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ABSTRACT Wearable sensors and electronic devices have gained a lot of attention during the last few years.
The advances in low power wearable gadgets have the research venue in the field of energy harvesting to
exclude or supplement the battery’s power. Solar energy harvesting is a suitable source to power wearable
gadgets. This work presents a wearable solar energy harvesting based jacket that can power the in-situ vital
health monitoring system (VHMS). The developed VHMS comprised of sensors to measure several data
and transferred through various Modules every 3 min with an emergency alert option. To integrate the Solar
Energy harvester (SEH) and VHMS, a novel maximum power point tracking is designed, fabricated and
tested to compensate the battery during diffused light as power is recorded to be as low as 7.95 x 107> mW
at an optimal load of 10 k€2. Ten flexible solar cells (each 146 mm x 167.5 mm in size) placed each inside a
transparent pouch stitched to a jacket. An individual and series configuration of all solar cells is tested in-lab
and outside in real environment under different illuminance and irradiance. At an optimal load resistance
of 1.5 k€2, the developed self-powered, smart jacket is capable to generate a voltage of 45 V and power of
1282.57 mW, under lights’ illuminance of 41000 lux and irradiance of 780 W/m?. The proposed SEH has
been validated through a prototype system. Its performance compares favorably against various solar energy
harvester for wearable sensors based on size, power, modes to communicate and sensors.

INDEX TERMS Arduino based, biomedical gadgets, Bluetooth module, GSM module, self-powered, solar
energy harvester, smart jacket, vital health monitoring system, Wi-Fi module, wireless sensor nodes.

I. INTRODUCTION

Since last decade, the usage of wearable gadgets, biomedical
sensors and portable electronic devices have been rapidly
increasing and the development is not just limited to prototyp-
ing but also the product is commercially available worldwide.
For example, in 2019, almost 25 billion dollars of revenue
[1] is produced with sales of these wearable products. Wear-
able electronic products’ emergence is applicable to fields,
like, health care monitoring [2], sports [3], entertainment
[4], human machine interface [5], artificial skin [6], human
motion monitoring [7], and industrial application [8]. The
manufacturing of wearable electronic products is growing
fast and capturing the market to provide the monitoring,
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communication and data analysis capabilities to a human
body. These wearable sensors (WS) are worn or attached to
human body for directly providing the relevant information
on spot or remotely communicated through internet of things
(IoT) technology. The WS’s collect the physiological data
throughout the day which is not easily achievable with the
stagnant laboratory equipment. Due to robustness, the interest
of users in utilizing these wearable devices is swiftly increas-
ing as shown in Table 1. As depicted in Table 1, commercially
available wearable devices and gadgets are covering most
of the applications trending now a days and the technology
is also rapidly in use, like, wearable devices now include,
smart watches, wristbands, smart eye wears, headsets, ear
buds, smart jewelry, straps, smart garments, foot/hand worn
gadgets, smart patches, e-tattoos and so on. The wearable
devices mostly use Lithium battery for powering different
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TABLE 1. Main parameters of commercially available wearable devices and gadgets.

Wearable Sensor’s Battery Operation | Communication . . Comn?erclally
. o . Activity available Ref.
devices availability type time node products
Wrist-worn
Accelerometer, aIs)sligsltt;rllt
gyroscope, heart Bluetooth 4.0, and Moto 360 [10]
Smart rate monitor, Li-Poly/300 15 davs Wi-Fi measure Huawei Watch
watches barometer, ambient mAh = qay (802.11b/g/n 2.4 . (42 mm)
; different
light sensor and GHz) and NFC . 11
h subject [11]
eart rate sensor activities
5 days (10 oy
Accelerometer, Li-Poly hrs with Measure Fitbit Flex [12]
Wrist optical heart rate GPYS) different
bands sensor, Location Li-Poly/70 Bluctooth 4.0 subject [13]
tracking sensors mAh, 20 20 days activities | Mi Band 2
days
Head-mounted devices
Accelerometer,
gyroscope, Li-ion/570 Google glass
magnetometer, [14]
g mAh
pressure sensor, g .
infrared (IR) Wi-Fi Sensmg,
Smart 802.11b/g, transceiver
sensor, Bone
eyewear . Bluetooth, for data
conduction .
transd bient micro-USB transfer
ranlsigllll(‘zesrér?slz)lr 1ent | Li-ion, 4 hrs 4 hrs Recon Jet [15]
proximity sensor,
touchpad, camera.
Proximit 24 hrs
Y (with Bluetooth,
Headsets Gyroscope, Optical . . .
charging charging case, Bluetooth | Apple AirPods
and Ear- heart-rate sensor & case) and NFC and enabled [16]
buds 3-axis 5 hrs in Bluetooth 4.1
accelerometer
one charge
Other Accessories
Smart Replageable 6 months Bluetooth Heg lth.- Bellabeat Leaf | [17]
Jewelry coin monitoring
Micro-USB B:tr;;issor
. charging, ap
3-axis builiein equipped MYO
Straps accelerometry, 1 day Bluetooth 4.0 with Armband [18]
. rechargeable
electrocardiography N . sensors for
lithium-ion
batter health
Y tracking
wearable
Lechal
Foot/Hand- | | o tual steps USB Bluetooth sensors for [19]
worn charging monitoring
purpose

sensors as accelerometer, gyroscope, heart rate monitor,
barometer, ambient light sensor and heart rate sensor, loca-
tion tracking sensors, pressure sensor, infrared (IR) sensor,
electrocardiography, and actual count step etc. These sensors
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data can be communicated using several methods of com-
munication like NFC, Wi Fi and Bluetooth. The market
of wearable devices is expected to be $57,653 million by
2022 [9].
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TABLE 2. Ambient energy sources and power scavenging techniques available for energy harvesting.

