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Abstract—The proposed cross-source energy (CSE) harvesting
system accepts universal energy sources, including the ac and dc
sources. The buck—boost conversion of CSE automatically converts
ac or dc input into dc output without being limited by the type of
universal energy source. The CSE technique simultaneously sup-
plies the regulated output for the system loading and the battery
charging output. A test chip fabricated in the VIS Bipolar, CMOS,
and DMOS (BCD) process can optimally derive harvest energy
with 72.5% power efficiency when one solar input source is used.
A backup converter is designed to complement the CSE technique
to guarantee the regulation of output voltage. The proposed ana-
log iterating-based (AIB) maximum power point tracking (MPPT)
technique achieves 94.6 % tracking efficiency without complex data
calculation and storage, which are better results compared with
those of previous research.

Index Terms—Analog iterating-based (AIB) maximum power
point tracking (MPPT) technique, cross-source energy (CSE) har-
vesting system, universal energy sources.

1. INTRODUCTION

NERGY harvesting techniques have been widely dis-
Ecussed on wireless sensor networks or portable appli-
cations [1]-[4]. The most commonly discussed applications
include wireless sensor nodes (WSNs) for health care, embed-
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ded or implanted sensor nodes for medical applications, tire
pressure monitoring in automobiles, battery recharging of long-
sustainability systems, security or guard systems in housekeep-
ing, and environment change monitor systems. In particular, the
Internet of Things (IoT) requires energy-harvesting techniques
to obtain sufficient energy for extended battery usage time.

As depicted in Fig. 1, energy sources can be divided into
two basic types: direct current (dc) and alternating current (ac)
energy sources. DC energy sources include thermal energy and
solar energy. By contrast, there are many types of ac energy
sources, such as electromagnetic radiation, wind power, RF
power, and kinetic energy [5]-[14]. In this paper, the input
power range of the proposed cross-source energy (CSE) har-
vesting circuit is 200 ©W to 50 mW. Input voltage can range
from 0.06 to 5 V. According to Fig. 1, the energy sources that can
be utilized are solar cell, wind power generator, magnetic coil,
and piezoelectric kinetic energy. However, the output power of
the harvested RF and thermal energy is lower than the required
energy of some complex systems. Moreover, the energy supply
of a harvesting source may not satisfy the high-power consump-
tion of an application. Battery capacity and power delivery path
require proper settings to maintain proper function.

Batteries are the most commonly used power source in con-
ventional portable electronics. Considering the use of an energy-
harvesting system, the overall performance needs to outperform
a battery solution in energy density, power density, and/or cost.
Typically, the niche for energy harvesting is in long-lived appli-
cations where energy density is critical and the location of the
devices may not be reachable [7].

To overcome the disadvantages of both energy-harvested and
battery-supplied systems, a hybrid mode power supply system
is recommended. Recharging a battery is preferred when using
a harvested-energy system. The battery supplies high power (up
to several mWs) during a short period of time (as the receiving,
transmitting, and polling mode), whereas the energy harvester
charges the battery with a trickle current during the remainder
of the time. Fig. 2 shows the system diagram of a conventional
cascaded harvesting system. AC-DC and DC-DC converter
stages deal with the input source to generate charging current
to the storage device. The DC-DC converter stage regulates
the system. This structure conforms to the preferred scenario,
and it is commonly used in many applications. However, the
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conversion of the input energy uses the two-step approach,
which results in low efficiency. To further optimize conversion
efficiency and reduce energy loss, the additional conversion
loss induced by two-stage structure can be lowered if the energy
is directly transferred to the output load.

The system diagram of a parallel structure harvesting system
is shown in Fig. 3. The parallel structure can improve con-
version efficiency and maintain charging function. The parallel
structure takes a primary path to directly convert energy to the
load using a single conversion stage to avoid additional conver-
sion power loss. The secondary path transfers redundant energy
to the storage device during charging when the energy source
generates more energy than the required load. A DC-DC con-
verter is placed after the battery to supply the primary path once
the energy source becomes insufficient. This structure brings
more design challenges compared with the conventional cas-

Magnetic coil (< 200pW-5mW)
~10’s V (Coil dependent)

caded structure. First, the primary path of an AC-DC/DC-DC
converter must regulate output voltage. Second, an energy dis-
tribution scheme is required to accurately allot input energy to
primary and secondary paths because the two paths share the
same energy source. Finally, the overhead cost and area caused
by extra circuits must be considered.

