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Design Considerations of Sub-mW Indoor Light Energy
Harvesting for Wireless Sensor Systems
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B. O'FLYNN
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CLARITY Center for Sensor Web Technologies, Cork, Ireland

For most wireless sensor networks, one common and major bottleneck is the limited battery lifetime. The frequent maintenance
efforts associated with battery replacement significantly increase the system operational and logistics cost. Unnoticed power
failures on nodes will degrade the system reliability and may lead to system failure. In building management applications, to
solve this problem, small energy sources such as indoor light energy are promising to provide long-term power to these
distributed wireless sensor nodes. This paper provides comprehensive design considerations for an indoor light energy harvesting
system for building management applications. Photovoltaic cells characteristics, energy storage units, power management circuit
design and power consumption pattern of the target mote are presented. Maximum power point tracking circuits are proposed
which significantly increase the power obtained from the solar cells. The novel fast charge circuit reduces the charging time. A
prototype was then successfully built and tested in various indoor light conditions to discover the practical issues of the design.
The evaluation results show that the proposed prototype increases the power harvested from the PV cells by 30% and also
accelerates the charging rate by 34% in a typical indoor lighting condition. By entirely eliminating the rechargeable battery as
energy storage, the proposed system would expect an operational lifetime 10-20 years instead of the current less than 6 months
battery lifetime.

Categories and Subject Descriptors:
General Terms: Design Consideration, Energy Harvesting, PV Cells, Wireless Sensor Node

Additional Key Words and Phrases: Maximum power point tracking, Indoor light illuminance, Supercapacitor

1. INTRODUCTION

In the past few years, wireless sensor networks (WSN) have emerged from the research domain to
providing commercial solution for many real-world applications. Currently, several WSN products
have already been deployed in volume in commercial applications (Krikke 2005). Among the
anticipated applications, one of the areas of greatest potential is in Building Energy Management
(BEM). By monitoring artificial lighting, temperature, carbon dioxide level, relative humidity,
positioning of external shading devices and resultant actuation, a considerable percentage of energy can
be saved and human comfort levels can be improved. For example, about 35% of North America’s
energy usage (Energy Conservation Management Inc 2006 Survey) and over 37% of CO, emissions
(King, Dilling et al. 2007) are attributed to the running of residential and commercial buildings. It has
been estimated that the usage of intelligent sensor networks can result in 15-20% savings in total
energy usage (Grigg and Slater 2007). Due to such potential financial benefits and the political ‘green
agenda’, intensive research interests have been focused on this area (Menzel, Pesch et al. 2008).

The ease of deployment may enable these radio frequency based sensor systems to replace most of the
current ‘wired’ (cable-connected) sensor systems in the foreseeable future. However, one major
bottleneck for all WSN deployments has yet to be solved. This problem is the limited system lifetime
due to the insufficient energy capacity of the small form factor battery power supply. For example, a
wireless sensor node designed at the Tyndall Institute with temperature and relative humidity sensors
(Barton, O'Flynn et al. 2005) consumes an average of 250 uW when it operates on a low 0.1% duty
cycle (fraction of time when sensing and transmitting occurs). Theoretically, powering from two
standard 2000 mAh AA battery cells requires battery replacement approximately every 200 days. In
practice, however, the battery life time is even shorter due to leakage currents, temperature fluctuations,
environmental humidity and other variable factors (Doyle, Fuller et al. 1993). With the increasing
deployment scale of nodes in WSN systems, the market demands a ‘deploy and forget’ solution
requiring the elimination of a battery replacement maintenance cycle. Energy harvesting technology



could lead to this possibility of self-sustaining “infinite” lifetime motes, or at least the prolongation on
the life span between battery replacements. This is becoming a significant focus area in WSN research
in recent years because of the necessity of bridging the gap between the continuous power consumption
of the mote and the limited available energy from the battery technology (Hayes, Wang et al 2009).

Many types of ambient energy sources are available. However, light illuminance (Randall 2005),
temperature gradients (Doms, Merken et al. 2009) and vibrations (Roundy, Leland et al. 2005) have
drawn the most attention within the research community, as a result of their relatively high technology
readiness levels. For example, Table I shows the power density which has been obtained from different
energy harvesting sources potentially available in BEM applications, i.e. indoor office illuminance,
outdoor illuminance, human and machine vibration energy, building thermal energy.

Table I. Power density of various energy harvesting technologies

Energy sources Power density
Indoor light (office 500lux) 3000 W/em?
(Randall 2005)

Outdoor light (Standard, AM1.5) | 100mW/cm”
(Myers, et al., 2000)

Shoe Insert Piezoelectric 300p W/em®
(Shenck and Paradiso 2001)

Mechanical vibration 454 W/em®
(Pereyma 2007)

Thermoelectric (10°C gradient) 15u W/em’
(Roundy, 2004)

Each of the energy sources and energy harvesting technologies has different advantages and
drawbacks. Detailed comparisons of the energy density from the various sources have been presented
(Rahimi et al., 2003). Although indoor light energy has a relatively small power density, it is a
significantly more mature technology. In addition, indoor light energy is the most common energy
source which exists ubiquitously in most office and residential environments. The commercial
availability of photovoltaic panels is also better than piezoelectric generators and thermoelectric
generators. However, the majority of research in light energy harvesting is mainly focused on relatively
large scale outdoor applications (Raghunathan, Ganeriwal, et al. 2006).

Unlike the outdoor application, for indoor conditions, the overall light energy density is inherently
limited. For example, a typical light energy density in a fluorescent lighting condition (500 lux) is one
to two orders of magnitude lower than the outdoor light energy density (Hermle, Dicker, et al. 2003).
This together with low light energy conversion efficiency in indoor environment makes indoor light
energy harvesting very challenging. For indoor light energy harvesting applications, it is therefore
important to optimize system design so an energy harvester can provide sufficient energy to the WSN
in low illuminance level. In addition, many other system design issues require considerations, such as
small form factor, output voltage level, capacity of the energy storage, cost efficiency and ‘plug and
play’ ability. Furthermore, these factors are not isolated, but are dynamically inter-related. However,
compared to well addressed outdoor macro-power systems, few thorough studies have been carried out
on these design issues and the trade-offs between them. Therefore, this paper mainly addresses the
design considerations of light energy powered wireless sensor mote devices in low illuminance indoor
conditions for BEM applications.

