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ABSTRACT 

Since the work of Blaschke of Siemens in the 1970s much research has been undertaken 

in the use of vector control schemes as a means of enhancing machine efficiency and 

dynamic performance. Recently vector control has been proposed for drive schemes using 

permanent magnet synchronous machines to produce highly efficient drives. In this 

instance the emphasis is not only on drive efficiency and dynamic performance , but also 

on the stabilisation of machine operation since it has been noted that this class of 

machine is prone to instability. 

In this thesis, a novel vector control scheme for a rare earth permanent magnet 

synchronous machine has been designed using a commercially available programmable 

three phase pulse width modulator integrated circuit. In using this modulator the 

scheme’s cost and complexity are greatly reduced. The PWM modulator is programmed 

to provide three phase sinusoidal PWM which is constituted by voltage and frequency 

commands. The control algorithm specifies the stator voltage vector by its amplitude and 

the load angle, utilising the frequency command to advance or retard the vector, thus 

producing the desired load angle and forcing the machine phase currents to a specified 

trajectory. 

A new design of an ultrasonically modulated three phase voltage source inverter is used 

as the drive main supply. The design is highly efficient and uses the latest fast power 

MOSFET technology. A full stability analysis of the drive is undertaken using computer 

simulations of the permanent magnet machine and inverter combination operating both 

under open loop control and closed loop control. A comprehensive series of test results 

is also given. 

N. Bennett, 

University of Liverpool, 
May 1993.
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Chapter One 

INTRODUCTION 

In recent years , the use of high performance servo drives has increased considerably 

within industry. Process industries such as steel mills, textile mills and paper mills 

all employ an ever increasing range of variable speed drives. Such drives demand 

not only speed control, but also smooth, ripple-free torque control with fast dynamic 

response over the entire machine speed range. Until recently the DC drive has 

dominated such industrial applications, usually consisting of a DC machine fed by 

a DC chopper servo amplifier or, in larger power applications, a three phase 

anti-parallel suppressed half thyristor converter. The inconvenience of brush gear 

maintenance, increased line harmonics, as well as actual machine cost has prompted 

the use of inverter fed AC machines in variable speed schemes. The advent of 

improved microprocessor technology and power semiconductors along with a 

reduction in their cost has made the use of the AC servo drive possible. Indeed today 

the AC servo drive is steadily encroaching on the DC drive industrial market and 

appearing in applications involving low to medium power drive systems. 

The application of field oriented or vector control to induction motors in the 1970s 

has led to the development of several industrial AC field oriented drive systems in 

industry. Recently however, a decade or so of intense research has seen the 

development of the high field permanent magnet synchronous machine incorporating 

high energy rare earth magnets. These machines are more compact and have better 
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power factor and higher efficiency than a similarly rated induction machine. Being 

synchronous these machines have no problems with slip and have also a very fast 

torque response with low rotor mechanical inertia. Such machines have prompted 

research work in the field of vector control to produce a new generation of drive. 

This thesis examines the research and development of such a high field permanent 

magnet synchronous drive system. 

The thesis is structured in seven chapters to cover the scope of the research work: 

CHAPTER TWO reviews the development of permanent magnet synchronous drives 

from conventional wound field synchronous machines to the more recent high field 

permanent magnet types. The chapter discusses drive system inverter designs, and 

AC drive control systems, including vector controlled permanent magnet drive 

topologies. 

CHAPTER THREE describes the development of an ultrasonically pulse width 

modulated voltage source inverter using fast power MOSFET technology. The design 

of an inverter pole arm is presented. This pole is a compact modular unit, capable 

of being paralleled to produce higher current ratings. Power component selection 

is discussed by the presentation of a mathematical power loss model which is used 

to optimise each pole for minimum power loss. 

CHAPTER FOUR describes the development of a d q axis dynamic model of the 
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permanent magnet machine and models machine behaviour in terms of two equivalent 

circuits. Machine tests are described for the experimental determination of the 

machine static inductances and their saturation characteristics. The experimental 

technique used to obtain the machine stator leakage reactance is presented. Finally 

the cage bar dynamics are explored, determining by a modified experimental 

procedure the equivalent resistance and inductance of the rotor cage bars as seen 

from the stator side. 

CHAPTER FIVE describes the modelling and stability analysis of the entire drive 

system operating in op~n loop. This includes modelling of the inverter and the use 

of the machine dynamic model of chapter four. The control system simulation 

language ACSL is used to derive the drive system root locus by linearising the drive 

state equations about a steady state operating point. A comparison of machine 

stability with and without cage bar dynamics is performed, showing the effects on 

machine open loop stability. 

CHAPTER SIX discusses the vector control system designed using the inverter and 

machine of chapters three and four. The digital and analogue hardware design and 

operation of the vector controller are described. A linear vector control scheme using 

digital proportional integral speed and current controllers is presented. The scheme 

including the drive state space dynamic model is simulated using discrete elements 

to model the quantisation and sampling rate of the digital vector controller. The 

simulation results are then compared with a set of similar experimental laboratory 

tests to assess drive stability and dynamic performance. 
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Finally CHAPTER SEVEN discusses conclusions drawn from the research and 

contains suggestions for possible future work including development modifications 

and enhancements. 
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Chapter Two 

VECTOR CONTROL OF PERMANENT MAGNET 

SYNCHRONOUS DRIVES 

2.1 INTRODUCTION: 

Early forms of variable speed drive contained DC machines as the drive prime 

mover. For example the Ward Leonard control scheme [32,100] used a three phase 

synchronous machine and a DC generator as the main source of power control. The 

introduction of solid state thyristors saw the use of thyristor converters as a means 

of speed control in DC motors. Machine control used a fixed field flux and armature 

voltage control at motor speeds below base speed. This control region is the constant 

torque region. Above base speed field weakening was utilised, keeping the armature 

volts constant in order to control machine speed. This is known as the constant power 

region. The difficulties in reducing line harmonics and improving line power factor, 

coupled with the expense and inconvenience of motor commutator maintenance 

prompted drive designers to look toward the use of AC motors. 

Drive designs using AC machines usually consisted of either a synchronous machine 

or induction motor as the system prime mover. Both are similar in that they have a 

three phase stator as the machine armature which produces a rotating magnetic field 

when three phase currents are applied to the machine. The main difference in the 
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machines is the method of field excitation. The synchronous machine excitation is 

produced from a DC current injected into the machine rotor winding via rotor shaft 

slip rings. The machine thus has the ability to run at synchronous speed. The 

induction motor field excitation is produced by an induction action. The machine 

rotor consists of a series of laminations through which foter copper bars pass. The 

rotor runs at a slightly lower speed than the stator frequency. This rotor slip induces 

currents within the rotor bars thus producing rotor flux. This has the effect of giving 

the machine a iinear speed droop in its torque-speed characteristic. 

Both types of machir= have their advantages and disadvantages. The synchronous 

machine has the advantage of a controllable field excitation, and as such machine 

power factor may be controlled. The induction motor must always have lagging 

power factor since a large magnetising current is required for rotor excitation. In 

terms of cost and design complexity a synchronous machine is the more costly and 

has in general a larger axial length in order to accomodate the necessary brush gear 

for the rotor field excitation. 

Over the years the complexity of AC drive schemes has increased due to the 

widespread emergence of high technology fast microprocessors and power 

semiconductor switches. Even though industry has used synchronous machines in 

variable speed AC drives, the induction motor drive has been subject to a more 

thorough investigation. Heavy power industrial applications tend to use the 

synchronous machine usually fed by either a cycloconverter, a load commutated 

inverter or some form of current source inverter. Induction motor drives tend to be 
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utilised in low to medium power industrial applications because of their lower cost. 

Initially AC drive schemes were open loop but as the need for improved machine 

control increased, speed and current feedback were employed using proportional plus 

integral controllers. As time progressed induction Mbchines saw the implementation 

of efficiency control as a means of improving their power factor and minimising 

machine losses. For dynamically demanding applications the control of induction 

motor phase current was investigated. In some schemes slip speed control was 

introduced as a means of indirectly controlling machine current. The variation in 

induction motor parameters with temperature has ~‘so been a focus of investigation 

and a variety of parameter estimation schemes have been developed. In spite of all 

this work drive designers were still restricted to machine operation at lagging power 

factor and the use of slip control in induction motor drives. Control of synchronous 

machines was easier to implement but much more costly in terms of the machine 

itself. Efforts were made to alleviate these problems with the design of the permanent 

magnet synchronous machine. 

Over the last ten years or so, the emergence of high magnetic energy rare earth 

based materials such as samarium cobalt and neodymium iron boron has increased 

the popularity of low to medium power permanent magnet synchronous machines in 

AC drive systems. Many designs have been investigated [86] for use in both novel 

generator systems and servo drives. Techniques for optimisation of the use of magnet 

material [17] have been developed as well as the design of configurations with and 

without magnet saliency [18,11]. Brushless DC permanent magnet motors or self- 
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controlled permanent magnet motors, where the machine phases are switched with 

a sequence of rectangular currents, have also received interest in the field of smaller 

drive systems such as_ those found in automobiles, HI-FI turntables and video 

recorders. Permanent magnet machines have numerous advantages over the 

conventional AC induction motor [94] and their increased general efficiency, power 

factor and torque to inertia ratio make them an ideal choice in the design of vector 

control drive schemes. 

Early permanent magnet synchronous machine control concentrated on their 

susceptibility to instability and over-sensitivity to terminal voltage variations. M~‘lor 

and Al-Taee [74] noted that machine stability was extremely poor at leading power 

factors and thus utilised power factor control in order to maintain machine stability. 

Colby [33] utilised an efficiency optimising drive scheme in which the machine was 

stabilised by using the current in the inverter DC link to regulate the machine 

currents. These schemes and others were however limited to steady state variable 

speed applications where dynamic performance was a secondary issue, such as 

applications involving pumps, fans and compressors etc. 

The use of vector control in permanent magnet synchronous machines has only 

received significant attention more recently, and here both stability and dynamic 

performance are key issues. Its application is somewhat easier than in induction 

motor drives in that rotor slip control is no longer a problem and the rotor flux is 

simply that due to the rotor magnetic material. 
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2.2 DEVELOPMENT OF THE PERMANENT MAGNET SYNCHRONOUS 

MACHINE: 

The use of permanent magnet materials in the rotor design of a synchronous machine 

is not a new concept and has been around since thé 1930s. The first machine 

prototypes however used magnetic materials with a low value of coercivity and hence 

they suffered from demagnetisation. The reduction in the cost of rare earth magnet 

materials has recently prompted much effort in the design of permanent magnet 

synchronous machines. Permanent magnet machines have a much greater efficiency 

than their convent‘~nal wound counterparts because of the absence of field excitation 

losses. Additionally they have no slip dependent losses in comparison with induction 

motors and are capable of operating at or close to unity power factor. 

