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panels is relatively low compared to summer days and 
the system can significantly benefit from hybrid energy 
harvesting, thereby making the analysis conservative. 
The areas with blue background in Fig. 5 represent the 
nighttime (midnight – 8 AM), during which solar panels 
do not generate any power; however, ample wind power 
is available on all three days, especially on December 
20, 2015. Although the hour-by-hour characteristics of 
the wind power are stochastic, we are primarily inter-
ested in determining the cumulative power available 
during the nighttime because a typical supercapacitor 
block can buffer the harvested energy, largely eliminat-
ing impact of hourly fluctuations.

4.1. Quantifying The Complementary 
Characteristics of Solar and Wind Power Sources
To highlight and quantify the advantages of hybrid so-
lar/wind energy harvesting, we use the metric of aver-
age downtime, ,tdown

yr  defined as the average number of 
hours per year for which the system shuts down due 
to lack of power. The average downtime can be mod-
eled using historically recorded data of solar irradia-
tion and wind speed at the deployment location. Solar 
irradiation [60] and wind speed [83] data of US cities 
are available as an average value over t 1� �  hour in-
tervals. To calculate ,tdown

yr  we assume that the system 
is simultaneously harvesting energy from a solar panel 
and a wind turbine with the rated powers of P solar

rated  and 
,Pwind

rated  respectively. The energy is buffered in a superca-
pacitor block with the maximum energy storage capac-
ity of ESC

max  and it is delivered to a load demanding Pload  
Watts of power. Although the analysis is generally for a 
hybrid case, it can be easily adapted for a single source 
scenario by setting Pwind

rated  or Psolar
rated  to zero. Table 5 tabu-

lates the notations used in this section to quantify hy-
brid power sources.

In this analysis, our goal is to determine the available 
energy in a system on an hour-by-hour basis through the 
24 hours of a day; for this, we use the notation ( )P nin  to 
denote the average available power during the nth hour 
of the day. This power is related to the solar ( ( )P nsolar ) 
and wind power ( ( )P nwind ) generation as:

	 ( ) ( ) ( ) .P n P n P nin solar wind= + � (19)

We use the solar irradiation data available in [60] to 
compute the available average solar power during the 
nth hour of the day ( ) .P nsolar^ h  We refer to Eq. 7 and as-
sume a specific solar panel size to arrive at ( ) .P nsolar  
Similarly, we use the wind speed data from [83] and ap-
ply it to Eq. 17 to determine the wind power during the 
nth hour of the day ( )P nwind^ h by making a similar as-
sumption on the size of the wind turbine.

During the nth time interval, an average power of ( )P nin  
is generated from both solar and wind power sources  
(Eq. 19). We assume that the power consumption of the 
load Pload^ h is constant throughout the entire simulation 
period (alternative load profiles are readily incorporat-
ed). Therefore, based on whether the load consumption 
is higher than the generated power or not, a shortage 
P Pin load�^ h or a surplus P Pin load�^ h in the energy oc-

curs, which in turn depletes or charges the supercapaci-
tor block, respectively. We use the notation E(n) to refer 
to the stored and available energy in the supercapacitor 
block at the end of the nth interval. Furthermore, the nota-
tion ( )E nAcc  denotes the accumulated energy up to the nth 
time interval. The relationship between E(n) and ( )E nAcc  
can be formulated via the recursions:

	 ( ) ( ) ( ( ) ) ,E n E n t P n P1 · in loadAcc �= - + - � (20)

	 ( ) [ ( ( ) , ), ] ,min maxE n E n E0 SC
max

Acc� 	 (21)

where ESC
max  is the energy storage capacity of the super-

capacitor block, which cannot be enforced by the har-
vester through an over voltage limitation mechanism 
[34]. In Eq. 20, t�  denotes the duration of the time inter-
val (1 hour), ( )P n Pin load�  denotes the power surplus or 
shortage; therefore, their product ( ( ( ) ))t P n P· in load� �  
is the accumulated energy during the nth time interval. 
Equation 20 implies that a device that is powered from a 

Table 5. 
Notation used to describe hybrid power sources in 
Section 4, along with equation numbers they appear in.

