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Abstract—In this paper, a novel ac/dc converter is proposed for
low-voltage and low-power ac rectification applications. The pro-
posed converter manages the energy harvested from microscale
electromagnetic generators (MEGs). It integrates the conventional
boost and buck–boost topologies with a shared inductor, a bidi-
rectional switch, and two split filtering capacitors. The boost and
the buck–boost topologies function in the positive and negative
half input cycles, respectively. The inductor is energized by being
shorted with the input source through the MOSFET channel without
using the diodes. This enables active rectification of low-amplitude
(below 0.7 V) ac voltages. Theoretical analysis, design considera-
tions, and control method are detailed. A 40-mW circuit prototype,
which converts a 0.4-V peak, 100-Hz ac voltage source to 3.3-V dc,
is designed and tested to verify the proof of concept.

Index Terms—AC/DC conversion, boost, buck–boost, energy
harvesting, low power, low voltage.

I. INTRODUCTION

IN RECENT years, low-voltage and low-power electronic
devices for a variety of applications such as wireless sen-

sor node and wearable devices have been increasingly reported
in the literature [1]–[7]. In general, kinetic energy is generated
from ambient vibrations and random displacements of mechan-
ical and biological systems [8]. Electromagnetic, piezoelectric,
and electrostatic transducers are commonly employed to con-
vert the kinetic energy into electricity [9]. Microscale electro-
magnetic generators (MEGs) are suitable candidates to supply
power to low-power self-sustainable electronic devices due to
their better power densities [10].

An MEG consists of a coil, a permanent magnet (PM), and
a spring [11], [12]. Ambient vibration introduces the relative
displacement between the PM and the coil. The coil cuts through

Manuscript received August 22, 2016; accepted September 20, 2016. Date
of publication October 4, 2016; date of current version March 24, 2017. This
work was supported in part by the National Natural Science Foundation of
China under Grant 51607113, and in part by the Shanghai Sailing Program
under Grant 16YF1407600. Recommended for publication by Associate Editor
C. Fernandez.

L. Yu and H. Wang are with the Power Electronics and Renewable en-
ergies Laboratory (PEARL), School of Information Science and Technol-
ogy, Shanghai Tech University, Shanghai 200031, China (e-mail: yuliang@
shanghaitech.edu.cn; wanghy@shanghaitech.edu.cn).

A. Khaligh is with the Maryland Power Electronics Laboratory (MPEL),
University of Maryland, College Park, MD 20742 USA (e-mail: khaligh@
ece.umd.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2614995

the magnetic flux alternatively and induces an ac voltage output.
Szarka et al. [13] show a vibration-based MEG with more than
1-mW power capability at its resonant frequency of 59.4 Hz.
In [14], a 35-mW MEG at its resonant frequency of 42 Hz is
reported. Dayal et al. [15] reported an MEG used as ac energy
harvesting source with a resonant frequency of 108 Hz and
0.45-V output. Due to the size limitation, the output of an MEG
is typically a low-amplitude and low-frequency ac voltage [16].
However, most of the electronic devices require a 2–3.3 V dc
to operate. Therefore, it is critical to design a power electronic
interface, which can efficiently convert this low-amplitude ac
voltage to a boosted and regulated dc voltage.

Traditional ac/dc topologies generally consist of two stages
[14], [17]: a front stage diode bridge rectifier and a cascaded
dc/dc converter. However, the main disadvantages of the two-
stage topologies lie in: 1) unavoidable diode voltage drop, which
makes it infeasible in low-voltage input applications; and 2) sig-
nificant power losses in the front-end diode bridges. Multiple
direct ac/dc topologies have been reported in recent years. A
two-switch H-bridge topology, which integrates two boost con-
verters in low-voltage energy harvesting applications, is pro-
posed in [18]. However, when the switch is OFF, the inductor
current continues to flow via two diodes. This deteriorates both
the boost ratio and conversion efficiency. A four-switch syn-
chronous boost rectifier is applied to MEG energy harvesting
applications in [19]. However, it has higher switch count and
requires a complicate and costly polarity detector. Generally,
this polarity detector is lossy considering the low power level
of the energy harvesting system. However, utilizing ultralow-
power integrated circuits would significantly reduce the loss of
the polarity detector [20]. Two more direct ac/dc topologies are
proposed in [21] and [22]. The circuit in [21] consists of two
boost converters; while the circuit in [22] consists of a boost
converter and a buck–boost converter. However, both convert-
ers require two magnetic inductors and polarity detector.

