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Abstract—Supercapacitors offer an attractive energy
storage solution for lifetime “fit and forget” photovoltaic
(PV) energy harvesting powered wireless sensor nodes
for Internet of Things (loT) applications. Whilst their low
storage capacity is not an issue for sub-mW PV applica-
tions, energy loss in the charge redistribution process is a
concern. Currently, there is no effective method to estimate
the storage of the supercapacitor in loT applications for
optimal performance with sub-mW input. The existing
energy-based method requires supercapacitor model
parameters to be obtained and the initial charge state to
be determined, consequently it is not suitable for practical
applications. This paper defines a charge-based method,
which can directly evaluate supercapacitor’s storage
with straightforward calculations. Time constant analysis
and experimental tests demonstrate that with the newly
proposed method, the manufacturer-specified tiny leakage
current, although measured long after postcharge (e.g.,
72 h), can be directly used, making the storage estimation
for a supercapacitor in loT applications as simple as that
for an ordinary capacitor. In addition, the demonstrated tiny
leakage current at the required energy storage for a sub-mW
PV-powered loT application enables a supercapacitor alone
to be employed as the storage mechanism, thus achieving
lifetime battery-replacement-free, self-powered loT nodes.

Index Terms—Charge analysis, charge redistribution,
current-mode circuit analysis, energy harvesting, Internet
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of Things (loT), leakage current, photovoltaic (PV), self-
discharge, supercapacitor.

[. INTRODUCTION

HOTOVOLTAIC (PV) energy harvesting provides a poten-
P tial solution for “fit and forget” self-powered autonomous
nodes used in wireless sensor networks (WSN)/Internet of
Things (IoT) applications, making it unnecessary to replace the
battery over the product lifetime. It is estimated that there will
be 45 billion WSN/IoT nodes existing in the world by 2020 [1];
therefore, a maintenance-free energy harvesting solution will
soon become a very attractive solution, since environmental and
economic costs of replacing and maintaining batteries will be
excessive.

For indoor IoT applications, such as smart buildings or in-
dependent living, environmental or physiological parameters
often change slowly, so sensors located in the IoT nodes need
to measure in minutes/hours/days rather than continuously. The
power that an ambient energy harvester can produce might be
lower than that required for an individual measurement, but the
harvested energy can be continuously accumulated into energy
storage components [such as a Lithium (Li) battery or a su-
percapacitor] so that a high-power pulse can be supplied for a
short-term measurement.

The power density of indoor PV energy harvesting devices
(10-20 W/cm?) is much higher than that of RF (0. 1 zW/cm?
for GSM, 0.001 ;tW/cm? for WiFi), making PVs the most suit-
able for indoor IoT applications. However, when considering
that the energy harvested from a credit card size (85 x 55 mm)
indoor PV panel is lower than 0.8 mW, either a Li-battery or
a supercapacitor must be used in conjunction with the sub-
mW indoor PV energy harvester to provide the required storage
capacity.

The total number of recharge cycles for the lifetime
of a Li-battery is several hundreds. Although a Li-battery/
supercapacitor hybrid storage system can extend the battery
lifetime, to some extent, by reducing battery peak discharge
current, there is no guarantee that the requirements for lifetime
“fit and forget” applications can be fully met when considering
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the limit on the number of recharge-cycles. By contrast, a su-
percapacitor can withstand millions of charge cycles (corre-
sponding to an estimated 20 years lifetime [2], [3]), giving it a
significant advantage as an energy storage solution for lifetime
“fit and forget” IoT applications.

The energy loss caused by self-discharge of a supercapacitor
[4] is a concern when using a supercapacitor alone, especially in
sub-mW energy harvesting powered IoT applications. A method
to calculate the storage energy loss during the charge redistri-
bution process for energy-sensitive IoT applications has been
identified [4]. It requires the use of a supercapacitor model,
which is usually not directly available from the manufacturer,
so further measurements are required to obtain the model pa-
rameters [5], [6] and, most importantly, it requires the charge
state of the supercapacitor (the initial conditions of the energy
storage calculation [7]-[9]) to be known, making the method
impractical. On the other hand, given that the storage of the su-
percapacitor can be evaluated via either the energy (/2CV?) or
the charge (CV), a charge-based storage evaluation method may
simplify the supercapacitor’s storage evaluation for PV-powered
IoTs.

It has been reported that the self-discharge of the supercapac-
itor changes with time and is relatively high in the first hours
after charging [10]. However, the available self-discharge related
parameters provided by the manufacturer, such as the leakage
current, is measured a relatively long time after charging, for ex-
ample, 2.0 1A leakage after 72 h postcharging for the 5.4V 0.5F
supercapacitor from VinaTech. In IoT applications, the storage
supercapacitor is repeatedly charged and discharged in every
measurement period, which is highly unlikely to be longer than
72 h.

