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Summary
Crofton historic steam-powered Beam Engines near Marlborough in the South of England,
are some of the oldest working, preserved steam engines, still able to perform the job they
were originally intended for. Conserving 200-year-old steam engines is an arduous task,
particularly when little is known about the engine’s condition other than that observed by
the naked eye and through use of basic instrumentation. As such, the installation of a wireless
sensor network was identified as a future requirement by the owners, the Kennet & Avon
canal trust, as a useful tool to assist with diagnostics, long term monitoring, and visitor
experience enhancement.
The Beam engines and pumping station hold a Grade I listed status, meaning that they
must be retained as they would have been historically, without modernisation. Therefore, the
sensors used to monitor the engines and the building must be installed and operate in a noninvasive manner, adding additional complexity to the undertaking.
The scope of the work detailed in this report is the specification, testing and
implementation of a system for measuring the pressure and displacement of one of the engine’s
cylinders in real-time, with transmission to a PC achieved by means of a suitable wireless
network and battery powered transmitters. Measurement of the pressure and volume
parameters enabled the construction of the indicator (pressure/volume) diagram, used to
assess the performance of a steam engine.
Specifications were written to assist with selecting two suitable sensors for a prototype
system. These were purchased and tested in the laboratory, before testing on the engine. A
suitable wireless system and data collection hardware was chosen, for data transmission and
collection.
A ceramic pressure sensor and ultrasonic range finder were identified as suitable
components for measuring the steam pressure and piston displacement respectively. Battery
powered Arduino Uno’s were identified as suitable microcontrollers to interface with the
sensors, and two-way communication was established to a PC-based controller system using
a low frequency Zigbee-based wireless protocol (XRF). Mathworks Matlab software was used
on the PC to acquire, display and store the data in real-time.
The final design prototype system performed successfully, constructing a well-shaped
indicator diagram in real-time, along with position and pressure plots. The wireless data
transmission operated seamlessly using a Request to Send (RTS) interface, resulting in a
maximum data acquisition rate of 6Hz. Unfortunately, the ultrasonic position sensor’s
accuracy proved insufficient to derive meaningful velocity and acceleration due to its high
level of noise.
The work carried out in the project proved the concept for a low-cost wireless sensor
network in the pumping station building, and set the foundations for future work involving
measuring other parameters of interest, and distributing real-time data to a wider audience
both on and off-site for diagnostic and educational purposes.
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Glossary
Abbreviation

Description

B&W

Boulton & Watt steam powered Beam Engine

p-V / Indicator

Pressure / Volume plot, used to assess engine performance

USB

Universal Serial Bus interface

Zigbee

Low-data rate, long range wireless protocol

RS-232

Standard serial interface used by PCs and microcontrollers

GUI

Graphical User Interface (software)

ASCII

American Standard Code for Information Interchange

.CSV

Comma separated variables: file type for numerical data storage

bar g

Bar gauge pressure unit

Bar (abs)

Bar absolute pressure unit

I2 C

Inter-integrated circuit: digital sensor communication protocol

PWM

Pulse width modulation: digital sensor communication protocol

OD

Outer Diameter

BSP-P

British Standard Pipe Parallel

SCL

Serial pulse

SDA

Serial data

MSB/LSB

Most/Least significant bit

RMSE

Root Mean Squared Error

SNR

Signal to Noise Ratio (Units: Decibel [dB])

RTS

Request to Send, Wireless data exchange architecture

LIDAR

Light Detection and Ranging: position sensor type

VNC

Virtual Network Computing

SCADA

Supervisory Control and Data Acquisition
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Additional Material
Digital material relevant to the project (included in the submission) is detailed below.
Filename

Description

CroftonFYP.mp4

Video footage taken during the project providing background and
evidence of the prototype’s functionality.

Photos.zip

Photographs taken during the project showing the beam engines, test
setups and prototype installation.

Matlab.zip

Folder containing the Matlab files used to complete the project.

Arduino.zip

Folder containing the C++ files used to program the Arduino Unos.

Data.zip

Folder containing the Excel and .CSV data files.
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Introduction

Crofton Pumping station (Figure 1.1) is located 30 miles east of Bath near Marlborough,
in the county of Wiltshire. The pumping station was built approximately 200 years ago at
the summit of the Kennet and Avon canal, to ensure that the amount of water in the canal
was maintained, thus allowing the passage of boats, to what was historically part of a vital
trade route between Bristol and London. The building of the pumping station in conjunction
with locks was considered more cost effective in the early 19th century than a tunnel [1].
The pumping station houses two 19th century, steam-powered beam engines which have
been restored, and are the only steam engines in the world known to still perform the job
they were originally intended for. There is now however, an electrical powered pump which
maintains the canal water level on a day-to-day basis [2], with the exception of monthly
steaming weekends during the Summer where the engines are run.
The Kennet and Avon Canal trust, who preserve the pumping station site as a museum
and tourist attraction, identified a lack of insight into the condition of the Grade I listed
engines and building. Consequently, a long-term partnership was formed with the University
of Bath, to develop a mechatronics solution for logging, transmitting, processing and
displaying relevant data.
The main aim of the final year project detailed in this report, was to develop a heritagesympathetic system to record cylinder pressure and piston displacement for one of the beam
engines, i.e. using non-invasive sensors with aesthetics in mind and wireless technology, hence
preserving the Grade I listed machinery. These two pieces of data enable the indicator, or
pressure-volume diagram, to be constructed, which gives an insight into an engine’s
performance [3]. Historically, this was achieved using purely mechanical apparatus, as in
Figure 1.2.
The project report comprises four main sections: The Literature Review describing the
engine’s operation, and other literature used to complete the project; the Design &
Methodology section describing how the final prototype design was reached; the Results &
Analysis section, showing the results for preliminary and on-site testing; and finally the
Discussions section, evaluating the various sub-systems of the project.

Figure 1.1: Crofton Pumping Station [58]
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Literature Review

This section summarises the literature giving background to the project, in particular the
operation of the Boulton & Watt Beam Engine.

2.1

Watt’s Beam Engine

The Watt steam engine, also referred to as the Boulton and Watt (B&W) engine, is a
later version of the Newcomen Engine (Figure 2.1.a), one of the earliest form of beam engine
used predominantly for pumping water. Newcomen engines were widely used in the 18th
century, particularly in the South West of England for pumping water out of mineshafts [4].
The Watt Engine, circa. 19th century, differed from the Newcomen engine, as it used the
hot, pressurised steam to push the cylinder, and the cooling/condensing steam from the
previous cycle to create a vacuum and pull the cylinder; the Newcomen Engine only did the
latter [5]. Watt’s developments, including insulating the pipework and cylinders, meant that
lower pressure steam could be used, which increased engine efficiency, reduced wear and the
severity of accidents. High-pressure steam leakage had been responsible for many injuries and
fatalities during the early years of the steam engine [6]. Watt’s beam engine was regarded as
a key driver for the Industrial Revolution and the SI unit of power ‘Watt’ was named in
recognition of him [7].
An additional improvement in the Watt engine was the parallel linkage system. As the
beam pivots on its centre, the ends travel through an arc, i.e. rotational motion. Linear
motion was necessary to push and pull the cylinder and this was achieved using a series of
metal bars and pin-joints as shown in Figure 2.1.b, creating vertical, linear motion at the end
of the beam. Predecessors to the Watt engine had used chains and ropes to achieve the pulling
force and purely relied on the weight of the beam to return it to its original position. With
these technological developments, many of the older Newcomen engines were upgraded to
improve performance and save energy [8].
Figure 2.2 shows the valve sequence of the engine and the consequent flow of steam
causing the beam to move. Most of Watt’s engines included valves that were operated by
levers attached to the beam, to enable the engine to run autonomously subject to sufficient
steam supply, controlled by addition of coal to the boiler furnace.

(a) The Newcomen Engine [50]

(b) Watt’s parallel motion [51]
Figure 2.1: Beam Engines
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1.
2.
3.

Discharge/Return stroke

4.

Throttle/inlet valve open; fresh steam flows into the top of the cylinder from the
boiler creating pushing force on cylinder rod
Exhaust valve open; exhaust steam flows into condenser and cools creating a vacuum
in cylinder causing pulling force on cylinder rod
Beam motion pulls pump rod creating suction force, hence filling the pump cylinder
with pump water.
Air pump pushes old steam condensate back to boiler for re-heating

1. Pump outlet valve open, pump inlet valve closed. Weight of pump rod causes
beam to move and pump water to flow out of cylinder
2. Equilibrium valve open causing used steam to flow into the bottom of the main
cylinder
3. Condenser outlet valve open, air pump plunger moves upwards causing
condensate to flow into air pump.
Figure 2.2: Boulton & Watt Engine Cycle [5]

6 May 2016

15

Measurement & Display System for Crofton Beam Engines

2.2

William Smith

Pressure-Volume Diagram

Engines driven by pistons can be described by three thermodynamic parameters: pressure,
volume and temperature. Due to thermodynamic laws, the temperature is a function of the
pressure and the volume [9]. Therefore, the system can be described using just the cylinder’s
inlet pressure and volume assuming it is single acting.
This observation by James Watt and John Southern [3] has been used for centuries,
originally known as the steam indicator, as a method to assess an engine’s performance,
specifically its efficiency. This method is still used to-date for modern combustion engines,
now more commonly known as the p-V diagram. Figure 2.3.a shows a single piston of a
combustion engine and how it varies over a single cycle. Figure 2.3.b shows the corresponding
Carnot cycle, on a Pressure-Volume (p-V) diagram. Using thermodynamic laws, it can be
proved that the area inside the P-V diagram for a single cycle is equal to the work done
output i.e. the energy used to complete the cycle [10].

(a) An ideal gas-piston model
of the Carnot cycle

(b) A P-V diagram of the
Carnot Cycle.

Figure 2.3: The Carnot Cycle [54]

Figure 2.4 shows a p-V diagram for a single cycle of a steam engine where Volume
represents the volume of the cylinder that the steam can occupy, and Pressure: the steam
pressure within the cylinder. The mechanical operations with reference to the figure are
described below: [3]
C-D: Drawn as the inlet valve is opened and pressure immediately increases
D-E: Drawn during the time the inlet valve is open and steam enters the cylinder
E-F: Drawn when the inlet valve closes and cylinder moves due to the steam pressure.
F-G: Drawn during the time the exhaust
valve is open and the pressure decreases
G-H: Drawn while exhaust valve remains
open and engine performs return stroke
(movement either result of gravity or
vacuum pressure)
H-C: Exhaust valve closed, pressure
increase due to existing steam entrapment

NB: Line A-B shows the atmospheric
pressure; J-K shows the boiler pressure.
Figure 2.4: Steam Engine Indicator Diagram [3]
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In order to produce an indicator diagram in the late 19th century, mechanical devices were
available such as the Crosbie Steam Gauge, shown in Figure 2.5.a and Figure 2.5.b [11].
These devices were capable of plotting a real time p-V diagram onto paper which could be
used to highlight problems with steam injection, valves, leaking piston rings etc. and for the
manufacturer to calculate efficiency, and hence the horsepower rating for the engine [11].
The graph was plotted by the pencil mounted on a rod linked to a piston connected to
the engine cylinder, with a suitably sized spring opposing the pressure, hence achieving an
up/down vertical motion for the pressure variation (Figure 2.5.a). The paper would be rolled
on the outside of a tube that could rotate, attached to a piece of string linked to the engine’s
piston rod by a series of guide pulleys. Hence, this produced lateral motion on the paper in
synchronisation with the piston movement, enabling volume to be plotted.
Figure 2.5.c shows an example card printed using a steam gauge with annotations by the
Engineer providing a numerical scale to the plot. This plot is smooth and takes the exemplar
form as shown previously in Figure 2.4, therefore it is likely that there were no major faults
with this Engine. A planimeter, a mechanical device, would sometimes be used to calculate
the area inside the p-V plot (Energy) if higher accuracy than visual methods was required.

(a)

(b)

(c)
Figure 2.5: Crosby Steam Gauge [11]
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Crofton Pumping Station

The Crofton site houses two beam engines: a ‘Boulton & Watt’ (B&W) and a later
‘Harvey’ engine. These engines are similar in design, however for this study the B&W engine
will be the main focus. The two engines are located side by side and are similarly sized. Figure
2.7 shows the layout of the Crofton pumping station. The building is spread out over six
storeys, with the pumps occupying the three lower floors. The boiler is located on the ground
floor, along with the Café and accessible visitor areas, where there is a desire from Crofton
volunteers for real-time data to be displayed on an LCD television screen. Stairs enable access
to the upper storeys of the building where the valve controls, cylinders and beams are located.
Figure 2.6 shows the valve controls for one of the engines, the operation of which was
described previously. Although the engines can run autonomously subject to a sufficient
supply of steam, the engines must be started manually for the first few cycles. This is because
of the lack of steam and water in the pipework which offer damping properties when the
engines are running at full stroke. These valve controls allow the engine to be controlled
manually to allow shorter engine strokes, before allowing the levers to be automatically
pushed at full stroke by the plug rods when safe to do so. They also allow the engine to be
‘parked’ when shut down is desired.
Technical data for the Crofton engines can be found in Appendix A.

Figure 2.7: Crofton Pumping Station map [2]

6 May 2016
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Wireless Network Considerations

The following section is adapted from previous work [12] by the author, and some extracts
are exact copies.
Previous work by University of Bath students has not addressed the specification of a
wireless network for the Crofton site for transmission of sensor data. A number of
considerations need to be taken into account for specifying a wireless network such as power
consumption (availability of mains power or batteries), wireless range, size/aesthetics of
hardware, and cost.
Martinez-Garrido describes a methodology for assessing the quality of a wireless network
in a built or natural heritage environment [13]. The study uses 2.4GHz wireless technology
and tests are carried out in museums and churches as well as outdoors. The article details
how the wireless communication quality was monitored and the procedure in which network
errors were corrected. The construction of the transmitters used for the study were battery
powered consisting of a sensor, analogue-to-digital converter, microcontroller and wireless
radio. It is foreseen that the Crofton setup will be of a similar nature so this resource will be
useful during the specification and prototype testing phase. This article however, describes
networks which incorporate 1 router/base station (not ad-hoc/peer-to-peer), which may not
be suitable for the six storey building at Crofton.
‘Wireless Sensor Networks: A Networking Perspective’ [14] describes all aspects of wireless
sensor networks, inclusive of network topology, security, energy efficiency and future trends.
Of particular interest for the scope of this project is the description of various network
topologies. Due to the large 5-storey building at Crofton, it may not be feasible to deploy a
traditional ‘single-hop’ network due to wireless range, therefore other options may need to be
considered e.g. ‘flat’ or ‘single-hop clustering’, which involves sensor transmitters also acting
as signal repeaters.
In a previous project by the author a low-cost vehicle telemetry system was developed
[15]. This was achieved using an Arduino microcontroller interfacing with the vehicle’s inbuilt sensors. The data was transmitted over a wireless network accomplished using an ‘XRF’
radio unit which operates between 868-915 MHz. The XRF transmitter is advertised as
suitable for industrial monitoring, wireless sensor networks and has low power consumption
[16]. The data was interpreted using a receiver connected to a computer, running Matlab
software. The Crofton project shares some similarities so this previous work and knowledge
will be of use.
Other low power networks will need to be investigated further. One such example is
Bluetooth. Previous projects have been carried out using Arduino microcontrollers and
sensors with transmission via Bluetooth directly to personal devices [17]. This is advantageous
as most personal devices are Bluetooth compatible so no extra receiver equipment needs to
be purchased.
Silicon Labs, a large manufacturer of electrical components including wireless transmitters
and home automation products, published a paper on ‘Maximizing Range and Battery Life
in Low-Cost Wireless Networks’ [18]. This paper discusses considerations to take when
selecting a network standard, and how battery life can be extended for various network
topologies. This will be a useful source to aid in the decision making for choosing a network
protocol.
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Objectives & Deliverables

This section details the objectives of the final year project documented in this report, and
the long-term objectives from the Crofton & University of Bath partnership.

