
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

Master’s Thesis of Joonseok Yang 

Design of an Efficient Capacitor-

Free Piezoelectric Energy 

Harvesting PMIC 

 
저장 커패시터를 가지지 않는 효율적인 압전소자 

에너지 하베스팅 전력관리 회로 설계 

 
 

August 2016 

 

Department of Electrical and Computer 

Engineering 

College of Engineering 

Seoul National University  

Joonseok Yang



 

 

Design of an Efficient Capacitor-

Free Piezoelectric Energy 

Harvesting PMIC 

 

Thesis Advisor: Prof. Jaeha Kim 

 

A thesis submitted to the department of  

electrical and computer engineering 
 

August 2016 

Department of Electrical and Computer Engineering  

College of Engineering 

Seoul National University 

 

Joonseok Yang 

 

Confirming the master’s thesis written by  

Joonseok Yang 

August 2016 

Chair     정   덕   균     (Seal) 

Vice Chair    김   재   하     (Seal) 

Examiner     하   정   익     (Seal)



 

 i 

Abstract 

   This research suggest a design methodology of an efficient piezoelectric 

power management IC which removes a large intermediary buffer capacitor 

and achieves a high end-to-end energy efficiency that can theoretically be 

100%. A prototype IC designed on a 0.18-μm HVCMOS process adopted a 

network of switches that emulates a stepdown AC-DC converter, which 

functions as both the energy storing and the energy transferring circuit. The 

simulated result showed 460% enhancement on the case of continuous input 

vibration with respect to the full-bridge diode topology, and showed 61% 

end-to-end efficiency for a batteryless wireless switch application which is 

1.7 times higher than the ideal efficiency of a capacitor-based topology. 

 

Keywords : piezoelectric energy harvesting, buffer capacitor, DC-DC 

converter, batteryless, battery charging, low-power 
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Chapter 1 

Introduction 

 

 

1.1. Piezoelectric Energy Harvesting (PEH) System 

Over the years in the field of energy harvesting, piezoelectric 

transducer (PZ) has been a popular choice of energy source for its ability to 

convert mechanical vibration into electrical energy. PZ is an effective 

candidate for supporting the battery of the ‘internet of things’ (IoT) devices 

in which ambient continuous-time or intermittent vibration is available. For 

instance, a piezo can charge the battery of a sensor that detects the structural 

health of railways or bridges by collecting the continuous vibration that the 

construction generates. Moreover, energy harvesting from PZ is also a key 

solution for operating batteryless mobile devices including wireless switch. 

By collecting a single-period energy generated from a pressing of a user, 

such piezoelectric harvesting circuit can operate a simple wireless 

communication without a battery. Despite its wide usage and demands on 

piezoelectric energy harvesting (PEH), the PEH circuit often serves for a 

limited range of application (e.g. only as battery charger [9]-[11] or wireless 

switch [1], [2]) and also suffers from low energy efficiency, particularly due 

to the existence of a large buffer capacitor used to temporarily store energy. 

This paper proposes an analysis and descriptions on designing a capacitor-
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free integrated structure of a piezoelectric energy harvesting circuit and a 

DC-DC regulator that achieves high efficiency by removing a buffer 

capacitor, and extends its application to both battery charging from a 

continuous vibration and operating a batteryless load from a pulsed input. 

A PEH system is composed of two fundamental structures, namely a 

harvesting block and a regulating block, where the conventional architecture 

is illustrated in Fig. 1.1. The harvesting block collects and temporarily stores 

the input energy generated as an AC current from the piezoelectric source, 

as modeled in Fig. 1.1. The modeling of the piezoelectric element as a 

current source is described in detail in Appendix A. In a conventional case, 

the collected energy is stored in an extra capacitor CBUF located between the 

harvesting block and the regulating block. The regulating block following 

the harvester transfers the temporarily stored energy into the load in a way 

the load application requires.  

The ultimate goal of the harvesting block is to maximize the acquired 

energy per each period, and the main challenges in this task are preventing 

self-discharge of a PZ source and keeping high input voltage and low input 

capacitance. By its intrinsic property being an AC current source, a PZ at 

PIEZO

Energy 
Harvesting 

BlockCPIP RP CBUF

DC-DC
Regulator

Block

Load
(Battery/ 
RF Tx)COUT

Fig. 1.1. Conceptual architecture of a conventional PEH system topology. 
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open-circuit perpetually charges and discharges its capacitance CP and 

makes the net voltage zero, dissipating all the input energy. To prevent this 

self-discharge, when the input current changes its polarity the harvester 

employs a synchronized switch harvesting on inductor (SSHI) [11] to invert 

the voltage over the PZ via an LC oscillation so that the opposite current 

may continue charging CP. Furthermore, since a PZ source generates a fixed 

amount of charge for a given mechanical vibration, by the energy formula 

E = Q2=2C = CV 2=2 it is favorable to reduce the storage capacitance and 

maintain high voltage. This condition is particularly important for a 

batteryless application where a PEH circuit has to maximize the stored 

energy by all means from a very limited energy supply. As a means to meet 

this condition, [3] proposed PEH circuits for a batteryless wireless switch 

which reduced the buffer capacitance to an optimal (e.g. CBUF=3CP [6]) 

value and employed a step-down switched capacitor converter that can 

convert down the stored voltage from as high as 30V to 5V without 

compromising the acquired energy.  

The key challenges in designing the regulating block is that, under a 

limited amount of input energy and radically varying input voltage, it must 

provide a proper regulated output required by the load application (e.g. 

controlled current supply for battery charging, stable DC voltage for 

wireless communication, etc.) and transfer maximum possible energy, which 

may include minimizing a transient energy loss incurring from the initial 

charging of the load. Many of the previously reported works employed a 
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rectifier and a large buffer capacitor (e.g. 100uF) to maintain stable DC 

input voltage, and applied a switched inductor DC-DC converter according 

to the voltage conditions [3]. For an application where transient energy loss 

is more critical, [2] proposed a step-down DC-DC regulator with variable 

on-time switching scheme that can minimize the output capacitance without 

compromising small output ripple voltage. The proposed system in [2] also 

employed a pulsed frequency modulation (PFM) switching scheme that can 

support a wide range of load current (e.g. 1mA to 30mA) to operate an 

abrupt current consumption at the wireless transmission block. 

These previous studies, however, separated the harvester and the 

regulator with the intermediary buffer capacitor, and took an approach on 

optimizing each of them respectively for a specific application, in which the 

buffer capacitor fundamentally limits the performance of the design as well 

as its range of applicability. When the PZ source stores energy into a buffer 

capacitor by direct charging, half of the energy transferred from the PZ is 

always dissipated in charging the capacitor, that is, energy is lost in pushing 

the charges against the electric field on the buffer capacitor. Moreover, the 

size of the buffer capacitance eventually defines to which application the 

PEH system can be used. For instance, a conventional battery charger 

receiving a continuous vibration requires a large buffer capacitance for 

stable DC voltage, while small buffer capacitance is required as in [1], [2] 

for a batteryless application with a single-pulsed input. Due to these 

fundamental challenges, with an exception of the work by [10] which did 



 

 ５

not have a buffer capacitor but neither a voltage regulator, the optimization 

of individual blocks contributed by previous works have not yet achieved an 

efficient energy harvesting system applicable to various types of 

applications. 

