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Abstract—In conventional electromagnetic energy harvesting
systems, a two-port ac–dc rectifier is utilized to process the
harvested power. However, it is difficult to achieve voltage
regulation and maximum-power-point-tracking (MPPT)
simultaneously. To resolve this issue, this article proposes a
three-port power-electronic-interface (PEI) dedicated to this
application. A battery port is introduced to buffer the redundant
energy. A bidirectional dc–dc converter is utilized to tightly
regulate the load side voltage. To capture the maximum power
for the harvester, a simple MPPT method is proposed for this
PEI. The power tracking of ac source can be simplified by dealing
with the power of the battery port. The regulations of power
and output voltage are fully decoupled with different control
degree-of-freedoms. Moreover, when the harvester is in idle mode,
the load can be powered by the battery via the bidirectional dc–dc
converter independently. A 24-mW rated laboratory prototype,
which processes the power flow among a 0.6 V, 100 Hz ac source,
a 1.2 V battery, and a 3.3 V constant voltage load is developed and
tested. The proposed concept is validated by experimental results.

Index Terms—Bidirectional buck–boost converter, bridgeless
rectifier, energy harvesting, maximum-power-point-tracking
(MPPT), three-port converter.

I. INTRODUCTION

THE number of Internet-of-Things (IoT) devices is growing
explosively in recent years due to the arrival of 5G era [1].
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Fig. 1. Typical block diagram of an energy self-sufficient IoT system.

It is expected that there will be over 55 billion connected IoT de-
vices by 2025 all over the world [2]. There are many applications
such as wearable devices [3], [4], automotive suspension sys-
tems [5], mobile microrobots [6], and smart home systems [7],
which require sustainable sensing nodes. Energy harvesting
technology is crucial to achieve energy self-sufficient IoT sys-
tems without messy manual replacement of batteries [8], [9].

Among various energy harvesting mechanisms, electromag-
netic (EM) harvester has attracted wide attention due to its
high power density and high conversion efficiency [10]. Kinetic
energy can be transduced into electricity due to the vibration be-
tween the coil and the permanent magnet based on the Faraday’s
law of electromagnetic induction. The output of EM harvester
is typically a low voltage, low power ac source [11], [12], which
needs to be boosted by an ac–dc rectifier to supply stable power
to the IoT devices.

The diagram of the traditional EM harvesting systems is
illustrated in Fig. 1. The kinetic energy of vibration is transduced
into ac electricity, and then regulated to provide dc voltage to
the load with or without battery. The electric power generated
from the EM harvester is vulnerable to environmental variations,
while the IoT devices operate in the rated power in active mode.
This leads to the power mismatch between the harvester and
load. The harvested power cannot be fully utilized or the load
devices cannot operate normally without enough power. In such
distributed energy harvesting systems, maximum-power-point-
tracking (MPPT) is widely used. Moreover, the load usually
requires a well-regulated voltage. However, if the PEI operates
in voltage regulation mode, MPPT cannot be realized simul-
taneously. Therefore, the power matching, MPPT, and voltage
regulation should be all satisfied when designing the PEI.

The basic function of the PEI is to rectify the ac voltage into
a stable dc voltage, and to supply the IoT device. Traditional
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Fig. 2. Schematic of the proposed three-port PEI.

two-stage ac–dc converter with diode bridge is unsuitable for
low voltage applications due to the high diode forward voltage.
In [13]–[15], several single-stage ac–dc PEIs without diode
bridge are reported. However, only voltage regulation is im-
plemented. The power mismatch between the generator and
the load is not addressed. The output voltage is unstable due
to intermittent feature of the harvested power. To improve the
robustness of the output voltage, many solutions are reported
in the literature. In [16]–[18], different multi-input PEIs are
proposed to achieve a stable output voltage via incorporating
multiple harvesting sources. In [19] and [20], resonant converter
based energy harvesting solutions are proposed to achieve a high
robustness by improving the efficiency. However, MPPT cannot
be realized due to the lack of control degree-of-freedoms. In [21],
MPPT for EM energy harvesting systems is achieved. While the
output voltage regulation is sacrificed.

