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ABSTRACT

This paper describes a supercapacitor-operated, solar-powered wird

less sensor node called Everlast. Unlike traditional wireless sen-
sors that store energy in batteries, Everlast’'s use of supercapaci
tors enables the system to operate for an estimated lifetime of 2
years without any maintenance. The novelty of this system lies
in the feedforward, PFM (pulse frequency modulated) converter
and open-circuit solar voltage method for maximum power point
tracking, enabling the solar cell to efficiently charge the superca-
pacitor and power the node. Experimental results show that Ever-
last can achieve low power consumption, long operational lifetime,

someapplications, in order to achieve a 10-20 year operational life-
ime, these nodes must operate at much lower duty cycles than one
transmission per minute. The widely used Mica2 mote [3] uses a
38.4 kbps radio with a range of80 meters in ground-level, line-of-

Osight communication. Powered by two AA batteries, it can run for

a few hours in 100% duty cycle, or a few months when activated by
a threshold detector with very infrequent events. With some exter-
nal circuitry and a solar panel, the batteries can be recharged each
day for significantly extended operations [4]. Due to the limited
number of recharge cycles, the battery will require replacement af-
ter one to two years. Unfortunately, such recurring maintenance

and high transmission rates, something that traditional sensor node£0st 1S likely to become very expensive or prohibitive if it must be

cannot achieve simultaneously and must trade-off.
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1. INTRODUCTION

done for thousands of deeply embedded nodes, which are likely to
be difficult or expensive to access after deployment.

In both cases above, the battery is the primary limiting factor that
prevents the node from operating maintenance-free for more than
several years at non-trivial data rates. One solution that slows down
battery aging is to place a supercapacitor in parallel with the battery
so that transient power is delivered by the capacitor rather than the
battery [5, 6, 7]. Fewer and shorter current pulses drawn from the
battery allow more efficient use of battery capacity and increase the
number of charge cycles possible. Also, a supercapacitor has been
used to buffer solar energy for a few days to weeks to reduce the
need for daily battery charging [8]. Unfortunately, even with less-
frequent recharges the battery is still limited to holding charge for
a few years before a reduction in energy capacity.

By removing the battery altogether and storing energy solely
in the supercapacitor, there is now a viable option for achieving
long-life operation. Supercapacitors have received wide attention

Wireless sensor nodes are being deployed for new applicationsfecently due to their power density, low equivalgnt series resiste}nce
that are demanding higher data rates in large-scale networks with(ESR), and very low leakage current [9]. A typical supercapacitor
up to thousands of nodes. Today, many wireless sensor nodes achied@ers more than half a million charge cycles and a 10-year opera-

low power by low duty cycling. Going to higher data rates will dic-
tate the use of high-capacity batteries and possibly solar cells to
replenish the energy regularly. At the same time, large-scale de-
ployment will demand lower cost per node.

tional lifetime until the capacity is reduced by 20%. At this point
80% of the useful energy is still available because the ESR is still
very low unlike a battery whose useful energy drops to 50% at this
point because the higher ESR causes premature end of life. By de-

Among the ultra low-power, low-cost radios with 1kbps data rate Signing the node to operate on 50% energy capacity, the operational
and a range of 3-10 meters, PicaRadio may run for several yearslifetime can be pushed out to 20 years.

without battery recharging or replacement [1, 2]. While useful for
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The energy density of supercapacitors today is still less than bat-
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environment. Aggressive power management techniques should
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itors and batteries. Given that a 350F capacitor with a capacity of
240 mAh from Maxwell Technologies costs $20 in single quan-
tity, supercapacitors are also becoming competitive with recharge-
able Li-ion batteries. Since a single supercapacitor will outlive half