Harvesting Method Harvesting Condition | Voltage range | Power Density Ref.
V) (uW/cm?) | (uW/cm?)
Solar Cell (Si)
0.5
Day time 15000 [30]
Solar Cell (a-Si) 1
Radio frequency (GSM) Patch antenna 0.001-0.1 [31]
Thermal AT=5°C 35 [32]
Electromechanical conversion | Wind flow and hydro 16.2 [33]
Acoustic Noise 0.96 [33]
Piezoelectric Motion 330 [34]

Mostly wearable devices require batteries to power the
onboard sensors, electronics and communication and display
modules. However, the limited life-span of batteries made the
wearable device much more unreliable and therefore, an alter-
nate, more durable and a lifetime energy source is required
for their operation. Usually this issue, nowadays, is resolved
by integration of an energy harvester as a supplement power
source in wearable devices [20]. Various wearable energy
harvesters (WEHs) are utilized for wearable gadgets and
biomedical sensors, such as, triboelectric [21], thermoelectric
[22], piezoelectric [23], [24], electromagnetic [25], [26],
electrostatic [27], radiofrequency (RF) [28] and solar [29]
energy harvesters.

As can be seen in Table 2, an ambient solar energy source
is available where a direct sunlight power density is sufficient
to operate the wearable device. Even for a solar cell the
power density is 15000 #W/cm? which is quite enough to
power wearable bio-medical sensors and electronic gadgets.
Table 2, shows that among the available energy sources,
performance of solar cell is better than any other energy
source. Moreover, in terms of power density, no other ambient
energy source is even close to the solar energy harvesting
which makes it the most suitable and demanding energy-
harvesting source to be utilized for commercial product
development.

Harvesting from ambient energy sources, almost eradicates
the use of battery, which has a limited life span and hazardous
to environment. Recently solar energy harvesters (SEHs) are
being utilized to operate the wearable sensors and biomedical
portable gadgets.

Moreover, the combination of solar cells can easily gen-
erate reasonable power to operate wearable devices and bio-
medical sensors or any wearable gadget. The solar cell current
is dependent on the illumination (mW/cm?) and the active
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area of cell. For protection, the top surface of a solar cell is
encapsulated with a glass window [35].

Several solar energy harvesters (SEHs) based self-powered
wearable devices and gadgets have been developed and
reported in literature. Taiyang Wu et al. developed a SEH
based flexible wearable sensor [36] to measure heartbeat of a
subject. A flexible PCB is used for sensor node connectivity
with a flexible solar cell (60 mm x 72 mm). The system
can easily be attached to a human body. The SEH produced
a voltage and power of 5.08 V and 127.8 mW respectively
to charge a 12.5 F super capacitor. The developed wearable
bracelet [37] utilizes a

SEH as an energy source for the measurement of blood
oxygenation and sending the measurement per min via a
Bluetooth connectivity. For a flexibility of this monitoring
system, the entire gadget is assembled on a polyamide film.
The maximum power of around 18 mW at 10000 lux and
0.21 mW in indoor condition is produced with the reported
SEH. In [38], a novel SEH fabric is developed to power
wearable and mobile devices. The combination of 200 solar
cells (44.5 mm x 45.5 mm active area), are connected within
a fiber of a textile yarn. The design helps to keep flexibil-
ity and deformability. Experimentation results are achieved
under different light intensities and incident light angles.
The SEH is capable to produce a power, power density,
open-circuit voltage and short-circuit current of 43.4 mW,
2.15 mW/cm?, 5.14 V and 14.14 mA respectively. V. Kartsch
et al. reported a fully-flexible low-power wristband [39]
which has several components for the detection of five
hand gestures from four Electromyography (EMG) sensors.
The device is self-powered by SEH. Experimental measure-
ments indicated that the energy harvesting subsystem using
a single flexible cell can provide up to 0.21 mW, during
indoor and up to 16 mW of power in outdoor scenarios.
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Taiyang Wu et al. [40] developed a SEH system with a
maximum power point tracking (MPPT) algorithm for a
pulse sensor. The reported device can transmit the data
through a Bluetooth. The experimental results demonstrated
that the charging efficiency of the solar energy harvesting
system is 66.5 % and is capable of generating a voltage
of 2.7 V, and power of 120.7 mW. A self-powered proto-
type [41], is developed for a wearable, biomedical appli-
cations, which is comprised of a flat and bent solar cell.
The SEH of size 60 mm x 72 mm is placed under solar
light of 320 lux, which produced 77 uW of power. A wear-
able SEH is fabricated based on perovskite solar cells [42]
for applications of electric watch. It has been reported that
large perovskite crystals and aligned carbon nanotube sheet
combined for excellent performance. The size of device
was 1 x 5 mm? and it produced an open-circuit voltage of
0.91 V, short-circuit current of 15.9 mA/cm? and a fill factor
of 0.656.

Several proposed devices are reported in literature but due
to small size of a solar cell countable sensors are powered.
Moreover, the performance of solar cells is degraded in dif-
fused light even after integration of maximum power point
tracking (MPPT) circuit. Furthermore, the mode of commu-
nication is limited due to limited power source but in our pro-
posed device all these limitations are overcome, as the device
work in diffused light, unlike prior work. Moreover, several
sensors such as PPG, Temperature and accelerometer sensors
are used whereas, for communication Bluetooth, GSM and
Wi-Fi modules modes are utilized.

This paper investigates a vital health monitoring system
(VHMS) based self-powered wearable jacket. Flexible, light
weight solar cells are attached to the front and back of the
jacket to act as SEHs for powering the wearable sensor,
relevant electronics and the communication modules. In the
developed jacket, ten transparent zip pouches, six on front and
four on back side are produced to contain the flexible solar
cells. The utilization of flexible solar cells in the prototype
does not compromise the comfort of wearer, and are capable
of producing enough power for VHMS operation. Moreover,
to achieve high output voltage and power during different
environmental conditions, and varying load situation, a novel
MPPT circuit is designed and fabricated to improve the per-
formance of devised SEH based VHMS during diffused light
in the jacket. Various scenarios are considered for powering
sensors from PV cells. Both natural and artificial lights are
utilized to justify the working of MPPT circuit which, due to
its simplified and efficient operation, is able to operate under
diffused and day light. A developed MPPT circuit design
enhances the performance of energy harvesting technique by
utilizing even the ultra-low power in diffused light conditions.
The operation of this technique is verified to power a wear-
able VHMS attached to the jacket. Additionally, in the jacket
through a VHMS the subject data is monitored and remotely
transferred to mobile application, web database, Bluetooth
and through mobile message.
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Il. DEVELOPMENT OF A VITAL HEALTH MONITORING
SYSTEM (VHMS) BASED SELF-POWERED WEARABLE
JACKET

