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Self-Powered and Self-Configurable Active Rectifier
Using Low Voltage Controller for Wide Output
Range Energy Harvesters

Zheng Jun Chew

Abstract—This article presents a self-configurable and self-
powered active rectifier that operates from 0.25-20 V for energy
harvesting applications. The proposed circuit self-startups from a
low voltage using a charge pump and amplifies the voltage with
a voltage doubler topology to provide succeeding circuits such as
boost converters with a higher voltage. When the voltage of the
energy harvester reaches a high threshold, the circuit switches its
topology to a full-wave rectifier that does not amplify the volt-
age. The start-up circuit can limit its voltage intake to prevent
boosting the high voltage, which may damage the whole circuit.
Comparators with a maximum operating voltage of 5.5 V used in
the implementation of the rectifier are protected by a diode and
resistor based circuit. A piezoelectric energy harvester (PEH) that
has a wide open-circuit voltage of 0.4-15 V under the acceleration
of 0.04-0.3 g was used to test the circuit. The experiment results
showed the rectifier can startup from 0.25 V and switch its topology
according to the PEH voltage. The voltage and power conversion
efficiencies are over 90% in most cases.

Index Terms—Energy harvesting, full-wave rectifier, self-
configurable, self-powered, voltage doubler, wide range.

1. INTRODUCTION

NERGY harvesting has been long sought as an alternative
E to batteries for powering wireless sensor nodes, especially
for industrial monitoring applications because the need to re-
place the large numbers of batteries is costly [1]. Common
energy harvesters are solar cells [2], thermoelectric generators
[3], piezoelectric [4], and electromagnetic transducers [5]. The
voltage amplitude output by the energy harvesters could be low,
high, or span across a wide range due to factors such as ambient
conditions [4], structural designs [6], dimensions [7], and trans-
duction mechanisms [8]. For example, under normal operating
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conditions, an electromagnetic transducer outputs 1-60 V of
open-circuit voltage Voc when it is harvesting energy from a
current-carrying rail track [9]. A piezoelectric energy harvester
(PEH) that output an V¢ range of 0.5-11.6 V when excited
at 0.05-0.25 g was also reported [10]. The output power of the
aforementioned devices spans from hundreds of microwatts to
over hundreds of milliwatts, which is enough to power wireless
sensor nodes [11]. Thus, neither the low nor the high voltage
range can be ignored. Since the first interface for transducers
that usually have an ac output is generally a rectifier to convert
the ac energy to dc, rectifiers require attention to manage wide
output ranges efficiently.

Various types of rectifiers have been reported but very few
can rectify wide output ranges efficiently. Standard rectifying
circuits such as full-wave bridge rectifier (FBR) and voltage
doubler (VD) are still widely implemented especially by using
passive diodes. This is because passive diode-based rectifiers are
simple and robust [12]. However, diodes have a forward voltage
drop VF of around 0.2-0.6 V. If an energy harvester has a low
voltage or high current, the losses in the rectifier are high with
only a fraction of the power delivered to the end device even
when an optimally designed transducer generates a significant
amount of usable power. FBRs and VDs suffer from 2V and
Vg per rectifying cycle, respectively [13]. VDs have a lower
loss than FBRs but they are not suitable for all the scenarios as
VDs amplify the rectified voltage. When the energy harvester
voltage becomes high, further increment of the high voltage by
VDs could damage the circuits after the VDs, unless the circuits
have high voltage ratings. This might not be feasible for some
technologies due to the inherent voltage limitations and high
costs [13], [14].

Instead of diodes, active rectifiers use MOSFETS to have im-
proved performance in rectifying both high and low ac voltage
because MOSFETs do not have Vy when they are turned ON
[15], [16]. Commonly used simple and low power design com-
prises two positive-channel metal oxide semiconductor (PMOS)
and two negative-channel metal oxide semiconductor (NMOS),
which still have a voltage drop that needs to be overcome due
to their inherent ON/OFF threshold voltage [17]. The voltage
drop of the NMOS can be reduced by driving their gate using
comparators that take the voltage of an energy harvester directly
as their input to produce the switching signals [17], [18]. The
operating voltage of such design is limited by the supply and
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Fig. 1.  System architecture of the proposed rectifying circuit.

breakdown voltages of the comparator because the voltage to
the input of the comparator cannot exceed these voltages, which
is 5 V in many standard low power fabrication technologies
[15], [18], [19]. High voltage comparators are available but their
power consumption rises with the supply voltage [20], which is
undesirable in energy harvesting due to limited power.

As the only power source, the energy harvester also needs to
output sufficiently high power and voltage to start-up the circuits
for proper operation. The start-up voltage of active rectifiers
could be over 1.2 V, which is similar to or even higher than
Vr of passive rectifiers as they rely on the energy harvesters to
directly produce the voltage required for their start-up [15], [18],
[21]. To start-up from low voltage, voltage multipliers have been
used to amplify the voltage for starting-up [8], [22]. Given that
ambient conditions in the real world are highly dynamic, there
will be occasions that energy harvesters output very high voltage.
When the start-up circuit amplifies the already high voltage, the
voltage from the start-up circuit could be so high that it damages
the entire circuit.

Rectifiers that can reconfigure as FR or VD to operate over
an extended voltage range than conventional fixed topology
rectifiers have been proposed. They were implemented using
either a passive rectifier [21] or an active rectifier [23]. However,
they do not address the aforementioned issues, especially in
operating above 5 V using low voltage and power driver for
the active rectifier and starting-up from sub-1 V. This article
presents a self-powered and self-configurable active rectifier to
address the narrow operating range issue of conventional active
rectifiers for any energy harvesting applications. It uses different
topologies of either FR or VD based on the voltage of the energy
harvester to rectify the wide voltage range. Diode-resistor and
transistor based solutions are applied on low voltage nanopower
comparators and the start-up circuit, respectively. This allows the
comparators to operate with the high voltage from the energy
harvester as their input signal and the start-up circuit to limit high
voltage intake, which avoids amplification of the high voltage
that will damage the circuit. A PEH that has a wide output range
was used to test the circuit as a use example.

