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SUMMARY

SUMMARY

The School of Electrical, Electronic and Computer Engineering of the North-West University is currently
doing research on active magnetic bearing (AMB) systems. One of the latest developments is the flexible
rotor double radial AMB model. Various studies on the AMB sub-systems are being conducted using the

model.

The focus of this study is on AMB power amplifiers (PAs). The aim is to develop a platform to facilitate
the analysis of the two-state and the three-state switching techniques that are possible for the AMB

switch-mode PAs. An average current controlled PA prototype board is designed to facilitate the study.

The design of the switch-mode PA for the two-state and the three-state switching techniques is conducted
and analysed based on the design specification. The switching techniques are realised in a digital signal
processing (DSP) environment with a TMS320P2812 eZdsp DSP starter kit (DSK). A TMS320P2812

eZdsp DSK is programmed in VisSim® development software.

The simulation model for the two switching techniques was developed in MATLAB® simulink. The
simulation models are used to verify the design specifications, to predict the experimental set-up
behaviour and to compare the two-state and the three-state switch-mode PA topologies. The two
switching techniques showed good correlation in system performance, small signal bandwidth and power

bandwidth. The simulation models’ responses are also in agrecment with the theoretical analysis.

Testing of the PA’s switching techniques was conducted on the double radial AMB system. The two
switching techniques are analysed on the basis of how well they can regulate the coil current. The power

bandwidth as well as the power loss analysis was used to evaluate the two switching techniques.

The experimental results showed good correlation with the simulation results in terms of the dynamic
response and the power losses. The power bandwidth measurements could not be performed at the
specified dc levels due to noise problems. The power bandwidth prediction was however verified by
reducing the voltage level to minimum values and the switching frequency to lower value.

Recommendations for future improvements on the PAs are given based on the results.
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OPSOMMING

OPSOMMING

Die skool vir Elektriese, Elektroniese en Rekenaaringenieurswese van die Noordwes- Universiteit is tans
besig om navorsing te doen op akticwe magnetiese laer (AML) sisteme. Een van die nuutste
ontwikkelings is die buigbare rotor dubbelradiale rotor AML model. Verskeie studies op AML substelsels

word gedocen met die model.

Dic fokus van hierdie studie is op AML kragversterkers (KVs). Dic doel is om 'n platform te ontwikkel
vir die fasilitering van die twee-toestand en dric-toestand skakeltegnieke, wat moontlik is vir AML
skakelmodus KVs. n Gemiddelde stroom beheerde KV prototipe bord is ontwerp om hierdie studie te

fasilitcer.

Die ontwerp van die skakelmodus KV vir die twee- toestand en drie- toestand skakeltegnicke is uitgevoer
en ge-analiseer, gebaseer op die ontwerpspesifikasic. Die skakeltegnieke word geimplementeer in n
digitale seinverwerking (DSP) omgewing met behulp van n “TMS320P2812 ¢Zdsp DSP starter kit
(DSK)”.'n TMS320P2812 eZdsp DSK word geprogrammecr in VisSim® ontwikkelingsagteware.

Dic simulasiemodel vir die twee skakeltegnieke is ontwikkel in MATLAB® simulink. Die
simulasiemodelle word gebruik om die ontwerpspesifikasies te verifieer, om die eksperimentele
opstelling se gedrag te voorspel om dic twee-toestand en drie-toestand skakelmodus KV topologieé. Die
twee skakeltegnicke het goeie korrelasic getoon in stelselsgedrag, kleinsein bandwydte en drywings

bandwydte. Die simulasiemodclle se respons stem ook oorcen met die teoriese analise.

Dic KV sc skakeltegnicke is getoets op die dubbcelradiale AML sisteem. Die twee skakeltegnieke is ge-
analiscer op grond van hulle vermoé om die spoelstroom te reguleer. Die drywingsbandwydte sowel as

die drywingsverliese analise is gebruik om die twee skakeltegnieke te evalueer.

Die eksperimentele resultate het goeie korrelasie getoon met die gesimuleerde resultate in terme van die
dinamiese respons en drywingsverliese. Die drywingsbandwydte metings kon nie by spesificke dc vlakke
uitgevoer word nie weens ruisprobleme. Die drywingsbandwydte voorspelling is egter g-everificer, deur
die spanning vlak na minimum waardes teverstel en die skakel frekwensie na laer waarde. Aanbevelings

vir toeckomstige verbeteringe op die KVs, gebaseer op die resultate, word gegee.
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Chapter 1 Introduction

Chapter

Introduction

Chapter 1 provides a general background on power electronic (PE) application in active magnetic
bearing (AMB) systems. The focus is on the problem statement, issues lo be addressed and the research

methodology. An overview of the dissertation is provided at the end of this chapter.

1.1 Background

The School of Electrical, Electronic and Computer Engineering of the North-West University is currently
doing research on AMB systems. A number of AMB models have been developed. One of the latest
developments is the flexible rotor double radial AMB model. Various studies on the AMB sub-systems
arc being conducted using the modecl. This model is currently in the Magnetic Bearing Modelling and

Control (MBMC) laboratory of the North-West University.

1.1.1 Active Magnetic Bearings

AMB systems suspend a load in space by means of magnetic forces. The advantages of AMBs have given
AMB systems an upper hand over the conventional bearings in the technology of rotating machines. An
AMB's system performance mostly depends on its sub-systems. The sub-systcms of AMB systems are the
position sensors, a controller, power amplifiers (PAs), electromagnetic actuators and the load.

Electromagnetic
Power Amplifier Actuator

| Controller |

F Sensor

Figure 1-1: A functional block diagram of an AMB system

Power electronic activation for active magnetic bearings 1



Chapter 1 Introduction

Figure 1-1 displays a functional block diagram of an AMB system. The position sensor senses the
position of the load and supplies a position signal to the controller which generates appropriate control
signal. The control signal is fed to the PAs. The PAs are responsible for establishing currents in the

electromagnetic actuator which result in magnetic forces required to stably suspend the load in space.

1.1.2 AMB power amplifiers

PAs are one of the major sub-systems of AMB systems. They convert the control command from the
position controller into current signals. The PA converts low power controller output signals into high
power actuator input signals by regulating the flow of energy between the power source and magnetic
circuit. The power amplification stage in an AMB system is constrained by power efficiency and size. A
low efficiency amplifier result in high losses which can cause the load to generate heat which will in turn
reduce the functionality and reliability of the AMB system. The size of the PA is a constraint because
more than 8 PAs may be needed for AMB systems.

There are three types of PAs that may be used in AMBs. They are linear amplifiers, switch-mode
amplifiers and hybrid amplifiers. Linear PAs are mostly applicable in AMB systems that rcquire low
voltage and current because of their low power efficiency. The advantage of the linear PA is the low level
of noise that it produces when it operates. For large AMB systems, the switch-mode PAs are the more
viable choice when compared to linear PAs due to the high power efficicncy that is required. The only
drawback of switch-mode PAs is the noise rcsulting from the switching process. A hybrid PA is basically
a switch-mode linear assisted PA. It combines the advantages of both the linear and switch-mode PAs.
This type of amplifier is aimed at reducing the noise produced by the switch-mode amplifiers and also at
improving the efficiency of linear amplifier application in large AMB systems. The only drawback of the

hybrid amplifier is the complexity of the circuit and control strategy [1].

AMB PAs may be controlled in two different ways; current controlled or voltage controlled. The control
methods depend on whether the magnetic circuit's current or voltage is being regulated. A PA regulating
current is classified as a current controlled while a voltage regulating PA is termed a voltage controlled
PA. The advantage of the current controlled PA is the climination of the pole introduced by the load
inductance which reduces the systems order. This reduces the controller complexity allowing the use of a

simple PD controller [2].

The pulse-width-modulation (PWM) signals of switch-mode PAs can be generated in two different ways,
the voltage mode control (VMC) in which a carrier signal is used to generate the switching signals or the
currcnt mode control (CMC) in which the slope of the actual current through the load is used to generate

the PWM signals.
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The switch-mode PA PWM generator can be realised in two different ways, the two-state and the three-
state technique. The two techniques control the pattern in which the H-bridge 1s change states. The H-
bridge circuit is shown in Figure 1-2. In the two-state switching technique, a single PWM signal is
applied to switches S1 and S4 and the complement of that PWM signal to S2 and S3. As a result, the coil
voltage is switched between the positive voltage rail and the negative voltage rail. The three-state
switching technique utilises two individual PWM signals. One PWM signal to drive switch S1 and S3
with the signal and its complement respectively; and the other to drive switches S2 and S4 with the signal
and its complement respectively. The coil voltage now has three states i.e. positive voltage rail, negative
voltage rail and 0 V. A three-state technique is considered the best choice of PA for AMB systems duc to
the fact that the current nipple component is drastically reduced, resulting in lower losses in the AMB
magnetic circuit [1, 2, 3].

Voltage rail

S] $1

§3 S4

Figure 1-2: H-bridge circuit diagram

1.2 Problem statement

The purpose of the study is to develop a platform to facilitate the analysis of the two-state and the three-
state switching techniques that are possible for an AMB switch-mode PAs. The focus will be placed on
PA topology, the efficiency, reliability and control of the H-bridge circuit in the two different modes. The
study will take an in-depth look at reducing the losses caused by PAs in AMB systems.

Due to the advantages of current controlled PAs over voltage controlled PAs, an average current
controlled PA will be implemented. Figure 1-3 displays the proposed switch-mode PA that will be
controlled by either the two-statc or three-state PWM gencration technique. A basic switch-mode PA

comprises a power circuit, feedback circuit, a controller and a PWM generator.
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Figure 1-3: A proposed switch-mode PA

1.3 Issues to be addressed

1.3.1 PA specifications

The first step in the design and development of the PA is to generate a detailed specification addressing
all the relevant information that will guarantee good results and performance. The specifications must
also be aligned with the current development in the MBMC laboratory of the North-West University. The
PA parameters which include high efficiency, a wide power bandwidth, small signal bandwidth and the

current level will be specified and used as a point of departure for the system design.

1.3.2 PA design and simulation

For the complete realisation of a two-state and three-state PA using the same prototype board, a detailed
AMB PA design will include component specifications and the design of every sub-system of the PA to
accommodate both the switching techniques on the power electronic (PE) board. The design and the
comparison of the two switching techniques are done by means of a simulation model. The simulation

model should include most of the sub-components of the prototype PA.

1.3.3 PA design implementation

Before the final prototype board is developed, a method of practically realising the two switching
techniques should be devised. PE circuits are controlled by cither an analogue or digital controller. A
digital controller will be used for accomplishing the switching techniques. The use of dSpace and

TMS320 digital signal processing (DSP) board will be considered in realising the switching techniques.
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1.3.4 PA design evaluation

Once the design of the PA is completed, factors that can affect the overall performance of the PE circuit
will be considered. These factors include the printed circuit board {(PCB) layout for the prototype board,

the protection circuits and the integration of the PA with the AMB magnetic coil for evaluation purposes.
1.4 Research methodology

1.4.1 PA specifications

The study will be conducted by firstly consulting the available literature on the AMB PAs and by
studying the previously developed PA for the flexible rotor double radial AMB model. The two PWM
switching techniques are studied and the PA specifications will be compiled from information gathered
from the literature and the specifications of the existing PA of the flexible rotor double radial AMB model

in the MBMC laboratory.

1.4.2 PA design and simulation

At this stage, a complicte PA model with a two-state and three-state switching technique will be designed
based on the system's specifications. Before the development of the PA prototype; analytical calculations
will be done to specify the PA devices. The simulation models of the two techniques will be conducted in
order to verify the design. Simulation packages used inciude MATLAB®/Simulink power system block
set. The PE board will include the power circuit, the H-bridge driver, the feedback circuit and the

protection circuits.

1.4.3 PA design implementation

A method for efficiently generating the required control signals with the identified DSP boards will be
selected. The two techniques will be realised on the DSP boards by means of MATLAB®/Simulink

toolbox and VisSim® development software.

1.4.4 PA design verification

At this stage, a prototype board will be developed. The two-state and the three-state switching techniques
will be tested on thc AMB load. The experimental/practical resuits of the two switching strategies will be
compared in terms of the control, the power losses, the power bandwidth and the small signal bandwidth.
The practical model and the simulation model will be compared in order to draw a sound conclusion on

the switching techniques. The reliability of the PA will be tested with the implemented protection circuits.
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1.5 Overview of the dissertation

The topic of the study is the design, development, testing and comparison of an average current controlled
PA operating in a two-state and a three-state switching mode. The dissertation constitutes 6 chapters.
Chapter 2 contains the literature study on the existing AMB amplifiers, the different modes of control and
the switching techniques. The chapter starts by briefly highlighting the reasons behind the use of switch-
mode PAs in AMB systems. The reasons are established by examining the linear and switch-mode

amplifier and thereafter, the background on switch-mode PA is given.

In chapter 3, a detailed step by step design of the switch-mode PA 1s carried out. The PE prototype circuit
board and sub-circuits are designed. The two PWM controller strategies under investigation are further

investigated and a concept is realised for controlling the PEs.

Chapter 4 contains a more in-depth analysis of the two-state and the three-state PWM technique through
the use of simulation models. The simulations are conducted in order to predict the performance and
response of the practical system. The main focus of this chapter is on the analysis and comparison of the

two-state and the three-state techniques.

The practical implementation of the PA design and the results from the testing of the prototype board are
outlined in chapter 5. The chapter explores the reliability of the PE board and the operation of the two
developed PWM control techniques by driving an AMB load with the developed PA. Emphasis is placed
on the dynamic response, the power bandwidth, the small signal bandwidth and the power losses of the

two PWM techniques.

In chapter 6, conclusions are drawn from the simulation and practical results. Some recommendations on

improving the performance of the practical system are discussed.

Chapter 1 gave some background on the MBMC research activities, AMB operation in general and PAs.
The objective of the study, issues that will be addressed and the methodology that will be followed in
reaching the goals of the study formed part of this chapter. An overview of the document is also included.
Chapter 2 will discuss the literature on the AMB PAs.
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Chapter

Introduction to AMB power amplifiers

Chapter 2 contains the literature regarding the power electronics (PE) of an active magnetic bearing
(AMB) system. This chapter discusses the working principles of AMBs in short and the fundamental role
of power amplifiers (PAs) in an AMB system. Different types of amplifiers, amplifier switching methods,
control strategies and current sensing techniques for feedback implementation make-up the core subjects

of this chapter.

2.1 Active Magnetic Bearings

AMB systems provide means of stably suspending a rotating rotor without mechanical contact. The basic
functional block diagram of an AMB system is illustrated in Figure 2-1. The AMB system comprises
sensors, a controller, PAs, magnetic actuators and the rotor. The sensor measures the position of the rotor
in the form of a voltage signal which serves as input to the controller. The controller determines the
appropriate current or voltage reference to position the rotor at the desired position. The current or voltage
reference signal serves as control command for the PA. The PA converts this reference into a power
signal which is used to drive the magnetic actuator coil. The magnetic actuator in turn produces the force
required to suspend the rotor in air and at the desired position. The scope of this work is limited to AMB

PEs.

Electromagnetic
Power Amplifier Actuator

I
D

| Controller |

? Sensor

Figure 2-1: A functional block diagram of an AMB system
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2.2 Power amplifier introduction

PEs in AMB systems refer to PAs which are important sub-components of AMB systems. They are
responsible for generating control currents required to stably suspend the rotor in air, The PA receives a
current or a voltage command from the controller. The controller command is proportional to the position
error signal of the rotor which is normally in the form of a small signal voltage [3] representing the
desired coil current or voltage. The PA adjusts its output to closely match the control reference with an

actual coil voltage or current.

AMB system loads are reactive loads that require high apparent power (V4 rating) to achieve high
frequency actuation dynamics. The basic function of the PA is to regulate the energy flow in the magnetic
circuit according to the controller's output i.e. to track the current or voltage command within the PA's

bandwidth limit [4]. The resulting current flows through the actuator producing the required forces.