The self-discharge current of the supercapacitor in an indoor
PV energy harvesting application has been reported as being as
high as a half of the average load current [11]. It has also been
concluded that “using a supercapacitor alone as a long-term
storage solution is unfeasible for sub-mW indoor PV energy
harvesting applications” due to the high self-discharge rate of
the supercapacitor [12]. Nevertheless, for a PV energy harvest-
ing powered IoT node with supercapacitor storage, tested under
solar irradiance of 100-440 W/m? [13] (corresponding to tens
of mA PV current), the uA self-discharge level of the super-
capacitor was of no concern. However, for indoor applications
when the illumination conditions are set as 200 Ix (0.3 W/m?), a
PV of the same size will produce a current in tens of @A, making
it impossible to ignore the 1A leakage current level of the su-
percapacitor. Recently, an indoor PV energy harvested [oT node
using a supercapacitor alone as storage has been presented [14],
which demonstrated that the dynamic leakage current of the su-
percapacitor is low for this application. This finding has been
supported by a recent paper estimating the dynamic leakage
current of supercapacitor in an IoT sensor node [15]. Therefore,
if the leakage current of a supercapacitor is as low as reported,
there is a possibility to use a supercapacitor alone as the storage
in sub-mW indoor PV energy harvesting applications to provide
a lifetime, battery replacement-free, solution.

This paper proposes a novel charge-based supercapacitor
storage evaluation method to calculate the available storage in
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Fig. 1. Self-discharge of the supercapacitor.

indoor PV energy harvesting powered IoT applications. This
work was carried out during an Innovate UK project, looking
at smart air quality control in buildings using autonomous IoT
nodes with a supercapacitor as the sole energy storage com-
ponent. Section II describes the proposed charge-based storage
evaluation method to be used when the power management
strategy is focused on maintaining charge stored in the super-
capacitor in order to ensure that the total charge to the super-
capacitor is not smaller than the total discharge. Section III
details the validation experiments demonstrating that the leak-
age current of the supercapacitor in an IoT application is the
same as that of the manufacturer-specified value, so the charge
stored in the supercapacitor can be directly calculated based on
the newly proposed method. Finally, Section IV concludes this

paper.

Il. CHARGE-BASED STORAGE EVALUATION FOR A
SUPERCAPACITOR

A. Charge Redistribution Caused Energy Loss

The capacitance C(¢) of a supercapacitor is typically modeled
by a leakage path of Rj.,x and a number of parallel RC branches
[15]. The time constant (7) to fully charge a supercapacitor is ex-
pressedast = Y " (C; x >7i_ R;), where Cy represents the
capacitance formed near the electrodes and a larger n represents
the equivalent components in a deeper branch.

Fig. 1 shows the charge/self-discharge profile of a superca-
pacitor, demonstrates that the supercapacitor is charged by a
constant current to V; and then the terminal voltage of the su-
percapacitor exponentially drops to Vs, caused by the charge
redistribution process. This charge redistribution process trans-
fers charge to deeper branches, making the capacitance of a
postcharge supercapacitor increase with time to reach its nomi-
nal value at the end of the charge redistribution process. This is
because at the end of the charge redistribution process, the cur-
rent flow through the internal resistor R,, is almost zero, making
all the capacitors in the charge branches virtually be in parallel.

In IoT applications, the charge/discharge period, which is the
entire measurement period including the active measurement
phase and the sleep phase, is much shorter than 72 h. As a
result, the supercapacitor stays in the beginning of the charge
redistribution process for each measurement period where the
exponentially reducing terminal voltage corresponds to an
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Fig. 3. Charge-based storage estimation for supercapacitor in loTs.

exponentially varying current. When this current flows through
the internal resistance of R, , it causes stored energy loss. A
simplified two-stage supercapacitor model, as shown in Fig. 2,
which accurately simulates several hours postcharge behavior
of the supercapacitor [9], [16]-[18], has been used for stor-
age estimation in an IoT process [4], where energy loss in the
charge redistribution process can be calculated as fot i3 (t)Rydt.
However, this method is difficult to implement since the model
parameters of a commercially available supercapacitor are un-
known and the initial charge conditions are different from one
application to another.

B. Charge-Based Supercapacitor Storage Estimation

When a supercapacitor is used as the energy storage in IoT
applications, the supercapacitor is repeatedly charged in sleep
mode (denoted as 77) and discharged in active mode (denoted
as T») of every measurement period 7 = 7T + T». The amount
of charge stored in a supercapacitor can be calculated using
the capacitance multiplied by the terminal voltage (C x V),
whereas the amount of the charge change can be calculated using
the charge/discharge current multiplied by the charge/discharge
time (I x f). When the energy harvested is larger than that
consumed in the period 7, the supercapacitor has a net charge,
S0 an unremitting terminal voltage increase can be observed for
each period, otherwise the net discharge results in a decrease in
terminal voltage.

To evaluate the amount of charge stored in the supercapacitor,
the indoor PV energy harvesting powered IoT node is analyzed
in current mode, as shown in Fig. 3. The amount of charge
change (AQ) of the supercapacitor in an entire measurement
period can be written as

AQ = (Ipv — Ileak — Iload) x T (1)

where
Isleep X Tl + Iactive X T2
T .

