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ABSTRACT

Abstract

The Renewable Energy Vehicle (REV) is a large University project that aims to
demonstrate the viability of using renewable energy sources for transport. This project’s
aims were to select and test appropriate sensors for required measurements on the REV.
The most common measurements; currents, voltages and temperatures were discussed as

well as hydrogen concentration sensors needed due to safety reasons.
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INTRODUCTION

Chapter 1

Introduction

HE Renewable Energy Vehicle is a large University project that aims to demonstrate
T the viability of using renewable energy sources for transport. The aims of this
final year thesis were to choose appropriate sensors for a selection of required physical
quantities that needed to be measured, and to test that they would work as expected

when finally installed in the vehicle.

1.1 Thesis overview

This thesis can be summarised as follows:

Chapters [2| and [3] — Provides a background on the University’s Renewable Energy

Vehicle project and the process of sensor selection and testing in general.

Chapters and [6] — Details the selection and testing process of three main mea-

surements; hydrogen, electrical and temperature respectively.

Chapter [7] — Provides some conclusions and outlines areas of further work.
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Chapter 2

Background

THIS section gives a brief background on The University of Western Australia’s
Renewable Energy Vehicle project and the part sensors play.

2.1 The Renewable Energy Vehicle project

The Renewable Energy Vehicle (REV) project is a major University project that aims
to design and construct a vehicle solely powered by a hybrid hydrogen fuel cell and solar
panel system. The vehicle will accommodate two persons, resembling the cars of today,
while still being low in weight and highly aerodynamic. Once design and construction is
complete, the REV will be driven around Australia to demonstrate the viability of using

renewable energy for personal transport.

2.2 Sensors

A sensor is a device that measures a physical quantity and outputs this as more useful
information; the most common output is an electrical signal.
The physical quantities that needed to be measured on the REV were determined from

the following requirements:

Driver display — Information displayed when one is driving the REV e.g. cabin

temperatures and vehicle speed.

Data logging — Recording a measurand over a period of time, to be analysed at a later

date e.g. battery voltages and component temperatures.
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Control — The measurand used in control of another system e.g. the electrical control
system requires battery voltage measurements, in order to either use or recharge the

batteries.

Safety — A component’s properties constantly monitored for safety e.g. hydrogen leak

detection and motor temperatures.

A list of the measurements required in the REV can be found in Appendix [A] There
are over 100 individual measurements (sensors) required. This number was too large for a
single thesis, hence the measurements that were of interest were those that shared the most
common measurement principles. These were the voltages, currents and temperatures and
this accounted for over 70 % of the measurements. Finally, due to safety reasons, three

hydrogen concentration sensors were given the highest priority.

2.3 Sensor selection

Sensor selection is the process of obtaining a suitable sensor for a desired measurement.
Before selecting a sensor, it is important to obtain and consider all available information
about the sensor’s future applications.

The first consideration is the measuring principle. These are basic physics principles
that can be used to measure the desired physical quantity. The measuring principle may
be a constraint imposed by its future application. In other cases, this constraint may not
exist and hence will result in a larger sensor selection range.

The final step is determining all the required sensor criteria and to choose a sensor that

matches this criteria. The criteria can be broken into the following three main sections.

2.3.1 Performance specifications

Performance specifications refer to properties of the sensor’s input and/or output. Typical

factors include [3]:

Range — Difference between the maximum and minimum value of the sensed parameter
Resolution — The smallest change the sensor can differentiate
Accuracy — Difference between the measured value and the true value

Repeatability — Ability to reproduce repeatedly with a given accuracy
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Sensitivity — Ratio of change in output to a unit change of the input
Zero offset — A nonzero output value for no input
Linearity — Percentage of deviation from the best-fit linear calibration curve

Drift — The variation of output from a reference value over a period of time with change

in no input value
Response time — The time lag between the input change and output change
Bandwidth — Frequency at which the output magnitude drops by 3 dB
Resonance — One or more frequencies at which output magnitude peaks occur
Deadband — The range of input variation for which there is no output variation

Signal-to-noise ratio — Ratio between the magnitude of the signal and the noise

2.3.2 Operating conditions

Operating conditions include issues of electrical properties and environmental operating

conditions.

2.3.2.1 Electrical characteristics

Electrical characteristics include the type of power supply, the sensors’ power consumption
and the sensors’ electrical output.

The REV power source is a DC voltage, hence this restricts the power supply of the
sensors to that of a DC voltage. Most components on the REV use either 5V or 12V,
so a sensor that uses one of these voltages is favourable. The power consumption of the
sensors should be minimal, so that all available power is directed to the motors rather
then being ‘wasted’ on components.

The electrical output of the sensors was a constraint of the data acquisition (DAQ)
hardware. The designed DAQ hardware used components that operated on 5V, hence

the sensors’ output needed to be an analogue 0-5V DC voltage.
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2.3.2.2 Environmental conditions

Environmental conditions are criteria set by the future environment of the sensor. The
REV is planned to be driven around Australia. Therefore, the components will be
subjected to Australia’s harsh climatic environment.

Climatic conditions include factors such as ambient temperature and humidity. In
the past, Australia has experienced extreme minimum and maximum temperatures [4] of
-23.0°C and 53.1 °C respectively. Hence, the components must be able to operate at least

within this range.

2.3.3 Cost constraints

The problem, however, is that it is extremely difficult to select a sensor that matches all
the constraints, due to the cost and time involved in producing a highly customised sensor.
The REV is solely funded through company sponsorship and hence has the restriction of
a tight budget on purchased items. Price is the biggest constraint. Other constraints such
as electrical and environmental conditions may need to be sacrificed hence, the need for
sensor testing.

Given the constraints the sensor is chosen by either browsing sensor manufactures’ data

sheets or by simply inputting the criteria into a sensor database such as GlobalSpec [5].

2.4 Sensor testing

Sensor testing is performed to ensure that when a sensor is finally installed into the REV
it will work as expected. Sensor testing, as mentioned above, is the result of constraints
having to be sacrificed due to factors such as time and cost. Therefore, tests are performed
to determine how the sensor operates at various conditions, and if the sensor does not
meet original constraints the sensor needs to be modified to be suitable.

The similar conditions used when selecting a sensor i.e. performance specifications
and operating conditions, are also used when testing a sensor. In order to test a sensor

in specific conditions, a controlled environment needs to be created.

2.4.1 Sensor calibration

Sensor calibration is the most important test. To ensure that the sensor is calibrated

correctly and the exact performance specifications are determined. Calibration testing
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can simply be generating a known voltage with a variable power supply and observing the
sensor’s output, or it can be more involved such as generating a known concentration of

a particular gas.

2.4.2 Extreme operating conditions

Extreme operating conditions refers to harsher environmental conditions the sensor would
need to operate in and this is undertaken as a safety precaution. The main concern was
temperature, as this could vary the sensor’s operation greatly. If the sensors cannot
operate in these extreme temperature conditions, then the surrounding temperature will
need to be controlled to accommodate the sensor e.g. cooling fans; their location and size

of inlets/outlets.

2.4.3 Minimise sensor failure

Finally, included in sensor testing are the ways to improve sensor life and minimise the
probability of sensor failure. This can be achieved by simply placing the sensor in an
enclosure to protect the sensor physically and from EMI, or more involved such as how
the sensor will be positioned and fixed in the REV to maximise the sensor’s operation.

This includes positioning the sensor away from noise sources and/or from heat sources.
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Chapter 3

Literature survey

THERE is little available literature specifically on the selection of sensors for an
automotive fuel cell application. There is information on some parts of this topic.

Hence, it has been divided into the following sections.

3.1 General sensor selection

The Laboratory for Measurement and Instrumentation at the University of Twente [0]
published a number of articles addressing the sensor selection problem. One of their
projects, named KISIS (Knowledge based Intelligent system for the Selection of Industrial
Sensors) [7], is the development of a computer program that assists a designer with the
selection of sensors for a given measurement problem. Unfortunately, this project has not
been updated since 2002 and the software is still unavailable to the public. However, an
article [§] published by the same research group does define the sensor selection problem
and goes into detail explaining the relation between the measurand and the measurement,

which is useful if the sensors are to be designed.