As shown in figure 1, the developed self-powered wearable
jacket is composed of three subsystems, comprising of a
vital health monitoring system (VHMS), power management
circuit and a solar energy-harvesting unit. VHMS include
of sensors and transmission modules (figure 1(a)). Initially,
human oxygen level, blood pressure, pulse rate and temper-
ature data are collected and transmitted through Bluetooth,
GSM and Wi-Fi modules. Furthermore, VHMS is integrated
to a power management circuit which has a potential even
to route low voltage energy during diffused light. The power
management circuit comprise of a de-to-dc boost and dc-to-
dc buck converter. During day light, dc-to-dc buck converter
will regulate high voltage produced by a SEH and an ultra-
low voltage produced by a solar energy harvester is amplified
by dc-to-dc boost converter to compensate a rechargeable bat-
tery during diffused light. The entire circuitry is powered by a
wearable SEH. A SEH includes ten solar cells inserted inside
stitched transparent pouches, where the solar cells can be
connected in series/parallel depending upon the requirement
of the system.

Furthermore, the developed VHMS based self-powered
wearable jacket is shown in figure 1(b). In a normal fabric
jacket, ten pouches of transparent plastic material are stitched
according to size of AT-7963A SEH module. The pouches
protect and hold the SEH module as well as add aesthetics
to the jacket without compromising on the comfort to the
wearer. One AT-7963A SEH module is placed inside each
pouch. Six pouches are kept on front of the jacket (three
on each side) and four on the back side. In the prototype,
the number of AT-7963A SEH cells (each have a size of
146.0 mm x 167.5 mm) are considered based on the avail-
able area of jacket and power requirements of the wearable
electronics. Moreover, the SEH modules are not permanently
fixed and can be easily disconnected and disintegrated from
the jacket. Even the number of SEH modules can be increased
or decreased depending upon the requirement. Additionally,
the wearable SEH jacket is completely portable and easy
to wear.

lll. VITAL HEALTH MONITORING SYSTEM FOR
WEARABLE JACKET

The VHMS on the jacket is consisted of an Arduino (nano
nodemcu) interfaced with a Wi-Fi module, Bluetooth module
(HC-05), GSM900 module, SpO, sensor (MAX30102), tem-
perature sensor (Thermistor 10k), pulse sensor (MAX30102)
and accelerometer (ADXIL335). Sensors’ data is transferred
every 3 min through Wi-Fi and GSM module to mobile phone
and laptop. A Wi-Fi module transfers data both to computer
and mobile phone whereas, GSM module is communicating
through a mobile phone. In case of an emergency, if the pulse,
oxygen saturation or temperature reading is not in a normal
range, an emergency message is to be sent to a mobile phone
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FIGURE 1. Vital health monitoring system based self-powered wearable jacket:
(a) Schematic diagram and (b) developed prototype of a VHMS based self-powered

wearable jacket.

and laptop. The detail of sensors and modules used in the
devised VHMS is given in table 3.
The total power consumption

Pt:Palut+Pa+Pgwb (D

Of the developed VHMS prototype can be estimated from the
power consumption of accelerometer, LCD display, oximeter,
pulse rate sensor and thermistor P, ; power requirement of
Arduino P,; and the power consumption of GSM module,
Wi-Fi module, and Bluetooth module Pg,p.

In the VHMS all modules are dynamic and are defined by
the duty cycle activity between operation modes and sleep
mode. After every 3 min, these modules wakeup into active
mode to retrieve data from sensors and transmit the informa-
tion to smart phone, laptop, web and mobile application.

Since, the wakeup mode of GSM module occurs after every
3 min, while the wakeup time Ty = 3 sec (for every sleep
mode time, T = 3 min), therefore the duty cycle

D= = 0.0167

ws
Can be used to compute the wakeup current of GSM, Wi-Fi
and Bluetooth modules by multiplying it with a transmission
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module current and is further added to the sleep mode current
for the total current consumed by each module. The total
current consumed by the modules is when multiplied by the
operating voltage, the total power

Poywp = Py + Py, + Pp 2)

Consumed by the GSM, Bluetooth and Wi-Fi modules can be
estimated.

Calculates the power consumption of modules which is
Pgywp = 68.22mW for equation (2) and the total power, P,
consumed is P; = 91.826 mW.

A. DEVELOPMENT OF A POWER MANAGEMENT CIRCUIT
FOR A SELF-POWERED JACKET

The design of the devised maximum power point tracking
(MPPT) with buck and boost converter is based on two
different circuit chips, namely the DC-DC buck converter
(YS-04) and an ultra-low-voltage boost converter (ECT310).
Both Integrated Circuit (IC) chips are power management
circuits. The ECT310 has acceptable extreme low input volt-
age (as low as 20 mV). As diffused light intensity energy is
usually wasted, however, with the integration of ECT310 in
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TABLE 3. Sensors and modules used in wearable vital health monitoring system.

Sensors/Mod
ules

Type

Model

Measurem
ent

Operati
ng
Voltage
\%)

Electrical
consumed (mA)

Current

Power Consumed (mW)

Slee

p Transmitti

mod
e

ng mode

Tot
al

Slee

P
mod

€

Transmitti
ng mode

Total

Accelerometer

Senso

ADXL33
5

Subject fall
sensor

1.8-3.6

0.63*

High Sensitive
Oximeter and
pulse-rate

Senso

MAX301
02

Pulse rate
and Oxygen
saturation
level

1.8-33

<1

Thermistor

Senso

Thermist
or 10k

Subject
Temperatur
e

0.04

LCD Display

47-53

0.00
47

Arduino

Modu
le

Nano

Receive
sensors’
data
transmit
through
modules

and

45

GSM

Modu
le

SIM 900
GSM

Sending the
notification
through a
text
message to
the
Emergency
center

ISll’l =

Itm=150

3.2%

480*

11.21

Wi-Fi

Modu
le

ESP8266

Receives
data of
sensors
through
Arduino
and
transmits it
to the cloud
server,
mobile app
and web
interface

ISmW

Ttmw = 100
15

49.5

330*

01

Bluetooth

Modu
le

HC-05

For
exchanging
data
wirelessly
over short
distances

V=
4-6

Ismb
- Itmb = 30
6.4

Iy =
6.9

120*

120**

*calculated
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TABLE 4. Main electronic component used in integration of MPPT with
buck and boost converter.