Iload =

In sub-mW indoor PV-powered IoT applications, the uA PV
charge current in sleep mode does not cause an observable
charge redistribution process, i.e., charge transfer between C
and C;. The tens of mA discharge current in active mode incur
charge redistribution, a process that starts at the end of active
mode; in view of this, the direction of the charge redistribution
current of i; shown in Fig. 3 is not the same as that shown
in Fig. 2 where the charge redistribution process happens after
charge. The charge reduction from C; at time #; of the charge
redistribution process is fg ’ i1 (t)dt, which is the same as the
charge increased in Cj, since the current to discharge the ca-
pacitor C; is the same as that to charge Cy. Therefore, the total
amount of charge stored does not vary. For charge redistribution,
only the leakage path of Rj.,i in Fig. 3 should be considered
in a charge-based storage evaluation; no other calculations are
required.

Using formula (1) to calculate the charge stored in the su-
percapacitor for an IoT application seems straightforward: I},
is a known parameter for a specific application and /,, is a
known parameter for a given illumination condition. However,
the manufacturer-provided /jc,x, a long time postcharge, is mea-
sured and thus intuitively it seems hard to evaluate how this
parameter can be directly used to calculate the charge stored in
the supercapacitor, where it is charged/discharged in the much
shorter measurement period.

The charge redistribution induced current i; (t) shownin Fig. 3
can be expressed as

1 1
Vo g Fin 0= (V- g i ) = 0
V-V

_ CoCy
B0y (g —m ————
R 2T 0+ O

where Vj, and V; denote the voltages across capacitor Cy and Cy
after charge which are charge history related (Vy<V;). When
t >> 17 = R, (5, charge redistribution is completed resulting
in 71 (f) = 0 and accordingly it holds

CoVo +C1 V4
Vo

therefore, it is possible to obtain the leakage current of the su-
percapacitor via terminal voltage and the nominated capacitance
Cusing lio,x = C x AV/At, where At =1t —t; and t1, 5 >> T
to ensure the capacitance of the supercapacitor is the nominated
one.

To demonstrate that the time constant of the charge redistri-
bution is much smaller than the 72 h (typical leakage current
measurement time after charge [10]), the parameters of the su-
percapacitor models from the literature are listed in Table I. The
calculated time constants for charge redistribution of the super-
capacitor are within 10 min and therefore, when leakage current
is measured by the manufacturer, no leakage current from the
charge redistribution process is included in the measurement,

i (t) (@)

VWw=W,C= =Cy+C4 3)
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TABLE |
TIME CONSTANT FOR CHARGE REDISTRIBUTION OF DIFFERENT
SUPERCAPACITORS
Ro(@Q) G  Ri(Q Ci(F) T (8)
Ref [4] 66.7m 7.28 140 1.91 211.8
Ref[10] 48.3m 8.48 100 3.44 244.7
Ref[11] 0.46m 1.78K 1.98 0.18K 323.6

CO2 sensor

Fig. 4. Developed 70 x 50 x 20 mm autonomous loT node for build-
ing ventilation. Left-hand side image: the window area is the mounted
PV energy harvesting power supply. Right-hand side image: the sen-
sor mounted can be seen on the left hand-side, and the microcon-
troller (red board) on the right. The green radio board sits on top of the
microcontroller.

due to the condition of # >> 7 (72 hours is hundreds times
larger than the time constant of charge redistribution). There-
fore, the manufacturer-provided leakage figure is the /j.,x value
shown in Fig. 3 and in formula (1).

It is concluded that although the time duration of the charge
redistribution process depends on the charge history (amount
of charge, initial charge condition, etc.), the charge redistri-
bution process terminates far earlier than the end of the sleep
period in sub-mW powered loT applications [15]. This makes
formula (1) a powerful tool for optimizing the PV powering
system using AQ = CAV at the end of sleep mode where C
is the nominal value of the supercapacitor. Knowing the leak-
age current of the supercapacitor, the minimum measurement
period at a given illumination 7,,;, can be calculated by setting
AQ = 0 (can be inferred by AV = 0) in formula (1). Similarly,
the minimum PV panel area can be calculated for a given mea-
surement period, since the maximum total discharge (discharge
for a measurement plus discharge in sleep mode) required for a
whole measurement period is known in a specific application.

To summarize, the proposed charge-based storage estimation
method can directly use the manufacturer-provided leakage cur-
rent to calculate the total charge stored, which entirely avoids
the complicated calculation for energy loss during the charge
redistribution process. Accordingly, this new method is generic
for any IoT application since it is independent of the initial
charge state and charge history of the supercapacitors.

