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Abstract—Previous studies have shown that the synchronous
switch energy extraction (SSEE) solutions could enhance the energy
harvesting capability of vibration energy harvesters with capacitive
output impedance, such as piezoelectric ones. These circuits use a
synchronous switch inductive branch to compensate for the capac-
itive source. Some studies have also shown that an inductive source
can be compensated by a synchronous switch capacitive branch.
Yet, the controls were all carried out by external bulky and power-
hungry controllers, which is unrealistic in a self-contained and
self-sustainable system. This article proposes a self-powered SSEE
(SP-SSEE) circuit for inductive electromagnetic energy harvesting
sources. The sampling, synchronization, and switch control are
implemented with a small series sampling inductor, a comparator,
and some digital gates, respectively. The SSEE circuit carries out
two rounds of the switch ON/OFF actions in each vibration cycle to
make the current through the induced equivalent voltage source
in phase with its voltage. By improving the power factor of the
induced voltage source, it enlarges the harvested power under the
same excitation. It uses fewer switching actions than the conven-
tional pulse-width modulation ac–dc rectifier designs. Moreover,
the self-powered design makes the SSEE solution a passive ac–dc
rectifier, which is more convenient to be utilized in real applications.
The detailed working principle and experimental validation of the
SP-SSEE circuit are provided in this article. The results show that,
under the tested frequencies, SP-SSEE outperforms the benchmark
standard energy harvesting diode-bridge rectifier by 62.1%–96.4%
under different excitation frequencies, in terms of harvested power.

Index Terms—Electromagnetic energy harvesting (EMEH), self-
powered design, synchronous switch interface circuit.

I. INTRODUCTION

THE Internet of Things (IoT) technology has grown rapidly
in recent years. There will be numerous wireless sensor
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Fig. 1. Block diagram of an EMEH system.

networks (WSNs) deployed in our surroundings in the future [1].
One of the factors confining the distribution range and operation
life of WSN is sustainable power supply [2]. The working time
of conventional battery-based WSN devices is limited by the
capacity of chemical batteries [3]. Energy harvesting (EH) tech-
nology is a promising power solution to relieve the dependence
on batteries. It explores how to scavenge energy in different
physical forms from the environment and convert it into useful
electricity, such that to provide autonomous power to WSNs.
With the development of EH technology, battery dependency can
be alleviated. More WSNs are expected to become self-powered
in the coming future [4], [5], [6].

The electromagnetic (EM) transducer, sometimes just called
a generator, is one of the most classical and widely used elec-
tromechanical transducers for kinetic energy harvesting [7]. A
simplified EM generator and its equivalent electrical model
are shown in Fig. 1. An EM generator can be modeled as an
ac voltage source in series with the coil’s self-inductance and
resistance. The physical phenomenon was modeled with the
well-known Faraday’s law of induction. When the magnetic flux
through the coil changes, an electromotive force can be induced
within the coil.

A. Existing PWM-Based Electromagnetic Energy Harvesting
(EMEH) Interface Circuits

To use the generated power for powering the digital elec-
tronics, an ac–dc rectifier and a dc–dc regulator are usually
needed for power conditioning [8]. The configuration of an EM
generator with the ac–dc interface circuit is shown in Fig. 1.
The interface circuit plays an essential role in EMEH enhance-
ment. Many studies have discussed the EMEH interface circuit
designs during the last decade. From the simplest diode-bridge
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rectifier as a standard energy harvesting (SEH) circuit [9] to
the converters using active controls, such as those driven by
pulse-width modulation (PWM) [10] or pulse frequency modu-
lation control [11] strategies. The SEH interface is passive and
easy to be implemented for full-wave rectification; therefore,
it was extensively applied in most EH from ac sources, such
as EMEH and piezoelectric energy harvesting (PEH). Yet, due
to the relatively considerable forward voltage drop of diodes
when compared with the magnitude of the induction voltage,
the low-voltage ac output generated by most EMEH generators
can hardly go across the SEH interface circuit. Much harvested
power is dissipated in the bridge rectifier. Some studies removed
the diode bridge passive rectifier and proposed the actively
controlled single-stage full-wave rectifiers [12]. In these designs,
the passive rectifier is replaced by an active rectifier derived from
typical dc–dc converter topologies. Additional components or
modules are needed for sensing the polarity of veq, according
to which the correct switching control sequence can be carried
out. An alternative solution without using polarity identification
is to use a dual boost ac–dc converter [13], [14], [15]. These
converters utilize a bidirectional switch to deal with the positive
or negative input voltage in each half cycle; therefore, they can
realize voltage magnification under any polarity. Moreover, for
the low-power EMEH system, maximizing the harvested power
as much as possible makes it more feasible to better power IoT
embedded systems. Maximum power transfer can be achieved
when the equivalent impedance of a power converter matches
that of the source impedance of an EM generator [16]. Most
of the aforementioned designs have excluded the energy and
effort in control implementation. These designs were derived
from the PWM converter, which operates under high switching
frequencies, say, up to several kHz. As the switching frequency
is much higher than that of the voltage source, the switching
loss and driver loss may account for a significant portion of
the generated power, or even be unable to make ends meet.
The self-powered switch driver and controller were not real-
ized in many EMEH interface circuits. Without considering
the issue of self-powered implementation, a self-contained and
self-sustainable application will never be realized.

