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Executive summary

Summary

The McTronX Research group at the North-West University is currently conducting
research in the use of active magnetic bearings (AMBs) for a flywheel energy storage
system (FESS). Together with this, the aim of this project is to take the level of
control of such AMB systems to an industrial level. Instead of using a rapid prototype
dSPACE® controller, a single board computer (SBC) is proposed. Issues to be
addressed, includes: SBC overview, control system specifications, skills development
for SBC, implementation and evaluation.

All the digital and analogue input/output signal requirements for the FESS are
determined prior to specifying an SBC. Six different SBCs were compared and in the
end the SBC6713ell from Innovative Integration (Il) was chosen and sourced. The
SBC6713ell complies with all the requirements specified by the client.

Two interface boards were used to integrate the SBC with the FESS. The first board
contained all the protection circuitry to protect the controller from faults that could
occur on the sensor and actuator side of the FESS and is used to connect the
dSPACE® to the FESS without the SBC. After the hardware was integrated, the
software/firmware integration started. On the SBC, the PD control was implemented
for the AMBs as well as the voltage over frequency control for the PMSM. A graphical
user interface (GUI) was further developed on a host computer to monitor the FESS.

Four tests were done on the integration of the SBC with the FESS. Firstly the
performance of the controller with regard to the control algorithms was tested. The
stability and sensitivity analyses of the system followed and ended with the PMSM
start-up test. The control algorithm execution time was longer than expected and
adjustments to the sampling time had to be made. Stability tests showed a decrease
in bearing stiffness and damping, which was due to low pass filters on the analogue
to digital converter board. The sensitivity of the system also increased due to the
effect of the filters on the system.

The inconsistency in bearing damping and stiffness, obtained from the stability tests
was verified by adding the filters to the simulation. These filters caused an
attenuation of less than 1 dB, but resulted in a phase shift of -36.3° in the control
loop.

Industrial control was realised using an SBC, but further work is still necessary. The
areas identified for future work is: non linear control algorithms, low noise digital

power amplifiers, speed sensor and the PMSM drive.
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1

Chapter

Introduction

This chapter motivates the project and gives a brief description of active magnetic bearings
(AMBs). An introduction to the current and the proposed control system follows thereafter.
The issues to be addressed and the research methodology followed, is the discussed. The

thesis overview is finally given.

1.1 Background

The McTronX research group at the Potchefstroom campus of the North-West
University is currently busy conducting research on active magnetic bearings
(AMBs). These AMBs are used in high speed applications such as helium
blowers in industry. The level of industrial control of AMBs is therefore of great
importance for the realization of a helium blower system in industry. This
project is all about the realization of the control for high speed AMBs on an

industrial level.

1.1.1 Active magnetic bearings (AMBSs)

Active magnetic bearings (AMBs) are unique due to the fact that there is no
physical contact between the rotor and the bearing. AMBs are used to
suspend high-speed rotors to overcome the limitations posed by conventional
bearings. Very fast rotational speed up to the limit of material strength is
possible. There is no wear and no need for lubrication. The support dynamics
and rotor position are refined in the controller according to the specific needs
of each application [1].

Main application areas are [1] [2]:

e High vacuum

e Machining, machine tools

e Turbo compressors, -generators
e Cryogenics

e Clean rooms

e Electric drives

Single board computer and control of an AMB system
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Textile machinery

Energy storage

Vibration isolation

Applications in space and physics

AMBs have many uses, but to control them, a better understanding is
needed of their operation.

1.1.1.1 AMB operating principle

AMBs make use of the basic principle of an electromagnet. When an electric
current flows through a conductor, a magnetic field is imposed perpendicular
to the flow of current. The magnitude of the force acting on the rotor from a
single electromagnet is given by (1.1) [1]:

2

f:i—A (1.1)
0

p =M (1.2)
Xo

fis the electromagnetic force, u, the permeability of free space and A the
total area of effect between the two surfaces. B is the flux density in the air
gaps. In (1.2), N is the number of turns on the caoil, 7 the current and x, the
distance between the two surfaces. The larger the area of effect, the higher
the attracting force would be. For the electromagnet to retain its force acting
on the magnetic material as the distance x, increases, as shown in figure
1.1, the flux density should also be retained. To do this, the current should
be increased to produce a higher flux. The current should be proportional to
the square of the distance to keep the flux density the same. This is
because the current is directly proportional to the flux density, given by (1.2),
and the force is directly proportional to the square of the flux density, given

by (1.1).

SN

Flux

A=a_‘-—a_«. 1 gour .

Figure 1-1: Force illustration of an electromagnet [1], [3]
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The electromagnets are placed around the rotor to form a radial bearing as
well as perpendicular to a disc to form an axial bearing. By applying current
to the specific electromagnet, a force is generated, which will attract the
rotor. By actively controlling the currents in the electromagnets, the position
of the rotor can be controlled.

1.1.1.2 Components of an AMB

A complete AMB consists of 5 main components, as shown in figure 1-2:

e Sensor(s)

e Controller

e Power amplifiers(s)
e Electromagnet(s)

e Rotor

V Power Amplifier

Sensor /{ Foweer Amplifier |—>| Electromagnet

! Controller i | Fotor |
Sensor \ﬂ Poweer Amplifier |_.| Electromagnet

Figure 1-2: The 5 main components of an AMB [2]

The contact free sensors are used to detect the position of the rotor. Typical
sensors used, are eddy-current displacement sensors. These sensors make
use of high frequency alternating current that is applied to an air coil cast in
a housing [2]. A voltage proportional to the clearance between the coil and
the magnetic material (the rotor in this case) is generated by an eddy
current sensor with a bandwidth of 10 kHz.

The most critical components of the system are the controller and the power
amplifiers (PAs), because of the power requirements for frequencies from dc

Single board computer and control of an AMB system
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to the kHz range [1]. The controller can be further divided into 5

components:

e Analogue to digital converters (ADCs)
e Anti-aliasing filters

¢ Digital controller

e Low pass filters

¢ Digital to analogue converters (DACs)

These five components of the controller are shown in figure 1-3.

| aDC P+{Anti-aliasing filter

Digital
controller

/4{ Low pass filter |+| DAC |

|ADC |_..|Anti-a|iasing filter

\ﬁ Low paés filter |-..| D.ﬂ;C |

Figure 1-3: Components of the controller

The analogue signal from the sensor is converted to a digital value, filtered
to remove the high frequency components and processed by a digital
controller, which could either be a digital signal processor (DSP), central
processing unit (CPU) or a field programmable gate array (FPGA). A
combination of these can also be used to decrease response time. To avoid
the scaling problems during the experimental work, a floating point signal
processor is a good choice [1] [5]. A digital algorithm is then used to
calculate an output value. Most commonly used digital control algorithms
are the proportional plus derivative (PD) or proportional plus integral plus
derivative (PID) and sometimes the more complex linear quadratic (LQ) [2]
[4]. PD control is natural for AMBs. The proportional feedback manifests
itself simply as proportional to mechanical stiffness and the differential
feedback coefficient, as proportional to the mechanical damping. Stiffness to
static load change can be increased drastically by adding an integral term
[1]. The output value is then low-pass filtered and converted back to an

analogue reference.

The PAs use a voltage reference to control the electromagnets with a
current proportional to that voltage. Switch-mode PAs are used due to
improved efficiency when compared to analogue amplifiers.

Single board computer and control of an AMB system



Chapter 1

Introduction

1.1.2

Both the electromagnet and rotor are built up with laminated sheets to
reduce the eddy current losses which will result in higher operating
temperatures. Higher operating temperatures will affect the magnetic
properties of the electromagnet and rotor and in effect cause a lower
stiffness of the rotor.

For a single rotor to be suspended, two radial- and one axial bearing are
needed. This includes 4 electromagnets per radial bearing and 2
electromagnets per axial bearing. In the case of the contact free sensors,
one sensor is needed for each of the six mechanical degrees of freedom (x,
Yy, Z, 6, By, 67) to levitate a single piece of material. In the case of a rotor, a
rotation will occur in one of the axes (64 or 6y or 6;), which means that one
less sensor is needed [4]. Therefore 10 electromagnets, 10 PAs, 5 eddy-
current sensors, 1 controller with five control loops and 1 rotor are needed.
The controller should have at least 5 ADCs and 10 DACs. The basic bearing
layout is displayed in figure1-4.

Axial bearing

Radial bearing

Figure 1-4: A basic AMB with 2 radial- and 1 axial bearing

The basic operation and components of an AMB were discussed in
this section. Before a problem statement can be made regarding
industrial control, the current control system has to be reviewed.

Current control system

The current system makes use of a personal computer (PC) with an operating
system (OS), a stand-alone dSPACE® controller and MATLAB®. The

Single board computer and control of an AMB system
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dSPACE® controls the complete AMB system, while the PC is only used to
program the controller and display the stratus of the system. This is shown in
figure 1-5. In this configuration, each system would make use of a PC with a
dSPACE® controller. The cost of such a system is very high due to the fact
that this is a high-tech stand-alone development system. The dSPACE®
controller was perfect for the application at the start, but a more industrialised

1 t

] 1

i i E
] 1

! ' !

i dSPACE® |
; :

] ]

i :

i i

] I

DAC PID [« ADC |«
Electro-
I magnet

Figure 1-5: Current AMB system configuration

solution was needed.

PC MATLAB®
Simulink @

:
ControlDesk

The current dSPACE® controller costs roughly R 280 000. Together with the
PC and optical fibore communication between the PC and dSPACE® controller,
this would average about R 300 000 for hardware that is not on an industrial

level.

1.2 Problem statement

The purpose of this project is to take the level of control one step closer to
industrial system specifications. A complete stand-alone dSPACE® controller
will be replaced by a single board computer. This will mainly be developed for a
flywheel system.

A single board computer was proposed, which is a digital controller board with
certain input/outputs (I/O). It is mostly used and developed for industrial
applications.

The minimum SBC specifications are as follows:

¢ 10 DACs (220 kHz)
e 5ADCs (220 kHz)

Single board computer and control of an AMB system
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e Fitin a double euro enclosure (6U)
e Ability to use a GUI on a desktop PC to adjust values and give
commands to the SBC.

The proposed system consists of a PC with Visual Studio (VC8) and code
composer studio (CCS). This is only used to program the single board
computer (SBC) during the development phase. The PC can be disconnected
after programming or Visual Studio can be used to create a graphical user
interface (GUI) to adjust certain values and even to monitor the status of the
AMB.

The SBC consists of ADCs, DACs, a digital controller and an Ethernet port
used by the GUI. The configuration is shown in figure 1-6.

| i
I i
v PO b . ! g
i ‘-ﬂsu_al :d:ﬁ Sindle Board Computer ! :
| Studio | : !
I i
i i i i Rotor
! i
| ccs |1 | !
I i | |
I i H
i

; :
Bectro-
: ! magn

= A

Figure 1-6: Proposed AMB system configuration

This system depends totally on the code on the DSP and the SBC itself. If this
code is not well developed, a system failure can occur, causing AMB failure.

This system will be used to suspend the flywheel project of the McTronX
Research Group. The flywheel project is an energy storage system, which
makes use of a mechanical flywheel to store the energy. The momentum of the
flywheel is then used to generate the electricity during power failure.

Every project has issues of its own. To be able to complete this project, these
issues should be addressed. The following two sections will explain the issues
and the associated research methodology.

Single board computer and control of an AMB system
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1.3 Issues to be addressed

The high speed AMB used in the flywheel project has unique control issues.
The main issues with regard to the implementation of a high speed AMB on a
SBC are listed below.

1.3.1 Overview on SBCs

A better understanding of SBCs is necessary. This includes: technology used,
available modules, cost, industrial usage etc. The industrial standards, to
which these SBCs comply, are also very important.

1.3.2 Control system specifications

Before ordering a SBC, a more complete specification is needed. This should
include the technical specification of the analogue input/output, digital
input/output, processing power, communication, etc. This will be drawn up
and used to identify the SBC. A specification regarding the GUI and

communication aspect will be compiled as well.

1.3.3 Skills development for SBC

The specific SBC has its own architecture and programming software. This
software should be obtained and loaded on a PC. Skills have to be developed
so that it can be used to write and compile the code for the SBC.

1.3.4 Implementation/Integration

The SBC will initially be used to control an existing AMB model in the
laboratory. The control system will be tested and improved where necessary.
After completion of the test, the system will be integrated with the flywheel
project.

1.3.5 Evaluation

After implementation, the performance of the SBC will be evaluated and
compared to the results of the existing dSPACE® system. This includes the
stability tests on all 5 AMBs as well as a sensitivity analyses.

Single board computer and control of an AMB system
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1.4 Research methodology

The methodology used to address the issues mentioned in section 1.3, are
discussed in this section.

1.4.1 Overview on SBCs

Different SBCs will be considered. Each SBC will then be characterised in
terms of its cost, industrial application, processor(s) and its fulfilment to the
existing specifications.

1.4.2 Control system specifications

The SBCs that meet the terms of the existing specifications will then be fully
characterized in terms of performance, size, cost and availability. The extra
functionality will then be discussed with the client to decide which is best for
their application. After this, a more complete SBC specification can be drawn
up and used to choose a specific SBC. The industrial standards as well as the
tests done on the specific SBC will also be considered.

1.4.3 Skills development for SBC

Tutorials of the new programming language will be used as the introduction to
the new language. The help files will then be used for further clarification.
Online help and FAQ’s will be used as well, if necessary.

1.4.4 Implementation/Integration

In order to improve the control, the system will be implemented on the
existing flexible rotor AMB in the laboratory. The control algorithm will then be
improved by adjusting variables and modifying methods. When this process is
completed successfully, the SBC will be integrated with the new flywheel
project for standalone operation.

1.4.5 Evaluation

With the use of measurements, the current dSPACE® system will be
compared to the new SBC system. The measurements from the existing
flexible rotor AMB project controlled by dSPACE® will be compared to the
new measurements obtained from the SBC control method. The results of the
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stability and sensitivity analyses are used to objectively evaluate and

compare performance.

1.5 Thesis overview
The thesis constitutes of six chapters:

Chapter 2 contains the detailed literature study of all the aspects relevant to the
successful completion of this project. The information given in this chapter will
enable the designer to make an educated decision on aspects regarding the
specification of the SBC.

The system requirements and single board computer (SBC) specification is
done in the first part of chapter 3. The second section deals with the sourced
SBC model.

Now that the SBC model is known, the system integration can be done.
Chapter 4 includes the interface boards required to connect the SBC to the
flywheel energy storage system (FESS). Thereafter the firmware designs for
the SBC as well the software for the graphical user interface (GUI) on the PC,
is done.