In this paper, firstly, the target wireless sensor system (the Tyndall 25 mm WSN) is introduced and
the design requirements and system architecture of the proposed indoor light energy harvester
discussed. Then the characteristics of typical indoor light energy sources are analyzed and the choice of
the Photovoltaic (PV) panels based on these characteristics reviewed. Maximisation of the energy
available through the use of maximum power point tracking (MPPT) is discussed and the energy gains
achievable from several maximum power point tracking approaches are analysed. The considerations
for the choice of the energy storage component are also discussed and the trade-offs are highlighted.
Based on these considerations, a design solution for an indoor light powered wireless sensor system is
presented. Operational results of the energy harvesting devices are shown and the performance is
evaluated.

2. RELATED WORK
Light energy powered WSN system design is an area of active research interest. Several light energy
harvesting systems for WSN have been proposed and published recently.



“Helimote” presented by Raghunathan, Kansal et.al is one of the first proposed light energy
harvesting powered WSN systems. It features a simple outdoor solar panel powered mote system
design, directly connecting the solar cell to the energy storage. Energy storage in Helimote is achieved
using NiMH rechargeable batteries. It lacks an MPP tracking function, and can only charge the battery
when the solar panel output voltage is 0.7 V higher than the battery voltage (Raghunathan, Kansal et.al,
2005).

“Prometheus” presented by Jiang, Polastre and Culler uses a design similar to Helimote, but it
features a hybrid energy storage: combination of a Li-Polymer rechargeable battery and a 22 F
supercapacitor. Certain control logic is used to charge the battery from the supercapacitor when the
latter is fully charged v.s. directly feed the battery to the load when supercapacitor voltage is lower than
a defined threshold voltage. This method prolongs the battery lifetime. Similar to the Helimote, it also
lacks an MPPT function and requires a high charging voltage (Jiang, Polastre et.al, 2005).

“Everlast” presented by Simjee and Chou implemented a design eliminating the rechargeable battery.
The energy storage element is a 100 F supercapacitor. The Everlast design employs an MPPT
algorithm running on the mote’s microcontroller. The MPPT is accurate and operates at a high speed.
However, this MPPT method requires a much higher power level from the PV cells and is not a
suitable choice for indoor light energy harvesting (Simjee and Chou, 2008).

These three light energy harvesting systems discussed above are only suitable for operation in
outdoor conditions. The system power consumption and output power of the PV cells are well above
the 100 mW level.

A solar powered mote system called “Ambimax” proposed by Park and Chou uses multiple power
sources including solar energy and wind energy. The power sources were managed by a common
power conditioning unit. Ambimax automatically tracks the maximum power point without using the
microcontroller of the WSN. The energy storage in this system is a supercapacitor and Li-Polymer
battery combination (Park and Chou, 2006). Similar to Prometheus, the system lifetime of this design
would also be limited by the battery lifetime. The MPPT subsystem requires a current consumption in
the mA range, which is more than an order of magnitude higher than the power consumption of the
proposed Tyndall motes (load).

Brunelli et.al presented a system similar to the design used in this paper. A 50 F supercapacitor is
used as the energy storage. The PWM controlled MPPT circuit implements the fractional open circuit
voltage method. The carefully simulated and implemented MPPT sub-system only requires mW-level
power consumption. However, due to the inherent relatively high power consumption of the PWM
circuits, potential for further MPPT circuit power consumption reduction is limited (Brunelli et. al,
2009).

3. TYNDALL WIRELESS SENSOR NETWORKS

The efficient design of any energy harvesting system can only be achieved through a thorough
understanding of its load, the wireless sensor node in operation. In this section, the energy usage of the
wireless sensor node and its usage pattern in various test configurations is presented. The analysis is
based on the experimental results obtained from the Tyndall mote, as shown in Figure 1. The Tyndall
mote has a multiple layer design with extension/replacement ability and can be configured to take
different power layers and sensor layers with only minor changes on hardware and software (Harte,
O'Flynn, et al. 2007). The Atmegal28 series microcontroller and Zigbee transceiver CC2420 were used
in the mote. For initial BEM application, a temperature and relatively humidity (RH) sensor (Sensirion
SHT71) and a thermal resistor (AVX NB20R) were used on the sensor layer.

Sensors

+ FPGAs

Figure 1. Tyndall Wireless Sensor Node

In general, the wireless sensor node is a microcontroller controlled sensing and communication
module which is required to sense and transmit its readings periodically. It therefore typically has at
least two different modes, consisting of (i) an active mode where sensing and data transmission takes
place and (ii) a low power sleep mode which it adopts between sensing intervals. During its sensing
and transmitting/receiving mode, the power consumption is much higher than in sleep mode. In the



case of the Tyndall mote the active power consumption is 1700 times higher than its average sleep
mode power consumption as shown in Table II. As a result of this, most wireless sensor nodes adopt an
asymmetric ratio duty cycling operation, with a much longer sleep mode time than active mode time.
In the proposed BEM application, two types of measurements are required, namely, periodic parameter
sampling and event response. Since the event response requires the mote to stay in active mode for
most of the lifetime to dynamically response to the non-periodical event, the requirement of the
parameter sampling rate is higher when compared to periodic parameter sampling applications. In this
paper, only the parameter sampling applications are discussed. For room temperature monitoring, the
sampling rate is once every 15 minutes; the energy usage monitoring requires 1 sample every minute.
Due to the structural similarity between the Tyndall mote and other commercial available motes like
the Moteiv Tmote Sky (Temote sky, SNM website) and Crossbow MicaZ (MicaZ, SNM website), the
power consumption is also comparable. The difference on the average power consumption between
Tyndall mote, Tmote Sky and MicaZ mote is within the 20% range.