a dozen batteries, the drastically reduced maintenance costs an@¢harge a large capacitor at the optimal voltage and current of the
the anticipated price drop with volume are expected to significantly solar cell. Since the goals are cost reduction and circuit simplic-
lower the overall cost of operating the sensor network. ity, the solution will require trade-offs among the efficiency of the
The purpose of this work is to demonstrate the feasibility of power converter, cost, and the accuracy of the maximum power
such a sensor node operating on supercapacitors recharged by sgoint tracking (MPPT) circuitry, and power overhead.
lar cells. One could not simply replace a battery with a superca- The regulator control circuitry must be able to both set the volt-
pacitor because of the very different electrical characteristics and age or current to the optimal value and make corrections when the
efficiency considerations in relation to the solar cells. We propose solar cell deviates from this value. Unlike a typical voltage reg-
a feed-forward, pulse frequency modulated regulator that chargesulator that uses feedback from the output, our converter requires
the supercapacitor at the optimal operating point for solar cells. the solar cell input to be fed forward into the control circuitry. To
We have constructed a complete wireless sensor node called Everformulate the MPP problem, we define the following variables:
last with this solar/supercapacitor power circuitry and stress-tested
its operation. Experimental results show that the Everlast node
can achieve low power consumption, long operational lifetime, and
high transmission rates simultaneously, without forcing the user to Ee : effective irradiance, or “suns”
make trade-offs. This is expected to enable a whole new class of AMj : absolute air mass (dimensionless)
applications for low-cost, high performance, durable wireless sen-
sor networks.

E : plane-of-array solar irradiance (W#n

AOI : solar angle-of-incidence on module (degrees)
Te, To : temperature of cells and reference temperature (Celsius)

2 RELATED WORK Isco, Impo - ref. short-circuit current and ref. max. power current

Charging a capacitor and drawing maximum solar power are Voco, Vinpo: ref. open-circuit voltage and ref. max. power voltage

both areas of active research. However, the authors are not aware 0fis, Al

prior work on efficiently charging a capacitor using optimal solar g, @, :temperature coefficients

power. The problem with capacitor charging is that a when large =~ " . .

capacitor is attached to a solar cell, the component acts as a short o —Ca : empirical coefficients

and the solar voltage drops to the capacitor voltage. Although the K, Ky, : constants to calculalg,p andVmp from lsc andVoc
solar cell will charge under this condition, it will not do so effi-

ciently, because it will not be at thmaximum power poirfMPP), Isc(E, Te, AMa, AOI) = (E /Eo) f1(AMg) f2(AOI)

the voltage and current combination that maximizes power output

under a given sunlight and temperature condition. A supercapaci- “(Iseot O1ee(Te = To)) @
tor has been charged in this manner before but this reduces the solar Isc(E, Te = To, AMa, AOI)

efficiency by a factor of 2-5x depending on the solar cell topology Ee= Isco 2)
[8]. - —

A typical PWM regulator is not suitable because the ESR in the 'mpl(Ee. Te) = Co +EelCa + 0l (Te ~ To)) 3)
supercapacitor is so low that only a short pulse will prevent the Voc(Ee, Te) = Voco+C2IN(Ee) + Buee (Te —To) (4)
supply voltage to fall sharply. For this reason, pulse power appli- Vimp(Ee, Te) = Vinpo+ C3In(Ee) +C4(In(Ee))2
cations use resonant and Ward converters to efficiently and quickly F By (Te—To) ()
charge capacitors [10, 11]. Unfortunately, the resonant converter mP
requires an AC voltage that cannot be generated by the solar panel. OPsolar _ OPsolar —-0 6)
The Ward converter inputs DC power, but the circuit is rather com- ONVsolar  Olsolar
plex and requires a low impedance power source such as a battery Vinp = Kvi,Voc (7)
or electrical outlet. Clearly, a new converter design is heeded to
meet the requirement of efficiently charging a capacitor from a high Imp= Kinplsc ®)
impedance power source. The maximum power described in (3) and (5) is directly depen-

