded onto a piece of 
carbon fiber composite material as the PEH [11]. An Instron 
E10000 ElectroPuls dynamic testing machine was used to 
apply different strain loadings at different frequencies onto the 
PEH. The voltages and currents shown in Fig. 3 were 
measured using the Keithley 2612B sourcemeters (SMUs) 
which were controlled by a LabVIEW interface as shown in 
Fig. 4(a).  

B. Prototype Implementation 
Due to the simplicity of the proposed circuit and for the 

ease of measurement, a prototype was built using 
commercially available discrete components on a breadboard 
as shown in Fig. 4(b). The comparator used is TLV3691 for its 
low power consumption and low minimum operating voltage 
of 0.9 V. The chosen MOSFET for Mrect and Mref is 
BSS816NW for its low DRAIN-SOURCE resistance of 107 
mΩ and GATE threshold voltage of 0.55 V. BAS70 Schottky 
diode is used as D1–D4 for its low typical VF of 0.3 V and low 
reverse current. The chosen components have very stable 
performances against temperature variations. With very few 
components in the circuit, the risk of a large behavioral change 
due to the effects of temperature variations and noise such as 
thermal noise from the components are negligible under 
normal operating conditions [6].  

The choice of the threshold voltages is based on (1) and (2), 
and for the ease of the circuit implementation in terms of the 
selection for the values of the resistors RH1, RH2, and RH3. The 
PMC used has a VPMC(max) of 20 V [28]. Therefore, the 
rectifying circuit was set to switch from the VD topology to 
the FB rectifier topology when Vrect reaches 15.4 V to prevent 
Vrect from exceeding the voltage limit of the PMC due to the 
voltage amplification by the VD as the vibration continues to 
increase. RH1, RH2, and RH3 are 120 MΩ, 20 MΩ 
(VR25000002005KA1), and 100 MΩ (RGP0207CHJ100M), 
respectively. The large resistances were chosen to minimize 
the power dissipated by the resistors. Resistors with low 
tolerances and the same temperature coefficient are preferred 
to minimize the deviation range of the resistances from their 
nominal values. With the chosen resistors, the rectifying 
circuit will switch to VD at Vrect of 7.68 V, which satisfies the 
conditions in (1) and (2) with VF of up to 0.4 V. If the 
proposed circuit was implemented all by using surface mount 
components including 0603 case size resistors, it will occupy 
an area of around 16 mm2.  

C. Testing Method 
Various low peak-to-peak strain loadings at 10 Hz were 

applied onto the PEH so that vP is low to determine the 
minimum start-up voltage of the prototyped circuit. Then, for  

Fig. 4. Image of: (a) the experimental setup and (b) the prototyped 
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the purpose of comparison, the same strain loading will be 
applied onto the PEH which is connected to a FB rectifier. 

The proposed circuit will operate as a FB rectifier when the 
voltage from the PEH is high. However, a direct comparison 
of the proposed circuit with a circuit that uses a fixed VD will 
not be carried out to avoid applying high voltage stress onto 
the PMC when there is a high vibration excitation on the PEH.  

A sweep test of varying peak-to-peak strain loadings from 0 
to 500 με at 10 Hz applied onto the PEH which is connected to 
the proposed circuit was carried out to determine the response 
of the circuit to real-time changes. To validate the circuit 
design, the operation of the proposed circuit was compared 
with a similar circuit without the LPF and a circuit that uses 
only one reference voltage without the reference voltage 
switching. 

The power consumption of the proposed control circuit was 
determined from the measurements of VDCC and ICMP. The 
power dissipated by the resistive divider network of RH was 
calculated using VBG

2/RH, where RH is either the denominator 
of (4) or (5) depending on the circuit operation. The average 
power dissipated by the diode rectifier PD was determined by 
(6): 

 ( ) ( ) ( ) ( )D
0 0

g g rect rect
1 1

 d  d
T T

P v t i t t V t I t t
T T

= −∫ ∫   (6) 

V. RESULTS AND DISCUSSIONS 

A. Start-up of the Proposed Rectifying Circuit 
A peak-to-peak strain loading of 25 µε at 10 Hz was found 

to be the minimum vibration excitation applied onto the PEH 
that can power up the entire circuit including the PMC. It 
should be noted that lower strain loadings applied onto the 
PEH are still able to power up the rectifying circuit and its 
control circuit but not the PMC and hence, are not considered 
as the minimum start-up condition in this work.       