A much simpler circuit, which integrates boost and buck–
boost topologies while utilizing single inductor, is proposed in
[23]. However, it also requires a complicated and costly polarity
detector. This increases control circuit complexity and power
consumption. To address those problems, a direct ac/dc power
conditioning circuit, which consists of a boost converter and a
buck–boost converter, is proposed in this paper, as shown in
Fig. 1. In this topology, there is a bidirectional switch, which is
composed of a p-MOSFET and an n-MOSFET. Two MOSFETs are
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Fig. 1. Schematic of the proposed single-stage rectifier.

turned ON and OFF simultaneously. At the same time, two split
capacitors and two diodes are used to realize the operating mode
transitions. This topology demonstrates the following benefits:

1) reduced circuit size;
2) simplified control circuit;
3) removal of the complicated and costly polarity detector.
A direct ac/dc power conditioning circuit consisting of two

boost converters is reported in [24]. This circuit also utilizes
split capacitors and a bidirectional switch.

The operation modes of converter are described in Section II.
Detailed theoretical analyses are provided in Section III. Design
considerations and procedures are discussed in Section IV. In
Section V, the design of the controller and MOSFET driver is
presented. The simulation results are presented in Section VI.
Experiment results are reported in Section VII. Section VIII
concludes the paper.

II. OPERATION PRINCIPLE

It should be noted that the realistic energy harvester might
demonstrate considerable source impedance. However, a more
ideal source with neglectable source impedance would facilitate
the fundamental topology analysis. This paper is mainly focused
on the topology analysis. Therefore, an ideal sinusoidal signal
source is adopted in the converter analysis, while a realistic
signal source is simulated to verify its capability in the real
energy harvesting applications. This study considers only the
MEG with low output voltage. A 0.4 V and 100-Hz sinusoidal
ac voltage is used to emulate the output of the MEG.

As shown Fig. 1, in the proposed topology, only one inductor
is utilized. In order to rectify the ac input to a dc voltage, the
switch should be able to conduct and block currents in both
directions during the ON and OFF states, respectively. Since a
MOSFET is a single quadrant switch, i.e., in ON state, MOSFET

channel can conduct bidirectional current; while in OFF state,
it can only block unidirectional drain to source voltage. This is
due to the existence of its body diode. Therefore, a p-MOSFET

and an n-MOSFET are placed in series with their body diodes
back to back, to function as a four-quadrant switch. It should be
noted that turning ON and OFF of those two MOSFETs is always
synchronized.

In the positive half-cycle of the input voltage vin , it operates as
a boost converter (including L, D2 , and C3). In the negative half-
cycle of vin , it operates as a buck–boost converter (including L,

Fig. 2. Operating modes of the proposed converter.

D1 , and C2). The discontinuous conduction mode (DCM) oper-
ation has the benefits of reduced switching losses and mitigated
diode reverse recovery. Therefore, this converter is designed to
operate in DCM. In the DCM operation, the converter has three
main operating modes in each half-cycle, as shown in Fig. 2.
Modes I–III correspond to the positive half-cycle, while Modes
IV–VI correspond to the negative half-cycle.

Mode I: When the switch is turned ON, the inductor is ener-
gized by the input source. The inductor current increases linearly
from zero. The switch is turned ON with zero current. There-
fore, switching losses are reduced. Meanwhile, both diodes are
reverse biased. The output capacitors supply power to the load.

Mode II: When the switch is turned OFF, iL freewheels via
D2 . C3 is charged while C2 is discharged. The voltage across
the inductor equals to the difference between input voltage and
lower capacitor voltage (vC 3), which is a negative value. There-
fore, iL decreases linearly until it crosses zero.

Mode III: When the iL becomes zero, D2 turns OFF naturally
with a small di/dt. This significantly mitigates the diode reverse
recovery loss. The capacitors discharge themselves through the
load. Given the input voltage is still positive, the converter re-
turns to Mode I as soon as the switch turns ON.

Mode IV: Modes IV–VI happen when vin is negative. Mode
IV is similar to Mode I as soon as switch turns ON. iL linearly
deviates from zero; the inductor is energized by the input source.
The switch is also turned ON at zero current. On the other hand,
both diodes are reverse biased. The output capacitors supply
power to the load.

