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Abstract—This article presents and demonstrates a voltage
feedback-based technique to implement a power management
integrated circuit (PMIC) for piezoelectric energy harvesting.
It is analytically shown that the conducting time interval of
a rectifying diode at the maximum power point is a fixed
ratio of the vibration period. Thus, it can be used as a
feedback to track the maximum power without measuring
the output current/power. The technique can be tailored to
various interface circuits, including full-bridge (FB), voltage
doubler, and synchronized switch harvesting on an inductor.
The micro-fabricated PMIC includes a FB rectifier, a digital
maximum power point tracking (MPPT) controller, and a zero-
current-switching (ZCS) integrated buck converter that uses
two off-chip inductor and rectifying capacitor. The proposed
technique enables the implementation of robust and power-
efficient PMICs for MPPT of piezoelectric energy harvesters.
To evaluate the performance of the technique, a PMIC using
130-nm CMOS technology is implemented and tested with a
low power (<0.5 mW) piezoelectric energy harvester. The results
show that the PMIC effectively tracks the maximum power point
at different vibration frequencies and amplitudes while the power
consumption of its control circuitry is less than 0.001 mW.

Index Terms—Maximum power point tracking (MPPT), piezo-
electric energy harvester, power management circuit, voltage
feedback.

I. INTRODUCTION

V IBRATION to electricity piezoelectric energy harvesting
is among promising solutions to prolong battery lifes-

pan and develop self-power wearable and portable electronic
devices [1], [2]. In the case of using the device in an outdoor
or hardly accessible location, e.g., in the pervasive wide spread
of wireless sensor nodes (WSNs) and Internet of Things (IoT)
devices, replacing the battery is a challenging task [3], [4],
[5], [6], [7]. A piezoelectric vibrating beam is electrically
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equivalent to a current source in parallel with the internal
capacitance of the beam. Thus, like other families of ambient
energy harvesters [8], [9], a power management circuit is
required to rectify the piezoelectric terminal voltage and
extract its maximum power under various vibration amplitudes
and frequencies [10], [11], [12].

A piezoelectric energy harvester is a low power gener-
ator in the range 100 μW to a few mWs that requires
an ultralow power management integrated circuit (IC) tech-
nology. A power management unit consists of a rectifier,
a fraction of mW-scale dc/dc power converter, and maxi-
mum power point tracking (MPPT) control circuit [13], [14].
Basic rectifier topologies include full-bridge (FB), voltage
doubler (VD), and synchronized switch harvesting on inductor
(SSHI/SSHC) [13], [15], [16], [17], [18], [19], [20], [21].
Each rectifier topology extracts maximum power at an opti-
mum output dc voltage level that is adjusted by a dc/dc
converter.

Power management circuits which use open-loop control
methods like fixed duty-cycle and/or switching frequency,
reduce the control circuit power consumption. However, exist-
ing methods based on open-loop control are sensitive to
the beam vibration frequency and amplitude, as well as the
piezoelectric beam parameters such as its internal capacitance.
In the case of using a buck-boost converter with calibration,
power management can follow the optimum operating point at
various amplitudes; however, it remains sensitive to changes
in beam and converter parameters.

Fractional open-circuit (FOC) voltage, perturb and observe
(P&O), and fractional normal-operation voltage (FNOV) are
among existing methods to overcome the limitations of open-
loop control methods [10], [22], [23], [24], [25], [26], [27].
FOC method needs disconnection of the piezoelectric circuit to
measure the open-circuit voltage. This results in an undesired
power disruption and it may need high-voltage IC technologies
to work at short sampling times [28]. P&O is established
based on an estimation of the piezoelectric output power.
Recent works based on FNOV methods indirectly evaluate
the optimum power extraction condition at normal operation
and without power disruption [11], [14], [20]. However, they
either need the amount of piezoelectric internal capacitance
or the quality factor of the resonant tank in SSHI interface
circuit [14], [20].
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Fig. 1. (a) Schematic of a power processing circuit of PE harvester.
(b) Extracted power versus Vr for different open-circuit voltages.