Table II. Tyndall Mote Power Consumption for building electricity usage monitoring

Voltage Power Time Energy Ratio Percentage
W) Consumption (sec) | Consumption Duty of Energy
(mW) (ml]) Cycle Consumption
Active (Sensor, 3.0 96.2 0.039 3.75 0.065% 53.6%
microcontroller
& transceiver)
Sleep 3.0 0.0541 60 3.24 99.935% 46.4%
Average 3.0 0.116 60.039 6.99 100% 100%

The overall power consumption of the wireless sensor node, therefore, highly depends on the duty
cycle, D, with the average power consumption approximated by;

Paverage: active'D + Psleep' (I‘D) (1)

Where Pavemge is the average power consumption of the mote, P,cyve is the sensing and transmission
power consumption and Py is the sleep mode power consumption. D is the duty cycle defined as the

ratio of the time required to sense and transmit a single sample to the sampling period. In the proposed
BEM system, the different duty cycle requirements result in different power consumption. For 1 minute
intervals, the average power consumption of the Tyndall mote is 116.3 uW, but for 15 minutes per
measurement, the average power consumption is only 65.3 uW. It is worth noting that the sleep mode
consumes a large portion of the total energy as shown in Figure 2, measuring 46% (1 minute intervals)
and 92% (15 minutes intervals) of the total energy respectively. Since the proposed deployment
scenario requires the mote to operate over a long period of time, the mote was programmed to enter
“deep sleep” mode after each transmission in order to save as much energy as possible. In this mode,
the mote cannot respond to the external interrupt, therefore an external timer was used to activate the
mote when required. The typical power consumption in this mode is 15 pW.

M Sleep
W Sensor
uC
W Tx/Rx
1%
(a) (b)

Figure 2. Tyndall Wireless Sensor Node Power Consumption Pie Chart
(a) 1 sample per 15 minutes, P= 65 uW (b) 1 sample per 1 minute, P=116 pW




The average power consumption is highly sensitive to the operation duty cycle, and the Sleep mode
power consumption is critical for low duty cycle applications. These two features distinctly affect the
design considerations and system architecture of the energy harvester system. The effects are
introduced in later sections.

4. LIGHT POWERED WSN SYSTEM ARCHITECTURE

A typical light energy harvesting system will consist of several parts as illustrated in figure 3 below.
These parts include a photovoltaic module, an energy storage unit, power management circuits and the
wireless sensor node as the load.

The operational environment of this light powered WSN prototype is a typical office environment.
The most common light energy sources are the overhead fluorescent lights. To harvest the energy from
the fluorescent lights, photovoltaic cells that are well matched to the fluorescent spectrum and that can
deliver high efficiency at low illuminance levels are required.

The typical WSN may have several orders of magnitude difference between the peak power
requirements during active mode and the average power requirement over the entire cycle. The PV
cells should be sized in order to provide the average power and therefore an additional energy storage
element is required to provide the peak active power. The energy storage unit should also be capable of
providing power to the system during darkness.

Photovoltaic cells have a similar behavior to a voltage controlled current source, thus, having a
relatively steady voltage output and a variable current output depending on the light illuminance. Due
to this current source behavior, the output power of the PV cell is subject to the operational voltage on
the PV cells. Without optimization, the voltage on the PV cells may not operate at the maximum power
point (MPP) for different illuminance levels. Therefore, a power/voltage management circuit is
typically necessary to optimize the power conversion. A low power switching regulator and its control
scheme are required to track the maximum power point (MPPT). Other power management circuits,
such as a quick charge circuit, may also be important to optimize other aspects of system operation
such as minimization of start-up time

Indoor Light Photovoltalc Module Energy Storage Unit
Energy (SuperCap)
Power Management Module
(MPPT/Quick Charging)

Figure 3. System Architechture

Many aspects of system design will be application dependant such as form factor, cost and operational
duty cycle of the WSN. However, this paper focuses on the system effectiveness and efficiency of the
energy harvester. Thus, the goals for design of an efficient system should include the following:

e Correct analysis of the energy available through measurement of the indoor light energy

characteristics,

e Selection of a high efficiency PV cell for indoor light;

e Design system operation voltage close to the maximum power point (MPP);

e Use of an energy storage that can efficiently store the energy and deliver it to the load.
In the following sections, these design goals are used as guidelines and emphasized through the system
design and components selections.

5. INDOOR LIGHT ENERGY SCAVENGING

In this section, the indoor light characterization, and selection of the appropriate photovoltaic cells
components are discussed. The objective is to identify the most efficient photovoltaic cells for sub-mW
indoor light illuminance.

5.1. INDOOR LIGHT ENERGY

Several features distinguish indoor light energy harvesting from the higher power outdoor solar energy
harvesting. Firstly, indoor light energy has limited overall illuminance compared to outdoor light



energy. Indoor illuminance level generally ranges from 100 lux to 1000 lux, or 1~2 orders of
magnitude lower than the outdoor illuminance. Since the conversion efficiency of the PV cells also
decrease with decreasing light irradiance, this results in an even lower converted energy (Goetzberger
et al., 2003).

Research work on indoor light energy shows that for the illuminance level between 100 lux to 1000
lux in the indoor environment, the efficiency achieved by commercial available PV cells is typically
between 2 - 8%. This efficiency is approximately 1/3 of the outdoor solar panel’s conversion efficiency.
Typical illuminance levels and conversion efficiencies are shown in Table III for several common solar
cell types, crystalline Silicon (c-Si), amorphous Silicon (a-Si) and GaAs (Jager-Waldau 2004; Glunz,
Dicker, et al. 2002).

Table III. Typical environment illuminance level and commercial available solar panel energy
conversion efficiency

Indoor Outdoor

Light Light
[luminance level (lux) 100- 1000-

1000lux | 65,000lux
Solar Panel Energy | c-Si 3-8% ~18%
Conversion a-Si_ | 2-5% | 8-13%
Efficiency GaAs | 2-8% | 7-15%

Secondly, for many indoor light energy harvesting scenarios, the major determinant of the illumination
level is the level of artificial light. Since most of the artificial lights have fixed irradiance, the presence
of these fixed irradiance artificial light sources leads to a relatively stable illuminance level on the PV
cells. However a typical room with windows will still have some contribution from a natural external
light source. The effect of fixed artificial irradiance and variable natural irradiance is shown in Figure 4.
These measurements were carried out in an office environment in late May, Ireland. In this case the
room had one north facing window and the light meter was placed 1.5 meters away from the window
and directly under a 22 W ceiling fluorescent light (1.8 meters vertical distance). The illuminance
results shown are the average data sampled over 72 hours.