B. Synchronous Switch Interface Circuits

The synchronous switch interface circuits were well-studied
and utilized to enhance the harvesting capability in PEH, a
counterpart of EMEH. The most significant difference between
EM and piezoelectric sources, in terms of electrical charac-
teristics, is that an EM source is an inductive source, while
a piezoelectric source is a capacitive one. In PEH, when the
fundamental SEH interface circuit is used, due to the capacitive
source impedance, there is a phase lag between the piezoelectric
voltage and the internal equivalent current source. As we can
observe from Fig. 2(a), the phase lag introduces negative power
from the equivalent current source, i.e., in a short interval,
some energy returns to the source. To eliminate the negative
power, the synchronous switch technique is developed to make
the voltage follow the polarity of the equivalent current. For
instance, the EH capability can be significantly enhanced to

Fig. 2. Principle of synchronous switch interface circuit in PEH, a counterpart
of EMEH generator. (a) Benchmark SEH circuit. (b) SECE circuit.

four folds of the optimal SEH case under weakly coupling
conditions by taking the synchronized electric charge extraction
(SECE) solution [17], [18], [19]. The circuit topology and typical
waveform of SECE are shown in Fig. 2(b). The working process
of SECE is summarized as follows. The piezoelectric source is
open circuit in most of a vibration cycle, in which the equivalent
current source ieq charges the piezoelectric capacitance Cp. In
the meanwhile, a small amount of energy is dissipated in the
dielectric resistance Rp. At the zero-crossing point (ZCP) of
ieq, the switch Sw turns on for a quarter of an LC cycle. With
the transient RLC response, the energy stored in Cp will be
transferred to the inductor Ls. When Cp is fully discharged,
Sw turns OFF. The energy absorbed by the inductor Ls will be
released to the storage or load through the freewheeling (FW)
diode Df . The switch Sw only switches ON/OFF twice in each
vibration cycle. As we can see from the SECE waveform, the
piezoelectric voltage vp and equivalent current source ieq have
the same polarity after taking the synchronous switch actions.
The power from the ieq source not only becomes always positive
but also increases significantly, as shown by the cyan area in
Fig. 2(b).

An EM source has a reciprocal equivalent internal structure
to the piezoelectric one, say, a current source in parallel with a
capacitance in the piezoelectric case becomes a voltage source
in series with an inductance in the EM source. Negative power
in some intervals is also observed when using the simplest SEH
interface circuit [20]. The concept of the synchronous switch
technique can be migrated from the PEH to the EMEH source
by inserting a capacitive synchronous switch interface circuit for
EMEH enhancement [21], [22], [23]. The improvement by using
a synchronous switch circuit is more significant when the effect
of the reactive component is more dominant over the resistive
component in the internal source impedance, i.e., when an ac
source has a larger quality factor. Therefore, the synchronous
switch technique will be more useful when an EM generator
operates at high speed [24], [25], [26], when its winding has
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Fig. 3. Schematic of the proposed SP-SSEE circuit.

more turns, or when a winding core is made of high-permeability
material [27], [28], [29].

