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Abstract

Despite improvements in battery technology and declines in electronics power demands, many new
applications in wireless sensor networks (WSNs) are taking into account increasing power requirements.
Furthermore, since in WSNs it is frequently desirable to deploy nodes in unobtainable places, it might be
impossible to provide large enough power for such applications given the fact that battery replacement is
not practicable. This results in significant interests in designing sensor nodes with the capability of
extracting electrical energy from surrounding ambient sources. The ultimate goal of this research is to
achieve a perpetually powered system without a necessary periodical maintenance for battery
replacement or recharging. The energy harvesting system developed for this research has been
experimentally verified and can increase the lifetime of an entire network to reach that of its individual
hardware components. We realized a maximum power point tracking (MPPT) algorithm that could switch
power source according to light conditions to ensure the continuous stable operation.
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1. Introduction

The energy source of a wireless sensor node is commonly a battery with limited energy budget [1, 2]. For
applications where the system is expected to operate for long durations, the energy plays a vital role; therefore,
much effort has been put on the efficient use of energy [3]. Batteries should be replaced and recharged manually at
the field. However, in some situations it is impossible to recharge them because nodes may be deployed in an
inaccessible environment. Moreover, in large scale sensor networks the number of nodes can be very high. In many
cases a lifetime of several months, or even years, may be required. Because of environmental risks and cost of
operation associated with batteries, renewable energy sources need to be used to power remote sensors. Sensors are
deployed in remote locations for aquaculture monitoring. One of the challenges of operating sensors in remote
locations is the lifetime of the sensors. This is limited by the power source they are connected to. The power source
becomes more critical when the network becomes dense with many sensor nodes. The power source also limits
reliability.

The ultimate goal of this research is to achieve a perpetually powered system without a necessary periodical
maintenance for battery replacement or recharging. Wireless sensor networks (WSNSs) for outdoor environmental
monitoring are a class of systems where exploiting alternative power sources could increase the lifetime of the
nodes considerably. Energy harvesting techniques can solve the problem by supplying and converting energy from
the surrounding environment and refill an energy buffer formed by a battery stack [4].

Environmental energy harvesting, in particular solar based, has emerged as a viable technique to supplement battery
supplies. However, designing an efficient solar harvesting system to realize the potential benefits of energy
harvesting requires an in-depth understanding of several factors. For example, solar energy supply is highly time
varying and may not always be sufficient to power the embedded system. Harvesting components, such as solar
panels, and energy storage elements, such as batteries or ultracapacitors, have different voltage-current
characteristics, which must be matched to each other as well as the energy requirements of the system to maximize
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harvesting efficiency. Further, battery non-idealities such as self-discharge and round trip efficiency, directly affect
energy usage and storage decisions [5, 6].

The issue of power consumption has been widely studied for wireless sensor networks in general. In our previous
work [7], we developed and deployed low cost short-range modules of wireless sensor network based on ZigBee
standard and virtual instruments technology in order to monitor and control an aquaculture system in real time.
What is special about deployments in aquaculture is that batteries cannot be replaced easily. Most of the time, the
fishponds sites are located remotely far from the distribution network to power aerators. Even in cases where power
might be available, the cost and difficulty of wiring to the existing power mains many times proves to be
prohibitive.

In this paper, a solar oxygenation system to power the remote sensor nodes for water quality detection and aerators
for aquaculture oxygenation was developed. We replaced node batteries with solar rechargeable batteries and
implemented the solar oxygenation system for water aeration. The overall system cost can be reduced using high
efficiency power conditioners which, in addition, are designed to extract the maximum possible power from the PV
arrays under different operating conditions (maximum power point tracking (MPPT)).

The contributions of this paper include firstly, we discuss the desired features of such a solar harvesting module,
and the services it should provide to the rest of the system to enable harvesting aware power management.
Secondly, we illustrate how such harvesting aware operation can further improve system lifetime compared to state-
of-the-art battery aware power management. Lastly, we present the design, implementation, and performance
evaluation of our system deployed in real life environment. Our experimental results demonstrate the feasibility of
self-sustained operation of outdoor sensor networks using solar energy harvesting. Solar energy conversion and
battery energy storage can provide enough electricity for the experimental systems to power sensor nodes and drive
the submersible pump continuously and increase oxygen of fishponds efficiently.

