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a b s t r a c t

The deployment of large mesh-type wireless networks is a challenge due to the multitude

of arising issues. Perpetual operation of a network node is undoubtedly one of the major

goals of any energy-aware protocol or power-efficient hardware platform. Energy harvesting

has emerged as the natural way to keep small stationary hardware platforms running, even

when operating continuously as network routing devices. This paper analyses solar radia-

tion, wind and water flow as feasible energy sources that can be explored to meet the energy

needs of a wireless sensor network router within the context of precision agriculture, and

presents a multi-powered platform solution for wireless devices. Experimental results prove
Power management

Energy sources

Acquisition station

Precision agriculture

that our prototype, the MPWiNodeX, can manage simultaneously the three energy sources

for charging a NiMH battery pack, resulting in an almost perpetual operation of the eval-

uated ZigBee network router. In addition to this, the energy scavenging techniques double

up as sensors, yielding data on the amount of solar radiation, water flow and wind speed, a

capability that avoids the use of specific sensors.

plant itself. This implies dense ad-hoc networks of wireless
1. Introduction

The energy necessary for the deployment of stand-alone wire-
less sensor networks in large, open fields still dominates the
overall system budget (Rabaey et al., 2000). The harvesting of
energy from the surrounding space to power these systems is
a solution being explored by several authors, including Wang
et al. (2006); Thomas et al. (2006); Cantatore and Ouwerkerk

(2006) and Priya et al. (2005). These works cover areas such as
irrigation control systems, weather and environmental mon-
itoring, greenhouse control, animal identification and health
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monitoring. But to effectively attain perpetual operation fur-
ther enhancements in energy scavenging and more efficient
power conditioning methods are required. In the case of preci-
sion agriculture (PA), massive amounts of data (Moreenthaler
et al., 2003; Wang et al., 2006) are gathered to estimate, for
instance, a growth profile, which suggests that sensors or even
complete acquisition systems should be installed close to the
. Matos), miguelseia@gmail.com (M.A. Fernandes),
@ieeta.pt (P.J.S.G. Ferreira), mcabral@utad.pt (M.J.C.S. Reis).

devices, sufficiently flexible to support the disparate sources of
data that can be extracted from the plant and its surrounding
environment (Stafford, 2000). Besides, the wireless network
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Fig. 1 – A perspective of our WDAP in a remote sensing application in a vineyard management zone. Each WDAP may
operate as a router node in a ZigBee network to extend network coverage, acquiring and routing sensor data to a
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luster-head as a sink node.

hould be able to cover a large area, which means that each
cquisition device should be capable of operating as a net-
ork router. Fig. 1 shows an illustration of our motivation

cenario where a ZigBee network is deployed on a vineyard
anagement zone to collect environmental data.
The harvested energy sources are usually ubiquitous in the

odes’ surrounding space but random in nature (Paradiso and
tarner, 2005; Hande et al., 2007), a characteristic that dictates
he use of energy reservoirs, typically rechargeable batter-
es or, more recently, ultracapacitors (Park and Chou, 2006).
n the case of wireless nodes operating as network routers
he energy demands are considerable, and several sources of
nergy, possibly of different nature, may be required. This
aises questions about the power density associated with such
ources, how to harvest and manage them to achieve self-
ustained, perpetual operation (Corke et al., 2007).

Design considerations regarding sensor networks, hard-
are design, network and medium access control protocols,
attery management and harvesting techniques are discussed
or instance in Raghunathan et al. (2005); Chou and Park (2005);

ainwaring et al. (2002) and Jiang et al. (2005). Dubois-Ferrière
t al. (2006) describe TinyNode, a generic platform for wire-
ess sensor network (WSN) applications, which operates with

small solar panel used to replenish two separate energy
uffers (primary and secondary). Although not intended for
erpetual operation, the authors present an interesting and
seful comparison between supercapacitors and batteries for
ariable operation duty-cycle. They also present a comparison
etween current consumption of similar platforms, the Mica2,
he Telos Sky, the EyesIFX and the TinyNode.

The solution to power indoor routers proposed by Hande et
l. (2007) depends on a photonic energy harvesting device that
onsists of a set of solar cells connected in series-parallel to

cavenge energy from 34 W fluorescent lights. However, the
pproach has drawbacks: on one hand, each router requires
wo nodes operating at 50% duty-cycle to minimise power con-
umption, a solution that duplicates the number of devices. On
the other hand, it uses many solar cells that have to be located
close to the lamps.