Many self-powered synchronous switch circuits were devel-
oped for the PEH cases during the last decade [30], [31], [32],
[33]. Yet, none was found for the EMEH case. All the imple-
mentations of existing synchronous switch interface circuits for
EMEH used extra PC-based controllers [21], [22], [23], which
are power hungry and bulky. For the first time, this article
proposes a self-powered synchronous switch energy extraction
(SP-SSEE) circuit for EMEH enhancement. Such a step from
the energy-hungry implementation to the self-contained version
facilitates the utilization of synchronous switch circuits in prac-
tical scenarios.

II. WORKING PRINCIPLE

A. Topology

The schematic of the proposed SP-SSEE interface circuit is
shown in Fig. 3. It consists of the equivalent model of an EM
generator, sensing inductor, controller, two synchronous switch
energy extraction (SSEE) circuit branches, and two FW and
storage branches. The induced voltage veq is proportional to the
relative velocity between the coil and the magnet. It is formulated
as follows:

veq(t) = Veq sin(ωt) (1)

where,Veq is the magnitude;ω is the vibration circular frequency.
Synchronous switch actions are carried out when veq crosses
zero, in order to instantaneously change ia according to the
polarity of veq. The switching branch for synchronous energy
extraction (EE) is formed with a bidirectional switch Sw, which
is composed of an N-channel and a P-channel MOSFETs, two
diodes Dai (i = 1 or 2), and two resonant capacitors Cri.
The series-connected Cri, La, Ra, Lm, Rm, and Dai form an
underdamped RLC circuit to rapidly extract all energy in the

inductanceLa and change the polarity of ia at each synchronous
instant. A FW and energy storage branch consists of a rectifier
diode Dsi, an inductor Lsi (with parasitic resistance Rsi), and
an energy storage capacitor Csi. The capacitance of Csi is
much greater than Cri. The two storage capacitors Cs1 and Cs2

provide stable positive and negative voltage rails for powering
the controller circuit. In the controller, a sensing inductor Lm is
utilized to pick up the information of the current derivative. A
comparator is used to identify the ZCP of the derivative, which
is proportional to veq. An RC delay circuit and two logic gates
generate the gate-drive pulses whenever a ZCP is detected. A dc
load resistor RL is connected across Cs1 and Cs2.

B. Working Phases

The significant feature of SP-SSEE, compared with the con-
ventional PWM-based design, is the low-frequency switch strat-
egy, i.e., only two switch ON/OFF actions are needed in each
vibration cycle. At the positive-to-negative ZCP of veq, it pumps
energy from the EM inductance La to the positive storage
capacitorCs1 throughCr1, and vice versa, to the negative storage
capacitor Cs2 through Cr2 at the negative-to-positive ZCP of
veq. Taking the former action, for example, the energy transfer
process can be divided into four phases, short-circuit (SC), EE,
charge transfer (CT), and FW phases. The conducting branches
and typical waveform in the four phases are illustrated in Fig. 4.

1) SC Phase: The switchSw is kept in on-state during the SC
phase. The harmonically varying veq magnetizes the inductorLa

andLm. The current ia increases from zero, as shown in Fig. 4(b)
and (c). The duration of this SC phase is about half of a vibration
cycle.

2) EE Phase: When veq crosses zero from a positive value
to a negative one, Sw is turned OFF for a short interval to enable
a transient and rapid change of current ia. The energy stored in
the inductor La and Lm are extracted through the conducting
branch highlighted in Fig. 4(d). Given the disturbance rejection
of inductor current through Ls1, most of the transient current ia
flows through Cr1. Therefore, Cr1 absorbs most of the energy
extracted from inductorsLa andLm. A little portion is dissipated
because of joule heating in the parasitic resistance Ra, Rm, and
diode Da1. Neglecting the resonant branch containing Ls1, the
conducting branching in the EE phase is an RLC circuit, which
is formed by La, Ra, Lm, Rm, Cr1, and Da1. At about a quarter
of the LC period, which is much shorter than a vibration cycle,
ia drops to zero. The full-cycle and enlarged waveform is shown
in Fig. 4(e) and (f). To completely demagnetize La and Lm, the
turn-OFFinterval of Sw is slightly longer than a quarter of the LC
period.