The literature survey indicates that an extra battery port can
offer more flexibilities for the energy harvesting systems. In [22],
an energy harvesting system with maximum power extracting
control is proposed to increase the harvested power. All the
harvested power is transferred to the battery and the load is
powered by the battery directly. However, MPPT for ac source
is complicated due to the periodical variations of the voltage
and the current. The output voltage cannot be regulated tightly
because the battery voltage varies with the stage-of-charge.
In [23], an ac–dc wind energy harvesting system with MPPT
is proposed. However, the equivalent impedance of the ac
source should be measured in advance to implement MPPT.
In [24], an accurate model of the EM harvester is built to realize
impedance matching. The maximum harvested power can be
traced precisely. However, the control method is complex and
high real-time computing burden is required.

To improve, a three-port PEI to implement MPPT of the EM
harvester is proposed in [25]. This article is the extension of the
conference paper. The schematic of the PEI is plotted in Fig. 2.
The power matching between load and generator, MPPT, and
load side voltage regulation can be realized simultaneously.
The battery and the linkage bidirectional dc–dc converter serve
as the buffer to achieve all those three targets. In addition, the
output voltage is regulated by a stable battery instead of an
intermittent EM harvester. Therefore, the output capacitance
can be reduced remarkably. The maximum power point (MPP)
is traced by monitoring the battery current, which is much
simplified. Both the system reliability and the energy utilization
rate are enhanced. Moreover, zero-current-switching (ZCS)
and zero-voltage-switching (ZVS) techniques are enforced to
improve the efficiency of the PEI. In comparison with [25], the
following extended contents are added in this article:

1) specific algorithm flowchart of MPPT;
2) comparisons with state-of-the-art;
3) simulation results;
4) experimental results.
The main novelties and contributions of this article are sum-

marized as follows. First, a three-port converter for energy
harvesting systems is proposed. The power matching between
load and generator, MPPT, and output voltage regulation can be
realized simultaneously. Second, a simplified MPPT algorithm,
which only monitors the battery current, is developed to extract
maximum power from the ac source. Third, the regulations of
power and output voltage are fully decoupled with different
control degree-of-freedoms. Fourth, elaborate design guidelines
are provided to ensure wide ZVS range and accurate maximum
power point tracking.

This article is organized as follows: Section II introduces
the operation principles of the proposed topology. Comparisons
with state-of-the-art are listed in Section III. Detailed design
guidelines are provided in Section IV. In Section V, the con-
trol strategy is presented. The simulation results are shown in
Section VI. Section VII demonstrates the experimental results.
Finally, Section VIII concludes this article.

II. OPERATION PRINCIPLES

Fig. 2 shows the schematic of the proposed three-port PEI,
where a bridgeless rectifier and a bidirectional buck–boost con-
verter are used to connect the ac source, load, and battery. Zin

represents the equivalent source impedance of the microgener-
ator. C1 operates as an input EMI filter. The battery functions as
an energy buffer to compensate the power mismatch.

A. Bidirectional Buck–Boost Converter

As mentioned before, the output voltage is regulated by
the bidirectional buck–boost converter. The bidirectional buck–
boost converter links the load and the battery, as shown in Fig. 2.
Vb represents a rechargeable battery, which can be either charged
or discharged. Usually, the terminal voltage of the rechargeable
battery is lower than output voltage. Hence, the battery is placed
on the low voltage side. The driving signals for S3 and S4 are
complementary with certain deadband. Thus, the bidirectional
buck–boost converter can only operate in continuous conduc-
tion mode (CCM). The relationship between Vo and Vb always
satisfies

Vo = Vb/d3 (1)

where d3 is the duty cycle of S3. Thus, Vo could be tightly
regulated via bidirectional buck–boost stage.

