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Abstract— a 50 mm x 20 mm x 15 mm indoor photovoltaic
(PV) energy harvesting power module (IPEHPM) has been
developed for powering an IoT sensor node containing a
low-power CO: sensor for automatic building ventilation. It
is composed of a high efficiency PV energy harvesting
module and a supercapacitor to produce 3.6 ~ 4.2V output
voltage with 100 mA pulse current for up to 600 ms. Storage
efficiency analysis and storage efficiency tests of the
IPEHPM have demonstrated that with the adopted simple
power management scheme, which exempts the commonly
used power management blocks of the voltage regulator and
the maximum power point tracking (MPPT) to save power,
88.7% average storage efficiency has been achieved at 200
lux. With the newly established PV powering model, the
power consumption requirements of an IoT node can be
directly converted into the illumination requirements of the
PV energy harvester, making the IPEHPM easy to use.
IPEHPM powered IoT experiments with a low-power CO:
gas sensor have demonstrated that the IPEHPM is suitable
for IoT-based building ventilation applications where the
CO: concentration level is measured every 150 seconds at
the indoor lighting condition down to 200 lux.

Index Terms—internet of things (IoT), photovoltaic (PV),
energy harvesting, supercapacitor, self-discharge, power
management, maximum power point tracking (MPPT), low-power
CO: sensor

I. INTRODUCTION

Wireless sensor networks (WSN) and the Internet of Things
(IoT) will soon be used widely in our daily lives. Market
intelligence currently predicts that the volume of IoT connected
devices is in the range of 45 billion by 2020 [1], with sensors
accounting for more than 60% of devices [2].

A major issue for autonomous wireless devices is still their need
for a connected power source and often this power source is
provided in the form of disposable batteries. With the
emergence of new low-power sensor solutions the network
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communications landscape is rapidly changing from wired to
wireless whereby all devices are becoming connected,
interoperable and require rapid deployment.

There is a need to implement new powering strategies for such
autonomous sensors, widen technology awareness and increase
uptake by eliminating battery change as a major operational and
environmental issue [3]. The same analysis has identified
relevant energy harvesting applications in sectors such as
building automation, agriculture, health & medical and process
monitoring. Insufficient power available for the application was
one of the main reasons identified for not adopting energy
harvesting in these sectors.

A typical example is the use of WSN's in buildings for
enhanced control and management of air handling systems,
reducing building energy consumption and enhancing building
air quality to ensure occupants well-being [4-7]. Buildings are
responsible for at least 40% of the world’s total energy
consumption with 96% of our existing building stock currently
with limited or no effective building energy management
systems in place [8]. Smart air quality control in buildings can
be achieved via automated control of air handling systems
based on the real-time measurement of air CO, concentration,
temperature and humidity, implemented using the IoT, with
energy savings up to 25%. Since building environmental
parameters do not change quickly, each sensor node in the IoT
only needs to work in active mode periodically for sensing,
processing and communication. The power hungry active mode
has a relatively short time period such as in the order of ms at
the power consumption in mW, while the ultra-low power
consumption sleeping mode is relatively long such as in order
of minutes at the power consumption in uW. Therefore the
average power consumption of an IoT-based sensor node is
much lower than the power consumption in active mode,
making it possible to power an IoT-based sensor node using
ambient energy harvesting components such as photovoltaic
(PV) energy harvesters, where energy harvested during the
sensor node’s sleep period can be continuously accumulated in
energy storage components (such as a supercapacitor) so that a
high power pulse can be produced for the measuring and data
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sending period. The long lifetime of energy harvesting and
storage components (such as millions of recharge circles for a
supercapacitor) enables the IoT-based sensor node to be
powered using energy harvesting in a “fit and forget” manner
without worrying about battery replacement.

Attempts at integrating PV cells, power management circuits
and even storage together to provide a fully integrated PV
energy harvesting power chip which finally leads to self-
powered IoT systems have been reported [9-11]. However due
to the chip size restriction, the total harvested energy is limited
so it is suitable for some ultra-low power applications but is not
generic for powering a low-power loT-based sensor node.

The power consumption of the lIoT-based sensor node has been
lowered thanks to the development in low-power electronics
and sensor technologies. However, it is difficult to further
reduce the total power consumption of the IoT node due to the
relatively higher power requirements for wireless data
communication. The low illumination indoor conditions which
restrict the amount of the harvested PV energy, makes the case
of powering indoor IoT sensor node more challenging. As a
result, there is no indoor PV energy harvesting powered
wireless sensor node existing for CO, concentration
measurements.

This paper presents the development of an Indoor PV Energy
Harvesting Power Module (IPEHPM) for wireless sensor
nodes. The project utilizes a low-power consumption
autonomous CO,, temperature and humidity sensor and its
associated signal conditioning circuits [12] from GSS (Gas
Sensing Solutions Ltd., Glasgow, UK) together with extra [oT
node circuits, powered using the newly developed IPEHPM.
The rest of the paper is organized as follows. Section II
describers the development of the IPEHPM, including
specifications, components details, the new power management
scheme without using the maximum power point tracking
(MPPT) to save power, storage efficiency analysis for the new
power management scheme, and the newly proposed powering
model to link the IoT application’s power consumption
requirements into the illumination conditions of the IPEHPM.
Section III describers the testing of the IPENPM, including
storage efficiency tests, parameters tests of the IPENPM and the
over-charge/discharge protection tests at the fixed-illumination
of 200 lux. Section IV reports the application of powering the
IoT gas sensor node to measure CO» concentration at 200 lux
indoor lighting for automatic building air quality control.
Section V concludes the paper.

