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Kurzfassung

Der aktuelle Wasserstand und die FlieBgeschwindigkeit eines Flusses sind von grofler Be-
deutung fiir Frithwarnsysteme von Hochwasser. Auch Wasserkraftwerke konnen diese
Information fiir eine optimale Regelung verwenden. Weitere Anwendungsbereiche sind
Wasserbau und Wassersportveranstaltungen.

Die Sensoren existierender Informationssysteme sind hauptsichlich an Gebauden, zum
Beispiel Briicken, angebracht. Sie miissen regelméaflig gewartet werden und sind meist nicht
netzwerkfahig. Deshalb sind der Aufbau und der Betrieb solcher Systeme sehr kostenin-
tensiv.

Diese Masterarbeit prasentiert einen Prototyp zur Verwendung in autonomen Flussinfor-
mationssystemen. Sie beinhaltet die Entwicklung und die Realisierung einer batterielosen
Sensornetz-Plattform zur Flussiiberwachung. Die Hardware ist in eine Boje eingebaut,
um direkt im Fluss den Wasserstand bestimmen zu kénnen. Dafiir werden Ultraschall-
Transceiver und ein GPS Modul verwendet. Es werden Solarzellen verwendet, um die
Sonnenstrahlung in elektrische Energie umzuwandeln. Fiir den Betrieb in der Nacht wird
die Energie in Ultrakondensatoren gespeichert.

Der entwickelte Prototyp ist kostengiinstig, erweiterbar, langlebig und wartungsfrei. Die
Sensornetz-Plattform ist so ausgelegt, um verschiedene Energiesparmethoden fiir Sensor-
netze testen zu konnen. Beispiele sind energiesparende Betriebszustiande, Verdanderung
der Arbeitszyklen und Vorhersage der verfiigharen Energie.

Um die korrekte Funktionalitat des entwickelten Prototyps zu zeigen, wird jede Kom-
ponente getestet. Ein Langzeittest demonstriert die autarke Versorgung des Prototypen
mit Hilfe von Solarzellen.
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Abstract

A river’s water level and flow are the most important factors for flood warning informa-
tion systems and for hydroelectric power plants to perform an optimal control. Further
application areas are hydraulic engineering and sport events.

The sensors of existing information systems are mainly mounted on buildings (e.g. a
bridge). These systems need to be serviced regularly and do not provide integrated net-
working capabilities, which increase the cost of building, deploying and maintaining such
systems.

This master’s thesis presents a prototype for setting up an autonomous water level
information system. It covers the design and implementation of a battery-less wireless
sensor network (WSN) platform for river monitoring. The hardware is mounted into
a buoy for in-river measurements of the water level. The measurements are done with
ultrasonic transceivers and a GPS module. Solar cells are used to harvest energy. The
energy is stored in ultracapacitors to enable continuous operation during the night.

The developed prototype is cost-saving, extendable, durable and maintenance-free. The
WSN platform is designed to be able to test various energy-saving methods like low-power
modes (LPMs), duty cycling and energy harvesting prediction schemes.

The proper functionality of the developed prototype is shown by testing each component.
A long-term test demonstrates the self-sustaining supply of the prototype via solar cells.

Keywords

wireless sensor network, energy harvesting, energy harvesting system, solar cell, ultraca-
pacitor, battery-less, river level monitoring, ultrasonic sensor, GPS module
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1 Introduction and Outline

Ubiquitous computing has a very ambitious vision. It is the seamless integration of com-
putational power into the environment. State-of-the-art solutions are implemented using
so-called wireless sensor networks (WSNs). These networks consist of highly integrated
wireless sensor nodes, which are able to measure specific values of the environment, to
process the measured data and to communicate with other wireless sensor nodes. The
wireless communication highly increases the mobility and the flexibility of such wireless
sensor nodes. These wireless sensor nodes are also known as motes.

© Gateway Node

@ Wireless Sensor Node “\

Figure 1.1: Typical structure of a wireless sensor network.

Figure 1.1 shows a typical structure of a WSN. The motes send the measured and
processed data to a gateway node. The gateway node is connected to a computer, which
stores the data from the motes. It is often called base station. Usually the gateway node
has the ability to measure and process data, too. A multi-hop routing protocol is used to
transmit the data through the WSN.

The field of application of WSNs is manifold. They can be used in agriculture for
temperature or ground well level monitoring. The measurement of the temperature and
the humidity in greenhouses are also an example for an agricultural use. WSNs can also be
used for home automation and smart buildings. There, they are used for HVAC (heating,
ventilating and air conditioning). Further fields of application are for example vehicle
detection, health monitoring, military use and various commercial applications [1].

The power supply of the motes is a big challenge. Normal batteries have a limited
capacity. Therefore, the operating time of the battery-powered motes is limited.

Some motes are equipped with a so-called energy harvesting system (EHS). Such a
system harvests energy from the environment. It uses energy harvesting devices (EHDs),
e.g. solar cells, thermogenerators or piezoelectric generators. The operating time of a
mote with an EHS is much longer than without. Therefore, it is possible to enhance the
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operating time up to the lifetime of the components. Because energy from the environment
is generally unpredictable, discontinuous, and unstable [16], the energy must be stored to
enable a continuous mode of operation. For example, solar cells harvest energy only if
they are exposed to light. Energy storage devices are used in such cases, e.g. rechargeable
batteries or ultracapacitors.

A WSN platform consists of the mote itself, the EHD, the EHS and the energy storage
device. The unit of these components is named RiverMote.

1.1 River Monitoring

River monitoring is essential for the residents and for various applications around the river.
Typical application areas are the control of hydroelectric power plants and flood warning
systems. Furthermore, it can be used for leisure time activity information systems, e.g.
for fishing or kayak. The monitoring and recording of the river’s water level have a very
long tradition. In the past, it was done manually. Today it is done by information systems
that measure the water level automatically.

WSNs can enhance the accuracy and the coverage of such information systems. Much
more sensors are used and so an area-wide network can be created. The motes must be
able to measure the water level of the river and to communicate with each other. So the
data of the water level can be sent via other nodes to a gateway node.

1.2 Outline of the Master’s Thesis

This master’s thesis is about the design, implementation and testing of a wireless sensor
platform for river monitoring based on energy harvesting.

River monitoring itself can be done in different ways. A part of this work is to find
out how the water level of a river can be measured. The measurement components are
selected with respect to minimal power consumption and low costs.

One key feature of this platform is the battery-less design. Hence, the energy is stored
in an ultracapacitor. A RiverMote must harvest enough energy to allow a continuous
mode of operation. Therefore, power estimation is done to be able to select one or more
appropriate EHDs.

The implementation of the WSN platform consists of the hardware part and the software
part. First, detailed circuits of the EHS and the mote are created. The hardware of the
mote is designed to port TinyOS onto it. Then, the software is written specially for this
mote. The software is only used for testing the various functionality of hardware.

A prototype of the hardware is built. This prototype is used to verify and test the
dimensioning and the functionality of the EHS and mote hardware. The prototype enables
to test various network protocols in conjunction with the EHS. The following requirements
should be met:

1. The accuracy of the measured water level is equal or better than 10 cm.
2. The range of communication is greater than 500 m (line of sight).

3. At least two different measurement principles should be used.
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4. The data delivery interval is lower than 15 min.

5. The cost of the hardware of one RiverMote is lower than € 500.
6. A porting of TinyOS must be possible.

7. Further sensors can be connected to the hardware.

Finally, the written part of the master’s thesis contains a detailed documentation of the
parts described above. In addition, the test results are visualized and discussed in the
work.

1.3 Structure of this Document

This document is separated into seven Chapters. The first Chapter contains the intro-
duction and outline of the master’s thesis. The related work is discussed in the second
Chapter. Several different applications of WSNs can be found there. Chapter three con-
tains the concept of the WSN platform. Chapter four shows the detailed implementation
of the hardware of the RiverMote. The implementation of the software is shown in Chapter
five.

The results of the various measurements are summarized in Chapter six. It contains the
measurement of the energy storage device, the EHS and the mote itself.

The results are discussed in Chapter seven. It contains a summary and the conclusion
of this master’s thesis. Possible future work can be found in this Chapter, too.

Finally, the complete circuit diagrams of the EHS and of the mote and a hardware
illustration can be found in the appendix.
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2 Related Work

This Chapter deals with the existing work on river level monitoring, WSNs and EHSs.
First, a general overview about rivers and river monitoring is given in Section 2.1. In
addition, different methods to measure the river level are explained. Then, different state-
of-the-art WSN projects are shown in Section 2.2. Section 2.3 deals with existing hardware
of wireless sensor networks. Section 2.4 shows different aspects of the software for wireless
sensor networks. Finally Section 2.5 shows different possibilities for harvesting energy
from the environment and the storage of this energy.

2.1 River Monitoring

River monitoring is important for the civilization around the river. The water level is
needed to control hydroelectric power plants [29] and to predict flood disasters . A moni-
toring of flood disasters [52] is used to study the impact of floods on human life [50]. The
monitoring of floods is also needed for flood management [35].

River level monitoring systems can be categorized dependent to their applications. Mea-
surements have been done at great rivers in the world for hundreds of years. The water
mills needed a maximum height of the tail water in order to operate correctly. The next
mill downstream must ensure a maximum height of the river level. Therefore, water level
measurements are used for legitimate control. Especially in flood prone areas, periodical
measurements have been done with a gauge board very early. These measurements are
needed to forecast the next floods. The river height can be read directly by a person.
Today the measurements are done automatically by floaters, pressure transducers, radar
and ultrasonic devices.

A river level monitoring system is described in [30], which measures the current river
level using GPS receivers. The system consists of a river buoy equipped with a GPS
receiver, a GPS antenna, a communication unit and other sensors. These sensors are used
to correct the measured height and consist of a pressure transducer and a tilt sensor.
The buoy is powered by a battery. The system also uses a reference receiver that is
based on the riverbank. This receiver is used to correct atmospheric disturbances and
should be placed near (few tens of kilometers) the receiver in the buoy. Such a correction
system is called differential GPS as described in [31] and is shown in Figure 2.1. The
position and height information of the buoy receiver and the reference receiver are sent
to a central facility. This system was tested aground incipiently. The reference receiver
was placed on a building and the buoy receiver was placed on a hanging platform. This
platform can swing around and move up and down since an elastic cord was used. The
expected accuracy is in the range of a few centimeters. First tests have shown that this
accuracy can be reached, during steady phases. The system was also tested by measuring
a river level. The long-term average of the measured river level has an accuracy of a few
millimeters. The reference receiver was placed near the measurement receiver and the
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GPS satellites JQ}’ “"”‘j’

Reference station Mobile stations

Figure 2.1: Differential GPS system architecture modified from [31].

data was recorded over three hours. Single measurement values have an accuracy of a few
centimeters. Therefore, GPS is suitable to monitor water levels.

Another method to determine the river level is introduced in [14]. GumStix embedded
computers are used for processing images of a river. They are equipped with 802.11b and
a low-power radio module. The hardware is powered with solar cells and high-capacity
batteries. One node has a power consumption of up to 3W. Cameras are used to detect the
rate-of-flow of the river. The image processing is done locally on the nodes. The images
can be distributed to other nodes to enhance the accuracy of the system. It exploits local
computation to enhance the performance. Therefore, an ” adaption of WSN behavior based
on awareness of environmental conditions such as flood data and power monitoring” can
be performed [15].

2.2 Wireless Sensor Network Projects

There are many different applications for wireless sensor networks. An overview of some
WSN projects is shown in [40]. Only projects related to environmental monitoring are
relevant for this master’s thesis. Therefore, only such examples are discussed here.

For example, there is a WSN for monitoring the sub-glacier environment [24]. The motes
are equipped with temperature, pressure and tilt sensors. These nodes are supplied via
drill holes into the glacier. The batteries cannot be changed during operation. Another
example is a WSN that is used to monitor the impact on the surrounding environment
of a wind farm off the coast of England. The nodes are fixed on the ocean bed by an
anchor. The nodes are equipped with several sensors for measuring temperature, pressure,
current, conductivity and turbidity. They are able to form a self-organized network. The
communication is done by a module that is fixed over the sea-level onto a buoy. A system
overview is given in Figure 2.2.

Some volcanoes are also supervised by a WSN as introduced in [48]. The nodes are
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Figure 2.2: System overview of the Glaceweb from [24].

equipped with an infrasonic sensor and are synchronized with a reference node with GPS
connection. The GPS data can be used for synchronization. It contains a very accurate
time stamp. Therefore, all motes can use their GPS module for time synchronization.
The logged data from the different motes must be synchronous to allow a prediction of
a volcanic eruption. One node has a long-distance radio module. All the measured data
from the other nodes is transmitted to this node. It forwards the data to a base station
at an observation post.

2.3 Wireless Sensor Node Hardware

The hardware of a mote consists of a measuring unit, which measures specific values of
the environment, a processing unit that processes the measured data, a communication
unit that is used for transmitting the data and a power unit that supplies the other units.
A generic structure of a mote can be seen in Figure 2.3. The original structure from [37]

Measurement Processing
Unit - Unit
Sensors ADC | Memory
A
Y
Power Communication
Unit Unit
—>
Energy Storage Antenna

Figure 2.3: Generic structure of a mote modified from [37]. The thin lines represent the
internal data information flow and the thick lines represent the power flow.

has been modified. Some state-of-the-art motes have an integrated antenna, e.g. TelosB.
Almost all motes use microcontrollers with integrated analog to digital converters (ADCs).
There are many different motes on the market. In addition, schematics of some motes
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are available online e.g. Mica2 and TelosB. The mote TelosB uses the MSP430F1611
microcontroller from Texas Instruments®. This microcontroller has very low power con-
sumption and many integrated components such as an ADC and serial interfaces. An
overview of state-of-the-art motes is shown in Table 2.1.

Sensor Node Microcontroller | Communic. | Power Consumption [mW]
(active/receiving/sending)

Crossbow Mica2 ATmegal28 CC1000 33 /62 /89

Crossbow TelosB MSP430 CC2420 3/41 /41

ITRI ZBnode ARM 720T CC2420 140 / 202 / 202

Dust Networks Mote2020 MSP430 CC2420 -/-/-

Table 2.1: Overview of state-of-the-art WSN nodes [36, 22]. The column power consump-
tion shows the active power of the microcontroller, the needed power for re-
ceiving and the power consumption of the mote during sending with maximum
power.

For providing proper functionality of a WSN node placed in a river, the nodes have
to be water-tight. In addition, different environmental factors must be considered such
as high temperature differences, ice on the river and flotsam. A WSN for monitoring
coral reefs is introduced in [5]. The system consists of a water-tight housing with an
MSP430 microcontroller, a lithium battery pack, a wireless subsystem and some sensors
(temperature, light, pressure, conductivity and pH) inside. The hardware is shown in
Figure 2.4.

Figure 2.4: Watertight mote from [5].

The communication under water is very complicated. Low-cost radio chips use frequen-
cies that are attenuated heavily under water [47]. There are other techniques, for example
ultrasonic or optical communication. Ultrasonic communication has the advantage of very
high distance coverage. The significant disadvantage is the slow propagation speed of the
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sound waves compared to an electromagnetic wave. An acoustic modem is also very ex-
pensive (3000 $) and has a slow data rate (5 kbit/s). The optical communication has
the advantages of higher data rates and cheaper devices. Hence, the range of such a
communication device is only about a few meters in clear water.

2.4 Wireless Sensor Node Software

WSNs are error prone, because of the influences of the harsh environment. Therefore, the
software of a WSN must be fault-tolerant and dependable. For example, the WSN must
not fail if one mote cannot complete a measurement.

Power aware tasking is important for environmentally powered sensor networks [18]. An
analytical energy harvesting model is introduced, which describes the available power of
the EHD, the energy storage device and the consumer. This model is described in detail
in Section 2.5.2. If the average power available to the system is lower than the consumed
power the system cannot operate perpetually. The software must notice this fact and
choose a low enough duty cycle. So a regularly system functionality can be ensured.

The duty cycle of the nodes leads to another problem. Each node must be synchronized
with all other nodes. Otherwise the communication will not work. If one node is not
synchronized, the data cannot be sent to this node. The whole system must wait for
this node and waste a lot of energy. A method for time synchronization with extreme
temperature conditions is explained in [39]. A Sliding Clock Synchronization (SCS) is
used for keeping the motes synchronized. One node transmits two consecutive beacons.
The other nodes receive these beacons and calculate the time difference between them.
Therefore, they can determine their own error and correct them.

Topology control is also important for a WSN as mentioned in [42]. To provide a
successful delivery of the data from every node to another node, the whole network must
be connected. It is sufficient to reach the next hop. Problems can occur if a node fails.
Transmission power control can be used in such situations. If the next node has failed,
the transmission power could be increased to reach the next but one. Also the routing
mechanisms can be tuned to power awareness [7, 51]. So-called anycasts are suitable for
power aware WSNs [42]. Here only one node will forward data packets towards the sink.
This saves a lot of energy because the sink does not receive duplicated packets.

A power aware routing mechanism is introduced in [51]. Figure 2.5 shows an example
of power aware routing. A threshold value is introduced to limit the maximum distance
(maximum transmission distance). This value influences the topology of the WSN. Such
an algorithm should be combined with a transmission power control to save energy.

Hardware abstraction is needed to be able to run the same application on different
hardware platforms. Figure 2.6 shows the hardware abstraction of TinyOS. The hardware
abstraction is split into three different layers. The first layer is the hardware presentation
layer (HPL). This layer is used for direct access to the hardware via memory or port
mapped I/0. The hardware signals occurring events with interrupts. The second layer
is the hardware abstraction layer (HAL). This layer uses the HPL to build a meaningful
abstraction of the hardware. Therefore, the complexity can be hidden. The third layer is
the hardware interface layer (HIL). It provides hardware independent interfaces by using
the platform specific HAL interfaces. [12]
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a. Distance Between Nodes b. Maximum Transmission Distance = 125 c. Maximum Transmission Distance = 75

Figure 2.5: Power aware routing example from [51]. (a) Distance between the different
motes. (b) Transmission according to a minimum number of hops routing
algorithm and a maximum transmission distance of 125. A direct transmission
and higher energy costs for the sending nodes are the results. (c¢) Transmission
according to a minimum number of hops routing algorithm and a maximum
transmission distance of 75. Lower energy costs but a higher latency are the

results.
Cross-platform applications
Platform-specific Platform-specific
applications applications

Platform-independent | hardware interface

e e e =
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Figure 2.6: Hardware abstraction architecture of TinyOS from [12].

2.5 Energy Harvesting Systems

The lifetime of each normal battery is finite. As mentioned in [10] a single AA battery
with a capacity of 2.6 Ah has a leakage current of 30 uA. The lifetime of a battery-powered
mote versus the power consumption is shown in Figure 2.7.

Therefore, energy harvesting is vital for a perpetual mote. It must harvest enough
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Figure 2.7: Lifetime of a battery-powered mote versus average power consumption using
a simple battery model of a single AA cell (NiMH) with 2.6 Ah and a leakage
current of 30 A. [10]

energy from the environment. There are several different types of environmental energy
source, which can be used for such systems [42]. Table 2.2 shows a list of different energy
harvesting technologies and the expected output power density [38]. It can be seen that the

Harvesting technology ‘ Power density ‘ Demand for 10 mW
Solar cells (outdoor at noon) 15 mW/em? 0.667 cm?
Piezoelectric (shoe inserts) 330 uW/cm? 30.3 em?
Vibration (small microwave oven) | 116 uW/cm3 86.2 cm?
Thermoelectric (10°C' gradient) 40 pW/em? 250 cm?
Acoustic noise (100dB) 960 nW/cm? 10417 em?

Table 2.2: Power densities of different harvesting technologies [38]. The third column
shows the required area or space of the theoretical EHD to supply a mote with
a power consumption of 10 mW.

power density of acoustic noise is very low. To supply a mote with a power consumption
of 10mW, a large EHD is needed. Therefore, it is not suited to supply motes. The other
technologies can be used to supply motes. Especially the solar cells provide a high power
density. They are used very often to supply motes. Typically, a solar energy harvesting
module is used to store and convert the energy of the solar cells.