Chou and Park (2005) mention the need for multiple power
sources, but they regard this power fragmentation problem as
a consequence of the fact that such energy sources may not
be available at all times. Park and Chou (2006) review the Heli-
comote, the Prometheus, the Everlast and the PUMA as energy
harvesting systems and present the AmbiMax, an energy har-
vesting circuit that uses a solar panel and a wind generator to
charge a supercapacitor-based energy storage system. In this
case, the authors have focused their research in the harvest-
ing efficiency rather than in controlling the charging process
to avoid, for instance, the battery aging issue.

The goal of this paper is to demonstrate how to take advan-
tage of the existence of multiple energy sources in agricultural
and livestock environments (open-field crops, greenhouses,
hydroponic and aquaculture systems, and stables) by har-
vesting energy from the sun, wind and moving water, as
discussed in Section 2. The energy harvesters used in our
experiments comprise a small solar-panel, a small hydro-
generator placed in a nearby irrigation or hydroponic water
pipe and a wind generator prototype that was designed to be
part of the supporting structure of each acquisition platform.
Section 3 describes the power-management behind a wire-
less data acquisition platform (WDAP) that uses the energy
harvested from the three sources to simultaneously replen-
ish a common 650 mAh NiMH battery pack, enabling almost
perpetual operation of a network router with general-purpose
data acquisition capabilities. Another feature of our approach,
which complements the idea of harvesting from multiple
sources, is to use the energy harvesting circuits as sensors of
solar radiation and wind speed, which are relevant parameters
in precision agriculture and other applications. This fusion or

integration of the functions of generators and sensors makes
conventional, separate sensors unnecessary. Regarding wire-
less network support, we have chosen (Morais et al., 2008) the
ZigBee standard as a tool to create sensor an router nodes.
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Section 4 describes our main experimental results: labora-
tory as well as outdoor experiments confirm the feasibility of
self-sustained near-perpetual operation of our WDAP. For this
purpose we have built two similar data acquisition systems,
targeted for different applications, their main difference being
the wireless support. Our results also show that the built-in
sensors provide measures that are in good agreement with
those of conventional, reference sensors. Our conclusions and
final remarks are presented in Section 5, which closes the
paper.

2. Harvesting energy from the environment

There is a variety of energy sources in the environment
around a sensor network (Thomas et al., 2006; Paradiso and
Starner, 2005) that are of potential interest for energy har-
vesting. They include photonic (includes solar energy as
well as artificial lightning); vibrations (harvested using piezo-
electric, electro-magnetic and capacitive converters); kinetic
(available in moving water in rivers, pipes and wind flow);
magnetic (magnetic fields surrounding AC power lines); pres-
sure; and heat differentials (harvested using thermoelectric
elements), where a comprehensive overview of these can
be found in (Roundy et al., 2004). However, many of these
sources may have to be neglected due to practical constraints
or challenges raised by the low energy density, target power
requirements and, in some cases, feasibility of the energy har-
vesting method.

Solar energy is the most efficient natural energy source
available for sensor networks in outdoor applications (Thomas
et al., 2006). An understanding of the relative importance
and potential of solar and wind energy requires data on
solar irradiation and wind velocity. The PVGIS (Photovoltaic
Geographical Information System) on-line solar irradiation
data utility, part of the SOLAREC action at the JRC Renew-
able Energies Unit of the European Commission (available at
http://re.jrc.cec.eu.int/pvgis), collects such data. The results
for a few locations in Europe are summarised in Table 1.
It also includes wind data (the values for Vila Real were
obtained by us, those for the other locations are available at
http://www.windfinder.com).

The average horizontal irradiation for the city of Vila Real,
northeast Portugal, is about 420.6 mWh/(cm2 day). A network
router device with a 40 mA continuous average current draw at
3.3 V would require an energy of about 3168 mWh/day, which
can be harvested by a 10% efficient, 75.3 cm2 solar panel. The
active area of the solar panel has to increase to 215.1 cm2 if
we take the worst case value of 147.3 mWh/(cm2 day) for the
same location. If the solar panel inclination is optimal then
the active area may be reduced to 130 cm2.