3.1

Final Year Project 2016

The project objectives and deliverables shown in Table 3.1 and Table 3.2 respectively are
adapted from previous work [12] by the author, and some extracts are exact copies. Changes
were made to the initial proposed objectives as an outcome from discussions with Crofton
Engineers J. Willis and M. Rodd at the onset of the project. The single main change was to
measure steam pressure instead of temperature, as logging pressure and beam displacement
enables construction of the pressure-volume (indicator) diagram; a useful diagnostic tool for
engines of this style. Some of the aims and objectives have been paraphrased from a
specification document provided to the University of Bath by the Kennet and Avon Canal
Trust, who manage the Crofton site. The full document can be found in Appendix B.

Table 3.1: Project Objectives

ID
O.1

Objective Description

O.7

Ascertain a common understanding of the project brief with Crofton Engineers before
commencing work
Perform site survey at Crofton to establish considerations needed for specification of
wireless network
Identify possible wireless solutions which fit within the scope and budget of the
project, and select a suitable solution based on research and discussions with Crofton
Engineers
Build a prototype system with 2 transmitters and 1 receiver (using ‘dummy’ sensor
data initially)
Develop a gateway system to enable standard handheld devices to access the data
(Bluetooth/WiFi) ~ optional
Test the prototype system at the Crofton site varying location of the transmitters &
receivers, evaluating performance
Identify and develop a suitable sensor to measure the beam position

O.8

Identify and develop a suitable sensor to measure the piston inlet pressure

O.9

Develop the prototype to perform signal processing & transmit the sensor data over
the wireless network
Install the complete prototype system at the Crofton site and evaluate performance
Propose future developments for the project and evaluate the project work

O.2
O.3

O.4
O.5
O.6

O.10
O.12
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Table 3.2: Project Deliverables

ID

3.2

Deliverable

1

Due

A.1

Literature Review & Project Plan

12.02.16

D.1

Crofton site survey & project brief

16.02.16

A.2

Assessor Literature Review presentation

26.02.16

D.2

Research & specify proposed wireless network

01.03.16

D.3

Installation & evaluation of wireless prototype system

15.03.16

D.4

Research & specification of proposed sensors

28.03.16

D.5

Completion & results of sensor testing

11.04.16

D.6

Installation of complete prototype system (with 2 working sensors)

18.04.16

D.7

System specification document

25.04.16

A.3

Final project report

06.05.16

A.4

VIVA examination + poster presentation

12.05.16

A.5

Design Exhibition presentation

25.05.16

The Crofton-Bath Ongoing Project

The following section is adapted from previous work [12] by the author, and some extracts
are exact copies.
The overall aim of the Crofton-Bath project is to introduce a real-time/networked datacapture system to the 200-year-old pumping engine. When such a network exists, this can
subsequently be used to:
-

Inform plant operators of engine condition to reduce the risk of causing damage by
operating at full capacity.

-

Display real-time information on remote devices (hand-held & fixed) to enhance the
visitor experience and their understanding. In particular, for those unable to access
all areas of the 5 storey building.

-

Stream information over the internet exposing the beam engines to a potential
international audience.

-

Provide data for off-site analysis to enable students at all levels to understand how
beam engines operate.

-

Integrate with the Canal & River trusts existing water level monitoring system, to
show a complete picture of the movement/loss of canal water in Bristol and
Reading.

1

Deliverables: A: University-assessed
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Design & Methodology

This chapter details the decisions and processes undertaken to specify, procure, build and
perform preliminary tests on the prototype digital indicator system. It has been split into
three main sub-sections focusing on the hardware platform, and the pressure and position
sensors.

4.1
4.1.1

Data collection & transmission
Hardware specification

To enable the collection and subsequent transfer of data from various parts of the Engine
house in real-time, electronic hardware was needed. An initial specification for the prototype
system was created, as shown in Table 4.1. This was formed through discussions with Crofton
Engineers and by considering the budgetary and time limits for the project.

Table 4.1: Data Acquisition & Transmission specification

Attribute

Value

Source

Microcontroller (Arduino or similar)

JWS, WS

Battery – rechargeable, 8hrs+
Wireless
Throughout whole building

JWS, WS

2 Hz minimum, 10Hz ideal

WS, JWS

Transmitter cost (each)

≤ £50

WS

Receivers
Main Receiver
Power requirements

Windows based Laptop/PC
230 VAC Mains

JWS, [19]
JWS

Main Receiver cost

≤ £500

[19]

Viewing consoles

Mobile device (phone, tablet)

JWS, [19]

Viewing console cost

≤ £200

[19]

Transmitters (x2)
Remote sensor controllers
Power requirements
Transmission method
Transmission coverage
Data transmission rate

WS: Will Smith;
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Hardware selection

Two sensor transmitters were required for the prototype system. The same hardware platform
for each was desired to simplify integration with the receiver, and reduce programming time.
4.1.2.1.

Transmitter Microcontroller

It was identified through previous work by University of Bath students [20] that
microcontrollers would be a preferable platform for: retrieving data from sensors, performing
on-board signal processing, and transmitting to a receiver via a suitable wireless connection.
The Arduino Uno microcontroller [21] (shown in Figure 4.1.b) was chosen as the hardware
platform for the prototype transmitters. The Uno cost £20 making it a favourable choice from
a budget perspective. In addition, the extensive online support community for Arduino [21]
and commercial availability of hardware add-ons (e.g. wireless transmitters) made the Uno a
low-risk choice for achieving the project objectives. The on-board memory and processing
power was considered more than adequate given the task’s non-safety critical nature and low
acquisition rate requirement2.
The low power requirements of the Uno (5 V at < 500mA) enabled easy remote (away
from Mains power) installation through use of a battery supply. A commercially available,
Lithium-ion rechargeable battery pack was obtained, designed for use as an emergency mobile
phone charger at a cost of £15 [22] (Figure 4.1.a). This battery operated at 5 V with a
capacity of 6,000mAh. Using the worst case scenario of 500mA power consumption (The
Uno’s USB port fuse size) the battery life from full charge could be calculated, assuming 70%
efficiency:
4.1

𝐿𝑖𝑓𝑒(ℎ) =

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝐴ℎ)
𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑚𝐴)

× 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

6000
500

× 0.7 = 8.4 ℎ𝑜𝑢𝑟𝑠

This was higher than the 8 hours specified (Table 4.1), therefore suitable for the low-cost
prototype system, assuming sensors could be powered directly by the Arduino. The battery
was easy to connect using its USB interface, and re-charging could be achieved via. a mains
power transformer (mobile phone charger) up to 500 charging cycles [22].

(a) USB Rechargeable Battery [22]

(b) Arduino Uno Microcontroller [53]

Figure 4.1: Data Collection Hardware

2

The datasheet and technical specifications for the Arduino Uno microcontroller can be found in Appendix C.
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Wireless Protocol

Selecting a suitable wireless protocol for the Crofton site was challenging due to the
building’s six storeys with high ceilings, and thick stone walls, making wireless range
requirements difficult to quantify. In addition, the large amount of metalwork and water at
the site was predicted to absorb wireless signal [23]. It was also important to bear in mind
that on steaming days, the site attracts a large number of visitors potentially causing issues
for the wireless transmission as humans comprise up to 60% water content [24]; this would
not be the case on typical weekdays. This emphasised the need for full system testing of the
wireless system on the busiest days of the attraction, to provide a ‘worst case’ test scenario.
It was also important to consider that the water content in the air i.e. air humidity could
impede wireless transmission. Previous trials by Crofton Engineers using a domestic WiFi
router at the Crofton site located in the ground floor café, demonstrated poor performance
with frequent drop-outs away from the café, with no signal on the higher floors.
Fortunately, the demands of the network were not considered to be high. Each sensor
would ideally be required to transmit a reading every 1/10th of a second (10 Hz). Assuming
each piece of data would take the form of a 4 character ASCII string, and there would be ten
sensors in the network (only two for the prototype covered in this report), the transmission
would require a minimum transfer speed of 800 bytes per second, or 6.4 kilobits per second
(kbps), allowing 50% of bandwidth for changeover between sensors. As a comparison, modern
wireless routers operate at a data-rate of 50Mbps, around 8,000 times faster. This calculated
value however, would be a bare minimum. Redundancy would need to be included in the
transmission to reduce errors and improve handling of any latency, and also for futureproofing, allowing additional sensors to be added at some point.
Figure 4.2 shows a comparison of common, commercially available wireless protocols
showing their range and maximum data rate. IEEE 802.11a/g and IEEE 802.11n represent
the wireless protocol more commonly referred to as WiFi, for demanding data intensive
applications in a local area, e.g. a house. According to Figure 4.2, the ZigBee protocol fits the
system specification (Table 4.1) with data transmission rates of above 20 kbps allowing for
redundancy, and a range of 100 metres.

Figure 4.2: Data rate and range for various wireless communication protocols [55]
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Further analysis was carried out to ensure that a ZigBee based system would be suitable.
Figure 4.4 shows a comparison of the most common local network types. This confirmed that
ZigBee was a suitable choice for Monitoring & Control applications, requiring low
transmission rates with high range. The power consumption was also shown to be particularly
low compared to other protocols such as Bluetooth or Wi-Fi.
A ZigBee based wireless module was chosen for the prototype system: The Ciseco XRF 3,
as shown in Figure 4.3. This module runs on the European-legal frequency 868 MHz, and
offers an ‘out of the box’ wireless replacement to RS-232 wired serial. Its power requirements
are 32mA transmitting, 20mA receiving at 5V [25], therefore can be powered directly by the
Arduino. This module was chosen due to its affordable price of £14.40 [25], and Manufacturer
support for interfacing with Arduino microcontrollers, thus enabling a wireless prototype to
be built and tested quickly, permitting more time for the project’s focus on sensor selection,
data acquisition and analysis. Two hardware interfaces known as ‘shields’ were purchased at
£4 each, as a ‘plug & play’ solution to connect the XRF units to the Arduinos, eliminating
the need for prototype breadboards or additional soldering.

Figure 4.3: XRF module [25]

Figure 4.4: Wireless protocols comparison [56]

3

The datasheet and technical specifications for the XRF units can be found in Appendix C.
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Data Receiver

As specified (Table 4.1) the main receiver was to include a Windows based computer.
Therefore, a USB to XRF adaptor was purchased for £15 [26], to convert the wireless XRF
signal back into RS-232 serial interface to be processed by the computer.
For the development of the prototype it was chosen to use MathWorks Matlab as the
PC’s software platform, due to its built-in serial interface [27] and numerical
processing/plotting tools. It was also favoured due to its GUIDE software, enabling easy
creation of graphical user interfaces (GUIs) without advanced software development
knowledge.
Figure 4.5 shows an illustration of the components comprising the Receiver sub-system.

USB connection
to PC

Laptop PC running:
- Windows 10
- MathWorks Matlab

XRF Wireless
module

XRF to USB
serial adaptor

Figure 4.5: Prototype Receiver Hardware
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Data exchange & Display
4.1.3.1.

Message structure

Data was sent from the Microcontrollers to the PC using a wireless serial link, sending
messages written in the American Standard Code for Information Interchange (ASCII). The
messages were pushed out every 250 milliseconds from each receiver at slightly different
intervals to try and reduce the likelihood of message collisions (Code in Appendix D).
The initial ASCII message structure is shown in Table 4.2, with tabs separating each part
of the message. The Sensor ID parameter was necessary to ensure Matlab could identify the
source of the message, i.e. which sensor it had originated from. Initially the message ID was
only included at the beginning of the message, but early tests demonstrated that occasionally
two messages would end up being sent at similar intervals and collide, causing confusion and
potential mismatched data. Adding the ID at the beginning and end of the message as shown
in Table 4.2, aimed to alleviate this problem in conjunction with conditional rules in Matlab.

Table 4.2: Data message structure
Initial
structure

Sensor ID

Time

Sensor value

1: distance

milliseconds since power-on

integer

Sensor ID

Time

Sensor value

Sensor ID

1: distance

milliseconds since power on

integer

1: distance

2: pressure

Improved
structure

2: pressure

4.1.3.2.
A GUI






2: pressure

Data Collection process

program was constructed in Matlab to achieve the following:
Retrieve and store data from both sensors in real-time
Display live plots of beam position & cylinder inlet pressure
Calculate and display live plots of beam velocity & acceleration
Construct and display a real-time p-V diagram
Export all logged data to .CSV file on program termination

Message validation was an essential part of the process, as if message collisions or data
loss occurred, the format of the message seen by the PC could differ from the expected format,
causing the code to produce errors and suspend. Basic validation ensured that a message was
only processed if it was complete, and of an expected format. As a further effort to reduce
data loss, each message from each transmitter was sent twice. Conditional statements were
used in the Matlab code to ensure that once a message had been received the same message
was ignored if it arrived a second time.
The data receiver Matlab routine is illustrated at a high-level in Figure 4.6. The full
Matlab code can be found Appendix D.
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Start
(User initiates data-logging)

N

Data message validation

New serial data message received?
Y

Is message correct size [1 4]?
Y

N
Does msg include same ID at
beginning and end?
Y

What is the ID?

1

Store data from message into
position vector

2

Store data from message into
pressure vector

Calculate velocity using previous
position reading, and interval time

Calculate acceleration using
previous velocity reading, and
interval time

Data processing & storage

N

Add latest pressure & position data to p-V plot

N

Update GUI

Update position, velocity, acceleration and pressure plot with latest data

User request end-logging?
Y

Export data vectors to .CSV file

End

Figure 4.6: Receiver Data-logging procedure
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Piston inlet pressure sensor
Sensor Specification

In order to select a suitable pressure sensor for the prototype system for the B&W engine,
a specification was formed from a selection of: engine technical data [28], discussions with
Crofton Engineers, on-site observations, and by considering the capabilities of the chosen
electronic acquisition and transmission hardware. Table 4.3 shows the resulting specification
for the pressure sensor.
Table 4.3: Pressure sensor specification

Attribute

Value

Source

Pressure range

-0.9 to +0.5 bar g

JWN, JWS, [28]

Maximum temperature

100˚C

JWN

Fluid type

Wet steam

JWS

Cylinder connection

⌀6mm OD copper pipe

JWS, WS

Electrical supply

0 to 5 V DC, ≤ 40 mA

WS, [21]

Supported Analogue O/P
Supported Digital O/P
Purchase availability

0 to 5 V
I2C or PWM
Commercially available

[21]
[21]
JWS

Cost

≤ £100

WS

WS: Will Smith;

JWS: Jon Willis – Engineer, Crofton;

JWN: John Warren – Chief Engineer, Crofton

Figure 4.7.a shows the top of the B&W engine cylinder, where the control valves are
located for the steam inlet, equilibrium and outlet. The lagged section of pipe connecting the
inlet valve to the cylinder head is shown in Figure 4.7.b. It can be observed that a pressure
tap already exists, removing the need for any invasive machining procedure to create a new
one. Thus an agreement was established with Crofton Engineers to terminate the existing
tap with a piece of ⌀6mm OD copper pipe to accommodate a sensor. Copper pipe of this size
is a pliable material enabling a bend to be fabricated with ease, permitting the sensor to be
mounted at 45˚ from the vertical. This industry-typical arrangement prevents condensate
and contaminants from accumulating inside the sensor.