Many harvesting circuits are similar to conventional power
converters. However, primary differences exist between energy-
harvesting circuit designs and conventional DC-DC or AC-DC
converter designs. These differences are listed as follows:

1) energy quantity from the source is limited; hence, the load-
ing condition of the system has to meet the characteristics
of the energy-harvesting source;
the energy source is not a fixed voltage or current source;
load or environment also varies;
input voltage may be very low or vary over a wide range;
operation voltage and current have to be defined according
to the MPP.

This paper is organized as follows. The proposed CSE har-
vesting system and analog iterating-based (AIB) maximum
power point tracking (MPPT) are shown in Sections II and
III, respectively. Section IV discusses the experimental results.
Finally, conclusions are presented in Section V.

2)

3)
4)

II. PROPOSED CSE HARVESTING SYSTEM
A. AC Source Energy Harvesting Circuits

In traditional designs, an energy-harvesting circuit with an ac
source has several targets. The ac input must be rectified to the
dc value; otherwise, energy is hardly used or stored. The mag-
nitude of an ac source in the harvesting system varies according
to environmental conditions. Thus, setting a voltage limit for
some ac applications is required to protect the circuit from over-
voltage damage. A two-stage approach, as depicted in Fig. 2,
is the mainstream in ac source harvesting, and this has been
presented in previous literature. According to the input voltage
and current range, the AC-DC structure is required to convert
the input voltage to a proper voltage level for back-end usage.
Fig. 4 shows the summary and function comparison of the har-
vesting structures. The rectifiers and converters are listed from
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high to low power loss and classified according to the different
function requirements. One diode has the forward voltage drop
Vp (approximately 0.7 V) between two terminals, whereas the
voltage drop of one MOSFET is significantly smaller than Vp
and inversely proportional to its aspect ratio. The active rectifier
structure achieves minimum power loss compared with other
AC-DC structures. Harvesting efficiency is defined as output
power Pp divided by available input power Pix [15]. Power
loss Pp,oss in a power delivery path determines the overall ef-
ficiency 7y, as illustrated

_Po _ Pn—Poss _ Px—Fo—Pw
Pix Pix Pix

(D

Uiis

_ 2 i2
where Po = i} pys - Rs iy ave-

Conduction loss Pg is low because resistance Rg of each
switch is slight. Moreover, Po decreases quadratically with
input power Piy. Hence, a simple instruction is provided to
determine the structure and design of the harvesting circuit.

B. DC Source Energy-Harvesting Circuits

In energy harvesting, the number of ac sources is higher than
that of dc sources. The most widely discussed dc harvesting
sources include thermal electric generator and solar cell. The dc
harvesting circuit aims to convert input voltage to a proper and
regulated voltage level for battery charging or system supply.
The energy conversion of dc source harvesting circuits is simpler
than that of ac source harvesting circuits because it is similar
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to conventional DC-DC converters. DC-DC harvesting circuits
can use DC-DC converters to perform voltage regulation in the
system diagram shown in Figs. 2 and 3.

DC-DC harvesting circuits and conventional DC-DC con-
verters have the same design goals. However, the quiescent
power is a more important issue in harvesting circuits than in
conventional DC-DC converters. DC-DC converters may re-
quire reference voltage or bias current that some subcircuits
can provide to support the DC-DC converter regularly. Some
subcircuits such as bandgap voltage reference, comparators, and
amplifiers consume a considerable amount of power. Power loss
may reach up to hundreds of ¢ Ws. If DC-DC converters convert
large output power or require fast transient response, high power
consumption caused by the controller is necessary. However, for
low-input power applications, such as harvesting circuits, the
cost of power consumption may not be affordable. Moreover,
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the input power achieved may be less than the input power that
can be possibly derived. Thus, one of the challenges of DC—
DC harvesting circuits is designing an ultralow power operation
scheme and the corresponding low-power control circuit.