2.2.1 Developments in Synchronous Machines: 

The conventional wound field synchronous machine has been in use _ since the 

beginning of this century [32,100]. Its main application has been as an alternator in 

the generation of electricity and today SOOMW rated machines are commonplace. 

The machine consists of a three phase wound stator and a wound field coil on the 

rotor which is usually fed via slip rings from a DC source. Some schemes have used 

brushless exciters mounted on the machine shaft, which consist of a small AC 

generator and a rectifier in order to supply the DC current to the field winding. The 

field poles are often salient producing a reluctance torque component as well as a 

synchronous torque. 
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The reluctance torque effect in synchronous machines has been utilised in the design 

of the synchronous reluctance motor. Here the machine rotor consists of iron 

laminations which are milled to produce a salient configuration. In this manner large 

differences in the direct and quadrature axes reactances are obtained. The result is 

a motor with a large torque to inertia ratio and mnibch research effort has been 

directed to the optimal design and control of this type of machine [80,116,60, 10]. 

In the last decade the reluctance motor has been taken a step further by the 

emergence of a new form of reluctance motor known as the switched reluctance 

motor [63,64]. A switched reluctance motor has salient poles on both its stator and 

rotor i.e. it is doubly salient but with different pole numbers. The machine phases 

are switched electronically in sequence causing the rotor to rotate due to the 

produced reluctance torque. A great deal of effort in research has been directed to 

determining the optimal switching angle in torque control and indeed many 

innovative variable speed drive designs have been produced. This form of drive 

shows great promise in the field of high speed drive systems, though suffers from 

torque pulsation at low speeds. 

Since the beginning of the 1980s the permanent magnet synchronous machine has 

developed in parallel with the reluctance motor and the switched reluctance motor. 

The following two sections describe the design of permanent magnet synchronous 

machines. 
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2.2.2 The Properties of Permanent Magnet Materials: 

There is an enormous range of permanent magnet materials at present. Initially 

ferrite materials were used along with other materials such as alnico and manganese 

aluminium carbon. At present rare earth composites a as samarium cobalt and 

neodymium iron boron are popular materials for use in machine design. Figure (2.1) 

shows the B-H characteristics of a selection of permanent magnet materials. 

Permanent magnetic materials operate in the second quadrant of the B-H loop and 

B and H are in opposite directions. It is important to note the linear characteristic 

of the magnet recoil line in the case of rare earth materials. Properties of imp~~tance 

are: the coercivity H, which is essentially a measure of the magnetic material’s 

resistance to demagnetisation; the remanent flux density or remanance B, which is 

the magnet’s flux density in the absence of any applied external field H; and the 

energy product BH of a material which is useful in summarising its potential as a 

magnetic material. Indeed the new rare earth neodymium iron boron alloys can have 

energy products in excess of 300 KJ/m’. 

An important factor in the choice of magnet material is its ability to withstand high 

temperatures. There are problems with the use of neodymium iron boron magnets 

in electrical machines in that the maximum operating temperature must be kept below 

150°C as the material’s coercivity is extremely sensitive to temperature. 

Considerable research effort is being made to alleviate this problem without altering 

the material’s operating characteristics. 
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2.2.3 Permanent Magnet Machine Design: 

In recent years the use of computer aided design (CAD) packages has greatly 

improved the design of permanent magnet machines in terms of the maximum 

utilisation of magnet material, maximisation of oe magnetic flux and 

minimisation of leakage flux. Popular CAD packages using finite element techniques 

have been developed such as the two dimensional geometry package PE2D, as well 

as three dimensional analysis packages such as TOSCA. 

In broad terms p-*manent magnet synchronous machine designs may be generally 

separated into two distinct classes; surface mounted rotor designs and interior or 

buried magnet designs. Surface mounted designs have their magnets mounted on the 

surface of the rotor either by adhesive or retention by a non-magnetic bolt. Such 

designs have an inherent cylindrical rotor configuration since the reluctance of the 

magnetic flux paths in both the direct and quadrature axes is similar. This is due to 

the near unity permeability of the magnetic material which in early designs was 

either alnico or ferrite material. Present day designs often use rare earth magnets 

such as samarium cobalt. Figure (2.2) shows a modern design for a surface mounted 

permanent magnet motor [77] and is ideally suited to ceramic magnets though rare 

earth materials have been used. This design has found use in brushless dc drive 

systems due to its near trapezoidal back emf waveform. 

Interior or buried rotor designs have their magnets buried within the rotor material 

itself adding rotor robustness under demanding high speed applications. Figure (2.3) 
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shows a rotor configuration by Binns [17] and features later in chapter four. In the 

interior type of configuration there is an inherent saliency due to the difference in 

the reluctance path of the direct and quadrature axis fluxes. The magnetic material 

has a permeability nearly equal to that of air and hence the direct axis has a large 

reluctance. The situation of a larger quadrature axis feactance than direct axis 

reactance arises, which is the opposite to that of a conventional wound field 

machine. The result is an unusual torque characteristic in which the machine runs at 

a finite load angle at no load, and undey certain circumstances may be unstable. The 

reluctance torque effect may be used to enhance the machine’s torque capabilities and 

the hybrid machine in figure (2.4) shows an interior design accentuating the 

reluctance torque component [11]. The interior design usually has cage bars in its 

rotor for added machine stability. Many more designs for both interior and surface 

mount magnet machines exist and are continually being updated. 

2.3 INVERTER DESIGNS IN PERMANENT MAGNET SYNCHRONOUS 

DRIVES: 

The increase in recent years in the availability of more efficient and faster switching 

power semiconductor devices has led to an enormous advance in electrical drive 

inverter and converter topologies [24,26,27,43]. Since the invention of the power 

semiconductor thyristor in 1956 by Bell laboratories USA, the power semiconductor 

switch has undergone rapid change. Due to the requirements for commutation, 

thyristor inverter and converter designs were often bulky and expensive. However 

later self-commutated current controlled power devices such as the gate turn-off 
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thyristor (GTO) and the power transistor (BJT) emerged These devices could be 

turned off via a third terminal, the base or gate. These devices were also able to 

switch faster and so as a result gave rise to an increase in pulse width modulated 

switching schemes in drives, creating higher efficiencies and better line and machine 

harmonics. 

Recent years have seen the introduction of MOS technology in the field of power 

electronic converters. The power MOSFET has_ grown in popularity over the last 

decade and is increasingly used in low to medium power drives. The switching 

capabilities of the power MOSFET far exceed those of the GTO or the P'T. The 

MOSFET relies on majority carriers for conduction and hence does not suffer from 

slow switching times such as those found in minority carrier devices such as power 

transistors and _ thyristors. The device also has no current tail on turn-off; a 

phenomenon found in minority carrier devices. This results in lower switching 

losses, which allows the device to be operated at much higher frequencies. The 

power MOSFET has another advantage in that it is a voltage controlled device and 

thus drive power requirements are minimised. The MOSFET does have a drawback 

in that its conduction losses are larger than those of the BJT or GTO. Another device 

that shows promise is the insulated gate bipolar transistor (IGBT) and has the 

advantages of both the MOSFET and the BJT though has a performance which is 

a compromise of the two. It is switched like a MOSFET though has the current 

carrying capabilities of the BJT. JFET technology has also been utilised in the form 

of the static induction transistor (SIT) and the static induction thyristor (SITh) though 

perhaps one of the most promising recent technologies is the MOS controlled 
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thyristor (MCT). This however is still very much in the development stage. 

Modern inverter designs for use in permanent magnet drive schemes tend to be 

pulse width modulated types (PWM) employing complex switching techniques to 

produce the best machine terminal voltage and current waveforms in order to reduce 

harmonics and hence machine losses [114,108,81]. This type of inverter is discussed 

in further detail in the following sections with a view to applications in high 

performance permanent magnet drives. 

2.3.1 Voltage Source Inverters: 

Voltage source inverters (VSI) may be separated into two distinct types; six step 

voltage source inverters and PWM voltage source inverters [24,39]. The six step VSI 

is often used in larger drive schemes and was first implemented using thyristor 

technology. The six step VSI has a quasi-squarewave waveform and thus a simple 

switching pattern, though machine losses are high due to the presence of harmonics. 

The scheme must also have voltage control of the DC link by some form of 

DC-DC converter or controlled rectifier. The PWM VSI has an identical circuit 

configuration to that of its six step counterpart, figure (2.5) [24], though differs only 

in respect of the switching pattern. Here voltage and frequency control are both 

inherent within the PWM strategy and hence the need for external voltage control 

is eliminated. This type of strategy does however demand a much higher switching 

frequency though in doing so machine harmonic losses are greatly reduced and the 

DC link filter components smaller. A variety of PWM strategies exist, sinusoidal 
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PWM being the more popular. The capacitor within the DC link in a VSI inverter 

behaves as a low impedance voltage source and is thus capable of producing a fast 

current response and hence results in a fast motor torque response. A drawback of 

this arrangement however, is the need for short circuit protection within the inverter 

and the addition of external circuitry if the drive acts under regeneration causing the 

link current to reverse. The PWM VSI is the main switching inverter used in high 

performance permanent magnet synchronous drives because of its low harmonic 

output current waveform and fast current response. 

2.3.2 Current Source Inverters: 

Current source inverters (CSI) vary greatly and are the dual of voltage source 

inverters and are generally restricted to very large drive schemes. A CSI inverter 

modulates a fixed current; opposite to that of a VSI which modulates a fixed voltage. 

There are three basic types of current source inverter; the six step or auto 

sequentially commutated inverter (ASCI), the load commutated inverter (LCI) and 

the present popular technology, the PWM CSI. The first two types were among the 

first prototype CSI inverters and as such use thyristor technology. An ASCI is 

usually found in large induction motor drive and has capacitors in the commutation 

circuitry for the bridge thyristors [39,42]. An LCI inverter on the other hand must 

use a synchronous machine, which unlike the induction motor, can supply leading 

VARs to the inverter for thyristor commutation [39,42]. Generally one of the most 

popular current source inverter drive schemes at present is the PWM CSI and is 

generally found using GTO thyristors [24,39]. 
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The structure of a typical GTO PWM current source inverter scheme is shown in 

figure (2.6) [24]. The DC link incorporates a large choke in order to supply the 

GTO bridge with continuous current. The link thus behaves as a high impedance 

current source. A capacitor bank is employed to filter the PWM voltage waveform 

including any current commutation spikes. Drive peeeneranon is possible without 

the usual four quadrant converter bridge found in voltage source inverters. This is due 

to the fact that unlike voltage source schemes, the link DC current no longer reverses 

during machine braking. The use of an inductance in series with the link also 

provides short circuit limiting, though this slows the drive dynamic current response 

in comparison with the voltage source inverter scheme. On the whole the current 

source inverter tends to be bulkier and more costly than its voltage source 

counterpart, though even so schemes involving permanent magnet machines have 

been reported [6]. 