II. TPEHPM FOR IOT-BASED GAS SENSING
A. Power requirement

The nondispersive infrared (NDIR) CO, sensor developed by
GSS has been reported to have 50 times lower power
consumption than its counterparts [12]. It integrates a fast
response gas sensor and signal conditioning circuits to measure
CO; concentration from 0-5000 ppm with +/-50 ppm accuracy.
The wireless sensor node is implemented using the Moteino
development platform (LowPowerLab LLC, Michigan, USA)
including a low-power 868 MHz ISM band RF transceiver of
Hope RF RFM69HW which consumes 16 mA at 4.8 Kbps in
transmission mode and a microcontroller of ATMega328 which

consumes 6.5 mA in active mode and 4 pA in sleep mode. In
sleep mode the microcontroller works in power-save mode,
where the asynchronous timer runs continuously to maintain a
timer base while the rest of the device is sleeping. The timer
will produce an interrupt which wakes-up the system.

The total power requirements of the GSS COZIR CO, gas
sensor [12] are listed in Table I.

Table 1. Power requirements for an IoT based CO, sensor node

Supply voltage Peak current Sleep mode Current
3.5~5.5V 30 mA for 150 ms 4 pA

The power consumption specified for the gas sensor is 3.0 mW
at 3.3 V supply for 2 measurements per second in continuous
measuring mode. If the gas sensor is utilized every 150 seconds,
the required average current of the gas sensor can be estimated
as

BOmW/33Vx% s +150sx4pA)/150s=11 pA.
Assume that the IoT node works for 100 ms for sensor control
and data transmission (to transmit 5 ASCII messages for a gas
measurement), the required average current is (16+6.5) mA x
100 ms / 150 s =15 pA. Therefore to power an IoT-based gas
sensor node, a total average current of 26 pA is required,
corresponding to 91 uW power consumption at 3.5 V supply.

B. High efficiency PV energy harvesting module

A PV panel can hardly act as a power supply alone since its
output power varies with illumination conditions. The
equivalent circuit diagram of a PV cell is shown in Fig. 1, where
I, represents the photon current which is proportional to
intensity of incoming light (illumination) and the area of the
cell, and Ip presents the leakage of the electrons and carrier
recombination. R, denotes the shunt resistance representing the
loss incurred by conductors, and the R, represents the loss of
non-conductors. The output current of the PV cell is expressed
in the formula,

Vcell + Rslcell

ey = Isc — Iy [exp KT —1]
q
Vcell + Rslcell
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Fig. 1. Circuit model of a single PV cell which shows the PV cell as a current
source and the open-circuit voltage is restricted by the diode

Since R, is large and R; is small, the output current of the PV
cell is almost a constant of I, determined by the illumination.
The output voltage of the PV cell Ve depends on the load of
the PV panel. Formula (1) is not a practical formula so its
graphic form is commonly used.

A high-efficiency PV energy harvesting module has been
developed for efficient conversion of indoor light. These are
typically artificial sources such as incandescent and fluorescent



for current markets, and LED for future/emerging indoor
lighting deployment [13]. The PV energy harvesting module
has an area of 50 mm x 20 mm. The open-circuit voltage range
of the PV energy harvesting module is 4.0 ~ 4.9 V when light
intensity changes from 10 ~ 1000 lux. At the indoor low
illumination condition of 200 lux, the open-circuit voltage of
the PV energy harvesting module is 4.6 V (larger than the
required 3.5 V) and the short-circuit current is 45 pA (larger
than the required 26 pA). Therefore it is apparent that PV
energy harvesting module can provide enough energy for IoT-
based building ventilation applications at illumination
conditions down to 200 lux.

C. Energy Storage Component

The harvested energy can be stored in a rechargeable Lithium
battery or a supercapacitor. Storage capacity, self-discharge and
lifetime are three key parameters to be considered in storage
selection. For powering low-power IoT nodes, the required
capacity can be achieved by both storage components, while
longer lifetimes make supercapacitors the better storage
selection for “fit and forget” IoT applications, although it is
believed that the high self-discharge current of the
supercapacitor limits the wide use of the supercapacitor in loT
devices [14].

The pA level self-discharge current of the supercapacitor can
be ignored in outdoor PV energy harvesting applications where
current output is significantly higher, such as in mAs, while for
indoor applications the current output can be as low as 10s of
LA so self-discharge current should not be ignored. The self-
discharge current of the supercapacitor changes with time and
it is reported as being large in the first hours after charging [15],
while the self-discharge specification of the supercapacitor
adopted in this design (VinaTech 5.4V 0.5F) is 2.0 pA after 72
hours post charging. In IoT applications, the storage
supercapacitor is repeatedly charged and discharged during
every measurement period which is highly unlikely to be longer
than 72 hours, therefore the actual value of the supercapacitor
self-discharge which is an essential technical parameter for
low-power applications should be evaluated. By now this value
is missing since the charge redistribution issue [15] raised by
the effects of double-layer capacitance with electrolyte in the
supercapacitor makes the leakage test a challenge.

