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ABSTRACT As wearables become more widely adopted, powering them from ambient energy sources can
improve reliability and reduce reliance on batteries. Solar photovoltaic (PV) power is a viable power source
for such emerging applications. However, because wearable applications bend and move with the user’s
motion, the PV panels used in these applications experience varying light intensities over multiple PV cells
that reduce power generation in traditional series-string configurations. To address the PV power reduction
problem, a configuration of boost converters with parallel-connected outputs are utilized, which is effective
in uneven lighting conditions. Depending on the load demand and available solar power, a converter control
system should quickly transition between maximum power point tracking (MPPT) and power curtailment
operation. This work evaluates MPPT (perturb & observe and constant-voltage) algorithms and power
curtailment (over-voltage shut-off and flexible power point tracking) methods on their effectiveness in
wearable applications. Experimental results verify that the perturb & observe with flexible power point
tracking effectively adapts to changes in the load and light conditions while maintaining 30% and 31% higher
output power, respectively. It also maintains the maximum component temperature below 29 °C which is a
safe temperature for wearable applications.

INDEX TERMS DC-DC converter, energy harvesting, maximum power point tracking (MPPT), power

! (Senior Member, IEEE),

curtailment, solar photovoltaic (PV) systems, wearable applications.

I. INTRODUCTION

Conventionally, photovoltaic (PV) power has been used for
stationary applications with uniform lighting because it is well
known that uneven lighting and partial shading drastically
decrease output power when PV panels are connected in se-
ries [1]. However, in applications such as wearable devices,
nonuniform lighting and frequent transients are unavoidable.
Wearable sensors and devices can be used for biomedical,
health monitoring, or commercial applications [2]-[4], which
typically rely solely on batteries that need to be recharged

or replaced. This work focuses on emerging wearable appli-
cations that utilize solar PV energy to generate sustainable
power [5], [6]; specifically, the converter and controller de-
sign considerations to most effectively provide reliable output
power.

While PV-powered wearable devices are still emerging
applications, their effectiveness has been shown in previ-
ous literature. Work in [7] examined the power output of a
solar-powered bag using commercial PV cells under realistic
outdoor lighting conditions. By measuring solar irradiance
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profiles on the PV-powered bag application, it was verified
that 2-5 W of power was harvested even under rapidly chang-
ing irradiance. Other work in [8] examined a PV-powered
backpack able to provide 2-8 W of power, depending on the
type of PV cell used. Power levels greater than 0.3 W are gen-
erally sufficient to start charging low-power mobile devices.
Another aspect of enabling a wider range of wearable PV
applications are flexible PV cells. Recent innovations have en-
abled PV cells to be manufactured on textiles [9], but further
development is needed before they are commercially viable.
However, PV cells on flexible plastic substrates are currently
commercially available.

A. CHALLENGES IN WEARABLE PV DEVICES

Despite offering great potential for capturing ambient solar
energy while the device is used, integrating PV panels into
wearable devices comes with its own challenges. Unlike more
traditional stationary PV applications, the wearability of the
device is as important as its technical functionality and a
critical factor to consider in the design process. This means
the user should be able to use the device comfortably, without
discomfort from the structure of the PV panel or circuitry. For
this reason, the PV panel selection and placement on the user’s
body should be given careful consideration. Another design
constraint unique for wearable applications is the lower max-
imum allowable temperature. According to [10], 44 °C is the
threshold for human pain from contact burns and 40 °C results
in a hot sensation on human skin. Since the wearable may
come in contact with skin, the temperature of any component
in the device must stay below 40 °C to reduce discomfort and
ensure the wearer’s safety.

On the other hand, one of the biggest technical challenges
is unavoidable mismatch in illuminance across the PV cells
which can cause substantial power loss if the system is not
properly designed. In larger, rigid PV panels, this loss mainly
occurs because of sunlight variation, such as partial shading,
across series-connected PV cells. However in wearables, PVs
are likely to undergo frequent partial shading (e.g. caused by
user motion or the form factor of the garment/body part).
Rather than using a long series connection of PV cells that
result in a higher voltage, reducing the string length or utiliz-
ing a parallel connection of cells improves output power when
illumination is not uniform [7]. Additionally, the converter
system controlling the PV panels should be able to quickly
adjust to rapid changes in incoming light which is expected
in wearables due to their non-stationary nature. Similarly, PV
power should be reliably delivered to the load, regardless of
the load connectivity and its characteristics. In other words,
operation should not be affected by different loads being con-
nected or disconnected intermittently as long as the incoming
light intensity (even with fluctuations) is sufficiently high.

Since energy harvesting applications have low power bud-
gets, another critical design consideration is the loss in the
converter and the power consumption of the microcontroller.
To achieve a self-sustaining and highly-reliable system, a
lower-power microcontroller employing a control algorithm
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with low power consumption is key. Moreover, it is important
for the energy harvesting converter system to start automati-
cally once the PV power is sufficient to start charging the load.

B. EXISTING CONTROL ALGORITHMS FOR SOLAR ENERGY
HARVESTING

Numerous MPPT techniques have been developed to max-
imize PV output power and ensure efficient system opera-
tion [11]. The majority of traditional MPPT strategies has
been geared towards medium- and high-power systems, where
the power consumption of the controller is negligible com-
pared to the converter power rating [12]. The main goal
of MPPT control is to regulate the PV panel at the MPP,
thus, maximizing the generated PV power. Traditional grid-
connected PV systems continually run MPPT control because
the grid-connection acts as an infinite load that can accept the
full amount of PV power generated.