The operation of AMB PAs is analogous to the tank model shown in Figure 2-2. The reservoirs serve as
the sources of energy. In actual systems, it is the power supply. Pumps 1 and 2 are the mechanism used to

provide energy to the load and are analogous to the switching devices in Figure 2-3.

Energy
Eddition (PUmP1)
Reservoir 1 //\\

h

Energy

(Pump2)  Eyiraction Load
o

--Q
7

Reservoir 2

Figure 2-2: Tank model [5]

The amplifier operatcs by adding energy to the load when required, removing energy when there is a
surplus and maintaining energy at the required level. The mechanism of controlling the energy is

coordinated in such a way that the energy in the load matches the desired energy [3].
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T

Figure 2-3: Ideal amplifier [5]

Different types of PAs may be employed to rcgulate the encrgy in an AMB load and each has its own
advantages and disadvantages. They are linear PAs which track the desired signal at the expense of
efficiency but with excellent noise immunity, switch-mode PAs which offer better efficiency than linear
PAs but generate high levels of noise, and the switch-mode linear assistance PAs (hybrid amplifier)

which combine the advantages of both the linear and switching PA [1, 6].

AMB systems have two control strategies that may be employed during the design process; the current
control and voltage control [2]. The PAs are specified according to the employed AMB control strategy.
The control strategics arc based on the AMB coil current or voltage. In the current controlled AMB
systems, the current into the magnetic circuit is regulated and in the voltage controlled AMB systems the
voltage across the magnetic circuit is regulated. For a current controlled AMB system, the linearised

relation between the generated magnetic forces and current is given by (2-1).

F:k‘i+k:x (¢ 8)

with F the magnetic force, ; the force-current factor, &, the force-displacement factor, / the coil current

and x the position of the rotor.

In a voltage controlled AMB, the relation between the magnetic forces and the voltage is given by (2-2).

F =

4B,
v dt R
%NJ’ (2-2)
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By is the flux density in the air gap, N the number of turns per pole and v, the coil voltage. The strategy
employed in AMB systems therefore influences the design of the PA.

2.3 Losses due to power amplifiers

AMBs operate by introducing a constant bias current in each electromagnet. The system is subjected to
constant electrical losses which may cause rotor heating and reduce efficiency of the system. The losses
are divided into the copper losses and the iron losses of the electromagnets [6]. The iron losses are
classified as eddy current losses which are proportional to the square of the alternating currents flowing
through the coils and rotating hysteresis losses which are proportional to the alternating current passing
through the coils of the magnetic circuit [6, 7]. These losses can be reduced by the design of the PAs

which determines the alternating current component of the load.

2.4 Linear power amplifier

Linear PAs operate switching devices in their linear regions. The output devices (transistors) are modelled
as voltage controlled variable resistors. Figure 2-4 displays a linear PA uscd to deliver power to the load.
The voltage controlled variable resistor is represented by the pass element which continuously varies the
magnetic circuit voltage. The linear PA features a very high signal quality due to their continuous signal
control. This is associated with a low efficiency as the power is dissipated in both the load and the pass
element [3].

Pass element

j 4

1}
i
|
|

Figure 2-4: Linear PA

A maximum current reference causes the resistance of the pass element to reduce to a minimum value
allowing maximum current to flow through the load, resulting in minimal losscs. A minimum current
reference causes the resistance of the pass element to approach infinity and the losses arc still minimal.
The problem with linear PAs arises when the resistance of the pass element is almost equal to the load

resistance. At this point the power loss in the transistor will equal the power dissipated in the load.
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Due to the high VA rating required by AMBs, linear PAs are not sufficient in driving magnetic coils with
high inductance and low resistance [8]. When used to drive such magnetic coils requiring high dynamic
performances, the efficiency of the amplifier is reduced to approximately less than 5 % due the high
voltage rating of the systems [1]. The linear PAs are useful in systems requiring a low voltage [2]. Linear

PA will not be investigated due to its low efficiency.

2.5 Switching power amplifier

Switching PAs are mostly employed in AMB systems due to their high efficiency. These amplifiers have
an efficiency of higher than 80 %. The use of switching PAs in AMB systems has its own advantages and
disadvantages. The major drawback of switching PAs includes electromagnetic interference with the
position scnsors and heating of the rotor due to induced eddy currents 2, 4, 9]. The induced eddy currents
are due to the ripple component of the coil current. For AMB systems, the required PA characteristics

include a wide power bandwidth and reduced switching losses [6].

Figure 2-5 displays a basic switch-mode PA schematic. A PWM control block generates a variable duty
cycle to control the amount of energy delivered to the load. When maximum or high currents are desired,
the PWM controller generates maximum duty cycles rcquired to turn the switch on for longer periods of
time. The resulting losses are mainly due to thc on-rcsistance of the switch. When mimmum current is
desired, the PWM controller generates minimum duty cycles to turn the switch on for shorter period of
time. When constant current is desircd, the controller provides 50 % duty cycle to the switch.

Switch L

ve . faang®

Load

e

PWM

T
CONTROL

- -

Figure 2-5: Switch-mode PA

Due to low losses, switch-mode PAs are very efficient means of controlling power flow in an AMB
system. Dcpending on the intended application, the characteristics of switch-mode amplifiers depend on

factors such as:
e power circuit topology,

e switching methods, and
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¢ modes of control

The characteristic factors of the switching PAs are discussed in the following sub-sections.

2.5.1 Switch-mode PA power circuit topology

\|
1

/51

T~

S1

Vaus V!J 1Tl Vaus —-v;rTmb—— Vasus " YT
;F c2 / s2 ng s2 s3 S4
(a) (b) (c)

Figure 2-6: Power circuit structure (a) half-bridge (b) full-bridge with unidirectional current flow and (c) full

bridge with bidirectional current flow

The most popular power circuit topologies available for use in AMB PAs are displayed in Figure 2-6.
Figurc 2-6(a) displays the half-bridge power circuit topology, which can only be switched between two
states, energy addition and cnergy extraction resulting in significant current ripple. Figure 2-6(b) displays
an H-bridge powcr circuit topology with two switches and two diodes; the power circuit allows only
unidirectional flow of current. The third power circuit topology is a full H-bridge circuit shown in Figure
2-6(c). It has four switches and allows bi-directional flow of current through the load. The voltage at each
coil terminal is controlled by a pair of switchcs; switch S1 and S3 controlling v, and switches S2 and S4

controlling v, [10].

An H-bridge power circuit of Figure 2.6(c) has three states of operation; forward conduction, rcverse
conduction and freewhceling conduction. In the forward conduction state, switches S1 and S4 are
switched on while S2 and S3 are switched off and a positive voltage is applied across the load. In the
reverse conduction state, switches S2 and S3 are switched on while S1 and S4 are switched off and a
negative voltage is applied across the load. In the freewheeling state, switches S1 and S2 (or S3 and S4)

arc active and the current freewheels, a zero voltage is applied across the load.

With reference to the requested signal, the control electronics which is normally the PWM generator,

initiates the switching sequence which the power circuit needs to respond to. One complete sequence 1s
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referred to as a complete H-bridge cycle. Figure 2-7 and Figure 2-8 illustrates the complete switching

cycle a PWM generator may initiate. These two possible PWM generators are discussed in section 2.5.2.

+Vaus
0 .
_VBUS
Energy addition Energy extraction
Figure 2-7: Two-state switching cycle
+VBUS

0 -
Vius

Energy addition »1 Freewheel »1 Energy extraction

Figure 2-8: Three-state switching cycle

Due to the inductive nature of an AMB load, the load current docs not change instantaneously. The power
circuit topology incorporates freewheeling diodes across the switches ensuring that there is always a path
for the current to flow. A deadband time is also included in the switching sequence to cnsure that the two

switches on the same leg of the bridge are never turned on at the same time.

2.5.2 Power amplifier switching techniques

There are two switching techniques to control the H-bridge power circuit topology. The techniques are
the two-state and the three-state switching technique. The switching techniques are realised by mcans of a
PWM controller. The PWM controller varies the duty cycle of the switch with respect to the desired load
current. The duty cycle is produced by comparing a control signal with the carrier signal or the slope of

the actual coil current.

Two-state switching technique

A two-state switching technique is a traditional PWM switching method. It is achieved by using a single
PWM controller in order to produce the desired duty cycle for switching a pair of switching devices.
Figure 2-9 displays an H-bridge power circuit controlled with the two-state switching technique. With this
technique, diagonal switches are switched simultaneously. During the switching cycle, the PA will

generate an output voltage switching between positive supply and negative supply voltage.

Power electronic activation for active magnetic bearings 13



Chapter 2

Introduction to AMB power amplifiers

Input
reference

-

[ (51,54)

(S2,83)

St Ss2

Load

S3

|||}

Feedback

S4

Figure 2-9: Two-state H-bridge switching configuration
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Table 2-1 shows the switching states in a two-state controlled H-bridge. In state 1, switches S| and S4 are

switched on while switches S2 and S3 arc switched off. A positive voltage is applied to the load and as a

result the load current is increasing. When the load current is decreasing, state 2 is entered. Switches S2

and S3 are turned on while S1 and S4 are turned off. Figure 2-10 displays two-state PWM output load

waveforms.

Table 2-1 Two-state PA switching states

S1 and S4 S2 and S3 Vioad
State 1 1 0 +Vpus
State 2 0 1 -Vaus

+A

+Vaus

_VEUS

jAwawaw WAWAWAWA
VAV VS

(a)

N ]

i

(b)

Figure 2-10: Two-state switching waveforms (a) control waveforms and (b) coil waveforms
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As a result of the square voltage waveform that is applied to the load, the current has both a positive and a

negative slope and the ripple value is defined by (2-3).

Ai= V—fzfi T, 2-3)

T, is the period of time a pair of switches remains on, Vpys is the supply voltage and L is the inductance
of the coil. When the PA supplies an average current of 0 A, the PWM duty cycle is 50 % and the current
ripple is defined by (2-4).

v,
Al = TBZiTx (2-4)

T; 1s the switching period. Equation (2-4) shows that the magnitude of the current ripple depends on the
supply voltage and the switching frcquency. The ripple value is inverscly proportional to the switching

frequency and directly proportional to the supply voltage (Vzys).

A two-state switching tcchnique has a number of disadvantages when used to drive an AMB load. The
PA will have higher switching losses and high current ripple which occur due to the two levcls of output
voltage. To limit the high current ripple to acceptable levels, the switching frequency must be increascd.
Due to the desired high power cfficiency, the switching frequency cannot be increascd indefinitely

because the switching losses of scmiconductor devices increase proportional to the switching frequency.

Another important drawback of two-state PAs which relates to the switching frequency is highlighted in
[6]. The reduction of the switching frequency in order to reduce the switching losses results in severe
current ripple which will induce high eddy current losses and also limit the operating rangc of the PA.
The operating range of the PA is the frequency range in which the actual current can follow the reference

signal.

Three-state switching technique

The threc-state technique is another method of controlling switching PA circuit. It is realised by
controlling a power circuit with two single PWM signals [3]. Figure 2-11 displays an H-bridge circuit
with threc-state PWM implementation. Two PWM generators are used; one to control the left lcg and
anothcr to control the right lcg of the H-bridge. The diagonal switches are controlled independently which

is different from a two-state controlled power circuit.
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Figure 2-11: Three-state H-bridge switching configuration [3]

The operation of a three-state PWM is explained in Figure 2-12 and Figure 2-13. There are three
switching states possible with threc-state PMW technique. The states are related to the addition,
extraction and maintenance of energy in the AMB load. Figure 2-13(a) displays the first state in three-
state controlled power circuit where switches S1 and S4 are activated. This switching state is responsible

for addition of energy to the AMB load i.e. the increase in coil current.

LASA A

'Al

+Vaus

(b)

Figure 2-12: Three-state switching waveforms (a) control waveforms and (b) coil waveforms
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Figure 2-13: Three-state switching sequence (a) energy addition, (b) freewheeling and (b) energy extraction

Figure 2-13(b) rcpresents the second state where the current freewheels through switches S3 and S4. The
applied voltage across the load is zero. This switching state maintains the energy in the load and it is
termed a freewheeling state. During the freewheeling state, the current through thc AMB load decrcases
due to the resistance of the AMB coil. The PA will respond to this energy loss by initiating the next

required state.

Figure 2-13(c) displays the third state in which switches S2 and S3 are active and the energy is extracted
from the AMB load. The load current decrcases and the energy is fed back to the supply [3, 6]. Table 2-2
shows the three-state switching statcs with corresponding voltage and current. A positive voltage is
applied across the AMB load during state 1, a zero voltage during state 2 and a negative voltage during

statc 3.

Table 2-2 Three-state PA switching states

S1 S2 S3 S4 Vioad y

State 1 1 0 0 1 +Vpus | Increasing
State2 | 1(0) | 1(0)| 0(Q1) | 0(1)| Zero Constant

State 3 0 1 1 0 -Vsus | Decreasing

Due to the addition, maintenance and extraction principle of controlling the AMB load; a full voltage is
applied across the load for shorter periods of time. The load current changes slowly which rcsults in a
small ripple current [3]. When a constant current is flowing through the load, the current ripple is

obtained by (2-5).
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(2-3)

I is the bias current, U,, is the on-state voltage of a conducting switch, T, is the switching period and t is

the time constant of AMB load. The time constant is defined by (2-6).

7= (2-6)

L
R
Equation (2-5) implies that the ripple current depends on the coil’s properties and the switching
frequency. One of the advantages of using the three-state switching technique is that the load ripple
current is independent of the supply voltage. This implies that the AMB stiffness can be increased by
increasing the supply voltage without producing additional load losses [1, 4, 6]. Other added advantages

of the three-state switching technique are the reduced switching losses due to low switching frequency

and the reduced eddy current losses in the AMB load due to minimum current ripple [4].

Three-state controlled PAs have their own disadvantages added to AMB systems especially in the self-
sensing AMB system. The self-sensing AMB uses the ripple component [11] of the load current in order
to estimate the air-gap length. To successfully implement a rcliable self-sensing AMB systcm, the ripple

current will have to be significant.

2.5.3 Modes of control

+
Reference Power .
signal z FWM Circuit Bearing

k
feedbac Voltage\Current

Voltage or current
Feedback

Figure 2-14: Feedback control loop in PAs

The PA control signal is motivated by the control strategy employed in AMB systems. The control
strategy in PAs is basically a feedback control which can be established either for the load current, load
voltage or air gap flux [5]. The PA uses feedback control in order to achieve design objectives for the
load regulation and dynamic responses [12]. Figurc 2-14 displays the PA feedback control loop. The
control loop monitors the control variable and compares it to the reference signal to produce an error

signal. When a voltage signal is monitored, the PA is termed a voltage controlled PA. Similarly, the PA is
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termed a current controlled PA when the load current is monitored. The error signal is fed to the PI-
controller to derive the control signal which is either compared to a carrier signal or the slope of the load

current to produce the appropriate PWM signals.