Circuit part Model type Efficiency
(%)

Zener diode IN4731A

Ultra-low voltage | EnOcean ECT- 30%*

regulator 310

Relay Songle 5 VDC

DC-DC converter | YS-04 86

buck module

Diode 2N2222

Diode 1N4007

Resistor 1kQ

* At as low as 25 mV input voltage

the VHMS, the diffused light can also be harvested for use.
A schematic and a photograph of the developed prototype
MPPT can be seen in figure 2(a) and figure 2(b) respectively,
whereas its main components are listed in Table 4.

1) START-UP AND WORKING PRINCIPLE OF MPPT

Initially, when the system has not started up and the SEH
is connected to the MPPT circuit, a Zener diode (IN4731A)
turns ON at 4.3 V, therefore at the moment when the voltage is
below 4.3 V, the Zener diode will not operate and the DC-DC
converter ultra-low voltage regulator (EnOcean ECT-310)
will turn ON to produce 5 V to recharge the battery. In case the
input voltage increases above 4.3 V it will instantly turn ON
the Zener diode, a Darlington pair as shown in figure 2(a), and
arelay. A 1N4007 diode is a free wheeler diode which avoids
back electromotive force caused by a relay coil. This way,
in response, a DC-DC converter (YS-04) operates to regulate
a voltage range from 4.5 V- 40 V to 5 V. The MPPT circuit
works both during a diffused and normal light condition to
compensate charging capability of a rechargeable battery in
order to power the VHMS.

B. SOLAR ENERGY HARVESTER FOR SELF-POWERED
WEARABLE JACKET

For the development of a VHMS based self-powered
wearable jacket, flexible amorphous silicon solar modules
(AT-7963A) are utilized as SEH. An advantage of using
AT-7963 A module is that it is flexible, efficient and comfort-
able to be implemented in wearing cloths. Table 5 shows the
main features of AT-7963A SEH module.

An equivalent electrical circuit for a single solar cell mod-
ule is shown in figure 3. In the equivalent circuit, the solar
cell is represented by a current source I, diodes saturation
current (), short circuit current (/y.) , series resistance (Ry)
and shunt resistance (Ryy) [43].

According to Kirchoff’s current law, the load current [44]

Ip =L —1g — Iy 3
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TABLE 5. Properties of AT-7963A SEH module [53].

Items Specifications
Solar cell model AT-7963A
Brand Sanyo

Amorphous silicon
Type solar cell
Dimension 146 mm x 167.5 mm
Effective Area 138.8 mm % 165.6 mm
Module Thickness 0.3 mm
Working temperature range -10 to +60 °C*

*Solar simulator results

Pass through the load can be obtained with the photo current
Ipp, diode saturation current /; and shunt current /g,

VL + ILRS)
Rsh

Moreover, equation (2) is further expressed by expanding the
diode saturation current

\% ILRs)V,
el () )]

Therefore, as a diode current acts as a current controlled
current source in figure 3(b). Hence, the circuit can then be
re-written as [45], [46], [47]

1o — I | ex q (VL + ILRs) _ VL +1LRs
L = Iph s P kT.A

I = I — Iy ( )

Rsh
(6)
where,
I = Output current, I,;, = Photo current, I; = Diode
saturation current, V = Voltage, Ry = Series resistance,

Ry, = Shunt resistance, g = Electron charge = 1.6 x 10719,
k = Boltzman constant = 1.3805 x 10~23 J/K, T, = cell
temperature, A = Ideality factor

Whereas, photocurrent is the current gotten from the inten-
sity of solar radiation. It is dependent on the solar intensity
level and temperature. Also referred as the illuminated current
and is given by [47] in equation (7)

Iph = [Usye + k(T — T}y)] E @)
Gy
where, G = Solar irradiance, G,, = Nominal solar irradiance
at 1000W/m2, T = Cell temperature, T, = Nominal Temper-
ature, k; = Temp. Coefficient of short circuit current, Iy, =
Short circuit current
When terminal of a solar cell is short circuited, V = 0, then
a short circuit current grows linearly with the illumination
intensity [48], [49], [50]

IR IR
Ise = Ipn = I [exp (—M> - 1} R ®)
S

If a short-circuit current, Iy, and the photo current, I, are
approximately identical, then the short-circuit current is the
largest which may be withdrawn from the solar cell. Further
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FIGURE 2. Power management circuit (a) schematic and, (b) photograph of a MPPT (including buck and boost converter) control circuit.

assume if Ry, is much greater than Rj, and I is smaller as
compare to I, then:

©))

Similarly, an open-circuit voltage is obtained when no current
flows through the external circuit. The open circuit voltage
depends upon the barrier potential of a junction and shunt
resistance. Whereas, a decrease is seen in an open circuit

Isc ~ ph
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voltage with an increase in temperature and light intensity has
an impact too [43], [51], [52]. For I, = 0,

\%
s il (35)-

Finally, power delivered by the PV cell is the product of
voltage (V) and current (I). At both open and short circuit
conditions the power delivered is zero.

VOC

Rsn

(10)
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FIGURE 3. (a) Equivalent electrical circuit for a solar cell module
(b) diode acting as a current source.