3) CT Phase: After the EE phase, Sw is turned ON again.
The conducting branches are highlighted in Fig. 4(g). It starts
the magnetization ofLa andLm with negative veq in the next half
vibration cycle. In the meanwhile, the extracted energy stored in
Cr1 is transferred to the energy storage branch.Cs1 is sufficiently
large; therefore, it can be regarded as a constant voltage source.
Cr1,Ls1, andRs1 form an transient RLC circuit for the CT from
Cr1 to the storage Cs1. The corresponding waveform is shown
in Fig. 4(h) and (i).
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Fig. 4. Four working phases of SP-SSEE in the positive veq half vibration cycle. (a)–(c) SC phase. (d)–(f) EE phase. (g)–(i) CT phase. (j)–(l) FW phase. (a), (d),
(g), and (j) Conducting circuit branch. (b), (e), (h), and (k) Operation waveform. (c), (f), (i), and (l) Enlarged views of EE, CT, and FW phases.

4) FW Phase: After Cr1 is fully discharged, there is still
some remaining energy in Ls1. It is further transferred to Cs1

through the FW path formed by Da1, Ds1, and Sw, as shown in
Fig. 4(j). The major portion of extracted energy from La in this
half-cycle finally arrives at the storage capacitance Cs1. Since

La is only involved in the EE phase and Cs1 only in the CT
and FW phases, the transient energy source and load devices are
decoupled in each synchronized switch action. Therefore, like
SECE, its counterpart in PEH, the SSEE circuit decouples the
EM source and the load.
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C. ZCP Sensing

Accurately identifying the turn-OFF instants of the switch Sw

is essential to perform the synchronous EE. These synchronous
instants are at the ZCPs of the voltage source veq. However, veq

is an equivalent element inside the EM generator, which cannot
be separated. We need to add additional sensing elements to
equivalently obtain the phase information of veq. In this article,
we use an external inductor Lm for voltage sampling and ZCP
identification. As shown in the conducting path of the SC phase
in Fig. 4(a), Lm is connected in series with the EM generator.
The EM current can be formulated as follows:

Ia(jω) =
Veq(jω)

jωLa +Ra + jωLm +Rm +Rds(on)
(2)

where, Rds(on) is the total ON-resistance of Sw. The frequency-
domain representation of voltageVm across the inductorLm can
be derived as follows:

Vm(jω) = (jωLm +Rm) Ia(jω). (3)

To reflect the phase of veq, the inductance Lm and resistance
Rm are designed to be much smaller than La and Ra +Rds(on),
respectively. Neglecting the jωLm and Rm terms, Veq can be
approximately taken as follows:

Veq(jω) ≈
[
jωLa +Ra +Rds(on)

]
Ia(jω). (4)

Comparing (3) and (4), we can make the phase of vm follow
that of veq when selecting suitable values of Lm and Rm, which
satisfy the proportional relationLm/Rm = La/[Ra +Rds(on)].

D. Control Unit

To autonomously control the switch in the self-powered syn-
chronous switch circuit, a gate signal generator and a gate-drive
circuit are needed. As shown in Fig. 4(f), in the EE phase, the
switch Sw stays at the OFF state for a very short interval. An RC
delay circuit and some logic gates are utilized to generate such
a short pulse to switch OFF Sw during each synchronization in-
stant. The control unit is shown in the controller part of Fig. 3. As
the sensed vm is in-phase with veq, their ZCPs can be identified
by comparing the two nodal voltages across the sensing inductor.
An analog comparator is utilized to carry out this zero-crossing
detection. It converts the ZCP information to the rising or falling
edges of the square-wave output signal. A digital XNOR gate turns
the square-wave signal into the switch driving pulses. One of its
input pins is connected to the comparator output; while the other
is connected to the RC delay circuit. There is a phase difference
between the edges of two digital input signals. Therefore, the
XNOR generates a short pulse whenever a synchronized instant
comes. The switch-OFF pulse duration should satisfy a lower
bound, i.e., a quarter of an (La + Lm)Cr cycle. For the upper
bound, it is not that sensitive. The re-switch-ON instant affects
the start point of the veq integral. Since veq is about zero in the
vicinity, very fine tuning of Rd and Cd is not strictly required.
The circuit works properly when the time constant RdCd is set
to about one-third to one-half of the exactly required switch-OFF

duration.

Fig. 5. Simplified equivalent conducting branches in four phases. (a) SC phase.
(b) EE phase. (c) CT phase. (d) FW phase.