2.4 CONTROL METHODS IN PERMANENT MAGNET SYNCHRONOUS 

DRIVES: 

Electrical drives utilising permanent magnet synchronous machines require some 

form of open loop or closed loop control in order to stabilise the machine 

performance. The machine is particularly sensitive to sudden changes in operating 

conditions such as terminal voltage and load and may also exhibit instability when 

operating over a particular frequency range. This causes the machine speed and 

torque to oscillate about the mean operating point. The influence of high saturation 

Chapter Two 17



in the machine on machine parameters and the lack of external excitation control 

make the design of closed loop control drive systems particularly difficult. The 

logical choice appears to be vector control as it enables the user direct control over 

the machine torque and excitation flux. 

2.4.1 Vector Control Theory in Permanent Magnet Synchronous Drives: 

Much of the modern theory of vector control in general AC electrical machines 

stems from work in the early part of the century. Studies of the dynamic properties 

of AC mach‘-es were undertaken by Park, Nickle, Doherty and Kron on the 

synchronous machine and Stanley on the induction motor [3,58]. They all helped 

to formulate the generalised machine or the primitive machine where the use of a 

transformation to a reference frame, attached to the rotor or stator for example led 

to the simplification of the machine dynamic equations. The generalised machine 

concept was used to represent all machines, including DC and AC by a single 

machine model. 

The per phase inductances of a synchronous machine vary with rotor position making 

dynamic modelling difficult. In 1929 R.H Park [90,91] used a transformation of 

machine stator variables to fictitious axes on the machine rotor. This greatly 

simplified the modelling problem and effectively rendered all time-varying machine 

quantities as constant within the steady state. This was part of the d q axis theory of 

synchronous machines and is used to form the basis of vector control in permanent 

magnet synchronous machines. The three phase stator currents are transformed 
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using Park’s transformation to the machine d and q axis currents. The d axis current 

component along the path of magnetisation magnetises or demagnetises the magnet 

flux. The q axis component controls the machine synchronous torque. The machine 

may thus be controlled in much the same way as a DC motor where the d axis is 

representative of the field axis and the q axis the armature circuit axis. The 

pioneering work of Blaschke and Hasse [23] as well as Leonhard and Renfrew 

[117,118] in the 1970s led toa major upheaval in the control of variable speed AC 

drive systems incorporating induction machines. The result was field oriented or 

vector control, essentially giving an AC drive the dynamic performance of a DC 

drive by decoupling the magnetising an¢ torque producing components of the 

machine stator phase currents. The first prototype system known as 

TRANSVEKTOR has since led to many years of research and development of 

elaborate AC servo drives involving induction machines and synchronous machines. 

The fundamental technique lies in the analysis of the torque production mechanism 

in an AC machine. Torque production takes place through the interaction of the 

airgap magnetic flux vector with the stator mmf vector. Control of both the 

magnitude and phase of the stator mmf vector allows control of the machine torque 

and rotor magnetising flux components. This in essence relies on knowledge of the 

position of the airgap flux vector. In induction motor schemes the airgap flux vector 

position is dependent on rotor slip and thus vector control relies to a large extent 

on the knowledge of the machine parameters. Indeed research over the years has 

concentrated mainly on estimation of the machine parameters and the reduction of 

their sensitivity to factors such as temperature and rotor saturation. 
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2.4.2 Vector Control Strategies in Permanent Magnet Synchronous Drives: 

The usual basis of variable speed control of a permanent magnet synchronous 

machine over its entire working speed range is similar to that of the control of a 

conventional DC machine and is demonstrated in figure (2.7) [27]. Up to base speed 

the machine is operated at a constant torque and is limited by the full load torque 

capability of the machine. Hence the machine power is proportional to its speed. The 

drive achieves this by maintaining a constant voltage to frequency ratio thus 

producing a constant airgap flux. Above base speed the machine torque capability 

is reduced as the machine enters the constant power region where the machine 

voltage is clamped at its rated value. Scalar control techniques have been applied in 

this fashion and are suitable for less dynamically demanding applications. Vector 

control not only controls the airgap flux magnitude but its phase and so has greater 

scope for a more precise machine control. 

The control loop structure is virtually identical to that of DC drives, consisting of 

an outer speed, torque or position control loop which provides the current reference 

for an inner fast current control loop. Over the past decade there has been a large 

range of current control schemes reported for current controlled PWM in 

permanent magnet synchronous drives. Brod and Novotny [29] review a selected 

range of such techniques. The first schemes used analogue current controllers such 

as hysteresis [61,95] and ramp comparison [93] current regulators. Hysteresis 

regulators were widely accepted because of their simplicity and tight current control. 

They may however suffer from output chatter which leads to torque pulsation 
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problems at low motor speeds. The nature of these regulators also cause a varying 

PWM switching carrier frequency which may cause excessive switching losses within 

the inverter. Ramp comparison regulators have also been used where the current 

error is used to trigger the PWM switching signals for the drive inverter. This gives 

a constant switching frequency unlike the hysteresis Eontfeller These controllers do 

however suffer from phase delay problems in that there must always be a current 

error in order to trigger the inverter switching. High controller gain and 

proportional plus integral compensation are just two methods that have been used to 

alleviate this problem. Pillay and Krishnan [93] compare these two methods in a 

vector con*~>l permanent magnet motor scheme. In recent years due to the popularity 

of DSP and other fast microprocessors, space vector modulation as a method of 

current controlled PWM has been used [84,110]. This method requires fast digital 

algorithms but has the advantage of not being liable to drift as with analogue 

controllers. Boys and Handley [44] give a review of the basic algorithm strategy. 

Morimoto, Takeda and Hirasa [82] present a vector control scheme for a permanent 

magnet motor where a number of current phase control methods are used, figure 

(2.8). The first is a popular method based on controlling the d axis current 

component to zero such that demagnetisation of the permanent magnet never occurs. 

This method ensures that the reluctance torque component is zero and _ hence 

machine torque is only controlled by the q axis current. The second is the unity 

power factor control method which is more suited to efficiency optimised drive 

schemes since it has a_ non-linear torque characteristic. The final method is the 
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constant flux interlinkage method which maintains the machine airgap flux equal to 

that of the rotor magnet flux giving an almost linear torque characteristic. The choice 

is left entirely with the drive designer as to which control method is suitable for a 

particular rotor design. 

Jahns [54] recognised that the method of controlling the direct axis current 

component to zero would not strictly produce maximum torque per ampere 

performance. The machine that was used was a ferrite interior design and it was 

discovered that an infinite set of i, and i, current commands would produce the same 

torque but only one would produce the desired optimal performance. The final 

design utilised programmed current commands as a function of torque in the form 

of a feedforward torque controller, figure (2.9). In a later paper [53] a flux 

weakening algorithm was developed producing much the same effect as that found 

in a conventional DC motor. The onset of current regulator saturation was found 

to be a problem at speeds approaching base speed since the machine terminal voltage 

approached that of the DC link bus. This produced six step PWM giving a non-linear 

transition and a large reduction in available machine torque. This was demonstrated 

diagrammatically in the form of a voltage limit ellipse within which the machine 

would operate. A flux weakening scheme was developed in which the machine 

armature reaction flux was used to weaken the magnet flux extending the torque 

speed characteristic of the machine. The flux weakening control used an error in the 

command direct axis current to identify the onset of current regulator saturation. In 

a later publication [70] Macminn and Jahns improved upon the original drive scheme 

by using a feedforward compensation algorithm within the current control loop 
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designed to counteract the degrading influences of reactive and back emf voltages on 

the current regulator performance. 

Bose [25] applied field weakening techniques in a vector controlled drive scheme 

using a neodymium iron boron interior machine. Whereas Jahn’s scheme [54] had 

aligned the machine direct axis to the magnet flux reference vector, Bose’s scheme 

aligned the direct axis to the stator flux vector. The total stator flux was 

programmed as a function of torque and controlled in a closed loop manner using 

estimated feed back flux. Control in the flux weakening constant power region was 

ensured by maintaining a constant squarewave voltage and orientir; the machine 

torque angle accordingly. The overall supervisory algorithm acted to produce a 

smooth transition from the PWM constant torque region to the squarewave constant 

power region, figure (2.10). 

In recent years robust control techniques including adaptive control and sliding mode 

control techniques have been implemented. Low, Tseng, Lee, Lim and Lock [69] 

applied sliding mode control in the development of an instantaneous torque 

controller for a brushless DC drive. Instead of using a conventional current 

controller to control the machine torque a variable structure torque controller was 

used to control torque directly. This improved the motor torque pulsations due to the 

non-sinsoidal back-emf. Sepe and Lang [103] applied a digital adaptive velocity 

controller based around a Motorola 68020 microprocessor to their permanent 

magnet motor. The scheme was essentially a self-tuning velocity loop regulator 

using a state filter and parameter estimator to estimate the mechanical dynamics of 
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the motor. This enabled tight control of the machine speed even under changing 

conditions of load parameters, figure (2.11). Matsui and Ohashi [71] applied 

model-reference adaptive control to their machine using a TMS320C25 digital signal 

processor. The machine current control algorithm used machine parameters identified 

from the motor reference model and _ identification aigortin: This ensured current 

control with high accuracy, figure (2.12). 

2.5 REVIEW: 

This che. ‘er has reviewed the basic techniques that have been used in vector 

controlled permanent magnet drive schemes. The development of the present day 

state of the art high field permanent magnet motors has been discussed highlighting 

their high efficiencies along with their stability problems and the need for suitable 

control methods. Inverter designs used in permanent magnet drives have also been 

reviewed along with a discussion on the control methods used in vector controlled 

permanent magnet motor drives. Previous schemes by various authors have been 

described, outlining areas that still need to be addressed in research. 
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Chapter Three 

ANALYTICAL DESIGN AND MODELLING OF A THREE 

PHASE ULTRASONIC VOLTAGE SOURCE INVERTER 

EMPLOYING FREDFET MODULES 

3.1 INTRODUC . iON: 

The majority of vector controlled AC drive schemes employ some form of pulse 

width modulated voltage source inverter. However at present due to semiconductor 

device limitations, switching frequencies in excess of a few kHz are uncommon. The 

application of high switching frequencies is now being explored in low and medium 

rated drive schemes. Very high switching frequencies in excess of 20kHz are highly 

desirable in high performance vector control inverters for several reasons, 

(i). Low frequency harmonic components in the inverter output waveform are 

negligible. Since electrical machines are largely inductive, the motor acts as a low 

pass filter and high frequency current harmonics are attenuated at a rate approaching 

20dB/decade. Machine harmonic losses are greatly reduced so that derating of the 

machine for inverter fed operation is unnecessary and drive performance is not 

degraded. 

(ii). Acoustic noise emanating from magnetostriction of the frame laminations is not 
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in the audible range and is effectively eliminated. 

(iii). The DC link filter component values are greatly reduced, thus saving in inverter 

bulk and cost. 