In previous designs, each harvesting circuit is designed for
ac or dc sources. Although custom-made harvesting circuits
achieve better efficiency or have a smaller chip area, these
circuits have many disadvantages. Developing a custom-made
harvesting circuit for any energy source is problematic and not
cost-effective. The difference between each energy source is sig-
nificant; hence, the output power range, output current range,
and output voltage stability are difficult to control. Moreover,
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the functions of these circuits are limited to a narrow input range
or can only receive a specific ac frequency. Therefore, a harvest-
ing circuit that is compatible with a global energy source is the
perfect solution. In a WSN design, the circuit with a wide input
range can simultaneously harvest all energy sources, such as
solar cell (dc source), wind power (ac source), and RF power
(ac source with different frequencies). As a result, the received
energy as well as the energy collecting speed can be higher than
those of other single-sourced harvesting structures.

The difficulties encountered when one harvesting circuit is ap-
plied to universal energy sources, including ac and dc sources,
should be addressed. First, the power stage should be used if
ac or dc input is received. Low power loss in conversion is a
demand. Large input voltage range forces the harvesting circuit
to be capable of up or down conversion of the input voltage
to the regulated output voltage. Consequently, an active rec-
tifier becomes the suitable option. By synchronously control-
ling the four power MOSFETs, wide input range and AC-DC
or DC-DC converter can be achieved simultaneously. Second,
MPPT, which increases harvesting power, is needed. However,
the MPPT method must be applied to ac and dc sources at the
same time [2], [4]-[6]. Conventional perturb and observe (P&O)
method [4]-[6] samples power information periodically. Com-
parison of the power information of the two continuous samples
indicates that the controller adjusts the operation duty or oscil-
lating frequency to maximize input harvesting power [1]-[6].
However, direct ac MPPT must set a sampling period because
the operating frequency varies with different sources. The fre-
quency of ac sources that varies from 2.5 Hz to 1 kHz makes it
difficult to derive power information without any complex data
calculation and storage [1]. Although the ac input source have
been used [1], [3], the proposed MPPT has been shown to work
only in rectifying dc input voltage instead of directly connecting
to an ac source. Conflicting design demand has been observed
in previous studies. To overcome the difficulties stated earlier,
the proposed CSE harvesting system in Fig. 5 for both ac and
dc energy sources should have a direct ac and dc MPPT scheme
capable of attaining high efficiency. The schematic diagram in
Fig. 5 is described in detail in the succeeding part.

C. Proposed CSE Harvesting Circuits

The proposed CSE harvesting circuit provides dual outputs,
as shown in Fig. 6. One regulated output V¢ can supply system
loading, and the other output can charge battery Vg,. For the
input energy source, regulated Vg, has higher priority than
battery V3. to maintain the stable operation of the system. The
battery can be charged if the input energy is larger than the
system loading requirement, as shown in Fig. 6(a) and (b). Both
Pcharge and Po ¢ can be delivered. The MPPT control monitors
the harvesting energy source at its maximum level; thus, an
additional battery works as a buffer to store or provide energy
if loading at V5, cannot be completely provided by the input
energy. As illustrated in Fig. 5, the backup converter connected
between the battery and Vi, ensures the regulation at Vi
if input harvesting energy source is not sufficient, as shown
in Fig. 6(c). The battery cannot be charged by Pcyarge and
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Proaq needs to drain current from the battery. In the feedback
loop, Vierm regulates Vo, ¢. Furthermore, two active diodes that
determine the power delivery path are used to avoid power loss
caused by reverse current where V.¢r is set for the correct
operation of the two active diodes. When an active diode is used
in a converter design, no reverse power is allowed to flow back
to the converter because of its diode-like characteristic.