This article proposes a generic and online maximum power
extraction method that is independent of vibration ampli-
tude and frequency changes as well as piezoelectric beam
parameters. The proposed method is insensitive to the piezo-
electric parameter which provides a versatile method that is
robust against aging phenomenon of the beam. The proposed
method is established based on continuous measurement of the
diode duty cycle within the power management rectifier unit.
The suggested algorithm is applicable to various rectifying
topologies, including FB, VD, and SSHI. To demonstrate
the capabilities and performance evaluation of the proposed
method, the suggested algorithm is implemented for a full
bridge rectifier using 130-nm technology.

It is shown that the proposed diode duty cycle MPPT
technique is independent of piezoelectric beam parameters,
vibration frequency, and amplitude which facilitates the devel-
opment of a generic power management IC for piezoelectric
energy harvesters. Compared with existing methods that need
load disconnection to measure the open-circuit voltage, the
suggested technique realizes the MPPT condition without any
power disruption.

II. PROPOSED VOLTAGE-BASED MPPT METHOD

A. Comprehensive Analysis of Different Interface Circuits

Fig. 1(a) shows the schematic of a typical piezoelectric
power processing circuit, including a diode rectifier, storage
unit, dc–dc converter, and controller for MPPT. The piezoelec-
tric vibration energy harvester is characterized by a sinusoidal
current source i(t) = Ip sin(ωt) in parallel with an internal
Cp capacitance. ω represents vibration frequency and Ip is
a variable amplitude proportional to the vibration intensity.
It turns out that the maximum extracted power occurs at
a specific rectifying voltage, Vr, that is proportional to the
piezoelectric open-circuit voltage, VOC = Ip/(Cpω) as shown
in Fig. 1(b) [13].

The controller typically uses a current feedback or a direct
measurement of VOC to adjust the dc–dc converter parameters,
such as duty cycle or switching frequency, to maintain Vr at
the maximum power point corresponding to Ip variations.

The FB, VD, and SSHI rectifier circuits [Fig. 2(a)–(c)] are
conventional interfaces that are widely and commonly used
with piezoelectric energy harvesters. Assuming a sinusoidal
current, the piezoelectric voltage–time curves vp corresponding
to the current are presented in Fig. 2(a)–(c) for each rectifier,
respectively. The analysis of each circuit is required prior to

Fig. 2. Schematic of interface circuit, current, and voltage of the piezoelectric
beam for: (a) FB, (b) VD, and (c) SSHI.

explain the details of the proposed voltage feedback MPPT
method.

In Fig. 2(a)–(c), [0 δ] represents an interval that the piezo-
electric current charges/discharges its internal capacitance, Cp.
At ωt = δ the piezoelectric voltage, vp, crosses a threshold that
turns on rectifier diode(s), delivering the power to the rectifier
capacitor, Cr. This charging/discharging pattern repeats twice
in each period of piezoelectric current and cos(δ) can be
obtained for each circuit topology, as given in second column
in Table I, where VD represents the voltage drop across diodes.

For the SSHI topology, �
�= exp(−π/(2Q)), where Q is the

quality factor of the R, L, and Cp resonance circuit in Fig. 2(c),
as given by [13]

Q = ωr

2α
, ωr =

√
ω2

res − α2, ωres = 1√
LCp

, α = R

2L
.

Assuming an adequately large Cr, Vr ripple becomes negligi-
ble and the average power delivered to Cr is

Pout = k

2π

∫ π

δ

Vrip(ωt)dωt (1)

where k = 1 for VD; and k = 2 for FB and SSHI interface
circuit topologies. Using (1), the average power for various
interface circuits is calculated and summarized in third column
of Table I. The condition for delivering maximum power can
be obtained from the solution of dPout/dVr = 0, which
provides the optimum rectifier voltage Vropt as listed in the last
column of Table I.