The use of such high power frequencies needs careful consideration of noise pollution 

in the form of inverter generated electromagnetic interference. Any control or sensing 

electronics must be well isolated both electricalty, by use of a separate ground system 

to that of the gate drives, and also electromagnetically by RFI shielding. Switching 

frequencies of this order are attainable by the use of r~wer MOSFETS. Such devices 

are capable of very fast switching times, of the order of nanoseconds, and have 

negligible switching losses at frequencies in the 20kHz range. The switching 

capabilities of hybrid devices such as insulated gate bipolar transistors (IGBT) and 

MOS controlled thyristors (MCT) are currently being extended 

[4,115,81,41,26, 114,108]. These devices have power handling capabilities similar to 

those of transistors or thyristors and the ability to switch at frequencies higher than 

either, though both are still very much in the development stage. 

Power MOSFETS have two other desirable characteristics. One is the positive 

temperature coefficient of their on-state resistance which aids current balance between 

parallel devices when feeding high loads. If one device carries more current than its 

neighbour its temperature rises causing the on-state resistance to rise. This tends to 

restore the imbalance, and so parallel operation is intrinsically stable. Thus individual 

MOSFETS may be paralleled, though special attention must be paid to a symmetrical 
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layout in order to minimise lead parasitic inductance and so avoid any transient 

current mismatch. The other desirable characteristic is the integral body diode 

inherent within the MOSFET structure which can be of use in PWM inverters where 

flywheeling reactive load current is returned to the supply during part of the PWM 

cycle. 

A modular design of inverter has been designed and implemented where instead of 

*hard’ paralleling of individual devices, individual pole modules are paralieied, as 

shown in figure (3.1). The pole module design employs FREDFET transistors which 

are a form of MOSFET transistor with a fast recovery epitaxial diode integral to t'= 

structure. This feature improves overall module efficiency by reducing excess 

conduction loss in the associated transistor [37,45,47,66,9]. 

3.2 DESCRIPTION OF POWER STAGE MODULE: 

Each inverter pole module is designed to operate at DC link voltages up to 350V and 

the general circuit layout is shown in figure (3.2). The pole contains two BUK 638- 

500B, SO0V, 13A FREDFET power devices and switching aid networks in the form 

of device snubbers and a voltage clamp. The centre tapped inductance controls the 

pole di/dt and the magnitude of the FREDFET body diode recovery current when 

commutated by its neighbouring device. During both diode recovery and main power 

device turn-off the rate of rise of voltage (dv/dt) across the FREDFET is restricted 

by snubber networks to prevent failure due to secondary breakdown within the 

parasitic body transistor of the FREDFET [22]. Limiting dv/dt during switching has 
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other advantages in that it reduces electromagnetic interference generated by the 

inverter. Very fast switching (dv/dt > 10V/ns) can result in considerable displacement 

currents across the insulation between the power devices and the grounded heatsink, 

and across the parasitic capacitance of the isolation in the gate drive circuit. A rate 

of 1V/ns ensures safe operation. 

Each power device is driven by a pulse transformer isolated gate drive, figure (3.3), 

in order to isolave the control logic from the main power stage and to provide a 

floating reference from the source of each FREDFET. The primary stage consists of 

a push-pull transistor rir driving the primary winding of the pulse transformer. The 

secondary stage uses a small MOSFET to provide isolation and charge storage for 

variable width pulses over a wide duty cycle range [52], whilst an emitter follower 

discharge circuit is used to increase switching speed and reduce the off-state drive 

impedance, so preventing any Miller effect in the main device. 

3.2.1 Clamp Network: 

A voltage clamp network is employed to prevent excess voltage overshoot across the 

main devices during turn-off, due to the stored magnetic energy of the pole 

inductance. At present several types of clamping arrangements exist for PWM 

inverters [85]. Indeed, previously Mellor and Al-Taee [75,5] designed a fixed active 

clamp, clamping the device voltage to a fixed value of about SOV above the DC 

supply; an arrangement which works well though is rather bulky. Here, however a 

simple resistor diode clamp, not unlike a turn-on snubber network is employed. This 
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type of arrangement behaves as a damped parallel resonant circuit in conjunction with 

the snubber capacitance and so exhibits a second order type response. Choice of 

clamp resistance is usually made so as to produce a critically damped response. 

3.2.2 Snubber Network: 

Control of dv/dt on turn-off in the majority of present PWM inverters is usually 

undertaken by the conventional polarised resisance, capacitance, diode network. An 

alternative to this arrangement is to employ an active snubber network, figure (3.4), 

which utilises the Miller effect in a small low rate?’ MOSFET connected across the 

main power device. This design of snubber is more efficient at low load currents 

because it tends to maintain a constant dv/dt regardless of the load. Operation of the 

circuit is as follows: displacement current flowing in the external gate-drain 

capacitance C, and the small gate-source resistance R, causes the gate-source potential 

to reach the turn-on threshold voltage V;. Hence for a specified dv/dt R, is given by, 

Vr 
cf) (3.1) 

dt 

A low on-state voltage Schottky diode is inserted in series with the snubber MOSFET 

  R,= 

to isolate the internal body diode and give a reverse blocking capability. A small 

resistance is inserted between MOSFET gate and source to provide a discharge path 

for the internal gate source capacitance. Any parasitic oscillations between the 

snubber and main device due to parasitic lead inductances and the external gate-drain 

capacitor are blocked by use of a small signal diode in series with the MOSFET gate. 

In essence, the snubber behaves as a current controlled capacitance, where energy 
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dissipation takes place within the snubber MOSFET and as such it may be mounted 

on the inverter heatsink along with the main devices. 

3.2.3 Pole Module Operation: 

Operation of the inverter pole is considered for a full switching period of the PWM 

carrier. Within the PWM cycle the following assumptions are made: 

(i). At the switching frequencies employed the power devices are considered to have 

negligible switching losses. 

(ii). All diodes are assumed ideal apart from the device integral body diodes. 

(iii). The inverter provides an inductive constant load current I, with reference to the 

centre tap of the supply Vpp over a single switching period of PWM, T. The 

operation is illustrated in figure (3.5): 

Region (a): 

Initially the upper power device is on and carries the full load current, 

i=l, (3.2) 

Region (b): 

The upper device is now turned off .The lower snubber discharges and the load 
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current in the upper device now commutates into its snubber network. The voltage 

across the upper device rises up to a point where the clamp network is activated, 

clamping the voltage overshoot by dissipation of the energy stored in the central 

inductance. The inductive current in the clamp network eventually decays away to 

Zero. 

(i). During the rise of voltage in the snubber to Vpp before clamp action occurs, 

snubber voltage and current are given by, 

W(t)=Vyp(1-coswt)+ | isin (3.3) 

Co. 
i()= ee poenoes pcoswt 

(3.4) 
Gq) = 

VLC, 

This resonance ends when v=Vpp and i=I, as the clamp circuit comes into operation. 

Applying energy balance over this stage, 

Energy at beginning of resonance=Energy at end of resonance 

Supply energy-load energy+stored inductor energy=Stored snubber and inductor 

energy, 

LI? =CVpp+Ll, (3.5) 

(ii). Voltage overshooting occurs across the upper device as its source potential falls 

below that of the negative DC rail. This overshoot is given by, 
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1 
  

  

V_= oe 

ay fag (3.6) RE wIC, 
2 

*s74+2Ew, sto,” 

and is designed to be critically damped (=1) by proper selection of R,. Thus, 

It t 
V.()=—% exp |-—!— (3.7) 
ang oe a) 

Finding the peak overshoot by differentiation gives, 

V meds € c (3.8) 

(iii). The overshoot decays away, hence, 

  V (j= exp (- (3.9) 
e L 

Region (c): 

The lower device integral body diode now conducts the full load current, flywheeling 

the inductive load energy. 

Region (d): 

The upper main power device is turned on again, commutating the current in the 

lower device integral body diode. Reverse recovery in the lower diode occurs 
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causing the upper device current to rise above that of the load current. The upper 

snubber capacitance also discharges. As the lower device recovers, the reverse 

recovery current is commutated into the lower snubber causing an identical resonant 

condition to that in region (b). Another set of similar snubber equations are given, 

V(t)=Vpp)(1-coswt) + | FIpgSivot 
§ 

a (3.10-3.12) 
iQ=V, j sinwt +l RRCOSWt 

TO =C Vent 

Region (e): 

An identical clamping action occurs as the lower device voltage attempts to increase 

above the DC supply. Again another set of equations identical to those in region (b), 

equations (3.6-3.9) describe the overshoot behaviour, where I, is given as above. 

The inverter pole has been tested at 24kHz when feeding a 10A DC load from a 300V 

DC link. Figure (3.6) shows the turn-on and turn-off waveforms of the FREDFET 

while figure (3.7) shows the turn-on of the integral body diode and its subsequent 

reverse recovery on turn-off. 

3.3 QUANTIFICATION AND OPTIMISATION OF POLE LOSSES: 

A loss model of each individual pole may be developed with the aim of assessing the 
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effect of clamp component selection on pole efficiency. A method is thus presented 

in calculating the required component values for optimal pole design. Pole losses 

may be considered in two distinct categories: switching aid network losses and device 

conduction losses. Switching losses within each power MOSFET/FREDFET are 

considered negligible in comparison with the conduction losses at the modulation 

frequencies chosen. 

3.3.1 Inverter Pole Losses: 

(a) Switching Aic Network Loss: 

The power loss due to both snubber and clamp networks is_ considered first. The 

network clamp and snubber loss during a of a single power device or its 

diode is given by, 

P   

" V,(6? 1 i - 2 
127 dt + CVpp 

0 c 

where t, represents the total overshoot time and thus the time the clamp is active. The 

total loss over a PWM switching cycle is, 

Py=P,+P, 

3.13 == | LM +The) *2C,Vop ae 

where Ip iS given by the equation (appendix A), 
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(3.14) 

(b) Power Device Conduction Losses: 

Each main power device and its body aiude have associated conduction losses. A 

FREDFET has a channel resistance Rp, which is a source of ohmic loss, though 

matters are complicated further since this resiste1ce varies with junction temperature 

and hence power dissipation (appendix A). Considering as before a constant 

switching duty cycle 5, the conduction loss in the drain-source channel has two 

components. The first component is the loss due to the switching current overshoot 

during diode commutation, the second due to conduction of the load current 

throughout the remaining on-time. Hence, 

6T 
lf, Pia [iO?Ryy at (3.15) 

0 

Body diode losses consist of both ohmic losses and junction losses. Hence, during 

the freewheeling part of the cycle, region (c), 

(1-8)T 

Pies [ i@’R,+iOV, at (3.16) 
0 

where Rp and Vp are given in appendix. 
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3.3.2 Optimisation of Pole Losses: 

The equation (3.13) shows that switching aid network losses reduce with decreasing 

central inductance. However reduction of this inductance causes an increase in the 

peak reverse recovery current and hence commutation conduction losses in the main 

device. There exists an optimal value of inductance where overall pole losses are at 

a minimum. Computer-aided optimisation shows that minimum pole loss occurs when 

a central inductance is chosen such that I, = Ipp. 

