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Abstract

A low frequency vibrating sample magnetometer has been built to mea-~
sure the in-situ properties of ferromagnetic catalysts. The instrument
allows measurements to be taken during an experimental catalyst test
run (in-situ). The vibration is performed by a motor crank arrangement
at a constant frequency of 2 Hz. The software designed to control the in-
strument and the reaction was written in LabView which enabled a rapid
prototyping approach. This thesis focuses on the software and electrical
systems of the setup. Results of research conducted using this system
are published separately however this document shows the relationship
between the magnetic saturation and remnance and the mass of ferro-
magnetic material present in the reference material as well as the effect
of temperature on this material.
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“In the beginning was the Word, and the Word was with God,
and the Word was God. He was with God in the beginning.
Through him all things were made; without him nothing was
made that has been made. In him was life, and that life was
the light of men. The light shines in the darkness, but the
darkness has not understood it.

There came a man who was sent from God; his name was
John. He came as a witness to testify concerning that light,
so that through him all men might believe. He himself was
not the light; he came only as a witness to the light. The
true light that gives light to every man was coming into the
world.

He was in the world, and though the world was made through
him, the world did not recognize him. He came to that which
was his own, but his own did not receive him. Yet to all who
received him, to those who believed in his name, he gave the
right to become children of God - children born not of natural
descent, nor of human decision or a husband’s will, but born

of God.

The Word became flesh and made his dwelling among us. We
have seen his glory, the glory of the One and Only, who came
from the Father, full of grace and truth.”

Johni:1-14
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Chapter 1

Introduction

Engineering problems are under-defined, there are many solutiona,
good, bad and indiffercot. The art is to arrive at a good solution. This
i% & creative activity, involving imagination, intuition and deliberate
choice.

- the Arup



2 CHAPTER 1. INTRODUCTION

1.1  Project Background

The parpose of the project, for which this thesis forms a part, is primarily
fio monitor the state of catalysts during a reaction, for the purpose of
mvestigating diferent catalyst formulations, and secondly to investigate

the effect of wagnetic ficlds on catalyst performance.

In-situ charactersation of catalysta has become mnereazingly important.
It is however not easy to weasure or wonitor phiysical or chemnical changes
in & working catalyst. The reasons for this arc that the catalyst 1z inside a
reactor and therefore not visible and neither can it be removed or sampled
withont interfering with the veaction. It is thersfore necessary fo find
gome property of the eatalyst that can be measured withoni disiurbing
or interfering with the reaction. This properiy also useds io be ahle
to provide the necessary information about the eatalyst. The magnetic
properties of the sample of interest fulfil these requirements aince they
can be measured without direct imteraction with the sample and from
them the necessary information about the sample can be dedizced.

By performing a hysteresis measurement on the catalyst (gouerating a
BH curve for the catalyst} inside the reactor the following properties can

me measured:

 Magnetic saturation.
¢ Magnetic remnance.

&4 Coecroive ficld.

These properties allow the calculation of other useful properties of the
catalyst such as the amount of mctal phase prescut (i.c. the degtee of
reduction) and the amount of ferromagncetic material present.

1.2 Description of Task

The portion of the project' deseribed in this document may be divided
info two gections.

From this point on the term praject will refor only to that portion of the overall
project Lhat is deseribed i this thests.
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Part I: deals with the reactor rig

The term reactor rig is used to describe the physical apparatus used to
preform the reaction. It consists of gas supplies, regulators, gas con-
trollers, pipes, a reactor, heating equipment, valves, pumps etc.

In order to reduce the amount of supervision required to operate the rig
and to improve the rig’s efficiency it is desirable to automate as much
of the operation as possible. This can be done either in hardware, using
commercially available temperature controllers etc. or in software, using
a computer to perform the control. Since hardware systems are very
expensive, require a fair amount of operator attention and are not capa-
ble of controlling all aspects of the system a preferred way of operating
would be to use a computer to provide the necessary control. Hardware
systems may be added to the software control to provide redundancy and

improved safety.

With a single computer it is possible to control the entire rig including
temperature and gas flow, other hardware via serial communication and
to provide the operator with advanced displays of the past and present
state of the rig such as temperature graphs.

Part II: the vibrating sample magnetometer

This portion of the project is concerned with the design and construc-
tion of the wibrating sample magnetometer (VSM) which is the instru-
ment used to perform the hysteresis measurements on the catalyst. Once
again, the control of the VSM is performed by the same computer. A
vibrating sample magnetometer measures the magnetic properties of ma-~
terials. When a material is placed within a uniform magnetic field and
is mechanically vibrated, there is some magnetic flux change. This in-
duces a voltage in the pick-up coils, which is proportional to the magnetic
moment of the sample. The uniform magnetic field is generated by an
electromagnet.

1.3 Principal Goals

The goals of this project can again be divided into those that apply to
the rig and those that apply to the VSM.
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Reactor Rig
< Hardware goals

1. Construct the necessary hardware required to provide temper-

ature control.

2. Provide connectivity between the computer and the reactor rig
systems such as temperature probes, pressure sensors, pumps

etc.
4 Software goals

Provide effective temperature control.
Provide control of other hardware e.g. pumps.
Provide a seamless, easy to use interface.

Incorporate data-logging to enable process variable trending.

A R

Provide a single point of control for the entire system.

VSM
< Hardware goals

1. Manufacture the pickup coils required to measure the mag-
netic field produced by the samples.

2. Design the electrical system to optimise the raw signal from
the coils.

< Software goals

1. Design and implement software to operate the VSM system.
2. Integrate the VSM control interface with the reactor rig soft-

ware interface.

3. Calibrate the system and verify the dependency of the sample
magnetization on the sample mass.
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1.4 Software Development

It was decided to use National Instruments LabView to as the language
in which to develop the software systems.

LabView is a graphical programming language from Na-~
tional Instruments. Included in the LabView distribution is
an extensive development environment with many libraries
and tools. The graphical language is named "G". Originally
released for the Apple Macintosh in 1986, LabView is used for
data acquisition, instrument control, and industrial automa-
tion on a variety of platforms including Microsoft Windows,
various flavors of UNIX, Linux, and Mac OS. [1]
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Reactor Rig






Chapter 2

Reactor Rig

The great tragedy of science - the slaying of a beautiful hypothesis by
an ugly faect.

- T H Huxley
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2.1  Overview

TIC - wemaperature indicator and contmaller
MFC —miass flonw eontecller

PIC  —pressure indicator and controller
£ - heated region

D= [l [ D5 —valves

neLL | Ikef

~ pump

| Water
L NLTOTIART
ka ——

Pivkup
Lonlg

Figure 2.1: Rig flow chart

Thiz chapter deals with the reactor rig and describes the physical aspects
of the rig design making particular mention of features that are relevant
to the electrical and software design.

Fig. 2.1 shows a simplified disgram of the rig layout. The rig consists
af & fixed bed reactor' and bypass that are fed by a heated mixture of
gasses. Thete are four controlled gas flows labeled as “MFC” (Mass Flow
Coniroller) on the diagram which supply the gas via a network of heated
piping. The five heated zones are shown on the diagram as shaded regions
with dotted bordets and are labeled TIC 1 to TIC 5. Throughout the
rest of the decument the following names will be used to describe these
heated regions:

LA fixed bed reaciar uses supports for the catalyst and sample which do not move
atled are therefore "fixed’ as a bed in the reactar,



2.2, INSTRUMENTATION AND CONTROL REQUIREMENTS

4 TIC 1 - Water vaporizer
< TIC 2 - Feed (line)

< TIC 3 - Reactor

< TIC 4 - Hot trap

< TIC 5 - Exit (line)

Other items of interest are the HPLC (high performance liquid chro-
matography} pump and the Water bath with which the rig software com-
municates and controls. The reactor itself is a 40 ¢, half inch stainless

Lk

steel pipe. The catalyst is placed on a porous brass frit in the center of

the reactor=,

2.2 Instrumentation and Control Require-

ments

With reference to Fig. 2.1 the instrumentation requirements for the
svstern are listed below. The control specifications are based on the

requiremnents of the chemical process,

4 There are four heated zones (Water Vaporizer, Feed, Hot trap,

Exit) which reguire basic PID control { see Sec. 3.5.4 - General
Temperature Control for more details). Each zone requires one
thermocouple to measure the temperature. In order to enable the
computer to control the temperature, one analog input and one
counter output is requited for each zone. The contrel requirements
for this zone are a temperature range of 0 - 300°C with a stability

of + 5°C.

4 The heating of the reactor requires more advanced control. (see
Sec. 3.5.5 - Advanced Temperature Control), A PT100 tempera-
ture probe was used to measure the temperature which again re-
quires ohe analog input and one counter cutput to provide com-
puter control. The required temaperature range is 0 - 450°C +-

0.1°C stability.

“The brass [ril is magnelically desd and therefore does not introduce any back-

pround signnl {ef, Sec. 6.2)
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# There are four mass flow controllers (MFC) which may be commn-
nicated with via serial communication {RS-232) (see Sec. 3.5.8 -
Mass Flow Controllers).

< The pressure reading requires a single analop input in order to allow
the compuler to read it.

<+ The water bath, which iz used to cool the VEM pick-up eoils, is
controlled via serial communication with the computer. (see Sec.
3.5.6 - Water Bath)

% The HPLC pump is likewise controlled via serial communieation.
(see Sec. 3.5.7 - HPLL Pump)

The main elements of these requirements are discussed in the following

zections.

2.3 Reactor Heating

Of the temperature controllers, the heating of the reactor is the muost
important and also the most diffienls. The difficulty iz due to the strict
heating requirements, the space limitations and also the need to minimise
any electric or maghetic field produced by the heating ginee Lhis will
induce s signal in the pick-up coils of Lthe V5M syvstem and henee interfere
with the signal imduced by the sample.

Three different options for heating the reactor are briefly discussed here
of which only the last two were implemented.

2.3.1 Heating Tape

A heating vape iz a flexible heating element encased in a glass fibre insy-
lating sheath and is the most common method of heating used in rigs of
this gize. The tapo is wrapped sround the srea to be heated, The area’s
temperature 1s measured using a J type thermocouple and controlled by
varying the power oulput of the heating tape. The power control is per-
formed by pulse width modulation {PWM} of the Lieating tape’s power
supply.
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The obvious problem with this method is that current passing through
the tape would produce an electric field which due to 1ts proximity to the
enils would interfere with the signal induced in the coils by the sample.
With verv careful winding of the tape around the reactor it should be
posgible to reduee the field to almost zero by symmetrically winding the
tape up and down the reactor but this would never be perfect and may
require many winding atfempts to achieve suceess. A related problem
is the introduction of ferromagnetic material which would interfere with
the sigmal from the catalvst {see Sec. 6.2 for further details). Since
the heating tape would likely be ferromagnetic this would pose a serious
problemn,

A further problem iz that the entire reactor may need to be insulated
with ¢lass wool in order to prevent heat loss: Thiz is a problem due
to the small amount of space available between the poles of the magnet
{described further in See. 6.2},

Advantages of this method are that the full range of temperatures {up to
425°C) can be reached and that a very even temperature profile in the
reactor can be achieved.

2.3.2 01l Heating

Using hot oil to heat the reactor was considered because it does not
produce any electric fields near the coils. It does however require complex
physical design in order to heat the reactor without introducing large
amounts of magnetic material near the sample which would interfere with
the signal from the sample. The design also makes the reactor bulky and
heavy since there is additional metal needed to pass the oil around the
reactor, the oil itself, and the pipes supplying the oil to the reactor.

Unlike the previous method, the oil can only heat to approximately 3002C
which means that an additional external heater would be required in
order to reach the higher temperatures required for pre-treatment steps
of the catalyst. This makes the reaction sequences more complex since
the reactor would have to be moved in and out of this external heater

during a reaction.

Although this method of heatiny was implemented it was superseded by
the next method,
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2.3.3 Infra Bed Heating

This method uses {wo infra red heaters placed on either side of the reactor
and outside the poles of the magnet so as to minimise the field that they
experience. The field produced by the current in the heating elements
is minimised by ensuring they are ag far from the coils as possible. The
heating elements are able to rapidly heat the reactor to well above 425°C,

Canling is alse rapid due to the lack of insulation on the reactor.