Mode V: When the switch is turned OFF, iL continues to free-
wheel via D1 . C2 is charged while C3 is discharged. The voltage
across the inductor equals to vC 3 . Therefore, iL increases lin-
early until it crosses zero.
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Mode VI: When the inductor current increases to zero, D1
turns OFF automatically. This avoids the reverse recovery losses
of the diode. In this condition, the capacitors supply power to
load again. Given the input voltage is still negative, the converter
returns to Mode IV.

According to the operating modes analyses, in the DCM op-
eration, both the MOSFETs turning ON and the diodes turning
OFF occur at zero current. Therefore, the switching losses are
reduced.

III. THEORETICAL ANALYSIS

To maximize the extracted power from MEG, impedance
matching between the source impedance and the input
impedance of the converter is necessary. It should be noted
that the input impedance of the proposed converter is adjustable
by tuning the duty cycle and switching frequency. However,
this paper is mainly focused on fundamental topology analysis
and verification. Therefore, the input of the proposed converter
is considered as a sinusoidal ac voltage to simplify the circuit
analysis. In the proposed converter, two split capacitors, C2 and
C3 , are used. Capacitor C3 is charged and C2 is discharged
in the boost operation; while capacitor C2 is charged and C3
is discharged in the buck–boost operation. Assuming that the
capacitor is large enough to keep the voltage constant, the volt-
ages of C2 and C3 are constant and equal to the half of output
voltage. The switching frequency (fs) is much larger than the
frequency of the input source. Therefore, the input voltage could
be considered constant during each switching period. Thus, vin
can be expressed as follows:

vin(t) = VP sin (2πt/Tin) (1)

where Tin is the period of an input ac source. VP is the amplitude
of vin . The input current is equal to the inductor current in the
boost operation. However, in the buck–boost operation, the input
current becomes zero when the switch is turned OFF, as shown
in Fig. 3. TS is the switching period, and d1 is the duty cycle.
In the boost mode, the peak value of the input current can be
expressed as follows:

iPK(t) = d1TS vin/L. (2)

According to the inductor volt–second balance

vind1TS = (Vo/2 − vin) d2TS . (3)

The average input power in each switching period is derived
as follows:

pin = viniPK (d1 + d2) /2. (4)

The input energy of the positive half-cycle is derived
as follows:

Ein =
∫ T in /2

0
viniPKTS (d1 + d2)/2 dt. (5)

According to (1)–(5)

Ein =
∫ T in /2

0

v2
inTS d2

1

2L

(
1 +

vin

Vo/2 − vin

)
(6)

Fig. 3. Waveforms of the proposed boost/buck–boost rectifier.

where Vo/2 is much larger than the average value of vin from
0 − Tin/2, so the last item could be ignored. Hence, Ein is
expressed as follows:

Ein ≈ V 2
P TS d2

1Tin/8L. (7)

According to (7), without considering internal resistance of
the ac voltage source, the input energy is inversely proportional
to inductance and proportional to square of the duty cycle and
the switching period. Assuming all components are ideal, the
output energy should be equal to the input energy in the same
time scale. The output energy of the positive half-cycle can be
derived as follows:

Eout =
V 2

o Tin

2Rl
=

V 2
P TS d2

1Tin

8L
(8)

where Rl is the load resistance. Therefore, the output energy can
be controlled by the duty cycle and the switching frequency. It
should be noted that (8) also applies to the buck–boost mode.
This is due to the similar approximation in (7), which can be
extended to the buck–boost mode.

IV. DESIGN PROCESS

In order to optimize the performance of the converter, the
voltage gain and efficiency should be derived. According to (8),
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Fig. 4. DCM conditions of the proposed converter.

the voltage gain can be derived as follows:

Vo

VP
=

d1

2

√
TS Rl

L
. (9)

According to (9), the output voltage can be controlled by the
duty cycle and the switching period. Besides, the converter is
supposed to operate in DCM to reduce the switching losses. In
the boost mode, the DCM criteria can be expressed as follows:

iPK − (1 − d1) (Vo/2 − vin) TS /L < 0. (10)

To make sure that the converter can operate in DCM under
all input voltages, it should be ensured that

VP < (1 − d1) Vo/2. (11)

Based on (9) and (11), the DCM condition can be expressed
as follows:

d1 (1 − d1)
√

TS Rl/L − 4 > 0. (12)

The same analysis can be used in the buck–boost mode, and
the DCM condition can be expressed as follows:

(1 − d1)
√

TS Rl/L − 4 > 0. (13)

Assume that

YDCM = d1 (1 − d1)
√

TS Rl/L − 4 (14)