In summary the design procedure is as follows, 

(i). Use equation (3.1) to calculate the desired snubber gate resistance R, for a 

specified dv/dt and load. The external gate-drain capacitance C, may be chosen to be 

several times larger than the actual internal capacitance. The equivalent snubber 

capacitance for a given load is thus, 

“(s) (3.16) 

(ii). Calculate the optimum L by minimisation of the losses from the loss equations 

(3.13-3.15). 

(iii). Use equation (3.6) to calculate R, for critical damping. 
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Figure (3.8) shows typical experimental results of overall pole losses with variation 

in L for identically rated MOSFET and FREDFET devices when switching at 24kHz 

at a low fixed duty cycle. The advantage in using FREDFET devices is obvious, 

showing that a smaller value of central inductance can be chosen because of the 

improved recovery characteristics of the body diode. “This ultimately leads to a 

simpler voltage clamp circuit and smaller module losses. Figure (3.9) shows the 

predicted and experimental variation in pole losses with load when operating at 24 

kHz at a iced 50% duty cycle from a 300V DC link. 

3.4 PARALLEF OPERATION: 

In paralleling a series of pole modules, individual pole inductances also serve as an 

aid to transient current sharing. Thus in an ideal situation one can envisage multiple 

FREDFET modules in parallel feeding a large load simply by common connection 

of DC link supplies and pole outputs. Component tolerances however affect transient 

current balance to an extent and as such further investigation in the form of computer 

simulation is needed. 

3.4.1 PSPICE Simulation: 

PSPICE, a variation on the SPICE-2 circuit analysis package, is used to simulate the 

effect of component tolerances. The case of body diode commutation is considered 

as the most critical situation in the simulation of current balance. Figure (3.10) 

shows the PSPICE circuit model used to simulate this process, where the 
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commutating FREDFET is modelled as an ideal switch with on-resistance Rpg. 

Simulated body diode switching waveforms during the commutation process are 

shown in figure (3.11) for a DC link voltage of 300V and a load of 10A. Two such 

modules are paralleled feeding a 20A load and the effect of various component and 

device tolerances varied within the simulation environment. 

Results show that transient current balance is affected by mainly two parameters, as 

can be seen in figure (3.12) and figure (3.13). 

(i). Mismatch in transistor turn-on time/gate “ive delay. 

(ii). Mismatch in pole central inductance. 

However under normal parameter variations of 10% or so, one would only expect 

current imbalances of 10% or less. For example figure (3.14) shows the simulation 

of a typical 10% mismatch in the pole central inductance . Hence the possibility of 

paralleling large numbers of modules exists; indeed figure (3.15) shows the 

experimental results for the turn-on and turn-off FREDFET current waveforms when 

feeding a SOA DC load with 5 paralleled modules. Figure (3.16) shows identical 

waveforms but with one transistor from a different batch, though even so current 

balance is still acceptable. 

3.5 THE THREE PHASE INVERTER AND ITS PROTECTION: 

Three pole modules may be combined to form the phases of a three phase voltage 
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source inverter. However, vector control and other high dynamic performance drive 

schemes place power electronic conditioners under considerable stresses. Hence, 

consideration of power regeneration as well as individual phase short circuit 

protection is of paramount importance. 

3.5.1 Phase Short Circuit Failure Protection: 

Conventional methods for protecting power semiconductors such as thyristors from 

phase short circuit failure usually employ fast semiconductor fuses or under voltage 

crowbar circuits. However in inverter poles containing power bipolar and *““OSFET 

type transistors, device switching times are much faster and hence fault clearance 

needs to be extremely rapid. In the inverter pole arrangement discussed here, low 

series inductance and the use of power MOS devices gives rise to current slew rates 

of several amps per microsecond. A typical pole protection circuit must be capable 

of fault clearance within a few microseconds. 

Previous protection circuit designs have used either direct device current sensing 

utilising current sense MOSFETs (SENSEFETs), series current shunts, or by 

monitoring the collapse of voltage across the main device [47,42,39,92,83]. The 

design here utilises the central pole inductance. The inductor voltage is monitored 

by use of an isolated secondary winding, employing an electronic integrator to time 

the trigger signal to a comparator, figure (3.17). The resulting comparator output 

signal is latched and used to inhibit all the inverter gate drives, figure (3.18). The 

upper trace shows the trip action of the comparator whilst the lower shows the 
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interruption of fault current in the main power device. Fault clearance is extremely 

fast, reacting typically within a few microseconds and producing a peak fault current 

of about 30A. 

3.5.2 Power Regeneration: 

During braking operation of the electrical machine, regenerative energy is fed back 

to the eiectrical supply via the inverter and hence there is a reversal of DC link 

current. Hence in order to prevent DC bus overvoltage, the DC supply must accept 

reverse currer‘ (regenerative braking) or some means must be found to dissipate the 

regenerated energy externally (rheostatic braking) [39,42]. Regenerative energy may 

be undertaken by either a DC generator/battery or by some form of four quadrant 

AC-DC converter. Rheostatic braking is usually undertaken by using some form of 

self-commutating semiconductor switch in series with a resistor bank within the DC 

link. When bus voltage levels rise above a certain level the switch is turned on 

dissipating the regenerated energy as heat. The present experimental system here 

uses a 230V DC generator as a link supply. 

3.5.3 Three Phase Inverter Operation: 

A three phase inverter system is designed utilising the 230V DC bus voltage 

available and is capable of supplying three phase loads at 200V line, 10A continuous. 

Harmonic content of the sinusoidal output waveform is extremely small as can be 

seen in figure (3.19), indeed high order harmonics are shown to be less than 60dB 
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of the fundamental. The entire inverter power electronic assembly is mounted in free 

air on a 0.65°C/W heatsink. The heatsink has T-slots so as to enable easy removal 

and paralleling of individual pole modules if necessary, figure (3.20). Test results 

showing regulation and efficiency of the system when supplying a resistive load are 

shown in figure (3.21) and figure (3.22), demonstfating the system to be highly 

efficient (>80%) and having a low effective regulation resistance (=0.5Q). The 

inverter may thus be considered for model purposes as a near ideal programmable 

three phase sinusoidal voltage source. 

3.6 SUMMARY: 

A high efficiency ultrasonically modulated three phase voltage source inverter for a 

vector control scheme has been optimally designed for minimum power loss and 

implemented. FREDFET power devices are used as an alternative to MOSFETs in 

that they reduce conduction losses during body diode commutation. Each inverter pole 

is designed as a single removable module which is easily paralleled with identical 

modules to produce higher rated designs. 

Transient current balance between parallel modules is aided by the small series pole 

inductances, each incorporating its own clamp network to prevent overvoltages. A 

novel active snubber arrangement which maintains a constant voltage slew rate across 

each power device regardless of load, is used within each pole. The resulting pole 

design is thus compact and makes optimal use of space when mounted on a heatsink. 
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Pole short circuit failure protection is provided by electronically monitoring the 

voltage across each pole cental inductance. Circuit isolation is provided by utilising 

a secondary winding on each inductance, thus forming a simple transformer. 
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FIG.(3.6): UPPER FREDFET SWITCHING WAVEFORMS 
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FIG.(3.7): LOWER INTEGRAL BODY DIODE SWITCHING WAVEFORMS 
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FIG.(3.10): PSPICE SIMULATION MODEL



(a) Voltage Waveform 

MODULAR INVERTER 
Date/Time run: 07/19/91 12:29:37 

  
(b) Current Waveform 

MODULAR INVERTER 
Date/Time run. 04/23/91 10:07:10 Temperature: 

10a 

a 2
2-

22
 

-- 
+--

+ 
--
 
+
-
-
+
 

- +
-
-
+
 
--
--
--
--
 

4 
--
--
--
--
--
--
 

  
FIG.(3.11): SIMULATED BODY DIODE COMMUTATION
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FIG.(3.16): PARALLEL OPERATION WITH FIVE MODULES 
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Chapter Four 

DETERMINATION OF THE STATIC AND DYNAMIC 

PARAMETERS FOR A TRANSIENT MODEL OF THE HIGH 

FIELD PERMANENT MAGNET MACHINE 

4.1 INTRODUCTION. 

There has been rapid develonment of permanent magnet synchronous machines in 

recent years with particular emphasis on high field rare earth designs such as those 

using neodymium iron boron and samarium cobalt magnetic materials 

[11,12,15,18,21]. These advances have prompted attempts to describe the static 

behaviour of PM synchronous machines in terms of efficiency and steady state 

performance. Conventional wound rotor synchronous machine modelling using two 

axis analysis, in which variables are referred to orthogonal axes coupled to the rotor 

reference frame, has been successful in the past [90,91]. In permanent magnet excited 

machines however, the task is more difficult due to the invariability of the rotor field 

and the onset of saturation effects at high loads. 

Determination of direct and quadrature axis models requires knowledge of both 

resistive elements and also the d q axis static and dynamic inductances, the 

inductances being the most difficult to measure. Variations on traditional synchronous 

machine tests have been reported in the literature for the measurement of PM machine 
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static parameters. Some authors have used modifications of the conventional load 

angle and zero power factor tests [31], though a method first used by Jones [55] for 

conventional wound rotor synchronous machines has proved useful in recent work 

[76]. This last method is particularly attractive in that it does not require the 

measurement of machine load angle, and has been employed for measurements on a 

high field samarium cobalt interior PM machine [15,21]. It can be used to determine 

the effect of saturation on the machine static inductances, thus modelling any variation 

of machine parameters with load. A new technique has also been developed using this 

type of test to determine the stator leakage inductance of the machine. 

Modelling of the dynamic parameters of PM synchronous machines however, has 

received little attention in the literature up to now. An adaptation of a conventional 

wound rotor synchronous machine test has been developed to completely determine 

the dynamic parameters of the PM machine by measurement of the damper bar 

inductances and resistances. A complete transient equivalent circuit model is thus 

presented for analysis of machine dynamic behaviour. 

4.2 THE HIGH FIELD SAMARIUM COBALT SYNCHRONOUS MACHINE: 

The rotor configuration of the PM machine is shown in figure (4.1). A four pole 

asymmetrical buried magnet arrangement is utilised to ensure optimal use of the 

samarium cobalt material whilst maintaining a high airgap field. This asymmetric 

geometry is a flux focusing technique developed by Binns [21] in order to produce 

air-gap flux densities higher than those found in the magnets. The machine is 
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designed to operate at high levels of saturation which can vary significantly over 

normal working loads. The rotor asymmetry causes the machine to exhibit a slightly 

different performance in one direction than the other. The ’preferred’ direction is 

defined as that which produces the highest machine efficiency. 