D. Power management scheme

Power management is required to maximize use the harvested
energy from PV energy harvesting since the harvested ambient
energy is usually very weak (20+% PV energy converting
efficiency in this high efficient PV panel), while maximum
power output is not required in a general power supply where
input power is supposed to be unlimited. It is also required
protecting the storage components from overcharge (resulting
in degraded performance such as increased equivalent series
resistance (ESR), or overheating) and over-discharge to prolong
the lifetime of energy storage components [16].

The block diagram of a typical commercially available power
management chip is shown in Fig. 2, where a voltage boost
stage is required since the open-circuit voltage of a PV cell
(which is the highest output voltage of the PV cell) is limited
by the forward voltage drop of the diode of the PV cell typically
around 0.7 V, while a typical commercially available IoT node

chip requires 3.3 V or 1.8 V supply. Maximum power point
tracking (MPPT) circuits are included since the output
impedance of the PV cell changes from a few KQ to tens of KQ
depending on the illumination conditions while the input
impedance of the boost convertor stays constant with
illumination. Therefore the impedance between the PV cell and
the voltage booster has to be matched in order to extract
maximum energy from the PV energy harvester. The storage
voltage might be higher than 3.3 V due to the trade-off between
storage capacity (CV?%2) and self-discharge, since it is reported
that the self-discharge of a supercapacitor is significantly higher
when the terminal voltage is higher than 85% of the voltage
rating [17]. Another power regulator might be required to
boost/buck convert the storage voltage to the required supply
voltage. A challenge comes to this project is that the adopted 10
cm? PV panel working at 200 lux could not drive any
commercially available power management chip (the energy
harvested is lower than that consumed by the power
management chip). Therefore power management functions
should be simplified to save power.
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Fig. 2. Block diagram of a typical commercially available power
management chip for PV energy harvesting
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Fig. 3. 1-V (solid line) and the P-V curves (dash line) of the PV energy
harvesting module at different indoor illumination conditions.

Unlike the general PV energy harvesting applications where
maximum harvesting and storing energy is the highest priority,
the PV energy harvesting used in this project is to continuously
power the IoT node which has a rated power consumption. The
I-V curve and the P-V curve of the adopted PV panel shown in
Fig.3 demonstrate that when illumination condition is getting
better, the output power of the PV increases. Therefore as long
as the energy harvested at 200 lux is high enough to drive the
senor node, MPPT is not required for a better illumination case
since the output power at a better illumination condition is
definitely higher than that at 200lux for same operating voltage.
The conclusion of the power management requirement for
powering IoT node is to ensure that PV works in the high power
region at 200 lux to get rid of MPPT (which tracks the
maximum output power for different illumination conditions)



for power saving. In fact, MPPT is a power hungry block [18,
19] since it requires measurement of the open-circuit voltage of
the PV energy harvester, or an extra photo diode which is a
miniaturized on-chip PV energy harvester acting as the light
sensor [20] or complicated signal processing circuits such as a
successive approximate register (SAR) or a digital signal
processor (DSP) to track the maximum power point. The
impedance matching needs to be implemented for example by
a voltage controlled oscillator (VCO) to continuously tune the
switching frequency of a capacitor to adjust the load impedance
(R= 1/(fxC)) of the PV energy harvester. As a result, MPPT
power comsumption reported in [21] is 140 pA, which is
relatively large when compared to the 160 pW maximum power
produced by the adopted PV at 200 lux.

With the high open-circuit voltage of the PV energy harvesting
module employed in this work, the boost convertor shown in
Fig. 3 is not necessary for powering the loT-based sensor node,
so a simple charger without commonly adopted MPPT [4, 18,
19, 22-24] has been used as the power management in this
design providing a power efficient solution.

Storing energy in a supercapacitor with a simple charger
A battery charger, LTC4071 from Linear Technology with
power management functions of over-charge and over-
discharge protections, has been employed for power
management in the IPEHPM. The simplified block diagram of
the IPEHPM is shown in the top of Fig.4. The PV energy
harvester is connected to Ri, the storage supercapacitor is
connected to “BAT” pin, while the load of the IPEHPM will be
connected to V.. At the beginning, when the supercapacitor
voltage is lower than the over-discharge protection voltage
transistor MP; is off, so the IPEHPM is inactive. When the
voltage of the supercapacitor is charged higher than 3.6 V
through the charge path of Ri, and the diode, MP; is switched
on to activate the IPEHPM enabling to output a high power
pulse from storage. When the voltage of the supercapacitor is
charged as high as the over-charge protection voltage (4.0 ~
4.2V selectable), the charge current will be shunted through
MP; so that the voltage of the supercapacitor will not increase
any further.

A simplified top-level IPEHPM diagram is shown in the bottom
of Fig. 4, which demonstrates that in the simple charger scheme
the output voltage of the PV energy harvesting module has been
directly set as the storage voltage.