T =
√

TS Rl/L. (15)

According to (12) and (13), when the duty cycle is close to
zero, the boost converter operates in the continuous conducting
mode (CCM) and the buck–boost converter operates in DCM.
When the duty cycle is close to one, both the buck–boost con-
verter and the boost converter operate in CCM. Thus, if the
YDCM is positive, the proposed converter must operate in DCM.
As shown in Fig. 4, the operating state of converter is deter-
mined by the duty cycle, inductance, and switching frequency.
Larger T corresponds to wider duty cycle range. T can be kept
constant by simultaneously reducing TS and L. In the DCM op-
eration, the MOSFET is turned ON and the diode is turned OFF with
zero current. Thus, the switching loss is trivial in comparison
with the conduction loss. This means a relatively high switching
frequency may be selected. However, high switching frequency

Fig. 5. Boost mode equivalent circuit.

would boost the inductor iron loss, driver loss, as well as the par-
asitic capacitor loss. Besides, high switching frequency might
lead to the CCM operation. Therefore, based on this tradeoff,
50 kHz is selected to verify the circuit operation under DCM
with acceptable conversion efficiency.

The efficiency analysis of the converter operating as a boost
converter for the positive input voltage is based on the following
assumptions:

1) In forward bias condition, the diode is modeled as a con-
stant voltage source vD in series with a resistor RD . More-
over, the switching losses in the diode are neglected.

2) Inductor current varies linearly. The equivalent series re-
sistance RL of the inductor is independent of its operating
temperature.

3) Power losses corresponding to the capacitors’ equivalent
series resistances are neglected.

When the proposed converter operates in the boost mode, the
equivalent circuit is shown in Fig. 5. The current waveforms iL ,
iD , and iS are shown in Fig. 3(a). The rms value of the inductor
current over the whole switching cycle can be expressed as
follows:

I2
L ·RMS =

1
TS

∫ TS

0
i2L (t) dt =

i2PK (d1 + d2)
3

. (16)

The switch and the diode currents, respectively, can be cal-
culated in the same manner

I2
S ·RMS =

1
TS

∫ TS

0
i2S (t) dt =

i2PKd1

3
(17)

I2
D ·RMS =

1
TS

∫ TS

0
i2D (t) dt =

i2PKd2

3
. (18)

The inductor average current can be derived as follows:

IL =
1

TS

∫ TS

0
iL (t) dt =

iPK (d1 + d2)
2

. (19)

The diode average current can be expressed as follows:

ID =
1
TS

∫ TS

0
iD (t) dt =

iPKd2

2
. (20)
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For the low frequency, the winding loss is the main loss of
inductor. So the inductor loss can be expressed as follows:

PRL = RLI2
L ·RMS =

(d1 + d2) RLi2PK

3
. (21)

The MOSFET conduction loss is expressed as follows:

PRS = RonI2
S ·RMS =

d1Roni2PK

3
. (22)

The diode power loss is

PD = vD ID + RD I2
D ·RMS =

d2vD iPK

2
+

d2RD i2PK

3
. (23)

During the turning OFF of the bidirectional switch, the
switch’s reverse biased voltage changes slowly from zero to a
dc value (Vo/2) because of its parasitic output capacitor (Coss).
Therefore, the turning OFF loss of the bidirectional switch is also
small and can be ignored. The main switching loss is the par-
asitic capacitors loss. At the beginning of Mode II, the voltage
across the bidirectional switch is precharged to Vo/2. However,
at the beginning of Mode IV, this voltage is discharged to 0
V. Thus, the switching loss of two MOSFETs can be expressed
as follows:

PSW =
COSSV 2

o

8TS
(24)

where COSS is the switch output capacitance.
The input current is equal to the inductor current. So the input

power can be expressed as follows:

Pin = vinIin =
1
2

(d1 + d2) viniPK. (25)

The efficiency of converter can be expressed as follows:

η = 1 − PRL + PRS + PD + PSW

Pin
. (26)

Based on the aforesaid equations, we can get

η ≈ 1 −
⎡
⎣

2d1 TS (RL +Ro n )
3L − 4Ro n

3

√
L

Rl TS
+ 4vD

VP d1

√
L

Rl TS

+CO S S
TS

(
RL

4 − 1
2d1

√
Rl L
TS

)
⎤
⎦ .