IV. EXPERIMENTATION OF SEH JACKET FOR INDOOR
AND OUTDOOR LIGHTING CONDITIONS

For performance evaluation of SEHs embedded in the jacket,
a dummy is used as a subject to conduct the experimen-
tation. During indoor (in-lab) experimentation as shown in
figure 4(a) and figure 4(b), a dummy wearing a SEH jacket
is initially placed in a diffused light and afterward the illu-
minance is gradually increased by turning ON tube lights
(from 1 to 16) inside the room to characterize the perfor-
mance of prototype jacket. Similarly, during outdoor exper-
imentation figure 4(c) and figure 4(d), a dummy having a
SEH jacket is put on roof top and the operation of SEH
is evaluated at 9 am, 4 pm, 6 pm and 8 pm. Moreover,
individual solar modules, as well as, solar modules in series
configuration are tested and characterized for both scenarios
(i.e., indoor and outdoor). The output voltage, output power,
illuminance and irradiance are measured through multimeter,
lux meter and solar power meter respectively during indoor
and outdoor experimentation.

A. IMPACT OF INDOOR DIFFUSED LIGHT AND LIGHT
INTENSITY VARIATION OVER OPEN-CIRCUIT VOLTAGE OF
PROTOTYPE

In the month of February around 11 am experimentation for
diffused light in lab (no tube light is kept ON) is performed.
Experimentation is performed to evaluate solar cells power
generation capability during diffused light for a design of
maximum power point tracking circuit (MPPT). The design
and integration of MPPT circuit will further improve the
performance by utilizing diffused light to compensate bat-
tery while powering vital health monitoring system (VHMS).
Individually each solar cell is analyzed for output voltage and
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power for different intensity of diffused light. The front side
of the jacket is facing the window from where the diffuse light
is coming to the room. The orientation of the room is such that
no direct solar radiations can enter the room through windows
and doors. During the testing the dummy is place such that
the front of the jacket is facing the windows. The maximum
open circuit voltage of 2.87 V is produced by front side solar
cell-5 whereas, 1.8 V is produced by solar cell-8, As shown in
figure 5(a) and figure 5(b), the voltage varies between 2.18 V
to 3.34 V for front-side of the jacket and on back-side the
voltage ranges between 2.6 V and 3.04 V.

The measurement of the irradiance is between 0.4 W/m? to
1.1 W/m? on front-side and 0.4 W/m? to 0.5 W/m? on back-
side of a jacket. Whereas, the illuminance varies between
15 lux to 18 lux for front-side of the jacket and 7 lux to 11 lux
on back-side of the jacket.

The experimentation on wearable SEH based jacket is
performed indoor during fall season. The testing in the lab
is conducted under artificial lighting arrangement that is,
turning ON 1 to 16 tube lights one by one (for variable
lighting conditions). Each solar cell is individually evaluated
based on voltage and power during available illuminance and
irradiance on each solar cell. The illuminance and irradiance
are recorded near each solar cell while keeping the sensing
probes in plan (parallel) to solar cells. Figure 5(c) shows the
individual solar cell’s output open-circuit voltage for indoor
experiments, while managing different light conditions using
1-16 tube lights, meanwhile, illuminance is measured to
be 197 lux. For a single tube light, maximum open-circuit
voltage attained is from 1.6 V to 2.81 V (illuminance from
8 lux to 24 lux). Whereas, for 16 tube lights (illuminance
varies between 180 lux to 196 lux), the open-circuit voltage
ranged between 2.18 V to 3.34 V. The maximum recorded
voltage is 3.34 V for a solar cell-3, when all 16 tube lights are
turned ON.

It is important to mention that voltage and power at the
front is more than the back side of wearable SEH based jacket
due to the fact that the front of the jacket is facing win-
dow, whereas back side is facing the wall. The same reason
restricted the illuminance to 13 lux on solar cell-9 (back-
side). Exploring another aspect, and to have more in-depth
knowledge of a developed wearable SEH jacket prototype,
an irradiance is also recorded as depicted in figure 5(d). The
voltage increased with the controllable illuminance. When
1 tube light is turned ‘ON’ the maximum voltage on front-
side of the jacket is produced by solar cell-3 and on back-
side of 2.56 V is produced by solar cell-10. The voltage
increases as the illuminance and irradiance is increased due
to turning ON tube lights (as shown in figure 5(c) and
figure 5(d)). When all the 16 tube lights are turned ‘ON’ in
the room, the maximum voltage on front side solar cell-3
reaches 3.34 V and on back-side 3.04 V is produced by
solar cell-10. Due to turning ‘ON’ the tube lights one by
one the irradiance on front-side and back-side of the jacket is
increased to 2.7 W/m? and 0.4 W/m?, respectively. The front-
side six solar cells voltage is more than that of back-side solar
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FIGURE 4. Wearable SEH jacket characterization: (a) front view of jacket, in-lab testing, (b) back-view of jacket,
in-lab testing, (c) front view of jacket, outdoor (rooftop) testing and (d) back-view of jacket, outdoor (rooftop)
testing.

cells, as front-side of a wearable SEH jacket is exposed to
window.

1) INDOOR CHARACTERIZATION OF PROTOTYPE WITH
VARIABLE LOAD

During the diffused light a variable resistive load is attached
to the individual solar cell and the load voltage is measured.
The maximum load voltage produced as shown in figure 6(a)
is 2.35 V at a load of 222 k€2, however, the maximum power
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generated on front-side by solar cell-1 is shown in figure 6(b)
is 0.0516 mW at an optimal load of 56 k2. Whereas, the
maximum power during diffused light as shown in figure 6(b)
is produced by solar cell-8 integrated to backside of a jacket
is 0.031 mW, at an optimal load of 56 k2. During the
testing, the Illuminance measured on front-side is 935 lux,
while, irradiance measured at window is 26 W/m?. Whereas,
the irradiance is 0.6 W/m? on front-side of a SEH jacket.
As observed the voltage on front-side of four solar cells are
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FIGURE 5. Individual solar cell output open-circuit voltage during diffused light versus (a) irradiance, (b) illuminance; (c) irradiance, indoor
during turning ‘ON’ 1-16 tube lights and (d) illuminance, indoor during turning ‘ON’ 1-16 tube lights.

more than that of solar cells integrated to backside due to
less illuminance and irradiance on backside of jacket facing
a wall.