On the other side of the power range, energy harvesting
applications have a specific load (i.e., not an infinite load) and
the power requirements of the controller are not negligible. In
these applications, the MPP does not always correspond to the
most favorable operating point of the PV. If the power of the
PV panel exceeds the power that the load can accept, overload
may occur, such as exceeding the maximum voltage or current
rating of the components, resulting in component damage.
Therefore, it is imperative to sustain a balance between the
generated PV power and the load such that the generated PV
power does not exceed the load requirements [13]. To achieve
this, power curtailment control algorithms can be utilized to
reduce the PV power output to an appropriate level. One type
of these control methods, originating from grid-connected PV
systems, are flexible power point tracking (FPPT) algorithms,
which have been explored as a hybrid control method with
MPPT in [14]-[16]. Their purpose is to regulate the PV power
to meet a specified power that is lower than the MPP and the
specified power can be dynamically changed by a controller.

Further, for successful implementation of MPPT at lower
power, the power consumed by the control circuit should be
minimal and methods requiring high-level computations and
high power consumption should be avoided [17]. There is a
trade-off between simplicity in implementation and tracking
efficiency, which is particularly pertinent in non-stationary ap-
plications, including wearables, that experience fast-changing
light conditions [18], [19].

In terms of existing control methods implemented in wear-
ables, a low-power wearable application utilizing both thermal
and solar energy harvesting has been discussed in [20],
where a commercial chip using a fractional open-circuit volt-
age (OCV) method was employed. Multiple PV cells were
grouped and placed in parallel on separate sections of a jacket
in order to ensure similar lighting conditions for each group.
While the partition of cells proved useful in reducing the
effects of partial shading, the results indicated a maximum
efficiency of 67% on a sunny day which was reduced to 48%
on a cloudy day. The authors noted the spikes and drops in
output power when the user was in motion and mentioned that
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a more optimized power control strategy was required to keep
up with fast-changing irradiation and to increase the efficiency
of the solar wearable.

Another low-power wearable energy harvester was pro-
posed in [21]. Fast and efficient MPPT was achieved by using
the output current as the sole control parameter. However, the
load was assumed to be fixed during operation which is not the
case for all USB-device loads as the voltage characteristics are
affected by the power provided to the load [22]. In addition,
a flexible bracelet with solar energy harvesting was presented
to power biomedical sensors in [23]. A fractional OCV MPPT
was implemented with a commercially-available ultra low-
power energy harvester. Harvested power charged up a small
lithium battery which then powered the sensors. The efficien-
cies were recorded to reach 85-90%, but the MPPT IC did
not have any thermal protection mechanism for temperatures
below 85 °C. For wearable applications, this temperature limit
is too high and would cause contact burns on human skin
and might also be dangerous with a battery in very close
proximity.

C. TARGET PV-POWERED WEARABLE APPLICATION

The target application is a wearable PV bag system, supplying
up to 2.4 W, with a nominal output voltage of 5 V based
on USB specifications. The target load is a mobile device
with a rechargeable battery, charged through a standard USB
connector, such as a mobile phone or a portable battery pack.
The initial converter implementation of the target application
was realized with single-ended primary-inductor converters
(SEPICs) used in a parallel differential power processing
(DPP) architecture [24], which was chosen to mitigate the
effects of nonuniform light intensities over the panels. The
dc-dc converters were placed in between the dc bus and their
adjacent PV panel to offset the voltage differences between
each panel and the common bus [25]. Using this DPP im-
plementation, a 14.9% improvement was observed from the
standalone SEPIC efficiency to the overall system efficiency,
but the maximum system efficiency remained below 80%. In
the current implementation, it was determined that a direct
converter topology (without galvanic isolation) would yield
higher system efficiency at the target power level of a few
watts, so a standard boost converter topology is utilized.

Fig. 1(a) shows the PV-powered bag prototype with flexible
PV panels attached to the bag’s surface and a USB cable con-
nected to a mobile phone load. Fig. 1(b) shows the proposed
power system structure with the converter mounted behind
the PV panels and then connected together. When the bag
is in use, the PV panels attached to the fabric will point at
different angles and receive different irradiance levels [22].
However, the conventional method of connecting all cells in
series does not effectively transfer PV power to the load [7].
Voltage characteristics of PV cells tend to be less sensitive
to extreme light differences, therefore parallel configuration
proves to be more advantageous when severe mismatch is
expected [26]. Unlike traditional rigid PV panels, flexible PV
panels exhibit a wider range of maximum power point (MPP)

510

Power Converter  se——fs|
Microcontroller

LOad

PV Cell

(b)

FIGURE 1. PV-powered wearable bag (a) prototype and (b) power system
structure.

voltage attributed to the degree of bending they experience
when in use [27]. Therefore, individual maximum power point
tracking (MPPT) of each panel is advantageous to maximize
power.

This work evaluates various power converter system con-
trol methods for their effectiveness in low-power wearable
devices, where uneven lighting conditions are expected over
multiple PV panels. Specifically, an effective control should
maximize the PV power transferred to the load when it can
accept the full PV power, curtail PV power when the load
cannot accept the full power, and transition quickly between
the two operation modes. Based on this evaluation, the most
appropriate combination of MPPT and curtailment control
methods are implemented in a PV-powered wearable sys-
tem used to charge mobile devices. The contributions of this
work are: 1) outlining the specific challenges of power con-
verters used in wearable applications and the need for both
MPPT and power curtailment control, 2) performance evalu-
ation of the constant-voltage and perturb-and-observe-based
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FIGURE 2. System diagram of parallel-connected boost converters.