Disadvantages of this system are that the mounting of the heaters is
difficult due to the lack of space. Also, because of the nature of the
hearing it is necessary to shicld the coils in order to reduce the direct
heat that they would be exposed to. The temperature profile produced
in the reactor by this method is not very good but could he improved
by using longer heaters or Liv enclosing the reactor and the heaters to
prevent air movement, The effect of the IR heaters on the signal from
the coils is discussed in Sec. 6.4.2,

2.4 DMass Flow Controllers

The mass flow controllers (MEC's) are clectrically operated valves used
to control and measure the flow of gas. On this dg Brooks Instoumuents
MFEC's were uged. F'he name MFC is derived from the method used to
measute the How of the gas throvgh the instrument. There are three
possible ways of communicaring / confrolling the mass flow controllers,
via analop sigpals to each controller, individual senial commumeation
with cach vcontrollor or with the aid of a power supply provided by the

manufacturers.

Using analop signals sent to and read from each individual controller.
although simple, requires one analog input and one analog cutpuf for
cach MFC, Having {our MFC’s wounld therefore require four inputs and
four outputs. Since analog /0 ports are expensive and sinee this methnd
may have complications involving noise, signal conditioning, {he actual
control of the MFC’s and alse providing the MFC's with power, it was
decided not to use this method.

Commumnicating with the conirollers directly via the compufer's serial
ports is & possibility but would only be viable using the RUS-485 standard
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since this would only require onc serial port. RS-232 requires a dedicated
port for each communication channel and so would not be viable since
the serial patts available on the computer are needed for other purposes.
An additional scrial card could be iustalled in the computer but since
this method would involve the development of drvers which would take
a significant amonnt of time, and require information regardmg the com-
munication specifications of the MFC’s which 8 not readily available,

this method was used.

Using a power supply unit (BC 154) purchased from the MFC manu-
facturer to communicate with the MFC's provides the computer with
control over all four MFC’s via a single communication channel to the
power supply., The drivers needed to perform this communication were
provided with the unit, Since the power supply tmit provides stand alone
control of the MFC's, redundancy is also introduced in the system which
protects against A failure of the computer or sofrware. The commumnica-
tion with, and the control of the MFC's i3 described in Sec. 3.5.8.

2.5 Hardware Diagrams

The following diagrams show how the hardware i3 arranged and the con-
nections between the computer and the hardware,

Fig. 2.2 shows the hardware thart is used 10 allow the computer to control
the five different temperature zones, The power to each heating element
is controlled by solid stave relays (SSR) which are switched on and off by
a digital signal from the computer. Each S5R also has a switch to allow
the operator to manually switch off the power to that 3SR, The purposs
of these awitches i3 to avoid accidental heating during maintenance or
other similar siruations.

The computer uses 4 National Instruments PCI-6024E DAQ (data acqui-
sition) card which features 16 channels of analeg input, two channels of
analog outpit, a 68-pin connector and eight lines of digital [/O. This card
petforms all the analog input and cutput required by the software, The
control of the S5R’s is performed by the counter outputs of a National
Instruments 6602 device, The 660x devices are timing and digital 1/0
boards for use with the PCI bus in PC-compatible computers, or PXI or
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compactPCT chassiz, The 6601 devices offer four 32-bis counver channels
anc up to 32 lnes of individually confipurable, TTL/CMQO8-compatible
digital 1;0. The 6602 devices offer Lhis capability plus four additional
32-bit commter channels.;
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Figure 2.2; Temperaturs control hardware,

The tunction of the polling circuit iz 1o operate the safety relay, The
compiter sends out a periodic palse 1o indicate that i i sull operating
correetly. If the polling civenit stops receiviug thiz pulse it switches the
safety relay off thereby culling power ta Lthe 88R's and preverding any

Topeeifications taken for the manaals of Chi vospective TIAD cards.
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further heating fromn vaking place. Ouce wripped. this relay has to he

mamally teser by an operator.

Fig. 2.3 shows how the varions deviees that are communicated with via
the compurer's serial ports are connected. COM ports 3, 4 and & are

provided by a National Instruments Serial add-on hoard.
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g
COM“—V 2y

N L

i[COM 4 pa— HPLC b _MAINS

VCOM 5 [ Janp 3 220V, 50Hz

i —{ T rr— - 7 -
COM 1 |+ :

Water bath [-ss-s-msnna- j

3 ’HASE

Y
Mgt 220V, 50Hy |

MFC  Mass low contraller

Figure 2.3; Serial connnunication connections

Additional imases of the rig can be found 10 Appendix C.
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Rig Software Design

The first 90 percent of the code accounts for the first 90 percont of the
development time... The remaining 10 percent of the code accounts for
the ather 90 percent of the development time.

- Tom Carmpill
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3.1 Overview

This chapter deals with the design and implementation of the conirel
and monitoring software for the reactor tig. The main emphasis is on
the underlying structure of the sofiware and on the design methods used
1o implement it.

3.2 Specifications
The responsibilities / specifications of the software are as follows:

% to provide a praphical user interface that displays relevant, resl
time information regarding the state of the rig.

% allow control of all aspects of the system via the same interface.

% the interface should be easy to use and not require any special

training to operate.

% implement safety features that include alarms and automatic shut-

down under hazardous conditions.

% provide data-logging of important variables to allow trending and

activity recording.

< the software should be designed to be efficient and stable to allow
for long running periods.

3.3 Design Approach

Spiral model

By usiug the spiral mode! [32] as the desicn method where successive
versions of a module / function [ interface are improved by assessing the
previols version it was possible to start the project with very hittle knowl-
edge of the final svstem and the capabilities of LabYiew. This approach
allowed the capabilities of LabView and LabView design technique to be
learned concurrently to the development of the software and also for the
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detailed specifications of the system to develop along with the software
without creating the need for large modifications in the software.

Bottom up design

By approaching the design fromn the bottom up, that is implementing
the Iow level functionality such as analog input before higher level such
a3 PID control, the core functionality of the software (e.g. tempera-
tare control) could be implemented and refined without knowledge or
implementation of the higher level svetems (e.g. module communica-
tion). This worked well in conjunetion with the spiral mode] allowing
the svstetn specifications to develop as the understanding of the system

grew.
Code reunse

Az much as possible, code was designed in & manner that allowed and
encouraged code reuse, This was achieved by making commonly used
functionality available throughout the software in global functions. Tem-
plates were also nsed to implement common striuctures which could then
be added to and enstomized on a per module / function basis eliminating
the need to write the same or similar code multiple times.

Ohject orientated

The hardware drivers were designed in an object orientated fashion as it
provides a useful madel for data shanng between functions and since it
allows multiple ohjects {sets of the same hardware) to be usad simulta-
neonsly without causing clashes the in name-space.

Modular

Designing the svatern as a set of separate modules allows much flexibility
in the final design since modules can be added and removed without
the need for major changes to the system as a whole. Furthermore, by
mapping the physical system to the sofgware, the code is arranged in a
logical fashion and is easy to understand and maintain.
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Figure 3.1: System overview

3.4 System Level Design

3.4.1 Overview

Fig. 3.1 depicts the hasic design of the system. The main application is
started by a dedicared function whose purpose is to initialize all the re-
quired services and to launch the modnles and dasmons. The modules are
responsible for the core functionality of the software (e.g. remperature
control) while the daemons maintain the intermodule communication and
other gervices required by the application. Modules communicate with
each other and with the dacmons inside the application environment
while commmumication outside the application environment is performed
either by a dedicated module or on a per module basis. For instance,
the DAQ) communication is handled by the analog in and counter out
modules while serial commmnications it performed by each modnle that
requires it such as the cold bath module.

3.4.2 Module Communication and Data Transfer

A number of different methods for intercommunication between the mod-
ules are possible. Each have advantages and disadvautages and are sujted
o different types of communication.
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Figure 3.2: Communication via globul variables

Glohal variables

Fig. 3.2 illustrates how communication may be achieved by using global
variables, Method A uses a separate global variable for each commum-
cation channcl and also for cach distinet vanable to be translercd. Each
channel passes data in a single direction only. Method A is oot a good
method for general module communication but works well for data trans-
for channels where the reading rate is higher than the writing rate and
where old data can be discarded.

Method B iz a better use of global variables. A single module writes data
to the variable which is then read hw multiple other modules., Apgain,
this methed is not suited to high data rates and does not preserve old
data. Method B is well suited for situations where one module needs to
comununicate a single piece of information with all other modules. An
exsmple of this is the epplication run level. A single module controls the
value of the run level while all other modules rely on the rin level to
ensure 4 consistent running state throttghout the application.

Both methed A and B rely on polling of the global variables to sce if the
data has changed.

Functional globals

In LabView it is possible to implement global variables by creating what
13 called a funchional global. This is cssentially a global function whosc
data persists over multiple calls. Funetional globals allow the implemen-
tation of a form of global variable which has functipnality beyond that
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of a normal global. For instance, by placing all the funcrion’s code inside
a case structure and making one of the funetions inputs a case selector
the global can perform nnlimited functions on its data. The most basic
use of this is to create a global that has read and write modes as shown
in Fig. A.1l. When the mode is read it simply passes the data to its
output. When the mode 18 wrife the function overwrites its stored data
with the data on its imput. Obviously much more complex functionality
can be achieved by having more modes and by adding additional code
to each case, Fur the write mode in the above exmnple code could be
added to compare the data in the variable with the dara to be written
and only update the differences or create a time-stamp that is updared
at the same time as the data.

Fig. A1 on page 105 shows how this is implemented in the eode using a
while loop with an uninitialized shift register to hold the data and a case
structure to provide the different maodes.

MMossare quciucs

Modile A | Modulc B |

Queue
Phada |

Chucue £
Iata 14

(hieue £
Data 2 4

Qucue £
Thtat 2}

| Madnle A
0

Figure 3.3: Communication via message queues

Clueues can be adapted to suit almost any twpe of communicavion. They
provide the underlying strycture to transfer data, they do not overwrite
old data, although can be made to by limiring the size of the queus,
they provide error information and they do not require polling since they
contain a means of notification on arrival of new data.

Fig. 3.3 shows how gueue's may be used to communicate between two
madules. Each module has a dedicated queue from which it expects to
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receive cominands. Since guens’s are accessible globally by usmg their
unigue reference it is possible for any module to access the queue of any
other module and hence commuuicate with that module. Fig. 3.4a illus-
trates how a quene i3 created and ita reference stored in a global variable
along with its name to provide ensy pecess the queue references throngh-
out the application. Modules can then access the gueue by retrieving its
reference from the global variable, using the gueue name to select the
correct reference, and then obtain the queus with the reference as show
in Fig. 3.4b.
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(b)) Queue nse within a medule.

Figure 3.4: Implementation of quese handling

When quene’s ere created they can be configured to use any data type,
by creating a cluster of different data elements it i3 possible to transfer
multiple data elements of multiple different types. For communication
between modules it was decided to use the data~type shown in Fig. 3.5,
Within the cluster are a string and a variant '. The string contains a
commatd or instruction for the receiving module to execute while the
variant may contain any data that i3 required to perform that conunand.
This is also shown in Fig. 3.5 where the string command is passed to

'A varant contains Qatlened dats of any type.
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the selector of a case structure. That case contaius the code to convert
the variant to its correct date-type and to perform the function that is

associated with that command.

Chueue data clusier

Command =
it Lase Scelector (Case Structyre §
. Conversion =
Diata f Case specific
raml T to cofredct : :
{varianty | } _ functionality
data 1vpe B

Figure 3.5 Quene data type and possible use

Centralised database

[ Xt
BUgUIsiLio

Mouly

Muodule AL | Module H: hModule O

B B 7

plcrerin, ek i

Figure 3.6; Databasc communication

The nge of a centralised database has benefits for data transfer where
data rates are not too lugh and where the data needs to be logged for
aceess at later times. A good example of this would be slow temperature
mobitoring and control. Tn this case a particular teruperature would be
read tsing a DAC) which would write the data to the database amd notify
any modules depending on the data that new data had become available.
These modules would then query the database to retrieve the data. This
ig illustrated in Fig. 3.6.
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3.4.3 Core Fuuctions

Thete are a numbet of core functions that are required by the system.
These provide a means for retrieving quene references, pnshing data onta
the queus’s, maintaining connections to gueunes, storing and retrieving
application scttings, ete,

The system has one daemon that is responsible for maintaining the queus
connections, This i8 achieved be keeping an open connection to all the
queues in use. This dasman is the first process started by the startup
procedure and is the last process to cnd. It is also responsible for any
cleanup or other tasks that are required when the application shuts down.