Table 1 also shows the average wind speed and the proba-
bility that the wind velocity exceeds the Beaufort value 4, which
corresponds to an average wind velocity of 5.5–7.9 m/s, or a
median velocity of 6.7 m/s, over a 10-min interval (see also
Fig. 2).
In the context of precision agriculture, and specially in
hydroponic practices or close to irrigation systems, it makes
sense to explore the kinetic energy from moving water. This
can be harvested through a suitable hydro-generator and, as

Ta
bl

e
1

–
S

C
it

y

W
ag

en
in

ge
n

Lo
n

d
on

,U
K

Pa
ri

s,
Fr

an
ce

V
il

a
R

ea
l,

Po
M

ad
ri

d
,S

p
a

Li
sb

on
,P

or
t

A
lm

er
ia

,S
p

a
A

ve
ra

ge
w

b
T

h
e

B
ea

u
f

gr
ea

te
r

th

http://re.jrc.cec.eu.int/pvgis
http://www.windfinder.com


c o m p u t e r s a n d e l e c t r o n i c s i n a g r

Fig. 2 – Results from wind measurements (2 m above
ground) for a 5-day period. The wind speed was above
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m/s for more than 90% of the period, a value that justifies
inetic energy harvesting by a small wind turbine.

e will see, it may considerably supplement the WDAP energy
eservoir.

Our multi-source energy supply harvesting strategy,
ncluding the appropriate enclosure box, is illustrated in Fig. 3.
he WDAP is used in a vineyard management zone to collect
ata from soil moisture, soil temperature, air temperature, rel-
tive humidity and solar radiation as a part of an on-going
roject. The energy is in this case supplied by sun, wind and
oving water. In the latter case, the energy is harvested by a

ydrogenerator located in a nearby irrigation pipe.
.1. Solar-energy harvesting

olar-energy harvesting is based on the well-known principle
f photo-voltaic conversion, and provides the highest power

ig. 3 – The concept of a multi-energy source applied to a self-st
anel, a vertical axis wind turbine integrated in the supporting s
i c u l t u r e 6 4 ( 2 0 0 8 ) 120–132 123

density (15 mWcm−2on a bright sunny day), making it the
best-suited choice to power wireless acquisition systems in
outdoor applications. Since the power output of small solar
panels is limited, two main design principles for the solar-
harvesting modules are considered. First, the system should
extract the maximum power at each time instant and, second,
the efficiency of the power management sub-systems should
be maximised. In practice, strict adherence to these principles
is difficult, and trade-offs have to be considered, due to the
interaction of factors such as the characteristics of the solar
cells and their active area, power conditioning features, appli-
cation requirements of the wireless system and, the chemistry
and capacity of the batteries used to store the harvested
energy. But to maximise solar to electrical energy conversion
efficiency the power conditioning subsystem should operate
at the solar panels’ maximum power point (MPP), the point in
the V–I characteristic that corresponds to the maximum power
transfer.

Our prototype, the MPWiNodeX platform, uses a commer-
cial solar panel (MSX-005 from Solarex, USA) chosen because
of its small size, availability and low cost. This 8-cell solar-
panel has an active area of 57.0 mm × 95.8 mm (54.6 cm2),
a rated Voc of 4.6 V and Isc of 160 mA. The MPP occurs at a
voltage of approximately 3.1 V, which means that the power
conditioning circuit should ensure operation at (or near) this
point.

Regarding the harvesting circuit, one approach is to clamp
the output terminals of the solar panel to a rechargeable bat-
tery (Raghunathan et al., 2006). This forces the solar panel
to operate at a point on its V–I curve determined by the
battery’s terminal voltage. This has the advantage of min-
imising the energy losses in the transfer mechanism, but

depends on a careful choice of battery and solar panel in
order to ensure that the operating point of the system remains
close to the MPP. In the cited example, two NiMH batter-
ies are charged, via a blocking diode, by a solar panel with

anding WDAP. Energy is harvested by an embedded solar
tructure and a hydrogenerator installed in irrigation pipes.
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Fig. 4 – Small vertical axis wind turbines prototypes.
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a MPP occurring at 3.0 V. Battery voltage varies between 2.2
and 2.8 V, and due to the voltage drop in the blocking diode,
the voltage across the solar panel remains close to optimal.
It only harvests energy when the solar panel output voltage
is 0.7 V higher then that of the battery which means that
a significant amount of energy cannot be harvested. More-
over, there is no tracking of the MPP, which is essential to
achieve high harvesting efficiency (Park and Chou, 2006). Also,
the energy flow is unmanageable, resulting in uncontrolled
daily recharge cycles and placing a significant stress on the
battery.