II. SYSTEM DESCRIPTION

Fig. 1 shows the diagram of the proposed rectifying circuit.
It consists of a passive diode-based FBR in parallel with an
active rectifier that can switch its topology, a control circuit that
configures the rectifier topology, two driver circuits to switch

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

Vsw d’S\V Vrect,a J—CfeCt Ry Vrect,p (E
Mpl MPZ 1: = Vrect,a 0
DR3 DR4 VPZI /\_/\_/ g
Vezi Vo5 Vo —I1_T1
Jl N2 Voza (I)/
Vani |+|DR1 Dr Vana Vano JL_T1L_
(a)

Vrectp VSW L e 0
SW Vectd J—Crect§ Vrectp - ;Ij

Mp, Mp, L Vieeta £ /N /%
Vle M_/ 20V
MNMMNZ Vani _,_l_,_LzoV
Vozp — %

VGNIJ Dri Dra VGNz 1% —
GN2 0

(b)

Fig. 2. Illustration of the operation of the proposed circuit as a (a) FR and
(b) VD. Greyed out components are not a conduction path.

the NMOS, and a start-up circuit. The whole system operation
and switching mechanism will be explained here.

A. Whole System Operation

The two terminals of the PEH, each with the voltages Vpz; and
Vpza, respectively, are connected to the circuit. The passive FBR
and active rectifier are connected in parallel to output a rectified
voltage Vi...t. The PEH voltage is rectified by the FBR formed
by four Schottky diodes, D14 when the circuit is starting up
for the first time without energy stored in its energy storage
capacitors. The output of the FBR V¢ ;, is fed into the start-up
circuit, which is a charge pump driven directly by the PEH. Once
the output from the start-up circuit Vgy reaches the minimum
operating voltage to run the driver circuits, the active rectifier
will be operating as a VD by default to give a higher rectified
voltage to succeeding circuits at the output of the rectifier for
an easier start-up in case of a low PEH voltage. The switching
from one topology to another is based on the voltage requirement
and limit of the succeeding circuits. The mode control circuit
monitors V...t to decide on the topology to be used. The rectifier
switches to the full-wave rectifier (FR) when V... is sufficiently
high as further voltage amplification in VD mode will be too high
for the succeeding circuits and switches back to VD when Vet
becomes too low.

B. Rectifier Operations and Topology Switching

The rectifier configures itself as either FR or VD using the
same set of components. Fig. 2 shows the components in use and
some key voltage waveforms of the rectifier in FR and VD modes
once Vgy is sufficiently high for the whole system operation.
The active rectifier is formed by two gate cross-coupled PMOS
Mp1 o that are driven by Vpz with an arbitrary amplitude V and
two NMOS My 2 that are driven by driver circuits with the
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outputs Vni and Ve applied to the gates of My and My,
respectively. A normally-OFF switch SW links the outputs of
the passive and active rectifiers at specific times for a proper
operation of the circuit. When the output of the active rectifier
Vrect,a 18 higher than the passive rectifier Vyect,p, SW is turned ON
by the signal Vg . As SW closes, the outputs of both passive and
active rectifiers are connected as a common output of Vyect. The
active rectifier is the dominating element in rectifying ac voltage
as the MOSFETs provide a current path with a lower voltage drop
than Vg of the diodes that form the FBR. The switch is open
to prevent energy backflow from the smoothing capacitor Cyect
when Viecy o 1 lower than Vieet,p. As a FR, Mpy, and My are
used to rectify the half cycle of the PEH output voltage when
Vpz1 > 0 while Mpo and My are used for the other half cycle
when Vpygo > 0.

To operate as a VD, NMOS Mz is constantly turned ON to
bypass diode Dgs. Thus, the anode of Dy, and the terminal of
the PEH at Vpy, are pulled to ground. As a sufficiently large
Crect tends to hold charges at the output of the rectifier, there
is usually a positive voltage at the cathode of Dr3 and Dgy.
Thus, Dr4 can be regarded as open circuited since it is reverse
biased by the voltage at its cathode and ground connection at
its anode. Mp; is always turned ON as its gate is connected to
Vpza, which is always LOW. This in turn connects the source
and gate of Mp, together, which makes Mpy always OFF. As
Vpz1 goes to zero, Vg1 from the driver circuit turns HIGH to
turn ON My;; to charge up the intrinsic capacitor of the PEH. As
the piezoelectric voltage increases again, the energy from the
PEH is transferred to the output of the rectifier via Mp; and SW,
which will be toggled as explained earlier. Dgy and Dyg are still
valid current paths as VD but as in the case of the FR, Mp1, and
Mn;; are the dominating elements, which without Vi provide a
lower loss current path than the diodes.

III. SYSTEM DESIGN AND ANALYSIS

Low power is one of the main considerations as most of the
harvested energy should be for the end device instead of being
used by the interface circuit [12]. Thus, various methods to en-
able the low voltage components to operate over a wide voltage
range are used in the rectifier, driver circuit, start-up circuit, and
control circuit that all have different operating conditions as part
of these individual subsystems.

A. Rectifier

Apart from Drj 4, Mp1 2, and My 2, resistors Rgq 2 and
gate protection diodes Dggy 2 are also part of the rectifier, as
shown in Fig. 3, to protect Mp; 2. A MOSFET may have a high
drain-source voltage Vpg rating but its gate-source voltage Vgg
rating is usually much lower. The possible high voltage from a
PEH may cause V., at the source of Mp; » to be high and the
high voltage is held by Ciect. In the conventional cross-coupled
connection, the gate of the PMOS at one side is connected
directly to the terminal of the PEH at the other side, as shown
in Figs. 1 and 2. Thus, the voltage applied to the gate is Vpy,
which can be slightly lower than zero at its trough. With Ve a
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Fig. 3. Schematic of the rectifier, switch controller, and driver circuit.

remains high due to Cyect, Vgs can be very high that it exceeds
the breakdown Vg of Mp and permanently damages Mp. With
aDgg in between the source and gate of Mp and R between the
gate and the ground, as shown in Fig. 3, the gate voltage V¢ of
Mp no longer goes to a very low voltage that creates a high Vis.
Dgs suppresses Vs to be within its clamping voltage if Vg
exceeds that voltage. The gate voltage of Mp drops across Rg.
Thus, an appropriate value of Rg is required to reduce power
dissipation without affecting the switching of Mp as Rg forms
an RC circuit with the parasitic capacitance of Mp. The RC time
constant needs to be much shorter than the period of the vibration
applied to the PEH for a proper operation [24].