Queus manager

Fig. 3.4 shows how the gqueues are created and subsequently accessed.
This funetionality is provided by the finctional global® that stores the
queise references. This functional global has the following modes:

4+ no-op - performs no operation but can be nsed to obtain the cluster
of named gueue references. It iz also used when the function is
called for the first time in order to initialize the guenes and store

their references,

4 destrey - when the application is shutdown it is necessary to destray
the quenes. This mode performs this function.

€ send -> module name - each quene has a mode of this format i.e.
‘gsend -> module A’', 'send -> module B'. These mades are usad
to send a command to ancther module. The functional global is
called with the send mode for the receiving module and passed
the command and associated data which are then pushed onto the
quene correct for that module by the global.

Fig. 3.7 shows the stoucture of the queue manager which can be coded
as shown in Fig, A2 on page 106.

Zsee Sec. 3.4.2, Functional globals,
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Figure 3.7: Queue manager strizcture.
Applicalion scitings

The application settings are stored in a .INI ¥ file which is read at startup
and written 1o whenever seltings are changed. The funetion that man-
ages the seliings 18 also afanctional global that reads the INI file on first
call and stores the setlings in a cluster that i8 then accessible whenever
the function is called. When settings are changed they are written to the
functionial global which in turn writes them Lo the JINI file.

3.4.4  Alarms, Evernis and Dala Logoing

National Iustruments provide an add-on madule for LabView called the
“data-logging and supervisory control” (DSC) module. This module
gives one access 1o logging, event, and alarm funclionalilty. Using Lhe
DSC module a set of tags are defined which represent process variables,
each with associated properties {alarm levels, data type, logging settings
ete. ).

Pronounced dof-in-ee Gile, a file thal has a INI extension and containg configura-
tion information stored in sections thal contain keys.
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Iata-logging

The databsase stores the value of these tags as a vrend over time, The user
then has the ability 1o retrieve the current value of a tag or to retreve
its trend over a certuin petind of time, In this application the Analog In
module (Ser. 3.5.2) collects data and sends it to the DSC module. At
the same time it sends out a notification that there is new data available,
The modnles that rely on this data can then guery the database for the
new data, An illustration of thisg is shown in Fig. 3.6.

Each module also periodically npdates a graph on its frony panel that
shows a trend of the variable(s) that concern thar module.

Alarms

Alarms are also handled by the DSC module. Each tag has a set of
alarm conditions. When an alarm 6ceurs (the tag valne sarisfies its alarm
conditions) the DSC module notifies all inetions that are waiting for an
alarm causing them to retrieve the information about the alarm (type,
value ete]. Each alarm is processed by the module associated with that
tag howevet the Data Overview module (Sec. 3.5.9) provides access to
information all the alarms and also provides the ability to acknowledge
alarms. Alarms are also stored in the database as part of the tag data.

Possible alarms are HI HI, HI, LO), LO LO and Bad Status. Other alarm
properfies are alarm priority, dead-band, and alarm message. Alarins
can also be configured to anto acknowledge or to require user acknowl-
edgement.,

3.5 Module Design

3.5.1 Overview

Each module is baged on the same underlying design. Generally it is only
the speafic funciionalivy that 18 different,

The madunle code is divided ina two sections, code that processes user
interface events and code that performs the modnle tunetionality, This
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is achieved by having two separate execcution lnops. The reason for this
separation is that it provides greater flexibility and better user inter-
face responsiveness. The loops communicate by means of the module’s
message queue (Sec. 3.4.2] as shown in Fig. 4.8,

User interface event loop ﬁ.pp]lL:llannnp
“Load Profile”

: : Cilobal I
Button pressed /& : queue | |
/I nad Profi [E/ : / Lozd Profi lf/

Load Profilc
case exocited

Fizure 3.8: Module overview

User interface event loop

The user interface event loop contains a single event structure to catch the
events generated by the user’s interaction with the imterface. This event
structure is similar to a case structure In that tt executes a particular
portion of code depending on the events that ocour. Fig, 3.9 shows the
basic functionality of the event loop and Fig. A3 on page 106 shows
a simplified version of the code implementation for the interface event
loop with the event corresponding to a change in the reactor set point
selected.

The loop waits for an event, if one occurs before a specified timeout period
then the cvent is processed {code assigned to that event s exeented). I a
timeout oceurs then the loop executes default code. This code checks the
gtatus of the module’s gqueue amd also the run level. If the gquene status
iz OK and the run level iz egqual to 1 then it returns to the beginning,
ntherwise it ends. Fig. 3.9 shows this process.
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Figure 3.9: User interface event loop fow diapram

Application loop

The application loop containg all the cade that provides the module with
its external functionality. The loop has a command gueue (not to be
confused with the module message queue) that stores a list of commands
still to be executed and a case strycture which separates the code into
hasic functions mcluding a defanlt case to execute when the command
quele 1s empty,

Fiz, 3.10 shows the basic functionality of the application loop. If the
command quene is empty, the default code is executed which queries the
madule’s message guene for a new command. If the gqueue returns an
error, the error handling case is executed, ntherwise if a thneout accurs
before a command i8 received then a default command is executed. If a
cominand i8 recelved that matehes one of the high level command cases
then it is expanded into a set of low level comrnands which are then placed
in the command gueue, otherwise it is just placed in the command gueue.

This structure enables complex commands and comnmand sequences to
be performed whilst miaintaining simple and readable code. Fiz, AB
shows a simplified version of the application loop code with the defaudt
case selected.

3.5.2 Analog Input and Counter Output

These two modules communicate with the hardware data acquisition
(DAQ) card. The Analog Iu {Al) module reads in data such as the
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Figure 3.10: Application leop flow diagram

voltage produced by the temperature probes. The Counler Out (CQO)
module writes data Lo the DAG, specifically il eontrols the state and
duly cyele of Lthe eounters Lhat switceh Lhe heating clements on and off.
Ii 15 also responsible for generating the polling signal which prevents the
hardware from tripping out (See. 2.5).

Both of their user interfaces display the raw data that iz read or written
and buttons that allow the user 1o reset or Lo step the module. In general
operation, the user interface is not displayed, only under debug conditions
ia it accessible.

In addition to the user interface event loop and the application loops de-
seribed in the previous section, the Al and CO modules have a dedicated
loop to perform the 1/0. The reason for this is that the I/O loop needs
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to execute without interruption. These I1/0 loops are given a higher pri-
ority to ensure this. Figs. A5 on page 108 and A6 on page 109 show
simplified code for these 1/0 loops,

The Al module also processes the data that i receives by performing
some smoothing and filtering to reduce noize. Once data has been read
and processed, she module writes it to the DSC database (Sec, 3.4.4)
and gends A command to all other modules that depend on the data to
mform them that there is new data available.

The CO module reads the duty cycles for each of ils cutputs from ded-
icated global variabies which it then writes to the outputs of the DAQ).
The duty cyeles are update once every second.

3.5.3 System Overview

The system overview madule is the central interface module. It does
not perform any external functionality but provides access to all other
module interfares and displays the rip flow diagram with all the tain
variables giving the user an overall view of the stare of the rig. This
module also monitors the global alarm status informing the user of any
current or unacknowledaed alarms,

From this dmterface, the user may load other module interfaces by using
the mouge to chick on the portion of the flow diapram associated with
that module. Fig. 3.11 shows the interface for the System Overview
modile. The buttons on the bottom bar provide access to those maoduies
not directly linked to vhe flow diagram, namely the VSM module {Sec. 7)
and the Data Overview module {Sec. 3.5.9). The labeled and highlighted
areas on vhe flow diagram {eg. H2, Feed ete) act as buttons that provide
the user with access to the other modules. Fig. 5.12 shows how the user
interface of the whole system is structured.

3.59.4  General Temperature Control

Four out of the five temperatute controllers do not require any advanced
funcrionality. These ate TIC's 1, 2, 4, 5 on Fig. 2.1, Each of these
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Figure 3.11: System overview interface

MFC | | MFC2

Figure 3.12: Interface lnyout
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modules perform basic PID control on their process variable. Their in-
terfaces display the instantancous tomperature 85 well as a trend of the
temperalure cver time. The user has direct access to the PID parameters
which may be changed manually or by using an auto-tuning algorithm,
The user may also enable or digable heating of that particular zone

These modules are cgnipped with antomatic shutdown if an alarm ac-
curs m the zone that they control. These modules do not provide any
temperature profiling capability. Fig. 3.13 shows a soreen shot of the
imterface for these temperature control modules. Fig. A7 on page 110

shows the code vsed to perforimn the PID control.

Figure 3.13: (eneral temperature control interface

3.5.5 Advanced Temperature Control

The reactor temperature is controlled by this module. It provides all
the functionality deacribed in the previous section whilst adding fune-
tionality that allows the nser to use temperature profiles to contraol the
temperature of the reactor. The manner in which it handles alarms is
alzo more advanced. Furthermore the user is prevented from heating the
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reactor until certain safety criteria have been met, namely thav the water
bath is on and 15 wirthin an acceptable temperature range. The reason
for this is to prevent the reacror heating from damaging the VEM coilst.
Fig. 3.14 shows a screen shot of the Beacror temperature control module
interface. This interface is reached by using the mouse to click on the

reactor temperatire indicator on the interface of the System Overview
module (Fig. 3.11).

Fig‘l_tre':'].lii: Reactor temperature control interface

The Start and Sfop buttons on the user interface eontral whether ar not
the module is active {ic. temperature control is taking place).

Temperature profiles specify the way in which the temperature should
vary ovet time. The user 1s able to create profiles by using the profile
editor® which is launched by pressing the Run Edifor button on the user
interface. Once a profile has been created the user ean load it into the
temperature control modide using the Load Profile button. The profile
is displayed on a graph indicator which also shows the current position
of the profile. When the user starts a profile, the first pont is sct to

Yene Sec. 6.8.3 for information on the eofls,
fmep Bec, 3.4.1
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the current value of the reactor temperature and all the other points arc
adjusted to ensure the slopes of all the scctions are maintained.

When a profile completes, the temperature set-point is left at the last
value of the profile. The user may stop a profile at any time in which
case the set-point is left at the current value of the profile.

Fig. A8 on page 111 shows a slightly simplified version of the code re-
sponsible for performing the advanced PID contral,

3.5.6  Water Bath

Az the pame suggests, the watar bath module commumnicates with and
controls the water bath. The purpose of the water bath is to provide
cooling for the VSM coils (sce Bee. 6.3.3). The particular bath used
for this ig is a Lauda Ecoling series bath with an RE 307 thermostat®,
Communication between the bath and the software is achieved via the
R5-232 protocol and drivers for the bath were provided by the bath
manufacturer. Fig. A9 on page 112 shows the portion of code used to
update the water bath,

The uscr interface for this todule shows the current bath temperature
and settings and allows the user to change the set-poinr and settings that
the drivers provide access to, Initially the interface had a tabbed layour
in order to provide space for all the setting controls and to keep the
interface nneluttered. The first tab displaying the set-point, internal and
external temperatures and bath status while the sccond tab contained
the controls and indicators for the advanced settings. Later the sceond
tab was removed since the sottings contained in it are very rarely altered.

The alarmus associated with this moditde monitor the status of the bath
and trigger if thete is an crror or if the bath temperature cxeecds the
specified limits. These alarms are monitored by the reactor modnle which
will shutdown if they are triggered {as mentioned in the previous seetion).
Fig, 3.15 shows a screen shot of the Water Bath moditde interface,

*The data sheet can be found on the atiached CD or from http:/ /www. laada.de,
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Figure 3.15: Water Bath interface

3.5.7 HPLC Pump

This module is very smaﬂa.r to the previoss module. I commuunicates
via RS-232 with the HPLC (High performance liquid chromatography)
punp and provides the user with access to all the pumps seftings and
readings. Its interface is also tabbed to decrease clutter and emphasize
the main seftings and readings.

Drivers for the HPLC pump were designed to be object orientated and
their functionality was based on the communication specifications laid
out in the puunp manual. Fig. 3.16 shows a screen shot of the control tab
of the HPLC module interface. This tab contains only vhose controls and
indicators of most interest. The seitings tab contains additional controls
and indicators to provide aceess to the less seldom used functionality.
Note that in this screen shot the pump 8 switched off and hence the
controls and indicators are disabled. Figures A.10, A.11 and A.12 show
the HPLC functicns and an example of their use in the module,
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Figure 3.16: HPLC pump module interface

3.5.8 Mass Flow Controllers

The software provided with the BC 154 power supply’ opens a commi-
nication chanpel to the unit which other software on the computer can
then acoess using the DDE? interface. Although this may seem overly
complex, the low development and hardware cost made it the most viable
option.