Chapter 5 includes the system verification. It consists of four tests; firstly the
performance of the AMB control algorithm, secondly the stability tests, thirdly
the sensitivity analyses and lastly the control of the permanent magnet
synchronous machine. Some conclusions regarding the SBC, will also be
discussed here.

Finally, chapter 6 gives an overall conclusion on the control performance of the
SBC. This will be followed by some recommendations to improve this project
and future work to be done.

Appendix A presents information about physical communication medium types
e.g. fieldbus and profibus. This information is used to make a decision on a
communication medium for industrial use. A system specification for the single
board computer is added in Appendix A and Appendix C contains the firmware-
and software code as well as the information used in this project, presented on
a DVD, included in this thesis.

Single board computer and control of an AMB system
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Chapter 1 started off with background on AMBs, their operating principles and requirements.
It was followed by the current control system and a problem statement. The issues to be
addressed and the research methodology were also presented and lastly an overview of the

thesis was given.
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2

Chapter

Literature study

To be able to specify a single board computer for industrial applications, a better
understanding of industrial control architectures is needed. This chapter starts off with
industrial control architectures and then describes the main differences between industrial
and commercial applications. This is followed by the network and communication aspects
regarding industrial control. The term single board computer is then described and different
processors used in single board computers are discussed. Furthermore the control strategies
for active magnetic bearings, as well as the permanent magnet synchronous machine are

explained.

2.1 Industrial control architectures

Control can be seen as many different actions. Switching a light on or off is a
means of control. Three main components are needed for control to take place;
an operator, control system and a substation. This is shown in figure 2-1. In the
case of the light that is switched on or off; the light is the substation, the switch

is the control system and the human is the operator.

Operator

Information

Commands

Control Control | ... « | Control
system system system
Actuators Sensors ;
Sub- Sub- e « | Sub-
stations stations stations

Figure 2-1: Simple control system
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The control system can be a simple object like a switch or a more
complicated and intelligent controller, like a programmable logic controller
(PLC) or even a single board computer (SBC). The substation can also be a
small plant or a smaller part of a bigger plant. Different control architectures
exist between commercial and industrial applications. The main differences

will be discussed in the section that follows.

2.1.1 Commercial vs. industrial architectures

Commercial and industrial applications need control by means of a computer,
but due to the great difference in application, the controller requirements differ
significantly. These differences are the following:

e Commercial applications make use of non-real time applications whilst
industrial applications are highly focused on real time control. Waiting
3 to 4 seconds before an operation is executed, is unacceptable for

industrial control.

e Commercial applications usually make use of a visual display unit
only, (VDU) screen, keyboard, mouse and printer, while industrial
applications have added digital input and output signals as well as
analogue input and output signals, as shown in figure 2-2.

Screen

Keyboard ’

SR . —— | Computer

(a)
Digital inputs Digital outputs
From operator i U g i To operator
controls and . Combputer display and
plant sensors Analogue inputs p Analogue outputs plant actuators

(b)

Figure 2-2: Difference between commercial and industrial
applications a) Commercial computer, b) Industrial control

computer
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e The environmental conditions differ. Commercial applications normally
operate in a controlled environment while industrial controllers are
subjected to extreme temperature changes, high humidity as well as
dust and dirt. Industrial computers should therefore be more robust,
(mechanically and electrically) than commercial computers.

e Conventional commercial computers are connected by means of a
switched Ethernet connection and are mainly used for file and printer
sharing. Industrial control makes use of a hierarchical structure as
shown in figure 2-3. The computers at the top still make use of an
Ethernet connection, but the lower part of the hierarchy makes use of
a fieldbus. The top part of the hierarchy is mostly for data/information
transfer. The lower the level in the hierarchy, the higher the amount of

connections and control orientation.

Level 2
Company mainframes  LANs and WANs
_____________ e.g. Ethernet
Level 2
Supenvisory
computers
_____________ Propristary
Level 1 or fieldbus
PLCs and control
computers

My ———— - —  — Hardwire or

fieldbus

Figure 2-3: A simple communication hierarchy [18]

Before looking at the communication mediums, a better understanding of the
open systems interconnection (OSI) model is needed. This would give an
understanding of which procedure is needed to send data from one
application to another.

2.1.2 OSI model

The International Standards Organization (ISO) developed the OSI model
with reason. The main objectives of the (OSI) model are: [19]

e Allow manufacturers of different systems to interconnect their
equipment through standard interfaces.

e Allow software and hardware to integrate well and be portable on
differing systems.

e (Create a model which all the countries of the world use.

Single board computer and control of an AMB system
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The OSI model consists of seven layers. Each layer at the transmission has a

direct relationship with the same layer at the receiving end [17]. Data passes

from the top layer of the sender in system 1 to the bottom and then up from

the bottom layer to the top on the recipient in system 2 [19]. The data flow

from the sender to the recipient is shown in figure 2-4.

The functions of each layer are summarized in table 2-1: [17], [19]

Table 2-1: OSl layer functions

Layer

Function

Application

This links the user program to the communication process and

determines what functions are required.

Presentation

This layer changes the data to a standard format. It uses a set of
translations that allows the data to be properly interpreted. It can
also add data encryption for security purposes.

Session

It provides the function to set-up, maintain, and close a session.
It should also re-establish communication if there are problems
with the link.

Transport

This layer provides error detection and correction for the whole
message and controls message flow to prevent overrun at the
receiver. It also allows the transmission of multiple streams from

a single computer.

Network

It routes data frames through a network. It may split data for

transmission and re-assemble it upon reception.

Data link

This layer ensures transmitted bits are received in a reliable way.
This is achieved by adding extra bits such as start-, stop-, and
error detection/correction bits. It also ensures integrity and
controls the access to the network ensuring that multiple nodes
do not attempt to access a common communication channel at

the same time.

Physical

It does the coding and physical transmission of the message.
Requirements such as transmission speed, voltage levels,
connector types and cabling are covered.

Single board computer and control of an AMB system
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System 1 System 2
Apgllcatlon_’ "':gff\l:\:;?tlon
sottware Application Application e

|| Presentation Presentation
Local - F-'-' Session Session
management | 1
syster?’l Transport Transport
| | Network Network
| Data link Data link
I - Transmission -
Physical path Physical

Figure 2-4: The OSI model

Communication through the seven layers can be explained in terms of placing

an order by telephone. This will be explained for both sides of the OSI model.

1.

Physical link layer — the phone is lifted and connected to the network.
A dial tone is heard.

Error detection and control — a clear dial tone is heard with no noise.
Network layer — the number is dialled, area code, etc. Phone rings on
the other side

Transport layer — the telephone is lifted at the receiving end. A
switchboard picks up and requests you to hold. A minute later it puts
you through to an operator. The operator asks if he/she can help.
Session layer — you give the order with the order and account number.
The operator takes note in case the call is broken prematurely.
Presentation layer — you confirm where your order number came from.
Application layer — you give the exact items and quantity required as
stipulated on the order. The operator confirms and completes the
order.

At any stage, the lower layers can interact. A burst of noise on the line, for

example, will cause the transport layer to ask for a repeat of the last

message.

It can be seen that layers (1) to (4) are concerned with the communication

and layers (5) to (7) are concerned with processing functions for the particular

applications [17].

The physical layer can have many different standards. The main focus here is

the industrial network; also commonly known as a fieldbus.
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2.1.3 Fieldbus types

An industrial network is known as a fieldbus. Normally serial communication
is employed due to cabling cost. Compared to parallel communication, serial
communication has the disadvantage of lower speed, noise immunity, safety
and program comprehensibility [17]. The speed of serial lines is slower than
parallel communication by the factor of the number of parallel lines. Serial
lines usually make use of low voltages in the order of 10 V, hence the noise
immunity problem. The lower in the communication hierarchy shown in figure
2-3, the stricter the communication is on time limits. This is also known as a

real-time network-based control system (NCS) or remote controller [20].
Remote controllers have three advantages:

e |t reduces cabling costs. Long runs between the remote controller and
the control room will only need the communication cables, not the
control cables e.g. the sensor- and actuator cables.

e |t allows complete units to be built, wired and tested prior to delivery
and installation.

e Makes fault detection easier.

The IEC61158-2 standard of the International Electrotechnical Commission
(IEC) is used to assist the interconnection of automation system components
by fieldbus networks. According to the IEC61158-2, there are eight different
physical layers used. The different layer types, a description of how they
operate, and possible physical mediums and the maximum transmission

speed in bits per second (bps) are presented in table A-1 in appendix A.

Each fieldbus type uses its own physical communication medium. The
advantages and disadvantages of the mediums will be compared in the
following section.

2.1.4 Communication mediums

The communication medium is the physical piece of wire and the connectors
used with it. The wire can vary from a twisted pair cable, coaxial cable to even
a fibre optical cable. Connectors can be anything from a DB9 connector,
RJ45 to an SMA connector. The main considerations of choosing a

communication medium is the transmission speed as well as the number of
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allowable stations. Table A-1 summarises the physical mediums used by
fieldbus. The medium IEC1158-2 has the worst data rate for a very short
maximum distance and will therefore not be considered. Table 2-2

summarises the rest of these mediums and some additional considerations.

Table 2-2: Communication mediums [17], [19], [22], [23].

Data Maximum | No of No of |No of conductors
rates distance |drivers | receivers per signal

RS232 20 kbps 15m 1 1 1

RS423 300 kbps | 1200 m 1 10 2

RS422 10 Mbps | 1200 m 1 10 2

RS485 10 Mbps | 1200 m 32 32 2

USB 480 Mbps| 5m 127 127 2

Ethernet 100 Mbps| 500 m 1024 1024 2

IEEE 1394

"Firewire" | 400 Mbps| 4.5m 63 63 2

It is clear from the above table that RS232 will not be sufficient for industrial
control applications due to the limit in drivers/receivers as well as the low data
rate. RS422, -423, -485 is an improvement on RS232. Greater data rates and
improved range is obtained with an increase in the number of conductors
needed. RS485 is capable of up to 32 drivers and receivers without a
repeater. This would be sufficient for a small plant or a section of a large
plant. USB and Firewire have very high data rates, but very short cable length
limits. This will work for the computers higher up in the hierarchy, but not for
the controllers in the field. The Ethernet protocol is the most suitable for
fieldbus applications. It allows for adequate cable lengths, drivers/receivers
and data rates.

More detail about the RS485 and Ethernet communication mediums are
needed before an informed decision can be made for industrial application.
Some advantages and disadvantages of these two mediums will be
highlighted in the following section.

2.1.4.1 RS485

RS485 makes use of a balanced differential circuit as shown in figure 2-5. No
direct common ground or return signal is sent over the transmission line, but

both sides should be connected to a common ground to prevent too large
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potential differences between the transmitter and receiver. This is done to
reduce the noise at the receiver.

MNoise

’“M}whhm
r

7 U T (
M TK\ Termination L | RE —L
/\> resistance u >—

TX- RX-
S .
WA

Moise

Figure 2-5: Balanced differential RS 485 [19]

There is no connector, cable or protocol specification for RS485. The
IEC61158-2 standard for fieldbuses should be used for the specifications.
RS485 is used as universal asynchronous receiver/transmitter (UART) for low
speed communication on aircrafts, large sound systems, building automation
as a simple bus and for video surveillance cameras. The advantages and
disadvantages of using RS485 are as follows:

Advantages of RS485

e Bi-directional half-duplex operation
e Multipoint applications
e Low cost

¢ Noise immunity
Disadvantages of RS485

e Only one driver can be active at any one time
¢ More cabling required than RS232

¢ Not as common
RS485 is used in industrial fieldbuses because of its noise immunity and low

cost.

2.1.4.2 Ethernet

Ethernet was first used only in offices for high-speed data transfer between
computers, but recently it penetrated the industrial control market due to
added advantages. These advantages and disadvantages include:
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19



Chapter 2 Literature study

Advantages of Ethernet [24]:

e Widespread usage
e Lower cost due to higher volumes
e De facto Standard (already used higher up in the hierarchy)

e Most computers include Ethernet support.
Disadvantages of Ethernet [24]:

e It is nondeterministic (it is based on collision detection and avoidance
that slows down the response of the network as traffic increases)
e Data collisions affect the bandwidth (all traffic is seen at every node)

e Lack of industrial-grade components.

The fact that Ethernet is nondeterministic makes it less useful lower down in
the control hierarchy. For real-time control, the time delay for the data transfer
should be fixed and known where possible. This is not the case with Ethernet.
Although Ethernet is collision detection based, it is still much faster than
RS485.

In 1999 Ethernet was used by about 50%, Profibus 26%, ControlNet 14% and
Interbus-S and Foundation fieldbus 7% of the industry. The total is more than
100% due to firms that supports more than one bus. As seen in figure 2-6,
Ethernet is becoming the new industrial standard for fieldbus control. It is
mostly used higher up in the control hierarchy, but recently found its use
lower in the hierarchy.

This is due to faster Ethernet rates of up to 1000 Mbps and more intelligent
routers. The routers now know where the data should go and thus all nodes
on the network do not see the data anymore.

B0%

S0%
40%
z
ﬁ 30%
=
20%
10%
D% T T T T
Foundation  ControlMet Profibus Ethernet Interbus-S
fieldbus

Figure 2-6: Fieldbus type usages (1999) [25]
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The 2 main communication mediums to be considered are Ethernet and
RS485. To continue with the research on industrial control on AMBs, the term
single board computer (SBC) should be understood so that a well knowledge
base decision can be made when specifying the board.

2.2 Single board computers

A single board computer (SBC) is difficult to define. Any printed circuit board
that contains a digital controller, memory and input/output peripherals can be
defined as a single board computer. Even your normal desktop computer is a
single board computer. The main difference between consumer computers and
single board computers is the fact that single board computers are much more
rugged for industrial use [35]. Our interest is more related to industrial
embedded controllers. Some examples of these industrial SBCs can be seen in
figure 2-7.

A10 (Embedded Solutions) #

Figure 2-7: Industrial Single board computers

These SBCs normally make use of a field programmable gate array (FPGA)
or a digital signal processor (DSP). These two processors will be discussed in
the following section.
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2.2.1 FPGA or DSP

Which is the best, FPGA or DSP? There is no true answer. Each has its place
in the industry, and performs better in different situations. The features of
each processor are listed below. [25]

DSP

e Operate at high rates, but is limited to few operations at a time

e Excellent floating point operations for increased accuracy/dynamic
range (complex calculations, matrix inverse/division)

e Good for back-end use (Main processor which deals with all the
commands to and from the co-processors)

e Supports C/assembly programming [26]

e (Can make use of large data sets due to optimization for the use of
external memory

e Easy to re-use processing units

e Branching and decision making is easy

e Major context switch, DSP branching (It is easy for a DSP to jump
from the code of one application to the code of another application
without restarting)

e System starts as block diagrams. It is difficult to change the block
diagrams into C/assembly language where simultaneous operations
should take place at once.