Our solution represents an integrated approach to the man-
agement and conditioning of the solar-panel, wind generator
and hydrogenerator blocks (described in the following two sec-
tions). It includes a smart-battery charge control that balances
battery lifetime and energy harvesting efficiency, as described
in detail in Section 3.1.

2.2. Wind flow kinetic energy harvesting

Wind flow kinetic energy can be harvested by a wind turbine
which extracts energy from moving air by slowing it down and
using the obtained energy to drive a generator. The power
Pw associated with a quantity of air of mass m, flowing at
speed v in the x direction, is the time derivative of the kinetic
energy:

Pw = 1
2

�A
dx

dt
v2 = 1

2
�Av3, (1)

where � is the air density in kg m−3, A is the cross-sectional
area in m2 and v is the upstream or undisturbed wind speed
in m/s. An ideal turbine can extract a fraction of the power in
(1) given by the Betz coefficient 16/27 or 59.26% (Betz, 1926).
The power extracted by a practical turbine is

Pm = Cp
1
2 �Av3 = Cp Pw. (2)

where Cp is the performance coefficient of the turbine.
Assuming that the turbine is coupled to a transmission with
efficiency �m which drives a generator of efficiency �g, the
electrical power Pe available can be written as

Pe = Cp�m�gPw = Cp�m�g
1
2 �Av3. (3)

Wind turbines can be classified into two general types based
on the axis of rotation. Horizontal axis wind turbines (HAWT)
have the rotor shaft parallel to ground and must be pointed
into the direction of wind flow by some means. They are
usually used for large-scale windmills for electrical energy
production. Vertical axis wind turbines (VAWT) have a verti-
cally rotating main rotor shaft. Although less efficient, VAWTs
offer some important advantages in small-scale wind gener-
ator design, the Darrieus and Savonious designs being the
most common. They are omni-directional, simpler, can be
fixed in both ends and can respond quicker to changes in

wind direction and velocity. The Darrieus type is based on lift
forces which cause the rotor to move faster than the wind.
They are efficient but usually not self-starting. The Savonious
type is less efficient because they are drag-type devices (S-
shaped cross section) but they are self-starting and virtually
maintenance-free.

To design the wind generator suited for our application it is
necessary to bear in mind a number of practical and functional
issues. Firstly, the energy harvested from the wind is intended
to supplement the energy available for battery charging. Sec-
ondly, the wind generator should double up as a sensor, and
be capable of supplying data on wind speed. Finally, the wind
generator should be part of the structure of the acquisition
station and especially of the rod which stands vertically on
the ground (right side of Fig. 3). This means that the turbine
swept area, namely its diameter, should be minimised. To fulfil
these requirements, a Savonious design was chosen, despite
its inherent low efficiency. The power extraction coefficient
could be increased by adding a convergent nozzle to increase
the rotor speed (Shikha et al., 2003). However, this requires
wind coming from a fixed direction, which is not the case in
our application target. A free moving vane would force the
convergent nozzle into the direction of the wind, and could
be used to obtain information about wind direction. The effi-
ciency can be improved in a more simpler way by adopting a
multi-blade rotor design.

Fig. 4 illustrates the two VAWT that were constructed to
evaluate the wind energy harvesting techniques. The right one
is based on a six-blade Savonious design with 60 mm diame-
ter and 200 mm height (0.012 m2 swept area), while the left one
is based on three-stage based design as proposed by Hayashi

et al. (2005). Assuming air standard conditions(pressure of
101.3 kPa and temperature of 273 K) and a power coefficient
Cp of 0.1, these turbines should extract a mechanical power of
97 mW at a wind speed of 5 m/s.



c o m p u t e r s a n d e l e c t r o n i c s i n a g r

Fig. 5 – Photograph of the commercial hydrogenerator
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nstalled in a irrigation pipe.

.3. Water-flow kinetic energy harvesting

he energy of moving liquids in pipes, such as water or liquid
utrients, can be harvested with a small-size hydrogenerator.
o our best knowledge, this approach has not been explored
o supply energy to small electronic devices in precision agri-
ulture. We regard the pipes of irrigation control systems as
ower outlets within the crops. This idea may be even more
elevant in aquaculture or hydroponics practices, where water
s always recirculating in pipes. This suggests the possibility
f supplying power to a sensor network based on the energy
arvested from these pipes.