To alleviate this fundamental challenge the buffer capacitor imposes, 

this paper presents a novel capacitor-free piezoelectric energy harvesting 

system that integrates the functions of the harvester and the regulator into a 

single circuitry and takes the internal capacitance of the PZ source as the 

only energy-storing component as in Fig. 1.2. By alternating the harvesting 

mode and the regulating mode, using a finite state machine (FSM) control 

along with low-power sensing circuits, a single on-chip circuitry achieves a 

generalized performance on piezoelectric harvesting with a theoretically 

ideal energy efficiency. 

This thesis demonstrates the performance of the proposed capacitor-

free system by distinguishing the two types applications according to the 

input conditions: 1) a battery charger receiving a continuous-time vibration, 

and 2) a batteryless wireless switch that inputs a single-period mechanical 

pulse. These two examples cover the general cases of the input conditions 

Fig. 1.2. Conceptual architecture of the proposed capacitor-free topology. 
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(continuous and pulsed) as well as the output applications (battery support 

and batteryless operation). The following sections will therefore describe the 

operation and the analysis of the system for the two cases, respectively. 

The simulated results of the proposed system designed on a 0.18um 

HVCMOS process achieved an energy transfer efficiency of 61-% for a 

BWS with an emulated model of a 300-mm2 PZT-5H disc, which is 5 times 

higher than the best number reported in [2]. The simulation results for a 

battery charger from a continuous vibration of a cantilever-type PZ (VB22) 

showed 450-% enhancement of power efficiency compared to that of a 

typical full-bridge rectifier (FBR), which is close to the ideal value 

achievable with the conventional capacitor-based topology. 

 

1.2. Thesis Organization 

 

The rest of the thesis is organized as follows. Chapter 2 describes the 

operating principle of the proposed PEH system as well as some key issues 

in circuit implementation. Chapter 3 presents an analysis on the 

performance of the proposed PEH system and suggests its advantages over 

the conventional topology. Chapter 4 explains the circuit implementation of 

the core blocks that address the key challenges. Chapter 5 provides a 

simulated result of the system designed on a 0.18um HV CMOS process and 

Chapter 6 concludes the thesis. 
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Chapter 2  

Architecture and Principle of Operation of the 

Capacitor-Free PEH System 

 

 

2.1 Overall Architecture 

 

Fig. 2.1 illustrates the overall architecture of the proposed capacitor-

free PEH system. The proposed system aims to perform three fundamental 

steps in piezoelectric energy harvesting, namely charge accumulation, 

voltage inversion and DC-DC regulation. By conducting these three 

functions without an intermediary buffer capacitor, it achieves high energy 

efficiency for a general-purpose piezoelectric energy harvesting. The type of 

application being used (i.e. as battery charger or BWS) is selected from an 

external signal by a user. 
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The system is composed of four main blocks: 1) an integrated 

powerstage that serves as both a harvester and a step-down DC-DC 

regulator, 2) a sensing block that detects the behavior of the  PZ source and 

actuates the controller, 3) an asynchronous finite state machine (FSM) 

controller that determines the mode of operation and its corresponding 

configuration of switches at the powerstage, and 4) a pulse generator that 

produces the desired pulses for the DC-DC regulation.  

Fig. 2.2 illustrates the topology of the capacitor-free, single-inductor 

PIEZO
Vp

Vn

Piezoelectric Harvesting
Powerstage

VBUF / VBAT

VLB

FSM
(6 Modes)

VLA

trig_gen

pkp, zcp, conv_finp
pkn, zcn, conv_finn

Vn

Vp

Peak & Level
Detector

Peak Detector
pkp 

pkn

VLB

VLA
Zero-Xing 
Detector
Zero-Xing 
Detector

zcp

zcn

en DPWM

VOT ASZCD

enabler

CCM/PFM sel

conv
_en

up
dn

mode[2:0]
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mode[2:0]

SW_Mixer

Conv_fin
Detector
Conv_fin
Detector conv_finn / limn

conv_finp / limp

Vn

Vp

Pulse 
Width & 

Frequency
Controller 

Csmall

Clarge

vdd

Vp

Vn

Battless self-start (ext.)

Fig. 2.1. The overall architecture of the proposed capacitor-free PEH

system. 

Fig. 2.2. The schematic diagram of the powerstage block. 
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powerstage, which is the essential block for achieving a capacitor-free 

energy harvesting and regulation. When operating as a harvester, a set of 

switches {SHH, SHL, SLH, SLL} change its configuration to make the lower 

side of the PZ node be connected to the ground, which eliminates the need 

of a rectifier. When operating a voltage inversion during the SSHI control, 

{SLH, SFL} is used as a pathway for LC oscillation between CP and the 

inductor LH. As a regulator, corresponding to the incident input polarity, 

either SHH or SLH becomes the hide-side switch and SBC becomes the low-

side switch of a step-down DC-DC (Buck) converter which takes CP as the 

input capacitance, and this time the inductor L is used for energy transfer. 

The sensing block, existing in pairs to detect each end of the PZ source, 

is composed of a peak detector, a zero-crossing detector and a conversion-

finish detector, each generating a signal that triggers the operating mode of 

the controller. The peak detector detects the point when the PZ finishes 

charging CP and VP or VN starts to decrease, and indicates the controller that 

the charging is complete. The zero-crossing detector monitors the point 

when the voltage over CP is fully inverted during the SSHI process, and 

signals that the controller to stop the LC oscillation. The “conv_fin” detector 

is activated during the DC-DC regulation, and informs the controller to stop 

the transferring process when the input voltage falls below the desired 

threshold level.  

The pulse generating block is activated during DC-DC regulation, and 

it utilizes a mix of pulse controlling schemes to support a wide range of 
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output applications. For example, it adopts a pulse frequency modulation 

(PFM) scheme when it is used for supplying a DC output to a batteryless 

load. On the other hand, when it charges the battery, the pulse generator 

employs a discrete conduction mode (DCM) and supplies a fixed amount of 

current for each switching. The mode of switching scheme is determined by 

an external signal selected by a user, and the detailed operation will be given 

in the next section. 

 

 

2.2. Principles of Operation 

The proposed system distinguishes the input into two types, namely a 

continuous input such as a vibration of a construction, and a single-pulsed 

input including a pressing of a finger. An application that inputs a 

continuous vibration typically uses a cantilever-type PZ source, which is 

characterized by a small intrinsic capacitance (e.g. CP=10nF), small open-

circuit voltage around a few volts, relatively high input frequency (e.g. 