FPGA

e Operate at lower rates, but almost unlimited simultaneous operations

e Excellent fixed point operations and parallelism (filtering)

e Useful as front-end processor (co-processor)

e "Sea of gates" Use VHDL to create own multipliers, registers, adders
[26]

e Limited internal storage and thus can make use of small data sets
only.

¢ Difficult to re-use processing units due to the fact that branching is not
possible. Therefore the unit has to be duplicated.

e Branching and decision making is difficult

e Major context switch, FPGA large reconfiguration (takes time)
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System start as block diagrams, easy to convert to FPGA

Maintain high rates of /0O

To decide which processor to use, the following questions can be asked [26]:

1.

What is the sampling rate of this part of the system? If it is more than
a few MHz, an FPGA is the natural choice.

Is your system already coded in C? If so, a DSP may implement it
directly. It may not be the highest performance solution, but it will be
quick to develop.

What is the data rate of the system? If it is more than perhaps 20-30
MBps, then an FPGA will handle it better.

How many conditional operations are there? If there is none, an FPGA
is perfect. If there are many, a software implementation may be better.

Does your system use floating point? If so, this is a factor in favour of
the programmable DSP. None of the Xilinx cores support floating point
today, although you can construct your own.

Are libraries available for what you want to do? Both DSP & FPGA
offer libraries for basic building blocks like FIRs or FFTs. However,
more complex components may not be available, and this could sway
your decision to one approach or the other.

To conclude the comparison between the FPGA and DSP, the main criteria

are summarized in table 2-3.

Table 2-3: Summary of FPGA vs. DSP performance [25], [26]

Performance DSP | FPGA
Programmability \
Parallelism

High I/O data rates

Development time

Available skills

Cost

Power consumption

< |2 |2 |2 | =

Floating point

Fixed point V
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Included in the performance of the processors, is the aspect of choosing
between a floating point processor and a fixed point processor. Again both
has its advantages and disadvantages. These will be discussed in
section 2.2.2.

2.2.2 Floating point vs. fixed point

The main difference between the floating point and fixed point processors is
the numeric representation. Fixed point processors can only do integer
arithmetic, while the floating point processor can do integer and real

arithmetic.

When the first digital processors were developed, it was only available as
fixed point processors. To add the floating point capability, the physical
package had to be enlarged, which increased the cost of the chip. Due to this,
the fixed point processor was favoured for high volume applications. This
further reduced the cost of the fixed point processor.

Due to improved technology, the floating point package is now the same size
as the fixed point processor and there is a small difference in price. Fixed
point processors had to be programmed using assembly language, while the
floating point processors could be programmed using C language. This
favoured the floating point processors above the fixed point processors.

Today fixed point and floating point processors could be programmed using
the same C compiler. The main consideration now is the processing speed,

accuracy and dynamic range.

For the same chip, fixed point would have a faster processing speed, but the
floating point processor would have an increased accuracy and dynamic
range. The processor should be chosen purely on the application and not on
the cost or ease of programming. If the application requires high accuracy,
choose a floating point processor. If the application requires fast integer
arithmetic, choose a fixed point processor.

Table 2-3 summarises some of the DSP's available from Texas Instruments.
The format and accuracy of each are compared.
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Table 2-4: Texas Instruments DSPs [12]
Word width
Signal I/O Coefficient | Intermediate

TI DSP(s) Format | (bits) (bits) result (bits)
C25x™ fixed 16 16 40
csx™ce2x™ fixed 16 16 40
Ce4x™ fixed 8/16/32 16 40
c3x™ floating | 24 (mantissa) 24 32
C67x™(Single precision) | floating | 24 (mantissa) 24 24/53
C67x™ (Double precision) | floating 53 53 53

When fixed point multiplication occurs, the result is equal to the sum of the
signal width and the coefficient width plus an additional overflow width. In the
C25x™ processor, the overflow width is 8 bits, therefore the intermediate
result is 40 bits (16+16+8 = 40). In comparison with fixed point, floating point
only needs the signal width (signal- and coefficient width should be the same)
and the overflow width. This is because of the scientific format of the floating
point processor. For instance, with fixed point calculations, the representation
of the calculation would be as follows:

15, 1111,
x15,, x1111,
=255, =11100001,

With floating point calculations, the representation would be more like this:

1.50,,x10'
x1.50,,x10'
=2.55,,x10°

This causes the floating point calculation to use less width than a fixed point
calculation. Thus floating point processors are the preferred processor, but if
calculation speed is more important than accuracy, fixed point processors
should be used.

All the hardware aspects, for example the communication medium and the
processor for the control of the AMBs in an industrial application, have been
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discussed. Now all that is left is the control of the AMBs as well as an
introduction to the flywheel energy storage system (FESS). Section 2.3 deals
with the AMB control, and section 2.4 with the FESS.

2.3 Active magnetic bearing control

An active magnetic bearing operates similar to a conventional bearing, except
that there is no physical contact between the rotor and the electromagnets.
AMBs have some advantages over conventional bearings [27]:

e no mechanical wear and friction
e low drag torque

® no lubrication

e |ow energy consumption

¢ higher circumferential speeds

e operation in severe environments

As described in chapter 1, AMBs consist of 5 main components, the controller,
power amplifiers, electromagnets, and rotor and position sensors. These

components are shown in figure 2-8.

Electronic system Magnetic bearing
Stator
v
— s Erﬂn";'" Hﬁ@d—&]“
Ref
signal Controller (") .
Sensor
P
L. >—'@

Figure 2-8: AMB system

The position offset of the rotor is obtained from the position sensor. This offset
signal is then fed into the digital controller and an output signal is produced by
the specific algorithm used. The current system makes use of the proportional-
derivative (PD) algorithm. The output signal is amplified and applied to the
electromagnets. In return, the electromagnets apply forces to the rotor,
proportional to the output signal. These forces keep the rotor levitated. The
control loop then restarts with the offset signal from the position sensor.
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Currently the McTronX research group at the North-West University is
conducting research into high speed flywheel energy storage systems (FESS).
A common FESS will be described in more detail in section 2.4.

2.4 Flywheel energy storage system

The mechanical assembly of a high speed flywheel energy storage system
(FESS) consists of 3 main components. The motor/generator, the rotor and
the bearings as shown in figure 2.9. The rotor is suspended by two radial- and
one axial active magnetic bearing. PD control is used to control the position of
the rotor by means of the AMBs. The motor/generator is a 3-phase
permanent magnet synchronous motor (PMSM). The permanent magnets are
glued to the rotor, while the coils are wound through a bobbin situated in the
FESS housing. A 3-phase bridge is used to drive the motor. This bridge
requires two pulse width modulated (PWM) signals per phase. The second
PWM signal should be the inverse of the first signal.

L —Axial AMB

—Thrust Runner

{ —Radial AMB

_Flywheel/
Rotor

Mator/
— Generator

| -Radial AMB

Vacuum
enclosure

Figure 2-9: Flywheel energy storage system [30]

The PMSM in motor mode is used to spin the rotor up to the desired rotational
speed. It is then kept at that speed until power failure. The PMSM then
changes to generator mode and the kinetic energy stored in the rotor is then
used to drive the generator.

The requirements for the control component for a basic FESS are normally at
least 5 position sensors, 2 radial- and 1 axial AMB, 6 PWM signals for the
PMSM and a few temperature sensors for system monitoring and protection.
(The current FESS used by the McTronX research group will be discussed in
chapter 3) Most of these signals are analogue signals that are converted to
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digital signals for the controller. The analogue to digital sample theorem will
be discussed in section 2.4.1. This is to motivate the sampling rate required
by the PD control algorithm for the AMBs. Furthermore, the control of the
PMSM will be discussed.

2.4.1 Analogue sampling theorem

Analogue to digital conversion for digital controllers, samples a continuous
signal into a discrete time signal. The controller then only sees the sampled
values. If the sampling rate is too low, information about the continuous signal
is lost. If the sampling frequency is less than twice the sampled signal's
frequency, aliasing occurs. Aliasing is when the controller observes a lower
frequency than what the real continuous signal is. The effect of aliasing can
be seen in figure 2-10. According to Shannon’s sampling theorem, the
sampling rate of the controller should at least be double the bandwidth of the
signal [18]. Normally a sampling rate between 5-10 times the bandwidth of the
signal, is a good choice [18], [17].

Figure 2-10: Aliasing [18]

The bandwidth of the FESS is 2 kHz; therefore a sample frequency of 10 ksps
would be sufficient.

To control the AMBs, the analogue signal is converted to a digital value and
used by the processor to calculate an output value for the power amplifiers
which is connected to the AMB coils. The processor makes use of
proportional-derivative (PD) control, to control the AMBs. Section 2.4.2
discusses the PD control algorithm.
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2.4.2 Proportional-derivative control

PD control is known to be sufficient for many high speed AMB applications
[14]. Proportional-derivative (PD) control is a linear control strategy that
consists of only two parts, the proportional part and the derivative part. This
algorithm makes use of an error signal, the error between the reference
position and the actual position. This is given by (2.1):

e(t) = X, (1) = Xy (1) (2.1)

The output of the PD algorithm is then indicated by (2.2):
d
F(I)ZK"xe(t)JrK"er(t) (2.2)

where K, is the proportional constant, K, the derivative constant and r the

instantaneous time.
PD control is very useful [2]:

e the stiffness of the bearing is determined in the proportional part

e the damping of the bearing is determined in the derivative part

Linear control operates well when the rotor is in a nominal position, but lacks
performance in four other areas [5]:

e Large position variation is a problem. It is difficult for linear control to
lift the stator from rest position, whereas with nonlinear control this is
not a problem.

e Sinusoidal references cause a large delay between the reference and
the real position.

e The change in stable loop gain for linear control is much less than it is
for nonlinear control.

e Current consumption is more due to the required bias current needed
for linear control. The bearing stiffness is related to the magnitude of
the bias current.

In an AMB system, the position should have a very small variation and a
constant reference. The loop gain of an AMB is also kept constant, therefore
only the current consumption affects an AMB system. Although PD control
has these disadvantages, it is adequate for rotor position control in an AMB
system.
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2.4.3 Permanent magnet synchronous motor (PMSM) control

Open-loop control is the simplest sensor-less control scheme used on
synchronous motors. This is very useful on high speed PMSMs, because no
mechanical speed sensor is needed. The rotation speed of the rotor is always
locked to the excitation frequency. There are three commonly used control

schemes:

e Constant V/f control
e Vector control

e Hybrid voltage-vector control

Constant V/f control is the easiest to implement and allow very high operating
speeds. The only disadvantage is the trail-and-error process used to determine
an optimal V/f ratio. The constant V/f control is described by figure 2-11.

J' a 7, 5,
e Sin-A Ay
TO) 2> L VSI
Command Spead PWM
speed — | PPEC & W s o
curve ‘ % ‘ —

Figure 2-11: Constant V/f control [28]

The control scheme waits for a command speed given by the operator. It then
uses the speed curve to ramp up or down the current speed to the desired
speed. The instantaneous speed given by the speed curve is then used to
obtain the rotational angle, as well as the maximum voltage supplied to the
coils of the PMSM. To calculate the angle, (2.3) is used [28].

0, = w(x)dr 29

0," is the instantaneous angle, w; is the rotational speed in rad/s and r is the

time.

To determine the maximum voltage V; ', the current (iss and i) in two of the
PMSM coils is used. First the magnitude of the instantaneous current i is
calculated using (2.4), then the magnitude of the instantaneous power factor

angle (i; cos ¢) using (2.5). The maximum voltage can then be calculated

using (2.6) [32].
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i = \/% (i, +2i,) +(,) (2.4)
[, cosg = % [l cos 6, +1i,, cos(b, —2—37[) — (i, +1,,)cos(6, +?ﬁ)} (2.5)
Vv* = (lv Cos ¢)rv + \/(a)jﬂ'm )2 + (lv Cos ¢)2 rrvz - lvzrvz (26)

An is the rotor permanent magnet flux and r, is the stator winding resistance

per phase.

The instantaneous voltage of each phase of the PMSM can then be calculated
making use of (2.7) [28]. The phases are spaced 120° apart.

v, =V, sing;

. v . w27
v, =V_sin(6, +?) (2.7)
V=V sin(@] ~2)

The instantaneous voltages are then converted to pulse-width modulated
(PWM) signals with the use of a delta-sigma function.

All the relevant literature regarding the industrial control of AMBs has been discussed. This
included the use of an SBC with a PD control algorithm to control the AMBs and an open-loop
voltage over frequency control for the PMSM. This information will be used in chapter 3 and 4
to assist in specifying an SBC and doing the software integration. In chapter 3, the SBC to be
purchased, will be specified.
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Chapter

Single board computer

This chapter begins with a more detailed explanation of the flywheel energy storage system

(FESS) which was developed by the McTronX research group. The control requirements for

the single board computer (SBC) are extracted from the system analyses. The minimum

performance requirements of the SBC are determined further on in this chapter, which is

followed by the sourcing of the board thereafter.

3.1 System requirements

In Chapter 2, the standard architecture of an AMB was described

gives an overview of the functional units of the complete FESS.
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. Figure 3-1
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Figure 3-1: Architectural flow
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The FESS consists of three main parts; the control assembly, power
converters and the mechanical assembly which includes the rotor, AMBs,
permanent magnet synchronous machine (PMSM) and the eddy current
displacement sensors. This can be seen in figure 3-1. The system
specification of architectural unit A20 is given in Appendix B. Between each
architectural unit (A10-A50) there are interfaces (IF01-1F12). These interfaces
are wires in the electronic components and a magnetic interface between the
AMBs and rotor. In the current FESS, the McTronX research group makes
use of a dSPACE® system for architectural unit A20. The proposed system
will make use of a SBC to do the control on the FESS. Before a specific SBC
can be chosen and sourced, a sub-system requirement is needed. The
requirements of the SBC (A 20.0 in figure 3-1) will be included in the following
section.

Upper axial AMB —

Lower axial AMB — TS o] — = rodule 7

Eddy probe —__ S > =1 Module 6
.
Upper radial AME — : 0 —Module 3
Rator/flywheel assembly —| I i Module 4
PMSM and coils — i } ;{
Lower radial AMB —_ . Module 3
Eddy probe Module 2

Module 1

Base plate

Figure 3-2: FESS model [31]

3.1.1 Input/output signals

To be able to specify a controller, all input and output signals have to be
determined. All the input and output signals, digital and analogue, required by
the system will be determined in this section.