As introduced previously, the bidirectional switch Sw com-
prises a PMOS g1 and an NMOS g2. The XNOR output can be
directly utilized to drive g2. A NOT gate is utilized to generate
a complementary driving voltage for g1. All active components
in the controller are powered by the SP-SSEE circuit itself. The
positive and negative rails of the analog comparator and digital
gates are connected to the outputs of the energy storage capacitor
Cs1 and Cs2, respectively.

III. THEORETICAL ANALYSIS

Based on the working principle introduced in Section II, the
dynamics of the conducting circuit branches in the four phases
are theoretically analyzed in this section.

A. SC Phase

Fig. 5(a) shows the equivalent conducting path in the SC
phase, in which inductors La and Lm are magnetized by veq.
The current ia can be formulated with a first-order differential
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equation

veq(t) = L1
dia(t)

dt
+R1ia(t) (5)

where,R1 = Ra +Rm +Rds(on) andL1 = La + Lm. The ini-
tial current of this phase is

ia(0) = 0. (6)

Solving (5) gives

ia(t) = Veq
e−t/τ sinϕ+ sin(ωt− ϕ)

Z1
(7)

where, τ = L1/R1 is the time constant of the first-order circuit;
ϕ = sin−1(ωL1/Z1) represents the phase difference between
veq and ia; Z1 =

√
(ωL1)2 +R2

1. The duration of this phase is
approximately a half cycle of the voltage source veq. When this
magnetizing process of the inductor La and Lm finished, the
current ia can reach

ia

(π
ω

)
= Ia0 = Veq

1 + e−π/(ωτ)

Z1
sinϕ. (8)

B. EE Phase

After the SC phase, the energy accumulated in the inductors
La and Lm begins to release. Neglecting the small current flow-
ing into the energy storage branch, the capacitor Cr1, inductors
La and Lm, and diode Da1 form an RLC circuit, as shown in
Fig. 5(b). It enables a rapid transient drop of ia to zero. To
simplify the expression of the result, we take the start time of
this phase t2 = t− π/ω. The dynamics in this phase can be
formulated with a second-order equation

L1Cr1
d2vr1(t2)

dt22
+R2Cr1

dvr1(t2)

dt2
+ vr1(t2) + VD = 0

(9)

with the initial conditions of

Cr1
dvr1(t2)

dt2

∣∣∣∣
t2=0+

= Ia0, vr1(0) = 0 (10)

where, R2 = Ra +Rm. VD is the forward voltage drop of a
diode. Solving (9), we have

vr1(t2) =
e−δ1t2

ω1

[
Ia0
Cr1

sin(ω1t2) + VDωs1 sin (ω1t2 + β1)

]

− VD. (11)

In (11), the electrical damping ratio ζs1 = 0.5R2

√
Cr1/L1;

the resonant angular frequency ωs1 = 1/
√
L1Cr1. Other pa-

rameters are derived from ζs1 and ωs1, i.e., δ1 = ωs1ζs1; ω1

= ωs1

√
1− ζ2s1; β1 = cos−1(δ1/ωs1).

During this phase, the energy stored in the inductorLa andLm

is fully extracted. The current ia drops to zero after an interval
of

Δt2 =
1

ω1
cos−1

(
Cr1VDωs1 + Ia0δ1/ωs1√

C2
r1V

2
Dω2

s1 + 2Cr1VDIa0δ1 + I2a0

)
.

(12)

The voltage across capacitorCr1 at the end of this EE phase, i.e.,
Vr0 = vr1(Δt2), can be derived by substituting (12) into (11).

C. CT Phase

When the EE phase is finished, the CT phase starts.Cr1 begins
to discharge through the energy storage branch. The correspond-
ing equivalent circuit is shown in Fig. 5(c). As Cs1 is designed
much larger than Cr1, it can be regarded as a constant voltage
source in each round of instantaneous charging. The dynamics
of the equivalent circuit in the CT phase can be formulated with
a second-order equation

Ls1Cr1
d2vr1(t3)

dt23
+Rs1Cr1

dvr1(t3)

dt3
+vr1(t3)−VD−Vs1=0

(13)

where, t3 = t− π/ω −Δt2. Given the initial conditions

dvr1(t3)

dt3

∣∣∣∣
t3=Δt3

= 0, vr1(0) = Vr0 (14)

by solving (13), we get

vr1(t3) =
ωs2

ω2
(Vr0 − Vs1 − VD)e−δ2t3 sin (ω2t3 + β2)

