SOLARCAP: Super Capacitor Buffering of Solar
Energy for Self-Sustainable Field Systems

Amal Fahad®, Tolga Soyata*, Tai Wang*, Gaurav Sharma*, Wendi Heinzelman*, Kai Shen’

*Dept. of Electrical and Computer Engineering

University of Rochester
Rochester, NY 14627

{soyata, twang33, sharma, wheinzel } @ece.rochester.edu

Abstract—Intelligent systems like automatic highway traffic
management, area surveillance, and geological activity mon-
itoring require substantial data collection and processing in
the field. Energy self-sustainability is a critical foundation for
successful field systems that are away from the power grid
infrastructure. Instead of the conventional battery-based energy
storage, this paper argues that the super capacitor buffering of
solar energy (SOLARCAP) has the advantages of precise energy
lifetime awareness, low maintenance, and operational robustness.
By designing and developing a prototype implementation of the
circuitry required for management and harvesting of energy,
we demonstrate a SOLARCAP system that ensures safe device
operation within the permitted voltage range.

I. INTRODUCTION

Industrial and societal systems in the physical world have
recognized the value of data-driven intelligence. For example,
in intelligent transportation systems [1], high-speed cameras
and sensors capture a large volume of data on traffic and road
conditions. Online processing and action on such data enables
a new level of accountability (vehicle license plate identifica-
tion [2]), safety (automatic speed monitoring and integrated
weather/traffic signaling), and efficiency (congestion-aware
vehicular traffic routing). Similarly, detection and analysis of
imagery changes [3] can help identify moving objects and
activity patterns in area surveillance and security (such as the
million-plus cameras in London [4]).

In these systems, data processing in the field, where data
sources and control signals reside, has several key advantages.
First, intelligent feature recognition and filtering at the data
sources allows the systems to operate at much larger scales
than centralized systems for which the network bandwidth
bottlenecks restrict the ability to grow. Second, by relying
less on the unreliable (often wireless) communications in the
field, the overall system reliability is enhanced. Finally, local
processing permits faster response to emergent events.

Self-sustainability is critical for successful data process-
ing in the field. Complete wire-free field systems possess
strong economic competitiveness due to their easy installation
and maintenance. Self-sustainable systems are also environ-
mentally friendly by not using the fossil-fuel based grid
power. Specifically, a field node must live on ambient energy
sources (e.g., solar cells) and energy storage. Conventional
rechargeable battery-based energy storage has drawbacks of
not allowing a precise estimate of remaining energy, requiring
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periodic maintenance, and having a negative environmental
impact from the chemistry involved. To address these prob-
lems, we present a new approach to self-sustainable field
systems through the use of the super-capacitor-based solar
energy buffering, a system that we call SOLARCAP.

Using solar panels paired with super-capacitors presents
unique opportunities and challenges: while rechargeable bat-
teries can reach their peak voltage rather quickly, it is chal-
lenging to find an analytical relationship to their stored energy
by observing their output voltage. The stored energy in a
super-capacitor, on the other hand, is precisely calculated as
E= %C’ V2, where C and V are the capacitance and the voltage
of the super-capacitor, respectively. This ease of assessing
the stored energy, however, is countered with a disadvantage:
the super-capacitor voltage (V') increases monotonically as it
builds up energy, eventually reaching a maximum value (2.7 V
for the Maxwell BCAP3000 series we used [5]). Therefore, the
voltage output of a super-capacitor block may be much lower
or much higher than the operation voltage of the circuit it
is powering, which dictates a sophisticated circuit design to
harness all of the stored energy.

In this paper, we argue that, with proper circuit design,
super-capacitors hold the potential of being a disruptive tech-
nology within the embedded application environments we
study. Although super-capacitors have been widely used in
industry (e.g., automotive [6], [7], elevators [8]), to the best of
our knowledge, this is the first paper that describes the usage of
super-capacitors as the sole energy source for field embedded
devices with a specific circuit and system design. The rest
of this paper describes our SOLARCAP hardware platform,
energy management circuit, and a prototype evaluation.

II. SELF-SUSTAINABLE HARDWARE PLATFORMS

Our energy harvesting and buffering mechanisms must
support sufficient computing and data processing capacities
for field applications. One example field system is an Alix
embedded board based on the AMD Geode 500 MHz pro-
cessor, running the Linux operating system and Open Source
Computer Vision Library (OpenCV) image processing tasks. It
consumes 3.2 W during full utilization, at the operation voltage
of 8V (400mA). To create a self-sustainable system that can
generate such power continuously, we describe the operational
details of the solar panels and the super-capacitors.