Fig. 5 shows the measured vg, Vrect, VMODE, and voltage VCS 
across the storage capacitor of the PMC with a FB rectifier. It 
was done by deliberately removing Mrect from the proposed 
rectifier so that it was unable to switch to VD. vg from the 
PEH reaches a maximum amplitude of 1.7 V, which is too low 
for the PMC which uses a buck converter with a minimum 
operating voltage of 2.7 V to operate [28]. Therefore, no 
energy can be transferred from the PEH to the storage 
capacitor, where Vrect remains steady at 1.3 V and VCS is 0 V. 
However, from the inset of Fig. 5, the rectifying circuit is able 
to operate where VMODE becomes HIGH when Vrect is 0.9 V.  

Using the proposed circuit under the same strain loading 
condition, vg can be amplified to more than 1.7 V as shown in 
Fig. 6. Energy transfer occurs when Vrect reaches the minimum 
input operating voltage of the buck converter. Vrect drops while 
VCS increases following the energy transfer. The average 
output power from the PEH is 3.96 μW. From cold start where 

 
Fig. 5. Measurements from a circuit that is connected to a PEH via a 
FB rectifier. The area within the dashed line is enlarged in the inset. 
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Fig. 7. Varying strain loading profile applied onto the PEH which is 
connected to the proposed circuit. The inset shows the detail of the 
waveform. 
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Fig. 8. Measured vg, Vrect, and VMODE from the proposed circuit which 
correspond to the applied strain profile shown in Fig. 7.  
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proposed rectifying circuit. The area within the dashed line is enlarged 
in the inset. 
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all the capacitors within the PMC are fully discharged, the 
proposed circuit operates as a FB rectifier initially because the 
voltage from the PEH is lower than the minimum operating 
voltage of the control circuit. Similar to the inset of Fig. 5, the 
inset of Fig. 6 shows the proposed circuit can start up once vg 
reaches 1.2 V, where Vrect and hence VDCC becomes 0.9 V due 
to the diode forward voltage drop. VMODE becomes HIGH at 
about 0.4 V initially and gradually increases as more energy is 
accumulated. The proposed circuit switches to the VD 
topology when VMODE reaches 0.6 V, which is the threshold 
voltage to turn on Mrect. Therefore, the proposed rectifying 
circuit can start up with a minimum voltage of 1.2 V from a 
PEH, which is similar to some reported circuits that use an 
active rectifier [14], [15]. If there are some residual charges in 
the capacitors of the PMC that are sufficient for the operation 
of the proposed rectifying circuit, the operation will begin 
with the VD topology straightaway even when the 
piezoelectric voltage is lower than 1.2 V.    

B. Validation of the Circuit Operation 
 Fig. 7 shows a varying strain loading profile that was used 

for the sweep test. The peak-to-peak strain level varies from 0 
to 500 με and then back to 0 με for 30 s twice. Fig. 8 shows 
the corresponding vg, Vrect, and VMODE measured as the strain 
profile shown in Fig. 7 was applied onto the PEH which was 
connected to the proposed circuit. The proposed circuit 
operates as expected where it begins with the VD topology 

when the voltage is still low. The circuit is known to be 
operating using the VD topology because the measured vg 
does not show any waveform in the negative polarity and 
VMODE is HIGH. When Vrect reaches 15.4 V, the rectifying 
circuit switches from VD to FB rectifier. Therefore, vg now 
exhibits a waveform profile with both positive and negative 
polarities, and VMODE is LOW. It should also be noted that 
when the rectifying circuit switches from VD to FB rectifier, 
there is a slight drop in both vg and Vrect. When the rectifying 
circuit switches from FB rectifier to VD, there is a slight 
increase in both vg and Vrect. This is expected as explained in 
Section II.A where VDs increase the voltage from the PEH 
whereas FB rectifiers do not. 