Steam inlet valve

6 May 2016

(a) Cylinder inlet-side & control
(b) Existing inlet pressure tap
valves
Figure 4.7: Boulton & Watt Engine cylinder & valves
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Sensor Selection

With the defined sensor specification (Table 4.3) selecting a suitable sensor was relatively
easy. Two of the leading commercial electronics suppliers (Rapid electronics [29] and RS
Components [30]) were chosen as potential suppliers of the pressure sensor due to their
reputation and being regular suppliers to the University of Bath. Using their catalogue search
tools, the majority of specification attributes could be inputted including maximum cost to
locate a suitable sensor.
The chosen sensor was a ceramic-type sensor (recommended by Crofton volunteer Harry)
produced by German Manufacturer B+B Sensors [31] and supplied by Rapid Electronics [32].
The cost was less than £70, comfortably within the £100 limit. The sensor was chosen because
it met all of the identified criteria, measuring over a pressure range of -1 to 1 bar g, a
maximum error of ±0.2%, 0 to 5V analogue output, and I2C interface requiring a 5V DC
supply allowing flexible implementation. The sensor also incorporates temperature
compensation for its strain gauges by using a Wheatstone bridge arrangement [33], which is
important given that the steam engine’s temperature fluctuates throughout the day.
The sensor was supplied with an 1/8” British Standard Pipe Parallel (BSP-P) female
thread, therefore a compression fitting adaptor to accommodate ⌀6mm OD copper pipe was
required (RS components stock no. 439-644 [34]).
Figure 4.8 shows the pressure sensor complete with compression fitting (with 5 pence coin
for scale). The full data sheet for the sensor can be found in Appendix E.

Figure 4.8: B+B Pressure Sensor
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Sensor Interface
4.2.3.1.

Hardware implementation

It was decided to use the Inter-integrated circuit (I2C) bus [35] for communication with
the sensor due to its low-noise characteristics by exchanging digital signals opposed to
analogue. Using the analogue output would have required an 8 Volt DC supply input (as
advised by the manufacturer [36]), to ensure the output voltage would always span the full
range between 0 to 5 Volts This would result in the need for an additional battery to provide
power to the sensor adding to the cost and complexity of the system.
Figure 4.9 shows how the sensor was connected to the Arduino using the Serial pulse
(SCL) and Serial data (SDA) pins. The I2C protocol functions by the Microcontroller and
sensor exchanging bytes of data over a wired serial link. The protocol has the option of linking
multiple sensors on the same two wires, as each sensor can be distinguished by its unique
address and read-request identity.
Sensor Pin-out

5V 1A Battery

+V
GND

1

5

Figure 4.9: Pressure sensor & Arduino wiring schematic

4.2.3.2.

Software implementation

In order to receive data from the sensor a request needed to be sent by the Arduino to
trigger the sensor to send the latest pressure reading. Figure 4.9 shows the C++ function
written to take readings from the pressure sensor. This makes use of the ‘Wire.h’ open-source
Arduino library [37], which includes common commands for I2C operations.
void getdata(byte *a, byte *b) // Data retrieval from I2C pressure sensor
{
Wire.beginTransmission(0x78); // Initiate sensor transmission
Wire.write(0xF1); // Send Read request
Wire.write(0); // Go to start of register
Wire.endTransmission(); // Close sensor transmission
Wire.requestFrom(0x78, 2); // Retrieve 2 bytes of data from sensor
*a = Wire.read(); // MSB byte stored
*b = Wire.read(); // LSB byte stored
}
Figure 4.10: C++ code, I2C pressure sensor reading function
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In accordance with the Manufacturer’s datasheet [36], the pressure sensor outputs its
reading as two separate bytes; Most Significant (MSB) and Least Significant (LSB). These
bytes are to be combined by the Microcontroller to create a 16-bit word (Figure 4.11) which
can then be converted to an integer and scaled by a manufacturer-defined [36] calibration
factor to give an output in millibar (absolute) as required. Figure 4.12 shows the code used
to implement this on the Arduino.

MS Byte

LS Byte

Figure 4.11: Byte construction of I2C pressure readout
byte aa, bb; // Sensor data local variable
getdata(&aa, &bb); // Get I2C sensor data using 'getdata' function..
int pressure = (int(aa) * 256) + int(bb); // Combine two bytes of data to
form 16-bit word
int pressure_mbar = (pressure / 16383.5) * 1000; // Convert to mbar using
calibration factor
Figure 4.12: C++ code, Pressure sensor millibar conversion

4.2.4

Sensor Calibration

The pressure sensor sub-system was calibrated in the Laboratory before implementing
into the final prototype and testing at Crofton. The following pages detail the calibration
method.
4.2.4.1.

Calibration Procedure

Although the pressure sensor had been calibrated by the manufacturer, it was desired to
verify this calibration and verify the microcontroller communication with the sensor prior to
installation. Additionally, it was desired to investigate the sensor’s characteristics and by how
much its accuracy was, if at all, effected by hysteresis.
Hysteresis is the effect whereby a mechanical sensor can experience a different reading for
the same value dependent on its
history [38]. For example, for a given
pressure, the sensor would read a
different value when pressure is
increasing to decreasing. This effect is
due to the mechanical properties of the
material inside the sensor, deforming
by different amounts. Figure 4.13
exemplifies how this phenomenon can
affect the accuracy of a pressure sensor.

Figure 4.13: Hysteresis of a Pressure sensor [52]
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In order to accurately calibrate any sensor, it is necessary to have access to control
conditions, in this case a set of pressures where the exact values are known. The easiest way
to achieve this is to use a pressure calibrator, a device where precise pressures can be set and
maintained.
The Druck DPI 615 Pressure calibrator was loaned for use on the project from an
industrial contact (Device datasheet [39]). This device can achieve stable pneumatic pressures
in the range -0.75 to +20 bar g. The unit also has the functionality for measuring the output
from a sensor and logging both sets of data via. RS232 communication to a PC [39]; however,
this was not used as it did not support the I2C protocol. Calibrator devices must be calibrated
periodically themselves, to ensure they do not decrease in accuracy over time; recent
calibration proof for this device can be found in Appendix F.
Figure 4.14 shows the testing setup and the different controls on the pressure calibrator
unit. A 2 metre pneumatic hose was used to connect the sensor to the calibrator as an effort
to increase the system’s effective bulk modulus, and hence improve the achievable pressure
resolution via the hand pump. The Arduino was connected through USB to a computer
running Mathworks Matlab software. Using Matlab’s Serial commands, two-way
communication between the computer and Microcontroller was established.
The DPI 615 calibration unit displays pressures relative to atmospheric pressure, that is
it outputs gauge pressures. Atmospheric pressure can change throughout the day and is
location-dependent. Unfortunately, a pressure controlled environment was not available for
the calibration so instead the room was ensured to be well ventilated i.e. open to atmosphere.
A previously calibrated atmospheric pressure sensor was not available at the time of testing
either; therefore, local data was obtained from meteorologists with access to local weather
stations. The atmospheric pressure at the time of testing was taken as 1007.5 millibar, further
details can be found in Appendix F. This value was added to the output from the calibrator
to give a pressure in millibar absolute.

USB connection
to PC
LED Display
Current pressure / kPa

6 mm
pneumatic hose
Arduino
Microcontroller
Pressure dump valve

Sensor connection
to Microcontroller

Sensor under test

Pressure outlet
6 mm push-fitting

Pressure control pump
Fine adjustment screw

Figure 4.14: Pressure Sensor Calibration Apparatus
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A Matlab script was written to assist with the data-logging for the calibration and can
be found in Appendix F. Figure 4.15 shows a flow chart representation of the code, written
to log data from the sensor at different pressure set-points and export a comma separated
values (.CSV) results file. For each set-point 50 data points were taken in quick succession
and the mean average calculated and stored.
The calibration was performed by firstly ensuring the calibrator was zeroed at
atmospheric pressure, then the pressure was reduced to the lowest achievable by the device
(~120 millibar). Data was logged at approximately +100 millibar intervals. This had to be
approximate because of the device overshooting due to human error. (If hysteresis was to be
ignored, then pressures could be attained to around 1 millibar accuracy by simply lowering
the pressure using the fine adjustment dial). Investigating potential hysteresis however, meant
that the pressure must only increase over the increasing pressure period, and only decrease
over the decreasing period. Once the maximum pressure had been reached, the process was
repeated with decreasing pressure of ~-100 millibar.
Start

User inputs atmospheric pressure
(e.g. from local weather station)

Current set point pressure
(read from calibrator screen)
(User to ensure pressure has
remained stable for 5 seconds)

User inputs current system
pressure set point

Loop 50 times
(50 samples)

Current atmospheric pressure

Request data from sensor

Data
Request
msg to
sensor

Receive data from sensor

Data msg
from sensor

Save data point to data vector

Calculate and save to data vector:
1. Mean of 50 data points
2. Set point pressure (in mbar abs)

Y

User request: Continue
testing?

N

Convert data vector to .CSV file

Data .CSV
file

End

Figure 4.15: Pressure Calibration Data-logging procedure
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Calibration Results

The calibration data mean values were plotted onto a scatter graph as shown in Figure
4.16. As anticipated, the relationship was linear, and by eye, both increasing and decreasing
pressure lay on the same line showing the sensor’s hysteresis was minor. To verify this
mathematically, two linear (1st order) trend lines were added to the two series as shown. The
equations were obtained showing the line’s gradients (m) and y intercepts (c) in the form
𝑦 = 𝑚𝑥 + 𝑐 (as shown at the bottom right of Figure 4.16). The gradient for both lines was
the same, accurate to 3 decimal places (1.013) with less than 0.05% difference. The y-intercept
however, varied by approximately 5% for each line relating to a 1.4 mbar difference presumed
to be due to hysteresis. This however, was still well within the manufacturer-advised, 4 mbar
tolerance. The mean value of y intercept was calculated to use as the calibration offset (-26.0
mbar).
In order to apply the calibration data to the sensor, the aforementioned line equation was
rearranged to obtain 𝑥 such that:
𝑥=

4.2

𝑦−𝑐
𝑚

or alternatively, 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 =

𝑟𝑎𝑤 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑐
𝑚

.

The equation was then added to the Arduino code, with the calibration values (Table 4.4)
defined as variables. The amendments to the Arduino code can be found in Appendix F.
Table 4.4: Pressure Sensor Calibration Data

Calibration gain factor (m)

Calibration offset (c)

1.013

-26 mbar

2200

2000

1800

Mean sensor output / mbar (abs)

1600

1400

1200

1000

800

600

Increasing Pressure
Decreasing Pressure

400

Linear (Increasing Pressure)

y = 1.0131x - 26.615

Linear (Decreasing Pressure)

y = 1.0126x - 25.356

200

0

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Pressure applied / mbar (abs)

Figure 4.16: Pressure Sensor Multi-point Calibration Results
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Beam position sensor
Sensor Specification

In order to select a suitable position sensor for the prototype system for the B&W engine,
a specification was formed from a selection of: engine technical data [28], discussions with
Crofton Engineers, on-site observations, and by considering the capabilities of the chosen
electronic acquisition and transmission hardware. Table 4.5 shows the resulting specification
for the position sensor.
Table 4.5: Beam position sensor specification

Attribute

Value

Source

Measurable range
Minimum resolution
Target minimum area
Detection method

0 to 2.5 metres
10 mm

JWS, [28]
WS

200 x 200 mm
Non-invasive, static sensor

WS
WS, JWS

Electrical supply

0 to 5 V DC, ≤ 40 mA

WS, [21]

Supported Analogue O/P
Supported Digital O/P
Purchase availability

0 to 5 V

[21]

I2C or PWM
Commercially available

[21]
JWS

Cost

≤ £20

WS

WS: Will Smith; JWS: Jon Willis – Engineer, Crofton

Due to the nature of the beam engine, there are numerous locations for measuring the
piston position. Figure 4.17 shows the shortlisted positions through discussions with Crofton
Engineers. Factors were taken into account in selecting these locations including how visible
the sensor may be to paying visitors, potentially spoiling the 200-year-old heritage aesthetics.
Figure 4.17.b and Figure 4.17.c show preferred measurement locations from a sensor point of
view, as their motion is completely linear and experiences the largest range of motion (2.2
metres), meaning that a sensor with a lower resolution could be used. Figure 4.17.a shows a
potential location for a sensor hidden in the rafters measuring the beam motion from above.
The end of the beam however travels in a slight arc; therefore, trigonometry would have to
be employed as part of the data acquisition system to give a linear motion output. Figure
4.17.d shows a parallel linkage near the centre of the beam moving through an approximate
1 metre range, hence requiring a high resolution sensor to fully depict the piston motion.

(a) Building Eaves

(b) Pump rod

(c) Parallel linkage

(d) Valve linkage

Figure 4.17: Possible beam position measurement locations
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Sensor Selection

Using the specification in Table 4.5, research was carried out to find a suitable sensor for
the prototype system. Unfortunately, the available budget was the main limiting factor,
meaning only ‘hobbyist’ proximity sensors could be considered. The only commercially
available, non-invasive sensor to fit the remit was the HC-SR04 Ultrasonic sensor (Figure
4.18.b). Table 4.6 shows the key information for the sensor, the full datasheet can be found
in Appendix G.
Table 4.6: HC-SR04 Ultrasonic Sensor

Attribute

Value

Voltage Supply
Current
Signal type
Distance range
Resolution
Wave form
Beam angle

5V
15 mA
TTL [40]

Purchase price

< £5

20 to 4000 mm
3 mm
40 kHz (Ultrasonic spectrum)
15 degrees

The HC-SR04 sensor functions by emitting a 40 kHz 8-cycle pulse from a speaker, and
listens using a microphone for the echo of the signal. The time taken for the echo (reflection
from measuring surface) to reach the microphone can be converted to a distance measurement
due to the speed of sound in air being constant (340.29 m/s) [41], such that:
4.3

1

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑚) = 2 × 340.29 (𝑚/𝑠) × 𝑡𝑖𝑚𝑒 (𝑠)

Although the HC-SR04 covers the desired distance range and has a good resolution, the
beam is transmitted at an angle of 15 degrees. This is not a problem at short range, however,
as distance increases the ideal reflection area increases and the beam risks not getting
reflected, or alternatively reflects off a different, undesired surface yielding erroneous readings.
Figure 4.18.a illustrates the change of beam refection area with distance. The Area can be
calculated by the function:
𝐴𝑟𝑒𝑎 = (𝐾 × 𝑑)2 where 𝐾 = 𝑡𝑎𝑛 7.5° and d = distance from sensor.

4.4

2m
1m

HC-SR04

Emitter

Receiver

Beam Area = 0.05 m2

Beam Area = 0.22 m2

(a) Effect of distance on measure surface size

(b) Sensor unit

Figure 4.18: HC-SR04 Distance Sensor
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Sensor Interface
4.3.3.1.

Hardware Implementation

In order to function, the HC-SR04 requires a digital ‘trigger’ pulse and then after a short
delay, outputs a digital ‘echo’ pulse, the length of which is proportional to the distance
measured. Hence, the Arduino’s on-board digital I/O pins were used to connect the sensor as
shown in Figure 4.19. The sensor’s power requirements were minimal (5 V @ <15 mA);
therefore, the Arduino power supply was also used to power the sensor as shown.
Sensor Pin-out

5V 1A Battery

+V
GND
1

4

Figure 4.19: Distance Sensor & Arduino wiring schematic

4.3.3.2.

Software Implementation

To obtain a reading from the sensor a 10 μs pulse must be sent to the trigger pin. This
then activates the sensor’s on-board circuitry to emit an 8 wavelength long, 40 kHz signal.
When the sensor receives the reflected signal, it outputs a pulse on the echo pin, whose length
is proportional to the time taken to receive the reflected pulse. If no reflected pulse is received,
the sensor ‘times out’ and sends the timeout value (corresponding to ~4 metres). By using
manufacturer provided calibration data [41], the received time value can be converted to an
output in millimetres. Figure 4.20 shows the routine installed on the Arduino to take a
distance reading from the sensor, and store it as a local variable in millimetres.
#define trigPin 13 // Assign HC-SR04 pin names
#define echoPin 12
void setup()
{ Serial.begin(9600); // Setup Serial connection
pinMode(trigPin, OUTPUT); // Assign I/O pin types
pinMode(echoPin, INPUT); }
void loop()
{ long duration;
digitalWrite(trigPin, LOW); // Ensure Trigger is set to OFF
delayMicroseconds(2);
digitalWrite(trigPin, HIGH); // Send 10us ON pulse to sensor to request data
delayMicroseconds(10);
digitalWrite(trigPin, LOW);
duration = pulseIn(echoPin, HIGH); // Obtain duration of Echo pulse from sensor
distance = (duration * 10 / 2) / 29.1; // Calculate distance in mm using cal’ data }

Figure 4.20: C++ code, Ultrasonic distance sensor reading function
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Sensor Calibration

The distance sensor sub-system was calibrated in the Lab before implementing into the
final prototype and testing at Crofton. The following pages detail the calibration method.
4.3.4.1.