The MPP also changes for a solar cell across temperature andgent upon the solar intensity and the temperature [19]. Under a
sunlight. Numerous methods proposed to date for tracking the so-given sunlight condition, (6) holds when the solar power output is
lar cell MPP include the hill climbing method, short-circuit method, maximized. Since it would be difficult to empirically find MPP at
and open-circuit voltage method [12, 13, 14, 15]. The hill climb-  ryntime without a PC and a correct solar model, finding the power
ing method of sweeping solar voltage while measuring the current peak will require the brute force hill-climbing technique and some
requires a great deal of circuitry in the form of a microcontroller computation. Fortunately, it also known that the voltage and cur-
(MCU) to calulate the optimal power point. The power needed to rent at MPP are directly proportionaltgc andlsc, as described by
run those chips are too high to keep the converter efficient. The (7)(8), respectively [16, 17]. This method would simply require the
short circuit method entails shorting the solar cell and measuring regulator to shut down for a few moments to measfaeor Isc to
the short circuit current, which directly determines the MPP [16] find the new MPP, and adjust the power converter. With these tech-
Finally, the open-circuit voltage method simply requires discon- niques, MPP can be reached more quickly since it requires only a

necting the solar cell from any load and measuring the open-circuit single computation and a momentary shutdown of the converter.
solar voltage, which again is directly related to the MPP [17, 18].

The latter two methods are not as accurate as the hill climbing 4. EVERLAST SYSTEM DESIGN

method, but are easy to implement with low power overhead. ] ) ]
Fig. 1 shows an overview of the Everlast design. The system

is designed for three primary tasks: charging the capacitor using a
3. PROBLEM STATEMENT pulse-frequency modulated (PFM) regulator, feeding the PFM con-
The problem is to build a power converter that can efficiently troller the optimal operating point for the solar cell, and all the typ-
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Figure 1: Everlast system block diagram
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Figure 2: PFM Regulator

ical WSN functions including reading sensor data and communica-
tion with nodes and basestations through the wireless transceiver.

4.1 PFM Regulator

Since the capacitor is seen as a short to the solar cell when theyt

are connected together, the traditional voltage regulators such a
the PWM DC-DC converter and linear regulator would not func-
tion properly becauses,;r would quickly fall toVeap and greatly
deviate fromVimp. With the feedback pin connected to the output
load, the regulator would short the input and output until reaching
the preset output voltage. As shown in Fig. 2, a PFM regulator is

designed with the advantages of the switched-capacitor regulator

and the buck converter to prevent shorting the input and output. At
startup, the switcl®, is open, and the solar cell charges the input
capacitor. Onc&gq 4 reaches the upper threshold of (9) which is
set by the PFM Controllel$; is closed andCi, sends current to
the inductorL, and the supercapacit@iyaq. The current from the

solar cell can be ignored in the on switch state, because the input

Figure 3: PFM Regulator Waveform: Vgg1ar (top), S (bottom)

capacitanceESR is much lower than the impedance of the solar
cell. Since all these components have low resistive values, energy
is transferred very quickly until the bottom threshold of (9) is met.
Once switchS; is in the off stateCi, is once again recharged and
the inductor transfers energy @y,,4 and thus charging the super-
capacitor. Fig. 3 shows the solar voltage and pulses sent to the
switch when the regulator is operating.

The circuit is similar to a switched-capacitor circuit in that it
charges a capacitor and then transfers that energy to the output load
capacitor. The only difference is that an inductor is added to buffer
the voltage difference betwe¥gy|ar andVeap. The pulse frequency
is primarily dependent upon the switching thresholds, input capac-
itance, and solar power (Eqgn. 10).

The regulator efficiency is measured with a test setup that is sim-
ilar to a deployed sensor node but at the same time is easily re-
producible. A solar cell is placed under a high-power adjustable
halogen lamp so that it can produce constant power. The solar cell
is fed to the PFM regulator to charge a 10F supercapacitor. The
efficiency is calculated by charging the capacitor from 0V to 2.4V
and 1V to 2.4V and comparing the total solar energy generated with
the change in the energy stored in the capacitor (Eqn. 11).