100Hz) and small input energy per cycle (<1μJ). Such application of this 

type is commonly used as a charger, which gradually accumulates the 

energy into a large energy storage such as a super capacitor or a battery. A 

single-pulsed input, on the other hand, is often generated by a strong 

mechanical force on a disc-type PZ source, which has a large intrinsic 

capacitance (e.g. CP=300nF), large open-circuit voltage up to tens of volts, 

slow input frequency (e.g. 5Hz) and large input energy up to a few hundred 
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μJ. The generated energy is large enough to operate a simple load circuit 

such as a wireless transmitter without a battery, and therefore this is a 

typical case of a BWS application. Since these two types of applications 

incurs different types of operation control, the following section will 

describe the operation of the proposed system for two types of inputs, 

respectively.  

 

2.2.1. Continuous vibration input (generalized case) 

Fig. 4 illustrates the operation cycle of the proposed system controlled 

by the asynchronous FSM, and Fig. 2.3 visualizes the switch configuration 

of the powerstage and the voltage waveform for each corresponding mode. 

The FSM consists of six states of operation, namely the charging mode, the 

flipping mode, and the converting mode for each of the input polarity. Each 

mode is triggered by a signal generated from the designated sensor circuit. 

P-Charge

P-Convert

pkp
limp=1?

(VP>Vref?)

P-Flip

conv_finp

zcp

N-Charge

pkn

N-Convert

limn=1?
(VN>Vref?)

N-Flipzcn

conv_finn

reset

triggering edge

Y

N

N

Y

Fig. 2.3. The FSM cycle of the proposed system for a continuous-time input 
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For example, P-charge mode is terminated only when the peak detector on 

VP node generates the output edge. Note that the duration of each cycle 

equals the period length of the input vibration. 

The FSM always starts from the P-charge mode with an external reset 

signal or the reset generated by the internal power-on reset circuit (POR). 

That is, only SLL is initially turned on to short VN to ground and the PEH 

waits for the PZ to charge up VP (Fig. 2.4(a)). After the PZ finishes charging 

CP and VP stops rising, the peak detector generates a signal pkp, terminating 

the P-charge mode. At this point if the accumulated voltage VP is lower than 

the desired level (e.g. 4V), the FSM determines that the input voltage is yet 

too low to transfer energy into the load and initiates a voltage inversion, 

entering into the P-flip mode. 

During the P-flip mode as shown in Fig. 2.4(b), all the switches 

excluding SFL and SLH are turned off to initiate an LC oscillation. After the 

voltage is completely inverted by the oscillation, a zero-crossing detector 

generates a trigger ZCP and the FSM transitions to the N-charge mode. Note 

that since the flipping mode takes up to a few hundred μs and the input 

vibration has a typical period length of a few tens of ms, the duration of 

flipping does not affect the performance of the charging process. 

If VP is larger than the threshold at the moment pkp is triggered, the 

FSM decides that the obtained energy in CP is large enough to transfer and it 

transitions to a P-convert mode (Fig. 2.4(e)), during which SHH becomes the 

high-side switch and SBC becomes the low-side switch of the Buck converter. 



 

 １３ 

Note that a single inductor is shared with the flipping operation. After some 

energy transfer during the conversion process and VP falls below the 

threshold level, the detector “conv_fin” outputs “conv_finp” and stops the 

DC-DC conversion, and moves the FSM into the N-charge mode. 

The functions of the N-charge mode and the following two modes of 

operation (i.e. N-flip mode and N-convert mode) are identical to those of the 

‘P’ counterparts with an exception that the target node becomes VN, and VP 

is grounded. The operations of the following modes are illustrated in Fig. 

2.4(c) to Fig. 2.4(e). Note that the high-side switch at the N-convert mode is 

SLH. After the N-convert mode terminates, the FSM returns back to the P-

charge mode and waits for the subsequent input current, completing the full 

FSM cycle. 

In addition, to guarantee that the FSM receives only the designated 

trigger of interest at its incident state, the trigger signals are multiplexed 

before entering the FSM. Such multiplexing process is carried out by the 

trigger-generating block (TRIGGEN) shown in Fig. 2.1, in which the mode 

state vector mode[2:0] determines which trigger signal is valid, while rest of 

the signals are neglected lest undesired glitches should change the FSM. 
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Fig. 2.4. The switch configuration and resulting waveform of the

proposed system for each operation modes: (a) P-charge (b) P-flip (c) 

N-charge (d) N-convert (e) N-flip (f) P-convert 
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2.2.2. Pulsed input (reduced case) 

For a case where non-repetitive pulsed vibration is imminent, the FSM 

cycle is reduced from six to four states, namely the P-charge mode, the P-

flip mode, the N-charge mode and the N-convert mode. Determined by the 

external signal chosen by the user, the FSM omits the P-convert and the N-

flip phase because for a single pulse the flipping and the converting process 

are needed only once. The reduced flow operation is illustrated in Fig. 2.5. 

Note that at the N-convert mode (Fig. 2.5(d)) the resulting voltage VN may 

rise as high as 30V, and the PEH circuit may initially charge and operate a 

VP
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Fig. 2.5. The reduced version of the switch configuration and resulting

waveform: (a) P-charge (b) P-flip (c) N-charge (d) N-convert  
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batteryless load until the input voltage falls below the output voltage (e.g. 

2.5V). 

As a summary, Table 1 shows the truth table of the switches (turned on, 

turned off, pulsed switching) at the powerstage for each corresponding 

mode. The detailed operation of the pulse generator at the DC-DC 

regulation mode will be provided in the following section. 

 

Table 2.1. Truth table of the powerstage switches for each operating mode 

Input Type Mode SHH SHL SLH SLL SFL SBC SBAT 
Continuous P-charge × × × ○ × × × 

P-convert ● × × ○ × ● ○ 

P-flip × × ○ × ○ × × 

N-charge × ○ × × × × × 

N-convert × ○ ● × × ● ○ 

N-flip × × ○ × ○ × × 

Single 
Pulsed 

P-charge × × × ○ × × × 

P-flip × × ○ × ○ × × 

N-charge × ○ × × × × × 

N-convert × ○ ● × × ● ○ 

○: Turned on  ×: Turned off   ●: Pulsed switch 
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2.3. Operation of the Pulse Generator 

 

The control methodology of the pulse generator is determined by an 

external signal that indicates whether the application receives a continuous 

input or a single pulse. Hence the following subsection will also describe the 

operation with two types of input. 

 

2.3.1. Continuous Input (Battery Charger) 

The DC-DC regulation for the continuous input case corresponds to the 

P-convert and the N-convert mode, illustrated in Fig. 2.4(d) and Fig. 2.4(f), 

respectively. Due to the small input energy per cycle as mentioned in the 

previous section, the DC-DC regulator functions as a battery charger which 

transfers the energy from the PZ to a battery until VP or VN falls below a 

certain voltage level. The threshold level is chosen by the optimization 

analysis which will be provided in the next chapter. 

The main challenge for this application is controlling the proper 

duration of on-time, because due to its small input capacitance of a 

cantilever-type PZ, the input voltage changes radically with every switching 

and the conversion process may take only a few times of switching. For 

example, a PZ with capacitance 10nF transferring energy from VP,N=8V to 

5V may transfer all the energy with a couple of switching pulses that have 

an on-time of 2-μs with an inductance of 47uH. Furthermore, because the 
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input voltage changes by a few volts every other switching, fixing the on-

time may cause difficulties because too long an on-time may let the input 

voltage oscillate due to LC oscillation of CP and the inductor, and too short 

an on-time on the other hand forces more switching and hence extra 

switching losses. Therefore it is important to control the on-time that can 

quickly adapt to the changing input voltage. 