[ll. VALIDATION EXPERIMENTS

The IoT node developed for building air quality control,
as shown in Fig. 4, is composed of a PV power supply, a

O V-out

.
= S_CAP

PV Panel

R

Fig. 5. Supercapacitor employed for energy storage with overcharge
and overdischarge protections.

microcontroller, and the wireless link. When a low-power CO,
gas sensor [19] is adopted to measure CO; levels every 150 s,
it requires 4.24-mC total discharge (including active and sleep
modes) in an entire measurement period [14]. The circuit dia-
gram of the system, which employs a supercapacitor alone as the
storage for indoor sub-mW PV energy harvesting power supply
to achieve a lifetime battery-replacement-free solution, is shown
in Fig. 5. At the recommended lowest indoor illumination level
of 200 Ix, the open-circuit voltage of the 50 x 20 mm indoor PV
panel is 4.6 V, whereas the short-circuit current is 45 ©A. The
high PV output voltage makes it possible to directly store the PV
harvested energy into a supercapacitor using a simple charger,
in this case the LTC4071 from Linear Technology. Vi /V}, is
the overcharge/overdischarge protection voltage. D is a pro-
tection diode to stop the PV panel being charged by the 5.4V
0.5F VinaTech supercapacitor when the illumination condition
is poor. Ry is a charge current limitation resistor to protect the
whole charge circuit.

According to the proposed charge-based storage evaluation
method, the amount of charge from the PV (at 200 Ix) in an
entire measurement period can be calculated as 45 pA x 150 s
= 6.75 mC, the leaked charge can be calculated as 2 pA X
150 s = 0.3 mC, and the known amount of discharge from the
load is 4.24 mC, so the net charge in a measurement period is
calculated as 6.75-0.3-4.24 = 2.21 (mC), corresponding to a
terminal voltage increase of 2.21 mC/0.5F = 4.42 mV for each
measurement period. Experiments carried out to validate the
above-mentioned calculation, by recording and analyzing the
terminal voltage of the supercapacitor, are described below.

A. Leakage Current Validation

The key point of the newly proposed method is that the leak-
age current of the supercapacitor in an IoT application is the
same as the manufacturer-specified one. To validate this, the
circuit shown in Fig. 5 has been attached to a simulated IoT
load, as shown in Fig. 6, so that the amount of discharge by the
load can be obtained via recording the terminal voltage of the
supercapacitor. The simulated load contains two load resistors,
Ry = 20012 for active mode, and Ry, = 1M for sleep mode. A
mode switch connects the supercapacitor to its load; it is con-
trolled to respond at a measurement timing of 250-ms active
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Fig. 6. Simulated resistive load for leakage current validation. With the
recorded terminal voltage V.., the supercapacitor discharged by the
load in an entire measurement period can be obtained experimentally.

mode in a 150-s total measurement period, corresponding to the
timing for practical CO, measurements.

The idea of this experiment is that by using the recorded
terminal voltage, the amount of discharge (Qgis) of the
supercapacitor in a measurement period can be expressed as

Ts_,

Ty s 2—e
O = S0 veap (1) cht+ 7, Veap (1) dt
dis —
Ry Ry
T —t
Veap (1) dt

Ry

where #; is the measurement start point in sleep period, 75 _; and
Ty _. are, respectively, start and end active modes (T _.—15_s =
T5).

The amount of charge change AQ in a measurement period
can be expressed by

AQ =C (T + tl) Ucap (T + tl) -C (tl) Ucap (tl) (5)

where the variation of the capacitance of the supercapacitor
C(¢r) in formula (5) is reflected by terminal voltage change of the
supercapacitor. When #; in formula (5) is selected in sleep mode,
the effective charge current I,_, = I,y — Igjcep — ficak (Shown
in Fig. 6) is a constant, so the capacitance of the supercapacitor
can be expressed as

dQ Ie,cdt (I v Islcc - Ileak)
Ct) = = =F P 6
D= W~ Ve 0 e 0 ©
where 4Vt C‘};( ) is the terminal voltage change with time. If the

recorded terminal voltage change of % is a constant, C(t)

will be a constant so the charge redistribution process should be
completed and it holds C(T'+t;) = CandC(t;) = C (Cis
the nominal capacitance). Therefore, formula (5) becomes

AQ =C (T + tl) Vcap (T + tl) -C (tl) Vcap (tl)
= C [Veap (T + t1) — Veap (t1)] = CAvap. @)

This makes A an obtainable figure. Combining formulae
(1), (4), and (7), the target of experimentally acquiring the leak-
age current of the supercapacitor in IoT applications can be
achieved.

1) Experiment Set-Up: To obtain leakage current in pA
accuracy, the recorded terminal voltage of the supercapacitor
should be less than Vi, {1.0 pA x 200 Q, 1 pA x 1 MQ}

= 0.2 mV. The minimum voltage recording duration Az has
been determined 1n T: as At <4.5ms from V = ’U()G_ﬁ,

|At = z.c€ o At < 7z At <0.2mV, where Vy is se-
lected as 4. 2 V (the Vg 1n Flg 5), Ry is 200 Q and
C=05F

The timing signal of 250 ms for active mode and 149.75 s for
sleep mode has been created using a signal generator to control
the mode switch in Fig. 6, as well as to trigger the four-channel
oscilloscope (MSO9064A), which runs in segmented memory
mode to record the required voltage data. The high-resolution
mode (12 b) of the oscilloscope is selected. The data record-
ing sample rate is set as 2 KSPS rather than the required 250
SPS (calculated from the minimum 4.5-ms sampling period)
allowing data averaging to improve the signal to noise ratio.
The indoor PV panel has been illuminated at 200 Ix and the PV
current is recorded using a Keithley 2450 SourceMeter. Addi-
tionally, the trigger signal is recorded as the timing reference.