Storage efficiency analysis

The normalized output power efficiency of the PV energy
harvesting module is shown in Fig. 4 where maximum output
power for each illumination condition is treated as 100%,
demonstrating that the operating voltage at the maximum
output power point changes with the illumination conditions, so
MPPT seems necessary to track the changing illumination
condition in real-time. However, as shown in Fig.5, if operating
voltage of the PV energy harvesting module is set in a defined
region, such as 3.6 ~ 4.2 V by the supercapacitor together with
the power management chip of LTC4071 as shown in Fig. 4,
higher than 80% efficiency can be directly obtained for all
indoor illumination conditions (200 lux to 1000 lux) without
MPPT. Therefore after the IPEHPM is active (>3.6 V output),
and if the harvested energy is higher than that of application
required, MPPT will not be required since the voltage of the

storage will keep increasing until over-charge protection
voltage (maximum of 4.2 V) is reached. In this way, the PV
energy harvesting module will always work in the voltage range
of 3.6 ~ 4.2 V for high power output efficiency at indoor
illumination conditions.
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Fig. 4. Block diagram of the IPEHPM with the batgery charger from Linear
Technology (top) and the simplified top-level circuit of IPEHPM (bottom)
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Fig. 5. Normalized output power efficiency of PV energy harvesting module
vs. operating voltage at different illumination conditions

E. Powering an loT node by the IPEHPM

Unlike the conventional power supply whose power is irrelative
to illuminations or in the case of PV energy harvesting acting
as an auxiliary power source with MPPT focusing on maxim
using harvested power rather than how much the maximised
power is, the developed IPEHPM should be linked the IoT
power requirements to the PV panel size and illuminate
condition so that the harvested PV energy can be utmost used.

An energy-based powering model is established to directly
evaluate whether IPEHPM is capable of powering the IoT node
at a specific illumination condition. The required power
consumption for a specific IoT application can be converted
into the current profile as shown in the top of the Fig. 6, where
ip and to denote the current and time duration in
active/measurement mode, isicep denotes the current in the sleep
mode and T denotes the measurement period. The voltage



output of the IPEHPM is shown in the bottom of the Fig. 6,
where Vi (the voltage at t;) is higher than V, (the voltage at t»).
To keep the IoT node working continuously, the start voltage of
the next measurement period should not be lower than V.
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Fig. 6. Current profile and supply voltage curve when an IoT node is powered
by the IPEHPM. In a measurement period of T, there is a large current pulse iy
within to (active node) and a tiny current ige, (sleep mode) during the long
sleep period.

According to the energy flow model [25], the total energy
harvested f;o P, dt should be greater than the energy

required epgy (t) = f;o Py dr,

t t
R f Py dr > f Pevdt = eppy () (2)
=0 =0

where 5% denotes the energy initially stored.

In the IPEHPM, the energy stored in the supercapacitor in sleep
mode is %CVtzl - %C V2, and the energy consumed in active

mode is (ig — ip ¢ ) J. ttlz V; dt when equivalent active current is
treated as (io — g ) s0 no energy is stored in active period,
where the effective charge current, which is the charge current
of the PV energy harvester (I,v) minus both the in-circuit self-
discharge current of the supercapacitor (Iicak) and the quiescent
current of the power management chip (Iq) as shown in Fig.7.
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Fig. 7. Circuit diagram shown current relationship in the power module.

According to formula (2), to keep the IoT node running
continuously, it holds,

1 1 t2

ECVtzl - ECVtZZ = (iO - ie,c) " Ve dt (3)
where C denotes the capacitance of the storage and V denotes
the voltage of the storage. Considering that the discharge
current in the active mode is not a constant (the load current
minus the effective charge current) at a given illumination, the
output voltage drop of the IPEHPM in the active period caused
by discharging the supercapacitor should be non-linear. It holds

in the low illumination conditions where PV currents are lower
than the active discharge current:

t2 1 1
f Vpdr < 2 Vg + Vi)t — t1) = 2 Ve + Vedty (4)
t

1
Therefore if

1 1 N
ECVtZ:L - ECVtzz = (lo - lec) E(Vtz + Vet (5)
works then (3) will definitely work, since %C ] —%C V3 >
N . t2
(10 - lec) E(Vtz + Ve)to > (i — le_c) ftl V; dt.

Formula (5) becomes,
1 a1 o
EC(Vu -V5) = > Ver + Vi2) (o — fe.c) o (6)

After cancelling down %(th + V;,) from both sides, formula
(6) becomes,

CWVy—Vp) = (io - ie_c)to 7

The term of C(V;; — Vi) on the left side of formula (7) is the
total charge of the supercapacitor during (t; +T) —t, =T —
to , and therefore in this period the supercapacitor holds,

C(th - Vtz) = (ie_c - isleep)(T - to) (8)
Formula (6) finally becomes
ie_cT = iOtO + isleep (T - to) (9)

Formula (9) represents a charge/discharge model for the energy
storage supercapacitor, showing that to power an IoT node
working continuously, the total charge the storage
supercapacitor receives from the PV energy harvester ic..xT
should be no less than the total discharge of the storage
supercapacitor by the IoT node in a measurement period as IpXto
+steep*(T-10), guaranteeing that the output voltage of the storage
supercapacitor will not decrease over the next measurement
when formula (9) holds.