The diode D2 in FB and SSHI rectifier circuits [in Fig. 2(a)
and (c)] conducts for ωt = δ to π , and in VD rectifier

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on July 15,2024 at 20:36:50 UTC from IEEE Xplore.  Restrictions apply. 



REZAEI-HOSSEINABADI et al.: VOLTAGE-FEEDBACK-BASED MAXIMUM POWER POINT TRACKING TECHNIQUE 20435

TABLE I
cos(δ), Pout , AND Vropt IN THE FB, VD, AND SSHI INTERFACE CIRCUITS

TABLE II
DIODE DUTY CYCLE, Dd AND ITS OPTIMUM VALUE, Ddopt IN MAXIMUM POWER EXTRACTION CONDITION

[Fig. 2(b)] conducts for ωt = π + δ to 2π . During the
conducting time, the D2 cathode voltage node (Vf ) is −VD,
and for the rest of the period, the node voltage is positive
with reference to the rectifier capacitor ground. This voltage
node can be used as a feedback to control Vr. To this end, we
propose and define the diode duty cycle, Dd, as the ratio of
diode conducting period to the diode cathode voltage period

Dd = π − δ

2π
= 0.5 − δ

2π
. (2)

The first column of Table II presents the calculated Dd with
respect to the rectifier voltage for FB, VD, and SSHI rectifier
topologies. Substituting Vropt from Table I for Vr, the diode
duty cycle corresponding to optimum power condition, Ddopt

is obtained as listed in the last column of Table II.
Assuming VD/VOC << 1, which is often the case in real

applications, Ddopt � 0.25 for all types of rectifiers. Therefore,
Dd can be used as a feedback signal in an MPPT algorithm
for piezoelectric rectifier circuits.

B. Proposed Power Processing Topology

Assuming that VD << VOC the diode duty cycles in Table II
can be presented in a compact form

D = 0.5 − 1

2π
cos−1(1 − Vr/Vropt) (3)

where Vropt for each topology is given in Table I. Analyzing
Dd > Ddopt yields

cos−1(1 − Vr/Vropt) <
π

2
⇒ Vr < Vropt . (4)

Similarly, Dd < Ddopt yields Vr > Vropt . Thus, the sign of
Dd − Ddopt determines Vr should be increased or decreased
to maximize the output power. To increase/decrease Vr corre-
sponding to Dd, the circuit diagram in Fig. 3 is proposed in

Fig. 3. Proposed method, basic idea, and functional diagram.

which a dc–dc converter can be used to increase or decrease
Vr using an on/off gating signal. Consequently, the proposed
power processing circuit can be established using a hysteresis-
type control method, wherein the sign of Dd − Ddopt serves
as an error signal. This error signal is then used to toggle the
dc/dc converter on/off, allowing it to decrease/increase Vr such
that Vr continuously follows Vropt .

The advantages of the proposed method based on Dd over
the conventional ones are as follows.

1) Measuring Dd is continuously performed based on
sensing the diode voltage [D2 on Fig. 2(a)–(c)], which
significantly reduces power consumption compared to
conventional power evaluation methods and open-circuit
approaches with discontinuity.

2) The suggested method is independent of vibration
frequency (ω), piezoelectric open-circuit voltage (VOC),
and internal capacitance (Cp). That is, the proposed
method is versatile and robust against aging phe-
nomenon of the beam, since it is independent of the
dimensions and characteristics of a piezoelectric vibra-
tion energy harvester.

3) The method is also independent of the rectifier topology
since if VD << VOC, then Ddopt ≈ 0.25 for all
topologies, as listed in Table II.

The mentioned advantages above enable the development of
an integrated power processing circuit that can be used with
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Fig. 4. Block diagram of the main subsystems.

all types of piezoelectric vibration-to-electricity converters,
capable of being compatible with three rectifier topologies:
FB, VD, and SSHI. However, the realization of this integrated
power processing circuit is limited by voltage level, which is
determined by the IC technology.