As shown in Figure 4, the variability of the indoor light illuminance is largely due to the presence or
absence of artificial light. Based on the illuminance level, a 24 hour period can be sub-divided into
three time periods, where each period lasts for approximately 8 hours. In period 1, due to lower than 10
lux illuminance, the harvestable light energy is negligible. Thus, the proposed energy harvesting device
only focuses on harvesting light energy in period 2 and period 3. In these time periods, the target
illuminance levels are 50 to 150 lux and 500 to 600 lux, respectively. The choice of PV cells should
focus on these two illuminance levels, especially the later, since over 85% of the available energy lies
in this illuminance level.

Office = utdoor
1000 - 10000
900 - Lgooo‘;
3 800 - . 8000 =
= 1 | 2 | 3 | 2 | 1 o
g 700 - 7000 8
s 600 < > > 6000 8
‘§500— - 5000 €
3 400 - - 4000 =
© 300 - - 3000 &
(] [=]
E 200 - - 20008
© 100 - - 10003
0 T T T T 1 T T T T T T T T T T T T T T 1 T 0
0000000000 D2 Time
C0C0000C000000000000000O
O MM SO~ O AN SO~ O AN M
el el el el R R e T T s T B P B B B e I ¥ I N |

Figure 4. Office and outdoor illuminance levels

Thirdly, it is the case that the different spectra of different indoor light sources can generate different
responses on the photovoltaic cells. The same illuminance level, when generated from different light
sources, can therefore result in different levels of power generation. Among the most common light
sources, sunlight and halogen lights have a higher power spectral density (PSD) on red light (near 656



nm) and fluorescent light and LED light has relatively high power density on the blue light wavelength
(near 550 nm). The different materials and technologies used in solar cells will lead to different spectral
responses and power densities. Figure 5 illustrates the differences of the power densities measured on
crystalline silicon (SOLEMS 09/030/012) and amorphous silicon (Schott ASI20i05/055) solar panels
when different light sources are used to generate the same illuminance level.
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Figure 5. Power spectral densities of light sources at various illuminance

The crystalline silicon PV cell has a comparable power density when the light source is sunlight or
halogen lights. However, the power density on this crystalline silicon PV cell declines 30.7% when the
light source changes to fluorescent light. The same level of variation on power density was not found
for amorphous Silicon PV cell, thus indicating that the amorphous silicon based cells are more suitable
for indoor applications.

5.2. PHOTOVOLTAIC CHARACTERISTICS

Based on the considerations outlined above, a solar panel with higher conversion efficiency in indoor
environment and high sensitivity to the typical indoor fluorescent light spectrum is selected.

The Schott Solar’s ASI20i05/055 utilizes an amorphous Silicon deposition on a glass substrate and the
cell is based on a-Si PIN technology (Meier, Spitznagel, et al. 2004). The active area of a module is 50
mm x 13.5 mm. The Solar panel’s measured I-V characteristics and P-V characteristics are shown in
Figure 6. The maximum power under 100 lux, 200 lux and 500 lux are 12.7 pW, 39.0 uW and 151.6
pW, respectively. The average power generated from one PV cell over 24 hours, with an illuminance
profile similar to that shown in figure 4 was found to be 55.3 pW.
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Figure 6. The P-V and I-V characteristics of the Schott Solar’s ASI20i105/055/014JF

These PV and IV characteristics show the solar panel has a similar behavior to a voltage limited current
source. The open circuit voltage is significantly less affected by different illuminance level compared
to the short circuit current. The voltage limited current source-like IV characteristics show two features
of the solar panel. Firstly, for any set illuminance level the current output is relatively constant over a
wide voltage range, therefore the maximum power point (MPP) is most likely to occur at high voltage



level operation, Secondly, for lower illuminance level (100 lux and 200 lux), there is a relatively wide
voltage range for which the power is close to the maximum power point (MPP).

6. MAXIMUM POWER POINT TRACKING (MPPT) ISSUES

To enable the solar panel to operate at close to maximum power point in any illuminance level, a
maximum power point tracking (MPPT) scheme is often used to change the voltage and current on the
photovoltaic cells. The most commonly used approach for outdoor solar panel MPPT is Perturb-and-
Observe. This method requires a microcontroller or DSP to continuously monitor the solar panel output
and continuously control a switching regulator, by means of a hill climbing algorithm, to ensure
maximum power output. The switching regulator controls the output voltage of the solar panel, and
delivers the energy to the load. The Perturb-and-Observe method can accurately track the MPP, and
the response time over abrupt changes on input is also short. To implement the Perturb-and-Observe
approach, two core components, a control-unit (microcontroller or DSP) and a switching regulator, are
essential. However, the major drawback of this MPPT system is the relatively high power consumption
of these components. The MPPT scheme could be implemented by using a dc-dc converter such as the
TI buck/boost converter (TPS63012) , controlled by the Tyndall mote’s ATmegal28L microcontroller,
and a 32 KHz low power oscillator. However, using this scheme the MPPT tracker’s power
consumption is calculated to be approximately 20 mW assuming the microcontroller operates on a 4
MHz frequency and consumes 16.5 mW of power, a dc-dc converter efficiency of 55% (when the
output current is approximately 100 pA) and a power consumption of 40 pW. The power consumption
is thus much higher than the average power required over one sense and transmit cycle (116 uW for the
1 min cycle). In the 500 lux illuminance condition, for each Schott Solar cell, the maximum power
output is measured at 151.6 uW. Clearly this type of MPPT scheme is not feasible for low power
indoor applications.

A simpler and less energy costly MPPT method is the fractional open circuit voltage approach (Alippi
and Galperti 2006). Instead of using a microcontroller or DSP to continuously control the switching
regulator, this method uses an analog voltage comparator and regulates the solar cell voltage to be a
fixed fraction of its open circuit voltage. This approach is based on the fact that the maximum power
point operation voltage V., and the open circuit voltage V,. have a near linear correlation Kj,.. The
relation between these two can be described by Equation (3).