B. Switch Controller

The switch SW is realized by an NMOS My, which has
its drain and source connected to the output of the passive and
active rectifiers, respectively. Since the voltage at the source of
Mn3 i8S Viect,a» M3 is turned OFF when the voltage applied to
its gate equals V¢ o. To turn ON My, the voltage applied to its
gate has to be at least Vyec o plus the threshold voltage Vg of
Mns. A switch controller that comprises a comparator CMPs,
a diode Dgw, and two resistors Rgw is used to toggle Mys.
CMPs is driven by using a bootstrap capacitor power supply
that is referenced to V,ect,o. The start-up circuit charges up the
bootstrap capacitor Cg to voltage Vsy viadiode Dg when Viect o
reaches its trough. As V,et, increases, the voltage Vg across
Cp increases accordingly to a level that is equal to Vgy plus
Viect,a minus Vi of Dp to power up CMP3. With the ground pin
of CMP3 at Viect,a, this gives CMP; an output voltage of higher
than Viect,a by Vsu minus Vi to fully turn ON My and a LOW
output voltage of Vyect o, Which is low enough to turn OFF Mys.

The positive input of CMPs is biased at the voltage Viect,a
via Rgwi. The negative input is linked t0 Viec,n Via Rgwo
and Viecr,p via Dgw. Dsw is reverse biased when Viec o is
lower than V¢, ,,. Thus, the voltage at the negative and positive
inputs are equal at Vet o for CMP3 to output a voltage Vaw
that is LOW to keep My OFF. When V¢t . becomes higher
than Viect,p, Dsw is forward biased and conducts current. This
causes the voltage at the negative input to become slightly lower
than the positive input due to the voltage drop across Rgwa.
Thus, the switching voltage Vsw becomes HIGH to turn ON
Mys. As the inputs and ground of CMP3 and Cp are referenced
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t0 Vrect,a» @ low voltage comparator can be used to implement
CMPs.

C. Driver Circuit

As mentioned earlier, conventional active rectifiers that con-
nect the negative input of the comparator directly to the PEH
have a limited operating voltage range unless a high voltage
comparator is used [18]. The comparator turns on the NMOS
whenever the voltage of the PEH at its negative input goes to
zero or below, as shown in Fig. 2. Since the comparator turns on
the NMOS when the PEH voltage is LOW, the high voltage of the
PEH is not needed and can be decoupled from the comparator.
The proposed driver circuit uses a resistor R¢ and a diode D¢
with its anode connected to the negative input of CMPq 5 to
isolate the high voltage. The other end of R is connected to the
ground and the cathode of D¢ is connected to the terminal of
the PEH. D¢ is reverse biased when Vpy is higher than its Vg
since its anode is connected to the ground via Rc. Thus, D¢ can
be regarded as open-circuited, which prevents very high Vpz to
be directly applied to the negative input of CMP and damaging
it. Before My o are switched ON, DRy 2 are the current path
due to their lower Vg than the inherent body diode of MOSFETS.
Thus, the trough of Vpy will go below zero to —V. This causes
D¢ to be forward biased, which applies a negative voltage at
the input of CMP. With the positive input of CMP; 5 at zero,
which is higher than the negative voltage, CMP; » output a
HIGH signal Vg2 to turn ON My 2. Thus, this circuit design
allows an active rectifier to be implemented using low voltage
comparators regardless of the high PEH voltage with negligible
power dissipation at D¢ and Rc as their voltage drop is very
low.

The positive input and ground terminal of CMP5 are joined
together and floated when the circuit is first started up. They
are disconnected from the system ground by My, which is in
an OFF state initially. The floating voltage at the positive input
of CMPs, is always higher than the negative input that is pulled
to the ground by Rc. Thus, CMPs has an always-HIGH output
that constantly turns on My for a VD topology by default. M4
will be turned ON by the control circuit when Vpy is sufficiently
high to connect the negative input and ground pin of CMP
to the system ground. CMPs will then operate as described in
the earlier paragraph, where it turns on My for the rectifier to
operate as a FR when Vpys reaches its trough.

D. Start-Up Circuit

The start-up circuit consists of Schottky diodes Dy, flying
capacitors Cy, four MOSFETS Mpj_4, and filter capacitors Cv;
and Cy,, as shown in Fig. 4. Mp; 4 are used as the voltage
regulator here by applying a regulating voltage at their gate.
Mp;-_4 are turned ON when the applied Vg > Vi of Mp. The
voltage relationship can be rewritten as (1) and rearranged as
(2). The applied gate voltage Vg limits the maximum voltage
Vs that can present at the source terminal of Mp. Mp;_3 limit
the voltage intake of Vpz and V,ect,p, Which can be very high.
Mpy further limits the output from the charge pump to ensure
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Fig. 4.  Schematic of the start-up circuit.

Vsu is always within a safe level for the circuits

Va—Vs > Vin (D
Vs < Vo — Vrn. 2

The circuit has an even number of stages n with each Dy—
Cvy pair forming a multiplier stage. The start-up circuit takes
Vrect,p as its input with the PEH driving its flying capacitors Cy
to provide an amplified voltage Vgy and current Igy as in (3)
for starting-up the driver and control circuits [25]. The source
voltages Vs_mp3 of Mps and Very of Mpy 2 are equal to Viect,p
and Vpy, respectively, if they are lower than the condition on
the right of (2). Otherwise, the voltages are limited by the Vg
applied and Vg of Mp. Since the flying capacitors are driven
directly by Vpyz, fpz is the vibration frequency of the PEH

Vou=Vs_mp3—Ve_pv+n (Viy — Ve_pv) —nlsu(Cv foz) .
3)
Depletion-mode MOSFETs are used as Mpj_4 as they are
normally closed devices that allow current flow even when
V@ applied to their gate is zero to enable cold start-up of the
circuit. However, their channel resistance is usually higher than
enhancement-mode MOSFETs such as Mpj 2 and Mys 4. By
taking one stage that is formed by Cy/; and Dy as an example,
Cy1 will be charged up to a voltage that is equal to Ve, minus
Vr of Dy and the voltage drop of Mps, and then boosted by
Vpz1 minus the voltage drop of Mp;. The voltage drop of Mp
increases with their resistances, which reduces the peak voltage
at each stage and the output voltage of the start-up circuit. Thus,
Vsu is applied to the gate of Mpj_3 to reduce their resistance
for a higher Vgy. Depletion-mode MOSFETs have a negative Vg
where Vg has to be lower than Vg to meet the condition, as given
by (1). Instead of generating a negative Vg using an additional
circuit, which consumes more power, Cy; and Cy, are used to
hold the voltage at the source of Mp3 4 so that the minimum V¢
can simply be zero to limit the voltage at the source of Mp to a
voltage that is equal to the Vg of Mp. A diode in between Cv,
and Cy, to prevent backflow of the charges is not required in this
design. When the rectifier is in FR mode, the amplitude of Vpy is
sufficiently high where the voltage at Cv,, has already exceeded
Vsu, which is regulated by Mpy4. In VD mode, the even-number
stages are not acting as the multiplying stage because Vpys is
at the ground. Thus, Dy, at the last stage directly acts as the
blocking diode here.
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Fig. 5. Schematic of the mode control circuit.