(27)
Equation (27) does not contain Vo . This is because Vo is

represented by the other variables according to (9). According to
(27), the greater RL , RON , and VD are, the smaller the efficiency
is. The larger VP leads to a higher efficiency. With RL , Ron , VD ,
and COSS equal to 0.09 Ω, 0.1 Ω, 0.25 V, and 60 pF, respectively,
the relationship between efficiency and duty cycle is illustrated
in Fig. 6. According to (9) and assuming that fs , Rl , and d1
are all constant, larger L corresponds to smaller output power.
This means that larger L corresponds to a smaller power level.
According to Fig. 6, the larger L corresponds to higher efficiency
when the duty cycle is larger than 0.65. However, based on
Fig. 4, the decrease of L might induce the DCM operation.
Thus, the tradeoff among output power, DCM, and T should
be considered. In this study, the output power is 40 mW. T
is equal to 23.2 (Rl = 270 Ω, fs = 50 kHz, L = 10 μH). The
power losses distribution is plotted in Fig. 7. It should be noted

Fig. 6. Theoretically predicated efficiency versus duty cycle with different L
(Rl = 270 Ω, fs = 50 kHz).

Fig. 7. Power losses breakdown (T = 23.2, d1 = 0.75).

Fig. 8. Controller and gate driver of the proposed converter.

that the switching losses PSW much smaller than the other losses
can be neglected.

V. CONTROL STRATEGY

The proposed converter should stably rectify a 0.4-V am-
plitude ac voltage and boost it to a 3.3-V dc voltage. Thus, a
voltage feedback control loop is necessary to regulate the output
voltage. The controller block diagram is plotted in Fig. 8. The
output voltage equals the sum of vC 2 and vC 3 . It is feasible to
estimate C1

′s voltage by sampling C2
′s voltage. Then, the con-

troller is able to tune the duty cycle of the four-quadrant switch
to maintain a constant output voltage on C1 .

In the hardware implementation, a low-pass filter (LPF) is
used to calculate C2’s average voltage. Then, this analog signal
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is fed to the analog-to-digital converter (ADC) of the digital con-
troller. In this paper, a simple classical PI algorithm is adopted
to achieve constant voltage output. P and I are selected as 3
and 0.1, respectively. The closed-loop experiment is conducted
to verify that the converter is able to demonstrate good stabil-
ity performance. The microcontroller with on-chip pulse width
modulation (PWM) module, integrated ADC, and high clock
frequency is adopted in this paper. In this paper, a p-MOSFET

and an n-MOSFET are put in series to form the four-quadrant
switch. The switching of S1 and S2 is always synchronized
without polarity detection of the input voltage.

The driving of S2 (n-MOSFET) is straightforward. One can
directly apply the PWM output of the controller to the gate and
source of the MOSFET to turn ON and OFF S2 . However, driving of
S1 (p-MOSFET) is more complicated since its turning ON requires
a negative voltage. Thus, a driver circuit is required. A simple
driver circuit, which composes of a capacitor, a resistor, and a
diode, as shown in Fig. 8, is used. R1 is used to limit the gate
current and selected to be 3.3 Ω. C4 should be large enough to
keep its voltage constant. In this paper, 10 μF is selected for C4 .
When the gate signal is high, C4 is charged through the diode
and R1 . VGS1 is positive and equal to the forward bias voltage
of diode. Therefore, the p-MOSFET is turned OFF. When the gate
signal is low, C4 is slightly discharged through R1 . VGS1 is
negative and equal to −vC 4 . Then, the p-MOSFET turns ON.

VI. SIMULATION RESULTS

Fig. 9(a) shows the circuit simulation waveforms using an
ideal signal source with zero source impedance. While Fig. 9(b)
shows the simulation waveforms using a more realistic irregular
signal source with an unneglectable source impedance. As can
been seen, the proposed topology is able to rectify the ac output
of a realistic energy harvester to a stable dc voltage.

VII. EXPERIMENT RESULTS

In order to minimize the size of proposed circuit, surface-
mounted components are adopted. A highly compact power
electronic interface prototype is fabricated as shown in
Fig. 10. The prototype has a PCB size of 3 × 2.5 cm2 . Schottky
diodes with low forward voltage drop are used. To minimize
the conduction losses, low voltage rating MOSFETs with low ON

resistances are adopted. The n-MOSFET is IRLML2502, and the
p-MOSFET is IRLML6401. Tantalum capacitors are selected as
the filtering capacitors since they have small leakage current and
compact size. In this study, the MEG is emulated by a signal
generator cascaded with a power amplifier. The ac power source
is designed to have 0.4-V amplitude and 100-Hz frequency. The
output voltage is 3.3-V. The designed prototype achieves 60%
conversion efficiency at 40 mW. The duty cycles of the converter
are about 0.75 at 50-kHz switching frequency. The ratings of
selected components are shown in Table I.