2. Related Works

While harvesting technology provides the ability to extract energy from the environment, it must be efficiently
integrated into an embedded system to translate that harvested energy into increased performance and system
lifetime [6]. Recently, several researchers have become interested in applying solar energy to wireless sensor
networks. In particular, references [8, 9, 10] presented the hardware design principles for long-term solar-powered
wireless sensor networks. A water circulation purifying device technology was designed by [11]. The device
completely adopts the solar and wind energy as power for landscape water body purification. Further, [12]
described a systematic approach to building micro-solar power subsystems for wireless sensor nodes.

Reference [13] developed an aerated water treatment system powered by photovoltaic/wind energy. The system
may improve treated water quality. A water quality monitoring system using WSN technology and powered by
solar panel in order to monitor water quality in different field sites and in real-time was presented by [14]. A novel
system architecture constituted by several distributed sensor nodes and a prototype system using one node powered
by solar cell and WSN technology was designed and implemented.

The optimization of energy generation in a photovoltaic (PV) system is necessary to let the PV cells operate at the
maximum power point (MPP) corresponding to the maximum efficiency. Since the MPP varies, based on the
irradiation and cell temperature, appropriate algorithms must be utilized to track the MPP. Different MPPT
algorithms, each with its own specific performance, have been proposed in the literature [14]. An approach to
determine the maximum power point (MPP) based on measurements of the open-circuit voltage of the PV modules
and a nonlinear expression for the optimal operating voltage based on open-circuit voltage was proposed by [15].
The approach is a combination of the nonlinear and perturbation and observation (P&O) methods. Reference [16]
presented a maximum power point tracking approach for a photovoltaic system using the dividing rectangles
algorithm. The approach overcomes some weaknesses of the existing methods such as the perturb and observe
method as it is capable of searching for global maximum. Furthermore, [17] suggested MPPT method with a simple
algorithm based on use of a short-current pulse of the PV to determine an optimum operating current where the
maximum output power can be obtained and it completely differs from conventional hill-climbing-based methods.
In the proposed system, the optimum operating current is instantaneously determined simply by taking a product of
the short-current pulse amplitude and a parameter k because the optimum operating current is exactly proportional
to the short current under various conditions of illuminance and temperature. Moreover, [18] proposed two
extended MPPT algorithms: Perturb and Observe and Incremental Conductance. In addition, [19] assessed the
performance of MPP trackers due to the complexity and extensive measurement equipment by determining the
actual impact of non-ideal, irregular conditions on MPPTs and developed solutions for improved performance. In
total 13 MPPTs integrated in state-of-the-art PV inverters were tested with I/V curves measured at a real, shaded PV
array. A perturb and observe (P&QO) method was presented by [20]. This method is widely used because of its low-
cost and ease of implementation. The method has a faster dynamics and improved stability compared to the
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traditional P&O. A scavenger that exploits miniaturized photovoltaic modules to perform automatic maximum
power point tracking at a minimum energy cost was presented by [4]. The system adjusts dynamically to the light
intensity variations [21]. Other researchers presented the performance of the MPPT method [22, 23].

In energy harvesting WSNSs, in order to enable a node to work perpetually (until its hardware is worn out), the
energy consumption rate of the node should not be higher than the energy recharge rate [8, 24, 25, 26, 27, 28].
Hence, the energy consumption should be treated using techniques specifically developed for harvesters in order to
give time to the nodes to recharge themselves.

However, majority of previous research, including the works mentioned above, have focused only on node-level
design, addressing topics such as hardware architectures and system analysis. The issues of powering actuators such
as aerator pumps haven’t been considered earlier. Therefore, we require finding a solution that manages and
balances the variable energy in energy-harvesting nodes. Although there are many routing and management
algorithms for improving energy in WSNs, most of them did not mention energy harvesting capabilities and error
control mechanisms. Since providing the reliable communication is an important issue in WSNs, we have
investigated a method to balance energy and improve the reliability as well.