To accommodate the wide input voltage range from different
harvesting sources, the CSE power stage is designed as a buck—
boost configuration that is composed of six power MOSFETs.
A comparator is connected to Vi, + and Vi, — to recognize the
polarity of the input source. The AIB-MPPT circuit generates
duty control signal Vpy to the fixed frequency pulsewidth mod-
ulation (PWM) controller that can generate gate control signals
Vs1--Vs4, as shown in Fig. 5.

Figs. 7 and 8 show the AC-DC and DC-DC conversion power
delivery paths, respectively. CSE works in a discontinuous con-
duction mode (DCM). In AC-DC conversion, switches .S; and
Sy are turned on to charge the inductor current during a positive
half charging path, as shown in Fig. 7(b). By contrast, switches
So and S5 are turned on to charge the inductor current during
a negative half charging path, as illustrated in Fig. 7(c). The
inductor discharges energy through the discharging path formed
by shorting .S to the ground, as shown in Fig. 7(d). The negative
part of the ac source will be forced to the chip’s ground by
shorting switch Ss. The ground-connected structure releases the
harvesting energy produced by engaging negative voltage and
reduces the risk of body diode leakage. The rectified inductor
current can be always positive. As aresult, the harvesting energy
source is not necessary an ac or dc source; CSE can harvest any
arbitrary type of current source without being limited to periodic
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signals. Moreover, in DC-DC mode, switches S; and S, are Fig. 9(a) shows the circuit implementation of the backup

turned on to charge the inductor current, as depicted in Fig. 8(a).  converter. V,¢ is always higher than V,; hence, the backup
Inductor L discharges power by shorting S5 to the ground, converter is a buck converter working in DCM with zero-
as shown in Fig. 8(b). CSE operates simply as a buck—boost current-detection (ZCD) circuit for high efficiency. The active
converter [5]. diode circuit is depicted in Fig. 9(b) as the comparison between
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Vi, and V,; to determine the conduction of the active diode.
When V}, is larger than V,,, back-to-back configuration will be
conducted. On the contrary, when Vi, is smaller than V,,;, the
back-to-back configuration will be disconnected. Voltage Vi,
is connected to Vp; and Vpo to determine the power delivery
path in Fig. 5. Resistor R}, i can limit the current consumption
of the active diode.

Fig. 10(a) shows the waveform of the proposed CSE harvest-
ing circuit operating at a fixed frequency of 10 kHz if the input
energy source has an ac frequency of 500 Hz. The zoom-in
waveforms of Fig. 10(b) show that once the output voltage is
30 mV below the target voltage due to insufficient harvesting
energy source or load current changes in case of light-to-heavy
loading current variation, the backup converter will be triggered.
Vp1 has 4.2 V rail-to-rail pulses, and the battery charges back-up
inductor L to 100 mA current.

III. ANALOG ITERATING-BASED MPPT

Various harvesting sources, such as photovoltaic, thermal
electric, vibration, or magnetic coil, have their own electrical
and mechanical properties. Output voltage, current, and power
of each source are influenced by the loading effect. For each
source in a steady state, a specific output voltage and current
condition that delivers maximum output power can be derived.
The point is selected as MPP, and the equivalent load on the
MPP is defined and tracked through the MPPT control [1],
[71, [16].
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Fig. 11(a) shows the equivalent model of solar cells. First,
current I generated by solar cells is assumed to be constant in
a steady irradiation condition. If the load at output voltage Vpv
is low, Vpy increases, and leakage current on the parasitic diode
Dg and resistance Rgy is induced. If the load is high, Vpy
drops. Most of the power is wasted on series resistance Rg.
Thus, it is important to determine MPP to enable the extrac-
tion of maximum power under the same environment condition.
Many harvesting systems have proposed useful MPPT circuits
to enhance efficiency and derive the maximum output power
[11, [71, [12], [17]-[19]. Some issues that need to be considered
in a harvesting system with the MPPT function are as follows:

1) the characteristic of energy sources must be determined

before using the MPPT method;

2) power consumption of the MPPT circuit is critical for

many low-power applications;

3) MPPT control will force the input source attain its maxi-

mum output energy;

4) storage device is necessary if the harvesting system in-

tends to have MPPT function;

5) to overcome environmental variations, continuous track-

ing is necessary.