As shown in figure 3-1 and 3-2, the system consists of two radial bearings
and one axial bearing. Each radial bearing consists of four coils, two for each
degree of freedom (x, y) and two position sensors, one for each degree of
freedom. The axial bearing consists of two coils, one on both sides of the
thrust runner, and one position sensor. This can be seen in figure 3-2. This
adds up to 5 sensor inputs and 10 coil outputs.
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The 10 coil outputs make use of power amplifiers (PAs) from Advanced
Motion Control. These PAs has TTL fault outputs which are monitored. This
adds 10 digital inputs.

For the system to operate under safe conditions, four resistance temperature
detector (RTD) sensors have been added to monitor the temperature of the
AMB coils. This is critical, because too high temperatures reduce the
magnetic stiffness of the bearing, which could result in an unstable rotor that
might damage the system.

The permanent magnet synchronous motor/generator (PMSM) consists of 3
phases. For each phase the voltage and current (LEM sensor) are measured.
This adds 3 voltage sensors and 3 LEM sensors.

To drive the PMSM a 3-phase bridge is used. This bridge requires 6 pulse
width modulated (PWM) signals, 1 signal to synchronise the switched mode
supply (flyback) on the PMSM drive board with the analogue sampling, and 1
temperature switch to monitor the temperature status of the 3-phase bridge.

Three pickup coils are included in the system to obtain the rotational speed of
the rotor. The system is operating in a vacuum, therefore 1 vacuum sensor

and 2 relay outputs, (1 for the vacuum pump and 1 for the valve) is needed.

An additional relay is needed for the over-speed protection circuit. This is to
ensure the safe operation of the FESS.

This adds up to 16 analogue inputs, 10 analogue outputs, 14 digital inputs
and 10 digital outputs. When a controller is specified, this would be the

minimum input/output signal requirements as shown in table 3-1.

Table 3-1: Controller signals

Analogue inputs | Analogue outputs | Digital inputs | Digital outputs

5 position sensors | 10 PA (coils) 10 PA fault 6 PWM
4 RTD sensors 3 Pickup coils | 3 Relays
3 LEM sensors 1 Temp switch | 1 Flyback sync

3 Voltage sensors

1 Vacuum sensor

5 =16 5 =10 s =14 5 =10
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The digital input/output signal should all be 5 V transistor-transistor logic
(TTL) levels. The analogue signals requirements will be determined by the
eddy-current sensors and the power amplifiers. The other sensors (RTDs,
voltage, vacuum and LEM) can be scaled to fit these specifications.

The CMSS 665 eddy-current sensor from SKF has a bandwidth of 10 kHz
and output voltage ranges of -18 V to 0 V. These voltages will be limited to
between -12 V and 0 V by the interface board, which includes interfaces IF04,
IFO5 and IFO6. The 12A8 servo amplifier from Advanced Motion Control has a
bandwidth of 2.5 kHz and input voltage range of +15 V.

There is no specific requirement for the connectors of any of the input/output
signals.

The final requirement to be specified is the communication to the computer.
With the research done in chapter 2, Ethernet is the most commonly used in
commercial and industrial networks. Therefore it is required that the SBC
should have an Ethernet 10/100 Mbps base connection.

3.1.2 Signal processing requirements

In Chapter 2 the issue of fixed- and floating point operation has been
discussed. It was concluded that the processor should be able to do floating
point operations. The processing power needed will be estimated by means
of million floating point operations per second (MFLOPS).

The current PD algorithm will be analyzed to predict a performance
requirement. Figure 3-3 will be converted to pseudo code, which will then be
used to calculate the MFLOPS.

Output limit
ADC > K PID o > DAC
PD algorithm
C

C C

Position

reference
>—+—1+—> DAC
Output limit

Figure 3-3: AMB control algorithm

The required cycles for the PD control algorithm are estimated at 58 cycles as
shown in table 3-2. This is only for one degree of freedom (DOF) (one AMB).
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There are five DOF, two for each radial AMB and one for the axial AMB.
Currently the ADCs and DACs have a sampling frequency of 20 kHz. This
would require at least 58x5x20000 = 5.8 MFLOPS.

For best performance of the AMBs, the delay between the read of the ADC,
calculation of the PD control and the write of the DAC, should be as short as
possible. A large delay could result in an unstable system. The higher the
MFLOPS of a controller, the lower the delay would be between the input and
output signal and the more stable the AMB control would be. It was decided
for this project that the delay should not exceed one tenth of the sampling
period. To compensate for this, the MFLOPS is multiplied by 10. This
increases the minimum requirements to 58 MFLOPS.

Table 3-2: Control requirements for the PD algorithm [29]

No. of
Instruction Mnemonic| executions | Cycles
Read the ADC IN 1 2
Multiply with scaling factor MAC 1 3
Subtract reference SUB 1 2
Calculate P SUB 1 2
Calculate D SUB 1 2
MAC 1 3
Multiply Kp MAC 1 3
Multiply Kd MAC 1 3
Add result ADD 1 2
Add/subtract bias constant ADD 1 2
SuB 1 2
Multiply with scaling factor MAC 2 6
Add amplifier linearity ADD 2 4
Check range limit BCND 2 8 TRUE
2 4 |FALSE
Set limit LAR 2 4
Write to DAC ouT 2 6
Total 58
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This is only for the levitation of the rotor, which is the most important function
of the controller. The MFLOPS for the PMSM is not calculated due to the fact
that the calculation intensity for a square root, sinus and co sinus depends on
the processor as well as the libraries that are used to do this. The MFLOPS
estimation of the PMSM control would therefore be very inaccurate. The
control of the PMSM is of lower priority and would easily execute in the
remaining nine tenths of the sampling period as shown in figure 3-4.

50 ns
I. FD control i i i i i i l:
0 pmsMeontol | | !

Figure 3-4: Control algorithm distribution

The TMS320C6000 series has 2 fixed-point arithmetic logic units (ALUs), 4
fixed- or floating-point ALUs and 2 multipliers. The ALU is the unit within a
controller that does the calculations and decision making. This will allow up to
8 x 32 bit operations per cycle. Due to the ability of multi operations per cycle,
the MFLOPS required by the PD algorithm, can easily be met.

3.1.3 Memory

No data logging will be done, meaning no physical data will be stored on the
controller, except for the control algorithms, PD- and position reference
constants. All data will be sent to the monitoring computer by means of an
Ethernet connection. Therefore a programming memory of 64 kB will be

sufficient.

3.1.4 Other

Other requirements include the physical and environmental specifications as
well as the interfacing to the FESS. This SBC should comply with the
industrial standards.

3.1.4.1 Physical

The only physical requirement is the size. The size of the SBC should not
exceed the double Euro size (6U). This is 460 mm (width) x 330 mm (height)
x 210 mm (depth).
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3.1.4.2 Environmental

The SBC will be situated in a controlled enclosure with regulated
temperature and humidity. The SBC should be able to operate in
temperatures ranging from 0°C to 73°C.

3.1.4.3 Interfacing

An interface board should be developed to connect the SBC to the current
FESS. This interface board should not replace the existing interface board
between the dSPACE® and FESS, but rather allow the FESS to be
controlled by any one of the control systems.

3.2 Board sourcing

Possible SBCs, adequate for the application, were narrowed down to six.
These six boards were further evaluated in terms of analogue I/O, digital I/O,

controller precision, memory, size and temperature.

3.2.1 Existing models

The six SBCs have been summarised in table 3-3. All the specifications of the
various boards which do not comply with the required specifications were
highlighted in table 3.3. The SBC6713e and Lpdas are the only ones that fully
comply with the specifications; the other four have slight deviations from the

required specifications given in the first column.

The SMT148 and the Tornado TE6203 has only 8 analogue input and 8
analogue output channels. The required analogue channels are 16 for
inputs and 10 for outputs. In contrast to that, the bandwidth of the
ACR9000 is too low. The A10 almost comply with the specifications,
the only drawback is the fixed point processor and the maximum
voltage range of the analogue I/O.

The main decision is between the SBC6713e and the Lpdas. Both have
very good properties, but the main difference is the size and the

processing power.
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Table 3-3: Available SBCs that comply with the given specifications
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3.2.2 Chosen model

According to table 3-3, the SBC6713e and the Lpdas are the only two SBCs
that fully comply with the given specifications. The SBC6713e has a much
better processor performance and is half the size of the Lpdas. Therefore the
SBC6713e will be used for the realization of the control of the FESS.

The following section will give more detail about the specific SBC6713e.

Figure 3-5: SBC6713e and SERVO16 analogue interface board

3.2.3 SBC6713e

The SBC6713e was purchased from Innovative Integration at a cost of
R 54 492. It consists of a main processor (TMS320C6713), a co-processor
(DM642) for the Ethernet control and a FPGA (Spartan-lIE, 600 Kgates). This
is all in order to improve data flow and signal processing for real time
applications.

The SERVO16 analogue card consists of 16 differential analogue inputs and
16 analogue outputs with simultaneous sampling. The card has a maximum
sampling frequency of 100 kHz and filters on the input and output signals.
The input has a 4-pole elliptic filter with the -3dB set at 30 kHz and the output
has a single pole filter with the -3dB set at 50 kHz. Error correction offset and
gain adjustment and decimation can be done within the FPGA to reduce
processing time.

The rest of the detail is available in the product manuals presented in
Appendix C.
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Chapter 3 started off with a description on the current FESS. That information was used to
extract the specifications for the SBC. Six SBCs were identified, and compared. One of them
was chosen and sourced. Chapter 4 will deal with the interface board between the SBC,
dSPACE® and the current FESS. Furthermore, the firmware development for the SBC as well
as the software for the graphical user interface will be explained.
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Chapter

System integration

The integration of the single board computer (SBC) and flywheel energy storage system
(FESS) is discussed in this chapter. First the interfaces between the different hardware are
described followed by the firmware for the SBC. The SBC firmware includes the active
magnetic bearing (AMB) control as well as the permanent magnet synchronous machine
(PMSM) control. Lastly, the software for the graphical user interface (GUI) is discussed.

4.1 Interface board

There are three hardware systems that should be interconnected. The
dSPACE® controller as well as the single board computer (SBC) should be able

to connect to the flywheel energy storage system (FESS).

For the dSPACE® controller to connect to the FESS, an interface board is
required. Functions of the board include: voltage range limiting, protecting the
analogue to digital converter (ADC) inputs of the controller and to do the signal
conditioning required by the resistance temperature detectors (RTDs). The
resistive values of the RTDs are converted to a voltage for measurement. The
main purpose is however to connect the dSPACE® to the FESS and
simultaneously protect the dSPACE® controller circuitry. This includes all digital
inputs/outputs as well as the analogue inputs/outputs.

Another interface board was required to connect the SBC as well as the
dSPACE® controller to the FESS. Figure 4-1 shows how these interface boards
and controllers interconnect. Without the second interface board, dSPACE®
would connect directly to the protection interface board as indicated in (a). The
second interface board allows the SBC and the dSPACE® controller to connect
to the FESS simultaneously as indicated in (b). The digital /O of either the
dSPACE® or the SBC can be used, but not simultaneously.
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Figure 4-1: Interface board connections

Table 4-1 presents all the 1/0O control signals. The signals are divided into 3
main categories; the digital I/O, analogue input and the PA I/O. These three
categories connect to the dSPACE® by means of a DB50 connector each and
one MDR100 connector to the SBC. Table 4-1 shows each signal description
with the pin number on the DB50 connector that correlates with the pin number
on the MDR100 connector. This information was used to create the interface
board for the SBC. The interface board for the SBC was designed to piggy-
back onto the protection interface board. By doing this, the FESS could be
controlled using the current dSPACE® system or the SBC system. The
protection interface board between the FESS and dSPACE® is shown in figure
4-3.

One of the main aspects regarding the design of the interface boards was the
grounding and shielding to minimise the noise in the system. To prevent the
generation of ground loops, it was decided that all the ground signals will be
grounded on the protection interface board. The protection interface board was
divided into three zones namely: the analogue output, analogue sensing input
and the digital 1/0 with a ground plane for each. All three planes will be
connected to the chassis and all the shields are connected to the protection
interface board as shown in figure 4-2.
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Figure 4-2: Gounding and shielding of FESS

With the second interface board in place, all the shielding is still kept the same

except for the analogue input and analogue output grounds which come

together.

PMSM control

Digital 1/0

Analogue input

Position sensors

Analogue outputs

Figure 4-3: Protection interface board between dSPACE® and FESS
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Table 4-1: Interface board connections

Digital 10 1 Analogue input 1 Analog output
Use DB50 | IDC50 Description |Use DB50 (MDR100 IDescription [Use [DB50 [MDR100
17 1 Input 1 + Radial 41 32 Output 1 + PA 1 1 27
16 50 Input 1 - bearing | 42 a4 Output 1 - 2 26
15 2 rnput 2+ position | 43 21 Output 2 + PA 2 5 28
14 50 Input 2 - 1 44 44 Dutput 2 - 5 26
13 3 Input 3 + Radial 45 31 Output 3 + [£] a7
Sﬁgtiie 12 | 50 Input 2 - bearing | 46 | 93 Ouputa- | A3 70 [ 28
control 11 4 Input 4 + position | 47 a0 IlOutput 4+ PA 4 13 1
10 50 Input 4 - 2 48 43 Dutput 4 - 14 26
Q 5 Input 5 + Asial 49 30 Output 5 + PA 5 17 20
a 50 Input 5 - bearing | 50 92 Output 5 - a2 268
7 5] nput & + 34 74 Output 6 + PA 6 50 G0
[] 50 Input 6 - a8 42 Output 6 - 49 26
Temp switch + Power 5 7 Input 7 + R a5 29 Output 7 + PA 7 46 E
Temp switch - board 4 50 Input 7 - T 38 N Cutput 7 - 45 26
protection | NC NC Input & + [¥] 36 78 "Output B+ PA 8 42 49
Flyback 2 8 Input 8 - 5 a8 41 Output B - 41 26
- syno 1 50 IInput 9+ a7 38 Output 9 + PA O 38 39
Pickup ground Hall 18 50 Input 9 - a8 a8 Output 9 - a7 268
offect 34 9 Input 10 + 7 85 Output 10 + PA 10 34 40
sensors 35 10 Input 10 - v 4 48 Output 10 - 19 26
38 11 Input 11 + o B 35
50 12 Input 11 - 1 4 a7
Relays 49 13 Input 12 + t 5 84
48 14 Input 12 - 4 47
Relay ground 47 50 Input 13 + 13 34
A1, fault 46 15 Input 13 - 12 96
PA 2, fault 45 16 Input 14+ LEM 11 83
PA 3, fault 44 17 Input 14 - sensors | 10 46
PA 4, fault Power 43 18 Input 15 + 9 33
PA 5, fault - 42 19 Input 15 - [ 95
PA 8, faul amplifier 355 o IEs o 0 ] B2
PA7, faul fault 5 12 Input 16- | V"™ 38 | 45
PA 8, fault 39 22
PA 9, fault 38 23
PA 10, fault 37 24

The interface board for the SBC is shown in figure 4-4. The SBC interface
board piggy-backs directly onto the interface board with the protection
circuitry. This board allows the FESS to be controlled by either the SBC or the

dSPACE® controller.