Notation Equations Description

(P nin ) 19; 20; 22 Average total power during 
nth interval 

( )P nsolar  19 Average Psolar  during nth 
interval

( )P nwind  19 Average Pwind during nth 
interval

ESC
max  21 Max. energy capacity of 

supercap. block 

( )E nAcc  21; 20; 22 Accumulated energy up to nth 
interval 

( )E n 21; 20; 22 Stored energy at end of nth 
interval 

P load 20; 22 Power consumed by load 

(t ndown� ) 22; 23 Downtime contribution of nth 
interval 

P load 22; 20 Power consumption of the 
load 

t down
yr  23 Annual downtime 
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Wind turbine: The nominal specifications of the wind 
turbine are 50 W and 12 Vrms (AC). However, the rectified 
DC voltage can reach as high as 40 V under no load condi-
tion, necessitating the use of a voltage limiter to prevent 
damage to the UR-SolarCap and multiplexer board.

Solar Panels: A set of solar panels with different rated 
voltages are shown in Fig. 16. In our experiments, a par-
allel configuration of multiple solar panels was used to 
provide the required solar power for each experiment; 
for example, two 30 W solar panels were connected in 
parallel to provide a 60 W rated power. The experiments 
were carried out between October and December in the 
Rochester, NY area. Due to relatively low solar irradia-
tion during that period, we had to place two solar pan-
els in parallel. The solar panels have a maximum open 

circuit voltage of 24 V, which is less than the maximum 
allowed input voltage of UR-SolarCap.

Supercapacitor block: consists of 8 � 3000 F serially 
connected supercapacitors with a maximum rated volt-
age of 2.7 V each. UR-SolarCap firmware features an over-
voltage protection by stopping energy harvesting when 
the supercapacitor block voltage exceeds . .8 2 7 21 6� �  V.

Electronic load: is a programmable current sink, 
which is used to discharge the supercapacitor block 
when the block is charged to full capacity. The sink cur-
rent is usually set to 7 A to discharge supercapacitors in 
a relatively short period while preventing the wire con-
nections from overheating.

Pickit 3: is a programming device, which uploads a new 
firmware—from a HEX file—into the microcontroller’s 

Load Rectifier/Limiter Multiplexing Board SC Block 50 W Wind Turbine

Input Buffer Cap MUXes URSCs 1 × 30 and 2 × 10 W Solar Panels

Figure 16. The experimental hybrid (solar/wind) harvesting setup (Fig. 14) used to provide the proof-of-concept results in this 
paper. A 50 W wind turbine is stabilized by mounting it on a pole that attaches to a wood panel on the bottom; this pole passes 
through a hole that is drilled on a desk. To avoid vibration, the pole is fixed by multiple screws that attach it to the desk. This setup 
is capable of providing experimental results for a wide range of the hybrid configurations introduced in this paper.

Table 9. 
List of the configurations used in our experiments section/figure numbers where the corresponding results are 
presented.

Harvester Configuration Results

Notation Section Description Figure Section

W 6.2 Wind-only wake up 17 10.2

SW 7.1 Solar and wind Independent 18 10.3

S S2 2 8 Two Solar Panels Cooperative (Independent SEPIC duty cycle 
computation)

19 10.4

Two Solar Panels Cooperative (Master-Slave) 20

W W2 2 8 Two Wind Turbines Cooperative 21 10.5

S S 9 Two Solar Panels Time-multiplexed 22 10.6
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flash ROM inside the UR-SolarCap board, when the su-
percapacitor block voltage is higher than 3.5 V. Below 
3.5 V, the SEPIC regulator that provides 5 V to the mi-
crocontroller is not functional, thereby preventing both 
the microcontroller and its programming capabilities 
to be operational.

Data Logging: UR-SolarCap measures the input volt-
age and input current of its power source, as well as the 
supercapacitor block voltage and transmits this infor-
mation through its RS-232 port. Although the original 
data transmission period is set to three minutes in the 
UR-SolarCap firmware, we modified the firmware to de-
crease this period to 7 ms for finer temporal data resolu-
tion in our experimental investigations. We also included 
the instantaneous SEPIC duty cycle value D  in the trans-
mitted information.

The logged data by the UR-SolarCap boards is used 
to analyze the system performance in all of the experi-
ments except for the wakeup functionality (Section 10.2) 
and the S S  configuration (Section 10.6). For the S S  
experiment (Section 10.6), because we needed a sam-
pling frequency that is much higher than the capability 
of the built-in PIC ADC in UR-SolarCap, we used an 
Agilent MSO-X 2024A oscilloscope to log solar panel 
voltages. In the wakeup functionality experiment (Sec-
tion 10.2), because the system starts from a totally 
depleted energy state and the logging feature of UR-
SolarCap is not available, we used Agilent 1272 DMMs 
(sampling rate of 1 second).