(a) Emulated bright-day solar supply
Fig. 1.

(b) Front-end circuit prototype
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(c) Back-end circuit prototype

Prototype SOLARCAP hardware. The circuit has been developed in two different phases: 1) Front-end supply transfers the energy from the solar

panels into the super-capacitors, 2) Back-end circuit is a DC-DC buck converter to produce a low-ripple voltage supply from the super-capacitor energy

A. Energy Generation Using Solar Panels

The Radio Shack Model 277052 solar panels we have
employed in our experiments are shown in Figure la. Each
panel is rated at 6V, 1.5W, which suggests an aggregate
4.5 W power output for the three panels connected in series.
Unfortunately, this simple math does not hold true due to
the non-linear I-V relationship of typical photovoltaic solar
panels. Characterized by their open-circuit voltage (Vo¢), and
short-circuit current (/g¢), solar panel current decreases from
Isc down to zero while its output voltage increases from zero
(@I=Ig¢c) to Voo (@I=0). This behavior results in a non-
linear concave power curve that has a maximum between these
two extremes, referred to as the Maximum Power Point (MPP)
in the literature [9].

To determine the specific values for the solar panels we have
employed in our project, we varied the voltage output of the
three-series-connected solar panels and plotted the resulting
power output in Figure 2. While the V¢ of the three Radio
Shack panels in series was 17.15V (which is consistent with
the advertised 6 V per panel), the maximum current attainable
was 148 mA at short circuit (i.e., when the solar panel output
is zero volts). The Maximum Power Point (denoted as MPP
going forward) was approximately 1.8 W total, which is below
the advertised 4.5 W, partially due to our lower-than-optimum
irradiation level. The most important parameter to note is
the voltage and current at MPP, which was reached when
V=133V and I=132.7mA. From the standpoint of circuit
design, the voltage at MPP will play a crucial role, as will be
explained in the next section. Also note the sharp drop in the
power output above the MPP and the smooth decrease below
the MPP. These concepts will be the key points to consider
during the circuit design.

B. Energy Storage—Super Capacitors

While rechargeable batteries are commonly used for energy
storage, we have chosen super-capacitors to be the storage
element due to their key advantages that make them better
suited for self-sustainable, low-maintenance systems in the
field as shown below:

1) Since super-capacitors are in fact capacitors, their en-
ergy levels and charge/discharge patterns are extremely
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Fig. 2. Non-linear I-V curve of the three series solar panels. Maximum

Power Point (MPP) is reached at 13.3V

predictable. Their stored energy, E:%CVQ, can be
calculated by measuring their terminal voltage, V. A
super-capacitor block consisting of four series 3000 F
super-capacitors can operate a 3.2’ W computing board
for about four hours at full charge. The ability of
precisely computing the remaining energy allows new
lifetime-aware management on self-sustainable devices.

2) The porous material used to manufacture super-
capacitors is free of environmentally-harmful acid and
other corrosive chemicals and yields near-infinite life-
time (~ 10° charge cycles), implying lower maintenance
costs and environmental-friendliness as compared to
rechargeable batteries, supporting ~ 5000 charge cycles.

3) Due to their extremely low ESR (Equivalent Series Re-
sistance) of ~ 1mf), super-capacitors have a 10x higher
power density, permitting them to charge/discharge
quickly to absorb sudden peaks in the solar panel output,
while supplying bursty power output (e.g., triggered by
the sudden arrival of interesting data).

4) Super-capacitor capacitance drops only 2% between
—20°C and 60°C, and 5% between —40°C and —20°C,
making them a perfect candidate for field deployment.
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capacitor output is stored at a higher voltage, since step-

down conversion is more efficient [10].

Higher voltages of multiple panels permit higher energy

storage using smaller capacitors due to the quadratic

dependence on voltage (i.e., = %C’VQ).

4) Different solar panels have mismatched I-V character-
istics. We measured the MPP of three different panels
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Fig. 3. Building blocks of the solar harvesting/storage system
Alternatively, the rechargeable batteries lose their stor-
age capacity gradually at each charge cycle.

