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Solar Power Source for autonomous sensors

José Pelegri-Sebastia, Rafael Lajara Vizcaino and Jorge Alberola Lluch
Universitat Politecnica de Valencia
Spain

1. Introduction

This chapter focuses on solar power source for autonomous sensors. Nowadays, low power
consumption is assuming the main role in the design of embedded electronic devices or
battery powered devices, mainly in wireless sensor networks (WSN) 0. In fact the power
consumption of current wireless transceivers IC’s is going down until such levels that take
us to explore the application of renewable energies for autonomous powered wireless
sensor networks, that turned out inefficient or not enough efficient up to now. Several
articles discuss about the amount of energy that can be obtained from many environmental
energies (Raghunathan et al., 2005; Roundy et al., 2004), (Park et al., 2004; Hande et al., 2006;
Chou et al., 2005; Raghunathan et al., 2005; Kansal et al., 2004; Alberola et al., 2008) and it
seems sunlight is the most powerful energy available at the probable location of a wireless
sensor network outdoors. Currently, small solar panels deliver enough power for both
charging batteries and supplying power to these low power wireless nodes (Arms et al.,
2005; Rahimi et al., 2003; Hsu et al., 2005). Therefore, the main trade-offs that involve the
design of an inexhaustible power source are not only taking care of getting a lot of energy
from the solar panel, but mainly taking care of holding-up the stored energy. Thus, a careful
selection of the electronic components in the power management circuit is essential to reach
high efficiency at really low currents. Furthermore, the designer has to have in mind that
batteries suffer the aging problem, by which they can reduce dramatically their capacity in
two or three years if they are recharged daily. This chapter focuses on the practical
application to automatically manage the sunlight energy and store it efficiently, while
minimizing the strain on the storage components to extend the power source lifetime.

2. Background and related work

Most of solar powered devices with backup system are composed by a solar panel, a
charging control unit and a single battery backup element (Dreher et al., 2004; Panasonic,
1999). Unfortunately the aging problem is always patent in batteries. Hence, the design of a
real inexhaustible power source must take care of it by using storage elements without
almost fatigue, like supercapacitors. As it is described in (Jiang et al., 2005), “Prometheus”
use a system architecture with two energy buffers, two supercapacitors and a Li+ Battery.
There, a electronic system as a microcontroller controls the recharging cycles of the battery
and selects the energy path to the load by means of a switch. This architecture is strongly
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402 Renewable Energy

dependent of the microcontroller, these supervises the switching at the right voltage
threshold. Working at low rate duty cycles (among sleeping and working time), typically in
network sensors, the wake-up of the microcontroller could be too delayed to switch the
backup battery on time. This way, the system could lose the voltage supply and do not
wake-up anymore. On the other hand, the consumption of an active microcontroller
supervising the stored energy in the supercapacitors at high rate duty cycles could be
comparable to the consumption of the current micro power supervisors IC’s working at full

time, but assuring a safe backup switching.
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Fig. 1. Block diagram of the system architecture with the “Main” and “Backup” paths.

Therefore we evaluate a new system architecture that is shown in Figure 1, which is entirely
independent of the microcontroller. An automatic micro-power control unit manages the
energy flow to the load. Besides, the battery is recharged from the solar energy regardless of
the state of the supercapacitors. This maintains the energy stored in the supercapacitors at
its maximum while the sun hides. In addition an analysis of the current requirements in the
two power paths, as much in charge as in discharge, take us to maximize the efficiency
within each power path, by choosing the most efficient DC-DC converters for the required
currents.

3. Design

Our inexhaustible power source supplies a regulated voltage of 3.3 V to a wireless sensor
node with the low power RF transceiver CC2420, which is IEEE 802.15.4 compliant. These
kind of wireless devices use to spend most of the time sleeping or within some low power
consumption mode in order to save energy, and duty cycles among 1 % and less than 10 %
(see Figure 2) are typical in field sensing applications (Roundy et al., 2003; Polastre et al.,
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2004). Therefore the design is focused for efficiently managing really low currents (around 6
nA) at sleeping mode, and responding quickly to the relatively large currents (around 22
mA) requested by the load in some active mode (transmitting, receiving or synchronizing).
The active time (when the consumption is 22 mA) is fixed arbitrarily to 100 ms and the
percentage is referred to this time. The rest of the time (with a load current of 6 pA)
corresponds to the sleeping time. The straight lines correspond to the average current. These
values of current are only approximated and they try to hardly model the power
consumption of a wireless node in a network. Nevertheless these values are useful to choose
the most efficient DC-DC converter for the required currents.
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Fig. 2. Load currents tested at different duty cycles to emulate the power consumption of
Wireless Sensor Node.