When 16 tube lights are turned ‘ON’ one by one every
solar cell is characterized for the load voltage is as shown
in figure 7(c). The maximum load voltage is measured to
be 2.98 V and the maximum power achieved as shown in
figure 7(d) is 0.728 mW at an optimal load resistance of
4.7 k2. The window on front side of a SEH contributed
380 lux into the light intensity, which resulted in an illumi-
nance and irradiance recorded to be slightly less on back-side
of the jacket than on front-side. Thus, the power level on back-
side of a SEH jacket is 0.49 mW at an optimal load of 4.7 k2
whereas, the illuminance and irradiance observed on back-
side of jacket are 165 lux and 0.5 W/m?, respectively which
is less than the illuminance and irradiance measured on front-
side of the jacket.
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2) INDOOR IMPACT OF DIFFUSED AND 16 TUBE LIGHT
OVER A SERIES CONNECTION WITH VARIABLE LOAD
Experiments are carried out indoor, under diffused light and
variable room lightings while solar cells are connected in
series. It is pertinent to mention that impact of the light from
outside, entering through a window is also considered where
the illuminance and Irradiance near to window was 350 lux
and 12 W/m? respectively.

During series connection of the solar cells, the maximum
load voltage and power achieved under diffused lighting
conditions as shown in figure 7(a) and figure 7(b) is 8.1 V
and 0.32 mW respectively. Moreover, the maximum power
is produced at an optimal load resistance of 180 k2. During
this testing, the illuminance and irradiance on front-side of
the jacket was noted to be 13 Iux and 1.1 W/m?. However,
the illuminance on back-side of the jacket is observed to be
5 lux, and the irradiance recorded is 0.3 W/m?2.
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FIGURE 6. Indoor characterization of prototype individual solar cells with variable load during diffused light: (a) output voltage, (b) power
(c) output voltage, indoor in 16 tube lights, and (d) power, indoor in 16 tube lights.

Similarly, indoor when 16-tube lights are turned ‘ON’
and the solar cells are connected in series for analysis, the
maximum load voltage as shown in figure 7(c) obtained is
27.5 V at a load of 560 k2. The developed wearable SEH
produced a maximum power of 5.689 mW at an optimum
load resistance of 0.082 M2 (figure 7(d)) is generated.On
front-side of wearable SEH jacket, an illuminance is 155 lux,
whereas, the irradiance is 0.9 W/m2. While the Illuminance
and irradiance on back-side is 170 lux and 0.3 W/m? respec-
tively. The voltage and power levels generated from series
connection during diffused and room lightings conditions
from series connection of solar cells is enough to operate most
of the wearable sensors, and biomedical devices.

3) OUTDOOR OPEN-CIRCUIT VOLTAGE EVALUATION OF
INDIVIDUAL SOLAR CELL OF DEVELOPED PROTOTYPE

For outdoor open-circuit voltage evaluation, first all solar
cells are analyzed individually. The open circuit voltage as a
function of illuminance and irradiance is depicted in figure 8.
In figure 8(a),the maximum open circuit voltage is produced
by solar cell-1 and solar cell-3, which is measured to be 4.7 V
at the illuminance of 46500 lux on front-side of wearable SEH

119486

jacket and the illuminance of 985 lux is measured near solar
cell-10, which is attached to back-side of the wearable SEH
jacket due to which the open circuit voltage of solar cell-10
is measured as 4.37 V, which is slightly less than the voltage
levels produced by the solar cells present on the front-side of
a wearable SEH jacket. Similarly, the irradiance measured on
front-side near solar cell-1 is 882 W/m? and on solar cell-9
is 85 W/m?. This decrease can be attributed to the direct
sunlight receiving by front-side of the wearable SEH jacket.

4) OUTDOOR EVALUATION OF AN INDIVIDUAL SOLAR CELL
IN A SUNNY AND CLOUDY WEATHER UNDER VARIABLE
LOAD

In this case, experimentation is performed in a month of
March during a sunny day. Solar cells are individually eval-
uated on a wearable SEH jacket for characterization and
the maximum voltage produced as shown in figure 9(a) is
4.85 V, and the power level obtained as shown in figure 9(b)
is 554.7 mW at an optimal load of 12 2 at solar cell-4. The
efficiency achieved during a sunny day is 5-6 %. Whereas, the
illuminance on front side of wearable SEH jacket is 18700 lux
and an irradiance on front side of jacket is measured, which
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FIGURE 7. Solar cells in series connection during indoor experimentation: (a) output voltage in diffused light, (b) power during
diffused light, (c) output voltage, indoor in under 16 tube lights ON, and (d) power, indoor in 16 tube lights.

happens to be 191 W/m? respectively. The optimal load
decreases due to increase in irradiance causing a change
in internal resistance of a solar cell. Moreover, on back-
side of the wearable SEH jacket, the maximum voltage and
power obtained by solar cell-8 is recorded to be 4.94 V and
387.56 mW at an optimal load of 22 € respectively. The
illuminance and irradiance are recorded for back-side of the
wearable SEH jacket, which is measured to be 1300 lux
and 125 W/m? respectively.

On a cloudy day, an individual solar cell is evaluated
based on voltage and power as a function of irradiance and
illuminance. During experimentation, it is observed that the
maximum voltage produced by cell-4 is 4.72 V at a load of
10 k€2, and power achieved is 90.41 mW (figure 9(d)) at an
optimal load of 220 2. While the illuminance on front-side
of a wearable SEH jacket is 8250 lux whereas, irradiance
on front-side is 85 W/m?. The efficiency achieved during a
cloudy weather is 1 - 1.87 %. Similarly, the maximum power
which is slightly more than others solar cells on back-side of
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the wearable solar jacket is produced by solar cell-8 and is
recorded to be 38.75 mW at an optimal load of 220 2 and an
illuminance of 1350 lux, while irradiance is 75.6 W/m?2. The
optimal load resistance remained almost the same for all ten
solar cells due to same irradiance around the jacket because
of a cloudy weather.