C. Validation of the Proposed Control Mechanism      
In the test that determines the need to have the LPF and the 

different reference voltages instead of a fixed one, the PEH 
was tested at a peak-to-peak strain loading of 300 με at 10 Hz 
as an example. Fig. 9 shows the same measurements on the 
proposed circuit as in the sweep test. The circuit operates as a 
VD at the beginning and switches to FB rectifier when the 
threshold voltage is reached, as can be seen from the change 
of waveform in vg and the state of VMODE. Without the voltage 
amplification by the VD as explained in Section II.A, |vg| and 
Vrect reduce after the switch from VD to FB rectifier. With the 
threshold voltage lowered as well, the rectifying circuit 

 
Fig. 9. Measured voltages at the proposed circuit when the connected 
PEH was subjected to a peak-to-peak strain level of 300 με at 10 Hz. 
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Fig. 11. Measured voltages at the circuit with a fixed reference voltage 
when the connected PEH was subjected to a peak-to-peak strain level 
of 300 με at 10 Hz. The area within the dashed line is enlarged in the 
inset. 
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Fig. 12. Comparison of the capacitor voltage after the storage 
capacitor was charged up by a PMC with the proposed control circuit, 
the proposed circuit without LPF, and a fixed reference voltage. 

0 10 20 30 40 50 60
0

0.5

1.0

1.5

2.0

Charging
not continuous

Time (s)

V
ol

ta
ge

 (V
)

 

 

Proposed circuit
Without LPF
Fixed reference voltage

 
Fig. 10. Measured voltages at the circuit without the LPF when the 
connected PEH was subjected to a peak-to-peak strain level of 300 με 
at 10 Hz. The area within the dashed line is enlarged in the inset. 
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remains as FB rectifier.    
Fig. 10 shows the test without the LPF. The ripple of Vrect 

seems to be larger because of the fast switching between the 
two different rectifier topologies as shown in the inset of Fig. 
10. VMODE is short in terms of its duration and amplitude, 
which indicates a very brief switching from the FB rectifier 
topology to the VD topology and back to FB rectifier again. In 
another test, RH1 and Mref were removed so that the terminal of 
VBG connects directly to RH2 to make the circuit to have only 
one fixed reference voltage of VRH-VD without the reference 
voltage switching capability. Fig. 11 shows that with only one 
fixed reference voltage, the circuit switches back and forth 
between the two different rectifier topologies continuously as 
shown in the inset of Fig. 11 where VMODE can be seen to have 
a wider duration to allow a complete switching of the rectifier 
topologies. The effect of such an undesirable switching was 
examined by measuring the capacitor voltage VCS.       

Fig. 12 shows the comparison of VCS of a PMC with the 
proposed rectifying circuit, the control circuit without LPF, 
and the circuit with a fixed reference voltage in charging up a 
22mF storage capacitor. After 60 s of charging, VCS of the 
proposed circuit is higher than the circuit with a fixed 
reference voltage by 20%. This shows that without the 
proposed reference voltage switching, the continuous 
switching between the two rectifier topologies distorted the 
charging of the storage capacitor and deteriorates the amount 
of harvested energy. This is because the voltage for maximum 
power transfer changes as the rectifier topology changes 
despite the fixed piezoelectric voltage [19]. However, the 
switching of rectifier topologies keeps repeating at the same 
threshold voltage. Therefore, Vrect as well as vg are held at a 
relatively constant level that is away from the optimum 
voltage for maximum power transfer in either rectifier 
topology. VCS of the circuit without the LPF is only slightly 
lower than the proposed circuit because the switching of the 
rectifier topology is incomplete for most of the time. Thus, 
there is less distortion to the optimum voltage level for 
maximum power transfer. It should be noted that the charging 
of CS is not continuous due to the distortion in both cases 
without the proposed method as shown in the inset of Fig. 12. 
This also increases the leakage from CS and leads to the lower 

VCS. 
Fig. 13 shows the measured voltages of vg, Vrect, VMODE, and 

VCS at the proposed circuit when the PEH was subjected to a 
peak-to-peak strain loading of 500 με at 10 Hz. The inset 
shows that there will always be a slight drop in the voltage 
across the PEH when the rectifying switches from the VD 
topology to the FB rectifier topology. This is regardless of 
whether the voltage vg from the PEH using the FB rectifier is 
eventually higher or lower than the triggering point of VTH-VD 
as in the case shown in Fig. 9. This further proves the need for 
the reference voltage switching to avoid unnecessary 
switching back to the previous rectifier topology. It should be 
noted Vrect does not drop immediately because the Ci still holds 
some charges.   