3. Materials and Methods
3.1 Photovoltaic Arrays

The basic construction of PV panels is based on the PV cell, which are often connected together and encapsulated in
one module. The module includes a sheet of glass on the sun side to allow light to penetrate while still protecting
the semiconductor cells from damage. The cells within a module are normally connected in series to increase the
overall voltage of the module. To prevent current flow from a producing cell into a dead or shaded cell, many PV
modules utilize bypass diodes, allowing at least partial power output in shade. To prevent electricity from flowing
back into the solar module, a blocking diode is commonly used between the module output and its target input.

While a wide diversity of harvesting techniques are now achievable, solar energy harvesting by photo-voltaic
conversion contributes the highest power density making it the preferred method to power systems that exhaust less
energy using a fairly miniature harvesting module. The principle of power generation using solar cells is based on
the photovoltaic effect of semiconductors. Solar cells are made up of ptype and n-type semiconductors. When a
solar cell is exposed to sunlight, the photons of the sunlight penetrate the semiconductor and are absorbed. The
absorbed photon energy frees electron hole pairs. The energy of one photon is sufficient to free one negatively
charged electron and one positively charged hole. The free electrons move to the n-type semiconductor, while the
positively charged holes move to the ptype semiconductor [29]. This polarization of n-type and p-type
semiconductors generates voltage. When the n- and p-sides are connected through a load, the electrons flow from
the negative end to the positive end. At the positive end, the electrons combine with the holes. The flow of electrons
generates electric current. A non-reflecting coating is used to reduce the loss of energy due to reflection from the
surfaces of the solar cells [30].

The purpose of a solar harvesting system is to transmit energy from the PV cells to the batteries as efficiently as
possible, imitate the optimal charging characteristics of the batteries for utmost period, avoid battery overcharge and
undercharge, diminish or remove reverse discharge current when the solar cells are not working and to give stable,
low-noise power to the sensor nodes and DC submersible pumps. The utilization of the MPPT in stand-alone
systems is normally done by the series connection of a DC/DC converter between the PV array and the rechargeable
battery in order to get the maximum power of the PV array. In as much as that in the series connection, the DC/DC
converter processes all power generated making the total efficiency of the PV system dependent on the efficiency of
this series DC/DC converter.

3.2 MPPT System Design

This section describes the solar energy-harvesting module developed in order to provide enough energy to power
the sensor nodes and DC submersible aerator pump perpetually without human intervention. The first step to design
the appropriate harvesting system consists of the evaluation of the system’s energy requirements. The system uses
solar cells as its main power supply. At the same time, it will supply power to the system and charge the storage
batteries. AVR ATMEGAS is used as the main control chip realizing the maximum power output of the solar cells
though tracking the maximum power point algorithm. The microcontroller measures the solar cell voltage. As the
light intensity decreases, the solar cell voltage will drop and switch to storage battery power supply when it is below
battery voltage. Otherwise, the voltage will rise and the power supply will automatically switch to solar cells power
supply. If the voltage reaches a threshold value, the system will power the DC submersible pump and sensor nodes
as well as charging the batteries. The system includes over charging and undercharging monitoring of the battery
storage mechanism. For example, in some situations (like at night) when the available energy is very low, the
battery cannot be recharged and the energy consumption of transmitting data reduces the amount of battery charge.
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On the other hand, at other times (like at noon) the energy consumption of data transmission is compensated at the
earliest possible opportunity. Although a high amount of environmental energy is available in some intervals, the
stored energy cannot exceed the battery capacity since it is limited. The schematic design of the MPPT system is
shown in Figure 1.
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Fig 1: Schematic design of the MPPT system
3.3 Energy Measurement

The design principle of the solar cell is to meet the daily electricity demand for the sensor nodes and submersible
pumps load under the average weather condition i.e., a full charge must be reached under the condition of weakest
light intensity. While the design principle of the storage battery is to guarantee the normal working of the load when
light intensity is below average.