The MFC module therefore communicates with this DDE software to
pravide the user with aceess to the MFC's. Although there is a sin-
gle module to communicate with all four MFC's, the user experiences a
separate pop-up interface for each MFC. This was done to simplify the
user's interaction and to make it more intuitive. Each pop-up interface
18 accessed by clicking an active area on the system overview interface
and shows the current set-point, How and valve state of that MEC, Fig.
3.17 shows a sereen shot of the MFC dialog that provides control over

Tef Sec. 2.4

SDynamic Dala Exchange, sn inlerprocess cotmumeation (IPCY) system built mto
the Macinvosh, Windows, and 0572 operating systeins. DDE enables two running
applications to share the same data. (hitp://www webopedia.com)
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the flow of byvdrogen. This dialog is [awiched when the user uses the
mouse o click on the hydrogen flow indicator on the System Overview
imterfaca,

P M- W Chi
e e

Figure 3.17: MFC control dialog

3.5.9 Data Overview

The purpose of Lthiz module is Lo provide the user with access Lo all
the data simultaneously in the form of trends and as a ceniral location
for alarm acknowledgemens. - The interface eontains a frend graph on
which any combinafion of variables may be shown giving the user an

opportunity o view relationships between the variables.

Fig. 3.18 shows both of the tabs of the data overview imterface. The
options tab allow the user to select which process variables 1o appear as
trends on the Trend graph. The Dafa tab shows the Trend praph and
also a table listing all the currenily aclive or un-acknowledged alarms.
Allowing the display of mulliple variables on the same graph gives the
user the opportuniny o view relationships between the variables.

Alarms may be acknowledged and commented by using the mouse to
right-click on the appropriate row of the table and seleciing an action
from Lhe menu thas appears.
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{a) Data tah

[ b Opslicus Lals

Figure 3.13: Data overview interface
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3.6 Additional Software

3.6.1 Temperalure Profile Ediior

The temperature profile editor is a separate application that can be called
from the reactor control module. Itz purpose iz to allow the user to easily
create, edit and save temperature profiles which can then be loaded into
the reactor control module and used to control the temperature.

Temperatire profiles are stored as an array of clusters of two cletnents,
a time-stamp and a temiperatire. The tmue-stamp is meastred from
the start of the profile and the temperature value is the temperature at
which the syvstem should be at its associated time-stamp. An exanmple
of a temperature profile is shown in Table 3.1, Thig profile asgumes the
initial temperature to he 30° . Afver 60 s the temperature should be
35° C and should remain there for 10 minutes hefore cooling hack down
to 30° C in a further 60 s.

| Point 1 | Point 2 | Peint 3 | Point 4
Time (s) 0 60 660 | 720
Temperature (°C) 30 35 35 30

Table 3.1: Temperature profile example

This format for the temperature profile suits the algorithm that executes
it but requires considerable effort on the part of the user to create. The
profile editor therefore allows the user 1o enter the profile as a set of
romps and dwells. A ramp 18 a portion of the profile between which
the temperature is chaneing linearly from one temperature to ancother
and is specificd by a ramp refe and a finel femperature. A dwell is
a portion where the temperature is constant and is defined by a dwell
fime. Considering the same profile as shown in the ecxample, the rampe

and dwells would be as follows:

< BRamp from current temp to 33* C at 5 C/min,
«» Dwell for 10 muntites.

< Ramp from current temp to 30° C at 52 C/min.
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Note that none of the steps have an initial temperature defined. This
means that each step gets ifs indfial temperature from the step before. For
the first step, the mitial temperature is sct fo the current femperature of
the svatem which eliminates the need to wait for the svstem to reach the
mitial temperature of the profile, These ramps and dwells are converted
to an array of fime and temwperature clusters when the prolile 13 saved.

Additional functionality of the application includes:

% Display a graph of the profile.

4 Allow the nser to add new steps at the front, back or anywhere in
the middle of the current profile.

% Allow the uscr fo edit each step without the need to delete it and

add a new one.

'
2 hppeardstel Lyaed

1 izt Ebia

Figure 3.19: Temperature Profile Editor user interface

Fig. 3.19 shows the user interface for the Temperature Profile Editor,
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Results

“If email had been around before the telephone was invented, people
would have said, "Hey, forget email! With this new telephone invention
I can actually talk to people!”

- The Ezecutive Speechuwiter Newsletfer
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4,1 Temperature Control Performance

CHAPTER 4. RESULTS

Fig. 4.1 shows the performance of the reactor temperature controller in
response to a step iuput from 50°C to 230°C. The controller exhibits a

zero degree overshoot and once settled maintains the femperature within
{.5°C as shown by the magnified exraph (dotted curve with axds on nght).
Thiz performance iz dictated by the specific tuning parameters chosen for

the controller.
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TFizure 4.1: Reactor temperature control

Although the performance of the other temperature controllers is not
shown they did meet the specifications, that is they were able to heat up

to 300°C with a stability of 4+-5°C.

4.2 Secrial Communication

The computer communicates via RS-232 with the water bath, the HPLC
pump and the MIFC's. Software drivers were written for the water bath
and HPLL pump. These drivers enabled the respective module to com-
muiiicate with and countrol the devices. Imitially some problems were
experienced with the drivers for the HPLC pump whereby the some of
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the settings on the pump were reset each tine the BPLC module was

starved.

As stated in Sec, 3.5.8, the control of the MFC’s was performed by send-
ing cominands to a software application provided by the manufacturer.
Although this system worked well initially it was later discovered that
when this software i3 left running for extended periods of time {mmore than
a few hours) the application ceases to funetion, Since the MFC's need to
be controlled over much longer perinds of time and since control of the
MF('s requires only occasional user input it was decided to manually
control the MFCs,
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Chapter 5

VSM Background

------

I do not feel obliged to believe that the same God who has endowed ns
with sense, reason, and intellect has intended us to forego their use.

- Gulileo Galiled
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5.1 Basic Concept

The vibrating sample magnetometer (VSM] is a well established instru-
ment for measuring the magnetic propertics of materials or more specifi-
cally for measuring the hystercsis eurves of materials. In 1959 Foner [14]
published a paper giving A detailed description of the design and oper-
ating characteristies of a vibrating sample magnetometer. His paper has
heen the starting point for the design of many VSM's since.

The principal behind vibrating sample magnetometers 18 Faraday's law
which states that an EMF iz induced in a conductor by a time varyving
magnetic field. Inm ¥VSM's, o sample iz moved with respect to station-
ary pickup coils {(which is theoretically identical to the movement of the
coilg relative to the sample). The signal induced in the pickup coils is
time dependant and can be measured by appropriate electronics, If it
iz assumed that the coils are stationary and that applied ficld iz time
independent and uniform over the range of motion of the sample, then
we can say that EMF induced in the coilg is due only to the changing
flux produced by the moving sample.

Based on thege assumptions it 18 possible work backward from the in-
duced EMF to get information such as the field produced by the sample
and therefore its magnetisation for a specific external field.

It should be noted here that in the past VEM's have only been used to
measure exfernal samples ie, samples that are not part of a reaction at
the time of meastrement, The significance of this is that tins iz the first
tn-situ VSM measurcment systetn.

5.2 Common Design Features

All VEM's hawe three evimon features, & means of vibrating the sample
under consideration in a stable, penodic manner, a set of stationary
detection coils and an electronic system that allows the measurement of
the signal induced in the detection coils, Some of the methods used to
implement these features are deseribed in the following sections.
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5.2.1 Vibrating Mechanisms

In order to induee a current in the pickup eoll a relative motion between
the sample and the coil is required. Various different means of producing
this motion as well ag the characteristics of the motion have been used in
the pust. Desired characteristics of the vibrating mechanistu are that it
moves Ulie sample ina stable manner and that this motion is reproducible.

Sone of the more common methods are listed below.

4 Flanders & Dayle (1962) [12], Johansson & Niclsen (1976) [21] and
Hoon & Willcock {1988) [20] describe motor and crank arrange-

merts

4 Drake & Hartland (1973) [11], Hoon (1983)[15] and Niazi et al
(2000} [27] employ various types electromagnetic vibrators most of
which are similar in design to a 'loudspeaker’.

< Other techniques include using piezoelectric or pneumatic devices.

Hoon & Willeock point out that whilst inherently simple and mechani-
cally quiet 'londspeaker’ type designs need to be carefully stabilized and
are proue to amplitude and frequency drift in the long-term. The trans
ducer also needs to be able to dissipate relatively large amounts of power
to provide sufficient displaceinent or to move sample arrangements of
reasonable mass. Motor and crank designs are more eomplex mechan-
ically but very simple electronically and provide oscillations of stable
amplitude and frequency over long periods of time and can sustain high
inertial loads.

5.2.2 Degcction Coil Systems

The purpose of the coils iz to detect the presenee of the time varying mag-
netic field produced by the moving sample. Apart from Fonet’s paper
[14] which touches briefly on various coil systems, but docs not present
any analyses of them, there have been a mmber of papers published on
the topic of coil design. Most notably, a sinple design method based
on reciprocity was presented by Mallinson in 1956 [25). In his paper
Mallinson discusses an optimal coil configuration “where four wlentical
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N-turp enils are used, thos increasing the cutput, and .. providing in-

sensitivity to magnet or external field variations.” He also deseribes a

transverse geometry which is used by Hoon & Willcock {198%) [20],

In 1976 Guy [18] elaborates on Mallinson’s design in a letter written in
response to a paper by Brage and Sechra (1978) [5] who offer a complex
analysis of the EMF induced in VSM coil systems,

Bowden (1972} [4] writes abour coil design with specific reference to
those “mounted on conventional iron cored magnets”. He also presents
experimental result showing a very broad saddle point for one of the
arrangemments he discusses,

Other papers include a detailed discussion of the general theory of de-
tection coil systems given by Pacyna (1982) [25] which is taken further
by Pacyna & Rucbenbauer (1984) [30], Ausserlechtier <f af (1994) [2]
presents a theoretical disenssion of pickup systems based on magnetic
multi-pole cxpansions.

5.2.3 Electronic Systems

In Foner's original paper [14). he describes an electronic systemn whose
functions are:

“(1} to permit accurate calibration of the signal output
obtaincd from the detection coils, (2} to produce a convenient
de output signal which 18 directly related to the input and
which can be recorded (3} to provide sufficient amplification
for high senzitivity operation.”

Many different electronic systems can be desiened to perform these fune-
tions and will vary greatly depending on the physical design of the system.
The commion features in most gystems are:

4 vibration control / generation
Mechanical vibration {motor ete.) s usually accomplished by using
ail inverter or de motor drive while other systenis use an amphiied
gignal from a signal generator to drive a speaker type arrangement.
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< synchronization between the vibration and the signal generated in
the pickup coils
Not all systems require this but those that do use lock-in-amplifiers,
phase lock Inops or differential amplifiers and phase shifters. The
purpose of this atep is to isolate the signal of interest and improve
the signal to noize ratio.

# sigual amplification and display / recording
In general the signal produced by the coils needs to be amplified
in order to get it to a reasonable level for measurement or display.
The dizplay / recording of the signal can be performed by a variety
of different componenis from oscilloscopes and X Y recorders [14]

to micracomputers {20].
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VSM Hardware Design

When a train goes throngh a tnnnel and it gefs dark, von don't
throwawsay the ticket and jump off. You sit still and trust the engineer.

- Corrte Ten Bowm
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This chapter will discuss the physical aspecis of the design of this VSM
system including an overview of the coil design by Krylov[22], a simula-
tiom of the expected signal and the electronic systems used.

6.1 Features and Specifications

The particular features desired for this vibrating sample magnetometer
are somewhat different compared to the requirements for a general pur-
puse ¥VSM due to the specific nature of the experiments fo be performed
and the data that they require. Some of the specifications for the system
are listed helow,

% The coil arrangement should optimise space usage to allow for the
minimum magnet pole gap and hence maximum field strength be-
tween the poles.

4+ The external magnetic field must be able to vary continuonsly be-
tween -2 T and +2 T to allow for magneiic saturation of typical
catalyst samples.

< The coil design should maximise the sensitivity of the pickup cails
whilst minimisitg any effects of sample offset.

% The electronic systems should amplify the signal to bnprove data
acquisition performance.

# The electronic systems should provide filtering to improve the signal
quality.

¢ The mechanism used to move the sample should minimise distur-
bances on the sample caused bv excess vibration.