The key waveforms of the bidirectional buck–boost converter
in different operating modes are plotted in Fig. 3. The bidi-
rectional buck–boost converter can operate in buck, boost, and
boundary modes depending on the direction of the power flow.
At steady state, the converter operates in buck mode when the
average current of L2 is positive. Electric power flows from high
voltage side to low voltage side over an average period. On the
contrary, the converter operates in boost mode when low voltage
side delivers power to high voltage side with negative average
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Fig. 3. Current waveforms of L2 in different modes.

current of L2. In the boundary mode, there is no net power flow
over an average period since the average current of L2 is zero.

ZVS of S4 can be realized due to the negative current of L2.
During the deadband after S3 is turned OFF, the negative iL
charges and discharges the output capacitors Coss of S3 and S4,
respectively. Thus, S4 can be turned ON with zero voltage. The
mechanism of S3’s ZVS functions in a similar way.

B. Bridgeless Rectifier

The basic function of this bridgeless rectifier is to rectify
the low amplitude ac voltage to a dc voltage. In this article,
to simplify the circuit analysis, an ideal sinusoidal ac voltage
is used to emulate the output voltage of the harvester. It can be
represented as

vin(t) = Vinsin(2πt/Tin) (2)

where Vin is the magnitude of the input voltage and Tin is the
period. An input capacitor is used to filter the high frequency
components of the harvester’s output current. Meanwhile, the
input capacitor has a minimal impact on the phase shift between
the EM harvester current and the input current of the rectifier.
Thus, the voltage of C1 can be represented as

vC1(t) = VC1sin(2πt/Tin) (3)

VC1 is the magnitude of the capacitor voltage which is lower
than Vin due to the voltage drop of the source impedance. Vo

is the tightly regulated output voltage to power the IoT devices.
The load is emulated by an equivalent resistor Ro.

A single-stage boost-type bridgeless rectifier for low-voltage
systems is adopted to manage the power of the EM source. In
the positive half cycle, S2 is always ON and S1 operates as the
main switch. On the contrary, in the negative half cycle, S1 is
always ON and S2 operates as the main switch. Therefore, a
polarity detector is required to detect the sign of input voltage.
The duty cycles ofS1 andS2 in switching mode are identical and
defined as d1. The input current waveform is shown in Fig. 4.
Two boost topologies function in the positive and negative input
half cycles. The peak current of each switching cycle follows
the shape of the input voltage. The rectifier always operates in
discontinuous condition mode (DCM) in each switching period.
Both the MOSFETs turning-ON and the diodes turning-OFF occur
at zero current, which reduces the switching loss remarkably.

Fig. 4. Typical input current waveforms. (a) Macroscale. (b) Microscale.

C. Output Voltage Regulation

In the topology, the bridgeless rectifier and the bidirectional
buck–boost converter are cascaded with a shared dc link. The
output voltage is only regulated by the bidirectional buck–boost
stage. This is because the bidirectional buck–boost converter
operates in CCM while the bridgeless rectifier operates in DCM.
The output voltage is assumed as a constant Vo. The volt-second
balance of both L1 and L2 should be satisfied. The volt-second
balance ofL2 in bidirectional buck–boost converter is expressed
as

Vb(1 − d3)Ts = (Vo − Vb)d3Ts. (4)

Because there is only one control freedom d3, the output
voltage is only related to d3 to meet the volt-second balance.
The output voltage is derived as

Vo = Vb/d3. (5)

The volt-second balance of L1 in bridgeless rectifier can be
expressed as

vC1(t)d1Ts = (Vo − vC1(t))d2Ts. (6)

Due to there are two variables d1 and d2 when the bridgeless
rectifier operates in DCM, d2 is adjusted with d1 to meet the volt-
second balance without the effect of Vo. Thus, the output voltage
is not influenced by the operation of the bridgeless rectifier.
Only the harvested power is influenced by the operation of the
bridgeless rectifier. The battery voltage is more stable than the
microgenerator terminal voltage. Hence, the output voltage can
be better regulated with smaller voltage ripple compared with
the traditional two-port ac–dc converters.
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Fig. 5. Equivalent circuit of the rectifier.