System Under Description of

Energy Source | ;r;:gf;r/ll Con(ssuije(r:z;tlon | S‘,lgnalI Transducer | Electr|c3| Signal ‘Informatlﬂn SUC
! : §

S

Signal Processing

Measurement System

Figure 3.1: Sketch of a standard measurement system used when
developing KISIS

Figure shows the principle of a standard measurement system. The measurands
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are represented by the variable vector s which is a parameter of the System Under
Consideration (SUC). The object of the measurement system is to obtain an estimate
of the variable s, which is defined as the variable 5. In order to obtain information from
the SUC, there must be an exchange of energy. If the SUC radiates a form of energy,
then a transducer can be used to convert this energy into electrical energy (an electrical
signal). If the SUC does not radiate a form of energy, then an energy source must be
provided.

The article “Selection of Sensors” [9] reproduced from “The Handbook of Measuring
System Design” [10] is a free article on sensor selection that is available online. The article

details the sensor selecting process and divides this into the following four main stages.

Requirements — An exhaustive list of information about the future applications, in-
cluding all possible conditions of operation, environmental factors, and specifications

with respect to quality, physical dimensions and costs.

Selecting the measurement principles — All measurement principles are considered

and the optimum principle obtained through the basis of arguments.

Selecting the sensing method — Given a measurement process, a suitable sensing
method is required. Again, all sensing methods are considered and the optimum

selected.

Sensor selection — The final step is the selection of the sensor, which can be decided

by looking at information published by manufacturers.

Though the article provides some good information about the process of sensor
selection, including using the amount of fluid in a container as an example, it is only
after having completed the sensor selection process with the constraints imposed by the
REV that it is realised how irrelevant the above information is. The REV has a major cost
constraint, hence this restricts the sensor selection range. The other major issue is time,
the needed time to complete each stage of the selection process is not feasible, with over
100 individual sensors this will take a considerable amount of time. The article makes a
good general point about sensor selection “Design methods have evolved over time, from
purely intuitive to formal. The basic attitude is still the use of know-how contained in the
minds of people and acquired through experience.” After gaining experience with sensors,

the author agrees with this statement.
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3.2 Automotive sensors

There are a number of literary works that contain information about the sensors
used in conventional petrol fuelled automobiles. The book “Understanding Automotive
Electronics” [I0] has a chapter on the sensors used in petrol fuelled vehicles, it makes an
important statement about sensor selection “The sensors that are available to a control
system designer are not always what the designer wants, because the ideal device may
not be commercially available at acceptable costs”. This statement reiterates the need for
sensor testing.

Similarly, the book titled “Automotive Computer Controlled Systems” [11] has a
chapter on sensors, which gives a good understanding on how sensors in modern cars work.
The book also stresses the topic of sensor diagnostics, discussing diagnostic techniques for
the electrical parts of a car, including sensors.

A brief extract from “Bosch Technical Literature” [12] is on automotive sensors. It gives
a basic understanding of the sensor problem specifically for an automotive application, as

well as providing a list of sensors that would be found in current automobiles.

3.3 Fuel cell vehicles

A number of articles give a view of the sensors required in prototype vehicles that used
fuel cells.

An article [13] published in the “International Journal of Hydrogen Energy” describes
the design and construction of a fuel cell powered electrical vehicle very similar to the
REV. The main difference was the choice of purchasing commercially available components
rather than designing and constructing them. This included the chassis and the fuel cells.
The article does not discuss the choice of sensors, but merely states what was needed.
However, it gives some good statistics which may be useful in determining the capability
of the REV.

One particular article [I4] looks at the design and construction of a fuel cell powered
electric bicycle. The design of the fuel cell power bicycle is quite simple when compared
to the REV. However, the bicycle does have all major components of a fuel cell system
including sensors. Actual provided test data including fuel cell efficiency and power-

current and voltage-current curves may be useful in determining the future performance

of the REV.
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3.4 Measuring problem

“The Measurement, Instrumentation and Sensors Handbook” [15] addresses all issues
of the measurement problem including sensor selection. In the initial chapters, the
measurement problem is explained along with measurement accuracy and measurement
standards. However, the most useful information is the in depth look at all the
common physical quantity measuring systems including displacement, flows and electrical
measurements. The amount of detail that is available for each different measurement
system can be seen in the temperature chapter, where 11 different temperature measuring
sensors are discussed. This book would be extremely helpful when selecting appropriate
sensors for the measurements that have not yet been covered.

“The Mechatronics Handbook” [3] has a section on sensors. Similarly as the previous
book, it looks at the most common measurement principles, but in lesser detail. The
most useful information was its extensive selection criteria. This criteria was used when
selecting the sensors’ performance specifications for the sensors in this thesis.

The “Instrumentation Reference Book” [16] again addresses the general measuring
problem, and hence is divided into instrumentation by application. Included in the book is
a chapter titled “Instrumentation Systems” which provides another view on the measuring

problem and sensor selection.

10
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Chapter 4
Hydrogen

YDROGEN gas is extremely flammable having an EL of 4.1-74.8 % by volume in
H air. The minimum energy of hydrogen gas ignition in air at atmospheric pressure is
about 0.02 mJ and it has been shown that escaped hydrogen is very easily ignited [17], the
ignition temperature in air is 520-580 °C. In high concentrations, hydrogen may exclude an
adequate supply of oxygen to the lungs, causing asphyxiation. Hydrogen gas is colourless,
odourless and insipid, so the victim may be unaware of its presence. It is therefore crucial
that any hydrogen leaks were detected quickly and accurately.

Hydrogen gas does react with oxygen to form water, though this reaction is
extraordinarily slow at ambient temperature. At high temperatures or with an appropriate
catalyst, hydrogen and oxygen gas are highly reactive. The hydrogen concentration in air
at STP is 0.00005 %, but hydrogen emissions from lead acid batteries [I§] and fossil
fuel burning may result in higher levels. A hydrogen sensor needs to detect over the
general level of ambient hydrogen levels (0.00005%) and in a variety of environments.
Hydrogen gas is the lightest element having a relative density{"] of 0.07. This means the
gas is extremely buoyant and will accumulate near the ceiling of an airtight room. Three
hydrogen gas sensors were needed; one general leak detector for the hydrogen testing
workshop and two safety leak detectors in the driver’s cabin and the fuel cell compartment

of the REV.

4.1 Sensing types

There are a number of sensing principles used to detect hydrogen gas, the common

sensing principles are Metal Oxide Semiconductor, Catalytic Bead, Thermal Conductivity,

'Relative density — the ratio between the density of hydrogen gas and that of dry air at STP
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Electrochemical, and Acoustic Wave. Each have their advantages and disadvantages and

these are discussed below.

e 1000000
& 100000 W MOS
% 10000 B CAT
o 1000 1 [ ]TCOND
g 100 1 [T ECHEM
s 10 In B SAW
1 ‘ B MOS (Trace)

100 300 500 700
Cost ($)

Figure 4.1: Sensing types and their approximate range and cost [I]

4.1.1 Metal-Oxide Semiconductor

Metal-oxide semiconductor (MOS) sensors are composed of a heater resistor to warm the
sensor to its working temperature (between 200-500°C [19]), and a sensitive resistor made
of a metal-oxide layer deposited on the heater. The electrical resistance of the metal-oxide
layer changes, depending on the temperature and the hydrogen content in the surrounding
air. MOS sensors suffer from several problems including lack of selectivity, stability and

sensitivity, and long response times [20].

4.1.2 Catalytic Bead

Catalytic bead sensors consist of two beads surrounding a wire operating at high
temperatures (450°C). One bead is passivated, so that it will not react when it comes
into contact with hydrogen gas molecules, the other is coated with a catalyst to promote
a reaction with the gas. The beads are generally placed on separate legs of a Wheatstone
bridge circuit (Figure [4.2)).