Triangle wave
(for voltage mode control)

Vg /et ( ) » PWM .
z b Controller H-bridge

—

AMB Load

Current waveform

L (for current mode control)

mixer

Figure 2-15: PA schematic with either VMC or CMC (3]

The generation of PWM signal with a carrier signal is defined as voltage mode control (VMC) while the
generation of the PWM signal with a signal representing the slope of the actual load current is defined as

the current mode control (CMC). Figure 2-15 illustrates the PA circuit with either VMC or CMC

Voltage mode control

H-bridge

vre1 I l ’ l
Gate .
Latch Driver ————I switch

/\/\/ Clock

Vearrier, QSC R

Figure 2-16: A voltage mode controlled PA

sense

Figure 2-16 displays a basic voltage mode controlled PA. The PA is employed with one feedback loop as
compared to the CMC PA. The appropriate PWM signals are produced by comparing an error signal with
a carrier signal of constant amplitude and frequency. When the control signal exceeds the carrier signal,

the oscillator set the latch and the produced PWM signal turns the switch off. The switch turns on when

the carrier signal exceeds the error signal.
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Current mode control

Figure 2-17 displays a basic circuit diagram of a current mode controlled PA. A fixed switching
frequency is produced by an oscillator clock and a carrier signal is replaced with the output signal derived
from the load current [13]. The derived signal is a voltage across a sense resistor device. The PWM

signals are then generated by comparing an error signal with a voltage across a sense resistor (Ryense)-

0SC H-bridge

Clock |——| |—-|
Vre(
Gate

Latch *! Driver switch

VRsense

I | ' I Rsense

Figure 2-17: A current mode controlled PA

CMC can be employed in two different methods depending on the application. The two methods are peak
current mode control (PCMC) and average current mode control (ACMC) [14]. For a PCMC, the PWM
signals are derived by comparing thc upslope of Vs to the error signal derived from the reference
signal and the actual signal. The appropriatc on commands are sent to the switch when the latch is set.
The switch will turn off when Vg €quals the crror signal. In an ACMC, the convcrter actual load
current is sensed. A compensation circuit is added as part of an inner feedback loop. The actual load
currcnt is compared to the error signal and amplified. The output of the compensation circuit is compared

to an amplified oscillator signal to producc the PWM signal [13, 14].

2.5.4 Power amplifier bandwidth

The bandwidth of a PA is specified in terms of both a small-signal bandwidth and a power bandwidth.
The small signal bandwidth describes the small signal behaviour of the magnetic actuator while the power
bandwidth describes the large signal behaviour and specifically the frequency where a current of half the
specified maximum current of the PA can still be supplied without being deformed. Deformation will

occur above the power bandwidth due to the finite voltage at the bus.

Small signal bandwidth
The small signal bandwidth is defined as the frequency where the actual current is attenuated by -3dB for

arbitrarily small reference currents. In AMB systems, the small signal bandwidth is limited by the load,
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the PA, the voltage rail (Vays) and it is controlled by the proportional gain (K,) of the PI-controller [3, 4).

The integral gain (X)) is responsible for compensating the influence of the back-emf of the system [15].

lrer * o KP+Ki l _Q/S_
Ky A R+sL

™M
v

Figure 2-18: PA small signal bandwidth prediction

Figure 2-18 displays the closed loop block diagram used to determine the small signal bandwidth of the
AMB PAs. The closed loop transfer function of the PA is detcrmined as (2-7),

14

P BUS
I, _ A R+sL
ref & XB(JL
A R+sL 2-7)
Kp VBUS

T AR+ SL) 4K Vs

1. 1s the actual load current, /.. the reference signal, R the resistance of the load and L the inductance of

the load. The small signal bandwidth of the amplifier occurs when (2-8) is satisfied [3].

W, LA, = RA, + K Vs (2-8)

From (2-8), the small signal bandwidth is determined as (2-9).

RA+K V,

p BUS

" LA

1

@, (2-9)

From (2-9) the K, value of the controller is used to specify the small signal bandwidth of the PA. In order
to achieve a wide small signal bandwidth for a specific AMB load with a fixed voltage rail or VA rating,
the K, value of the controller is increased. Care should be taken to avoid exceeding the linear limits of the

controller's proportional gain as this will cause instability in control loop.
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The maximum value of K, is restricted by the slope of the carrier signal (2-10) and the maximum slew
rate (current response) (2-11) of the PA. The dynamic performance of AMB systems depend on the
maximum current slope limited by the maximum voltage of the amplifier and the inductance of the AMB

load [1, 3, 6].

d . . d
KP E(me - lact) < E Atf(zﬂ:/_;wt) (2_10)
di Vs
KP E(Zref _lact) < Blllj @-11)

Equations (2-10) and (2-11) imply that the slope of the control signal should be less than the slope of the
carrier signal. The slope of control signal should also be less or equal to the maximum slew rate to
guarantec stable switching of the PA circuit and linear dynamic behaviour. With the help of (2-10) and
(2-11), (2-12) is derived.

d 14
= Af(2 £ >8Y
7 JSQrf,p) I
V
4471, >——‘Z’S @2-12)
> VBUS

" 4Lf

sw

Using (2-12) and (2-9), the maximum limit of the small signal bandwidth of the amplifier is determincd
as (2-13).

4
f =L
2 (2-13)
=0.64 fm

By Shannon’s sampling theorem, a maximum usable small signal bandwidth of 0.2f; can be expected [3].

Power bandwidth
The power bandwidth of the PA is the frequency at which the PA can produce half the maximum current
without distortion. At the power bandwidth, the actual current can still follow the reference signal without

attenuation or distortion. The power bandwidth is limited by the slew rate of the PA and has nothing to do
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with the switching frequency and the controller. The maximum slew rate of the switching PA is defined
by (2-14).

% < % (2-14)

Assuming the sinusoidal input reference signal is limited to half the maximum signal as given by (2-15),

the maximum rate of change of the input signal is expressed as (2-16).

I s, = 0.51, sin(ar) (2-15)
diys,,
0.5ref — OSImaxa) (2-16)
dt max

The switching PA will respond to the desired half reference signal when the maximum rate of change of

the input signal is below the maximum slew rate of the PA.

0.51_.27f < % (2-17)

From (2-11), the power bandwidth of the PA is limited to 2 maximum frequency of (2-18).

_ VBUS
S o = 2l L (2-18)

For AMB loads, the power bandwidth is usually less than the signal bandwidth [2, 16]. The power

bandwidth depends on the supply voltage, the maximum input current level and the inductance of the
AMB load.
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Figure 2-19: Operating range of the magnetic actuator [16]
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Figure 2-19 displays the dynamic performance of the PA. From the figure, the frequency band in which -
the switching PA can achieve the desired performance when half the maximum current level is desired is
defined as the operating range of the AMB system. At frequencies above the power bandwidth, the output

voltage signal will enter saturation and the dynamic performance of the PA becomes nonlinear.

2.5.5 Current sensing

Measuring and controlling the current in a PE circuits is a major contributor to the success or failure of
PE circuit design [17]. The current is monitored and measured for fault protection and control purposes.
The employment of a current controlled PA with current mode control requires that the current flowing
through the load be constantly monitored. Current measurements in PE circuits are performed by inserting
a sensing device which may negatively influence the performance of the circuit if not chosen properly and
not placed at the right location. The most common devices are non-inductive sense resistors and Hall
Effect current sensors. These devices produce a voltage signal proportional to the current flowing through

the device.

Resistive sensing

The use of a sense resistor for monitoring the load current is the simplest and most cost effective method.
A sense resistor has the disadvantage of adding extra losses (I'R) to the circuit. The resistive sensing will
give accurate measurements when low currents arc sensed [18]. The characteristics related to the

appropriate choice of current sensing resistor and reliability of the sensing circuitry are:

e Low resistance value to minimise power losscs

e Low inductance because of high di/dt

e Tight tolerance on initial value and low temperature coefficient for accuracy
e High pcak power rating to handle short duration high current pulses

e High temperature rating for reliability [17]

Figure 2-20 displays an H-bridge circuit with a sense resistor. The placement of the resistor is at the
location where the load current can be monitored at all times. The resistor continuously measures the

current flowing through the active switching devices.
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Figure 2-20: Resistive current sensing

Hall sensors are the most effective means of measuring currents for feedback control purposes. Average
and peak-to-peak CMC are effectively implemented with hall sensors and the location of the sensor
should be carefully selected. The advantage of using hall sensors is the electrical isolation it provides

between the control and the power circuits [3].

Different locations of placing a sensing device for specific applications are explained in [17]. In order to
sense an average current flowing through the load, a current sensor is placed in line with the load. The
location of the device is illustrated in Figure 2-21. For measuring a peak current, the location of the
sensor is in line with one of the switches forming an H-bridge circuit. The hall sensor is selected based on
the bandwidth requirement. The bandwidth of the sensor provides accurate tracking of the change in the

load current.

O
+
S1 S2 /
Hall sensor v Load v
ar‘Tm b
Vaus O
9 s /
(o2

Figure 2-21: Average current sensing with Hall sensor device
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Chapter 2 discussed the theory in AMB PAs. Two-state and three-state switching techniques were
explored and the components of the switching PAs were studied. The next chapter will be involved in the

design of the PEs and the two switching techniques.
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Chapter

Power amplifier design

Chapter 3 contains a detailed design of the switching power amplifier (PA) circuit. The chapter aims at
explaining and conducting the design of each building block of an AMB switching PA. Aspects
concerning the reliability of the sub-components of PAs will be thoroughly looked at. The chapter starts

by providing the PA specifications and then proceeds to a detailed design.

3.1 Power amplifier specification

Table 3-1 Power amplifier design specifications

Name Description
Voltage Viin =150V and V,,,, =310V
Efficiency >80 %
Switching frequency 30 kHz
Output Current, maximum of 10 A
Power bandwidth 1.5 kHz

Small signal bandwidth | 2 kHz

Protection Thermal and short circuit

Table 3-1 shows the design spccifications for a two-state and three-state PA. A variable bus voltage is
specified with a minimum dc voltage of 150 V and a maximum dc voltage of 310 V. The 220 V
alternating-current (ac) mains voltage is adjusted to voltages that will produce dc voltages in a range
between 150 V and 310 V when rectified. The coil current must be adjustable from -10 A to a maximum
current of 10 A. At low reference signal frequencies, the coil current must track the reference signal with
minimum error. The switching frequency of the amplifier is specified to a maximum of 30 kHz and the
PA must have a power bandwidth of 1.5 kHz and a small signal bandwidth of 2 kHz. Since immunity
against failure is one of the important factors not to be ignored, the amplifier must incorporate thermal

and short circuit protection.
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The specifications imply that the PA should be a switch-mode PA with a full H-bridge configuration. The
PA must be able to drive the load with two-state and three-state PWM techniques.

a20v O ZX Power AMB
ac mains O Circuit _—Lse__nse_remstr‘ Load

Temp

Sense
15 l (LEM sensor)

Gate Drive Over current
5V Circuit Protection Current
e Feedback
Electronic 5‘ 5V
Supply  feescceeeererememafee oo e e e cmcmeme e e o et oot e e :
I 5V Isolation %
Circuit @
_—|
@
3
he)
Current > Controlier
reference

Figure 3-1: PA functional block diagram

Figure 3-1 displays the proposed functional block diagram of an AMB PA. The amplifier comprises a
power circuit, gate drive circuitry, isolation circuitry, protection circuitry, feedback circuitry and a
controller. A reference signal is compared to the current flowing through the load to determine the error
signal. The error signal is converted to a voltage signal or control signal by a controller. The control
signal 1s used to generate digital PWM signals i.e. two-state or three-state PWMs. The PWM signals
serve as inputs to the isolation circuitry which provides a boundary between the digital and analoguc
circuits of the PA. The isolated PWM signals are used to control the power circuit which comprises an H-
bridge circuit. The current is monitored for over-current protection and for providing feedback to the
controller. The temperature of the operating PA is also monitored in order to protect the PA circuit

against over-temperature conditions.

3.2 Power circuit design

Figure 3-2 displays a functional block diagram of the power circuit. The power circuit is responsible for
supplying the load with voltage and consists of two parts; the rectifier for rectifying an ac voltage and the
H-bridge circuit that allows the flow of energy to and from the load. The design of the H-bridge is

explained in the following section.

| .

220 Vac Rectifier H-bridge AMB coil

mains
( )__J ——

Figure 3-2: Power circuit functional block diagram
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3.2.1 H-bridge design

An H-bridge circuit comprises a set of four controllable switches. The set of switches are the important
components of the H-bridge as they connect the load to the supply voltage and provide a path for the
requested load current. The structure of an H-bridge circuit and the connection of the load is shown in

Figure 3-3. The four switches (S1 - S4) must be carefully specified in order to make an H-bndge circuit

reliable.
o
R
/ S1 / S2
coil
Lrm
VEUS
/ s3 / sS4
Rsonsa
o-

Figure 3-3: An H-bridge circuit diagram

Several factors need to be considered when specifying the controllable switches [19]:
e Power capability (Voltage and current rating)
e Switching speed (Hard/soft switching)
e Drive circuit requirements
¢ Protection and

e T osses

For this application, it is required that the switching devices be capable of withstanding a dc voltage of at
least 310 V, conduct a maximum current of 10 A and be able to operate at a switching frequency of 30
kHz. The choice of the switching device is between Metal-oxide-semiconductor field effect transistor
(MOSFET) and Insulated gate bipolar transistor (IGBT). At high switching frequencies, conducting
MOSFET experience high losses and its on-state resistance (Rpsw») increases with increase in

temperature [20].

An IGBT has a fixed voltage drop in the on-state, a high voltage and a high current rating. The major
problem in the operation of the IGBT at high switching frequency is the resulting current tail for the
duration of the turn-off process. Current tail implies that the IGBTs turn off time will be longer in which

the results will be high tum-off switching losses. In order to operate the IGBT devices at high switching
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frequency, the device needs to be controlled with soft switching mode or resonant switching technique
[21]. In the soft switching mode, the collector-emitter voltage goes to zero before the device is turned-off.
Operating the MOSFETs in temperatures between room temperature and 200 °C increases it on-state
resistance which result in high conduction losses and decreased current rating at high temperature. With

IGBTs, the operation at high temperaturcs does not influence the increase in the conduction losscs [21,
22,23].

Between the MOSFETSs and IGBTs, IGBTs stands out due to low conducting losscs under low switching
frequencies. The switching devices chosen for this application are ultrafast 600 V 27 A IGBTs with
built-in ultra-soft-recovery freewheeling diodes (IRG4PC50UD).

The freewheeling diodes serve a very important purpose. Due to the inductive nature of the AMB load, an
H-bridge constructed with switches without freewheeling diodes will fail as the current through an
inductor changes with time. The placement of freewheeling diodes guarantees continuity in the inductive
load current. The diodes will provide path for the coil current when all the switches are switched off for a
while. This takes place when the two switching devices in the same leg of the bridge are turned-off for a
short period of time (deadband) to avoid cross conduction or short circuiting the bridge. Also, when the

H-bridge changes states, the freewheeling diode conducts the current.

It 1s important to sense the current flowing while the IGBTs are conducting. The current is sensed for
monitoring purposes and feedback circuitries. The design requires a sense resistor with a low resistance
value in order to minimise power losses and low inductance value to avoid voltage spikes due to high

di/dt. The choice of the sense resistor and the resistance value is discussed in section 3.7.

3.2.2 H-bridge losses

An H-bridge comprises switching devices and a sense resistor. Practical switching devices display non-
ideal characteristics and exhibit both conductive and switching power losses while the sense resistor will

only expericnce resistive losses.

Two-state PA H-bridge losses

Conduction and switching losses
Due to the finite time the switching devices take to change state, the product of the voltage across the
device and the current through the device is non-zero. Thus, the device will dissipate power during turn-

on and turn-off transitions. From the data sheet of the IRG4PC50UD, the total switching energy loss (E,)
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at a junction temperature (7;) of 150 °C is obtained as 2.3 mJ. These testing conditions along with the

conditions at which the IGBTs will be operated are shown in Table 3-2.

Table 3-2 Power amplifier design specifications

Parameter Test condition | Application condition
T; | Junction temperature 150 °C 150 °C
I~ | Collector current 27T A 10 A
Vcee | Collector voltage 480V 150 Vand 310 V
Voe | Gate-emitter voltage 15V 15V
R | Gate resistor 5Q gQ

The switching energy lost in the device opcrated at a collector voltage of 150 V is approximated by (3-1).

7

E _ _c_new "cc_new "'g new E
ts new is_old
T i Ve v Ry

c_old “cc_new ““g_old

(3-1)
:9@§2.3x10"3 J
27 480 5

=440x107° J

Now, the switching power loss is determined using the switching energy loss multiplied by the switching
frequency as it 1s proportional to the switching frequency and the energy lost during the switching period,

(3-2).