D. MPPT Realization

Extracting the maximum power is essential for energy har-
vesting systems to maintain a long energy self-sufficient opera-
tion time. The basic idea to implement MPPT is using impedance
matching. As shown in Fig. 5, when the input impedance of
the rectifier equals the source impedance of the EM harvester,
the maximum power can be harvested. In order to simplify
the analysis, some assumptions are made during one switching
cycle.

1) The output filter capacitanceC is sufficiently large to keep
the output voltage Vo constant with ignorable ripple.

2) The voltage of input filter capacitor is considered as an
ideal sinusoidal voltage source. This voltage source serves
as the input of the ac terminal of the PEI. The voltage is
expressed as (3). The switching frequency is much higher
than the frequency of the ac source. Therefore, in every
switching period, the input voltage can be considered as a
dc voltage which does not vary.

3) All components are considered as ideal with ignorable
power losses.

As indicated in Fig. 4, the inductor current iL1 increases
linearly during the time interval of d1Ts. Thus, the peak value
of input current can be expressed as

ipk(t) = d1TsvC1(t)/L1. (7)

According to the volt-second balance of the inductor

vC1(t)d1Ts = (Vo − vC1(t))d2(t)Ts. (8)

The average power over a switching period is derived as

p(t) =
vC1(t)ipk(t)(d1 + d2(t))

2
. (9)

The input energy of the positive half cycle is derived as

Ein =

∫ Tin/2

0

vC1(t)ipk(t)(d1 + d2(t))

2
dt. (10)

According to (6)–(9)

Ein =

∫ Tin/2

0

v2
C1(t)Tsd

2
1

2L1

(
1 +

vC1(t)

Vo − vC1(t)

)
dt. (11)

It should be noted that the output voltage of the microscale EH
is typically below 0.5 V while most electronic loads should be
driven by a 3.3 V voltage. The output voltage is much higher than

the input voltage. Therefore,
vC1(t)

Vo − vC1(t)
can be approximated

Fig. 6. Characteristics of power versus d1.

to zero. Thus, the input energy through the rectifier over a half
cycle can be derived as

Ein ≈ V 2
C1Tsd

2
1Tin/8L1. (12)

Without considering the conducting loss and switching loss,
the average input power during positive half cycle is equal to
that of negative half cycle. Therefore, the average input power
can be calculated as

〈Pin〉 = Ein

Tin/2
= V 2

C1Tsd
2
1/4L1. (13)

Thus, the equivalent input resistance of the bridgeless rectifier
Re can be derived as

Re =
(VC1/

√
2)2

〈Pin〉 = 2L1/d
2
1Ts. (14)

It should be noted that its input impedance Re is only related
to d1 and L1 for fixed switching frequency. The load (Ro) and
the bidirectional dc–dc converter have no impact on Re. The
input impedance can be regulated by d1 if the parameters of the
rectifier is fixed. Therefore, MPPT can be fully decoupled with
the output voltage regulation.

Perturb and observe (P&O) method is a popular method to
achieve maximum power extraction [26]. However, real-time
detections of the input voltage and current are required. A com-
plex arithmetic logic leads to high computing burden. Open-loop
peak output voltage tracking is another method [21]. However,
The output voltage regulation is sacrificed. In this article, a
unique MPPT method is proposed for the adopted three-port
PEI.