The design and the development of such a module are described in [38]. This module is
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connected to a Mica2 mote and is called Heliomote. It is mentioned that the deployment
of a node is more expensive than the node itself. So it is suitable to use EHS for a longer
lifetime. Solar cells are the most effective power sources refering to the physical size of
the EHD. A solar cell has been characterized and it behaves as a voltage limited current
source. The characterization is done with a U-I diagram and the main parameters of a
solar cell are the open circuit voltage (U,.) and the short circuit current (Is.). The open
circuit voltage is the voltage at a current of 0 A and can be found at the intersection of the
U-I curve with the voltage axis. The short circuit current is the current at a voltage of 0V
and can be found at the intersection of the U-I curve with the current axis. An example
U-I diagram is shown in Figure 2.8. There is an optimal operating point with a maximum

140
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Figure 2.8: Measured U-I diagram of a solar cell from [38].

of output power at a certain current and voltage. The optimal operating point varies
with the amount of incident solar radiation but the open circuit voltage remains nearly
constant. The solar cell is connected to a rechargeable battery directly. This provides a
voltage of the solar cell close to the optimal point if the battery is charged. This method
is very easy and cheap. The solar harvesting module monitors the voltage of the battery
and prevents overcharge and undercharge of it. The module provides a constant output
voltage of 3V. Therefore, a step up DC-DC converter is used. Measurement results have
shown that the Heliomote can be powered successfully by the developed solar harvesting
module.

An adaptive system for optimal solar energy harvesting has been introduced in [2]
to gain the maximum power out of a solar cell. The advantage of such systems is the
optimal energy harvesting. The disadvantage is a more complex and more expensive
circuit compared to a direct charge of the energy storage device.

A long-duration solar-powered WSN is introduced in [9]. This system uses a Fleckl
mote and two NiMH rechargeable batteries to store the energy of the solar cell. It is also
shown that a DC-DC converter is important for a longer power supply of the mote. The
converter exhausts the batteries and provides a constant output voltage. This provides an
up to three times longer operational time of the mote. An ultra-capacitor is also mentioned
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as energy storage device. In comparison to two AA NiMH batteries, a 50F ultra-capacitor
has only 0.4% of the batteries capacitance. A WSN, consisting of 15 motes, has been
realized, which monitors the environment. The available solar power has been tracked
over more than 250 days.

The prediction of the available energy is a nice feature of an EHS. It is important for
motes, because so they should stay in an energy-neutral operation [17]. This means that
the energy consumed by the mote is less than the harvested energy. Some algorithms for
harvested energy prediction are explained in [3]. A weather conditioned moving average
has been introduced and some tests have been done with solar cells as EHDs. The available
power of the last few days is saved in a matrix. This matrix is used for solar energy
estimation. The current available power and the values stored in the matrix are used to
predict the power.

2.5.1 Energy Storage

Normal batteries are not useful because of the battery replacement problem described
in [28]. An enormous amount of dead batteries has to be replaced in a long lifetime WSN.

Energy storage devices are vital for perpetual motes. The energy must be stored for
hard times. For example, no energy can be harvested with solar cells during darkness.
Therefore, it must be stored. Rechargeable batteries or ultra-capacitors can be used to
bridge periods without harvested energy.

The common problem of all rechargeable batteries is the capacity fade with increasing
charge-discharge cycles. Figure 2.9 shows the capacity fade over the number of charge-
discharge cycles [23] of a simulated lithium ion battery. It can be seen that the end of
charge voltage is important for the capacity fade. Further important factors are the charge
current and the depth of discharge (DOD).
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Figure 2.9: Capacity fade over the number of charge-discharge cycles of a simulated lithium

ion battery. Three different end of charge voltages (EOCV) are simulated. [23]

In addition, the aging of lithium ion batteries is a known problem. Figure 2.10 shows
the aging of a standard industry cell and a prototype cell at various storage temperatures.
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Figure 2.10: Capacity loss of lithium ion batteries over time. [6]

There are also other methods to store energy. In [16] it is shown that the energy can
be stored in one ore more ultracapacitors. To ensure a guaranteed minimum of lifetime a
primary battery is needed. This battery can not be charged but must be used, because
the energy from the environment is generally unpredictable, discontinuous and unstable.
It has been shown that the longest lifetime can be achieved if the primary battery is
decoupled from the power consumer.

2.5.2 Energy Harvesting Model

A theoretical energy harvesting model is introduced in [18]. The model deals with the
description of environmental energy sources and the energy sink (consumer). The model
bases on the following definition.

Definition: (p, o1, 03) - source: Suppose P(t) is a continuous and bounded function
of a continuously varying parameter t. P(t) is said to be a (p, o1, 02) - source if and only
if for any finite real number T, it satisfies [18]:

/ P(t)dt > pT — oy
T

/ P(t)dt < pT + o2
T

Figure 2.11 shows a graphical description of this model.

The (p, o1, 02) - source model can be used to describe environmental energy sources.
P(t) is the continuous power output of the source at the time t. p is the average power
output of this source. o1 and o9 describe the changes of the power output. The power
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Figure 2.11: Theoretical energy harvesting model [18].

consumption is also characterized with the average power consumption p’ and the max-
imum power consumption o. It is called (p/, o) - consumer. The following theorem has
been proven in [18]:

Theorem: Sustainable Performance at Eternity (Variable Consumption Profile): If a
(p', o) - consumer device is powered by a (p, o1, 02) - source model, has an energy storage
capacity of o + o1 + o2, and p' < p, then the device can operate forever.

2.6 Summary

A lot of related work has been analyzed in this Section. First, the possibilities for river
monitoring have been discussed. Differential GPS can be used to determine the current
river level. Then, several WSN projects and WSN hardware platforms have been intro-
duced. There are for example WSN solutions to monitor the sub-glacier environment or
volcanoes. The requirements for WSN software have been shown briefly. Key feature of
the wireless sensor software is power awareness including duty cycling, synchronization,
topology control and transmission power control. Finally, different EHS have been dis-
cussed. It has been shown that normal batteries cannot be used for perpetual operation.
In addition, the capacity loss of normal batteries is a problem for environmentally powered
motes. Now the concept of the battery-less WSN platform for river monitoring can be
developed. In addition, the components of this platform can be selected to ensure proper
functionality.
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3 Design of the Wireless Sensor Platform

This Chapter deals with the different aspects of the development of a battery-less WSN
river monitoring platform. There are different possibilities to realize such a monitoring
platform. It can be placed in a buoy floating on the river or placed in a water-tight box on
the ground of the river. Another possibility was introduced in Section 2.1. There, cameras
are used to detect the water level and the flow rate of a river.

Many different factors must be taken into account, e.g. lifetime and costs. These factors
are discussed in the following Sections and the appropriate components will be selected.

3.1 Component Selection

First of all, the fundamental principle of river monitoring must be chosen for the com-
ponent selection. It is better to use more than one sensor for a measurement, because
inaccuracies and failures of a sensor can be compensated. Therefore, three complete dif-
ferent methods have been chosen:

e Water pressure measurement
e Ultrasonic distance measurement
e GPS heighting

The water pressure transducer must be placed on the riverbed and so it measures the
hydrostatic head. Therefore, the mote must also be placed on the ground or it must be
connected with a cable. The position of the sensor is important because it should be near
to the deepest point of the riverbed. If it is placed there, the real water height can be
determined easily. To ensure an accurate measurement, the surrounding air pressure must
be measured too. Then, the pressure value measured at the ground can be corrected.
The following calculation will show the error of air pressure fluctuations if no correction
is performed. The average sea-level pressure is 1013.25 mbar and the maximum measured
pressure in Germany was 1056.6 mbar [49]. The difference is:

Pyifs = 1056.6 — 1013.25 = 43.35 mbar

The pressure under water is p = 98.0665 mbar /m. Now the difference of two measurements
at average sea-level pressure and at the highest pressure can easily be calculated with:

Paigr  43.35 mbar

_ = 0.442
p  98.0665 mbar/m "

haifr =

That is only the difference between the average and the maximum value. The difference
between minimum and maximum is still higher. Therefore, it can be seen clearly that a
correction of the pressure is necessary for an accurate water level measurement.
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An ultrasonic distance sensor can be used to determine the water level of the river.
The sensor can be placed on the bottom of a buoy. Therefore, it can emit the ultrasonic
waves directly into the river. The sound waves will be reflected from the riverbed and
can be measured at the ultrasonic sensor. A possible tilt of the buoy does not disturb
the measurement if the angle of the emitted waves is high enough. Larger stones in the
riverbed can influence the measured water level. The important factor is the fluctuation
of the river level and this can be measured with the ultrasonic sensor, too. To get a precise
measurement, the temperature of the water must be measured. The temperature has an
influence on the speed of the sound in water. The dependency of temperature and speed
of sound is shown in [8].

GPS heighting for measuring the water level of a river was introduced in [30]. Therefore,
each mote must be equipped with a GPS receiver. This receiver must be placed on the
surface of the river. A buoy that is stick to the riverbed or the bank of the river is suited
well. In addition, a reference station is needed to correct the disturbances.

Since two of three measurement methods need the placement at the surface of the river,
the hardware components of the platform will be placed there. This reduces the effort of
wiring the sensors to the mote and therefore the cost of a RiverMote. The hardware is
placed into a buoy, which is streamlined. So the buoy always heads into float direction.
It can be attached to the ground with a cord. An anchor can be used to fix the postion
of the RiverMote. A pressure transducer attached to the anchor could measure the water
level.

The following Sections describe each hardware component in detail.

3.1.1 Pressure Transducer

The pressure transducer must be able to detect changes of the river level. To detect
changes of 1 cm, the following accuracy is necessary:

Ap = 98.0665 mbar/m - 0.01 m = 0.98 mbar

The range of the pressure transducer should be large enough to use it in most rivers.
Therefore, it should be able to measure the pressure up to 10m water depth. It equates
to a pressure of 0.98 bar.

3.1.2 Ultrasonic Sensor

The ultrasonic sensor must be water-tight, too. It emits the sound waves into the water.
Therefore, it is placed on the bottom of the buoy. In most commercial systems, a dedicated
sender and a dedicated receiver are used. This ensures an easy measurement of the reflected
sound waves. There is also the possibility of the measurement of the distance with a
combined sender and receiver. The problem is the distinction of the sent signal and the
received signal. Measurements should show if a distance measurement is possible with
only one transceiver.

3.1.3 Communication

The communication under water is a difficult problem. Ultrasonic communication is used
in open water but is not tested in rivers. In addition, the power consumption and the cost
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of such systems are too high. Therefore, an RF communication module must be mounted
above the river surface. This can be done easily since the hardware of the RiverMote is
placed into a buoy.

A complete RF module reduces the development time and costs. Therefore, the 2.4 GHz
IEEE 802.15.4 transceiver module MRF24J40MB from Microchip®is chosen. The module
integrates a crystal, an internal voltage regulator, a matching circuitry, a power amplifier,
a low noise amplifier and a PCB antenna. The module can operate within a voltage range
from 2.4V to 3.6V and has a current consumption of 25 mA at receiving and 130mA at
sending (maximum power). The normal supply voltage is 3.3 V. This is very common in
low-power applications and is supported by many other hardware components as well.

This RF module supports a range of up to 1200 m. Obstacles will reduce the range in
the real environment. Therefore, the maximum placement density is one node per 500 m.

3.1.4 GPS

There are cheap GPS receiver modules, which can be used for the RiverMotes. One of the
most import properties of the GPS receiver module is a low power consumption. There
are also different supply voltages at the different modules. To ensure an easy integration in
the mote, the supply voltage should be 3.3 V. To save power the modules should support
something like a standby mode. Some modules have a backup battery that is used to
keep the current state if the power is cut off. Other modules offer a special pin that must
be supplied with a backup voltage. These modules can be turned off from the supply
voltage and save their state via the backup supply. Some modules have an integrated
GPS antenna. This saves money and the integration of the module is very easy because it
is small and a special fixing of the antenna can be omitted. Therefore, the module should
be mounted inside at the top of the buoy. This provides a maximum of connectivity and
saves power. The material of the buoy must be appropriate for this purpose. No shielding
materials such as metal must be used. Typical power consumption at a supply voltage
of 3V is about 100 mW. The modules are usually equipped with a serial interface. This
interface has a CMOS compatible voltage range. It can easily be connected to a serial
interface of the microcontroller.

3.1.5 Microcontroller

The microcontroller is the main component of a mote. It must support enough computa-
tional power without consuming too much energy. Therefore, a low-power microcontroller
should be used. There are special microcontroller designs for such requirements. The
integrated peripherals are also important because in such embedded systems no further
peripheral chips should be used. This would only increase the costs and the complexity of
the hardware. The microcontroller should have for example an ADC and serial interfaces.

The programming of the mote should also be very easy. In the last years TinyOS
was used to program motes. Therefore, TinyOS should be portable to the developed
hardware. To keep this process as easy as possible, a microcontroller is used that is
already supported by TinyOS. The design is similar to the design of the TelosB mote from
Crosshow Technology®shown in [46]. The MSP430F1611 ultra low-power microcontroller
from Texas Instruments®is used. The average power consumption of this microcontroller
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is about 15mW at a voltage of 3.3V and a frequency of 8 M Hz. It is based on a 16-bit
RISC architecture [45].

The programming process of the microcontroller itself can be performed in different
ways. First, there is a special debugging interface called JTAG. This interface can be used
to program all memory of the microcontroller. The second possibility is the programming
via a serial interface.

3.1.6 Power Supply

The battery-less mote must harvest enough energy from the environment. It operates
outside on the surface of a river. It is exposed to the daylight every day. A solar EHD is
also the most effective one as shown in Table 2.2. The other EHDs are too expensive and
ineffective. A little generator using the flow of the river has been considered, too. The
problem of such a system is that the propeller can be blocked by any flotsam. The node
has no energy source and the blocking material must be removed manually. Therefore, a
solar cell is used to harvest the energy for the mote. The needed size and consequently
the output power depend on the power consumption of the whole hardware. The power
estimation can be found later in Section 3.3.

3.1.7 Energy Storage

There are mainly two possibilities to store the electrical energy. First, the energy can be
stored in a rechargeable battery and second it can be stored in an ultracapacitor. Batteries
have much more capacity compared to the ultracapacitors. The disadvantages of the
batteries are the reduced lifetime and the temperature dependencies. An ultracapacitor
has typically 500000 charge-discharge cycles and a nominal lifetime of 10 years. If both
values are below the limits, the maximum capacity loss is 80 % of the nominal capacity [26].
A rechargeable battery has a much shorter cycle lifetime. For example, a NiMH battery has
only a lifetime of 500 charge-discharge cycles with a maximum capacity loss of 80 % [38].

It can be assumed that energy can be harvested during the day. Therefore, the energy
consumed during the night must be stored in the energy storage device. This is only a
short time and can be bridged with an ultracapacitor. The needed capacity depends on
the power consumption of the whole hardware.

The energy stored in a capacitor can be calculated with:

1
E=-.0C.0U?
5 c-U

The voltage U has a quadratic effect on the storable energy. Usually ultracapacitors have
a very low nominal voltage. Therefore, two ultracapacitors can be connected in series.
The resulting capacity will only be half the capacity of a single capacitor. However, the
nominal voltage will double and this has a higher effect on the overall storable energy:

1 C 9

E==.-2.(U~-n

2 n (Ue-n)
This formula shows the storable energy of a serial connection of n equivalent capacitors. Ugx
is the nominal voltage of a single capacitor and C is the capacitance of a single capacitor.
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The formula can be reduced to:
1
B=l.Con 0

It can be seen that the number of capacitors connected in series has direct influence on
the storable energy.

Due to the advantages of ultracapacitors concerning the lifetime, they will be used as
energy storage devices.

3.2 Activation Interval

To save energy, the whole system will only be activated for a certain fraction of time. The
system will enter a sleep mode after all results are calculated and the communication is
done. The activation interval is needed for the power estimation. An interval of T' =
15 min is assumed here.

It is important to know the flow velocity of the river for determining an appropriate
activation interval. The flow velocity depends on the riverbed surface, the incline of the
river, the width of the river, and the discharge. The surge propagation speed is also
important for the activation interval. An example value of the surge propagation speed
is given in [13]. Ice blocks the river at certain position each year. A surge is released
when this blocking is bursting. The river in this example has an average discharge of
500m?/s. The propagation speed of such a surge is 1.8 m/s. In the following, an average
flow velocity of v = 2m/s is assumed.

Now the propagation of an interval can be determined with:

l=T-v=900s-2m/s = 1800m

If the motes are placed in a distance of 1 km a surge will cover two motes in one activation
interval. Because many motes are placed along the river, it would be possible to monitor
the river height in an adequate resolution.

3.3 Power Estimation

In this Section, the overall power consumption of the mote will be estimated. Table 3.1
shows a list of the needed component of a mote. Figure 3.1 shows an overview of the
calculation process done in this Chapter.

The name of the component can be found in column one. The activation time of each
component t, is given in the second column. The duty cycle D of each component can be
calculated with the activation time and the activation interval T as follows:

p=ls
T

The results are shown in column three. The power of each component in the active mode
and the sleep mode are shown in column four and five. The average power consumption
of each component during the activation interval can be found in the last column and is
calculated with:

Paog =D P, + (1 — D) - Py
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Figure 3.1: Overview of the calculation process.

’ Component ‘ ta [s] ‘ Duty Cycle ‘ P, [mW] ‘ Py [mW] ‘ Pyyg [mW] ‘
Microcontr. MSP430F1611 30 0.033 15.0 0.1 0.60
MRF24J40MB Send 2 0.002 429.0 0.0 0.95
MRF24J40MB Receive 28 0.031 82.5 0.0 2.57
MRF24J40MB Sleep 30 0.033 0.0 0.1 0.10
GPS Fastrax UP300 30 0.033 120.0 0.1 4.10
Pressure Transducer 1 0.001 250.0 0.0 0.28
Ultrasonic Sensor 1 0.001 10.0 0.0 0.01
Other Hardware 30 0.033 30.0 0.1 1.10

’ Total Power P, ‘ ‘ 9.70

Table 3.1: Power estimation of the different components. The RF-module can be found
in three different columns. This is necessary to model different sending and
receiving times. The pressure transducer and the ultrasonic sensor will be
switched off completely. Therefore, they have a power consumption of zero
during sleep state . An activation interval of 15 min is assumed here.

During full operation mode, all components are active. This means that the mote consumes
a power of Pqz runr = 854 mW and the current can be calculated with:

Prraz, full _ 854mW
Usup 3.3V

Ima:p,full = = 258.8 mA

This current must be supplied by the voltage conditioning unit. Finally, the estimated
total average power consumption of the mote is shown at the bottom of the Table and is
9.7 mW. For further calculation a higher value of P = 12 mW will be assumed.

3.3.1 Power Consumption vs. Activation Interval

Figure 3.2 shows the power consumption of the mote depending on different durations of
the activation interval. The calculations have been done with the power estimation shown
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in Table 3.1. It can be seen that the average power consumption of the mote can be
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Figure 3.2: Power consumption dependent on the duration of the activation interval (from
1 to 30 minutes).

influenced by the activation interval. The mote itself can determine a proper activation
interval. So an energy-neutral operation can be achieved and the mote can operate forever.
Therefore, the measurement of the consumed power is necessary.

3.3.2 Energy Storage Device

Now the needed capacity of the energy storage device can be determined. The night must
be bridged with energy. The longest night is during midwinter. Austria is south of the
49th latitude. The longest night lasts for about 15 hours and 40 minutes and is assumed
as tpight = 16 h for further calculations.