III. DESIGN AND IMPLEMENTATION OF PIEZOELECTRIC

POWER MANAGEMENT INTEGRATED CIRCUIT

Fig. 4 shows the block diagram of the proposed power pro-
cessing circuit with an adaptive controller that is implemented
for an FB rectifier using 0.13-μm CMOS process with a 3.3-V
thick-oxide transistor. The block diagram is divided into three
sub-blocks as follows.

1) FB rectifier and filter capacitor, Cr, which captures har-
vested energy and maintains Cr at the rectified voltage
level, Vr.

2) The duty cycle estimator compares the duty cycle with
its optimal value in each period, and turns the dc–dc
converter on or off based on hysteresis control, adjusting
the rectified voltage, Vr at Vr,opt to extract the maximum
power from piezoelectric energy harvester.

3) A synchronous buck dc–dc converter that adjusts Vr

at its optimum-level, Vr,opt to extract the maximum
power. The converter also includes pulse generator,
level-shifting, and zero current switching (ZCS) blocks
to improve the efficiency.

A. Design of the FB Circuit

The rectifying block [Fig. 5(a)] consists of two parts: 1) a
negative voltage rectifier converter (NVC) that implemented
with nMOS (M1, M2) and pMOS (M3, M4) transistors and
2) an active diode implemented with pMOS transistor (M5),
and an ultralow-power comparator. The piezoelectric voltage
and the comparator output voltage, Vf , corresponding to a
sinusoidal piezoelectric current are depicted on Fig. 5(b).

At vp = ±Vr, the piezoelectric current charges Cr via
transistors (M1, M3, M5) and (M2, M4, M5). Otherwise,
the piezoelectric current charges and discharges its internal
capacitor, Cp. As a result, Vf becomes a double-frequency
pulse corresponding to vp, and Dd = 0.25 condition [Fig. 2(a)]

Fig. 5. (a) Schematic of FB rectifier implemented with NVC and active
diode. (b) Piezoelectric current and voltage, and the output of the comparator.

for capturing the maximum power occurs when duty cycle of
Vf in Fig. 5(a) is 50%. The implementation of the FB rectifier
with NVC and an active diode satisfies the condition VD <<

VOC required by the proposed MPPT method.

B. Implementation of Duty Cycle Estimator Block

Fig. 6(a) shows the schematic of the proposed duty cycle
estimator in which the input Vf pulse voltage levels are 0 and
Vr. The high-to-low (H-L) level shifter block clamps the high
level of the Vf pulse into the battery voltage level, Vb, that is
denoted by Vd.

A monopulse S with pulse width τ , corresponding to
the rising edge of Vd is implemented using the D flip-flop
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Fig. 6. (a) Block diagram of the diode duty cycle estimator. (b) Details
of the duty cycle estimator circuit diagram: level-shifted duty cycle voltage
feedback (Vd), monopulse (S), and up/down counter output (Q) corresponding
to Dd > 50% on the left-hand side), and Dd < 50% (on the right-hand side).

(D-FF(I)), a delay block of duration τ , and a NAND gate. This
monopulse loads a 10-bit up/down counter with an initial value
of 29, that counts up (or down) for Vd = Vb (or Vd = 0),
using the clock pulse CLKd. The Vd pulse, mono-pulse S, and
the up/down counter output, Q are given in Fig. 6(b) for Dd >

50% on the left-hand side and Dd < 50% on the right-hand
side.