When hydrogen is present there is an increase in resistance on the catalysed bead and

no change on the passivated bead. This changes the bridge balance and changes V,,;.
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Figure 4.2: Wheatstone bridge circuit, Ry keeps the bridge balanced,
R; and Ry are selected with relatively large resistance values

4.1.3 Thermal Conductivity

Thermal conductivity (TC) sensors are similar to catalytic bead sensors in that they
compare the properties of a sample consisting of hydrogen in air to that of only air, which
is used as a reference. TC sensors work by comparing the thermal conductivity of the
sample to the reference. A heated thermistor is placed in the sample and another as a
reference placed in the reference gas.

If the sample has a higher thermal conductivity than the reference, heat is lost from
the exposed element and its temperature decreases, whilst if the thermal conductivity
is lower than that of the reference, the temperature of the exposed element increases.
Again, a Wheatstone bridge is used to measure the different resistance as a result of the

temperature changes (Figure [4.2)).

4.1.4 Electrochemical

Electrochemical sensors work on the same principle as fuel cells. They consist of an anode
and cathode separated by a thin layer of electrolyte. When hydrogen passes over the
electrolyte, a reversible chemical reaction occurs which generates a current, proportional
to the gas concentration. Electrochemical sensors require very little power to operate,
their power consumption is the lowest amongst all sensor types. Electrochemical sensors
have high sensitivity, short reaction time, high reproducibility after calibration, linearity,
zero point stability and relative low cross sensitivity. They are useful in safety and process
control applications. One of the major drawbacks of electrochemical sensors is that the

sensitivity decreases in the course of time, due to the loss of catalytic surface. [21].
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4.1.5 Surface Acoustic Wave

Surface acoustic wave (SAW) sensors can be used in a number of applications, such as
gas, fluid and biological sensing. SAW sensors work by creating an acoustic wave on two
surfaces, with a piezoelectric transducer that propagates through the material, where it is
then received by a second piezoelectric transducer that converts it back into an electrical
signal. One surface is coated with a hydrogen reactive film that changes the properties
of the material when hydrogen is present, the other surface is left uncoated and is used
as a reference. This change in properties causes the received acoustic wave to change in
frequency or amplitude, proportional to the concentration of hydrogen [22]. SAW sensors
are reasonably priced, inherently rugged, very sensitive and intrinsically reliable [23].
SAW sensors have been successfully shown to measure hydrogen gas concentrations in an

experimental setup [24][25].

4.2 Sensor Selection

When selecting a hydrogen sensor, the main factors are sensing range, resolution,
operating conditions, and interference gasses. Depending on the sensing range, the data
sheet can either specify the concentration in percent in volume or parts per million (PPM),
where 1% is equal to 10000 PPM. After searching for sensors and obtaining quotes of
$1350 and $3500, the company Neodym Technologies [I] was discovered that produced

hydrogen sensors specifically for fuel cell applications at a low cost.

4.2.1 MiniKnowz

The MiniKnowz is Neodym Technologies’ lowest priced combustible gas sensor between
$68-106, depending on features, and was initially chosen for this reason (Figure[4.3). The
MiniKnowz uses a MOS sensing element, that provides a typical response time of 4-10s
and a typical accuracy of £800 PPM.

The distinct drawback of this sensor is that the sensor may be permanently damaged
even by brief exposure to extremely high concentrations of hydrogen gas (typically
>5 times the maximum sensing range) [26]. The sensors maximum sensing range is
20000 PPM, meaning any concentrations greater then 10 % by volume in air, will cause
damage. This level is not suitable for use in a hydrogen testing workshop where it is

quite possible that these concentrations could occur. It is useful as a driver’s cabin sensor

14



HYDROGEN
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Figure 4.3: MiniKnowz hydrogen concentration sensor

where any hydrogen will be rare, and used only as a safety measure. Due to its inexpensive
price, the MiniKnowz may be used as a disposable sensor. If a large leak occurred and
the sensor was over exposed, it would go into its error state of 0V, which is different from
its normal working state of 0.5 V. The sensor would then either have to be replaced or the
sensor head replaced and the sensor recalibrated.

Interference gas is another concern. Detectors will read accurately in the presence of
homogeneous hydrogen gas/air mixtures, but will also produce readings in the presence
of other inorganic and organic vapours. “Heterogeneous gas mixtures generally have a
synergistic effect on the sensor, and in the absence of a target gas presence, the interference
gases will manifest themselves as ‘false’ readings” [26]. The REV will be subject to various
degrees of hydrocarbons from other vehicles exhaust. When emailed about this, Neodym
Technologies stated “the sensor will pick up the unburnt hydrocarbons from gasoline
engines if it is exposed to the direct exhaust stream. This has not been a problem for
any of our automotive customers to date. Perhaps, because the inside of their fuel cell
enclosures are positively ventilated” [27]. The sensor was tested to observe the effect of

hydrocarbons.

4.2.2 Panterra

The Panterra is a range of gas sensors which use a variety of sensing technologies to sense
a variety of gasses. The distinct advantage over the MiniKnowz is that they can operate
in harsher environmental conditions, but this comes at a higher cost of approximately
$325 per sensor, again depending on options.

The main advantage of the Panterra range is their ability to withstand high
concentrations of hydrogen without permanent damage. This made them suitable as a

general leak detector for use in the hydrogen testing workshop, where high hydrogen
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concentrations could occur. Initially, the Panterra-SONIC based on acoustic sensor
technology was chosen due to its large sensing range of 0-100 % and inexpensive price,
but was rejected after receiving a reply from Neodym Technologies stating “the sensor is
still in beta and not ready for an automotive application” [27].

The choice of sensor came down to either the Panterra-CAT based on catalytic sensor
technology or the Panterra-TCOND based on thermal conductivity sensor technology. The
Panterra-TCOND has a sensing range of 0-100 % and the Panterra-CAT 0-40 000 PPM.
The Panterra-TCOND has the advantage that the sensor can be operated in anaerobic
and no-moisture environments, and are not affected by silicones [28], but due to its
larger sensing range has a lower sensing resolution and accuracy when compared to the
Panterra-CAT. It was decided that the Panterra-CAT was the most suitable option due
to its high sensing resolution and accuracy, making it more useful detecting hydrogen

concentrations up to the critical EL, where anything greater is considered dangerous

(Figure [4.4)).

| Buzzer |
-

Sensor head |

LED indicator |

Figure 4.4: Panterra-CAT

4.3 Calibration Checking

The only method to check sensor accuracy and proper operation is via exposure of the
sensor to a reference gas concentration, and to measure the sensor’s output voltage.
Neodym Technologies recommends that calibration checking should be performed as often
as is practical, and no less frequently than once every six months [26].

Neodym Technologies’ recommended method for generating calibration test gas
mixtures is to dilute pure target gas with clean, normal air in a leak-free chamber of

fixed, known volume [26]. The full safety procedure can be found in Appendix Six
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calibration tests were performed with each sensor type and the results can be seen in
Appendix [C]

To calculate the actual concentration of hydrogen gas in air, the volume of hydrogen
in the syringe (specified in cubic centimeters) is divided by the container’s volume (in mL)
and then multiplied by 1000000. This gives a concentration in part per million. In the
tests, a 107541 mL container was filled with a 540.05 cc syringe of 99.75+0.25 % (99.5 %
minimum purity) hydrogen. This resulted in a concentration of 4640+63 PPM.

Given the sensor’s output voltage (V,.), equation was used to calculate the

concentration.
(Vour — Vo s fset) Resolution

4.1
StepSize (4.1)

Concentration =

where Concentration = hydrogen concentration [PPM]
Vour = output signal voltage [V]
Vosfset = zero offset voltage [V]
StepSize = step voltage [V]

Resolution = sensor resolution [PPM]

4.3.1 MiniKnowz

When observing the test results the obvious feature was the discrete step output,
caused by the MiniKnowz’s analogue to digital convertor, which has a resolution
of 0.0784V. The second feature was the randomness that the values settle at; the
peak voltages range from 0.18540.04-1.0334+0.04V and were a result of the air and
hydrogen not mixing evenly. Using Figure as an example seen in Figure , the
hydrogen concentration was calculated using the following values; V,,; = 1.02540.04 V;
Vorfset = 0.5 V; StepSize = 0.080 V; Resolution = 400 PPM.