During 16 hours, the mote will consume the following amount of energy:

Eaupply = Prot - tnight = 12mW - 16h = 691.2.J

The energy stored in the capacitor must be converted to supply the mote. This conversion
is not lossless and an efficiency of Neopvert = 80% is assumed. Now the energy that must
be stored in the capacitor can be calculated:

Eguppry  691.2J

E = = =864 J
needed Tlconvert 0.8

As mentioned before, it is better to connect capacitors in series to increase the storable
energy. In this project, two capacitors will be connected in series. A typical nominal
voltage of an ultracapacitor is 2.5 V. Therefore, the resulting nominal voltage is U, =5 V.
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Now the capacity of the capacitor can be calculated with:

2 Enceded 2 864J

= v - 6012F

Cideal =

The converter cannot discharge the capacitor completely. A rest voltage will remain in the
capacitor. The converter can operate down to a voltage of 1.8 V. The remaining energy
must be considered for the capacity calculation:

2 Epeeded 2 -864J
C = = =7941F
reat USQta'rt - U32top (5V)2 - (18V)2

It can be seen that the increase of the capacity is low compared to the value of the
remaining voltage.

In this project, an ultracapacitor called Boostcap®with a nominal voltage of 2.5V and
a capacity of 310 F' is used. Figure 3.3 shows two of the ultracapacitors. Two of them are
connected in series. This provides a usable energy of

1
Eusaie = 5 - C'- (UZiars — Uligp) = 0.5+ 155F - ((5V)* — (1.8V)?) = 1686.4.J
and a maximum power consumption of the mote of

Eysabie Tlconvert _ 1686.4J - 0.8

" 65 =23.42mW

Pmax =

Figure 3.3: Maxwell®Boostcap® (310 F, 2.5 V).

The leakage current of ultracapacitors must also be kept in mind. The capacitor has a
maximum leakage current of 0.45mA. The maximum power loss can be calculated with:

Pleakage < Ileakage U, =045mA -5V =2.25mW

Therefore, the usable maximum power of the mote is bounded by:
Piotmaz = Pmaz — Pleakage = 23.42 — 2.25 = 21.1TmW

It can be seen that the maximum power is greater than the estimated power of the mote.
Therefore, continuous operation is possible.
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3.3.3 Solar Cell Calculation

In this Section, the power needed and consequently the size of the solar cell will be cal-
culated. The energy stored in the capacitor must be provided by the solar cell during
the day. The storing process of the energy supplied by the solar cell is not lossless. An
effectiveness of 7cparge = 80 % is assumed here. The total power consumption of the mote
yields to a total energy amount during a whole day (day and night) of:

Eon = Prot - (tday + tnight) = 12mW - (8h + 16h) = 1036.8.J

The efficiencies of the voltage converter and the storing process must be considered. In
addition, the loss of the ultracapacitor Pjegrqge must not be neglected.

E24h,leakage = Pleakage : (tday + tnight) = 2.25mW - (8h + 16h) =194.4J

Esap, n Easneakage  1036.8J  194.4J

= = 1863 J
Nlcharge * Tlconvert Tlcharge 0.8-0.8 0.8

E24h,sola'r =

The total power that must be provided by the solar cell during the day can be calculated
with:
E24h,solar 1863.J

P, = = = 64.69 mW
solar tday Sh m

This power must be provided by the solar cell also during a day with bad weather condi-
tions.

A monthly-averaged horizontal daily extraterrestrial irradiation of Pp 4, = 2120 W/ m?
at a latitude of 50° in December is mentioned in [32]. This value could be used if the
power in the energy storage device will last for longer periods. Then some dark days could
be balanced by sunny days. The converting coeflicient of solar light into electrical power
is about 7syar = 10 %. Therefore, the needed solar radiation can be calculated with:

P 4.
_ Bootar _ G469MW_ o
Tlsolar 0.1

Pradiation

The area of the solar cell for a monthly-averaged irradiation can be calculated as follows:

Pradiation _ 562.5mW
Pp avg 212mW /em?

2
Acell,month = = 3.05¢cm

A worst-case scenario must be considered, because the ultracapacitor can only store
the energy needed for one night. The minimum solar radiation (power density) at a very
cloudy and rainy day is about Pp min = 3mW/em? [41]. This is equal to a radiation of
30W/m?. The value is coherent with the diagrams on page 37 in [32]. Now the needed
area of the solar cell can be calculated with:

Acell _ Pradiation 649.9mW

= = 215.6 cm?
Pp min 3mW/cm? am

The resulting size of the solar cell is suitable to integrate it into the buoy. Therefore, a
compact and robust system can be built.
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3.3.4 Housing

The housing of the RiverMote must fulfill several requirements: First, it must be water-
tight, because it is placed in the river. Second, it must float on the surface of the river.
Therefore, it must be lighter than water. Third, the top of the housing must be transpar-
ent, because the solar cell is placed inside of the housing. Fourth, the housing must be
robust, because it must resist all the flotsam of the river. Fifth, the housing must be able
to resist ultraviolet radiation.

3.4 Hardware Design

In this Section, the concept of the RiverMote will be discussed. Figure 3.4 shows the
overall system concept with different components and their interaction.

Ultrasonic Energ¥ Pressure
Harvesting
Module Transducer
Module
A |
Control and Voltage
and Current Measurement
Measurement
Measurements
A A
MSP430
Microprocessor
¢ A
SPI Bus
Serial
A ¢ Communication
and Programming

SPI to UART

A ¢ A
szclnzzl Cli;'i GPS USB
o Module Interface
Transceiver

Figure 3.4: The concept of the hardware components and the communication between the
modules is shown.

The main component of the mote is the microcontroller. The MSP430F1611 from Texas
Instrurnents®low—power microcontroller is selected to do the main computations.

The GPS receiver needs an extra serial interface, because it supports only a serial point-
to-point connection and no bus system. Therefore, an SPI-to-UART adapter is used. This
component receives data from the SPI bus and transmits it to the GPS receiver and vice
versa. This enables the communication between the microcontroller and the GPS receiver
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without a direct connection to the microcontroller.

The 2.4GHz 802.15.4 Transceiver module is also connected to the SPI Bus. This sup-
ports a fast and easy communication to the transceiver module.

The ultrasonic module and the energy harvesting module are directly connected to the
microcontroller. Therefore, no extra control hardware is needed, and this saves costs. The
ultrasonic module needs control lines to generate the ultrasonic sound. The microcontroller
detects the received sound signal to measure the water depth. The energy harvesting
module does not need any control lines. This supports an error-free operation even if the
microcontroller fails. The measurement of the currents and voltages can be done directly
by the microcontroller.

The hardware is also equipped with a USB interface. The USB module is connected to a
serial interface of the microcontroller. This enables an uncomplicated communication with
a PC, because most of today’s PCs have a USB interface. The MSP430 microcontroller
has a bootstrap loader (BSL) that enables programming the processor via the serial inter-
face. Therefore, the microcontroller can be programmed with every PC without special
hardware. In addition, the communication with the running software is possible via the
same serial interface.

3.4.1 Energy Harvesting Design

A detailed description of the energy harvesting concept will be given next. Figure 3.5
shows a block diagram of the EHS.

Solar Input Power Information -
Cell 7
Ultracapacitor Voltage Information -
rd
Output Power Information -
y o
Input Power Output Power P Wireless
7| Measurement Measurement [N Sensor
Node
Node
Power
h | Supply
Overcharge . Voltage
9 Protection é Ultracapacitor * Conditioning )
A
Ultracapacitor Voltage Information

Figure 3.5: Concept of the energy harvesting hardware. The thick arrows illustrate the
flow of power and the thin ones illustrate the flow of information.

The solar cell transforms the solar energy into electrical energy. It is a voltage limited
current source. A short is no problem for a solar cell. The electrical power will be converted
into heat in the solar cell and the connecting leads. As it can be seen in the block diagram,
no voltage conditioning is done between the solar cell and the ultracapacitors. This can
only be done if the solar cell is selected specially and is in line with the ultracapacitors. If
various EHDs would be supported, the EHS would be more complex and more expensive.
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This is why the system uses only solar cells for energy harvesting. Therefore, the solar cell
must be selected properly. The voltage of the solar cell at nominal power output should
be a little bit higher than the nominal voltage of the ultracapacitors. This is because
some losses and a lower output voltage of the solar cell at dark light conditions must be
considered. The solar cell ASI30005/162/192FAmod from Schott Solar has been selected.

An overcharge protection guarantees a maximum voltage at the ultracapacitors. The
power will be bypassed if the voltage at the ultracapacitors has reached the nominal
voltage. The exchange of damaged ultracapacitors is expensive. Therefore, the overcharge
protection must be very reliable. This protection is implemented in hardware, because
then no software error can damage the ultracapacitors.

The voltage conditioning is used to generate a stable output voltage. The output voltage
is set to 3.3 V because most of the components are supplied with this voltage. The voltage
at the ultracapacitors changes during operation and must be stabilized. The voltage ranges
from 0V to 5 V. Therefore, a buck-boost converter should be used. A switching regulator
uses a coil to transform the voltage. If the voltage of the ultracapacitors is lower than
3.3V, the converter must operate in the boost mode. If the voltage is higher than 3.3V,
it must operate in the buck mode. This guarantees a constant output voltage.

The stored energy and the input and output power must be measured because the
system needs to know the current energy state. Then the system is able to select a proper
duty cycle to ensure a continuous operation. The stored energy can be calculated with
the current voltage of the ultracapacitors. The microcontroller can measure the voltage
and determine the stored energy. The input and output current is measured with current
counters as described in [11]. These counters transform the current information into pulses.
One pulse is equivalent to a specific charge. The current can be calculated knowing the
equivalent charge of one pulse and the interval time. A detailed description of the current
counters is given in Section 4.1.5.2 and 4.1.6.1.

3.5 Software Design

A description of the software concept of the mote can be found here. In general, the node
should be as flexible as possible to be able to adapt it to specific application areas and to
simplify the maintenance.

The software is used to ensure a correct functionality of the hardware in this master’s
thesis. Therefore, it is kept very simple. Texas Instruments®provides a free development
environment called Code Composer Studio, which supports a code size of up to 10k Byte.
It is based on the development environment eclipse and has a tool chain to compile C and
C++ projects for the MSP430 microcontroller family. It also supports in-circuit debugging
of the microcontroller via a JTAG interface. It is also possible to generate a so-called hex
file that contains the binary code in a textual form. This environment is used to develop
the software.

The abstraction of TinyOS (introduced in Section 2.4) is too fine grained for this project.
Figure 3.6 shows the hardware abstraction of the implemented software. Each hardware
module is interfaced by a single software module. This module also supports some func-
tionality of the HAL for example conversions or buffering. Therefore, it can be used
directly from the main application.
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Main Application

¢ ¢

HAL + HPL HAL + HPL
Module 1 Module 2
A A WSN Node Sofware
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Y h 4
Hardware Hardware
Module 1 Module 2

WSN Node Hardware

Figure 3.6: Hardware abstraction architecture of the implemented software.

3.5.1 Programming Language

The development environment supports two programming languages: C and C++. C
keeps the size of the binary code lower because no object handling is necessary. Hence,
C++ supports a very strong encapsulation and an object oriented programming. In ad-
dition, the maintenance is easier with C+4. Therefore, C++ is used to write the test
application and hardware abstraction.

3.6 Summary

This Section has shown the concept of the hardware and software. First, three different
measurement principles have been selected. A pressure transducer, an ultrasonic module
and a GPS receiver are envisioned for measurements. The combination of these sensors
enables an accurate and reliable measurement of the river’s water level. In addition, various
requirements have been explained for the various sensors. Then, it has been shown that
only a radio communication is practical. An RF module with a high communication range
has been selected. Then, the microcontroller has been selected according to low power
consumption and high flexibility. In addition, a porting of TinyOS should be possible.

Solar energy has been selected as environmental energy sources. Solar cells are able
to provide enough power to operate the RiverMote. The disadvantage is the need of an
energy storage device. Ultracapacitors have been selected for it, because of a very high
lifetime.

Then, it has been shown that an activation interval of 15 min is enough for measuring
the river’s water level. The power estimation led to the result that it is possible to supply
the mote during the night with the given activation interval.

The capacity of the energy storage device has been calculated according to the power
estimation. Two Boostcaps®from Maxwell®with a capacity of 310 F' each have been
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selected. This enables an average power consumption of 21.27 mW of the mote.

Then, the hardware concept has been shown briefly. The components and the communi-
cation between the models were described. The microcontroller is used for all calculations
and analysis of the measured data. This saves a lot of hardware complexity and costs. The
energy harvesting concept has led to the need of an overcharge protection. This protection
should be implemented in hardware to avoid software caused damage.

Finally, the concept of the software has been discussed. This software is only used for
testing the proper functionality of the hardware. It has been shown that the abstraction
of TinyOS is too fine grained for this software. C++ has been selected as programming
language.

The concept of the hardware and software can be used for the implementation of the
WSN platform.
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4 Implementation of the Wireless Sensor
Platform

This Chapter shows the detailed implementation of the hardware of the battery-less WSN
river monitoring platform.

The hardware of a RiverMote is the corner stone of the whole system. It must support
all needed features of the system and be as efficient as possible. Furthermore, the costs
of the hardware should be kept as low as possible. Each hardware component, which
has been developed, is described in the following Sections. The hardware setup of the
RiverMote is illustrated in Figure B.2. Figure B.1 shows the RiverMote and the solar cell
integrated in the housing.

4.1 Energy Harvesting Hardware

The EHS is indispensable, because the RiverMote must harvest all the needed energy from
the environment. Therefore, solar cells are used as described before. They are selected spe-
cially to be able to charge the ultracapacitors directly. An overcharge protection bypasses
the power if the capacitors are fully charged. A simulation of this overcharge protection
can be found later in Section 4.1.1. The energy monitoring is implemented with two charge
counters. The simulation of these charge counters and the calculations of the input and
output power can be found in the Sections 4.1.5 and 4.1.6. The implementation of the
EHS is based on the introduced design shown in Figure 3.4. The hardware is illustrated
in Figure 4.1.

Figure 4.1: Illustration of the EHS hardware. The unit of the rule is centimeter.
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4.1.1 Overcharge Protection

The overcharge protection is implemented in hardware. Therefore, no software failure can
cause a destruction of the ultracapacitors. This protection circuit is simulated in LTspice
IV from Linear Technology®. The circuit is shown in Figure 4.2.

Usolar E,’l?‘ Ucap

B9 >
MURS120 PMEG2010AEB

D8 R4 R2
MURS120 — 10k 1000k

D7 M
MURS120 FDS6630A | U/2
D6 Ugate *

MURS120 .
= R6 LT6003

MURS120 680k c1 §R5
D4 60
MURS120

D3
MURS120

D2

Ut
MURS120 R3
? D1 /Zg" 1000k
" MURS120 - LT1009
N/ \/

33

Umeas

Il

100
R7

10k
Uref

AVAVE

0.
PULSE(0 0.355 0 100 100 1800 3000 2)
.tran 0 2100 .1 startup </

Figure 4.2: Simulation circuit of the overcharge protection.

The solar cell was substituted by a simple model. It consists of a current source and
diodes. These diodes limit the output voltage. This model has a short circuit current of
0.355 A and an open circuit voltage of 6.541 V. A detailed model is not used, because
the parameter of such a model can not be found for the solar cell. Furthermore, it is
not necessary to use a detailed model, because it would not enhance the insight of this
simulation. The goal of the simulation is to show the functionality of the overcharge
protection. Therefore, a simple model of the solar cell is sufficient. This simple model was
simulated and the results are shown in Figure 4.3. It can be seen that the voltage drops
slower with increasing current compared to the measured solar cell (Figure 2.8). However,
it is sufficient for the simulation of the overcharge protection.

The open circuit voltage is above the nominal voltage of 5V of the ultracapacitor. To
prevent a discharge of the ultracapacitor during the night via the solar cell, a diode is
placed between of them. This diode should have a very low forward voltage. Therefore,
a Schottky diode is used. The resistor R1 is used for current measurement. A very small
resistance was chosen, in order to keep the losses low. The nominal voltage of the solar
cell should be greater than or equal to the maximum operating voltage for an efficient
charging:

Usolar,nom > Usolar,op,max

Usolar,op,maac = Ucapacitor,nom + UD,forward + Rl : Isolar,nom
= 5V +0.4V +0.33Q2-0.355A
5.517V
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Figure 4.3: U-I diagram of the simulated solar cell model. The green trace shows the
output voltage and the red trace shows the output power of the solar cell
model.

Since the open circuit voltage is higher than the nominal voltage of a solar cell, the ultra-
capacitors must be protected. The excess power is bypassed by the overcharge protection.
The simulation results can be seen in Figure 4.4. Note that a capacitor with 100 F' is used
for a better visualization. It can be seen that the voltage of the ultracapacitors does not
exceed the 5V limit. The overshoot of the solar voltage, just before the ultracapacitors are
fully loaded, is caused by the Schottky diode. The current decreases through the diode,
when the capacitors are fully charged. Therefore, the voltage drop of the Schottky diode
decreases. The overcharge protection reduces the solar voltage to keep the voltage of the
capacitors below 5 V.

The maximum input current for charging is assumed to Ioparge,maz = 0.5 A. This is more
than the short circuit current of the selected solar cell. The ultracapacitor (C' = 155 F))
can be charged with this current in 3400 s. Now the maximum ratings and other important
values of the components can be calculated.

MOSFET The MOSFET is used to bypass the excess power. The operating voltage is
Unvmosrer = Ucapacitornom + UD, forwara = 9.4V . The power dissipation can be
calculated with:

PD,MOSFET = UMOSFET : Icharge,maac =54V -05A=27TW

Shunt Resistor The shunt resistor is used for measuring the current of the solar cell. The
power dissipation can be calculated with:

Pp Rshunt = Lhargemaz - B = (0.54)* - 0.33Q = 0.0825 W

Therefore, a standard 1/8 or 1/4 Watt resistor can be used. The maximum voltage
drop is:

URshunt.maz = Tehargemmaz - B = 0.54-0.33Q = 0.165 V/
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Figure 4.4: Simulation results of the overcharge protection circuit using a capacitor with a
value of 100 F'. The resistor R5 represents the mote with a current of 83.3mA.

Diode The Schottky diode prevents reverse discharging of the ultracapacitor. The maxi-
mum power dissipation is:

PD,diode = UD,forward : Icharge,mam =04V -05A=02W

Voltage Divider The power dissipation of the voltage divider is not critical. It is impor-
tant that the current is as low as possible. The input resistance of the operational
amplifier affects the voltage of the divider as it can be seen in Figure 4.4. During low
operation voltage it draws a significant current. Therefore, a worst-case estimation
can be done with assuming the input resistance as 0 €2. Then, the current through
the voltage divider is:

U, ; 5V
Ivoltdiv,max = capa%tzor,nom = 1MQ =5 NA

This is much lower than the leakage current of the ultracapacitor and thus acceptable.

Operational Amplifier It is used as non-inverting amplifier with an additional reference
voltage. Only if the input voltage at the positive input pin is higher than the
reference voltage the amplifier will have a nonzero output. The gain of the amplifier
is dependent on the two resistors Rg and R7. It can be calculated with:

. Rg 680k
gain + R + 10k 69
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4.1.2 Voltage Conditioning

The voltage conditioning is done by a DC-DC switching converter. This enhances the
efficiency to a maximum, because no power is lost in linear regulators. The TPS63001
from Texas Instruments®is used. This buck-boost converter operates within an input
voltage range from 1.8V to 5.5 V. The maximum efficiency is 96 % in buck mode and the
maximum output current that can be delivered over the full input voltage range is about
500mA. A sample circuit of the TPS63001 is shown in Figure 4.5. A key feature of this

ViN
1.8V to L1 L2 Vour

5.5V .33V

VIN VOUT
TE VINA lc2
10uF EN FB 10uF
ﬁ PS/SYNC %
GND PGND
l TPS63001 —/—J7

Figure 4.5: Sample circuit of the TPS63001 buck-boost converter from [44]. Note that the
pin PS/SYNC must be connected to ground to enable the power saving mode.