MPPT algorithms, as well as over-voltage turn-off and active
power curtailment, 3) experimental validation of the perturb-
and-observe-based MPPT with power curtailment control
implemented on multiple parallel boost converters connected
in parallel. The control method is implemented on a low-cost
microcontroller and its performance is validated through ex-
perimentation using 1-W boost converter prototypes. The final
control strategy quickly and smoothly transitions from MPPT
to power curtailment control according to the changing load
conditions.

Il. CONVERTER ARCHITECTURE

The converter architecture for the wearable device consists
of multiple boost converters whose outputs are connected in
parallel to a common bus, as shown in Fig. 2. The bus is then
connected to the load, which is a mobile USB device that nom-
inally operates at 5 V. The PV panel specifications should be
selected such that the PV panel MPP voltage is lower than the
dc bus voltage. If the PV MPP voltage becomes higher than
the bus voltage, exact MPPT cannot be maintained. Although
the nominal output voltage is 5 V, the dc bus voltage can
decrease below 4 V when charging battery loads [22]. Thus,
the MPP voltage of the selected PV panels should be less than
the minimum expected dc bus voltage.

Because of the diode in the boost converter topology, the
system starts up automatically when PV power is produced.
Once light hits the PV panel, it produces current that flows
through the inductor and the diode to charge the bus capacitor.
When the bus voltage is high enough to turn on the microcon-
troller, the control algorithm starts, which begins switching
operation of the converter. Self-startup is essential for energy
harvesting applications, like wearables, especially in this type
of design that does not include a battery.
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The diode of the converter also serves to block continuous
reverse current. This ensures that load power does not dissi-
pate through the PV panel when there is no direct irradiance.
Since the irradiance levels on the PV panels in this application
are expected to vary widely, reverse current flow protection is
a requirement.

1Il. SYSTEM CONTROL ALGORITHMS

A major challenge of PV energy harvesting applications is that
the potential input PV power may be at or above the range of
power that the load can accept. Moreover, in wearable devices,
the input power can transition quickly and frequently between
the different levels of power relative to the load power. For this
reason, the system control algorithm should quickly transition
between these states and maximize power to the load while
ensuring the temperature is within a safe range.

A. EXISTING ENERGY HARVESTING IC ALGORITHMS

The existing control algorithms used in integrated circuits
(ICs) for energy harvesting applications function under vary-
ing PV power levels but do not necessarily have smooth
transitions nor ensure maximum power transfer to the load
in all situations. For example, the BQ24650 [28] manufac-
tured by Texas Instruments is a low power harvester battery
management IC for a buck converter, suitable for PV so-
lar applications. When in MPPT mode, it implements the
constant-voltage method, where the PV voltage is regulated to
a fixed reference by adjusting the battery charge current. The
reference value is usually chosen as the rated MPP voltage
from the datasheet of the PV. Additionally, the fractional OCV
method is also a common MPPT method used by commer-
cial energy harvesting ICs, such as the BQ25504 [29] also
manufactured by Texas Instruments. However, since in this
application, the load voltage can be lower than the OCV of the
PV panels, the PV voltage would clamp to the output voltage
when the OCV is read by the IC, resulting in an incorrect
OCV measurement. For this reason, fractional OCV MPPT
is not appropriate and only the constant-voltage method is
considered for this application.

Both of these harvesting ICs employ the same power man-
agement strategy where the converter is operated in MPPT
mode until the output voltage exceeds a preset overvoltage
value, over which the converter turns off completely and no
power is transferred from the PV to the load. Hysteresis is
added such that the converter (executing MPPT) will turn
on again once the output voltage falls below a lower volt-
age threshold. In other words, if the potential PV power is
higher than the load power, the PV will transition between
MPPT and turning off, such that the average provided power
does not result in overload. While this control scheme avoids
overload and, in turn, excessive heat, it is not necessarily the
most effective for maximizing power to wearable applica-
tions. This is because turning the converter on and off leads
to slow reaction times, particularly, when the input or load
powers fluctuate as expected in wearable applications. More-
over, among the MPPT algorithms, neither the fractional OCV
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nor the constant-voltage algorithm consistently have a high
tracking efficiency which results in unnecessary power loss
when optimal output power is desired.

For this reason, alternate control schemes must be explored
to consistently maximize PV power in the various conditions
that wearable devices experience. In this paper, constant-
voltage MPPT in conjunction with over-voltage shut-off
control is considered as the conventional energy harvesting
method and will be referred to as such. Additionally, its per-
formance will be compared to the proposed control algorithm
outlined in the following section.

B. PROPOSED SYSTEM CONTROL METHOD

For PV wearable systems, the load will either be able to
accept the maximum available PV power or it will not (i.e.
transferring all available PV power would cause overload).
When the system switches between these two conditions, the
controller should transition between them while protecting
against output power interruption, overload, and over heating.
With these considerations in mind, a control scheme is pro-
posed for PV wearable devices to improve the output power
reliability compared to existing commercial solutions.