III. SYSTEM DESIGN

The high level outline of the circuit we have developed is
shown in Figure 3, which consists of a Front End Circuit to
transfer the harvested solar energy into the super-capacitors,
a Back End Circuit that converts the energy inside the super-
capacitors to a constant voltage and a PIC microcontroller to
execute the control algorithm for the system. These compo-
nents are explained in the following subsections.

A. Front End Circuit

As shown in Figure 2, the Maximum Power Point (MPP)
of the solar panels is reached at Vo ap =13.3V, where Voap
is the voltage of the staging capacitor that quickly absorbs
the generated solar energy. The MPP of the solar panel block
must be continously manipulated based on its irradiation levels
by varying Voap. In Figure 2, the dark and light green
areas signify efficiency boundaries of 95-98% and 98 - 100%,
respectively. The goal of the Front End circuit is to keep the
voltage of the staging capacitor contiously manipulated to stay
within these most efficient regions.

Figure 4 shows the Front End circuit, which employs the
CV (Constant Voltage) [9] method and directs the power
generated by an array of three solar panels into the staging
capacitor. A 1200 uF staging capacitor is selected, which can
vary its voltage (i.e., Voap) within the dark green region
(13.0-13.5V) in 5ms and within the entire green region
(12.5-13.7V) within 11 ms. This response time is low enough
to quickly change Vo ap based on varying irradiation levels,
yet slow enough to permit the energy transfer with a PIC
12F615 MCU containing a 35 ps-conversion-time SAR-ADC.
The 1N5821 Shottky diode we used has a 320 mV voltage drop
at the MPP of 130mA. In our experiments, we contemplated
using one or more series solar panels. We have observed that
the advantages and disadvantages of using multiple panels are
as follows:

1) Single and multiple solar panel configurations all have
the same number of switching transistors and Shottky
diodes, allowing the latter configuration to better amor-
tize the energy losses of these components.

to yield 715 mW (@169 mA), 698 mW (@155 mA), and
669 mW (@160 mA) at a specific irradiation level. When
forced to work at a common current due to the series
configuration, we observed them to yield ~ 10% lower
aggregate power due to these mismatches.

5) Above 100V, high voltage switching devices must
be used, which are much less efficient at low power
consumption levels, limiting the number of panels to
~ 6 for efficient operation.

Based on these advantages and disadvantages, we employed
the three-series solar panel configuration, which more than
recoups its I-V mismatch-related losses due to the other
advantages. The staging capacitor voltage Vi, is controlled
very precisely by transferring the accumulated energy into
the super capacitor block in small amounts. This transfer is
accomplished by the Front End circuit which works in Buck
converter mode [10] when Vi, is higher than the voltage
across the super-capacitor storage unit (denoted as Vg¢), and
switches to Boost Mode when Vg, < Vso + Vigss, where
Vioss 1S a term to account for the aggregate voltage drops
across the PNP and the diode. Each energy transfer drops
Vcap by an amount of AV and transfers it to the 220 yH
inductor. The energy loss/gain in the capacitor and inductor
must be equal as shown below (ignoring the energy losses in
the resistors, inductor, and the two transistors for simplicity)

AE(C) =1 x 1.2 x 1073 x (13.305% — 13.300?)

AE(L) =1 x 220 x 1076 x (I3 — I})
AE(C) ~ AE(L) = 80u.J 1
(I} -I3)~ 0734 = |L,~1A I ~054]

where 13.30V is the selected optimum V4 p and is permitted
to rise SmV before the energy is transferred by turning on
the PNP transistor. PNP transistor is driven to saturation by
applying 5V to the GP4 input of the 2N2222 NPN transistor.
This causes the energy to be transferred to the inductor in a
period of At which can be calculated as follows

Vi, =L x ar L x Al
dt At 0.5
Veap — Vsc — Vegsar = 220 x 1079 x Kt
_ 2)
11 106 (
133 10— 0.7 = 20X107 o6
At

where 42 yus is the time to transfer 80 yJ from the capacitor
into the inductor when the voltage difference between Vg and
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Fig. 4. Front End Circuit is used to transfer the energy generated by the solar panels into the super-capacitor block.