To address this challenge, the proposed pulse generator for continuous 

input mode adopts a discrete conduction mode (DCM) switching with 

variable on-time (VOT) control, which controls the on-time to be inversely 

proportional to (Vin-Vout). 

By adopting an on-time controller design introduced in [2], the VOT 

controller samples the input voltage at every switching and increases the on-

time length as the input voltage drops, allowing stable energy transfer at 

every switching. The off-time control is substituted to an asynchronous 

switching (i.e. the low-side switch SBC is turned off and considered a 

transistor diode) for simplicity’s sake. The loss arising from the diode 

conduction can be considered negligible due to a low conduction current. 

 

2.3.2. Pulsed Input (Batteryless Wireless Switch) 

For the case where a PZ source is given a single pulsed vibration to 

operate a batteryless load, the main challenge is to minimize the output 

capacitance so that the initial charging loss is minimized, while the 
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converter must endure a large input voltage as high as 30V. To achieve this, 

the proposed pulse generator again adopts a VOT controller from [2] to keep 

the on-time inversely proportional to the input so that the peak inductor 

current level is maintained equal with descending input voltage according to 

the following relation IL,peak = (Vin-Vout)Ton/L. For instance, the initial on-

time is set as 400ns to make IL_peak~150mA when Vin=30V and Vout=2.5V 

with L=47uH. This enables a controlled output voltage ripple within a 

desired range during the steady state regardless of the size of the output 

capacitance, which allows reducing the output capacitance significantly. 

When the output voltage comes to a steady state (e.g. Vout=2.5V), a 

voltage comparator compares the output voltage with a reference voltage, 

and enables the VOT pulse generator when Vout falls below Vref, carrying 

out a PFM control. This scheme allows a flexible control of the switching 

frequency for a wide range of output load current, where heavy load current 

pulls down the output voltage below the reference more quickly and the 

resulting switching frequency increases. This is effective for running a 

various output applications which often involves a wireless transmission 

with a large abrupt current consumption (e.g. 1mA during stand-by and 

20mA during transmission). The off-time is initially set off to be 

toff = Vin¡Vout

Vout
ton which is the expected zero-current off-time value at the 

beginning of the conversion (e.g. toff=2us @ Vin=30V, Vout=2.5V and 

ton=400ns), and a zero-current switching is achieved by an adaptive 
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sampling zero-current detector (ASZCD) [2] which detects the direction of 

the inductor current after the off-time switching and digitally calibrates the 

off-time length. 
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Chapter 3 

Energy Analysis of the Capacitor-Free PEH System 

 

This chapter aims to provide a detailed analysis on the theoretical 

efficiency of the proposed capacitor-free PEH system compared to those of 

the conventional structures for the two types of input conditions: a 

continuous vibration and a single-pulsed vibration. 

 

3.1. Energy analysis on a continuous-time vibrational input 

When an open-circuit PZ source previously shown in Fig. 1.1 

undergoes a continuous mechanical vibration and generates a sinusoidal 

current, the Kirchoff’s current relation leads to the following differential 

equation. 

I(t) = IP sin!t = CP
_V (t) + V (t)=RP           (3.1) 

Solving the ordinary differential equation for V(t) results in the following 

formula: 

V (t) = a sin !t + b cos !t + (VI ¡ b)e
¡ t

RP CP      (3.2) 

where 
a = IP RP

1+(RP CP !)2 , b = ¡2RPCP!a, and VI indicates an initial voltage 

at the PZ at the beginning of charging. When the PZ source is at an open 

state, for the first-half period the generated current charges CP by a voltage 

of 
VP = ¡2b =

2IP R2
P C2

P !

1+R2
P

C2
P

!2 . This parameter VP is an intrinsic characteristic 
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of a PZ source and shows how much a PZ is capable of charging. This 

parameter will be used throughout this subsection. 

 

3.1.1. Energy efficiency of a capacitor-based topology 

Fig. 3.1 illustrates the conventional topology where a large buffer 

capacitor is placed between the rectifier and the DC-DC regulator. This 

topology is augmented with a voltage inverting block, which inverts the 

voltage over CP to prevent self-discharging, an example of which includes 

an SSHI control. When the piezoelectric voltage rises over a pre-determined 

level VR, which is the DC voltage over the buffer capacitor, the PZ source 

directly charges the buffer capacitor through the rectifier and the following 

DC-DC regulator transfers the accumulated energy into the load. 

Assuming an ideal rectifier and referring to the analysis proposed in 

[11], the energy transferred into the buffer capacitor per cycle (i.e. power) is 

expressed as follows. 

Prect = 2CP VRf (VP ¡ VR(1 + ´F ) ¡ ¼kVR=(!RP CP )),      (3.3) 

where 
k =

(VP=2¡ ´FVR)!ptp

¼VR

¡
VP sin!ptp

2¼VR

+
¼ ¡ !ptp

¼ , 

Fig. 3.1. Schematic diagram of the conventional capacitor-based topology with

a full-bridge rectifier (FBR). 
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!ptp = cos¡1(1¡
2VR(1 + ´F )

VP

)
, and ´F  is the flipping efficiency of the 

voltage inversion circuit. The maximum point of this formula with respect to 

VR cannot be analytically derived, and therefore a numerical plotting is 

required with given parameter conditions. Fig. 3.2 shows the obtained 

power of the capacitor-based topology plotted versus the ratio of VR and VP 

(i.e. VR/VP), with varying values of ´F  from 0.6 to 1, where the efficiency 

of the following DC-DC regulator is not considered. The parameter values 

are given according to the model of the PZ source VB22 (Mide) as IP=20-

μA, CP=12-nF, RP=600-kΩ, ω=2π×224-rad/s. Note that the capacitor-based 

topology with ideal voltage inversion can improve the input power by 6 

times compared to using a full-bridge rectifier (FBR). 

 

3.1.2. Energy efficiency of a capacitor-free topology 

For the proposed capacitor-free topology shown in Fig. 3.1, the 

Fig. 3.2. Input power of the capacitor-based topology with varying values of

dc-voltage ratio and flipping efficiency (CP=12-nF, IP=20-uA, RP=600-kΩ,

f=224-Hz). 
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piezoelectric current is charged in CP from VI to VF, and the energy is 

transferred from VF to VR for every half-period cycle. By solving the 

differential equation similar to the previous section and considering the 

boundary condition at t=0 and t=T/2, the voltage V(t) over CP for the half-

period is identical to the one expressed in Eq. (3.2). The third term in Eq. 

(3.2) reflects the effect of the internal resistor RP that draws current from CP. 

Following Eq. (3.2), the final voltage VF can be easily derived as the 

following. 