Psw = Etx_newf:vw
=440x10°x30x10° W (3-2)
=132W

For a collector voltage of 310 V, the switching energy is 880 uJ and the estimated switching losses of the

device is 26.4 W. The switching loss of the diode at minimum voltage level is determined as (3-3).

VAt S
D:w_—z—_
_150x10x74x10° x30x10° (3-3)
2
=1.67W
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For maximum voltage of 310 V, the diode switching losses are estimated as 3.34 W. Semiconductor
devices also dissipate power while in the on-state. This loss is termed conduction loss and it is caused by
the forward voltage drop in the conduction state of the switching devices. For a two-state switching

technique, the conduction loss for the IGBT is determined by (3-4).

Pon = Vce(on)]cd
=1.65><10 W (-4)
2
=825W

The built-in freewheeling diodes also experience losses when conducting. The diode conduction losses

are determined from (3-5).

PDion = Vclcd
2
=625W

Sense resistor losses
A non-inductive sense resistor of value 0.05 Q was selccted and connected to switches S3 and S4 as
shown in Figure 3-3. The choice of the resistor will be discussed in section 3.7. The maximum sense

resistor losses are computed in (3-6).

72
Rsense ~ ] Rsense

~10°%0.05 W (3-6)
=5W

The total power loss contribution due to the H-bridge components on the PA circuit at 150 V is
determined using (3-2), (3-3), (3-4), (3-5) and (3-6). Equation (3-7) provides maximum losses of
63.76 W. At a typical steady state condition two 1GBTs will conduct in the forward direction and two

IGBT diodes will conduct in the freewheeling state, both set at 50 % duty cycle.

P,

H-bridge

=2P +2P, +2P, +2P, +P

_on Rsense

=2x13.2+2x1.67+2x825+2%x625+5W 3-7
=63.76 W
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At a bus voltage of 310 V, the IGBT and the diode switching losses are twice the losses experienced

when a 150 V is applied across the bridge. Thus, the total two-state H-bridge losses at a bus voltage of
310 V are given by (3-8).

PH—bridge = 2Psw + 2PDsw + 21)0!1 + 2PD_on + PRsen:e

=2%x26.4+2x3.34+2x825+2x6.25+5W (3-8)
=93.48 W

Three-state PA H-bridge losses

Conduction and switching losses
The power losses in the switching devices for a three-state PA are determined in a similar manner as in
the two-state PA. Assume that an H-bridge circuit is conducting the load’s current in the forward

direction and a minimum voltage (Vgys) is applied across the H-bridge. The three-state duty cycle is

determined as (3-9).
d-Vys=1R

d:MXIOO% 3-9)

=1.74 %

1 is the maximum load current and R is the load resistance. The switching losses for a single IGBT and the
freewheeling diode are the same as the switching losses experienced by the two-state PA IGBTs. For a
maximum current of 10 A, the IGBT and freewheeling diode switching losses are given by (3-2) as
13.2 W and (3-3) as 1.67 W, respectively.

For the three-state controlled H-bridge, the high side IGBT (S1) will be on for 1.74 % of the time while
the low side IGBT (S4) will conduct the current with a 100 % duty cycle. The conduction losses are
determined as (3-10) for the high side IGBT (S1).

Pon(Sl) = Vce(an)lcd
=1.65x10x0.0174 W (3-10)
=03W

For the low side IGBT, the conduction losses are given by (3-11).
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Pon(S4) = VcL(an)ch
=1.65x10 W 3-11)
=16.5W

The conducting loss of the diode is determined as (3-12).
PD‘an = VJ]cd
=1.25x10x0.983 W (3-12)
=1229 W

Sense resistor losses
Because the two low side IGBTs (S3 and S4) connect to ground via the sense resistor, the current will

only flow through the resistor when the high side IGBT (S1) is conducting. The loss dissipated by the

sense resistor is given by (3-13).

PR:ense = Iltd
=10x0.05x0.0174 W (3-13)
=8.7 mW

The sense resistor losses are negligible. For minimum bus voltage, the total losses in the H-bridge circuit

are determined as (3-14).

PH—hria’gL’f}.vtule = PTLJ + PD_vw + Pon(Sl) + R)n(S4) + PDion
=13.2+1.67+0.3+16.5+12.29 (3-14)
=43.96 W

For maximum voltage across the H-bridge, thc switching losses are twice the switching losses
experienced at a bus voltage of 150 V. The three-state PA total H-bridge losses are thus determined as
(3-15).

PH—hridgejstale =P, + Py, + Pon(Sl) + Pon(S4) + PD_on + PRsense
=264+334+03+16.5+12.29 (3-15)
=58.83 W

The theoretical analysis of thc H-bridge losses shows that the three-state PA generates low H-bridge

losses as compared to the two-state PA. The losses in the H-bridge translate to heat this is conducted
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through an appropriate heat sink protecting the devices from over heating. Over-temperature protection is

also implemented as discussed in section 3.2.5.

3.2.3 Decoupling capacitor design

Switch mode power supplies (SMPS) with high speed switching devices result in voltage waveforms with
significant high frequency content. At high frequencies, parasitic elements due to the physical
construction of the H-bridge become significant [24].

Figure 3-4 displays an H-bridge circuit with stray inductances and supply line inductances. L¢;, Les, Les
and L, are the stray inductances at the collector side of switching device S1, S2, S3 and S4 respectively,
L1, Lea, Lgs and Ly, model the stray inductances at the emitter side of switching device S1, S2, S3 and S4
respectively, and Lgys: and Lgys respectively models the inductances of the positive and negative supply

terminals, respectively.

Lays.

o—
N
LC1 LC?
s1 s2
¢
a b
Vis —» o— 1
S3 S4
LEJ LE‘
o — 0000,

LBUS~
Figure 3-4: H-bridge model with parasitic elements [24]

The stray inductances of the positive and negative terminals of the switching devices are minimised by
arranging the switching devices as close as possible to one another. This minimises the track lengths and
high frequency loop areas between the devices and in effect the stray inductances. The inductances due to
the power supply lines are reduced by using high frequency decoupling capacitors i.e. WIMA capacitors.
The decoupling capacitors are inserted between the negative and positive supply rails and placed as close

as possible to the switching devices.
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The positioning of the low and high frequency decoupling capacitors reduce the voltage spikes due to the
stray inductances of the power supply lines and reduces the noise transmission due to high frequency
current loops. In order to the high frequency current loops, the power supply tracks from the low
frequency capacitor (smoothing capacitor) are kept as short and direct as possible to the H-bridge circuit.
By doing so, the power supply inductances (Lgys- and Lgys.) are restricted to minimum values but may
still be significant due to the track width. Also the smoothing capacitors supply a large component of the
current to the H-bridge. Therefore, it is necessary to have decoupling capacitor between the smoothing

capacitor and H-bridge circuit.

The capacitors required for high frequency may have a small capacitance value but must have an
excellent frequency response. They should be designed to handle high transient currents without any
failure. The effectiveness of reducing the high frequency current loops lies in distributing multiple high
frequency capacitors between the smoothing capacitors and the H-bridge [25]. For this application,

WIMA capacitor MKP10 0.068 pF 400 Vdc is selected for Cg..

3.2.4 H-bridge supply design

© ©

nput

Figure 3-5: Rectifier circuit diagram

Figure 3-5 displays the power supply circuit diagram. The rectifier generates the dc bus voltage by
rectifying the ac supply voltage. A low frequency decoupling or a smoothing capacitor (C,.) is an

electrolytic capacitor with a high capacitance value and must be able to tolerate large ripple currents.

To specify the smoothing capacitor, one must take into consideration the average power consumption of
the H-bridge and the load. For the worst case scenario, the power loss of the double radial AMB system
that will be used to test the PA is 52.5 W [19]. This power loss includes the copper and the core losses.

The minimum total power required from the rectifier circuit is determined by (3-16).
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R’ectlSOV = b, lll-bn'dge + PLoad
=63.76+52.5 W (3-16)
=116.26 W

The average power consumption of the H-bridge circuit with the load connected is determined from the

total power and minimum supply voltage, (3-17).

P

i VBUS(min)
(3-17)
_ 116.26 A
150
=0.755 A

A single phase bridge rectifier, the BR64 is selected to convert the ac voltage to dc. Since the rectifier is a
full-bridge, the output will have a frequency equal to 100 Hz. Thus, a 100 Hz smoothing capacitor is
specified to limit the voltage ripplc to less than 10 % of the total supply voltage while supplying the
average current. The maximum smoothing capacitor value required is determined from the average

supply current and the ripple of the minimum dc supply voltage (3-18).

L

rect rect dv

510><10‘3 F (3-18)
0.1x150

=503 uF

=0.75

For a maximum voltage, the power consumption of the rectifier is 145.96 W and the average current is

0.471 A. The smoothing capacitor is determined in (3-19).

-3
C,, =047 IM— F
0.1x310 3-19)

=151.9 uF

Power electronic activation for active magnetic bearings 37



Chapter 3 Power amplifier design

H2
H1 <
n_]“ D’J%} IRG4PCS0UD/TO

] IreaPcsOUDTO
Coil
1~ L
Croct2
2:CIBCI1 aE 1 Cdec
220uF 450V 220uF 450V | 0.068uF 400V
Yy 1u rami
S oI5
' reapcsouDITO
IRG4PCS0UD/ TO
F1 Rsense
% 0.05
AV

FUSE
Figure 3-6: Final power circuit

Two Rubycon 220 uF, 450 V large can type electrolytic capacitors are chosen for this application.

Figure 3-6 displays the final power circuit diagram.

3.2.5 Thermal design

In all power semicenductor applications like SMPSs, the device temperatures need to be carefully
managed. The switching devicces used in constructing an H-bridge circuit are the main sources of heat
[26]. Thc heat energy dissipated by these devices must be carefully controlled if safe operating
temperatures are to be maintained. To ensure safe operating temperatures, the devices are positioned on a
heat sink which reduccs the devices’ thermal resistances with respect to the ambient. The heat sink
provides a thermally conductive pathway from the switching devices to its surroundings. ISOSTRATE
2000 K3, clectrically isolating thermal interface pads are used to maintain good thermal contact between

the heat sink and the switching devices or the sense resistor.

P_IGBT

)
N
l R_IGBT

P_IGBT R_IGBT s RGBT  P_IGBT
O W
P_IGBT R_IGBT R_Rsense P_Rsense
> g R_sa <

Ta

Figure 3-7: Equivalent circuit of thermal system
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Figure 3-7 displays the equivalent circuit for the thermal system. R ssr and R geense are the respective
thermal resistances between the component junctions and the heat sink. R g4 is the heat sink to ambient

thermal resistance. Furthermore, P ;g7 and P gens are the power dissipated in the devices.
The case to heat sink thermal resistances of the IGBTs packaged in a TO-247 package is given by (3-20).

023
%5 0.8x0.626 (320
=0.46 'C/W

The case to heat sink thermal resistances of the sense resistor packaged in a TO-126 package is given by
(3-21).
0.23
%S 0,32 0.44 3-21)
=1.63 'C/W

The thermal characteristics of each component are determined from thcir respective data-shects. The
allowable heat sink temperature of the mounted devices depends on the power dissipated by the devices.
The allowable heat sink temperature of the 1GBT device under normal load conditions is detcrmined in

(3-22). Since the diodes are internal, its temperature is the same as that of the IGBTs.

T = T, - PIGBT (Réuc + Racs)
=150-44.23x(0.64+0.46) (3-22)
=101.35°C

The sense resistor has a power rating of 15 W at a case temperature of 25 °C, which decreases to 0 W at
150 °C. This results in a derating factor of 0.12 W/°C. The allowable heat sink temperature for a sense

resistor is calculated 1n (3-23).

. 125%(18 = Py ) o R

s 15 = L gsense * focs
125x(18-5 3-23
Z——(——)—SXI.63 ( )
15
=100.2 'C

The device’s maximum allowable heat sink temperatures were determined for the case where the

maximum current of 10 A flows through the load and a maximum voltage of 310 V is applied..
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Comparing the allowable heat sink temperatures of the IGBTs and the sense resistor, the sense resistor is
more sensitive to temperature than the IGBTs. For safe and reliable operation of the PA, a derating factor
of 15 % is included to guarantee safe operation of the IGBTs [19]. This limits the heat sink temperature to
85.17 °C (3-24) for safe operation of the devices.

Ty s =100.2-100.2x15 %

. (3-24)
=85.17 C
Thermal protection will be incorporated to limit the heat sink temperature increase to minimum allowable
temperatures. As discussed in section 3.7, a 75 °C thermal switch will be used to protect the circuit
‘against over temperature. For the PA to operate at a constant load current of 10 A, a maximum thermal
resistance of the heat sink at 75 °C is determined form (3-25). A finned aluminium heat sink 200 mm
wide and 40 mm high with thermal resistance of 0.65 °C/W is selected for this application. Because of the
heat sink’s thermal resistance of 0.65 °C/W as compared to the required thermal resistance (3-25), a fan

will be used as an extra cooling method to maintain the devices temperature to minimum values.

— Ts -T 4
954
PH —bridge

1525 (3-25)
93.46
=0.535 'C/W

R

3.3 Gate drive circuit design

To turn on a MOS-gated device utilised as a high side switch, the gate terminal must be set to a voltagc at
least 10 V greater than the source terminal. An important feature of switching devices like IGBTs is that
they have a large stray capacitance between the gate and the other terminals. When pure PWM signals are
fed directly to the gate terminal, the charge time of the capacitor will have a negative influence on the
time 1t takes before the gate voltage can reach the 10 - 15 V required to turn-on the device. To ensure fast

switching times and low losses the PWM signals are passcd through half bridge gate drivers.

3.3.1 Component selection

An International Rectificr IR2113 half bridge gate driver was selected to provide the IGBTs with gate

signals. A single driver provides both the high and low side gate signals. The driver has the advantage of
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providing very fast switching speeds and low power dissipation. Due to the proposed 4-quadrant

controlled H-bridge, two drivers are used. Figure 3-8 displays the gate drive circuitry.
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Figure 3-8: Gate drive circuit diagram

The gate resistance (R,) is chosen based on the driver’s maximum output current capability (2 A). The
gate resistance is given by (3-26).

15 (3-26)
2
~75Q

Ve is the supply voltage, and I, is the maximum peak gatc current specified by the gate driver. An 8 Q,
4 W resistor is chosen.

The low side 1GBTs (Q3 and Q4) are driven from the 15V (V) supply because their emitter is grounded.
However, the high-side switching devices emitter terminals are connected to the collector terminals of the
low side IGBTs. To drive the high side devices, a floating supply is required. The bootstrap capacitors

(Css) arc used to obtain the floating supplies. The capacitors are charged by the V.. supply through the

bootstrap diodes (D,,) when the high side devices are not conducting.

3.3.2 Bootstrap components design

As mentioned in section 3.3.1, the gate charge for the high side IGBTs is provided by the bootstrap

capacitor (Cj). The bootstrap capacitors minimum charge requirement is given by (3-27) [27].
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1
Qbs = ng + ;-b + QI:

sw

-6 3-27)
=2x180x10*9+135“—03+5x10‘9

0x10

=369.17 nC

where Q, is the total gate charge of the IRG4PCS50UD, I, is the quiescent supply current, £, is the
switching frequency and O is the level shift charge required per cycle. It is important for the bootstrap
capacitor to supply the minimum required charge while retaining its voltage. The absolute minimum

capacitance value of the bootstrap capacitor is calculated by (3-28) [27].

€=y V2Qbf/ %
cc =" s Vmin
_ 2x369.16x10° (3-28)
15-1.25-1.65-8.2
=174 nF

V.. is the supply voltage, F is the forward voltage drop across the bootstrap diode, ¥/, is the voltage drop

across the low side IGBT and V,,;, is the minimum voltage between V and V.