DC-DC converter is the requirement of only 3 external components. The two capacitors
are used for stabilizing the input and output voltage. A value of 10 pF' is sufficient for both
capacitors. The value of the inductor must be calculated according to the data sheet [44]:

Uout - (Uinymaz — Uout) 3.3V - (5V —3.3V)

Ummaz - f 034 5V .1.25MHz-0.3A
Uin,min - (Uout — Uinmin) 1.8V - (3.3V — 1.8V)

Luninoost = Uout - [ - 0.34 = 33V 1.25MHz 034  182HH

The higher minimum inductance is the significant value. This means that the minimum
inductance is 2.992 pH. The recommended range of the inductor is from 1.5 uH to 4.7 uH.
Therefore, an inductance of L = 3.3 uH is chosen.

The maximum current through the inductor is needed to select it. This current can be
calculated with:

Lmin,buck = = 2.992 MH

IL maw buck = Iout,max Uout : (Uin,max - out)
e 0.8 2-Uinmaz - f-L
054 3.3V - (5V —3.3V)
0.8  2-5V-1.25MHz-3.3uH
= 0.761A4

Uout . Iout,maa: Uin,min . (Uout - U'm,mzn)

IL,max,boost

0.8- Uin,min 2. Uout . f -L
_ 33V-054 1.8V - (3.3V — 1.8V)
= 08-18V | 2.33V-1.25MH- 3.3uH
= 1.245A4
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It must be considered that the inductor should not be in saturation at the maximum
current of Iy, yqe = 1.245 A.

4.1.2.1 Startup

The DC-DC converter starts operating at an input voltage of Ugerr = 1.8V. Thus,
the other hardware starts also normal operation and the microcontroller will boot. This
boot sequence should be completed, because the microcontroller should not stay in an
undefined state or store only fragments of data in the flash memory. The only thing
that could interrupt the boot sequence is a switch-off of the DC-DC converter. This
occurs if the input voltage drops under the so-called under voltage lockout threshold of
Uiockout = 1.5 V. Therefore, the boot sequence must be completed within a certain time.
The available energy can be calculated with:

1
Epoot ) -C- (Ugtart - Ul%ckout) * Neonvert
1
= 5 155F ((1.8V)% — (1.5V)%) - 0.8
= 61.38J

This means that the boot sequence must consume no more energy than 61.38 J. The time
can be calculated with the power consumption of the mote:

Eboot 6138

boot Pmaa:,full 854mW 5

If the mote does not activate the radio module at startup, the booting time can be extended
to (activated components: microcontroller, GPS module, ultrasonic sensor):

Epoot _ 61.38]

= = 350.7s = 5.85 min
Pmaz,reduced 175mWwW

thoot =
This should be enough time to save data and switch into a power saving mode.

4.1.3 Capacitor Balancing

The balancing of the ultracapacitor voltages is necessary because of the tolerances and
the different leakage currents. One of the easiest and most effective ways to balance the
voltages is to use a voltage inverter. This inverter converts the input voltage into the
exact negative output voltage. It can be used to halve the full capacitor voltage and so
to balance both capacitors. Figure 4.6 shows the application circuit of such an inverter.
The MAXS828 voltage inverter is used in this project. The maximum output current of
the inverter is 25mA and it operates at a voltage range between 1.5V and 5.5V. The
switching frequency is f = 12 kH z and the output resistance is R; = 26 {2. The capacitors
C3 and C5 are only necessary if the inverter chip is used for very accurate measurement
applications. Therefore, they can be omitted here. The switched capacitor C2 has a
capacity of Cg, = 10 puF'.
The time constant can be determined with:

T=R; Cgsp =26-10uF = 260 us
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Figure 4.6: Application circuit of a voltage inverter, which is used as voltage splitter
from [25].

The switching time is:

1 1

f o 12kHz

tsw 83 uSs

This time represents one period. Therefore, the switched capacitor is connected to the
input during the first half of ¢4, and to the output during the second half. Therefore, the
connection time of the capacitor is:

t
teon = % = 41.67 us

It can be seen that the switched capacitor will not be charged or discharged completely
during the connection time. The discharge can be calculated by assuming the initial
switched capacitor voltage:

chapl + chap2
2

Usw,tO =

Uucapt and Uycqp2 are the voltages of both ultracapacitors. The difference of the ultraca-
pacitor voltages can be defined as:

Udi f= chapl - chap?
The voltage difference after connecting the switched capacitor a ultracapacitor is:

Udirr
2

The discharge process can be described with:

Usw,diff =

_t
usw(t) = Usw,diff "€ 7
The absolute change of the voltage is

Ausw = Usw,diff - usw(t = tcon)
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and the relative change of the voltage is:

Uswaifs = Usw(t = toon) _y_ w3 48 4y 5
Udiff

fusw,rel =

Now the change of the charge can be calculated with:
tcon
Ast = Csw : Ausw(t = tcon) = Csw : Usw,diff : (1 - 677)

The current is the charge divided by the switching time:

Ibalance(Udiff) _ st _ Csw ' Udlff X (1 — e~ tc;m)
tcon 2 tcon
This is only an estimation of the lower limit because the real voltage difference at the
switched capacitor is higher than half the voltage difference of the ultracapacitors. The
expected balancing current of the real hardware is higher than the calculated one.
The maximum charge current of the ultracapacitors can be calculated with the previous

result. The tolerance is 20 %(d = 0.2) for the capacitors. The worst-case scenario is:
Cultra,l =C- (1 - d)
Cultra,Q =C- (1 + d)

The resulting total capacity is:

2
Cultra,l : Cultra,Q —C. 1—-d

Ctot =
Cultra,l + Cultra,? 2

The total charge is equal to the charge of the single ultracapacitors:

1—d? 1-—0.22
2d :5V-310F-Toz744As

Qtot = Qucl = QucQ = Ufull,charge -C-

The expected voltage of the smaller capacitor after charging is:

Quct 1+d 1.2
Uyel = =U —— =5V.— =3V
ucl Cultra,l full,charge 2 2

The difference to the surge voltage of the ultracapacitor is:
AUnaz = Unel — Upaz = 3V — 2.7V = 0.3V

The charge difference is:
AQ = AUz - Cuttraqg = 0.3V - 310F - 0.8 = 74.4 As

Now the minimum charging time can be calculated with the charge that must be balanced
and the balancing current. The calculated balancing current at a voltage difference of
AUpatance = (Umaz — Unenom) - 2 = 0.4V is Ipgr0.4v = 7.2mA. The charging time is:

AQ  T44As

t = = =10333s =2.87h
charge Ibal,0,4V 7omA 333 s 8
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The maximum charging current can now calculated with the total charge and the charging

time:
I Qe T44As
hOTIE T Y harge | 10333s

=T72mA

This means that the maximum charging current should not exceed 72mA if the expected
balancing current is not higher than the calculated one. Therefore, the selected solar cells
should not be used.

4.1.4 Energy Monitoring

The energy monitoring should also be as simple as possible. Therefore, the MSP430
microcontroller is used to calculate the input and output power and the available energy.
The microcontroller provides the calculation and measurement functionality and so no
further resources and consequently energy are wasted. The following three Sections (4.1.5,
4.1.6 and 4.1.7) show the measurement and calculation of the input and output power and
the available energy.

4.1.5 Input Power Measurement

The calculation of the input power needs the measurement of the solar voltage and the
solar current. Section 4.1.5.1 and 4.1.5.2 overview the measurement principles and the
expected errors.

4.1.5.1 Solar Voltage Measurement

The voltage can be measured directly via a voltage divider. This is necessary, because
the microcontroller operates with a voltage of Uy, = 3.3V. More than Uy, + 0.3V =
3.6V at any pin will damage it [45]. The voltage divider consists of two resistors with
R = Ry = 33k and a tolerance of 1 % each. The microcontroller is able to measure the
reduced voltage Ueas,solar- The voltage at the solar cell can be calculated with:

R1 4+ Ry
Usolar = Umeas,solar ' T = f(Umeas,solary R17 RQ)

In this case the equation can be reduced and the solar voltage can be calculated easily:

Usolar = Unmeas,solar * 2

The result depends on more than one source of error. Therefore, the error propagation
must be considered (non-reduced equation):

v af '
AY,, ~ + — - AY
;Wj ‘7'
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of of of
Al']so arerr ~ =+ arr AUvmeas solar A~ AR A~ AR
tar, (‘6Umeas,solar sl * ‘aRl 0 8R2 ?
Rl + RZ Umeas solar * R2
+ - 5 AUvmea,s solar - AR
(‘ Ry solar| ¥ ‘ Rt i
Umeas solar
——— AR
' Ry ’ )

The value and the tolerance of both resistors result in an error of AR; = ARy = 33k} -
0.01 = 330€2. The total unadjusted error of the 12-bit ADC of the MSP430 microprocessor
is AErrsp =5 LSB. The corresponding voltage can be calculated with:

AFErisp 5LSB

Now the error of the calculation can be determined with:

AUmeas,solar = Usup :

33k 4 33kS2 Uneas.solar - 33KS2
A solar,err =~ + 4. — 2 . 0
Usolar, (‘ 510 03mV‘+ 3Ry 3300 +
Umeas solar
‘ 3360 OO D

%

+ (12 -4.03mV| + |=Umeas,solar - 0.01] + |Uneas solar - 0.01])
+ (Unmeas,solar - 0.02 + 8.06 mV)
This means that the absolute error has a maximum at the maximum solar voltage. The

maximum operating voltage of the solar cell is Usoiar,op,mae = 5.517 V. This leads to a
maximum absolute error of:

5.517V

AUsolar,er'r,max = < -0.02 4 806mV> = 63.23mV

The relative error at the maximum solar voltage can be calculated with:

AUsolar,err,ma:c . 63.23mV

= =1.15
Usolar,op,maa: 5.517V %

ferr,min,Usolar =

The minimum solar voltage during operation (loading the ultracapacitor) is Ujpckout =
1.6 V. During continuous operation, this voltage should not be under-run. So the corre-
sponding solar voltage is Usolar,op,min = Ulockout + UD,forward + Ry - Isolar,nom = 2.12V.
The absolute error is here:

2.12V
AUsoiar,err,min =~ £ (2 -0.02 + 8.06mV> =29.26mV

The relative error at the minimum solar voltage can be calculated with:

 AUsotarerr  29.26mV

= = =1.38%
ferr,maa:,Usolar Usolar,op,min 212V 0

If the solar voltage drops under the voltage of the ultracapacitor, it will not be loaded.
No current flows through the solar current counter. Therefore, the measurement accuracy
of the solar voltage in the range of 0V to 1.5V is irrelevant.
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Note: This maximum error can only be ensured if the minimum sampling time at the
microcontroller is kept. The minimum sampling time can be calculated with [43]:
tsample > (Rs + Ry) - ln(213) - C1 + 800ns
> (33kQ + 2k02) - 9.011 - 40pF + 800ns
> 13.4us

4.1.5.2 Solar Current Measurement

The measurement of the current is a little bit more difficult. The value of the current can
change abruptly. Therefore, a sampling of the current is not possible with the hardware.
The solution is an integration of the current over the time. It can be done with a simple
inverting integrator using an operational amplifier. The measurement circuit can be seen
in Figure 4.7. The principle of this circuit is simple. The input voltage of the integrator

+ c3 2N7002 [
_ Il uz =
JU —
33 10n Ré
R2 U1 1000k
1 N/N\—k ] < U2
23k T LT1490 x '
QD R2 “LT1017
R9

0.2 Ry 1000k A A
R1 0.33 1000k 1200k

AYAY .

tran 0 0.11 0 startup A4

Figure 4.7: Simulation model of the solar charge counter. The main parts are the inverting
integrator and the Schmitt trigger [4].

is proportional to the current through the shunt resistor R;. This voltage is accumulated
by the integrator until a certain threshold is reached. This threshold is given by the
upper threshold of the Schmitt trigger. If it is reached, the capacitor of the integrator
is discharged over the MOSFET. The MOSFET discharges the capacitor until the lower
threshold of the Schmitt trigger is reached. Then, the normal accumulation starts again.
During the discharge, a pulse is generated that can be used as charge counter.

The input of the inverting integrator has a lower potential than the reference ground of
it. This potential difference causes a current flow out of the integrator. The current can
only flow through the capacitor C's and charges it. Therefore, the voltage at the capacitor
is equivalent to the solar current I, which should be measured:

Isolar ' Rl o Isolar -0.33Q2

Iinput = R2 = 330 = Isolar . 10_5
The threshold voltages of the Schmitt trigger can be calculated with:
Ry
Uy =Usyp - —
14 sup R6 n R7
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Uihy+ = Uy - Rg;_gRg
Uth— :UV'W—Usup'gz
The real resistor values result in the following thresholds:
Uip+ = 1.65V - lM?;\/l[éMQ =3.025V
Uip— = 1.65V - 1M?;\;(22MQ - 3.3V % =0.275V

The difference of the two thresholds is significant for the charge counter and is:
Uthaiff = Uth+ — Upp— = 3.025V — 0.275V = 2.75V
This results in an electrical charge that is necessary for charging the capacitor Cs:
Qcz = C3 - Upnaigr = 10nF - 2.75V = 27.5nAs

Now the charging time of the integrating capacitor C5 can be calculated with the charge
and the current through the capacitor:

Qcs _ Cs - Uihdif s _ Cs - Uaify - B2 2.75mAs

Iinput % Isolar - R1 Lsotar

tchargecnt =

Therefore, one pulse is equivalent to a charge of Qchargecnt,solar = 2.75mAs. The expected
time of charging it (Ispiqer = 0.2 A) is:

2.75mAs
tchargecnt = OT = 13.75ms

Figure 4.8 shows the simulation result with a solar current of 200 mA. The simulated

V(n004)

Oms 10ms 20ms 30ms 10ms 50ms 60ms 70ms 80ms 90ms 100ms

Figure 4.8: Simulation of the solar charge counter with a solar current of 200 mA. The blue
trace shows the output of the integrator and thus the voltage of the capacitor
Cs. The green trace shows the output of the Schmitt trigger and thus the
charge counter output.
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V(n004)

60.6454ms,19.8972mY

60.570ms 60.579ms 60.588ms 60.597ms 60.606ms 60.615ms 60.624ms 60.633ms 60.642ms 60.651ms 60.660ms 60.669ms

Figure 4.9: Detailed view of one discharge cycle of the integration capacitor C5. The blue
trace shows the output of the integrator and thus the voltage of the capacitor
C5. The green trace shows the output of the Schmitt trigger and thus the
charge counter output.

charging time is 15.08 ms. It equates to an error of:

13.75ms — 15.08ms
ferr,tcharge = 15.08ms -100% = —8.82 %

A detailed zoom of one output pulse and discharge cycle is shown in Figure 4.9. It
can be seen that the capacitor is discharged to a voltage of 19.9,mV. The reason is the
finite speed of the operational amplifier, the Schmitt trigger and the MOSFET. Now the
charging time can be recalculated with the new difference between the two thresholds
Uthaigr = 3.012V:

Qcz = C3 - U gigr = 10nF - 3.012V = 30.12 nAs
C3 - Uthaipf - Ro ~3.012 mAs

ten t =
chargecn Isolar . Rl Isolar

One pulse is equivalent to a charge of Qchargecnt,solar = 3.012mAs. Now the expected time
for charging at a current of Iz, = 0.2 A is:

3.012mAs
tchargecnt = W = 15.06 ms

It equates to an error of:

15. —15.
ferr,tchm‘ge = L 06T5808m5808m8 -100% = —0.13 %

Leander Bernd Hérmann 41/118



Wireless Sensor Platform for River Monitoring Based on Energy Harvesting Master’s Thesis

It can also be seen that the discharge process is completed in 63.1 us (= 0.42% of the
charging time). It is very fast compared to the charging time and can be neglected.

A detailed error propagation calculation is very complex here. Moreover, the main
source of error is given by the tolerance of the capacitor C3 that is 10 %. The tolerances
of the other components (resistors) are kept at 1%. Therefore, the calculation can be
omitted here. The relative error of the charge counter is assumed to be 10 %.

4.1.5.3 Input Power Calculation

The input power can be calculated at the MSP430 microcontroller. Therefore, the mea-
surement of the current and voltage of the solar cell are needed. The measurements have
been discussed in detail in the previous Sections. The solar voltage can be measured di-
rectly. The current can be measured via the elapsed time between two pulses of the charge
counter. Therefore, the power can be calculated with:

P _ Qchargecnt * Usolar
solar —

tpulse
The error propagation provides the following result:

Qchargecnt ' A[Jsolar

)

+ (' Qchargecnt : Usolar ) AQchargecnt
tpulse Qchargecnt tpulse Usolar

)

Usolar : AC)chargecnt

APerr,solar ~ :l:< +

tpulse tpulse

‘_ Qchargecnt : Usolar : Atpulse
t2

pulse

Qchargecnt : Usolar ) AUsolar

Q

‘_ Qchargecnt ! Usolar AZL'pulse

tpulse tpulse
~ AC?chargecnt AUsolar Atpulse
~ iPsolar : +
Qcha'rgecnt Usolar tpulse

The ratio AQchargeent/Qchargeent Tepresents the relative error of the charge counter and
is 10 %. Because the charge Qchargecnt is constant, the ratio is also constant.

The ratio AUsgar/Usolar Tepresents the relative error of the voltage measurement. This
error depends on the measured voltage. The solar voltage changes during the charge state
of the ultracapacitors and may not be considered constant. The voltage can be measured
with an absolute error of AUsggr,err = 63.23 mV. The operating voltage range is between
Ucap = 1.6 V and Ucqp = 5 V. So the solar voltage is between Usoar,op,min = 2.12 V' and
Usolar,op,maz = 5.517 V. The relative error at these voltages is:

ferr,mm,Usolar = 115%

ferr,mam,Usolar =1.38%

Therefore, the maximum relative error of the voltage measurement occurs at the minimum
solar voltage and is 1.38 %.
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The ratio Atpuise/tpuise represents the relative error of the time measurement. The error
Atyyise consists of two parts. First of the error of the crystal oscillator and second of the
latency of the interrupt service routine. The resulting error is:

Atpulse = tpulse : ferr,crystal + feTr,uC

The error of the microcontroller is given by half the cycle time of the clock frequency.

11
Atputse = tpuise - 25PPM + 5 - e

The maximum absolute error can be calculated with the longest duration between two
pulses (about tpyise,maz = 5 5):

1
< . Z.
Atpyise < 55 - 25ppm + 5 GMIIs

=125.1us

For a maximum interval of 55 (Isyqr = 0.6 mA) the relative error is:

Aty 125.1us
ferr,time = P = a = 25.02 ppm
tpulse 98

For a minimum interval of 6 ms (Isyq = 0.5 A) the relative error is:

Aty 108ns
ferr,time = P = = 108-3ppm
tpulse 6ms

The maximum relative error occurs at the minimum duration between two pulses and is
108.3 ppm = 0.01 %.

The estimation of the upper bounds of the resulting absolute error of the power calcu-
lation provides:

A AU, At
APerr,solar ~ iPSola'r'< Qchargecnt + solar + pulse>

Qchargecnt Usolar tpulse
£ P, ojar - (0.1 + 0.0138 + 0.0001)

<
< 4Py -0.114

4.1.6 Output Power Measurement

The calculation of the output power requires the measurement of the current consumed
by the mote. Section 4.1.6.1 overviews the measurement principle and the expected error.
The output voltage is kept constant within a tolerance of +1 % by the voltage conditioning
unit. Figure 4.10 shows the output voltage depending on the output current.

4.1.6.1 Output Current Measurement

The measurement of the output current is equivalent to the measurement of the solar
current described in Section 4.1.5.2. The measurement circuit is a little bit different and
can be seen in Figure 4.11. The principle here is the same as the principle of the solar
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Figure 4.10: Output voltage vs. output current of the DC-DC switching regulator
TPS63001 from Texas Instruments® (from [44]).
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1000k +
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Figure 4.11: Simulation model of the output charge counter. The main parts are the
inverting integrator and the Schmitt trigger. [4]

charge counter.