Veoap is only 3.3V. This time will get progressively higher
when the voltage difference gets lower due to the rising Vso
as it builds up energy. In our circuit, the measurement of the
Vin and Vsc nodes take approximately 35 ps which is the
amount of time it takes the SAR ADC (inside the PIC) to
finish its conversion. When the voltage difference is lower, we
turn on the MOSFET by applying a logic 1 to the GP5 node
to accelerate the transfer (i.e., Boost mode). In Boost mode,
At:% ~ 9us, since, based on Equation 2, Vg¢ is
replaced with the saturation voltage of the MOSFET (0.1V),
resulting in a dramatically accelerated transfer. Enabling boost
mode, however, causes the efficiency of the transfer to go down
since the Boost circuits are less efficient by design.

A 1:5 resistor divider (i.e., 10 k2 and 39 k) is used for
both V;,, and V¢ nodes to match the PIC Vpp (5V) to these
nodes’ voltages (max ~ 25 V). Front-end prototype is shown
in Figure 1b which uses a standard 7805 voltage regulator.
Despite its 60% efficiency of this regulator, since the PIC
current is only in the few mA range, this inefficiency does
not contribute more than 1% to the overall efficiency. The
main contributor to the PIC power consumption is indeed the
driving current of the 2N2222 transistor which is around 4 mA.

B. System Control Software

The primary function of the PIC control software is to
continously sample the V7, and Vso voltages applied to its
input pins GPO and GPI, respectively, and to control the
energy flow from the 1200 4 F' energy-staging capacitor into
the inductor by activating the PNP (GP4) and the MOSFET
(GP5). When V;,, reaches 13.305V, the MJ 2955 transistor is
turned on by applying a Logic 1 to GP4, allowing a current to
flow through the inductor ranging in magnitude between 0.5
to 1A. This current increases the magnetically stored energy
in the inductor, thereby reducing the voltage at Vp,. This
energy must be transferred at a precisely determined value,

since 1) transferring too little energy will cause the MPP to
shift to above the green area, thereby sharply reducing the
power output 2) transferring too much energy will cause the
operating voltage to fall below the green area, again, causing
a less-than-optimum power energy generation.

While GP4 is used to control the flow of the energy from the
solar panel staging capacitor into the super-capacitor side, GP5
is turned on when this energy transfer has to be accelerated.
GP4 is used to operate the circuit in the Buck converter [10]
mode, whereas switching GP5 will allow the circuit to switch
to Boost converter mode. GP5 has to be activated for for two
reasons: 1) if the energy transfer has to be accelerated during
times when the solar panel output peaks and the energy has
to be transferred faster, 2) if the voltage of the super-capacitor
block exceeds V7, + Vioss, Where Vi,es is a term used in
the program to represent the voltage drops due to Vogsar
of the PNP (=500-800mV), and V of the Shottky diodes
(~500mV at 1A).

C. Back End Circuit

As shown in Figure 6, the Back End circuit is a typical
buck converter which converts the super-capacitor voltage
to a constant voltage output to operate the embedded board
connected to the output. In our implementation, we have used
a board that requires an ~ 8V input and draws 400 mA. The
buck converter we have utilized is the ON-SEMI MC33167T
switching regulator which is capable of providing a maximum
of 5 A output. The 1.5 kQ2 and 1 k€ resistor divider keeps the
output at V5,: =5.05 x % ~ 8.4 V. The prototype of the Back
End Circuit is shown in Figure lc.

IV. PERFORMANCE EVALUATION

The two prototypes we have built are shown in Figure 1
along with the setup we have utilized to simulate an artificial



konst unsigned int BestVin=530;
const unsigned int Vless=100;
const unsigned char FREQ=20;
unsigned int Vout,Vin, Voutctrl;
unsigned char ON_charge=1, ONC;

void Init()

{
// G6p0 = Vin, Gpl = Vout,
TRISIC = 0BO0001011;

Gp4 = Enable, Gp5—FPWM

// BDC FRC clock, set GPO and Gpl to analog
LNSEL = 0BO01110011;
GPIC.E4 = 0; GPIC.B5 = 0;

}

void main{) {

Tnit({);
Vout=ADC read(l);
while{l)

{
Vin=ADC read(0);
//Spin until Vin reaches 13V
while (Vin<BestVin){
GPIC.B4 = O;
Vin=ADC read(0);

GPIO.BS = 0;

}
[/ /f/ BUCE OPEBATICN ////////7
if (Vin>Vout+Vlos=s) {
if (Vin®»BestVin)
else
Voutctrl——;
if (Voutctrl=—0) {
Vout=ADC read(l);
Voutctrl;lﬁ;