The counter output Q is compared with two 10-bit high
and low threshold numbers NH and NL, where NL < 29 <

NH . The outputs of the 10-bit comparators are sampled and
hold at the next rising edge of Vd at the kth clock cycle
using the D-FF(II) and D-FF(III) flip-flops. The outputs of
these two flip-flops are connected to high and low inputs of
a hysteresis digital comparator, generating the gating signal
D[k], which commands the dc–dc converter to turn on/off. The
schematic circuit of hysteresis digital comparator, including
two digital gates, is given in Fig. 6(a). The logical status of
D[k] is determined based on previous status of the converter
(D[k − 1]) and the counter numberQ[k], as follows:

D[k] =

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 if D[k − 1] = 0 & Q[k] > NH

0 if D[k − 1] = 1 & Q[k] < NL

D[k − 1] if NL ≤ Q[k] ≤ NH .

(5)

Finally, the control command of the converter (C in Fig. 4) is
obtained from gating signal D to mask the converter switching
pulse (Clk in Fig. 4).

Fig. 7. (a) Schematic of buck converter with body connection.
(b) Architecture of the dynamic pulse generation for having ZCS condition.

C. Implementation of ZCS Buck Converter

Fig. 7(a) shows a schematic of a synchronous buck con-
verter in which an nMOS transistor is used instead of the
diode to increase the efficiency of converter. The input and
output voltages are Vr and Vb, respectively, where Vb is the
rechargeable battery or super-capacitor voltage. The pMOS
transistor (M2) gate pulse is a fixed pulse at a switching
frequency of fs and with a fixed pulse width of τp. As Vr varies
with respect to the piezoelectric open-circuit voltage and to
maintain ZCS condition for nMOS (M1), the pulse width of
M1 (i.e., τn) is

τn = Vr − Vb

Vb
τp. (6)

The nMOS pulse generator in Fig. 4 provides the required
pulse width τn, corresponding to the output of a 4-bit up/down
counter in the ZCS block as shown in Fig. 7(b). The ZCS
block adjusts τn at the fall edge of Z (the output of nMOS
pulse generator) using the voltage sign at node W. If VW > 0
(VW < 0), it means τn is greater (less) than the required pulse
width to realized ZCS condition, therefore, the counter should
decrease (increase).

IV. SIMULATION AND EXPERIMENT RESULTS

The proposed diode duty cycle technique for tracking
the maximum power point in a piezoelectric vibration-to-
electricity beam is simulated and fabricated using 130-nm
CMOS technology with an area of 1.0 mm2. The simulation
tests are conducted based on post-layout simulation of the
designed IC, in which a circuit model including a current
source in parallel with a capacitor is used to model the
piezoelectric energy harvester. To investigate the efficiency,
post-layout simulations of the circuit are performed for various
values of VOC, f and Cp, assuming a sinusoidal current source
with an amplitude of Ip = 2π fVOCCp in parallel with Cp, as
the circuit model for the piezoelectric energy harvester.
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Fig. 8. (a) Block diagram of the test setup. (b) Photograph of the test setup.
(c) Micrograph of the fabricated chip.

The total efficiency of the proposed power processing circuit
is defined as the ratio of the delivered power output to the
maximum available power from the piezoelectric beam with
a FB rectifier (Pavs = CpfV2

OC). The results show that the
efficiency is at least 96.0% for Cp = 100 nF and VOC = 3 to
6 V at f = 100 Hz.

A. Experiment Setup and Test Results

Fig. 8(a) shows the block diagram of the test setup, which
includes a variable-speed motor with two cubical permanent
magnets (PMs) attached to its shaft. These PMs interact with
the PM installed at the tip of the piezoelectric cantilever
beam, thereby applying a vibrational force to the beam. The
piezoelectric beam is PPA-1001 from Mide Technology Inc.,
featuring an internal capacitance of 100 nF. The beam is
clamped and fixed at three different positions, each corre-
sponding to resonant frequencies of 40, 60, and 80 Hz during
the tests. Fig. 8(a) also shows the outputs obtained in the
experimental tests, along with the corresponding scope channel
(C1–C4) that is later used in the measurement tests.