As a result, a concentration of 2625+400 PPM was obtained. This value was lower
than the supposed value of 4640+63 PPM, and could be attributed to the following

experimental factors.

e The hydrogen and air was not proportionately mixed in the container creating

pockets of high and low concentrations.

e Due to hydrogen being lighter than air, the hydrogen would always rise to the top
of the container. If the sensor was placed in the middle of the container, inaccurate

measurements would occur.
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Figure 4.5: Example MiniKnowz test (Figure [C.1(c))

e The transfer of hydrogen from the cylinder to the container was not 100 % efficient,

air may have entered during any part of the transfer.

e The sensor may not have high accuracy. The MiniKnowz has a specified typical

accuracy of 2800 PPM and a minimum accuracy of £2000 PPM.

Neodym Technologies did give a manufacturer’s certification of assembly, testing, and
calibration with the sensor. It was therefore assumed that the sensor was calibrated
correctly and it was any of the above factor(s) that caused the discrepancy.

Finally, by observing the sensor reading over time, an approximate response time was
calculated. The syringe was emptied up to two seconds after the data acquisition logging
was started. Hence, it took 4.8+1s to detect the maximum concentration. This can be

compared with the specified typical response time of 4s and maximum response time of

10s.

4.3.2 Panterra-CAT

Taking Figure as an example test result seen in Figure [4.6] the first noticeable
feature was the smaller step sized when compared to the MiniKnowz, which resulted in
a smoother curve. Again, a single test was used to determine the sensed concentration
and response time. The hydrogen concentration was calculated using the following values;
Vour = 0.56640.00245 V; Vi pser = 0.1V; StepSize = 0.0049 V; Resolution = 40 PPM. As
a result, a concentration of 3804+40 PPM was obtained. This was quite close to the actual
concentration of 4640+63 PPM, and may have been due to the different sensing principle

the Panterra-CAT uses that may measure low concentrations more accurately. Again,
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the same experimental factors as above could have contributed to the discrepancy. The
Panterra-CAT has a specified typical accuracy of £500 PPM and a minimum accuracy of
+1000 PPM.

Neodym technologies again provided a manufacturer’s certification of assembly,

testing, and calibration with the sensor.
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Maximum 06
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0.5+
0.45-
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z
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0.25-
- 0.15-] ‘
Response time e g >
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Figure 4.6: Example Panterra-CAT test (Figure |C.2(e)))

Finally, the response time was compared with the specifications. Again it was assumed
that the syringe was approximately emptied up to two seconds after the data acquisition
logging was started. By observing the test, a response time of 8.94+1 s was observed. This

was comparable to the specified typical response time of 10 s and maximum response time

of 20s.

4.4 Cross Sensitivity

Cross-sensitivity refers to the response of a sensor to a gas other than hydrogen. The
main interference gas of concern were the hydrocarbons in car exhaust.

The first test was to observe if car exhaust did cause ‘false’ readings. The same
procedure was used as in Appendix [B] except instead of injecting hydrogen gas, car
exhaust was substituted.

Observing the test results found in Appendix [C], it was evident that car exhaust did
cause ‘false’ readings on both the MiniKnowz and Panterra-CAT. Using an example from
each sensor type (Figure and Figure[1.§)), a maximum voltage of 0.68 V and 0.17 V was

seen for the MiniKnowz and Panterra-CAT respectively. This equated to an incorrectly
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Figure 4.8: Example Panterra-CAT test (Figure |[C.4(d))

detected concentration of 900+400 PPM and 571440 PPM respectively of sensed hydrogen
gas. In conclusion the sensors did cause ‘false’ readings when exposed to car exhaust.

Finally, given that the sensors caused ‘false’ readings when exposed to car exhaust,
it was needed to be determined if the sensors could still be used in the REV. The final
test was to simulate the conditions that would be similar if the sensors were placed in the
REV. The sensors were driven around during peak hours in a vehicle for 10 minutes. Two
slightly different tests were conducted. One exposing the sensors directly to a stream of
external air and one placing the sensor away from this stream of air simulating the actual
position of the sensors in the REV.

In both tests the sensors were extremely close to their zero concentration offsets
(Figure and Figure [4.10). The largest voltage change was obtained from the

Panterra-CAT when it was positioned close to the air stream, and this was a maximum
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Figure 4.10: Away from air source

voltage of 0.143+0.00245V and corresponded to a concentration of 350440 PPM.
When the sensors were positioned away from the air source, a maximum voltage of
0.11440.00245V was obtained, which corresponded to a concentration of 117440 PPM
which was insignificant. The slightly larger readings when placed next to the air stream,
may have been a result of the air cooling the sensor head and causing incorrect readings.
Also, the tests were conducted in a commercial petrol vehicle and the vehicle itself may
have contributed to the sensors detecting hydrocarbons which would not be the case if it
was situated in the REV.

However, due to the insignificance of the readings during both tests, the hydrogen
concentration sensors are still suitable for use in the REV. If in fact it did cause a
significant problem, the set voltage that determined a leak, would simply need to be

set greater than the obtained maximum readings.
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4.5 Increasing Reliability

There are a number of methods to improve the reliability of the hydrogen concentration
sensors throughout their life. However, the most simple was placing the sensor in a
metal enclosure and this protected the sensor from physical damage and from EMI. Three
aluminium enclosures were purchased for the sensors. Slight modifications were made
to the sensors’ PCB to allow the sensors to fit tightly and holes were created in each

enclosure to allow the sensors’ head to be in contact with the surrounding air (Figurem

and Figure [4.12)).

Figure 4.12: Panterra-CAT in an aluminium enclosure, the sensing
hole is located on the side

In order for the sensors to operate free from error the sensors should be positioned

correctly. Even though the REV design is still in its early stage, the approximate position
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Figure 6.3: TMP35 temperature sensor directly connected to 3-core
cable
When both the temperature sensor and household thermometer were submersed in
warm water, the temperature sensor outputted 429.7 mV with an accuracy of £19.766 mV,
which equated to 42.97+£1.9766 °C. This was again the same as the household thermometer
that read 43.5+£1°C. There was a maximum relative error of +1.753°C.

6.1.2 Testing

A number of tests were conducted on the temperature sensors to observe their character-
istics. The first test was to observe their response time. A cup of mineral oil with one
temperature sensor was heated up to 97.241.9766 °C. The second temperature sensor was
then placed into the oil and its response time was observed to be 37+1s (Figure 6.4).
Hence, the temperature sensor would not be useful in situations of quick temperature
changes. This, however, would not be a problem as most temperatures in the REV

change gradually.

I with regulator
Il without

Response time
37s

| - L

Figure 6.4: Response of the temperature sensors when submerged in
hot oil

The second test was to observe the sensor’s minimum detection temperature. The

sensor was placed in icy water (approximately 0°C) and the minimum measured
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temperature recorded (Figure[6.5). It was observed that a minimum of 0.6 V was obtained
which corresponded to 6 °C. The minimum detection temperature is stated as 10°C. This
was confirmed when the water was at 0 °C and an incorrect reading of 6 °C was obtained.
This minimum reading did give a good indication of what the sensor would output at
temperatures lower than specified and this could be used as an error voltage when the

sensor is operating outside its specified minimum temperature.
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Figure 6.5: Response of the temperature sensor when submerged in
icy water
The final test was to observe how the two temperature sensors responded to a varying
power supply, and at what voltages did the temperature sensors output correctly. The

temperature sensors’ power supply was gradually increased from 0V to approximately

15V and the voltage output recorded.
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Figure 6.6: Response of the temperature sensors with a varying power
supply

It was observed that the temperature sensors gave correct outputs when the power
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supply was at least 3V. At voltages lower than this, ‘false’ readings occurred. Thus,
if there were power supply problems, the sensors could give higher readings than the
actual temperature and may cause components to shut down due to assuming that they
are overheating. However, multiple temperature sensors could be used to prevent these

errors.

