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Fig. 1. Schematic of the proposed single-stage rectiÞer.

turnedON andOFF simultaneously. At the same time, two split
capacitors and two diodes are used to realize the operating mode
transitions. This topology demonstrates the following beneÞts:

1) reduced circuit size;
2) simpliÞed 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 andMOSFET driver is
presented. The simulation results are presented in Section VI.
Experiment results are reported in Section VII. Section VIII
concludes the paper.

II. OPERATIONPRINCIPLE

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 theON and OFF states, respectively. Since a
MOSFET is a single quadrant switch, i.e., inON state,MOSFET

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

and ann-MOSFET are placed in series with their body diodes
back to back, to function as a four-quadrant switch. It should be
noted that turningON andOFF of those twoMOSFETs is always
synchronized.

In the positive half-cycle of the input voltagevin , it operates as
a boost converter (includingL, D2, andC3). In the negative half-
cycle ofvin , it operates as a buckÐboost converter (includingL,

Fig. 2. Operating modes of the proposed converter.

D1, andC2). The discontinuous conduction mode (DCM) oper-
ation has the beneÞts 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 IÐIII correspond to the positive half-cycle, while Modes
IVÐVI correspond to the negative half-cycle.

Mode I: When the switch is turnedON, the inductor is ener-
gized by the input source. The inductor current increases linearly
from zero. The switch is turnedON 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 turnedOFF, i L freewheels via
D2. C3 is charged whileC2 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, i L decreases linearly until it crosses zero.

Mode III: When thei L becomes zero,D2 turnsOFFnaturally
with a smalldi/dt. This signiÞcantly 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 turnsON.

Mode IV: Modes IVÐVI happen whenvin is negative. Mode
IV is similar to Mode I as soon as switch turnsON. i L linearly
deviates from zero; the inductor is energized by the input source.
The switch is also turnedON 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 turnedOFF, i L continues to free-
wheel viaD1. C2 is charged whileC3 is discharged. The voltage
across the inductor equals tovC 3. Therefore,i L increases lin-
early until it crosses zero.
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Mode VI: When the inductor current increases to zero,D1

turnsOFFautomatically. 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 theMOSFETs turningON and the diodes turning
OFF occur at zero current. Therefore, the switching losses are
reduced.

III. T HEORETICAL 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 veriÞcation. 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. CapacitorC3 is charged andC2 is discharged
in the boost operation; while capacitorC2 is charged andC3

is discharged in the buckÐboost operation. Assuming that the
capacitor is large enough to keep the voltage constant, the volt-
ages ofC2 andC3 are constant and equal to the half of output
voltage. The switching frequency (f s) 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 (2�t/T in ) (1)

whereTin 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 buckÐboost operation, the input
current becomes zero when the switch is turnedOFF, as shown
in Fig. 3.TS is the switching period, andd1 is the duty cycle.
In the boost mode, the peak value of the input current can be
expressed as follows:

i PK(t) = d1TSvin /L. (2)

According to the inductor voltÐsecond balance

vin d1TS = ( Vo/ 2 Š vin ) d2TS. (3)

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

pin = vin i PK (d1 + d2) / 2. (4)

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

Ein =
� Tin / 2

0
vin i PKTS (d1 + d2)/ 2dt. (5)

According to (1)Ð(5)

Ein =
� Tin / 2

0

v2
in TSd2

1

2L

�
1 +

vin

Vo/ 2 Š vin

�
(6)

Fig. 3. Waveforms of the proposed boost/buckÐboost rectiÞer.

whereVo/ 2 is much larger than the average value ofvin from
0 Š Tin / 2, so the last item could be ignored. Hence,Ein is
expressed as follows:

Ein � V 2
P TSd2

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 TSd2

1Tin

8L
(8)

whereRl 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 buckÐboost mode.
This is due to the similar approximation in (7), which can be
extended to the buckÐboost mode.

IV. DESIGNPROCESS

In order to optimize the performance of the converter, the
voltage gain and efÞciency 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

�
TSRl

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:

i PK Š (1 Š d1) (Vo/ 2 Š 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 Š d1) Vo/ 2. (11)

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

d1 (1 Š d1)
�

TSRl /L Š 4 > 0. (12)

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

(1 Š d1)
�

TSRl /L Š 4 > 0. (13)

Assume that

YDCM = d1 (1 Š d1)
�

TSRl /L Š 4 (14)

T =
�

TSRl /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 buckÐboost converter operates in DCM.
When the duty cycle is close to one, both the buckÐboost 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.
LargerT corresponds to wider duty cycle range.T can be kept
constant by simultaneously reducingTS andL. In the DCM op-
eration, theMOSFETis turnedON and the diode is turnedOFFwith
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 efÞciency.

The efÞciency 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 sourcevD in series with a resistorRD . More-
over, the switching losses in the diode are neglected.

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

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

When the proposed converter operates in the boost mode, the
equivalent circuit is shown in Fig. 5. The current waveformsi L ,
i D , andi S are shown in Fig. 3(a). The rms value of the inductor
current over the whole switching cycle can be expressed as
follows:

I 2
L ·RMS =

1
TS

� TS

0
i 2
L (t) dt =

i 2
PK (d1 + d2)

3
. (16)

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

I 2
S·RMS =

1
TS

� TS

0
i 2
S (t) dt =

i 2
PKd1

3
(17)

I 2
D ·RMS =

1
TS

� TS

0
i 2
D (t) dt =

i 2
PKd2

3
. (18)

The inductor average current can be derived as follows:

I L =
1

TS

� TS

0
i L (t) dt =

i PK (d1 + d2)
2

. (19)

The diode average current can be expressed as follows:

I D =
1

TS

� TS

0
i D (t) dt =

i PKd2

2
. (20)
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Fig. 16. From top to bottom: the gate source voltage ofS2 (5 V/div), input
current (1 A/div); time 10µs/div.

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

Fig. 18. From top to bottom: the gate source voltage of S2 (5 V/div), inductor
current (1 A/div); time 10µs/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
LOSSESMEASUREMENT

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
PERFORMANCESUMMARY AND COMPARISON

Ref f vin Pout � 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 0.2Ð0.8 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. C ONCLUSION

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 buckÐboost 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 efÞciency. 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 efÞciency at 40-mW output power.
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