1) MAXIMUM POWER POINT TRACKING

When the load is able to accept the full power, the produced
PV power should be maximized using an MPPT algorithm
to optimize the power produced by the PV panel. This work
utilizes the standard P&O MPPT algorithm [30] to continually
track the MPP of the PV panel. Since the load can accept
the full output power, the bus voltage will be maintained
within the acceptable USB voltage range. USB-device loads
are nominally 5 V, but their voltage can range from approx-
imately 3 V to 5.2 V depending on the output power and
load characteristics [22]. During operation, the bus voltage
depends on the impedance of the load and the supplied power,
such that the bus voltage is not regulated to a specific voltage
but settles to an equilibrium point based on the source-load
power balance. If the PV power becomes too low such that it
is not sufficient to charge the load, the bus voltage will remain
low until the PV power increases to a high enough power to
raise the bus voltage and begin charging the load again. If
only one PV panel has low power, the diode of the converter
prevents power from the dc bus from flowing backwards into
the PV panel, preventing additional power loss.

2) POWER CURTAILMENT

If the load is disconnected or PV power increases significantly,
maximum PV power will become higher than the power that
the load can accept. If this occurs and the PV power is not
curtailed, the power imbalance will cause the bus voltage to
increase. For over-voltage protection, a zener diode is con-
nected in parallel over the load. The zener breakdown voltage
is 5.6 V which prevents the output voltage from overvoltaging
and damaging the USB load. The power rating of the zener
diode should be at or above the combined nominal power of
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FIGURE 3. PV power curve showing MPPT and curtailment operating
points.

the PV panels to avoid overcurrent of the component; in this
work the power rating was 3 W. However, if the PV power
is not curtailed, the excess energy will dissipate through the
zener diode, which raises the temperature of the component.
For user safety and comfort, the generated PV power should
be curtailed to match the load power.

As opposed to the commercial control algorithm that com-
pletely turns off the converter, we propose that a power
curtailment method should be used for wearable PV ap-
plications. Fig. 3 shows the proposed power curtailment
algorithm, which increments the PV voltage until the PV
power decreases enough to match the load power. This type of
algorithm was previously proposed in [31], [32], intended for
larger-power grid-connected PV systems. The algorithm can
easily be implemented in tandem with P&O and automatically
adapt to either low-power load or no-load conditions. When
there is no load, the algorithm increments the PV voltage
(thereby, lowering the power) until it reaches the OCV and the
converter stops switching. When there is a low-power load,
the algorithm increments the PV voltage until the PV power
starts to fall below the load power; which results in the bus
voltage eventually decreasing below a set threshold voltage
such that the control mode returns to MPPT to increase the
power again. In light load conditions, the control will alter-
nate between MPPT mode and curtailment mode such that
the average power matches the load. Between the MPPT and
curtailment modes, the threshold voltage of the bus voltage is
changed to add hysteresis in the control algorithm. Because
the curtailment control gradually reduces power rather than
abruptly turning the converter off and on, the response to
changes in input or output power are smoother and maintain
more consistent power to the load.

3) OVERALL CONTROL METHOD
The flowchart for the control algorithm is shown in Fig. 4. The
controller is initialized in P&O MPPT mode and the threshold
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FIGURE 4. System control flowchart.

voltage V;, is set to the higher threshold voltage V;j, ign, Which
is typically above 5.1 V in implementation. The controller
measures the bus voltage, PV voltage, and PV current. If the
bus voltage is lower than V;,, PV power is calculated and
the controller runs the P&O MPPT algorithm that changes
the converter duty ratio. In this implementation, the converter
duty ratio is increased or decreased by an increment of 1.8%
during each perturbation cycle. If the bus voltage increases
higher than V;j, the control goes into curtailment mode such
that the converter duty ratio is decremented, increasing the PV
voltage as shown in Fig. 3; then, V; is set to the lower thresh-
old voltage V;j, jow, Which is around 4.6 V in implementation.
After a short delay, the controller measures the bus voltage,
PV voltage, and PV current to begin the cycle again. Another
way to think about the algorithm is as a state machine with
two states: MPPT and curtailment, where the transition into
each state occurs when the bus voltage goes below or above
the threshold voltage, respectively.

Each boost converter is independently controlled by a Texas
Instruments MSP430F5529 microcontroller to control the op-
eration of its associated PV panel. There is a voltage sensor
for the bus voltage, a voltage sensor for the PV voltage, and a
current sensor for the PV current. The current sensor utilizes
a shunt resistor and a differential amplifier to measure the cur-
rent through the PV panel. The microcontroller and gate driver
are powered from the bus, so the controller turns on once the
dc bus voltage is above 3.3 V and continues to operate as long
as the bus voltage is sufficiently high.

The MSP430 is an ultra-low power controller which can
be programmed to achieve low power consumption and is
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FIGURE 5. Wearable application boost converter hardware.

generally low cost. It was operated with a clock frequency
of 12 MHz such that 1.8% was the smallest possible duty
ratio increment. A smaller duty ratio increment (resulting in
higher tracking effectiveness) could be achieved if the clock
frequency is increased, but the controller will also consume
more power. In this implementation, it was found that a clock
frequency of 12 MHz struck a balance between MPPT effec-
tiveness and controller power consumption. However, these
parameters could be adjusted for applications with higher or
lower PV power levels.

The proposed MPPT and curtailment algorithm uses estab-
lished algorithms originating from grid-connected PV systems
and adapts their operation for implementation in lower-power
wearable applications. The intent is to strike a balance be-
tween performance and low power consumption. The next
section compares the performance of the proposed con-
trol method with existing energy harvesting control methods
through experimental results.