Vmpp ~ vaoc: Voc 'Kﬁ/oc (3 )
A simplified circuit of a fractional open circuit voltage MPP tracker is shown in Figure 7.
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Figure 7. Simplified FVOC MPPT Circuit Design
This MPP tracker consists of two main parts, namely, MPP tracking control unit and main MOSFET
switch (includes a current limiting circuit). In the tracking control unit, a reference voltage is required
to set Vioe. A secondary PV cell is used to obtain this reference voltage. By using the same
photovoltaic technology as the main PV cell, the reference PV cell has the same open circuit voltage
V... A pair of resistors is then used to divide the open circuit voltage V. to the required V.

A hysteresis voltage comparator is used as a control unit. It generates control signals to drive the
MOSFET switch by comparing the reference Vy,. and the main PV cell operational voltage. By
adjusting the hysteresis, the threshold voltage of the comparator and the oscillation can be changed,
thus, the sensitivity of the MPP tracking can be adjusted. The controlled MOSFET can then approach
the theoretical maximum power point voltage Kgo.*V,. by oscillating around the required voltage
range.

To maximize the accuracy of the MPPT, it is necessary to find the optimum value of the Ky, factor.
Some researchers consider the factor Ky, as a set of constants ranging from 0.71 to 0.78, depending on
the photovoltaic panel’s material characteristics and illuminance conditions (Raghunathan, Kansal, et al.
2005). Other research asserts that the Ky, could simply be considered as a constant value of 0.74, to
give a +/-5% error in maximum power point voltage evaluation (Alippi and Galperti 2008). However,
for the lower illuminance level encountered in indoor applications and for the Schott amorphous silicon,



the value of the constant Ky, differs from the previous values discussed in the literature. For the
Schott solar cell under 500 lux, 200 lux and 100 lux fluorescent light conditions, K. can be seen to be
0.81, 0.80 and 0.76, respectively. A simulation was conducted to find the optimal single value of K,
to enable the MPP tracker operate on highest efficiency considering the variation in illuminance levels
shown in figure 4. As indicated in Figure 4, under the same light sources, the different illuminance
levels provide different percentages of overall light power generated by the PV cells. Equation (4) is
used to describe the average power generated across the entire 24 hour period.

PPV :ZBuxk*ak :ZV'VOC*I*ak (4)
k=0 k=0

Where Py  is the power generated when the operational voltage is the fixed fractional operation
voltage Vg, under k lux illuminance, ay is the percentage of the total time period when this
illuminance level persists. By measuring the time period, we consider the generated power to consist of
550 lux, 200 lux and 100 lux for a time percentage oy of 33%, 10% and 11%, respectively. Tests were
carried out to determine the power-voltage characteristics when various loads are applied on the PV
cell under these different illuminance levels and the operating voltage corresponding to maximum
power was determined for each case. The results show that the highest average P,, was obtained when
the fractional correlation Ky, is 0.806.

The proposed MPP tracker was then simulated using a PSPICE model by using the concept shown in
Figure 7. Ultra low power components are used to minimize the power consumption of the MPP
tracker. The voltage comparator is a Seiko Instruments S-89530A, which consumes a typical 3 pW
power. The analogue switch used in the circuit is an Intersil ISL43L120 switch having power
consumption less than 10 pW. Including the simulated power consumption of the other discrete
components, the average power consumption of this maximum power point tracker is estimated at 28
uW. The simulation result (illuminance = 500 lux, V.= 3.5V) is shown in Figure 8.
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Figure 8. MPPT Simulation Result at S00lux illuminance
As indicated in Figure 8, when directly connecting the PV cells and the load, the voltage on the PV
cells output is approximately 3.2 V so that the operation power point drifts away from the maximum
power point. When the fractional MPP tracking method is used, the operational voltage of the PV cells
oscillates around the proposed maximum power point voltage Vg, Which is proportional to the open
circuit voltage V., with a constant of proportionality of Ky,

The results show the voltage on the PV cell output has an average of 2.8V, with a positive error at
+6.1% and a negative error at -6.7%. The equivalent internal resistance of the MPP tracker and the PV
cells is10 Q. The close approximation to the theoretical MPP voltage and the relatively small power
consumption of the MPP tracker give the PV cells output a significant power gain. The power gain can
be calculated by comparing the power obtained if no MPPT is used to the power obtained with the f,..
MPPT. This power gain can be described by equation (5).
n(Pypp —Ppy) — P,

n * P Dir
Where n is the number of PV cells used in the light energy harvester, Pypp is the average power
generated from the PV cells with the MPP tracker; Pp; is the average PV cells power when it is directly
connected with the load without MPP tracking; Py is the power consumed by the MPP tracker. The
power loss will not increase linearly with the number of PV cells, as the controller power is fixed and
the efficiency of the converter increases at larger output power. Therefore higher gain can be obtained
from the MPP tracker by increasing the number of PV cells.

When the PV cells are directly connected to the load, the average power Pp;, generated from one PV
cell over 24 hours with an illuminance profile similar to that shown in figure 4 was found to be 41.3

Gain =

)



pW. In the same deployment environment, when using the MPPT method, the average power Pypp
from each Schott PV cell is 53.5 uW. Hence, for each PV cell, the power gained from the MPPT Ppp-
Ppi; is 12.2 uW. The average power consumption of the MPP tracker Py is approximately 28 W based
on the simulation and the available components characteristics. Therefore, to meet the power
consumption requirement of the mote (116 pW) shown in section 3 and the power consumption of the
MPP tracker, at least 3 PV cells are required in this module. Considering the supercapacitor leakage
current and other power consumption in the system, a PV cell bank with 4 Schott cells is utilized in the
final prototype module described later.
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Figure 9. Power Gain from MPPT

Figure 9 shows the percentage of the power gained for particular illuminance levels calculated by
equation (5). It can be seen from this graph that for 4 Schott cells and 200 lux illuminance level, the
power gained by implementing the MPPT circuit is approximately off-set by the power consumed by
the MPPT circuit. However for illuminance levels above 200 lux there is an overall gain in power.
Therefore, in the target office scenario, by using the ultra low power maximum power point tracking
method, a 30% power gain can be obtained when the illuminance level is 500 lux. Over an entire 24
hour period the average power gain is calculated to be only 12.4%, because for light levels less that 200
lux there is a net consumption of power by the MPPT circuit.