The simplified IPEHPM power model shown in formula (9)
links all application parameters such as illumination condition
(ic_¢), measurement period (T), current pulse amplitude (ip) and
duration (to), and the sleep mode current (isicp). Therefore the
powering capability of the IPEHPM for a specific IoT node can
be directly evaluated using formula (9). Since the total
discharge is a known value for a specific application, the lowest
illumination condition for an IoT application can be determined
by calculating i... using formula (10) and then using ic.. to
determine a suitable illumination condition.

i > ioto + isleep(T - to)
- T

Note that the right part of formula (10) is the average load
current of the IoT node. Therefore formula (10) can be easily
explained as the effective charge current of the IPEHPM should
not be less than the average load current of the IoT node.
Similarly, for a specific illumination condition, the minimum
available measurement period can be calculated via formula (9)
as well,

(10)



(iO - isleep)to

le ¢ — lsleep

T> 11
In practice, if the output voltage of the IPEHPM reaches the
overvoltage protection voltage for a while, there is a possibility
of either shortening the measurement period to acquire more
measurement data or lowering the illumination condition to
ease the lighting restrictions.

III. PERFORMANCE TESTS AND FUNCTIONALITY VALIDATIONS

The IPEHPM has been designed and fabricated as shown in
Fig.8. The schematic of the IPEHPM has already been shown
in Fig. 3. A low voltage drop Schottky diode has been added
between the PV energy harvester output and R;, to protect the
PV energy harvester being charged by the storage when
illumination conditions are poor.

Fig. 8. The 50 mm x 20 mm X 15 mm IPENPM. Top: PV energy harvesting
module side of the IPEHPM. Bottom: electronic components side of IPEHPM

All electronic components are mounted on the bottom layer of
the PCB. The PV energy harvesting module, which has the
same dimension of the PCB, has been soldered on the top layer
of the PCB. The fabricated IPEHPM has a dimension of 50 mm
x 20 mm x 15 mm.

A. Storage efficiency

Storage efficiency of the IPEHPM has been examined using the
designed PCB by replacing the energy storage supercapacitor
with a Keithley source-meter acting as a voltage source so that
the charge current flowing into the storage can be measured at
different operating voltages when the PV energy harvester is
illuminated at 200 lux. Varying the voltage of the Keithley
source-meter from 3.6 V to 4.2 V with a 0.1V voltage step, the
current flowing into the Keithley, together with the PV output
current and the output voltage has been recorded at the same
time.

Fig. 9 shows that the maximum output power of the PV energy
harvesting module (the blue curve marked with “0”) is 180.95
uW when the output voltage of the PV energy harvester is at
4.0 V, while the maximum power the storage received (the blue
curve marked with “0”) is at the voltage of 3.8 V. The 0.2 V
difference is caused by the voltage drop measured across the
protection Schottky diode.

Power output efficiency of the power module has been
calculated by dividing the storage received power by the
maximum PV energy harvesting module output power, as

shown in Fig.6 (the green curve marked with ‘*”). The achieved
maximum storage efficiency is 93.1% at the storage voltage of
3.8V while the minimum one is 79.6% at that of 4.2 V. The
average storage efficiency is 88.7% for the tested storage
voltage range of 3.6 ~ 4.2 V, demonstrating that the IPEHPM
has achieved high storage efficiency at 200 lux.
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Fig. 9. Output power of the PV energy harvesting module (blue), storage
received power (purple) and the storage efficiency (green curve)

Since the additional Schottky diode introduces 0.2V voltage
shift between the output voltage of the IPEHPM and the PV
energy harvester output voltage, the average efficiency of the
IPEHPM depends on the over-charge protection voltage setting.
The average efficiency reaches 91.3% for 4.0V over-charge
protection setting and 90.2% for 4.1V over-charge protection
setting of the IPEHPM.

The I-V curves at different illuminations shown in Fig.3
demonstrate that the I-V curve at the higher illumination
conditions is a magnified curve of the lower illumination one in
both I and V axes, therefore the output power at the higher
illumination is always larger than that at the lower illumination.
As aresult, as long as the power output at the worst illumination
condition (200 lux in this design) meet the application
requirements, it will have no problem for better illumination
conditions.

The key point of using PV energy harvesting under indoor
illumination conditions without MPPT is to find a way to set
PV energy harvester operating voltage in high efficiency range
for the worst illumination conditions. This issue has been
solved in the IPEHPM by using a charger which sets the PV
energy harvester operating voltage as 3.8 ~ (4.2 ~ 4.4) V. At
200 lux a 2.6% storage efficiency increase can be achieved by
sacrificing 9.3% storage capacity when over-charge protection
voltage is set as 4.0 V in IPEHPM.

B. PV energy harvesting power module parameter tests

Effective charge current

As mentioned previously, the charge efficiency changes with
operating points and the in-circuit self-discharge current of the
supercapacitor is suspected to be larger than the steady self-
discharge current, making the performance of the IPEHPM
difficult to evaluate based on the I-V curve of the PV. However,
when considering that a full charge-discharge circle from 3.6V-
4.2V-3.6V with the load pattern shown in Fig.5, the parameter
of the effective charge current (i. ) of the IPEHPM at different
illumination conditions has been measured. The results are
listed in Table II and shown in Fig. 10.