Thus, having in mind the amount of current requested by the storage elements and the load,
and also evaluating the step-up and step-down converters in the current market, we
propose and evaluate the new system architecture showed in Figure 1. There we
differentiate two energy paths with different constraints; “Main”, and “Backup”. The
currents in each path have different levels, so we take their value into account and maximize
the efficiency of the “Main” path, that is the most critical path.

3.1. “Main” path

This is the energy path by default because when solar energy is available, block control
gives the highest-priority to it. This is the path by where we would like to supply energy to
the load permanently; this is, taking energy from the sun for both replenishing the primary
buffer and delivering the required current to the load without degrading the primary buffer.
This way, the use of the backup system would be minimized and lifetime of the whole
system expanded.

The first element in the “Main” path is the solar panel. Since our power source needs to
supply a current of at least 22 mA to the load, the selected solar panel has to be able to
deliver this minimum value of current directly to the load. Nevertheless, the power source
needs to supply more current for charging both storage elements. The larger is the
maximum current that the solar panel is able to deliver the quicker is the recharge of the
storage elements. Hence, the only upper limit of current is determined by the size of the
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solar panel that fits in the application. Solar panels behave like voltage-limited current
sources (Wiirfel et al., 2005; Chuck, 2006; Panasonic, 1999) as opposite to batteries which
behave like voltage sources. They have a single operating point or well-known as Maximum
Power Point (MPP). Since this operating point moves along the solar panel curves
depending on the incident solar radiation, the manner of extracting the maximum power
could be tracking the MPP. One could think to use some advanced DC-DC converter that
adjusts its duty cycle dynamically (Koutroulis et al., 2001; Lim et al., 2000). Unfortunately, at
the moment there are no commercial MPP trackers for such a low power devices.
Furthermore, implementing it in a microcontroller possibly would waste more power than
we earn by following the MPP with such a low voltage levels. Therefore, there are only two
feasible options for efficiently coupling the solar panel and the supercapacitors; directly or
using a DC-DC converter. We choose to use a DC-DC converter because it steps-up the solar
panel voltage even when the sky is cloudy, reaching the appropriate voltage level for
charging the supercapacitors near to its maximum every day, regardless of the solar panel
voltage that depends on the solar radiation intensity.

The next element in the “Main” path is the primary buffer. This is the critical element in the
design. The key design for autonomous operation is that the primary buffer needs to be
recharged daily without accusing a remarkable fatigue. At the same time, it requires enough
capacity to hold-up the load during the night, which minimizes the use of the secondary
buffer. As it is described in “Prometheus” (Jiang et al., 2005), the only current solution is
using supercapacitors. One could think about using other energy storage elements for the
primary buffer, because there are other commercial elements with larger capacity like
batteries. But the fact is they suffer the aging issue, that is, capacity loss manifests itself in
increased internal resistance caused by oxidation with the successive recharging cycles
(Buchmann, 2005; MPower, 2006). For example, a Lithium battery suffers a 10% - 20%
degradation in capacitance and resistance after only 300 - 500 discharge/charge cycles, this
is among one and two years supposing one cycle a day. However, nowadays the
supercapacitors have reached large capacities with competitive prices with respect to the
current high-capacity batteries. Compared to the Lithium battery, a supercapacitor can be
deep cycled at high rates for 500.000-1.000.000 cycles for the same change in characteristics
(10-20% degradation), this is among 1.500 and 3.000 years supposing one cycle a day again
(Burke, 2000; Cooper, 2006). Moreover, the supercapacitors have additional advantages as
pulse power devices; they have high power density, high efficiency, short recharging times,
and long shelf and cycle life. In contrast, the primary disadvantage of supercapacitors is
their relatively low energy density compared to batteries (Stor & Bussmann, 2007).
Nevertheless, they turn the best feasible solution within this kind of low power and low
duty cycle applications, where the solar power has to replenish the primary buffer daily and
delivering pulsating currents to the load.

By the other hand, when there is no solar energy available, the supercapacitors will start to
deliver current to the load and their voltage will start to drop. Therefore a voltage regulator
is required to maximize the energy extracted from the supercapacitors and deliver it to the
load, which requires a constant voltage. That voltage regulator needs to be very efficient in
order to maximize the use of the energy stored in the supercapacitors and therefore
minimizing the use of the secondary buffer.
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3.2. “Backup” path

This energy path should provide energy to the load when the “Main” path fails; this is,
when there is no direct sunlight and the supercapacitors drop below the minimum
operating voltage. As it has been named earlier, the “Main” path has been designed to work
as much time as possible. Therefore, it is expected “Backup” path only takes part during
exceptional situations, which minimizes the recharging cycles on the secondary buffer and
therefore, the stress and degradation on it.