2) Results: Supercapacitor voltage segments in 45 succes-
sive periods are recorded, as shown in Fig. 7(a). Curves from the
bottom to the top correspond to period numbers 1 to 45, demon-
strating that the energy harvested is larger than that consumed
in each period. Each curve start point (# = 0) corresponds to the
measurement point at 150 ms, just before the end of sleep mode,
and the voltage drop observed is due to the internal resistance of
the power supply when the mode switch turns ON to active mode.
Similarly, a voltage jump is seen when the mode switch turns
OFF. Note that the starting voltage of each curve is the voltage at
the end of previous charge period. The voltage of each curve at
100 ms has been plotted in Fig. 7(b) as the blue curve (marked
with “0”). This shows an increasing voltage after each entire
measurement period. The linear relationship implies that the net
charge change to the capacitor in every measurement period is
almost the same. The PV supplied charge current is shown as the
red curve (marked with “[J”) in Fig. 7(b) as well. The recorded
PV current changes are smaller than 0.6 ;1A within 2 h when the
supercapacitor voltage changes from 3.703 to 3.817 V, verifying
that PV current during the recording period can be treated as a
constant of the mean value of 44.9 pA. Since the employed os-
cilloscope has an input impedance of 1 M(2, a leakage path with
1 M(Q resistance in parallel with the supercapacitor in Fig. 6 is
included for later leakage current calculation.

The linearity of the terminal voltage [0-350 ms in Fig. 7(a)]
was examined, as shown in Fig. 7(c); it shows the voltage dif-
ference after 40 consecutive periods to reduce the measurement
noise effects, and it demonstrates that before the end of the sleep
mode, the voltage change is constant. Since this constant volt-
age change period is observed before the end of sleep mode, it
implies that the supercapacitor is in a steady state with the nom-
inal capacitance. In contrast, the voltage change in active mode
[from 150 to 350 ms in Fig. 7(c)] is not constant, indicating a
capacitance change period.

The terminal voltage change at before the end of sleep mode
has been used for charge calculation. The experimental re-
sults and the leakage current calculated using C = 0.5 F at
t; = 100 ms in Fig. 7(a) are shown in Table II. It shows that
the measured average leakage current (1.8 pA) is almost the
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Fig. 7. (a) Measured raw data of the terminal voltage of the superca-
pacitors in 45 successive periods. (b) Voltages of each period at 100 ms
(blue curve) and the output current of the PV energy harvester (red
curve). (c) Linearity check.

same as that specified by the manufacturer (2.0 pA). There-
fore, the key point of the proposed method, that leakage current
of the supercapacitor in IoT applications is the same as the
manufacturer-specified one, has been validated experimentally.

A full comparison between the calculated results acquired
through the proposed method and the experimentally measured
results is listed in Table III. The first measurement period, where
the terminal voltage of the supercapacitor is set at 3.703 V and
the PV supplied current is 45 pA, has been used for calcula-
tions performed in accordance with the proposed method. The
loaq has been calculated using formula (1), and the AV is
calculated using I, . x T'= C' x AV. The calculated terminal
voltage increase after a measurement period is 2.54 mV, which
represents a 0.4% difference from the average of 2.53 mV cal-
culated using the 45 measurement periods shown in Fig. 7(b)
(voltage increased from 3.703 to 3.817 V), demonstrating that

TABLE Il
PARAMETER SUMMARY DURING 45 MEASUREMENT PERIODS

Active period (T)) 250 ms
Sleep period (T>) 149.75 s
Supercapacitor voltagel (start) 371V
Supercapacitor voltage2 (stop) 3.82V
Total charge/l,, from PV 296.3 mC /44.9uA
Capacitor saved charge/ Ie ¢ 57mC/8.6 pA

Total discharge / Lipaa
Leaked charge/total leakage current
Typical supercapacitor leakage current

2244 mC /34.0 A
14.9 mC/ 2.3 pA
1.8 uA

TABLE IlI
COMPARISON OF PROPOSED CALCULATION AND EXPERIMENT RESULTS

Proposed calculation Experiment results

(first period) (average of 45 periods)
PV current 45 pA (specified) 44.9 pA
Tioad X 149754 o X 0.25
150 - 34.0 pA
34.5 (nA)
Ticak 2.0 pA (specified) 1.8 pA
L ¢ (45-34.5-2) pA=8.5 uA 8.6 nA
AV 150 sx8.5 pA /0.5 F = (3.817-3.703) V/45 =
2.54 mV 2.53 mV

the proposed method can be used for charge storage estimation
in supercapacitor’s IoT applications.

B. Validation Through a Practical loT Application

CO, concentration measurements, using the indoor PV en-
ergy harvesting powered autonomous IoT sensor nodes shown
in Fig. 4, have been carried out for further validation of the pro-
posed method, since the leakage current of the supercapacitor
listed in Table I1 is a “typical” value obtained by using the maxi-
mum quiescent current (0.5 ©A) of the power management chip
of LTC4017. In this experiment, the terminal voltage increase
of the supercapacitor was measured after an entire measurement
period so that the supercapacitor leakage current and the quies-
cent current of the power management chip could be taken into
account as a whole.