Analogue outputs

Figure 4-4: SBC interface board

Analogue input
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4.2 Control algorithms
As mentioned at the end of chapter 2, PD control will be used to control
the AMBs and voltage over frequency control will be used to drive the
PMSM. The PD control algorithm as well as the voltage over frequency
algorithm needs to be modified to be able to implement it in code.
Section 4.2.1 and 4.2.2 explain how the algorithms are translated into

equation form which can be coded more easily.

4.2.1 PD control

In chapter 2, (2.1) and (2.2) would be used to calculate the output of the PD
control algorithm. Due to noise problems on the previous projects, it was
decided to add a pole to the derivative part of the algorithm. The pole in the
derivative part will be realised by making use of a first order low-pass filter.
The PD control algorithm makes use of (2.2) as the input, as shown in figure

4-5.
| / L + L (1)
e(t) —» ol +

o K, % N \ Sum

Low pass filter

Figure 4-5: Simplified PD control

The first order low pass filter added to the algorithm can be realized by means
of a capacitor and a resistor. The configuration shown in figure 4-6 will be
used to derive the equations needed for the derivative part of the algorithm
including the low pass filter.

AAAY

e(t) dt

>

h 4

C ——

SN

Figure 4-6: Differential part including a low pass filter
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The output of PD control is given by (4.1).
PD(t)=K je(t)+ K e, (1) (4.1)

The error position e(z) is the difference between the reference position and the

current position. This is given by (4.2).
e(t) = x,; — X, (1) (4.2)

To calculate the derivative of the error, numeric differentiation in the digital
domain is used. This is given by (4.3).

e(k)—e(k—-1)

€d(k): T

(4.3)

where T is the sampling time in the digital domain and & is the ¥ sampled

element.

The transfer function of the first order low-pass filter is then calculated. The
current in the capacitor is given by (4.4) and the current in the resistor is given
by (4.5).

. d
i(t)= CEedf (2

. (4.4)
i0_d, .

c ar?
iR(t)=M (4.5)

R

The current in the capacitor is equal to the current in the resistor and it can be
assumed that no current is drawn from the e,(t) node. By setting (4.4) equal to
(4.5), (4.6) it results in:

d 1
sy ® :R—C(ed (e, (1))

(4.6)
=, (e,()—e, (1))
The pole frequency is given by (4.7).
1
0 =— 4.7
b = RC (4.7)

The derivative can then be calculated by integrating (4.6) as shown in (4.8).
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e, (t)= I(% ey (t)jdt
= [(@, (e, =, ) Jar (4.8)

d
=e, (t)+T-Eedf ()

This concludes the derivation of the equations needed for the PD algorithm.
Equations (4.1), (4.2), (4.6) and (4.8) are still in the continuous time domain
and should be converted to the discrete digital domain. Equation (4.9) to
(4.12) represents the converted equations which will be implemented directly
into software including (4.3) to obtain the output for the PD control algorithm.

PD(k)=K ,e(k)+ K e, (k) (4.9)
e(k) = X, =X, (k) (4.10)

ey (k)= (e,(k)—e, (k-1)) (4.11)
ey (kK)=e, (k=1)+T-¢, (k) (4.12)

4.2.2 PMSM control

Equations (2.3) to (2.7) are used to generate the 3-phase output. The only
difficulty is calculating the integral of the speed. Due to the high sampling
speed and low accuracy, a simplified method will be used. The integral over a
specific time interval is equal to the area under the function during that time.
This will be approximated by a rectangle with height equal to the value of the
function at the specific time and width equal to the change in time as given by
(4.9).

0, (k) = , (k)T (4.13)

Voltage outputs of (2.7) should then be converted to pulse-width modulated
(PWM) signals. The true PWM signal (A1, B1, and C1 in figure 4-7) as well as
the complementary PWM signal (A2, B2, and C2 in figure 4-7) should be
generated for the 3-phase bridge. PWM signals will switch at a frequency of
50 kHz with a dead-band of 1 ps.
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Vee
A1) 81) C1
! g g Phase 1
Phase 2
- Phase 3
A2 B2 Cc2
Gnd I I

Figure 4-7: 3-Phase bridge

The TMS320C6713 DSP does not have on-chip PWM outputs, but could be
generated in the software. By comparing a triangular wave with the reference
signal, which is a sinusoidal wave in this application [33], a PWM signal can
be generated. The dead-band ensures that the 3-phase bridge does not
switch the high and low side of a phase simultaneously. This is implemented
by producing another triangular wave, but with an offset as shown in
figure 4-8.

Counter reference

Binary output

T et e e B ]

Figure 4-8: PWM signal generator

The blue line is the reference sinusoidal wave, green is the PWM signal and
red is the inverted PWM signal.

A triangular wave will be generated by means of an up/down counter in
software. The offset values will be added and subtracted within the compare
function which will then generate the PWM outputs. A resolution of 100 points
is added to the PWM signal, which means that the PWM signal should be
updated at an frequency of 50 kHz x 100 points = 5 MHz.

Single board computer and control of an AMB system

49



Chapter 4 System integration

An interrupt was enabled on the SBC to update the PWM signals at a rate of
5 MHz, but it was not possible for the SBC6713e. The SBC was kept busy by
the interrupt for the complete cycle and did not get to the AMB and PMSM
control at all. The resolution was reduced to 10 points, but it was still not
enough to give time for the AMB and PMSM control.

This problem was overcome by doing all the calculations as planned, except
for the conversion of the voltages to PWM signals. The SBC6713e still had 6
unused analogue outputs; therefore it was decided to write the three
calculated voltages out on the DACs and make use of a single dSPACE®
RT1104 card to convert the voltages to PWM signals.

4.3 SBC firmware

The SBC has three main pieces of code, namely the AMB-, PMSM control and
the TCP/IP communication. This is also the order in which they would execute.
For the AMB- and PMSM control, the SERVO16 analogue add-on board is
required. This board deals with the entire analogue to digital as well as digital
to analogue conversions. To communicate with this add-on board, Malibu
software libraries from Innovative Integration (ll) are used which was sourced
with the SBC. These libraries include the setup and initialisation of the
SERVO16 as well as libraries for the software communication interfaces on the
SBC and the host PC.

The SBC will start with the SERVO16 initialisation, and then continue with the
interrupt service routine, which executes every 50 us. Within this routine, the
AMB control and the PMSM control would be executed. After completion of the
control algorithms, it will send the necessary information to the GUI and jump
back to the main program. In the main program it will iterate in a while loop
which waits for information from the GUI. It continues this while loop until the
next interrupt service routine is called. The interrupt is serviced and it jumps
back to the while loop. The timeline for the SBC code execution is shown in
figure 4-9 and the complete SBC firmware flow is shown in figure 4-10.

SERVOQ16interrupt While(1) —
Read Write Send/
ADCs AMB control DACs PMSM control receive data .
50 pus

Figure 4-9: SBC code execution timeline
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Figure 4-10: SBC firmware flow diagram
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The SBC starts with the start-up procedure (software function 1, SF1) and
continues with the initialisation of the SERVO16 (SF2). It first loads the
SERVO16 add-on board drivers, and then starts to set the parameters.

Parameters that should be set are the sample rate, number of channels and
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the delay time between the ADC and DAC. The purpose of the delay time is to
give the PD control algorithm time to finish before the outputs to the PAs are
written. If this time is too short, the values of the previous samples will be

written out.

The following section describes the code segments with reference to
figure 4-10. Each code segment contains a reference number, for example
“(SF2.1)”, which correlates to the software function in figure 4-10. (All text to
the right of a double forward slash should be seen as comments and not as
part of the code that is executed.)

The following code shows the setup and the start of the SERVO16 add-on
board from software functions (SP2.1) to (SP2.5).

// Load SERVO0O16 board driver (SF2.1)

LoadModule (Omnibus: :mSite0O, Omnibus::mtSERVO016) ;

// Set sample rate (Hz) (SF2.2)

ServolIo.Clock () .Rate(20000) ;

// Enable all analogue I/0O channels (SF2.3)

ServoIo.InputChannels () .EnableChannels (16) ;

ServoIo.OutputChannels () .EnableChannels(16) ;

// Set delay of DAC clock (ns) (SF2.4)

ServoIo.Delay (20000) ;

// Start SERVO16 acquisitioning (SF2.5)

Servolo.Start () ;

This completes the setup of the SERVO16 board. The SERVO16 will now call
an interrupt after each ADC acquisition. The AMB- and PMSM control
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algorithms will then be executed from the interrupt. From the set-up above, the
control algorithms would execute 10000 times per second.

The AMB control is of higher priority, therefore the interrupt starts off with it. All
sampled data are stored in a buffer. To prevent a buffer overflow, all samples
written by the ADC should be read, and after completing the execution of the
control algorithms, the newly calculated values should be written again. To do
this the following code is used.

// Read available analogue values (SF4.1)

for (int i=0; i<inputs; ++1)

ADC[i] = event[i];

// Write available analogue values (SF4.3)

for (int i=0; i<outputs; ++1)

event[i] = DAC[i];

When the interrupt is called, all available analogue values are retrieved from
the buffer, the AMB algorithm is executed and the analogue values are written.
The PMSM control has a lower priority and therefore its algorithm would be
executed after the DACs are written. The result of this would be that the PMSM
algorithm is one sample time behind. In other words, the PMSM output would
have a delay of 50 us due to the sampling frequency, plus the DAC delay of 20
us which adds up to 70 us, while the delay for the AMB control is only the DAC
delay of 20 us.

The AMB algorithm is called 5 times, once for each axis. Each axis results in
two outputs, therefore 5 inputs should result in 10 outputs, one for each PA.
The AMB algorithm function takes 2 parameters, the position sensor value
obtained from the ADC as well as the number of the axis as shown in the
following code.
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// Call the AMB function class

for (int k=0; k<5; ++k)
{
algor (ADC[k], k) ;
DAC[2*k] = TEMP[O];

DAC[2*k+1] = TEMP[1];

(SF4.2)

In the algorithm itself, some scaling is done first and then (4.2) is used to obtain

the error value. (Refer to figure 3-3 for a visual representation of the algorithm).

The derivative of the error is then calculated using (4.3) as well as the output of

the first order low-pass filter with (4.6). Finally the derivative part for the PD

algorithm is calculated using (4.8) and the PD output, using (4.1).

// Scale input values to meters (SF4.2.1)
input = ADC[k]*1.27e-3/2"15;

// Calculate the error from reference (SF4.2.2)
el = referencelk] - input; // (4.2)

// Calculate the derivative of the error (SF4.2.3)
edl = (el-e[k]*10000); // (4.3)

// Calculate the low-pass filter (LPF) output (SF4.2.4)
epddl = (edl-epd[k])*pole; // (4.6)

// Get the result of the LPF and derivative (SF4.2.5)
epdl = (epddl/10000)+ epdl[k]; // (4.8)

// Calculate PD control output (SF4.2.6)
PD = Kplk]*el + Kd[k]*epdl; // (4.1)
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Before continuing with the AMB control, all necessary values should be stored

for use in the following interrupt cycle. These values are the following:

// Store PD control values

elk]l= el;
ed[k]= edl;
epd[k]= epdl;

epdd[k]= epddl;

(SF4.2.7)

The PD control output is then split into two components, one for each actuator

per axis control. First the bias current is added/subtracted for each actuator

output, and then scaled to the DAC range. The calculation of the outputs

'OUT1"and 'OUT2" are shown in the following code.

OUT2 = bias_current-PID;
OUT2 *= amp_gain;

OUT2 *= scaling;

// Calculate OUT1 (SF4.2.8)
OUT1 = bias_current+PID;

OUT1 *= amp_gain;

OUT1 *= scaling;
// Calculate OUT2 (SF4.2.9)

Before these values can be written to the DACs, it should be checked that the

values are in the acceptable current range of the PAs. The PAs cannot receive

a negative value and the current is also limited to 5 ampere maximum.
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// Check range of OUT1

(SF4.2.10)

OUT2 = 16384;

if (OUT1<0) // Check if OUT1 is negative
OUT1l = 0;
else if (OUT1>16384) // Limit OUT1 to 5 ampere
OUT1 = 16384;
// Check range of OUT2 (SF4.2.11)
if (0OUT2<0) // Check if OUT2 is negative
OUT2 = 0;
else if (0OUT2>16384) // Limit OUT2 to 5 ampere

If all is in range, the outputs are stored and the call to the algorithm writes

these values to the required variables.

// Save AMB outputs

TEMP[0] = OUT1;

TEMP[1] = OUT2;

(SF4.2.12)

This concludes the AMB control algorithm. The PMSM control algorithm starts

executing directly after all the DAC values are written into the buffer. This

algorithm starts similar to the AMB control algorithm. First some scaling is done

on two of the current sensor inputs:

// Scale inputs for PMSM to ampere

ADC[12] *= 1000/33/scaling;

ADC[13] *= 1000/33/scaling;

(SF4.4.1)

These current sensor inputs are then used to calculate the voltage and phase

of the voltage over frequency control method. A stability function was added to

this control scheme. This was to overcome the moment of inertia of the rotor at

standstill until 10 radians per second (rad/s).
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// Get the result of the stability loop

if (Wo<(20*pi))
Dwe = 0;
else
Dwe = -0.1/Wo;

Dwe *= 3/2*Vs*IscosT;

(SF4.4.2)

Equations (2.4), (2.5) and (2.6) are then implemented to obtain the voltage and

phase.

// Calculate the instantaneous current

Is = 2*ADC[13];
Is += ADC[12];
Is = pow(Is,2);

Is /= 3;

+

Is += pow(ADC[12],2);

Is

pow (Is,0.5);

// Calculate the instantaneous phase

IscosT = ADC[12] *cos(T);

IscosT += ADC[13]*cos(T-2*pi/3);

IscosT *= 2/3;

// Calculate the instantaneous voltage

Vs = pow(2*pi*fo*Lm, 2) ;
Vs += pow(IscosT,2) *pow(rs,2);
Vs —= pow(Is,2)*pow(rs,2);
Vs = pow(Vs,0.5);
Vs += IscosT*rs;

Vs += 15;

//

//

IscosT —= (ADC[12]+ADC[13]) *cos(T+2*pi/3);

//

(SF4.4.3)

(2.4)

(2.5)

(2.6)
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// Calculate the phase (SF4.4.4)

T += (Wo-Dwe)/SampleRate;

T = fmod (T, 2*pi);

Again some scaling is done and the range is limited for the PWM from 5% to

95%.
// Check voltage for duty cycle range (SF4.4.5)
Vs /= 240;

if (Vs > 0.45)
Vs = 0.45;
else if (Vs < -0.45)

Vs = -0.45;

The PMSM is a 3-phase motor with the phases distributed evenly; therefore the
instantaneous voltage of each phase can be calculated as follows:

// Calculate 3-phase voltages (SF4.4.6)
Va = Vs*sin(T);

Vb

Vs*sin(T-2*pi/3);

Ve = Vs*sin (T+2*pi/3);

These three voltages are then converted to analogue values, fed to dSPACE®
and converted to PWM signals and routed to the PMSM driver which makes
use of a 3-phase bridge to drive the motor. This concludes the PMSM control
algorithm.

