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Abstract—The proposed circuit aims to harvest energy from
vibration with piezoelectric transducers (PZTs). As the operating
conditions of a PZT change, the PZT impedance also changes.
Therefore, maximum power point tracking (MPPT) is required.
The optimal fraction ko is the ratio of the load voltage to the
source voltage at the maximum power point (MPP). The fractional
open-circuit voltage (FOCV) method regulates the load voltage to
operate at the MPP for a given kopr. The P&O method obtains kopr
first and then regulates the load voltage. The proposed MPPT
method integrates the FOCV and P&O methods to take
advantages of the two methods. The proposed circuit is designed
in TSMC BCDMOS 0.18 pm technology. The post-layout
simulations verify operation of the proposed circuit.

Keywords— energy harvesting, maximum power point tracking
(MPPT), fractional open-circuit voltage (FOCV), perturb and
observe (P&O0), vibration energy

I. INTRODUCTION

The demand for self-powered devices such as wireless [oT
devices, wireless sensor nodes (WSNs), and wearable devices,
has increased rapidly in the past decades. Harvesting energy
from ambient energy sources such as vibration, temperature
gradient, RF and AC powerlines, is a promising solution to
power such devices [1]-[4].

A piezoelectric transducer (PZT) is often used to harvest
vibration energy, and a typical PZT can harvest energy ranging
from pW to mW [5]-[7]. As the operating conditions of the PZT
change, the PZT impedance also changes. Hence, maximum
power point tracking (MPPT) is necessary to operate the PZT at
the maximum power point (MPP) under varying operating
conditions. Note that the maximum energy is extracted from the
PZT and delivered to the load at the MPP. A key requirement
for MPPT circuits for PZTs is low power dissipation. Various
MPPT methods for PZTs were investigated [8]-[10]. Two
common MPPT methods for PZTs are Fractional Open Circuit
Voltage (FOCV) and Perturb and Observe (P&O). The FOCV
method is relatively simple to result in low circuit complexity
and hence low power dissipation [11]-[13]. One shortcoming of
the FOCV method is that it does not guarantee to operate at the
MPP, especially under varying operating conditions, resulting
low efficiency. In contrast, the P&O method ensures to operate
at the MPP ideally [10], [13]-[15]. However, the method incurs
high circuit complexity, resulting in high power dissipation.

978-1-6654-0279-8/22/$31.00 ©2022 IEEE

A traditional energy harvesting circuit usually adopts two
DC-DC converters in series: the first one for MPPT and the
second one for load voltage regulation [6]. Two converters incur
large power dissipation and hence low efficiency. The dual-
input dual-output (DIDO) topology needs only one DC-DC
converter and is widely adopted [10]-[12]. A battery is used for
a DIDO circuit to regulate the load voltage as well as to store
excessive energy. The battery also supplements energy to the
load if the PZT does not generate enough energy. The proposed
circuit adopts the DIDO topology and integrates both FOCV and
P&O methods to exploit advantages of the two methods.

This paper is organized as follows. Section II reviews a PZT
model and two traditional MPPT schemes. Section III presents
the proposed MPPT circuit. Section IV shows the layout and
post-layout simulation results. Section V concludes the paper.

II. PRELIMINARIES

A. PZT Model and Impedance Characteristics

Fig. 1 shows an equivalent circuit model for a PZT and its
impedance curve [16]. The internal impedance behaves mostly
capacitive outside of the resonant frequency region, and the
maximum power is extracted from a PZT at the resonant
frequency. The magnitude of the PZT impedance changes as the
operating frequency of the PZT changes, and the magnitude is
somewhat sensitive at the resonant frequency range.
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Fig. 1. PZT (a) equivalent circuit model, (b) impedance curve.



Fig. 2 shows a PZT
with a resistive load Ry.
The maximum power is
delivered from the PZT
to the load provided Ry =
|Zs|, where Zs is the
internal impedance of
the PZT [16]. The ratio
Vi/Vs under R = |Zg| is
called optimal fraction k.. Note that the k,, is 0.5 for the purely
reistive Zg and is close to 0.5 at the resonant frequency region.
As the operating frequency of the PZT changes, Zs changes.
Hence, Ry should be adjusted accordingly to operate at the MPP,
resulting in change of the k.. Note that the source voltage Vs is
also called open circuit voltage V. in this paper.