# The systern should provide a cooling mechanism for vhe coils to
ensure thev remain at a constant, low temperature,
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6.2 Constraints

Space

The constraints on the physical aspects of the system are mainly related
to space. In order to enable the field to reach +-2 T it iz necessary to
have a pole gap of less than 48mm. The mapgnet used in this instroment is
a Bruker B-FE25Y. This magnet produces a maximum field of 2.15T with
tapered pole caps and an air gap of 40mm. The magnet is powered by a
Bruker BTSFES BIF 1 200/60C5 power supply which has a single output
channel rated at +-200V, +60A, 12ZKW with a load resistance of 3.3
ohm. The ficld i3 measured by a Projekt Elektronik Digital Teslameter
FM 3000". Photographs of the maguet are included in Appendix B.

Since the envite coil and reactor arrangement needs to be between the
poles of the magnet this requirement places a scrious constraint on the
coil design®. A further space constraint stems from the requirement sta-
ting that the coils need to be in a homogeneons field. The magnet used
in this systemn has a cireular pole face of diameter 140 mon. Fig, 6.1
shows the homogeneity of the magnetic field between the magnet poles
moving radially outward from the center of the pole face. The graph
shows that, for a feld variation of less than 1 %, the sample must remain
within a circle of radiusg 45 mm and centered at the pole center. This
means that the pickup coils must be desipned to ensure that the sample
remaius within this region (marked as shaded cirele on Fig. ).

Ferromagnetic Material

Az deseribed in the previous chapter (Sec.5.1) it is assumed that the sig-
1al produced in the coils is solely due to the magnetization of rhe sample.
It is therefore necessary to ensure that the amount of forromagnetic ma-
terial other than the sample that will generate a signal in the ¢oils duting
a measurement 18 kept to a mimitoum. 1t 18 possible to reduce these effects
by calibration but this is not the desired situation.

Uhe specifications for the magnet are included m Adobe PDFE format on the CD
aceompanying thiz thesis,

“I'he design of the reactor i= beyond the seope of thiz docyment however heating
aspects of it are diseussed in Sce. 2.3,
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Figure 6.1: Varation of mapnetic Held over pole face. Field set to maxi-
mum for a paole gap of 50 mm.
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Figure 6.2: Maght pole face showing dimensions and srea of umform
field,

Temperature

The high temperatures required by the reactiom imtroduces another con-
straint since the wire used to constrouct the eoils has a maximom operat-
ing temperature of 26000 shove which the wire's cnamel conting melts,
It is therefore necossary for thie temperature of the eoils to remain Lo,

In arder to achieve this some cooling must be provided for the calls.
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6.3 [PPhysical Design

This section looks at the physical aspects of the VSM desipn, namely
the design of the pickup voil system, the coil cooling and the method
for moving the sample. Results from a simulation of the expected signal
induced in the coils is also included.

G.3.1 Cunil design, Construction and Simulation
Design

The coil design was done by I, Krylov {22] from the University of the
Western Cape. His design produces a similar resnlts to Mallinson’s [25]
design although hig process is slightly different. He approaches the design
by analvsing the flux through a single turn coil due to a magnetic dipole
placed a distance 2 away from the plane of the coil and whose axis runs
through Lhe center of {he coil as shown i Fig, 6.3,

Figure 6.3: Dipole flux through single turn coil

Having produced an expression for the the fux through the coil his next
step i9 to assume a density of turns 6 and to calenlate the flux for a coil
of inner radius By and outer radius K. For the range of values of By
anil 7, that arc practical in this case, based on the constraints stated
above, he shows that the single turn approximation is very good and van
be tsed for further calvulations.

Using thiz approximation he numerically calculates the flux throngh the
coil when the dipole has been shifted from the x-axis {which passes
through the coil center) by a distance . This calculation represents
a single frame in the motion of the dipole. The calculation is performed
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for the ecase where the distance berween the dipole and the plane of the
coil is equal, x = K. Fig. 6.4 shows this relationship.

Flix [jia]

Fignre 6.4: Flux vs Nisplacement

From Fig. 6.4 it can be seen that the maximum flux change oceurs
when he dipole is displaced by a distanee £ 72 2.4, Thus for maximum
sensitivity the dipole shonld oscillave aboul the center of Lthe cotl with a

maximnun displacement equal to 2. 4R,

He then goes on fo discuss Lhe advantages of using mltiple coils. First
he places a second coil in the same plane as the first with the centers
of the two coils separated by & distance 2.4R (see Fig, 6.6 for coneept).
With the eoils connected in series, the movement of a dipole vertically
past Lhe coils canges the total flux being linked by the two coils to be as
shown in Fig, 6.5. Notice that from peak to trough, the flux variation is
double thar of a single coil.

Figure 6.5: Flux throngh rwo coils connected in series
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Figure 6.6: Final coil arrangerment and wiring.

Finally, by adding another two eoils oppusite the first 1wo, as shown
in Fig. 6.6, he describes a compensating arrangement very siuilar to
Mallinson'’s [25]. This arrangement reduces the effect of variations in
the external fleld and also improves the usability of the instrument by
removing the need ro exacily position the sample berween the two sets of
coils since the sum of the perpendicular distances to each set of opposing
coilg will always be equal.

Kryluv chionses the final dimensions of the coils as shown in Fig. 6.7.

Conpsiruclion

The woil bobbins were manufactured out of aluminium by the depart-
ment's mechanical workshop to the apecifications shows it Fig., 6.7 above.
Teo meet the design specifications of 10 000 turns per coil, 0.06 mm enam-
aled copper wire was used ag the winding. In order to wind coils of such
high turns and with such fine wire it was necessary to design and coti-
struct a coil winder.

The cotl winder consisted of & DC meator fivted with an attachment to
allow the coil bobbins to be fixed 1o the motor axle, a hardware interface
to allow the speed of the motor to be controlled by the computer and a
system to generate a pulse for every full rotation of the motor. Initially
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Fioure 6.7; Coil dimensions

a stepper motor was used to guide the wire onto the eoil however the
stepper motor was not able to move in fine enough steps to produce
smooth windings. To replace this the wire wes guided manually. In
order to prevent the wire from snapping the wire reel was mounted on
bears to allow it to rotate freely. Finally a software system was written
to control the speed of the motor and to count the number of turns. The
aoftware varies the speed of the motor in the following manner:

1. From standstill slowly accelerate the motor (to prevent the wire
from shapping) to full speed (25Hz).

2. After 5600 turns slowly decelerate the motor to 2 Hz.

3. Remain at 2 Hz nutil 7000 turns aud then stop.

A number of trial attempts were required to achieve find the best se-
quence. As step 3 states, the coils were only wound np to 7000 turns.
The reason for this is that due to poor uniformity n the windings (cansed
by manual guidance of the wire) the volume taken up by the windings
exceeded the volume caleulated in the coil design. This did not cause
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ahy problems however since the only effect was to reduee the sensitiviey
of the svstem.

The number of turns was counted using an opanue disk that contained
a single notch. This disk was attached to the axle of the motor and also
placed so as to interrupt the infra-red beam of an infra-red emitter /
receiver pair. Thus during a rotation the beam would be be broken until
the notch in the disk allowed the beam to reach the receiver generating
a pulse which is fed to the digital input of the computer.

To provide s more robust means of connecting the coils to the rest of
the measurement svstem a 10 e piece of 0.5 mm wire was soldered onto
cach end of the coil windings, The solder joints were glued onto the
coil to ensure that no additional tension was put on the fine wire of the

windings.

Images of the coil winder and the coils are shown in Appendix .

Simulation

M pt
(1] Dirmeniions (b} Ceil wiring

Figure 6.8: Simulation arrangement

Based on the design discussed in the previous section and by evaluating
some of the mathemartical expressions given by Krylov it was possible to
mumerically simulate the signal that conld be expeacted from the pickup
coils. The purpose of the simulation was vo invesrigate the effect of
various different dimensions on the final shape of the signal. Fig. 6.8
shows the arrangement for the simulation. As in the above section we
use the case where r = R. AR 18 the separation of the two coils. The
displacement of the dipole {¥) is measured from the center of the left hand
coil and its units are the same as that of the coil radius {2}, The starting
and end position of the dipole can also be varied o allow investigarion
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of other cffects of the sample movement. It is assumed that the dipole
moves sinugoidally from its start to end point and back again. The signal
18 calculated as follows:

dF dy dF

— N L= V 0.1

dy dt dt (-1
By multiplving appropriately scaled and shifted functions of %1 flux vy
displacement {[Fig. 6.4) and %, the velocity {assumed to be sinusoidal),
the shape of the signal produced by the coils can be calenlated.

Fiz. 6.9 shows the resulis of running the simulation for s different
geenarios,

< Fig. 6.9a 15 what one would expect for a system where Lthe spacing
between the coils is between 2R and 2.58 and the dipole moves

precisely between the coil centres.

4 In Fig 6.9b the dipole motion is of the same amplitude as before
but its center has been shifted causing an asymmetric signal.

< In Fig. 6.9c the moliow is again ceitered about the two coil centers
bzt the amplitude of the molion is greater than AR ie. the sample
moves past the coil centres.

4 In Fig. 6.9d the dipole moves between the centers of the coils but
the coil displacement has been increaszed to AR = 3£,

% Finally Figs. 6.9e & 6.9f show the combined effect of the above
acenarios. Notice the asymmetry in Fig. 6.9f caused by the offsel
motion, the individual offect of which i3 shown m Fie. 6.9h.

It should be noted that the effects of mutual inductance or coupling
between the colls was not investigated in either the design or simulation.

G6.3.2  Sample Movemoent

In order to induce a voltage in the coils relative motion between the coils
and the sample is required. Some of the documented methads used to
produce this motion arc described in See. 5.2.1,
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One of the specifications stated above was to provide a mechamism for
moving the sample that would minimize any forees on the sampls, The
reason for this is that the samples to be measured by this instrument
ate delicate in that large vibrations would change the physieal structure.
This means that the sample has to he moved smoothly which rules out
the option of having high frequency vibrations. As the sample will be
moving slowly and the induced signal iz proportional to the velocity i is
therefore necessary Lo ensure that the amplitude of movement gives the
lnrgest change in flux to increase the sensitivity of the instrument. In
the previous section it was siated that for the largest change in flux the
sample should move between the centers of coils separated by a distance
of appresamately 2.5 times the radius of the coils. For the dirmensions of
this system the ssrnple needs to move a total vertical distance of 37.5mrm.

The final design of Lhe syatemn used 1o provide this large motion is shown
in Fig. 6.10. The following poinis should be noted about the design:

4 The reactor clamp is made of alnminimn since it has a low mass
and hence requires less foree to be moved by the motor. Aluminium

iz alao non-magnetic.

& The fork design of the reactor clamp ensnres a minimum ameount of
aluminiom between Lhe poles of the magnet. Although aluminum is
not magnetie, large eddy currents are induced in it when it is moved
throngh a magnetic field. Not only does Lhis cause imnterference with
Lhe signal from Lhe sample bul il alao inereases the amount of work
needed to move the reactor®,

<4 The handle of the fork is fixed in place but can rotate vertically.

% The fork is oscillated vertically by means of an arm attached to a
rotating crank. The crank is rotated by a geared electric motor.

# The motion of the reactor is not completely vertical, but in fact
traces a small are of a circle centered at the pivot point. The cal-
eulated error in the sample motion due to this is approximately 1%
of the total vertical motion (ealeulated as the ratio of the horizonial
displacement to the vertical displacement, of the sample).

The induced current praduced in the conductor always flows in a divection such
that it opposes the change that is producing it {Lerz’s dam) and henee produces a
forees in the opposite direction to the motion of the arm.
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s+ The frequency of oscillation of the motor is 1375 rpm when powered
by a 50 Hz supply. When seared down by the 7.5:1 gear results
it the satuple arm oscillating at a maximum frequency of approx-
imately 3 Hz. By using an inverter the frequency of the motor’s
power supply and thersfors the frequency of the sample arm oscil-
Iations can be controlled. For this system it was decided that the
sarmple arm should oscillate at a fequency of 2 He,

% The amplitude of oscillations 35 37.0 mm which s the distance
between the centers of the pickup coils as shown in Fig, 6.7,

6.3.3 Coil Cooling

Due tn the close proxamity of the reactor heating it is neeessary to cool the
coils to ensure that they remain at a low temperature. This is achieved
by mounting the coils in an aluminum block through which cooled water
is pumped. In Fig. 6.11 the cooling block i3 [abeled while Fig. 6.12
shows the pipes that supply the cooled water to the block, The water is
cooled Ly a water bath which is described m Sce. 3.5.6.