7. ENERGY STORAGE ELEMENTS

As discussed in the previous section, the voltage limited current source behavior of the solar panel
requires an energy storage element to separate the electric load and the PV panel. By placing an energy
storage element between the PV panel and the load, the PV panel based power supply will have a
voltage source-like behavior, similar to a battery, and hence, a more stable voltage output.

Three types of energy storage elements are frequently used in energy harvesting systems, namely,
Nickel Metal Hydride rechargeable batteries, Lithium ion rechargeable batteries and electrochemical
double layer capacitors (also known as super-capacitors or ultra-capacitors). There are several
significant differences between the characteristics of these storage elements. Super-capacitors have a
lower energy density (energy/weight) than NiMH and Li-ion rechargeable batteries, typically 20Wh/kg
compared to 70Wh/kg and 160Wh/kg, respectively (Tarascon and Armand 2001). However,
supercapacitors have higher power density (energy/time) than the rechargeable battery. The higher
power density allows the supercapacitor to be charged more quickly than the rechargeable battery. The
supercapacitors also have a much higher number of charge-discharge cycles than any current battery
technology. Normally, it has over one million full charge-discharge cycles (deep cycles) compared to a
rechargeable battery which has less than 1000 cycles (Conway, Birss, et al. 1998). Thus, for
supercapacitors, replacement is unlikely to be required over its operational lifetime. The charging
circuit for a rechargeable battery is more complicated than those required for supercapacitors. This
increase in system complexity is more significant in solar panel based harvesters, since the solar
panel’s intrinsic voltage limited current source characteristics make it difficult to charge the battery
with a constant current. In addition, the Li-ion battery also requires a deep-discharge protection circuit,
further increasing the system complexity. On the negative side, however, super-capacitors typically
have a larger leakage current than rechargeable batteries and therefore the high self-discharge rate can
be a major constraint for the supercapacitors’ long term energy storage capability.

When choosing a supercapacitor for this application, the ESR (Equivalent Series Resistance) of the
capacitor can be an important factor. In section 3, the power consumption pattern of the mote shows
that a relatively large current is drawn during the active mode. When this current is drawn from a



supercapacitor with a high ESR it will result in a large voltage drop on the capacitor. The
microcontroller’s threshold voltage is 2.5V, therefore if the voltage drop across the ESR is larger than
0.8V (3.3V-2.5V), the microcontroller will be disabled, and the data processing and transmission will
fail. For example, the small form factor Panasonic SD series EECSOHD104 has a 75 Q ESR, and the
active mode current is 33.1 mA, which will result in a voltage drop as high as 2.1 V. To avoid this, it is
essential to use low ESR supercapacitors (e.g. AVX Bestcap supercapacitors, which has an ESR of 50
mQ ) to supply at least the active mode current. So one solution is to use a parallel connection of small,
high energy density, but large ESR supercapacitors with lower energy density, lower ESR
supercapacitors. For example, when the AVX supercapacitors are parallel connected with the
Panasonic SD supercapacitor, the voltage drop during active mode can be kept less than 0.9 mV.

Another very important consideration for the use of the supercapacitor is the leakage current.
However, useful data on the leakage is not always readily available in the supercapacitor datasheets.
For this work, the leakage characteristics of individual supercapacitors have been measured to identify
this important parameter in various types of supercapacitors.

To determine the leakage current over every 24 hours, tests were conducted on 4 different
supercapactiors. All the supercapacitors were pre-charged to the same voltage level. They were then
isolated and the voltage drop was monitored. The voltage drop is assumed to only be due to the self
discharge of the supercapacitors. The test result is shown in Figure 10.
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Figure 10. Supercapacitor Self Discharge Rate Test

These results confirm that the self discharge rates (SDR) of the supercapacitors are considerably higher
than those of rechargeable batteries (5-10% monthly self discharge rate). The supercapacitors have
SDR range from 45% to 15% every 24 hours. Therefore, without an intermittently available energy
source every few days, using the supercapacitors alone as a long term storage solution is infeasible.
The average self discharge current over the 24 hours is calculated and shown in Table I'V.

Table IV leakge current of supercapacitors

Manufacturer Capacitance Average Leakage Correlation p
Cs (F) Current ;... (UA) Tica / Cs (WA/F)
Maxwell 5.00 27.78 5.56
EPCOS 4.10 26.28 6.41
Panasonic 0.22 2.02 9.18
GoldCap
AVX Bestcap 0.10 0.52 5.2

As expected, there is a relationship between capacitance value and leakage current although the values
of leakage current per farad are similar. For large supercapacitor (> 5 F), the leakage current is of the
same order as of low duty cycle current consumption of the Tyndall mote. Clearly therefore, the
leakage characteristics of the supercapacitor can have a significant impact on the operation time of the
mote in the absence of light. To more accurately scale the capacitance in order to determine the mote
operation lifetime in the absence of light, equation (6) is then used. Here I, is the current
consumption of mote, Vg is the voltage on the fully charged supercapacitor, Vy, is the threshold
operational voltage of mote, t is the required discharge time from Vg to Vi, (i.e. the required
operation time in the dark) and p is the supercapacitor leakage current per farad.



*
CS — I Mote ! (6)
(Vﬁuz -V,)—p*t

Another important consideration for the supercapacitor is the time required for charging. It is

commonly considered as relatively short compared to the rechargeable battery. For example small

supercapacitors can typically be charged to operational voltage within a couple of hours instead of over

10 hours in batteries. However, for the large supercapacitors, the charging time may be well beyond the

charging time of the rechargeable batteries. Since the target operational scenario for the WSN requires

a start-up stage every morning, a quick charge circuit is therefore necessary to shorten the
supercapacitor charging time.