6.2 Temperature effect on electrical components

Many components are susceptible to temperature and their characteristics change as the
temperature changes. Tests were conducted on the most common component; resistors,

to observe to what extent temperature affected them.

6.2.1 Resistors

The resistance of resistors change as temperature changes. Through the following test,
the actual resistance change was calculated and used to determine if this would change
sensor readings enough to cause a problem. The test involved testing three different types
of resistors; carbon film, wire wound, and metal film all with approximately the same
resistance (Figure [6.7). The resistors were submerged into white oil (a non-conductive
oil verified with an insulation tester) and the resistance recorded at various temperatures

using a multimeter (Table [6.1]).

| Carbonfilm [

[ Metalfilm |

Wire wound [

Figure 6.7: Three resistor types used for testing

Due to the resistors having slightly different resistances, the percentage change
was calculated. The room temperature (20.51°C) readings were used as the reference

resistance (Table . The percentage change per degree Celsius was then plotted
(Figure [6.8).
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Table 6.1: Temperature change at various temperatures
Resistance (k€2)

Temperature (°C) Carbon film Metal film Wire wound

-18+1 20.0540.028045 20.05£0.028045 18.37+0.026533
20.514+1.9766 19.84+0.027856  20.03+0.028027 18.39£0.026551
54.93+1.9766 19.69+0.027721  20.01£0.028009  18.40+0.02656
82.03+1.9766 19.53£0.027577  20.00£0.028 18.4040.02656

Table 6.2: Percentage change at various temperatures
Change (%)
Temperature (°C) Carbon film Metal film Wire wound

-18+1 1.06 0.10 -0.11

20.51=£1.9766 0.00 0.00 0.00

54.93£1.9766 -0.76 -0.10 0.05

82.03£1.9766 -1.56 -0.15 0.05
N

D
iy

< = - - Il Carbon film
2 50 o0 50 100 | EEIMetal film
S ' [ ]Wire wound
® -1

-15 : X

o]
“Temperature (°C)

Figure 6.8: Percentage change per temperature of the three resistor
types

Initial observations showed that carbon film resistors varied significantly, whilst metal
film and wire wound varied slightly. One distinct noticeability was that the wire
wound resistor’s resistance increased with temperature, whilst the carbon and metal film
decreased. The change in resistance with temperature was linear, and hence a trendline
was created (Figure . The equation of the trendline was important, specifically the
gradient, which was the percentage change per degree Celsius or temperature coefficient
(TC).

The temperature coefficients can be used to approximate the temperature change of

resistors with a similar resistance to that of the test resistors, but the TC cannot be used
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Figure 6.9: Percentage change per temperature of the three resistor
types with linear trendline added

Table 6.3: Temperature coefficient of the various resistor types

Resistor type Calculated TC (%/°C) R? value

Carbon film —0.025732 0.997339
Metal film —0.002549 0.994661
Wire wound 0.001671 0.885916

for different resistances as this changes. The relationship between TC and resistor values
are not linear, and hence will need to be determined by looking at manufacturers’ data
sheets. An example TC plot for carbon film resistors is seen in Figure [6.10 Hence, using
the example TC curve for a 0.25W carbon film resistor, a 20k resistor had a TC of
—0.033+0.001 %/°C when compared with the calculated value of —0.025732 %/°C it was
quite close. The differences were due to the actual resistors used not being produced by
the same manufacture that produced the plot. However, it did give a good indication of
the expected TC of carbon film resistors.

Taking into account the temperature change, this data can then be used to determine
the effect of temperature on the voltage and current sensors. In both cases a carbon
film resistor was used as an example as they had the highest TC. However, in the actual
design metal film or wire wound would be used. For both sensors an extreme case was

considered, a temperature change of 100°C.

6.2.1.1 Voltage sensor

Resistors were used as the main component of the voltage sensor in the voltage divider

circuit. Assuming that the sensor was perfectly constructed with a V;,:V,,; ratio of 1:3
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Figure 6.10: Example TC plot for carbon film resistors [2]

and hence designed with 392k} and 196 k(2 resistors, having a TC of —0.057 %/°C and
—0.046 %/°C respectively. A temperature change of 100 °C resulted in modified resistor
values of 369.656 k(2 and 186.984 k(2 respectively. This resulted in a new temperature ratio
of 1.0077:3. Therefore, it affected the voltage divider by approximately 0.77 %. Even with

extreme temperature, the change was insignificant.

6.2.1.2 Current sensor

The main concern with the current sensor was the use of the resistor to program
the instrumentation amplifier’'s gain. A 47.35() resistor was used to produce a gain
of approximately 1044. Hence, the resistor had a TC of —0.0315%/°C and with a
temperature change of 100°C resulted in a resistor value of 45.86€2. This resulted in

a gain of 1078, which was an increase by 3.26 %.

6.3 Methods to minimise the effect of temperature

Methods to prevent incorrect values occurring due to temperature changes, include using

the following:

Temperature sensors — These are located around the sensor and updating the sensor

readings in software using a temperature look-up table.

Components that have a low TC — These include wire wound resistors but are

considerably more expensive.
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Temperature compensating circuits — These use two similar components that

cancel any change due to temperature.

Cooling fans — These prevent any large change in temperatures occurring.
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Chapter 7

Conclusions and further work

NITIALLY the general sensor selection criteria and conditions which included perfor-

mance specifications, operating specifications and costs were discussed. As it is
extremely difficult to find a suitable sensor that matches all criteria, sensor testing is
imperative.

General sensor testing methods were also discussed and these included checking sensor
calibration, testing the sensor under extreme conditions and finally the methods available
to maximise the sensor’s performance. These included placing the sensor in a specific

position to maximise its operation or simply protecting the sensor in an enclosure.

7.1 Measurements discussed

Three different required measuring quantities were looked at and these included hydrogen
concentration, electrical and temperature. These accounted for over 70 % of the required

measurements in the REV.

7.1.1 Hydrogen concentration

The hydrogen concentration sensor was required due to safety reasons. Hydrogen would
be needed for testing and running the fuel cell. Hence, it was critical that any hydrogen
leaks were detected.

Three sensors where purchased from the company Neodym Technologies [1] that met
the sensor selection criteria; two MiniKnowzs for the final REV and one Panterra-CAT
for use in the hydrogen testing workshop.

The first tests that were performed on the sensors were calibration checking. A known
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concentration of hydrogen and air was created and the sensors submerged into it. It was
found that the sensors did output as expected. The second test was initially to observe if
car exhaust caused ‘false’ readings with the sensors, which it did. In order to determine
if the sensors were still useable the sensors were placed inside a car to simulate the REV,
there were no significant readings.

The sensors are suitable for use in the REV. From the tests that were conducted, the

author is confident that the sensors would work as anticipated when finally placed in the

REV.

7.1.2 Electrical

Rather than being purchased the electrical sensors were designed and constructed
specifically for the REV.

The voltage sensors were designed based on a simple voltage divider circuit and a
voltage follower circuit. A design suitable for a maximum voltage of 15V was constructed
and tested. It was observed that it did scale the voltage as expected. The sensor would
be suitable for use in the REV.

The current sensors were based on a shunt resistor measuring the voltage across it
with an instrumentation amplifier. The current sensors showed that they did produce a

voltage signal that was linearly proportional to the current.

7.1.3 Temperature

Simple integrated-circuit temperature sensor were suitable for low temperature measure-
ments. The TMP35 [38] was confirmed to be calibrated correctly and the response times
observed in high and low operating temperatures. The temperature sensors were verified
to work between the temperature range of approximately 6°C to 95°C. Methods of
insulating the sensors from conductive liquids were also discussed. Due to the sensors
being low-priced they are a very simple and effective device for measuring temperatures
around the REV.

The temperature effect on resistors was also tested. Three different types of
resistors were tested and their temperature coefficient calculated. It was found that the
experimental values did agree with the data from manufactures. Finally, it was calculated
to what extent a temperature change of 100°C would affect the current and voltage

sensors if they were designed with carbon film resistors. The voltage sensor input/output
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ratio was affected by 0.77 % and the current sensors gain was affected by 3.26 %. Even
at extreme cases, the effect was quite small. Different methods were finally discussed to

minimise sensors’ susceptibility to temperature changes.

