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Advanced and ultra-compact electromechanical (EM) systems, such as kinetic energy 

harvesting and microrobotic systems are deemed as enabling solutions to provide 

efficient energy conversion. One of the most critical challenges in such systems is to 

develop tiny power electronic interfaces (PEIs) capable of addressing power conditioning 

between EM devices and energy storage units. This dissertation presents technologies and 

topological solutions toward fabricating miniaturized PEIs to efficiently regulate erratic 

power/voltage for kinetic energy harvesting and drive high-voltage actuators for 

microrobotic systems. High-frequency resonant-switching topologies are introduced as 

power stages of PEIs that allow small footprint of the circuit without suffering from 

switching losses. Two types of bridgeless resonant ac-dc converters are first introduced 

and developed to efficiently convert arbitrary input voltages into a regulated dc output 

voltage. The proposed topologies provide direct ac-dc power conversion with less 

number of components, in comparison to other resonant topologies. A 5-mm×6-mm, 100-

mg, 2-MHz and 650-mW prototype is fabricated for validation of capability of converting 



 

very-low ac voltages into a relatively higher voltage. A resonant gate drive circuit is 

designed and utilized to further reduce gating losses under high-frequency switching and 

light-load condition. The closed-loop efficiency reaches higher than 70% across wide 

range of input voltages and output powers. In a multi-channel energy harvesting system, 

a multi-input bridgeless resonant ac-dc converter is developed to achieve ac-dc 

conversion, step up voltage and match optimal impedance. Alternating voltage of each 

energy harvesting channel is stepped up through the switching LC network and then 

rectified by a freewheeling diode. The optimal electrical impedance can be adjusted 

through resonance impedance matching and pulse-frequency-modulation (PFM) control. 

In addition, a six-input standalone prototype is fabricated to address power conditioning 

for a six-channel wind panel. Furthermore, the concepts of miniaturization are 

incorporated in the context of microrobots. In a mobile microrobotic system, 

conventional bulky power supplies and electronics used to drive electroactive polymer 

(EAP) actuators are not practical as on-board energy sources for microrobots. A 

bidirectional single-stage resonant dc-dc step-up converter is introduced and developed to 

efficiently drive high-voltage EAP actuators. The converter utilizes resonant capacitors 

and a coupled-inductor as a soft-switched LC network to step up low input voltages. The 

circuit is capable of generating explicit high-voltage actuation signals, with capability of 

recovering unused energy from EAP actuators. A 4-mm × 8-mm, 100-mg and 600-mW 

prototype has been designed and fabricated to drive an in-plane gap-closing electrostatic 

inchworm motor. Experimental validations have been carried out to verify the circuitôs 

ability to step up voltage from 2 V to 100 V and generate two 1-kHz, 100-V driving 

voltages at 2-nF capacitive loads.   
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CHAPTER 1 

INTRODUCTION 

Nowadays, advanced and ultra-compact electromechanical (EM) systems are 

utilized in various systems where both mechanical motion and electrical energy are 

required, such as automation, electricity meters, wireless sensors, kinetic energy 

harvesting and tiny robotic systems [1], [2]. In majority of modern applications, the 

utilization of EM devices can be classified into two categories: (1) EM generators or 

transducers that generate electricity to feed the loads or energy storage units; and (2) EM 

actuators or motors that need power supply from energy storage units to generate 

mechanical deformation [1]-[5]. The miniaturized power electronic interfaces (PEIs) need 

to be introduced and designed due to the necessity of developing tiny circuits for 

addressing power conditioning of EM devices. 

One of the challenges toward developing advanced EM systems is the electrical 

compatibility among the system components, including energy storage units, electrical 

loads and EM devices. Majority of energy storages, such as battery cells and ultra-

capacitors, have dc voltage outputs [6]. However, in the case of EM generators, the 

induced voltage is usually tiny, irregular, abrupt and alternating [3], [4], [7]. As for EM 

actuators, the voltage requirements for mechanical deformation are high, pulsatile and 

complicated [5], [8]. Therefore, a strong demand of developing circuitry interfaces for 

EM systems stems from the requirement of friendly electrical connections among system 

components.  

Secondly, there is a motivation to scale down the EM systems into micro or meso 

level through miniaturization and integration of mechanical and electrical components. 
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Advanced electromechanical technologies, including electromagnetism and electroactive 

polymers, have been developed toward fabricating microelectromechanical systems 

(MEMS) and mesoelectromechanical systems that can be installed in very tiny spaces, 

such as mobile phone, MP3, electrical watch, medical pill camera and microrobotic 

insects [9]-[11]. Hence, the development of miniaturized PEI is of critical importance and 

emergence for miniaturization and integration of an ultra-compact EM system. 

 

1.1 Description of Tiny Electromechanical Systems 

Electromechanics is a hybrid engineering combining electrical and mechanical 

processes and procedures. Typically, an electromechanical (EM) device is capable of 

carrying out the energy conversion between mechanical motion and electric power [2]. 

One EM device can either serve as an electrical generator or transducer that converts the 

mechanical motion of its moving parts into electricity; or, in a reversal direction, it 

performs as a mechanical actuator or motor that generates mechanical deformation by 

absorbing electric power [3]-[5]. 

Microelectromechanical systems (MEMS) and mesoelectromechanical systems 

have emerged from a strong demand for fabricating very tiny systems that can be 

installed in very limited spaces [2], [9]-[11]. EM devices at micro-scale range in size 

from 20 micrometers to 1 millimeter while those at meso-scale range in size from 1 

millimeter to tens of millimeters. Advanced technologies toward fabricating miniature 

electromechanism, including electromagnetism, piezoelectricity, electrostatics, 

electrostriction, dielectric elastomer, etc., give rise to the popularity of tiny EM systems, 

such as implantable and wearable electronic devices, wireless network sensors and nodes, 

as well as autonomous mobile microrobots [12]-[14]. 
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1.1.1  Kinetic Energy Harvesting 

For wearable electronic devices or self-powered wireless sensors, the bulky size 

of batteries and the difficulty to access them introduce a strong demand of replacing 

batteries with alternative power sources. Many renewable energy sources, including solar 

cells, micro-fuel cells, microturbine generators, etc., are introduced to serve as potential 

alternatives for electronic devices with smaller batteries or being battery free. Among 

these power source candidates, the kinetic energy harvesting has superiorities in terms of 

being clean, stable, available, and of small size [15]. In the majority of ambiences, kinetic 

energy exists in the form of vibration, regular and random displacements. 

Kinetic energy generators are intended to convert mechanical movement present 

in the ambient vibration sources into electrical energy [16]. Typically, electromagnetic 

(EMA) and electroactive polymer (EAP) (including piezoelectric (PZ), electrostatic (ES) 

and dielectric elastomer) transduction mechanisms are used to convert kinetic energy into 

electricity [12]. These transducers or generators are generally composed of a stator 

anchored on the external holder and a proof mass physically connected to the stator 

through a mechanical damper [14]-[18]. The damper can generate a relative movement 

between the stator and the proof mass when an external force is applied on the stator. 

Therefore, an alternative potential is induced through the relative movement and 

electricity is delivered to the electrical loads. 

EMA generators or micro EMA generators are based on the principle of Faraday 

electromagnetic induction [4]. Majority of EMA generators are inertial harvesters, where 

the mechanical energy is transduced through the inertia of proof mass. The acceleration 

of proof mass as a result of the mechanical damper generates a relative movement 
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between the winding coils and the permanent magnets. The coils cut the magnetic flux of 

permanent magnets, which induces an electromotive force (EMF) on the coil. Therefore, 

the current is generated when an electrical load is connected with the coils. In electrical 

domain, the equivalent model of an EMA generator, illustrated in Fig. 1.1(a), can be 

presented as a bipolar time-varying EMF (VEMF), a series internal resistance (Rself) and a 

series self-inductance (Lself) [18]. EMA generators have the advantages in terms of low 

output impedance (small resistance and inductance) and high output current; however, the 

output voltage is usually low [19]-[33]. 

 

Figure 1.1. Equivalent circuits of generators: (a) EMA generators (vmech: mechanical 

velocity, m: proof mass, k: spring stiffness, b: damping, Fmag: magnetic force, VEMF: EM 

force, Rself: coil resistance, Lself: self-inductance); and (b) PZ generators (Fmech: stress, m: 

mass, k: stiffness, b: damping, Iin: induced current, Cp: shunt capacitance, Rp: shunt 

resistance) [18]. 

Tale 1.1 lists the prototype parameters of published EMA generators. The 

majority of EMA generators have volumes less than tens of centimeter cube and power 

capability above hundreds of micro watts. However, their output voltages range from 0.1 
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Vrms to 1 Vrms with optimum loads. Therefore, the voltage rectification is challenged as a 

result of the low generated voltage close to 0.3-Vdc diode forward voltage. 

TABLE 1.1 

 PARAMETERS OF DIFFERENT ELECTROMAGNETIC GENERATORS 

Reference Output Power 

(µW) 

Volume 

(mm
3
) 

Output Voltage 

(Vrms) 

Frequency 

(Hz) 

Fabrication 

[19] 380¦10
3
 / 0.7~3.5 2~10 non-MEMS 

[20] 8.5¦10
3
 / 0.5 5 non-MEMS 

[21] 7¦10
3
 7.5¦10

3
 0.14 95 non-MEMS 

[22] 5¦10
3
 69¦10

3
 0.1 54 non-MEMS 

[23] 2.46¦10
3
 12.7¦10

3
 0.7 8 non-MEMS 

[24] 830 2¦10
3
 1 66 MEMS 

[25] 750 10¦10
3
 1.9 45 non-MEMS 

[26] 545 2.96¦10
3
 0.089 10 non-MEMS 

[27] 400 200 0.3 25 non-MEMS 

[28] 315 8¦10
3
 1 78 non-MEMS 

[29] 46 300 0.43 52 non-MEMS 

[30] 5.6 170 0.07 383 MEMS 

[31] 0.55 660 14¦10
-3

 242 MEMS 

[32] 4¦10
-3

 600 6¦10
-3

 50 MEMS 

[33] 0.12¦10
-3

 100 1.4¦10
-3

 115 MEMS 

 

PZ generators are smart materials that can generate a potential during expansion 

or suppression. Majority of PZ generators are direct force-driven harvesters, where 

mechanical energy is transduced by a directly applied force [34]-[44]. The external force 

(Fmech) results in a deformation of the material that induces a potential on two electrode 
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sides and delivers the electric charge to the load. Bimorph cantilevers structures with 

intrinsic frequencies in a few hundred Hertz, are the most widespread PZ harvester 

structures. PZ bimorphs with two PZ layers mounted on a ceramic or metallic layer 

behave like a capacitor and are able to accumulate electric charges. In electrical domain, 

the model of a PZ generator, depicted in Fig. 1.1(b), is usually simplified as a bipolar 

time-varying current source (Iin) with a shunt capacitor (Cp) and a shunt resistor (Rp) [18]. 

Generally, the induced bipolar time-varying potential of a PZ generator has high 

amplitude due to its high capacitive impedance. However, the high output impedance of 

capacitor reduces the output current and makes it difficult to extract maximum power. 

The prototype parameters of different PZ generators are listed in Table 1.2. The 

output voltages of most PZ generators are higher than those of EMA generators; however, 

the power densities of PZ generators are relatively low. Therefore, the rectification 

efficiency becomes critical, especially at light-load condition. 

TABLE 1.2 

 PARAMETERS OF DIFFERENT PIEZOELECTRIC GENERATORS 

Reference Output Power 

(µW) 

Volume 

(mm
3
) 

Output Voltage 

(Vrms) 

Frequency 

(Hz) 

Fabrication 

[34] 45¦10
3
 200¦10

3
 40 100 non-MEMS 

[35] 3¦10
3
 2.28¦10

3
 10 1 non-MEMS 

[36] 98 186 1~3 / non-MEMS 

[37] 85 60 1.7 325 MEMS 

[38] 60 0.58 1~3.5 572 MEMS 

[39] 3.98 200 1.4 200 MEMS 

[40] 2.765 0.38 0.6 256 MEMS 

[41] 2.15 0.65 0.11 461 MEMS 

[42] 2.1 264.5 0.2~1.2 80 non-MEMS 
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[43] 1.1 1 1.5 528 MEMS 

[44] 0.53 16 0.16 42 MEMS 

 

An ES generator is essentially a capacitor whose capacitance changes by moving 

its electrode plates. Initially, an amount of energy is stored in the ES generator as a result 

of a potential on two electrode plates. The capacitance decreases as soon as the external 

force increases the distance between electrode plates. Therefore, the electric charge is 

pumped to the load. The generator can restore the mechanical energy when the electrode 

plates return to the initial positions. The ES generators also have high output voltage; 

nevertheless, they require initial charge for starting [45]-[49]. Unlike those EMA and PZ 

generators, majority of ES generators generate unipolar time-varying voltages. The 

prototype parameters of ES generators, listed in Table 1.3, show that the rectification of 

ES generators has both challenges in terms of low-voltage rectification and light-load 

efficiency. 

TABLE 1.3 

 PARAMETERS OF DIFFERENT ELECTROSTATIC GENERATORS 

Reference Output Power 

(µW) 

Volume 

(cm
3
) 

Output Voltage 

(Vrms) 

Frequency 

(Hz) 

Fabrication 

[45] 400 25 / 6 MEMS 

[46] 38 200 35 20 MEMS 

[47] 5.5 30 0.6~1.2 1500 MEMS 

[48] 1 17.3 0.35~1.5 596 MEMS 

[49] 0.061 62 2 250 MEMS 
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1.1.2  Autonomous Mobile Microrobots  

Autonomous mobile microrobots (defined as robots with millimeter-scale 

dimensions) can provide high maneuverability and access to spaces that are otherwise 

inaccessible due to their ultra-compact sizes [5], [8], [13]. Microrobots have numerous 

applications ranging from exploring environmental hazards, disaster relief, exploiting 

underground mines, microsurgery, and surveillance [13]. To perform these kind of tasks, 

microrobots will require 1) mechanisms like legs or wings to interface with the 

environment and move the robot forward, 2) actuator to move these mechanisms, 3) 

sensors and controllers to tell the robot where to go and how to move, and 4) tiny power 

supplies and electronics to provide energy to the actuators and robot, as shown in Fig. 

1.2. Significant progress has been made toward fabricating microrobot mechanisms 

including both microelectromechanical systems (MEMS) approaches [9], [10] and non-

MEMS approaches [11]. 

 

Figure 1.2. Mock-up of a jumping microrobot [112]. 

Unlike conventional robots, which are mostly driven by electromagnetic motors 

and solenoids [50], microrobots are driven through various dielectric electroactive 
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polymer (EAP) actuation schemes, including electrostatic [8], [51], piezoelectric [9], 

[52], electrostrictive and dielectric elastomer actuators [53]. Each type of actuation 

scheme has its unique advantages in terms of size, actuation strain, work/power density 

and efficiency [5]. A common inherent characteristic of EAP actuators is their capacitive 

nature. Depending on the applied voltage across these actuators, their capacitance 

changes and they compress or expand. Such deformation of actuators is used to create 

mechanisms like movement of artificial legs or wings in microrobots. 

  

1.2  Challenges of PEI Design and Miniaturization 

Miniature power electronic interfaces (PEIs) are intended to address power 

conditioning for various types of low-voltage energy sources, such as tiny energy 

generators [3], and low-profile loads, such as microrobotic actuators [5]. Power density 

and light-load efficiency are important performance metrics of power converters, 

especially for low power applications. One of the main challenges toward fabricating 

ultra-compact power conditioning system is the miniaturization of PEIs with given 

energy storage and loss limitation of passive components [54]. An effective approach 

toward miniaturization requires the size and weight of semiconductors, inductive and 

capacitive components to be reduced through both topology design and fabrication 

process. Furthermore, energy conversion efficiency is of critical importance in low power 

PEI designs. Power loss reductions in transistors, passive components and gate drivers 

are challenging, due to small load and limited footprint. 

In the case of low-power energy harvesting, the rectification of low-amplitude 

input voltage sources, such as electromagnetic (EMA) generators and electroactive 

polymer (EAP) generators, is difficult, inefficient, and in some cases impractical, to be 
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implemented by using conventional diode-bridge topologies. The forward voltage on 

diodes causes large amount of power loss, which in turn significantly lowers the power 

conversion efficiency. 

As for microrobotic, the challenge of PEI design stems from the fact that most of 

efficient EAP actuation operate at high voltage. However, the output voltage of suitable 

on-board energy sources including chemical battery cells, super-capacitors, fuel cells, and 

solar cells is generally less than 5 V; in comparison, the typical driving voltage of EAP 

actuators is an order of magnitude higher than 5V. Therefore, a power converter with 

high step-up voltage-gain is required to place between the energy sources and the 

actuators. On the other hand, the light-load efficiency of a miniaturized PEI draws 

significant attention. Power losses are more serious in on-board PEI due to the miniature 

component size, light-load operation and unused energy stored in actuators.  