One approach to quick charging is maximize the charging current of the PV cells by switching
between parallel or series connection of the PV cells. This principal of the quick charge circuit is
similar to the proposed design introduced in (Wolf and Enslin 1994). However, the power consumption
of the design reduced by almost 3 magnitudes, from 10mA to less than 20pA level. In order to obtain
such change, the quick charge circuits have been re-designed entirely.

As introduced in (Wolf and Enslin 1994), the charging current is a variable depending on the number
of PV cells, the PV cell charging voltage (Vcy), the voltage on the supercapacitor (Vgc), the energy
harvester internal resistance (r) and supercapacitor equivalent series resistance (ESR). The charging
voltage after the MPP tracker circuit is considered as an ideal voltage source with an internal resistance.
The simulation of the parallel and series connections of the PV cells are shown in a PSPICE model as
illustrated in Figure 11.
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Figure 11. Parallel and Series Connection Configuration of PV cells

The charging currents in the above two configurations are derived in equation (7) and equation (8)
— N*(VCH — VSC)
parallel r+ ESR

(7

— N* Vew =Vsc (8)
Series
N *r+ ESR

The simulation shows that, at the initial stage of the charge, the charging current will be higher when
the PV cells are connected in parallel. In a later stage, the charging current is higher for the series
connection configuration. Figure 12 shows the simulation result of the charge current when the two
types of connections are used.
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Figure 12. Charging current of Parallel and Series Configurations



The threshold voltage for the change between parallel and series connection is when J,ggiier=Iseries--
Using equation (7) and equation (8), the change from parallel connection to series connection occurs at
the voltage level given in equation (9).
N*r
Vew = *Veu
(N+1)*r+ ESR

As introduced in the previous paragraph, the ESR of the supercapacitor is approximately 50 mQ,
whereas the internal resistance of the PV cell and the MPP tracker is 10 Q. Thus, the dominant
resistance which determines the voltage at which to switch is the internal resistance of the energy
harvester instead of the supercapacitor.

In order to achieve the switch in the connection from parallel to series, a voltage comparator with a
logic output is used to control the switching. The supercapacitor voltage Vgc is monitored by the
voltage comparator, and the required switch threshold voltage Vgw is compared with Vgc Once Vsc =
Vsw, the logic inverter will then switch off the parallel connection and change to series connection.
Vice versa, if Vsc < Vgy, the series connection switches back to parallel connection. Fig 13 shows the
simplified design of the quick charge circuit.
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The same voltage comparator (Seiko Instruments S-89530A) is used in the circuit as the one used
earlier in the MPP tracker. To set the reference voltage Vg, the reference PV cell and an ultra low
power voltage reference IC (Texas Instruments REF3322) is used. Together with the low power
switches (Intersil ISL431L.120) the average power consumption of the quick charge circuit is calculated
to be 25.7 uW. The simulation result for a 4 solar cell quick charge circuit is shown in Figure 14. In
this simulation, the supercapacitors are charged from 1.66 V. This initial voltage is the voltage which
will remain on the capacitors after 8 hours in the absence of light and assuming a capacitor self
discharge rate comparable to those measured in figure 7. The result was compared with the
supercapacitor charge time when a parallel connection configuration is used.

3.05

2.85
s . EoamrE e
% /
8 o5
o
= / 4 sokrcells connected n Pamalel
% 2.25 —]
I / ——Quick Chamge ParallelS eries)
o 2.05 —
a
S
@ 185

1.65 { ] ] ] ]

0 5000 10000 15000 20000 25000

Tin e (seconds)



Figure 14. Charge Time Comparison in two Connection Configurations

The simulation result shows that after the switch from parallel to series connection at Vgw (2.2 V),
the significantly higher charging current accelerates the charge. 95% of the final voltage Vcy is reached
after 10030 seconds (2.78 hours) by using a parallel only connection; the same value is obtained after
5050 seconds (1.4 hours) by using the quick charge configuration. Thus the charging time is shortened
by 1.38 hours or 50% of the parallel connection charging time.

8. SYSTEM IMPLEMENTATION AND EVALUATION

To validate the previous design considerations, a PV cell powered wireless sensor module prototype
has been implemented by using commercial off the shelf components. The components were carefully
selected in order to maximize the energy harvesting and minimize the power consumption within the
prototype. Four 50mm* 13.5mm Schott ASI20i05/055 amorphous silicon PV cells are used as the
main power supply. One additional Schott cell (30mm*10mm) is used as the reference PV cell to
provide the MPPT reference voltage V.. The voltage comparator is a Seiko Instruments S-89530A,
which features a nano Ampere current consumption. A low ESR energy storage unit is included to
avoid sudden voltage drop in the active mode of the mote. The selected energy storage unit is an EDL
2.3V 10F supercapacitor. The supercapacitor features a low leakage capacitance correlation p (Ije. / Cs)
at 4.32. An additional DC/DC converter (TI TPS61200) is used to step up the supercapacitor voltage to
3V where required by Tyndall mote. The Tyndall mote is programmed to operate with a Sensirion
SHT71 temperature and relative humidity sensor at a 0.1% duty cycle. A photodiode is connected to
Tyndall mote in order to record the daily illuminance. Figure 15 shows the indoor light energy
harvesting prototype.

| Reference PV cell | |Main PV cell || MPPT | Tyndall WSN |

' Photodiode |

Figure 15. PV panel based energy harvester

In target deployment scenario, an average 500 lux illuminance is available for 12 hours from
8:00AM to 8:00PM as shown in Fig.4. To emulate such environment in the evaluation experiment, a
common 22 W overhead fluorescent lamp is used as the light source. The distance between the
prototype and the light source is 1.8 meters. The prototype is then adjusted to a position/angle that it
extracts an average 500 lux illuminance. A data acquisition system (ADC-11-10) from Pico
Technology is used to record the experiment.