7.2 Further work

The sensor tests discussed in this thesis have produced useful information on the sensors’
performance. However, there are a number of tests that can be conducted to determine

further sensor specifications.

7.2.1 Hydrogen concentration

It may be useful to determine the response time of the sensors subjected to higher
concentrations of hydrogen gas. When large leaks occur an extremely fast response time
is needed. However, testing with larger concentrations of hydrogen creates a hazardous
environment.

Similar to the tests conducted with car exhaust, other gases can be used to determine
if they too caused ‘false’ readings. Individually testing the components that constitutes
car exhaust would single out the specific gases that caused ‘false’ readings.

As the REV further develops in design and construction, the precise location of the
sensors and their fixtures could be determined which would also include the method to

remove the sensor for servicing.

7.2.2 Electrical

Due to the REV having a large number of voltage measurements, it may be simpler to
create etched PCBs that consisted of a dual polarity power supply combined with the
voltage sensor. This would minimise any noise being detected on the wires that would
normally connect each other. Multiple op-amps are usually combined onto the single chip,
hence a voltage sensor design could be incorporated where multiple voltage measurements
can be acquired from the single voltage sensor, saving space and weight.

The current sensor’s principle worked as expected. One problem was noise being
detected in the voltage signal. This noise can be minimised by using a specifically designed

shunt resistor that does not vary with temperature and is designed to minimise the amount
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of detected noise. Further tests should then be conducted to observe if the noise is still
occurring.

There are a number of filtering methods that can be added to the current sensor circuit
to remove the voltage spikes. However, the simplest method is by adding a passive filter
made with capacitors, inductors or resistors. A low-pass filter would be needed to remove

the high frequency spikes.

7.2.3 Temperature

The temperature sensors’ calibration was tested relative to an alcohol thermometer and
then relative to each other. Ideally, a pre-calibrated thermometer should have been used
when checking the sensors’ calibration. This pre-calibrated thermometer should have a
sensing range below 0°C to above 150 °C. Due to safety reasons the temperature sensors
were not checked above 100°C as oil at this temperature was hazardous. However, this
could be undertaken in a laboratory environment with the correct apparatus.

The influence of temperature on resistors was discussed. The effect of temperature

change on other components, such as integrated-circuits should also be tested.

7.2.4 General sensor selection

There is still a great deal of work to be done on sensor selection and testing for the REV.
The selection process of the remainder of required sensors (approximately 30 %) is almost
finalised, but testing methods still need to be developed and completed. Hopefully, with
the information that has been outlined in this thesis, the job of sensor selection and testing

will be made easier for the REV and any future projects that require sensors.
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REQUIRED MEASUREMENTS ON THE REV

Appendix A

Required measurements on the REV

Measurement Code Covered

FUEL CELL

Hydrogen pressure cylinder H_PRESS_CY

Hydrogen pressure in H_PRESS_IN

Hydrogen flow rate H_FLOW

Air pressure A_PRESS

Air flow rate A_FLOW

Air humidity 1 A_HUMD_1

Air humidity 2 A_HUMD_2

Air temperature A_TEMP v

Water temperature in W_TEMP_IN v

Water temperature out W_TEMP_OUT v

Water flow rate W_FLOW

Oxygen concentration in O_CONC

Stack temperature 1 ST_TEMP_1 v

Stack temperature 2 ST_TEMP_2 v

Stack temperature 3 ST_TEMP_3 v

Stack temperature 4 ST_TEMP_4 v

Stack temperature 5 ST_TEMP_5 v

Stack temperatures rollin (5) ST_TEMP_R v

Fuel cell voltages rolling (5) CELL_V_R v
'Rolling — measurements that are not required to be continuously sampled and hence can be

multiplexed together

Al



REQUIRED MEASUREMENTS ON THE REV

Stack current

Stack voltage

Hydrogen leak sensor 1
Hydrogen leak sensor 2
Hydrogen leak sensor 3
ELECTRICAL
Capacitor voltage
Capacitor current
Capacitor current bus
Voltage bus

Solar voltage 1

Solar voltage 2

Solar voltage 3

Solar voltage 4

Solar voltage 5

Solar current 1

Solar current 2

Solar current 3

Solar current 4

Solar current 5

Net solar current

Solar current bus

Fuel cell current bus

Right motor current

Right motor phase current A
Right motor phase current B
Right motor phase current C
Right hall effect 1

Right hall effect 2

Right hall effect 3

Left motor current

Left motor phase current A

Left motor phase current B

ST_I

ST_V
H_LEAK_1
H_LEAK_2
H LEAK 2

CAP_V
CAP_I
CAP_I_BUS
V_BUS
SOL_V_1
SOL_V_2
SOL_V_3
SOL_V_4
SOL_V_5
SOL_1_1
SOL_I.2
SOL_I_3
SOL_1 4
SOL_I.5
SOL_INET
SOL_I_BUS
FC_I_BUS
MOTR_I
MOTR_I_A
MOTR_I_B
MOTR_LC
MOTR_H_1
MOTR_H_2
MOTR_H_3
MOTL_I
MOTL_I_A
MOTL_I_B

N N N N N N N N N N S N N N N N NN SN N NN

\
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REQUIRED MEASUREMENTS ON THE REV

Left motor phase current C MOTL_IC v
Left hall effect 1 MOTL_H_1

Left hall effect 2 MOTL_H_2

Left hall effect 3 MOTL_H_3

12V bad voltage 12VB_V v
12V bad current bus 12VB_I_BUS v
12V bad current 12VB_I v
12V stable current bus 12VS_ILBUS v
Start up battery voltage START_V v
Start up battery current START_I v
Battery cell voltage rolling (5) BATT_V_R v
Battery current BATT_I v
Electrical temperature 1 E_TEMP_1 v
Electrical temperature 2 E_TEMP_2 v
Electrical temperature 3 E_TEMP_3 v
Electrical temperature 4 E_TEMP_4 v
Electrical temperature 5 E_TEMP_5 v
Electrical temperature 6 E_TEMP_6 v
Electrical temperature 7 E_TEMP_7 v
Electrical temperature 8 E_TEMP_8 v
Electrical temperature 9 E_TEMP_9 v
Electrical temperature 10 E_TEMP_10 v
Electrical temperatures rolling (5) E_TEMP_R v
DYNAMICS

Angular rate roll ANG_ROLL

Angular rate pitch ANG_PITCH
Inclinometer roll IN_ROLL

Inclinometer pitch IN_PTCH

Ambient temperature AB_TEMP v
Ambient humidity AB_HUM

Steering wheel angle ST_ANG

Brake pedal BRAKE

Accelerator pedal ACCEL
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REQUIRED MEASUREMENTS ON THE REV

Right brake temperature BR_-TEMP_R
Left brake temperature BR_TEMP_L
Left wheel velocity VEL_L
Right wheel velocity VEL_R

There are approximately 104 required measurements, 76 of the measuring types have been

covered in this thesis.

A4



HYDROGEN CONCENTRATION SENSOR TESTING PROCEDURE

Appendix B

Hydrogen concentration sensor

testing procedure

The use of hydrogen for the sensor calibration has been approved by the University’s
Safety & Health Office and a Safety Assessment conducted by the School of Mechanical
Engineering Safety Officer, Rob Greenhalgh (Appendix [F)).

The testing of sensors requires a known concentration of hydrogen and air mixture
to be generated. This is done in two steps, the first is obtaining a small quantity of
hydrogen gas directly from the cylinder and storing this in a balloon. The second part

involves producing the hydrogen and air mixture.

B.1 Obtaining a quantity of hydrogen

The School of Mechanical Engineering purchases all gases from BOC Australia [39]. BOC
produces three hydrogen types (Table , that are available in two cylinder sizes. Size
D, the smallest available cylinder holds 1.2m?3 at STP and size E holds 3m3 at STP.
Ideally the Ultra High Purity would be most suitable as this would create the most
accurate gas mixture, unfortunately due to cost restrictions the Industrial Grade was used

and may have to be used for future testing.