The third piece of the SBC code is the communication between the SBC and
host PC which is done via Ethernet (TCP/IP). The GUI on the host PC is only
there to monitor the system. Not all the sampled data will be sent to the GUI or
else this will occupy the network the whole time. A person's reaction time from
seeing something and reacting on that is in the order of one to two seconds.
Fifty samples per second of all the sampled data would then be sufficient for
the operator to see what happens and still leave enough time for other
applications to use the network. Data will flow bi-directional. Information will be
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4.4

sent to the GUI and information (commands or variables) will be send back to
the SBC. Data sent to the GUI includes all the analogue sampled values, while
data sent to the SBC includes all the K, and K, constants of the PD control,
offsets of the rotor positions, PMSM rate and the start/stop commands of the
AMB and PMSM algorithms.

GUI

A GUI was designed taking human sight limitations into consideration. These
sight limitations include the ability for a human to see different colours better at
different angles. From the centre, moving outwards, red and green are most
visible, while yellow and white is still visible on the outside [34]. Data from [34]

was used to create the colour usage image as shown in figure 4-10.

Figure 4-11: Colour usage

The control screen will be divided into three main parts. The critical information
in the centre of the screen, the less critical information on the border of the
screen, and the controls grouped on one side of the screen. Figure 4-11 shows

the screen usage of the three main parts.

Less Critical
information

Critical
information

Controls

Figure 4-12: Screen usage

The critical information will comprise of the three rotor levitation status graphs,
one for each AMB. The graphs will show the real-time position of the rotor. The
less critical information is the status on the PMSM, the rotor speed, etc.
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Another three graphs will be displayed, but with the status on the current and
voltage in each phase of the PMSM. The rotor speed will be displayed as a
number. The controls include the levitation of the rotor and the start/stop of the
PMSM.

The host PC software includes only the GUI. As with the SBC firmware, the
Malibu libraries are again included, but this time only for the communication.
The SCB and the host PC makes use of a shared library to create a common
interface which both would understand. All the data sent and received are
defined within these libraries, as well as the methods to communicate.

No control algorithms are executed on the host PC allowing the FESS to
operate as a stand-alone system. The GUI has 2 tabs, the first tab is to connect
to the SBC and download the program when necessary. As shown in figure 4-
12, this tab consists of the IP address of the SBC, a connection button, a
browser button to select the SBC program file and an event log to see the

current status of operation.

< FEss control ~lo] x|

Connection | Contral Status I

— Metwork
|1 92168311 IpAddress Connect |
— File selection

_-.jl IE:'xI nhovativet SBCEY1 e\ Evamples' b SnaphD

— Ewent Log

Rx:

Figure 4-13: GUI layout: Connection tab

The second tab is the control status tab. This tab layout differs from the
planned screen usage shown in figure 4-11. It was decided that for ease of
use, the controls of each AMB should be situated close to the real-time status
graph as shown in figure 4-13. All the "stop/start" buttons are situated at the top
of the screen, in close proximity to each other. Furthermore, the temperature
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and PMSM current and voltages were grouped together on one side of the
screen and the AMBs on the right side of the screen.

# FESS control =10l x]
Connection  Control Status |
PMSM AMB
Auyial Z emor
— PMSM rate E
|
............ f 0 -l—’ -I—’E
— : T
I 7405 19
M ‘oltage Phase 1 M Current
kpz  KdZ

¥ enor f emor

Phase 2

Fhase 3 T T

X emor —%
1 3: Time base adjustment r—] R [l 1
Reference Tiue 2 2
| 27 e | 0 rew
Radial Top | ( RadialBottom —— |
RTD Temperatures é I I
| 181 ¢ | 2458 T
| 215 | 233 oo
Wacume I 18477 30 18477 I 30 28426 I 30 I 28426
100 kpy Kpx  Kdx KpY  KdY Kpx  Kdx KpY  KdY

Figure 4-14: GUI layout

A software lock was implemented on the AMB- and PMSM start/stop buttons.
The software lock is to ensure that the AMBs are not turned off while the rotor
is still turning at a high speed. Also, the PMSM cannot be started before the
AMBs are started. This software lock only allows the user to operate the FESS

under safe operating conditions, thus omitting failure due to human error.

The PMSM should be able to reach the maximum speed of 30,000 rpm within
15 minutes. It is calculated by (4.10) and (4.11) that the required rate should be
at least 3.49 radians per second squared (rad/s?).

o = 30000rpmx 27zrad
e 60 (4.14)
=3141.59rad/s

),

max

(15x60)seconds (4.15)
=3.49rad/s’
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When the AMBs are started, and the PMSM start button is pressed, the PMSM
will start to spin-up at a rate of 5 rad/s?. This can then be adjusted by means of
the slider. A maximum rate of 10 rad/s? is allowed by the slider. To stop the
PMSM from accelerating, the slider can be moved to zero, and to decelerate
the PMSM, the slider can be moved to the negative half of the slider. When the
PMSM stop button is pressed, the slider will automatically jump to -5 rad/s? and
start to decelerate. The reset button disables the PMSM control and will result
in the rotor turning free. The currents and voltages of the 3-phases of the
PMSM will be displayed just below the slider as shown in figure 4-13.

The screen division for the AMBs consists of three graphs with each its own set
of controls. The top-left corner contains the axial AMB status plot. This plot is
the axial displacement against time. To the left of the graph is the offset
adjustment slider as well as the proportional and derivative constant adjusters.
This allows the user to adjust the offset position as well as the PD control

constants real-time.

To the bottom of the screen, are the two XY-plots of the top- and bottom radial
AMBs. Again the position offset sliders are situated right next to the graphs.
The PD constants of each AMB are situated beneath its graph. These can also
be adjusted real-time. The temperatures of the AMBs, measured by the RTDs,
are shown on the left-bottom side of the screen together with the vacuum

pressure inside the enclosure.

To start the FESS, the sequence shown in figure 4-14 would normally be
followed.

All the yellow action blocks in figure 4-14, are sliders in the GUI and the blue
action blocks are press buttons. To start the FESS, open the GUI application.
Both the SBC and the host PC with the GUI should be connected to a local
network. The SBC's IP address is entered in the space provided. The default
setting is '192.168.3.11", but can be altered when the IP differs.
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Open application
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Figure 4-15: GUI start-up sequence

Now there are two possibilities. If the executable is not loaded on the SBC,
press the browse button, select the executable and press 'ok', else continue to
the 'control status' tab. Now the AMBs can be started, offsets adjusted, PD
constants adjusted and the PMSM started. The AMBs can be stopped at
anytime, as long as the PMSM is not rotating.

If the PMSM is started, the AMBs’ offsets, PD constants and PMSM rate could
still be changed. The PMSM reset can also be pressed anytime, irrespective of
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the status of the PMSM rate. The application can also be closed at any time.
When the application closes, the PMSM and AMBs will be stopped
automatically.

Chapter 4 presented the two interface boards required by the FESS, the firmware design and
software considerations for the GUI. The actual firmware and software descriptions followed
as well as the start-up sequence for the GUI application. Evaluation topics in Chapter 5 will
include: controller performance testing, stability analyses, sensitivity analyses and PMSM

control.
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D

Chapter

Testing and evaluation

Chapter 5 provides the testing procedure and results followed by an evaluation of the results.
This includes 4 tests, namely: controller performance, stability, sensitivity as well as the
PMSM tests.

5.1 Testing procedure

Four main tests were done on the system. First the performance of the
controller was tested to confirm that it complies with specifications given.
Secondly the system stability, thirdly the system sensitivity tests were done
and lastly the permanent magnet synchronous machine (PMSM) control was
tested.

5.1.1 Controller performance

To test the performance of the controller, the required control algorithms were
implemented on the single board computer (SBC). The time taken to
complete each algorithm was recorded and analysed. As shown in figure 5-1,
the execution of the AMB and PMSM control algorithm took a little longer than
the expected 50 ps. This resulted in the adjustment of the sampling frequency
from 20 kHz as specified, to 10 kHz. This would still leave enough time for the
data transfer over the ethernet cable for the GUI.

20 10 ksps

AMB FPMSM
1818 us 46 36 s

0 50 100 ps

Figure 5-1: Control algorithm execution timing

A control cycle of 10 kHz proved to be adequate on other systems; therefore
the 10 kHz ought to be sufficient for the control of the FESS.
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5.1.2 System stability

To test the system stability, a step response test was done on all five degrees
of freedom. A step of 10 um is inserted in the reference and the response was
recorded. The actual response of the system was then compared to the
simulated response as well as the response obtained from the dSPACE®
system. Figure 5-2 shows where the step error is inserted into the control
system. The SBC records the data and sends it to the GUI as a string of

values. These values are then imported into MATLAB™ and plotted against

the simulated results.

Step
_l Output limit
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C
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reference
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Qutput limit

Figure 5-2: Step input on AMB control algorithm

This graph is then used to obtain values for the settling time (7,) as well as the
percentage overshoot (P.0.). The damping ratio (¢), natural frequency (®.,),
equivalent stiffness (k.,) and equivalent damping (b,.,) are then calculated with
(5.1) — (5.4) respectively [30].

S
P.0.=100eV¢ (5.1)
o, =Ti§ (5.2)
k,, =@'m (5.3)

b,=¢ 2 Jk, -m (5.4)

where m is the equivalent mass of the rotor. The rotor mass is 18.3 kg, but the
equivalent mass of the rotor for the bottom radial AMB is 5.38 kg and
13.22 kg for the top AMB.
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Figure 5-3 shows the bottom radial x-axis response. There was a lot of noise

on the sensor of the bottom radial AMB. A filter was implemented to help

obtain realistic values for the settling time and the percentage overshoot, but

by doing this, not very accurate results are obtained. More accurate results

can be obtained by identifying the source of the noise and removing it.
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Figure 5-3: Bottom radial AMB x-axis step response

Table 5-1 shows the results obtained for the bottom radial x-axis. The step

response results on the SBC are worse than the dSPACE® system, the

equivalent stiffness and the damping is less than the dSPACE® system and

the simulated results. This is due to the settling time that is much longer.

Table 5-1: Bottom x-axis control comparison

Simulated | dSPACE” SBC

P.O. (%) 24.0 27.2 25.7
T, (s) 0.0206 0.0208 0.1570

¢ 0.4138 0.3825 0.3969

w, (rad/s) 468.3 503.7 64.2
k.,(N/'m) | 1,180,000 | 1,365,000 22,163
b.y (N.s/m) 2,085 2,073 274
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The same noise was obtained in the bottom radial y-axis response as in the
x-axis response. The step response for the y-axis after filtering is shown in
figure 5-4.
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Figure 5-4: Bottom radial AMB y-axis step response

The step response in the bottom y-axis had a shorter settling time, but the
equivalent stiffness and damping is still worse than the values obtained by the
dSPACE® system for the y-axis. The results for the step response are
summarized in table 5-2.

Table 5-2: Bottom y-axis control comparison

Simulated | dSPACE” SBC

P.O. (%) 24.0 28.5 26.4
T (s) 0.0206 0.0220 | 0.1510

¢ 0.4138 0.3712 | 0.3903

w, (rad/s) 468.3 488.7 67.9
key(N/m) | 1,180,000 | 1,285,000 | 24,782
bey (N.s/m) 2,085 1,952 285
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The result for the top radial x-axis has a lower percentage overshoot than the

results for the bottom radial AMB. Figure 5-5 confirms this. The noise is very

little compared to the step signal, thus much more accurate results are

obtained from this data.
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Figure 5-5: Top radial AMB x-axis step response

The percentage overshoot was less than the dSPACE® system and the

simulated result, and the settling time was still longer than both dSPACE® and

simulated results as shown in table 5-3. This caused the equivalent damping

and stiffness to be lower than expected.

Table 5-3: Top x-axis control comparison

Simulated |dSPACE” SBC

P.O. (%) 39.6 44.8 23.2
T, (s) 0.0651 0.0736 0.1550

¢ 0.2830 0.2474 0.4217

w, (rad/s) 217.2 219.7 61.2
keq (N/m) 623,500 638,100 49,512
b.y (N.s/m) 1,625 1,437 682
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Again the noise is much less in the top radial y-axis than in the bottom radial

AMB. Figure 5-6 shows the result obtained for the top radial y-axis.
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Figure 5-6: Top radial AMB y-axis step response

As with the top radial x-axis, the percentage overshoot is less than the
dSPACE® and simulated results. Table 5-4 present the data obtained for the
top radial y-axis. Again the equivalent damping and stiffness is less than the

results obtained by the dSPACE® system as well as the simulated results.

Table 5-4: Top y-axis control comparison

Simulated | dSPACE® SBC

P.0. (%) 39.6 46.0 237
T, (s) 0.0651 0.0716 | 0.1520

| 02830 0.2403 | 0.4166

, (rad/s) 217.2 2327 63.2
k,(N/m) | 623500 | 715,600 | 52,749
bey (N.s/m) 1,625 1,478 696
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Figure 5-7 shows the step response result for the axial AMB.
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Figure 5-7: Axial AMB step response

Finally the step response result for the axial AMB is displayed in table 5-5.

The percentage overshoot is much less than expected, and the settling time

is also much longer. Therefore this results in a much lower equivalent

damping and stiffness.

Table 5-5: Axial control comparison

Simulated |dSPACE® | SBC

P.O. (%) 39.1 37.3 9.3
T, (s) 0.0661 0.0627 | 0.1510

5 0.2866 | 0.2996 | 0.6031

, (rad/s) 211.2 213.0 43.9
oy (N/m) 829,400 | 844,200 | 35,887
beg (N.5/m) 2,251 2,374 985
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In all 5 step response results, the equivalent stiffness is much less than
expected, while the equivalent damping is also less. The cause of this large
variation in results obtained should be clarified. The only big difference
between the dSPACE® system and the SBC is the filters on the analogue to
digital converter (ADC) and digital to analogue converter (DAC) board. There
is a 4-pole elliptic filter, with the -3 dB attenuation set on 30 kHz, on the
analogue inputs and a single pole filter, with the -3 dB attenuation set on 50
kHz, on the analogue outputs. The dSPACE® system contains no filter on the
DACs and ADCs.