IV. EXPERIMENTAL RESULTS
A. EXPERIMENTAL PROTOTYPE AND SETUP
The boost converter was designed and implemented on a
printed circuit board (PCB) that includes the Texas Instru-
ments MSP430F5529 microcontroller, with JTAG interface
for programming the microcontroller. Both the proposed and
conventional control methods were programmed onto the
same microcontroller to directly compare the effect of the con-
trol method on the output performance. The PCB is shown in
Fig. 5 and is less than 4.5 cm by 4.5 cm in area. The converter
specifications and parameters are outlined in Table 1. The con-
verter was designed to operate in discontinuous conduction
mode (DCM) up to the full output power and utilizes a small,
commercially-available inductor.

The hardware system was tested indoors using a control-
lable PV emulation technique, where a power supply acting as
a current source emulates the PV photocurrent and the power
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TABLE | Boost Converter Parameters

Specification/Component Value
Switching Frequency 200 kHz
Conduction Mode DCM
Inductance 10 uH
Inductor Wiirth Elektronik 74438336100

4.0 V (nominal)
0.25 A (maximum)
5.0 V (nominal)
0.2 A (maximum)
1.0 W (maximum)

Input Voltage
Input Current
Output Voltage
Output Current
Output Power

MOSFET BSS806NH6327
Diode (Schottky) CUSO08F30,H3F
DC Bus Capacitor 220 pF
Output Capacitor 100 uF
Gate Driver ZXGD3000E6
Zener Breakdown Voltage 56V

Microcontroller TI-MSP430F5529

Power Supplies

FIGURE 6. Experimental setup with three PV panels and three converters
tested with a mobile phone load.

supply is connected in parallel to a covered PV panel [33].
The PV panels used in the experiment were the IXYS-
SM531K08 L with its rated MPP at 4.46 V and 0.218 A.
For the load, an electronic load was used in constant voltage
mode for some experiments and various USB loads, including
a mobile phone and an activity tracker, were used in other ex-
periments. The experimental setup with three power supplies,
three PV panels, three converters, and a mobile phone load is
shown in Fig. 6.

B. CONTROLLER POWER CONSUMPTION

In the target wearable application, the system must be self-
powered from the low-power PV panel. Thus, the power
consumption of the microcontroller running the control al-
gorithm is determined by measuring the input power of the
system when the microcontroller is both externally-powered
and self-powered from the PV panel at the same output power.
The power lost to the microcontroller is equivalent to the
difference in input power at the same output power level be-
tween the two systems. The average power consumption was
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measured while the controller was operating in MPPT for the
conventional controller (constant-voltage control) and the pro-
posed controller (P&O), which were 2.4 mW and 0.95 mW,
respectively. The controller with the constant-voltage algo-
rithm draws 2.5 times more power than it does with the
P&O algorithm. We attribute this difference to the use of the
PI controller in implementing the constant-voltage control,
while the P&O algorithm was implemented without using
one. Although, one additional sensor than the constant-voltage
algorithm was employed for the implementation of P&O al-
gorithm, the overall power consumption is lower. For a 1-W
converter, the controller power consumption is approximately
0.2% or lower of the total power.

C. SYSTEM EFFICIENCY

To evaluate the performance of the PV system under different
control methods, both the ability to track the MPP of each PV
along with converter and auxiliary losses should be consid-
ered. Here, the term system efficiency that captures both of
these aspects is defined as

_ Do
> =1 Puppik
where P, is the power of the load, n is the number of
PV panels, and Pyppy is the maximum power of PV (k =
1,2,...,n).

To measure the performance of one PV panel and boost
converter, the system efficiency was measured experimentally
for the conventional and proposed control methods. The ex-
perimental results are shown in Fig. 7 over the input power
range. Note that efficiency measurements include the power
consumed by the controller, gate driver, and sensors. Mea-
surements were taken while the MPPT algorithm was running:
constant-voltage for the conventional method and P&O for the
proposed control method.

As shown on Fig. 7, when the P&O algorithm is used,
operation starts up around 0.02 W with 62% efficiency. With
the conventional constant-voltage algorithm, the converter is
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FIGURE 8. Experimental waveforms for when the load was connected to
and disconnected from a single-PV system using the (a) conventional and
(b) proposed control algorithm.

only able to operate above 0.1 W of input power with a min-
imum efficiency of 79%. At the same power level of 0.1 W,
the efficiency with P&O algorithm reaches 85%, while the
maximum efficiency over the operating range is 91%. Using
the constant-voltage algorithm, a maximum system efficiency
of 92% is achieved (at 407 mW of input power). These
measurements are taken assuming rated conditions of the PV
panel, such that the MPP voltage is approximately equal to the
reference value of the constant-voltage algorithm, resulting in
high efficiency above 0.35 W. At non-rated conditions, the
efficiency of the constant-voltage MPPT is expected to be
lower. Overall, the P&O MPPT algorithm shows consistently
high efficiency over a wider operating range than the constant-
voltage algorithm.

D. SINGLE CONVERTER AND SINGLE PV PANEL

The converter system is first tested with one boost converter
and one PV panel. Three different conditions, all of which are
expected to occur during use, were tested using the conven-
tional and proposed control methods: 1) connecting a load,
2) disconnecting a load, and 3) sudden irradiance changes.
Fig. 8 shows how both algorithms react to connecting and
disconnecting a load, where the waveforms represent the bus
voltage (pink), PV current (green), PV voltage (blue), PV
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power (orange) and the gate-source voltage of the MOSFET
(black).