 

1.3  State of the Art of PEI Topologies for Energy Harvesting Generators 

1.3.1  Voltage Rectifiers of Dual-stage AC-DC Converters 

Typically, dual-stage power converters are utilized to address the electric power 

generated by electromagnetic (EMA) and piezoelectric (PZ) generators [54]. The first 

stage is a rectifier to convert an alternating time-varying voltage to a dc voltage while the 

second stage is a dc-dc converter to regulate the output voltage/current. Due to the fixed 

forward voltage of diodes (typically equal to 0.7V, or 0.3V for Schottky diode), using 

conventional diode bridge as the first stage is difficult and inefficient for low-amplitude 

voltage rectification of majority of EMA or PZ generators (see Fig. 1.3(a)). A full -wave 

diode bridge has twice of the diode forward voltage, which makes it impractical to 
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address the low-amplitude alternating voltage. Therefore, low-forward-voltage rectifiers 

are investigated for efficient rectification. 

 

Figure 1.3. Voltage bridge rectifiers: (a) p-n junction diode rectifier, (b) diode-connected 

MOSFET rectifier [55], (c) cross coupled MOSFET rectifier [56], [57], and (d) active 

diode rectifier [58], [59]. 

One of the efforts is to replace the conventional p-n junction diode with diode-

connected MOSFETs (see Fig. 1.3(b)) [55]. It can be achieved by connecting the gate 

node of one MOSFET to the source node of itself. As a result, the forward voltage is 

close to the MOSFET gate threshold voltage. However, a full-wave rectifier still suffers 

from the twice of MOSFET gate threshold voltage. Another effort is to utilize gate cross-

coupled MOSFET pair instead of diode in each bridge leg, shown in Fig. 1.3(c) [56], [57]. 

The gate node of one MOSFET is connected to the drain node of another MOSFET of 

another leg. The MOSFET gates are passively driven by the large voltage swing at the 

drain node of another leg. Therefore, a forward voltage, lower than gate threshold voltage, 

can be acquired. However, the turn-on resistance of MOSFET is doubled by cross-
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coupled MOSFET pair, resulting in additional voltage drop at turn-on resistance. In 

addition, the current may flow back to the input source if the input voltage is lower than 

the MOSFET threshold voltage. 

Active diode, capable of eliminating the forward voltage, is another alternative for 

rectification. An active diode consists of a MOSFET and a comparator, where the 

MOSFET drain node is connected to the comparator anode, the source node to the 

cathode, and the gate node to the output (see Fig. 1.3(d)) [58], [59]. The MOSFET is 

turned on or off by the comparator which compare the drain and source voltage of 

MOSFET. This method eliminates the forward voltage caused by threshold voltage while 

leading to a low turn-on resistance. However, additional dc power supply is required to 

feed the comparator, which results in a startup circuit and increases power consumption. 

 

Figure 1.4. Voltage multiplying rectifiers: (a) Villard voltage multiplier [60], (b) Dickson 

voltage multiplier [61], and (c) bridge voltage doubler rectifier [62]. 

In addition to the bridge rectifiers, other research efforts focus on developing 

voltage multiplying rectifiers composed of capacitor and diode pairs. Villard and Dickson 
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voltage multipliers are the most commonly used topologies which share the same 

principle of operation, illustrated in Fig. 1.4 (a) and (b) [60], [61]. When the input 

generatorôs alternating voltage is at negative cycle, half of the diode string conducts and 

the input source charges the capacitors at high side of diode string. When the input 

voltage is at positive cycle, another half of the diode string conducts and the pre-charged 

capacitors at high side of diode string release the charge to the output at low side of diode 

string. As a result, the input voltage is multiplied by the capacitor pairs. Additionally, Fig. 

1.4(c) demonstrates the bridge voltage doubler which is also capable of double the input 

voltage [62]. Although these topologies multiply the input voltage, they still suffer from 

the forward voltage of diode string. Furthermore, the large number of capacitor and diode 

pairs increases the circuit size. 

 

1.3.2  Single-stage AC-DC Switching Converters 

Despite of efforts on forward voltage reduction, all those voltage rectifiers are 

passive converters that thereby require a second stage to regulate the output voltage and 

current. Nevertheless, the dual-stage converter is inherently inefficient in comparison to 

the single-stage converter. Therefore, single-stage ac-dc switching converters that 

provide ac-dc conversion along with voltage/current regulation are investigated. 

 

Figure 1.5. Single-stage H-bridge ac-dc converters: (a) two-switch boost converter [63] 

and (b) four-switch boost converter [64]. 
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Two-switch and four-switch H-bridge ac-dc boost converters are the most 

commonly used topologies, presented in Fig. 1.5 (a) and (b) [63], [64]. When the low-

side switches are turned on, the input source charges the input inductor; when one of the 

low-side switches is turned off, the inductor releases the energy to the output through the 

high-side diode. However, there are always two semiconductors in the current close loop 

during the charging and discharging of inductor, which increases the conduction losses. 

Moreover, each MOSFET operates in reverse conduction mode for half of operation 

period that increases the overall turn-on resistance. 

 

Figure 1.6. Single-stage bridgeless ac-dc converters: (a) bridgeless boost converter [65], 

(b) bridgeless buck-boost converter [66], and (c) bridgeless switched-inductor boost 

converter [67]. 

To overcome the disadvantages of H-bridge converters, single-stage bridgeless 

ac-dc converters are investigated, including ac-dc boost converter, ac-dc buck-boost 

converter, and ac-dc switch-inductor boost converter. Topologically, these converters 

parallel two dc-dc converters to condition alternating input voltage sources. During each 

cycle of input voltage, the converter operates as a dc-dc converter. The ac-dc boost 
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converter presented in Fig. 1.6(a) parallel two boost converters with two individual 

output capacitors [65]. In order to reduce the number of output capacitors, the ac-dc 

buck-boost converter illustrated in Fig. 1.6(b) is developed through parallelling a boost 

converter with a buck-boost converter [66]. The work is continuously improved by 

eliminating one inductor in the switch-inductor ac-dc boost converter shown in Fig. 1.6(c) 

[67]. However, the asymmetrical operation of two different converters (i.e. continuous 

input current of boost converter, discontinuous input current of buck-boost converter) 

increases the control complexity and instability issues. 

 

Figure 1.7. Single-stage bridgeless bidirectional switch ac-dc converters: (a) split output-

capacitor boost converter, (b) auxiliary diode boost converter, (c) auxiliary switch boost 

converter, and (d) split output-capacitor buck-boost converter [68]-[70]. 

Using bidirectional switches is another approach toward bridgeless ac-dc 

converters. A bidirectional switch is achieved by connecting two MOSFETs (either P-

channel or N-channel MOSFET) in series. The parasitic body diodes of two MOSFETs 

are opposite to each other that blocks the bias current through body diodes. Two 

MOSFETs are turned on and off simultaneously. Due to the MOSFET bidirectional 
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conducting capability, the current can flow through two MOSFETs back and forth. 

Bridgeless ac-dc boost and buck-boost converters using bidirectional switches are 

investigated (see Fig. 1.7(a)-(d)) [68]-[70]. Although these converters only use one 

inductor as switching energy storage, they all require additional components at the output. 

In addition, these converters demand high-side drive of MOSFETs, which complicates 

the gate driver design. 

 

Figure 1.8. Single-stage transformer-based rectifier: (a) center-tapped transformer full-

wave passive rectifier, (b) center-tapped transformer full-wave phase controlled rectifier 

[71], and (c) transformer-based active boost rectifier [72]. 

Single-stage transformer-based rectifiers, that use front-end transformers to step 

up the voltage, are developed by other research groups. In a center-tapped transformer 

passive rectifier, the generator voltage is first stepped up through the transformer and 

then rectified by the secondary diode bridge, as shown in Fig. 1.8(a). However, the 

passive rectifier is not able to regulate the output voltage. To regulate the output voltage, 

center-tapped transformer phase controlled rectifier is developed, as shown in Fig. 1.8(b) 
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[71]. Two low-frequency switches, typically thyristors, are used to chop the full-wave 

voltage with a controlled phase. However, when the switch is turned off, the input current 

is discontinuous and the energy cannot be extracted from the source during that interval. 

Further study on an active transformer-based ac-dc converter includes a bidirectional 

switch with synchronous switching at the secondary side (see Fig. 1.8(c)) [72]. By 

turning on or off two MOSFETs, the topology behaves as a boost ac-dc converter. 

However, the converter requires an external inductor and a transformer that increase the 

size of converter. In these transformer-based topologies, the transformerôs operating 

frequency equals to the generatorôs low vibration frequency. Therefore, a bulky low-

frequency transformer is required that increases the overall size and weight of converter. 

Moreover, the undesirable transformer leakage inductance causes the voltage to change 

with loading. In addition, a small dc bias from the input generatorôs voltage can lead to 

saturation of the magnetic core of transformer with the generation of harmonics.  

 

1.3.3  PZ-specified Converters 

The voltage rectifiers and single-stage switching converters referred previously 

shows suitable for power conditioning of EMA and PZ generators. However, in the case 

of PZ generators, their high output impedances make it difficult for these converters to 

acquire optimal loads and extract maximum power. In order to match the output 

impedance of a PZ generator dominated by capacitive reactance, a significantly large 

inductance (tens of Henrys) may be required to create an optimal load. Hence, instead of 

using large inductance for impedance matching, the resistive impedance matching and 

resonant impedance matching are considered in the case where the excitation frequency 

couples with the intrinsic resonance of the generator. 
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Figure 1.9. Resistive impedance matching converters: (a) diode full bridge followed by 

buck converter [73], (b) diode full bridge followed by buck-boost converter [74], (c) 

diode full bridge followed by flyback converter [75], and (d) voltage multiplier followed 

by buck converter [76]. 

First, the dual-stage topologies with resistive impedance matching are discussed 

to extract maximum power from PZ generators. These topologies are composed of a front 

diode bridge followed by a rear dc-dc switching converter. The rear dc-dc switching 

converters, such as buck, buck-boost and flyback converters (see Fig. 1.9(a)~(c)), 

perform as adjustable resistors when operating in discontinuous current mode (DCM) 

[73]-[75]. The diode full bridge can also be replaced with a voltage multiplier to boost the 

voltage, as shown in Fig. 1.9(d) [76]. Nevertheless, the front diode bridge and dual-stage 

configuration significantly reduce the efficiency. Furthermore, the unidireciton of front 

diode bridge impedes the recharge of internal capacitance that limits the harvesting power. 
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Figure 1.10. SSHI converters: (a) series-SSHI converter [77], (b) parallel-SSHI converter 

[78], (c) SSHI-MR converter [79], and (d) hybrid-SSHI converter [80]. 

In order to increase the efficiency and the possible harvesting power, 

synchronized switch harvesting on inductor (SSHI) converters with resonant impedance 

matching are investigated, such as series-SSHI and parallel-SSHI converters (see Fig. 

1.10(a) and (b)) [77], [78]. The resonant rectifier, consisting of a front SSHI converter 

followed by a diode bridge, serves synchronized switch damping. Resonance at switching 

frequency occurs between the internal capacitor and the inductor of SSHI converter 

where only small inductance is necessary. The internal shunt capacitor is charged and 

discharged through resonance that results in a maximum generated voltage higher than 

open-circuit voltage. Therefore, it allows majority of the generated charge to be extracted 

from the PZ generators. In addition, the switching losses are reduced through the resonant 

switching. However, they still suffer from the diode forward voltage in the case of very-
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low-amplitude voltage of PZ generators. The voltage stress of the switch also increases 

due to the resonance. Moreover, large inductance may be required when the internal 

shunt capacitance is small. 

The transformer-based magnetic rectifier (MR) is utilized in SSHI-MR converters, 

as depicted in Fig. 1.10(c), to overcome the forward voltage issues [79]. The voltage is 

stepped up through the transformer before the diode bridge. The work is further improved 

through the hybrid-SSHI structure that increases the power gain (see Fig. 1.9(d)) [80]. 

However, the low-frequency transformer is required that increases the size and weight of 

converters; meanwhile, the transformerôs coupling loss decreases the efficiency. 

 

Figure 1.11. Rectifier free switched inductor converter [81]. 

Another approach to eliminate the diode bridge while maintaining resonant 

impedance matching is to use rectifier free switched inductor converter, as illustrated in 

Fig. 1.11 [81]. The MOSFETs are turned on or off depending on the condition of PZ 

generator. Although the converter avoids the diode bridge and low-frequency transformer, 

it adopts additional MOSFETs that increase the gating losses and the control complexity. 

 

1.3.4  ES-specified Converters 

Different from EMA and PZ generators, ES generators usually generate unipolar 

time-varying potentials that need dc-dc converters for voltage conditioning. 
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Figure 1.12. Charge constrained converters: (a) half-bridge buck converter [82] and (b) 

modified flyback converter [83]. 

Charge constrained ES generator is one type of ES generators of which the 

generated voltage may reach hundreds of volts with small amount of charge. Therefore, 

dc-dc step-down converter is required to buck the generatorôs high voltage to the battery 

cell voltage at a lower level. The most commonly used topology is a half-bridge buck 

converter, shown in Fig. 1.12(a) [82]. However, a reverse biased current through the 

parasitic diode of the low side MOSEFT may cause additional loss. Furthermore, the 

high-side gate drive increases the design complexity. A modified version of the flyback 

converter, demonstrated in Fig. 1.12(b), is developed to prevent the reverse biased current 

and high-side gate drive [83]. Nevertheless, the parasitic capacitor of the diode reduces 

the efficiency. 

 

Figure 1.13. Voltage constrained converters: (a) charge pump buck flyback converter [84] 

and (b) charge pump buck-boost flyback converter [85]. 
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Another type of ES generators is the voltage constrained ES generator of which 

the generated voltage is close to or lower than the battery cell voltage. Such generators 

usually need an asynchronous diode-based charge pump to first deliver the time-varying 

harvested power to a temporary storage capacitor Cstore. Then, the energy stored in Cstore 

is delivered to the load through a buck converter, shown in Fig. 1.13(a) [84].  A feedback 

diode is used to pre-charge the ES generator and constrain the generator voltage at the 

beginning of each harvesting cycle. Fig. 1.13(b) presents a similar topology with 

bidirectional buck-boost converter instead of unidirectional buck converter [85]. Thereby, 

the ES generator pre-charging is controllable and efficient. However, these converters 

suffer from the dominated losses in terms of inductor losses and switching losses. 

 

Figure 1.14. Battery constrained converters: (a) switched inductor buck-boost converter 

[86] and (b) switched inductor boost converter [87]. 

Battery constrained ES generators, where the generatorôs voltage is much lower 

than the battery cell voltage, also require generator pre-charging before the energy 

harvesting process begins. Due to the low-amplitude potential of generator, only one 

diode is used to deliver the harvesting energy to the load or battery. On the other hand, a 

buck-boost converter is used for controllable and efficient pre-charging of generator (see 

Fig. 1.14(a)) [86]. The efficiency is improved by replacing the diode with a bidirectional 
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switch during energy harvesting process, shown in Fig. 1.14(b) [87]. Besides, the buck-

boost converter is replaced by a boost converter for design simplicity. However, a large 

number of switches including bidirectional switches are required that increase the 

switching losses, gating losses and the complexity of gate drive. 

 

1.3.5  Soft-switching Converters 

Dual-stage ac-dc converters, single-stage ac-dc switching converters, ES-

specified converters and majority of PZ-specified converters suffer from inefficient hard 

switching, which is even worse in the case of higher switching frequencies. The 

switching losses can be reduced through lower switching frequency; however, it 

accompanies bulky passive components, which in turn makes these topologies 

impractical for miniaturization [88]. Some of PZ-specified converters may have low 

switching losses due to resonant switching; however, they may require large inductance 

when the input sources have small shunt capacitance. Therefore, a soft-switching 

converter with small passive components is required. 

 

Figure 1.15. Soft-switching converters: (a) diode bridge cascaded with quasi-resonant dc-

dc converter; (b) load-resonant ac-ac converter cascaded with diode bridge; (c) bridgeless 

resonant ac-dc converter. 
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Majority of investigations on soft-switching circuits have focused on modification 

of hard-switching converters by incorporating resonant switch cells (see Fig. 1.15(a)). 

These resonant-switch converters, referred as quasi-resonant converters, utilize auxiliary 

LC resonant circuit to primarily shape the current and voltage of main transistors during 

the turn-on and turn-off of the switching components [89]. Some of them connect passive 

resonant elements in series or in parallel with main transistors, such as quasi-resonant 

buck converters [90]-[92], while others adopt auxiliary transistors and diodes as active 

switch cells, such as ZVS-ZCS-PWM converters [93], [94]. However, additional 

switching losses or conduction losses in switch cell would degrade the efficiency. 