VF = V (T=2) = ¡b + (VI ¡ b)e
¡ ¼

!RP CP = ¡b + (VI ¡ b)´RC  (3.4) 

´RC is denoted as the relaxation rate of the RC circuit of the piezoelectric 

source. Moreover, VI is in fact the voltage after the voltage inversion 

process, and since the voltage flipping takes place when the voltage is VR, 

VI can be expressed as ´FVR. Re-expressing VF with the known parameters 

results in 

VF = VP=2 + (´F VR + VP=2)´RC.           (3.5) 

Therefore the energy transferred into the load from VF to VR becomes, 

Fig. 3.3. Schematic diagram of the proposed capacitor-free topology. 
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E =
1

2
CP (V 2

F ¡ V 2
R)

=
1

2
CP (

(1 + ´RC)2

4
V 2

P + (1 + ´RC)´F ´RCVRVP + (´2
RC´2

F ¡ 1)V 2
R)

(3.6) 

Thus the power PCapFree transferred into the load for every cycle, excluding 

the conversion efficiency, becomes as follows. 

PCapFree = CP f (
(1+´RC )2

4
V 2

P + (1 + ´RC)´F ´RCVRVP + (´2
RC´2

F ¡ 1)V 2
R) 

(3.7) 

The optimal value of VR that maximizes PCapFree can be analytically derived, 

and the maximum power turns out to be 

PCapFree;max = CPfV 2
P

(1+´RC)2

4(1¡´2
RC

´2
F

),  
VR =

´F ´RC(1+´RC)

2(1¡´2
F

´2
RC

)
VP     (3.8) 

Plotting the input power versus the ratio VR/VP in Fig. 3.4 with the 

same parameter conditions from the previous subsection shows the similar 

waveform to that of the capacitor-based topology, with more enhanced 

performance at the region where VR is around zero. 

Fig. 3.5 illustrates the ratio of the maximum input power of the given 

topology to that of using the FBR structure, and compares the performance 

between the conventional topology (i.e. capacitor-based) and the proposed 

capacitor-free topology, plotted versus the flipping efficiency varying from 

0 to 1. The graphical result demonstrates that the proposed capacitor-free is 

more advantageous for a more lossy voltage-flipping process (i.e. lower ´F  

value), and the two topologies reach equal performance at an ideal lossless 

flipping, which improves the FBR performance by around 650%. 
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3.2. Energy analysis on a single-pulsed vibrational input  

When the PEH system is used to supply the load from a single-pulsed 

Fig. 3.4. Input power of the proposed capacitor-free topology compared to a

performance with FBR (CP=12-nF, IP=20-uA, RP=600-kΩ, f=224-Hz). 

Fig. 3.5. Comparison of the performance of the conventional capacitor-based 

topology and the proposed capacitor-free topology with respect to FBR. 
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vibration, we assume that the PZ source is initially fully discharged. The 

time-function of the voltage results in the same solution for the differential 

equation suggested in the previous section, and because the initial voltage is 

always assumed to be zero for this case, it is possible to define the intrinsic, 

maximum energy that a PZ can generate for a single period. The existence 

of the intrinsic maximum energy of a PZ lets us compare the performance of 

any topology by computing the absolute energy efficiency. Therefore, this 

section begins with the definition of the intrinsic maximum energy, and the 

following subsection derives the energy efficiency of the conventional 

topology and the proposed capacitor-free topology, respectively. 

 

3.2.1. Maximum intrinsic energy of a PZ source 

The intrinsic, maximum energy a PZ generates can be intuitively 

deducted as the case where all the charge generated for the cycle is 

accumulated in the intrinsic capacitor. Referring to the voltage function 

derived in Eq. (3.2), when a PZ source is at open-circuit the final voltage 

VF1 after the first-half period is: 

VF1 = V (T=2) = ¡b¡ be
¡ ¼

!RP CP             (3.9) 

If there exists an ideal voltage inversion and all the charge generated at the 

second-half is stored into CP, the resulting final voltage VF2 becomes 

VF2 = ¡b + (VF1 ¡ b)e
¡ ¼

!RP CP = ¡b(1 + e
¡ ¼

!RP CP )2   (3.10) 

Therefore the final intrinsic energy EI stored in CP can be derived as 
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EI = 1
2
CPV 2

F2 = CP

2
¢ (

!IP R2
P CP

1+(!RP CP )2
)2(1 + e

¡ ¼
!RP CP )4    (3.11) 

This equation can be further simplified if !RPCP >> 1. For the typical 

case of a batteryless wireless switch, the application uses a disc-type 

piezoelectric transducer that has an intrinsic capacitance of a few hundred 

nF and a resistance of a few MΩ, with a duration of finger-press taking up 

to 200-ms (i.e. 5Hz). With the exemplary parameter values of CP=300-nF, 

RP=2-MΩ and ω=2π×5-rad/s, !RPCP=18.84 and the second term in Eq. 

(3.11) can be reduced to I2
P=(!CP)2, which results in the final energy 

formula as follows: 

EI =
I2
P

2!2CP
(1 + e

¡ ¼
!RP CP )4

               (3.12) 

Hence the value EI will be used throughout this section as a reference to 

evaluate the efficiency of each circuit topology.  

 

3.2.2. Energy efficiency of a capacitor-based topology 

Evaluating the energy performance of a capacitor-based topology 

accompanies a new parameter CS, which is the capacitance of the buffer 

capacitor. Referring to the model in Fig. 3.1 and assuming an ideal rectifier, 

the net capacitance at the differential equation Eq. () becomes (CP+CS), and 

the voltage VF1 after the first-half period is: 

VF1 = ¡bS ¡ bSe
¡ ¼

!RP (CP +CS), 
bS = ¡

!IP R2
P (CP +CS)

1+(!RP (CP +CS))2     (3.13) 

When a voltage inversion process takes place with a flipping efficiency of 
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´F , the second-half current charges CP alone from t = T=2  to 

t = T=2 + t1 until the voltage rises from ´FVF1 to VF 1. After then the PZ 

source charges both CP and CS until it reaches the final voltage VF2, which 

can be derived from Appendix A as follows: 

VF2 = ¡bS + VOe
¡ ¼

!RP (CP +CS)              (3.14) 

where 
VO =

VF1¡bS(1¡!t1)

1¡
t1

R(CP +CS) , 
t1 = VF1¡´F VF1

bP¡´F VF1
RP CP

¡bP !  and 
bP = ¡

!IP R2
P CP

1+(!RP CP )2 . 

The resulting energy stored in the buffer capacitor then can be expressed as 

ECS
= 1

2
CSV 2

F2.  

By defining the energy efficiency as ECS
=EI , and plotting the efficiency 

graph with varying ratio of CS to CP, Fig. 3.6 illustrates the efficiency of the 

capacitor-based topology for each cases of ´F = 1; 0;¡1. For ´F =¡1, the 

flipping process is omitted. At this case the topology becomes a simple full-

bridge rectifier, and the optimal capacitance ratio becomes an integer 3 (i.e. 