Calibration Procedure

Due to the sensor being so inexpensive, it was deemed necessary to test it in a controlled
environment to determine its accuracy over the range 0 to 2 metres. Figure 4.21 shows the
experimental rig used to test the sensor and ultimately calibrate it. It mainly consisted of a
2-metre-long bench with a tape measure fixed to it. A cardboard 0.06m 2 target could be
positioned along the tape measure at measurable distances from the sensor, which was
mounted on a tripod to enable fixed alignment. The sensor was aligned vertically using a
spirit level, and axially by eye to ensure that it was pointing directly at the target. The tripod
was then tightened and taped to the desk to prevent any movement mid-test.
Using Matlab’s Serial commands, two-way communication between the computer and
Microcontroller was established. A Matlab routine was created to allow the user to perform
a multi-point calibration. The user had to input a calibration point (read by eye from the
tape measure), and then proceed to take 100 measurements. Once the user had completed
calibration, the data was outputted to a .CSV file for further analysis. The Matlab script
used to achieve the calibration can be found in Appendix H.

Uniform, flat
measure target
0.06 m2

3 metre tape measure
affixed to bench

Sensor under test
mounted on tripod

Sensor connection
to Microcontroller

USB connection to PC

Tripod with pivot lock
affixed to bench

Arduino
Microcontroller

Figure 4.21: Distance Sensor Calibration Apparatus
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Calibration Results

A 20-point, 1 cm interval, calibration was performed with 100 readings for every point.
The calibration data mean values were plotted onto a scatter graph as shown in Figure
4.22. As anticipated, the relationship was linear. The same method used for the pressure
sensor calibration (Equation 4.2) was employed to obtain the calibration coefficient and offset,
as shown in Table 4.7. The calibration data was subsequently loaded onto the Arduino, the
code used to excecute this can be found in Appendix H.

Table 4.7: Distance Sensor Calibration Data

Calibration gain factor (m)
0.992

Calibration offset (c)
-1.509 cm

Figure 4.22: Distance Sensor Multi-point Calibration Results
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Prototype Implementation

Figure 4.23 shows the location of hardware at the Crofton site for the final prototype,
and Figure 4.24 shows photographs of the pressure and position sensors installations in their
respective measurement locations.

Ultrasonic Position
Sensor/Transmitter

Inlet Pressure
Sensor/Transmitter

Roaming Receiver
Laptop computer

Figure 4.23: Hardware Location at Crofton site (original image: [2])
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Steam inlet valve

Cylinder head

(a) Pressure sensor installation

Beam position measurement target
(Pump-side parallel linkage)

(b) Position sensor location
Figure 4.24: Sensor Locations
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Results & Analysis

This section details the results of tests carried out during the project, and improvements
made to the system as a consequence. The section is split into two parts: preliminary testing
carried out in the laboratory at the University of Bath, and testing carried out at Crofton
Beam Engines, near Marlborough.

5.1

Laboratory Testing

5.1.1

Pressure Sensor

The CSV results file for the hysteresis calibration was imported into Microsoft Excel for
analysis.
The root mean squared error (RMSE) [42] was calculated for both sets of data to show a
measure of the stability and amount of noise at the output for a given set-point. This was
calculated for each set-point using the formula:
5.1

1

̂)2
𝑅𝑀𝑆𝐸 = √𝑁 ∑𝑁
𝑖=1(𝑥𝑖 − 𝑥

where: 𝑁 = no. of data points (50); 𝑥𝑖 = i th data point; 𝑥̂ = pressure set-point.
Figure 5.1 shows the variation of RMSE for increasing and decreasing pressure set-point
before the calibration was performed. It can be observed that both increasing and decreasing
pressure result in a similar error trend. The increasing pressure has a slightly larger error
across the entire range, which is presumed to be due to a zero-error with the pressure
calibrator device, as this trend appears at the beginning and at the end of the test. It could
also be due to hysteresis. The spike in error at above 2000 mbar in both sets is due to the
sensor’s output being saturated, i.e. the set-point is outside of its measurable range, which
was due to human error. These points were subsequently eradicated from further analysis.
Lower pressures are more difficult to maintain and measure because mechanical errors begin
to have a greater effect, as illustrated by the negative trend in Figure 5.1
25

RMSE / mbar

20

15

10

5

0
0

500

1000

1500

2000

Pressure set-point / mbar (abs)
Increasing Pressure

Decreasing Pressure

Figure 5.1: Pre-calibration RMS Error variation with Pressure set-point
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The calibration factor and offset values were applied to the data, and the RMSE was reevaluated to represent the calibrated sensor performance. Figure 5.2 shows the result for both
increasing and decreasing pressure. It can be observed that the majority of pressures resulted
in a RMSE of less than 1 mbar. There was no particular trend (as was seen previously with
the pre-calibration results) showing that the calibration normalised the accuracy of the sensor
across its entire measurement range.
2
1.8
1.6

RMSE / mbar

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

500

1000

1500

2000

Pressure set-point / mbar (abs)
Increasing Pressure

Decreasing Pressure

Figure 5.2: Post-calibration RMS Error variation with Pressure set-point

To quantify the improvement that the calibration offered, the maximum and mean
uncertainty (RMSE) was considered. Table 5.1 summarises the findings. As shown,
performing the calibration reduced the maximum observed uncertainty by 92%. The mean
average uncertainty was also reduced by over 92%.
The percentage error was also calculated for each pressure point using the formula:
5.2

𝐸𝑟𝑟𝑜𝑟 % =

𝑅𝑀𝑆𝐸
𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒

× 100

As shown in Table 5.1, the calibration reduced the mean average uncertainty error from
2.2 % to 0.1%, bringing it inside the manufacturer advised 0.2% [36].
Table 5.1: Pressure Sensor Uncertainty Error

6 May 2016

Un-calibrated

Calibrated

Max uncertainty / mbar

± 22.6

± 1.8

Mean uncertainty / mbar

± 12.3

± 0.97

Max Error %

± 11.1 %

± 0.6 %

Mean Error %

± 2.2 %

± 0.1 %
45

Measurement & Display System for Crofton Beam Engines
5.1.2

William Smith

Position Sensor

The RMSE was calculated using Equation 5.1, to see the spread of the sensor outputs for
a fixed distance value for both the raw and the calibrated output. Figure 5.3 shows a plot of
the RMSE against the distance set-point. Two linear, 1st order lines were added to the plot
to show the trends.
The results show a positive trend for the uncalibrated data, i.e. the sensor error increases
as distance increases. This is to be expected due to a higher risk of the sound wave being
reflected by an undesired surface because the soundwave travels further as distance is
increased. There is also the possibility that, because the sound-beam has spread out (as shown
in Figure 4.18.a), parts, or the entire wave have been reflected by a surface further away than
the intended reflection surface. Many of the points are higher or lower than the trend line; it
was hard to align the target perfectly due to the nature of the sensor. Therefore, the test was
subject to human error in this respect, and offers one explanation for the error not generating
a perfectly straight line.
The figure shows that throughout the 2 metre range, the maximum uncalibrated error
was just under 3.5 cm which was no surprise given the low cost of the sensor, but emphasised
the need for additional signal processing to calculate meaningful velocity and acceleration
readings (through differentiation with respect to time). It must also be noted that this test
was carried out in a clean, obstacle free environment. The Crofton engines include many
large, intricate moving parts, which could influence the performance of the sensor, dependent
on its positioning.
The calibration vastly improved the error, reducing the maximum of 3.5 cm to 1 cm, a
decrease of 71%. The error also appeared to remain relatively constant throughout the 2
metre test distance, showing that the positive trend was corrected by applying the gain
calibration factor. The manufacturer advised uncertainty was a minimum of ± 3 mm,
therefore the approximate 5 mm shown in the figure approximately conforms. The
uncertainty would be acceptable for the application if only plotting position; however,
fluctuations would create issues when taking the first and second time derivatives to obtain
velocity and acceleration. Further signal processing would be required to improve the sensor
output.
4
3.5
3

RMSE / cm

2.5
2
1.5
1
0.5

0
0

50

Pre-calibration

Post-calibration

100
Distance set-point / cm
Linear (Pre-calibration)

150

200

Linear (Post-calibration)

Figure 5.3: Root Mean Square Error variation with Distance set-point

6 May 2016

46

Measurement & Display System for Crofton Beam Engines

William Smith

5.1.3 Sensor Noise
Figure 5.4 shows six different plots of measured pressure after calibration for 50 data
points, taken in quick succession (approx. 20 Hz) for a fixed pressure. The left hand plots
show the result when pressure was increased, and the right hand, when decreased. The plots
shown were selected to show how the sensor behaviour varies at low, mid and high pressures
within the sensor’s measurable range. Electronic noise is present in any device that transmits
or receives a signal [43]. Referring to Figure 5.4, an ideal, ‘noiseless’ sensor would show the
blue and red line in the exact same position or parallel to one another, because the input
pressure is fixed. Noise however causes the output to fluctuate.
It can be observed that for both the increasing and decreasing pressure at approximately
1100 mbar, the noise appears evenly distributed above and below the fixed pressure. This is
due to the sensor’s diaphragm being at rest as the pressure is close to atmospheric. At high
and low pressures, the noise tends to fluctuate above or below the fixed pressure, likely due
to the increased strain in the diaphragm. The effect of hysteresis is evident by observing the
two low pressure plots, as the signal lies at opposite sides of the pressure set-point for
increasing and decreasing pressure. It is also the case that the low pressure signals appear to
be the noisiest, i.e. the largest peak to peak amplitude (2 mbar).
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Figure 5.4: Pressure Sensor Calibrated output samples
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Similar plots were produced for the calibrated ultrasonic sensor to analyse the noise
visually for four different fixed distances over the sensor’s desired measurement range, as
shown in Figure 5.5. The results show that noise is present in all samples, but the severity
i.e. amplitude of the noise increases with distance. The dynamics of the sensor are such that
the higher the distance measured, the longer the measurement time. This could offer one
explanation for the increased noise.
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Figure 5.5: Position Sensor Calibrated output samples

5.1.4 Signal to Noise Ratio (SNR)
The Signal to Noise Ratio (SNR) is a measure used to indicate the strength, or power of
a signal relative to background noise, or alternatively the useful information contained in the
signal. The Industry standard unit for SNR is the Decibel (dB). A SNR of 0 dB or below
indicates that the noise overpowers the signal, meaning the signal contains no useful
information.
The SNR for both sensors was calculated before and after calibration, using Equation 5.3
[44] below:
5.3
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𝑆𝑁𝑅 = 10 log10 (

𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 2
𝑅𝑀𝑆𝐸

) = 20 log10 (

𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒
𝑅𝑀𝑆𝐸

)
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The SNR for the pressure and position sensor at different points are shown in Figure 5.7
and Figure 5.6 respectively.
It can be observed that the calibrated pressure sensor produces a cleaner signal than the
calibrated position sensor, with an average SNR of 60 dB opposed to 43 dB. Both sensors
however, in their raw or calibrated state, produce a SNR of greater than 8 dB for all points
meaning that the sensors’ noise is not a major issue and can provide information throughout
their respective measurement ranges. Both sensors are less affected by noise as their measured
value increases in size, shown by the positive trend in both plots. This suggests that for both
sensors the noise remains generally constant and is not proportional to the measured value.
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Figure 5.7: Pressure Sensor SNR Plot
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Figure 5.6: Position Sensor SNR Plot
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Engine/on-site Testing

Due to the running costs and the availability of volunteers, the steam engines were only
operational on two weekends throughout the project phase; therefore, it was essential that
visits were as valuable as possible given the limited availability. Fortunately, access was
granted for testing for the pre-season steam trials, where the engines were running with no
access to the public for diagnostic and maintenance purposes. Table 5.2 shows the visits to
Crofton and the associated testing that was performed.
Table 5.2: Visits to Crofton

Date

Event

Outcome

16/02/2016

Initial visit
(closed to public)

- Site survey
- Discussed proposed project with Engineers

03/03/2016

Steam Trials
(closed to public)

- Performed preliminary ultrasonic sensor testing
- Performed preliminary wireless network testing

22/03/2016

General maintenance

- Delivered & arranged fitting of pressure sensor

28/03/2016

Easter steaming

- Tested full prototype (version 1)

30/04/2016

Spring steaming

- Tested improved prototype (version 2)
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Preliminary Wireless testing

In order to test the wireless system at a proof of concept stage (before further
development), a simple program was loaded onto the two Arduinos. Using the aforementioned
method of data transmission (Section 4.1.3.1), each Arduino was set to send a count value
every 250 milliseconds, starting at 1, incrementing by +1 each time. The two battery powered
transmitters were located on the top storey of the building, with the laptop/receiver located
in the café area to simulate ‘worst case’ transmission distance. The testing was carried out
while the Engines were non-operational, and the site was closed to the public. The two
transmitters were switched on at the same time, and the PC Matlab program was initialised
to log the incoming data.
Figure 5.8 shows the data received by the PC from both transmitters. It can be observed
that when data loss did occur (represented by a line with no points on it), it appeared in
most cases to be at the same time for both transmitters. This could either be due to: messages
from both transmitters being received at similar times, resulting in a collision causing data
corruption and subsequent loss; other devices in the vicinity using the same frequency, causing
radio interference. It is more likely that this was due to message collisions, as the Beam
Engines are located in a remote, countryside location, and no devices nearby operating on
the 868 MHz frequency were known of by the Crofton Engineers.
The data loss shown by the test (approximately 12%) was not considered a large concern,
due to the non-safety-critical nature of the application. The test proved the wireless
transmission’s compatibility in the building.
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Figure 5.8: Preliminary Wireless test results
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Preliminary Ultrasonic testing

The Ultrasonic sensor was tested during the steam trials, mainly to see if it would be
suitable for further development as a crucial part of the prototype. Due to the low cost and
the results of tests in the laboratory, there were some doubts over its suitability.
Figure 5.9 shows the results of the initial test of the sensor on the engine as it was started
up. The results are ‘raw’ from the sensor, without any additional signal processing. The first
65 seconds clearly shows the beam being driven down by the piston at low speed for inspection
purposes, because it was the first time the engine had been run after the winter period. The
oscillatory nature of the engine can be observed after 70 seconds, with longer periods of the
engine at full stroke (200 cm) than at retracted stroke (0 cm), which is correct operation due
to the return stroke only being regulated by gravity. However, there are clear abnormalities
in the data not fitting the trend, where a sudden reading of around 210 cm is observed by
the sensor. These errors are suspected to be detection of a different object to the beam which
is likely due to poor alignment of the sensor, pointing to one side of the measurement target.
The data however, offers a clear visual representation of the movement of the beam, and
exhibits the expected behaviour of the engine; therefore, it was decided to continue using the
sensor for future testing, with more care taken over its alignment. Unfortunately, due to the
risks associated with working under the beam, it was difficult and potentially hazardous to
re-align the sensor whilst the beam was in motion.
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Figure 5.9: B&W Engine start-up - Beam position plot
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Version 1 System Performance

This section details the results from testing at Crofton on Monday 28 th March 2016.
Figure 5.10 shows a screenshot of the GUI during data logging whilst the engine was
running at full capacity. The top blue and red figures show the beam (hence piston) motion
and cylinder inlet pressure respectively. The lower two red figures show the beam-end linear
velocity and acceleration. Lastly, the green lower right figure shows the indicator (p-V) plot.
The cylinder position and pressure plots show clear and consistent traces for five cycles
of the engine, travelling through the respective minimum and maximum positions and
pressures as anticipated.
The velocity plot was difficult to interpret, but showed oscillatory speeding up and
slowing down as the beam demonstrates (see supplementary video file). This is prone to errors
in excess of ±5 m/s, beyond the known maximum velocity of the beam, approximately ±3
m/s [28]. As the acceleration is a function of the velocity (time derivative), it is no surprise
that the acceleration plot shows little, if any, trend. This data demonstrates the need for
additional signal processing to create accurate, comprehensible velocity and acceleration data.
The p-V plot demonstrated poor performance from the prototype, with many straight
lines in the x/y direction, suggesting that either the pressure or volume reading was not being
updated between measurements. This was due to a combination of: data loss causing the last
known value to be plotted (potentially repeatedly), a lack of synchronisation between readings
due to the one-way transmission method, and a resultant low acquisition rate causing key
parts of data to be missed.
It was decided to not analyse the results further due to the identified flaws in the system,
and instead re-design the data transmission and logging approach, to improve the system and
re-test at a later date.