E. Mode Control Circuit

The mode control circuitis shown in Fig. 5, which consists of a
comparator CMP,4, a PMOS M,..¢, and some resistors. Resistive
voltage dividers are used to scale down V.. and a reference
voltage V.. to an appropriate ratio as Vry at the negative and
Vrp at the positive inputs of CMPy, respectively. Vi is lower
than Vrp in VD mode and vice versa in FR mode for CMP4 to
output Vi that toggle My as explained earlier in the driver
circuit section and M, for switching the rectifying topology as
Viect reaches a threshold. Switching M,f ON and OFF leads to
the rectifier operation as a VD and FR, respectively.

As the rectifier switches from VD to FR, V...t and hence,
Vrp reduce by half. If Vry is unchanged, it could be higher
than Vgp, causing CMPy to output a LOW signal that switches
the circuit to operate as a VD again and amplify V,eci. This
will trigger the circuit to switch back to FR again and the cycle
repeats, alternating between the two rectifying modes in an
unstable state. Thus, the value of Vi needs to be adaptive to
the rectifying mode. The reference in VD mode Vgry_yp has to
be higher than the one in FR mode Vg pr, which decreases
as Vrp is halved. This is achieved by a reconfigurable resistive
divider network formed by Ry1-3 and M,f. When M, is turned
ON in VD mode, it acts as a closed switch to bypass the resistor
Ry Thus, Vryvp is given as

Rus

S I 4
Rus + Rus ™ @

VRu-vp =
When M, is turned OFF, it does not have any effect on the
resistive divider network. Thus, Vry.pr is expressed as

Rus
Ry + Ru2 + Ras

VRu-FR = Vet (5)

Equation (4) slightly differs from (5) in the denominator
where Ry; is excluded from (4) as M,.r is switched on as
explained earlier. Thus, Vr_vp is higher than Vg because
of its smaller denominator. When M,..¢ is turned OFF in FR mode,
Ry 1s included in the voltage divider to reduce Vyyr as Vrp is
lowered due to the switching from VD to FR to prevent the
repetitive mode toggling issue [21].

The diode-resistor or transistor-based method applied to the
other circuits in earlier subsections are not used here as they
isolate high voltage from the circuits or limit the voltage intake,
which does not allow the scaling of the voltage. Although it is
possible to use a resistive voltage divider in the other circuits,
they are not ideal as the resistive networks continually dissipate
power. Also, when the PEH voltage is very low, the scaled-down
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voltage will be even lower, which might not be recognized by
the comparators as a valid signal.

IV. EXPERIMENTAL VERIFICATION

Fig. 6 shows the experimental setup with the PEH, which uses
a piezoelectric stack as its active element (PICMA P-887.91,
PI ceramic) fixed on an electromagnetic shaker (V20, Data
Physics). The acceleration exerted by the shaker was mea-
sured by a laser Doppler vibrometer (CLV2534, Polytech). The
voltages and currents, which are represented by the arrows as
indicated in Figs. 3-5 were measured using sourcemeter units
(2612B, Keithley), which have the accuracies of within £0.03%
[26]. The terminals of the PEH were connected to a resistor first
to characterize its power bandwidth. The frequency range of the
bandwidth was used to test the circuit. The optimal resistance
for each tested vibration is different [10]. Thus, the resistance
was manually tuned until maximum power output from the PEH
is obtained.

A. System Implementation

The circuit was implemented using discrete components on
a breadboard. The enhancement-mode MOSFETs were chosen
based on their low channel resistances, low gate charge, and low
Vra. MN1-4 are BSS806N and Mp; o are DMG2301LK. An
external Dgg is not used as Mp1 o has a built-in gate protection
diode. These MOSFETs have a breakdown voltage of 20 V, which
sets the maximum operating voltage limit of this circuit. The
chosen Mp (BSS159) has a |Vry| of 2.4-3.5 V, which is a
common voltage range for many circuits if the applied Vg is
0. Comparators with a minimum operating voltage of 1 V and
quiescent current /o of around 0.3 pA were used as CMP;_3
(TS881) and CMP, (LTC1540) so that the circuit can operate
from low voltage at low power. LTC1540 has a built-in bandgap
reference voltage of 1.182 V to be used as Vief.

CDBHO0230 was used as Drj 4, Dc1,2, Dsw, and Dp for
their low Vg of 0.24 V. SDM02U30LP3 were chosen as Dy due
to their low Vg of around 0.1 V so that the start-up circuit can
generate a Vgy of atleast 1 V with as few stages as possible. This
is to ensure Dy and Cvy, especially those at the later stages do
not experience very high voltage but are still able to start-up the
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circuit. Assuming that the minimum voltage is 0.25 V, which is
higher than Vr of CDBHO0230 for the FBR to conduct and based
on [3], a six-stage charge pump was used as the start-up circuit.
SDMO2U30LP3 was not used as the FBR as its leakage current
is about 100 times of CDBHO0230, which incurs higher losses
and degrades the performance of the FBR.

From the datasheet, the input capacitance of Mp 5 is around
0.2 nF [27]. To ensure a time constant that is much shorter than
the period of the vibration, R was chosen to be 330 k2. Even
with the gate protection circuit implemented, it is still best to
avoid operating the circuit at very high voltage for a prolonged
time. Considering that Mp » have a Vgg of 12V, the circuit
was set to switch from VD to FR at around 11 V. Ry, Rgs, and
Rys were set to be 100 MS2, 20 MS2, and 30 M, respectively.
This gives Vru.vp and Vi rr the values of 11.06 V and 3.69
V, respectively. Rp; is 20 M) and Rps is 1.37 M2, so that the
maximum Vyp is 1.182 V, which is equal to V,ef when Vieey is
20 V. R and R are 10 MS). The resistor values are in the tens
of megaOhms range to limit the maximum power dissipation to
nanowatts range.