During the validation, the sensor node was being set in active
mode for 250 ms in every 150 s when the indoor PV energy
harvester was illuminated at 200 1x. The Keithley DMM7510
multimeter was recording the supercapacitor terminal voltage
at 100 ms before the end of sleep mode of each measurement
period, as shown in Fig. 8(a). This demonstrated that the terminal
voltage of the supercapacitor increased from the precharged
4.099 V to the preset overcharge protection voltage of 4.195 V
in 80 measurement periods.

The curve shown in Fig. 8(a) is composed of three parts. In
the first 14 measurement periods, the terminal voltage increases
almost linearly. This is then followed by a nonlinear voltage in-
crease area until the period 61, and finally the terminal voltage
is fixed at 4.195 V during the rest of periods due to the over-
charge protection. The average effective charge current for the
first 14 periods is calculated as leTV = 9.76 uA. When con-
sidering that the known total load discharge is 4.24 mC in the
150-s measurement period, corresponding to a discharge current
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Fig. 8. Terminal voltage of supercapacitor recorded at the end of sleep

mode for loT-based CO, measurements. (a) Increasing voltage at 200-Ix
illumination demonstrates that the charge is larger than the discharge of
the supercapacitor in every measurement period. (b) Decreasing voltage
at 100-Ix illumination demonstrates that the charge is smaller than dis-
charge. (c) Power output of the adopted PV showing a maximum power
point of 4.17 V at 200 Ix. (d) Measured /-V curve showing a reduced PV
current when operating voltage is over the maximum power point.

of 28.3 pA, it seems that the experimentally obtained leakage
current of the supercapacitor of [45 uA (PV charge current) —
28.3 pA (load consumed current) — 9.76 pA (effective charge
current)] = 6.94 pA is much higher than that of manufacturer
specified of 2.0 pA. This result seems conflicting to the vali-
dated result in Section III-A wherein the leakage current of a
supercapacitor in an [oT application is the same as that specified
by the manufacturer. The explanation is that in the measured I-V
curve of the adopted PV panel [shown in Fig. 8(c) and (d)], the
constant PV output current [the linear parts shown in Fig. 8(c)
and the flat parts shown in Fig. 8(d)] exists only before the oper-
ating voltage of the PV reaches its maximum power point. The
maximum power point of the adopted PV at 200 Ix is 4.17 V, as
shown in Fig. 8(c), whereas the averaged supercapacitor voltage
in the first 14 periods shown in Fig. 8(a) is 4.1 V. Since there is a
0.2-V voltage drop on the diode (shown in Fig. 5), the actual PV

operating voltage in this experiment is 4.3 V (4.1-V superca-
pacitor voltage plus a 0.2-V diode voltage drop), corresponding
to a40.2 nA PV current, as shown in Fig. 8(d). The actual leak-
age current of the supercapacitor obtained by this experiment
should be updated as [40.2 ;A (PV charge current)—28.3 uA
(load consumed current)—9.76 pA (effective charge current)]
=2.14 pA (including the quiescent current of LTC4017), which
is similar to the total leakage current of 2.3 pA listed in Table II.

Since the PV current at operating voltage of 4.3 Vis 40.2 uA,
the amount of charge from PV should be updated as [40.2 pA
x 150 s] = 6.03 mC. The calculated voltage increase at the
beginning of Section III should be updated as [(6.03—4.24-2.14
x 0.15) mC/0.5] = 2.94 mV, which is almost the same as the
measured average voltage increase in the first 14 periods of
(4.14-4.009)V/14 = 2.93 mV (< 0.3% error). The nonlinear
terminal voltage increase in Fig. 8(a) can be explained by the
gradual decrease in PV current with the gradually increasing
operating voltage of the PV, as shown in Fig. 8(d), when the
operating voltage of the PV is over the maximum power point.
Repeating the experiment at the illuminating condition of 100 1x,
the terminal voltage of the supercapacitor decreases, as shown
in Fig. 8(b). According to the proposed method, the amount
of charge that the PV provided in a measurement period at
100 1x (22.5 pA PV current) is calculated as 22.5 uA x 150 s
= 3.875 mC, which is already less than the load discharge
of 424 mC. As a consequence, the terminal voltage of the
supercapacitor keeps decreasing in each measurement period. It
should also be noted that the discharge rate in Fig. 8(b) decreases
at the beginning and then it is almost constant after the terminal
voltage becomes lower than 4.0 V, which can be explained when
considering the maximum power point of 4.0 V at 100 Ix, as
shown in Fig. 8(c).

In summary, the experimental results shown in Fig. 8(a) and
(b) demonstrate that the supercapacitor storage can be accu-
rately predicted by the newly proposed method, therefore, the
proposed method can be directly used for calculation of the
storage capacity of a supercapacitor for IoT applications.