6.4 Electronics

Fig. 6.13 shows the path of the signal Trom the coils to the compyter.
All signal carrying cable is coaxial cable with the shielding prounded.

6.4.1 Amplification

In order to provide the best possible signal to the data acquisition card
the signal is amplified and filtered before being zent to the computer.
The amplificatinn takes place in two stages, once hefore and onc after
the filter. The first amplifier stage amplifies the signal by a factor of 10
and the secoud stage by a factor of 2 making the overall amplificaiion
A x B = 20. This results in a signal whnse maximum varies between 0V
and 5V depending on the sample and feld strength. The amplification
is performed by twa Tektronics AM&02 differential amphifiers.
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6.4.2 Filtering

The raw signal recorded from the pickup coils is made up of three main
components. The component of interest is the signal induced in the cails
by the moving sample. The other two components are firstly 50Hz noise
caused by the reactor heating and by the current passing through the
magnet coild and secondly low [requency noise caused by the mapmet.
Although the 50Hz noise should not allect the signal from the sample,
since it is separated by frequency and fhe time domain recording is not
used directly for any calculations, it was decided to low pass filter the
signal prior to recording it. The reason for this is that the time domain
signal iz displayed on the user interface and may alse be used to as a
means to determine if the system is working corréetly {(by noting the
signal shape). The low frequency ncise produced by the magnet may
not be filtered out since it iz in the same frequency range as the signal
however this did not cause any problerns sinee the level of this noise is
low enough to ighore {Sec Sec. 8.3 for more details).

The filter i3 a combination of 530Hz notch filter and a 4th order low pass
filter. The low pass section of the filter has its 3dB point at 15Hz and
was degigiied to have Butterworth characteristics. The filter desipgn was
taken from [34]. Fig. 6.13 shows where the filter fits into the signal path
and Fig. 8.7 on page 96 contains actiral recordings showing the effect of
the low pass filter on an un-amplified signal. Fig. E.2 in the Appendix
shows the eireuit diagram of the filter.

6.4.3 Synchronization with Sample Movement

As a further attempt to improve the signal to noise ratio (SNR) the
acquisition of the signal was synchronized with the sample movement to
enahle fhe averaging of successive data captures. This method was later
discarded since the SNR was acceptable and taking mnltiple captures for

averaging increased the measurement time by too large a factor.

Note that without some synchronization or a reference signal it is only
possible to find the amplitude of the sample magnetization and not iis
direction since the direction information is taken from the phase of the
signal.
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In this system the samples to be tested are of known type and therefore
the direction of magnetization can be assumed,
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Chapter 7

VSM Software Design

Computer science is no more about computers than astronoiy is about
telescopes.

- E. W. Dukstra
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7.1 Overview

This chapter describes the desipn of the software that fornms part of the
vibrating sample maghetometer instrumentation system. Although this
software was integrated with the rig software to form a single application,
it is deseribed separately since its functionality is completely distinet from

the rig software,

In this chapter we start by looking at the software specifications and the
design process before moving into the actual design and implementation.
Since the controlling of the magnet 15 part of this software therse 18 &
section describing it. At the end of the chapter there are two short
sections each deseribing an additional application. These were written
i perform additional functions, namely edit the data recorded by this
software and provide a means of writing and error ehecking recipes.

7.2 Specification

The VSM software is responsible for performing magnetic measurements
on the sample using the hardware described i the previous chapter.
This means that at the most basic level it has to be able to conirol
the magnet and measure the voltage induced in the pick-up eoils by the
moving sample. Thiz would allow the user to plot the hysteresis curve of
a sample but wonld make it a very laborious task, It i3 therefore desirable
for the software to perform antomated measurements requiring as litile
user intervention as possible, The module should therefore be able to do
the following:

<4 Communicate with and control the magnet,
< Control the movemeit of the sample.
< Measure the voltage induced by the sample in the coils.

# GGeperate a single number indication of the sample magnetization
for a specific applied field based on the recorded signal.

4 Provide automatic and manual conirol of the measnrement proce-

dure.
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44+ Emnable the user to customise the automated measurement sequences.

# Reecord all relevant data o disk.

7.3 Design Process

In designing this application, the exact specifications were not well known
when developrient started. This made it impossible to perform a once
off system design. It was thus necessary to design fhe system from the
bottom up, implementing and testing each stage and slowly bulding the
full application as the system becanie better understood.

The lollowing ateps were taken in implerenting this application:

1. Develop and test drivers to cominunicate with the magnet,
The dtivers [or the magnet were built based on the instruction sef
laxd out in the mnagnet docummentafion.

2. Build an initial test application to give manual comtrol over all
aspects of the systern.
This initial application allowed the system to be experimented with
in order to get an understanding of how the gystem would work and
provide a platform from which to develop the next prototype.

3. Iieratively develop and test successive versions of the software, re-
fining it at each stage.
This iterative process of prototyping proved very successful in al-
lowing the understanding of how the system would eventually op-
erafe to develop along with the application, It also provided a good
platform from which te fest and improve the hardware svstems.

7.4 Sollware Lavoul

The VSM control niodule is designed in the same way as the modules
described in Sec. 3.5, Like the Analog In and Counter Out modules,
this module also contains three loops. One loop processes user interface
events, another provides the application level functionality and the third
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contains extertial functionality. Fig. 7.1 gives a graphical overview of
the VSM maodule showing the three different loops and some of the fune-
tionality that each performs as well as the communication channels that
exist between the loops.

4 Application loop P |

Interface event loop
A *Request data from user
*Handle errors

* Load recipes from disk

*Process user interface events

i e Initialize files for writing
Mceasurement ]l'.l'l'.l'[]' * Perform safety checks |
it I * Manage visibility and enabled state
) Cﬂnm:'l T of front pan¢] controls !
_Rg::'l;:'; {;;‘:lfﬂﬂ .."\:Pass ri::iipci to Measurement loop J&L
* Process daia and write to filc , '
. »Pass errors to application loap /J

Figure 7.1: VSM top level diagram

The communication between the loops is performed using message quene's
{zee Sec. 3.4.2 regarding message quene’s) which are consistent with the
rig software desion and made integration of the two applications very
simple.

Fig. 7.2 shows an example of how a task would occur in the software.
The functionality shown in both Fig. 7.2 and Fig. 7.1 is described further
o in this chapter.

7.5 MNagnet Control

As the specifications for this software state, the magnet should be con-
trolled from the software interface. Although the magnet may be op-
erated without the aid of a computer, the computer provides the user
with a single point of control and allows the automation of the measure-
ment process. The magnet is operated in fleld control mode {as opposed
to current confrol} and the field is measured by means of a hall probe
situated in the center of the pole face. Communication with the mag-
net 18 performed by using the HS-232 protocol via the computers serial
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Figure 7.2; ¥5M flow example

ports. The basic commands used to communicate with the magnet are
ag follows:

& Yct mode to field control / current control,
4 Set power on / off.
# Set feld / currenit set pomt.

% Read ficld / enrrent valne.

Advanced commands allow reading ol the magnet error locks and state
iuformation, programming cycles and clearing errors. Since no software
was provided with the magnet 1t was necessary to write & full set of
drivers based on the mformation i the magnet documentation.

Imitial testing of the magnet revealed the bult in control of the field to be
very poor producing large overshoots and oseillations. Sinee these oscilla-
tions produce subsidiary hysteresis' within the sample causing inaceurate
measurement of the overall hystaresis it is necessary to implement some
method of smaothing the control to ensure that the field, once increasing

does not decrease nntil it reaches the maximum field and visa-versa.

This was achieved by exponentizlly stepping the set point from the cur-
rent field to the desired field. The following code shows the algorithm
that performs this smoothing,

1This cifect is described in Brailsford's book Mrgnetic Maderinls (1960} |6].
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SP = Desired [/ final set point.

FIELD(n) = Intermediate step to get to SP.

FIELD{0)} = Tle initial field.

sharpness = Sharpness of curve, () < sharpness < 1. The
smaller the value of the sharpness, the smoother the trausi-

tion between the current field and the set point becomes and
the number of intermediate steps required increases.

# while the intermediate step iz hirther away from the set
point than 0.002 calculate the next set point as & fraction of
the difference between the current set point and the final set
point. Ensure that the minimmum step size is 0,002,

n—I0

WHILE (SP-FIELD{n) > 0.002) {

step = (sharpness)*{SP-FIELD(n)) # calcu-
late the magnitude of the next intermediate step.

IF {step >== (L.002) THEN # check that the
step is not less than (.002.

FIELD(n+1) = FIELD{n} + step #
caleulate the nexx set point by adding the
step to the previous set point.

ELSE
FIELD(n+1) — FIELD{1) + 0.002

n+4-—r

}

FIELD(n+1) — SP # et the last set point to the value of
the final set point.

The resuly of this algorithm is shown in Fig. 7.3 for various different
sharpness values where the initial field is set to zero (FIELD{{1)={]) ami
the desired set point is set to one (8P=1]. Notive that the step size is
limited to a mininum of 0.002. The reason for this is that 0.002 iz the
smallest change in set point that will produce a change in field.
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Figure 7.3: Field contral smoothing

This algorithm alone was not sufficient to prevent any oscillations sinee
the feld would obsviously oscillate about cach of the sub-set points. In
order to prevent this oscillation the magnet was not permitted to settle
at each intenmnediate point but instead, as the field reached the set point,
the set point was changed to the next set point. So the process i3 as
follows:

1. Set field to first sub set point.

2. As the figld reaches the sst point, and overshoots it, set field to
next sub-set point.

3. Bepeat step 2 until the final set point is reached.

Fig. 7.4 shows the final result of smoothing the field control compared
to the built in control.

7.6 Data Acqusition and Processing
The following data [/O is required by the VSM soltware:

1. Recording of the signal from the coil {snalog input).

2, Control of the motor used to oscillate the sample (analog out).
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Figure 7.4: Field control comparison, the effect of smoothing.

Unlike the rig modules which rely on dedicated DACG modules for their
data I/0, the VSM software preforma its own 1/0

The gignal from the picknp coils is recorded at a rate of 1024 samples per
gecand, Although the frequencies of interest in the signal are low, less
than 10 Hz, the resolution was kept high in order te be enable pinpeinting
of noise sources and also get good time data for documentation. In the
future the sample rate may be decreased to as low as 20 Hz {Nyquist rate}
without significant impact on the aceuracy of the results providing that
there are sufficient sauiples near the fundamental frequency to enable its

maguitude to he accurately calculated.

In order to improve the signal to noise ratio of the signal (the hoise
heing due to random noise at low frequencies) and to improve the actual
frequency resolution, 8 seconds of data are recorded for each data point.
This data is then windowed using a scaled hanning window and then zero
padded to further improve the frequency resclution. Fig. 7.5 shows the
windowed data and the effect that padding and windowiog has on the
power spectral density of the signal.

Onee the data has been windowed and padded, the power spectral density
(P’SD ) of the time data i3 caleulated. From this it is possible to obtain
an indication of the magnetization of the signal since the PSD shows the
power present in the signal at different frequencies. By assuming that
the signal of frequency ~2Hz is solely due to the sample, the power of the
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sigiial at that frogqueney is then a measure of the sample's magnetizacion.
This 15 the value that 15 used to plot the hvstoresis curve of the sample,
Clearly this graph is therelore not a true BH curve since this value is
uot the fetd generated by the sample. However, since the relatiouship
herween the field apd this value is linear, and since the actual field value
ig not required Loy this svatem, this graph is sufficient [the actual value
can be found Ly appropriately calibraling the system).

Fig. 7.6 shows a tvpical sequence of events for generating a gingle data
point includmg the displaying of data and writing data to disk.

7.7 Configurable Measurement Sequences

In order fo allow the pser to ron maltple differeut messurements on the

svalem and 1o bhe able to customise these measurements il was decided
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Figure 7.6: Typical recording seiquence

to develop a recipe svatem, This svstem divides « mcasurciment into
a set of dizerete steps which can be exceuted in any order. The user
combines these steps to forma a nieasnrement sequence that is then saved
as a recipe. When a recipe i loaded and activatod, the steps are exerted

oue after another.