The experiment results are shown in Figs. 11–19. As seen
from Fig. 11, the input voltage is a 0.4 V and 100-Hz sinusoidal
ac voltage. The inductor current envelop is synchronized with
the input voltage at the steady state. The voltages of the split
capacitors are shown in Fig. 12. The sum of two capacitors’

Fig. 9. Converter simulation results with (a) ideal sinusoidal input and zero
source impedance; and (b) irregular input and source impedance.

Fig. 10. 3 × 2.5 cm2 prototype of the proposed converter.

voltages is equal to the output voltage. Fig. 13 shows the 3.3-V
output voltage of proposed converter with a small ripple.

The inductor current for the boost mode operation is shown
in Fig. 14. The DCM operation can be observed. Fig. 15 shows
the input current and gate voltage in the boost operation. The
input current is equal to the inductor current. However, the input
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TABLE I
PARAMETERS OF COMPONENTS

Component Symbol Parameters

Inductor L 10 μH
Split capacitor C2 , C3 47 μF
Output capacitor C1 100 μF
N-channel MOSFET S2 20 V, 4.2 A
Load Rl 270 Ω
P-channel MOSFET S1 20 V, 4.2 A
Schottky Diodes D1 , D2 40 V, 3 A

Fig. 11. From top to bottom: input voltage (1 V/div), inductor current
(1 A/div); time 2 ms/div.

Fig. 12. Voltages on the split capacitors (2 V/div); time 4 ms/div.

current is equal to zero in the buck–boost operation in Mode V,
as shown in Fig. 16. These results agree with previous theoretical
analysis. As shown in Fig. 17, the reverse recovery process of
the diode is avoided.

According to the theoretical analysis, this converter operates
in CCM with the duty cycle equal to 0.85. This is verified ex-
perimentally: Fig. 18 clearly shows that the circuit enters into
CCM with a duty cycle equal to 0.85. Closed loop voltage
control is implemented, as shown in Fig. 19. When the load re-
sistant changes from 500 to 270 Ω, the system adjusts quickly to

Fig. 13. Output voltage (1 V/div); time 4 ms/div.

Fig. 14. Circuit waveforms in the boost mode operation, from top to bottom:
gate source voltage of S2 (5 V/div), inductor current (0.5 A/div), gate source
voltage of S1 (5 V/div); time 10 μs/div.

Fig. 15. From top to bottom: the gate source voltage of S1 (5 V/div), input
current (1 A/div); time 10 μs/div.

maintain a constant output voltage. The design converter is able
to rectify a 0.3–1.8 V, 20–5 kHz ac voltage to a stable 3.3-V dc
voltage. The rated output power is 67 mW. The losses of individ-
ual component are listed in Table II. The experimental results
are similar to the previous theoretical analysis. A comparison
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Fig. 16. From top to bottom: the gate source voltage of S2 (5 V/div), input
current (1 A/div); time 10 μs/div.

Fig. 17. From top to bottom: the gate source voltage of S2 (5 V/div), diode
current (1 A/div); time 10 μs/div.

Fig. 18. From top to bottom: the gate source voltage of S2 (5 V/div), inductor
current (1 A/div); time 10 μs/div. Proposed converter operates in CCM (duty
cycle 0.85).

Fig. 19. Output voltage of proposed converter with closed loop control
(2 V/div); time 1 s/div.

TABLE II
LOSSES MEASUREMENT

Category Component Loss

Power Circuit Inductor 4.9 mW
Diodes 6.5 mW
MOSFETS 4.3 mW
Capacitors 0.3 mW

Control loop Driver 5 mW
LPF 0.2 mW

Total Loss 21.2 mW

TABLE III
PERFORMANCE SUMMARY AND COMPARISON

Ref f v in Pout η Inductor Polarity
(Hz) (V) (mW) (%) count detector

[21] 322 0.3 50 50 2 yes
[22] 100 0.4 54.5 61 2 yes
[23] 100 0.4 54.5 71 1 yes
[24] 108 0.2–0.8 10 55 1 no
Proposed converter 100 0.4 40 60 1 no

of the proposed converter with other low-power converters is
depicted in Table III.