MPP varies under different environmental conditions. Har-
vesting circuits need to control the power delivery condition to
maintain the operation of the energy-harvesting system at its
MPP. The MPPT scheme is a method that tracks input power. If
a harvesting system directly provides supply voltage to the load
system, the MPPT function disables the harvesting system to
regulate the output voltage at the same time; this will occur un-
less the input power is always the same as the load requirement,
which is not possible. Thus, the following general ideas and
methods for implementing the MPPT control are introduced.

A. Impedance Matching

Many harvesting sources have a complex behaviors or mod-
els of their internal equivalent circuit. Previous studies [1], [12],
[20], [21] have presented many optimized designs for differ-
ent characteristics of harvesting sources. These designs have
outstanding output power performance because of their special
operation schemes. However, these circuits can only be ap-
plied to specific sources. Impedance matching method, which is
the most popular and important approach, is a general purpose
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MPPT scheme that can be applied to different sources. Fig. 11(b)
shows the Thevenin equivalent circuit of an energy-harvesting
source that is modeled as ideal voltage source Vg with se-
ries resistance Rg. Generally, all sources can be modeled as
Fig. 11(b) with different Thevenin equivalent impedances even
if the impedance is not pure resistance and inductance and ca-
pacitance are included. However, matching the load impedance

increment

Duty adjust ="~

Fig. 16. Target power and the sampled power status iteratively track each
other due to the proposed AIB-MPPT.

with inner impedance is still valid and provides tracking instruc-
tions when the MPPT is desired.
Power Pp,.q on output loading Ry,,.q is shown as follows:

Vig

2
e ) R @
RS+RLoad> hoad ()

Proaa = II%oa‘d * Rioad = <

Impedance matching theory implies that a system achieves
maximum power transfer when the loading impedance is equal
to the inner impedance. Maximum output power F,oad,max 18
expressed as (3). Matching efficiency 7, is defined as the ratio
of Pioad 10 Pload,max, as shown in (4)

V2
PLoad,max = ﬁ (3)
PLoad 4
’]77” = =
PLoadﬁmax + (QRS/RLoad) + (RS/RLoa(i)2
4)
Fig. 12 shows the matching efficiency under different

impedance errors. Impedance error represents the mismatch per-
centage as compared with the inner impedance of the harvesting
source. When the load impedance is perfectly matched with the
inner impedance, the error percentage is zero and the match-
ing efficiency is consistent. If 90% matching efficiency is de-
sired, the endurable load impedance error ranges from —48% to
+93%. A wide endurable range indicates that even when a large
impedance error percentage occurs, the output power remains
very close to the MPP.

B. Resistor Emulation

Regardless of type, whether switching or linear power con-
verters, an equivalent resistance of the converter can be obtained
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if the ratio of input voltage to the average input current is con-
sidered. This is called the resistance emulation scheme [16],
[22]. Equivalent resistance can be determined by calculating the
average input current. To illustrate, Fig. 13(a) and (b) shows the
charging and discharging phases of the buck—boost converter,
respectively, which are derived when a buck—boost converter
with a constant switching frequency PWM control operates in
DCM. In the DCM operation, inductor current will be released
to zero in every clock cycle. Fig. 14 shows the timing diagram
of the inductor current when input voltage varies in the situation
where the PWM clock and duty are fixed.
The converter’s average input current [iy, ,av¢ S shown as

Ipeak -D o ‘/inT . D2

2T 2L

Iin,avg = (5)
where Ip.,x is the peak current in the charging phase, D is the
duty cycle, T is the time of a switching period, and L is the
inductor.
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By dividing input voltage Vi, by Ii; ave, €quivalent resistance
R can be derived using (6), which is related to L, D, and T

2L
TD?