First, the conventional energy harvesting method is tested
using a smartphone as the load. In Fig. 8(a), initially, there is
no load connected and the converter is immediately turned off
since the bus voltage exceeds the threshold. After the load is
connected, the algorithm reacts in 10 ms and reaches the rated
MPP in 0.16 s. PV power stays steady during this interval
because constant-voltage MPPT is employed. When the load
is disconnected, the bus voltage increases above the threshold
and MPPT operation stops. The converter reacts in 6.6 ms and
it takes 0.12 s for it to completely halt switching.

Next, the experiment is repeated using the proposed control
method with the same load and the waveforms are shown in
Fig. 8(b). Similarly, there is no load connected during start-
up and the controller is in curtailment mode because the bus
voltage is above the threshold. As the PV voltage is increased
in increments, PV power gradually decreases until it reaches 0
and the converter stops switching. When the load is connected,
it starts drawing power from the voltage bus, which decreases
the output voltage. When output bus voltage goes below the
threshold, the control algorithm goes into MPPT mode. The
algorithm reacts to this change in load conditions in 2 ms. The
MPP of the PV panel is reached after 0.57 s, as shown by the
repeating three-step pattern of the PV voltage. The PV power
immediately increases to a level that can charge the load when
the load is first connected, then steadily increases as the MPP
is reached. When the load is disconnected again, causing the
output bus voltage to increase over the threshold voltage, the
controller goes back into curtailment mode. The PV voltage
is incremented until the PV power reaches 0, and switching is
halted. The initial reaction takes 8.82 ms, while the converter
is turned off completely after 1.012 seconds.

These experimental results verify that both algorithms tran-
sition between MPPT and curtailment modes successfully
when a load is connected or disconnected. The proposed
algorithm is observed to react 5 times faster to connecting
of a load, while it takes approximately 3.6 times longer to
settle at MPP. The average power values recorded during the
constant-voltage and P&O MPPT are 556.6 mW and 572 mW,
respectively. Note that the real MPP voltage is still quite close
to the rated value, which is used as the reference in constant-
voltage algorithm, at this power range. Even so, the P&O
algorithm outperforms the constant-voltage algorithm. When
the load is taken away, the switch is gradually turned off as
opposed to instantly shutting off. As a result, it takes almost 10
times longer for the proposed algorithm to turn the converter
completely off. However, this is not necessarily a downside,
as the proposed method allows for smoother transitions that
maintain a steadier output power.

Next, Fig. 9 shows the operation with an activity tracker
as the load, which is a much lighter load than the smartphone,
for both the conventional (over-voltage shut-off) and proposed
(flexible power point tracking) curtailment methods. The load
can take full P, at the beginning, so both algorithms start off
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FIGURE 9. Experimental waveforms for when a light load is used.

in MPPT mode. A slight increase in emulated photocurrent,
thus P,,,p, causes both bus voltages to go over the threshold.
The over-voltage shut-off curtailment method turns off the
converter instantly and the bus voltage is decreased below the
threshold. On the other hand, the flexible power point tracking
curtailment method decreases the bus voltage in steps until an
acceptable power level is reached. In this case, the bus voltage
steps down until it hits the lower threshold voltage. As a result,
MPPT mode is triggered which causes the bus voltage to step
up until the higher threshold voltage is reached. The algo-
rithm continues to alternate between MPPT and curtailment
modes without completely turning off the converter. The bus
voltage continually steps between V;,,, and V. such that the
average bus voltage is kept below the threshold. Notice that
the voltage waveforms have a similar pattern to when MPP
is reached with P&O MPPT. More power is transferred to the
load with the flexible power point tracking curtailment method
as observed in Fig. 9.

In order to examine how the system reacts to sudden ir-
radiance changes, another experiment was conducted using
the same setup with a single PV panel and a single boost
converter. The lighting changes were replicated by adjusting
the photocurrent from the power supply over approximately
2 minutes, as shown in Fig. 10(a). Two digital multimeters
logged the input and output power continuously, while an
activity tracker was used as the load. The experiment was
conducted using the conventional algorithm first, and the
proposed algorithm directly after. Then, the same procedure
was repeated in reverse order to ensure the results are not
affected by the state of charge (SOC) of the load. The averages
of the PV and load power are shown in Fig. 10(b). Rather
than the power produced by the PVs following the emulated
photocurrent (shown in Fig. 10(a)), the PV power in both
control methods closely follow the load power, meaning that
the source-load power balance is maintained during operation.

The experimental waveforms for the conventional and pro-
posed algorithms during the same experiment are shown in
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FIGURE 10. (a) The emulated photocurrent and (b) corresponding
source-load power with conventional energy harvesting and proposed
control method over 120 s.

Fig. 11(a) and Fig. 11(b), respectively. For the majority of the
test, the load is not able to accept the maximum PV power,
so both algorithms keep the converter switch off until Py, is
low enough to be accepted by the load. Around 70 seconds
(labeled as 1), the maximum PV power enters the range of
power that can be accepted by the load such that both algo-
rithms initiate MPPT.