+ VD + Vs1. (15)

In (15), the electrical damping ratio ζs2 = 0.5Rs1

√
Cr1/Ls1;

the resonant angular frequency ωs2 = 1/
√
Ls1Cr1. Other pa-

rameters are derived from ζs2 and ωs2, i.e., δ2 = ωs2ζs2;
ω2 = ωs2

√
1− ζ2s2; β2 = cos−1(δ2/ωs2). The discharging cur-

rent of Cr1 can be derived from (15), i.e.,

is1,CT(t3) = −Cr1
dvr1(t3)

dt3

= Cr1
ω2
s2

ω2
(Vr0 − Vs1 − VD)e−δ2t3 sin (ω2t3).

(16)

At the end of the CT phase, the capacitor Cr1 is fully dis-
charged. The duration of the CT phase can be approximately
obtained as follows:

Δt3 ≈ 1

ω2

[
π − β2 − sin−1 −(Vs1 + VD)ω2

(Vr0 − VD − Vs1)ωs2

]
. (17)

The discharging current at the end of this CT phase, i.e., Is0 =
is1,CT(Δt3), can be derived by substituting (17) into (16).

D. FW Phase

When the CT phase is finished, there is still some residual
energy in the inductor Ls1. The inductor current is1 freewheels
through the bidirectional switch Sw. The equivalent circuit
is shown in Fig. 5(d). The voltage across Ls1 is clamped at
Vs1 + 2VD. The current is1 can be formulated with a first-order
differential equation

Ls1
dis1,FW(t4)

dt4
+ is1,FW(t4)R3 + 2VD + Vs1 = 0 (18)



9978 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 8, AUGUST 2023

where, t4 = t− π/ω −Δt2 −Δt3 and R3 = Rds(on) +Rs1.
Given the initial condition

is1,FW(0) = Is0 (19)

by solving (18), we get

is1,FW (t4) = Is0e
− R3

Ls1
t4 +

Vs1 + 2VD

R3

(
e−

R3
Ls1

t4 − 1
)
.

(20)

After this phase, the inductor current is1 drops to zero, i.e.,
is1,FW(Δt4) = 0. The duration Δt4 can be derived as follows:

Δt4 = −Ls1

R3
ln

Vs1 + 2VD

Is0R3 + Vs1 + 2VD
. (21)

E. Harvested Power

The harvested power is an important index evaluating the EH
capability under the same mechanical excitation. As illustrated
in Fig. 5, within the four working phases of the positive veq half
cycle, the storage capacitor Cs1 absorbs energy only in the CT
and FW phases. In the other negative veq half cycle,Cs2 harvests
the same amount of energy with the complementary circuit
branches. Thus, the average harvested power is formulated as
follows:

Ph =
ωVs1

π

[∫ Δt3

0

is1,CT(t3)dt3 +

∫ Δt4

0

is1,FW(t4)dt4

]
.

(22)

The theoretical results can be obtained by numerically calculat-
ing the integrals in (22).

It should be noted that the energy consumption of the con-
troller is not included in this theoretical analysis. It is strongly
determined by the selected components and IC chips. In prac-
tical implementation, we should carefully choose the controller
elements to minimize consumption as much as possible.

IV. EXPERIMENTS AND RESULTS

Circuit simulation and experiment are carried out to validate
the proposed SP-SSEE circuit and evaluate its performance. The
simulation is built and runs in PSIM (Powersim Inc.) circuit
simulator. The experimental setup includes an EM generator
and a printed circuit board prototype, as shown in Fig. 6. The
main structure of the EM generator is composed of a circular
permanent magnet (PM) array and a copper coil wound on a
magnetic core. The PM array rotor is driven by a motor. The
amplitude and frequency of the equivalent voltage source veq

can be adjusted by tuning the motor speed. As explained in
Section I-B, the effectiveness of the SP-SSEE circuit is signifi-
cant for an inductive EM generator, i.e., its internal impedance
is inductive and the inductive component ωLa is larger than
or comparable to the resistive component Ra. There are two
methods to increase ωLa: a) to increase the frequency f of the
voltage source veq; b) to increase the self-inductance La. In this
design, we use both methods to increase ωLa. To increase the
self-inductance, the coil is wound on a magnetic core with high
permeability. To increase the source frequency, the number of
magnet pairs and the rotating speed should be increased in the

Fig. 6. Experimental setup.