Switching losses of main transistors and diodes are reduced but not eliminated. The 

overall size of topology also increases by adding resonant switch cells while maintaining 

the main passive components. Moreover, the inefficient front diode bridge is still required. 

Another approach of soft-switching adopts passive resonant networks as low 

impedance branches across transistors (see Fig. 1.15(b)), such as class D converters and 

class E converters, with purpose of energy transmission around resonant frequency [95]-

[99]. Switching losses are reduced through the oscillating load voltage and current. The 

main passive components are not necessary in the operation. Load-resonant converters 

are simple and efficient at high-frequency or very-high-frequency operation. They have 

been discussed in SSHI converters, shown in Fig. 1.10. However, a post-positioned 

bridge rectification stage such as dual-stage resonant boost converter is required for ac-dc 

voltage conversion [97]. Unlike the quasi-resonant converters, the load has an influence 

on the voltage conversion of these load-resonant topologies. In addition, most of quasi-

resonant and load-resonant converters suffer from high peak voltage and current 
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associated with the transistor and the resonant LC elements [100]. Therefore, a direct 

bridgeless resonant ac-dc converter, shown in Fig. 1.15(c), is a potential topological 

solution toward circuit miniaturization [101], [102]. 

 

1.4  State of the Art of PEI Topologies for Driving High -voltage Actuators 

1.4.1  Single-stage Drive Converters 

Conventional bulky power supplies and electronics used to drive electroactive 

polymer (EAP) actuators are not practical as on-board energy sources for microrobots. 

Miniaturized and efficient power electronic interfaces (PEI) are of critical importance to 

enable autonomous operation of microrobots [103]. One of the challenges of PEI design 

for such applications stems from the fact that most of the EAP actuators need to be 

excited with high voltage levels for efficient operation. However, the output voltage of 

suitable on-board energy sources including chemical battery cells, super-capacitors, fuel 

cells, and solar cells is generally less than 5V [104], [105]. In fact, the typical driving 

voltage of the EAP actuators is at least an order of magnitude higher than 5V [8]-[10], 

[106], [107]. Therefore, a tiny PEI with high-step-up voltage gain is required to be 

interfaced between the low-voltage energy source and the high-voltage actuators to not 

only step up the voltage but also satisfy the drive requirements of the actuator. Miniature 

power electronic converters suffer from low efficiencies particularly in light-loads [108]. 

In addition, due to the capacitive nature of the EAP actuators, majority of the transferred 

energy for excitation is unused and would be lost, if not retrieved [109]. Therefore, a 

bidirectional PEI could substantially enhance the actuator efficiency through recovering 

the unused energy during each cycle. 
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Figure 1.16. Single-stage converters: (a) a boost converter cascaded with a charge pump 

circuit [108], and (b) a bidirectional flyback converter [110]. 

Among prior research work on PEI topologies for driving high-voltage capacitive 

loads, researchers have studied utilizing a boost converter in series with a cascaded 

charge pump circuit (see Fig. 1.16(a)) [108]. The large number of capacitor-diode stages 

makes it impractical for miniaturization and efficient energy conversion. Furthermore, the 

converter is unable to recover the unused energy stored in capacitive actuators during 

each driving cycle, which consequently reduces the actuation efficiency. Researchers at 

the Harvard Microrobotic Laboratory at Harvard University implemented an energy 

recovery method using a bidirectional flyback converter for driving a single piezoelectric 

actuator (see Fig. 1.16(b)) [110]. However, the hard switching losses increase at higher 

switching frequency. At lower switching frequency, a relatively large inductance is 

required for transient energy storage that increases the coupled inductor size. Moreover, 

low coupling coefficient of inductor will increase leakage inductance that causes voltage 

spikes. On the other hand, high coupling coefficient of inductor may increase the 

fabrication difficulty.  
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1.4.2  Dual-stage Drive Converters 

A unidirectional boost converter cascaded with a half-bridge inverter drive stage 

is adopted for driving bimorph piezoelectric (PZ) actuators [111] and electrostatic 

inchworm motors [112]. The boost converter is achieved by either cascading boost 

converters or using a coupled inductor (see Fig. 1.17(a) and Fig. 1.17(b)). Due to the 

circuit characteristics of half-bridge inverters, such topologies can only provide 

complementary signals and have to drive two actuators at same time. Moreover, the 

efficiency of the dual-stage converters is attenuated due to the hard switching, low 

coupling efficiency and cascaded topology. A boost converter using PZ transformer is 

also investigated as the first stage, illustrated in Fig. 1.17(c) [108]. Due to the limitation 

on fabrication techniques, a PZ transformer is typically larger than a discrete inductor or 

a coupled inductor at the same power level. Additionally, the converter has to operate at 

the optimal frequency of PZ transformer that otherwise cannot generate high voltage 

step-up ratio. 
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Figure 1.17. Dual-stage converters: (a) a cascaded boost converter followed by a half-

bridge inverter, (b) a coupled-inductor boost converter followed by a half-bridge inverter 

[111], (c) a PZ transformer-based boost converter followed by a half-bridge inverter 

[108]. 

1.4.3  Resonant Drive Converters 

Among the prior works, there are two approaches to drive multiple EAP actuators: 

(1) paralleling multiple single-stage converters (see Fig. 1.18(a)) [110]; and (2) using 

dual-stage converter with half-bridge inverters (see Fig. 1.18(b)) [111]-[113]. One 

common issue of these drive converters stems the tradeoff between the miniaturization 

and the inefficient energy conversion due to their hard-switching operation. 

Miniaturization and system integration of the PEIs are heavily dependent on the required 

number and size of inductive and capacitive passive components. The sizes of passive 

components depend on the amount of transient energy storage [88]. There is a motivation 

to increase the converter switching frequency, since the required transient energy storage 

decreases at a higher frequency. However, frequency-dependent device loss mechanisms, 

including switching loss and gate driving loss, constrain the switching frequency. 

Soft switching techniques such as ZVS and ZCS are demanded to mitigate the 

voltage-current overlap and capacitive discharge losses [89], [90]. High-frequency 

resonant converters allow small size of energy storage without suffering from switching 

losses. Therefore, resonant converters with soft-switching capabilities are excellent 

alternatives, for high-frequency operation without sacrificing efficiency and size of the 

PEIs. Fig. 1.18(c) presents the paralleling resonant converters that have advantages upon 

other topologies in terms of: (1) single-stage topology; (2) resonant lossless switching; (3) 
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small value of passive components; (4) independent actuator drive; (5) simple gate drive; 

and (6) small battery current ripple. 

 

Figure 1.18. Topologies for driving multiple EAP actuators: (a) paralleling bidirectional 

dc-dc switching converters, (b) a unidirectional dc-dc converter cascaded with half-

bridge inverters, (c) paralleling bidirectional resonant converters. 

1.5  Fabrication Techniques toward PEI Miniaturization 

Other than topology design, various fabrication processes toward PEI 

miniaturization are investigated to reduce the size and weight of semiconductors, 

inductive and capacitive components. 

 

1.5.1  CMOS Technology 

Complementary metal-oxide-semiconductor (CMOS) technology has been widely 

used in digital logic circuits and analog circuits to construct integrated circuit [55]-[59], 

[114]-[122]. CMOS integrated circuits have the distinctive features in terms of high noise 

immunity, low static power consumption and high density of logic function on a chip 
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[123]. Therefore, CMOS fabrication process is the most used technology to implement 

chip integration, where large amount of logic function and low power consumption of 

circuits is required in a tiny space. Fig. 1.19(a) illustrates a static CMOS inverter 

consisting of a complementary PMOS and NMOS pair. 

 

Figure 1.19. CMOS integrated circuit: (a) CMOS inverter, (b) cross-sectional schematic 

of two transistors and capacitors die chip, in an n-well CMOS process [123]. 

A CMOS integrated circuit is manufactured through CMOS fabrication process 

that stacking layers of various materials in a pre-specified sequence. Majority of layers, 

including substrate, field oxide, gate oxide, polysilicon and metal layers, are created and 

then patterned through lithographic process except for the doping layers. There are four 

dominant CMOS processes: n-well process, p-well process, twin-tub process and silicon 

on insulator (SOI), each of which has different features. For instance, in n-well process, 
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an NMOS device is fabricated on a p-type substrate while a PMOS device is fabricated 

on the same substrate with an n-type well, depicted in Fig. 1.19(b) [123]. In addition, the 

capacitor can be fabricated by adding a polysilicon layer on top of the filed oxide. Hence, 

CMOS transistor pairs and capacitors can be fabricated on one substrate that saves the 

chip area and acquires high density of chip components. 

CMOS manufacturing process can also be classified based on the maximum 

length or width of transistors. The most commonly used process can create transistors 

with 0.1~0.5µm length or width. Ultra small CMOS transistors with length as small as 

5nm can be fabricated. Table 1.4 and Table 1.5 list the previous works using different 

CMOS technologies for ac-dc and dc-dc conversion, respectively. 

 

TABLE 1.4 

 PARAMETERS OF AC-DC CONVERSION USING CMOS TECHNOLOGY 

Reference Output 

Power 

(µW) 

Die 

Chip 

Area 

(mm
2
) 

Input  

Voltage 

(Vrms) 

Output 

Voltage 

(V) 

Peak 

Efficiency 

Fabrication 

Process 

[55] 22 0.04 0.85 1 86% 
0.25µm CMOS 

Non-inductor 

[56] 600 0.52 0.9 1 / 
0.13µm CMOS 

Non-inductor 

[57] 460 1.72 0.88 0.96 76% 
0.18µm CMOS 

Non-inductor 

[58] 40¦10
3
 1.03 0.8~1.7 1~2 95% 

0.35µm CMOS 

Non-inductor 

[59] 19¦10
3
 2.25 3.5 4.36 84.8% 

0.5µm CMOS 

Non-inductor 
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[115] 45 4.25 1.7 3.2 / 
0.35µm CMOS 

External inductor 

[116] 25 4.53 0.85 2 70% 
0.5µm CMOS 

External inductor 

 

TABLE 1.5 

 PARAMETERS OF DC-DC CONVERSION USING CMOS TECHNOLOGY 

Reference Output 

Power 

(µW) 

Chip 

Area 

(mm
2
) 

Input  

Voltage 

(V) 

Output 

Voltage 

(V) 

Peak 

Efficiency 

Fabrication 

[86] 1.6 4.84 3 3.4 / 
1.5µm CMOS 

External inductor 

[117] 500¦10
3
 5.48 1.8 3.3 87% 

0.6µm CMOS 

Non-inductor 

[118] 400¦10
3
 4.16 4 1.5 87% 

0.25µm CMOS 

External inductor 

[119] 11.2¦10
3
 0.72 1.2 7 37% 

0.13µm CMOS 

Micro-inductor 

[120] 1¦10
3
 2.56 0.3 1.1 70% 

0.18µm CMOS 

Non-inductor 

[121] 400 1.2 0.2 1.2 36% 
0.18µm CMOS 

External inductor 

[122] 175 0.4 0.1 1 75% 
0.13µm CMOS 

External inductor 

 

Due to the extreme small area and low power consumption of die chips, the 

circuits using CMOS fabrication process can acquire high power density and medium 

efficiency. However, majority of these chips can only handle very-low power (usually 

less than 100mW) due to CMOS fabrication architecture. Furthermore, the power supply 
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of a CMOS chip (typically less than 5V) constrains its capability of handling voltage 

higher than that of power supply. Besides, there is a limitation on fabricating low-loss 

inductive components on chip. 

In the case of electromechanical systems, the power stage of a PEI may need to 

handle power and voltage much higher than logic level. Since the power stage is logically 

simple, there is no need to require high density of logic function. On the other hand, the 

power and voltage of gate drives and controllers are close to logic level; meanwhile, they 

demand high density of logic function. Therefore, CMOS technology is well suitable for 

miniaturization of gate drives and controllers rather than the power stage. 

 

1.5.2  Bare Die and Chip-scale Package 

In addition to CMOS integrated circuits, using miniature surface-mounted (SMT) 

discrete components on an optimal-designed printed circuit board (PCB) is another 

approach toward fabricating miniaturized PEI, especially the power converters [67], 

[124]. A die of a single semiconductor is the smallest unit in the circuit packaging. 

Typically, it is massively produced by cutting the processed wafer into many pieces. 

Despite of its small size, a component in bare die is not commonly used on PCB due to 

the mechanical instability and failure. An external package is needed to provide 

protection from interference and increase mechanical robustness. 
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Figure 1.20. Cross-sectional view of CSP: (a) lead frame based CSP, (b) rigid substrate 

based CSP with wire bonding, (c) rigid substrate based CSP with flip-chip, (d) flexible 

substrate based CSP, and (e) wafer-level CSP [125]. 
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In order to minimize the size of package, chip-scale package (CSP), which is 

direct surface mountable and has an area no greater than 1.2 times that of a single die, is 

an excellent choice [125]. The CSP has advantages in terms of high density I/O counts, 

small propagation delay and low cost. Four different CSP styles emerge as market leaders: 

lead frame based CSP (LFCSP), rigid substrate based CSP, flexible substrate based CSP, 

and wafer-level CSP (WLCSP). 

LFCSP is fabricated based on modified lead frame that are created during the 

package assembly process, shown in Fig. 1.20(a). Wire bonding is used for chip 

interconnection. However, the lead frame usually wastes area that in turn reduces the I/O 

counts density. Its electrical performance is low due to the large capacitance and 

inductance of large interconnection size. Therefore, rigid substrate based CSP, illustrated 

in Fig. 1.20(b), is investigated that uses a ceramic substrate with solder bumps instead of 

lead frame. Such package has high I/O counts, high electrical performance and high 

thermal performance, owing to the solder bumps underneath the package. The package is 

further improved by replacing the wire bonding with solder bumps for chip 

interconnection (see Fig. 1.20(c)). 

Flexible substrate based CSP that is based on flexible laminated interposer is 

usually used in flexible PCB, depicted in Fig. 1.20(d). The features of flexible material 

bring the benefits of small thickness and fine-line imaging of circuit patterns. However, it 

can be very cost-effective. In the case of WLCSP (see Fig. 1.20(e)), the chip assembly 

takes place at wafer level rather than at individual chip level. The pads of a WLCSP are 

etched or printed directly onto a silicon wafer. Hence, the package size is very close to 
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the size of a silicon die. In comparison to other CSPs, WLCSP has high area-

effectiveness and low cost-effectiveness. 

Table 1.6 lists the PEIs in prior works using bare die or CSP components. In 

comparison to CMOS technologies, higher voltage and power are acquired in these PEIs 

while their size and efficiency are still promising. Moreover, mounting discrete 

components on a PCB makes these PEIs more flexible to be replaced than an integrated 

chip. However, the circuit fabrications in these works are not area-effective. In majority 

of these works, the inductive components are heavy and bulky. Despite this, CSP 

components show well suitable for miniaturization of PEI power stage. 

TABLE 1.6 

 PARAMETERS OF PEI USING BARE DIE OR CHIP-SCALE PACKAGE 

Reference Output 

Power 

(mW) 

Chip 

Area 

(cm
2
) 

Input  

Voltage 

(Vrms) 

Output 

Voltage 

(V) 

Peak 

Efficiency 

Fabrication 

[62] 1 1.54 0.1~1 0.3~2.8 70% 
CSP semiconductor 

Non-inductor 

[67] 54.5 4 0.4 3.3 71% 
CSP semiconductor 

SMT inductor 

[73] 1.5 6 1.6 4.8 78% 
Through-hole (TH) 

components 

[108] 100 3.5 5 250 61% 
CSP semiconductor 

SMT inductor 

[110] 200 0.63 3.7 200 50% 

Bare Die 

CSP semiconductor 

Micro-transformer 

[124] 0.2 3 4 2 / 
CSP semiconductor 

TH inductor 
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1.5.3  Micro -coil and Micro-core 

Among the electronic components of a power electronic converter, inductive 

components, such as inductors and transformers, usually occupy the majority of size and 

weight of a circuit due to its large amount of transient energy storage [100], [126]. 

Thereby, reducing the size and weight of inductive components is an effective approach 

for PEI miniaturization. In addition to size reduction of inductive components by using 

high-frequency resonant topology, the micro-fabrication method can further reduce the 

footprint of inductive components while maintaining high electrical performance [127]. 