However, as shown in Fig. 11(a), the bus voltage exceeds
the higher bus voltage threshold when in MPPT, and then goes
directly below the lower threshold due to the over-voltage
mode, such that the bus voltage oscillates quickly within the
hysteresis region. As a result, the PV voltage also oscillates
in the same way, which prevents the system from maintaining
steady power to the load. In contrast, during the same interval
in Fig. 11(b), the algorithm moves between MPPT and power
curtailment but in steady increments, such that the PV voltage
and resulting output power remain relatively steady. Once
the photocurrent is increased at the end of interval 1, both
algorithms stop switching.

Then, the photocurrent becomes its lowest (0.01 A) starting
from 97 s (labeled as 2), at which point full PV power at MPP
can be accepted by the load. Thus, to maximize the generated
power, both algorithms initiate MPPT mode. However, MPPT
operation can no longer be sustained with the conventional
algorithm due to the reference voltage of constant-voltage
MPPT being too high for this power range. Additionally, the
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FIGURE 11. Experimental waveforms over 120 s for (a) conventional
energy harvesting algorithm and (b) proposed algorithm under dynamic
light conditions, and (c) comparison of resulting load powers of the two
algorithms.

load is observed to have stopped charging at this point. On
the other hand, the proposed algorithm is able to track the real
MPP and provide sufficient power to keep the load charging
as intended. Comparison of the power provided to the load
using each algorithm is shown in Fig. 11(c), where intervals
1 and 2 are labeled. The load power is practically the same
when the switch is off. During interval 1, the average power
transferred to the load using the conventional and proposed
methods were 63.2 mW and 70.6 mW, respectively. During
the interval 2, the average power delivered to the load using
the conventional method was 29.4 mW, which was not enough
to continue charging without interruption. On the other hand,
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FIGURE 12. Experimental waveforms for a three-panel three-converter

system with different PV photocurrents using the (a) conventional and (b)
proposed algorithm.

50.3 mW was transferred to the load using the proposed algo-
rithm, which was an improvement of 71%.

E. THREE CONVERTERS AND THREE PV PANELS
Next, an experiment with three boost converters and three PV
panels was conducted to investigate the system’s operation
with multiple converters under several irradiance and load
conditions for both the conventional and proposed control
methods. The initial emulated photocurrents for panel 1, 2,
and 3 were 0.09 A, 0.03 A, and 0.07 A, respectively. Ex-
perimental waveforms representing the bus voltage (pink),
each PV voltage (blue, green and black), the output current
(purple), and the output power (orange) are shown in Fig. 12.
A smartphone was used as the load for both tests which were
started after the load had been connected for a few seconds.
The waveforms for the conventional energy harvesting
method are shown in Fig. 12(a). Initially, all converters oper-
ated in MPPT mode since the bus voltage was lower than the
threshold voltage. When all converters were in MPPT mode,
the average power drawn by the load was 581.2 mW. After the
load was disconnected, bus voltage decreased down below the
threshold within 0.18 s. The first two converters effectively
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went into curtailment mode by turning their switches off,
however the third converter was still switching with a low duty
cycle such that it was unable to reach its OCV. Then, the same
load was connected again. The second and third PV panels
reached the chosen constant MPP voltage in 3 s, while the first
one took 8.2 s to find the MPP. The bus voltage adapted to the
change in load within 40 ms. The average power transferred to
the load during this transition was 443.7 mW. Next, the pho-
tocurrent of each PV was increased by 0.10 A, consecutively,
from the first to third; that is, emulated photocurrents for panel
1,2, and 3 became 0.19 A, 0.13 A, and 0.17 A, respectively.
After this adjustment, the first and second converters contin-
ued in MPPT mode; whereas the third converter responded by
turning off, because the increase in photocurrent caused the
bus voltage to rise above the threshold. This brief rise in bus
voltage did not last long enough to be detected by the first
and second converters, hence, they remained in MPPT mode.
During this transition, an average of 1.016 W was transferred
to the load.

Similarly, the experimental waveforms for the proposed
method are shown in Fig. 12(b). Since the load was con-
nected at first, the bus voltage was below the threshold and
all converters were in MPPT mode; this was the same as the
conventional method. However, the average power transferred
to the load during this period was 602.1 mW, approximately
3.6% higher than the conventional method due to different
MPPT strategies. After the load was disconnected, it took 3.5 s
for the bus voltage to settle below the threshold. The convert-
ers did not turn off simultaneously which extended the settling
time of Vj,; compared to the conventional method. Out of the
three converters, the second converter turned off last since its
panel had the lowest photocurrent, thus, it took the longest to
reach its OCV. When the same load was connected again, the
bus voltage was brought down below the threshold in 40 ms,
same as the conventional method. However, MPP was reached
within 3 s. During this transition, 575.8 mW was provided
to the load, which was a 29.7% improvement compared to
the conventional method during the same transition. After the
photocurrent of each PV was increased, all converters went
into curtailment mode. Throughout the photocurrent adjust-
ment, the average power transferred to the load was 1.333 W
which is 31% higher than the conventional method.

F. MAXIMUM TEMPERATURE
The main objective of implementing the curtailment mode of
the control algorithm is to prevent excessive temperature in
any other component of the converter. The temperature limit
for a wearable device that touches the skin is 40 °C to ensure
user safety. Therefore, temperature of the zener diode, which
is the hottest component, was measured from startup with no
load. A thermal couple was placed on the zener diode while
the ambient temperature was approximately 25 °C.

The PV panel and converter system was tested under three
control methods: 1) without curtailment (MPPT only), 2)
the proposed control method (MPPT and curtailment), and
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FIGURE 13. Zener diode temperature during start-up using no power
curtailment, the conventional energy harvesting algorithm, and the
proposed algorithm.