TABLE I
CIRCUIT PARAMETERS

Fig. 7. SP-SSEE waveform from startup to steady-state operation. (Veq =
3.5 V; f = 260 Hz). (a) Overview of storage voltages Vs1, Vs,2, and current
ia. (b) Enlarged view in the startup process. (c) Enlarged view in steady-state
operation.

design and operation processes, respectively. As a result, the
self-inductance La and Ra are obtained to be approximately
4.4 mH and 1.4 Ω, respectively. All parameters of the SP-SSEE
circuit are listed in Table I.

In the first experiment, the amplitude and frequency of veq

are set to Veq = 3.5 V and f = 260 Hz, respectively. The ex-
periment waveform of the SP-SSEE circuit from start-up to
normal steady-state operation process is shown in Fig. 7. In the
startup process, the diode-bridge rectifier passively charges the
capacitors Cs1 and Cs2. The cold start bridge is formed by the
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Fig. 8. Steady-state waveform showing more transient operation details
(Veq = 3.5 V; f = 260 Hz).

diodes Da1, Ds1, Da2, and Ds2. After the voltages across Cs1

and Cs2 reach the control unit’s minimum operating threshold
voltage Vt (resulting from the supply voltage requirements of
the analog comparator and digital gates), the SP-SSEE circuit
starts to operate. Thus, to activate the SP-SSEE circuit, the
peak value of the transducer minimum output voltage should
be greater than Vt + 2VD, which is about 5 V in this study.
From the waveform shown in Fig. 7, the charging speed of Cs1

and Cs2 is significantly improved after the activation of SSEE.
The storage voltages approach the steady state sometime after
the load connection, which is done manually in this experiment.
The steady-state waveform of the SP-SSEE circuit is recorded
and shown in Fig. 8. It can be observed that the EM current ia in
green can rapidly drop to zero every time after a short turn-OFF

interval of switchSw. The experimental waveform shows a good
agreement with the conceptual one, which was illustrated in
Fig. 4.

In the second experiment, under the same excitation (Veq =
3.5 V and f = 260 Hz), the harvested power of the SP-SSEE
circuit under different dc load voltages is investigated. Load
resistors RL with different values are connected across Cs1

and Cs2 in succession to draw different Vdc. The corresponding
harvested power is indirectly obtained according to Joule’s law
Ph = V 2

dc/RL. The theoretical, simulation, and experimental
results of SP-SSEE, together with the experimental result of the
diode bridge SEH circuit as a benchmark control, are shown
in Fig. 9. In general, the theory, simulation, and experiment
show a good agreement that SP-SSEE outperforms SEH almost
one-fold when comparing their maximum harvested power. As
we can see from the results of harvested power, there are some
small gaps among the theoretical, simulation, and experimental
results. These differences might be due to the power consump-
tion of the controller and switch drive circuit, which was not
considered in the theoretical derivation. Since this consumption
might differ according to different selected components, it is un-
able to be accurately estimated in theory. The power dissipation
of the parasitic resistances cannot be directly measured in the
experiment either. We study the power dissipation breakdown
with circuit simulation. The results are listed in Table II. From

Fig. 9. Harvested power results of the prototyped EMEH using SP-SSEE under
different dc load voltages (Veq = 3.5 V, f = 260 Hz).

TABLE II
POWER DISSIPATION BREAKDOWN IN SIMULATION

TABLE III
EH ENHANCEMENT IN THE EXPERIMENT

the results, Ra equivalent series resistance (ESR) of the coil and
Rs1 and Rs2 ESR of the FW inductors Ls1 and Ls2 account for
about 85% of the dissipated power.

In the third experiment, we compare the maximum harvested
power of SP-SSEE and that of the benchmark SEH circuit
under different source frequencies. From the ratios of harvested
power, which are summarized in Table III, we can find that
the ratio of enhancement increases with the increase of source
frequency. It shows good concordance with the argument that a
larger inductive component in the source impedance gives better
EH enhancement when using SP-SSEE. The ac sources with
strong reactive impedance are the preference for manifesting
the potential of SSEE technology toward EH enhancement.