B. Maximum Power Point Tracking (MPPT)
In general, the fraction £ is expressed as below.

Vi = kVs= Vo (1)

where V7, is the load voltage and V. is the open circuit voltage
or the source voltage without being connected to the load. An
MPPT method monitors the operating conditions of the PZT and
adjusts V; accordingly to operate at the MPP. In practice, an
MPPT circuit adjusts the load resistance R; to maintain the
optimal fraction k. The FOCV method relies on the ko
obtained for a certain MPP, and most existing FOCV circuits
consider a fixed k. Since the k,, is given for the FOCV
method, it does not require to measure the power delivered to
the load or search for the MPP, resulting in low power
dissipation of the circuit. However, the actual &, varies as the
operating conditions such as the operating frequency of a PZT
change. Therefore, the FOCV method does not ensure operation
of the energy harvesting circuit at the MPP under varying
operating conditions. It leads to low efficiency of the FOCV
method.

Fig. 2. PZT with a resistive load Ry.

In contrast, the P&O method searches for the ko, first
through measurement of the power delivered to the load and
then aims to maintain the k.. The P&O method adopted for the
proposed method obtains the k,, as follows. Let k() be the k
value at the current clock cycle n. It perturbs or increases
(decreases) k(n) by J for the next cycle (n+1) and measures the
power. If the power for the cycle (n+1) is larger than that of the
cycle n, it increases (decreases) k(n+1) again by d for the next
cycle (n+2). If the power is smaller, it switches the direction of
the perturbation. The P&O method ensures to operate at the
MPP ideally even if the operation conditions change. A
shortcoming of the P&O method is high circuit complexity due
to the need to measure the power, resulting high power
dissipation of the MPPT circuit. The proposed method integrates
the FOCV and P&O methods to take the advantages of both
methods.

III. PROPOSED MPPT METHOD

This section presents the overview of the proposed circuit
and explains integration of the two MPPT methods, FOCV and
P&O.

A. System Architecture

Fig. 3 shows the overall circuit with a 2P3S converter and its
three major building blocks. The rectified PZT voltage Vi is

the load voltage V; under the closed SW; and the open circuit
voltage V,. under the open SW;. The maximum voltage V. is 32
V for the circuit, and the maximum input current to the converter
is 25 mA. The “I/O Monitoring & Mode Selection” block
generates switching signals for the three switches, SWi, SW»,
and SW3. Constant On-time Pulse Skipping Modulation (COT-
PSM) is adopted for the converter [15].The turn-on time of the
switching signals for the switches is fixed and a switching signal
or pulse could be skipped for the COT-PSM.The MPPT block
consists of two sub-block, FOCV and P&O, and each block is
controlled by the separated clock, CLKrocy and CLK gpserve-
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Fig. 3. Proposed circuit with a two-path three-switch (2P3S) converter.

The top block in Fig. 3 is a two-path three-switch (2P3S)
converter proposed in [11], which is based on the DIDO
topology. The 2P3S converter can operate in three different
operation modes. The first mode is the “Harvest” mode, in
which energy is harvested from the PZT and transferred to the
load. Two switches, SW; and SW3, with the associated inductor,
form a buck converter, while SW> is open. The second mode is
the “Supplement” mode, in which the battery provides energy to
the load. The buck converter composed of SW; and SW3
transfers the energy, while SW; is open. The last mode is the
“Recycle” mode. The excessive energy stored at the load
capacitor Cy is transferred to the battery by a boost converter
composed of SW3 and SW», while SW; is open.

Fig. 4 shows the main part of the “I/O Monitoring & Mode
Selection” block consisting of an on-time generator, an off-time
generator, and gate drives. The on-time generator generates
pulses with a fixed on-time period, and the off-time generator
generates pulses with a fixed off-time period at the falling edge
of the pulse. A 2-bit signal, S;So, sets the operation mode (00 for
Harvest, 01 for Supplement, and 10 for Recycle) of the 2P3S
converter through monitoring of the three voltages, Viecr, Vioad,
and V.. For example, if Ve is high and Vi is low, the EN
signal goes high, and the on-time pulse is applied to SW; of the
buck converter in Fig. 3 and the off-time pulse is applied to SW3.
SW, is 0 to turn off the switch . For details, refer to [15], [17].
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Fig. 4. 1/0 Monitoring & Mode Selection block.
B. Overview of Proposed MPPT Method
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Fig. 5. Proposed MPPT method (a) flowchart, (b) expected waveforms.

The proposed MPPT method integrates two MPPT methods,
FOCYV and P&O, to operate at the MPP region with low power
dissipation. Fig. 5(a) shows the flowchart of the
proposed MPPT method. When the energy harvesting circuit
wakes up from the sleep mode, it enters the FOCV mode with
k=0.5. It compares two consecutive samples of the open circuit
voltage, V,e(n) and Voc(n-1). If the difference of the two samples
denoted as Vi, is greater than a preset value 4 as shown in (2), it
implies that the PZT operating condition is changed, and
requires a new optimal fraction k.