According to [31, 32], the calculation method of solar power parameters is as given in equations (1-5).

w
QArray = X ﬂ XT
VBattery—Arrayxgé‘ (1)
V,
_ load
N PV —series
PV —cell (2)
N _ I PV - Array
PV —parallel — I
PV —cellxy (3)
N _ VBattery—Array
Battery—series v
Battery ( 4)
N QArray

Battery— parallel = Q
Battery (5)

The notations expressed in the Equations (1-5) are described in Table 1. The output current and voltage of solar cell
arrays are measured by the high voltage power monitor LTC4151. The output power of solar cells changes with the
variation of environment and it is hard to track its maximum power point. Hence, we used 12-bit ADC LTC4151 to
measure the current at high voltage side and the input voltage continuously thereby providing power for the system
timely. The driver circuit adopts the chip TC4422. Its input side is connected with the PWM output side of
ATMEGAS8 microcontroller and its output side in series with a resistor valued 10Q is connected with the grid
electrode of MOSFET. The DC regulator provides stable 12 V to power DC submersible pumps and 5 V to power
sensor nodes. The solar harvesting circuit establish operation proximal maximal power point by terminating the
solar panel to a stable voltage. Table 2 depicts the PV, battery and converter specifications used for this experiment.
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Symbol Quantity Sl Units
Loy _amay the total required current of PV arrays [A]
Vload )

the load working voltage [V]
tpeak . . . .
the peak sunshine hours, its value is on the base of different weather [h]
conditions
B the design margin, its value is according to experience and security [dimensionles
demands s]
Qurray the necessary storage battery capacity [Ah]
Veatory-amay € tN€ VOItage of storage battery [Vl
the maximum depth of discharge of storage battery, the values of deep  [%)]
and shallow circulation battery are 80% and 50% respectively
o The correction factor of battery temperature [t]
T the sequential days [d]
NPV—series . R
N the number of PV arrays in series [n]
P the number of PV arrays in parallel [n]

Batteryserios the number of storage batteries in series [n]

Naattery- parate the number of storage batteries in parallel [n]

Voy ca working voltage of PV cells V]

Loy ot working current of PV cells [A]

Y the battery coulomb efficiency [mg/C]

vBanery

Q battery voltage [V]
Array capacity [Ah]

TABLE 2. PV, BATTERY AND CONVERTER SPECIFICATIONS

Category Specifications Purpose
The frequency of 80 kHz
switchingtube, Fow
Input DC its rated value: 17.4V
voltage e[1ov,21v]
Output DC output current for powering DC
voltage Vou =19 rating ' =136A submersible pump
Output DC output current e =12A for powering sensor
voltage Vox =V nodes and the inductive

current works in the
continuous conduction
mode(CCM)
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STP130-12/Th solar sunshine intensity is the total area is 2.5m
cells 1000%/™m* when
environment
temperature is 25°C;
open circuit voltage is
22V; short circuit
current is 16.18A
maximum power point
output voltage is 17.4V;
maximum power point
output current is
14.94A)
storage battery, lead- output voltage is 12V capacity is 150Ah
acid batteries
DC submersible pump  rated input voltage is the pump head is 4m
12V; rated input current
is 5.4A,; rated input
power is 64.8W; rated
output power is 45W
DC/DC convertor inductance is 330 #H | output capacity is
input capacity is 330 4F/50V
104F/5V | coupling
capacity is 47 #F/50V

3.4 System Software

The architecture consists of a pool of modules which contains all the possible modules needed by the sensor nodes
and submersible aerator pumps for a particular application. The main program includes voltage and current
detection module and maximum power point tracking module. Main system program controls the tracking of
maximum power point according to real-time detecting voltage and current of solar cell arrays. In order to prevent
measurement error of the chip that may lead to subsequent wrong logical judgments, we set the threshold value of
voltage and current. The system will compare the measured with threshold values and measure when the former
exceeds the latter. The tracking control algorithm of the maximum power point uses incremental conductance
method by changing the DC/DC converter output voltage while increasing or decreasing the PWM duty cycle to
achieve maximum power point tracking [17, 33]. During compile-time, software modules are compiled and loaded
into the flash memory of the microcontroller and organized memory sectors of the ROM, such that every module is
given a set of default features and identifiers such as energy stamp, priority level, execution order and memory
space.