10.2. Wakeup Operation with a Wind Turbine
The original UR-SolarCap board [34] is a solar-only har-
vester that incorporates auto wake-up functionality, 
which allows it to resume normal operation from a fully 
depleted energy buffer state. In Section 6.2, we presented 
the necessary hardware and software modifications to 

turn UR-SolarCap into a W  harvester and confirmed its 
general harvesting functionality (Fig. 11). In this section, 
we provide experimental results validating the wake-up 
functionality of our W  harvester. In this experiment, a 
fully-depleted 8 × 3000 F supercapacitor block was used 
as the energy buffer. The wind turbine voltage, microcon-
troller supply voltage, and the supercapacitor block volt-
age were logged. The results are shown in Fig. 17. When 
the supercapacitor voltage is less than 3.5 V and the input 
voltage is less than 6 V, the system is completely passive 
with the PIC microcontroller nonfunctional. As the input 
voltage rises above 6 V, wind power is supplied to the 
system through the wakeup path and the supercapacitor 
voltage starts increasing. Once the supercapacitor block 
exceeds 3.5 V, the system wakes up, the microcontroller 
becomes operational and starts intelligent harvesting, 
including MPPT. This can be seen in the figure as the 
constant 5 V supply voltage of the microcontroller in UR-
SolarCap after the first hour.

10.3. Independent Solar/Wind Energy Harvesting
Figure 18 demonstrates the harvesting performance of 
the SW configuration (Section 7.1). This setup includes 
two UR-SolarCap boards, a solar panel, and a wind tur-
bine. The instantaneous power of each source was mea-
sured through the measurement and communication 
module of UR-SolarCap [34]. Figure 18 clearly demon-
strates the drastic differences between the nature of so-
lar and wind power sources; while the power output of 
the solar panel exhibits gradual changes over time, the 
wind turbine supplies its power in short bursts peaking 
up to 30 W. The short power interruptions in Fig. 18, ap-
proximately every four minutes, are software induced 
by the fractional MPPT algorithm. The algorithm dis-
connects the solar panel from the harvester for these 
periods in order to measure the open-circuit voltage 
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Figure 17. Wakeup operation of the UR-SolarCap when used as a wind energy harvester (W configuration introduced in Section 
6.2). When the turbine voltage exceeds 6 V, microcontroller supply voltage reaches 5 V and the system starts active harvesting. 
Because the wind comes in short gusts, the microcontroller supply voltage frequently falls below 5 V in the first hour. When the 
supercapacitor voltage exceeds 3.5 V, the system wakes up and the microcontroller supply voltage stays at 5 V.
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VOC^ h of the solar panel to set the (approximate) MPP 
operating point and no power is harvested over these 
short periods.

10.4. Cooperative Solar Energy Harvesting
The Cooperative mode discussed in Section 8 (and de-
picted in Fig. 13(c)) assigns the responsibility of set-
ting the SEPIC duty cycle (for Board1 and Board2) to the 
master board (Board1). An alternative approach that we 
tested allows both boards to perform their VOC  mea-
surement and set their own duty cycle independently. 
However, this can cause an imbalance in their incom-

ing power, as depicted in Fig. 19, which plots the power 
inputs of Board1 and Board2 in the S S2 2  configuration.

Our experimental setup to produce the results in 
Fig. 19 included two UR-SolarCap boards operating in 
Cooperative mode and two 2:1 analog MUXes, which 
connect two parallel 30 W solar panels to each of the 
harvesting boards. We do not present the results for 
cooperative multi-board harvesters in Regular mode, 
since their operation is identical to independent multi-
board configurations in this mode.

Theoretically, since both boards are connected to 
the same power source, the calculated MPP is expected 
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Figure 18. Input power from two UR-SolarCap harvesters in the SW configuration over durations spanning 15 min. Although the 
wind power appears in short bursts (a), its average is approximately 1.2 W, which is comparable to the average solar power (right). 
The MPP is calculated approximately every four minutes in the solar harvester firmware, which is observed as the small interrup-
tions in the solar power (b).
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Figure 19. Experimental results for the S S2 2  configuration, operating in Cooperative mode; one of the solar power sources 
was harvested by both boards cooperatively, while the other one was disconnected. During this experiment, Board1 and Board2 
calculated their own SEPIC duty cycles independently, which ended up being slightly different; this led to an unbalanced power 
distribution, with Board1 receiving 68% and Board2 receiving 32% of the total available 8.35 W.
