In standard fabrication process, electromagnetic integration of magnetic cores is 

an efficient approach toward miniaturization and integration while enhancing electrical 

performance. However, in micro-fabrication, such method loses its ascendant due to the 

complexity of material processing and patterning [128]. Besides, material losses of 

integrated magnetic cores significantly reduce the electromagnetic performance in and 

above the MHz regime. As a result, optimized fabrication strategies that create ultra-

compact coils with easy processing and patterning are developed for fabricating 

miniature inductive components. High quality and high coupling factors of inductive 

components at very high frequency (VHF) can be acquired through the optimized 

fabrication process [128]. 
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Figure 1.21. 2D spiral planar layouts: (a) conventional spiral, (b) conventional spiral with 

equal loop area, (c) interwound spiral, and (d) twin spiral [130]. 

2D planar layouts, including spiral planar coils [129], [130] and stacked planar 

coils [131], have been widely used to realize miniaturization by saving 3D space. Flat 

coils are fabricated by electroplating multiple metal layers with thicknesses of several 

microns inside an insulating substrate such as PCB. Fig. 1.21 presents commonly used 

2D spiral planar layouts [130]. In order to save area and increase electrical performance, 

multilayer flat coils can be stacked in multilayer PCB to create a stacked planar coil, 

shown in Fig. 1.22 [131]. Electrical performance can be further enhanced by inserting 

magnetic cores in the center of flat coils. In addition, 2D planar process is compatible 

with MEMS fabrication. However, flat inductive components suffer from the relatively 

low quality factor and large footprint in area. 
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Figure 1.22. 2D stacked planar layouts: (a) stacked spiral coils with same direction, and 

(b) multilayer coils with different directions [131]. 

Another approach toward fabricating micro-coils is to produce 3D solenoids with 

different cross-sectional shapes, such as circle and polygon, and different micro-cores. In 

spite of time-consuming fabrication process, 3D micro inductive components show 

promising due to their high electrical performance and small footprint [132]. Prior 

research presents a success on fabricating a micro-coil with axis perpendicular to the 

PCB (see Fig. 1.23(a)) [133]. The work is continuously expanded into magnetic-core 

based micro-transformer where micro-coil is winded on a thermoplastic filled with ferrite 

nanoparticles, illustrated in Fig. 1.23(b) [134]. Fig. 1.23(c) demonstrates a closed-loop 

magnetic core that is utilized to enhance the electromagnetic performance. To reduce the 

component weight and fabrication complexity, a micro-coil fabricated on a SU-8 polymer 

core is reported with the same performance as air-core transformer, shown in Fig. 1.23(d) 

[134]. 
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Figure 1.23. 3D solenoid layouts: (a) micro-coil with air [133], (b) micro-coil with open-

loop magnetic core, (c) micro-coil with closed-loop magnetic core, and (d) micro-coil 

with non-magnetic core [134]. 

3D layouts have superiorities upon 2D planar counterparts in terms of higher 

inductance density and higher coupling effect. A micro inductive component fabricated 

through optimized 3D solenoid process can provide miniaturization without sacrificing 

electrical performance. Therefore, the 3D solenoid is an excellent potential approach 

toward fabricating inductive component for miniaturized PEI. 

 

1.6  Thesis Objective and Contribution  

In this dissertation, the technology toward miniaturization of PEI for tiny EM 

systems is investigated in order to provide the potential of ultra-compact system 

integration. High-frequency resonant switching technologies, including zero-voltage-
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switching and zero-current-switching, and novel resonant converter topologies are 

outlined as potential solutions for PEI miniaturization. Designs and implementations of 

unique miniaturized PEI are presented for validation of ultra-compact system integration 

in both low-voltage energy harvesting and autonomous mobile microrobots. 

Two types of bridgeless resonant ac-dc step-up converters are first introduced and 

developed to efficiently convert arbitrary input voltages of EM generators into a 

regulated dc output voltage suitable for energy storage units. The proposed topologies 

provide direct ac-dc power conversion with less number of components, in comparison to 

other resonant topologies. Meanwhile, they provide reasonably high efficiency from 

light-load to full-load condition. Moreover, resonant switching operation at MHz level 

allows the miniaturization and reasonable efficiency of converters through using 

substantially smaller capacitive and inductive passive components. 

In the second part of the dissertation, the work is extended to developing multi-

input power electronic converters as interfaces for multi-channel electromagnetic energy 

harvesting systems. The resonant topological concept is expanded through introducing a 

multi-input bridgeless resonant ac-dc converter capable of achieving ac-dc conversion; 

boosting input voltages; addressing mutual interference of multiple generators; and 

matching optimal impedance for a multiple-channel electromagnetic energy harvesting 

system. It also achieves optimal impedance matching through adjusting the resonance 

impedance. The multi-input converter can take advantage of the self-inductance of input 

electromagnetic sources, and only utilizes one external magnetic component and one 

diode. 
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The third part of the dissertation extends the concepts of miniaturization to the 

field of microrobotics. Conventional bulky power supplies and electronics are not 

practical as on-board energy sources to drive high-voltage actuators in microrobots. 

Miniaturized and efficient PEI is of critical importance to enable autonomous operation 

of microrobots. A bidirectional single-stage resonant dc-dc step-up converter is invented 

and developed to efficiently drive high-voltage actuators. The converter utilizes resonant 

capacitors and a coupled-inductor as a soft-switched LC network to acquire high step-up 

voltage gain. The circuit is capable of stepping up low voltage of energy storage units, 

generating explicit high-voltage actuation signals, and recovering unused energy 

remained in the capacitive actuators. 

In this dissertation, innovative and miniaturized PEIs are introduced to address 

efficient power conditioning for low-voltage energy harvesting and high-voltage 

microrobotic actuating. The contributions mainly focus on size miniaturization of power 

converter with high efficiency, which can be summarized as: 

1. Introduced and developed a PEI for low-voltage EM energy harvesting 

Á Proposed a novel single-stage bridgeless resonant ac-dc converter with 

advantages in terms of (i) capability of efficient operation in the case of 

alternating low-amplitude input voltages; (ii ) capability of high-frequency 

switching operation; (iii ) small number and size of passive components; 

(iv) low voltage stresses on transistors; and (v) simple gate drive. 

Á Provided theoretical operation principle, modeling and stress analyses of 

the proposed converter. 
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Á Developed a 5mm×6mm, 2MHz prototype capable of converting an 

alternating, erratic, irregular, low-voltage (0.25 Vac ~ 5 Vac), low-power 

(less than 650 mW) input into a regulated dc output with high efficiency 

(up to 83%). 

2. Introduced and developed a PEI for multi-channel energy harvesting systems 

Á Proposed a novel single-stage multi-input bridgeless resonant ac-dc 

converter with advantages in terms of (i) capability of interfacing and 

conditioning the output power of multiple EM generators; (ii ) no need for 

inefficient diode bridge at each channel; (iii ) small number and value of 

passive components; (iv) high step-up gain at 0.5 switching duty cycle; 

and (v) simple gate drive. 

Á Provided fundamental operational principles of the multi-channel ac-dc 

converter, modeling and impedance analyses of the proposed interface. 

Á Developed a prototype capable of addressing ac-dc conversion for a six-

channel, low-voltage (0.5 Vac ~ 5 Vac), low-power (less than 30 mW) wind 

energy harvesting panel with high efficiency (up to 86.3%). 

3. Introduced and developed a PEI for driving high-voltage actuators in mobile 

microrobots 

Á Proposed a novel single-stage bidirectional resonant dc-dc step-up 

converter with advantages in terms of (i) capability of efficient driving 

high-voltage actuators; (ii) capability of recovering unused energy of 

actuators; (iii) small number and size of passive components; (iv) very 
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high step-up gain with medium turn-ratio coupled inductors; and (v) 

simple gate drive. 

Á Proposed theoretical analyses and fundamental operation principle, 

modeling and driving strategy design of the innovative converter. 

Á Developed a 4mm×8mm, 1.5MHz prototype capable of driving high-

voltage actuator-based electrostatic inchworm motor with high voltage-

gain (up to 50), high driving frequency (1 kHz ~ 10 kHz) and high 

efficiency (up to 81%). 

 

1.7  Dissertation Overview 

The contents of the dissertation are divided into several parts to discuss the PEI 

design for ultra-compact EM systems step by step. Chapter 1 discusses the intension, 

significance and challenges of the PEI design and miniaturization for ultra-compact EM 

systems. It provides the detailed overview of challenges in topology design and the state 

of art of topologies for both kinetic energy harvesting and autonomous mobile 

microrobots. Furthermore, a comprehensive review of current micro-fabrication 

technologies toward miniature PEIs is presented. 

Chapter 2 is to design and develop a miniature PEI to efficiently addressing ac-dc 

conversion for energy harvesting generators that can be installed in wearable electronic 

devices. Novel bridgeless resonant ac-dc topologies are introduced to address power 

conditioning of low-voltage energy sources. The principle of operation, steady-state 

characteristics and electrical stresses are mathematically analyzed through a 

comprehensive circuit modeling. A resonant gate driver and a module on/off control 

strategy are designed to further increase the circuit efficiency through the efficient gating 
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and controlling. A miniature prototype of PEI, including resonant power stage, resonant 

driver and controller, is developed for validation of its capability of efficiently addressing 

low-voltage energy sources with good resonant switching performance and fast transient 

response. 

Chapter 3 presents the design and implementation of a miniature multi-input PEI 

to address power conditioning for multi-channel energy harvesting systems. The 

modeling of an electromagnetic generator and a multi-channel energy harvesting system 

are investigated. A novel multi-input bridgeless resonant ac-dc topology is proposed to 

provide multi-channel ac-dc conversion for an electromagnetic energy harvesting system. 

Circuit switching sub-intervals, steady-state analyses and optimal impedance matching 

are discussed. The design specification for a six-input prototype and experimental results 

on a wind energy harvesting system are carried out. 

Chapter 4 presents the design and implementation of a miniature PEI for driving 

high-voltage actuators in mobile microrobotic systems. A bidirectional single-stage 

resonant dc-dc step-up converter is proposed to step up the low voltage of energy storage 

unit and generate high-voltage pulsatile signals. The specific requirement and strategies 

to drive electrostatic inchworm motor are introduced. The analysis and control scheme of 

the adopted drive circuit are elaborated. Furthermore, the design guideline of the driving 

topology and the experimental validation of the prototype are presented, respectively, for 

validation of driving high-voltage electrostatic inchworm motor with energy recovery 

capability. 
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Chapter 5 represents the conclusions and contributions of miniature PEI design 

and implementation for energy harvesting and microrobotic systems. In addition, the 

future prospects of the miniaturized PEI are presented. 

 

1.8  Summary 

This chapter provides comprehensive review of circuit topologies and fabrication 

processes for PEI miniaturization of tiny electromechanical systems. Distinctive features 

of PEI topologies for energy harvesting systems, including dual-stage ac-dc converters, 

single-stage ac-dc switching converters, PZ-specified converters as well as ES-specified 

converters, are presented. Majority of these topologies suffer from inefficient diode 

bridges, switching losses, bulky passive components, inefficient coupling inductor and 

complicated gate drive, which can be improved by introducing an innovative single-stage 

bridgeless ac-dc resonant converter. Furthermore, prior works on driving high-voltage 

actuators of microrobot, including single-stage switching converters and dual-stage 

switching converters, are analytically discussed. There are a large number of challenges, 

including large switching losses, bulky passive components, inefficient coupling inductor, 

actuator drive limitation and energy recovery of actuator, which can be improved by 

introducing an innovative bidirectional single-stage dc-dc resonant converter. In addition 

to the topology design, the fabrication processes are surveyed and discussed, including 

CMOS integrated circuit, miniaturized packages of discrete components and optimized 

micro-coil fabrication. According to the distinctive advantages of each process, the 

components of power stage of a PEI are preferred to use chip-scale package and 3D 

micro-coil, while CMOS technology is preferable to fabricate the gate drive and 

controller. 
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CHAPTER 2 

MINIATURIZATION  OF POWER ELECTRONIC INTERFACES FOR TINY 

ELECTROMECHANICAL SYSTEMS 

According to the summary of Chapter 1, a promising topological solution toward 

PEI miniaturization can be a bridgeless high-frequency resonant ac-dc converter, which 

has superiorities upon others in terms of: (1) single-stage topology; (2) no need for 

inefficient diode bridge; (3) resonant lossless switching; (4) small value of passive 

components; (5) relatively low stress on transistors; (6) simple gate drive; and (7) both 

ac-dc and dc-dc conversion. This chapter presents novel design of resonant topologies 

toward fabricating miniaturized PEI for tiny electromechanical systems. 

 

2.1  Design of Bridgeless Resonant AC-DC Converters 

2.1.1  Circuit Description  

Fig. 2.1 illustrates two types of single-stage bridgeless resonant ac-dc step-up 

converters. These two topologies share the same principle of operation. Both circuits are 

capable of operating with multi-resonant switching. Each topology is formed by two 

resonant inductors, two resonant capacitors, two power transistors and one diode. The 

input source is a low-frequency alternating voltage with high-order harmonic distortions 

[3], [15]. The input inductor Lr1 is sharply tuned with one resonant capacitor, contributing 

to half of the resonant oscillation. The resonant inductor Lr2 is tuned with two split 

resonant capacitors Cr1 and Cr2 to resonate near the fundamental component of switching 

frequency fs. Ideally, the components Lr2, Cr1 and Cr2 present a lossless low drain-to-

source impedance branch across transistors near fs. Cr1 and Cr2 are in parallel with the 

transistors and the diode to ensure ZVS at turning-on and turning-off. Switching losses 
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are eliminated through the oscillating voltage and current, while the input energy is stored 

and released to the load through the active LC network. Furthermore, the tuned networks 

eliminate overvoltage spikes as well as diode reverse recovery issues while 

simultaneously maintaining low peak voltage stresses on the power transistors. 

 

Figure 2.1. Proposed bridgeless resonant ac-dc step-up converters: (a) Type 1; (b) Type 2. 

Power transistors Qr1 and Qr2 are actively turned on and off in order to generate 

drain-to-source pulse voltage at the input of LC network. The amplitude of drain-to-

source pulse voltage is higher than vin due to the energy stored in Lr1.The fundamental 

component of drain-to-source pulse voltage passes through the LC network and generates 

an amplified oscillating voltage near the switching frequency fs across the rectifier diode 

Dr. ZVS and ZCS operation of Qr1 and Qr2 provide energy recovery to drain-to-source 

parasitic capacitor Cds of power transistors, which in turn increases the efficiency. The 
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overvoltage spikes on drain-to-source voltage is eliminated, thereby no snubber circuit is 

required. The diode Dr rectifies the amplified oscillating voltage after the tuned network 

into a dc output voltage. It generates freewheeling path for the resonant inductor current 

as well as charging path for the resonant capacitors. The rectifier diode Dr can be 

replaced with a transistor if bidirectional configuration is required. The body diodes Dq1 

and Dq2 serve as freewheeling diodes for ZVS and ZCS, when the switching frequency is 

higher than the resonant frequency. 

According to the directions of body diodes and source nodes of transistors, p-

channel MOSFETs are preferred for Type 1 converter while n-channel MOSFETs are 

preferable for Type 2 converter, for the ease of gate driver design. Due to the different 

doping processes of p-type and n-type, n-channel MOSFETs usually have faster transient 

response than p-channel MOSFETs. In addition, p-channel MOSFETs require negative 

gate drive voltage, which increases the complexity of gate driver design. Therefore, Type 

2 converter has advantages over Type 1 in terms of higher switching frequency capability 

and easier gate driver design. 

To address the challenges referred in Chapter 1, the proposed topologies bring 

several advantages: (1) capability of efficient operation in the case of alternating low-

amplitude input voltages; (2) capability of high-frequency switching operation; (3) small 

number and size of passive components; (4) theoretically no switching losses; (5) low 

loss caused by diode forward voltage; (6) no need for additional snubber circuits; (7) no 

diode reverse recovery issues; and (8) low voltage stresses on transistors. 
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2.1.2  Principle of Switching Operation 

The switching sub-intervals of Type 1 as well as Type 2 converters during one 

switching cycle with a positive input voltage are shown in Fig. 2.2 (I)~(V) and Fig. 2.3 

(I)~(V), respectively. The simulation waveforms of transient voltage and current, with 

different switching frequencies of Type 1 as well as Type 2 converters, are demonstrated 

in Fig. 2.4 and Fig. 2.5, respectively. 

There are two resonant frequencies in these circuits, frô is the resonant frequency 

of Lr2Cr1Cr2 network and fr (fr1=f r2=f r) is the resonant frequency of Lr1Cr2 and Lr2Cr1 

networks. Depending on the switching frequency (fs), there are three different operating 

regions: (a) fs<frô, (b) frô< fs<fr, and (c) fs>fr. In the case of fs<frô and fs>fr, there are four 

switching sub-intervals in one switching cycle, while the case of frô< fs<fr is composed of 

five switching sub-intervals (Stage I ~ Stage V). Each switching sub-interval of Type 1 

converter for frô< fs<fr is described briefly below, as it contains all the other sub-intervals 

in the case of fs<frô and fs>fr. 
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Figure 2.2. Switching sub-intervals of Type 1 converter with a positive voltage input 

source, during one switching cycle. 
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Figure 2.3. Switching sub-intervals for Type 2 converter with a positive voltage input 

source, during one switching cycle. 
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At t0: (Circuit initial state) Assume that ir1 has an initial value and ir2 is equal to 

zero. vcr1 and vcr2 have the same maximum positive value. Qr1 is conducting in the entire 

switching cycle during a positive input voltage. The simplified topology of Type 1 

converter with a positive input voltage is illustrated in Fig. 2.4 (a). 