B. Testing Methods

The first test was to determine the start-up capability of the
prototype from the low voltages of the PEH. A range of low
accelerations and frequencies was applied to the PEH via the
shaker until the circuit started to operate. Then, the circuit
was tested by sweeping across a frequency range around the
bandwidth of the PEH, over a range of accelerations and resistive
loads. The test includes verification of the topology switching
and voltage regulation, power losses, as well as the voltage 1y
and power np conversion efficiencies of the circuit as given
by (6)—(8). The power at the different parts of the circuit was
determined using (6). At of 0.5 ms is the sampling period and
tn is 70 s to ensure sufficient data sample is taken. The subscript
x represents the measurements made at different parts of the
system such as “PZ”, “rect”, and so on

N
Z Vg (tk) Z'm (tk) At
p, == . (6)
‘/I'CCt
— 1 7
v Vo] x 100% (7
B
np = P:;‘ % 100%. (8)

V. RESULTS AND DISCUSSIONS

Fig. 7 shows the open-circuit voltage of the PEH that ranges
from 0.4—15 V under the acceleration of 0.05-0.3 g, which is
common in industrial environments [28]. When an optimal resis-
tive load is connected to the PEH, the output current amplitude
is 2-27.7 mA and power is 287.6 W-51.74 mW. The vibration
frequency of interest in this article is around 150-163 Hz, which
is the power bandwidth of the PEH used [10].
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Fig. 7. Open-circuit voltage (top), current (marker), and power (bottom) with
an optimal resistive load of the PEH excited by different accelerations.

Voltage (V)

WV

Pz ) Vrect .

GN2
0 10 20 30 40 50 60 70
Time (s)

Fig. 8. Measured Vpz, Vrect, Van2, Vsu, and Voye with the PEH excited
at the acceleration from 0.04-0.2 g. Inset shows the enlarged view of the area
from time 0 to 2.5 s.

A. Start-Up

Fig. 8 shows the measured Vpyz, Vsu, Vane, and Veye when
the PEH was excited at a vibration frequency of 153 Hz that
swept over the accelerations from 0.04—0.2 g. The inset shows
the transient state of the circuit. The start-up circuit can operate
as soon as there is a voltage from the PEH. The start-up circuit
produces Vgy of up to 1.1 V from |Vpz| of 0.25 V at the
acceleration of 0.04 g to startup the rectifying circuit. The output
voltage Vgno from CMP; is fluctuating initially but becomes
steady at around 0.65 V within 2 s and follows the amplitude
of Vgu closely afterwards. As Vgneo reaches 0.6 V, which is
sufficiently high to fully turn ON My, Vpyz in the negative half
cycle reduces to almost zero. The gap between |Vyoct| and |Vpy|is
large before Vg reached 0.6 V as Vpy is rectified by the passive
FBR. When Vgy is higher than 0.6 V for the active rectifier to
operate, |Vyect| becomes close to [Vpy|.

The acceleration was gradually increased to 0.2 g after 14 s
where the amplitude of Vpy reached 3.5 V. The voltage Vv at
the last multiplier stage of the charge pump before Mp, of the
start-up circuit is about 11 V, which is too high for most of the
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Fig. 9. Measured Vpyz, Viect, Van1, VanNe, and Vi with the PEH excited
by sweeping back and forth over a range of acceleration at 159 Hz. Inset shows
the enlarged view of the area from time 15.8 to 15.9 s.

low power comparators. With the voltage regulation using Mp,
as described in Section III-D, Vgy is regulated at 2.5 V.

B. Rectification and Self-Configurability

Fig. 9 shows the measured Vpz, Viect, Vani, Vane, and Vru
as the PEH was excited by a gradually increased acceleration
until the PEH voltage is 15 V and back to 0 g at 159 Hz to test
the topology switching functionality of the circuit. The circuit
begins its operation in VD mode by default, where Vpz can be
seen to have zero amplitude in the negative half cycle. Vgne
is also HIGH to keep Mn2 always turned ON. V.. increases
with the acceleration until it reaches around 11.22 V at 15.8 s.
VrMm becomes HIGH to turn ON My and switches the circuit to
FR mode where Vpy can be seen to have an equal amplitude in
both the positive and negative half-cycles. V... also reduces
following the switch. Vgne now becomes pulses to turn ON
My at the appropriate time when Vg is LOW, as shown
in the inset. The results indicate the proposed diode-resistor
circuit enables the low voltage comparators with the supply
voltage of 2.5 V to operate using high voltage of over 10 V
from the PEH as their input signal without being damaged.
As the acceleration reduces, Vpy decreases until Ve drops
to 3.77 V at 33.6 s. The circuit then switches back to VD
mode when Vi goes LOW. Vit can be seen to increase
and the negative half cycle of Vpy disappears again. The volt-
ages for topology switching are in good agreement with the
calculated one.

Fig. 10 shows the measured currents ipy from the PEH
and i,ec4 output by the rectifier at the acceleration of 0.3 g as
an example. The frequencies used are 150 Hz and 159 Hz to get
alow and high voltage, respectively. The MOSFETs are switching
appropriately in either VD at 150 Hz or FR mode at 159 Hz,
where the waveform of the rectified current i, closely follows
the waveform of the input current ipz. In VD mode, ipz in the
negative half cycle is used to charge up the PEH itself and is not
passed through the output of the rectifier as iyec¢t. In FR mode,
ipz in the negative half cycle is rectified as i, at the output of
the rectifier. There is no backflow of i,...; from the rectifier output
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Fig. 10. Measured ipz and iyoct When the rectifier is in VD mode (top) and
FR mode (bottom) with the PEH excited by an acceleration of 0.3 g at 150 Hz
and 159 Hz, respectively.
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Fig. 11. Comparison of the output power with different resistive loads of
10 © to 10 k2 connected to the output of the PC, a conventional active rectifier
and a PVD with the PEH excited by an acceleration of 0.3 g at 159 Hz.

back to the PEH in both operation modes where the amplitude
of iyect does not go to negative.

C. Efficiencies and Losses

Fig. 11 shows the output power versus different resistive loads
from the proposed circuit, a conventional active rectifier, and
a passive diode-based VD using BAS70, which has low Vg
and reverse leakage current [29], with the PEH excited by an
acceleration of 0.3 g at 159 Hz as an example. The power curves
gradually increase until they reach a peak, which corresponds
to the optimal load of the PEH before decreasing. Although
the power output by the conventional active rectifier is similar
to the proposed circuit, it can only operate up to the load of
100 €2 as further increase of the load will cause Vpy, to exceed
its voltage limit. The passive diode-based VD has an output
power of typically around 5% lower than the proposed circuit in
this test due to the inherent Vg of the diodes, which lowers the
output voltage, as shown in Figs. 12 and 13. The difference can
be over 13% especially when the input voltage is low at near
to 1V, as shown in Fig. 12. There is also a voltage drop in the
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Fig. 12.  Comparison of the input and output voltages between the proposed
circuit (top) and passive rectifier (bottom) under low voltage condition with a
20 Q load. The insets show the detailed waveforms.
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Fig. 13.  Comparison of the input and output voltages between the proposed
circuit (top) and passive rectifier (bottom) with a 300 €2 load. The insets show
the detailed waveforms.

negative half cycle due to Vy during the voltage amplification,
which increases the losses.