To explore and validate this concept, a commercial hydro-
enerator was used as a energy harvester for our WDAP. This
evice, illustrated in Fig. 5, was developed and patented by
ulcano to replace batteries in smart gas-based water heat-

ng appliances for residential applications. With a principle of
peration similar to large hydroelectric generation systems, a

mall quantity of water, derived from the main duct, is used
o spin a turbine coupled to a DC generator. Fig. 6 shows the
esults of our experiments, conducted with the hydrogenera-
or for different values of inlet water flow. As can be seen, the

ig. 6 – Output voltage and current of the hydrogenerator during
he electrical load was in this case a 100 � resistor. As expected,
ater flow.
i c u l t u r e 6 4 ( 2 0 0 8 ) 120–132 125

hydrogenerator output voltage is almost constant and inde-
pendent of the water flow value. Due to this characteristic,
the water volume cannot be accurately measured, but its log-
ical state can (flowing/not flowing, useful for detecting liquid
movements).

3. System architecture

To evaluate the energy harvesting techniques as well as the
data correlation between reference sensors and data gath-
ered from the energy harvesters, two different WDAP were
designed, differing mainly in wireless support. The first and
simplest prototype, the MPWiNodeS variant, uses a low-cost
8-bit RISC �-controller (PIC18LF2620 from Microchip, AZ, USA)
and a low-power RF transceiver (RC1280 from Radiocrafts, Nor-
way). This device is currently being used as a development
platform for the inclusion of the IEEE 1451 standard for sen-
sor/network interoperability (Wei et al., 2005; Sweetser et al.,
2006), with the objective of defining the energy harvesters
transducer electronic data sheet (TEDS). The second proto-
type, the MPWiNodeZ, uses a wireless �-controller (JN5139
from Jennic, UK) with a ZigBee-compliant stack, and provides
the necessary standardised software tools to rapidly deploy
sensor and router nodes in the field. These devices follow the
block diagram depicted in Fig. 7. A detailed explanation of the
diagram is given in the following subsections.

3.1. Power management

The power conditioning subsystem (Fig. 8) is responsible for
charging the NiMH battery pack with energy harvested from
the three considered energy sources. Each source has its
own conditioning block, based on a highly efficient boost
converter with 3.3/5.0 V output voltage, pin selectable. This
converter allows a wide range of input voltages below the
battery nominal output, which enables harvesting from low-

voltage sources. The shutdown pin is used to implement a
pulse charging mechanism, which simultaneously performs
MPP tracking to enhance harvesting efficiency. This signal is
generated by a comparator with hysteresis powered by the

an evaluation performed for several values of water flow.
the output power is almost independent of the main duct
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P an
Fig. 7 – Block diagram of the WDA

battery due to its ultra-low quiescent current. When the volt-
age at the charge reservoir capacitor (see Fig. 8) rises above
a particular value, the comparator turns the boost converter
on, transferring the charge stored at that capacitor to the bat-
tery, causing the input voltage to drop. Dropping below the
lower-trip point of the comparator will result in the turn-off
of the converter. This pulsed operation results in a more effi-
cient charging method (Zhang et al., 2004), where the density
of the generated shutdown pulses is related with the capabil-
ity of the energy source to replenish the input charge reservoir.
This relation is, in this work, explored to provide a coarse esti-
mation of the magnitude of the parameter that supplies the
energy to the system. To this effect, a second comparator with
open drain output is used to generate similar yet independent
pulses.

The other feature is the output voltage selection pin, used
to select the 3.3 or 5.0 V predefined value, which are, in this
case, below and above the operating limits of a 3-cell NiMH
battery. This is used to define the start and stop conditions,
battery charging and floating, respectively.

The systems’ power supply is derived from a wide input
range DC–DC converter (MAX710 from Maxim, USA). Among
other features, it has a low-battery indicator (LBI signal in

Fig. 8) that is used to signal the �-controller when the battery
voltage falls below a predefined value, suitable for predict-
ing the power-off. The �-controller is responsible for sampling
the battery voltage value and to control the operation of the

Fig. 8 – Functional diagram of the power-conditioning subsystem
charging. The output signal from each block (VPULSE,i) is available
energy.
d power management platform.

conditioning subsystem. When the battery achieves a pre-
programmed value, which could be the battery fully charged
(BFC) voltage value, a normally closed power switch is used
to break the charging path. This switch may also be used for
discharging completely the battery as a way to minimise the
aging issue by periodically promoting, if necessary, a full dis-
charge/charge cycle.