5) OUTDOOR EVALUATION OF A SERIES SOLAR CELL
CONNECTION WITH VARIABLE LOAD DURING VARIOUS
LIGHT CONDITION

For performance evaluation of a solar cells connected in
series, a wearable SEH jacket is tested and character-
ized outdoor in the month of March at different timings
(i.e., 9 am, 4 pm, 6 pm and 8 pm). During night time
the experimentation is performed for better designing of
power management circuit which will harvest energy even
during night time. Each experiment is performed while
front-side of the wearable SEH jacket is exposed to direct
sunlight.
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and the power achieved is 1282.57 mW at an optimal load of
1.5 k2. The power achieved is maximum due to high irra-
diance in an environment, as it was a sunny day. The device

During the testing performed at 9 am, the voltage
and power produced by the SEH are depicted in figure 10(a)
and figure 10(b) respectively. The voltage produced is 45 V,
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prototype solar cells in series connection under variable load in a cloudy weather: (i) output voltage, and (j) power.

operates as the input voltage reaches 4.3 V and instantly turn
ON the Zener diode, a Darlington pair and a relay. A diode
is a as discussed avoids back electromotive force caused by
a relay coil, results in operation of DC-DC buck converter.
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As a result, battery can be charged along with powering of
VHMS due to sufficient Power production. A charged battery
can be later on utilized to operate a VHMS during diffused
light when power production is too low.
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FIGURE 11. Flow chart for the functioning of a vital health monitoring system.

The irradiance and illuminance on front side of a wearable
SEH jacket at 9 am is measured to be 39500 lux. Whereas,
the irradiance is recorded to be 757 W/m?. Experiments are
repeated for wearable SEH jacket on backside, and the illumi-
nance is measured to be 6200 lux and 9230 lux respectively.
Due to direct sunlight on front-side of a jacket, the irradiance
and illuminance on front-side of a jacket is more than on
backside. In case of irradiance, on backside of wearable SEH
jacket is recorded to be 139 W/m?. It is important to mention
that results obtained at 12:00 pm have not been discussed,
because they are exactly similar to that of 9:00 am.

Similarly, outdoor at 4:00 pm, the solar cell evaluated
achieves an output voltage of 34.8 V and power of 572.16 mW
at an optimal load of 1.5 k€2, as shown in figure 10(c) and
figure 10(d) respectively. For the said reading, the illumi-
nance is measured on front-side and backside of the jacket
noted to be 34000 lux and 9100 lux respectively. Moreover,
the irradiance on front-side of the wearable SEH jacket is

119490

470 W/m? and on backside of the wearable SEH jacket,
irradiance is measured to be 120.4 W/m?.

In the month of March, at 6:00 pm experimentation of
voltage and power of solar cells are repeated as shown in
figure 10(e) and figure 10(f) respectively. As the sunset hap-
pen to decrease the light intensity due to which the illumi-
nance on front-side is 3720 lux whereas, on backside of a
wearable SEH jacket is recorded to be 3300 lux. Similarly,
the irradiance is 30.5 W/m? and on backside it is measured
to be 21.8 W/m?2. Resulted in a decrease in solar cell voltage
and power to 25.6 V and 80.25 mW at a load resistance of
1.5 kQ.

Similar experimentation is performed during night at
8:00 pm, with almost no illuminance and irradiance, the
performance at night is evaluated to design a power man-
agement circuit to utilize the minute energy available in the
environment, which would otherwise be wasted. Even in that
case, as can be depicted in figure 10(g) and figure 10(h), the
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voltage and power produced are 62 mV and 7.95 x 107> mW
(at load of 10 k€2) respectively.

Figure 10(i) depicts the output voltage obtained is 40.4 V
and the maximum power attained (figure 10(j)) is 266.66 mW
at an optimal load of 1.5 k2. During the recorded readings,
the outdoor illuminance for a series cell configuration is
measured in the afternoon of 2™ March on a cloudy day
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over the front-side and back-side of the wearable SEH jacket.
As the voltage and power are dependent on the irradiance,
so the irradiance and illuminance are observed as well for
the evaluation of voltage and power performance of a solar
cell. On front-side, the illuminance is 4300 lux. Similarly,
illuminance on backside of the wearable SEH is measured
to be 7750 lux. Whereas, the irradiance on front-side of the
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TABLE 6. Comparison of Solar Energy Harvester harvesting models.

Proposed solar | Irrad. Weather PWM/M | Super capacitor/ Efficiency Simulation/ Ref.
energy (W/m?) Condition PPT Battery Real time
harvester considered experimentation

model

Boost 20- 1000 | No MPPT Battery High Simulation [54]
Converter with

MPPT

Boost No MPPT Both High Simulation [55]
Converter with

MPPT

Boost No Battery High Simulation [56]
Converter

Buck-Boost No MPPT Battery Real time | [57]
Converter with experimentation

MPPT

Buck-Boost 200-5000 | Yes PWM/M | Both Real time | [58]
Converter with PPT experimentation

Pulse  width

modulation

(PWM)  and

MPPT

Buck-Boost 0.1-780 Yes MPPT Battery High Real time | This
Converter with experimentation work
MPPT

wearable SEH jacket is 31 W/m2. Moreover, on backside
of the wearable SEH jacket, irradiance is measured to be
47.6 W/m?.

V. SOFTWARE IMPLEMENTATION IN WEARABLE JACKET
The flow chart of the functioning of a vital health monitor-
ing system (VHMS) is illustrated in figure 11. At first, the
Arduino initialize connections with Wi-Fi, GSM, Bluetooth
modules and sensors. Then, after wearing a band, data of
pulse rate, temperature, oxygen saturation and human fall
update is received from respective sensors and the informa-
tion is presented on the VHMS display screen. Afterward,
the data from the subject will be sent after every 3 min to
Wi-Fi and GSM modules. Moreover, the measured informa-
tion is further communicated to web interface, mobile app,
and cloud server and to Bluetooth module through Wi-Fi
module. Moreover, in case of emergency, an emergency alert
of a subject health deterioration will be forwarded urgently.
Furthermore, the system will provide observation of a subject
inside a room, nearby place as well far distance location.