Stage I (t0~t1): At t0, Qr2 is turned on at zero voltage [vds2(t0)] (equal to [vcr1(t0)-

vcr2(t0)]) and zero current [ids2(t0)]. Lr1 starts to be charged by the input voltage source, 

thereby ir1 increases linearly. Cr1, Cr2 (Cr1=Cr2 are small resonant capacitors) and Lr2 

begin to resonate near fs while Cr1 and Cr2 release the stored transient energy to Co. vcr1 

and vcr2 are equal and decrease sinusoidally. 

Stage II (t1~t2): At t1, vcr1 and vcr2 drop to zero. Dr turns on at zero voltage [vdr(t1)], 

allowing ir2 to freewheel through Dr (idr=i r2). ir1 continuously increases and ir2 linearly 

decreases until t2. 

Stage III (t 2~t3): At t2, Qr2 is turned off at zero voltage [vds2(t2)]. ir1 begins to 

freewheel through Dr (idr=i r1-ir2>0). Lr1 and Cr2 begin to resonate. Cr2 stores the energy 

from Lr1 and vcr2 increases; while vcr1 is still zero. ir2 reverses the direction and increases 

linearly. 

Stage IV (t3~t4): At t3, ir1 is less than ir2. Dr turns off at both zero voltage [vdr(t3)] 

and zero current [idr(t3)]. Lr2 resonates with Cr1 and its energy is transferred to Cr1. vcr1 

continuously increases until it is equal to vcr2 at t4, where vds2 is equal to zero. 

Stage V (t4~t5): From t4 to t5, vcr1 and vcr2 increase equally. At t4, the body diode 

Dq2 is conducting at zero voltage [vds2(t4)]. Cr1, Cr2 and Lr2 again resonate near fs while 

Cr1 and Cr2 store the transient energy. vcr1 and vcr2 increases sinusoidally until they reach 
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the maximum value at t5. Lr1 stores the energy from the input source and ir1 linearly 

increases to its initial value. 

At t5: Dq2 turns off, followed by turning on Qr2, both at zero voltage and zero 

current. Then, the circuit returns to the original state. 

 

(a) 

 

(b) 

Figure 2.4. (a) Simplified topology of Type 1 converter with a positive input voltage; (b) 

The voltage and current waveforms of Type 1 converter with a positive input voltage and 

different switching frequencies. 

Lr2, Cr1 and Cr2 serve as a lossless low drain-to-source impedance branch across 

Qr2 near the switching frequency. The fundamental component of vds2 passes through the 

Lr2Cr1Cr2 network, and then it is rectified to a dc voltage by Dr. The tuned network stops 
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resonating in Stage II  due to zero state of vcr1 and vcr2. The input energy is first stored in 

Lr1 during Stages I, II , and V. Afterwards, the transient energy of Lr1 is released to the 

tuned network during Stages III and IV. The LC network transfers the energy to the load 

through the rectifier diode Dr during Stages II and III. 

When fs<frô, Qr2 is turned off after ir2 drops to zero. The circuit returns to Stage I 

after Stage II; in other words, Lr2, Cr1 and Cr2 begin to resonate again after ir2 drops to 

zero. As soon as Qr2 is tuned off, no current freewheels through Dr and the circuit jumps 

into Stage IV instead of Stage III.  For the case of fs>fr, Qr2 is turned off at the end of 

Stage I, while vcr1 and vcr2 drop to zero, thereby eliminating Stage II.  

During the negative voltage input source, the operational circuit of each sub-

interval is similar to that in Fig. 2.2. The direction of ir1 is reversed. Qr2 is conducting in 

the entire switching cycle, while Qr1 is switching analogues to Qr2 during positive input 

voltage cycle. In other words, Qr1 changes its role with Qr2. Meanwhile, Cr1 switches its 

role with Cr2. 

Type 2 converter has a modified topology in terms of Dr, Lr2 and transistor body 

diodes, which consequently changes the transient states of operation. Each switching sub-

interval of Type 2 converter for frô< fs<fr with a positive voltage input source (see Fig. 2.3) 

is presented below.  
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(a) 

 

(b) 

Figure 2.5. (a) Simplified topology of Type 2 converter with a positive input voltage; (b) 

The voltage and current waveforms of Type 2 converter with a positive input voltage and 

different switching frequencies. 

At t0ô: (Circuit initial state) Assume that ir1 has an initial value and ir2 is equal to 

zero. Initially, vcr1 and vcr2 have the same maximum negative value. Qr2 is conducting in 

the entire switching cycle during a positive input voltage. Fig. 2.5 (a) depicts the 

simplified topology of Type 2 converter with a positive input voltage. 

Stage I (t0ô~t1ô): At t0ô, Qr1 is turned on at zero voltage [vds1(t0ô)] (equal to 

[vcr2(t0ô)-vcr1(t0ô)]) and zero current [ids1(t0ô)]. Lr1 begins to store energy, thereby ir1 

increases linearly. Cr1, Cr2 and Lr2 resonate at a frequency close to fs, while Cr1 and Cr2 
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release the transient energy to Lr2. vcr1 and vcr2 are equal and vary sinusoidally until they 

are equal to Vo at t1ô. 

Stage II (t1ô~t2ô): From t1ô, vcr1 and vcr2 are equal to Vo. Dr turns on at zero voltage 

[vdr(t1ô)], allowing ir2 to freewheel through Dr (idr=i r2). 

Stage III (t 2ô~t3ô): At t2ô, Qr1 is turned off at zero voltage [vds1(t2ô)]. ir2 reverses the 

direction and linearly increases, but it is less than ir1. The current freewheels through Dr 

(idr=i r1-ir2>0) to compensate the difference between ir1 and ir2. Lr1 and Cr1 begin to 

resonate. Cr1 releases the energy to Co and vcr1 decreases; however, vcr2 is still equal to Vo. 

Stage IV (t3ô~t4ô): From t3ô to t4ô, ir1 is less than ir2, leaving no current to 

freewheel through Dr. Dr turns off at both zero voltage [vdr(t3ô)] and zero current [idr(t3ô)] 

at t3ô. Lr2 and Cr2 resonate until vcr2 is equal to vcr1 at t4ô. 

Stage V (t4ô~t5ô): From t4ô to t5ô, vcr1 and vcr2 are negative and equally increase 

until they reach the maximum. At t4ô, the body diode Dq1 is conducting at zero voltage 

[vds1(t4ô)]. 

At t5ô: Dq1 turns off, followed by turning on Qr1 both at zero voltage and zero 

current. Then the circuit returns to the original state. 

During the negative voltage input source, the direction of ir1 is reversed. Qr1 is 

conducting in the entire switching cycle, while Qr2 is switching analogues to Qr1 during a 

positive input voltage cycle. The LC network in Type 2 converter serves the same 

functionality as that in Type 1 converter. However, vcr1 and vcr2 are alternating, which 

leads to smaller root-mean-square (RMS) value than those in Type 1converter.  
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2.2  Circuit Analyses of Resonant AC-DC Converters 

2.2.1  Steady-state Operating Characteristics 

The analyses of the steady-state characteristics are based on equivalent circuit 

models corresponding to different switching sub-intervals, illustrated in Fig. 2.6. All the 

analyses are based on Type 1 converter in the operating region frô<fs<f r (see Fig. 2.4), 

while similar procedure can be adapted for Type 2 converter. Co has much smaller 

impedance at switching frequency in comparison to Rload, thereby it performs similar to a 

voltage source Vo. The values of Cr1 and Cr2 are set equal to Cr for the symmetry of the 

configuration. The transient waveforms and time intervals are inspected from Fig. 2.4. 

 

Figure 2.6. The equivalent circuit models of Type 1 converter: (a1) corresponding to 

Stages I and V; (b1) Stage II; (c1) Stage III; (d1) Stage IV. The equivalent circuit models 

of Type 2 converter: (a2) corresponding to Stages I and V; (b2) Stage II; (c2) Stage III; 

(d2) Stage IV. 
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In Stages I and V, Lr1 is directly connected to Vin while the network Lr2Cr1Cr2 is 

connected to Vo (see Fig. 2.6(a1)). Cr1 and Cr2 release the energy to the load during 

resonance. The governing equations in terms of ir1, ir2, vcr1 and vcr2 are presented as 
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Applying the initial condition ir2(t0)=0, the transient states can be written as 
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where, ɤr1=1/ ὒ ὅ  is the angular resonant frequency of Lr2Cr1 network, and 

Zr1= ὒ Ⱦὅ is the characteristic impedance of Lr2Cr1 network. 

During Stage II (see Fig. 2.6(b1)), the voltage across Lr1 is Vin and the voltage 

across Lr2 is Vo. The governing equations can be written as 

1

1

2

2

( )

( )

inr

r

or

r

Vdi t

dt L

Vdi t

dt L

ë
=î

î
ì
î =-
îí

 

(2-8) 

 

(2-9) 

 

The transient states are calculated as 
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During Stage III (see Fig. 2.6(c1)), Cr2 stores the energy from Lr1, while Lr2 

releases the energy to the load. The governing equations are presented as 
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Therefore, ir2 decreases linearly to zero and vcr2 linearly increases, with the boundary 

condition vcr2(t2)=0, yielding 
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where, ɤr2=1/ ὒ ὅ  is the angular resonant frequency of Lr1Cr2 network, and 

Zr2= ὒ Ⱦὅ is the characteristic impedance of Lr1Cr2 network. 

In Stage IV, Lr1 is resonating with Cr1 and Cr2, while Lr2 is resonating with Cr1 

(see Fig. 2.6(d1)), yielding 
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By applying boundary conditions vcr1(t3)=0, vcr2(t3)=Vo, ir1(t3)+i r2(t3)=0, one can find that 
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Lr1 and Lr2 are set equal to Lr for ease of calculation (ɤr1=ɤr2=ɤr and Zr1=Zr2=Zr). 

The analysis is valid when Lr1 is slightly different from Lr2. However, the switching sub-

intervals and analyses can be different when Lr1>>L r2, which is discussed in Chapter 3. 

In steady-state operation, the integral of the resonant inductor voltage (vLr1) over one 

switching period must be zero, which yields 
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By setting the resonant period tr2=t4-t3=Tr2/4= /́2ɤr, one can find that 
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On the other hand, the integral of the output capacitor current (icro) over one switching 

period being zero, yields 
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Applying the boundary condition vcr2(t3)=Vo, one can find another relationship that 
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Solving Eqs. (2-29)~(2-31) yields 
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where, the ratio of input voltage to input current is Ax=Vin/ir1(t2), the ratio of output 

voltage to input current is Ay=Vo/ir1(t2), and ɗy=2ɤrVo/fsRLir1(t2). Therefore, using Eq. (2-

32) and Eq. (2-33), the dc-dc instantaneous voltage gain (A=Ay/Ax) of the converter in 

steady state can be calculated as 
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where, Q=Zr/RL is the characteristic impedance of multi-resonant network, ɔ=fs/fr denotes 

the normalized switching frequency. The voltage ratio is load-dependent; meanwhile, it 

increases as the switching frequency decreases, shown in Fig. 2.7. The steady-state 

analyses are valid for Type 2 converter, even though their transient states are different. 
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Figure 2.7. Voltage gain characteristics of the resonant converter. 

By applying boundary condition ir2(t0)=0 and setting the transistor turn-on period 

to ton=t1-t0=Ts/2 in Eq. (2-6) and Eq. (2-7), one can find that fr=Ѝς frô. The switching 

period should be larger than addition of the resonant periods, corresponding to fr and frô. 
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Therefore, the soft-switching frequency range can be presented as 
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According to Eq. (2-34), the load impedance should match the network impedance and 

satisfy Eq. (2-37). 
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At wide range of loads and input voltages, output voltage can be regulated at a 

constant value by adjusting the switching frequency. The range of voltage gain may be 
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limited by the switching frequency region; however, it can be increased by using module 

on/off control, which is discussed in Section 2.3.2. 

 

2.2.2  Electrical Stresses 

For Type 1 converter, the maximum values of voltages across the resonant 

capacitors, at t0, are equal, and by applying the boundary condition vcr1(t1)=0 into Eq. (2-

7), one can find that 
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vcr1,max and vcr2,max are close to twice of Vo if ɔ is close to 1/Ѝς. Since the transistors Qr1 

and Qr2 are in parallel with two resonant capacitors, the drain-to-source voltage across 

each transistor (vds) is equal to the voltage compensation between two capacitors,  
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The transistor voltage reaches its maximum value during Stage IV. By applying the 

boundary condition vcr1(t4)-vcr2(t4)=0 into Eq. (2-26) and Eq. (2-27), one can find the 

maximum voltage stress on the transistor from the differential equation [vcr1
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vds,max is close to -Vo, which is half of -vcr1,max. Note that vcr1,max and vcr2,max increase as the 

switching frequency increases while vds,max remains nearly constant. Since the rectifier 

diode is in parallel with one resonant capacitor, the maximum voltage stress on diode is 

equal to the maximum voltage stress on the resonant capacitor. 
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For Type 2 converter, the maximum voltage stresses on resonant capacitors are 
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vcr1,max and vcr2,max are close to -Vo if ɔ is close to 1/Ѝς. However, vds,max is the same as that 

in Type 1 converter. Therefore, Type 2 converter has less voltage stresses across resonant 

capacitors and rectifier diode in comparison to Type 1 converter; nevertheless, the 

voltage stresses across transistors are equal. In addition, both converters have less voltage 

stresses on the transistors due to existence of two split resonant capacitors.  

For both two converters, when the converter is operating in steady-state condition, 

one can obtain from the input/output power balance that 
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Therefore, the average current in a switching period carried by Lr1 can be obtained as 
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Since the peak current ir1,pk carried by Lr1 appears at t2, it can be calculated by solving 

Eqs. (2-5), (2-30) and (2-44): 
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Due to the fact that Lr2 is in series with the load, the average current in a switching period 

carried by Lr2 is equal to that carried by RL, therefore 
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The peak current ir2,peak carried by Lr2 appears during Stage I where ir2(t) satisfies Eq. (2-

4), yielding 
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According to the analyses in Chapter 2.2.1, the current through the transistors 

would be 

1 2
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2
ds r ri t i t i t= +

 

(2-48) 

Thereby, the average current and the peak current through the transistors can be acquired 

from Eqs. (2-5), (2-6), (2-10) and (2-11) as 
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Moreover, the average current and the peak current through the diode can be expressed as 
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(2-52) 

Note that the current stress on the diode is much less than those on the transistors. The 

diode is conducting for rectification during a very short period in comparison to quasi-

resonant topologies. 

In summary, the electrical stresses of active components and passive components 

are load-dependent. They can be adjusted through a variable switching frequency. One 

can reduce the stresses by either increasing the switching frequency or reducing the load 

resistance. Furthermore, the voltage stresses across the transistors and the current stress 

on the diode are less than other resonant topologies [89]-[91], [97]-[99].  

 

2.3 Gate Drive and Controller 

2.3.1  Resonant Gate Drive 

The effect of gate drive on overall performance and efficiency of the converter is 

critical, especially in high switching frequency operation. Large amount of energy is 



 

 

 

67 

dissipated by using conventional square voltage hard-switched gating, since there is no 

energy recovery [135], [136]. At high switching frequency, resonant gating can 

significantly reduce the gate drive losses by recovering gate charge energy each cycle. 

Many of efforts focus on designing active RGD circuits, which consist of auxiliary switch 

bridges and passive components [135]-[140]. In these circuits, the turning-on and 

turning-off times are controllable, which makes them suitable to adjust duty ratio or 

switching frequency. However, the auxiliary switch bridges require additional drivers, 

which consequently increase the circuit size and losses. Furthermore, at high switching 

frequency, it becomes difficult to catch zero voltage and zero current crossing by using 

an active bridge drive. 

 

Figure 2.8. Resonant gate drive circuit for Type 1 converter. 

To reduce driver complexity, passive RGD circuits are investigated for fixed 

frequency and fixed duty ratio gate drives [97]-[99]. Such drive circuits utilize LC 

resonant tank to generate trapezoidal or sinusoidal voltage gating. The gate signals, which 

are generated by relaxation oscillators, pass through LC resonant tanks. The LC networks 

behave as pass filters to acquire the demanded harmonics of gate signals, which cause no 

mutation in gating voltage. Passive RGD circuits generate gating signals with fixed 
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frequency and fixed duty ratio. They are suitable for converters where fixed switching 

operation is demanded to acquire maximum efficiency, i.e. the proposed converter in this 

dissertation. The power control strategy can be achieved by using simple module on/off 

control, which has advantages in terms of fast response, easy implementation and high 

stability. 