VIII. CONCLUSION

A novel ac/dc topology is proposed in this paper. The pro-
posed single stage converter is able to rectify and step up low
amplitude ac voltages. Therefore, it is suitable to be used in
low-power MEG energy harvesting applications. This topology
integrates the conventional buck–boost converter and boost con-
verter into a single stage with shared energy storage inductor
and a four-quadrant switch. The proposed converter success-
fully avoids the introduction of a complicated and costly polar-
ity detector circuit. The DCM operation is adopted to decrease
the switching losses and improve the efficiency. The opera-
tion and performance of the proposed converter is validated by
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simulation and experiment results. The designed prototype con-
verts a 0.4-V 100-Hz ac input to a stable 3.3-V dc voltage, with
a 60% conversion efficiency at 40-mW output power.

REFERENCES

[1] S. P. Beeby et al., “A micro electromagnetic generator for vibration energy
harvesting,” J. Micromech. Microeng., vol. 17, no. 7, pp. 1257–1265,
Jun. 2007.

[2] J. A. Paradiso and T. Starner, “Energy scavenging for mobile and wireless
electronics,” IEEE Pervasive Comput., vol. 4, no. 1, pp. 18–27, Mar. 2005.

[3] S. Xu, K. D. T. Ngo, T. Nishida, G. B. Chung, and A. Sharma, “Low
frequency pulsed resonant converter for energy harvesting,” IEEE Trans.
Power Electron., vol. 22, no. 1, pp. 63–68, Jan. 2007.

[4] C. Wang et al., “An ultra-low power regulator system for WSNs pow-
ered by energy harvesting,” Solid State Electron., vol. 101, pp. 38–43,
Nov. 2014.

[5] L. Yu and H. Wang, “A single stage ac/dc converter for low voltage energy
harvesting,” in Proc. IEEE Energy Convers. Congr. Expo., Milwaukee, WI,
USA, Sep. 2016.

[6] Y. Tang and A. Khaligh, “Miniaturized bridgeless high-frequency reso-
nant AC-DC step-up/step-down converters,” IEEE Trans. Power Electron.,
vol. 29, no. 12, pp. 6518–6533, Dec. 2014.

[7] W. Zhao et al., “An energy harvesting system surveyed for a variety of
unattended electronic applications,” Solid State Electron., vol. 79, pp. 233–
237, Jan. 2013.

[8] A. Khaligh, P. Zeng, and C. Zheng, “Kinetic energy harvesting using
piezoelectric and electromagnetic technologies—state of the art,” IEEE
Trans Ind. Electron., vol. 57, no. 3, pp. 850–860, Mar. 2010.

[9] M. El-hami et al., “Design and fabrication of a new vibration-based elec-
tromechanical power generator,” Sensors Actuators A: Phys., vol. 92,
no. 1–3, pp. 335–342, Aug. 2001.

[10] P. D. Mitcheson, T. C. Green, E. M. Yeatman, and A. S. Holmes, “Architec-
tures for vibration-driven micropower generators,” J. Microelectromech.
Syst., vol. 13, no. 3, pp. 429–440, Jun. 2004.

[11] C. B. Williams et al., “Development of an electromagnetic micro-
generator,” Int. Elect. Eng. Proc. Circuits Devices Syst., vol. 148, no. 6,
pp. 337–342, Dec. 2001.

[12] R. J. M. Vullers, R. van Schaijk, I. Doms, C. Van Hoof, and R. Mertens,
“Micropower energy harvesting,” Solid-State Electron., vol. 53, no. 7,
pp. 684–693, Jul. 2009.

[13] G. D. Szarka, P. P. Proynov, B. H. Stark, S. G. Burrow, and N. McNeill,
“Experimental investigation of inductorless, single-stage boost rectifica-
tion for sub-mW electromagnetic energy harvesters,” in Proc. Int. Symp.
Low Power Electron. Des., 2011, vol. 1, pp. 361–366.

[14] X. Cao, W. J. Chiang, Y. C. King, and Y. K. Lee, “Electromagnetic en-
ergy harvesting circuit with feedforward and feedback dc-dc PWM boost
converter for vibration power generator system,” IEEE Trans. Power Elec-
tron., vol. 22, no. 2, pp. 679–685, Mar. 2007.

[15] R. Dayal and L. Parsa, “A new single stage AC-DC converter for low volt-
age electromagnetic energy harvesting,” in Proc. IEEE Energy Convers.
Congr. Expo., 2010, pp. 4447–4452.