The “Backup” path is characterized by housing a large rechargeable energy storage element,
this is the secondary buffer (Figure 1), that assures the power supply to the load during long
time periods without sunlight. The length of such black-out periods depends essentially on
weather factors and on the geographic location. Therefore the optimal autonomy for the
secondary buffer remains uncertain and one need to choose the largest rechargeable battery
that adapts to the cost and size of the application. Currently there are many type of batteries
in the market (Ni-Cd, Ni-MH, Lithium) but it is well-known that Lithium batteries have the
highest energy density, the lowest self-discharge rates, and the lowest “memory effect”
(Buchmann, 2005; MPower, 2006). Furthermore they are becoming less expensive over time.
Although they require a more complex charging method, we can use some dedicated
charger chip because the battery charge should only be enabled under excess of solar power
conditions. This means when the primary buffer has been full replenished and solar panel
maintains the appropriate voltage in their terminals.

By the other hand, the capacity of the secondary buffer can be so much larger than the
primary buffer one. Hence, the secondary buffer is able to supply power to the load much
more time than the primary buffer even assuming a less efficient path. Therefore “Backup”
path, powered from the right sized solar panel to charge it quickly, is not such critical with
the component selection, in contrast with the “Main” one.

4. Implementation

We have implemented the inexhaustible power source to supply a regulated voltage of 3.3 V
to a wireless sensor node. The prototype board contains a solar panel, two supercapacitors, a
Lithium-Ion battery and the energy management integrated circuits that can be seen in
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Fig. 3. Electronic schematic of the inexhaustible power source and its voltages while
working.
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The board also provides a 10 pin straight header that is used for measuring all the important
voltages in the circuit, by means of those which an acquisition board is connected through.

4.1 Hardware
This section describes the selection of the components inside the blocks shown in Figure 1 and
Figure 3, and the workbench used to test our inexhaustible power source in a house roof.

Load

resistors.  Solar Panel
T
e,

Fig. 4. Picture of the solar inexhaustible power source prototype.

1) Solar Panel

We use the MSX-005F (114 mm x 66 mm) of 0.5 W from Solarex. It was selected because its
maximum power point (3.3 V) is the closest to the voltage range that manages our storage
components. Moreover, it delivers 150 mA on the nominal point (at maximum solar
radiation), which is much more than the maximum current that our load needs (around 22
mA). This way, the solar panel has a huge current margin to recharge the energy storage
elements quickly under sunlight conditions.

2) Voltage Level Adapter

We use a step-up converter (MAX1795) between the solar panel and the supercapacitors
(Figure 3). Thus, we reach the required voltage (more than 4.35V) for charging the Lithium
battery and also for maximizing the charge stored in the supercapacitors. The step-up
converter elevates the voltage to 5V and lets the current flows into the supercapacitors even
when the sunlight is weak. This way the converter maximizes the energy extracted from the
solar panel.

3) Primary Buffer (Supercapacitors)

Since each capacitor admits only 2.3V we connect two in series, that permits to charge the
supercapacitors close to 4.6V and reduces the leakage current. The larger is the capacity of
the supercapacitor the lower is its leakage current, but the price increases much more. We
use two supercapacitors of 50F from PANASONIC due to its availability and relatively low
price.
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4) Switching Power Multiplexer

The new automatic power multiplexer from Texas (TPS2113PW) is the one in charge of
selecting the power path to the load. It switches automatically between the primary and the
secondary buffer depending on the voltage of the supercapacitors.

5) Control Block

Control block is actually embedded in other blocks. That is why it appears with dotted lines
in Figure 1. It is composed by a comparator used within the voltage level adapter and a
comparator within the switching power multiplexer. The first comparator, which is built in
the step-up converter of the voltage level adapter, is used for enabling the charge of the
Lithium-Ion battery. This takes place when the voltage measured on the solar panel is above
3.3 V (MPP), and it is disabled below 2.7 V. This comparator has a large hysteresis to prevent
a false halt in the charge, due to a voltage drop when the battery starts being recharged.

The second one is a comparator built into the switching power multiplexer. It automatically
switches among the inputs, assigning priority to the first one (supercapacitors). This means
the second input (the battery) only is selected when the voltage of the supercapacitors drops
below the minimum threshold that keeps the switching power multiplexer working on (that
in this case is 1.53 V, Figure 7). This comparator also has a small hysteresis (around 60 mV)
to prevent from false commutations among the inputs or energy paths.