It is worth noting that the quiescent current of a commercially
available power management chip is reported as 325 nA [20] and
the developed application system using this chip (such as Blue-
tooth Low Power beacon [21]) seems to have already provided
a solution for indoor PV-powered applications. However, when
the illumination goes down to 250 Ix, the reported PV-harvested
power of ~200 uW cannot charge the adopted supercapacitor
when the load power consumption is set as 180 W, even without
considering the power consumption contributed by the leakage
current of the supercapacitor. The reported operating illumina-
tion is 450 Ix corresponding to an almost doubled harvesting
power while the load is still set as 180 xW. Since no quanti-
tate calculation exists, it is reasonable to assume that 450 1x
is the lowest usable operating illumination, suggesting that the
reported power management solution cannot be utilized for sub-
mW indoor PV energy harvesting. In contrast, the charge-based
method reported in this paper can provide a feasible solution by
direct calculation. The leakage current of the adopted superca-
pacitor is specified as 2.0 1A and the specified maximum current
consumption of the charge management chip is 0.5 ©A. When
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redistribution caused voltage changes can be observed at A [postcharge
of 50 mA shown in (b)] and B [postdischarge of 50 mA shown in (c)].
No charge redistribution can be observed at D [postcharge of 50 A
beginning at C shown in (d)].

the operating voltage of the system is set as 4.0 V, the super-
capacitor and the adopted simple charger chip consume a total
power of 10 uW; therefore, after powering the required 180 W,
there is still 10 W left for charging the supercapacitor. In fact,
when the ultra-low-power power management chip reported in
[20] is connected to the indoor PV panel, adopted in this pa-
per, at 200 1x (180-1W harvested power), the observed terminal
voltage of the supercapacitor decreased even when there is no
load applied, indicating that the supercapacitor is not charged at
all.

C. Discussion

When a 0.5-F supercapacitor is charged at 50 mA current
and then discharged at 50 mA current after 5 min, the recorded
terminal voltage changes, as shown in Fig. 9(a) (case A and
case B). This clearly demonstrates the two charge redistribution
processes that consume energy. In case A shown in Fig. 9(b),

an exponential drop in the terminal voltage of 100 mV can
be observed after 60 s of charge. Similarly, in case B shown
in Fig. 9(c), an exponential voltage rise can be observed. The
supercapacitor is charged again at point C at 50 pA current and
charging is stopped at point D shown in Fig. 9(d). The almost
linear terminal voltage curve around C and D demonstrates that
there is minute charge redistribution process. In practice, at least
one charge redistribution process can be observed at the end of
active mode in sub-mW indoor PV-powered IoT applications.

Charge redistribution incurred energy loss can be high. When
considering that the energy loss of the charge redistribution
between two identical capacitors can be as high as 50% when the
initial charge condition is set as one fully charged and the other
empty in charge, energy loss of the charge redistribution process
must be taken into account for energy-based storage evaluation.
Referring to Fig. 2, energy loss in charge redistribution process
can be obtained using formula (2) as

nTt nT V —V 2 Ny
Bhoss = / i3 (t) Rydt = / Vo —Vi)" e
0 0 Rl

(Vo — i)? /’” ( ,g)
= e 7 )dt )
Ry 0
where 7 = R, C(ilfcll and n = 3-5, Vy and V; are the initial

voltages of the charge redistribution. The term [J'" (e~ )dt is
constant for a given model after the completion of charge redis-
tribution, so the energy loss is mainly determined by (V, — V4).
If the initial charge state parameters of V; and V; are known,
energy loss can be easily calculated, as reported in [9]. In
practical applications, (V5 — V7) is usually unavailable. Even
with a known charge current, (V) — V}) cannot be obtained,
since when referring to Fig. 3, the initial charge state parame-
ters of V| and V|, in formula (8) are determined by the charge
process as

GV _ GV
ip i )
Ichargc - Z‘() + Z-1

where iy and i; denote the currents flowing through capacitance
Cy and C;. Formula (9) has three unknown parameters in two
equations so it has infinite solutions, making simulation the only
possible way for energy-based storage evaluation.

In contrast, the charge-based storage estimation method ana-
lyzes the circuit in current mode [22] using the amount of charge
calculated by I X t, which is more suitable for the PV-powered
applications, where PV cell is modeled as a current source.
The proposed charge-based storage estimation treats the super-
capacitor as a black-box to calculate the charge stored inside
the supercapacitor through terminal current input/output. Since
the manufacturer-provided leakage current has been linked
to the supercapacitor model in Section II-B, no experiment is
required to obtain the supercapacitor’s model parameters and
no simulation is required for the dynamically changing charge
redistribution current.