Fig. 4 shows the results across varying solar power, and generally
over 20mW the efficiency plateaus. Charging from 0OV is less effi-
cient, because the higher voltage differeNggar andVeap causes
more parasitic losses. The efficiency curve with the capacitor al-
ready charged to 1V is a better indicator of real-world performance,
as the sensor node is assumed to always be powered on.

Cin is also changed in the regulator to see how that affects oper-
ation. Since it is faster to charge a smaller capacitor, the frequency
increases with smaller input capacitance. Witk Gy, the regula-
tor can achieve 65% efficiency, because there is less resistive loss
in the capacitor, MOSFET switch, and inductor at higher frequen-
cies. As there is no sign of further efficiency loss due to dynamic
power at higher frequencie§;, can be further reduced. However,
choosing an amplifier that modulates the switch with low supply
current came at the cost of slower slew rate to drive the switch. If
Cin is lowered, then the pulses will not fully turn on the FET. A fu-
ure board revision will explore adding a FET gate driver and using

Spower inductors, but as it stands, the regulator has been experimen-

tally verified to operate in the 0.5Hz to 30kHz range across varying
Psolar from 3mwW to 300mW, respectively. No battery charger IC
on the market can match this PFM regulator’s ability to harvest low
power. With a change of the passive components and switch, the
regulator can also accommodate sub-mW piezoelectric generators
and larger solar cells.

Vimp— Vhyst < Vsolar < Vmp+ Vhyst ©)
1 11

f O—7_—-F t 10

pulse Vhysx CnL solar( ) ( )

n Esolar _ Psolanavgtchargetime (11)

Ecap.end— Ecapstart %C(Vzndfvgzan)

e

4.2 PFM Controller

The function of this PFM controller is to pulse the regulator ev-
ery timeVsoiar €xceeds the specified reference voltage, which is
Vimp in this case. Fig. 5(a) showsqar being compared to a ref-
erence voltage to determine switching the regulator. Hysteresis is
added to stabilize the amplifier and control the pulse frequency.
The resistors are larger than the impedance coming from reference
and solar cell so tha,yst remains accurate (Eqn. 12,13). The volt-
age reference is divided by a cermet POT and an 8-bit digital POT,
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and the solar voltage is resistively divided so that the amplifier can
compare it with the reference signal. The digital POT defaults to

100kQand, along with the cermet POT, presets the solar voltage at
which to regulate when the MCU is powered down.

The MCU fine-tunes the digital POT value urily 5 reaches
Vimp- The MCU is used rather than some custom circuitry, because
it is flexible enough to run any of the MPPT methods mentioned
earlier. The hill climbing method can be achieved by sweeping
the POT code while recording the voltage and current. The solar
cell can be short-circuited momentarily by setting the POT value
to 0 and thus closing the switch. Conversaly; is measured by
setting the POT value to 255 to open the switch. With the latter
two, Vmp andimp can be easily calculated by the MCU using Eqns.
(7)(8). With either of these values, the POT value can be adjusted
until Vsplar OF lsolar reaches one of these respective values. De-
pending on whether an application requires accurate MPPT or low

cost/complexity, the suitable method can be chosen and custom cir-

cuitry can be implemented.

As shown in Fig. 5(b), the functional block of the PFM con-
troller also includes the ability to shut down the regulator when the
capacitor is fully charged by comparing it with a 2.5V reference
signal. The amplifier can be jumpered to also accept a signal from
the MCU to shut down. In order to operate the sensor node from
a dead start, the bootstrap circuitry in Fig. 5(c) keeps the step-up
regulator shut down untWcap reaches a high enough voltage that
is set by voltage dividing from the 3.0V reference.