The photograph of the test setup, which includes a vibration
source (dc motor), a piezoelectric energy harvester beam,
the fabricated IC, and measurement devices, is presented in
Fig. 8(b). Additionally, a snapshot of the fabricated IC and
its micrograph is provided in Fig. 8(c).During the experiment,
the vibration frequency of the beam is tuned at three different
frequencies (40, 60, and 80 Hz). Additionally, the amplitude
of the open-circuit voltage of the beam is adjusted at two
different levels: 4.0 and 6.0 V. This is done to evaluate the
performance of the fabricated circuit at various frequencies
and voltage levels.

TABLE III
TEST RESULTS

The first column of Table III lists the test conditions
corresponding to VOC = 6 V and 4 V, at three designated
frequencies (40, 60, and 80 Hz), and the second column
shows the actual measured frequencies at the output of NVC
rectifier. As the frequency is doubled at the measurement
point, half of that is considered as the vibration frequency.
The third column shows the measured rectified voltage (Vr)

and the last one presents the measured diode duty cycle that
is obtained from the active diode node, as labeled Vd in
Fig. 5(a).

Fig. 9 shows the measured signals corresponding to each
test condition in which the right-hand side photographs
[Fig. 9(a), (c), and (e)] correspond to VOC = 6 V, while
the left-hand side photographs [Fig. 9(b), (d), and (f)] show
the measured signals for VOC = 4 V. Also, Fig. 9(a) and
(b), Fig. 9(c) and (d), and Fig. 9(e) and (f) correspond to
vibration frequencies of f = 40, 60, and 80 Hz, respec-
tively. The labeled channels (C1–C4) correspond to the NVC
rectifier output (VNVC), the rectifier capacitor filter voltage
(Vr), the buck converter on/off switch control voltage (VC),
and the level-shifted diode duty cycle feedback voltage (Vd),
respectively.

B. Discussion of the Results and Comparisons

The experimental results (Fig. 9) obtained under various
piezoelectric test conditions demonstrate that the proposed
circuit adaptively generates the on/off control signal of the
buck converter, Vc (cyan signal, C3 channel), effectively
maintaining Vr (purple signal, C2 channel), close to half of the
open-circuit voltage to achieve maximum power extraction. As
dP/dVr = 0 at Vropt , it is expected that Pout remains relatively
insensitive to Vr ripples at Vr = Vropt .

The results at different test conditions convincingly demon-
strate the effectiveness of the proposed control circuit for
maximizing power extraction within a range of piezoelectric
voltages and frequencies. The proposed control circuit presents
a power efficient algorithms to achieve maximum power
extraction during normal operation, eliminating the need for a
current sensor and reducing computational burden.
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Fig. 9. NVC output voltage, VNVC (blue signal, C1 channel), rectified voltage, Vr (purple signal, C2 channel), on/off state signal of dc–dc buck converter,
Vc (cyan signal, C3 channel), and level-shifted duty cycle signal, Vd (green signal, C4 channel) with MPPT controller for two different open-circuit voltages
(left column: VOC= 6 V, right column: VOC= 4 V) and when the piezoelectric frequency is at 40 Hz (a) and (b), 60 Hz (c) and (d), and 80 Hz (e) and (f).

The duty cycle at Poutopt in Table III is slightly different
from the expected Dd = 50% depicted on Fig. 5. The test setup
uses an adjustable variable-speed motor with a couple of PMs,
instead of a precise shaker to emulate a more realistic test
condition. This setup, instead of providing a pure sinusoidal
vibrating force, generates a harmonic waveform vibration in
which the fundamental frequency slightly deviates about its
set point. To evaluate the robustness of the method, the tests
are repeated at different frequencies 40, 60, and 80 Hz. The
discrepancy between the set point frequency and the measured
fundamental frequency originates from the vibrating system
and does not reflect any error within the proposed MPPT
control method. Furthermore, ripples in Vr due to turning
the buck converter on/off and the hysteresis thresholds in the
control loop (NL and NH in Fig. 6) also contribute to the
average value of Dd.