It seems that using energy-based storage evaluation is
a straightforward way for energy harvesting applications.
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TABLE IV
STORAGE EVALUATION: ENERGY VERSUS CHARGE

TABLE V
LEAKAGE CURRENT COMPARISON OF LI-BATTERY AND SUPERCAPACITOR

This work
(charge-based)

Reported energy-based
methods [4, 9, 10,11]

Model working mode Voltage Current
Estimation terms and Energy (4CV?% i°Rt) Charge (Ixt, CV)
their linearity Non-linear linear
Model parameters Yes No
required (A set of R and C gained (Manufacture
by further experiment) already provided)

Initial condition Required
Estimation method Full simulation

Expt. validated No

Practical to use No

Not required
Direct calculation
Yes
Yes

However, using charge domain can make the case easier since,
while energy is expressed by 7 x ¢ x V, charge is expressed as
I x t, where V is the terminal voltage of the supercapacitor that
changes nonlinearly due to the charge redistribution process.
Also when estimating storage via energy, the calculation terms
used are 4CV?2, i%th, whereas the terms used in charge evalu-
ation are / x tand C X V, so the proposed charge-based method
directly uses formulas for calculation, whereas the energy-based
method relies on simulations. This is supported by the fact that
the charge-based method has been experimentally validated by
simple recording and analysis of the terminal voltage of the su-
percapacitor, whereas validation of energy-based methods (as
presented in the literature) has not been reported yet. A full
comparison of the charge and energy-based storage evaluation
methods is listed in Table I'V.

Analysis of a PV energy harvesting powered IoT node in the
newly proposed current mode also helps to explain the reason
why there is almost no charge redistribution after the end of
sleep mode. Referring to Fig. 6, the net charge current in sleep
mode is I, . = (Iyy—lieak—Isieep ), SO When using formula (9),
the maximum current flow through the C; branch in Fig. 3 is
calculated as

—701‘/1 x 1,

S GWw+an T

— VL X I{é,n < & X
007?+Cl Co+C4

I

I.. (10

due to Vi = Vy — I1 Ry < Vy. When using model parame-
ters of [9] listed in Table I (R; = 100 €2, Cy = 8.44 F and
C, =344 F) and I.. = (45— 2 —4) = 39" A, the current
I, is calculated as 11.2 pA resulting in a 1.12 mV voltage
difference between C, and C;. This tiny voltage difference cor-
responds to a maximum instant power loss of 12.67 nW at the
beginning of the charge redistribution process and therefore the
charge redistribution process is negligible in terms of storage
energy loss. Similarly, when a 50 mA current is drawn from
the supercapacitor in active mode, I; is calculated as less than
14.3 mA producing a <1.43 V voltage difference between Cy
and C; after the end of active mode. This large voltage differ-
ence results in 20.6 mW maximum instant power loss at the
beginning of charge redistribution and therefore there is a con-

Supercap Li-Battery
(5.4V0.5F) (CP 1254 50 mAH)
Specified leakage current (LA) 2.0 N/A
Measured leakage current (LA) 2.0 1.0 [25]
Percentage (leakage/PV current) 4.4% 2.2%

siderable charge redistribution process at the end of active mode
when energy loss is considered.

The estimated 1.43 V voltage difference is relatively high
when considering that the voltage output is about 4.0 V. In prac-
tice, since the discharge time period in [oT applications is very
limited (in the hundred ms range), even in the case of 1-s active
period discharged at / = 50 mA, the voltage difference is limited
to 5.89 mV due to the small amount of discharge (AV < %‘Ot)
Therefore, terminal voltage drop caused by charge redistribu-
tion is not an issue for IoT applications when considering that
the total amount of discharge is relatively small when compared
with the total charge stored in the supercapacitor.

It is also worth noting that the 2.0 pA leakage current of the
5.4-V 0.5-F supercapacitor is low even when compared with
the ultralow leakage current of 1.0 A [23] measured from
a coin Lithium battery of CP 1254 from Varta Microbattery
GmbH. Therefore, as shown in Table V, the leakage current of
the supercapacitor is not an issue in indoor sub-mW PV energy
harvesting applications when comparing it with the PV current
of 45 pA at 200 Ix. It should also be highlighted that the leakage
current of the 5.4-V 1.0-F supercapacitor from the same man-
ufacturer is specified as 4.0 uA, therefore, the leakage current
of the supercapacitor is proportional to the storage capacity. If
a 10-F supercapacitor was adopted for a larger storage capacity,
the estimated 40 pA leakage current would not be acceptable
for the applications reported in this paper.

IV. CONCLUSION

Self-discharge has been the key concern preventing super-
capacitors from being used as the sole storage component in
sub-mW indoor PV energy harvesting powered IoT applica-
tions for lifetime battery-replacement-free solutions, because of
the difficulty in evaluating the energy loss in the charge redistri-
bution process, which occurs in every measurement period for
IoT applications.

The proposed storage evaluation method provided a new
view of calculating the total amount of charge stored in current
mode, using I x ¢, successfully avoiding using the dynamically
changing parameters of C and V for storage evaluation
in the charge redistribution process. Time constant analysis
and leakage current test experiments demonstrated that the
manufacturer-specified tiny leakage current, although measured
several days after charge, could be directly used in the charge-
based storage evaluation, making the proposed method straight-
forward without further requirements for acquiring model
parameters of the supercapacitor or for determining the initial
charge state.
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Finally, the tiny leakage current of the supercapacitor at the
required storage capacity for sub-mW indoor PV energy harvest-
ing applications, as revealed by the proposed method, strongly
supported that a supercapacitor could be the sole storage ele-
ment for PV-powered IoT nodes. Consequently, a solution is
provided for lifetime battery-replacement-free applications.
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