Fig. 14 compares the voltage conversion efficiencies of the
proposed circuit with passive diode-based rectifiers from 0.05—
0.3 g. Apart from the test condition at 0.05 g, the efficiency of
the proposed circuit is over 90%, with a peak voltage efficiency
01 99.14%. The amplitude of the gate threshold voltage of Mp1 o
used ranges from 0.3 V-1 V. Thus, when the input voltage to the
rectifier is below 1V, itis possible that Mp; 5 are not fully turned
ON and causes the efficiency to be lower than 90%, as shown in
Fig. 12. However, the prototyped circuit still outperforms the
passive rectifier in all the test conditions, especially at low input
voltage with an efficiency of about 20% higher. The efficiency
of the passive rectifier becomes higher than 90% when the input
voltage to the rectifier is over 4 V while the prototyped circuit
can achieve such efficiency with an input voltage of about 1.5 V.
It should be noted that the rectifier begins its operation as a VD
that increases the amplitude of the piezoelectric voltage Vpyz by
default. This means the actual output voltage from the PEH is
about half of the input voltage to the rectifier. With the proposed
circuit, the amplitude of Vpy is amplified to allow the circuit
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Fig. 15. Power conversion efficiency comparison of the proposed circuit (with
markers) and passive rectifier under different tests.

to rectify voltage that is initially lower than the gate threshold
voltage of the MOSFETS used in the rectifier. This is not possible
in other conventional active rectifiers that only operate in a fixed
FR mode where their minimum input voltage with a voltage
conversion efficiency of 90% is usually beyond the threshold
voltage of the MOSFETs [18], [30].

Fig. 15 compares the power conversion efficiencies of the
proposed and passive rectifier circuits under the same test con-
ditions, as shown in Fig. 14. Similarly, the prototyped circuit
has a higher efficiency than the passive diode-based rectifier in
most of the test conditions. The efficiency is generally about
90%, with a peak of 95.43% except for the accelerations of 0.05
g and 0.1 g especially when the voltage is low, which occurs
at the vibration frequencies near 150 Hz and 163 Hz. This is
because Mp; o cannot be fully turned on when the voltage is
low as explained earlier, causing higher power dissipation in
the MOSFETs. However, the passive rectifier performs poorer
especially in low voltage, high current conditions around 150 Hz.
For example, the passive rectifier has an efficiency of 2% while
the prototyped circuit achieves an efficiency of 48.42% when
the excitation acceleration is 0.05 g at 150 Hz. The efficiency of
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Fig. 16.  Power consumption of the different parts of the prototyped circuit.
Inset is the enlarged view of the results on the right of “rectifier”.

the passive rectifier is less than 70% most of the time in all the
tests with different accelerations.

Fig. 16 shows the range of power consumed by different
parts of the circuit. The power consumed by the circuit with
CMP; 4 was calculated by using (6) plus the Ohmic loss (V?/R)
of any of the resistive branches. The power dissipated by the
start-up circuit Pioss, SU = Prect,p + Ppz1 + Ppza—Psu. The
power loss in the rectifier was obtained by subtracting Pyt and
power consumed by the other circuits from Ppy. The primary
power loss in the prototyped circuit is caused by conduction
loss of the MOSFETs with a turn-ON resistance of a few hundreds
milliOhms in each of the MOSFETs. The range of the power
dissipated by the MOSFETs is from 48.71 yW to 2.68 mW,
depending on the current from the PEH that ranges from a
few to tens of milliamperes in the tested conditions. The mode
control circuit consumes the lowest power at 0.39-1.26 W as
CMP; toggles M4 and M, very infrequently. However, the
resistive networks of Ryy and Rp dissipate power continuously,
which increases with Vi.;. The switch controller, start-up, and
driver circuits have comparable power consumptions as they are
involved in switching operations regularly. The start-up circuit
has the highest power losses among them but is in a couple of
microwatts. This is because it supplies energy to all the other
functional circuits. The total current consumed by all the other
circuits has to flow through the diodes Dv;, which have a voltage
drop V. This causes 0.83-22.30 ;W of power to be dissipated
in the circuit. The switch controller consumes the least power
at 0.43-10.77 uW as it only turns Mys ON very briefly when
Viect,a 18 higher than Viec p.

All the driver circuits consume 0.11-19.18 W of power.
Among them, driver circuit 1 that consists of CMP; has a higher
minimum power consumption as it is switching My regularly.
Driver circuit 2 that consists of CMP5 and is also involved in
the mode switching of the rectifier has a lower minimum power
consumption range. It has virtually no power dissipation when
CMP;, is floated in the VD mode. Fig. 17 shows the current
consumed and the voltage Vgna output by CMPs. It can be
clearly seen that the current is very low when the rectifier is in
VD mode with Vgne always HIGH. Once the rectifier switches
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Fig. 17.  Measured current consumed and voltage Vgn2 output by CMPy as

the rectifier switches from VD mode to FR mode.

TABLE I
PERFORMANCE SUMMARY AND COMPARISON

This
Reference [19] [30] [23] [21] work
0.35 um
0.18 um 0.5 pm . .
Technology low Vry Discrete  Discrete
CMOS CMOS CMOS
Struct Active Active Active Passive Active
fucture FR FR FR/VD FR/VD  FR/VD
Self- No No Yes Yes Yes
configurable
Start-up N/A N/A N/A N/A Charge
mechanism pump
Vingin (V) N/A 0.38 1.80 1.20 0.25
Vinmax (V) 3.0 33 5.0 20.0 20.0
Peak 7y (%) 99 98 83.8 98 99.14
Peak 7p (%) 90 90 81 98 95.43

to FR mode, the current consumption increases drastically due
to the regular switching operation involved. This also suggests
that the proposed driver circuit for enabling the rectifier to begin
its operation in VD mode by default does not draw much energy,
which is especially crucial to ensure a successful start-up of the
rectifier.