Rotor saliency leads to different parameters in the direct axis from those in the 

quadrature axis. The reluctance in the d axis is higher than that in the q axis, 

ultimately leading to L,>L,. This feature is characteristic of buried magnet PM 

machines, opposite to that of conventional salient pole, wound rotor synchronous 

machines, and is due to the presence of near unity permeability magnetic material in 

the d axis flux path. 

The entire stator and rotor are encased in a D60 frame to give a 0.55kW continuously 

rated machine. 

4.3 PERMANENT MAGNET MACHINE TRANSIENT MODEL: 

A complete d q axis transient model of the PM machine based on Park’s two axis 

work is presented in figure (4.2) [90,91]. The model may be used to completely 

determine the behaviour of the machine both in the steady state situation and during 

transients such as acceleration and sudden load torque disturbances. 

The AC copper losses are modelled as a stator resistance element R,. The d q axis 

rotational emfs are modelled as series voltage source elements. The machine static 
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inductances L, and L, are modelled by two components. The first are the stator 

leakage inductances L,, and L,, which model the effect of leakage flux that does not 

link with the rotor. The second are the d q axis magnetising inductances, L,,g and L,,,, 

modelling the effect of useful flux linking with the rotor. These are considered 

saturable and indeed previous work has shown significant variation with load [76,31]. 

Damper bar effects are modelled by the parallel dynamic parameter branches L,,, R,4 

and L,,, R,- During uansient periods relative motion between the stator magnetic 

field moving at w, and the rotor magnetic field moving at w,, causes eddy currents in 

the damper bars which in “irn produce reactionary flux, damping any armature 

current oscillations. The effect of saturation on these parameters is investigated. 

However the variation of these parameters over the working range of the machine is 

small and as such they are considered constant. 

4.4 PERMANENT MAGNET MACHINE STATIC PARAMETERS: 

The PM machine per phase stator resistance and d-q axis static inductances are 

determined using measurement techniques developed in recent years [55,76,79]. Core 

loss and calculation of an equivalent core loss resistance has been the subject of 

several papers [34,50], and serves to give an accurate representative model of 

machine steady state torque and efficiency. Core losses are neglected here for 

simplicity since they have a only a small effect on machine parameters and are not 

really useful in the prediction of the machine dynamic performance. The resulting 

simplified phasor diagram of the machine is shown in figure (4.3). 
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4.4.1 Determination of Location of Direct Axis: 

In order to take measurements of the d q axis parameters the orientation of the direct 

axis of the machine has to be determined. The asymmetrical geometry of this type 

of machine makes determination of the d axis location difficult by inspection and 

thus measurement techniques need to be applied. 

The direct axis is defined as the axis of rotor orientation such that the fundamental 

component of the airgap flux density is at its maximum. On the basis of this 

definition, an experimental arrangement involving 2 filter and an externally 

triggerable stroboscope was applied, as shown in figure (4.4). The PM machine shaft 

was marked and the machine run as a generator at its rated speed (1500 rpm). The 

open circuit red phase emf was filtered by a 10th order Butterworth low pass filter 

and fed to an oscilloscope which was_ used to trigger a variable delay pulse 

generator. The pulse generator delay was set to correct any phase shift from the low 

pass filter. The trigger signal from the oscilloscope was set to correspond to the time 

at which the fundamental air-gap flux is at its peak. This corresponds to the zero 

crossing of the fundamental open circuit red phase emf, i.e. the filtered voltage. 

Pulses from the pulse generator were then used to trigger the stroboscope. The 

stroboscope illuminated the rotor, and the machine frame was marked at a position 

coinciding with the shaft mark. Alignment of these marks ensures that the rotor is 

oriented in the direct axis. As a check a method used with success by Mellor [76] 

was employed where a small sinusoidal signal was applied across the yellow and blue 

phases of the machine and the red phase voltage monitored. The d axis was located 
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by orienting the rotor such that the induced red phase signal is at a minimum and a 

second harmonic occurs. This harmonic indicates the presence of a cross-coupling 

effect, where quadrature axis current affects the direct axis flux because of the 

variation of magnetic saturation in the machine. 

4.4.2 Measurement of Stator Phase Resistance: 

Copper losses in AC PM machines are due to ohmic losses in the stator windings. 

The stator winding resistance is usually determined by removing the rotor of the 

machine and passing an AC current through the windings. The input power to the 

machine is measured and the resistance value may be calculated at various stator 

currents from, 

R.=-— (4.1) 

As an alternative a DC test may be performed without the necessity of removal of the 

machine rotor. DC current is passed through the stator windings and the equivalent 

resistance calculated over a range of voltages and currents. Multiplication of the 

results by an appropriate scaling factor allows adjustment for skin effect. 

4.4.3 Measurement of Open Circuit E.M.F: 

No-load emf can be obtained by running the machine as a generator and measuring 

the open circuit phase voltage at various frequencies. The phase and line back emf 

of the machine is shown in figure (4.5) and the machine volts/Hz characteristic in 
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figure (4.6). From this data the machine open circuit emf constant k, may be obtained 

as well as the no-load magnet flux linkage, y,,. 

v,=— (4.2) 

4.4.4 Measurement of Static Inductances: 

Measurements of the static inductances of the machine may be undertaken using a 

flux integration bridge, fir-re (4.7)(a), first used by Jones. The bridge may be used 

to investigate the effects of saturation in the machine rotor. The bridge is operated 

by passing a known DC current through the inductance under test, which is connected 

between terminals (1-2). The voltage across these terminals must then be balanced 

with the voltage across an external resistor, R, connected between the terminals (2-3) 

of the bridge. Switch S is opened causing the inductance to discharge through the 

bridge resistors. Integration of the bridge voltage by an electronic integrator gives a 

deflection proportional to the flux linkage, y, 

w=/v dt (4.3) 

The measured inductance is calculated by, 

ea (4.4) 
Inc\ ®, 

Mutual inductance measurements may also be taken by the bridge. A typical 

experimental arrangement is shown in figure (4.7)(b). The bridge is balanced with the 

secondary winding carrying the desired saturation current I, and the primary current 
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I, is switched off with switch S,. By analogy with the previous expression, the 

corresponding mutual inductance is given by, 

es (4.5)   

I\ 8 

The machine winding self inductances L, and L, may be measured by locking the 

rotor along the d axis and applying the above self inductance procedure using 

different winding connections. 

In the following series of static tests the following assumptions were made [76], 

(i). Ly varies with I,. 

(ii). L, varies with I,. 

(iii). Ym Varies with I,. 

Assumption (iii) models the effect of quadrature axis current on d axis parameters by 

allowing the d axis magnet flux operating point to vary with q axis current. Further 

cross coupling effects such as L, varying with I, have been investigated [76] and 

found to be small. In addition, under normal motor operation, I, is relatively static 

in comparison with I,. 

(a) Direct Axis Static Inductance: 

The direct axis connection for measurement of L, is shown in figure (4.8)(a). Various 

measurements of L, over a range of DC currents up to the machine rating were taken. 

The current direction was then changed and further results taken. One current 

direction corresponds to a demagnetising action on the rotor field, the other a 
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promagnetising action. Due to the winding connection the results need to be 

multiplied by a factor (2/3) [76]. It should also be noted that the DC current level 

corresponds to the peak working AC current of the machine. Thus to ensure the 

correct saturation level, the DC current used in the measurement should be a factor 

of /2 times the corresponding rms value I,. Figure (4.8(b) shows the experimental 

results of the variation of Ly with both a demagnetising I, and a promagnetising I,. 

(b) Quadrature Axis Inductance: 

The quadrature axis connection for measurement of L, is shown in figure (4.9)(a) 

Since q axis current primarily controls torque production, then the sense of the DC 

current in this test defines the motoring direction. Thus q axis inductance 

measurements may be taken in both the ’preferred’ and ’non-preferred’ directions. 

The inductance scaling factor here is (1/2) and the DC test current is a factor ./ (3/2) 

times the corresponding rms value I,. The results of this test are presented in figure 

(4.9)(b) and it can be seen that saturation does indeed occur more in the q axis than 

the d axis. 

(c) Effect of I, on y,,: 

The cross-coupling effect of q axis current on d axis parameters may be investigated 

using the arrangement in figure (4.10)(a). Measurements of the peak d axis magnet 

flux variation, Ay, over the rated range of I, were undertaken, in both the ’preferred’ 
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and ’non-preferred’ directions. The deflection of the electronic integrator gives the 

change in peak magnet flux in the d axis. This variation in y,, with I, is shown in 

figure (4.10)(b) demonstrating the effect of q axis current on d axis parameters. 

Again the DC test current is a factor of ./(3/2) times the corresponding rms value of 

I,. : 

(d) Stator Leakage Inductance: 

Methods such as the Potier test [78,100] have been used successfully in the past on 

wound field synchronous machines in the determination of the stator leakage flux and 

hence the machine model leakage inductances L,, and L,,. Usually for simplicity and 

to a fair degree of accuracy Ly=L,,=L,. For a PM machine however a different 

technique has to be applied which does not rely on field adjustment. 

For any synchronous machine the stator winding inductance matrix is [58], 

Lepr Mpy Mp 

Myp Ly Miz (4.6) 

Mop Moy Lyp 

where the stator self and mutual inductances are functions of rotor position and have 

the form, 
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Lyg=L,,+L,,+L,,(8,) 

Lyy nly tl gg L.8,+ =) 

LggLytg*Lf0,-7) 

Me eo ws MO) (4.7-4.12) 

Mp5=M p= —“s -M,0,+=) 

Myy=Myp= —< -M,,(8,- =) 

The machine self inductance consists of three terms, 

(i). The stator leakage inductance L,, which is constant. 

(ii). A constant magnetising inductance, L,,. 

(iii). A magnetising inductance which is a function of rotor position, L,,(@,). 

The mutual inductances consist of two terms, 

(i). A constant magnetising inductance, -L,,/2. 

(ii). A rotor position variant mutual inductance, M,,(@,). 

The constant terms of both the self and mutual inductances may be determined by 

performing a Fourier analysis of the above inductance functions, for example, 

1 n 

ee f Liz 48,) 
0 (4.13-4.14) 

Lis 17 
—=-—|{M,, d(6 Tae eae 

The stator leakage inductance is therefore given by, 
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Ly=— [ore 40,) = [Mry 4@,) (4.15) 
0 0 

Measurements of the machine self and mutual inductances may be undertaken with 

the aid of the DC inductance bridge and using a rotor position encoder to record the 

absolute rotor position. Rated current is used throughout each test to give as best a 

deflection as possible on the bridge integrator. Due to rotor asymmetry slightly 

different results are obtained in one rotational direction than the other. The stator 

leakage inductance is taken nominally to be the average of the two and is 1.06mH. 

Typical results of the red and yellow phase inductances Lyg and Mey in the 

*preferred’ direction are shown in figure (4.11). 