Table II. Effective charge current (L) at different illumination conditions

Tlumination (lux) 100 200 300 400 500 1000
L c(nA) 184 386 612 8.0 995 212.1

N
a
o

N
o
o

-
o
o

-
o
o

o
o

Effictive current (uA)

0
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lllumination (lux)
Fig. 10. Effective charge current vs. illumination condition

Resistance and maximum output current

The resistive impedance of the IPEHPM has been measured by
recording the offset voltage changes when two different
discharge currents supplied by a Keithley source-meter are
swapped. The measured resistance is 5.5 +/- 1.0 Q. Therefore
outputting a high current from the IPEHPM can result in a
relatively high output voltage drop (mainly dropped across MP;
in the power management chip shown in Fig. 2 due to its on-
resistance). For low-power applications such as the 20 mA
current pulse, the maximum output voltage drop in active mode
is less than 130 mV which is insignificant (4% of the supply
voltage of 3.3V).

The output current of the IPEHPM is specified by the absolute
maximum discharge current. The maximum pulse current has
been tested when the IPEHPM is active with an output voltage
of 4.2 V. The pulse duration has been defined as the output
current dropping by 5% of its value. Since the maximum
resistive impedance of the power module is 6.5€Q and the lowest
output voltage is 3.5V for the CO, sensor, the available
maximum output current is calculated as (4.2V-3.5V)/6.5Q =
107 mA. So the test pulse current for the power module was set
as 100 mA for the maximum pulse discharge current test. The
duration of the 100 mA current pulse has been measured by
setting the variable load resistor to 42 Q. It takes 645 ms for the
output voltage to drop by 5%. Therefore the 100 mA pulse
duration is at least 600 ms, significantly exceeding the
application requirements for building ventilation specified in
Section II. A.

C. Functionality validation at 200 lux

The functions of over-charge and over-discharge of the
IPEHPM have been validated by two switched load resistors to
mimic a 30 mA active pulse current and 4 pA sleep mode
current of an IoT node (125 Q for active mode and 1M Q for
sleep mode). The switch control signal (15 ms pulse every 200
seconds) has been generated by a pattern generator. The
experimental data has been recorded by an Agilent DSA90000
oscilloscope working in the segmented memory mode triggered
by the switching control signal. The over-charge protection
voltage of the IPEHPM is set to 4.0 V and the storage has been
initially set as 3.8V so that an increasing output voltage can be
easily observed if the harvested energy is larger than the
demanded energy.

Fig.11 shows two recorded output voltage signals (red and
cyan) together with the IoT working mode control signal (blue,

high level = active mode, low level = sleep mode) from 30
measurement periods. The voltage of the first recorded signal
(red curve) is 3.79V in sleep mode and 3.65V in active mode,
demonstrating a ~30 mA output current and a 140 mV voltage
drop produced by the internal resistance of the power module.
Similarly, the voltage in sleep mode and that in active mode can
be seen as the output voltage of the last measurement (cyan
curve). The output voltage of the IPEHPM measured in sleep
mode is shown inset within Fig. 11, where the data points of 1
and 30 have been labeled in the main figure.

An almost linear output voltage increase and the over-charge
protection (flat part of the curve) can be observed in the sleep
mode voltage curve.
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Fig. 11. Recorded voltage signal change between active and sleep modes with
the mode control signal (blue). The voltage drop in active mode (control = high)
shows the effect of the internal resistance. The inset figure shows the voltage of
the IPEHPM measured in the sleep mode for 30 measurement periods (data
points of 1, 2 and 30 have been labeled in the main figure).

A 200 lux illumination experiment has been carried out over
four days to examine the over-discharge protection and
reactivation after over-discharge protection. It starts with a fully
charged IPEHPM working at 200 lux for 8 hours, followed by
16 hours without light, and then repeats the lighting pattern for
several days. The output voltage signal recorded in active mode
(blue trace) together with the lighting pattern (red trace) is
shown in Fig. 12. Results show that in the first 8 hours, the
output voltage is a constant, and then when the light is off the
output voltage decreases. After 22 hours the output voltage
dropped to OV due to over-discharge protection. At 24 hours the
illumination returned to charge the storage, and after about 2
hours the storage was charged to 3.61V which enabled the
IPEHPM become active. Then the output voltage increased
within the next 2 hours, and maintained at 3.86V due to the
overcharge protection until the illumination is off. Repeating
experiment for another two days, the power module has worked
properly with over-charge and over-discharge protections, and
reactivation.

By adjusting the measurement period from 200s to 600s based
on the calculation of the minimum available measurement
period using formula (10) and repeating the experiment, the
black curve shown in Fig.12 demonstrated a continuous
decreasing output voltage when there is no light and then a
continuous output increasing until the over-charge protection
voltage is reached when light is on. No over-discharge
protection happened in this case.
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Fig. 12. Output voltage of IPEHPM measured in active mode. Blue trace is for IoT node measuring every 200 seconds and the black curve is for 600 seconds
case. The daily repeated lighting pattern (red trace) is 8 hours at 200 lux, then followed by 16 hours without light. The over-discharge protection (0V output
voltage of IPEHPM in active mode) and IPEHPM load reconnect (3.6V output voltage) can be observed in the blue curve

IV. 10T EXPERIMENTS WITH THE CO; GAS SENSOR

A. Powering requirements

The current profile of the loT-based CO, gas sensor in polling
mode (sensor reports readings only when requested) has been
measured as shown in Fig. 13 with a bench power supply, where
the first pulse is the wake-up current of the gas sensor, followed
by two current pulses for sensor excitation and data reading, and
then the last pulse for RF transmission. Note that all current
pulses are within the IPEHPM specifications of 100 mA at 600 : .
ms. The required total discharge of the storage supercapacitor ; 1 ber
in [PEHPM module for one measurement in every 150 seconds -
has been calculated as 4.24 mC.