CS=3CP), which agrees with the analysis presented in [3]. If ´ =0 the SSHI 

switch becomes a simple grounding switch without an inductor, and the 

Fig. 3.6. Energy efficiency of a capacitor-based topolog with varying values

of the buffer capacitance (CS) and the flipping efficiency (´F ). 
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optimal ratio is around 1.8. For the ideal SSHI case where there is no loss 

during the flipping process, i.e. ´ =1, the optimal ratio is 1 (CS=CP), which 

is a commonly known condition for impedance matching under a DC 

voltage. Note that the best efficiency achievable with the capacitor-based 

topology is approximately 35%. 

Fig. 3.7 shows the graph of maximum energy efficiency obtainable 

with the flipping efficiency varying from -1 to 1. 

 

3.2.3. Energy efficiency of a capacitor-free topology 

The energy analysis on a capacitor-free structure can be carried out 

with more simplicity by taking out the parameter CS from the previous 

derivations. With the flipping efficiency of ´F , the final voltage VF 

accumulated on CP after a full-period cycle is: 

VF = ¡bP (1 + (1 + ´F )e
¡ ¼

!RP CP + ´F e
¡ 2¼

!RP CP ),    (3.15) 

where bP is the parameter defined in Eq. (3.14). 

Fig. 3.7. Maximum energy energy efficiency plotted versus the flipping

efficiency. 
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By computing the acquired energy ECP
= 1

2
CP V 2

F , and directly 

deriving the efficiency defined as ECP
=EI , the energy efficiency can be 

expressed in a closed form as follows: 

ECP
=EI =

(1 + (1 + ´F )e
¡ ¼

!RP CP + ´Fe
¡ 2¼

!RP CP )2

(1 + e
¡ ¼

!RP CP )4      (3.16) 

Fig. 3.8 illustrates the energy efficiency of the proposed capacitor-free 

topology plotted versus the flipping efficiency. It is evident from the former 

equation that when the flipping efficiency has an ideal value 1, the energy 

efficiency becomes a 100%, which corresponds to the graphical result. 

Compared to the conventional topology, it has a more risk of failure for a 

negative flipping efficiency (i.e. incomplete drainage), but for any control 

better than a complete grounding scheme ( ´F = 0 ), the proposed 

methodology proves superior at most by a factor of 3.5. 

Fig. 3.8. Maximum energy efficiency of the proposed capacitor-free topology

compared with the conventional, capacitor-based methodology. 
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Chapter 4 

Circuit Implementation 

 

This section provides implementations of key building blocks in the 

sensing block, the powerstage block and the pulse generating block. The key 

point of designing the sensing block is reducing the total power 

consumption to a sub-microwatt scale, which is particularly essential when 

the input power is no larger than a few uW. To meet this challenge, the 

design of a continuous comparator which is the core circuit for the detecting 

function will be presented. At the powerstage, the implementation of a gate 

driver circuit that can drive a high-voltage MOS transistor up to 30V of 

drain voltage using a boot-strap technique will be presented. For the pulse 

generator, a variable on-time controller and an adaptive sampling zero-

current detector will be presented. 

 

4.1. Sensing Block 

4.1.1. Peak Detector 

Designed on a standard CMOS process, there are a pair of peak 

detectors monitoring VP and VN respectively, each of which may take a 

voltage-divided version of the target voltage when VP or VN is expected to 

rise above the voltage limit (e.g. 5V). 
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The peak detector is composed of a low-power continuous comparator 

which compares the input voltage and its rectified voltage through a diode 

and a 1-nF external buffer capacitor C2 in Fig. 4.1. The peak detector 

illustrated in the figure takes Vp (or its voltage-divided node) as its input 

voltage and is enabled during the P-charge mode. When enabled, the 

comparator then detects the moment when the PZ current changes its 

polarity and Vp begins to drop below the rectified voltage Vbuf. When the 

peak detector generates a signal pkp, the comparator and M1 are turned off 

by the disable signal from the FSM and the buffer capacitor is drained. 

Fig. 4.1. The schematic diagram of the peak detector (VP side). 
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The simulated results shown in Fig. 4.2 the peak detector can operate 

within an input voltage range of 1V-5V, and can detect the peak point no 

later than 20% of the actual value (i.e. terr<T/2*0.2) within 5Hz-500Hz of 

input vibration. The peak detection lagging by 15% results in about 5% of 

the total charge lost in discharging the internal capacitor CP, the impact of 

which can be considered minor. 

Fig. 4.2. The detection error margin of the peak detector (top), and

the power dissipation with varying input voltage and frequency

(bottom) 
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4.1.2. Zero-Crossing Detector 

Likewise with the peak detector, the zero-crossing detectors exist in 

pairs as shown in Fig. 4.3, each of which detects a unidirectional current 

flowing across Lflip during the LC oscillation (i.e. flip mode) and detects the 

point the current crosses zero for the first time. To detect the current 

waveform, the zero-crossing detector employs a continuous-time 

comparator and an external RC filter circuit, and compares the voltage over 

the capacitor Cs. When the LC oscillation is enabled by the FSM controller 

with a resonance frequency of ! = 1=
p

LF CPZ , the voltage Vs over Cs 

can be simply expressed as VS = 1
1+j!RSCS

Vi, where Vi is the initial voltage 

over CPZ. If !RSCS = 1, the resulting phase of Vs is shifted by 90 from Vi, 

which exactly follows the waveform of the current. Therefore, with the 

appropriate values of Rs and Cs, by comparing the point where voltage over 

Cs becomes zero the detector can indicate that the current through the LC 

tank is zero, and thus a complete voltage inversion. For example, with 

Fig. 4.3. Circuit schematic of the proposed zero-crossing detector. 
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CPZ=300-nF and LF=47μH, the values of the RC filter can be chosen as 

CS=1-nF and RS=3.7kΩ.  

The simulated results suggest that the zero-crossing detector detects the 

fully inverted point within an error margin of 10% with the given resonance 

condition and an initial voltage range of 2V-5V. Fig. 4 shows the error rate 

and the dissipated power of the ZC detector with the given exemplary 

parameter values plotted versus initial voltage ranging from 2V to 5V. Note 

that the ZC detector is turned on for half a cycle of resonance, which takes 

no longer than a few μs, and therefore the total dissipated energy during the 

flip-mode is a few tens of pJ. 

 

4.1.3. nW Continuous-Time Comparator 

Fig. 4.5 illustrates the continuous-time comparator used in the sensing 

blocks, which consists of two stages of cross-coupled latches to increase the 

gain. The comparator has an inner structure which is a single-staged cross-

Fig. 4.4. Detection error rate and the active power consumption of the zero-

crossing detector. 
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coupled amplifier, whose output node is cascaded to the gate of the pMOS 

of the outer structure. The following outer structure contains a diode MP5 

and MP6 dangling on the gate nodes of MP3 and MP4, which forces the 

output swing of the inner latch to be within VDD and VDD-Vd, where Vd is 

the forward voltage of the diode MP5 and MP6. This allows reducing the 

bias current at the inner structure without worrying the dead-end problem of 

the latch comparator. As a tradeoff to limiting the output swing of the inner 

circuit, the outer circuit suffers low input swing and thus MP3 and MP4 

becomes weaker. To compensate this extra resistor is used over MN3 and 

MN4 to weaken the driving strength of the nMOS. 