The bootstrap capacitor (Cy,) charges when the high side switching device is tumed off. The capacitor
may be fully charged because of the circuit operation. Increasing the capacitor value by a factor of 15 will
minimise the danger of damaging the 1C and reduce the ripple component on the Vj, voltage [27]. The

new Cj, is found to be 2.6 uF. A tantalum capacitor is recommended for this application.

The requirements of the bootstrap diode (D) are to be able to withstand the full dc bus voltage, which is
scen when the high side device is switched on. It should also be an ultra-fast recovery device to minimise
the amount of charge fed back from the Cj, into the V.. supply and have a high temperature reverse
leakage current characteristics [20]. The current rating of Dy, is defined from the Cp minimum charge

requirement and the switching frequency is given by (3-29).

IF :le.f;w
=369.17x107° x30x10° (3-29)
=11.1A
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The choice of diode should be able to withstand a voltage of 310 V and conduct a current of 11.1 mA. It
is important for the selected device to have a reverse recovery time in the order of 100 ns. The MUR150

ultra-fast diode is identified for this application.

3.4 Current feedback

An average current control scheme is implemented to control the load current. A LEM sensor (LTS 15-
NP) is chosen to sense the load current. The sensor has a bandwidth of 200 kHz and is configured to have
two primary turns in order to measure a maximum nominal current of 7.5 A. The LEM sensor configured,
in this way, can measure a primary current up to 24 A. For the application at hand, the sensor is required

to sense a primary current varying from -12.6 to 12.6 A.

The controller will receive a voltage representation of the current flowing through the load. Equations
(3-30) and (3-31) show the output voltages related to the minimum and maximum primary currents. At a
maximum current of 12.6 A, 3.55 V is obtained and at -12.6 A, 1.45 V is obtained. An output of 2.5 V

translates to 0 A flowing through the load.

I/‘””(max current) =25+ 0625]_P
. PN
: (3-30)
=25+ 0.625£§
7.5
=355V
and
—12.
Vﬂul(min current) = 25 + 06252
) 7.5 (3-31)
=145V

Figure 3-9 displays the complete circuit diagram used for sensing the load current and providing feedback
to the DSP board. The sensor is supplied from an isolated 5 V supply in order to isolate the DSP from the
PEs. The low pass filter with a cut-off frequency of 3 kHz is designed to band limit the output signal, to

reduce noise levels and to remove the transient voltages resulting from the switching of IGBTs.

The PWM signal generation will be implemented in the DSP environment. The LEM sensor output will

be fed to the TMS320's ADC with additional circuitry as the input to the TMS320 is limited to a
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maximum voltage of 3 V. The LEM sensor can provide a maximum voltage of 4.5 V. A voltage divider

network of resistance Ry = 390 & and R;, = 2.2 kQ are used to scale the LEM output voltage to 3 V.
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Figure 3-9: Final average current sensing schematic

3.5 Controller design
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Figure 3-10: Functional block diagram of PEs and digital controller

Figure 3-10 shows the functional block diagram of the digital controller and the PEs. The digital

controller is isolated from the PE circuit with high speed opto-couplers. It comprises analogue-to-digital
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converters, a Pl-controller, a duty cycle converter (for two-state or three-state) and a two-phase PWM

generator implemented with a three-phase PWM block.

3.5.1 PI controller design

The PI controller used consists of a proportional gain (K,) and an integral gain (K;). The output of the
controller is a control signal that is compared to the carrier signal to obtain appropriate PWM signals. In
order to obtain the specified PA small signal bandwidth (2 kHz), the K|, value is predicted and the K; is
tuned by trial and error. As mentioned in section 2.5.4, the small signal bandwidth of the PA depends
only on the K, value. The equation for the K, value is determined from (2-8). The proportional gain of the

amplifier for minimum bus voltage is estimated using (3-32).

w, LA =RA +K stus
K, - 2rnf, LA — RA,

VBUS (3_32)
_ 2zx 2x10°x6.6x107° —0.261

150

=0.55

Vpus is the bridge supply which is variable from 150 V to 310 V, R (0.261 Q) is the resistancc of the
AMB coll, L (6.6 mH) is the inductance of thc AMB coll, 4, is the amplitude of the carrier or triangular

signal and 7.sis the reference current signal.

For maximum voltage across the load, the proportional constant is predicted to be 0.276. The integral gain
will be predicted to stabilise the actual load current at the expected set point. The gain eliminates the
steady-state error between the reference and actual signals when the actual signal reaches the desired
level. When the Pl-controller constants arc properly predicted, the controller will have exceptional control

stability.

3.5.2 H-bridge PWM controller

As mcentioned carlier, a TMS320 1s used to generate the PWM signals. The TMS320 is equipped with a
high performance T1 DSP chip as well as A/D conversion capability. To realise the development of digital
control strategies, VisSim®/Embedded Control Developer software is used to program the TMS320 DSP
chip.
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VisSim® digital PWM implementation

To obtain PWM outputs required to control an H-Bridge circuit, a Full Compare PWM block is used. The
block is a three-phase PWM block used to control PWM channel 1 to 6 of the DSP board. The PWM
channels are internally synchronised. The duty cycle of the paired PWM signals can be controlled
independent from other pairs thus making it possible to implement two-state and three-state switching
techniques. Figure 3-11 displays the Full Compare PWM block. The output of a given PWM pair can be

set to active high or active low in the Full Compare PWM dialog settings block illustrated in Figure 3-12.

P/%0n(1.16) ~Pwm1 Pwmz F 28)X0¢F ull
P 2:0n(1.16) ~PwM3,PWMa Compare
P{0n(1.16) ~PwWims PwMs PWM

Figure 3-11: VisSim® Full Compare PWM block

Figure 3-12: Full Compare PWM dialog

The dialog block is used to configure the PWM block properties. Properties like switching frequency,
PWM action and the deadband between two PWM signals are configurcd from this block. The timer
source provides a time base for operation of the Full compare block to gencrate PWM outputs. Timer
source 7, running at a clock frequency of 150 MHz is selected for this application because the Full
compare block 1s exclusively based on 7, [28]. Timer period is used to set the switching frequency of the
PWM signals. For 30 kHz switching frequency, the timer count mode is set to continuous Up/down mode

for symmetric PWM signals. The timer period is scaled as shown in (3-33).
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TPeriod = ET;_
S
150%10° (3-33)
T 2x30x10°
=2500

The deadband of 1 ps is desired between the PWM signals controlling the same leg of the H-bridge. The
1 . .
PWM block’s deadband pre-scaling is set 10 Typrescating = 5 and the tick count (T rickcouny ) 15 determined

form (3-34). From (3-34), the tick count is approximated to 5.

Td _ Td (TickCount)
T

1+ d{ prescaling)

T

d(TickCount) = T:z’ T; 7-;2'( prescaling) (3-3 4)

=1x10'6x150x106—1—
32

=47

Figure 3-13 (not drawn to scale) displays the Full compare PWM control signals and the output PWM
signals with added deadband. PWM1 is set to active low and PWM2 to active high to ensure that the two
signals are complements of each other. When PWMI receives a command to turn-on, the switching

transition is delayed by time T, and the same applies to PWM2.
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Figure 3-13: Full Compare PWM switching waveforms
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Feedback and reference signal

As indicated in Figure 3-10, a single signal measurement is needed to implement CMC. The average
current of the load is sensed with a LEM sensor and fed to the DSP via analogue-to-digital converter
(ADC) channel 0. The output of the LEM sensor has a dc offset voltage of 2.5 V for a current of 0 A. The
output is scaled to 2.12 V. When a sinusoidal reference signal is generated in the DSP, a heavy
computational burden is placed on the DSP controller. Thus, a reference signal with an offset of 1.5 V is
generated from the signal generator and it is fed into the ADCI. The offset is selected because a full

resolution of the ADC channel is used. Besides the offset in the LEM sensor output signal, the actual

current is scaled down by a gain of

. This gain is compensated for in the DSP environment. Figure

4-16 shows how signals from the external electronics are provided to the DSP with ADC channels.

TMS320
VisSim
r —— _—
|
|
]
Reference 1 ADCO
: Pl Command
|
| —-I
| 15
CL
I
I
LEM output : ADC1
: P| feedback
I
|
H 22
|
|
]
L

Figure 3-14: Implementation of feedback in DSP

PI controller

The sensed feedback signal is compared to the reference signal inside the VisSim® Pl-controller to
determine the error signal. The Pl-controller utilises the design constants of section 3.5.1 to ensure that
the output signal tracks the reference signal and at the same time achicves the desired dynamic
performance. The output of the Pl-controller provides the duty cycle command to the duty cycle
converter. The Pl-controller duty cycle is manipulated to produce duty cycles required to produce the

two-state and three-state PWM signals. Figure 3-15 shows the P1 block used to implement the controller.

:F"‘d““‘) PI(4,0.05) out(1.16)}~
‘feedback(1.16)

Figure 3-15: VisSim® PI controller block
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As discussed in section 3.5.1, the proportional gain for the controller is set to 0.276 because of the
amplitude of the carrier signal. Due to the implementation of the two-state and three-state techniques, the
amplitude of the output of the controller is limited to 0.5 for the two-state and to | for the three-state

technique. Thus, controller's gains of the two techniques will differ by a factor of 2.

Two-state and three-state duty cycle
0.45

Command D -0.45

Feedback —| ! controller |

To PWM block

0.5

Figure 3-16: Two-state duty cycle converter

To control the PA in two-state, the output of the PI controller is set to a lower limit of -0.45 and an upper
limit of 0.45 in order to vary the PWM duty cycle from 5 % to 95 %. Figure 3-16 displays the two-state
duty cycle converter. The duty cycle 1s fed directly to the PWM pairs (PWM1,2 and PWM3 . 4) and a
deadband is added between the pairs of PWM signals. PWM2 and PWM4 of the Full compare PWM
block are sct to active high and PWMI and PWM3 are sct to active low to compensate for the inverting
cffect of the opto-couplers. PWM1 and PWM2 respectively drive the high and the low side switches on
the left leg of the bridge while PWM3 and PWM4 respectively drive the high and low side switches on
the right side of the bridge.

Deone > 0 Duty cycle To PWM block
_| selector 1
0.95
—0.9_5/_
Command o - 0
Feedback —— controter Dont

Duty cycle | To PWM block
selector 2

abs

Figure 3-17: Three-state duty cycle converter

In order to realise the three-state switching technique, two separate PWM signals are generated. The
output of the PI controller is now limited to a minimum of -0.95 and a maximum of 0.95. Figure 3-17
shows how the PI-controller's output is manipulated to produce the three-state PWM control signals. The
duty cycle selector block is used to generate a constant duty cycle of 0 % (or 100 %) to control one leg of

the bridge or a varying duty cycle from 5 % to 95 % to toggle the switches in the other leg of the bridge.
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The deadband is also added and the PWM pairs are configured in the same manner as in the two-state
control. Figure 3-18 displays the proposed H-bridge controller programmed with VisSim®*/Embedded
Controls Developer software. The Two-state/Three-state generator block refers to either a two-state or

three-state duty cycle converter as illustrated by Figure 3-16 and Figure 3-17.

0 B3@f<3 16
faOn(1 16 Py =1 =Pz F 2EXOCFull
f0n(1 161 ~Pasi3 s Compare
guzrren'r4 i ROnC1 16) ~Pvms PemE PVYM

Figure 3-18: DSP PWM based H-bridge controller
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Figure 3-19: DSP based over temperature protection and soft start (a) over-temperature (b) over temperature

and soft strat output signals (c) soft start delay

The over-temperature is implemented in VisSim®. The output of the thermal switch is sent to the TMS320

via ADC2. Figure 3-19 displays how the over-temperature protection and soft start was realised in
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VisSim®. The sensed temperature of the heat sink is continuously compared to a value representing over-
temperature conditions. For normal conditions, the PWM block is controlled by the Pl-controller output
signal. When over-temperature conditions are reached, the Pl-controller output is terminated and PWM
block receive a command that output a low duty cycle. Figure 3-19(a) and (b) illustrates the operation of

the over temperature protection.

Figure 3-19(a) and (c) display the implementation of soft start in VisSim®. A soft-start is implemented by
delaying the normal operation of the PA. During start-up, the soft start terminates the P1 controllcr's duty
cycle command for a while thereafter, allowing the generation of PWMs to take place. A 10 s operational
delay is provided by the soft start circuit. The soft start is implemented to stabilise the voltage across the

power circuit and the electronic devices.

3.6 Isolation circuit design

To interface the analogue electronic circuit and the digital circuit of the PA, a high speed opto-coupler is
used. The output signals are isolated because they are not referenced to the same ground as the analogue
electronic circuit. Figure 3-20 displays the isolation circuit diagram. The circuit provides the isolation

barrier between the TMS320 and the PEs.
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Figure 3-20: Isolation circuit diagram

A high speed opto-coupler HCPL-2631 is selected for this application. The opto-coupler is capable of
transferring the generated PWM signals to the PEs with minimum distortion and delay in the signals. The

left side of the device is referenced to the DSP ground while the right side is referenced to the power

ground.

3.7 Protection

It is a prerequisitc for AMB PAs to be reliable. The reliability of PAs relate to immunity against failure

such as over-voltage, over-current and over-temperature. The PA is integrated with current limiting
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circuitry to protect the load and switching devices against over-currents. Short circuit protection is also
realised with this circuit which safeguards the switching devices from short circuit conditions. A thermal

protection circuit protects the PEs from over-temperatures.

3.7.1 Short circuit protection

One of the key issues in designing a reliable short circuit or current limiting circuitry is to continuously
sense the current through the load in all the possible modes of the H-bridge. The current is sensed with a
non-inductive sense resistor as shown in Figure 3-3. When the resistor is located in this position, the total
current flowing through the H-bridge and the load flows through the sense resistor, cven in the event of

switch failure and when both the switches on the leg are switched together, the total current will be picked

up.

During the energy addition period in the AMB load, the current flowing through the coil may increase to
peak values greater than the required current valuc due to the positive slope of the coil current. In
addition, there may be an instance where the two switches on the same leg of the H-bridge are active. The
two conditions are monitored continuously. In general, the current limiting circuitry monitors the current
flowing through the load and works by terminating the gate pulses in the event of an over-current and

short circuit condition.

The circuit responsible for terminating the gate pulse during possible short-circuit or over-current
condition is shown in Figure 3-21. Due to switching transients present in the sensing circuitry, a low pass
filter is placed across the sense resistor. The voltage across the sense resistor is compared to a reference
voltage generated by the shunt regulator circuitry. As soon as the sense resistor voltage exceeds this
reference voltage, the output of the high speed comparator becomes active high. This output is directly
connected to the shutdown pin of IR2113. The shutdown pin of the half-bridge driver is given a high

value to terminate the gate pulses.

During normal operation of the PA, the maximum current required to flow through the load is 10 A. With
a sense resistor of 0.05 Q, the voltage produced by the R, equals 0.5 V. The minimum output voltage
produced by shunt regulator (LM4041) is 1.24 V. The current through the coil may increase to an
acceptable current of 12.65 A. Thus, the reference voltage of the shunt regulator is scaled to 0.65 V. The
resistance value of 1.2 kQ scales the shunt rcgulator reference to appropriate value. If the amplifier fails
to regulate the coil current to values lower than 12.65 A, the shutdown pins of the driver will be pulled

high and the gate signals will be terminated.
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Figure 3-21: Short circuit protection

3.7.2 Thermal protection

To protect the PA against over-temperature conditions, a 75 °C thermal sensor (T _S) is used to scnse the

temperature of the heat sink where the temperature sensitive devices are mounted. The circuit diagram is

Y

T8

§ 75 Deg

To DSP ADC2 - - c123
100n

shown in Figure 3-22.

§ R16
1k

Figure 3-22: Thermal protection schematic diagram

The thermal protection circuitry will send a low voltage signal to the DSP controller when the
components temperature is within the safe operating limits and a high voltage signal in the event of
temperatures higher than 75 °C. Initially, the resistance of the temperature sensor is at a high value (100

kQ). The high resistance value of T S instantly decrease to a minimum value (100 Q) when the heat
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sink's temperature increases above 75 °C. In the DSP environment, the high voltage value will terminate
the PWM signals. The PA will then self recover as soon as the temperature returns to safe operating

limits.