3.5 System Software

Two cells were separately installed in two adjacent fishponds in Dar es Salaam, Kigamboni district at Ungindoni
Aquaculture farm in order to assess the proper operation of the system and evaluate the feasibility. The experiment
uses two STP130-12/Th solar cells made by Guangzhou Fujie Electronic Technology Co., Ltd. For the storage
battery, we used three lead-acid batteries in parallel made by Guangzhou Dahua Storage Battery co., LTD. A48V,
DC submersible pump is used which is made in Xuzhou Taifeng Submersible Pump Factory. It works 8 hours a day
and can normally work continuously for three rainy days. The Switching tube uses IRFZ48N MOSFET made by
American International Rectifier. Output diode uses SB 140 made by American General Semiconductor.

This system uses solar battery to drive the DC submersible pump and floating settings, trumpet-shaped tubular
construction to discharge the water in the bottom of the pond into the surface in the shape of radiation. This would
destroy the anaerobic layer and the thermocline and transmit substance in maximum mass transfer force. More
oxygen could be brought to the deep water after entering water surface. It can prevent harmful algae blooms,
destroy the structure of bloom, keep the indigenous flora alive, improve the water quality of decomposition of
organic waste and improve dissolving oxygen amount in an efficient and low-cost way. Figure 2 shows the system
structural drawing and experimental set. The compressed air normally starts to roam approaching the surface of the
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water immediately upon discharged at the basement of a fishpond. As air ascend the water column, the pressure
neighboring the droplets gradually contracts leading the droplets to expand in magnitude. The compressed air sacks
oxygen-depleted water from the water base, oxygenates it and moves it to the top [24]. This operation conserves
fish, aquatic organisms and useful bacteria from death by tearing down stratified waters while rising dissolved
oxygen concentrations. Low dissolved oxygen concentration and very stratified waters can indicate depraved
fishponds where mild, oxygen-rich water is suspended on top and cool oxygen-depleted bottom waters.

Fortunately, degraded fishponds can conveniently be complemented with the use of DC submersible aeration
system developed in this paper. Fishpond aeration acts to add dissolved oxygen concentration while removing
stratified waters. Aerobic bacteria begin to immigrate in deeper water, where they swiftly start to digest compiled
sediment and enhance water quality.

UV-light

PV __' - Atmosphere \m

- 4
e _> 0, O
Radioactive water y O: O
DC submersible 01
converter ump - O
i 0,
_ prediens - O
L = J ofg
A = 0
o)
— <  Blue-green
algae