The input of the inverting integrator has a lower potential than the reference ground of
it. This potential difference causes a current flow out of the integrator. The current can
only flow through the capacitor C'y and charges it. Therefore, the voltage at the capacitor
is equivalent to the output current I,,:, which should be measured:

Lowt - Ri Lou - 0.470

—4
Iinput = R2 = 2.95Q) = Iout -2.14 - 10

The threshold voltages of the Schmitt trigger are the same, because the resistor values
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have not changed:
Uy = 3.025V
Upp— =0275V
Uthaiff = 2.75V
This results in an electrical charge that is necessary for charging the capacitor C; of:
Qc1 = C1 - Upaify = 10nF - 2.75V = 27.5nAs

Now the charging time of the integrating capacitor C7 can be calculated with the charge
and the current through the capacitor:

; _ Qc1 _ G- Undisr _ Cr - Ushaigr - B2 128.7puAs
chargecnt Imput % Tout - Ry Lot

The expected time for charging (Inore = 0.2 A) is:

128.7uAs
tcha’/‘gecntQ = OTZ = 0.644 ms

Therefore, one pulse is equivalent to a charge of Qchargecnt2 = 128.7 p1As.
Figure 4.12 shows the simulation result with a mote current of 200 mA. The simulated

- V(uintegrate)

0.0ms 0.4ms 0.8ms 1.2ms 1.6ms 2.0ms 2.4ms 2.8ms 3.2ms 3.6ms 4.0ms

Figure 4.12: Simulation of the output charge counter with a current of 200 mA. The blue
trace shows the output of the integrator and thus the voltage of the capacitor
C1. The green trace shows the output of the Schmitt trigger and thus the
charge counter output.

charging time is 0.702 ms. It equates to an error of:

0.644ms — 0.702ms

ferr,tcharge2 = 0.702ms -100% = —8.26 %

It can be seen that the simulated voltage difference is Uy girf = 2.91 V. The reason is
the finite speed of the operational amplifier and the Schmitt trigger. Now the charging time
can be recalculated with the new difference between the two thresholds Uy, ¢;7p = 2.91V:

Qc1 = C1 - Uppaigs = 10nF - 2.91V = 29.1nAs

Leander Bernd Hérmann 45/118



Wireless Sensor Platform for River Monitoring Based on Energy Harvesting Master’s Thesis

_ - Uthaigf - Ro ~136.2 HAs
tchargecnt - T L Rl -
ou

Iout
One pulse is equivalent to a charge of Qchargecnt2 = 136.2 1 As. Now the expected time for
charging at a current of I,,; = 0.2 A is:

136.2uAs
tchargecnt2 = OTZ = 0.681ms

It equates to an error of:

0.681ms — 0.702ms
ferr,tchm‘geZ = 0.702ms -100% = —2.99 %

The remaining error is caused by the leakage current of the MOSFET.

It can also be seen that the discharge process is completed in 61.98 us (= 8.8 % of
the charging time). This time cannot be neglected here. The discharging time must be
considered in power calculation of the microcontroller.

A detailed error propagation calculation is very complex here. Moreover, the main
source of error is given by the tolerance of the capacitor Cy that is 10 %, too. The
tolerances of the other components (resistors) are kept at 1%. Therefore, the calculation
can also be omitted here. The relative error of the charge counter is assumed to be 10 %.

4.1.6.2 Output Power Calculation

The output power can be calculated at the MSP430 microcontroller. Therefore, the mea-
surement of the output current is needed. The measurement has been discussed in detail
in the previous Section. The voltage can be assumed constant. The current can be mea-
sured via the elapsed time between two pulses of the charge counter. Therefore, the power
can be calculated with:

_ QchargecntQ ) Usup
Pout -

tpulse2
The error propagation provides the same result:

AQchargecntQ + AU'sup + Atpulse?)
QchargecntQ Usup tpulse2

APerr,out ~ :tPout : <

The ratio AQchargeent2/Qchargeent2 Tepresents the relative error of the charge counter
and is 10 %. Because the charge Qcpargecnt2 is constant, the ratio is also constant.

The ratio AUsgyp/Usyp represents the relative error of the supply voltage. This error is
given by the tolerance of the DC-DC converter and is 1 % [44].

The ratio Atpuise2/tpuise2 represents the relative error of the time measurement. The
considerations of the input power calculation can be taken here as well. The relative error
is at a minimum interval of 0.681 ms (I, = 0.2 A):

Al pulse 108ns

err,time — = = 108.
Jernt butse 0.68Lms — L0B-3PPM

The maximum relative error occurs at the minimum duration between two pulses and is

147 ppm = 0.015 %.
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The estimation of the upper bounds of the resulting absolute error of the power calcu-
lation provides:

A AU, At
A-Perr,out ~ iPout . < Qchargecnt2 + sup + pulse?)
Qchargecnt? Usup tpulseQ
4P, - (0.1 4 0.01 4 0.00015)

<
< Py -0.11015

4.1.7 Available Energy Measurement

The measurement of the available energy, which is stored in the ultracapacitors, can only
be done indirectly. The energy can be calculated with the voltage of the capacitors:

E = % .C-UZ,
The capacity C is known and the voltage U4, can be measured. The full capacitor voltage
cannot be measured by the microcontroller, because it is too high. One possibility is to
reduce the capacitor voltage with a voltage divider. Another possibility is to use voltage
of the capacitor balancing circuit Ueep paif- If the capacitors are balanced this voltage is
exactly half the total capacitor voltage Ucqp.

The tolerance of the ultracapacitors is d = 20 %. If the capacity of both ultracapacitors
is nearly the same, they will be balanced very well. The maximum voltage difference
occurs if one of them is charged up to the maximum voltage of U, = 2.7V and the
other one to 2.3 V. The measured voltage is 2.3V or 2.7V. The expected stored energy is:

“155F - (2-2.3V)? = 1639.9J

Estore,min =

| = N | —

Estoremax = 5 - 15517+ (2 2.7V)? = 2259.9.J
The real stored energy is:

1 1—d?
Estore,real = 5 -C- 9

- (5V)% = 1860 J

The relative error is:

Estare,min - Estore,real _ 1639.9J — 1860J .

fem",l Estore,real 1860.J ’
ferr72 _ Estore,mam - Estore,real — 2259.9J — 1860J — _215%
Estm"e,real 1860.J

The ADC of the microcontroller has a measurement error of AU, eqs = 4.03mV. The
relative error at full charged and balanced ultracapacitors is

AUpeas ~ 4.02mV

ferr,Ucap = Umeas = 25 =0.16%
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and can be neglected. Other measurement errors can also be neglected because of the high
tolerance of the ultracapacitors.

It can be seen that the error of the available energy measurement can be very high if
the capacitors are not balanced. Otherwise, it is the easiest method and saves energy
and components. If the total ultracapacitor voltage is measured via a voltage divider, an
additional current would discharge the ultracapacitors. Therefore, the more inaccurate
but simpler and more efficient solution is chosen.

4.2 Wireless Sensor Node

This Section gives a detailed description of the implemented hardware of the mote. Each
main functional group is explained in the following Sections. The implementation of the
mote is based on the introduced design shown in Figure 3.4. The hardware is illustrated
in Figure 4.13.

T O I U
o 1 2 3 4 5 6 7 8

Figure 4.13: Hlustration of the mote hardware. The unit of the rule is centimeter.

4.2.1 Microcontroller

The MSP430F1611 microcontroller itself does not need many external components to
ensure a proper functionality.

To ensure low-power operation during sleep mode, a low frequency oscillator crystal
is used. This oscillator has a frequency of fio, = 32768 Hz. It is the reference for the
so-called auxiliary clock signal of the microcontroller.

A second high frequency crystal oscillator is used during normal workload. This oscil-
lator has a frequency of fp;g, = 6 M Hz. It is the reference for the main clock signal of
the microcontroller.
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The ADC module has an internal reference generator. This generator can be used
to generate one of two supported reference voltages (1.5V and 2.5V). The generated
reference voltage must be stabilized externally. Therefore, the reference voltage pin is
connected with two capacitors. The first capacitor is used for stabilizing the voltage during
conversions and has a capacity of 4.7 uF'. The second capacitor is used for absorbing high
frequency (HF) disturbances and has a capacity of 100 nF.

Furthermore, the analog input pins are also equipped with 100 nF" capacitors. They are
used for absorbing high frequency disturbances.

The microcontroller has two universal synchronous/asynchronous receive/transmit (US-
ART) peripheral interface modules. The first module (USARTO) is used to communicate
with the PC and is configured asynchronously. Therefore, it is connected with the USB
interface module. The second module is used for SPI communication. It is connected to
the local bus and can communicate with more than one device. It is connected with the
radio module, the GPS receiver and the expansion connector.

The microcontroller can be programmed via the JTAG interface and the BSL. The
BSL is used here, because the JTAG interface would need additional hardware. The BSL
uses two special pins (P1.1 and P2.2) for serial communication. Therefore, these pins are
also connected to the transmission lines of the serial interface (beside the transmission
lines of the USARTO0). This is possible, because during the BSL start procedure, the
microcontroller is reset and the USARTO is disabled.

4.2.2 USB Interface

This module is used for communication between a PC and the mote. The main component
is the FT232RL interface chip. It provides a serial interface similar to the RS232 interface
but at CMOS level. It is used for communication and for programming. Therefore, it
is connected to the USARTO of the microcontroller and the BSL pins. Two LEDs are
indicating the reception and transmission of data.

The USB interface module is decoupled from the rest of the mote. An analog switch
cuts the communication lines between the microcontroller and the interface chip if the
USB is disconnected.

The USB module is supplied from the PC via the USB. It can also be used to supply
the mote. Therefore, a jumper (USBPWR) must be applied. This jumper must not be
applied if the mote is supplied by the EHS.

4.2.3 LEDs

The mote is equipped with three LEDs that can be controlled by the microcontroller. The
series resistors of the LEDs are designed to keep the current drain of the LEDs low.

Green LED: The minimum forward voltage of the green diode is 1.8V [20]. A series
resistor of 1 k() leads to a maximum current of:
3.3V — 1.8V

Imaa: reen — T 171.09 1. A
g 150 bm
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Red LED: The minimum forward voltage of the red diode is 1.6 V' [21]. A series resistor
of 1.5 kQ leads to a maximum current of:
3.3V —1.6V

Imax,red = 175]69 =1.13mA

Yellow LED: The minimum forward voltage of the yellow diode is 1.6V [19]. A series
resistor of 1.5 k{2 leads to a maximum current of:
3.3V - 1.7V

Imaac,yellow = W =1.06mA

4.2.4 Radio Module

As discussed in Section 3.1.3, the MRF24J40MB transceiver module is used. This module
can be controlled via the SPI bus. It has also an interrupt pin to notify the microcontroller
and a wake-up pin that is used to stop the sleeping mode of the module. The reset pin
is used to clear all settings of the module. It is connected to the reset-signal of the mote.
The chip select pin is used for the SPI communication. To accept data from the SPI bus
or put data on the SPI bus, this signal must be enabled.

4.2.5 GPS Module

The GPS module provides a serial interface similar to the RS232 interface but at CMOS
level. Because both USART modules are already used, an SPI compatible UART is used.
It is the MAX3100 from MAXIM®. This UART is connected to the SPI bus. It provides
the serial interface, which is connected to the GPS module. An interrupt pin is used to
notify the microcontroller about events.

The GPS module itself has two special power supply pins. The first one is used for
backup. It should be connected permanently to the power supply of the mote. This
guarantees a fast position fix. The second one is used for power supply. If it is supplied,
the GPS module starts working. The GPS enable signal of the microcontroller controls
the state of the GPS module and of the UART. If it is low, the UART is kept in sleep
mode and the power supply of the GPS module is cut off. The backup supply remains. If
the signal is high the UART and the GPS module starts working normally.

The UART must be configured to the supported speed of the GPS module, before it
could be used. The chip select pin is used for the SPI communication. To accept data
from the SPI bus or put data on the SPI bus this signal must be enabled.

4.2.6 Ultrasonic Module

The ultrasonic module is integrated in the mote hardware. The whole module can be
enabled with the ultrasonic enable signal. If the module is disabled, none of its components
are supplied. The module is split into two parts and is described in the following two
Sections.
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4.2.6.1 Pulse Generation Circuit

The first part is used for generating the ultrasonic pulse. The circuit is shown in Figure
4.14. The four MOSFETSs form a so-called H-bridge. So the resonator can be supplied
with positive and negative supply voltage. The reachable peak-to-peak voltage at the
resonator is about 6.6 V' at a supply voltage of 3.3 V. The simulation results are shown in
Figure 4.15. It can be seen that the peak-to-peak voltage difference at the resonator is

N
V3 'T— Si1013 'T— Si1013 ~R1

e pe= o=
V1 M3 M4 10k

O ="

_ PULSE(3.3 0 32.5u 100n 100n 12.5u 254 3)
V2 PULSE(3.3 0 20u 100n 100n 12.5u 25u 4) ut S Uk
I
C‘) 1.6n
3.3

N
J*_ U1 J'_ U2 R2
2N7002 2N7002 10k

.tran 0.00012 Y

Figure 4.14: Circuit for ultrasonic pulse generation. C1 represents the transceiver.

V(uh1) V(uh2) V(uh1}-V(uh2)

3.5V
Ops 10ps 20us 30ps 40us 50ps 60ps 70ps 80ps 90ps 100ps 110ps 120ps

Figure 4.15: Simulation of the H-bridge that is used for ultrasonic pulse generation. The
green trace and the blue trace represent the voltages at both pins of the
resonator. The red trace represents the voltage difference at the resonator.
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about 6.6 V. A detailed view of the transition is shown in Figure 4.16. It can be seen that
there are two current peaks. The reason is that both transistors at one side are switched
simultaneously. This should be omitted to reduce the power consumption. The solution
is a unique control signal for each transistor. Then, the first transistor can be switched
off before the second one is switched on.

V{uh2) V{uh1}-V{uh2) -v2)

180mA

160mA

140mA

120mA

100mA

80mA

32.48)1s 32.52)1s 32.56)1s 32.60ps 32.64ps 32.68)1s 32.7211s 32.76)1s 32.80s 32.84)1s

Figure 4.16: Detailed view of a transition at the resonator. The green trace and the
blue trace represent the voltages at both pins of the resonator. The red
trace represents the voltage difference at the resonator. The turquoise trace
represents the current at the voltage source V2.

4.2.6.2 Measurement Circuit

The second part of the ultrasonic module is the measurement circuit. It is used to detect
the incoming ultrasonic waves. Figure 4.17 shows the circuit diagram. It can be seen
that the measurement circuit consists of two band-pass amplifiers. Both are first order
amplifiers. A simplified circuit of a band-pass filter is shown in Figure 4.18. It can be
seen that it consists of a high-pass and a low-pass filter. The expected voltage gain can
be determined with:

Ry Ry 22k
U = BT Re 1k

The voltage gain of the both amplifiers is:
GUtot = G4y = 484 = 53.69 dB

A detailed explanation of band-pass amplifiers can be found in [4].
The AC analysis simulation is shown in Figure 4.19. It must be considered that the
input voltage is U;;, = 1 mV. The value in dB can be calculated with:

Uin.ap = 20 - log(Up,) = 20 - log(1mV) = —60 dB
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Figure 4.17: Measurement circuit for the incoming ultrasonic waves.
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Figure 4.18: First order band-pass circuit from [4].
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Figure 4.19: AC analysis simulation of the ultrasonic measurement circuit. The green
trace is the frequency response of the first amplifier. The blue trace is the
frequency response of both amplifiers.
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Now the voltage gain in dB can be determined with the simulated output voltage Uyyt,ap =
—11.184dB:

9u,dB = Uout,aB — Uin,ap = —11.18dB + 60dB = 48.82dB

It equates to a voltage gain of:

48.82

9U,dB
gu =10"20 =10"20 = 276.06
The difference to the calculated one is:
gdiff = 9uUtot — JU,dB = 53.69dB — 48.82dB = 4.88 dB

The reason of the lower simulated voltage gain is the fact that the high-pass and low-pass
filter have a lower gain than the calculated one.
The transient simulation of the measurement circuit is shown in Figure 4.20. The

V(sig2) V(out)

Ops 80ps 160ps 240ps 320ps 400ps 480)1s 5601 640)1s 720ps 800s

Figure 4.20: Transient simulation of the ultrasonic measurement circuit. The green trace is
the output voltage of the first amplifier. The blue trace is the output voltage
of the second amplifier. Finally, the red trace is the rectified and smoothed
output voltage.

smallest measurable voltage difference of the microcontroller is:

3.3V

Umeas,min = 7212 = 0.806 mV

It can be seen that this is enough to detect even small signals.

4.3 Software Implementation

This Chapter shows the implementation of the software of the battery-less WSN river
monitoring platform. As mentioned before, the program is written in C++. Therefore,
the functionality can be encapsulated in classes. Figure 4.21 shows an overview of the
classes and their dependencies.
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Figure 4.21: Overview of the classes and their dependencies. The class Tools is used by
most of the other classes. The dependencies are omitted because of readabil-

ity.

Each hardware module (e.g. Timer, LEDs, ADC ...) is encapsulated in a single class.
These classes represent the functionality of the hardware. They also hide the complexity
of the hardware and specific register access. Therefore, the modules can be used very easy.

The basic idea is to keep the microcontroller in sleep mode as long as possible. Only if
an event occurs, it is woken up. The microcontroller supports different low-power modes
(LPMs), which disable different components. The LPM 3 is used here. It keeps only the
timer active during sleep. All other components are switched off. This guarantees very
low-power consumption. The timer generates an interrupt and the microcontroller starts
working again after a certain time.

4.3.1 Class Description

A short description of each class is listed in the following:
ADC: This class converts analog signals to digital values.

CurrentCounter: This class contains the counting variables of both current counters.
They are incremented by interrupt service routines.

Events: This class stores the state of the events of the software.
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GPS: This class is used for buffering and decoding the GPS data. It uses the class SPIBus
for communication with the hardware module.

InfoCenter: This class gathers all needed information from the other components. After
the gathering is completed, the data is sent.

LEDs: This class is used to control the three LEDs of the hardware.

Radio: This class is used for RF communication. It uses the class SPIBus for communi-
cation with the hardware module.

SerialComm: This class communicates with the PC.

SPIBus: This class interfaces the local SPI bus.

Timer: This class is used to control the timers of the microcontroller.
Tolls: This class contains useful functions, e.g. software reset.

USonic: This class controls the ultrasonic hardware and measures the received signal.

4.3.2 Operation

The basic operation of the software is described in the following. Figure 4.22 shows the
simplified program flow of the main function. This function is called after a reset of the
microcontroller and after powering on. The main program activates the LPM 3 of the
microcontroller after initializing all modules. Then, the program polls the triggering event
and executes the specific instructions after a wake-up from an interrupt service routine
(ISR). Then, the LPM 3 is activated again.

The program starts with the gathering process of the data after the activation interval
time is over. The following data is measured before the GPS module is activated:

e Solar current counter value (solarCnt)
e Mote current counter value (moteCntBeforGPS)

e Reduced solar voltage (vSolarR)

Half ultracapacitor voltage (vCapHalfBeforGPS)
e Temperature of the microcontroller (chipTemperatur)

Then the GPS module is activated. The program activates LPM 3 and waits for the data
of the GPS module. After receiving a specified number of positions, the gathering process
is continued. The following data is measured:

e Mote current counter value (moteCntAfterGPS)
e Half ultracapacitor voltage (vCapHalfAfterGPS)

Now the gathering process is completed. This triggers the event “information gathering
complete”.