Also, with the same 22 mF storage capacitor, VCS in Fig. 13 
reaches 3.3 V in less than 60 s. Comparing with the maximum 
VCS in Fig. 12 that was charged up to around 1.8 V when the 
peak-to-peak strain loading applied onto the PEH was 300 με, 
it is clear that more power can be obtained from the PEH if the 
vibration excitation is higher. This result shows the rationale 
of using FB rectifier when the voltage is high. If a fixed VD 
was used when the PEH in this work was subjected to a peak-
to-peak strain level of 300 με, Vrect would have reached 20 V, 
which is the maximum voltage limit of the PMC used in the 
experiment. Applying higher strain levels onto the PEH would 
be prohibitive as it will cause Vrect to exceed the maximum 
voltage limit of the PMC, where the PMC could be 
permanently damaged and may no longer functioning 
properly. This means a PMC with a fixed VD for rectification 
has a lower upper limit of the power transfer range due to the 
voltage amplification by the VD that may cause Vrect to exceed 
the VPMC(max) of the PMC even when the vibration excitations 
on the PEH is low.     

D. Power Consumption, Dissipation, and Loss 
Fig. 14 shows the power consumption of the control circuit 

and dissipation in the rectifier of the proposed rectifying 
circuit against the rectified voltage. The proposed rectifying 
circuit operates using the VD topology when the piezoelectric 
voltage is low up until the threshold voltage of VTH-VD. The 
rectifying circuit operates using the FB rectifier topology only 
when the piezoelectric voltage is higher than the preset 

 
Fig. 14. Power consumption and dissipation of the proposed rectifying 
circuit in different rectifier topologies against Vrect. 
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Fig. 13. Measured voltages at the proposed circuit when the connected 
PEH was subjected to a peak-to-peak strain level of 500 με at 10 Hz. 
The area within the dashed line is enlarged in the inset. 
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threshold voltages. As the rectifying switches from VD to FB 
rectifier when Vrect exceeds the threshold voltage, Vrect 
decreases without the voltage amplification from the VD. 
With the reference voltage lowered as well, the rectifying 
circuit continues to operate using the FB rectifier topology as 
long as Vrect is above VTH-FB. Thus, there are two power 
consumptions within a certain range of Vrect as the rectifying 
circuit could be operating using either topology depending on 
the circumstances explained.     

The power consumptions are slightly different with 
different rectified voltage and rectifier topologies due to the 
difference in the voltage VDCC applied onto the comparator and 
the resistance of the resistive divider network in the different 
rectifier topologies used, respectively. As discussed earlier in 
Section III, VDCC follows the amplitude of the rectified voltage 
Vrect until it reaches 4.6 V. Therefore, the power consumption 
is as low as 240 nW initially due to the low Vrect and increases 
linearly with Vrect. The maximum power consumption becomes 
relatively constants at around 410 nW when Vrect is higher than 
4.6 V because VDCC becomes steady at around 4.15 V.   

The component that consumes the most power in the 
proposed control circuit is the comparator. The comparator 
consumes about 97 nA of current in all the test conditions. 
However, the resistance of the resistive network in different 
rectifier topologies is different as depicted by (4) and (5). The 
total resistance in the resistive divider network is higher in the 
FB rectifier topology, which leads to a slightly lower power 
dissipation at 404 nW for the FB rectifier topology. Given that 
the overall power consumption of the proposed rectifying 
circuit is low in the nanowatts range, it has very little impact 
on the existing PMC as shown in Fig. 5 and Fig. 6 where the 
circuit can start-up despite the low power from the PEH. 

However, the power dissipation PD of FB rectifier is much 
higher at 14.31–79.97 µW compared with VD at 0.36–12.75 
µW. PD increases with Vrect in both topologies, which is 
expected since the piezoelectric voltage and current usually 
increase with the vibration excitation applied onto the PEH. 
Based on the Shockley equation, VF in FB rectifier is higher 
than VD because the circuit switches to FB rectifier when the 
piezoelectric voltage has increased to a sufficiently high level 
above the threshold voltage due to higher vibration 
excitations. This means the current generated by the PEH that 
flows through the diodes is also higher in FB rectifier. 
Furthermore, the numerator of (1) for VD can be seen as (|vg| − 

VF) − VF where the term (|vg| − VF) is the voltage in the 
positive half cycle that will be rectified after subtracting the 
offset that occurs during the negative half cycle that charges 
CP via D1. Thus, only one VF will contribute to PD in VD at a 
time in each of the half cycles of vg whereas vg has to go 
through the diode pairs of D2,4 or D3,1 in FB rectifier, which is 
a loss of 2VF in each of its half cycle.   