4.5 PERMANENT MAGNET MACHINE DYNAMIC PARAMETERS: 

Since the work of Park in the late 1920s and early 1930s the use of wound rotor 

synchronous machine dynamic models for simulation studies and the determination 

of their parameters has been much discussed in the literature. The main aim of such 

modelling was to aid synchronous generator design with regard to the stability of the 

electrical utility network. Early work before the advent of computers focused on 

analytical solutions and simplified lumped parameter models, and initially used three 

phase short circuit tests [3,28,55,58,72,100,102] to determine machine dynamic 

behaviour in terms of the machine transient and subtransient time constants. It was 

discovered, however that these models were deficient in the necessary detail to 

completely model machine behaviour, especially in the case of solid rotor 

turbogenerators where damping eddy currents are not restricted to damper bars but 
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free to circulate within the rotor iron geometry. In the wake of the advent of 

computers more complete models have arisen, and in recent years further simpler and 

safer tests have been devised to replace the conventional three phase short circuit test 

[7,8,28,30,35,36, 105, 106, 107]. 

For PM synchronous machines however, a comprehensive pattern of tests to 

determine the machine dynamic parameters has not yet been published. In some 

respects, due to the absence of a rotor field circuit, the lumped parameter equivalent 

circuit is simplified and contains no transient time constants. The lack of field 

adjustment however ;oses difficulties in testing. An adaptation of a standstill 

frequency response test [112] is used to determine the machine operational impedance 

as seen from its terminals over a wide range of frequencies. 

4.5.1 Standstill Frequency Response Test: 

For the equivalent transient lumped parameter circuit of the machine, the normalised 

machine impedance is of the form [58], 

Z,,0%) _(1+joT,)(1+joT,) 
R (1+joT,) 

s 

(4.16) 

Determination of the three machine time constants above was undertaken by using the 

experimental setup in figure (4.12). Low voltage sinusoidal signals were injected into 

the machine phase terminals via a signal generator and power amplifier, whilst the 

rotor was clamped as in the static tests in the d axis orientation. Both the magnitude 

and phase of the impedance at the machine terminals were measured with the aid of 
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a digital storage oscilloscope. The impedance magnitude is corrected to allow for the 

winding factors in both the d axis (2/3) and the q axis (1/2). The process is repeated 

for a range of AC currents up to rated magnitude, recording the normalised 

impedance magnitude and phase in the form of a Bode plot. A non-linear curve fitting 

program was used to determine the three time sansiaits in the above normalised 

impedance transfer function, equation (4.16). 

4.5.2 Operational Impedances of Machine: 

Expansion of equation (4.16) gives the machine nor ‘alised impedance as, 

Zig _1* w*[T(T,+T,)-T,T] ij o°T,T,T,+o(T,+T,-T.) 
R, 1+w°T? 1+w?T? 
  (4.17) 

The imaginary part represents the operational inductance of the machine, L, (jw), 

whilst the real part represents the resistance term of the machine impedance. A plot 

of L4Gw) and L,(jw) at rated load is shown in figure (4.13). At low frequencies the 

machine inductances tend to their static values L, and L,, whereas at high frequencies 

they approach L,, and L,,. 

Calculation of the damper bar parameters Ly4, Ly4, Rya, Ryq is possible by the 

following iterative process. For example in the d axis at low frequencies the 

operational inductance becomes, 
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L,=R(T,+T,-T.) 

Lyd eg hg 
L 

T,-— 

R, 

Lind 

R, 

(1,T,-TcT;,) T= 

Tad 

(4.18-4.22) 
  

Tam 

Thus the d axis damper bar parameters are given by, 

  

T, 

1 (4.23-4.24) 

Ly 

ley 

The d axis damper bar parameters may be expressed in terms of conventional 

synchronous machine transient time constants, 

(1 +145) 

(1 +1 ),5) 

L{s)=L, (4.25) 

where 7,’ is the short circuit subtransient time constant and 7,,’ is the open circuit 

subtransient time constant and, 

che Lima * Epa) * Lind Uta ee eee 

Ryka 
ee t)=——— 

Rua 

(4.26-4.27) 

Examining equation (4.16) and expanding gives, 
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Jol Go) _(+joTA+joT,) 
1. (4.28) 

R, (1+j@T;) 

Rearranging this gives the operational inductance in the form, 

_ (Tats 
; i T,+T,-T a 

L{jo)=R(T,+T,-To) tijoT, 

which can be directly compared with equation (4.25) to determine the machine 

transient time constants if so desired. The effect of machine saturation on the damper 

parameters can be seen in figure (4.14) where the damper time constants T,,,, T,, are 

plotted against mac’.*1e current. 

4.6 COMPUTED RESULTS: 

Conventional magnetic circuit methods cannot be used to calculate solutions for the 

machine parameters due to the PM machine asymmetrical rotor geometry. The 

following finite element methods have been used, as accepted by EMD ’93, 

University of Oxford, to qualify the previous experimental results: 

4.6.1 Calculation of Steady State Inductances: 

In the steady state the parallel LR cage bar branches of the equivalent circuit can be 

removed since there are no induced cage bar eddy currents. The steady state d and 

q axis inductances are expressed, 
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LL yt Lng (4.30-4.31) 
L,=Ly+Lng 

Determination of these inductances is achieved by the use of the software package 

MOTORCAD which is specially designed for steady state performance and parameter 

analysis. In the computations L,, L, are calculated from magnetic energy storage 

while Lia, Lyng ate Obtained by performing a Fourier analysis of the flux distribution 

in the air-gap. The stator leakage inductance in each axis may then be calculated from 

equations (4.30-4.31). The influence of saturation on the parameters is investigated 

by applying different excitation currents. The calculated results for both the d and q 

axis are shown figure (4.15) and figure (4.1. respectively, demonstrating the 

variation of inductance with saturation. The stator leakage inductance is also seen to 

vary slightly in the d and q axes, though the change may be taken to be constant and 

any variation included in the magnetising branches for simplification. On the whole 

the results compare reasonably well with those derived through experiment though 

some significant discrepancy is seen in the d axis results. This may be due to the 

neglect of end effects in the rotor. 

4.6.2 Calculation of Cage Bar Parameters: 

An assumption is made in the calculation of the cage bar parameters in that during 

the transient period, i.e rotor slip, the relative movement between the stator field and 

cage bars is not very large and thus the cage bar parameters are considered to be 

frequency independent. Setting s=jw in the d axis equation (4.25), then for two given 

angular frequencies w, and w,, 
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/ 2 

ae 1+0"ty 

L 
¢ L+o,’ Ta (4.32-4.33) 

3 IL iw.) | _ l+w,? t, 

Baty all ea d 1+0,°T 4, 

If | LaGe,) |, | LaGo.) |, Lng and L,, have been atoulated by field analysis then 7,’, 

Tao, and consequently L,4 and R,4 are determined. Identical results hold for the q 

axis. 

The physical model for this computation is considered to be a two dimensional steady 

state AC problem and the software package PE2D is used for the analysis. The 7on- 

linear nature of the PM machine prompts the use of techniques to model the 

saturation of the rotor under high levels of excitation. The whole analysis is separated 

into two stages. Firstly the magnetic static field excited by the permanent magnet and 

the stator mmf is calculated, in which the stator current in different slots is distributed 

such that the resulting current space vector is aligned with the d or q axis. After the 

static calculation the permanent magnet material is replaced with a material of the 

same relative permeability, while the permeabilities of the other ferromagnetic 

materials in different elements are kept unchanged. The computation of the steady 

state AC problem is then restarted with the permeabilities obtained in the static 

solution. 

The flux linkage method is adopted to find out the operational inductances from the 

results of the field computation. By definition, | LsGjw)| and | L,(jw)| are given by, 
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4a] -lA 
(4.34-4.35) i | 

I, 

|L,Go)|= 

The d and q axis flux linkages can be calculated by Park’s transformation, 

Vy (4.36) 

cos8 cos(0-22) cos(8+ =") Wr 

: 3 al 3\-sino -sin(@-—) -sin(o+=) vs 
yl 

where @ is the angle in electrical degrees between the d axis and the stator red phase 

axis. Wp, Wy, Wp, 27e the flux linkages of the stator red, yellow and blue phase 

windings respectively and are obtained by the use of the post-processing program of 

PE2D. If the current space vector is aligned in either the d or q axis then I, or I, is 

equal to the peak value of the excitation current. Figure (4.17) shows the calculated 

d and q axis damper time constants for comparison with the experimentally derived 

results. There are discrepancies in both the d and q axis results and are significant in 

the former. This may be attributed to the rotor end effects and also that PE2D allows 

cage bar connection between poles but not within a pole. Thus in reality there are a 

larger number of more complex eddy current paths than computed. 

4.7 SUMMARY: 

A complete transient two axis model of the samarium cobalt PM synchronous 

machine has been developed including the effect of cage bar parameters. A two 

winding approximation of a magnetising branch and a damper branch is shown to be 
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adequate through a series of tests. A recently reported flux integration bridge 

technique is used to determine the static d and q axis inductances L, and L, including 

the effects of saturation at different stator d q axis excitation levels and also the effect 

of q axis current on d axis magnet flux. A new experimental technique is used to 

determine the stator leakage inductance L,,. This inductance is considered constant and 

of the same value in both the d and q axes; hence all saturation effects are modelled 

as variations in the machine magnetising inductances Ly, Ling 

The dynamic parameters of the machine in the form of parallel cage bar branches are 

determined by a modification of a standstill frequency response test. In essence, 

examining the variation in stator impedance with excitation frequency with the rotor 

locked in the d axis. The results compare favourably with a computed model using 

the PE2D and MOTORCAD software packages, though the d axis parameters are in 

error probably due to difficulties in obtaining experimental results in the frequency 

response test for the d axis parameters. 

As a summary a table of the nominal machine parameters is given in table (4.1). 
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FIG.(4.2): TWO AXIS EQUIVALENT CIRCUIT MODEL OF MACHINE
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FIG.(4.7): FLUX INTEGRATION BRIDGE INDUCTANCE MEASUREMENT
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FIG.(4.8): D AXIS STATIC INDUCTANCE MEASUREMENT
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FIG.(4.9): Q AXIS STATIC INDUCTANCE MEASUREMENT
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FIG.(4.10): CROSS-COUPLING EFFECT ON MAGNET FLUX LINKAGE
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Chapter Five 

STABILITY ANALYSIS AND ASSESSMENT OF DAMPER BAR 

DYNAMICS IN AN OPEN LOOP PERMANENT MAGNET 

SYNCHRONOUS DRIVE 

5.1 INTRODUCTION: 

Previous work by Mellor and Al-Taee has shown permanent magnet synchronous 

machines to be unstable under certain operating conditions. Machine stability becomes 

poor at leading power factors and also a mid-frequency instability is shown to be 

apparent [5,74]. 

This past work has shown that under open loop conditions machine oscillations may 

occur during small input disturbances of, 

(i). Terminal voltage. 

(ii). Load torque. 