This event starts the post processing. Finally, all data is sent and the program activates
LPM 3 again. The communication protocol can be found in Section 4.3.4.
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Initialize modules

Wake up from interrupt

[Activation Interval Event]
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[All GPS data received]

v

Gdd event: information gathering completa

[Information gathering complete event]

v

Grocess and send gathered datD

Figure 4.22: Simplified program flow of the main function.

4.3.3 Interrupts

Interrupts are used to detect events during the sleep mode of the microcontroller. Two
different interrupts are needed. The first one is the timer interrupt. It is used to determine
the time for the activation interval. The second one is the port interrupt. It detects events
from the external peripherals. Both current counters, the GPS module and the RF module
are connected to an interrupt pin.
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4.3.3.1 Timer Interrupt

Figure 4.23 shows the flow of the interrupt service routine of the timer. The timer is

t Timer interrupt
Gwcrement timer counteD

[Activation interval time reached]

v

Gdd event: activation intervaD

O Return from interrupt

Figure 4.23: Simplified flow of the interrupt service routine of the timer.

programmed to generate a timer interrupt every two seconds. A counter is used to store
the number of interrupts. After incrementing, the value of the counter is compared with
the activation interval time. If the time is over, the ISR triggers the event “activation
interval”. Then, the microcontroller is woken up to check whether an event has occurred
or not.

4.3.3.2 Port Interrupt

Four different port interrupts are implemented. Figure 4.24 shows the flow of the interrupt
service routine of the port. There is no distinction between the triggering input pins. So
it must be polled to find out which pin has triggered. First, the current counter pins are
polled. If one of them has generated a pulse, the respective current counter variable is
incremented. Then, the RF communication interrupt is polled. The RF module generates
this interrupt if it has received a message. Finally, the GPS communication interrupt
pin is polled. If the UART of the GPS module has received a character, it generates an
interrupt pulse. The ISR reads the character via the SPI bus and checks if a line has
finished. If so, the event “GPS received” is triggered and the microcontroller is woken up.

4.3.4 Communication Protocol

The communication protocol is explained in this Section. The mote sends a packet to the
base station each activation interval. The basic 802.15.4 data packet format can be found
in Table 4.1. The sender and the receiver are located in the same personal area network
(PAN). The checksum of the data packet is calculated automatically by the RF module.
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Port interrupt
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Figure 4.24: Simplified flow of the interrupt service routine of the port.

Description: Frame | Sequence | Dest. | Dest. | Src. | Src. | Payload | Check
header | number | PAN | addr. | PAN | addr. sum
Bytes: 2 1 2 2 2 2 n 2

Table 4.1: Frame format of the 802.15.4 data packet.
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The payload of the packet is an ASCII formatted data string. Therefore, it can be read
easily. The format of the data string is:

RM10,<activation interval>,<solar count>,<mote count 1>,<mote count 2>,
<supply voltage>,<solar voltage>,<cap. voltage 1>,<cap. voltage 2>,
<chip temperature>,<valid GPS count>,<mean altitude>,<usonic>

The meaning of each data field is described in Table 4.2.

Data Field Description

activation interval | Time of activation interval in seconds

solar count Value of the solar current counter

mote count 1 Value of the mote current counter before GPS activation
mote count 2 Value of the mote current counter after GPS activation
supply voltage Supply voltage in [mV]

solar voltage Solar voltage in [mV]

cap. voltage 1 Voltage of the ultracapacitors in [mV] before GPS activation
cap. voltage 2 Voltage of the ultracapacitors in [mV] after GPS activation

chip temperature | ADC value of the on chip temperature measurement
valid GPS count Number of valid GPS signals during GPS activation
mean altitude Average altitude of the valid GPS altitude measurements
usonic Measured distance of the ultrasonic measurement in [mm]

Table 4.2: Description of the data fields.

4.4 Design flow and Start-up

This Section shows the design flow of creating a new application for RiverMote. As de-
scribed in Section 3.5, the development environment Code Composer Studio Core Edition
(version: 4.0.2.01003) is used to create C or C++ applications.

All developed applications can be found in the directory software\ccworkspace. The
application RiverMoteBasicTest uses the most hardware components of the RiverMote.
Therefore, it is a good application to learn from and can be used as the basis for feature
applications. The application RiverMoteBaseStation receives packets from other motes
and sends the data to the PC.

If the classes of the RiverMoteBasicTest application are used in new projects, the
C system stack size and the heap size for C/C++ dynamic memory allocation must be
increased to at least 2048 bytes. This is needed because the objects of the classes are
instanced during the program start-up. These settings can be found under: Project Prop-
erties — C/C++ Build — Tool Settings — MSP/30 Linker — Basic Options.

The first step of creating a new application is to think about which hardware components
are needed. Then, the specific classes can be included in the new project. After writing
the application specific code, the program can be compiled. It is necessary to create a
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Texas Instruments®hex-file. This can be enabled under: Project Properties — C/C++
Build — Build Steps — Post-build step — Apply Predifined Step — Clreate flash image:
TI-TXT. This file is needed to transmit the machine code to the microcontroller.

Before programming the microcontroller, the RiverMote has to be connected to the PC.

Therefore, a standard USB cable can be used (Type A to Type B Mini). The RiverMote
needs a Virtual Com Port Driver to be able to communicate with the PC. This driver can
be found in the zip file:
software\FTDI USB Driver CDM 2.06.00 WHQL Certified.zip.
Note that before connecting the RiverMote to the PC it must be ensured that it is supplied
either from the USB module or from the EHS. Therefore, the jumper USBPWR (mote) and
SUPVCC (EHS) must be set properly. The hardware may be damaged if both jumpers are
set and the USB cable is connected.

A Java application has been written to transmit the hex-file to the microcontroller. This

application is called BSLprogrammer and it can be found in the directory:
software\eworkspace\BSLprogrammer.
The current version is 1.0. It uses the open source library rxtx library to access the serial
interface of the PC (version 2.1-r7). It has been only tested under WindowsXP. The appli-
cation RiverMoteBasicTest includes also a patch file that is used to transmit the gener-
ated hex-file to the microcontroller (zz_programm.bat). It starts the BSLprogrammer au-
tomatically. The syntax to start the BSLprogrammer is: java -jar BSLprogrammer.jar
<COM port> <hex-file>.

The BSLprogrammer initializes the BSL of the microcontroller by sending the BSL entry
sequence. Then, the microcontroller is unlocked by sending the password. The standard
password consists of 32 bytes. Each byte has the value 0xFF. The unlocking is necessary
to be able to write into the flash memory of the microcontroller. Then, the machine code
is transmitted. Finally, the microcontroller is reset to start normal operation.

A second Java application has been developed to communicate with the RiverMote. It

is called RiverMoteListener and it can be found in the directory:
software\eworkspace\RiverMoteListener.
It is configured to open the serial port COM4. This can only be changed in the source
code. The RiverMoteListener receives the data of the connected RiverMote and displays
it. All received data is stored in the log-file C:\RiverMoteLogAll.txt. The data of the
mote application RiverMoteBasicTest is sent in a specific format as described in Section
4.3.4. This protocol is processed by the RiverMoteListener. For example, it calculates
the current from the current counter value and also the temperature. These calculated
values are displayed for a better understanding of the state of the RiverMote. The raw
data values are stored in the separate log-file C:\RiverMoteLog. txt.

The measurement data of the log file can be analyzed with a MATLAB script. The
scripts are written in MATLAB R2007a. An example script can be found in:
measurements\longtime\2010-02-19 longtime\longtimeanalysis.m

The RiverMote application starts immediately after programming. If this should be
omitted, the USB connector or the EHS connector must be removed after programming.

The ultracapacitors can be charged by an external power supply. Therefore, the solar
cell must be disconnected. The power supply is connected to the solar cell connector of
the EHS. The maximum charge current is 200 mA. After charging, the power supply can
be disconnected.
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Table 4.3 shows the content of the directories of this master’s thesis.

Directory ‘ Content

datasheets Datasheets of the components of the hardware

doku LaTeX source code and pdf of the documentation

hardware Schematic, PCB layout file and part list of the RiverMote hardware
images Images of the prototype hardware

infos Additional information

matlab MATLAB scripts for various calculations

measurements | Measurement data and MATLAB scripts for analysis

papers Relevant papers for this master’s thesis

simulation Simulation files of the implemented circuits

software RiverMote applications, BSLprogrammer and RiverMoteListener

Table 4.3: Content of the directories of this master’s thesis.
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5 Experimental Results

This Chapter shows the results of the measurements of the WSN platform hardware.

5.1 Ultracapacitor

The ultracapacitor is the energy storage unit of the RiverMote. Therefore, it should have
a low leakage current. Figure 5.1 shows the measurement of the voltage and the charging
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Figure 5.1: Long-term measurement of a single ultracapacitor BC310 P250 T10 from
Maxwell with a capacitance of C' = 310 F. The voltage of the ultracapacitor
and the charging current have been measured for nearly 3 days. After charging
the ultracapacitor to a voltage of 2.5V, the power supply was disconnected.

current of a single ultracapacitor. The measurement hardware consists of the National
Instruments®DAQ NI PXI-6221. The ultracapacitor is connected to a current source.
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One analog input channel of the measurement device is used to measure the voltage of the
ultracapacitor. A second channel is used to measure the voltage drop at a shunt resistor.
So, the charging current can be measured indirectly. After charging, the ultracapacitor is
disconnected from the current source. Therefore, the measured current is equal to zero.

The average current into the ultracapacitor during the charging phase (0 to 2.8 h) was
89.25mA. The energy delivered from the power supply during this phase was Fg,pp, =
1246.62 J. It can be calculated with:

N
Esupply = Z (Ucap,n : Icharge,n : At)

n=1
N is the number of samples, U.qp is the voltage of the ultracapacitor at the sample n,
I harge,n is the charging current of the ultracapacitor at the sample n, and At is the time
between two samples (1/samplingrate).
It can be seen that the initial voltage decrease is higher than the decrease after 16 hours.
Figure 5.2 shows the leakage current after disconnecting the power supply. The leakage
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Leakage Current [mA]
(4]
N
1
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Figure 5.2: Leakage current measurement of a single ultracapacitor BC310 P250 T10 from
Maxwell with a capacitance of 310 F. The ultracapacitor was charged to a
voltage of 2.5V and was disconnected from the power supply.

current can be calculated with the measured voltage:
AUcqp _
At

Ileakage =C- C- (Ucap,n+1 - Ucap,n) . samplingrate
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The average leakage current during the whole measurement was 0.487 mA. The expected
leakage current from the data sheet was only 0.45mA [26]. However, the significant value
of the leakage current is the average leakage current of the first 16 hours after disconnecting
the power supply. This time must be bridged with the ultracapacitor. The average leakage
current during this interval was 1.398 mA.

It must be considered that the ultracapacitor was disconnected immediately after reach-
ing the maximum voltage of 2.5 V. A second measurement was done. The maximum volt-
age was kept constant for one day. After this time, the ultracapacitor was disconnected
and the leakage current was measured. The result is shown in Figure 5.3.
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Figure 5.3: Leakage current measurement of the ultracapacitor BC310 P250 T10 from
Maxwell with a capacitance of 310 F'. The leakage current was measured after
keeping the voltage at the ultracapacitor constant for one day.

The average leakage current at the first 16 hours is 0.121 mA. This is a very good result
because it is only a fourth of the value of the data sheet. However, it must be considered
that the maximum voltage at this measurement was 2.3 V. Therefore, the real value is
between the measured values of 0.121 mA and 1.398 mA. The real value depends also on
the temperature, which was not measured here. This would go beyond the scope of this
master’s thesis.

The long-term measurements will show if the ultracapacitors are suited to supply the
RiverMote.
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5.2 Balancing Circuit

The balancing circuit is needed to keep both ultracapacitors at the same voltage. Figure
5.4 shows measurement setup. The voltage U1 is kept a constant value. The voltage U2

v} (D

| . Balancing
) " Circuit
vz} (D)

Figure 5.4: Setup for the measurement of the balancing current.

Vece

GND

is varied to get the wanted voltage difference. An ampere meter is used to measure the
balancing current.

Figure 5.5 shows the balancing current measured for three different voltages of U1 (fixed
voltage). It can be seen that this balancing current is much higher than the calculated on.
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Figure 5.5: Measurement of the balancing current for three different fixed voltages.
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For example, the calculated balancing current at a voltage difference of 0.2V is:
Tyal,cale0.2v = 3.6 mA

The average balancing current at a voltage difference of 0.2V is:
Tyal,meas,0.2v = 10mA

The reason is that the calculation is only an estimation of the lower limit. Now the
maximum charging current can be recalculated as described in Section 4.1.3:

AQ AQ  T4.4As
Ibal,O.4V Ibal,meas,O.QV -2 20mA

tcharge = = 3720,s =1.03h

The maximum charging current is:

Qiot  T44As
tcharge 3720

Icharge - =200mA

This means that the maximum charging current should not exceed 200 mA. However, this
value is the limit for a complete charging process. This means the initial voltage of the
ultracapacitor is 0 V. During normal operation, such a low voltage cannot be reached.
Therefore, the maximum charging current increases and the selected solar cells can be
used.

A second measurement was done to show the balancing process of two ultracapacitors
with different initial voltages. It demonstrates the functionality of the balancing circuit.
Figure 5.6 displays the voltages of each capacitor. The charging current was 50mA. It
was interrupted after two hours to prevent damage of the ultracapacitors. The voltage
ratio can be calculated with

. cha 1
ratio = —=~

chap2
and is shown in Figure 5.7. It can be seen that the ratio function corresponds approxi-
mately to a charging function of a capacitor. The reason is the lower balancing current at
lower voltage differences.
The charge current of the capacitors can be calculated by assuming the capacity of both
ultracapacitors with Cyeqp = 310 F:

I _ AC?ucap,n _ Cucap : Achap,n _ Cucap : (chap,n+1 - chap,n)
chargemn Atn Atn tn—l—l —t,

The difference of the charging current of both ultracapacitors is equivalent to the balancing
current:

Ibal,n = Lcharge,n,ucapl — Icharge,n,ucazﬂ

This current depends on the voltage difference and is shown in Figure 5.8.

Leander Bernd Hormann 67/118



Wireless Sensor Platform for River Monitoring Based on Energy Harvesting

Master’s Thesis

) L T AL
— =1/
2.: /

Capacitor Volatage [V]
> »

Voltage Capacitor 1

Voltage Capacitor 2
I I

08
0

50

100

150

1 1
200 250 300
Time [min]

350

T
400

450

500

Figure 5.6: Voltage of both ultracapacitors during balancing process.
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Figure 5.7: Voltage ratio of both ultracapacitors during balancing process.
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Figure 5.8: Balancing current depending on the voltage difference of the ultracapacitors.

5.3 Current Counters

This Section presents the results of the measurements of both current counters. Section
5.3.1 and 5.3.2 show the measurements of the solar current counter and the mote current
counter.

5.3.1 Solar Current Counter

Figure 5.9 shows the setup of the solar current counter measurement. The EHS is supplied
with a constant voltage of U = 3.2V. This voltage is connected to the input of the
ultracapacitors. The variable voltage source U,q, is used to set a given current I. This
current represents the current of the solar cell. The measurement resistor R,,eqs = 10Q
is used to measure the voltage drop U,,eqs at this resistor. This is needed, because the
resistor limits the measurement current and it can be adjusted more exactly.

The measurement current I flows also through the shunt resistor Ry, = 0.33Q of
the EHD. The solar current counter uses this resistor to measure the solar current. As
described in Section 4.1.5.2, the current counter integrates the voltage drop of the shunt
resistor. The measurement of the integration time #;,teqr solar Was done with the oscillo-
scope unit DSO-2090 from Voltcraft®. The input channel was connected to the integration
capacitor of the solar current counter.

Figure 5.10 shows one integration cycle of the solar current counter. The measured time
of one cycle is ¢ = 381.11ms and the difference of the integration voltage is Ug; s meas =
3.03V. The simulated voltage difference is Uy, 4y = 3.012V and the simulated time
of one cycle is tu sim = 371ms (see Section 4.1.5.2). These are very good results and
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Figure 5.9: Setup for the measurement of the solar current counter.
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Figure 5.10: One integration cycle of the solar current counter at a solar current of I =
8.3mA.

they show that the Schmitt trigger and the MOSFET of the solar current counter works

properly.
The equivalent charge of one pulse can be calculated with:

qulse,solar =1 tintegr,solar
In this case it is:

qulse,solar - 83mA . 38111m8 = 316 mAS
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The error to the calculated charge per pulse is:

f _ Qchargecnt,solar - qulse,solar — 3.012mAs — 3.16mAs =—-4.68%
err,pulse,solar qulse,sozm, 3 16mAs .

Figure 5.11 shows the measurements of the solar current counters of all three prototypes.
Since the current is measured indirectly by the voltage drop Upeqs at the measurement
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Figure 5.11: Equivalent charge of one pulse depending on the solar current. The average
charge per pulse is Qsolar puise,mean = 3.049mAs

resistor Rieqs, the equivalent charge can be calculated with:

qulse,solar = % : tintegr,solar
meas

It can be seen that the error of the current counter is higher at lower values of the solar
current. The reason is the influence of leakage currents of the MOSFET, the operational
amplifiers and the integration capacitor. These leakage currents have a higher influence
on the current counter at low values of the solar current.

The average equivalent charge of one pulse is Qoiar,pulse,mean = 3.049mAs of all three
motes. The difference to the calculated charge per pulse is:

AQsolar = Qchargecnt,solar - Qsolar,pulse,mean = 3.012mAs — 3.049mAs = —0.037mAs

o Qcha'rgecnt,solar — Qsolar,pulse,mean . 3.012mAs — 3.049m As

ferr,charge,solar - = =12 %
Qsolar,pulse,mean 3.049mAs

The error depending on different solar currents is shown in Figure 5.12. It is referring to

Leander Bernd Hérmann 71/118



Wireless Sensor Platform for River Monitoring Based on Energy Harvesting Master’s Thesis

30

——— Mote1
——— Mote2
Mote3

20 *

0+ ,

Error Refering to the Mean Charge per Pulse [%]
o
T
(

.30 i S S S W i TR S S O A O
0 1 2

10 10 10
Solar Current [mA]

Figure 5.12: Error of the equivalent charge of one pulse depending on the solar current.

the average equivalent charge of one pulse. This value is used for all following calculations
to enhance the accuracy. It can be seen that the error is more than 20 % at low solar
currents. However, it can be said that the solar current counter works properly at high
enough solar currents.

The solar current is higher than 10mA during the daytime even at bad weather con-
ditions. Therefore, the error of the solar current counter is better than 10 % during the
daytime.

5.3.2 Mote Current Counter

Figure 5.13 shows the setup of the mote current counter measurement. The EHS is
supplied with a constant voltage of U = 3.2 V. This voltage is connected to the input
of the ultracapacitors. The variable voltage source Uy, is used to set a given current I.
This current represents the current of the mote. The measurement resistor Reqs = 10Q
is used to measure the voltage drop U,eqs at this resistor. This is needed, because the
resistor limits the measurement current and it can be adjusted more exactly.

The measurement principle is the same as those of the solar current counter measure-
ment. The measurement current I flows through the shunt resistor Rpote = 0.47Q of
the EHD. The mote current counter uses this resistor to measure the mote current. As
described in Section 4.1.6.1, the current counter integrates the voltage drop of the shunt
resistor.

The measurement of the integration time t;,tegr,mote Was done with the oscilloscope unit
DS0-2090 from Voltcraft®, too. The input channel was connected to the integration
capacitor of the mote current counter.
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Figure 5.13: Setup for the measurement of the mote current counter.