Euch step in a recipe is made up of the step name and a list of areuments
for that step. The arguinents are enclosed in brackets at the end of the

atep natue and taoltiple scpuments are scparated by oa comma.

Valid steps and their argunents are as lollows:
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Bazic Steps

% Initialize()
Initializes the svstem, clearing any data from any previous measure-
menta and opens a file in which to store the data recorded during
this measurement.

4 Calibrute(’ * [ 'dug’ [ field’)
Calibrates the system in three possible ways. If no argument is
given this step performs a full calibration which involves a null
recording, from which any DC offset can be found, and finding the
maxitnum field possible, F,...% The dag argunent perfortus only
the mull recording ealibration and the field argument only performs
the maximum field calibration.

P SetField( field)
Scts the magpetic field to the value supplied by the argument in
Tesla (-Fluw < fleld < F,,.). Thig step usges the smooth ficld
algorithm described in Sec. 7.5.

4 SetMotor{ frequency)

The motor ig drven by an inverter that converts its 50Hz single
phase supply to a variable frequency three phase supply used to
power the meator which oscillates the reactor. Since the actual
speed {angular velocity) of the motor depends on the motor spec-
ihcations it was decided that the argument for this step should be
the frequeney of the inverter (0Hz < frequeney < 50Hz). The
gpeed of the motor may be derived as follows.

f

W= {motor speed at 50 Hz)

At the time of writing the tmotor on the system had a maximum
speed of 1375rpm {22.91 Hz) at 50Hz and a gear of ratio 7.5:1. This
means that the final frequency of oscillation of the sample is given
b

f 2201
TrefE — =
Fampue 50 7.5

*The maxitmun fleld varies depending on the pole gap. If one seis the Geld above
il8 maximum attainable walue, for a partieular pole gap, Lthe magnet attemps o
reach the desired field bal ends up generating an over current errar and shutting
down. Since thiz would ruin & messurernent it 19 desirable to avoid this by Bmiting
the maximum gettable field,
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The frequency of oscillation can therefore vary between 0 1z and
3 Hz.

Record{ x seconds )

This step records and processes x seconds of dara before writing
it vo disk. This process iz described in the previous section {Sec.
7.6).

Wait{ x seconds}

Waits & seconds before continuing to the next step. ¥ p<=0 this
step displays a dialog and wails for the user to acknowledge the
dialog, by clicking a button en it, befote conrinuing to the next

alep.

& End(]

This should be the last step in a recipe, 1t ensures thar the magnet
it shurdown and that the motor is off, cloges the file for writing and

writea a summary file of the measurement.

Advanced Steps

< Step{X Y. Z B)

This step is expanded into a setics of SetFreld and Record steps in
such a way that the field is stepped from X to ¥ (not inclusive) in
Z steps and B seconds of data are recorded ay each step.

Examnple Recipe

Toitializel)
Calibrate(dag)
SetMotor (400
Stezin,2,10,8)
ZetFielé{d)
Becordi(sy
SetMator{0)
End ()
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87

Afier initializing, calibrating and starting the motor, this recipe steps
the field from 0T to 1.8T in steps of 228 = 0.27 and records 8 seconds of
data after each step. Finally the field is zet to 2T and another 8 seconds

of data are recorded hefore ending the measurement.

Fig. 7.7 shows how a recipe should be structured.

Imittalise

Slart molor

Repeat for each
. i aits pomng i ihe TeCpe

Set
Field

Record

Record

daFa . __J_!

r

Process | Tp14]

Write to

disk Resel f

2

‘I Reset on error

Figure 7.7; Recipe flow

7.8 Interface Design

The main elements of this applications itterface as shown in Fig, 7.8 are:

4 a munber of graphs used to display recorded and processed data
{{labeled Time Data and Hysteresis Curve respectively on Fig. 7.8)
a= well as A graphical representation of the steps in the currently
loaded recipe (labeled Prafile).

< various buttons to control the application including the loading of
recipes, starting and aborting a recipe as well as manual control of
the wagnet, the motor and the recording of data.




= CHAPTER 7. VSM SOF1TWARE DESIGN

Figure 7.8; V5M module user interface

4 information on the current state of the application and also the
magnet.

% controls allowing the user to view and alter application settings.

In order to fit all these elements onto the interface the graphs showing
the PSD aud the Hysteresis curve were placed on top of each other with
a switch to toggle which one is vigible {in Fig. 7.8 the graph showing the
hysteresis curve is visible), A tab control was also added with three pages.
The first page shows the graphieal representation of the current recipe
and the controls for loading recipes and runming the recipe editor (the
active page in Fig. 7.8). The second tab ¢ontains the manual controls
and is only enabled when the application is idle (not Tunning a recipe).
The last tab containa the application settings.

7.9 FError Handling

Posmble errors generated by this application are:
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4 Application errors: errors that are generated by the application
ttzelf such as file read errors.

4 Magnet errors: errors generated by the magnet drivers in responsc
to an crror message received from the maghet.

p DAQ) errars: errors generated during data acquisition.

# Processing crrors: ctrors generated during the processiig of the

idata.

All these errors, except application errors are directly linked to the mea-
surement process and are generated in the measurement loop. All crrors
arc passed to the application loop which processes them accordingly.
Maost errors would oceur during a measurement and be the result of a
hardware problem. These errors would therefore mean that the current
measurement can no longer take place and that the measurement should

be aborted.,

In the case of such an error, the measurement is automatically aborted
and the user is notified via & pop up dialop. Fig. 7.7 shows that crrors
ate nnly processed at the end of each recipe step.

7.10 Additional Softwarc

T.10.1  Advanced VSLML Data Editor

The VSM data editor gives the use aceess to the recorded data and allows
them to explore the data in detall and edit the calenlated partions of the
data before exporting any portion of it to a spreadsheet file. The actual
time data can he viewed and exported but can not be edited by the user.
The PSD can he recalculated from the time data and the hysteresia curve
can be replotted using any combination of data points from the PST).

7.10.2 DMeasurement Recipe Editor

The recipe editor 15 a small application that can be launched from the
main VSM window, It provides an casy way for the user fo create, adit
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and save recipes. Sitice recipes arc stored as text files, any foxt oditar
could be nsed to perform these functions. The recipe editor however adds
the ability to parse recipes and to plot a graph of the steps in the recipe.
Advaneced steps® are expanded into their basic steps and the whole recipe
ig checked for errors.

Yoo Boe, 7T



Chapter 8

Results and Analysis

*The most exciting phrase to hear in science, the one that heralds new
discoveries, is not "Eurekal’ ('I found is!") but rather hmm... that's
funny...”’

- fsoor Asimon

91



2 CHAPTER 8 RESULTS AND ANALYSIS

8.1 Signal Analysis

Fig. 8.1 shows how the signal in the coils varies as the sample sample is
oscillated between thetn, By comparing the shape of this signal to the
signals siwmlated in section 6.3.1 it can be seen that the coils bhave been
placed too far apart ie. the distance between the coil centres is more
than the 37.5 wm calculated in the design {the conditinn shown in Fig,
6.9d). The sample’s oscillations are too large, overshooting the centers
of the coil cansing the effect shown in Fig. 6.9¢. [t may also be said
that the sample’s oscillations are slightly offsct causing a small amount
ol asvmmetry in the signal (Fig, 6.9b). Unfortupately since the system
is alteady operational this is not casy to correct but docs not have a large
impact on the results provided the svstem is properly calibrated.
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Figura 8.1: Recorded signal from the pickup eocils,

Fig. 8.1b shows the PSD of the reeorded signal. The signal at ap-
proximately 2 Hz is the signal that is of interest since it is the primary
hartionic of the signal. Its exact position in frequency is determined by
the frequency of oscillation of the sample which i in controlled by the
wiotor (see Sec. 6.3.2 - Sample Moverent).

8.2 Calibration

In order to calibrate the system a full hysteresis reading was perlormed on
three reference samples of powdered eobalt, each of different mass, placed
in the reactor as well as a reading with no sample present. Fig, 8.2 shows
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the full graphs from these readings. Theoretically there should be a linear
relationship between the mass of the sample and the magnetization.

hOLE

0in

LGS

Magnetisation [artkdirary scale]

LG o

—

015
-2

Figure 8.2; Mass calibration hystoresis curves

Fig. 8.3 shows the graphs obtained by extracting the saturation and
remnant magnetization from these graphs and plotting them against the
mags of the samples. The linear relationship between the mass and the
magnetization is quite clear and enables a sample of unknown mass to
be measured and its mass determined.

8.2.1 Temperalure Ellects

Using the rig and instrumentation described in this document, measure-
ments can be taken on heated samples. The effect of temperature on the
saturation and remuant magnetization of one reference sample 18 shown
in Fig. 8.4.

8.3 Noise

Major sourees of noise that interfere with the signal induced in the coils
include the infra~-red heating and the magnet. Both of these produce
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Figure 8.3: Saturation and remnance vs magoetization

large 50 Hz tuterference as well as some low freguency noise. The infra-
red heaters are pulsed with 30 Hz from the mains supply which causes
portions of the time domain signal to be corrupted. This is illustrated
in Fig. #.5. Notice that the IR bealing docs not interfere with the low
frequencies and hence does not wopact Lhe neasurements.

As well as large amounts of 50 Hz noise the magnet also produces some
nuise at low frequencies. This may be duoe to small changes in the magnet
current causerd by the magnet's control system, Fig. 5.6a shows how the
nuise varies as the ficld is increased. The first plot shows the noise at 50
Hz while the sccond shows the noise at 2 Hz. Fig. 8.6b shows the PSD
of the signal captured by the coils when the mugnetic field is at 04T and
there is no sample movement.

The high Irequency effects of both the magnet and the IR heating are
filtered out of the sigmal using Lhe filter desenibed in See. 6.4.1. Fig. 8.7
shows both the time domain and frequency domain plots of Lhe signal
recorded while a sample is being oscillated between the coils and the field
is set to 0.47T field. There is no heating during these captures aud the
amuplification has also been removed since the amplifiers also have some
filtering buill 1. The signal i Fig. 8.7a & ¢ i3 unfiltered wlile that in
Fig, 8.7k & d 1= filtered.
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Figure 8.7: The effect of low pass fillering an uti-amplified sipnal.

8.4 Measurcment Errors

Dr. M. Claeys preformed a simple ervor analysis {for ihe messurements
taken from two different catalyst samples, The firsi sample coutained
189 mg of metallic Cobalt and the seconds sample 75mg, Ten identical,

congecutive measiurements were taken of each sample and the ervor cul-
culated as a percentage of the mean. Fig. 8.8 shows the graphs of the
crrer al different field values. There are two graphs for each sample since
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the ficld is varjed from -2 T to =2 T and then back to -2 T. The fimst
graph shows the error as the ficld is increasing and the second shows the
grror for a derreasing field.
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{a) 78 mg Cohalt sample

Error {%]

Figld [11
(b} 19 mp Cobalt sample

Figure B.8; Hysteresia crror analysis

It is mfereslitg o note some similatity between the graphs of the two
samples. It would appear that the crror is larger when the field is de-
creasing. The reason for this 13 not koown but it has been suggested that

the magnet may require sorwe time to ‘settle’,

Overall a very small error was obtained showing the high degree of re-

producibility of the mensurements.






Chapter 9

Conclusions

......

“A good scientist is a person with original ideas. A good engineer 15 a
person who makes a design that works with as few original ideas as
possible”

- Freeman Dyson

g9
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CHAPTER 9. CONCLUSIONS

A unique usce ol a vibrating sample magnetometer has heen

developoed.

Az stated previously, this is the first use of a VSM to perform
in-sith measurements. The VM systom proved to be well suited
to take measurements of this kind since no direct contact with the
sample is required. This systein will provide an additional measire-
ment tool for the University of Cape Town Catalysizs Rescarch Unit
and allow them to perlorm new rescarch that was not previously

possible,

A software system providing a single point of control for
the reactor rig and the VSM instrument was snecessfully

developed.

The product of thiz masters is a complete system which at the thae
of writing had been in use for two months without the need for ma-
jor modifications or additions. The gysten1 allows the operator to
control the rig and perform customizable VS measurements.

The choice of LabView as the development langnage for
the system as well as its future use has been justified.

LabView provided the necessary tools to enable rapid and flexi-
ble development af the system including interface design and man-
agement of the computer hardware. The main advantages of Lab-
View in this case are that it provides ready to use toolkits enabling
rapld development without the need for custom tools. LabView
also decreases the amount of programming overhead Ly autamati-
cally handling multiple threads, error eatehing ete.