Figure 5.10: Version 1 GUI
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System Modifications & Improvements

As a result of testing on Monday 28th March 2016, parts of the system were re-designed to
enhance the performance. This section details the changes made.

5.2.4.1.

Data Transmission & Logging method

The data transmission method was initially designed as a one-way communication
between the transmitter and receiver, where data was constantly being transmitted and the
receiver would collect data as it came through on the serial interface. As both transmitters
were sending data at similar intervals, this often led to loss or jumbled data, resulting in a
reduced acquisition rate seen by the PC, making some results difficult to interpret and of
little or no value.
A new method was designed using two-way communication between each transmitter and
receiver. Each transmitter (sensor) was assigned a unique character, which when sent over
the serial link from the receiver (PC), would prompt a data request from the associated sensor
(Arduino). This data could then be sent over the wireless link without disturbance from the
other transmitter, removing the need for message identifiers or timestamps, hence decreasing
the time of transmission and likelihood of data loss. This Request to Send (RTS) method is
illustrated in Figure 5.11.
The Matlab routine was designed such that it would not proceed until data had been
received from both sensors, ensuring that the data was synchronised with a shared time value,
defined using the PC’s clock. This meant that the maximum achievable data acquisition rate
was used, governed by the speed of Matlab running on the PC, and the speed of the Arduino’s
response to a message request. The enhanced data logging process is illustrated in flow chart
form in Figure 5.12. The full Matlab and Arduino code can be found in Appendix I.

Ultrasonic Position
Sensor/Transmitter

A

Roaming Receiver
Laptop computer

B

Inlet Pressure
Sensor/Transmitter

Figure 5.11: Enhanced RTS Data transmission method
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Figure 5.12: Enhanced Data-logging procedure
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Position/Velocity/Acceleration

It was identified through previous tests that the position data was subject to errors,
resulting in poor velocity and acceleration plots. Therefore, it was realised that some element
of signal processing was necessary to improve the sensor’s performance.
Due to the new method of data transmission (previously described), it was possible to
constantly acquire data using the Arduino (at approximately 20 Hz) and send the latest value
when requested by the Receiver (3-6 Hz).
In order to smooth the position data i.e. remove/reduce the previously evident anomalous
points, a moving average (mean) was implemented over the 10 latest measurement points.
An example of how a moving average can improve the output of a noisy sensor is shown in
Figure 5.13, with the blue line representing the raw signal, and the red line representing the
moving average. It was important not to implement the smoothing over too many points, as
this risked removing important features of the graph [45]. A conditional statement was also
added to the code to ensure that, if the measured value was over the expected range (3.5
metres), the previous recorded value would be saved instead.
Due to the higher acquisition rate on-board the Microcontroller, it was decided to remove
the velocity calculation from Matlab, and transfer it onto the Arduino. The velocity was
calculated every time a position measurement was taken using the latest and historic position
values already available, and the measured time between readings, calculated on each loop
using the Arduino’s clock. As with the distance values, the last 10 velocity values were
averaged on each loop to smooth the output.
This method of obtaining data meant that, although the PC acquisition rate was not fast
enough to calculate accurate measures of velocity, the Arduino could combine 10 readings
into 1, reducing the impact of any abnormal, defective readings.
The Arduino C++ code used to implement this can be found in Appendix I.

Figure 5.13: Example of Smoothing properties of a Moving average [45]
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Version 2 System Performance

This section details the results from testing at Crofton on Saturday 30 th April 2016.
5.2.5.1.

Data Logging

Figure 5.14 shows a screenshot of the GUI during testing. The top blue and red figures
show the beam (hence piston) motion and cylinder inlet pressure respectively. The lower
green and red figures show the beam-end linear velocity and acceleration respectively. Lastly,
the pink lower right figure shows the indicator (p-V) plot.
The p-V plot was set up to show the latest 20 points, approximating to just over one
engine cycle at the live-viewing acquisition rate. Each graph was updated at a frequency of
approximately 1 Hz, to reduce Matlab latency issues. Further evidence of the real-time data
viewing functionality can be found in the supplementary video file.

Figure 5.14: Version 2 GUI

5.2.5.2.

Pressure & Position

Position and pressure data was acquired with the live plotting facility switched off, which
increased the acquisition rate by approximately 30%. Figure 5.15 shows a plot of this data,
for five cycles of the engine (25 seconds), circa 10 minutes after being started. Also indicated
is the steam supply and atmospheric pressure, and the full stroke position.
The plot shows that the beam begins to move as the pressure peaks, which is to be
expected, giving a visual indication that the data is correctly synchronised. Another notable
point is that the piston stays in the fully extended state for longer than fully retracted,
indicated by the flat lines at the top of the position data. This is due to the force of gravity
being less than the pressure force, until the equilibrium valve is opened, releasing the pressure
at the top of the cylinder, causing the beam to move under its own weight.
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Observing the pressure and position waveform, it can be concluded that a complete cycle
of the engine takes approximately 5 seconds.
A secondary peak is evident on the pressure trace; as the pressure increases above
atmospheric it suddenly drops back down to atmospheric before rapidly increasing to the
supply pressure level. This occurs when the steam is admitted to the cylinder. Video footage
of the engine was analysed (Figure 5.16), indicating a sudden burst of steam from the piston
rod opening, not present at any other time during the cycle. This is down to a momentary
seal failure as a result of the sudden influx of pressure, causing the cylinder to briefly be
exposed to atmospheric pressure before re-sealing and allowing the high pressure steam
admittance.
Generally, the data acquisition rate appears sufficient to observe the full cycle of the
engine however could be improved to increase accuracy. It is evident that at around 16
seconds in Figure 5.15, there is a period of non-transmission, resulting in the peak pressure
not being recorded. This is likely to be due to loss of data from the wireless transmission.
The signal processing and averaging performed on the position data appeared to have
been mostly successful, with few obvious erroneous readings, with the exception of the
apparent piston extension on the retraction stroke evident at 4, 8, 18 and 23 seconds. (circled).
These errors are thought to be due to the ultrasonic beam reflecting off a different surface
momentarily, given that the beam is near its furthest tested range where similar errors were
observed in the laboratory.
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Figure 5.15: Pressure & Stroke position plot

Figure 5.16: Video snapshot: leakage during steam admission
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Velocity & Acceleration

Figure 5.17 shows the velocity and acceleration data for the five engine cycles discussed
previously. A positive velocity denotes the power stroke of the engine, or the piston extension,
and a negative velocity, the return stroke.
The velocity plot suggests that the power stroke reaches a higher maximum velocity of
around 2.5 m/s, opposed to a maximum for the return stroke of nearer -1.5m/s. This is due
to the force of the weight powering the return stroke, and the dampening properties offered
by the pump water opposing the motion, offering a lesser net force than the pressure on the
power stroke.
Although smoothing measures were implemented, the velocity data is very noisy, due to
a small error in the position data, producing a larger one when differentiated, for example
the circled erroneous points on Figure 5.15 discussed previously, re-circled on the velocity
plot (Figure 5.17). These errors are not large enough to prevent the general trend for the
velocity data being evident. However, when differentiated once more to obtain acceleration
data (velocity gradient), the data loses most of its anticipated features, as evident in the
lower portion of Figure 5.17.
A sensor with a greater resolution and higher stability, used in combination with a higher
sample rate could rectify this issue to produce clean velocity data, thus meaningful
acceleration data.
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Figure 5.17: Piston Velocity/Acceleration plot
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Indicator Diagram

The indicator diagram was constructed for three, non-consecutive cycles of the engine on
the same axes, as shown in Figure 5.18. The stroke position was converted to volume in
Microsoft Excel using Equation 5.4, where the offset represented the distance from the sensor
to the measurement point on the beam at its lowest location, and the cylinder effective area:
the piston area, minus the piston rod area [28].
5.4

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐴𝑟𝑒𝑎 × (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 − 𝑜𝑓𝑓𝑠𝑒𝑡)
= 0.8849 (𝑚2 ) × ((𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑚𝑚) − 780) × 10−3 )

The approximate supply, atmospheric and back (vacuum) pressure at time of testing were
also marked on the plot as well as descriptions of the engine cycle for completeness.
The data used to create the plot was obtained at the highest achievable acquisition rate;
however, it is apparent that this was not fast enough for some areas of the cycle, as indicated
by the longer lines between data points, particularly on the expansion curve. The three plots
all demonstrate the characteristic condensing engine indicator diagram, as shown previously
in Figure 2.4. The main difference in shape from the ‘ideal’ indicator diagram is the
instantaneous loss of pressure as the inlet valve is opened at atmospheric pressure (left side),
also evident previously in the pressure/position plot (Figure 5.15).

Return
stroke

Admission

Power
stroke

Exhaust

Figure 5.18: Annotated Indicator Diagram for 3 Engine cycles
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Indicated Power & Efficiency Calculation

The power stroke points from the p-V diagram (Figure 5.18) were identified and plotted
separately as shown in Figure 5.19. A fourth order polynomial was added to the plot using
Microsoft Excel’s trend line feature as this fitted the data well, and thus the curve equation
was generated. For condensing engines, the effective pressure is defined as the difference in
pressure between the piston side of the cylinder, and the back pressure, i.e. the vacuum on
the condenser side [46].
The mean effective pressure was required in order to calculate the work done by the
engine in one cycle, and hence its power rating. The total effective pressure was calculated
by performing the definite integral to calculate the shaded area in Figure 5.19, then dividing
by the cylinder volume (1.86 m3 [28]) to calculate the mean over the entire cycle, and finally
subtracting the vacuum pressure (120 millibar absolute at time of testing) [28] as shown:
𝑝
̅=[

5.5

1

∫

𝑣𝑚𝑎𝑥

𝑣𝑚𝑎𝑥 0

=(

𝑃𝑜𝑤𝑒𝑟 𝑠𝑡𝑟𝑜𝑘𝑒 𝑐𝑢𝑟𝑣𝑒 (𝑑𝑣)] − 𝑝𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟

1.86
1
522.3𝑣 4
∫
1.86 0

− 2106.2𝑣 3 + 2804.9𝑣 2 − 1710.5𝑣 + 1471.4 𝑑𝑣) − 120

1

= (1.86 [104.46 𝑣 5 − 526.55 𝑣 4 + 934.967𝑣 3 − 855.25𝑣 2 + 1471.4 𝑣] 1.86
) − 120
0
=(

1
1.86

× 1817.66) − 120 = 𝟖𝟓𝟕. 𝟐𝟒 𝐦𝐛𝐚𝐫

Where: 𝑝̅ = mean effective pressure; 𝑣 = cylinder (inlet-side) volume
The work done by one engine cycle (Energy) was calculated by multiplying the mean
effective pressure of the power stroke (in Pascal), by the change in cylinder volume (𝑊 =
𝑝 ∆𝑉 [46]). This resulted in a work done value of 159.3 kJ. In order to calculate the indicated
power of the Engine, the work was divided by the time for an entire cycle [46]. The cycle
time was taken as 5 seconds, resulting in an estimated engine power of 31.86 kW, or 42.7
horsepower. The engine pumps 1.1 tonnes of water 12 metres vertically every stroke [28];
therefore, the required output power was calculated as:
5.6

𝑚𝑔ℎ

𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡 = 𝑡𝑖𝑚𝑒 =

1100×9.81×12
5

= 𝟐𝟓. 𝟗𝟎 𝒌𝑾 ( = 34.7 horsepower)

By combining these two power values, the mechanical efficiency of the engine was
estimated as:
5.7

𝜂𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 =

𝑈𝑠𝑒𝑓𝑢𝑙 𝑂𝑢𝑡𝑝𝑢𝑡
𝐸𝑛𝑔𝑖𝑛𝑒 𝑂𝑢𝑡𝑝𝑢𝑡

=

25.90
31.86

× 100 = 𝟖𝟏. 𝟑𝟎 %

The main power losses are due to the mechanical parts being subject to friction. It is
important to note that the efficiency calculated is only from a mechanical perspective. There
are much greater thermal and volumetric losses in the system from the creation of, and
transfer of steam from the boiler to the cylinder head.
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Figure 5.19: Power stroke effective pressure plot
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Discussions

6.1

Prototype Performance

Due to the multiple sub-systems contained within the prototype, this section has been
divided into sub-sections, discussing each piece of hardware or software and its performance.
6.1.1

Wireless Network

The XRF (Zigbee based) wireless network used for the prototype system performed well,
considering the challenging environment Crofton offered. Changing the system from one-way
communication to a two-way, request-to-send (RTS) system removed the possibility of data
collisions, thus reducing the loss of data by a significant amount, improving the effective
acquisition rate by around 50%.
One of the main benefits of the RTS system is its expandability. There is effectively an
unlimited amount of sensors that can be added to the network communicating with one
receiver, as only one signal is ever transmitted at one time. The disadvantage however, is
that the transmitters always need to be in listening mode, awaiting a data request signal,
which results in higher power consumption than a system which transmits of its own volition
at distinct intervals. The other disadvantage for an increased number of sensors, is a decreased
acquisition rate if all sensor values require updating as fast as possible. It is important to
note however, that cylinder pressure and position are arguably two of the most fast-changing
parameters at the Crofton site, as they are used to assess each individual engine cycle. Other
parameters, for example boiler temperature or atmospheric humidity, would not require a 4
Hz acquisition rate as they would change at a much slower rate. For such sensors, once a
minute (1/60 Hz) would probably be sufficient, resulting in very little disruption to the fastupdating sensors if the control interface was designed intelligently.
Another way in which the high acquisition rate could be preserved would be by using
more than one receiver attached to the PC, to communicate with transmitters operating on
different channels. Each receiver would correspond to a different serial port on the PC, and
parallel computing architecture could be used to read data simultaneously from different
groups of transmitter, in order to maximise the acquisition rate.
Although wireless range was not an issue encountered in this project using a single-hop
network architecture (Figure 6.1.a), there is the potential for the XRFs to be set up in
repeater mode, acting as range extenders in a clustered network (Figure 6.1.b) if the need
presents. This though, would result in slower transmission due to the handling time
transferring through more than one transmitter.