Vin=Vo(n) = Voe(n-1)| > 4 @

Therefore, the proposed method enters to the P&O mode and
obtains the new £, for the new MPP and exits the P&O mode.
A new open circuit voltage is sampled in the FOCV mode and
compared with the previous one. Now, suppose that the
difference Vi is smaller than 4, implying little change of the
operating condition and hence the current &, is still valid. It uses
the current k,,, to regulate the rectified voltage V... with load to
kopt X Voc(n), equivalently speaking, to operate at the MPP. The
regulation of the rectified voltage is performed through pulse
skipping modulation. If V. is greater than ko, X Vodl(n), a
switching signal is applied to the buck converter in the harvest
mode, which reduces V. If Vi is smaller, the switching pulse
is skipped. The harvested energy is stored in the input capacitor
Cret in Fig. 3, resulting in an increase of V.

Fig. 5(b) shows the waveforms of the rectified voltage Viee
for the proposed MPPT method. When the clock CLKrocy is
high, the rectified voltage V.. is disconnected from the load,
and V. rises rapidly toward the open circuit voltage V,c(1). As
it exits the FOCV mode, Viee= 0.5V,c(1). As the difference
[Voe(1) — Vo(0)| is greater than 4, it enters the P&O mode. When
it exits the P&O mode, Viee: = 0.45V,¢(1), implying the new ko
=0.45. The next V,.(2) is the same as or close to V,.(1), and it
implies the operation condition has not changed. The circuit
remains in the FOCV mode with the same k&, = 0.45. The third
sample V,c(3) is far larger than V,.(2). It enters the P&O mode
and obtains the new ko, = 0.55.

C. FOCV Mode

Fig. 6(a) shows the FOCV decision block. Two identical
sample and hold circuits take turns to sample the open circuit
voltage V,. and store the sampled value in the associated
capacitor. The capacitor size is chosen large enough, so that it is
able to hold a sampled value until the next sample. At the same
time, the capacitor is small enough to charge up to V,. during the
on-time of the associated switch.
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Fig. 6. (a) FOCV decision block, (b) 3-bit resistive ladder.
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The sampling clock CLKrocy for the FOCV block in Fig. 3
has the frequency of 0.1 Hz or the clock period of 10 second,
and the on-time period of 50 ms. The sampling clock for SW5
follows the sampling clock CLKrocy for SW4 with the delay of
5 seconds. When the sampling clock pulse is on, the signal SW1
in Fig. 4 is 0, which turns off the switch SW; of the 2P3S
converter in Fig. 3. It implies the PZT with the rectifier is
disconnected from the load, and V;..: becomes the open circuit
voltage V,.. During the sampling period, the battery supplies
energy to the load.

Two hysteresis comparators along with an XOR gate in Fig.
6(a) determine whether the voltage difference of two
consecutive samples is greater than the preset value 4 or not.
The two sampled voltages are applied to the opposite inputs of
the two comparators as shown in the figure. If the difference of
the two voltage is greater than 4, the comparator outputs @D,
=10 or 01, resulting the XOR gate output being logic 1. It sets
the DFF output ®ryg to logic 1, which makes the MPPT block
to leave the FOCV mode and enter to the P&O mode. If the
difference of the two sampled voltage is less than 4, the
comparator outputs @D, = 00, resulting the XOR gate output
being logic 0. The MPPT block remains in the FOCV mode.
Finally, the preset value 4 is controlled by the hysteresis of the
comparators, and it is set to 0.1 V by the external voltage for the
proposed design.

D. P&O Mode

The proposed MPPT method obtains the optimal fraction ko,
in the P&O mode. It perturbs the fraction k and checks whether
the power delivered to the load increases or not. The resistive
ladder shown in Fig. 6(b) and a 3-bit up/down counter R<2:0>
are used to perturb k. The resistances of the ladder are chosen as
Ri =2Rg and R, = 4Ry. The fraction k is expressed as follows.

— Vrect __ Ry
k= Voc  [R(0)+2R(1)+4R(2)] Ro+Rx+Ry ©)

The 3-bit counter R<2:0> is used to perturb £ and sets a k value
out of 8 possible ones. Note that & is the largest for R<2:0> =
000 and smallest for R<2:0>=111.