0.03
0.025 -
< 002 -
=
g 0.015 -
3 oot -
0.005 -
0 T T — : ;
11.5 12 12.5 13 13.5 14
Time (s)
Fig. 13. Measured current profile of GSS gas sensor in low-power polling Reference GSS gas
mode for one CO, measurement (pulses from left to right: wake-up, sensor sensor{powered by
excitation, data reading, and the data transmission) an USB cablé)ssss.
B. Experiment set-up and measurement results Fig. 14. Experiment set-up. Top: experiment chamber, light source and GSS
. . GUI. Bottom: inside the experiment chamber. The dash line block shows the
Setting the measurement period as 150 seconds, the CO; sensor, IoT sensor node powered by IPEHPM (GSS gas sensor, IPEHPM, and
together with the IoT node circuits (MCU and wireless Moteino including MCU plus wireless circuits). A reference GSS gas sensor
communication, refer to Section IL.A), was powered by the powered by an USB cable is shown in the bottom

IPEHPM at the fixed illumination condition of 200 lux provided . .

by a SCHOTT LED light source (KL 1600, Hattenbergstrasse The CO, concentration measurement data has been transmitted
10, 55122 Mainz, Germany) outside the experiment chamber as to the gateway node which is connected to the hogt PC which
shown in the top of Fig. 14. Another CO; sensor which is has been placed 10 meters away for data recording an.d the
directly powered from an USB cable has been placed inside the ~ Output voltage of the IPEHPM has been recorded by a Keithley
experiment chamber to concurrently measure CO; multi-meter (DMM?7510). The CO, lev;l of the USB powered
concentration as the reference measurement. The RF output ~ $AS SENsor was also recorded. The experiment was continuously
power of the sensor node has been set as -1 dBm. running for 20 hours in a controlled environment that had high

levels of CO» introduced three times.
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Fig. 15. Measured CO, concentration level traces from the IPEHPM powered
ToT-based GSS sensor (blue trace) and the USB-powered one (red trace)

The measured output voltage of the IPEHPM over the first 0.14
days is shown in Fig. 16, which shows a rising output voltage
at the beginning and then a constant voltage (over-charge
protection) at 0.12 days when sleep mode output voltage is 4.2
V, indicating that the energy harvested was higher than the
amount the sensor demanded. The ~120 mV voltage spikes
between sleep mode and active mode are caused by the internal
resistance when 20 mA current is supplied by the IPEHPM for
RF transmission.

The fact that the CO; sensor with IoT node can be powered by
the IPEHPM is discussed hereafter. As shown in Table III, the
effective charge current of the IPEHPM is 38.6 uA at 200 lux,
so the total charge the PV energy harvester provided is 5640 pC
in the whole measurement period of 150 second, which is larger
than the demanded discharge of 4240 uC in a measurement
period. As the result, the output voltage of the IPEHPM
increased and then maintained the same as the over-charge
protection voltage.
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Fig. 16. Measured output voltage of the IPEHPM at the first 0.14 days. The

spikes are the voltage output in active mode. The rising and then flat envelope

demonstrated that the harvested energy is higher than the application demands

0.12

Table III lists the energy harvested by the PV energy harvester
module at 200 lux, stored in the IPEHPM and consumed by the
IoT node during the CO> concentration measurement
experiment, which demonstrated that the power consumed by
the IoT node is less than the power available from the IPEHPM
at 200 Iux. Since the output power of the PV energy harvesting
module is getting larger when illumination condition improved,

the newly developed IPEHPM is able to power the IoT-based
GSS gas sensor to measure CO; concentration every 150
seconds for building ventilation at the illumination down to 200
lux.

Table III. Energy summary of the IPEHPM for powering CO, concentration
measurements at 200 lux
(Energy harvested, stored and consumed in pW)

45.0x4.0=180.0

Maximum output power of the PV
energy harvester
Actual PV energy harvester output
power (average)
Available power from IPEHPM

88.7%x180 = 159.7

38.6x3.6 = 139.0 (min)
38.6x4.2=162.1 (max)
150.5 (average)
28.3x4.2 = 118.9 (max)

Power consumed by the IoT node

PV energy harvesting approaches for powering applications
have been compared to this work in Table IV in terms of the
adoption of functional blocks of DC-DC convertor, MPPT and
illumination restrictions. Compared to other powering
applications, such as powering indoor low-power system with
MPPT [14], using assumption of fixed indoor illumination to
exempt MTTP [26] and the “storage-less and converter-less”
strategy with MPPT for powering the IoT [21], the simple
charger power management scheme employed in the newly
designed IPEHPM provides a DC-DC convertor-free and
MPPT-free solution, enabling powering IoT nodes using PV
energy harvesting at all indoor illumination conditions with the
minimum power consumption.