3.8 Electronic supply design

The electronics power supply of the PA is divided into two scctions, the analogue and the digital
(isolated) supply. The analogue voltage section provides +17 V and a regulated +5 V and the digital
supply provides a regulated +5 V for the LEM sensor. Table 3-3 displays the circuit's components and

their respective power supply voltage.

Table 3-3 Electronic circuit power supply

Power supply (V) Components
17 2x IR 2113
5 2x IR2113, 2x HCPL 2631, MAX
913
5 LTS 15NP

3.8.1 Transformer specifications

Table 3-4 Current consumption of electronic devices

Description IR2113 | HCPL | MAX913 | LM4041 | LEM
Ic | Current 340 uA | 13 mA 6 mA 1 mA 23 mA

Icop | Logic 1 input current 15 uA

Ico | Gate current 324 mA

The suitable transformers are selected based on the current requirements of the integrated clectronic
components of the PA. The current consumption of each component is obtained from the components
data sheet and the power rating of the transformer is determined. Table 3-4 shows the current

consumption of the components.

From the analogue 17 V power supply, two half bridge gate drivers each drawing a current of

approximately 330 pA and gate cwrent of 32.4 mA at a switching frequency of 30 kHz (3-35) are
supplied.
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Icq = QL X fxn
=270x107° x30x10°x 4 (3-35)
=32.4mA

O, is the total gate charge of the IGBT, £, is the switching frequency and # is the number of IGBTs. The
total current consumption from a 17 V supply is given (3-36) and the required rating of the transformer is

obtained using (3-37).

IC[7V zch +2Ic

=324+2x0.34 mA (3-36)
=33.1mA

Pmn‘ng_nv =V
—1242x33.1x10° VA (3-37)
—0.56 VA

The requirement of the +17 V power supply result in a transformer power rating of 0.56 VA. Therefore, a

1.5 VA, 220-12 V transformer is selected.

The regulated analogue +5 V power supply supplies two opto-couplers each drawing a current of 13 mA
per channel, a high speed comparator drawing 6 mA, two half-bridge drivers each drawing 8 pA for the
logic supply and a shunt regulator drawing 1 mA. The total current consumption from this +5 V is given
by (3-38).

I(maloque sy — 13)(4—{»— 6+0015x 2+1
. (3-38)
=59.03 mA
The requirements for the 5 V power supply results in a transformer of power rating given by (3-39).
P sv = 63/2%59.02x107
. (3-39)
=0.5VA

Thus, the power rating of the transformer is 0.5 VA. A 0.5 VA, 220-6 V transformer is selected.

The digital regulated supply is used to supply a LEM sensor drawing a current of approximately 28 mA.
Thus, the power rating of the transformer for the LEM 1s given by (3-40).
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-3
R’alingAdigilal = 6\/—2_ x 28 x 10 (3_40)

=0.24 VA

The selected transformer for the LEM sensor is a 0.5 VA, 220-6 V transformer.

3.8.2 Rectifier design

The secondary sides of the three transformers are rectified using DB105 full wave rectifiers. The three
output voltages are required to have a voltage ripple of less than 5 %. The capacitor values are determined

from (3-41).

dt
C=i — 3-41
rec, dv ( )

For the 12 V transformer, the capacitor value is obtained as (3-42).

10x107
0.05x17 (3-42)
=388 puF

C,,y =0.0331

For the analogue supply 6 V transformer, the capacitor value is obtained as (3-43).

10x10°°
0.05x8.4 (3-43)
=1405 pF

Cy =0.059

(3-44) gives the capacitor value for the 6 V transformer required for the digital supply.

10x107*
0.05x8.4 (3-44)
=667 pF

Cay ew =0.028

Figure 3-23 displays the electronic supply circuit diagram of the PA. The outputs of the 6 V transformers

are regulated to 5 V with 5 V voltage regulators.

Power electronic activation for active magnetic bearings 56



Chapter 3 Power amplifier design

s
LM7805C LEMSY
' > N SouT
7 &

Electro_1 c11e
®
1000UF 25V "" 1F
us =
220 LM7805C 5V
Vac L gom 2

_| FEiectra_3
- cin

r—
220QuF 25V \OF

A

o

22012V

1 s [?}
% v
5 7
H __|_Electro 5
© =
1000uF 25V

L
~o

Figure 3-23: Schematic diagram of the electronics power supply

3.9 Circuit layout

In order to minimise the area of thc high di/dt current loops and the high av/dr surfaces mentioncd in
section 3.2.3, the components forming an H-bridge are placed as close as possible to each other. The
critical factors that arc looked at are:

e H-bridge layout i.c. the arrangement of switching devices

e H-bridge decoupling capacitor position with respect to H-bridge and

e IR2113 placement with respect to the IGBTs

Figure 3-24 shows the suggested circuit layout. The IR2113 drivers are placed as close as possible to the
high side 1GBTs’ sources to minimise stray inductance between the V; pin and the high-side IGBTSs’
sources. The high frequency decoupling capacitor (WIMA) is positioned next to the IGBTs and the

thermal sensor is also located as close as possible to the temperature sensitive devices.

Power electronic activation for active magnetic bearings 57



Chapter 3 Power amplifier design

00000060 0000006

1IRZ11T IRT1IZ
: HeoO i '...’.. .‘-.
| : e &0 o .
ELECTRDLYTIC_CAP et LS80 - o &J. v‘n

T2QUF 400DV

H)

»
3 |
=
- ® @
Q
......... 3 ‘
! 6 _ f P Rl6
“““ T S TEn
i—IE som L *
: N 2 —
| - .. n @
‘ S L DE
ELECTROLYTIC_CAP T z
SoaUF Spow :
o | .
t =)
! . .I .

01 Zn

Figure 3-24: Suggested H-bridge circuit layout

In chapter 3, the design of the PEs, protection circuit and VisSim® PWM control for the two-state and
three-state average current controlled switching PA was conducted. The design of the PEs section
involved the H-bridge and the driver circuit. Short-circuit and over-temperature protections were
designed to ensure that the PA will be able to respond to conditions that may lead to the failure of the
amplifier. A digital PWM generator was implemented for the TMS320 by using VisSim® development
software. The next chapter will discuss the characterisation of the PEs and the actual operation of the

two-state and three-state PA.
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Chapter

Power amplifier simulation

Chapter 4 discusses power amplifier (PA) simulations. The main aim of conducting the simulations is to
evaluate the performance of the amplifier and to predict the experimental setup’s behaviour. The
simulations are conducted with the help MATLAB®/Simulink toolbox. The simulink model of the PAs is
based on Zhang Liang PA switching models. For comparison purposes, two-state and three-state PAs
are simulated simultaneously. The two PAs are compared in terms of the switching waveforms, coil

current and the coil voltage. The bandwidth prediction of the amplifier is also verified in this chapter.

4.1 Power amplifier simulation model

Table 4-1 Simulation parameters

Parameter Value
DC supply 310V
Reference current +10 A maximum

Switching frequency 30 kHz
Power bandwidth 1.5 kHz

Small signal bandwidth 2 kHz
Coil resistance 0.2631 Q
Coil inductance 6.6 mH

The simulation setup parameters are shown in Table 4-1. A dc voltage of 310 V is applied across the H-
bridge and a 10 A sinusoidal reference current (4-1) is allowed to flow through the coil. The switching
frequency of the PA is set to 30 kHz. The desired power bandwidth of the PA is 1.5 kHz and the small
signal bandwidth is designed at 2 kHz. An AMB coil is modelled as an RL circuit.

by = ldsin(Zfrf,eft) @1)

Figure 4-1 contains a Simulink® model of the average current controlled PA. This figure corresponds to

Figure 3.11 in chapter 3. The PAs simulation model is from the work presented in [29]. The model is
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constructed with the power circuit block which is the H-bridge circuit, the current feedback for average
current sensing, a PID controller and the PWM generator block. The generation of PWM signals is
implemented with two different techniques i.e. the two-state and three-state PWM techniques.

Two- or three-state

PWM technique Power Circuit
Current
M1 ot Sensor
i
.

PID Controller -

T ™ "

PID » P int
g
Ref Signal Pz a2 AMB Coil v
(Sinus) B _HM,_!“I\._’_
PWM3 93
Feedback

Figure 4-1: Simulink® block diagram representing average current controlled PA

Power circuit
Figure 4-2 displays an H-bridge circuit with a dc voltage supply. A power circuit is implemented with
four MOSFETS in order to allow bi-directional current to flow through the coil. The selected MOSFETs
are integrated with diodes. The diodes will provide a path for the current during the deadband periods and

frecwheeling states. An AMB coil is connected between terminal A and B.

Bus Voltage
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O E " ﬁj
s3

Figure 4-2: An H-bridge power circuit

PWM generator

Figure 4-3 and Figure 4-4 respectively illustrates the two-state and three-state PWM block diagrams. In a
two-state PA, a single PWM signal with its complement is used to drive the H-bridge circuit. The PWM

signals are generated by comparing a control command with a carrier signal of amplitude of £1V and a
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frequency of 30 kHz. A single PWM signal will control the two diagonal switches S1 and S4 while the

other two diagonal switches S2 and S3 are controlled by the complement of the signal.

— D
IEWI ” =N
Carner Signal . =37 \ b
-
In1 I

Deadband

Figure 4-3: Two-state PWM generator

As shown in Figure 4-4, the three-state technique uses two different PWM signals with their complements
to drive the H-bridge circuit. One PWM with its complement will drive the switches on the one leg (S1
and S3 or S2 and S4) while the other PWM with its complement drives the other leg (S2 and S4 or S1 and
S3) of the H-bridge circuit. The simulation model of the three-state achieves the freewheeling state by

turning S3 and 54 on.

AN tLE N
0s * 2 05 not —w(1 )
1 —l_” Pramat
- _11— .
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Deadbsnd
N
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T R » oS
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Figure 4-4: Three-state PWM generator
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For both the two-state and three-state PWM techniques, the PWM duty cycles are generated according to
the difference in the desired current and the actual coil current. To avoid transconductance of switches on
the same leg, a deadband is added between the PWM signals controlling the switches on the same leg of

the H-bridge circuit.
4.2 Simulation results

4.2.1 PWM simulation

A 1 us dead band (7T,) is introduced between the PWM signals. Figure 4-5 displays a deadband time
between the two-state PWM signals controlling a single leg of the H-bridge.

1 = . ===
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08y i i PW
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1
= DA : .
1 ] :
02t i ! ! |
| 1 1
] I ]
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2.1 2.2 23 2.4 25
x 107

Figure 4-5: A 1 us deadband period between two switching waveforms

Figure 4-6 and Figure 4-7 displays the PWM switching waveforms of the two-state and three-state
switching PAs when zero current is desired. It 1s noticeable in Figure 4-6 that for a two-state operating
PA; the two diagonal switches arc turned on at the same time. For a threc-state PA, it can be seen in

Figure 4-7 that the two bottom switches of the H-bridge circuit are switched on for longer period of time.
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Figure 4-6: The two-state PA switching waveforms
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Figure 4-7: The three-state PA switching waveforms

The generated PWM signals are then fed directly to the gate terminal of the corresponding MOSFET. The
driver circuit is not modelled in the simulations. The PWM signals relates to gate-to-emitter signals of the

switching devices.

The simulated H-bridge collector-emitter voltage waveforms for the two-state and the three-statc PA are

respectively displayed in Figure 4-8 and Figure 4-9. The overshoot in the signals is due to the switching

transient of the devices.
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Figure 4-8: The two-state PA collector-emitter voltage waveforms
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Figure 4-9: The three-state PA collector-emitter voltage waveforms

For a positive current through the coil, the collector-emitter voltages across the three-state H-bridge

switches are shown in Figure 4-10. S1 is switched on with an approximately 1 % duty cycle and S2 with

approximately 99 % duty cycle.
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Figure 4-10: Three-state PA collector-emitter voltage waveforms for positive current
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4.2,.2 Load simulation
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---- ref current
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Figure 4-11: A zero current flowing through the coil (a) two-state PA and (b) three-state PA
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Figure 4-11(a) and (b) respectively shows a ripple component in the coil current for the two-state and the

three-state PA, when 0 A is desired. The current ripple in a two-state PA is approximately 740 mA and

very close to O A in a three-state PA. Figure 4-12 displays a 10 A current flowing through the load for

both two-state and three-state switching techniques. The ripple component did not change much. A

current ripple of approximately 10 mA is measurcd in a threc-statc PA.

In a two-state PA, the current

ripple component is still the same for zero and maximum current levels. As the ripple current component

induccs eddy currents in the magnetic circuit and the cddy current losses are a function of the amplitude

of the ripple component. The reduced ripple component due to the three-state tcchnique will greatly

minimise the cddy current losscs in the AMB coil.
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Figure 4-12: 10 A current flowing through the coil (a) two-state PA and (b) three-state PA

Figure 4-13(a) and (b) displays thc coil current and voltage for the two-state PA and three-state PA,

respectively. A two-state PA maintains the current to the desired level by switching the coil voltage

between a positive and negative voltage. A three-state PA switches the coil voltage between a positive

and zero voltage for positive current and between negative and zero voltage for negative current.
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Figure 4-13: Simulated coil waveforms (a) two-state PA and (b) three-state PA

Figure 4-14(a) and (b) displays a sinusoidal reference and actual current flowing through the coil for a

two-state and a three-state PA, respectively. The refercnce signal is changing at a frequency of 250 Hz.

For both the two-state and three-state tcchniques, the coil current is able to track the reference signal with

minimum error in amplitude and phasc-lag.
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Figure 4-14: Simulated coil current for sinusoidal reference of 250 Hz (a) two-state PA and (b) three-state PA

These results show that both the techniques can reproduce the reference signal with minimum distortion.

The only difference in the response of the two techniques is the ripple current component.

The controller produces a control signal that varies the coil voltage in order to make the actual simulation

coil current follow the reference signal. Figure 4-15 and Figure 4-16 displays the rcsulting coil

waveforms for a sinusoidal reference input. The two-state PA’s coil voltage varies between +310 V and -

310 V whereas the three-state PA’s coil voltage varics between +310 V, 0 V and -310 V. Note that a

three-state PA changes the coil voltage between +310 V and 0 V for an increasing current and between 0
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and -310 V for a decreasing current. When zero voltage is applied across the coil, the coil current

freewheels and slowly decreases due to the losses in the resistive component of the load.
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Figure 4-16: Simulated coil current and voltage for sinusoidal reference of 250 Hz for a three-state PA

4.3 Frequency response and power bandwidth

The powcr bandwidth of the PAs is designed to be 1.5 kHz and the small signal of 2 kHz. The controller
constants were predicted in section as K, = 0.267 and K; = 0.5. The K|, values was determined from the

small signal specifications with (4-2) and K; was selected based on trial and error method.

Power electronic activation for active magnetic bearings 67




Chapter 4 Power amplifier simulation

_4rsi-n) w2

1 1
z ‘ s
5 s
O
S ] /
A “y
Coil Current R Coil Current H
------ Current Reference Cu"im Refer‘e_nche
i) 0.2 0.4 06 08 1 & 8
Time (s) ‘ 10—3 y 10-4
(@) (b)

Figure 4-17: PA small signal bandwidth at 2.1 kHz (a) two-state PA and (b) three-state PA

Figure 4-17 displays the coil current signals at the frequency of 2.1 kHz. The reference signal’s amplitude
was set to 3 A in order to test the small signal bandwidth. The resulting simulation coil current has
amplitude which is 70.7 % of the reference satisfying the small signal bandwidth specifications. Both the
PAs provides the same frequency response. As cxpected, the simulated current signals have phase shift

when compared to the reference signal at the small signal bandwidth frequency.