(a)

(b)

Figure 6.1: Wireless network architectures [14]

6 May 2016

64

Measurement & Display System for Crofton Beam Engines
6.1.2

William Smith

Microcontroller

The Arduino Uno microcontrollers used for the two transmitters performed well at
retrieving and processing the data. The programs installed to perform this only used
approximately 20% of their available memory storage, indicating they were functioning well
within their capabilities.
The flexible I/O (analogue, I2C, PWM) means the Uno would be suitable for connection
to more than one sensor of differing types, if the measurement locations were close-by.
One flaw of the Uno was the lack of support for interrupt based programming. Ideally a
serial RTS would be defined as an interrupt, resulting in the code to send the latest sensor
data being executed very quickly, thus improving the data rate. The less complex, supported
architecture meant that the same loop was executed continuously, so a data request would
not be registered until a particular point in the loop was reached. This was not problematic
in this project, as the signal processing implemented on the Arduino was simple with a
relatively low execution time. More complex signal processing and multiple sensors would
result in a slower response time from the Uno.
6.1.3

PC Receiver Interface

The PC interfaced well with the serial interface of the XRF, allowing RS-232 serial ASCII
data to be sent and received.
The MathWorks Matlab interface enabled a GUI based prototype system to be
constructed quickly, without advanced programming knowledge. Matlab also facilitated the
plotting of graphs and processing of numerical data with ease. Unfortunately, the main factor
slowing down the data rate was identified (using the profiler tool) as the ‘drawnow’ plotting
function, a crucial component of the prototype enabling the real-time updating of the GUI.
Efforts were made to reduce the effects of this problem by staggering the updates of the plot
between loop iterations, however this still remained an issue.
One way to rectify the slow acquisition of data would be to separate the process into two
programs: data acquisition and data display. Each program could run in parallel on a different
core of the processor with a frequently updated data file in local storage. It would be best to
implement this system using a piece of bespoke software designed for a real-time environment
such as Labview or a code-based system such as Visual Basic.
6.1.4

Position measurement

The HC-SR04 ultrasonic position sensor [41] was the lowest cost component used in the
prototype. The sensor was not well suited to measuring the position of the beam due to the
large pickup area (15˚ beam), increasing with distance causing noisy data. The sensor also
demonstrated during calibration tests, for a static distance using a similar sized target to
Crofton, measurements could vary by as much as 40 mm, hence being a source of uncertainty
for the results. This was not much of an issue for observing position, but meant that even
with some basic signal processing, it was difficult to obtain a meaningful, accurate first
derivative (velocity) or second derivative (acceleration).
A potentially more suited sensor for measuring the beams position would be a laser sensor,
operating on the same, non-invasive principle as the ultrasonic, using a concentrated beam
of light instead of ultrasonic sound waves. Such laser sensors as the LIDAR-Lite v2 [47],
costing around £100, interface using the I2C protocol, and include built-in signal processing
to output position (+/- 2.5 mm), velocity and acceleration data.
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Pressure measurement

The B+B pressure sensor [36] performed well measuring the pressure at the engine
cylinder inlet. The pressure inside the cylinder changed more rapidly than anticipated, and
the steam measured was around 70˚ Celsius. The pressure calibration however, was performed
at room temperature. Testing the sensor in a controlled, heated, dynamic environment, would
have been beneficial, in order to analyse its response time to a change in pressure at conditions
similar to that of the engine. However, this would have been difficult to achieve with the
available resources.

6.2

Indicated Power Calculation

The power and mechanical efficiency calculations relied on a number of assumptions. The
primary assumption was that the condenser vacuum remained at 120 mbar (absolute) for the
entire duration of the power stroke. This value was calculated using the advised -0.9 bar
(gauge) condenser vacuum plus the atmospheric pressure at the time of testing. Neither the
vacuum nor atmospheric pressure were measured, and were obtained from third party sources
i.e. Crofton Engineers [28] and local weather information [48]. It is expected that the vacuum
would in fact reduce in magnitude as the power stroke completed, due to the increase in
pressure (caused by the reduction in volume of the condenser side of the cylinder). For the
calculation to be improved, the vacuum would also need to be measured over the entire power
stroke, and the mean effective vacuum pressure calculated.
The efficiency calculation also assumed that the engine was pumping at full load, i.e. 1.1
tonnes of water pumped 12 metres vertically. This large volume of water pumped within an
approximate 3 second period (~22,000 L/min), would be very challenging if not impossible to
measure precisely, therefore the advised pump output [28] was assumed to be correct, and
the ~80% efficiency seemed reasonable for frictional losses.
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Project performance

Throughout the duration of the project, many challenges were encountered. It was
difficult to find relevant technical literature relating to the Boulton & Watt engine due to its
history. Therefore, as much knowledge was gained as possible from the Crofton Engineers
during visits.
The sparse availability of the engine for testing during the semester, made good time
management a critical asset for the project. It was important to ensure that sufficient
development had been completed before a visit, in order to get the maximum benefit.
A project plan was updated throughout the project to ensure continued progression; this
can be found in Appendix J.
All of the objectives previously described in Table 3.1 were accomplished, with the
exception of the optional task to develop a WiFi/Bluetooth gateway system enabling standard
handheld devices to access the system. This objective was attempted rudimentarily using the
laptop’s built-in WiFi transmitter, to create an ad-hoc network. Virtual Network Computing
(VNC) software [49] was installed on both the laptop and an Apple iPad (connected to the
same network), allowing the screen to be viewed remotely by the iPad, as shown in Figure
6.2. The performance of the remote viewing however was poor with frequent drop-outs. To
improve performance of this method, one or more purpose-built WiFi routers/repeaters would
need to be installed in the building to increase the WiFi’s transmission range.

Figure 6.2: Remote viewing of data using an Apple iPad
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Conclusions
The primary aim of the project was fulfilled, which was to collect pressure and

displacement data, and hence construct the indicator (p-V) diagram for the engine in realtime.
A ceramic, I2C digital pressure sensor was used with success to detect the steam pressure
at the inlet of the Boulton & Watt engine’s cylinder. Similarly, a digital ultrasonic rangefinder sensor was used to detect the position of the beam, measured from the parallel linkage
at the pump rod, on the second storey of the building. Both sensors were connected to local,
battery-powered Microcontrollers (Arduino Unos). Data was transmitted from the respective
microcontrollers, to a Windows-based PC running MathWorks Matlab, by means of a low
frequency, RTS architecture, Zigbee-based wireless system. Data was plotted in real-time at
an approximate 4 Hz acquisition rate using a Matlab GUI, and exported to a .CSV file for
post-testing analysis. The system was designed to allow a faster data rate of circa 6 Hz if
real-time plotting was disabled. Matlab was thus identified as an inefficient software platform
for the application.
Attempts were made at obtaining beam velocity and acceleration from the position plots
using a time derivative approach, however, due to the ultrasonic sensor’s poor accuracy this
was mostly unsuccessful. An alternative position sensor using a concentrated laser was
suggested as more suitable solution, but was not tested during the project due to budgetary
and time constraints.
Post-analysis of the pressure trace identified an issue with the seal around the piston rod,
which leaked during the steam admission process. This was validated by analysis of video
footage taken at the time of testing, where a short burst of steam was seen escaping past the
piston rod seal.
The indicator diagram was constructed, and the power stroke pressure trace integrated
with respect to volume, and divided by the total volume. This provided information of the
power stroke’s mean effective pressure, enabling calculation of the energy output (or work
done) of the power stroke. Evaluating the energy over the entire engine cycle time, facilitated
the calculation of the power produced by the engine, found to be 42.7 horsepower. The
mechanical efficiency of the B&W engine was estimated as 81% using the known power
output calculated from the pump’s capacity.
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Future work & Recommendations
The project successfully proved the data collection concept for two sensors at a high

acquisition rate. Further work would need to be completed to analyse the system’s
performance with additional sensors added to the network. The PC software interface would
also need to be re-designed using a different language more suited to a real-time application.
As discussed, additional hardware would need to be purchased to make the real-time data
available to Engineers over a WiFi network, allowing for remote screens/tablets around the
building to assist with engine operation and fault diagnosis. This would require additional
research and testing, as basic off-the-shelf WiFi hardware has previously performed poorly in
the building.
There is a large amount of work needed to develop the data processing and display
interface, to add clarity and appeal for visitors of the engines of all ages. The Kennet & Avon
canal trust desire the data acquired on-site to be of use to the Engineers, visitors, and the
general public through the internet [19], therefore work would need to be carried out on
developing and interfacing a number of different viewing sub-systems. Integration with the
existing Canal & River trust SCADA water monitoring system would be a useful area of
future work, enabling a complete depiction of water displacement in the canal when the
engines are in-steam.
Additional sensors would need to be specified and tested to allow for both engines and all
parameters of interest in the building to be measured, for example strain gauges on highly
stressed parts of the engines, humidity sensors, building vibration sensors, etc. A long-term
monitoring system would need to be developed to allow trends to be identified and to detect
problems before they become a severe threat or hazard to the pumping station.

6 May 2016

69

Measurement & Display System for Crofton Beam Engines

William Smith

References
[1] The Crofton Society, Crofton Beam Engines; The story of Crofton Pumping Station
on the Kennet and Avon Canal, Wiltshire: D A Design, 1975.
[2] Crofton Beam Engines, “Engines,” [Online]. Available:
http://www.croftonbeamengines.org/our-engines/. [Accessed 27 04 2016].
[3] Dirac Delta, “Steam Engine Indicator Diagram,” [Online]. Available:
http://www.diracdelta.co.uk/science/source/s/t/steam%20engine%20indicator%20diag
ram/source.html#.VxnoYjArIdU. [Accessed 22 04 2016].
[4] K. Rogers, The Newcomen Engine in the West of England, Bradford-on-Avon:
Moonraker Press, 1976.
[5] BBC, “The Beam Engine Animation,” 2014. [Online]. Available:
http://www.bbc.co.uk/history/british/victorians/launch_ani_beam_engine.shtml.
[Accessed 03 02 2016].
[6] W. T. Brande, A Dictionary of Science, Literature, & Art: Comprising the History,
Description, and Scientific Principles of Every Branch of Human Knowledge, with the
Derivation and Definition of All the Terms in General Use, Longman, Brown, Green,
and Longmans, 1842.
[7] C. N. Trueman, “James Watt,” The History Learning Site, 31 03 2015. [Online].
Available: http://www.historylearningsite.co.uk/britain-1700-to-1900/industrialrevolution/james-watt/. [Accessed 12 03 2016].
[8] C. Lira, “Brief History of the Steam Engine,” 2006. [Online]. Available:
http://www.egr.msu.edu/~lira/supp/steam/. [Accessed 12 3 2016].
[9] The Physics Hypertextbook, “Pressure-Volume Diagrams,” [Online]. Available:
http://physics.info/pressure-volume/. [Accessed 21 04 2016].
[10] KHANACADEMY, “Pressure-volume work,” [Online]. Available:
https://www.khanacademy.org/science/chemistry/thermodynamicschemistry/internal-energy-sal/a/pressure-volume-work. [Accessed 22 04 2016].
[11] OldEngine.org, “The Crosbie Steam Gage & Valve Co. Indicator,” [Online]. Available:
http://www.oldengine.org/members/diesel/indicator/Indicator1.htm. [Accessed 22 04
2016].
[12] W. Smith, “WIRELESS DATA ACQUISITION/SENSOR NETWORK FOR
CROFTON PUMPING STATION HERITAGE SITE; Literature Review & Project
Plan,” University of Bath, Bath, 2016.
[13] M. Martinez-Garrido, “Experimental assessment of a wireless communications
platform for the built and natural heritage,” Measurement, vol. 82, pp. 188-201, 2016.
[14] J. Zheng and A. Jamalipour, Wireless Sensor Networks: A Networking Perspective,
Wiley-IEEE Press, 2009.
[15] W. Smith, “Telemetry System for an Electric Racing Vehicle,” University of Bath,
2015.
[16] Ciseco, “XRF wireless RF radio UART serial data module XBee shaped,” 2016.
[Online]. Available: http://shop.ciseco.co.uk/xrf-wireless-rf-radio-uart-serial-datamodule-xbee-shaped/. [Accessed 09 02 2016].
[17] M. Schwartz, “Arduino sketch,” adafruit, 2014. [Online]. Available:
https://learn.adafruit.com/bluetooth-temperature-and-humidity-sensor/arduinosketch. [Accessed 09 02 2016].
[18] Silicon Labs, “Maximizing Range and Battery Life in Low-Cost Wireless Networks,”
2015. [Online]. Available:
http://www.silabs.com/Support%20Documents/TechnicalDocs/Maximize-WirelessNetwork-Range-and-Battery-Life.pdf. [Accessed 09 02 2016].
[19] M. Rodd and J. Willis, “The Crofton-Bath University Mechatronics Project,” Kennet
& Avon Canal Trust, Crofton, Marlborough, UK, 2015.
[20] E. Swift, “Crofton Beam Engine Project; Technical Feasibility Study,” University of
Bath, Bath, 2015.
6 May 2016

70

Measurement & Display System for Crofton Beam Engines

William Smith

[21] Arduino, “Genuino UNO,” 2016. [Online]. Available:
https://www.arduino.cc/en/Main/ArduinoBoardUno. [Accessed 07 04 2016].
[22] Storkz, “PowerGen PGMPP6000-BK External Battery Pack,” [Online]. Available:
http://www.storkz.com/powergen-pgmpp6000-bk.html. [Accessed 21 04 2016].
[23] Virtual Institute of Applied Science, “Wireless Networking: Absorption,” 03 12 2010.
[Online]. Available: http://www.vias.org/wirelessnetw/wndw_04_07_02.html. [Accessed
25 04 2016].
[24] USGS, “The water in you,” 09 12 2015. [Online]. Available:
http://water.usgs.gov/edu/propertyyou.html. [Accessed 25 04 2016].
[25] Hobby Electronics, “XRF Wireless Data Module,” 2016. [Online]. Available:
http://www.hobbytronics.co.uk/xrf-wireless-module. [Accessed 25 04 2016].
[26] Hobby Electronics, “Xbee USB Adapter,” [Online]. Available:
http://www.hobbytronics.co.uk/xbee-usb-adapter. [Accessed 25 04 2016].
[27] MathWorks, “Serial Port Devices,” [Online]. Available:
http://uk.mathworks.com/help/matlab/serial-port-devices.html. [Accessed 25 04
2016].
[28] Crofton Beam Engines, “Key Facts Summary,” [Online]. Available:
http://www.croftonbeamengines.org/?page_id=54. [Accessed 07 04 2016].
[29] Rapid electronics, “Rapid electronics,” [Online]. Available:
http://www.rapidonline.com/.
[30] RS Components, “RS,” [Online]. Available: http://uk.rs-online.com/web/.
[31] B+B Sensors, “B+B SENSORS,” [Online]. Available: http://www.bb-sensors.com/en/.
[Accessed 08 04 2016].
[32] Rapid electronics, “B+B Sensors Pressure Sensor Modules Voltage and I2C Outputs,”
[Online]. Available: http://www.rapidonline.com/Catalogue/Module/539417.
[Accessed 08 04 2016].
[33] HBM, “Temperature Compensation for Strain Gauges - Theory & Practical
Implementation,” [Online]. Available: http://www.hbm.com/en/3977/tips-and-trickstemperature-compensation-for-strain-gauges/. [Accessed 19 04 2016].
[34] RS components, “Legris 6mm x 1/8 in BSPP Male Straight Coupler Brass
Compression Fitting,” [Online]. Available: http://uk.rs-online.com/web/p/brasscopper-compression-fittings/0439644/. [Accessed 08 04 2016].
[35] I2C BUS, “I2C BUS,” [Online]. Available: http://www.i2c-bus.org/i2c-bus/. [Accessed
08 04 2016].
[36] B+B, “PRESSURE SENSOR MODULE WITH VOLTAGE OUTPUT AND I2CBUS,” 2009. [Online]. Available:
http://www.rapidonline.com/pdf/502400_da_en_01.pdf.
[37] Arduino, “Wire Library,” 2016. [Online]. Available:
https://www.arduino.cc/en/Reference/Wire. [Accessed 09 04 2016].
[38] National Instruments, “Sensor Terminology: Hysteresis,” 23 9 2013. [Online].
Available: http://www.ni.com/white-paper/14860/en/#toc8. [Accessed 11 04 2016].
[39] GE Sensing, “DPI 610/615 Series,” [Online]. Available:
http://www.chell.co.uk/media/product/_master/137/files/druck-dpi-610-615-datasheet.pdf.pdf. [Accessed 12 04 2016].
[40] National Instruments, “What Is the Definition of a TTL (Transistor-Transistor Logic)
Compatible Signal?,” 19 07 2002. [Online]. Available:
http://digital.ni.com/public.nsf/allkb/ACB4BD7550C4374C86256BFB0067A4BD.
[Accessed 18 04 2016].
[41] ELEC Freaks, “Ultrasonic Ranging Module HC - SR04,” [Online]. Available:
http://www.electroschematics.com/wp-content/uploads/2013/07/HCSR04-datasheetversion-1.pdf. [Accessed 18 04 2016].