}

GPIC.B4
GPIC.B4

1;
0;

} else |
fAf7/7/7/ BOOST OPERRTICN /////////
GPIO.B4=1; GPIC.B5=1;
COMC=0M Charge; while (CNC--);
GPIC.B5=0;
GPIO.B4=0;

Vin=aDC read(0);

///// T DUTY CYCLE ADJUSTMENT /////

if ((Vin»BestVin) && (ON_charge<(FREQ-2))) {
ON_charge++;

}

if ((Vin<BestVin)
ON_charge——;

&& (ON_charge>2)) {

}
Vout=ADC read(l);
Voutctrl=10;

t
}

Fig. 5. Microchip mikroC PRO code used to control the Front End Circuit.
light source using a 100 W light bulb. A digital Tektronix os-
cilloscope is used to measure the switching activity throughout
the energy transfer. We have used the Windows-based program
provided by Tektronix to record the switching patterns as well
as the voltage levels at V7,, and Vo ap.

Initially, six 70 F, 2.7 V super-capacitor units are discharged.
These lower-valued super-capacitors were used for testing to
span the entire voltage range within a few minutes during the
experiments, rather than the actual 3000 F block which would
require almost a day to charge. Figure 7a shows snapshots
of the oscilloscope output when the circuit is operating. The
super-capacitor voltage (blue) started rising from OV to 16V,
eventually limited by the 16 V Zener protection diode. The PIC
code allowed the Vi, (yellow) to reach the MPP and started
activating the PNP to transfer the energy to the inductor via
45 us pulses on GP4 (purple). This continued until the super-
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Fig. 6. Back End Circuit as a constant voltage for the embedded board.

capacitor voltage has risen above the V7, + V055, Where V55
is the minimum difference allowed (i.e., drop-out). The circuit
at that point switched to boost mode as shown in Figure 7b. In
boost mode, the energy transfer requires much shorter pulses
(=20 us in the Figure 7b). We have observed the output of the
final back-end converter to be fixed at 8.4 V from Vg =10.5V
up to Vgo =16 V. We leave cloud computing using sychronous
optimization as future work [11]-[15].

Moise Filter 0t

Moise Filter 0

(b) Boost operation

Fig. 7. Oscilloscope snapshots during (a) Buck and (b) Boost operation.

V. RELATED WORK
Solar panels and MPPT have been well studied. [16]
presents a solar energy harvesting circuit for mobile phone
battery chargers, which is capable of MPPT with a built-
in battery protection. [17] used miniaturized photovoltaic



modules to perform automatic maximum power point tracking
with minimum energy cost. [18] and [19] provide systems
designs using solar panels for ultra-low power and unattended
harvesting. The challenges in deciding the state of charge of
a rechargeable batteries has been well studied in the litera-
ture [20]-[23]. The research on super-capacitors has mainly
focused on their usage in vehicles due to their superior ability
to quickly absorb the brake regeneration energy [6] or similar
applications, such as elevators, where the storage and usage of
the energy is in large energy bursts [8]. Recently, the usage of
super-capacitors in bio-medical implants has been introduced
as the primary source of energy buffering [24] and the usage
of super-capacitors in mobile devices [16].

VI. CONCLUSION

This paper argues that the super capacitor buffering of
solar energy (SOLARCAP) is a feasible foundation for future
self-sustainable field systems. Compared to the conventional
battery-based energy storage, SOLARCAP requires lower
maintenance and it is much more environmentally friendly.
We demonstrate that proper energy management circuitry
along with system control software can ensure safe operation
within permitted voltage range and harness the full buffered
energy. Our SOLARCAP prototype can power a computing
board with a 3.2 W of power consumption that can support
conventional system software like Linux and perform field
image processing like OpenCV. The super capacitors have
relatively small energy storage capacity. We believe this can
be mitigated by software-level adaptive resource management
techniques. For example, most practical applications receive
data at variable rates or patterns. The field system only
needs to be powered when necessary so that it can stay in
a low-power state over long periods of time. In addition, the
software system and application can present dynamic knobs
to tune between the processing quality-of-service and energy
usage [21]. Specifically, a lower-level quality-of-service may
be desirable to maintain sufficient system lifetime during
low-energy periods. SOLARCAP’s precise energy lifetime
awareness is particularly beneficial to enable such software
management.
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