When the loss of the converter is ignored, according to the
law of energy conservation

Pin + Pb = Po. (15)

The power of the battery can be expressed as

Pb = 〈ib〉Vb. (16)

According to (15) and (16)

Pin = Po − 〈ib〉Vb. (17)

Since the power of load and the voltage of the battery change
slowly at steady state, they can be assumed constant in the time
to implement MPPT. Therefore, the MPP of the ac input port
can be traced indirectly by monitoring the average current of
the battery. The relationship among the power of three ports are
illustrated in Fig. 6. The green curve represents the input power
of ac source. The load power is demonstrated as red curve which
is constant. The battery power is adjusted to compensate for
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Fig. 7. Algorithm flow diagram of MPPT.

the power mismatch, as indicated by blue curve. The minimum
battery power corresponds to the maximum ac source power
when the input impedance of the rectifier is identical to the
source impedance of the EM harvester. The minimum battery
power can be tracked by minimum battery current due to the
battery voltage can be assumed constant. The battery current is
in direct proportion to the battery power. Thus, the ac port MPPT
is simplified by tracking the minimum current of the dc port.

According to Fig. 6, when operating on the left of the MPP,
increasing d1 leads to the increase of ac input power. While
when operating on the right of the MPP, increasing d1 leads to
the decrease of the ac input power. Correspondingly, the slope
of battery current is zero at the MPP, negative on the left of the
MPP, and positive on the right, as given by

⎧⎨
⎩

dib/dd1 = 0, at MPP (18)
dib/dd1 < 0, left of MPP (19)
dib/dd1 > 0, right of MPP (20)

.

The slope of battery current can be obtained by discretization
analysis. Fig. 7 shows the flow chart of the MPPT algorithm.
The battery current and the period of ac source are the inputs.
The battery current is sampled at high frequency. The period
of the ac source can be acquired by the polarity detector. Thus,
the average current of the battery current can be calculated over
a period of ac source. The duty cycle in the MPP can be got
as shown in the flowchart of Fig. 7. Once the MPP is reached,
the EM harvester is maintained at this point unless a change in
Δib is noted, indicating a change in vibration conditions and the
MPP. The algorithm decreases or increases d1 to trace the new
MPP.

E. Power Flow Scenarios

Based on the power relationship between the EM harvester
and the load, there are four possible scenarios. The power flow
diagrams are demonstrated in Fig. 8.

Fig. 8. Power flow in different scenarios.

1) Scenario I, the power generation is matched to power
demand, i.e., Pin = Po. Battery provides zero net power.
Indeed, this case rarely happens.

2) Scenario II, the generated power of the ac source is higher
than the load power, i.e. Pin > Po. Battery absorbs the
extra power. Hence, the battery is charged.

3) Scenario III, the harvested power is not enough to supply
the load, i.e.,Pin < Po. Battery provides redundant power
to the load. Hence, the battery is discharged.

4) Scenario IV, the EM harvester is in idle mode. Only the
bidirectional buck–boost converter supplies power to the
load. In this case, Pb = Po.

III. COMPARISONS WITH STATE-OF-THE-ART

Compared with the traditional bridgeless rectifiers [13], [14],
[21], there are some improvements for the proposed three-port
PEI. First, the output voltage of the proposed PEI is supported by
stable battery instead of an intermittent EM harvester. Therefore,
a more stable output voltage can be guaranteed. The output
capacitance of the traditional bridgeless rectifier usually needs
to be large to filter the low-frequency ac components. In contrast,
the output capacitance of the proposed PEI can be significantly
reduced since only switching-frequency harmonics need to be
filtered.

Second, the duty cycle of the rectifier is utilized to regulate
the output voltage in traditional solutions. A high duty cycle
is usually needed due to the high voltage gain, which induces
more conduction losses and switching losses. In contrast, the
duty cycle of the rectifier stage in this proposed three-port PEI
is utilized to realize MPPT. The duty cycle can be designed in a
proper range to mitigate the losses.

Third, the utilization of the EM generator power is improved.
MPPT technique ensures that the maximized power is harvested.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON

Finally, the power mismatch issue is addressed by the battery.
Redundant energy of the harvester can be stored in the battery.
The load power can be provided by the battery when the EM
harvester is in idle mode. The reliability of the energy harvesting
system is enhanced.