Table 4-2 shows the simulated coil current amplitude at different frequencies of the reference signal of

amplitude 3 A. The frequency response graph is displayed in Figure 4-18.

Table 4-2 Small signal frequency response of the PA for a reference of 3 A

Frequency (Hz) | Simulated coil current ]
amplitude (A) Gain=20 10g[f;’] (dB)

400 2.8133 -0.55

500 2.825 -0.522
600 2.768 -0.699
800 2.699 -0.918
900 2.704 -0.902
1000 2.648 -1.08

1100 2.577 -1.320
1200 2.564 -1.364
1300 2.5225 -1.538
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Frequency (Hz) - | Simulated coil current I
amplitude (A) Gain = 2010g[?jj (dB)
1400 2.463 -1.713
1500 2.441 -1.795
1600 2.392 -1.945
1700 2.324 -2.218
1800 2311 -2.226
1900 2.28 -2.383
2000 2.234 -2.576
2100 2.1366 -2.947
2200 2.098 -3.106
2300 2.0659 -3.240

05

Gain (dB)
[\

2.8
cut-off frequency

_35 i I | - A1 4 1 1 1 s
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Frequency (Hz)

Figure 4-18: Frequency response of the PAs

To simulate the power bandwidth of the PAs, the reference signal of half the amplitude of maximum
current is desired to flow through the coil. Figure 4-19 displays the simulated coil current waveforms at
the specified power bandwidth frequency of 1.5 kHz; it is seen that both the two-state and three-state PAs
response have a linear region when the reference signal is increasing and/or decreasing. This shows that
the PAs reaches the specified power bandwidth. Figure 4-20 displays the simulated coil current
waveforms at a frequency above the specified power bandwidth. Neither the two-state nor the three-state

PA is able to track the reference current signal. The resulting coil current still maintains the amplitude of
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the desired current but ramps to minimum or maximum cuirent level with a constant slope. Both the PAs

reach the power bandwidth at the specified value.
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Figure 4-20: PA simulated coil current at a frequency of 1.7 kHz (a) two-state PA and (b) three-state PA

The chapter presented the simulation results of the two-state and the three-state PA. The two PAs were

compared based on the control of the H-bridge circuit for different current levels and the power

bandwidth of the amplifiers. Simulation results show that the PA with three-state switching technique

regulates the coil current with minimum current ripple. The implementation of the three-state technique

produces a current ripple of about 1% of the maximum current reference. The reduced ripple in the coil

current reduces the coil losses. The analytical prediction of the small signal bandwidth and the power

bandwidth using the controller constant also proved reliable. The next chapter will discuss the

experimental results of the two PAs.
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Chapter

Power amplifier implementation and verification

Chapter 5 discusses the procedure followed to verify and to characterise the power amplifier (PA) circuit.
Measurements are taken on different sections of the PA. The protection circuits are evaluated and tested
Jor worst case scenarios. The small signal bandwidth and the power bandwidth of the PA are measured
and discussed. The losses resulting on the load due to the PA and the losses on the PA itself are
monitored while the efficiency measurements are conducted. All the measurements and tests are
conducted on both the two-state and three-state switching techniques in order to compare the two

techniques.

5.1 Testing procedure

Figure 5-1 shows the experimental test set-up of the entire system. An AMB coil is connected to the PA
circuit and the power supply across the H-bridge. A signal generator is used to generate the desired input

reference signals.

Power supply
voltage rail

l Signal Gen | ' J } TPz
N -

TP20

N

N

PA

AMB

PWM PE .
coil

Figure 5-1: Experimental test set-up

Figure 5-2 and Figure 5-3 displays the PA's PE prototype board and the schematic circuit, respectively.

Figure 5-3 display the test points (TPs) on the clectronics. The TPs are the points where different
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waveforms can be observed. The inputs to the opto-couplers are the PWM signals generated by the
TMS320P2812 as seen in Figure 5-3. The PWM signals are measured at TP1 - TP4 before they pass
through the gate drivers. Test points TP5 - TP8 measure the PWM signals driving the gates of the IGBTs.
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Figure 5-2: The PA prototype board
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Figure 5-3: PE circuit test points
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To study the differences in the two implemented switching techniques, the PWM generation and PE
circuit are tested first. At this stage, an AMB coil is connected to the H-bridge circuit and the voltage
across the bridge is set to 0 V. The PWM signals are measurcd at the appropriate output's of the
TMS320P2812, the opto-couplers outputs and the gate driver outputs. While observing the PWM
waveforms, attention will be on the:

e PWM signals’ overshoots,

e PWM signals’ phasing and deadband and

e gate signal with incorrect output levels

The next phase of measurcments will be to supply the H-bridge with maximum dc voltage. This phase
monitors the gate-emittcr and collector-emitter signals of the IGBTs when there is no current flowing
through the load. The signals are observed at test points TP9 - TP12 for the two low-side IGBTs. The
focus on the signals will be at:

e the peak voltages during turn-on and turn-off transients and

e transients in the gate driver signals as this may cause the IGBTs to change states when it is not

yet time.

To complete the tests on the PE circuit; a minimum, a zero and a maximum current is allowed to flow
through the coil. At this stage, the ripple component of the current will be monitorcd. Special attention is
given to the current sensor output and the currcnt regulation of the two-state and the three-state

techniques. The measurements are observed at test points TP15 and TP16.

While the PA is regulating the coil current, an intentional short circuit will be applied by short circuiting
the output ports of the H-bridge. The short circuit test is conducted at minimum dc voltage. The
maximum peak current that results due to the shorting of the H-bridge output ports and the time it takcs
the current limiting circuit to respond to this condition will be observed. The test measurements are taken
at test point TP15 and TP17 of Figure 5-3. Test point TP17 is the output of the current limiting circuit.
The circuit will apply a voltage of 5 V at the shutdown pin of the H-bridge drivers when a current

exceeding the set maximum current value, is observed.

The final phase of measurements is to evaluate the performance of the two-state and the three-state PAs in
terms of the frequency response and the losses in the load. The frequency response refers to the
measurement of the PA's small signal bandwidth and the power bandwidth. The small signal bandwidth
will be observed by requesting a signal of lesser amplitude than the specified 10 A amplitude while the
power bandwidth will be observed by setting the reference signal to half the specified 10 A and by
gradually increasing the frequency of the reference signal to the frequency where half the maximum

current can still be achieved without any deformation in the current the coil current signal.
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The load losses and the amplifier losses will be measured and evaluated. The efficiency of the PA circuit

will be determined by monitoring the input and the output power of the circuit at different current levels.

5.2 Power electronic measurements

The experimental set-up was operated at 20 kHz instead of 30 kHz since more stable operation could be
realised. The operation at 30 kHz was limited by the synchronisation of the PWM signals and the cycle

time of the DSP. This resulted in significant noise problems.

The PE measurements are conducted to test the PWM generators and the power circuit. The
measurcments taken are the PWM signals, the gate driver waveforms, collector-emitter waveforms and
the resulting coil waveforms for a specific PWM puise train. The evaluation of the PEs will highlight the

difference in the two-state and three-state technique with respect to the PWM switching pattern.

5.2.1 PWM and gate driver waveforms
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Figure 5-4: PA switching waveforms (a) two-state PA and (b) three-state PA
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Figure 5-4(a) and (b) display the PWM waveforms generated by a TMS320P2812 for the two-state and
the three-state switching techniques, respectively. The signals are observed at TP1 - TP4 as shown in
Figure 5-3. Note that PMW1, PWM2, PWM3 and PWM4 respectively controls high-side 1 (H1), low-side
1 (L1), high-side 2 (H2) and low-side 2 (L2). The two-state PWM signals have a 50 % duty cycle
resulting in an average voltage of 0 V across the AMB coil. The three-state technique controls the H-
bridge in a different manner as compared to the two-state technique. In a sense that the bottom switches
of the H-bridge are controlled with a 100 % duty cycle while the top switches are controlled with a 0 %

duty cycle. The signals have a maximum voltage of 5'V.

55 — ~ —
® W ——PwnLt
451

|
35

Yoltage (V)
IS}
o w

~
T T

| j&e—Td=08us

2

o
=
%)
!
S
al
o ) L "

Time (s)

Figure 5-5: Two-state PWM waveforms displaying a deadband period

A transicnt on the three-state PWM signals controlling the bottom switches is due to the VisSim®’s fixed
point maximum value i.e. a duty cycle of 100 % is represented as 0.99997. 1deally, the bottom switches
should be on and the top switches should be off for a 0 % duty cycle. Figure 5-4 implies that the two-state
technique maintains the coil current by continuously switching the IGBTs with 50 % duty cyclc whereas
the three-state technique only switches the low side IGBTSs fully on in order to maintain the current to a

zero level.

Figure 5-5 displays the two-state PWM signals driving one leg of the H-bridge. The PWM waveforms

display a deadband time of 0.8 us which is introduced to eliminate short circuits in the H-bridge legs.

Figure 5-6 displays the two-state PWM signals after being passed through the gate driver circuit. The
PWM waveforms reach a maximum voltage of above 15 V which is required to turn-on the IGBTs. The
generated PWM waveforms have no overshoot and the signals driving a single leg of an H-bridge circuit
are complements of each other. In order to utilise the IGBTs in hard switching mode, the IGBTSs require a

gate voltage between 10 V and 20 V to turn-on. Therefore, the output levels of the PWM signals are at the
acceptable level to switching the IGBTs.
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As the voltage is applied across the coil, the gate-emitter voltage waveforms of the low side IGBTs arc
measured at TP9 and TP10. Figure 5-7 displays the IGBTs gate-emitter waveforms at a bus voltage of
310 V. It is observed that the gate-emitter waveforms experience the switching transients when the
switches on the same leg of the H-bridge change states. The switehing transients will be discussed in

detail when the collector-emitter voltages of the IGBTs are analysed.
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Figure 5-7: Two-state gate-emitter voltage waveforms, Vgys =310 V (a) high side 1 and (b) low side 1
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5.2.2 Coil waveforms and collector-emitter waveforms
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Figure 5-8: Two-state PA coil current (a) at zero current and (b) positive current and (c) negative current

Figure 5-8(a), (b) and {(c) display the two-state coil current waveforms for zero, +9A and -9A
respectively. The recorded current ripple in the load is 0.8 A for a reference current of 0 A and 2 A fora

reference current of +9 A and -9 A.
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Figure 5-9: Three-state PA coil current (a) at zero current and (b) positive current and (c) negative current
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For the three-state PA, the coil currents are shown in Figure 5-9. The recorded ripple component in the

currents is approximately O A. The three-state technique achieves low ripple current due to the

freewheeling state it incorporates.
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Figure 5-10: Two-state PA coil waveforms (a) applied voltage and (b) coil current

Figure 5-10(a) and (b) displays the coil voltage and current for the two-state operating PA. Note that for a
positive voltage across the coil; the high-side 1 and low-side 2 1GBTs are switched-on and the current

increases with a positive slope. A ncgative voltage across the coil result when high-side 2 and low-side 1

are switched on and the current decreascs with a negative slope.
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Figure 5-11: Three-state PA coil waveforms for a current of 9.5 A (a) applied voltage and (b) coil current

The three-state PA coil waveforms are shown in Figure 5-11. Most of the time, a zero voltage is applied
across the load in order to maintain the coil current at a constant level-freewheeling state. During the

freewheeling state, the current slowly decreases with a negative slope. A positive voltage is only applied

across the coil to change the coil current level.
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Figure 5-12: Three-state PA coil waveforms for a current of —9 A (a) applied voltage and (b) coil current

Figure 5-12(a) displays the coil voltage for a constant negative current and Figure 5-12(b) displays the
resulting coil current. For a constant negative current, a negative and a zero voltage are applied across the
load. It is important to note that for an increasing coil current, only a positive and zero voltage will be

applied across the load. Also, a decreasing coil current will result in a negative and zero voltage being
applied across the load.
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Figure 5-13: The two-state collector-emitter waveforms for the low side IGBTs (a) low side 1 (b) low side 2

and (c) coil current
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Figure 5-13 displays the collector-emitter voltages of the low side IGBTs together with a maximum coil
current of 10 A for the two-state switching technique. The low-side 1 conducts only the negative siope of

the coil current and the low-side 2 conducts only the positive slope of the coil current.
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Figure 5-14: The three-state collector-emitter waveforms for the low side IGBTs (a) low side 1 (b) low side 2

For the three-state PA regulating a positive current, the collector-emitter waveforms of the low side
IGBTs are displayed in Figure 5-14. The low side 1 IGBT will conduct the negative siope of the current.
Note that the low side 2 IGBT conduct both the negative and positive slope of the coil current. This is due
to the fact that for positive coil currents, the low side 2 IGBT is always on. For negative coil currents, the
low side 1 1GBT is always on. Thercefore, the IGBT conducts both the negative and positive slope currents

and the low side 2 will conduct only the positive slope current.
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Figure 5-15: Low side 1 IGBT switch off voltage (a) two-state switching technique (b) three-state switching

technique
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Figure 5-15(a) and (b) display the low-side switch on transient for the two-state and the three-state
switching techniques respectively. For both the switching techniques, the IGBT takes approximately 50

ns to switch to the on-state.

400 T L T T Ll T T
s -
(a) & 200+ 1
G
>
Ok ] 1 1 1 P
-4 3 2 1 0 1 2 3 4
x 107
400 T T T T T
z
(0 § 20
3
>

Time (s) %107

Figure 5-16: Low side 1 IGBT switch on voltage (a) two-state switching technique (b) three-state switching

technique

Figure 5-16(a) and (b) display the low-side 1GBT switch-off transients for the two-state and three-state
switching PAs, respectively. For both the PAs, the IGBT takces approximately 110 ns to switch to the off-

statc position.

5.3 Control

This section evaluates the control loop of the PAs. It characterises the two-state and the threc-state

switching topologies in terms of the dynamic and the frequency response.

5.3.1 Feedback

Figure 5-17(a) and (c) display the output voltage waveforms of the LEM sensor for a current of +11 A
and -11 A as shown in (b) and (d) respectively. 1t is clear that a mean current of 11 A flowing through thc
coil translates to approximately 3.3 V at the output of the LEM sensor. Also, for a mean current of -11 A,
the LEM sensor will output a mean voltage of approximately 1.6 V. The output voltage of the LEM for a
three-state PA is shown in Figure 5-18. The figure only shows the output for 11 A flowing. Note that the
output of the LEM is the replica of the coil current. It is in the form of a small signal due to the LEM

sensor gain. The gain is compensated in the DSP.
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Figure 5-17: The LEM sensor output voltage and the coil current (a) LEM output for 11 A current (b) 11 A

coil current (c) LEM output for -10 A current and (d) -11 A coil current
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Figure 5-18: The LEM sensor output voltage and the coil current for three-state PA (a) LEM output for 9 A

current (b) 9 A coil current

5.3.2 Dynamic response

The PA's response to a +10 A sinusoidal reference current for the two-state and the three-state techniques

is displayed in Figure 5-19(a) and (b) respectively. The voltage across the H-bridge is set to 310 V. The
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resulting coil current of both the techniques follows the reference signal. The response of a PA controlled
by the three-state switching technique has a minimum ripple component. As mentioned in section 5.2.2
under the coil current discussion, the reduced ripple component in the actual waveform is due to the

freewheeling state employed by the three-state technique.
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Figure 5-19: Sinusoidal response (a) two-state PA (b) Three-state PA

5.3.3 Frequency response

Power bandwidth
The power bandwidth of the amplifier is determined by applying a sinusoidal refcrence signal with
amplitude equal to half of the PA's maximum current level. The frequency is increased to a point where
the resulting coil current can no longer track the reference signal without distortion. Figure 5-20 and
Figure 5-21 respectively display the responsc of the PAs operating at a bus voltage of 310 V across the H-
bridge for a 200 Hz and 500 Hz sinusoidal reference. The responses of the PAs appear noisy at this

frequency levels. As the reference signal’s frequency is increased, the response becomes more susceptible

to noise.