[16] G. D. Szarka, B. H. Stark, and S. G. Burrow, “Review of power condition-
ing for kinetic energy harvesting systems,” IEEE Trans. Power Electron.,
vol. 27, no. 2, pp. 803–815, Feb. 2012.

[17] E. Lefeuvre, D. Audigier, C. Richard, and D. Guyomar, “Buck-Boost
converter for sensorless power optimization of piezoelectric energy har-
vester,” IEEE Trans. Power Electron., vol. 22, no. 5, pp. 2018–2025,
Sep. 2007.

[18] S. R. S. Manoharan, “Analysis of power processing circuits for low power
energy harvesting applications,” Int. J. Innovative Sci., vol. 2, no. 5,
pp. 1101–1106, May 2015.

[19] P. P. Proynov, G. D. Szarka, B. H. Stark, and N. McNeill, “The effect of
switching frequency, duty ratio, and dead times on a synchronous boost
rectifier for low power electromagnetic energy harvesters,” in Proc. 27th
Annu. IEEE Appl. Power Electron. Conf. Expo., 2012, pp. 667–674.

[20] G. D. Szarka, S. G. Burrow, and B. H. Stark, “Ultralow power, fully
autonomous boost rectifier for electromagnetic energy harvesters,” IEEE
Trans. Power Electron., vol. 28, no. 7, pp. 3353–3362, Jul. 2013.

[21] P. D. Mitcheson, T. C. Green, E. M. Yeatman, and A. S. Holmes,
“Power processing circuits for electromagnetic, electrostatic and piezo-
electric inertial energy scavengers,” Microsyst. Technol., vol. 13, no. 11/12,
pp. 1629–1635, Jul. 2007.

[22] B. Axelrod, Y. Berkovich, and A. Ioinovici, “An efficient ac–dc step-up
converter for low-voltage energy harvesting,” in Proc. Int. Symp. Circuits
Syst., Aug. 2003, vol. 3, no. 8, pp. 2188–2199.

[23] H. Wang, Y. Tang, and A. Khaligh, “A bridgeless boost rectifier for low-
voltage energy harvesting applications,” IEEE Trans. Power Electron.,
vol. 28, no. 11, pp. 5206–5214, Nov. 2013.

[24] R. Dayal, S. Dwari, and L. Parsa, “Design and implementation of a direct
ACDC boost converter for low-voltage energy harvesting,” IEEE Trans.
Ind. Electron., vol. 58, no. 6, pp. 2387–2396, Jun. 2011.

Liang Yu (S’16) received the B.S. degree in automa-
tion from Southeast University, Nanjing, China, in
2015. He is currently working toward the M.S. de-
gree in the School of Information Science and Tech-
nology, ShanghaiTech University, Shanghai, China.

His research includes bridgeless ac/dc convert-
ers, ac/dc PFC converters, and high-frequency power
converters of WBG power devices application.

Haoyu Wang (S’12–M’14) received the Bachelor’s
degree in electrical engineering with distinguished
honor from Zhejiang University, Hangzhou, China.
He received the master’s and Ph.D. degrees both in
electrical engineering from the University of Mary-
land, College Park, MD, USA.

He was a Design Engineer with GeneSiC Semi-
conductor Inc. Dulles, VA, USA, in Summer 2012.
He is currently a Tenure Track Assistant Professor in
the School of Information Science and Technology,
ShanghaiTech University, Shanghai, China. His re-

search interests include power electronics, plug-in electric and hybrid electric
vehicles, the applications of wide bandgap semiconductors, renewable energy
harvesting, and power management integrated circuits.

Alireza Khaligh (S’04–M’06–SM’09) is an Asso-
ciate Professor at the Department of Electrical and
Computer Engineering and the Institute for Systems
Research, University of Maryland, College Park, MD,
USA.

He is an author/coauthor of more than 140 journal
and conference papers. His major research interests
include modeling, analysis, design, and control of
power electronic converters for transportation electri-
fication, renewable energies, energy harvesting, and
microrobotics.

Dr. Khaligh is an Editor of the IEEE TRANSACTIONS ON VEHICULAR

TECHNOLOGY, an Associate Editor for the IEEE TRANSACTIONS ON POWER

ELECTRONICS, and an Associate Editor for the IEEE TRANSACTIONS ON

TRANSPORTATION ELECTRIFICATION.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