A low-loss passive RGD circuit is adopted in the proposed design to achieve 

resonant gating (see Fig. 2.8). A tuned LC tank sets the transfer function from the 

oscillator to the transistor gate. The resonant tank is designed to extract the fundamental 

component of the gate signal, which consequently generates a sinusoidal gating. The 

input capacitor Cs is resonant with the shunt inductor Ls to perform as a high-pass filter. 

Lg is selected to resonate with the parasitic gate capacitor Cg for a sinusoidal gating at 

fundamental component of switching frequency. Second resonant frequency apparent in 

the transfer function is damped by Lg and the gate resistance Rg, in order to avoid higher 

frequency oscillation. The frequency response of the transfer function is depicted in Fig. 

2.9. By properly adjusting Cs and Ls, one can set the magnitude and the bandwidth of 

oscillation. 

 

Figure 2.9. Frequency response of the transfer function of the resonant tank. 
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A blocking capacitor Cbias is connected to Ls in the shunt leg. Cbias is charged by a 

voltage follower, thereby maintaining a bias voltage close to MOSFET threshold voltage 

at its gate. By adjusting the resistor Rf2 of the voltage divider, the bias voltage of the 

resonant gating can be regulated, which in turn sets the switching duty ratio. The 

damping resistor Rf3 is located between Cbias and the voltage follower in order to block 

high-order harmonic feedback. In addition, Rf3 and Cbias should be carefully selected to 

acquire fast transient response. 

 

2.3.2  Module On/Off Control Strategy 

The converter is intended to operate at fixed switching frequency and fixed 

switching duty ratio to achieve high efficiency operation, though the voltage gain can be 

regulated by variable switching frequency. On the other hand, module on/off control 

strategy realizes the advantages in terms of easy implementation, fast transient response, 

wide load range and higher efficiency [97], [140]. The output voltage regulation is 

achieved through enabling the converter module and delivering power when the output 

voltage falls below a demanded threshold. When the output voltage rises above the 

threshold, the module is disabled, leaving the output capacitor to feed the load. 

This control scheme separates the control and the power processing, which in turn 

increases the circuit efficiency and operation accuracy. When the module is enabled, the 

converter operates at a fixed high-efficiency point; when disabled, no power is delivered 

through the circuit, which consequently removes additional loss. A module hysteretic 

on/off control is a varied-module-frequency control and dependent on feedback sampling 

frequency. In comparison to hysteretic control, module PWM on/off control is a fixed-

module-frequency control and is superior in terms of faster response and more accuracy 
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[141]. Functionally, the converter module is enabled and disabled at a fixed on/off 

frequency and an adjustable on/off duty ratio. The load power is regulated by adjusting 

the module on/off duty ratio. 

To achieve the PWM on/off control strategy, a logical on/off module is added on 

the gate driver for Type 1 converter, as demonstrated in Fig. 2.8. The directions of BJT-

diode bridges are reversed in the case of Type 2 converter. The PWM comparator 

delivers the enabling signal von/off to T1, according to the controller feedback. When T1 is 

turned on, the MOSFET gate is pulled to ground and disabled. High output resistance of 

D1 and T1 blocks the high-frequency oscillating signal from the LC tank. When T1 is 

turned off, the voltage follower starts to charge Cbias, thereby the biased resonant gating is 

recovered at MOSFET gate. The values of Rf3 and Cbias determine the charging time, 

corresponding to the transient response to enable energy recovery. 

 

Figure 2.10. Block diagram of module on/off control and polarity identification for 

resonant switching and gating. 

Another logical bridge including T2 and D2 is added on the gate driver to 

implement input polarity identification. Based on the polarity of input, the comparator 

delivers v+/- to T2 with choice of either leaving the gate resonant or enabling the gate all 
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the time. Fig. 2.10 presents the block diagram of the control system. The resonant gating 

signals, generated by the gate driver and control scheme, consist of three main frequency 

components (see Fig. 2.11). During each half cycle of vin, one of the MOSFETs is 

enabled all the time while the other one is disabled during PWM module-off time. During 

the module-on time, one MOSFET gate is resonant at a switching frequency much higher 

than on/off modulation frequency. 

 

Figure 2.11. Resonant gating signal corresponding to on/off control signal and polarity 

identification signal, in the case of Type 1 converter. 

The closed-loop simulation with a low-frequency alternating input voltage is 

demonstrated in Fig. 2.12. The results confirm the fast transient response of module 

PWM on/off control scheme as well as good performance of the power converter at low-

amplitude input voltages. Increasing the on/off modulation frequency can decrease the 
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size of output capacitor. However, the driver efficiency decreases as the modulation 

frequency increases, which brings the tradeoff between the driver efficiency and 

capacitor size. In spite of this, most of main power components are based on high soft-

switching frequency, enabling miniaturization and high efficiency operation. 

 

Figure 2.12. Simulation waveforms of Type 1 converter with 2-Vrms alternating input 

voltage, using module on/off control. 
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2.4  Testing and Discussion 

2.4.1  Prototypes and Experimental Results 

Experimental tests are presented in this section to elaborate performance of the 

proposed converter particularly under light-load condition and limited footprint. A 5-mm

ě6-mm, 100-mg prototype of power stage, illustrated in Fig. 2.13, is developed to 

validate 2-MHz resonant operation of Type 1 converter. Table 2.1 lists parameters of all 

the components adopted in resonant power stage and resonant gate driver. The resonant 

switching frequency is set to 2 MHz with consideration of gate charge speed and 

miniature package of the commercially available transistors. Higher switching frequency 

can be achieved through radio frequency transistors with larger package sizes. According 

to the input energy sources referred in Chapter 1.1.1, the input voltage is set to a range of 

0.25-3 Vrms while the maximum average current reaches up to 300 mA. A power 

amplifier circuit is fabricated to emulate the alternating input energy source. 

TABLE 2.1 

COMPONENT PARAMETERS IN RESONANT CONVERTER AND DRIVER 

Circuit 

Component 
Nominal Value Part Number 

Lr1 0.68 mH Coilcraft PFL1609-681 

Lr2 0.68 mH Coilcraft PFL1609-681 

Cr1 ,Cr2 4.7 nF MLCC Array, 50V 

Co 22 mF X7R Ceramic, 10V 

Qr1 ,Qr2  AOC2411 (P-channel) 

Dr  CDBER0130L 

Ls 4.7 mH Coilcraft PFL1609-472 

Lg 4.7 mH Coilcraft PFL1609-472 



 

 

 

74 

Cs 3.3 nF C0G Ceramic, 10V 

Cbias 10 nF C0G Ceramic, 10V 

Rf1 100 kɋ Standard SMD 

Rf2 22 kɋ Standard SMD 

Rf3 10 ɋ Standard SMD 

Rb1 ,Rb2 100 ɋ Standard SMD 

T1,T2  EMZ1T2RCT-ND (NPN/PNP) 

D1 ,D2  DSF01S30SC 

 

 

Figure 2.13. Front (Lr1, Cr1, Cr2, Qr1 and Qr2) and back (Lr2, Dr and Co) views of 100-mg, 

2-MHz experimental prototype of the proposed Type 1 resonant ac-dc converter, as well 

as its resonant driver and digital controller. 

http://www.digikey.com/scripts/DKSearch/dksus.dll?Detail&itemSeq=135145653&uq=635126082190895364
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In the majority of tiny electromagnetic (EMA) or electroactive polymer (EAP) 

generators, low output impedance and low self-inductance is acquired [3], [11]. Therefore, 

a discrete inductor Lr1 is required in the converter. The PEI design in this section is 

specified for EMA generators; however, the converters are adaptable for EAP generators 

with alternating output voltages. 

An 8-mg chip inductor (Coilcraft PFL1609-681), with 680 nH at 0.9 Asat, is 

selected as the resonant inductor Lr1 (or the self-inductance Lm of an EMA generator) due 

to its low dc resistance, small footprint and good EMI performance. The ferrite shield of 

the inductor keeps the magnetic field within the package, thereby reducing the EMI 

noises. The same inductor is chosen as Lr2. A 4.7-nF/50-V ceramic capacitor array 

(MLCC Array) is used as resonant capacitors Cr1 and Cr2 while a 22-mF/10-V ceramic 

capacitor is selected as the output capacitor Co. 

The transistors and diode are selected based on the stress analyses in Chapter 

2.2.2. The p-channel enhancement mode MOSFET (AOC2411) with ball-grid-array 

(BGA) surface-mount package is selected due to its fast transient response and 

compactness. The transistor has capability of handling -30-V drain-to-source breakdown 

voltage and 3.4-A continuous current. Its 52-mɋ excellent on-resistance (tested at -4.5-V 

Vgs), owing to the advanced trench technology, brings benefits in low conduction losses. 

The low gate charge and low gate voltage (as low as -2.5 V) cause fast transient response 

and low driver power dissipation. A 2-mg schottky barrier diode (CDBER0130L) with 

0503 package is selected as the rectifier diode Dr due to its low forward voltage and small 

footprint. 
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Type 1 converter waveforms during 2-MHz switching with +3-V dc input voltage 

are presented in Fig. 2.14 and Fig. 2.15. According to the experimental waveforms, the 

topology provides good ZVS and ZCS characteristics with resonant gate drive at 2-MHz 

switching frequency. Both transistor and diode achieve ZVS turn-on and ZVS turn-off. In 

addition, ZCS is achieved during transistor turn-on and diode turn-off. An 8.1-V 

maximum output voltage is acquired through a 100-ɋ resistive load, with 66.3% open-

loop dc-dc conversion efficiency. The voltage gain tested at different resistive load 

condition is illustrated in Fig. 2.16. 

 

(a) 

 

(b) 
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Figure 2.14. Experimental waveforms of Type 1 converter operating with Vin=3 V (dc), 

Vo=8.1 V (dc), Rload=100 ɋ, during 2-MHz switching: (a) vgate and vgs; (b) i in and Vo. 

 

(a) 

 

(b) 

Figure 2.15. Experimental waveforms illustrating resonant switching of Type 1 converter, 

during 2-MHz switching: (a) ids2 and vds2; (b) idr and vdr. 
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Figure 2.16. Voltage gain of Type 1 converter at +3Vdc input under different load 

conditions. 

A power amplifier circuit in conjunction with Lr1 is utilized to emulate the EMA 

generator. The open-loop converter waveforms at a 20-Hz alternating input voltage with 

high-order harmonic distortion is presented in Fig. 2.17. The polarity identification 

module is adopted in the open-loop testing to achieve ac-dc conversion. The 20-Hz 

frequency corresponding to low mechanical vibration frequency of an EMA generator is 

selected to investigate the case of ambient energy harvesting. The converter shows good 

performance on rectification of a wide range of alternating input voltage. The ac-dc 

conversion efficiency is above 60% under very-low input voltages. 
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(a) 

 

(b) 

Figure 2.17. Open-loop experimental waveforms of Type 1 converter operating with (a) 

Vin=3 Vrms (20 Hz, ac), Vo=7.6 V (dc), Rload=100 ɋ; (b) Vin=0.25 Vrms (20 Hz, ac), 

Vo=0.55 V (dc), Rload=100 ɋ, during 2-MHz switching: i in, vin and Vo. 

 

(a) 
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(b) 

Figure 2.18. Closed-loop experimental waveforms of Type 1 converter operating with (a) 

voltage regulation for Vo=5 V, Rload=100 ɋ; (b) module on/off control at 20-kHz 

modulation frequency. 

 

Figure 2.19. Closed-loop dynamic response of Type 1 converter operating with voltage 

regulation for Vo=5 V, Rload=100 ɋ. 

The closed-loop experimental waveforms with output voltage regulation are 

illustrated in Fig. 2.18. The output voltage is regulated at 5 V through the module on/off 
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control strategy. When Vo exceeds 5 V, the gate driver pulls the transistor gate to ground 

and thereby the module is disabled. When Vo is below 5 V, the gate driver returns to the 

resonant gating condition and the converter starts to transfer energy. Therefore, the input 

current and power are discontinuous with the module on/off control. The module PWM 

on/off frequency is set to 20 kHz. The closed-loop voltage regulation indicates a fast 

dynamic response with an instantaneous step change of input voltage (see Fig. 2.19).  

 

2.4.2  Efficiency Analyses 

Fig. 2.20 shows the open-loop efficiency (including power stage and gate driver) 

and the output power at different input voltages. The output power is nearly proportional 

to the square of the input voltage, which thereby matches the steady-state analyses. The 

conversion efficiency at very-low input voltages is above 60% and increases as the input 

voltage increases. In the case of very-low alternating input voltages, the converter has a 

large dead zone where the input voltage is close to zero, and the fundamental resonant 

component (much higher than the input voltage) is smaller than the forward voltage of 

the rectifier diode. The rectification of the converter fails at dead zone even though the 

converter is enabled, which in turn degrades the efficiency. On the other hand, the 

efficiency decreases after the output power exceeds certain value. The conduction losses 

and inductor core losses increase and become dominant as the current increases. 

Furthermore, the light-load efficiency is higher than the full-load efficiency at high input 

voltages, due to the dominant conduction losses and inductor core losses; however, they 

are close at low input voltages. 
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     (a)                                                                      (b) 

Figure 2.20. Open-loop output power and efficiency over input voltage of Type 1 

converter at (a) Rload=100 ɋ; and (b) Rload=500 ɋ. 

 

         (a)                                                                      (b) 

Figure 2.21. Closed-loop efficiency over (a) input voltage (at Pout=0.25 W); and (b) 

output power (at Vin=3 Vrms). 

The closed-loop efficiencies at various input voltages (at Pout=0.25 W) and output 

powers (at Vin=3 Vrms) are illustrated in Fig. 2.21. At a constant output power, the average 

current decreases as the input voltage increases when the converter is enabled. When the 

converter is disabled, it consumes no power. Therefore, the conduction losses and 

inductor core losses decrease, which consequently causes higher efficiency in comparison 

to open loop at the same output power. At a constant input voltage, higher efficiency is 
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acquired at lower output power. The average current decreases as output power decreases, 

which leads to lower conduction losses and inductor core losses. 

The conduction losses (Pcon), including transistor turn-on conduction losses (PQ), 

inductor copper losses (PLr) and diode forward power losses (Pdr), are represented as 

2 2

, , 2 2, , ,2 [ ]con Q Lr dr Q on Q rms Lr Lr rms dr fw dr avgP P P P R I R I V I= + + = Ö Ö + Ö + Ö

 

(2-53) 

where, RQ,on is the drain-to-source on-state resistance of two transistors, IQ,rms is root-

mean-square (RMS) value of the transistor current, RLr2 is the coil resistance of the 

resonant inductor Lr2, ILr,rms is RMS value of the resonant inductor current, Vdr,fw is the 

forward voltage drop of the output diode, and Idr,avg is the average value of the diode 

current. The total loss of the converter is 97 mW at 250 mW output power. Table 1.2 

summarizes the loss breakdown associated with each component. Power stage loss is 74 

mW (76.3% of total loss) and controller loss is 23 mW (23.7% of total loss). 

TABLE 1.2 

POWER LOSS ESTIMATION OF PEI 

COMPONENT  POWER LOSS LOSS 

BREAKDOWN  

Power Stage                             74 mW            76.3% 

Transistor (PQ1, PQ2) 6 mW 6.2% 

Diode (Pdr) 18 mW 18.6% 

Inductor (PLr2) 40 mW 41.2% 

PCB 10 mW 10.3% 

Controller                                23 mW            23.7% 

Microcontroller 5 mW 5.2% 

Others 18 mW 18.5% 

 

The efficiency analyses reveal the fact that the conduction losses and inductor 

core losses dominate over other losses such as switching losses and gating losses. 
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Moreover, the case becomes worse with a smaller size of converter where the conduction 

resistance is higher and the inductor core is smaller. Despite of this, the topology shows 

promising performance while minimizing the tradeoff between switching losses and 

miniaturization. 

 

2.5  Summary 

This chapter has outlined two novel bridgeless resonant ac-dc step-up converters 

suitable for high-frequency operation and low-voltage low-power ac-dc power 

conversion. These single-stage topologies provide direct ac-dc power conversion with 

much less number of components, in comparison to other resonant topologies. Both types 

of converters utilize soft-switched LC networks to convert low-frequency low-amplitude 

alternating input voltages into a high-frequency high-amplitude alternating voltage. The 

high-frequency alternating signal is then rectified into a dc output voltage through a soft-

switched diode. Size miniaturization and high light-load efficiency are achieved through 

high-frequency soft-switching, resonant gating and a simple control scheme. 