Figure 5.14 shows one integration cycle of the mote current counter. The measured time

A

V/div]

Voltage [500m

Time [1ms/div]

Figure 5.14: One integration cycle of the mote current counter at a mote current of I =
25mA.

of one cycle is t = 5.84ms and the difference of the integration voltage is Ug;ffmeas =
3.07V. The simulated voltage difference is U, 4;5r = 3.012V and the simulated time
of one cycle is te sim = 5.7ms (see Section 4.1.5.2). These are very good results and
they show that the Schmitt trigger and the MOSFET of the mote current counter works

properly, too.
The equivalent charge of one pulse can be calculated in the same way here:

qulse,mote =1 tintegr,mote
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In this case it is:
Qpuise,mote = 20mA - 5.84ms = 146 pAs

The error to the calculated charge per pulse is here:

Qchargecnt mote qulse mote 1287MA5 - 146HA8
= 7 ’ = = —11.85
ferr,pulse,mote qulse’mote 146“148 %

Figure 5.15 shows the measurements of the mote current counters of all three prototypes.
The current is measured indirectly by the voltage drop Uj,eqs at the measurement resistor
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Figure 5.15: Equivalent charge of one pulse depending on the mote current. The average
charge per pulse is Qmote pulse,mean = 144.3, 1As

Ryeas- The equivalent charge can be calculated with:

. Unmeas
qulse,mote - R 'tintegr,mote
meas

It can be seen that the error of the mote counter is higher at lower values of the mote
current. The reason is the influence of leakage currents of the MOSFET, the operational
amplifiers and the integration capacitor, too. These leakage currents have a higher influ-
ence on the current counter at low values of the mote current.

The average equivalent charge of one pulse is Qmote puise,mean = 144.3 pAs of all three
motes. The difference to the calculated charge per pulse is:

AC)mote = Qchargecnt,mote - Qmote,pulse,mean = 1287,UAS - 1443IUAS = _15'6MA8
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It equates to a relative error of:

; _ Qchargecnt,mote — Qmote pulse.mean _ 128.7uAs — 144.3uAs —1081%
err,charge,mote Qmote,pulse,mean 1443'UA8 ‘

The error depending on different mote currents is shown in Figure 5.16. It is referring to
the average equivalent charge of one pulse. This value is used for all following calculations
to enhance the accuracy. It can be seen that the error is up to 20 % at low mote currents.
However, it can be said that the mote current counter works properly at high enough mote
currents. Due to the fact that the current of the mote is about 1.5mA in LPM 3, the
error of the current measurement is 20 %.
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10 10" 107
Mote Current [mA]

Figure 5.16: Error of the equivalent charge of one pulse depending on the mote current.

5.4 EHS Efficiency

This Section shows the results of the efficiency measurements of the EHS. The mea-
surement hardware consists of the National Instruments® DAQ NI PXI-6221. The main
advantage of this measurement device is the high number of input channels. Eight differ-
ential input channels can be used with a collective sample rate of 250 kH z and each with
a minimal input range from —200mV to 200mV [33]. Figure 5.17 shows the setup of the
efficiency measurement.

Five differential input channels are necessary here. The sample rate is reduced to 1 kH z
to keep the amount of measurement data low.

The EHD is emulated by a constant current source. Therefore, the measurement setup
conditions can be reconstructed.
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Figure 5.17: Setup of the efficiency measurement.

The input voltage Us and the output voltage U; can be measured directly. One differen-
tial input channel of the measurement device is used to measure each voltage. The currents
can only be measured indirectly. Therefore, a shunt resistor is needed. The voltage drop
of the shunt resistor is measured with a differential input channel of the measurement
device, too. The shunt resistor between the current source and the EHS is placed at low
side. The shunt resistor between the EHS and the mote is placed at high side. The reason
is the voltage drop at the shunt resistor. The output voltage of the EHD U is constant.
If the resistor is placed at low side, the voltage drop would influence the internal voltage
measurements of the mote. If it is placed at high side, only the supply voltage of the mote
is reduced. This can be corrected with the measurement of the supply voltage.

The input power and the output power can be calculated with:

Ur
P'mput = U2 : R;

U
Poutput = Ul : R}?

The efficiency of the EHS is:

. Poutput
NEHS = |5
Pinput

Finally the stored energy can be calculated with:
1 2
Estored = 5 -C- UC

A measurement program was written specially for the following measurements. Two
thresholds can be set to control the voltage of the ultracapacitors. This is needed to
measure the efficiency of the EHS at different voltages of the ultracapacitors. If the upper
threshold is reached, a high power mode is activated and all power intensive modules (GPS,
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communication module) of the mote under test are switched on. This leads to a discharge
of the ultracapacitors. If the lower threshold is reached, the LPM is activated and the
modules are switched off. The ultracapacitors are loaded again to the upper threshold.

A precondition is the proper value of the input current of the EHS. First, it must be
high enough to load the ultracapacitors during the LPM. Second, it must be low enough
that the ultracapacitors can be discharged during the high power mode.

5.4.1 Efficiency at Low Capacitor Voltage

This Section shows the result of the efficiency measurement at low voltages of the ultraca-
pacitors. The upper threshold is set to 3V and the lower threshold to 2.5 V. Figure 5.18
shows two charge-discharge cycles of the ultracapacitors.
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Figure 5.18: Result of the efficiency measurement of the EHS at low capacitor voltages.

The key results of this measurement are listed in Table 5.1.

It can be seen that the true voltage difference of the ultracapacitors (dynamic voltage)
is only 0.39V. The reason is the inaccuracy of the voltage measurement of the micro-
controller at high mote currents. These high currents cause a higher voltage drop at the
shunt resistor for the measurement and the shunt resistor of the EHS.

The input current during the whole measurement was I;, = 22.79mA. The small
variation of the input power is caused by the changing voltage of the ultracapacitors. The
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Description Value
Maximum stored energy in the capacitor | 690.76 J
Minimum stored energy in the capacitor | 520.91J
Dynamic energy of the capacitor 169.85 J
Maximum capacitor voltage 299V
Minimum capacitor voltage 2.9V
Dynamic voltage of the capacitor 0.39V
Duration of a high-power period 11.21man
Duration of a low-power period 47.79 min
Duty-Cycle 0.23

’ Average input current ‘ 22.79mA ‘
Average input power 70.35 mW
Average output power 57.42mW
Total Efficiency of the EHS 81.62 %

Table 5.1: Key results of the measurement of the EHS efficiency at low voltages of the

capacitor.

higher this voltage is the higher is also the input power. The constant input current causes
a straight increase of the voltage of the ultracapacitors.
The duty-cycle depends on the average input power, the power consumption of the mote
and the efficiency of the EHS. The duty-cycle is 0.23 here.
The resulting efficiency of ngms 0w = 81.62% is better than the assumed efficiency.
The assumed efficiency consists of the efficiency of input circuit and the efficiency of the
output circuit. Both were assumed to be 80%. The resulting efficiency of the EHS is
NEHS,assumed = 64 %. Therefore, the real circuit is much better than expected.

5.4.2 Efficiency at Middle Capacitor Voltage

This Section shows the result of the efficiency measurement at middle voltages of the
The upper threshold is set to 4V and the lower threshold to 3.5V.
Figure 5.19 shows two charge-discharge cycles of the ultracapacitors.

The key results of this measurement are listed in Table 5.2. It can be seen that the true

ultracapacitors.

voltage difference of the ultracapacitors (dynamic voltage) is only 0.40 V. The reason is
the inaccuracy of the voltage measurement of the microcontroller at high mote currents,
too.

The small variation of the input power is caused by the variation of the voltage of the
ultracapacitors. The input current is constant at 21.57 mA.

The duty-cycle is 0.33 at this measurement. This is higher than the duty-cycle of the
previous measurement, because the average input power is higher here. The reason is the
higher voltage of the ultracapacitors.

A second consequence of the higher voltage of the ultracapacitors is the higher dynamic
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Figure 5.19: Result of the efficiency measurement of the EHS at middle capacitor voltages.

Description ‘ Value ‘
Maximum stored energy in the capacitor | 1233.10 J
Minimum stored energy in the capacitor | 998.52 J
Dynamic energy of the capacitor 234.57J
Maximum capacitor voltage 3.9V
Minimum capacitor voltage 3.59V
Dynamic voltage of the capacitor 0.40V
Duration of a high-power period 18.02 min
Duration of a low-power period 55.41 min
Duty-Cycle 0.33

’ Average input current ‘ 21.57mA ‘
Average input power 88.07mW
Average output power 73.24 mW
Total Efficiency of the EHS 83.16 %

Table 5.2: Key results of the measurement of the EHS efficiency at middle voltages of the
capacitor.
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energy. The increase can be calculated with:

234.57J — 169.85J

=38.1
169.85J 88.1%

The resulting efficiency of ngms middie = 83.16 % is better than the assumed efficiency,
too. It is even better than the measured efficiency at low voltages of the ultracapacitors.
The reason is the lower influence of the Schottky diode. A constant voltage drops at it
and therefore it is independent of the input voltage. The higher the input voltage the
lower is the influence of this diode.

5.4.3 Efficiency at High Capacitor Voltage

This Section shows the result of the efficiency measurement at high voltages of the ultra-
capacitors. The upper threshold is set to 4.8 V' and the lower threshold to 4.3V. Figure
5.20 shows two charge-discharge cycles of the ultracapacitors.
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Figure 5.20: Result of the efficiency measurement of the EHS at high capacitor voltages.

The key results of this measurement are listed in Table 5.3.

It can be seen that the true voltage difference of the ultracapacitors (dynamic voltage)
is only 0.36 V. The reason is the inaccuracy of the voltage measurement of the microcon-
troller at high mote currents, too.
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Description Value
Maximum stored energy in the capacitor | 1775.01 W's
Minimum stored energy in the capacitor | 1520.90 W's
Dynamic energy of the capacitor 254.11Ws
Maximum capacitor voltage 4.79V
Minimum capacitor voltage 443V
Dynamic voltage of the capacitor 0.36 V
Duration of a high-power period 20.55 min
Duration of a low-power period 52.53min
Duty-Cycle 0.39

’ Average input current ‘ 21.67mA ‘
Average input power 106.17mW
Average output power 84.00 mW
Total Efficiency of the EHS 79.11 %

Table 5.3: Key results of the measurement of the EHS efficiency at high voltages of the
capacitor.

The small variation of the input power is caused by the variation of the voltage of the
ultracapacitors. The input current is constant at 21.67 mA.
The duty-cycle is 0.39 at this measurement. This is higher than the duty-cycle of both
previous measurements, because the average input power is higher here. The reason is the
higher voltage of the capacitor, too.
The increase of the higher dynamic energy compared to the measurement at low voltages
can be calculated with:

254.11J — 169.85J

=49.1%

169.85J

This is an enhancement compared to the measurement at middle voltages, although the
dynamic voltage is lower.
The resulting efficiency of ngpgnign = 79.11% is better than the assumed efficiency,

too. The measurement at middle voltages shows an enhancement of the efficiency. This
is what has been expected here. The reason of the low decrease could be the leakage
current of the ultracapacitors. The higher the voltage of the ultracapacitors the higher is
the leakage current.

Since the energy storage system should harvest as much energy as possible, the ultraca-
pacitors should be fully charged if possible. Furthermore, the energy reserves are higher
at fully charged ultracapacitors.

5.5 Solar Cell Characterization

The results of the characterization of the solar cell are presented in this Section. Figure
5.21 shows the measurement setup. The adjustable resistor R, is used to set a specific
current of the solar cell. The results are shown in Figure 5.22. The solar cell was placed

Leander Bernd Hérmann 81/118



Wireless Sensor Platform for River Monitoring Based on Energy Harvesting

Master’s Thesis

|_solar

(A
N

Solar
U solar
Panel l - E | R_var

Figure 5.21: Measurement setup of the solar cell characterization.
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Figure 5.22: Characterization of the solar cell.
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5 cm under a standard lighting bulb with 75 W. It equates to very dark lighting conditions,

for example on a cloudy day in December. The power is calculated with:

Psolar = Usolar : Isolar

It can be seen that the maximum power point is at a solar voltage of 5.5V. This is the
maximum power point of the solar cell at dark lighting conditions. Therefore, it is suitable
very well for the introduced EHS.

The maximum power can be harvested if the ultracapacitors are fully charged.

5.6 Solar Charging Measurement

This Section shows the results of the solar charging measurement. The solar cell was placed
5cm under a standard lighting bulb with 75 W. The initial voltage of the ultracapacitors
was 0 V. The measurement setup is similar to the setup of the efficiency measurement and
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Figure 5.23: Setup of the solar charging measurement.

is shown in Figure 5.23. The only difference is that the constant current source is replaced
by the solar cell. A detailed explanation of measurement setup and of the calculations can
be found in Section 5.4.

Figure 5.24 shows the full charging process. It can be seen that the voltage of the
ultracapacitors rises evenly until the voltage conditioning unit starts working. Then the
mote starts its normal operation and the output power of the EHS is unequal to zero.
This leads to a slower rising of the voltage. The high peak of the output power is caused
by the GPS unit of the mote. It is activated during initialization of the microcontroller
for a very short time.

The drops of the input power are caused by changes of the lighting conditions of the
solar cell. They are not caused by the charging process or the supply of the mote.

The key results are shown in Table 5.4. The energy efficiency nepergy is calculated with:

’ Description Value ‘
EHS total input energy 3069.07 J
EHS total output energy 329.26 J
Maximum stored energy in the capacitor 1917.74 J
Energy efficiency 73.2%
Maximum capacitor voltage 497V
Minimum capacitor voltage 0.02V
Duration of charging 953.8 min
Average input current 17.38mA
Average input power during whole measurement 53.63 mW
Average output power during whole measurement | 5.75mW

Table 5.4: Key results of the measurement of the solar charging process.
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Figure 5.24: Full charging process of the ultracapacitor by the solar cell.

Bstoredmaz + Boutput _ 0 5/

Tlenergy Einput
This means that 28.6 % of the input energy are lost in the circuits and in the charging
process of the ultracapacitors.

The charging time is higher than the daytime in December. It is 15.9 h. The reason is
that the solar cell is not designed to charge both ultracapacitors during one day. It is only
designed to compensate the consumed energy of the night during daytime at bad weather
conditions.

The measurement data was used to characterize the solar cell a second time. Figure
5.25 shows the result. It can be seen that it is very similar to the results shown in Section
5.5.

Finally, Figure 5.26 shows the solar efficiency during the charging process. The solar
efficiency was calculated by assuming the maximum power point of the input power as
100 %:

Psolar
— fsolar 400
Mlsolar max(Psojar) %

It can be seen that the solar efficiency is better than 80 % if the voltage of the ultraca-
pacitors is higher than 3 V. In this case, the solar voltage is about Uy, = 3.4, because
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Figure 5.25: Characterization of the solar cell during the charging process.
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Figure 5.26: Solar efficiency during the charging process.

of the forward voltage of the Schottky diode. Therefore, the voltage of the ultracapacitors
should be kept as high as possible.

This result can also be applied to the overall energy harvesting efficiency. The resulting
total efficiency can be calculated with:

NEHS,tot = Nsolar * NEHS,middle = 0.8 - 0.832 = 66.56 %
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It is slightly above the assumed efficiency ngw s assumed = 64 %. Therefore, it is possible
to harvest enough energy to supply the RiverMote during day and night.

5.7 Ultrasonic Measurements

This Section presents the results of the measurements of the ultrasonic unit. The measure-
ments were done with two motes. The first one was used as transmitter and the second
one as receiver. This reduces the disturbances to a minimum.

The test environment consists of a basin (42cm length and 27 c¢m width) filled with
clear water (12c¢m). The transceivers of both motes were fixed in a floating cellular
plastic, heading into the water. The distance of both transceivers is 8.5c¢m. One of the
transceivers is connected to the transmitting mote and the other one to the receiving mote.
The floating cellular plastic was placed in the middle of the basin.

The measurements were done with the oscilloscope unit DSO-2090 from Voltcraft®.
Figure 5.27 shows the output signal, which is used to generate ultrasonic waves. Five
cycles have been generated. The resulting peak-to-peak voltage at the transceiver is about

A

)
L

Voltage [5V/div]

\

Time [20ps/div]

Figure 5.27: Output signal of the ultrasonic unit without a transceiver. It shows the
functionality of the generation of the ultrasonic signal. The green trace is the
voltage of the first output pin and the yellow trace of the second output pin.
The red trace represents the differential signal.

Upp = 6.2V and the frequency is f = 40kH z.

The propagation speed in water at 20°C' is v = 1482m/s [8]. The expected latency
between transmitting and receiving depends on the propagation speed v and the distance
d. The distance can be calculated with:

sensordistance \ > 2 8.5cm\? 9
d= + (waterdepth)*-2 = 5 + (12¢m)”-2 = 25.46 cm

2

The latency can be calculated with:

d  0.2546m

tlatency,chm = ; = m =171.8 ns
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Figure 5.28 shows the output signal with a connected transceiver. Only 2 cycles have
been generated.

o
t

Voltage [5V/div]

Time [40ps/div]

Figure 5.28: Output signal of the ultrasonic unit. The transceiver was connected and
placed in the water. The green trace is the voltage of the first output pin
and the yellow trace of the second output pin. The red trace represents the
differential signal.
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Figure 5.29: Received signal of the second ultrasonic transceiver. The green trace is the
generated output signal of the first transceiver and the yellow trace is the
received signal of the second transceiver.

The reason is the very low water level in the test environment. In this case, the resulting
time of transmission is:

1 1

tiransmission = 2 f =2 10kH =~ =50 s

The time difference of the end of the transmission and the expected start of receiving is
171,8us — 50us = 121, 8us. This is enough time to be able to measure the distance.
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Figure 5.29 shows the received signals of the second ultrasonic transceiver. The high
peaks of the yellow trace are electromagnetic disturbances, because they are synchronous
to the switching operation of the transmitting mote. They are caused by the unshielded
connection cables of the ultrasonic transceivers. Therefore, the ultrasonic transceivers
should be equipped with shielded connection cables.

Figure 5.30 shows the output of the amplifier at the receiving mote. It can be seen that
the electromagnetic disturbances generate high peaks initially.

Figure 5.31 shows the amplified signal of the second ultrasonic transceiver without
placing the transceivers into the water.

A

=}
il

Voltage [yellow: 500mV/div green: 5V/div]

-+

\ A

Time [40ps/div]

Figure 5.30: Amplified signal of the second ultrasonic transceiver. Both transceivers are
placed in the water. The green trace is the generated output signal of the
first transceiver and the yellow trace is the amplified signal of the second
transceiver.
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Figure 5.31: Amplified signal of the second ultrasonic transceiver. Both transceivers are
placed out of the water. The green trace is the generated output signal of
the first transceiver and the yellow trace is the amplified signal of the second
transceiver.
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It can be seen that there is a big difference between 5.30 and 5.31. There is no signal if
the transceivers are placed out of the water. This shows that the transceivers are conceived
only for the application in water.

The amplified and rectified signal is shown in Figure 5.32. The influence of the electro-

A

S}
1

B R O R

F-EH-

H-H

Voltage [yellow: 500mV/div green: 5V/div]

F-+

{1

Time [0.2ms/div]

Figure 5.32: Amplified and rectified signal of the second ultrasonic transceiver. The green
trace is the generated output signal of the first transceiver and the yellow
trace is the amplified and rectified signal of the second transceiver.

magnetic disturbances can be seen clearly. The result is a high immediate increase of the
output voltage. This can be filtered by software. The software starts the sampling process
of the received signal after the sending process is completed. Then, it waits only for the
next increase. This increase represents the reflected sound waves.

The measured latency is tjatency,meas = 222 us. This is higher than the calculated one
(171.8 us). The reason could be the response time of the transceivers. The difference here
is 222pus — 171.8us = 50.2 ps.

Figure 5.33 shows the amplified and rectified signal at a lower water level of 7.5 cm. It
can be seen that the measured latency time is reduced to 170 us. The expected latency
time is:

cm 2
\/(%) +(7.5em)* -2 0.1724m
" 1482m/s

tlatency,7.5cm = = 116.3 us
The difference to the measure latency time is 170us — 116.3us = 53.7 us.