A. SYSTEM PERFORMANCE EVALUATION AND ANALYSIS

The system performance is evaluated based on the operation
and functioning of the integrated modules and is configured
to send the data to mobile or computer after every 3 min.
The data collected by sensors is transferred to Bluetooth
(figure 12(a)), mobile app (figure 12(b)), GSM mobile mes-
sage (figure 12(d)) and web real time database (figure 12(e)).
As can be seen in figure 12(c), when a temperature value
is not in normal range an emergency alert alarm is turned
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‘ON’ the mobile app, as well as the value on mobile app has
turned into red color. Similarly, BPM, SpO; value will also
turn red with an emergency alert. Moreover, for fall alert a
sound buzzer is turned ON in case of mobile app, moreover,
an alert is sent to Bluetooth and GSM module as well.

A comparison of solar energy harvesting models based
on proposed model, irradiance, weather condition, efficiency
and type of testing is shown in Table 6. Similarly, other
researchers in [54] and [58] have varied the irradiance, while,
only [58] considered weather condition on the performance.
Furthermore, battery/super capacitor for charging is consid-
ered in proposed SEH, as in [54], [55], [56], [57], [58],
Efficiency reported in [54], [55], [56] is high similar to the
proposed device. Whereas, experimental validation of the
SEH is only proposed in this work and [58].

VI. CHARGING AND DISCHARGING OF A BATTERY

A 1.2V, 1000 mAh four batteries connected in series has an
initial voltage of 0.7 V, which develops a voltage of 4.1 V in
nearly 11 min, whereas, 4.8 V is achieved in 200 min. While,
the display of VHMS works for 120 min, after which the dis-
play started to blink while the transmission further continued
for 60 more minutes. Both the charging and discharging of
the VHMS Is shown in figure 13 (a) and figure 13 (b).

VIl. COMPARATIVE ANALYSIS

A comprehensive comparison of the developed prototype sys-
tem with the reported related work in the literature is shown in
Table 7. The solar-based VHMS gadgets are assessed based
on material type (flexible/rigid), modes of communication,
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TABLE 7. Comparison of wearable SEHs.

Power
Size |Illuminance| Voltage | Power . Modes to of Sensors
T densit .

Brand YPE | (em?) (lux) W) (mW) (mx/s:myz) communication operated Ref
Sundance | b ible | 43.2 508 | 1278 | 295 PPG and [36]
Solar Accelerometer
fs"%e_rl};‘)lm Flexible | 8.128 | 10000 3 221*% | Bluetooth Pulse Oxymeter | [37]
Solar
Capture Flexible | 20.24 5.14 2.14%* [38]
Technologies
PowerFilm . " Electromyograp
(SP3-12) Flexible | 8.128 3 1.96 hy [39]
Sundance
Solar Flexible 3 120.7 Bluetooth Pulse Sensor [40]
(MP3-37)
Sundance
Solar Flexible | 43.2 320 3.6 0.017* [41]
MPT3.6-75
1-dimensional
perovskite Flexible | 0.05 0.91 Electric watch [42]
solar cells

Bluetooth, PPG sensor, [This
This work® Flexible | 244.55 41000 45 1282.57 5.25% GSM and Wi- | Temperature, work]
Fi accelerometer

a- Irradiance = 780 W/m’
® Calculated
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FIGURE 13. Battery (a) Charging and (b) Discharging.

sensors’ power, size, voltage, power and power density. The
size of SEH has a significant effect on power generation;
with larger harvester’s size, more power can be produced
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as can be concluded from [36] and [42]. Power generation
capability decreases with smaller size of flexible SEH [37]
and [39]. The developed SEH produces more power than any
reported solar-based health monitoring system. As reported
in table 7, recently developed prototypes comprise of a single
solar cell whereas, the proposed device utilizes the jacket area
for maximum power generation. Thus, during the daytime
extra energy is stored and further utilized by the VHMS at
night. The solution results in a power generation 10 times
more than [40].

Furthermore, the developed solar-based VHMS produces
maximum power than any reported prototype to our best
knowledge.

In the works reported in literature, the sensors used for
VHMS are photo plethysmography (PPG) and accelerome-
ter in [36], Pulse Oximeter [37], Electromyography (EMG)
[39], Pulse Sensor [40] and electric watch [42]. Whereas,
the emergence of wearable biosensors used to extract the
human parameters such as fall of the temperature, temper-
ature, and pulse rate and oxygen saturation level. Then the
data is analyzed through Bluetooth [37], [40], Global System
for Mobile Communications (GSM) and Internet of Things
(IoT) subsystem; the parameters are also measured and
communicated to the caregiver and doctor through mobile
Application.
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VIil. CONCLUSION

In summary, we have developed a wearable flexible solar-
based wearable jacket retaining the flexibility, deformability,
and production of maximum power from natural and artificial
light. The proposed SEH can power pulse sensor, oxygen
saturation sensor, temperature sensor, and fall alert sensor
data is fetched and then transferred to mobile app, Bluetooth
terminal, web database and a mobile message through Wi-Fi,
GSM and Bluetooth module. Both Vital health monitoring
system design and overall maximum power point tracking
(MPPT) design are crucial in order to achieve robust and
power efficient device. All three level of design are discussed
by demonstrating a flexible SEH power generation potential
as well as analyzing the relationships between irradiance,
illuminance, variable load, efficient MPPT circuit design, and
optimized algorithm for efficient power use. Experimental
result shows that outdoor evaluation of a series solar cell
connection with variable load during different environments
produced a maximum voltage produced is 45 V and power
generated is 1282.57 mW, under illuminance and irradiance
of 41000 lux and 780 W/m?, respectively, at an optimal load
resistance of 1.5 k2. Similarly, during night, with almost no
illuminance and irradiance, the performance at night eval-
uated to design a power management circuit to utilize the
minute energy available in the environment, which would
otherwise be wasted. In that case the voltage and power
produced are 62 mV and 7.95 x 1073 mW (at load of 10 k)
respectively
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