The performance of the circuit is verified through a 100-mg, 2-MHz prototype, 

which converts 3-Vrms alternating input voltage into 7.6-V dc output voltage at 650-mW 

maximum output power. The circuit is designed to acquire high performance and 

miniature size. In addition to the size miniaturization, the circuit efficiently addresses the 

low-amplitude voltage rectification with fast transient response. The topology achieves 

higher than 70% closed-loop efficiency across wide range of input voltages and load 

conditions. As this chapter has elaborated, the topological concept can be adapted into 

other higher voltage and higher power applications. 
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CHAPTER 3 

MINIATURIZED PEI DESIGN FOR MULTI -CHANNEL KINETIC ENERGY 

HARVESTING SYSTEMS 

Based on the resonant topological concept proposed in Chapter 2, this chapter 

outlines a novel design of multi-input resonant ac-dc topology for multi-channel 

electromagnetic energy harvesting systems. 

 

3.1  Electrical Model of Electromagnetic-reed Generators 

Wind energy is considered as one of the most promising alternative sources. 

Flapping electromagnetic-reed (EMR) generators, suitable to energize standalone small-

size and low-power electrical loads, such as light poles and wireless sensors, can harvest 

energy from wind-induced vibration [3]. The EMR generators, such as wind energy 

harvesting cell, are suitable for virtually any wind conditions including turbulent wind 

found in many real-world settings [142]-[144].  

In comparison to electroactive polymer (EAP) generators, EMR generators 

outperform in terms of high output current, high efficiency and high power density [3], 

[14]-[16]. The illustrative scheme and electrical model of a permanent magnet linear 

generator are depicted in Fig. 3.1, where k is the spring stiffness constant; m is the proof-

mass; DP represents the parasitic damper; KE denotes the generated voltage coefficient; 

and z is the relative movement. The detailed analyses and modeling of the EMR 

generators are presented in [3], [16]. Typically, the extrinsic vibrations introduce internal 

spinning or linear oscillation between the electrical damper (an armature with coil 

winding) and the proof-mass (a stator with permanent magnets). The internal movement 
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results in a periodically variable magnetic flux in the coil winding, which in turn induces 

a corresponding alternating electromotive force (EMF) [18]. 

 

Figure 3.1. Equivalent circuit of one EMR generator (vmech: mechanical velocity; m: proof 

mass; k: spring stiffness; Dp: mechanical damping; Fmag: magnetic force; vemf: EMF; rEMR: 

coil resistance; LEMR: self-inductance; iEMR: generator terminal current; vEMR: generator 

terminal voltage). 

The electrical model of an EMR generator can be represented as an induced EMF 

vemf in series with a self-inductance LEMR and an internal resistor rEMR of the electrical 

damper (see Fig. 3.1). In comparison to typical electromagnetic generators, EMR 

generators may have high output impedance due to high number of winding with high-

permeability core. With purpose of circuit integration, the input inductance of the 

converter can be replaced by LEMR of the EMR generator. Therefore, the self-inductance 

of the damper can be used as part of the inductance on the circuit design and operation. In 

such cases, the circuit design and operation will be different from those in Chapter 2. 

Most of these EMR generators share the same characteristics as electrical 

generators. However, their output voltage and power are erratic and low, which brings 

challenges in efficient PEI design. The PEIs are required to process the small and 

irregular voltage/power from EMR generators and then feed the load with a constant 
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voltage/power. The miniaturization of PEI is an important aspect of the design to increase 

the power density due to the limited space in majority of the systems. The proposed 

resonant ac-dc converters are intended to convert and step up the alternating low voltage 

into a dc voltage in the case of low-voltage energy harvesting. The switching frequency 

of the converter is required to be significantly higher than the vibrating frequency of 

generators. 

 

3.2  Multi -channel Energy Harvesting Systems 

In a multi-channel energy harvesting system, PEI are required to condition the 

output power of multiple energy harvesters and effectively deliver power to the loads 

[54], [56], [76], as shown in Fig. 3.2(a). Power density and efficiency at low power 

conversion are important performance metrics of power converters for low-speed wind 

energy harvesting. One of the main challenges toward fabricating efficient converters for 

multi-channel systems is the efficient conditioning of multiple and independent low-

amplitude voltages of generators. Due to the mutual interference of different channels, a 

large number of components and controllers are required that may increase size, losses 

and complexity of PEI. Therefore, an integrated multi-input power electronic converter is 

necessary as power stage of miniature PEI, as shown in Fig. 3.2(b). 
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Figure 3.2. Multiple EMR generators and PEI system: (a) conventional PEI; and (b) 

proposed multi-input PEI. 

Conventionally, the multi-channel EMR generators are interfaced with diode 

bridges for rectification [54]. Due to the rectification, the equivalent open-circuit voltage 

(|vemf|) is equal to the absolute value of electromotive force (EMF), as shown in Fig. 

3.3(a). First, since the load is connected in series with the generator, the load root-mean-

square (rms) voltage is lower than RMS value of generator EMF. However, in most of 

cases, a load voltage higher than EMF is required (i.e. for battery charging). As a result, a 

switching power converter capable of stepping up the EMF is necessary. Secondly, in 

order to extract the maximum power from a source, the equivalent input impedance (Zin) 
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of the circuit should be set equal to the optimal impedance (Zopt) for impedance matching 

[17]. However, with a wide range of load (RL), it is difficult and impractical to adjust the 

input impedance to the optimal value by using a diode bridge. A switching power 

converter should be used to adjust the impedance (Zr) and regulate the input impedance 

(Zin) for optimal impedance matching, as illustrated in Fig. 3.3(b). 

 

Figure 3.3. Impedance network of an EMR generator interfaced with (a) a diode bridge; 

and (b) a single-input resonant ac-dc converter (Zr: characteristic impedance; Rload: load 

resistance; Zin: equivalent input impedance). 

 

3.3  Design of Multi -channel Energy Harvesting Power Stage 

3.3.1  Multi -input  Bridgeless Resonant AC-DC Converter 

Fig. 3.4 illustrates the proposed multi-input single-stage bridgeless resonant ac-dc 

converter. The topology is capable of operating with multiple inductive sources, in this 

case EMR generator. Each inductive source, which can be a low-frequency alternating 
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source with high-order harmonic distortion, is numbered with i=1,2,..,N. The multi-input 

circuit is formed by one resonant inductor, one diode and multiple MOSFET-capacitor 

bridges. Each input source is connected to two MOSFET-capacitor bridges (Q
(i)

r1, C
(i)

r1 

and Q
(i)

r2, C
(i)

r2), which share a resonant inductor and a diode. 

 

Figure 3.4. Illustrative scheme of the proposed multi-input converter (v
(i)

emf: EMF of #i 

channel; r
(i)

EMR: coil resistance; L
(i)

EMR: self-inductance; i
(i)

EMR: channel terminal current; 

v
(i)

EMR: channel terminal voltage; C
(i)

r1= C
(i)

r2: resonant capacitors; Lr: resonant inductor; 

Q
(i)

r1, Q
(i)

r2: MOSFETs; Dr: output diode; Co: output capacitor). 

The resonant inductor (Lr) is tuned with resonant capacitors (C
(i)

r1 and C
(i)

r2) to 

resonate at the resonant frequency (fr) near the switching frequency (fs). Ideally, the 

resonant components (Lr, C
(i)

r1 and C
(i)

r2) present a lossless low drain-to-source 
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impedance branch across MOSFETs near fs. The LC network amplifies the EMF. C
(i)

r1 

and C
(i)

r2 are in parallel with MOSFETs and the diode to ensure ZVS at turning-on and 

turning-off. Switching losses are eliminated through the oscillating voltage and current, 

while the input energy is stored and released to the load through the active LC network. 

Furthermore, the tuned networks eliminate overvoltage spikes as well as diode reverse 

recovery issues while simultaneously maintaining low peak voltage stresses on 

MOSFETs. 

MOSFETs (Q
(i)

r1 and Q
(i)

r2) are actively turned on and off with duty cycle close to 

0.5 in order to generate drain-to-source pulse voltage (v
(i)

ds1 and v
(i)

ds2) at the input of LC 

network. The amplitude of drain-to-source pulse voltage is higher than vemf due to the 

energy stored in L
(i)

EMR. The fundamental component of v
(i)

ds1 and v
(i)

ds2 pass through the 

LC network and generate an amplified oscillating voltage near fs across the rectifier diode 

Dr. ZVS and ZCS operation of Q
(i)

r1 and Q
(i)

r2 provide energy recovery to drain-to-source 

MOSFET parasitic capacitor (Cds), which in turn increases the efficiency. The drain-to-

source overvoltage spike is eliminated; thereby no snubber circuit is required. The output 

diode (Dr) rectifies the amplified oscillating voltage after the tuned network into a dc 

output voltage. It generates freewheeling path for the resonant inductor current as well as 

charging path for the resonant capacitors. 

 

3.3.2  Principle of Operation 

In a switching cycle, one EMR generator can be assumed as a current source if the 

generator has a large self-inductance. In this case, for simplicity of analysis, each EMR 

generator is assumed as a current source (I
(i)

in) during a switching period. In a mechanical 

vibration cycle, I
(i)

in is positive at positive sub-cycle and is negative at negative sub-cycle. 



 

 

 

92 

There are three switching sub-intervals (Stage I ~ Stage III) during one switching cycle at 

either positive sub-cycle or negative sub-cycle. For simplicity, the switching sub-intervals 

of a dual-input topology with a positive input and a negative input, as illustrated in Fig. 

3.5, are presented in steady state. The analyses can be analogously extended to the multi-

input topology. For a positive input (I
(1)

in), Q
(1)

r2 is conducting in the entire positive sub-

cycle while Q
(1)

r1 is switching; for a negative input (I
(2)

in), Q
(2)

r1 is conducting in the 

entire negative sub-cycle while Q
(2)

r2 is switching. Therefore, the rectification of each 

alternating source is achieved by conducting Q
(i)

r2 while switching Q
(i)

r1 at positive sub-

cycle; or conducting Q
(i)

r1 while switching Q
(i)

r2 at negative sub-cycle. 
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Figure 3.5. (a) Simplified topology of dual-input resonant converter with a positive input 

and a negative input; (b)~(d) switching sub-intervals during a switching cycle. 

The simulation waveforms of a dual-channel system during one switching cycle 

are demonstrated in Fig. 3.6. The switching frequency is close to the resonant frequency 

(fr) of LrCr1Cr2 network, and the switching duty cycle is close to 0.5. Relative to the 
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resonant capacitors, Co has very small impedance at fs, thereby it acts as a voltage source 

and can be considered as a constant value, Vo. The capacitances C
(i)

r1 and C
(i)

r2 (i=1,2) are 

set equal to Cr for the impedance matching. 

 

Figure 3.6. Simulation waveforms of dual-channel system during a switching cycle. 
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At t0: (Circuit initial state) It is assumed that I
(1)

EMR and I
(2)

EMR have initial values. 

v
(1)

cr1, v
(1)

cr2, v
(2)

cr1 and v
(2)

cr2 have the same negative initial values, vcr1(t0). Q
(1)

r1 and 

Q
(2)

r2 are both off before t0.  

Stage I (t0~t1): At t0, as shown in Fig. 3.5(b), body diodes of Q
(1)

r1 and Q
(2)

r2 are 

turned on at zero voltage [v
(1)

qr1(t0) and v
(2)

qr2(t0)] (equal to v
(1)

cr2-v
(1)

cr1). As soon as the 

currents through body diodes reduce to zero, Q
(1)

r1 and Q
(2)

r2 are turned on at zero voltage 

[v
(1)

qr1(t0) and v
(2)

qr2(t0)] (equal to v
(1)

cr2-v
(1)

cr1) and zero current [i
(1)

qr1(t0) and i
(2)

qr2(t0)]. 

The self-inductances of generators start to get charged by the input EMFs, thereby I
(1)

EMR 

and I
(2)

EMR increase linearly. C
(1)

r1, C
(1)

r2, C
(2)

r1 and C
(2)

r2 begin to resonate with Lr at fr. 

v
(1)

cr1, v
(1)

cr2, v
(2)

cr1 and v
(2)

cr2 are equal and increase sinusoidally until they are equal to Vo 

at t1. The governing equations in terms of v
(i)

cr1, v
(i)

cr2 and ir  are: 

( ) ( )

1 2

( ) ( )

1 2

( ) ( )( )

( ) ( ) ( )

2

i i

cr crr

r r

i i

cr cr r
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(3-1) 

 

(3-2) 

where, N=2 is the number of input sources. Hence, the transient state of ir and v
(i)

cr1 can 

be expressed as:  

( )

1 0
0 0 0

( ) ( ) ( )
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(3-3) 

 

(3-4) 

where, ɤr=(2NLrCr)
-1/2

 is the angular resonance frequency of LC network; and 

Zr=(L r/2NCr)
1/2

 is the characteristic impedance of LC network. Assuming ir(t0) is very 

small, the first component of ir(t) and the second component of v
-(i)

cr1(t) can be neglected. 

Stage II (t1~t2): At t1, Q
(1)

r1 and Q
(2)

r2 are turned off at zero voltage [v
(1)

qr1(t1) and 

v
(2)

qr2(t1)], as depicted in Fig. 3.5(c). The energy stored in the generator self-inductance 
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begins to be transferred to Lr. Dr turns on at zero voltage [vdr(t1)], allowing the current 

(equal to I
(1)

EMR+I
(2)

EMR+ir) to freewheel through Dr. ir decreases linearly due to Vo across 

Lr. In this interval, v
(1)

cr1 and v
(2)

cr2 decrease; however, v
(1)

cr2 and v
(2)

cr1 remain equal to 

Vo. The governing equations are: 

(1) (1)

1

(2) (2)

2

( )

( )

( )

or

r

cr EMR

r

cr EMR

r

Vdi t

dt L

dv t I
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dt C
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î
îî

=-ì
î
î
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(3-5) 

 

(3-6) 

 

(3-7) 

v
(1)

cr1 and v
(2)

cr2 decrease linearly from their boundary condition v
(1)

cr1(t1)= v
(2)

cr2(t1)=Vo, 

yielding 

1 1

(1)
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(3-8) 

 

(3-9) 

 

(3-10) 

 

(3-11) 

Stage III (t 2~t3): At t2, idr drops to zero, leaving no current to freewheel through 

Dr. Dr turns off at both zero voltage [vdr(t2)] and zero current [idr(t2)] at t2. C
(1)

r2, C
(2)

r1, 

and Lr begin to resonate, until v
(1)

cr2 and v
(2)

cr1 are respectively equal to v
(1)

cr1 and v
(2)

cr2 at 

t3. The governing equations of Stage III can be represented as 

(1) (2)

2 1

( )

(1) (2)

2 1 1

( ) ( )( )

( )
( ) ( )

cr crr

r r

N
i
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The governing equations of v
(1)

cr1 and v
(2)

cr2 are similar to those in Stage II. By applying 

boundary conditions v
(1)

cr2(t2)=v
(2)

cr1(t2)=Vo and ir(t2)=-I
(1)

EMR-I
(2)

EMR, ir, v
(1)

cr2 and v
(2)

cr1 

can be presented as 

( ) ( )

2 2
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(3-14) 

 

(3-15) 

At t3: the body diodes of Q
(1)

r1 and Q
(2)

r2 turn on, both at zero voltage, and v
(i)

cr1 

and v
(i)

cr2 become equal. Consequently, the circuit returns to the original state. 

Since the integral of the current through Co over one switching period at steady 

state equals to zero; ᷿Ὥ ὸὨὸὠȾὙὪ. Using the boundary condition ir(t1)= idr,peak/2 

the following equation can be obtained as, 

1

1
( )

2
r o

r L s

i t V
L R f

=

 
(3-16) 

On the other hand, the integral of the current through C
(1)

r1 over one switching 

period at steady state equals to zero; v
(1)

cr1(t0)=v
(1)

cr1(t3). Using the boundary condition 

v
(1)

cr1(t1)=Vo the following equation can be obtained from Eq. (3-3), Eq. (3-4), Eq. (3-9) 

and Eq. (3-16). 
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By setting the transistor turn-on time ton=t1-t0=3Tr/4=3ˊ/2ɤr and RL>>Zr, Vo can be 

represented in terms of the sum of I
(i)

EMR as, 

( )

1

N
off i

o EMR

ir

t
V I

NC =

= ä
 

(3-18) 

where, toff=t3-t1=Ts-ton is the turn-off time interval. By introducing the ratio of angular 

resonance frequency to switching frequency (ɔ=fr/fs) and the coefficient Ŭ=4ɔ-3, Eq. (3-

18) can be written as 
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(3-19) 

 

The switching frequency (fs) is slightly higher than the resonance frequency (fr). 