Finally, the measurements have been done at a very low water level of 3 cm. The results
are shown in Figure 5.34. It can be seen that the measured latency time is reduced to
106 pus. The expected latency time is:

V) £ Bem) 2 0.104m
v 1482m/s

tlatency,?)cm = = 702M8
The difference to the measure latency time is 106us — 70.2us = 35.8 us.

Therefore, the difference of the measured and the expected latency depends on the water
level. The correction algorithm can be implemented in software.
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Figure 5.33: Amplified and rectified signal of the second ultrasonic transceiver at a water
level of 7.5¢c¢m. The green trace is the generated output signal of the first
transceiver and the yellow trace is the amplified and rectified signal of the
second transceiver.
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Figure 5.34: Amplified and rectified signal of the second ultrasonic transceiver at a water
level of 3e¢m. The green trace is the generated output signal of the first
transceiver and the yellow trace is the amplified and rectified signal of the
second transceiver.

A second test environment with a larger basin was used to be able to measure distances of
up to 80 cm. A measurement application has been written which samples continuously the
analog input signal of the rectified amplifier output. The reflected ultrasonic signal causes
an increase of the rectified signal. The number of the sample with a significant increase
is returned as measurement value. Figure 5.35 shows the result of the measurement with
this software. It can be seen that the accuracy of the measurement is between 10 ¢cm and
20c¢m. It can be enhanced by using more powerful ultrasonic waves and more sensitive
amplifiers.
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Figure 5.35: Ultrasonic distance measurement using only one mote as transmitter and
receiver. The distance between both ultrasonic transceivers has been modified
in four steps. About 20 measurements have been done at each distance.

5.8 GPS Measurements

The results of the GPS measurement can be found in this Section. The measurement
setup only consists of two RiverMotes with a GPS receiver (mote 2 and mote 3). The
third RiverMote was used as base station (mote 1). It was connected to a PC, which
records the measured data. Mote 2 and mote 3 activate the GPS module at startup and
perform a factory reset of the module. Therefore, both modules start working with the
same initial data. The GPS modules perform a position fix every second. This data is
processed by the motes and sent to the base station. Mote 2 and mote 3 are placed with
a distance of approx. one meter between of them. Both were placed at the same height
outside without any obstacles between them and the sky.

Figure 5.36 shows the altitude measurement of both RiverMotes. It can be seen that the
variation of the altitude over the time is very high (more than 100 meters). In addition, the
variation of the first node is uncorrelated to the variation of the second node. Therefore,
the real height difference cannot be calculated out of this data. The data was sent from
the GPS module via the NMEA protocol standard. This GPS module does not support a
raw data format. Therefore, it cannot be used to determine the river level. GPS modules
of a different manufacturer could also be more accurate. However, this would go beyond
the scope of this master’s thesis.

A positive result of this measurement is, that both nodes were only supplied by the
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Figure 5.36: Altitude of the GPS measurement with two RiverMotes.

EHS. The ultracapacitors kept fully charged at both nodes. It was a sunny day and
both nodes harvested enough energy to keep the GPS module activated during the whole
measurement. Therefore, it is possible to keep the GPS module activated during the whole
daytime if it is a sunny day.

A second GPS measurement has been taken at Schwarzlsee near Graz. Figure 5.37
shows the result of this measurement. Mote 2 was placed during the whole measurement
at a fix position and height. Mote 3 has been placed half a meter higher than mote 2
initially. Mote 3 has been moved down to the lake after 7 minutes. This can be seen
clearly in the plot. The rapid change of the measured height of both RiverMotes after 8.5
min was the first time that both nodes have changed in the same way. Mote 3 has been
returned to its initial position after 9.5 minutes. The difference of both motes after the
movement to the lake and back isn’t the same difference as it was at the beginning of the
measurement. Therefore, the standard GPS measurement cannot be used to determine
the height difference as mentioned above.
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Figure 5.37: Altitude of the GPS measurement with two RiverMotes.

5.9 Long-Term Measurements

This Section presents the results of the long-term measurement. The long-term measure-
ment setup is very similar to the setup of the GPS measurements. Mote 2 and mote 3 are
placed on the south balcony of Institute for Technical Informatics. The balcony is roofed,
but is opened to the south. Therefore, the solar cells are exposed to the sunlight during
daytime. Both nodes are programmed to send the gathered data to the base station (mote
1) after a given interval.

Mote 2 is configured to send the data only every 10 min. It is also configured to activate
the GPS module for ten position fixes. Mote 2 is placed under a clear-transparent cover.
Since the balcony is roofed, the GPS module does not get a valid signal.

Mote 3 is configured to send the data every 50 s. The higher activation interval causes
higher power consumption. Therefore, it does not activate the GPS module. It is only
used to measure the energy state and the temperature. Mote 3 is mounted in a housing
with a grayish-transparent cover.

Figure 5.38 shows the measured voltages of mote 2 and Figure 5.39 of mote 3. It can
be seen that the long-term measurements last for five days. The RiverMotes operate con-
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Figure 5.38: Measured voltages of mote 2 during the long-term test.
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Figure 5.39: Measured voltages of mote 3 during the long-term test.
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tinuously without a manual recharging of the ultracapacitors during these days. Initially,
mote 3 was fully charged (5 V') and mote 2 was charged to a voltage of 3.5 V. The first two
days were cloudy and the nodes could not harvest much energy. Mote 3 could not harvest
enough energy to stay in an energy neutral operation mode during the first two days.
The reason is that this mote was placed under a grayish-transparent cover. It reduces the
harvestable energy severely. Mote 2 was placed under a clear-transparent cover and so it
could stay in an energy-neutral operation mode. Besides, both RiverMotes were placed
at a roofed balcony, as mentioned before. It is very important to have as much open-air
as possible during days with bad weather conditions. Therefore, the harvestable energy is
higher than the measured one.

The output voltage of the EHS of both RiverMotes is constant during the measure-
ment period. The temperature in the housing varies strongly as it can be seen later in
Figure 5.43. Therefore, it is independent of the voltage of the ultracapacitors and of the
temperature.

The fall-off of the solar voltage at fully charged ultracapacitors is caused by the over-
charge protection circuit. The simulation of the overcharge protection did not show such a
behavior. However, it is not disturbing, because the ultracapacitors are kept fully charged
during the rest of daytime.

Figure 5.40 shows the current of mote 2 during the long-term measurement and Figure
5.41 shows the current of mote 3. Both plots show the bad weather condition at the first
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Figure 5.40: Measured currents of mote 2 during the long-term test.

two days. The third day was very sunny. This results in a high solar current during this
day.
The comparison of both plots shows the effect of different housings. It can be seen that
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Figure 5.41: Measured currents of mote 3 during the long-term test.

the solar cell of mote 3 only drives about half the current than the solar cell of mote 2.
Both cells are aligned horizontally. Figure 5.42 shows the average currents of each day.
The difference between the solar current of mote 2 and of mote 3 is lower at bad lighting
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Figure 5.42: Average currents of each day. The first day was left out, because of incom-
pleteness.
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conditions. Generally, a clear-transparent covering of the solar cell should be used.

The average output currents of the EHSs of each RiverMote are nearly constant during
the whole measurement (Figure 5.40, 5.41 and 5.42). It is also independent from the
temperature. The temperature trend during the whole measurement is shown in Figure
5.43. The Figure shows the uncorrected temperatures measured by both RiverMotes.
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40
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120
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Figure 5.43: Temperature traces of both RiverMotes during the long-term test. The mea-
surement data have not been corrected. The offset error is 20 °C' as specified
in [45].

The measurements have an offset error of +20°C' as specified in the data sheet [45].
The measurements show the need for correcting the temperature values. A single point
calibration is sufficient as described in the data sheet.

It can be seen that the temperature in the grayish housing (mote 3) increases much more.
The highest temperature was reached on third day of the long-term test and was 46 °C.
The outside temperature was about 10 °C on this day. Much higher values are expected in
summer. The absolute maximum temperature of 80 °C' should not be exceeded. Therefore,
the design of the housing of the RiverMotes must ensure that the inside temperature does
not exceed the maximum temperature.

The measurement of the air temperature cannot be done with the sensor inside the
housing on sunny days. A special sensor outside of the housing is necessary if the air
temperature should be measured.

Figure 5.44 and 5.45 show the calculated input power and output power of mote 2 and
mote 3.
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Figure 5.44: Input and output power of the EHS of mote 2 during the long-term test.
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Figure 5.45: Input and output power of the EHS of mote 3 during the long-term test.
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The traces of the input and output power are similar to the traces of the solar and mote
current. The average input and output power of each day are shown in Figure 5.46.
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Figure 5.46: Average input and output power of each day. The first day was left out,
because of incompleteness.

The solar cell must harvest an energy of Eosp soiar = 1863 J each day as described in
Section 3.3.3. The average power during the whole day can be calculated with:

Eaup sol 1863.J
P24h,sola7‘,avg = 24;:) = = 24h = 21.56 mW

It can be seen that the input power on the second day (first values in Figure 5.46) of mote 3
is lower than the calculated value. Therefore, the voltage of the ultracapacitors decreases.
The input power of mote 2 is a little bit higher than the calculated one. The voltage of the
ultracapacitors keeps constant. Therefore, the size of the solar cell is sufficient to supply
the RiverMote.

5.10 Range Measurements

The results of the range measurements can be found here. The measurements are taken
on the area of Schwarzlsee near Graz. The receiver is placed on the dashboard of a car.
The sender is moved to a given distance. A packet is sent to the receiver about every
second. The packet consists of the standard measurements (voltage, current, without
GPS) including a sequence number. The sequence number and the arrival time of the
packet are used to detect lost packets. The receiver is configured to receive only packets
with correct checksum.

Figure 5.47 shows the results of the first range test. The sender is placed 442m off
the receiver in line-of-sight. The receiver measures the received signal strength indicator
(RSSI) value of the received packets. These values are plotted over time. Only one packet
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Figure 5.47: RSSI value of the received packets. The sender is placed 442 m off the receiver.

is lost during the measurement (52 s). The packet loss rate is:

recawvedpacrets. 2 o907

lossrate = 1 —
sentpackets 45

The received signal power can be determined with the RSSI value. The dependency of
the RSSI value and the received signal power is shown in Figure 5.48.
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Figure 5.48: Dependency of the RSSI value and the received signal power from [27].

Leander Bernd Hérmann 100/118



Wireless Sensor Platform for River Monitoring Based on Energy Harvesting Master’s Thesis

® Received Packages
®  Lost Packages

RSSI

Distance [m]

Figure 5.49: RSSI value of the received packets. The sender is moved towards the receiver.
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Figure 5.50: RSSI value of the received packets. The sender is moved away from the
receiver.
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Figure 5.49 shows the result of the second range test. The sender is moved towards the
receiver with a speed of about 5 km/h. It starts at a distance of about 400 m. The distance
has been decreased constantly. There is no line-of-sight connection between the sender
and the receiver from 200 m to 400 m. Therefore, the packet loss is much higher than at
the previous measurement. Trees and small buildings are blocking the line-of-sight.

The results of the third measurement are shown in Figure 5.50. The sender is placed at
a fix position and the receiver is moved at this measurement. The small number of packets
is the result of the higher velocity of the movement. The speed of the car with the receiver
is about 35 km/h. It can be seen that most of the packets are received successfully.

A measurement with reduced transmission power shows a maximum range of 500m.
The transmission power is reduced from 4+20dB to 0dB.

Therefore, it is possible to transmit packets over a distance of more than 500 m even
with a reduced transmission power.
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6 Conclusion and Future Work

This master’s thesis presents a new WSN platform for river monitoring. The platform
includes an EHS that is used to harvest environmental energy with a solar cell. Ultra-
capacitors are used to store the energy for the night. This enhances the lifetime of the
platform, because no batteries are used.

The RiverMote is equipped with a powerful 2.4GHz 802.14.4 RF module. It is used for
communication and has a measured range of up to 800 m. The task of the RiverMote is
to measure the water level of rivers. Therefore, the whole platform should be placed in
a buoy. Two different measurement principles have been evaluated. The first principle is
the measurement of the water level with ultrasonic sensors. The interval between the sent
and the received ultrasonic waves is measured. The distance can be calculated using the
measured interval. The second principle uses GPS modules to detect height differences
between these measurements. A third measurement principle was envisioned but not
implemented. It is the measurement of the river level using pressure transducers. However,
the mote is conceived to be expanded by several sensors. Therefore, such a pressure
transducer can be integrated easily.

The following Sections discuss the single units of the hardware and summarize the
respective measurement results.

6.1 Energy Harvesting System

Solar cells are used to harvest the needed energy. These solar cells are selected specially to
be able to charge the ultracapacitors directly (Schott Solar ASI30005/162/192FAmod).
This reduces the hardware complexity and the costs. The concept Section of this master’s
thesis has shown that the more ultracapacitors are connected in series the more energy can
be stored. Therefore, two ultracapacitors are connected in series. The resulting nominal
voltage of both ultracapacitors is 5V and the resulting capacity is 155 F'.

The voltage of both ultracapacitors must be balanced. The reason is the difference of
the leakage currents of both ultracapacitors. Measurements have shown that the voltage
inverter is able to balance the voltages properly. Furthermore, the overcharge protection
keeps the voltage under or equal to the nominal voltage.

Current counters are used to measure the solar and the mote current. The accuracy
of these current counters depends on the current. The error of both current counters is
higher at low currents. The accuracy of the mote current counter is better than 20 % if
the mote current is greater than 2mA. The accuracy of the solar current counter is better
than 20 % if the solar current is greater than 3mA. These accuracies are worse than the
expected ones. However, they are sufficient to estimate the input and output power of the
EHS system.

Three measurements have shown that the efficiency of the circuit of the EHS is about
80 %. Tt is sufficient to supply the RiverMote. The loss of the direct charging process
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depends on the voltage of the ultracapacitors. It is about 20 % at 3V of the ultracapac-
itors. Therefore, the overall EHS efficiency is better than 66.56 % if the voltage of the
ultracapacitors is not below this voltage.

The long-term measurement has shown that the EHS is able to supply continuously
the mote. The WSN platform can operate energy-neutral, also on days with bad weather
conditions.

6.2 Wireless Sensor Node

The following Sections discuss the results of the main components of the mote. The mote
is also equipped with a USB interface. It is used for programming and communication
with a PC.

6.2.1 Ultrasonic Unit

Measurements have shown that the ultrasonic unit is able to measure the water level of
a test basin. A calibration of the ultrasonic unit has not been done, because it depends
on the final housing and the placement of the ultrasonic transceivers. Furthermore, the
circuit for generation of the ultrasonic waves should be placed away from the circuit for
receiving the waves. However, the measurements have shown a proper functionality of the
circuits.

6.2.2 GPS Module

The GPS module is able to receive the GPS signals and to communicate with the micro-
controller. The GPS module can be programmed by the microcontroller to send specific
data. The challenge is the uncorrelated data of different GPS modules of other RiverMotes.
Furthermore, the measured height of the GPS modules varies very strongly. Therefore,
the normal data output of the GPS module cannot be used to determine the height differ-
ence of two RiverMotes. However, the supply of the GPS module and the communication
works properly. It can also be set to a sleep state by the microcontroller. The module
stops working but does not loose any data in this state.

6.2.3 Microcontroller

The microcontroller cooperates properly with the other hardware components. It can
be programmed via the USB interface. In addition, the communication between the
microcontroller and a PC is possible via the USB interface. Therefore, the data of the
mote can be sent to a PC and logged there.

The microcontroller is used to calculate the input and output power and the available
power of the ultracapacitors. Therefore, it measures the solar voltage, the supply voltage
and the voltage of the ultracapacitors. Furthermore, it counts the pulses of the current
counters. Measurements have shown that the microcontroller is able to measure these
values.

The microcontroller can communicate with the RF module. Therefore, a wireless com-
munication between different nodes is possible and has been tested. Measurements have
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shown a range of up to 800m at full power. The measurements have also shown that the
loss rate within the range depends mainly on the obstacles between the sender and the
receiver.

The microcontroller is connected to an expansion connector. Therefore, the mote can be
extended with different sensors. This ensures a high flexibility of the whole WSN platform.

6.3 Software

The implemented software is sufficient to test the functionality of the WSN hardware.
It is not suited for bigger projects. The access to the hardware should be unified by
using abstraction layers as shown in Figure 2.6. The implemented classes are also an
overhead for the functionality. Much code is generated by the compiler due to the classes.
Therefore, the functionality can be encapsulated in normal functions. This would reduce
the generated code and enhance the programming speed.

6.4 Future Work

The following list shows the possible improvements of the hardware of the introduced
WSN platform:

Current Counters: The error of the current counters is high at low currents. The accu-
racy can be improved by selecting better components of the current counter. The
integration capacitor should have a low tolerance and low leakage currents. Besides,
the leakage currents of other components of the current counter (e.g. the operational
amplifier and the MOSFET') should be as low as possible.

Maximum Power Point Tracking: The EHS can be improved by implementing a maxi-
mum power point tracker. This enhances the energy that can be harvested from the
solar cell. Therefore, the whole EHS must be redesigned. This is complex and there
will be a rise in costs of one RiverMote.

USB Interface: The USB interface can be skipped if the mote is used for long-term
measurements. It can be programmed via the JTAG interface and the RF module
can be used for communication.

Ultrasonic Module: The ultrasonic module can be improved in three ways:

1. The circuit for the generation of the ultrasonic waves should be separated from
the circuit for receiving the reflected waves. Therefore, the reflected sound
waves can be detected easier.

2. The circuit for the generation of the ultrasonic waves can be improved itself.
Ultrasonic waves with higher amplitudes can be generated with higher output
voltages. Therefore, the reflected waves have higher amplitude and they can be
detected easier.

3. The circuit for receiving the reflected ultrasonic waves can be improved, too.
The gain of the amplifier can be enhanced to be able to detect the reflected
waves better.
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The software, which is used for the tests, can also be improved. The following list shows
the possible improvements of the software of the WSN platform:

Software Structure: The software structure should be redesigned to reduce the code
size and for a better abstraction. The software should be split in different layers to
enhance the flexibility as discussed in Section 6.3.

Tiny0S: As mentioned at the beginning of this master’s thesis, it seems possible to port
TinyOS to the hardware of the WSN platform. It is a big task because the porting
is very complex. Since the same microcontroller is used as with the TelosB mote,
big parts of the code can be reused. One of the big changes is the communication
module. It is new and therefore, new drivers must be written.

GPS Module: The standard data of the GPS module cannot be used to measure the
height difference of two RiverMotes. It might be possible to access the raw data of
the GPS module. The GPS module must be programmed to send the raw data to
the microcontroller. These data can be analyzed to determine the height of the GPS
receiver.

The programs, which are used for programming and for communication with the mote,
can be improved, too:

BSL programmer: The programming speed of the BSL programmer could be enhanced.
This would reduce the programming time.

Integration: The programming software and the logging software could be integrated in
a single environment. This would improve the flexibility and the usability of the
software.
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A Appendix: Circuit Diagrams

The complete circuit diagram of the EHS can be found on the pages 108 and 109. The first
image on page 108 shows the overcharge protection of the EHS. This circuit is the same
circuit as simulated in Section 4.1.1. The voltage conditioning circuit and the capacitor
balancing circuit can also be found on this page. The second image on page 109 shows
the solar current counter and the mote current counter. The connector to the mote is also
shown on this page.

The complete circuit diagram of the mote can be found on pages 110 to 112. The first
image on page 110 shows the connection of the microcontroller. The connector to the
EHS, the JTAG connector and the expansion connector are also shown on this page. The
second image on page 111 shows the USB interface including the power supply via USB
and the decoupling circuit. It also shows the reset circuit and the LED circuit. The third
image on page 112 shows the radio module, the GPS interface and the ultrasonic circuit.
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B Appendix: Hardware lllustration

=

Figure B.1: Illustration of the RiverMote hardware including the solar cell and the housing.
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Figure B.2: Illustration of the RiverMote hardware (without solar cell).
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