3.1.1. Solar-panel power-conditioning block
When conditioning solar energy, the boost converter described
above is a more suited choice since it enables harvesting even
in that cases that the solar panel output voltage is lower than
the in-charging battery voltage level. As the internal resis-
tance of the photovoltaic cells depends on the light levels,
which causes a loss of efficiency when connecting it to the
boost converters’ inductor, the input charge reservoir capaci-
tor introduces two important improvements. By monitoring
the voltage on this capacitor, the comparator turns on the
boost converter when the solar panel voltage output is at
its MPP. The comparator will turn-off the converter without
allowing the converter’s input voltage to drop below its oper-
ating voltage limit. The turn-off condition will remain until
the solar panel output voltage rises again to the optimum

voltage. The input capacitor also provides a low-impedance
path for the inductor current, which allows the efficient bang-
bang control of charge transfer (Maxim, 2000). Fig. 9 illustrates
the principle of operation of this bang-bang control, where it

where each conditioning block contributes to the battery
to give a coarse estimation of the parameter that supplies
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Fig. 9 – Charge transfer mechanism between the solar panel (operating at its MPP) and the battery, which yields data on
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mount of the energy source.

s also shown how the density of the charge transfer burst
ulses are correlated with the received solar radiation inten-
ity. It can be followed that the pulse density (VPULSE,SP in Fig. 9)
ncreases as the solar irradiance rises, which we regard as a
olar radiation sensor output.

.1.2. Wind generator and hydrogenerator
ower-conditioning blocks
he wind generator is based on a four permanent magnet gen-
rator, which creates an alternating sinusoidal voltage with an
mplitude and frequency proportional to the extracted wind
echanical power. Depending on the possible electrical con-

ections that we can make with four windings, a rectifier is

sed before connecting this voltage source to the input of
he power-conditioning block. A two-diode full-wave rectifier
opology provides the higher electrical power extraction but
auses more electromagnetic breaking, because current flows

ig. 10 – Photograph of the two developed WDAP as MPWiNodeX
ectangle is the core �-controller (PIC18LF2680 at left for the S-va
during the entire period. This leads to an equivalent higher
starting torque when the DC value reaches the equivalent
MPP. In other words, when the DC output from the generator
reaches the ON switching condition of the boost converter, a
higher current flows in all windings which causes breaking. To
reduce this starting torque (enabling operation at lower speeds
with the penalty of a lower efficiency) we have followed the
half-wave rectifier approach to allow harvesting energy from
low-speed winds. However, a power routing scheme can be
implemented to switch from the half-wave to the full-wave
rectifier mode whenever the wind speed is above a determined
value.

Power conditioning of these two generators is accom-

plished by the same principle of operation of the solar-panel
power-conditioning block. The differences are the values
(resistors in this case) that define the MPP for each energy
harvester. The wind generator and hydrogenerator high

power-management platform clients. Inside the dashed
riant and JN5139 for the Z-variant).
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Fig. 12 – Wind generator power conditioning waveforms.
The conditioning block maintains the wind generator
working at its MPP (VWIND ≈ 2 V) resulting the VPULSE,WIND

that is averaged to give a coarse estimation of wind speed.
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trip-values were set to approximately 2.0 and 1.6 V, respec-
tively.

3.1.3. Battery charge control
The battery charging start and stop conditions are asserted by
the �-controller by means of the selection pin (3/5̄) of each
boost converter (see Fig. 8). To this effect, the battery volt-
age is sampled periodically to monitor when it becomes fully
charged. When it happens, the �-controller sets the 3/5̄ line
which causes the boost converter to be turned off because
the output voltage is greater than the selected predefined
output voltage. If the battery is actually discharging, and its
voltage drops below some predefined value, the �-controller
may clear the 3/5̄ pin, which starts, or resumes, a charging
cycle.

At first sight, the selection of the switching points is
straightforward. The voltage across a 3-cell NiMH battery
should not exceed 3× 1.45 V = 4.35 V, where 1.45 V corresponds
to a fully charged NiMH cell. To minimise battery aging, the
discharge cycle should last until the voltage falls down to 3×
0.9 V = 2.7 V, where 0.9 V is the voltage across a completely dis-
charged cell (Ying et al., 2006; Fetcenko et al., 2007). To avoid a

fully discharged cell, even knowing that a residual energy may
exist, we decided to limit the lower bound to a 3 V value.