Table B.1: Available hydrogen grades from BOC

Price
Name Minimum Purity Size D Size E
Industrial Grade 99.5% $45.30  $62.02
High Purity 99.98 % $99.83  $178.36
Ultra High Purity 99.999 % $215.17  $219.67
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HYDROGEN CONCENTRATION SENSOR TESTING PROCEDURE

B.1.1 Guidelines for safe hydrogen gas use

Before any hydrogen is used, the tester must

e Familiarise themselves with the MSDS for the chosen hydrogen grade, The MSDS

can be located on BOC’s website.

e Read the Safety Assessment (Appendix |F)) conducted by the School of Mechanical
Engineering Safety Officer, Rob Greenhalgh.

e Read the following testing procedure thoroughly.
e Complete the Safety Checklist.

When using hydrogen gas, Personal Protective Equipment (PPE) must be worn. PPE

includes:
e Eye protection (safety glasses can be obtained free from the mechanical office)
e Non-sparking clothing (cotton cloths that minimise static buildup)
e Closed toe, non-porous shoes (no thongs or sandals)

Whenever working with hydrogen, all potential ignition sources must be eliminated,

sources of ignition include:
e Open flames (including personnel smoking)
e Electrical equipment
e Static electricity (nylon clothing)

e Heating equipment in buildings

B.1.2 Preparing the cylinder

To order a cylinder of hydrogen, a mechanical workshop staff member must be informed
and must also supervise the use of the cylinder.

Hydrogen cylinders are stored locked up outside the mechanical workshop. Hydrogen
cylinders are always identified as being bright red in colour (Figure B.1). To use the
cylinder it must be moved out of the cage, this increases ventilation and moves the

experiment away from the other stored cylinders. A cylinder trolley designed for the
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HYDROGEN CONCENTRATION SENSOR TESTING PROCEDURE

specific cylinder size must be used when moving the cylinder. This makes the job of
moving the cylinder easier, and also prevents the cylinder from tipping over which may
break the regulator, and this is extremely dangerous.

Cylinders arrive without any attachments and hence a specific hydrogen regulator will
need to be screwed onto the cylinder. A regulator restricts the outlet pressure and also

provides a outlet to attach a balloon. Finally, a cylinder key is required to open the

cylinder’s valve (Figure [B.2)).

| Regulator |

| Cylinder |

i

S L

‘m}

il

Cylinder trolley |

Figure B.1: Red hydrogen cylinder (size E) on cylinder trolley

B.1.3 Filling the balloon

Before any hydrogen is released, the work area must be checked again to make sure there
are no possible ignition sources. The balloon is placed over the regulator’s outlet, the
cylinder key can be rotated counter clockwise to let hydrogen into the regulator. The
regulator valve is slowly turned clockwise till hydrogen gas enters the balloon. When a
small quantity of hydrogen has entered the balloon, the regulator valve can be closed.
The balloon should be double tied to minimise leakage. The cylinder’s valve can then
be closed and the regulator valve opened to release any trapped hydrogen. The cylinder

regulator and key can be removed and the hydrogen cylinder moved back to storage.
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| Outlet pressure |—42

| Cylinder pressure |

| Regulator | '_ |

| Outlet [ — Open direction |

| Cylinderkey |

T~

| Open direction |

Figure B.2: Close up of regulator with valve opening directions
B.2 Creating a calibration gas mixture

Due to hydrogen being lighter then air, accumulation will occur in ceiling spaces and
cavities and can create a severe explosion risk unless adequately vented. Hence the creation
of calibration mixture will be conducted in a fume cabinet.

The fume cabinet documented in this procedure is located in the mechanical
engineering building, room 1.81 (Figure [B.3).

The filled hydrogen balloon must be placed under the fume hood and the fume hood
started (Figure [B.4)).

B.2.1 Creating the hydrogen and air mixture

Before doing any testing with hydrogen the required materials should be obtained
(Figure and Figure [B.5)and the the tester familiarised with the procedure.

B.2.1.1 Materials required

Container — must have an opening large enough for the sensor. Exact volume must be
known, this can be done by filling with water and either measuring the weight or

volume.

Balloons — preferable helium quality. With the necks removed.
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— |

Fume hood

/

| Control panel |

| Safety screen

|  Workarea |

Figure B.3: Fume hood located in room 1.81

Figure B.4: Close up of control panel

Multimeter

| Terminal block |

I

1 Sensor |

Syringe with needle - can be purchased from pharmacy.

Figure B.5: Electrical equipment required for testing procedure

Sensors — located in the REV room, in box marked hydrogen sensors.

Battery — 12V, a drill battery was used in the example.
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HYDROGEN CONCENTRATION SENSOR TESTING PROCEDURE

|  Container |
T~ Hydrogen filled
balloon
| Paper |
Syringe with
needle
| Neckless balloon [

Figure B.6: Materials required to perform hydrogen testing

Terminating block and wire

Multimeter — set on DC voltage.

o

Figure B.7: Pure hydrogen gas is drawn into the syringe

Figure B.8: The syringe is emptied into the container upside down due
to hydrogen’s relative density
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B.2.1.2 Procedure

1. The electrical circuit is setup with all connections secured, in order to prevent

sparking.

2. The sensor is placed into the container and the opening covered with the neckless

balloon.

3. An empty syringe is inserted into the previously filled balloon and pure hydrogen
drawn till the syringe is full (Figure [B.7)).

4. The full syringe is inserted into the balloon skin covering the opening, and syringe

is emptied (Figure [B.8§]).

5. The container will need to be gently shaken to mix the hydrogen and air. This can

be helped by placing pieces of paper in the container before shaking.

6. Sensor voltage readings are taken.

When sufficient sensor readings have been recorded, any excess hydrogen gas in the
balloons can be released while under the fume hood. The fume hood can be switched off,

and it will go into its shut down cycle.
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B.3 Safety checklist

PRIOR TO TESTING

Hydrogen testing procedure read

Safety Assessment (Appendix ) read

Personal Protective Equipment obtained

Fume hood room booked

MATERIALS

Hydrogen cylinder

Cylinder attachments (trolley, key and regulator)
Balloons (helium quality)

Container of known volume

Syringe with needle

Hydrogen concentration sensors

Battery (12-48V)

Terminating block and wire

Multimeter

OBTAINING A QUANTITY OF HYDROGEN
PPE worn (safety glasses)

All ignition sources eliminated

Cylinder moved away from cage with trolley

Regulator screwed onto cylinder

Cylinder valve opened

Balloon slightly filled

CREATING A CALIBRATION GAS MIXTURE
PPE worn (safety glasses)

Filled balloons placed under running fume hood
Electrical circuit constructed

Sensor placed into container and covered with neckless balloon
Empty syringe filled with pure hydrogen drawn
Syringe emptied into container

Container gently shaken

Sensor voltage readings measured

Unused hydrogen released

Signed Date
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Appendix C

Hydrogen concentration sensor test

results
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Figure C.1: Calibration test results from MiniKnowz.
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Figure C.2: Calibration test results from Panterra-CAT.
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Figure C.4: Interference gas test results from Panterra-CAT.
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TEST EQUIPMENT

Appendix D

Test equipment

The following equipment was used to either create a know electrical quantity or to measure

electrical measurements.

D.1 Power supply

The power source that was used for the sensor testing, was a dual channel lab power
supply capable of outputting 0-30 V with a maximum current rating of 5 A. It was useful
for testing the voltage and current sensors which required a varied voltage in (V;,,) and to
also produce 12V for the dual polarity power supply. If a precise voltage was required a
digital multimeter was used, rather than the analogue needles.