For testing purposes, the MPP sweep circuitry is included to
sweep the circuitggjar and measur¥sgar to profile the solar cell
as shown in Fig. 5(d). While the PFM regulator is shut down, the
MCU sweeps the gate voltage of a MOSFET using a DAC. This
sweeps the solar current, and baghar andVsgar are sampled af-
ter every DAC step. The MCU can then calcul&gp, Vmp, and
Imp and take a light measurement to profile MPP at every light in-
tensity level. The solar profile will be useful later to benchmark
how accurately the MPPT methods can keep the solar cEj at

R,
Ve ——
el R Ry
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4.3 WSN Functions

Although the primary goal of Everlast is to keep the solar cells
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Figure 5: PFM Controller and DC sweep circuitry

operate with lower power requirements.

The PIC16LF747 is selected as the MCU because of its low sup-
ply current from 25/ at 31.25kHz to 9304 at 8MHz withVpp at
3.0V using an internal RC oscillator. The MCU can operate from
2.0V to 5.5V and the internal RC oscillator can be controlled at
runtime. There has been much work on dynamic voltage and fre-
quency scaling (DVFS), and practically any of those techniques can
be written into the firmware.

Most sensors today either produce an analog voltage, PWM sig-
nal, or PFM signal. The MCU can read the first using its internal
10-bit ADC or an external, possibly higher-precision, ADC. The
latter two signals can be measured with an internal timer/counter or
by polling. The TSL230RD light sensor improves upon traditional
methods of measuring light intensity such as with a photodiode,
because it has a pin-selectable light aperture for measuring a wider
dynamic range of light. The light sensor draws 2mA when oper-
ating, but since it generates a square-wave output, the MCU can
easily count the edges using the internal counter in a matter of 1-2
ms while consuming 12uper sampling. The ADXL202 is a dual-
axis + 2g accelerometer consuming 6@Q I he supply current is
low enough that the MCU /O pin can power it during sampling
and power it down otherwise. A few more ADC pins are drawn out
to the board so that additional sensors can be added anytime. The
board also includes an EEPROM that can be used for storing sensor
data.

For wireless communication, we use the Nordic nRF2401 2.4GHz
GFSK transceiver, a recent breakthrough in low power transceivers.
Operating in the ISM band, it supports 125 channels and can sup-
port a dense network of sensor nodes. With the ability to send
ShockBurst messages, the transceiver turns on to send a 256-bit
packet in a 1Mbps datastream and goes back to standby. With
0dBm RF power, the transceiver has line of sight range of 300m
according to the datasheet, and we have physically verified it for

at MPP and operate for 20 years, some of the latest technologies inat least a 150m range. With integrated pseudo-MAC layer, the
MCUs, sensors, and transceivers are adopted so that the board wiltransceiver incorporates a 16-bit CRC and the destination address



Profile MCU Core ADC Transceiver Isupply Voltage and current tracking constants
Freq. (MHz) | Sampl./msg Msg/sec (mA) 1 T KT Opemdreut vatage vacking

pl Sleep Off Standby | .280 Ky Shortcireut curent racking = =~

p2 8.0 Off Standby 1.08 o | ]

p3 8.0 Standby Standby | 1.14 \\__*\ﬂ_\ﬁ

p4 8.0 9 100 1.83 = 4

p5 4.0 9 100 1.49 s ool e 1

p6 2.0 9 50 1.05 ko Leemme- ’

p7 1.0 9 25 850 £ P

p8 8.0 Off Rxmode | 21.71 oo 1
Table 1: Sample power modesypp = 2.8V, Message = 256 bytes ol i

Direct charging vs. PFM-regulated charging
T 0 . - - -

3 T

Direct charging 0 50 100 150 200 250
PFM-regulated charging ----- Light intensity index

25 F - 4

Figure 7: Voltage and current tracking constants calculated
over one day

ST Solar cell maximum power point tracking (MPPT)

T T
Solar voltage- DC sweep method
kvoc =0.70 Solar voltage- V,,, method
Solar power- DC sweep method -----

6l Solar power- V,, method

os |/ 4 = J s

L
0 5 10 15 20
Time (min)

MPP voltage (V)
°
Max. power (W)

Figure 6: Comparison between direct capacitor charging and of
PFM-regulated charging

0 L L L L 0

into the packet eliminating the need for error checking. 0 50 100 150 200 250

Light intensity index

>. EXPERIMENTAL RESULTS Figure 8: MPPT comparison between DC sweep an®qc

Three metrics determine the performance of the Everlast board: yathogd
efficiently charging the supercapacitor, tracking the solar cell at
MPP, and running continuously 24 hours a day.