Due to power fragmentation it becomes necessary to bal-
ance battery lifetime and energy harvesting efficiency. To

Fig. 11 – Experimental evaluation of the WDAP in a
vineyard management zone. In this setup, the energy was
supplied by the sun, wind and sporadically by irrigation
water.

Fig. 13 – Hydrogenerator power conditioning waveforms
when the charging process is started by the �-controller,
asserting the F/C̄ signal low. After that, the

power-conditioning subsystem keeps the hydrogenerator
working at its MPP.

better understand the need for the trade-off, consider that
the battery is discharging, and that its voltage is, for instance,
3.7 V; assume now that, at this stage, an external unpre-
dictable energy source becomes available. Should this fact
be ignored and the battery be allowed to continue discharg-
ing until its voltage reaches 3.3 V? Or should the battery be
recharged while the unpredictable energy source is present?
It is clear that the strict maximisation of the battery life-
time implies the sub-optimal use of the harvested energy,
and increases the probability of running out of power. On the
other hand, any attempt to use as much harvested energy
as possible might severely limit the duration of the batter-
ies as a result of uncontrolled charging cycles. To overcome

this issue, a software-based solution has been implemented.
With access to the actual battery voltage value, a software
procedure sets the trip voltage values so that complete dis-
charge cycles can be periodically performed, thus yielding a
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ig. 14 – Behaviour of a 220 mAh battery in the MPWiNodeS
he solar panel, transmitting data 60 s.

ong battery lifetime, and, simultaneously, good harvesting
fficiency.

.2. Data acquisition platform

argeted to PA applications, our WDAP comprises an analog
nterface based on a low-power analog-to-digital converter
AD7888BRZ from Analog Devices, USA), featuring eight analog
nputs with 12-bit resolution (Fig. 7). External general-purpose
ensors supply is accomplished by a separate DC–DC converter
hat is turned on only during the acquisition process.
Data from the power-conditioning subsystem, such as the
ignals from the energy harvesters and the battery voltage
ample value, are handled in a different way. The pulses
enerated by each power conditioning block comparators’ to

Table 2 – Sumarised results of MPWiNodeX, S and Z
device evaluation

Partial result Value

Hydrogenerator energy
harvested

15 mAh (water flow = 0.5 m3 s−1)

Wind generator energy
(average 10 min)

32 mAh (averaged wind = 6.52 m/s)

Solar panel energy (worst
case)

11 mAh (by integration)

Total energy harvested
during evaluation

58 mAh

MPWiNodeX leakage
current/efficiency

75 �A/83%

MPWiNodeS deep
sleep/max current
consumptiona

110 �A/27 mA

MPWiNodeZ deep sleep 90 �A
MPWiNodeZ consumption

100%/10%/1% duty-cycle
39 mA/3.98 mA/0.469 mA

Sensors current
consumption

1.2 mA

a All circuits ON:radio transmitting or receiving, sensors powered.
P during a winter 19-day evaluation period and using only

control the corresponding boost converter are filtered before
the analog-to-digital conversion takes place. This is done with
an RC filter at the output of a low-power 4:1 multiplexer. The
sampled battery voltage is taken by a separate analog channel,
through a voltage divider enabled by an analog switch to save
energy.

4. Experimental results

The energy harvesting methods were evaluated in two dif-
ferent devices (the -S and -Z variants, shown in Fig. 10). A
MPWiNodeS device was installed outside our laboratory with
the purpose of sending periodically solar irradiance, rela-
tive humidity, outside temperature and battery voltage data
to a base station. This device is being used in a long-term

evaluation of the proposed WDAP. Other similar device was
used in the laboratory to an in-depth analysis of the power-
conditioning subsystem waveforms. On the other hand, a
MPWiNodeZ device was deployed in a vineyard as a ZigBee

Fig. 15 – Solar irradiance sensor transfer function
compared with the reference sensor (TSL230 from Texas
Instruments, USA).
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d ex
Fig. 16 – Wind speed sensor transfer function (solid line) an
wind turbine evaluated in a wind tunnel.

network node to evaluate, in-field, the energy harvesters per-
formance (Fig. 11).