V. DISCUSSION

A. Analogy to SECE in PEH

As shown in Fig. 8, the profiles of the current ia and voltage
veq waveform when using SSEE in EMEH look very simi-
lar to that of the piezoelectric voltage and equivalent current
waveform when using SECE in PEH. It again demonstrates the
reciprocal relation between the capacitive piezoelectric source
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Fig. 10. Operating waveform of SP-SSEE in simulation under different Q
values of the EM source. (a) Q = 5.1 (this prototype). (b) Q = 1.2.

Fig. 11. Theoretical extracted power and harvested power under different
quality factor Q of an EMEH source (Veq = 3.5 V; f = 260 Hz).

and the inductive EM source, as well as that between their EH
interface circuits and switch control schemes. When considering
the synchronized switch solutions for an EM harvester, more
experiences can be learned from its PEH counterpart.

B. Effect of Finite Quality Factor of an EMEH Source

As mentioned, a small quality factor or equivalently a domi-
nant resistive component in the EM source is detrimental to the
improvement of EH capability. In the SP-SSEE circuit working
process, the switchSw turns OFF at the ZCP of the voltage source
veq to make the current ia quickly drop to zero. When the source
Q value decreases from an infinite number to a finite and smaller
number, the phase lag between SC current ia and equivalent
voltage veq reduces from π/2 toward zero. The current ia value
at the synchronous switch instant, which is denoted as Ia0,
decreases under a smaller Q condition, as shown in Fig. 10.
It has a direct effect of reducing the extracted power, which is
formulated as follows:

PE = f(La + Lm)I2a0. (23)

Fig. 11 illustrates the theoretical extracted power (dashed lines)
under four differentQ values. Because extraction is independent
of the loading condition in SSEE, the extracted power is constant
under different output voltages. In general, the SP-SSEE circuit
is valuable to be applied for the more inductive EM sources.

TABLE IV
QUALITATIVE COMPARISON OF EMEH CIRCUITS

C. Effect of Dissipation in the Switching Transient

Not all the extracted power is able to be harvested into
storable dc energy. A considerable part of the extracted energy
is dissipated in the power conditioning process [34]. Like the
SECE case in PEH, the dissipation is basically caused by the
parasitic resistance of the current paths and the voltage drops
of those current steering diodes. The percentage of dissipation
caused by the former reason has no relationship to the output
voltage Vdc; while that caused by the latter decreases as the
Vdc gets larger [35]. The former corresponds to the inevitable
gap between extracted power and asymptotic constant harvested
power at large Vdc in Fig. 11. The latter explains the rising
trend of the harvested power as Vdc gets larger approaching an
asymptotic value, regardless of different Q values.

D. Comparison to Existing PWM-Based EMEH

Most of the previous EMEH interface circuits were developed
based on the PWM principle [8], [9], [10], [11], [12], [13], [14],
[15], [16]. The synchronous switch technology makes a differ-
ence by using the transient underdamped response. Table IV
provides a qualitative comparison between the PWM-based
technology and SSEE. With the self-powered implementation
proposed in this article, the SSEE solution better suits standalone
and self-contained EMEH applications.

VI. CONCLUSION

The synchronous switch technique was studied for the power
enhancement of EH using piezoelectric transducers for over two
decades. Related studies were rarely seen for those using more
classical EM transducers. This article has proposed a SP-SSEE
circuit for realizing a self-contained solution for EM-based EH
enhancement. The circuit topology, working principle, transient
phases, and harvested power were discussed and analyzed in
detail. A good agreement was shown among the theoretical,
simulation, and experimental results, in terms of steady-state
waveform and harvested power. Compared with the benchmark
diode bridge SEH interface circuit, the proposed SP-SSEE cir-
cuit can harvest up to two-fold energy, under the same mechan-
ical excitation. Moreover, the harvested power is more reluctant
to the load variation in SP-SSEE. The application preference of
such an SSEE technique, in which its effects can be better mani-
fested, was discussed. Those EM harvesters with higher quality
factors, i.e., have more significant inductive internal impedances,
are more beneficial by applying this SP-SSEE technique. Such
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a preferred working condition of SP-SSEE is realized when the
coil’s parasitic resistance is small, self-inductance is large, or
the EM harvester operates under high frequency.
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