To find the optimal fraction k., the counter increments or
increments by 1 and compares the power delivered to the load.
If the power increases, the counter keeps on incrementing or
decrementing in the same direction. If the power decreases, then
the k value set by the previous counter value is the optimal. For
example, suppose the initial value of R<2:0>1is 011. The counter
is decremented to 010 or & increases by a certain amount. If the
power delivered to the load increases after the decrement, the
counter is decremented again to 001 in the next system clock
cycle. Now, suppose the power is decreased. Then the optimal
fraction ko is the one set by the previous counter value or
R<2:0> = 010. In practice, the proposed circuit sets the optimal
counter value if direction of the power changes two times, which
makes the circuit operation more reliable.

The P&O mode requires the comparison of power delivered
to the load before and after a perturbation of %, and a current
sensor for power measurement dissipates power. When a buck
converter operates in discontinuous conduction mode (DCM)
with a constant on-time switching signal, the off-time period of
the switching signal can be measured to approximate the power

delivered to the load [10], [15]. The measurement of the off-time
period eliminates a current sensor to save power. Note that the
2P3S converter in Fig. 3 is configured as a buck converter in the
P&O mode, the proposed MPPT circuit adopts the method
proposed in [10], [15], which can also be applicable to the COT-
PSM adopted for the proposed circuit.

IV. LAYOUT AND SIMULATION RESULTS

A. Layout

The proposed circuit is designed and laid out in TSMC 0.18
pm BCDMOS technology and taped out for fabrication. Fig. 7
shows the layout. The entire chip size is 3 mm x 1.3 mm with
the active die area of 2.5 mm x 1 mm. Most area is occupied by
the three power switches due to the large breakdown voltage of
36 V. The rectifier, inductor, input and out capacitors (Crecc and

Cy) are off-chip.
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Fig. 7. Layout of the proposed circuit.

B. Simulation Results

Fig. 8 shows post-layout simulations for the proposed
MPPT circuit. Fig. 8(a) shows operation of the FOCV decision
block in Fig. 6(a). Two capacitors C; and C, take turns to store
sampled voltages, Vsumpier and Vsampie2. According to (2), the
difference between the two sampled voltages is greater than the
preset value 4 of 100 mV after the first and third clocks. Thus,
the signal @y is triggered to logic 1, and the FOCV mode
starts.
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Fig. 8. Simulation results (a) FOCV mode, (b) P&O mode.

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on September 05,2022 at 15:04:19 UTC from IEEE Xplore. Restrictions apply.



Fig. 8(b) shows operation of the circuit in the P&O mode. Dpoyer
=1 indicates the power level under the previous & is higher than
that of the current &, where k is perturbed by increase/decrease
of R<2:0>. As R<2:0> changes from 100 to 011, the power level
decreases to set Ppower = 1. So R<2:0> changes back to 100 in
the next cycle, resulting @power = 0 or increase of the power as
expected. As the change R<2:0> = 011->100 increases the
power, R<2:0> further increases to 101, resulting @power= 1. As
the number of power decrements or the occurrence of Opower= 1
is 2, ok 1s triggered to lock R<2:0> = 100.

As mentioned in Section III C, the sampling clock pulse
CLKrocy in the FOCV mode is 0.1 Hz. It takes too long for post
layout simulation of the entire circuit under such a low
frequency. We set CLKrocy to 1 MHz for the purpose of the
simulation. Also, the PZT integrated with an off-chip rectifier is
modeled as a DC voltage source of 5 V /0 V with the internal
resistance Zs = 80 kQ in the simulation, and the load resistance
Ry is set to 3 kQ. The optimal fraction k, is set to 0.4. Fig. 9
shows the simulation results for one MPPT cycle. The MPPT
cycle starts from the FOCV mode. The open circuit voltage V.
or Ve with the disconnected buck converter is sampled at 5 V,
and drops to 0.5V, Since the buck converter is disconnected
from the source, the mode selection signal SiSo is set to 01
(Supplement mode), and the load is powered by the battery.
Then, the circuit enters the P&O mode. SiSp changes to 10
(Recycle mode), and the battery is powered by the load. After
the circuit reaches ko, of 0.4, S1So becomes 00 (Harvest mode)
and the circuit starts to harvest energy from the source and
powers the load . The proposed circuit can harvest 3.63 mW at
the MPP or k= 0.4.
Supp. Recyle Harvest Supp.

w N
| |

10 00

3000 3023 3006 3089 309.2 s Bt

Fig. 9. Post-layout simulation for one MPPT cycle.

V. CONCLUSION

This paper presents a vibration energy harvesting circuit for
PZTs. The proposed MPPT method integrates two commonly
used MPPT methods, FOCV and P&O, to exploit the advantages
of the two methods. The circuit is designed in TSMC 0.18 um
BCDMOS technology and taped out for fabrication. The post-
layout simulations verify the operation of the circuit.
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