Chapter 10

Recommendations for Future

Work

Alhough it was concluded thaet Lhe system is complete there are some

imuprovements and additions that may be made.

1. Perform additional characterization of the svsiem.

Iv may prove useful W the furure lo have a more detailed sct of
dara on Lthe performance and specific characleristics of this system,
In pariicular, calibration using a standard technique would provide
information Lo enable the comparison of Lhis sysiem with other

gvstems.

2. Provide network access 1o the system.

Currently the only way to access the gystem over the nevwork is
to use some virtual network compusing (VNC) software such as
Windows remote desktop or TightVNC!. Although such software
provides remnote access to the software the option of developing a
application specifically designed to provide remote access 1o the
syéter_n should be considered,

3. Measurement scheduling.

Enabling the user to schedule V5M measurements would be a very

'"Tight¥NC: VNC-Based Free Remnte Contral Solution

101
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good addition to the software. Currently the operator must start
all measurements manually which makes for additional offort on the
part of the operator, particularly if measurements need to be taken
during the might. Three possible methods exist for developing such

a feature.

{a) The first oprion is w development of a separate tool that runs
concurrently to the ewrremt software and passes commands
to the VSM module. Such a tool would allow the user vo
schedule a measurement and then pass commands to load and
execute the measurement to the VSM module via the module's

niessage quelle.

{(b) Secondly, the VSM module itself could me modified to include
the scheduling functionality. The design of the modules de
seribed in Sec. 3.5 allows easy addition of functionality to the
module. The modification would involve adding another page
to the already existing tab structurs on the module interface
and adding the neeessary functionality within new command
cases to the application loap.

{¢) This method is similat to the previous method in that the
functionality of the schedule exeeution 18 added to the V8M
module however the ¢reation and maintenance of the schedule
iz moved to a separate application, This application would
allow the uger to create new schedules aud view and modify
existing schedules. These schedules wonld then be saved tn
a file which is read by the VSM module. In this way the
VSM interface is separated from the schedule inverface, Some
indication may be included on the VSM interface as to the
status of any schedules lnaded.

1. Additional hardware redundancy.

In an effort to improve safety and also minimize down time re-
lated to computer malfunetion it is reeommended that additional
hardware be added to the system so that i the case of a computer
or software failure the system may s6ill be run mamally, This hard-
ware would mainly consist of temperature controllers which would
have the primary responsibility for temperature control, The ad-
divion of these controllers would require some adjusiment to the
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software as the software would no longer be performing the control
but simply communicating with the hardware consrollers.

. Computer control of the MFC’s

The computer control of the MFC was abolished due to the un-
stable nature of the Brooks Instruments MFC commmunication soft-
ware. In the event of a new version of the MFC control software
(produced by Brooks Instrumenys) becoming available, rhis func-
tiomality should be re-visited and if possible incorporated into the

system,






Appendix A

Softwarce Source Code

Due to the graphical nature of the source eode for the seftware deseribed
in this decument it is not practical to include the [ull code. Therefore
these code diagrams show only specific portions of the code and in most
cases have been slishtly modifted 1o for them to make sensc ag stand-
alone code. The full code is included on the CD accommpanying this
documens and may be viewed using LabView {an evaluation copy may
be downloaded from the National Instruments wehsite].

1. Uninitialized shift register used to store data over multiple funerion

calls,
2. Case structure containg code for cach function mode; read, write,

reqet.
3. Conditicnal statement of while loop wired to foree exat alter a single

iteration,
(See, 3.4.2 on page 23)

Fignre A.1: Functional global implementation
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106 APPENDIX A, SOFTWARE SOURCE CODIE

1
s

Mode selector: “no-op’, ‘destroy’, “Hend -> module’,

Un-imitialized shift register used to stare queus references.

. TF first eall. ereats queves and store relerences in eluster,

hode case structure,

“send -z maodule’ code: bundle data into cluster and push anto
relevant quene,

6. TRUE ronstant wired to loop condition forees single loop execntion
ner eall.

G LD —

(Sec. 3.4.3 on page 27)

Fignre A2 Simplified guewe manaver code

T T W B Tl

(1] "Reactor SP; Valy '-LLl =3l : .
005 Timeout : ;

23 Renkor 39 ‘@aiueﬂwaﬁgg

 [21Pm gans”: vaus Chonge

1. Interface timeont.
2. Event structurs.
3. Code exeented when event triggered.

fSec. 3.5.1 o pase 30)

Figure A3: Simplified muerface loop cade
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Conicezad .
Variant Dala il

O |

1. States to execute on starfup.

2. Shift register to pass dafa between states.

3. State shiff register, executed in sequence,

4. Case siructure contains all states.

5. Obfaitt queue.

. Dequeue next eletnent.

7. Pass command to state quete and data to data shift register,

(Sec. 3.5.1 on page 31)

Figure A.4; Simplified application loop code
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Analna 20 DEL,
MiCharn WSame
'=

o]

Tuwitialize channels,

TRead data.

Frocess dala,

Write data to datahase.

Inform other modnles of new data.

Exil loop on crror.

. Close channels on exis.

Note: Timed loop used to inerease control over loop timing and priorisy.

SRR

{Sec. 3.53.2 on page 31)

Fizure A 5: Simplified AL loop code



108

_;.Il

- RETER !:EL"J -

w Ty S
Courket Frag E E
WCkan 15amp

sy
s

=l

Tnitialize channels,
Start counters.
Read channcl doly eyeles,
Update duty cyle of cach counter.
l£xil on crror,
Close channels o cxit,
ote: Timed loop used to increase control over loop Lining and priority,

(Sec. 3.5.2 on page 41}

Figure A.6: Simplified CO loop code
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(n) PIL eode lor basie control.

atbohuring parameters

DULRUL Fange se———
process variable _r..._-' = buning compbstedr
PID qains i PID gains out
dt(s) Zf dt out {s)
reiinkog 2 (F) - oo’ |

{l] Commection punie for PID function,

1. Caleulale the PID ontypmt.

2. Convert the I'ID outpus to a duty cvele.

3. Update PID gains control after auto-tuning
4. Send the duty cvele to the CO maodnle.

{Sew. 3.5.4 on page 33)

Figure A.7: Basic PID eode
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om0 M A

. Filter the inconnng temp. signal.

. If a profile is active, update the set point based on the profile
. Calculate the PID output.

. Convert the PID ocutput te a dury cycle.

. Update PID gains control afier auto-tuning

. Send the duty cyele to the CO module.

{Sec. 3.5.5 on page 35)

Figure A.8: Simplified code for advanced temperature control

il
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L. If probw councetod, read sxterual temp,
2. Read bath temp.

3. Cheek bagh status,

4. Write bath wusp o database.

6. Write hath status to global variable.

(See. 3.5.6 on page 37)

Figure A.9: Water bath vcode portion
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&
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. ": Bl

3.4.5,6. Bead/write additional setfiugs froin/to pump.
7. Wiile prossuce sciliogs W pungp,
8. Change pump to cundstop mode,
3. Write flow get point to panp,
i0. Read pump flow and pressure.
11. Close cotnteclion to pump and destooy HPLC object,

{Sec. 3.5.7 on page 38)

Figure A0 HI'LC functions example nsage,
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Furrent pressure (P51

f.El Fault?

e \BTE]
5| B | ®
=0 B H e g S

et Flo PERD FF. e
P PO [ o O e

ki
M HPLC Flow

1 Write | Flowrate (bfmin

————————— — BB |

I. Write set point to pump.

2. Read flow rate.

3. Bead faull status.

4, Write status to global variable.

fSee. 3.5.7 on page 33)

Firure A.11: HPLC module cnde portion.

duplicate reference

Lhbject refr_em‘--.‘d[
0

] - JE— S -
£ i ! VISA resource name H'_'I 20
; e WISA resokte name [eeeey — 'l= 13 \ '
4 4
-‘ | B & J 3 i
: 18 B 1“[" :
: = p p B,
@ ~ e WY | — - 1.7
SRS SNUATRL SRR, G Y1 1T P Y LU T ELLAL UL, e AR LA ALY

. Obiain object data.

Check inpat range.

Format command to send to punip,

Write serial dats.d. Read response from pump.
Parse respobse based on eommand sent,
Update objeci data.

e e

(3ec. 3.5.7 on page 38)

Figure A.12: HPLC set fow function code.
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. Ohtain abject data.

. Cheek input ratiga,

Format command to send to pump.

Writa serial data.h. Read response [rom ptimp,
Parse reaponse based on command sent.
Update object dasa.

TR L

{Sec. 3.5.8 on page 39]

Fizure A l4; MFC methods.

R
B T o

% MFC channel 2
5 MFC channel 3

4

.':

L. Check DI} seagus (error check).
2. Read How for cach channel.
3. Write flows to database.

{See. 358 on page 39)

Figure A.14: MFC module code portion: read MFC's flow.
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16 APPENDIX A SOFTWARE SOURCE CODE

referesnce oo duplicata reference
Channe] - ’E_""" E Flaw %

arrar in fno emror) error auk

(2] YWrite setpoint method connection diagran,

G
LREERY & F 4 o o
i
-

I 3R Aoy

]
i'ﬁ

ih] Write seipoint method code,

Obtain ohject data.

. Belect data te usein this method.
. Formal data to wiile Lo DDE,

. Update Set Point array.

. [oke DDE data to location.

. Close DDE conversation if error.
. Update object data.

(Sec. 3.5.5 on page 39)

Figure A 15 MFPC method: write son point,

=
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Magnet Photographs
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Figure B.1: Bruker B-E25V magnet, front view.
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Figure 3.2: Bruker B-E25V magnei, oblique view.
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Figure B.4: Bruker B-E25V magnet showing the tapered poles, The pole
face diameter i= 15 em.
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Rig Photographs

Figwre C.1: Fromt view of the rig,

121
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Figure C.2: Side view of the rig.
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Figure C.3: TFrom top view of the rig showing the positioning of the
reactor in tThe center of the magnet.
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Figure C.4: Closc up of the reacter showing the coil cooling, coil connec-
tions, reactor and infra-red heating,



Figure C.5: The mass flow controllérs mounted on an alum niwm brackey
which i& attached to the magnet.

e [Data [0 box

MFC controller

Magnel power
supply

Figure C.6: The electronics for the rig are housed on top of the magnet
pawer supply.







Appendix D

Coil Winder Photographs

Power supply

hlﬂ“ﬂ' ") —p
drive |8 ;

Figure 1. 1: Top view ol canl winder.




128 APPENDIX D. COIL WINDER PHOTOGRAFHS

Figure D.2: Side view of coil winder.



M otor axle
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Figure D.3: Front view showmg the coil bobbin attached to the motor

axle.
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Figure .5 A wound coil in comparison ro a South African 50 ecat coin
and a cight pin dip chip.
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Figure D.6: Motor with notched disk attached to shaft.






Appendix E

Hardware Diagrams

Spezd set poirs from cormputer

g

-I§ RlII- Tl
O— i

Specd input

Figure E.1; Schematic of the circuit used to drive the motor from a set
point generated b the comupurer. Thes cirewir 1s part of the winder bult
tn wind the pirk-up coils.

L33
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At o s

[

(Bac. 6.4.2 on page 69)

Figure E.2: Filter schematic
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Fipure E.3 Power supply connecrions
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a) Praw the circull diagram for a phase shifl oscillatot with two outputs. The outputs are 1kHz sine
waves and mus! be at 90 degrees to each other. Show resisior values for the phase shift network as well
as for the feedback neiwork, Use capacilors of luF, 100nF, [0nF and 1nF for the phase shift network.

(4

g"f:n}-'{}raw the circuit diagram for a 10MHz vscillater which has an output frequency with a tolerance of
Tess than 0.1%, Output voltage is not critical, (3)

CQuestion & (100

The 1.M2574 switched made regulator bas the following suggested circuit diagram, taken from the
datasheet. The circuitry enclosed in the bold rectangle is intermal to the microchip, components oulside
the bold rectangle are added to form a complete regulator.
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a) Is this power supply galvanically isolated or not? Justify your answer, {2)

b} Modify the above circuit diggram {only the external components} showing how to double the outpii
voltage (2)

c] (Five three impoertant characleristics of the diode B (3)

d] What is the function of the components L1 and Cowt? (1)

¢) What advantage would be gained by increasing the switching frequency of the regulator? (1)

f) Wame one change that vou would make to the internal circuitry of this regulator to improve ils
efficiency (1)
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