In order to determine how ‘clean’ the power supply was, the output was observed with
an oscilloscope (Figure D.1)

Tek S Trig'd b Pos: 156.4 0% ME®SLRE
+

M 10.0us
19-0ct-05 16:25

Figure D.1: Power supply output viewed with oscilloscope
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D.2 Data acquisition hardware

The DAQ hardware used for the majority of testing was the USB-1208F'S from Measure-
ment Computing Corporation [40] (Figure |D.2)). The DAQ hardware specifications of
concern are in Table [D.1] Table [D.2] and Table [D.3]

e

Figure D.2: The DAQ hardware used for the majority of testing

Table D.1: DAQ general specifications

Parameter Specification
Maximum input voltage +28 V max
Throughput software paced 250S/s typical

Resolution 12 bits

Table D.2: DAQ accuracy at different voltage ranges
Range (V) Accuracy (LSB) Accuracy at full scale (mV)

+20 5.1 49.766
+10 6.1 29.766
+5 8.1 19.766

Table D.3: DAQ noise at different voltage ranges
Range (V) LSByus

£20 0.30
+10 0.30
+5 0.45
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Tests involving the DAQ hardware, were always set on the minimum needed voltage
range i.e. a sensor outputting a voltage of 0-5V was set on the range £5V, 0-15V required

for a voltage sensor was set on the range +20V.

D.3 Multimeter

A multimeter was used to measure currents, voltages and resistances. The multimeter used
was the Fluke 170 Series True-RMS Digital Multimeter. The multimeter’s specifications

of concern are in Table [D.4l.

Table D.4: Multimeter specifications
Function  Resolution Accuracy (£[% of Reading] + [Counts])

DC voltage  0.001V 0.09% + 2
DC current 0.001 A 1.0% + 3
Resistance 0.1 0.9% + 2
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CURRENT SHUNT TEST RESULTS

Appendix E

Current shunt test results
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Figure E.1: 50 mm current shunt test with updated current sensor
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Figure E.2: 200 mm current shunt test with updated current sensor
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CURRENT SHUNT TEST RESULTS

Table E.1: Current shunt test using 50 mm of shielded cable
Actual current (A) Measured voltage (V)

0.11+0.0041 0.0292969
0.42+0.0072 0.107422

0.8£0.011 0.205078
1.274+0.0157 0.322266

1.740.02 0.429687
1.96£0.0226 0.488281
2.344+0.0264 0.585937
2.58+£0.0288 0.644531
2.95£0.0325 0.732422
3.29+0.0359 0.820312

Table E.2: Current shunt test using 200 mm of non-shielded cable
Actual current (A) Measured voltage (V)

0.05£0.0035 0
0.38+0.0068 0.0195312
0.61+0.0091 0.0292969
0.74£0.0104 0.0390625
0.99+0.0129 0.0488281
1.07£0.0137 0.058937
1.2940.0159 0.068594
1.47£0.0177 0.0683594
1.65£0.0195 0.078125
1.92+0.0222 0.0878906
2.1610.0246 0.107422
2.31+0.0261 0.117187
2.56£0.0286 0.126953
2.97+0.0327 0.146484
3.29+0.0359 0.15625

E2



STUDENT FINAL YEAR PROJECT - SAFETY ASSESSMENT

Appendix F

STUDENT FINAL YEAR
PROJECT - SAFETY
ASSESSMENT

F.1 PROJECT OUTLINE

Project title ‘Sensors for the Renewable Energy Vehicle’ conducted by Travis Hydzik,

supervisor Associate Professor James Trevelyan.

The requirement of the project is to calibrate a Neodym Technologies hydrogen sensor
according to the organisation’s recommended calibration procedure. The frequency of

calibration is as often as practical and no less than once every six months.

The calibration procedure requires generating a calibration gas mixture of hydrogen and

air in a leak free container of fixed volume.

It is proposed to collect the hydrogen gas from the storage cylinder into a small rubber
balloon (partially inflated). This part of the operation would be carried out in a well
ventilated location, outside the building. The mixing and calibration part of the operation

would be carried out in a laboratory fume cabinet.

Since the volume of hydrogen gas is small and the air/gas concentration very low, below

0.5 % and well below the explosive range of hydrogen, the School is permitting this work to
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be carried out in a laboratory fume cabinet. The short duration and infrequent calibration

intervals have also been considered in making this decision.

In addition, the proposed calibration method and gas quantities and concentrations
involved have been discussed with Dr. Allan McKinley from the School of Chemistry,

who advises that the proposed method is satisfactory.

F.2 DESCRIPTION OF EXPERIMENTAL PRO-
CEDURE

A small balloon will be filled with hydrogen from the storage cylinder and tied off. This

operation is conducted outside the building.

The remaining operations are conducted in the laboratory fume cabinet.

The sensor will be placed in a 1075 ml clean container of air with the opening covered by
a second balloon with the neck removed. An empty syringe is inserted into the balloon
containing hydrogen and 5 cc of gas is drawn off into the syringe. The contents of the
syringe are then transferred into the container, through the second balloon membrane.

The container is then gently shaken to mix the hydrogen and air.

Sensor calibration is then carried out. The test is of approximately 15 minutes duration.

F.3 TASK HAZARD IDENTIFICATION

The proposed calibration routine has been reviewed and the following potential safety

hazards have been identified:

1. Handling and Use of Hydrogen Gas - hydrogen has a wide combustible range
when mixed with air (approximately 4 to 80 %). In addition, it is lighter than air
and will accumulate in ceiling spaces and cavities and create a severe explosion risk

unless adequately ventilated.
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2. Ignition Sources - potential ignition sources include flames such as cigarettes, and

matches or even sparks generated by electrical devices or static electricity.

3. General Laboratory Hazards - working in a chemical laboratory may expose an

untrained person to other diverse hazards.

F.4 SAFETY CONTROL MEASURES

The Task Hazard Identification indicated the principle hazard associated with this project
is the use of hydrogen. The magnitude of this risk is decreased in the latter stages of
the calibration task, by the low hydrogen/air concentration that is outside the specified

explosive range.

The most hazardous part of the procedure involves the use of the hydrogen storage
cylinder and the mixing procedure, given that the hydrogen concentration may not be
precise, since volume will vary with balloon pressure. There is the requirement to exercise
great care and ensure that there is no opportunity for gas accumulation or ignition sources

to be present.

1. MSDS - A copy of the MSDS for hydrogen must be available and all individuals

involved in handling hydrogen gas must be familiar with its contents.

2. Handling and Use of Hydrogen Gas - The hydrogen cylinder must be stored
and used outside the building. Collection of hydrogen from the cylinder should
involve two people assisting in the operation. This part of the operation should be

carried out when the area is quiet and no ignition sources are present.

3. Mixing Hydrogen and Air - This must be conducted in a fume cabinet, free from
potential ignition sources or other flammable or corrosive substances stored in the

fume cabinet at the same time.

4. Safety Signs - Since the preparation and measurement phase are of short duration,
ensure that only authorised personnel are present in the laboratory at the time. A
Hazard No Entry sign should be displayed on the laboratory door to restrict other

people from entering.
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5. Personal Protective Equipment - It is recommended that safety glasses are worn
through the task including use of the fume cabinet sash screen as an additional safety

screen whenever possible. Enclosed footwear is a requirement for all laboratories.

6. On Completion - Ensure that accumulations of hydrogen are removed from all

test apparatus.

7. Working Alone - Since there are some potential hazards associated with this

operation, this work should not be attempted outside of normal working hours.

F.5 MEDICAL SURVEILLANCE AND PERMITS

Not applicable.

F.6 EXPOSURE LIMIT

Not applicable.

F.7 ADVERSE HEALTH EFFECTS

Not applicable.

F.8 PRINCIPLE HAZARDS

Possible explosive gas mixture.

F.9 EMERGENCY PROCEDURES

In the case of injury contact School First Aid Officers or UWA Emergency Services on
2222 if the damage extends to property damage and serious injury. Note the position of

the nearest suitable fire extinguisher in case it is needed.
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Safety Assessment conducted by Rob Greenhalgh, School of Mechanical Engineering
Safety Officer, on 18th August 2005.

Acknowledgment and thanks to Dr Allan McKinley (School of Chemistry) for his advice

in addressing safety issue with hydrogen.
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ELECTRICAL BLOCK DIAGRAM

Appendix G

Electrical block diagram

The following block diagram gives a indication of the required electrical measurements in

the REV’s electrical system.
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