6 May 2016

71

Measurement & Display System for Crofton Beam Engines

William Smith

[42] GIS Geography, “Root Mean Square Error RMSE in GIS,” 12 04 2016. [Online].
Available: http://gisgeography.com/root-mean-square-error-rmse-gis/. [Accessed 14 04
2016].
[43] Cambridge in Colour, “CONCEPT: SIGNAL TO
NOISE RATIO,” [Online]. Available:
http://www.cambridgeincolour.com/tutorials/image
-noise.htm. [Accessed 27 04 2016].
[44] Search Networking, “signal-to-noise ratio (S/N or SNR),” [Online]. Available:
http://searchnetworking.techtarget.com/definition/signal-to-noise-ratio. [Accessed 28
04 2016].
[45] had to know..., “Moving Average Calculator,” 2016. [Online]. Available:
http://www.had2know.com/finance/simple-moving-average-calculator.html. [Accessed
01 05 2016].
[46] The Industrial Press, Publishers of Machinery, “CHAPTER I: Action of Steam
Engines,” 1911. [Online]. Available:
http://www.basiccarpentrytechniques.com/Technology%203/Steam%20Engines/34701
-h.htm#Fig07. [Accessed 01 05 2016].
[47] sparkfun, “LIDAR-Lite v2,” [Online]. Available:
https://www.sparkfun.com/products/retired/13680. [Accessed 01 05 2016].
[48] netweather.tv, “Weather Now,” 30 03 2016. [Online]. Available:
http://www.netweather.tv/index.cgi?action=weather-now;sess=. [Accessed 30 03
2016].
[49] REAL VNC, “Download VNC Viewer,” [Online]. Available:
https://www.realvnc.com/download/viewer/. [Accessed 01 05 2016].
[50] Encyclopaedia Britannica Inc., “The Newcomen Engine,” 1999.
[51] D. Rector, “Watt Linkage Geometry,” 2012. [Online]. Available:
http://blog.rectorsquid.com/watt-linkage-geometry/. [Accessed 12 03 2016].
[52] T Equipment, “How accurate is your pressure transducer, mass flowmeter, and other
sensors subject to Hysteresis?,” [Online]. Available:
http://www.tequipment.net/process-calibration/signal-calibrators/. [Accessed 11 04
2016].
[53] RoboMart, “Arduino Uno R3 Board,” [Online]. Available:
https://www.robomart.com/arduino-uno-online-india. [Accessed 21 04 2016].
[54] UCDAVIS CHEM Wiki, “Carnot Cycle,” 2000. [Online]. Available:
http://chemwiki.ucdavis.edu/Core/Physical_Chemistry/Thermodynamics/Thermodyn
amic_Cycles/Carnot_Cycle. [Accessed 21 04 2016].
[55] REACTION: Remote Accessibility to Diabetes Management and Therapy in
Operational healthcare Networks, “D5-1 Communication standards within BAN and
PAN,” Seventh Framework Programme, 31 08 2010. [Online]. Available:
http://www.reaction-project.eu/downloads/deliverables/D51_Communication_standards_within_BAN_and_PAN.pdf. [Accessed 25 04 2016].
[56] Tutorials by Cytron Technologies, “Is XBee ZigBee?,” 6 03 2011. [Online]. Available:
http://tutorial.cytron.com.my/2011/03/06/is-xbee-zigbee/. [Accessed 25 04 2016].
[57] I. C. BROOM, R. J. CALVERT and T. S. GARRET, “Crofton Engine Trials 1949
and 1998 - a Postscript,” 2001. [Online]. Available: http://pubsnewcomen.com/tfiles/73ap139s.pdf. [Accessed 02 05 2016].
[58] AA, “Crofton Beam Engines,” 2014. [Online]. Available: http://www.theaa.com/daysout/crofton-beam-engines-368034. [Accessed 23 04 2016].

6 May 2016

72

Measurement & Display System for Crofton Beam Engines

William Smith

Appendices
Appendix A - Crofton Engines Technical Data [28]

Engines

Pumps

No.1 (Boulton & Watt)

No.2 (Harvey)

Bore

107 cm / 42 inches

107 cm / 42 inches

Stroke

2.1 m / 7 ft.

2.3 m / 7 ft 8”

Strokes/minute

11

10

Cylinder capacity

1900 litres / 67 cu ft

2180 litres / 77 cu ft

Steam pressure

1.4 bar / 20 p.s.i.

1.4 bar / 20 p.s.i.

Vacuum

0.9 bar / 26 inches Hg

0.9 bar / 26 inches Hg

Beam weight

6 tonnes

4.5 tonnes

Date built

1812

1846 (rebuilt 1903)

Cost at the time

£2,244

£1,636

Bore

76 cm / 30 inches

76 cm / 30 inches

Stroke

2.4 m / 8 ft.

2.4 m / 8 ft.

Lift

12 m / 40 ft.

12 m / 40 ft.

Type

lift

force

Water volume per

1100 litres / 245 gall / 1.1

1100 litres / 245 gall /

stroke

tonnes

1.1 tonnes
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Appendix B - Crofton-Bath Project
Crofton-Bath Project Specification document [19]
The Crofton-Bath University Mechatronics Project
A unique part of this submission is the introduction into the pumping station of an
integrated, real-time networked data capture system, which applies the latest in IT and
sensor technology in an heritage-sympathetic fashion to the 200 year old plant.
The objective of this sub-project are to:
a) better inform the plant operators as to how various aspects of the plant are operating
and hence, how they should care for such engines and if they are doing any damage by
continuing to operate the engines at full power;
b) provide real time information on hand held or fixed devices, to enhance the visitor
experience, for educational purposes and for those unable to access all parts of the 5 storey
building; Such information can also be made available via the internet to expose the Pumping
station to a much broader, international audience;
c) provide data for off-site analysis by students at all levels to explore in detail how such
machines work and perform.
d) integrate with CRT’s existing water monitoring system, to make a publically-available
and complete real-time picture of water flow from the Crofton water reservoir to the final loss
of canal water in Bristol and Reading.
Importance of this work
Crofton provides a classic example of a world-leading heritage site which presents a very
early example of Britain’s leading role in the application of technology to industrial processes
– which in turn underpinned the industrial revolution. However, regarding such sites as static
museums takes away the significance of the plants and does little to excite visitors, or indeed,
explain the internal operation of the plants and demonstrates Britain’s key role in
technological development. To fully appreciate these amazing machines, running the old
systems as they were 200 years ago, is key to their survival. However, this presents huge
problems to the operators who have little insight into the internal functioning of the machines.
The answer lies in seeking to exploit best-practice technology used, say in monitoring
machines such as jet aircraft engines and power-system generation, to provide real-time
monitoring of the total system’s performance. Doing this in an heritage sensitive fashion is
the real challenge, and few example of undertaking this are to be found. This project thus,
besides of direct importance to Crofton, will provide a prototype installation the keys aspects
of which are transferrable to many other historic sites.
Having introduced such monitoring, of course, opens up the opportunity to use the data
to power active, real-time models of the plant’s operations. This in turn will allow remote
access to various system components, both locally and well as across the internet. A true
step forward in interpretation of the workings of such mechanical systems.
Of special significance in this specific application is the ability to integrate the real-time
operational modeling of the Crofton pumping system with the existing SCADA (supervisory
control and data acquisition) system used by CRT to monitoring the overall water flow across
the whole of the Kennet & Avon Canal. This will allow viewers to see exactly how the water
control systems function right across the 100 miles of the waterways – a single stoke of a
Crofton engine will be able to be related to the loss of water when a lock gate is opened in
Bath!
Background work
A full 1-year project investigating how a ‘mechatronics’ system, using modern remote
sensing devices and industrial networking, could help improve understanding of the working
of such important early industrial machines, has been completed. This was undertaken by a
supervised group of 8 MEng students from Bath University’s world-leading Mechanical
Engineering, a department which has had involvements with the Kennet & Avon Canal Trust
in the past, having largely restored the Claverton Pumping station some 30 years ago.
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It should be noted that besides the essential input from Bath University, the present
Crofton volunteer team has extensive expertise in IT, mechatronics and real-time networking.
The Bath work has already provided:
i) Detailed information on the range of measurements which could be taken and the
selection of sensors which would be appropriate, bearing in mind the local conditions and
the application to a Grade I structure and engines.
ii) Proposals for the data acquisition, transmission, storage and display of the information.
ii) Proposals for interactive and self-powered models to demonstrate the forces and
mechanisms used in a water pumping plant.
iv) A prototype installation using a micro computer, demonstrating the use of a remote
temperature sensing device, a remote camera and an interactive display.
As a result, Bath University has agreed to continue to work through a fully-supervised
final year Masters of Engineering project. This project will take the work to the next stage and
provide design guidelines underpinning the installation of such a system which will form part
of the current submission. (See below)
2015/16 Bath Integrated Mechanical and Electrical Engineering Project outline
This project will build on the work undertaken during the 2014/2105 projects and will
provide design guidelines for the installation of a process-wide networked-based real-time
data acquisition and display system, the latter being proposed for funding via an HLF grant,
presently under early stage consideration.
The project will take the previous work further by:
1. Determining the most suitable wireless network for the Crofton site, and installing a
prototype system based on commercially-available components and accessible by
standard handheld devices and laptops computers.
2. In collaboration with Crofton project supervisors, select at least 2 parameters to be
monitored, say water/ boiler temperatures, and beam positions, then choose and
install suitable sensors, paying special attention to ensuring heritage-acceptability of
the prototype systems.
3. Based on the above experience, develop the specification for the full system,
including updated cost estimates (see below).
Cost estimate for bid for initial system:
Note: These are rough figures only - detailed investigations will need to be undertaken
by the project student and Crofton advisors. It is assumed that all software will be written by
volunteers
Operational data base laptop : £500
3 Hand held remote mobiles: £600
Wireless router: £250
10 sensors plus wireless controllers/interfaces: £2500
Specialised support software: £500
5 Interactive screens: £1000
Miscellaneous: £650
Total: £6000
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Appendix C - Data Collection & Transmission
1 of 2: Arduino Uno datasheet [21]
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2 of 2: XRF Wireless module datasheet [25]
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- Data Transmission

1 of 3: Pressure sensor Arduino C++ Code
#include "Wire.h"
int MSGID = 1;
int ID = 2;
void setup()
{
Wire.begin(); // Initiate I2C bus
Serial.begin(9600); // Initiate XRF Serial link
}
void getdata(byte *a, byte *b) // Data retrieval from sensor function
{
Wire.beginTransmission(0x78); // Initiate sensor transmission
Wire.write(0xF1); // Send Read request
Wire.write(0); // Go to start of register
Wire.endTransmission(); // Close sensor transmission
Wire.requestFrom(0x78, 2); // Retrieve 2 bytes of data from sensor
*a = Wire.read(); // MSB byte stored
*b = Wire.read(); // LSB byte stored
}
void loop()
{
byte aa, bb;
getdata(&aa, &bb); // Get sensor data
int pressure = (int(aa) * 256) + int(bb); // Combine two bytes of data
int pressure_mbar = (pressure / 16383.5) * 1000; // Convert to mbar
Serial.print(ID);
Serial.print("\t");
Serial.print(MSGID);
Serial.print("\t");
// Send time
Serial.print("00:00:00");
Serial.print("\t");
Serial.print(pressure_mbar);
Serial.print("\t");
Serial.print(ID);
Serial.println();
///
delay(70);
///
Serial.print(ID);
Serial.print("\t");
Serial.print(MSGID);
Serial.print("\t");
// Send time
Serial.print("00:00:00");
Serial.print("\t");
Serial.print(pressure_mbar);
Serial.print("\t");
Serial.print(ID);
Serial.println();
MSGID++;
delay (180);
//
}