‘/ill
Req = =

Iin,avg

(6)

Normally, the control factor can be D or T because L is a
selected value and cannot be used as a control factor of the
equivalent resistance. As shown in Fig. 15(a), duty or switching
frequency (controls T) can be used to adjust the value of Ry
through PWM or pulse frequency modulation (PFM) control.
Thus, the converter can be regarded as a tunable resistance to
match the inner impedance and to obtain the maximum output
power.

Several considerations in relation to the resistance emulation
method should be noted. First, in the selection of converter
parameters, R, should fit the inner impedance of the harvesting
source. The coverage range of 2., should be designed according
to the target source. If a switching converter is used as the
emulated resistor, a low-switching frequency will result in a
large switching current ripple. If the energy source’s driving
capability is not sufficient to sink current, the source’s terminal
will reduce significantly. Large voltage variation on some energy
sources, such as a solar cell that has complex equivalent internal
models, will influence the output power condition. Even if the
equivalent resistance is the ratio of the average input voltage
and current, large voltage variation may cause extra power loss
or may diverge the power condition from the MPP.

Under the resistor emulation approach, the MPPT controller
adjusts the control factor of the resistor emulation converter,
such as the duty or the frequency. However, resistor emulation
only adjusts the operation point. Adjusting the operation mode
changes the emulated loading to match the characteristic of
the harvesting source. However, determining the MPP requires
the MPPT method. The output power of the energy source
should be sampled to define the power status. Based on the
power status, the adjustment is meaningful. By continuously
sampling and comparing the power status through the adjust-
ment, the harvesting system can eventually operate at the MPP
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output voltage of a solar cell with the MPPT operation is shown
Vo | | | I | | in Fig. 15(b). At the start of adjusting the MPPT process, the
™ ", SR el output power is measured after each adjustment. If power in-
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Measured ac input conversion with and without backup converter.

Solar cells

of the energy source. Different harvesting sources and operation
conditions require various tracking methods to obtain MPP.
For harvesting sources with complex models and behaviors,
the general way of tracking the MPP is hill climbing, which is
also called the P&O method [1], [16]. This method has been
used on solar cells for decades because of the complex output
power behavior of solar cells under various environmental con-
ditions. To illustrate, output power and output current versus

creases, further adjustment in the same direction is attempted
until power increase is prevented. If power decreases, the ad-
justment changes to the inverse direction. This scheme is similar
to the hill-climbing method because it tracks the power curve.
Once the adjustment is beyond the MPP, the output power falls
below the MPP. The adjustment turns into the inverse direc-
tion and traces back to the MPP. The tracking operation goes
back and forth around the MPP. To continue tracking the output
power, the MPPT keeps on operating to deal with the environ-
mental variations. Thus, if the environmental condition is stable,
the adjustment will terminate in a limiting cycle oscillation.

C. Analog Iterative MPPT

The hill-climbing method compares the power status after
each sampling and adjusting. However, this method is not suit-
able for simultaneous sampling and adjusting of ac or dc sources.
The iterative-based MPPT method diverts the comparison issue
from the previous sampled power status to a dynamic target
power through the MPPT in the ac or dc source. First, the tar-
get power is allowed to trace the present sampled power status.
Next, the target power level is promoted and the converter is
adjusted to enable the output power to reach the target. The
procedure is repeated, and the power target and sampled power
status iteratively track each other to reach the MPP.

Fig. 16 shows the tracking operation. A target power
represented by voltage signal Vr,,4¢ is compared with the peak
of the current sense signal Vis. At the beginning, Vgt 1S set
to be higher than Vi-g. A timeout period Ty is designed as the
settling time for the converter and the energy harvesting source.
If Vrarger and Veg do not encounter each other within the
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the PWM duty and checks the variation of Vg. The adjustment
may cause output power fluctuation. The increase of Vg to
VTarger before the timeout indicates that output power rises
and the duty adjusting trend is correct. Subsequently, Vrarget
shifts to a higher level as the new target. The adjusting trend
continues at the same direction. However, if Vg cannot reach
VTarget, an incorrect adjustment trend occurs. After the timeout,
the MPPT controller lowers Vr,.40¢ to determine Vg and to
change the adjusting trend. In conclusion, Vrarger is always
set to a slightly higher target value than the recent input power
condition.