D. Comparison With Other Rectifiers

Table I summarizes and compares some common features
of the proposed rectifier with other circuits. The other circuits
that were implemented as an active rectifier have a limited
operating voltage range because of the direct connection of the
energy harvester to the comparators, which have a low voltage
rating of up to 5 V to drive the NMOS of the rectifier. The
prototyped circuit can operate up to 20 V using low voltage
comparators that are powered by a voltage supply of 1-2.5 V
using the voltage regulation method described in Section III.
Although the prototyped circuit was designed to operate up to
20V, the circuit can be easily implemented to operate at a higher
voltage by changing Mp1 2, M1 2, and D¢ 2 to have a higher
voltage rating while using the same low voltage comparators.
The passive diode-based rectifier can operate up to 20 V as no
comparators are involved in rectification [21]. The efficiencies
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are up to 98% because the rectifier was tested using an energy
harvester with high voltage and low current output, which has
low power dissipation in the diodes. The circuits in [21] and [23]
are configurable to different rectifying topologies of either FR
or VD just like this article. However, the minimum input voltage
from the energy harvester that is required for the circuits to start
operating is much higher than the proposed circuit because they
do not have a start-up circuit. They rely on the energy harvester
to generate a voltage that is sufficiently high for their start-up.
The circuit in [30] can start-up at a low voltage that is close
to the proposed circuit due to the low Vg CMOS fabrication
technology used. The peak 7y of the proposed circuit is the
highest among all the circuits that are compared at 99.14%. The
peak np of the proposed circuit is also the highest among the
active rectifiers.

VI. CONCLUSION

A self-powered and self-configurable active rectifier for en-
ergy harvesters with a wide voltage range is presented. The
circuit is able to startup from the low output voltage of an energy
harvester and operates using VD topology by default to boost
the voltage. Even though the voltage of the energy harvester
is low, the voltage that has been amplified is sufficiently high
to reach the gate threshold voltage of the MOSFETs used as the
rectifier. This allows the rectifier to operate at higher efficiency
and wider range than conventional active rectifiers that operate
using a fixed topology. The circuit switches its topology to a FR,
which does not amplify the voltage as the voltage of the energy
harvester becomes sufficiently high. Low power and voltage
comparators were used as the driver and control circuits. A novel
and simple resistor-diode based solution was introduced to allow
the low voltage comparators to operate using the high voltage
from the energy harvester as the input signal. This allows the
control and driver circuits to be fabricated using standard low
voltage technology when implemented as integrated circuits.
The circuit was tested using a PEH that has a wide output range
and achieved voltage and power conversion efficiencies of over
90% in most of the tested conditions.

REFERENCES

[11 R. Bogue, “Wireless sensors: A review of technologies, products and
applications,” Sens. Rev., vol. 30, no. 4, pp. 285-289, 2010.

[2] K. Ali and D. J. Rogers, “An orientation-independent multi-input energy
harvesting wireless sensor node,” IEEE Trans. Ind. Electron., vol. 68, no. 2,
pp. 1665-1674, Feb. 2021.

[3] H.O. Tabrizi, H. M. P. C. Jayaweera, and A. Muhtaroglu, “Fully integrated
autonomous interface with maximum power point tracking for energy
harvesting TEGs with high power capacity,” IEEE Trans. Power Electron.,
vol. 35, no. 5, pp. 4905-4914, May 2020.

[4] Z. J. Chew, T. Ruan, M. Zhu, M. Bafleur, and J. M. Dilhac, “Sin-
¢gle piezoelectric transducer as strain sensor and energy harvester using
time-multiplexing operation,” IEEE Trans. Ind. Electron., vol. 64, no. 12,
pp. 9646-9656, Dec. 2017.

[5] Y. Kuang, Z. J. Chew, T. Ruan, and M. Zhu, “Magnetic field energy har-
vesting from current-carrying structures: Electromagnetic-circuit coupled
model, validation and application,” IEEE Access, vol. 9, pp. 4628046291,
2021.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

[6] Y. Kuang, A. Daniels, and M. Zhu, “A sandwiched piezoelectric trans-
ducer with flex end-caps for energy harvesting in large force en-
vironments,” J. Phys. D, Appl. Phys., vol. 50, no. 34, Aug. 2017,
Art. no. 345501.

[71 M. Zhu, E. Worthington, and A. Tiwari, “Design study of piezo-
electric energy-harvesting devices for generation of higher electrical
power using a coupled piezoelectric-circuit finite element method,” IEEE
Trans. Ultrason. Ferroelect. Freq. Control, vol. 57, no. 2, pp. 427-437,
Feb. 2010.

[8] G. Yang, B. H. Stark, S. G. Burrow, and S. J. Hollis, “Optimization
of passive voltage multipliers for fast start-up and multi-voltage power
supplies in electromagnetic energy harvesting systems,” J. Phys. Conf.
Ser., vol. 557, Nov. 2014, Art. no. 012028.

[9] Y. Kuang et al., “Magnetic field energy harvesting from the traction return
current in rail tracks,” Appl. Energ., vol. 292, Jun. 2021, Art. no. 116911.

[10] Y.Kuang,Z.J.Chew,J. Dunville, J. Sibson, and M. Zhu, “Strongly coupled
piezoelectric energy harvesters: Optimised design with over 100 mW
power, high durability and robustness for self-powered condition moni-
toring,” Energy Convers. Manage., vol. 237, Jun. 1 2021, Art. no. 114129.

[11] Z.J.Chew, T. Ruan, and M. Zhu, “Energy savvy network joining strategies
for energy harvesting powered TSCH nodes,” IEEE Trans. Ind. Informat.,
vol. 17, no. 2, pp. 1505-1514, Feb. 2021.

[12] Z.J.Chew, T. Ruan, and M. Zhu, “Strain energy harvesting powered wire-
less sensor system using adaptive and energy-aware interface for enhanced
performance,” IEEE Trans. Ind. Informat., vol. 13, no. 6, pp. 3006-3016,
Dec. 2017.

[13] A. Tabesh and L. G. Fréchette, “A low-power stand-alone adaptive circuit
for harvesting energy from a piezoelectric micropower generator,” /[EEE
Trans. Ind. Electron., vol. 57, no. 3, pp. 840-849, Mar. 2010.

[14] S. Stanzione, C. V. Liempd, R. V. Schaijk, Y. Naito, F. Yazicioglu, and C.
V. Hoof, “A high voltage self-biased integrated dc-dc buck converter with
fully analog MPPT algorithm for electrostatic energy harvesters,” IEEE J.
Solid-State Circuits, vol. 48, no. 12, pp. 3002-3010, Dec. 2013.

[15] M. Nielsen-Lonn, P. Angelov, J. J. Wikner, and A. Alvandpour, “Self-
powered micro-watt level piezoelectric energy harvesting system with
wide input voltage range,” Analog Integr. Circuits Signal Process., vol. 98,
no. 3, pp. 441451, Mar. 2019.