Some three-port converters are also reported in [21]–[23].
However, the output voltage regulation ability is sacrificed in
[21] and [22]. The detailed comparisons are summarized in
Table I. We designed a board-level prototype to verify the proof-
of-concept in a fast manner. The power density can be improved
a lot by integrated design. Moreover, the output capacitance
is much reduced with the same level of voltage ripple, which
also contributes to the improvement of the power density. The
reliability is mainly related to the energy storage system. Due to
energy harvesting source is usually vulnerable to environmental
variations, energy storage devices can improve the reliability of
the system effectively.

IV. DESIGN GUIDELINES

In this section, design guidelines for the three-port PEI are
presented. To realize MPPT, the bridgeless rectifier needs to be
designed to offer a matched impedance to the energy harvesting
source. The ac–dc converter is designed to boost sub-volt ac
voltage to a dc voltage (3.3 V). The rectifier should also be
designed to operate in DCM, which makes the output voltage
decoupled with the rectifier stage. Moreover, it’s also beneficial
to achieve the ZCS turning-ON for S1, S2 and the ZCS turning-
OFF for D1, D2. The switching loss can be reduced and the
efficiency can be improved. Based on the volt-second balance in
bridgeless rectifier stage, the following equations can be derived:

d2(t) = d1
vC1(t)

Vo − vC1(t)
. (21)

At the maximum harvesting power point, impedances are
matched

Zin = Re = 2L1/d
2
1Ts. (22)

Thus, the duty cycle can be expressed as follows:

d1 =

√
2L1

ZinTs
. (23)

The following equation should be satisfied to ensure DCM:

d1 + d2(t) < 1. (24)

Fig. 9. Profiles of input impedance versus d1 of bridgeless boost rectifier with
different L1.

Combining (21)–(24)

L1 <
ZinTs

2

(
Vo − vC1(t)

Vo

)2

. (25)

Thus, the upper limit of L1 can be calculated when vC1(t) is in
peak value.

As derived in (14), the input impedance of the rectifier de-
pends on the duty cycle d1 and L1. The curves of the input
impedance versus the duty cycle d1 with different inductances
are plotted in Fig. 9. It shows that the input impedance decreases
with the increase of d1. In a practical converter, the duty cycle is
generally limited within 0.2–0.9. The appropriate L1 should be
designed so that matched d1 can fall into the normal operation
range. L1 is selected as 3μH based on the profile in Fig. 9 and
inner impedance. Thus, the input resistance can be adjusted over
a wide range from 0.4 Ω to 7.5 Ω to match the inner impedance.
The range of input resistance is sufficient as it is wider than the
variation range of the inner impedance.

As for the bidirectional buck–boost converter, the reduction
of conduction loss and ZVS conditions of S3 and S4 are the
main considerations of the design. In order to realize ZVS of
S4, a negative current of iL2 before S4 is turned ON is required.
Thus, the following equation should be satisfied:

ΔiL2

2
> 〈iL2〉 . (26)

As shown in Fig. 3, when the load is only powered by the
battery, 〈iL2〉 reaches its peak value. Thus, this extreme condition
for the ZVS of S4 should be considered. 〈iL2〉 can be expressed
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Fig. 10. Control circuit of the proposed converter.

TABLE II
COMPONENTS IN THE PROTOTYPE

in this condition

〈iL2〉 = V 2
o

RoVb
(27)

ΔiL2 =
Vb(1 − d3)Ts

L2
. (28)

According to (26)–(28)

L2 <
V 2
b (1 − d3)RoTs

2V 2
o

. (29)

ZVS condition of S3 can be derived in a similar manner.
However, ZVS of S3 can be achieved easily. Larger inductance
corresponds to smaller rms current, which is beneficial to the
reduction of conduction loss. Thus, L2 should be designed as
large as possible with (28) satisfied. To limit the inductor volume
and to reverse sufficient ZVS margin,L2 is selected to be 100μ H
in this design.