The inductor peak current is proportional to the average in-
put power because of the characteristics of the fixed-frequency
DCM and buck—boost operation. Based on this information for
the MPPT, the current sense circuit as shown in Fig. 17(a)
is proposed to monitor the input power. Using ac input as
an example, Fig. 17(b) shows the signal timing diagram. The
digital-to-analog converter (DAC) generates tunable reference
VTargetr for comparison with current sense voltage Vs and to de-
termine the inductor peak current. The period of the input source
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TABLE I
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MEASUREMENT COMPARISONS OF PRIOR HARVESTING SYSTEM

ISSCC 2013 [3] ISSCC 2012 [4] ISSCC 2012 [6] This Work
Technology 0.25 pm 0.13 pm 0.35 pm 0.15 pm
Energy source PZT Thermal Solar Magnetic, solar, wind, PZT
Input type AC DC DC AC or DC
Rectifier Full bridge N/A N/A Direct AC/DC
Converter type Buck Boost Boost Buck-Boost
Storage Li-ion battery N/A N/A Li-ion battery
MPPT algorithm VS-P&O Open circuit P& O P&O AIB-MPPT
Regulated output No Yes No Yes
Input power 25 pW-1.6 mW 40 225W —-36 W 200 pW — 50 mW
Input voltage 5-60 V 40 mV to 0.3V <45V 0.06-5 V
Output voltage 2-5V 2V 12V Regulated: 1.2-2.5 V Charge: 2.6-4.2V
Controller Power N/A N/A 3.68 mW 35 uW
Efficiency 88.7%Q@Vix =30V  61%QViy = 0.3V N/A 72.5%@QVix = 3 V Solar
Die size 9.52 mm? 0.09 mm? 0.441 mm? 1.69 mm?
Design Specifications

Technology VIS 0.15um

Energy source Magnetic, Solar, Wind, PZT

Input type AC or DC

Rectifier Direct AC/DC

Converter type Buck-Boost

Storage Li-ion battery

MPPT algorithm AIB-MPPT

Regulated output Yes

Input power 200pW~50mwW

Input voltage 0.06V~5V

Regulated: 1.2V~2.5V
Output voltage
P g Charge: 2.6V~4.2V
Controller Power 35uW
o 72.5%
Efficienc
y @Vi=3V Solar ‘ : .
Die size 1.69 mm? Ld A il L.I |.' LA
(a) (b)
Fig. 26  (a) Design specifications. (b) Chip micrograph.

is unknown; thus, the timeout circuit can determine the compar-
ison sampling timing. Fig. 18 shows the AIB-MPPT finite-state
machine (FSM). During AIB-MPPT tracking, Vrarget 1S Sup-
posed to be higher than Vg, and the AIB-MPPT sets Vrqpgc¢ t0
a lower level because comparator output Vo p 1S not triggered
to a height within 200 ms. Through several comparisons, Vrarget
reaches Vs to represent the recent input power level. Vrapget
is set to a slightly higher level as the new target for Vig. The
AIB-MPPT adjusts the PWM duty and checks the variation of
Ves. The adjustment may cause output power fluctuation. The
increase of Vig to Vrarger before the timeout indicates that out-
put power rises and the duty adjusting trend is correct. Vrarget
shifts to a higher level as the new target. The adjusting trend
continues in the same direction. However, if Vg cannot reach
VTarget, an incorrect adjusting trend occurs. After the timeout,

the AIB-MPPT lowers Va4t to determine Vg and to change
the adjusting trend. In conclusion, Vr,ge; should always be
set to be a slightly higher target than the recent input power
condition. After repeating the procedure, Vrarger and Vg will
iteratively track each other to attain MPP [5].