delay(1000);
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2 of 3: Position sensor Arduino C++ Code
#define trigPin 13
#define echoPin 12
int ID = 1;
int MSGID = 1;
void setup()
{
// Setup Serial connection
Serial.begin(9600);
pinMode(trigPin, OUTPUT);
pinMode(echoPin, INPUT);
}
void loop()
{
long duration, distance;
digitalWrite(trigPin, LOW);
delayMicroseconds(2);
digitalWrite(trigPin, HIGH);
delayMicroseconds(10);
digitalWrite(trigPin, LOW);
duration = pulseIn(echoPin, HIGH);
distance = (duration / 2) / 29.1;
Serial.print(ID);
Serial.print("\t");
Serial.print(MSGID);
Serial.print("\t");
// Send time
Serial.print("00:00:00");
Serial.print("\t");
Serial.print(distance);
Serial.print("\t");
Serial.print(ID);
Serial.println();
///
delay(100);
///
Serial.print(ID);
Serial.print("\t");
Serial.print(MSGID);
Serial.print("\t");
// Send time
Serial.print("00:00:00");
Serial.print("\t");
Serial.print(distance);
Serial.print("\t");
Serial.print(ID);
Serial.println();
MSGID++;
delay (150);
}
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3 of 3: Matlab GUI code (version 1)
% --- Executes on button press in btnstart.
function btnstart_Callback(hObject, eventdata, handles)
% hObject
handle to btnstart (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
global activate
activate = 1;
SER = serial('COM4');
fopen(SER);
time = 10000;
DataStore1 = zeros(time,4);
DataStore2 = zeros(time,2);
Volume = zeros(time,2);
Pressure = zeros(time,2);
speed = zeros(time,2);
accel = zeros(time,2);
IndData = zeros(time,2);
NewCount = 0;
count1 = 0;
count2 = 0;
indcount = 1;
MSGID1 = 0;
MSGID2 = 0;
graphcount = 0;
distArrived = 0;
pressArrived = 0;
for i=1:time
if (activate == 1)
set(handles.timetxt, 'String', num2str(i));
DATA = fscanf(SER);
DATA = strsplit(DATA);
if (size(DATA) == [1 7])
ID1 = str2double(DATA(1,1));
ID2 = str2double(DATA(1,6));
if ( (ID1 == 1) && (ID2 == 1) )
if (MSGID1 == str2double(DATA(1,2)))
% do nothing, message already received
else % if new message received
MSGID1 = str2double(DATA(1,2));
%
Time = DATA(1,3);
%
TimeHours = Time2Hours(Time);
count1 = count1 + 1;
DataStore1(count1,1) = MSGID1;
DataStore1(count1,2) = str2double(DATA(1,4)); % Position
DataStore1(count1,3) = str2double(DATA(1,5))/100; % Velocity
distArrived = 1;
set(handles.txtvel, 'String', num2str((DataStore1(count1,3)))); % Display velocity txt
set(handles.txtpos, 'String', num2str(DataStore1(count1,2)));
end
elseif ( (ID1 == 2) && (ID2 == 2) )
if (MSGID2 == str2double(DATA(1,2)))
% do nothing, message already received
else % if new message received
MSGID2 = str2double(DATA(1,2));
count2 = count2 + 1;
DataStore2(count2,1) = MSGID2;
DataStore2(count2,2) = str2double(DATA(1,4));
pressArrived = 1;
set(handles.txtpre, 'String', num2str(DataStore2(count2,2)));
end
end
if ((count1 > 2) && (count2 > 1))
Volume(indcount,1) = DataStore1(count1,2) * 0.0107;
Pressure(indcount,1) = DataStore2(count2,2);
DataStore1(count1,4) = ( DataStore1(count1,3)-DataStore1(count1-1,3) ) / 0.25; % Acceleration
set(handles.txtacc, 'String', num2str(DataStore1(count1,4)));
indcount = indcount + 1;
end
graphcount = graphcount + 1;
if (distArrived == 1) && (pressArrived == 1)
NewCount = NewCount + 1;
IndData(NewCount,1) = Volume(count1,1);
IndData(NewCount,2) = Pressure(count2,1);
distArrived = 0;
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pressArrived = 0;
end
if (graphcount > 4) && (indcount > 31) % Update plots
%% Plot Indicator Diagram
if (count1>31) && (count2>31)
axes(handles.axesindicator)
plot(IndData(NewCount - 30:NewCount,1),IndData(NewCount - 30:NewCount,2),'-og',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[0 0 1])
ylabel('Piston Pressure / bar')
xlabel('Volume / m^3')
ylim([0 2000]);
xlim([0 3]);
drawnow
end
%% Plot Pressure transient
axes(handles.axespressure)
plot((DataStore2(1:count2,1))/4,DataStore2(1:count2,2),'-ob',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[0 0 1])
ylabel('Cylinder Pressure / mbar abs')
xlabel('Time / s')
%
title('Cylinder Pressure')
ylim([0 2000]);
xlim([(MSGID2/4 - 25) MSGID2/4]);
drawnow
%% Plot Position
axes(handles.axesposition)
plot((DataStore1(1:count1,1))/4,DataStore1(1:count1,2),'-or',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[1 0 0])
ylabel('Beam position / cm')
xlabel('Time / s')
ylim([0 400]);
xlim([(MSGID1/4 - 25) MSGID1/4]);
drawnow
%% Plot Velocity
axes(handles.axesvelocity)
plot((DataStore1(1:count1,1))/4,DataStore1(1:count1,3),'-ob',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[1 0 0])
ylabel('Velocity / m/s')
xlabel('Time / s')
xlim([(MSGID1/4 - 25) MSGID1/4]);
ylim([-5 5]);
drawnow
%% Plot acceleration
axes(handles.axesacceleration)
plot((DataStore1(1:count1,1))/4,DataStore1(1:count1,4),'-ob',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[1 0 0])
ylabel('Acceleration / m/s^2')
xlabel('Time / s')
xlim([(MSGID1/4 - 25) MSGID1/4]);
ylim([-10 10]);
drawnow
%%
graphcount = 0;
end
end
elseif ( activate == 2)
fclose(SER);
filename = sprintf('Movement %s.csv', datestr(now, 'HHMM'));
csvwrite(filename,DataStore1)
DataStore1;
filename = sprintf('Pressure %s.csv', datestr(now, 'HHMM'));
csvwrite(filename,DataStore2)
DataStore2;
break
end
end
fclose(SER);
filename = sprintf('Movement %s.csv', datestr(now, 'HHMM'));
csvwrite(filename,DataStore1)
DataStore1;
filename = sprintf('Pressure %s.csv', datestr(now, 'HHMM'));
csvwrite(filename,DataStore2)
DataStore2;
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Appendix E - Pressure Sensor
B+B Pressure Sensor Datasheet [36]
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Appendix F - Pressure Calibration
1 of 4: Druck DPI 615 Pressure calibrator: calibration certification

2 of 4: Atmospheric pressure information for time of calibration [48]

Test area: Worcestershire, therefore mean avg. between Bristol & Birmingham used of 1007.5 mb.
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3 of 4: Pressure Calibration procedure Matlab code
% Filename: Pressure_Cal.m
% Author: Will Smith, University of Bath
% Date: 30/03/16
% Description: Perform data logging operation from Arduino sensor over serial
link for a pressure calibration procedure and export .csv results file.
S = serial('COM4'); % Serial port for pressure sensor Arduino (via USB)
fopen(S); % Prepare the serial port for receiving data
N = 50; % Number of samples to measure for each data point
dataPoint = 0;
ambPressure = input('Enter local air pressure in mbar: '); % Request user
input for local air pressure
exportedData = [ ];
for n=1:50 % Take 50 measurements per set-point
LogNext = input('> Enter 0 to end data-logging: '); % Ask user if they
would like to continue or end data logging
if (LogNext == 0) % Run if user ends data logging
fclose(S); % Close serial port
filename = sprintf('pressureCal_%s.csv', datestr(now, 'DDmmyy_HHMM'));
% Define .csv filename
csvwrite(filename,exportedData) % Write data to .csv
break % End code execution
else % Run if user wants to log data
exportedData = [exportedData; zeros(N,3)]; % Resize data store vector
for new set of readings
Pressure = input('> Enter pressure shown on calibrator in kPa: '); %
Determine set point from user
Pressure = (Pressure * 10) + ambPressure; % Convert gauge pressure to
mbar abs
exportedData(1+dataPoint:N+dataPoint,1) = Pressure; % Save cal
pressure for sample set
for i = 1:N % Take N data points
fprintf(S,'B'); % Request data from sensor
exportedData(i+dataPoint,2) = str2double(fscanf(S)); % Read &
store data from sensor
end
exportedData(N+dataPoint,3) =
mean(exportedData(dataPoint+1:N+dataPoint,2)); % Calculate mean average of
sample and store
[dataPoint, ~] = size(exportedData); % Redefine position in vector for
next set of data
end
end

4 of 4: Pressure calibration data on Arduino C++ code
int cfc = -26;
int cfm = 1013; // (x 1000)

(a)

int pressure_mbar = ((((pressure / 16383.5) * 1000) - cfc)/cfm) * 1000;

(b)

a) Located at beginning of program
b) Located inside main loop
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- Position Sensor

HC SR04 Datasheet [41]
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- Position Calibration

1 of 2: Position sensor Calibration Matlab routine
SER = serial('COM5'); % Define Arduino Serial object
DataPoint = 0; % Initialise data place marker
N=100; % No. of samples to take per calibration point
ExportedData = [ ]; % Initialise Data vector
for n=1:50 % Main Loop
LogNext = input('> Enter 0 to end data-logging: '); % Continue with
calibration?
if (LogNext == 0) % Complete calibration data logging
fclose(SER); % Close serial object
filename = sprintf('UltrasonTest_%s.csv', datestr(now, 'HHMM'));
csvwrite(filename,ExportedData) % Save .CSV results file
break
else % Continue calibration data logging
[DataPoint, ~] = size(ExportedData); % Resize data points to
accomodate new data set
ExportedData = [ExportedData; zeros(N,3)];
Distance = input('> Enter Calibration distance in CM: '); % Request
actual calibration distance
fopen(SER); % Initialise serial object
for i = 1:N % Obtain N data points
DATA = fscanf(SER); % Retrieve data from sensor
DATA = strsplit(DATA);
ExportedData(i + DataPoint, 1) = Distance; % Store calibrated
distance
ExportedData(i + DataPoint, 2) = i; % Store data point ID
ExportedData(i + DataPoint, 3) = str2double(DATA(1,4)); % Store
measured value
end
fclose(SER); % Close serial object
end
end

2 of 2: Ultrasonic calibration data on Arduino C++ code
int cfc = -15.1;
int cfm = 992; // (x 1000)

(a)

distance10 = ((((duration * 10 / 2) / 29.1)-cfc)/cfm)*1000;

(b)

a) Located at beginning of program
b) Located inside main loop
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Appendix I – Final Design Code
1 of 3: Matlab GUI final Code
% --- Executes on button press in btnstart.
function btnstart_Callback(hObject, eventdata, handles)
% hObject
handle to btnstart (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
global activate
activate = 1;
time = 10000;
data = zeros(time,5);
plotTime = 0;
n = 1;
S = serial('COM4');
set(S, 'Timeout', 1);
fopen(S);
%% Calculate start time in milliseconds from system Time
startTime(1) = str2double(datestr(now, 'HH')) * 3600000; % Hours to ms
startTime(2) = str2double(datestr(now, 'MM')) * 60000; % Minutes to ms
startTime(3) = str2double(datestr(now, 'SS')) * 1000; % Seconds to ms
startTime(4) = str2double(datestr(now, 'FFF')); % Milliseconds
startTimems = sum(startTime);
%%
for i=1:time
if (activate == 1)
% data: 1.time | 2.distance | 3.velocity | 4.pressure
%% Retrieve Data from Sensor 1 (Ultrasonic distance)
fprintf(S, 'A');
buffer = fscanf(S);
buffer = strsplit(buffer);
data(i,2) = str2double(buffer(1,1));
data(i,3) = (str2double(buffer(1,2)))/1000;
%% Time-stamp data
data(i,1) = time2Ms( startTimems )/1000;
%% Retrieve Data from Sensor 2 (Cylinder inlet pressure)
fprintf(S,'B');
buffer = fscanf(S);
data(i,5) = str2double(buffer);
set(handles.txtpos, 'String', num2str(data(i,2)));
set(handles.txtvel, 'String', num2str(data(i,3)));
set(handles.txtacc, 'String', num2str(data(i,4)));
%% Calculate acceleration
if i>1
data(i,4) = ( data(i,3) - data(i-1,3) )/( data(i,1)- data(i-1,1) );
set(handles.txthz, 'String', num2str(round((1/( data(i,1)- data(i-1,1)
)),1)));
end
set(handles.txtpre, 'String', num2str(data(i,5)));
switch n
case 1 % Plot position
%% Plot position
axes(handles.axesposition)
plot(data(1:i,1),data(1:i,2),'-or',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[1 0 0])
ylabel('Distance / mm')
xlabel('Time / s')
xlim([(data(i,1)-10) data(i,1)]);
ylim([0 3000]);
drawnow
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n = 2;
case 2 % Plot velocity
%% Plot velocity
axes(handles.axesvelocity)
plot(data(1:i,1),data(1:i,3),'-og',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[0 1 0])
ylabel('Velocity / m/s')
xlabel('Time / s')
xlim([(data(i,1)-10) data(i,1)]);
ylim([-3 3]);
drawnow
n = 3;
case 3 % Plot acceleration
axes(handles.axesacceleration)
plot(data(1:i,1),data(1:i,4),'-ob',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[0 0 1])
ylabel('Acceleration / m/s^2')
xlabel('Time / s')
xlim([(data(i,1)-10) data(i,1)]);
ylim([-5 5]);
drawnow
n = 4;
case 4 % Plot pressire
axes(handles.axespressure)
plot(data(1:i,1),data(1:i,5),'-ob',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[0 0 1])
ylabel('Pressure / mbar')
xlabel('Time / s')
xlim([(data(i,1)-10) data(i,1)]);
ylim([0 2000]);
drawnow
n = 5;
case 5; % Plot p-V
if ( i > 50 )
axes(handles.axesindicator)
plot(data((i-20):i,2),data((i-20):i,5),'-om',...
'LineWidth',1,...
'MarkerSize',3,...
'MarkerFaceColor',[1 0.75 0.8])
ylabel('Pressure / mbar')
xlabel('Cylinder stroke / mm')
xlim([500 3000]);
ylim([400 1800]);
drawnow
end
n = 1;
end
elseif ( activate == 2)
fclose(S);
filename = sprintf('Data_%s.csv', datestr(now, 'ddmmYY_HHMM'));
csvwrite(filename,data)
break
end
end
fclose(S);
filename = sprintf('Data_%s.csv', datestr(now, 'ddmmYY_HHMM'));
csvwrite(filename,data)
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2 of 3: Pressure sensor final code
#include "Wire.h"
int MSGID = 1;
int ID = 2;
int dataRequest;
int cfc = -26;
int cfm = 1013; // (x 1000)
void setup()
{
Wire.begin(); // Initiate I2C bus
Serial.begin(9600); // Initiate XRF Serial link
}
void getdata(byte *a, byte *b) // Data retrieval from I2C pressure sensor
function
{
Wire.beginTransmission(0x78); // Initiate sensor transmission
Wire.write(0xF1); // Send Read request
Wire.write(0); // Go to start of register
Wire.endTransmission(); // Close sensor transmission
Wire.requestFrom(0x78, 2); // Retrieve 2 bytes of data from sensor
*a = Wire.read(); // MSB byte stored
*b = Wire.read(); // LSB byte stored
}
void loop()
{
byte aa, bb; // Sensor data local variable
getdata(&aa, &bb); // Get I2C sensor data using 'getdata' function..
int pressure = (int(aa) * 256) + int(bb); // Combine two bytes of data to
form 16-bit word
int pressure_mbar = ((((pressure / 16383.5) * 1000) - cfc)/cfm) * 1000; //
Convert to mbar using calibration factors
dataRequest = Serial.read();
if (dataRequest == 66)
{
Serial.println(pressure_mbar);
}
}

3 of 3: Position sensor final code
#define trigPin 13 // Assign HC-SR04 pin names
#define echoPin 12
int dataRequest;
long distance1, distance2, distance3, distance4, distance5, distance6, distance7,
distance8, distance9, distance10;
long velocity1, velocity2, velocity3, velocity4, velocity5, velocity6, velocity7,
velocity8, velocity9, velocity10;
long time1, time2, time3, time4, time5, time6, time7, time8, time9, time10;
long timediff, distance, velocity;
int cfc = -15.1;
int cfm = 992; // (x 1000)
void setup()
{
Serial.begin(9600); // Setup Serial connection
pinMode(trigPin, OUTPUT); // Assign I/O pins on HC-SR04
pinMode(echoPin, INPUT);
}
void loop()
{
long duration;
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digitalWrite(trigPin, LOW); // Ensure Trigger is set to OFF
delayMicroseconds(2); // Wait
digitalWrite(trigPin, HIGH); // Send 10us pulse to sensor
delayMicroseconds(10);
digitalWrite(trigPin, LOW);
duration = pulseIn(echoPin, HIGH); // Obtain duration of Echo pulse from sensor
distance10 = ((((duration * 10 / 2) / 29.1)-cfc)/cfm)*1000; // Calculate distance in
mm using calibration data
time10 = millis(); // Record time of latest reading
if (distance10 > 3500) // Set new reading to previous if timeout occured
{
distance10 = distance9;
}
timediff = time10 - time1; // Calculate time difference for velocity calculation
velocity10 = (distance10 - distance1) * 1000 / (timediff); // Calculate velocity
velocity1
velocity2
velocity3
velocity4
velocity5
velocity6
velocity7
velocity8
velocity9

=
=
=
=
=
=
=
=
=

velocity2; // Shift velocity readings along 1 place
velocity3;
velocity4;
velocity5;
velocity6;
velocity7;
velocity8;
velocity9;
velocity10;

distance1
distance2
distance3
distance4
distance5
distance6
distance7
distance8
distance9

=
=
=
=
=
=
=
=
=

distance2; // Shift distance readings along 1 place
distance3;
distance4;
distance5;
distance6;
distance7;
distance8;
distance9;
distance10;

time1
time2
time3
time4
time5
time6
time7
time8
time9

=
=
=
=
=
=
=
=
=

time2; // Shift time readings along 1 place
time3;
time4;
time5;
time6;
time7;
time8;
time9;
time10;

distance = (distance1
distance7 + distance8 +
velocity = (velocity1
velocity7 + velocity8 +

+ distance2
distance9 +
+ velocity2
velocity9 +

+ distance3
distance10)
+ velocity3
velocity10)

+
/
+
/

distance4 + distance5 + distance6 +
10; // Calculate smoothed distance
velocity4 + velocity5 + velocity6 +
10; // Calculate smoothed velocity

dataRequest = Serial.read(); // Check for data request
if (dataRequest == 65) // Send data if request received
{
Serial.print(distance);
Serial.print("\t");
Serial.println(velocity);
}
}
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Appendix J – Project Plan
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