3) the conventional energy harvesting control method. Mea-
sured temperature results for these three tests are shown in
Fig. 13. The temperature for the algorithm without power
curtailment reached 57 °C during the measurement window
and continued to rise, which is well above the temperature
limit of 40 °C. This emphasizes the need for a power curtail-
ment algorithm to maintain a safe temperature. Conversely,
the temperature settled to around 28 °C with both curtailment
methods, while peaking at 29.3 °C and 29.0 °C with the pro-
posed and conventional control methods, respectively. While
the peak values were similar, the proposed curtailment method
initially demonstrated a faster increase in temperature (evident
from the steeper curve seen in Fig. 13) because the converter
takes some time to turn off, as opposed to turning off instantly
when the bus voltage threshold is exceeded. These results
verified that both algorithms were successful at keeping the
temperature at a safe level for users. The proposed algorithm
is just as effective as the conventional algorithm at limiting the
temperature despite maintaining a steadier output power.

V. DISCUSSION

The proposed converter control method has been applied to
a specific wearable bag application, but the system design is
intended to be scalable such that more PV panels and con-
verters can directly be connected to one common load bus.
Note that with this design, the PV element connected to each
converter can be a single panel or multiple panels in parallel.
With multiple PV panels in parallel, each PV may not operate
at its exact MPP. If the parallel panels receive similar amounts
of light and bend in a similar fashion, their MPP voltages
will be similar and the MPPT algorithm will still be effective.
However, if the parallel panels are placed in such a way that
one receives little or no light, it may sink power from the other
panels connected in parallel; in this case, one PV panel per
converter is the more effective system architecture.
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The converter design in this work has one controller per
converter and the controllers are independent. This means that
there is no synchronization between converters, however if the
controllers are powered on at the same time, the timing of their
clocks may be similar. When three converters were tested,
excessive ripple interaction (e.g. positive interference) among
converters was not observed. However, if a system has many
converters that start at the same time, such that combined rip-
ple becomes excessive, a synchronized and interleaved control
scheme could also be considered.

For the MPPT algorithm, the standard P&O with a fixed
duty ratio step was shown in this work, but other versions of
the P&O algorithm may also be effective in wearable appli-
cations. Variations such as variable-step P&O may improve
tracking effectiveness but it is important to consider if there
are additional computational requirements that will cause the
microcontroller to consume more power. The balance of these
two trade-offs is critical for low-power PV applications.

The goal in this project was to make a scalable converter
solution that could be applied to any wearable system with
many low-power PV panels that receive different amounts of
light or are bent at different angles. Future work will focus
on further miniaturization and integration of the converter
solution. Control solutions that reduce the required number of
sensors may also be explored to further reduce size and cost.
Ultimately, utilizing flexible printed circuit boards will be
explored with the goal of seamless integration into wearable
applications.

VI. CONCLUSION

Solar power is a viable energy source for many emerging
wearable applications which tend to experience varying light
intensities over the PV cells. Individual MPPT of each PV is
essential under such nonuniform light conditions in order to
optimize the power output. However, in low-power wearable
applications, sustaining the balance between the generated
PV power and the load demand is just as important. This
work compared and evaluated a conventional energy harvest-
ing control method with the proposed control method that
transitions smoothly between MPPT and power curtailment
modes while matching the available PV power and load de-
mand of the system. PV power is curtailed by changing the
operating point when the load demand is low, whereas the op-
eration proceeds at MPP when the load can accept the full PV
input power. Both control methods were compared through
experimentation using a wearable PV system that powers USB
devices at 5 V.

Experimental results demonstrated that each dc-dc con-
verter successfully controlled its PV panel at the MPP and
supplied maximum power to the USB device load when the
load was able to accept the full power. Results also showed
that the control algorithm properly transitioned from P&O
MPPT to power curtailment mode, maintaining source-load
balance. Moreover, it was demonstrated that the proposed al-
gorithm reacted to the connecting of a load 5 times faster than
the conventional energy harvesting algorithm. Additionally,
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it was shown that the proposed algorithm provided higher
load power than the conventional algorithm by 29.7% when
a load was connected and 31% when the input power was
increased. At input power levels below 0.1 W, the proposed
control algorithm delivered 71% more power to the load.
The load also charged with a steadier output power with the
proposed algorithm, while the charging operation was occa-
sionally interrupted with the conventional energy harvesting
method under the same conditions. Ultimately, experimen-
tal measurements indicate that the proposed control method
performed better than the conventional method in terms of
reaction time to changes in source or load power, power pro-
vided during transients and at lower input power levels, and
steady output power distribution. The parallel converter sys-
tem and the control algorithm provided continuous power to a
range of USB loads, even when irradiance conditions changed
dynamically. Also, user safety was ensured by the power cur-
tailment algorithm which limited the maximum temperature
of the converter below 29 °C.

Although wearable applications are still an emerging tech-
nology, the power converter system control solution validated
in this work addresses the specific challenge of optimizing
power from multiple PV panels that receive different amounts
of light while maintaining load-source power balance. Ad-
dressing these challenges in the power converter is a step
towards making PV-powered wearables more viable. These
control solutions also enable PV panels to be utilized as a
renewable energy source for other types of mobile PV appli-
cation, such as drones, electric vehicles, and emergency power
equipment.
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