The current source determines the trade-off between power and the 

bandwidth of the comparator. For a peak detector where the input frequency 

is less than 1-kHz, the comparator uses an 18-nA current source, while a 

zero-crossing detector employs a 400-nA source to catch up with the 

Fig. 4.5. Circuitry of the nW continuous-time comparator with tunable current

source. 
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resonance frequency. 

  

4.2 Powerstage 

4.2.1. Powerstage Switch 

The primary issue in implementing the powerstage is to design a gate 

driver and a switch that can endure and firmly control the on/off state of the 

power transistors under an environment where drain and source voltages 

vary rapidly up to several tens of volts. For instance, VP node of the switch 

SHH shown in Fig. 4.6 rises up to 30-V during P-charge mode, while VLA 

alternates between 30-V and 0-V during the N-charge mode while VP is 

shorted to ground. To endure this high-voltage condition all the powerstage 

switches are implemented with HV nLDMOS devices which can endure 

drain-to-source voltage up to 40-V. Because HVMOS has intrinsic back 

diode from the source to the drain, two HVMOS transistors are 

Fig. 4.6. Implementation of the powerstage switches with HVCMOS and its

gate drivers. 
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implemented in a back-to-back manner for the flying switches to prevent the 

reverse current flowing through the back diode. 

 

4.2.2. Gate Driver 

Each flying HVMOS is implemented with a boot-strap gate driver with 

a class-D type level shifter based on the design introduced in [9] as shown 

in Fig. 4.7. It employs a 1-nF boot-strap capacitor which feeds the flying 

logic gates implemented along the VDDH and VSSH rail, where VSSH is the 

source node of the target HVMOS. When the input signal at the lower-side 

is changes, it is converted to a pair of delayed pulses which generate a pull-

down pulse on either side of the level shifter (i.e. Up or Dn node) that has a 

swing from VDDH to VSSH. This Up/Dn pulse sets up the following SR latch 

and the buffer driver finally generates the gating signal to HVMOS M1 with 

a gate-to-source voltage of VDD (e.g. 5V). The class-D type level shifter 

turns off the driving transistors as soon as the pulse is given, keeping low 

power consumption at the idle state. 

S

R

Q

VSSH=VDN

VDDH (5 ↔ 35V)

IN

VSSHVSSH

VDD

VDD

5V 40V
PMOS

40V
NMOS

CBOOT

M1

Level Shifter

Up
Dn

M3 M4

VUP

VDN

GD

VUP

VDN

=

Fig. 4.7. Gate driver circuit diagram for flying HVMOS, implemented

with a level shifter with a class D-type amplifier. 
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4.3. Pulse Generator 

Fig X. shows the on-time generation circuit which plays an essential 

role in adapting to a radically changing input voltage during the DC-DC 

regulating mode. The left of Fig. 4.8 is a voltage sampling circuit that 

samples the input voltage into a 1-nF capacitor every clock cycle. Since the 

input voltage changes at every polarity, the enable signals p_en and n_en 

generated by the mode state vector from the FSM select the incident input 

voltage from VP and VN. The clock signal then turns on p_sw or n_sw and 

the incident HVMOS transistors, and the sampled voltage level VDC is 

inferred by the following on-time controller. Note that VDC level may vary 

from 3-V to 30-V. 

The right of Fig. 4.8 shows the on-time controller that generates the 

output on-time TON to be inversely proportional to VDC, and hence the input 

voltage. Composed of a bias current source, a buffer capacitor COT and a 

Schmidt trigger, the on-time controller generates a pulse in an integrate-and-

fire manner, in which the pulse length is the time the bias current takes to 

Fig. 4.8. Circuit diagrams of the voltage sampler (left), and the on-time

generator that refers to the sampled voltage (right) 
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charge COT to a threshold VTH and turn on the Schmidt trigger. The level of 

the bias current is proportional to VDC/R, and hence makes the current 

linearly vary with the input voltage. 
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Chapter 5 

Simulated Results 

 

The proposed system IC was designed on a 0.18-μm HV-CMOS 

process, occupying an effective area of 2.4mm × 2.4mm. The layout 

diagram of the IC and the summary of the performance are shown in Fig. 

5.1 and Table 2, respectively. The off-chip components include a 47-μH 

inductor, five 1-nF capacitors for boot-strapping gate drivers, and a bridge-

diode rectifier with 50-nF, 10-nF output capacitors that supply the IC for a 

batteryless application. 

The IC was simulated on HSPICE, with regards to the two 

aforementioned applications: battery charger with continuous-time input and 

a batteryless wireless switch with a single-pulsed input. Fig. 5.2 shows the 

simulated voltage waveform of a battery charger in which an equivalent 

model of V22B with CP=12-nF, IP=30-μA, VP=2.34-V, RP=600-kΩ and 

f=224-Hz is used to charge a 3.3-V battery. For every half-cycle, the PZ is 

charging up to 4.8-V and transfers the energy via DC-DC conversion down 

to 3.8-V. Fig. 5.2 shows the DC-DC regulation process and the following 

voltage inversion. During the energy transfer only a single switching with an 

on-time of 1-μs takes place, and an average energy of 40-nJ is transferred 

into the battery with an efficiency of 80%. After the energy transfer, the 

voltage inverts with a flipping efficiency of 0.85, from 3.8-V to 3.24-V. The 



 

 ４３ total power charged into the battery at the steady-state is 17.5-μW, 476% 

Table 5.1. Performance summary of the proposed PMIC 

Technology 0.18-μm HVCMOS

Chip area 5.8-mm2

Applications
Battery charger (continuous-time)

BWS* (single-pulsed)

Piezoelectric model
(Battery charger)

V22B (Mide)

(CP=12-nF, IP=20-μA, RP=600-kΩ)

Piezoelectric model
(BWS)

300-mm2 PZT-5H

(CP=300-nF, IP=100-μA, RP=2-MΩ)

External inductor 47-μH

External capacitor COUT=3-μF (no buffer capacitor)

End-to-end efficiency

FOM** (Battery charger)
476%

End-to-end efficiency
(BWS)

61%

Fig. 5.1. Layout diagram of the proposed PMIC on 0.18-um process 

Fig. 5.2. Simulated waveform of the PMIC on battery charging from

continuous vibration. (Left) The overall process, (Right) Magnified view at the

conver-mode and the flip-mode. 



 

 ４４ 

higher than the best performance using an FBR topology. Fig. 5.3 illustrates 

the simulated performance of the IC plotted with varying values of VR (i.e. 

final voltage after energy transfer) compared to the analytical performance 

of the proposed capacitor-free topology as well as the conventional 

capacitor-based topology and FBR. Note that for a capacitor-based case, VR 

indicates the DC voltage of the buffer capacitor at the steady state. Also note 

that because the DC-DC regulator of the proposed IC only performs a step-

down DC-DC conversion, VR had to be larger than the battery voltage, 

which was 3.3-V for this case.  