Figure 16 shows the experimental results of the MPPT circuits. The PV cells output voltage
(connected to a 30 uF buffer capacitor) follows the maximum power voltage V ,,, with an asymmetric
triangle wave. The proposed prototype can effectively track the MPP voltage within its -5% to +7%
range. The Ky, obtained in the MPPT circuits is 0.76. Compare to the ideal fraction Ky, at 0.81, the
result is within the +/-8% range of the ideal maximum power point.
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Figure 16. MPPT experimental results
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Figure 17. Power gain from MPPT

The power gain from using the proposed MPPT circuits is shown in Fig.17. A previous built non-
MPPT PV cell energy harvesting prototype is used to compare and evaluate the present version. The
prototype with the MPPT function shows an excellent result on the power gain. The employment of the
MPPT circuits achieves a 27% power increase when 500 lux illuminance is applied. Multiple
experiments were also conducted to investigate the efficiency of the MPPT method in other light levels.
As shown in Fig. 17, the proposed MPPT method increases the PV cell power output once the
illuminance is higher than 250 lux. The current consumption of the MPPT circuit (ground pin current)
is less than 15 pA. This result outperforms previous designs significantly and enables the MPPT
methodology to be employed in sub-mW PV cell powered system.

A voltage monitoring circuit is also implemented in order to read the voltage level of the
supercapacitor. Two switches are also incorporated, one to activate the voltage monitoring function and
connect it to Tyndall mote’s microcontroller, the other to manually switch on or off the MPPT circuits
in the module (when switched off, the PV cells directly connect to supercapacitor). By using the
voltage monitoring circuits and the MPPT switch, the MPPT function is deactivated, in this way, a test
was conducted to investigate the effectiveness of the quick charge circuits individually. The
experimental results are illustrated in Fig.18. Where V5 is the supercapacitor voltage when the PV cells
are parallel connected, Vc is the capacitor voltage when quick charge circuit is employed.
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Figure 18. Quick Charge Circuits Testing Results Evaluation



Both supercapacitors were pre-charged to 25% of the supercapacitor voltage rating, and then the
two configurations were charged in an identical environment. The result appears that the Vapose, (95%
of the supercapacitor voltage rating) is obtained in 315 minutes (5.25 hours) by implementing the quick
charge circuit; the same value is achieve after 485 minutes(8 hours) by using the parallel connection
configuration. The charging time was shortened by 34% when the quick charge circuits were used.

The operational performance of the PV energy harvester module was then investigated by several
experiments. For the first test the supercapacitor was pre-charged from a power supply to 1.5V. The
module was then connected with the Tyndall mote in the target office environment (500 lux
illuminance 8AM to 8PM, <30lux 8PM to 8AM as illustrated in Fig.4), and tested over a 48 hour
period. Figure 19(a) plots the supercapacitor voltage between Day-1 9am to Day-3 7pm. The lowest
voltage point is 1.48V, 3 times higher than the lower threshold voltage of the DC/DC converter (500
mV). The mote was able to correctly measure and transmit data for the entire period and the voltage on
the Tyndall mote stabilized at 3.02 V.
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Figure 19. (a) Performance evulation of energy harvester (office environment)
and 19(b) Performance evulation of energy harvester (darkness)

Figure 19(b) plots the voltage on the supercapacitor in the absence of light, i.e. where the power
consumption of the mote is derived exclusively from the supercapacitor. Normal operation of the mote
lasted for 58 hours, while the voltage of the capacitor gradually dropped to the DC/DC converter’s
threshold voltage. At this point the mote automatically enters deep-sleep mode and waits for power
restoration.

These measured results show the indoor light powered wireless sensor module can operate
autonomously during the presence of a typical indoor light illuminance. But it is unable to continuously
operate in a total absence of light illuminance over a longer period of time. The MPPT method
introduced in this paper increases the PV cells output power by 30% in a typical office lighting
environment. The current consumption of the MPPT subsystem is less than 15 pA. The ultra-low
power consumption is one order of magnitude lower than the previously known MPPT methods
(Brunelli et. al, 2009). The negative side of this MPPT circuit is that in this configuration, the
supercapacitor can only be charged when the PV cell voltage is higher than the capacitor voltage. This
negative impact is partly offset by the chosen amorphous silicon PV cell characteristics since these PV



cells can obtain a relatively high voltage in low illuminance. It is also offset by the low voltage (<2.3V)
on supercapacitors, because the voltage on the PV cells are higher than 2.5 V once illuminance is
higher than 300 lux, allowing the PV cells always operate above the supercapacitor voltage. The quick
charge circuits provide a simple and effective way to accelerate the charging time of the supercapacitor
by 34%. By implementing the design methods discussed in this paper, the prototype enables small form
factor PV cells to power a wireless sensor module with a stable output in a low illuminance indoor
condition. By eliminating the battery energy storage in the design, the prototype may greatly extend the
system lifetime from present less than 6 months to 10~20 years.

9. CONCLUSION

This paper presents and evaluates the environmental factors, component choice, design concepts and
main trade-offs in a PV panel based energy harvesting WSN system design. The available light energy
in the target deployment site has been carefully studied and the illuminance level and spectral power
density in the target deployment area has been determined. Based on this, the PV cell bests suited for
the indoor light energy harvesting has been chosen. The energy gains from using sub-mW maximum
power point tracking have been evaluated. It can be concluded that with an ultra low power design of
the maximum power point tracker, the MPPT can improve the power conversion efficiency. However,
a considerable percentage of power loss is attributed to the MPP tracker. For low illuminance light
energy harvesting, the power loss offsets most of the power gained from MPPT. The ultra-low current
consumption of the MPPT subsystem enables the prototype increase the power harvested from the PV
cells by 30% in a 500 lux lighting condition. The carefully simulated and successfully implemented
design consumes less than 50 uW power, which is one magnitude lower than other known results.
Quick charge circuits to shorten the system charging time have also been investigated. By using the
parallel/series connections of PV cells, the start up time of the mote is reduced by 34%. However,
similar to the MPP tracking, the power loss on the quick charge circuit is also a considerable part of the
overall power consumption. A practical energy harvester module was designed and tested with a
Tyndall 25mm mote system, and the performance has been presented and evaluated. Autonomous
operation, during the presence of a typical real life indoor light illuminance, indicates the feasibility of
indoor light energy harvesting for wireless sensor network applications.

Interesting further research exist in several areas, one of which is to prolong the operation time in
dark environment by optimizing the energy storage elements, and also the possible implementation of
an ultra-low power maximum power point tracker to increase the energy conversion efficiency of the
MPPT.
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