Table IV. Functional blocks included and the illumination restriction of
powering applications using PV energy harvesting

DC-DC convertor ~ MPPT  Illumination restriction
[18] Yes Yes No
[26] Yes No Yes
[21] No Yes No
This work No No No

C. Discussion

PV powering model

It is worth noting that the output voltage drop in the non-
lighting period shown in Fig.12 (refer to time from 8 to 22
hours) is slightly nonlinear. This is because in the top-level
circuit model of the IoT node powered by the IPEHPM, which
is shown in Fig.17, the energy storage in sleep mode can be
more likely described as the supercapacitor charging from a
constant current while the energy consuming in active mode is
described as the supercapacitor discharge in a RC circuit (R
represents the load resistance in active mode, C represents the
capacitance of the supercapacitor), since the charge current in
sleep mode is mainly determined by the PV energy harvester
which outputs a constant current at a specific illumination but
the discharge current in active mode reduces with the
decreasing supercapacitor voltage in the discharging process.

Sleep Active

Mode switch
PV

C\ Storage

T

1

Load

Fig. 17. Top-level circuit model of the IPEHPM with the load of an IoT node
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The output voltage of the supercapacitor (Vi) changing with
time (t) in the discharge period (active mode) is expressed as,

V, = Vyexp (— i) (12)

RC

where Vy is the initial voltage of the supercapacitor.
As shown in Fig. 6, discharge current in the active mode is
supposed to be a constant of ip which can be calculated as Vo/R.
Therefore under this constant current discharge assumption the
output voltage of the supercapacitor (V) can be expressed as,
Vv, =V, iot—V(l t) 13
22—V I — Yo RC ( )
According to Taylor expansion, the exponential term in formula
(12) can be expressed as,

[ee]

¢ - "
exp(~z) = ) —hL

E n!
t\2 ty?
=1—R—C+%—%+"' (14)
Since
2 3 2
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) (LY
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Therefore,
2 3

The relationship of the voltage drop in active mode in an
exponential way (Vi) and in a constant current linear way (V>)
can be derived from formulae (12) and (14) as,

) t\"
vy = Voz—(_ﬁ) =V

oo t\"
1 L
n! 1_Rt+;( 5'C)

n=0

>V, (1 —%) v, (@18)

Formula (18) shows that the actual output voltage drop of the
IPEHPM in the discharge process is not larger than that
predicted when using a constant discharge current. Therefore
formulae (10) and (11) provide a simplified solution which
presents the worst case situation of using the IPEHPM.

10

Dynamic leakage current of the supercapacitor

The measured maximum dynamic leakage current of the
IPEHPM implemented for each charge-discharge period in the
IoT experiment is 2.4 pA. Considering that the maximum
quiescent current of the power management chip is less than 0.5
RLA, the in-circuit dynamic leakage current of the supercapacitor
is around 2.0 pA in this experiment, which is almost the same
as the leakage current specified after 72 hours post charging.
The explanation of this test result is that in this experiment, the
percentage of charge and discharge to the full storage capacity
is relatively low. The total charge in a measurement period is
45 pA x 150s = 6.75 mC which is about 0.3% of the full storage
capacity of the supercapacitor as 0.5F x 4.2V =2.1C, while the
total discharge is less than 4.5 mC which is about 0.2% of the
full storage capacity. Also the highest working voltage of 4.2V
is 77% of the rating voltage of the supercapacitor, which is low
than the 85% reported for high leakage [11]. Therefore the
supercapacitor almost stays in the steady state during each
period in [oT experiments. The 2.4 pA dynamic leakage current
of the IPEHPM (which has also been confirmed by a Keithley
source-meter) makes the IPEHPM an ultra-low power
consumption design with the total power consumption no larger
than 4.2V x 2.4 uA =10.1 pW, which is much lower than 140
uW consumed by the MPPT control part alone in [21].

V. CONCLUSION

An indoor PV energy harvesting power module (IPEHPM) has
been developed for powering a low-power CO» IoT node at low
illumination condition down to 200 lux. By ensuring the
harvested energy is slightly larger than that application
consumed, the energy storage efficiency of the IPEHPM will
always be high enough for powering IoT node at indoor low
illumination conditions even without adopting the commonly
used DC-DC convertor and MPPT circuits which consume a
considerable proportion of the energy harvested at low
illuminations.

The IPEHPM has achieved 88.7% storage efficiency at 200 lux
with over-charge and over-discharge protections (~10 pW
power consumed by the entire [IPEHPM at 200 lux). Its 3.6 ~
4.2 V output voltage with 100 mA output current (up to 600
ms), makes the [IPEHPM suitable for powering low-power IoT
nodes. The IoT-based CO, concentration measurements for
building ventilation provide a successful application example
of using the IPEHPM for powering a low-power IoT node.
The newly developed indoor IPEHPM for building ventilation
demonstrates that MPPT is not required when PV energy
harvesting is employed as the primary power supply for
continuous powering, which largely simplifies the power
management to save power for ultra-low-power IoT
applications. The proposed PV energy based power model with
illumination parameter enables the utmost use of the PV energy
for different illumination conditions. The measured in-circuit
leakage current of supercapacitor (which was a missing key
parameter for low-power design) enables supercapacitor’s IoT
applications.
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