6) Voltage Regulator

This block is composed by a single chip with a step-up converter and a voltage regulator. Its
output is a fixed voltage at 3.3 V. We use the TPS61025 from Texas Instruments because it
has a really flat efficiency graph (90 % -94 %) even at low currents (from 1 mA to 40 mA).

7) Secondary Buffer (Battery)
We use a 1Ah Lithium-Ion (Li+) battery due to its availability and low price.

8) Charging control

Since the Lithium-Ion battery is going to be used outdoors and it requires a careful and
safety recharge with a limited current, we decided to use a dedicated charge control chip,
the MAX1811, which limits the charge current and protects the battery.

4.2 Load (Simulation)

We include two mosfets in the prototype board. Each one has a resistor between its drain
node and the output voltage (3.3 V), whose value has been calculated to obtain the load
currents shown in Figure 2. This way, we digitally switch them to simulate the load current
that a wireless sensor node approximately consumes, but only using two average values (22
mA and 6 pA), which correspond to the working modes previously described (active and
sleeping).

The switching of the mosfets is digitally managed by a microcontroller located in an external
board that is used exclusively for the load simulation purposes, and it is powered by a
portable acquisition system.
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4.3 Acquisition System

We use the data acquisition board NI USB-6008 from National Instruments to sample the
evolution of the most significant voltages. Since the voltages in our power source circuit do
not change quickly it is enough by using this cheap acquisition module to sample eight
voltage nodes every second.

The acquisition system is connected to a computer by means of a USB cable that supplies

power to it. Then, a program developed using LabVIEW displays and stores the sampled
data.

5. Results and discussion

We located the inexhaustible power source on a house roof for several days. Using a laptop
computer connected to the portable acquisition system, we tested our inexhaustible power
source sampling every second the voltage on the following nodes:

* Solar panel terminals. * End battery charge signal.

* Output of the voltage * Enable battery charge

level adapter. signal.

* Supercapacitors. * State multiplexer signal.
* Output of the power source. * Battery.

_{(a) Main voltages in the inexhaustible power source
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4-fata L e N - |
- Output
3_
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Fig. 5. Evolution of the voltages in the inexhaustible power source.
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Figure 5 shows the evolution of the main voltages in the power source. In this case we let the
system running autonomously during 5 days. It was supplying 3.3 V to the simulated load,
which was working at 4% of duty cycle. We started the measurements on September 22 at
midday 12:00 p.m. with full sunlight, the supercapacitors fully replenished at 4.35 V, and the
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battery fully charged at 4.1 V (Figure 5a). The solar panel was supplying power directly to
the load. After seven hours the sun started to hide and the supercapacitors assumed the
main role powering the load. The first night came out (follow the solar panel voltage), and
the supercapacitors did not hold-up the load current during the whole night because the
second day dawned raining. Although the sunrise was at 8 o’clock (20 h after starting), the
solar radiation was too weak for replenishing the supercapacitors. Therefore at 10 o’clock
(22 h after starting) the supercapacitors dropped below the working threshold 1.53 V, and
the system automatically switched to battery for sustaining the load current (Figure 5d). In
spite of the weak sunlight on a very rainy day, the supercapacitors got to raise its voltage
within the next hours thanks to the output level adaptor (Figure 5b), but clearly with a
smaller slope.

This way, with the supercapacitors charged at 3 V, the system did not support the load during
the whole second night, but the backup battery sustained the output voltage at 3.3 V again.

The third day came out again at 8 o’clock (44 h after starting) and this time it was a shiny
day. The supercapacitors were replenished from its minimum voltage 1.53 V to its
maximum voltage 4.35 V in less than three hours. Moreover since the battery was hardly
discharged last day, the power source recharged the battery in a while and it is hardly
appreciable in the Figure 5c. Although the Figure 5e shows when the battery is enabled to be
recharged, that does not implies the battery is being recharged because this depends on
whether the battery is full or not, and whether the output voltage of the voltage level
adapter is higher than 4.35 V or not.

Next two sunny days, the power source kept on powering the load without using the
Lithium battery. Since supercapacitors are hardly deteriorated as time goes by, the power
source promises a long lifetime because the battery will be used only during adverse climate
conditions, this is without almost sunlight.
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Fig. 6. This figure shows the recovery of the Lithium-Ion battery which was intentionally