When RL>>Z r, the converter can be considered as a current-controlled voltage-source. 

The impedance network of an N-channel system during one switching period is shown in 

Fig. 3.7. Vo is determined by the sum of the channel currents (I
(i)

EMR), through setting the 

network impedance (Zr) to a desired value. At the same Zr and load condition, connecting 

more EMR generators results in a higher output voltage. Furthermore, the output voltage 

regulation can be achieved through real-time pulse frequency modulation (PFM). 

     

Figure 3.7. Switching average model of an N-channel system. 

 

3.4  Optimal Impedance Matching 

To extract the maximum power from an N-channel system, it is necessary to 

acquire the equivalent input impedance of an N-input converter depicted in Fig. 3.8(a). In 

the case of a resistive load (RL) comparable to Zr, in one switching period, including RL in 

Vo yields: 
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where, Qr=Zr/RL denotes the quality factor. According to Eq. (3-20) and Vo=I oRL, the 

output-to-input current ratio can be represented as 

( )

1

1

o r

N
i r

EMR

i

I Q

Q
I

ap

p g

=

=
+

ä  (3-21) 

 

 

Figure 3.8. (a) An N-channel EMR generator system connected with an N-input resonant 

ac-dc converter; and (b) impedance network of an N-channel system. 

In a vibration cycle, considering the conversion efficiency (ɖff), the generated 

power (P
(i)

EMR) from each channel and the output power (Po) of the converter should 

satisfy 
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where, V
(i)

EMR is the average terminal voltage of the i
th
 channel during one switching 

period, K
(i)

1 is the percentage value of i
th
 channelôs generated power over total power, 

K
(i)

2 is the percentage value of i
th
 channelôs terminal current over total current, Z

(i)
in is the 

equivalent input impedance of the i
th
 input connected to the i

th
 channel. In a switching 

period, K
(i)

1 and K
(i)

2 can be assumed constant due to the assumption that the channel 

current (I
(i)

EMR) and the channel power (P
(i)

EMR) are constant. However, K
(i)

1 and K
(i)

2 are 

variable in a vibration cycle, since the generator current and the generator power oscillate 

at vibration frequency. 

Based on Eq. (3-25), the equivalent input impedance connected to the i
th
 channel 

can be expressed as 

( ) ( )
( ) 1 1

( ) 2 2 ( ) 2

2 2[ ] (1/ 1) [ ]

i i
i L

in ini i

ff r

K R K
Z Z

K Q Kh ap
= =
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(3-26) 

where, Zin is the equivalent input impedance of the i
th
 input connected to the i

th
 channel 

while other channels are disconnected. Z
(i)

in is constant during a switching period; 

however, it changes in a vibration cycle due to the variable coefficients K
(i)

1 and K
(i)

2. The 

impedance network of an N-channel system during one vibration cycle is illustrated in 

Fig. 3.8(b). The characteristic impedance of the converter and load impedance are 

different for each channel, and they change during a vibration cycle. The total input 

power of the circuit is given by 
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(3-27) 

According to the general model of EMR generators, the maximum power of the i
th
 

channel connected to the i
th
 input can be extracted when the input impedance of the i

th
 

input equals to the optimal input impedance (Z
(i)

in=Zopt). However, for an N-channel 
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system connected to an N-input converter, the maximum power of the N-channel system 

is extracted as 

*

( ) 2

,max

1

[ ]

in opt

N
i

EMR in EMR

i Z Z

P Z I
= =

= ä
 

(3-28) 

where, Z
*
opt Ò Zopt. Eq. (3-28) reveals the fact that the total maximum power of an N-

channel system is extracted through achieving optimal impedance matching of the N-

input converter (Zin=Z
*
opt) rather than optimal impedance matching of each input 

(Z
(i)

in=Zopt). The optimal impedance can be acquired by setting characteristic impedance 

(Zr) of LC network. 

 

 

Figure 3.9. Illustrative scheme of the MPPT control strategy and gate drive. 

In addition to the impedance matching through LC network design, the input 

impedance can be further regulated in real time by PFM. Increasing the switching 

frequency (fs) reduces the equivalent input impedance (Zin). A closed-loop PI control is 

used to acquire the optimal switching frequency (fopt) corresponding to Zopt. fs is increased 

when both derivations of the total input power and fs have the same polarity; on the other 
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hand, it is decreased when the derivation polarities of the total input power and fs are 

different. The maximum power point tracking (MPPT) control and gate drive system is 

demonstrated in Fig. 3.9. Zero-crossing comparators are used to generate pulse signals 

synchronous with the generator vibration. Demultiplexer switches are controlled by pulse 

signals to produce MOSFET gating signals. Fig. 3.10 illustrates the simulation of a six-

input resonant converter with six individual EMR generators feeding a resistive load. 

 

Figure 3.10. Simulation waveforms of a six-input converter connected to a resistive load. 
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3.5  Testing and Discussion 

3.5.1  Prototypes and Design Specification 

A 5cmě3cm, six-input prototype of the proposed resonant converter, illustrated 

in Fig. 3.11, is fabricated for power conditioning of six EMR generators. Components 

and design parameters of the prototype PEI are listed in Table 3.1. 

     

Figure 3.11. Six-input standalone prototype of the proposed resonant ac-dc converter for 

a six-EMR-generator system. 

TABLE 3.1 

 COMPONENT PARAMETERS OF EMR GENERATOR AND PEI 

PARAMETER  DESCRIPTION  QUANTITY  PART NUMBER  

Power Converter 

Resonant capacitor 

(Cr1
(1)~(6)

, Cr2
(1)~(6)

) 

2.2 nF, 50 V, Array 6 CKCM25X8R1H222

M060AK 

Resonant inductor (Lr) 470 ÕH, 0.62 A, 0.89 ɋ 1 MSS1048-474KL 

Output dc capacitor (Co) 100 µF, 10 V 1 EEE-1AA101WR 

Transistor 

(Qr1
(1)~(6)

, Qr2
(1)~(6)

) 

20 V, 1.9 A, 63 mɋ 12 IRLML2030TRPBF 

Diode (Dr) 20 V, 0.5 A, 0.3 V 1 DB2J20900L 

Control Board 
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Microcontroller 3V, 144 µA, 2 PWM, 3 

ADC 

1 ATTINY13V-10SSU 

OpAmp 0.04 V/µs, 3 V, 

14 µA 

3 TS27L2CDT 

Resistor 100 kɋ 12 MCR01MRTJ104 

Capacitor 1 nF, 10 V 6 C1005JB1H102K050 

 

In order to achieve optimal impedance matching for a six-channel system, the 

characteristic impedance (Zr) is set equal to 133 ɋ. For a more powerful source, Zr and 

Zin can be reduced through either reducing the resonant inductance or increasing resonant 

capacitance. Moreover, the natural frequency (fr) is set to 45 kHz with consideration of 

resonant losses and size miniaturization. Higher resonant frequency leads to smaller size 

of passive components; however, it results in higher resonant losses. The switching 

frequency (fs) is chosen to be 48 kHz, slightly higher than fr. The resonant inductor and 

resonant capacitors are determined as 
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(3-29) 

 

(3-30) 

In order to reduce the resonant losses at low power, a 470-mH inductor with ferrite 

powder core and low dc resistance is selected as the resonant inductor (Lr, much smaller 

than the self-inductance of the EMR generator). 2.2-nF/50-V ceramic capacitor arrays are 

used as resonant capacitors. The MOSFETs with high compactness, fast transient 

response and low on-resistance are selected to reduce conduction losses. These 

MOSFETs have low gate charge and low gate voltage (as low as 2 V). Hence, the circuit 

can operate with low supply voltage, and will have low gating power dissipation as well 
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as fast transient response. The rectifier diode (Dr) is selected based on the low forward 

voltage and low on-resistance. Low-power components are selected in the control board 

to enhance the standalone capability. ATTINY13V is used as the controller due to its low 

profile package, low power consumption and minimum required functions. OpAmps and 

demultiplexer switches are adopted to detect the input polarity and provide gating signals. 

 

3.5.2  Energy Harvesting Testbed 

The prototype is tested with different sources to evaluate the operational 

performance at low power. The summary of circuit performance is listed in Table 3.2. A 

1-V dc source corresponding to 1-V EMF of the EMR generator is first applied to 

demonstrate the circuitôs switching operation. A 1.5-mH inductor corresponding to the 

self-inductance of the EMR generator is placed in conjunction with each input. The 

experimental waveforms at 48-kHz switching frequency are presented in Fig. 3.12 (a) and 

(b). High switching frequency can be achieved by tuning the network, illustrated in Fig. 

3.12(c). According to the switching waveforms, the MOSFETs and the diode have ZVS 

turn-on and turn-off characteristics at the switching frequency close to the resonant 

frequency. A 2.4-V maximum output voltage is acquired through a 1-kɋ dc resistive load, 

with 94.4% dc-dc conversion efficiency. 
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TABLE 3.2 

 ELECTRICAL PERFORMANCE OF PEI FOR MULTI-CHANNEL ENERGY HARVESTING 

PARAMETER  NOMINAL VALUE  

Power Amplifier 

Input frequency (fin) 20~50 Hz 

Open-circuit voltage (vemf) 0.5~3 V (rms) 

Terminal voltage (VEMR) 2.5~7 V (peak) 

Total input power (PEMR) 1.8~34 mW 

EMR Generator 

Input frequency (fin) 15 Hz 

Open-circuit voltage (vemf) 0.5~2.5 V (rms) 

Generator terminal voltage (VEMR) 2.5~5 V (peak) 

Total input power (PEMR) 1~4.5 mW 

PEI 

Switching frequency (fs) 48 kHz 

Resonant frequency 45 kHz 

Characteristic impedance 133 ɋ 

Output voltage 1.2~5.5 V 

Output power 1.5~30 mW 

Efficiency 85~91% 

 

 

(a) 
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(b) 

 

(c) 

Figure 3.12. Experimental waveforms of switching operation: vemf = 1 V, fs = 48 kHz; X-

axis: 4 µs/div; Y-axis: (a) Ch1 = gate voltage of Qr1, 2 V/div; Ch3 = drain-to-source 

voltage (vqr1) of Qr1, 2.5 V/div; ChM = diode voltage (vdr) of Dr, 5 V/div; and (b) Ch1 = 

gate voltage of Qr1, 2 V/div; Ch2 = output voltage (Vo), 2 V/div; Ch3 = input current 

(IEMR) of one input, 20 mA/div; Ch4 = inductor voltage (vr), 5 V/div; and (c) fs = 200 kHz, 

Ch1 = gate voltage of Qr1, 2 V/div; Ch3 = drain-to-source voltage (vqr1) of Qr1, 2.5 V/div; 

Ch4 = inductor voltage (vr), 5 V/div; ChM = diode voltage (vdr) of Dr, 5 V/div. 

A power amplifier circuit in conjunction with 1.5-mH inductors at each input is 

utilized to emulate the inductive ac sources. In this case, the overall input power is evenly 
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split between six channels. The rms voltage of the power amplifier is set at 0.5~3 V 

corresponding to the EMF voltage, vemf, of EMR generators. 20~50-Hz ac frequency 

corresponding to low mechanical vibration frequency of EMR generator is selected to 

investigate the case of ambient energy harvesting. The measured output power varies 

from 1.5 mW to 30 mW at 20-Hz ac input power, as presented in Fig. 3.13(a) and Fig. 

3.13(b), respectively. The converter shows good performance on rectification of a wide 

range of EMF voltages (from 0.5 V to 3 V). Furthermore, experimental waveforms with 

step change of input ac power and input ac frequency are illustrated in Fig. 3.14(a) and 

Fig. 3.14(b), respectively. The ac-dc conversion efficiency is above 80% even at very-

low input voltage and power. 

 

 

(a) 
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(b) 

Figure 3.13. Experimental waveforms of power amplifiers: fin = 20 Hz; X-axis: 10 ms/div; 

Y-axis: (a) vemf = 3 Vrms; Ch1 = output voltage (Vo), 2.5 V/div; Ch2 = terminal voltage 

(vEMR) of channel #1, 10 V/div; Ch3 = input current (iEMR) of six channels, 50 mA/div; 

and (b) vemf = 0.5 Vrms; Ch1 = output voltage (Vo), 0.5 V/div; Ch2 = terminal voltage 

(vEMR) of channel #1, 5 V/div; Ch3 = sum of the input currents (iEMR) of six channels, 10 

mA/div. 

 

(a) 
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(b) 

Figure 3.14. Experimental waveforms of power amplifiers with step change: X-axis: 40 

ms/div; Y-axis: (a) vemf = from 1 Vrms to 2 Vrms; Ch1 = output voltage (Vo), 1 V/div; Ch2 

= terminal voltage (vEMR) of channel #1, 5 V/div; Ch3 = input current (iEMR) of six 

channels, 50 mA/div; and (b) fin = from 20 Hz to 50 Hz; Ch1 = output voltage (Vo), 0.5 

V/div; Ch2 = terminal voltage (vEMR) of channel #1, 5 V/div; Ch3 = input current (iEMR) 

of six channels, 50 mA/div. 

There are two types of losses: (1) power stage losses and (2) controller losses. 

Since the switching losses are eliminated through the resonant operation, the power stage 

losses can be categorized as the transistor conduction losses and the inductor losses. The 

controller stage losses include losses associate with the microcontroller, operational 

amplifiers and demultiplexer switches. 

The conduction losses (Pcon), including transistor turn-on conduction losses (PQ), 

inductor copper losses (PLr) and diode forward power losses (Pdr), are represented as 

12
( ) ( ) 2 2

, , , , ,
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[ ]i i

con Q Lr dr Q on Q rms Lr Lr rms dr fw dr avg

i
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(3-33) 

where, R
(i)

Q,on is the drain-to-source on-state resistance of the transistor at i
th
 channel, 

I
(i)

Q,rms is root-mean-square (RMS) value of the transistor current at i
th
 channel, RLr is the 
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coil resistance of the resonant inductor, ILr,rms is RMS value of the resonant inductor 

current, Vdr,fw is the forward voltage drop of the output diode, and Idr,avg is the average 

value of the diode current. In addition, since eddy current loss is very small due to the 

powder core, hysteresis loss calculated using equations in [146] becomes the majority of 

the inductor ferrite core loss. 

The total loss of the converter at 23 mW output power is 3.96 mW. Table 3.3 

summarizes the loss breakdown associated with each component. According to this table, 

power stage loss is 2.21 mW (55.8% of total loss) and controller loss is 1.75 mW (44.2% 

of total loss). The power conversion efficiency at different output power levels is 

presented in Fig. 3.15. 

TABLE 3.3 

POWER LOSS ESTIMATION OF PEI FOR MULTI-CHANNEL ENERGY HARVESTING 

COMPONENT  POWER LOSS LOSS 

BREAKDOWN  

Power Stage                           2.21 mW            55.8% 

Transistor (PQ
(1)~(12)

) 0.25 mW 6.3% 

Diode (Pdr) 0.96 mW 24.2% 

Inductor coil (PLr) 0.7 mW 17.7% 

Inductor core (Pfer) 0.3 mW 7.6% 

Controller                              1.75 mW            44.2% 

Microcontroller 1.2 mW 30.3% 

OpAmp 0.126 mW 3.2% 

Demultiplexer 0.18 mW 4.6% 

Gating 0.2 mW 5.1% 

Sensing resistor 0.04 mW 1.0% 
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Fig. 3.15. Power conversion efficiency of the power stage and the entire PEI (including 

controller losses) at different output power. 

To verify the circuit performance with EMR generators, the prototype is 

connected to the six-channel wind panel. The generators are driven by a low-speed fan 

and vibrate around 15 Hz. In this case, each EMR generator generates a unique EMF and 

power. The terminal voltages (vEMR) of channel #1 and channel #2 and the input current 

(iEMR) of channel #1 are measured, as depicted in Fig. 3.16. Very low power (as low as 1 

mW) can be extracted at low cut-off wind speed (as low as 3m/s). The converter, 

connected to a 1-kɋ resistor, is capable of converting low EMFs (as low as 0.5 Vrms) of 

six individual generators to a common dc output voltage (as high as 1.2 V), which make 

it suitable to charge a 1.2-V rechargeable battery.  

 



 

 

 

113 

 

(a) 

 

(b) 

Figure 3.16. Experimental waveforms of EMR generators: X-axis: (a) 20 ms/div; (b) 100 

ms/div; Y-axis: (a) constant wind speed; (b) wind speed step change; Ch1 = terminal 

voltage (vEMR) of channel #2, 5 V/div; Ch2 = output voltage (Vo), 1 V/div; Ch3 = terminal 

voltage (vEMR) of channel #1, 10 V/div; Ch4 = input current (iEMR) of channel #1, 10 

mA/div. 

 

 