Fig. 6 shows a comparison of charging a 10F supercapacitor less than 5% in normal lighting conditions and less than 11% in
from a fixed-intensity halogen light source with direct and PFM- low lighting conditions in comparison to the DC sweep method.
regulated charging modes. With direct charging the solar cell is The tracking error increases in low lighting conditions, because the
attached to the capacitor while PFM-regulated charging is done solar cell'sKy,,, reaches 0.80 while the voltage tracking constant is
through the Everlast board. The latter charging scheme tracked thestill fixed at 0.70 in the tracking circuitry. This level of accuracy is
optimal power point to generate maximum solar power and charged acceptable for sub-Watt solar power generation, since the voltage
the supercapacitor in about half the time. This makes more energytracking method can be implemented with a few inexpensive, dis-
available for consumption by the sensor node, or enables the nodecrete components, and the power requirements to operate a more
to use a smaller, cheaper solar cell. With future improvements to accurate tracker would outstrip the increase in power generation.
the regulator efficiency, the gap between these two schemes should The module must also be able to solely rely on stored energy in
widen even further. the absence of solar power. Creating a few sample modes in Table

Using a solar profile generated from a DC sweep of the solar 1, it is worth noting that the transceiver can continuously transmit
cell throughout the day, the voltage and current tracking constants, 25.6 kbps in profile p5, drawing only 1.49mA. Off a fully-charged
Kv,,, and K, respectively, are calculated and shown in Fig. 7. 100F supercapacitor, p4 ran for 8.16 hours, p5 ran for 9.54 hours,
Voltage tracking is preferred, because under normal lighting con- and p6 ran for 11.1 hours. One point to mention is that the step-up
ditions, Ky, is between 0.688.72 and reaches up to 0.80 in low  regulator is only 40-50% efficient as it steps Vi, of 1V-2.5V
light conditions. This is much better than the wide swing range to 2.8V. One area to explore in the future will be to split the power
of the current tracking constant. Thg. can also be easily mea-  supply rails to the components: 2.0V regulator supplying power to
sured by periodically shutting down the regulator with a timer and the MCU and transceiver, and 2.7V supplied to any ICs that require
then sampling the voltage with an ADC or sample-and-hold circuit. it. This will reduce the power consumption of the modules and in-
Using this method, Fig. 8 shows that the voltage tracking method, crease efficiency, which should nearly double the autonomous op-
with Ky, fixed at 0.70, can track solar power very closely to the DC  erating time of each profile.
sweep (hill-climbing) method but without the need for a MCU/DSP Fig. 9 is a stress test of Everlast running in p6 on a building
and within a few milliseconds needed to sample the open-circuit rooftop draining the capacitor at night and recharging during the
solar voltage. The voltage tracking method has a tracking error of day. In fact, all the data generated in the graph are sampled by the
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on-board ADC and transmitted from the sensor node itself to a base
station. Taking a close look at the graph, throughout the night, the
capacitor is drained, and during the morning, the regulator turns
on and charges the capacitor. By high noon, the capacitor is fully
charged at 2.5V, and the regulator is shut down, causing the solar
voltage to jump td/yc. During the day, the sensor node is still trans-

mitting data and drains power from the capacitor. Ovigg dips

below 2.45V, the MCU restarts the regulator to recharge the capac-

voltages and exploring multiple capacitor configurations for an ex-
pected power reduction by a factor of 2.
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