By adding these filters to the simulation, the results obtained from the
simulation correlated more closely to the results obtained from the FESS.
Figure 5-8 shows the results obtained from the adapted simulation compared
to the actual results of the bottom radial AMB respectively.
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Figure 5-8: Bottom radial AMB step response

The equivalent damping and stiffness of the AMB are as expected. Table 5-6
compare these results.

Table 5-6: Bottom radial AMB with filters

Simulated | SBC (X) | SBC (Y)
P.O. (%) 26.0 25.7 26.4
T, (s) 0.1500 0.1570 0.1510
¢ 0.3940 0.3969 0.3903

, (rad/s) 67.7 64.2 67.9
ko, (N/m) 24,658 | 22,163 | 24,782
bey (N.s/m) 287 274 285
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Figure 5-9 shows the results obtained for the top radial AMB, again with the
filters added to the simulation.
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Figure 5-9: Top radial AMB step response

The equivalent damping and stiffness is a little less than expected, but still
acceptable. Table 5-7 shows the top radial AMB's step response results.

Table 5-7: Top radial AMB with filters

Simulated | SBC (X) |SBC (Y)
P.O. (%) 241 232 23.7
T, (s) 0.1500 |  0.1550 | 0.1520
| 04122 04217 | 0.4166

w, (radls) 64.7 61.2 63.2
k., (N/m) 55314 | 49,512 | 52,749
be, (N.s/m) 705 682 696

The axial AMB's simulated and actual results correlated closely. The actual

response had a larger percentage overshoot, but a shorter settling time as

shown in figure 5-10.
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Figure 5-10: Axial AMB
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The stiffness and damping for the axial AMB was a bit higher than expected.
Table 5-8 shows the results for the axial AMB.

Table 5-8: Axial AMB with filters

Simulated | SBC (axial)

P.O. (%) 7.8 9.3
T; (s) 0.1517 0.1510

¢ 0.6306 0.6031

w, (rad/s) 41.8 43.9
key (N/m) 32,525 35,887
b.y (N.s/m) 981 985

The filters were neglected when the SBC was sourced due to the high cut-off
frequencies. One filter had a cut-off frequency of 30 kHz and the other 50
kHz. The system operates at 10 kHz, and therefore the filters should not
affect the system negatively. The orders of the filters were overlooked. The
phase shift of these filters caused the lowered stiffness and damping of the
AMBs.

Although the stiffness and damping of the AMBs are not the same anymore,
the sensitivity tests were still performed to observe the effect that these filters

have.

5.1.3 System sensitivity

Compared to passive bearings, e.g. ball bearings or oil-film bearings,
magnetic bearings have a negative stiffness due to static magnetic forces,
resulting in magnetic bearings being unstable. Feedback control is required in
active magnetic bearings to provide a positive stiffness and damping [36]. The
sensitivity of an AMB system is specified by ISO CD 14839-3. In this
standard, the sensitivity of a system is defined as the ratio of the response of
the system to the input of a disturbance signal given by (5.5). The sensitivity
of a system is given by the worst rating obtained from all the AMBs in the
system.
Vi (s)

Systems can be grouped into one of four zones [36].
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Zone A: The sensitivity functions of newly commissioned machines would

normally fall within this zone.

Zone B: Machines with the sensitivity functions within this zone are normally
considered acceptable for unrestricted long-term operation.

Zone C: Machines with the sensitivity functions within this zone are normally
considered unsatisfactory for long-term continuous operation. Generally, the
machine may be operated for a limited period in this condition until a suitable
opportunity arises for remedial action.

Zone D: The sensitivity functions within this zone are normally considered to
be sufficiently severe to cause damage to the machine.

Table 5-9 presents the peak sensitivity for each zone. The FESS falls into
zone A, which results in a maximum allowable peak sensitivity of 8 dB.

Table 5-9: Peak sensitivity ate zone limits [36]

Peak sensitivity
Zone level
A/B 8dB
B/C 12 dB
C/D 14 dB

ISO CD 14839-3 defines the sensitivity as the ratio of Vi over Vp, where Vj, is
a sinusoidal disturbance with varied frequency [36]. The input of V,, and the

reference Vy is shown in figure 5-11.

Qutput limit
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PD algorithm
C
C
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Figure 5-11: Disturbance input for sensitivity measurements

To calculate the sensitivity of the system, (5.5) was used with frequencies
ranging from 0 to 2000 Hz [30].
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A 1 um sinusoidal reference was inserted into the system with increments of 1
Hz per second. The fast Fourier transform (FFT) was further used to obtain
the frequency spectrum of the measured data.

Figure 5-12 shows the results obtained for the bottom radial AMB. The first
three critical frequencies are clearly visible. The first is at 49 Hz (2,940 rpm),
the second is at 191 Hz (11,460 rpm) and the third at 736 Hz (44,160 rpm).
The sensitivity of the critical frequencies is 2.1 dB, 11.98 dB and 14.61 dB
respectively. The third critical frequency provided the worst rating of 14.61 dB.
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Figure 5-12: Bottom radial AMB sensitivity

The sensitivity for the top radial AMB was measured similar to the bottom
AMB. A sinusoidal reference of 1 um was inserted and the system response
was recorded and analyzed. Figure 5-13 presents the results obtained for the
top radial AMB. Again the first three critical frequencies are visible. The
sensitivity of each critical frequency is 13.72 dB, 2.49 dB and -0.54 dB
respectively.
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Figure 5-13: Top radial AMB sensitivity

The difference in sensitivity peak amplitudes in the top radial AMB and bottom
radial AMB is due to the difference in equivalent mass. The top radial AMB
experience an equivalent rotor mass of 13.22 kg and the bottom radial AMB
an equivalent mass of 5.38 kg. The difference in sensitivity peaks is due to
the difference in inertia of the rotor at the top and the bottom.

Figure 5-14 shows the sensitivity results obtained for the axial AMB.
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Figure 5-14: Axial AMB sensitivity

The rotor has an axial critical frequency at 65 Hz (3900 rpm) at which the
sensitivity of the axial AMB is -0.73 dB.

The AMB system degraded from zone A/B with a maximum sensitivity of 8
dB, to Zone C/D with a maximum sensitivity of 14 dB. This is due to the
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lowered damping and stiffness of the AMBs resulting from the 4 pole elliptic
filter on the analogue to digital converter board. The damping and stiffness of
the AMBs should be increased to obtain a maximum sensitivity of 8 dB to
maintain the zone A/B according to ISO CD 14839-3.

5.1.4 PMSM start-up

The PMSM control was also tested and a difficulty was experienced with the
generation of the PWM signals. To generate the PWM signals at a rate of
50 kHz with a resolution of 100 units, the processor should run the PWM
interrupt at a frequency of 5 MHz. This was a problem for the DSP. It was
mainly busy servicing the interrupt and did not get to the control of the AMBs.
The problem was overcome by writing the duty cycle of each phase as a
voltage on the DACs. These voltages were then converted to PWM signals,
using an RT1104 dSPACE® card. The rest of the algorithm remained the

same.

A ramp input of 5 rad/s’® was inserted and the 3-phase outputs were
monitored against time. Figure 5-15 shows the results obtained for the PMSM

control algorithm.
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Figure 5-15: PMSM start-up curve

As the ramp input increases in figure 5-15 (a), the frequency of the three
phases increases (b) and in effect the PMSM speed increases.
Figure 5-15 (b) represents the duty cycle of the PWM signals fed to the 3-
phase bridge.

5.2 Conclusion

The control algorithm execution time exceeded the required 50 us, which
resulted in the sample frequency adjustment from 20 kHz to 10 kHz. A 4-pole
elliptic filter on the ADC board affected the stability of the system significantly.
A reduction in bearing stiffness and damping occurred, which was confirmed by
adding the filter to the simulation. Due to the reduction of bearing stiffness and
damping, the results obtained for the sensitivity were much higher. The critical
frequencies remained the same, but the maximum sensitivity increased from
8 dB to just above 14 dB. Lastly, the PMSM control worked well. The rotor's
actual speed increased as the reference speed increased.

Chapter 5 included all the testing done on the SBC and the FESS. First the AMB control
algorithm and SBC performance was tested. It was followed by the step response testing of
the AMBs to verify the stability of each. The sensitivity analysis of the AMBs was done,
followed by the PMSM control testing. Chapter 6 will further conclude on the testing results
obtained and highlight the areas of future studies for this project.
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6

Chapter

Conclusion and recommendation

Chapter 6 starts off with an explanation for the inconsistency in the stiffness and damping of
the active magnetic bearings. A conclusion on the single board computer as well as the

industrial control aspect follows. The areas for future work are then identified.

6.1 Stiffness and damping inconsistency

The stiffness and damping inconsistency on the active magnetic bearings
(AMBs) is due to the 4-pole elliptic filter on the analogue to digital converters
(ADCs) and the single pole filter on the digital to analogue converters (DACs).
The attenuation of these 2 filters at 10 kHz is 0.98 dB as shown in figure 6-1(a).
The inconsistency is caused by the attenuation, but rather the phase shift of -

36 degrees at 10 kHz as shown in figure 6-1(b).
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Figure 6-1: Bode diagram for the 4-pole elliptic filter
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6.2

To correct the inconsistency, the order of the 4-pole elliptic filter should either
be reduced or the cut-off frequency should be increased. The ADC and DAC
board was sourced together with the single board computer (SBC). The filters
are implemented in the analogue circuitry and not digitally, therefore the filters
cannot be altered.

The actual results and simulated results correlated closely after the filters were
added to the simulation. To maintain the original damping and stiffness of the
AMBs, the simulation can be used to determine new values for the proportional
and derivative constants. The bias current can also be altered to reduce the
sensitivity of the system.

Summary

A SBC was specified and sourced in this project with the aim of controlling the
AMBs. The control of the AMBs should be on an industrial level of control. The
conclusion of these two factors is given in section 6.2.1 and section 6.2.2.

6.2.1 Single board computer

The SBC performed well for the application given. The performance of the
digital signal processor (DSP) was tested by measuring the execution time of
the control algorithms. The results verified that the performance of the
processor is sufficient for the AMB control and partly for the PMSM control.
To maintain the sampling frequency of 20 kHz as specified in chapter 3, part
of the PMSM control algorithm could be moved to the field programmable
gate array (FPGA) on the SBC. This was not included in this project due to
the high level of programming complexity of VHDL to program the FPGA.

6.2.2 Industrial control

An industrial level of control was achieved by replacing the dSPACE®
development control system with an SBC. The SBC made use of an ethernet
connection to transfer the data from the SBC to the host PC to display the
status of the flywheel energy storage system (FESS) in the control room.
Control commands could also be sent back to the SBC to change the control

constants for example.

The industrial control operated well for this application. The status was
displayed in real-time by sending the information to the control room every
20 ms. The only disadvantage of this control architecture is that all the
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sampled data cannot be sent to the control room in real-time. This would only
be necessary if the user wanted to do analyses on the data, but it was not
required for this project.

6.3 Future work

The control of the FESS with a SBC to achieve an industrial level of control,
operated well, but there are still room for improvement on this project. The
main areas for future work identified, are: the SBC, nonlinear control
algorithms, digital power amplifiers, PMSM drive and the speed sensor.

6.3.1 Single board computer
The SBC worked well for the AMB control, but the performance was not
sufficient for the PMSM control together with the AMB control. Specifically the
DSP struggled to generate the pulse width modulated (PWM) signals required
by the PMSM drive. The PWM signal could easily be generated with the
FPGA, but this would require the programmer to learn VHDL.

Instead of using a DSP, a digital controller featuring PWM outputs could be
used, for example the TMS320F2812. Within the McTronX Research group,
dSPACE® was used to control the AMB system with 5 degrees of freedom
and a PMSM. The SBC was the first new type of controller used for this AMB
application on an industrial level. Although the SBC sourced, was designed to
be used in many different applications, the McTronX group should develop
their own SBC which would specifically fit their application.

6.3.2 Non linear control algorithms
As stated in section 2.4.2, the stable gain range for nonlinear control is much
higher, the current consumption is much less and nonlinear control deals very
well with large position variations. This motivated the use of nonlinear control
algorithms above linear control algorithms like proportional-derivative (PD)
control. A nonlinear control algorithm should be implemented on the FESS to
verify a better stability as well as a sensitivity analyses.

6.3.3 Power amplifiers
One of the major problems within the FESS is the noise levels. The power
amplifiers (PAs) in the system, switch 60 V, 5 A at a frequency of 36 kHz.
There are 10 PAs, each generating switching noise at a frequency of 36 kHz
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with no specific time reference between the PAs’ noise. The noise can be
reduced by synchronising the (PAs) and sampling the ADCs in synchronism.
The only problem with this is that the current PAs do not have the functionality
to synchronise them.

Another suggestion is to move away from the concept of sending an analogue
reference from the controller to the PAs. Digital PAs could be used, which

would immobilize the noise on the output channels.

6.3.4 Permanent magnet synchronous machine drive

The PMSM drive is a first generation prototype within the McTronX Research
group. The reliability of the drive is still unknown. As with the PAs, the use of
a digital drive should be investigated. Instead of sending 6 PWM signals to
the drive, 1 digital speed reference could be sent. This would reduce the
processing power required for the main controller, and the need for a digital
processor that features PWM outputs. The drive would then contain all the
intelligence and the PWM generators for powering the PMSM.

6.3.5 Speed sensor

The speed sensor currently used in the FESS has no connection to either the
dSPACE® or the SBC. An RS485 interface is required by the speed sensor,
which none of the dSPACE® or SBC feature. The SBC has an RS422 add-on
board, which can be used to realise the sensing of the true speed, but was
not included in the objectives of the project scope. Currently the true speed of
the rotor cannot be compared to the reference speed generated by the
controller. Future projects should include the sensing of the true speed via the
RS422 port so that the actual rotor speed can be compared to the reference
speed and a motivation on the accuracy of the voltage over frequency control
can be derived.

6.4 Closure

The aim of this project was to replace the current dSPACE® control system
used on the flywheel energy storage system (FESS), with an industrial level of
control featuring a single board computer (SBC). This SBC had to control 5
active magnetic bearings (AMBs) and one 3-phase permanent magnet
synchronous machine (PMSM). The results in chapter 5 verify that the goals for
this project have been reached. The system is fully functional, except for the
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sensitivity of the system that is higher than expected. Due to this, the rotor was
not rotated up to its limit of 30,000 rpm. This is the first project for the McTronX
Research group that is about an industrial level of control. The project will
serve as a baseline for further research on industrial control of high-speed AMB
systems.
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Appendix

Additional information

All additional information used within this thesis will be presented here.