The sensing information will be converted by one R-2R DAC
circuit (Fig. 19) and one 7-bit successive approximation register
(SAR) to form the binary search shown in Fig. 20(a). The 7-
bit SAR circuit is composed of five registers, a multiplexer
(MUX), and a D flip-flop (DFF). The register in Fig. 20(b)
operates through the truth table in Fig. 20(c). Ena denotes the
enable signal. The overall operation is expressed in the flowchart
shown in Fig. 20(d). After each comparison, the current working
register will trigger the next register to set the control code ZA[n
— 1] = 1 for the sequent comparison and will subsequently
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receive the comparison result from the Comp to adjust output
ZA[n]to 1 or 0.

After the seven-cycle comparison, the least significant bit
is determined, and the last DFF increases and locks out. The
output of the 7-bit SAR will be used to derive the accu-
rate off-time value. An additional signal “Lock” derived from
the off-chip control can lock out the 7-bit SAR or allow the LSB
of the 7-bit SAR to work continuously. When the calibration is
completed, the AIB-MPPT circuit is shut down to save power.
The tuning range of the sensing circuit has an input voltage
tolerance from 1.2 to 2.5 V. The current mismatch can achieve
110% at the input voltage of 1.5 V.

IV. EXPERIMENTAL RESULTS

The proposed CSE harvesting circuit is tested using four input
sources: wind turbine generator, current transformer (CT), solar
cells, and piezoelectric transducer (PZT) [23]. The measured ac
input conversion with and without the backup converter is shown
in Fig. 21. Measurement results indicate that the CSE harvesting
circuit rectifies the ac input current and directly supplies Vo .
The CSE selects a negative terminal from the ac source and
connects the negative terminal to the harvesting circuit’s ground
automatically. Thus, the circuit does not experience a voltage
lower than that of the ground. V¢ drops periodically because of
the energy dead band in the ac source. During this process, the
system can be supplied by the backup converter to obtain extra
energy and to ensure high-quality and regulated voltage. The
voltage ripple can be less than 30 mV, as shown in Fig. 22(a).
By contrast, Fig. 21 shows the conversion without the backup
converter. The waveform has a significant voltage drop at Vo
during the trough of ac waveforms. When the energy delivered
to Vot s sufficient, the extra energy will be used to charge the
battery. The slope of I}, is significantly steeper when energy is
delivered to the battery, as indicated in Fig. 22(b). Fig. 23 shows
the output ripple and ZCD waveforms of the backup converter.
Fig. 24 shows that the AIB-MPPT can track the maximum input
power and damp within a small range. The CSE system reaches
a peak power efficiency of 72.5% and tracking efficiency of
94.6%, as shown in Fig. 25. Maximum power efficiency can be
calculated based on Eqgs. (1) and (4). Tracking efficiency is based
on (3) and (6). Table I shows a comparison with the findings
of previous studies [3], [4], [6]. The proposed work harvests
energy from either ac or dc sources. Input voltage range is not
limited by output voltage because of the buck—boost structure.
By eliminating the complex data processing, the proposed AIB-
MPPT achieves direct ac source MPPT as well as the benefit of
area and energy efficiency. Fig. 26 shows the design specifica-
tions and chip micrograph with an active area of 1.69 mm? in
VIS 0.15 pm BCD process [5].

V. CONCLUSION

Most state-of-the-art harvesting circuits can only receive dc
energy source or single frequency ac energy source. Moreover,
harvesting ac source energy requires a diode bridge rectifier,
which leads to more power losses. A direct AC-DC and DC-DC
CSE harvesting circuit with AIB MPPT technique is proposed
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in this paper. The buck—boost conversion of CSE automatically
converts ac or dc input into dc output without being limited
by the universal input voltage range. In AC-DC conversion,
the CSE harvesting circuit can accept wide range of ac sources
including the non-periodic ac source through the use of the
AIB-MPPT technique. Furthermore, the proposed AIB-MPPT
technique achieves 94.6% tracking efficiency without complex
data calculation and storage that have not been achieved by
previous techniques. A backup converter connecting V3, and
Vout 1s designed to guarantee output voltage stability.
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