[16] T. Hehn et al., “A fully autonomous integrated interface circuit for
piezoelectric harvesters,” IEEE J. Solid-State Circuits, vol. 47, no. 9,
pp. 2185-2198, Sep. 2012.

[17] G.A.Rincén-Moraand S. Yang, “Tiny piezoelectric harvesters: Principles,
constraints, and power conversion,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 63, no. 5, pp. 639-649, May 2016.

[18] S.Fan,R.Wei, L. Zhao, X. Yang, L. Geng, and P. X. L. Feng, “An ultralow
quiescent current power management system with maximum power point
tracking (MPPT) for batteryless wireless sensor applications,” IEEE Trans.
Power Electron., vol. 33, no. 9, pp. 73267337, Sep. 2018.

[19] Y. Sun, H. H. Nguyen, C.-J. Jeong, and S.-G. Lee, “An integrated high-
performance active rectifier for piezoelectric vibration energy harvesting
systems,” IEEE Trans. Power Electron., vol. 27, no. 2, pp. 623-627,
Feb. 2012.

[20] C. Peters, D. Spreemann, M. Ortmanns, and Y. Manoli, “A CMOS inte-
grated voltage and power efficient AC/DC converter for energy harvest-
ing applications,” J. Micromech. Microeng., vol. 18, no. 10, Sep. 2008,
Art. no. 104005.

[21] Z.J. Chew and M. Zhu, “Adaptive self-configurable rectifier for extended
operating range of piezoelectric energy harvesting,” IEEE Trans. Ind.
Electron., vol. 67, no. 4, pp. 3267-3276, Apr. 2020.

[22] D.Cabello et al., “On-chip solar energy harvester and PMU with cold start-
up and regulated output voltage for biomedical applications,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 67, no. 4, pp. 1103-1114, Apr. 2020.

[23] H. M. Lee and M. Ghovanloo, “An adaptive reconfigurable active voltage
doubler/rectifier for extended-range inductive power transmission,” /EEE
Trans. Circuits Syst. I, Exp. Briefs, vol. 59, no. 8, pp. 481-485, Aug. 2012.

[24] J. Liang and W.-H. Liao, “Improved design and analysis of self-powered
synchronized switch interface circuit for piezoelectric energy harvesting
systems,” [EEE Trans. Ind. Electron., vol. 59, no. 4, pp. 1950-1960,
Apr. 2012.

[25] J.F. Dickson, “On-chip high-voltage generation in mnos integrated circuits
using an improved voltage multiplier technique,” IEEE J. Solid-State
Circuits, vol. 11, no. 3, pp. 374-378, Mar. 1976.

[26] Tektronix, “2600B system sourcemeter SMU instruments,” Accessed:
Aug. 11, 2021. [Online]. Available: https://download.tek.com/datasheet/
1KW-60906-0_Series_2600BDatasheet_112718.pdf


https://download.tek.com/datasheet/1KW-60906-0_Series_2600BDatasheet_112718.pdf
https://download.tek.com/datasheet/1KW-60906-0_Series_2600BDatasheet_112718.pdf

CHEW et al.: SELF-POWERED AND SELF-CONFIGURABLE ACTIVE RECTIFIER USING LOW VOLTAGE CONTROLLER 11295

[27]

[28]

[29]

[30]

Diodes Inc., “P-channel enhancement mode MOSFET,” DMG2301LK
datasheet,” 2016. Accessed: May 29, 2020. [Online]. Available: https:
/Iwww.diodes.com/assets/Datasheets/ DMG2301LK.pdf

A. C. Waterbury and P. K. Wright, “Vibration energy harvesting to power
condition monitoring sensors for industrial and manufacturing equipment,”
Proc. Inst. Mech. Eng. C J. Mech. Eng. Sci., vol. 227, no. 6, pp. 1187-1202,
2013.

Z.J. Chew, T. Ruan, and M. Zhu, “Power management circuit for wireless
sensor nodes powered by energy harvesting: On the synergy of harvester
and load,” IEEE Trans. Power Electron., vol. 34, no. 9, pp. 8671-8681,
Sep. 2019.

C. Peters, J. Handwerker, D. Maurath, and Y. Manoli, “A sub-500 mV
highly efficient active rectifier for energy harvesting applications,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 58, no. 7, pp. 1542-1550,
Jul. 2011.

Zheng Jun Chew (Member, IEEE) received the
B.Eng. degree in electronic and electrical engineering
from the University of Strathclyde, Glasgow, U.K., in
2010 and the Ph.D. degree in electronic and electri-
cal engineering from Swansea University, Swansea,
U.K., in 2014.
Gia) He was with the Energy Harvesting Research
— Group, University of Exeter, Exeter, U.K., in 2014,
as an Associate Research Fellow. Prior to pursuing
S his Ph.D. degree, he was an Electrical Engineer with
Sony EMCS(M) Sdn. Bhd., Malaysia, in 2010. His

P

current research interest includes the area of power management circuits for
energy-harvesting devices using novel and low-power techniques.

Yang Kuang received the B.Eng. and M.Eng. degrees
in mechanical engineering from Central South Uni-
versity, Changsha, China, and the Ph.D. degree in high
power piezoelectric transducers from the University
of Dundee, Dundee, Scotland, in 2014.

Since 2014, he has been with the University of
Exeter, as an Associate Research Fellow and later
as a Research Fellow. His main research interest
includes self-power wireless sensing systems enabled
by energy harvesting.

Meiling Zhu received the B.Eng. degree in mechan-
ical manufacturing, the M.Eng. degree in applied
mechanics, and the Ph.D. degree in mechanical dy-
namics all from Southeast University, Nanjing, China,
in 1989, 1992, and 1994, respectively.

She currently holds the Professor and the Chair
in Mechanical Engineering and the Head of Energy
Harvesting Research Group in the University of Ex-
eter, Exeter, U.K. Prior to joining the University of
Exeter, she was with a number of Universities: Cran-
field University (2002-2013), the University of Leeds
(2001-2002); Stuttgart Universitit (1999-2001); the Hong Kong University of
Science and Technology (1998-1999); and the Institute of Vibration Engineering
Research in the Nanjing University of Aeronautics and Astronautics (1994—
1998). Her current research interest includes the area of piezoelectric energy
harvesting powered wireless sensor nodes for applications.



https://www.diodes.com/assets/Datasheets/DMG2301LK.pdf
https://www.diodes.com/assets/Datasheets/DMG2301LK.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