— — Ref current

5§ Cail current (4
< <
50 z
] ]
O &)

-5
5 0 &
Time (s) 103
(@)

Figure 5-20: PAs response at 200 Hz, 310 V across the H-bridge (a) two-state and (b) three-state
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Figure 5-21: PAs response at 500 Hz, 310 V across the H-bridge (a) two-state and (b) three-state

Due to the excessive noise levels produced for high frequency reference signals, the power bandwidth of
the PAs could not be measured at 310 V across the H-bridge. To verify the power bandwidth prediction,
the voltage across the H-bridge is reduced to 50 V and 130 V. The new power bandwidth is then
estimated for the two voltage levels across the H-bridge. The estimated power bandwidth at the bus

voltages is predicted by (5-1).

V
’ wLl

max

Vus 1s the voltage applied across the AMB coil, L is the inductance of the coil and /,,, is the maximum
current level. For a bus voltage of 50 V and 130 V, the expected power bandwidth is 217 Hz and 550 Hz
respectively. Figure 5-22(a) and (b) respectively displays the PA power bandwidth of the two-state and
three-state PAs when a voltage of 50 V is applied across the H-bridge. The two-state reaches a power
bandwidth of 200 Hz and the three-state reaches a wide power bandwidth of 220 Hz. Notice that the

resulting power bandwidth are within ranges of the predicted power bandwidth.
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Figure 5-22: PAs power bandwidth, 50 V across the H-bridge (a) two-state power bandwidth at 200 Hz and
(b) three-state power bandwidth at 220 Hz
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Figure 5-23: PAs power bandwidth, 130 V across the H-bridge (a) two-state power bandwidth at 470 Hz and
(b) three-state power bandwidth at 520 Hz

Figure 5-23 shows the power bandwidth at 130 V. The PAs exhibit the power bandwidth of 470 Hz and
520 Hz for the two-state technique and three-state technique respectively. The measured power

bandwidth has a percentage error of less than 20 % as compared to the predicted power bandwidth of 560
Hz.
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Figure 5-24: Small signal bandwidth of the two-state PA, for 50 V across the H-bridge

The small signal bandwidth is measured at lower current levels and bus voltage levels. At a 50 V bus
voltage, the two-state PA displayed a small signal bandwidth of 260 Hz. The two-state’s small signal
bandwidth response is shown in Figure 5-24. A small signal bandwidth higher than 500 Hz could not be

measured, as the response of the PA became noisy at high frequencies.
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5.4 Protection

5.4.1 Over current protection

Figure 5-25 displays the short circuit condition at 80 V across the H-bridge. Figure 5-25(a) and (b)
respectively shows the voltage on the shutdown pin of the half-bridge driver and the resulting current
waveform. When a short circuit condition occurs, it takes the current limiting circuit approximately

350 ns to terminate the gate drive pulses. The gate drive pulses are terminated when the IGBTs conduct a

current of 55 A.
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Figure 5-25: Short circuit condition, 80 V across the bridge (a) shutdown pulse and (b) current waveform
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Figure 5-26: Short circuit condition, 80 V across the bridge (a) shutdown pulse and (b) current waveform
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Figure 5-26 displays the resulting short circuit condition at 150 V across the H-bridge. The current
waveform flattens when it reaches a current of 60 A. This is due to the current probe that was used for the

measurements. The probe can measure a maximum current of 60 A.

The short circuit current levels at 80 V and 150 V, are used to predict the short circuit current peak at a
voltage level of 310 V to be 227 A. The peak current of 227 A does not guarantee the safe operation of
the H-bridge circuit. This current level is above the IGBT's repetitive peak current rating of 220 A. The

PA will therefore not be short-circuit protected at 310 V.

5.5 Power measurements

The power measurements on the PAs were conducted by varying the current level from a minimum to a
maximum value. A (6.6 mH + 0.261 Q) AMB coil was used to conduct the power measurements. Table
5-1 and Table 5-2 respectively show the power measurcments of the two-state and the three-state PAs at

different current levels.

Table 5-1: Two-state PA power measurements

Icoir (A) P, (W) P, (W) Prbridge (W)

0 67.8 55 12.8
0.66 70.2 56.3 13.9
1.873 76.7 57.9 18.8
2.770 824 60.32 22.08
3.854 91.1 64.6 26.5
4.761 99.9 69.2 30.7
5.732 110.0 71.8 38.2
6.785 122.1 77.2 449
7.845 135.7 84.3 514
8.970 150.9 94.6 56.3
10.090 168.9 103.8 65.1

Table 5-2: Three-state PA power measurements

Tcoi (A) P, (W) Pou (W) P prigge (W)
0.946 13.6 2.23 11.37
2.058 17.4 5.07 12.34
3.284 23.32 4.87 18.45
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Chapter 5
3.933 26.76 6.06 20.70
5.03 32.76 8.83 23.93
6.40 41.4 13.3 28.10
7.06 46.0 15.2 30.8
7.88 52.8 23 29.8
8.71 60.0 25.1 349
9.33 65.6 27.4 38.2
10.16 73.4 32.6 40.8

Figure 5-27 displays the relationship between the output power and the current levels in the two-state and

the three-state PAs. The figure indicates that the two-state PA produces high losses compared to the three-

state PA. As the current level is increased, the output power of the two switching topologies increases at

the same rate. At maximum current, the two-state and the three-state PAs produce output powers of 104

W and 33 W, respectivcly. The output power is dominated by the eddy current losses as it will be seen

later.
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Figure 5-27: Output power v

The losses experienced by the PA arc obtained by (5-2).

PH—bridge = I)IL - I)mﬂ

s. coil current

(53-2)

P, is the input power and P, is the output power. Figure 5-28 graphically reprcsents the H-bridge losses

against the coil current. The three-state PA experiences low losses in the H-bridge as compared to a two-

state PA. The losses are due to the switching technique employed by the two-state and the three-state

PAs.
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Figure 5-28: PA losses vs. coil current

The copper losses (5-3) experienced by the coil for changing current levcls are graphically displayed in

Figure 5-29.

P =I*R (5-3)

cu rms

I..s is the root-mean-squarc (rms) value of the actual currcnt and it depends on the ripple component of
the actual current. Figure 5-29 illustrates that an AMB coil experiences higher copper losses when the
output current is regulated with a two-state PA. The copper losses resulting due to the employment of the
two-state technique also dominate at a zero current level. It is due to the high current ripple component in

the load current.

30

2%}

o}

Pawer (W)

o~ R Two-state PA
= Three-state PA

e

L
10 12

a
e}
Fy%
o
[ai]

Average current (A)

Figure 5-29: Copper losses vs. coil current
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The resulting eddy current losses due to the employment of the two-state and three-state PA topologies

are displayed in Figure 5-30. The eddy current losses are obtained from (5-4).

P =P.-P, (5-4)
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Figure 5-30: Eddy current losses vs. coil current

Here, P, is the output power and P., is the coppcr losses of the coil wire. Note that the eddy current
losses due to the use of the two-state PA is approximately 55 W at 0 A whereas the three-state PA
achieves minimum eddy current losses of about 0 W. As the desired current is increased to maximum
level, the eddy current losses drastically increase to almost 80 W in an AMB controlled with a two-state
PA. The use of the three-state PA topology results in eddy current losses below 10 W when the desired
current is increased to maximum level. The extreme increase in eddy current losses from the use of the

two-state PA is due to the high ripple component present in the AMB coil current.

Chapter 5 presented the implementation and verification of the PAs. The reliability of the PE board was
tested with short circuit. The two-state and three-state switching techniques were evaluated by regulating
the flow of current in the AMB coil. The dynamic response, frequency response and power measurements
were used to characterise the switching techniques. Chapter 6 discusses the simulation and practical

results, the difference in switching techniques and give the recommendation in improving the PAs.
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Chapter

Conclusions and Recommendations

Chapter 6 includes the discussion of the results obtained from the two-state and three-state power
amplifiers (PAs) in terms of the simulation and practical results and differences in the switching
techniques. Recommendations are made for improving the PA performance. A further investigation in the
application of power electronics (PE) in the active magnetic bearing (AMB) using other available DSP

boards is proposed.

6.1 Conclusion

6.1.1 Simulation and experimental results

The two-state and the thrce-statc PWM switching tcchniques were implemented in simulations and
practically realised. The simulation models of thc PAs did not include all the components of the actual
PAs. The models were constructed with ideal components and the AMB coil was only modelled as an RL
circuit which restricted the analysis to the power measurements. Because of difficulty in simulating
digital PWM signals and current sensing devices, the generation of the two-state and thc three-state PWM
signals as well as the current sensing device were constructed with ideal components. The switching
frequency of the experimental set-up was at 20 kHz as compared to 30 kHz used for the simulation
models. A 20 kHz frequency was used since 30 kHz produced high noise levels due to the limitations on

the cycle time of the DSP.

The switching topologies were only implemented in the simulations in order to compare them and to
predict the behaviour of the actual system. Useful results were obtained as the simulation and
experimental results displayed a close correlation in terms of the coil current regulation at constant levels
and sinusoidal reference current of low frequencies. Figure 6-1 and Figure 6-2 display the simulation and
the experimental set-up coil current regulation results obtained from a two-state PA and the three-state
PA, respectively. The ripple component resulting from the experimental results of the two-state PA at a

maximum current level is about 3 A as compared to 0.8 A from the simulation results. The mismatch in
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the current ripple value is due to the switching frequency of 20 kHz used in the experimental setup.
Nonetheless, the practical results are in agreement with the simulation results. The results of the actual
three-state PA gave a close correlation with the simulations. The overshoots in the practical results are

due to the stray inductance found in the practical PE circuits.
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Figure 6-1: Two-state PA current waveforms (a) simulation results (b) experimental results
N ref current
10.15 }> coil current 4 12
" 1 1"
m.osL 3 =
z <
L] z 10
995 - 3 g
a9 ’- i
agst | 8
o8, 1 2 13 Ta 15 16 7 L
Time (s) <107 -1 0 1
@ Time (8) ot
(b

Figure 6-2: Three-state PA current waveforms (a) simulation results (b) experimental results

For the small signal bandwidth and the power bandwidth, the practical results did not correlate with the
simulation results as it is shown in Figurc 6-3. Figure 6-3(a) shows the power bandwidth of 1.5 kHz
obtained from the simulations whilc Figure 6-3(b) displays the practical setup’s response reaching the
power bandwidth at a frequency of 500 Hz. The frequency of the practical PA could not be further
increased beyond this frequency. The experimental results are inferior as compared to the simulation
results. The poor results arc attributed to the high noise levels resulting from the practical set-up. The
extreme noise levels results duc to the layout of the PE board. The placement of th¢ DSP board

significantly affected the overall performance of the hardware as the TSM320 is connccted to the PE
prototype board with long cables.
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The current sensor signal may also have contributed to the poor results. Its output could not be filtered as
the filter made the controller more unstable. Low pass filters with different cut-off frequencies were
implemented but did not make any difference in the controller's performance. An attempt to filter the
signal in the DSP environment caused the controller to malfunction. Unfortunately, the limitation of

filtering the sensor output in the DSP environment could not be further investigated.
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Figure 6-3: Two-state PA power bandwidth (a) simulation results (b) experimental results

Since the switching devices were ideal and the AMB coil was not modelled in terms of the type of the
core used, the power losses could not be predicted from the simulations. The conclusion on the
comparison of the simulation results power losses can be drawn from the resulting current ripple when the

two-state PA is used. The copper losses will be more significant than the losses that will result duc to the
cmployment of the three-state PA.

The predicted switching losses of the H-bridge circuit operating at a switching frequency of 20 kHz are
given by (6-1) and (6-2) for the IGBT and the freewhecling diode, respectively.

P,=E, oS

k;new 5
=880x10°x20x10° W (6-1)
=17.6 W

AVIth

rrrr’rr
Dsw

2

_310x10x74x107 x 20x10° (6-2)
2

=229 W

Therefore, the total H-bridge losses for the two-state and the three-state PA operating at a switching
frequency of 20 kHz are respectively estimated by (6-3) and (6-4).
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P =2P, +2P, +2P, +2P,  +P

H-bridge _2state on Rsense
=2x17.6+2x229+2x825+2x625+5W (6-3)
=73.78 W
PH—bridgeﬁSstale = Psw + PD:w + Pon(Sl) + Pon(S4) + PDkon + }}:ense
=17.6+2.29+0.3+16.5+12.29 (6-4)

=48.83 W

For the two-state and the three-state PA, the measurcd losses in the experimental set-up are respectively
measured as 65.1 W and 40.8 W. The measured losses are lower than the predicted losses by
approximately 8 W for both the two-state and the three-state switching techniques. The difference in the

predicted and the measured losses are attributed to the various assumptions in the theoretical prediction.

6.1.2 Two-state and three-state

The two amplifiers were compared based on the resulting current ripple, the power losses and the power
bandwidth. Both PAs are in agreement with the theoretical levels of the current ripple components. The
two-state PA has significant ripple componcnt whereas the three-state PA showed considerably low
current ripple components. It was observed in the practical set-up that the ripple component of a three-
state is independent of the supply voltage and that of the two-state increases with the supply voltage. This
is evidence that the use of the three-state PA results in improved AMB performance as the dynamic
responses and stiffness of an AMB system can be increased by the supply voltage without inducing eddy

current losses in the system.

Power losses

The power losses occurring in the H-bridge and the load due to the use of the two-state PA are significant
as compared to the three-state PA. Figure 5-30 showed that the eddy current losses in the AMB coil
results due to the high ripple current components resulting from the usc of the two-statc PA. The
considerably lower losses in the AMB coil due to the three-state PA are the reason why the three-state PA

is preferred in the AMB systems.

Power bandwidth

The power bandwidth of the two PAs could not be measured at the supply voltage of 310 V due to high

noise levels. The use of long cables to connect the DSP board to the PE made the PA very susceptible to
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noise. The PA’s power bandwidth was measured at low supply voltages. The results of the two amplifiers

correlated with the power bandwidth predictions at low supply voltages.

6.2 Recommendations

Characterising the AMB PAs in terms of the operation of the specific topology of the PA does not
quantify the use of the PA in AMB systems. The prototype PAs presented in this work clearly show the
expected differences in the two techniques but needs more work in order to make them applicable to the
double radial AMB system in the MBMC lab. The dynamic performance of the PAs is important to AMB
systems. Improvements need to be made as this PAs failed to exhibit a wide power bandwidth and small
signal bandwidth for the desired specifications. The limitation on the dynamic performances is attributed
to the high noise levels produced when the PAs operate at high supply voltages. The high noise levels
result from the PCB layout of the prototype board. The layout of the prototyped board should be reviewed
and the grounding policy of the PA should be revisited. Factors such as heating of transformers,
placement of current sensing deviccs and placement of the DSP board affected the overall performance of
the PA circuit. Also, the electronic supply should be replaced with the flyback converter. In addition, the

use of common mode filters should be considered in future designs.

Since, the use of VisSim® program caused inconsistencies in the implementation of the switching
techniques. The implemented PI controller and the use of a fixed point number system are likely the main
reasons for undesired responses. It is recommended in future that the control algorithm be done in C-
compiler. The use of a Field Programmable Gate Array (FPGA) may also be the possible solution to the
digital implementation of the switching topologies. Thereforc it is advantageous to investigate the use of

FPGAG s 1n the realisation of both the two-state and the three-state switching PAs.

6.3 Closure

The objective of the study was to develop the platform to facilitate the analysis of the two switching
techniques possible for the AMB switch-mode PAs. The two-state and the three-state switching

techniques were successfully designed, implemented and tested on the flexible rotor double radial AMB

model.

The results obtained showed good correlation with the conducted simulations. Also, the use of the three-

state PA resulted in low power losses.
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APPENDIX

Appendix B:  Data CD

1. Dissertation in MS Word format
2. Simulink® simulation models
3. VisSim® program

4. Orcad® schematic file and PCB Layout files
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