Fig. 5.4 illustrates the voltage waveform of the IC applied to a 

batteryless wireless switch. When a disc-type PZ model (e.g. PZT-5H) with 

CP=300-nF, IP=100-μA, RP=2-MΩ and f=5-Hz is pressed and generates a 

sinusoidal pulsed current IP sin 2¼ft from t=0 to t=200-ms, the PZ is 

Fig. 5.3. Simulated energy efficiency plotted versus the target voltage (VR),

compared with the analytical results of the FBR, capacitor-based topology

and the proposed topology. 
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charged up to 16-V during the first-half and undergoes voltage inversion 

with the flipping efficiency of 0.81. At the second-half period, the PZ is 

charged up to 30-V and a direct DC-DC conversion to a batteryless load 

begins with an output capacitance of 3-μF and VOUT of 2.5V. 

Fig. 5.5 shows the magnified view of Fig. 5.4 at the DC-DC regulation 

stage. When the output reaches the steady state at VOUT=2.5V, the peak 

current is maintained to 150-mA by variable on-time control, and the off-

time is adjusted by a digital calibration circuit presented in [2]. Note that the 

output load assumed to be a combination of a microcontroller (MCU) and a 

Fig. 5.5. Magnified waveform of the DC-DC regulation mode at batteryless

wireless switch application 

Fig. 5.4. Simulated waveform of the PMIC on batteryless wireless switch

application with a single-pulsed input 
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wireless transmitter dissipate 2.5-mA for 5-ms when turned on and dissipate 

25-mA for 1.5-ms afterwards during the wireless transmission, which is 

emulated to be a 10-mA load current for 5-ms during the simulation. The IC 

supplied 130-μJ into the load during the steady state while the input voltage 

descended from 28.4-V to 5-V, showing a DC-DC conversion efficiency of 

85%. With the given parameter conditions, the maximum intrinsic energy of 

the PZ source is 210- μJ by Eq. (3.13), and the resulting end-to-end 

efficiency was 61-%. Fig. 5.6 illustrates the end-to-end efficiency of the 

proposed IC compared to the results from [2] and the ideal performance of 

the capacitor-based topology. The result indicates that the proposed design 

improved the efficiency by a factor of 4.7 than [2] as well as the theoretical 

optimum of the capacitor-based topology by a 1.7 times. 

Fig. 5.6. End-to-end efficiency of the proposed work compared to other

BWS works and the ideal performance of a capacitor-based topology. 
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Chapter 6 

Conclusions 

 

This thesis has demonstrated that a piezoelectric energy harvesting 

PMIC that takes the internal capacitance of the piezoelectric source as its 

only input capacitance and energy storage component can achieve high 

energy efficiency as well as wide range of applications. It provided analyses 

comparing the efficiency of the two topologies on the two types of 

applications which were battery charging from continuous vibration and 

batteryless operation from a single pulsed input, and confirmed that the 

capacitor-free topology can achieve higher efficiency over a large non-

idealistic conditions as a continuous-time battery charger, and achieves an 

efficiency more than 3 times superior than the capacitor-based topology for 

a single pulsed application. The simulated results also agreed with the 

analysis and demonstrates the advantage the proposed topology has over the 

conventional methodologies. 
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Appendix A 

Modeling Piezoelectric Equivalent Circuit 

Referring to the descriptions from [17], the modeling of a piezoelectric 

element was first notably suggested by Cady [14] and Van Dyke [15] who 

have represented the mechanical properties of the piezoelement by an 

inductance and a shunt capacitance. This representation was later expanded 

by Mason [16] with an introduction of an ideal transformer as shown in Fig. 

A.1. The mechanical parameters are modal stiffness cm, modal damping dm 

and modal mass m1. The electrical parameters are shunt capacitance CP  

and resistance R, signifying the dielectric losses. The transformer which 

represents the electromechanical conversion has a coupling factor ®. 

By further expanding the mechanical model to a case where base 

excitation is present, which is a more commonplace condition in the case of 

energy harvesting, the resulting model can be illustrated as in Fig. A.2 from 

[17], where y represents the displacement of the base. 

Fig. A.1. Equivalent circuit representation of the mechanical model of the

piezoelectric element. 
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Assuming the piezoelement is open-circuited where RLoad is infinite, 

and considering the dam ping factor dm to be negligible and the system is 

at steady state, the output voltage U  at the electrical port of the 

piezoelectric system in Fig. A-2 can be expressed as follows: 

U(j!) =
1

j!

cm® _y

®2 + (cm ¡ !2m1)CP .           (A.1) 

The induced current at the output of the transformer can be expressed 

as I = CP
_U , which leads to the following result: 

I(j!) =
cm®CP _y

®2 + (cm ¡ !2m1)CP

.              (A.2) 

Since most of the piezoelectric energy induced from external 

mechanical force is concentrated around the primary resonance frequency 

!0 of the piezoelement, from the energy-wise perspective the dominant 

current of interest from Eq. (A.2) can be considered a constant as follows: 

 IDominant =
cm®CP

®2 + (cm ¡ !2
0m1)CP

_y.            (A.3) 

This clearly indicates that the current induced from a piezoelectric 

Fig. A.2. Equivalent circuit representation of a base-excited piezoelectric

system with an output load. 
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material is linearly proportional to the first-order derivative of its 

mechanical displacement. For a case where mechanical vibration is 

sinusoidal, the piezoelectric model can be expressed as a sinusoidal current 

source attached with a shunt capacitance, and the assumptions for such 

modeling hold valid for most of the circumstances in energy harvesting. 
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Abstract 

 

본 연구는 압전소자를 누르거나 진동시킬 때 발생되는 전기적 

에너지를 효율적으로 수집하여 배터리를 충전 또는 무전원 회로를 

구동할 수 있는, 저장 커패시터를 따로 가지지 않는 효율적인 전력관리 

집적회로 설계를 제안한다. 지금까지의 압전소자 에너지 수집회로는, 

압전소자가 발생시킨 전력을 잠시 저장해두고 안정된 전압을 얻기 위해 

쓰이는 저장 커패시터 (buffer capacitor)의 존재로 인해 에너지 효율의 

근본적인 제약을 받아왔다. 본 연구는 이러한 저장 커패시터를 없애고 

압전소자의 기생 커패시터를 유일한 저장 수단으로 가지는, 에너지 

하베스팅과 DC-DC 전력변환 회로를 겸하는 고효율 에너지 하베스팅 

회로를 설계하였다. 0.18-um 공정으로 설계한 집적회로의 시뮬레이션 

결과 연속된 진동을 받는 배터리 충전기로 활용한 경우 일반적 구조에 

비해 4.5배의 효율 향상을 보였고, 무전원 무선 스위치로 활용한 경우 

61%의 에너지 효율을 달성하여 커패시터를 가지는 구조의 가장 

이상적인 효율보다 약 1.7배 향상된 수치를 달성함으로써 넓은 활용 

범위에서 높은 효율을 가짐을 확인하였다. 

 

주요어 : 압전소자 에너지하베스팅, 저장 커패시터, DC-DC 전력변환, 

무전원 회로, 배터리 충전회로, 저전력 회로 

학   번 : 2014-21678    
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