V. CONTROL STRATEGY

The simplified control scheme is illustrated in Fig. 10. The
operations ofS1 andS2 are different in positive and negative half
cycles. Hence, a polarity detector is adopted to detect the sign
of ac voltage, as depicted in Fig. 10. Due to the battery voltage
varies with state-of-charge of the battery, a negative feedback
closed-loop control is adopted to regulate the output voltage.
The output voltage is fed to the analog-to-digital converter of
the digital controller by going through a low pass filter, as
shown in Fig. 10. DSP TMS320F28379D is employed as the
microcontroller. The main electronic component models are
shown in Table II.

Fig. 11. Simulated waveforms in Scenario II.

In order to design the closed-loop controller, the small-signal
model is obtained by modeling the bidirectional buck–boost
converter. Indeed, it is identical to the state-space averaging
model of classic buck/boost topology [27]. Its control to output
transfer function is derived as follows:

v̂o(s)

d̂(s)
=

D′Vb

(
1 − sL

D′2Ro

)
LCs2 + L

Ro
s+D′2 . (30)

A digital PI algorithm is implemented in the control loop
based on the small-signal model of the converter. The output
voltage can be regulated by adjusting the duty cycle of S3 and
S4.

The MPP is traced by monitoring the average current of the
battery. The point of maximum power corresponds to the point of
minimum battery current. The current of the battery is sampled
by the current sensor. The point of minimum battery current can
be traced by adjusting the duty cycles of S1 and S2.

VI. SIMULATION RESULTS

Fig. 11 shows the simulation waveforms in Scenario II.
The harvester is emulated by an ac source with certain source
impedance. The converter is controlled to operate at the MPP.
The rms value of vC1 is half of that of vin, which indicates the
matching of impedance. The high frequency ripple of vC1 is
obviously reduced and the phase shift between vin and vC1 is
small due to the proper input capacitance. As for the bidirectional
buck–boost stage, iL2 exhibits a double-frequency component
compared with ac input voltage. This is because the frequency
of power is doubled in comparison with the frequency of the ac
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Fig. 12. Simulated waveforms in Scenario III.

source voltage. Moreover, the high-frequency ripple current can
also be observed in iL2. Compared with iL2, the high frequency
current ripple is filtered by C2 as shown in ib. Therefore, ib is
more suitable to be sampled than iL2. As shown in Fig. 11, the
average current of ib is negative, which indicates that the battery
absorbs net power from the harvester. The simulated waveforms
in Scenario III are presented in Fig. 12. The input voltage is low
and the harvested power is insufficient to supply the load. Battery
provides redundant power to the load. Thus, the average current
of ib is positive. Similarly, the average current of the battery is
zero in Scenario I. In Scenario IV, the converter operates as a
typical boost converter. The battery provides power to the load.

VII. EXPERIMENTAL RESULTS

A three-port converter prototype, which process the power
among a 0.6 V, 100 Hz, ac source, a 1.2 V battery, and a 3.3 V con-
stant voltage load is developed and tested. An electromagnetic
microgenerator is designed to generate a low power ac voltage.
The harvester rig is exhibited in Fig. 13. The permanent magnet
is loaded on a rotating motor to generate a rotating magnetic
field. The static coil cuts the rotating magnetic field. Based on
Faraday’s law of electromagnetic induction, an ac voltage is
induced. The magnitude of the open-circuit ac voltage is 0.6 V
and the frequency is 100 Hz. The internal resistance and induc-
tance of the coil are measured as 0.8Ω and 400 μH, respectively.
The output of the harvester is not a standard sinusoidal voltage,
which is more similar to practical applications. Experiments are
conducted to verify the effectiveness of the proposed concept.
The ratings of selected components are shown in Table III. The

Fig. 13. Picture of the low power microgenerator.

TABLE III
PARAMETER OF COMPONENTS

pictures of the proposed three-port PEI are given in Fig. 14.
In order to minimize the profile of the designed prototype,
surface-mounted components are adopted. The power circuit
is placed in the front of the printed circuit board (PCB) and the
signal circuit is designed in the back of PCB.