Table IV summarizes and compares the characteristics and
performance of recent piezoelectric harvesters MPPT tech-
niques. In [11], the rectifier is integrated with the SSHI circuit.

This article demonstrates that the ratio of the SSHI optimal
voltage over the piezoelectric voltage amplitude remains con-
stant. However, this constant is a function of the quality factor
in the SSHI circuit loops, influenced by the loop resistance,
the capacitance and inductor values.

In [14], the interface circuit is series-SSHI and the MPPT
is achieved using the proposed FNOV method. This article
shows that the ratio of the peak piezoelectric voltage to
the rectified voltage is constant and is a function of quality
factor of the SSHI circuit. The MPPT method proposed
in [11] and [14], no longer disconnects the piezoelectric energy
harvester from the load circuit to measure its open-circuit
voltage.

In [20], a split-phase flipping-capacitor rectifier is proposed.
The study illustrates that the optimum rectifier voltage is a
constant parameter of the open-circuit voltage of the FB rec-
tifier. This constant depends on the piezoelectric capacitance,
denoted as Cp, and is independent of vibration frequency. As
the open-circuit voltage of the proposed rectifier is twice the
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TABLE IV
COMPARISONS OF RECENT PIEZOELECTRIC ENERGY HARVESTING CIRCUITS WITH MPPT

nominal optimum rectifier voltage, measuring the open-circuit
voltage of the FB rectifier, instead of the proposed rectifier,
decreases the voltage stress on devices.

In [22], the FOC voltage for the SSHI rectifier is presented.
Similarly, in [10], the MPPT circuit in synchronized switch
harvesting on capacitor-inductor (SSHCI) is based on measur-
ing the piezoelectric open-circuit voltage. However, measuring
the open-circuit voltage requires periodically interrupting
energy harvesting to sample the open-circuit voltage of
the piezoelectric harvester. If the sampling rate is high, it
results in more energy loss, and if it is small, the varia-
tion in open-circuit voltage may not be detected effectively.
In [26], a novel analog power detector designed for P&O
MPPT is introduced. This detector can assess output power
variations solely through voltage measurements, eliminating
the need for current measurement and a microcontroller
unit. Compared with the existing methods, the proposed
digital diode duty cycle estimator in this article provides
a simple, robust, and power efficient method for MPPT
algorithm.

V. CONCLUSION

An efficient power management IC (PMIC) is designed
and fabricated using 130-nm CMOS technology for extracting
maximum power of a piezoelectric energy harvester that can
be used in conjunction with various types of diode rectifying
units. This PMIC includes a closed-loop digitally controlled
circuit to switch on/off a dc–dc buck converter to track
the maximum power point of piezoelectric energy harvester.
The proposed MPPT method is established based on the
diode duty cycle estimation that is applicable to FB, VD,
and SSHI rectifying circuits. This method utilizes voltage
feedback, making it more power-efficient than conventional
approaches that involve current sensors, power evaluation, or
open-circuit voltage measurement with power disturbance. The
suggested analysis shows that by maintaining the diode duty
cycle about a fixed value, maximum power is extracted under

various piezoelectric vibration amplitudes and frequencies.
The proposed MPPT control method is independent of piezo-
electric beam parameters that can be used with various
piezoelectric energy harvesters. Also, the MPPT controller is
robust against aging phenomenon of the vibrating beam and
ambient parameter changes.

To minimize the power loss of the suggested circuit,
an NVC circuit followed by an active diode with a sub-
threshold comparator are used as rectifying unit. Also, an
integrated synchronous buck converter under ZCS condition
is developed to further improve the efficiency of suggested
low power processing PMIC. The implemented IC consumes
less than 1 μW in power processing range of 160–360
μW at 100 Hz, achieving a minimum power efficiency
of 96%.
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