Fig 2: Submersible pump structural diagram

4. Results and Discussion

The main system transfers MPPT data to remote control through the RF module, and the remote control will choose
to enter the data displays item and transfer data such as voltage and power to the system via serial port. The power-
time variation data is shown in Figure 3. The figure reveals that the system output generally maintained at 288.12
W, whereas DC submersible pump is capable of using 64.8 W. This makes possible for our solar system to drive up
to 4 DC submersible pumps increasing its robustness. The system output voltage was maintained at 18.5V as
shown in Figure 4. When observing the battery behavior through the corresponding message fields, we found that
battery charge before transmission was around 100%, even on days with scarce solar radiation. However, battery
charge has not been under 95% in any of the measurements obtained as shown in Figure 5. Battery measurements of
both sensor nodes deployed turned out to be nearly identical. Our experimental results had shown that sensor nodes
and DC submersible aerator pumps mainly uses the energy stored in the storage batteries when there is no enough
light intensity (at night or on cloudy days). This solution increases the flexibility in the design of the network
architectures. Experimentally, we have also tested that rechargeable batteries are enough to extend the sensor nodes
operational life with charge cycles (in sunny conditions) and discharge cycles (when it is used as power supply
source). However, in scenarios with an occasional use, charge and discharge cycles must also be forced in order to
take care of the battery (avoiding its memory effect). We take it into account in our energy module design. The
dissolved oxygen variations before and after the experiments is shown in Figure 6. The result reveals that the
systems performance was stable with sensor nodes and DC submersible pump aeration. During our experiment, the
dissolved oxygen concentration was not below 5 mg/L which is the optimum condition for aquatic animals to
survive provided that other environmental parameters are within optimum range. It can further be seen from Figure
6 that before the experiment with solar powered sensor nodes, dissolved oxygen increased during the day due to
photosynthesis and decreased at night when respiration happens. This shows that our system is reliable and useful to
power and oxygenate fishponds thus avoiding catastrophic losses to the fish farmers. The load curve, generated
power with power from storage batteries-time variation is shown in Figure 7. The output power from PV arrays
increases during the day and stays low at night. The storage battery supports system power when the sunlight is low.
However, the load curve was stable with the sensor nodes able to function properly during our experiment. The
sensor nodes were designed as a low power easily adaptable in harsh environments. For all nodes we continuously
logged data from the solar panel and node batteries.
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Fig 6: The dissolved oxygen-time variation before and after experiments
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Fig 7: The load curve, generated power with power from storage batteries-time variation

Regression analysis of the rechargeable battery performance experimental data with a linear fit gave a determination
coefficient, =0.9919, showing that a close relation between the values exists. Part of the power is consumed by the
sensors, microcontroller ATmega8, the communication module and the aeration pump as actuator. In our case,
energy consumption is reduced by using low power hardware (sensors, microcontrollers, radio chips) for
implementing sensor nodes that consume typically significantly less energy. The hardware and software presented
here are designed specifically to address the needs of WSNs namely efficiency power consumption, low cost and
scalability that integrates detection, processing and storage.

These battery voltages while not a perfect indicator of the capacity remaining in the batteries; can give a good idea
about the performance of the harvesting system. Note that the battery voltage should not be measured during the
charging period; while charging a battery, the battery voltage reading doesn’t represent actual battery voltage. The
battery voltages were recorded over an extended time period to assess the system’s suitability for long-term
aquaculture applications.

The aquaculture test results were in the same way satisfactory as reported in our previous work [7]. The dissolved
oxygen level was constant at night sustained by aerator pumps. However, during the day most of the time the
aerator pumps were idle, due to enough dissolved oxygen level depending on daily weather. In some cases,
especially on cloudy days, even during the day the ponds dissolved oxygen level had to be sustained by aerator
pumps. The relays were working properly at each node. Remote actuation of water valve and aerator pump with the
wireless network was successfully demonstrated indicating that the software and firmware were properly
functioning. They were automatically switching on/off whenever the parameters were outside preset range.

5. Conclusions

The results presented in this paper demonstrate how effective the solar energy harvesting system is at increasing the
life time of WSNs. The solar panel selection, the hardware modifications, and the software modifications all
culminated to create a successful energy harvesting system that was used on powering sensor nodes and
submersible aeration pump in aquaculture monitoring and control system.

The energy harvesting system developed for this research has been experimentally verified and can increase the
lifetime of an entire network to reach that of its individual hardware components. Compared with traditional pond
aeration manner, the solar energy aerator system makes the full use of clean energy from the sun and greatly saves
the energy cost. It provides a new method for the study of strengthening the polluted water self-purification
capacity. We realized MPPT algorithm that could switch power source according to light conditions, then realized
the unification of energy storage and power supply, and ensured the continuous stable operation.

The future research work would be enhancing submersible pumps capability by designing autonomous movable
floating aerator device for even and wide aeration of the fishponds. Further, the sensor nodes should be equipped
with GSM device for self-reporting to the user in case of malfunction.
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