deeply discharged

A second measurement was carried out to evaluate the recovery time of the Lithium-Ion
battery. Initially, we intentionally left the supercapacitors and the battery discharged at 1.57
V and 3.67 V respectively. Then, we exposed the solar panel to the sunlight during three
days. Figure 6 shows the evolution of the voltage on the supercapacitors and on the battery,
while powering the load at 4 % of duty cycle. Firstly, the energy from the solar panel was
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used for fully replenishing the supercapacitors from 1.57 V to 4.35 V, which took less than 2
h. After that, although the second day was a bit cloudy, the 3.7/1Ah Lithium-Ion battery
started getting energy from the sun and the battery was recharged from 3.67 V to 4.1 V in
two and a half days while powering a load at 4 % of duty cycle. This demonstrates the
recovery ability of this inexhaustible power source even under a deep battery discharge.
Finally we carried out some more experiments to evaluate the longevity of our power
source. For that, we consider that the autonomy can be near perpetual if under normal
climate conditions, this is sunny days, the solar panel and the supercapacitors hold-up the
load during the whole day and the whole night. This way, depending on the geographic
location, the battery is only eventually used during very rainy days.

Therefore we acquired voltage samples of the supercapacitors during many days and nights
with different load currents, this is, varying the duty cycle. We centred our attention at
nights, when the supercapacitors remain as the unique active energy source. Figure 7 shows
the evolution of the voltage in the supercapacitors during four different nights with a load
working at 1 %, 3 %, 4 % and 5 % of duty cycle. Starting with the supercapacitors fully
charged and overlapping the four curves to the same hour of a day, the slope for each duty
cycle can be easily compared. Moreover, Figure 7 determines that 4 % is the maximum
continuous duty cycle which our power source is able to maintain in a September night
without using the battery. This means 4 % is approximately the continuous duty cycle that
avoids a daily discharge and recharge of the Lithium-Ion battery, expanding much more the
lifetime of the entire power source.

Furthermore, using a variable duty cycle, this is adapting the load consumption to the
energy available, the designed power source can work even at higher duty cycles than 4%
during the day and reducing it during the night depending on the tasks of the wireless
sensor node powered.

It is a hard work to predict the lifetime of our power source because it depends among other
parameters on the unpredictable climate conditions, but we expect a so much longer lifetime
than 3 years, which is the typical lifetime of Lithium-Ion batteries if used daily and charged
and discharged deeply (Buchmann, 2005).

In addition, it is expected the battery is not deeply discharged when used in our power
source, let us to assume a maximum use of 7 days, which is a long period without sunlight.
Using a duty cycle of 4 % for the load of Figure 5, the average current is 886 uA, as it is noted
in equation 1. With this current consumption the two supercapacitor in series are able to
hold-up the system power supply during 1 day (tsupercap) Without any recharge from the
sun’s energy, according to the equation 2 (Stor, 2007).

(4-22mA)+(96-6uA )

Iload = 100 ~ 886 LA (1)
_ C'(Vnzmx _Vnzuin) ~1d
tsupercap - - ay
Iload '(Vmax + Vmin ) )
1Ah
tpattery = ~ 47days
886 1A - 24hours 3)
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Where C is the nominal capacitance of the supercapacitor in Farads, Iioaq is the average
current delivered to the load, Vimax and Vmin are the maximum and minimum threshold
voltages for proper working and t is the held-up time. The expected time has been
calculated with 25F, 886pA, 4.6V and 1.53V. The expected lifetime of the Lithium-Ion battery
is 47 days (tpatery), as it has been calculated in equation 3. Thus, 7 days of discharge
correspond to 15% of the total capacity, and this low discharge percentage of
charge/discharge means a longer lifetime, close to what we can call near perpetual
operation for such a changing technology.
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Fig. 7. This figure shows the discharge of the supercapacitors during 4 nights overlapped at
different load currents. Each curve belongs to a different night.

6. Conclusion

This chapter discussed a method of design and implementation of an inexhaustible power
source that without the human intervention manages and fully recharge the two energy
buffers from the solar energy. After several weeks of tests the output of 3.3V has never failed
and the battery has been resorted only a very rainy day. We have demonstrated
autonomous operation for wireless sensor nodes with an average consumption of 886 pLA.
This value corresponds to a load with a fixed 4 % of duty cycle, but we could also assure an
autonomous power for even higher duty cycles in case the load adjusts its duty cycle
dynamically. Since the wireless sensor node can sense the energy available in our power
source, it could reduce its activity during the night and increase it during the day.
Nevertheless, the duty cycle depends on the specific application and our evaluated power
source could widely cover most of field sensor applications where duty cycles of 1 % or less
turn out to be enough (Zhang et al., 2004; Werner-Allen et al., 2005; Noda et al., 2006).

At the end, the new system architecture, in which this power source is based, opens new
frontiers to experiment with other energy scavenging sources, because an appropriate use of
supercapacitors as the single primary source could eliminate the necessity of large and
degradable batteries, which would mean full autonomous power.
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