The performance of the wind turbine was evaluated using
a wind tunnel (4 m length, 0.4 m × 0.4 m cross-sectional area).
Fig. 12 shows the relevant waveforms obtained with the cor-
respondent power-conditioning block. The pulsed output was
filtered to extract its DC value, yielding V̄PULSE,WIND. This
evaluation was performed at various air speed values which
has lead to the transfer function of Fig. 12. As can be seen,
V̄PULSE,WIND is proportional to wind speed, the linearised trans-
fer function being approximately given by

wind velocity = 1
118.3

V̄PULSE,WIND + 2.15 (m/s), (4)

where V̄PULSE,WIND is in mV. For speeds below approximately
2.1 m/s the voltage output from the turbine is not enough
(VWIND < 2 V) for turning on the boost converter, which indi-
cates that this speed value is the minimum value that
enables battery charging (as well as data from wind speed).
As expected, the extracted electrical power (measured directly
on the generator with a resistive load), follows a cubic-law,
accordingly to (1).

Fig. 13 shows the behaviour of the hydrogenerator power-
conditioning block. To illustrate the start charging procedure,
the F/C̄ signal is asserted low to select the charging mode. Until
that, the hydrogenerator was operating without any electrical
load. As can be seen, the battery starts charging and the power-
conditioning block maintains the hydrogenerator working at
its MPP (approximately at 1.5 V), by means of the SHDNHYDRO

signal.
For the field evaluation of the MPWiNodeS device, eight

sensors were used for measuring air temperature (LM50B from
National Semiconductor, USA), solar radiation (TSL230 and
TSL251 from Texas Instruments, USA) and air relative humid-
ity (HIH-3610 from Honeywell, USA) for creating a discharging

profile and measure current consumption. In addition, data
from solar radiation (obtained from the solar panel), wind
speed (obtained from the wind turbine) and from battery were
also transmitted to the base station for posterior analysis. The
tracted electrical power (dashed line) obtained from the

operation mode was deliberately set to be a relatively high
duty-cycle, 10 s in a 60 s time-frame (16.7%). To get quicker
results, a battery with a lower capacity (220 mAh) was used.
The result of this evaluation period, regarding the battery
behaviour, is shown in Fig. 14 where solar irradiance is also
shown. The evaluation was performed over a period of vari-
able weather (cloudy, foggy and bright, winter days). It can be
seen that the battery stop charging control has keeping the
battery voltage below 4.2 V, although it would be possible to
go beyond that value.

The MPWiNodeZ device, as a ZigBee network router, was
also evaluated. Table 2 summarises the obtained results. By
gathering data from V̄PULSE,SP and from the TSL230 solar radi-
ation sensor, the transfer function illustrated in Fig. 15 was
obtained.

5. Conclusions and final remarks

In principle, the energy required to permanently operate the
wireless data acquisition nodes and routers in a large sen-
sor network can be obtained by harvesting energy sources
present in the environment. Our multi-powered platform was
designed for applications in precision agriculture, and focuses
on solar and kinetic energy sources (wind and water in pipes).
The system that we built proves that the three harvesting
methods suffice to supply a generic WDAP energy store. Even
with low values of solar radiation, the combination of the three
energy sources has supplied an energy of about 58 mAh, more
than the 39 mAh required by network routers.

We have observed that the wind turbine is able to generate
an important fraction of the harvested energy, in certain cases
close to the needs of router nodes. Improving these generators
may pay off in the future, particularly in applications where
irrigation pipes are absent. At the opposite extreme one finds
applications in greenhouses, hydroponic or aquaculture sys-
tems, in which case the wind is unlikely to play a major role

but moving water in pipes is abundant, reversing the relative
importance of wind turbines and hydro-generators.

Another novelty of our approach is the double functional-
ity of the power management block, which in addition to its
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sual role also doubles as a sensing device for the parame-
ers that are usually monitored in agricultural environments.
ur results and in particular Figs. 15 and 16 confirm that a
oarse value of wind speed and solar irradiance can be mea-
ured by the corresponding energy harvester without the need
or specific sensors. This is yet another advantage of the idea
f harvesting from multiple energy sources: when the energy
ources are related to parameters that the sensor network
eeds to measure, the amount of harvested energy may itself
ield an estimate of the parameter, making conventional sen-
ors unnecessary.

Several improvements to the basic ideas underlying this
aper are possible, some of which are presently under study.
he system could for example keep a record of each harvested
nergy source, and use it to predict its future availability. The
se of Lithium batteries and ultracapacitors is also being eval-
ated as a way to slow down battery aging by absorbing the
ransient power and to minimise the issue described in Section
.1.3.
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