E. Comparison with Other Solutions 
Table I compares some features of the proposed circuit that 

are common with other reported solutions since a like-for-like 
comparison is difficult due to the different implementation 
technologies and operating environments. The proposed 
circuit does not require an additional or custom made 
transducer to achieve an extended operating range. The power 
ratio ηP is high at more than 0.9 and is comparable with some 
reported rectifiers. ηP is obtained by taking the second term 
over the first term of (6). Fig. 15 shows that ηP follows the 
same trend as ηV because ηP contains exactly the same voltage 
terms as ηV in addition to the currents ig and Irect where the 
amplitudes of the currents are the same. ηV remains high 
above 0.9 throughout the whole circuit operation, which 
justified that the chosen VTH-FB for the topology switch from 
VD to FB rectifier is high enough although ηV drops following 
the switch, which is expected due to the higher loss in FB 
rectifier as explained earlier. The operation range of the 
proposed reconfigurable rectifier is also comparable with other 
solutions. However, it should be noted that the maximum 
operating voltage is mainly limited by the voltage limit of the 
PMC and MOSFET used as the diodes used can withstand a 
voltage of up to 70 V. Therefore, it is possible to further 
extend the operation range of the system if other PMCs and 
components with higher voltage limits are used.   

VI. CONCLUSION 
An adaptive self-configurable diode based rectifier to allow 

piezoelectric energy harvesting over a wider range than a 
circuit that uses only one fixed rectifier topology of VD or FB 
rectifier is presented. The proposed rectifying circuit switches 
between the VD and the FB rectifier topology based on the 
voltage from the PEH. It can be easily realized by adding a 

TABLE I 
COMPARISON WITH OTHER SOLUTIONS 

Reference Technique Piezoelectric 
Transducer ηP 

Voltage 
range 

[14] Active FB 
rectifier  

Emulated with 
voltage source 

0.90 
(peak) 

N/A 

[19] Passive VD 
rectifier 

1 Piezo Systems 
Q220-A4-303YB 

>0.95 3–20 V 

[22] Connection 
switching 

2 Mide V20W  0.10–0.50  2–12 V 

[23] Split-
electrode  

1 custom PEH 
with 8 electrodes  

0.22–0.52 
(FBR) 

1.5–20 
V 

This 
work 

Topology 
switching 

1 Smart Material 
MFC8528-P2 

0.93–0.98  1.2–20 
V 

 
 

Fig. 15. Voltage and power ratios of the proposed rectifying circuit in 
different rectifier topologies against Vrect. 
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switch to a passive FB rectifier. The rectifying circuit operates 
as a VD when the switch is closed, and a FB rectifier when the 
switch is open. The proposed rectifying circuit was integrated 
into an existing PMC to demonstrate its ease of 
implementation and operation.  

The proposed rectifying circuit is able to cold start from a 
piezoelectric voltage of 1.2 V, which is comparable to other 
reported active rectifying circuits. The PMC with the proposed 
rectifying circuit can begin its operation with a much lower 
vibration excitation applied onto the PEH than the PMC 
without the proposed rectifying circuit. Low voltage from the 
PEH due to low vibration excitation is amplified by the 
rectifier using the VD topology to reach the minimum 
operating voltage of the PMC for energy transfer. When the 
voltage from the PEH exceeds a threshold voltage, the circuit 
switches to FB rectifier so that the voltage from the PEH is not 
amplified to the extent that it exceeds the maximum operating 
voltage of the PMC. This allows the PMC to continue 
harvesting energy from the PEH at higher vibration excitations 
which have a higher power.  

Reference voltage switching approach is employed where 
two different reference voltages are used by the control circuit 
for the different rectifier topologies. This prevents the 
rectifying circuit from switching unexpectedly between the 
two different rectifier topologies, which affects the amount of 
power harvested from the PEH by the PMC. The LPF used 
also gives a steadier performance to the proposed rectifying 
circuit. 

The power consumption of the proposed control circuit is in 
the range of nanowatts between 240 and 410 nW. This is due 
to the simplicity of the circuit and the choice of the selected 
components. This allows the circuit to operate from low power 
conditions, which is essential in energy harvesting 
applications, as proven from the prototype that was integrated 
into an existing PMC for piezoelectric energy harvesting. The 
power dissipation in the diode rectifier is higher at microwatt 
range, especially in the FB rectifier. Therefore, it is 
recommended to use the VD topology for as long as possible. 
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