An open-loop experiment is conducted to trace the MPP by
monitoring the average current of the battery. The battery current
is sampled and the average current of the battery current is
calculated. The experimental data are recorded in Fig. 15. The
blue cure demonstrates the relationship between the duty cycle
and the average current of the battery. The red curve represents
the average battery power, which equals the average current of
the battery multiplied by the battery voltage Vb. The average
current of the battery reaches the valley value when the duty
cycle of d1 is set as 0.44. Thus, the battery power is at its valley.
Based on (17), the maximum power of the energy harvester can
be harvested in this Scenario. The experimental results indicate
that the maximum power point can be tracked by controlling
the duty cycle of S1 and S2. Therefore, the proposed MPPT
algorithm is validated.
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Fig. 14. Picture of the designed prototype.

Fig. 15. Open-loop plot of power and average battery current versus duty cycle
d1.

Fig. 16 shows the experimental waveforms of the polarity
detection and the driving signal of S1 and S2. In the positive
half cycle, S2 is always ON. S1 operates as the main switch.
In the negative half cycle, S1 is always ON. S2 switches with
an adjusted duty cycle. Fig. 17 shows the steady-state experi-
mental waveforms when two stages operate simultaneously. The
inductor current envelop is synchronized with the steady-state
input voltage. The input current iin follows the shape of vc1.
The output voltage is regulated at the rated voltage with small
ripple. To compare, an experiment of the bridgeless rectifier with
identical parameters is conducted, which is similar to traditional
direct ac–dc rectifier. The experimental waveforms are captured
in Fig. 18. Since the output voltage is regulated by the rectifier
stage, the ripple of the output voltage is much higher compared
with the proposed three-port PEI. The operating condition when
the EM harvester is in idle mode is also verified experimentally.
The waveforms of the bidirectional dc–dc converter are captured
in Fig. 19. Its output is featured with low ripple voltage, which
validates the benefits of the bidirectional buck–boost regulation.

Fig. 16. Experimental waveforms of the polarity detection.

Fig. 17. Experimental waveforms with three-port mode.

Fig. 18. Experimental waveforms of the bridgeless rectifier.

It also demonstrates that the battery can power the load indepen-
dently. The critical switching waveforms of ZVS are captured
in Fig. 20. As shown in Fig. 20, there is no overlap between
the rising edge of vgs and falling edge of vds. This validates the
ZVS realization. Moreover, the efficiency of the design power
stage at MPP is measured as 66.2%. The efficiency data are
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Fig. 19. Waveforms of the bidirectional dc–dc converter.

Fig. 20. ZVS waveforms of the bidirectional dc–dc converter.

TABLE IV
LOSS DISTRIBUTION

calibrated with a high-precision power analyzer (PPA4530 from
Newtons4th Ltd). The converter operates in Scenario II. The
output power is 24 mW and the battery absorbs 2 mW power.
The loss distribution of the proposed three-port converter can
be estimated by the datasheets of the components. The results
are shown in Table IV. The battery should provide power to the
load independently in certain cases. The conversion efficiency
of bidirectional buck–boost stage with different output power is
measured and plotted in Fig. 21.

Fig. 21. Measured efficiency of bidirectional buck–boost converter.

VIII. CONCLUSION

In this article, a three-port power electronic interface is pro-
posed for low voltage energy harvesting systems. It contains
a bridgeless rectifier and a bidirectional buck–boost converter
that connects a rechargeable battery. Each stage of the con-
verter is analyzed in detail. The output voltage and MPPT are
fully decoupled with different control variations. Therefore, the
voltage regulation and MPPT can be realized simultaneously.
The output voltage is well regulated by bidirectional stage with
more stable characteristics. A simple MPPT method with only
monitoring one current is proposed for this converter. Four
possible scenarios are summarized. The parameters of the con-
verter are optimized to facilitate the ZVS of the MOSFETs and
MPPT. Finally, a 24-mW rated three-port prototype is designed
and tested to verify the proof of concept. Experimental results
demonstrate the feasibility and effectiveness of the proposed
topology and modulation scheme.
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