Table A-1: Physical medium types [21]

Type

Description

Physical medium

Max
Speed

Foundation
Fieldbus

It is an all-digital, serial, two-way communication system. Software modules called
function blocks are used. Each function block processes input data according to a
specified algorithm and an internal set of control parameters and produces output
data. Examples of function blocks are: analogue input/output, digital input/output
and PID control.

IEC1158-2

31.25 kbps

Control Net

Makes use of concurrent time domain multiple access (CTDMA) as medium
access strategy. This strategy divides time in repeating network update times
(NUTs). These NUTs can be configured between 2 and 100 ms, based on the time
critical nature of the data. All nodes are continuously synchronized so they know
when they may access the media to broadcast their data.

Coaxial with

transformer isolation

5 Mbps

Profibus

It uses a hybrid medium access mechanism with master/slave hierarchy. IEC61158
supports 2 versions: Profibus DP and PA. DP is used for interconnecting
programmable logic controllers (PLCs) and peripheric devices. PA is specially
designed for process control applications, allowing operation in classified areas.

RS485/
IEC1158-2

12 Mbps/
31.25 kbps

P-Net

This industrial protocol also uses a master/slave communication scheme. It uses a
medium access strategy denominated virtual token passing. It also allows a multi-

net topology, where an additional network layer is specified to the protocol.

RS485

76.8 kbps

High Speed
Ethernet
(HSE)

Provides specifications for a cost-effective, high-speed, plant-wide network for
process control using commercial off the shelf ethernet hardware and software,
which include support to standard Ethernet protocols like TCP/IP, DHCP, SNTP,
and SNMP.

Ethernet

100 Mbps

SwiftNet

This fieldbus uses the producer/consumer communication paradigm, allowing
synchronous data transfer up to 120,000 samples of 16 bits/s. The medium access
strategy is Time Division Multiple Access (TDMA). It uses synchronization
messages that provide time marks to all network nodes.

RS485

5 Mbps

WorldFIP

It also uses the producer/consumer model in industrial and building automation
applications. WorldFIP admits two communication forms: configured, which
supports synchronous data, and on demand, that handles asynchronous events.

IEC1158-2

31.25 kbps

Interbus-S

It uses a physical connection based on ring topology, seeking cyclical in/out data
exchange among field level devices. Each device occupies a predefined message
slot reserved to send and receive data. The transmission in a physical medium
RS485 is full duplex, allowing concurrent messages sending and receiving.

RS485

500 kbps
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Appendix

System specification

The system specification of the flywheel energy storage system (FESS) is given in this
appendix
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EMC
FESS
GPIO

LPF
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List of abbreviations and acronyms

Architecture

Analogue to Digital Converter
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Flywheel Energy Storage System
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Interface

Low Pass Filter
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Quality Assurance

Single-Board Computer
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Uninterrupted Power Supply
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1. Document management
1.1 Contributors

Checked by party Individual name Signature Date
Author: Mr Dewald Herbst
Quality Assurance: || Mr Eugén Ranft
Technical Approval: || Mr Eugén Ranft
Project Manager: Prof George van Schoor
1.2 Version control
Project Title: Single board computer based control of an AMB
Document Number: FESS-TYPEBI-200-VA
(Project-type-reference-revision)
System / Subsystem Title: || FESS (Flywheel Energy Storage System)
Document Issue Date: 2007-07-09
Client: Prof Johann Holm
Client Reference: FESS-TYPEBI-200-VA
1.3 Acceptance
Checked by Name Signature Date

Accepted by:

1.4 Security levels and restrictions

Level || Description Applicable level
1 Strictly confidential — not to be distributed

2 Company confidential — distributed inside company X

3 Client confidential — distributed to limited clients and contractors

4 Public domain — distributed freely

2. Development specification scope

2.1 Identification

This specification establishes the performance, design, development and test

requirements for the single-board computer used with the FESS.
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2.2 Subsystem overview

2.2.1 Primary mission statement
The primary mission of the single-board computer within the flywheel energy
storage system (FESS) is to actively control the position of the magnetically
suspended rotor of the synchronous motor/generator.

2.2.2 Operational architecture
The single-board computer in this specification is an embedded digital signal
processor (DSP) with advanced signal processing techniques. The DSP
receives analogue electronic signals from the position sensors on the AMB,
process the signals, and produce the necessary analogue control signal to
control the position of the rotor.

The operator can only adjust the position of the rotor by means of a graphical
user interface (GUI) through the personal computer. The operator should be
able to view the status of the rotor via the GUI and shut down the FESS if

necessary.
AMB
Single- I
Human - | Personal |- board [ | . [
operator computer computer I

Figure 2-1: Concept diagram of the FESS

3. Applicable documents
The following documents of the exact issue shown, form a part of this
specification to the extent specified herein. In the event of conflict between
the documents referenced herein and the contents of this specification, the
contents of this specification shall be considered a superseding requirement.

[1] “MIL-STD 490X, Specification practices”

4. Single-board computer requirements

4.1 Single-board computer definition

A single-board computer (SBC) consists of a digital processor, digital signal
converters, programmable memory, digital interface and digital input/output
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signals. The composition of these components will be discussed in the

following section.

4.1.1 Functional architecture and physical interfaces

The SBC consist of nine architectural functions namely: DSP, ADC, DAC,
GPIO, PWM, anti-aliasing filter, LPF, JTAG, and TCP/IP. Refer to figure 4-1.
The function of each will be discussed further.

e A 20.1 — The function of the DSP is to generate the necessary control
signals for the ADC, DAC, GPIO, PWM, JTAG, and TCP/IP. It should also
receive signals from the ADC, process the signals, and feed the result to
the DAC and PWM. The DSP should be able to receive commands
through the TCP/IP and JTAG.

e A 20.3 — The function of the ADC is to convert the analogue signal
received from the position sensor to an acceptable digital signal. This
digital signal should then be passed to the DSP.

e A 20.4 — The function of the DAC is to convert the digital signal received
from the DSP to an acceptable analogue signal. This signal should then
be passed on to the power amplifiers to control the rotor position.

A 10.2
IEEE | A10.3

1149.1 TCF/IP
JTAG ethernet
A207 A204 IE 01 A203 A 2086

Low Digital to Analogue Anti-
pass « ahalogue to digital aliasing [

filter converter converter filter

T

A20.1
Digital
signal

processor

<
(]
S
Low Digital to Analogue Anti-
pass analogue [ to digital aliasing
filter converter IF 06 converter filter

PWM Pulse
purpose width modulated
inputs/outputs outputs

A 20.5A A 20.5B

Fos —1

IF 03
IF 03

GPIO General

Figure 4-1: Functional architecture of a single-board computer
e A 20.5A - The function of the GPIO is to give the ability to synchronize

processes and to view the status by means of LEDs.
e A 20.5B - The function of the PWM is to drive the synchronous
motor/generator. Signals will be received from the DSP and converted to
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an acceptable PWM signal. This signal will be passed to the synchronous
motor/generator driver.

A 20.6 — The function of the anti-aliasing filter is to filter out high frequency
noise within the sensor probes. This is to ensure an accurate
measurement of the rotor position. The signal from the sensors will be
filtered and passed to the ADC.

A 20.7 — The function of the LPF is also to filter out high frequency noise
due to high switching frequencies within the system. The analogue signal
from the DAC will be filtered and passed to the amplifiers.

A 10.2 — The function of the JTAG is to evaluate the system if a failure
occurred. This should be able even if the DSP has crashed or is in stop
mode. All registries should be visible.

A 10.3 — The function of the TCP/IP is to allow an operator to control the
reference position of the rotor and shut down the system for maintenance
from a control room. The operator should also be able to view the status
of the rotor via the GUI on the computer. Signals will flow from the
computer via the TCP/IP to the DSP and back.

4.1.2 Component list

The following table shows the components that should be included in the

single-board computer. Refer to figure 1-2 for more detail.

Table 4-1: Component list

Reference Quantity Description

A 20.1 1 Digital signal processor
A 20.4 10 Digital to analogue converters
A 20.7 10 Low pass filters
A 20.3 10 Analogue to digital converters
A 20.6 10 Anti-aliasing filters

A 20. 5B 6 Pulse width modulated outputs
A10.3 1 TCP/IP ethernet port
A10.2 1 JTAG port

A 20.5A 10 General purpose inputs/outputs

4.2 Characteristics

The minimum characteristics of the components listed in the previous section,

will be stated below.
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4.2.1 Performance characteristics

Table 4-2: Component performance characteristics

Reference|Description Characteristic

A 20.1 Digital signal processor|32-Bit floating point DSP, 258 MIPS

A 20.4 Digital to analogue 16-Bit, = 10 ksps, +/-15 volt output, = 10 mA per output
converters

A 20.7 Low pass filters -3dB set at 50 kHz, single pole filter, S/N = 40 dB

A 20.3 Analogue to digital 16-bit, = 10 ksps, +/-15 volt differential, = 5 MQ||5 pF input
converters impedance

A 20.6 Anti-aliasing filters 3dB set at 30 kHz, elliptic filter, S/N =80 dB

A 20. 5B |Pulse width modulated [0/5 volt, = 20 mA per output, 210 MHz cycle time

outputs
A10.3 TCP/IP Ethernet port [10BASE-T/100BASE-T standard ethernet protocol, RJ-45
connector
A10.2 JTAG port Standard JTAG 1149.1 compliant emulation port debugger
support.
A 20.5A |General purpose 0/5 volt, = 20 mA per output, = 5 MHz switching time
inputs/outputs

4.2.2 Physical characteristics

The SBC should consist of all the components listed. The complete SBC size
should be a single euro size (3U 160 mm x 100 mm). The weight should not

exceed 500 g. Refer to table 4-3 for more detail.

4.2.3 Reliability
The SBC should be operational with a total down time of less than 3 days per
annum.

4.2.4 Maintainability

The SBC should have maintenance down time of less than 8 days per annum
for all types of maintenance. Firmware maintenance should be possible
without shutting the SBC down.

4.2.5 Environmental conditions

The SBC should operate in the following environmental conditions:

e -10t055C
e 10 to 65% humidity
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e Withstand shocks of up to 5G

Refer to table 4-3 for more detail.

Table 4-3: Component physical characteristics

. Physical Environmental
Reference Description
Weight Size Temperature| Humidity | Shock
A 20.1 Digital signal processor20g |20 mm x 20 mm [5°C - 57°C  [10% - 55%|5G
A 20.4 Digital to analogue 11 o |10 mm x 10 mm [5°C - 51°C  [10% - 65%6G
converters
A 20.7 Low pass filters 20g [10mmx 20 mm [5°C - 65°C |7% - 60% [4G
A 203 Analogue to digital 15 o |10 mm x 10 mm [5°C - 51°C  [10% - 65%|6G
converters
A 20.6 Anti-aliasing filters 30g |10 mmx 30 mm [5°C - 65°C |7% - 60% [4G
A2 58 |Fulse width modulated 5 o 11 mm x 40 mm [0°C - 70°C  [5% - 80% |7G
outputs
A 10.3 TCP/IP Ethernet port |50 g |20 mm x 30 mm |0°C - 65°C  |7% - 75% |6G
A 10.2 JTAG port 30g [10 mm x 30 mm |0°C - 65°C |7% - 80% [7G
General purpose or _ 700 o, _ aro
A 20.5A inputs/outputs 50g [10 mm x 40 mm |0°C - 70°C  |5% - 85% [8G

4.3 Design and construction requirements

4.3.1 Materials, processes, and parts

Materials and components shall be used that are commonly obtainable from

secondary suppliers within South Africa.

4.3.2 Electromagnetic radiation

The EMC should comply with the government regulations of South Africa.

4.3.3 Nameplates, and product marking

No specific requirements.

4.3.4 Workmanship

No specific requirements.
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4.3.5 Interchange ability

No specific requirements.

4.3.6 Safety

High voltage and high current carrying conductors shall be isolated to prevent
shock from direct touch.

4.4 Documentation

A circuit layout, test plan procedure, maintenance plan as well as an

installation instructions document will be drawn up.

4.5 Maintenance and logistics

4.5.1 Maintenance

Maintenance and repairs shall be performed by the McTronX research group
at the NWU. If maintenance and repairs requires unavailable skill and
equipment, help shall be sought from technical documentation from section
1.3.4.

4.5.2 Supply

The subsystem shall be in use for no less than a period of 10 years before
significant phase-out or upgrades may be performed. As a result:

e All components in the system must be supported over a minimum
period of 10 years.

e New components may be introduced over time. Provision shall be

made for new items to replace obsolete items.

e Provision shall be made for supply of components by means of a third
party manufacturer and complete manufacturing data pack, should the
initial supplier not be able to proceed with supply.

4.5.3 Major component characteristics

Refer to section 4.2.1
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Quality assurance

5.1 General

The quality assurance (QA) will be done by an external company. All given
specifications will be verified.

5.1.1 Responsibility for tests

No specific requirements.

5.1.2 Special tests and examinations

Table 5-1: Acceptance test matrix

Requirement AAcceptance requirement Method and criteria

1 2 3 4 5
Architecture in 1.3.1 X X Refer to method/value
Characteristics in 1.3.2 | x X X Refer to method/value
Constructionin 1.3.3 X X Refer to method/value
Documentation in 1.3.4 X Refer to method/value
Maintenance in 1.3.5 X Refer to method/value

The following acceptance methods shall be applicable:

1. Demonstration: The operation of the system, or a part of the system, that
relies on observable functional operation not requiring the use of
instrumentation, special test equipment, or subsequent analysis.

2. Test: The operation of the system, or a part of the system, using
instrumentation or other special test equipment to collect data for later
analysis and reporting.

3. Analysis: The processing of accumulated data obtained from other
qualification methods. Examples are reduction, interpolation, or extrapolation
of test results.

4. Inspection: The visual examination of system components, documentation,
etc.

5. Special qualification methods. Any special qualification methods for the
system, such as special tools, techniques, procedures, facilities, acceptance
limits, use of standard samples, pre-production or periodic production
samples, pilot models, or pilot lots.

The following sub-categories may be applicable:

A. Computer software test
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B. Internal qualification test (at factory, not acceptance test)

C. External qualification test (at independent third party, not acceptance test)

5.2 Quality conformance inspection

No specific requirements.
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CD

All data sheets and product manuals are available on the CD.

C.1 SBC6713e datasheets
C.2 SBC firmware

C.3 GUI software

C.4 Measurements

C.5 References

C.6 Photos

C.7 Dissertation
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