(iii). Supply frequency. 

Very little work has been completed on the actual effect of permanent magnet 

machine parameter variations with regard to stability. Especially important is the role 

of damper bars buried in the machine rotor, and most models fail to take these into 

Chapter Five 63



account. These help stabilise machine operation as in conventional wound rotor 

synchronous machines, and in the extreme case may be used as an aid to starting as 

long as the average starting damper bar torque is larger than that of the average 

permanent magnet braking torque [49,78]. Analysis of these type of damper bar 

effects requires a higher order drive system model. 

Stability analysis of machines generally relies on linearisation of the system equations 

about a given operating point [38,87,111]. Drive system modelling may be 

undertaken using a transfer function approach or a state space approach [38,111]. The 

latter is used here as it lends itself particularly well to computer solution, th~igh both 

require the initial derivation of the drive differential equations. A sixth order non- 

linear drive system model including damper bar dynamics has been developed using 

Park’s conventional synchronous machine two axis theory [90,91], including 

modelling the influence of inverter behaviour. The resulting system state space 

equations are linearised about a steady state operating point and solved by the use of 

the computer simulation package ACSL (Advanced Continuous Simulation Language). 

The effect of damper bar dynamics on drive stability are analysed along with the 

effect of varying the machine parameters. 

5.2 SIXTH ORDER DYNAMIC MODEL OF THE OPEN LOOP DRIVE: 

Construction of an equivalent two axis model of the drive requires the modelling of 

both the inverter and the permanent magnet synchronous machine. Reference to the 

work in chapter three shows that the inverter may be considered as a sinusoidal 
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voltage source with a regulation resistance, since the use of an ultrasonic carrier 

greatly reduces the harmonic content of the machine current waveform. Modelling of 

the permanent magnet machine is based on the two axis equivalent circuit model of 

chapter four. 

5.2.1 Electrical Drive Two Axis Equivalent Circuit Model: 

The diive equivalent circuit is shown in figure (5.1). The inverter and stator 

resistances R; and R, are combined with the inverter source voltages V,; and V,; to 

form an Thevenin equivalent circuit where the equivalent drive source resistance is 

simply, 

R=R,+R, (5.1) 

The drive has an equivalent terminal voltage V and a source resistance R. 

5.2.2 Drive System Dynamic Equations: 

Equations describing the permanent magnet machine steady state and dynamic 

behaviour may be found in the literature by Park [90] for conventional wound rotor 

synchronous machines. Strictly Park’s analysis assumes sinusoidal excitation and 

ignores saturation effects. Here these assumptions are quite valid in that the drive 

equations are linearised. The dynamic equations describing the electromechanical 

behaviour of the drive system are therefore described by, 
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. Wa, 
Vie Rigt at —O, Ws (5.2) 

. Wa, Vae=Ri,* ri +O,Wag (5.3) 

where subscript s refer to stator quantities and subscript r refer to rotor quantities. 

Describing the damper bar dynamics, 

  

  

ay, 
=R _ =0 (5.4) 

Ved Sd “kd rr 

dy =R.j. +2 8G (5.5) Vig” taka” ~ 

where the stator and rotor d axis flux linkages are given by, 

Wap Lidat Lmnaimat Vm (5.6) 
=(LitLagig* Lind kat V m 

War Emdtmd Ueaed (5.7) 
=(Lind* Epa) beat emda 

Similarly in the q axis, 

Wag =(L p+ Lng dig Lingdtg (5.8) 

Wor=CLyug* Lig ditg*Emaig (5.9) 

From the drive vector diagram, figure (5.2), the d and q axis voltage components are, 
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Vig=~Vsin(5) (5.10) 

Va¢=Vcos(5) (5.11) 

Equating equations (5.10) and (5.11) with (5.2) and (5.3) yields, 

  

  

; . aa, 
-Vsin(6)=Ri,+ a -O,Wos (5.12) 

d 
Veos(5)=Ri,+ ve +0, Wos (5.14) 

The machine electromagnetic torque is given by, 

T,=<PWariyVyrid (5.13) 

This must equal the machine load torque and the viscous and inertial torque, 

  

gor B', “t! (5.15) 
e Pp dt Pp r 

1.3, 

3b yi) Bo or (5.16) 
2 ds"q qs‘d p dt Pp Tok, 

The machine load angle is defined by, 

5=6_-0 (5.17) 

where 6, is the angle of the stator voltage vector with respect to a fixed reference. 

Similarly 0, is the angle of the direct axis of the synchronous machine rotor with 

_ Tespect to the same reference. Differentiation of this equation gives the rate of change 

of load angle, 
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G01 6 (5.18) 

Substituting equations (5.6-5.9) into (5.4), (5.5), (5.12), (5.13) and (5.16) and 

rearranging in terms of differentiated variables, 

di L_, di L L 
at aS ial Pee | +o,—"4i,, -+ sin(6) (5.19) 
Gent, ed TL, ee 

    

By Ry Fm Big Mei oo Mi, w, 2 + Y cos(d) (5.20) 
d@ Lt bd ‘LL, L Lt 

dig Rea, maha (5.21) 
dt Ly gtLyy  LngtLyg at 

Gig Reg ing Eng dg (5.22) 
At Lg thy * Ling tL jg at 

do, 3p? tract 4 3 .,,B SP Lal diag Vale Unaigita Unglaieg Gr 2T, — 6-23) 

Equations (5.18-5.23) describe a sixth order non-linear model of the drive. 

5.3 COMPUTER LINEARISATION OF THE STATE EQUATIONS: 

Equations (5.18-5.23) may be presented in state space form as [74,111], 

[X1=f(X1.04) O24) 

where [x] are the derivatives of the state variables corresponding to a state vector [X] 

which consists of the machine load angle, rotor frequency, d and q axis currents and 

damper bar currents. The vector [u] represents the driving functions, supply voltage 

amplitude, load torque, and supply angular frequency, i.e, 
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[u] -[V @, T,]" (5.25) 

As the state variable coefficients are functions of the state variables themselves within 

the drive model, state space analysis may only be used after firstly linearising the 

state equations about a steady state operating point xo. A small perturbation Ax about 

this operating point can provide information on the drive system roots and hence the 

system stability. Linearising equation (5.24) with constant input vector [u] gives, 

ALX] 42 ALX] (5.26) 
ox Ae, 

In conventional state space form, 

[x]=[A] 7] (5.27) 

The state matrix [A] is defined by the partial derivatives (0f/dx) obtained from the 

state equations. This type of equation yields easily to computer solution and in fact 

stability is assured if the eigenvalues of [A] have negative real parts. 

The ACSL software simulation package was used to model the drive. Linearisation 

of the equations is undertaken automatically by a series of commands. The entire 

drive system model listing is shown in appendix B and the program may be used to 

investigate the effect of machine parameters including damper bar effects on drive 

system stability. The peak quantities of magnet flux and d and q axis currents must 

be calculated for a set of steady state conditions before use in the six state equations 

in the rotor reference frame. The computer then calculates the eigenvalues of the 

resulting state matrix for a small perturbation about this operating point. Previous 

work by Mellor and Al-Taee showed that the eigenvalues of matrix [A] consisted of 
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a heavily damped complex conjugate pole pair and a lightly damped complex 

conjugate pole pair for a fourth order drive system model neglecting damper bar 

effects [74]. Comparison with the sixth order model here shows again a lightly 

damped complex conjugate pair but with four real poles well within the left half of 

the s plane. 

5.4 EFFECT OF DRIVE SYSTEM PARAMETERS ON STABILITY: 

The ACSL source program allows for great flexibility in analysing the effect of drive 

system parameters on stability. Osheiba and Rahman [87,88] have cond™ted a similar 

general study of a 25hp Neodymium Iron Boron machine showing the effects of 

parametric variations on the machine stability boundaries. These results in general 

correlate with those of conventional wound rotor synchronous machines. Attention is 

paid here to the effect of damper dynamics and supply/inverter source resistance in 

particular. 

5.4.1 Effect of Cage Bar Dynamics on Stability: 

Figure (5.3) shows the drive system root locus for 0.9 lagging power factor operation 

at SOHz as the load torque is varied up to rated value. The drive damping factor is 

greatly improved with the use of damper bars in the rotor. In fact a tenfold increase 

from 0.01 to 0.1 is apparent. Figure (5.4) shows the drive system the drive system 

root locus for 0.9 lagging power factor operation as the system frequency is varied. 
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5.4.2 Effect of Inverter Regulation Resistance on Stability: 

Drive system stability may be improved by increase of the effective resistance in 

series with each of the machine stator phases. An effect which has been noted by 

Osheiba and Rahman [88] and is shown in figure (5.5). This figure shows the effect 

of an increase in inverter regulation resistance with the drive operating at 0.9 lagging 

power factor at SOHz and at full rated load. The drive system damping factor is 0.03 

for a regulation resistance of 0.20 and increases to 0.12 for a resistance of 19. An 

increase in resistance of does however incur larger losses and hence may be costly 

in terms -f efficiency. 

5.4.3 Effect of Cage Bar Parameters on Stability: 

The aspect of cage bar design and configuration is of importance when considering 

machine stability. Exactly how cage bar inductance and resistance in the direct and 

quadrature axes affects the drive damping ratio is considered here. A series of ACSL 

stability studies were conducted varying the d and q axis damper bar inductances and 

resistances within the two axis model equivalent circuit under the standard test 

simulation conditions outlined above. The analysis shows that in particular the d axis 

damper bar resistance affects the drive damping considerably as can be seen from 

figure (5.6). Hence for this type of machine the existance of cage bars within the 

rotor in line with the polar axis tends to stabilise its open loop performance. Indeed 

the resuls from the analysis show that the use of cage bars within the rotor are of 

extreme importance when operation under open loop conditions is needed and that 
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machine synchronisation and stability could not possibly be achieved in practice with 

their omission. 

5.5 SUMMARY: 

A sixth order non-linear model of the high field samarium cobalt synchronous 

machine in an open loop inverter fed drive has been developed including the effect 

of cage bars within the machine rocor. A root locus technique used in recent work has 

been used in the computer simulation package ACSL to show the effect of cage bar 

dynamics on the stability boundary of th> permanent magnet drive. Results show that 

rotor cage bars are necessary when driving the machine in open loop as these tend 

to extend the machine stability boundaries. Absence of cage bars makes machine 

stabilisation almost impossible, and drive damping factor is seen to improve almost 

tenfold with the use of cage bars. 

Analysis of the variation of the machine electrical parameters on stability shows that 

the machine stability boundary is largely affected by an increase in inverter regulation 

resistance or stator phase resistance and tends towards increased stability. The direct 

axis equivalent circuit damper resistance also has a large affect on stability and it is 

shown that stability generally improves with an increase in d axis damper resistance. 

Hence a small amount of extra resistance within the stator and rotor may be used at 

the expense of a reduction in machine efficiency. 
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Chapter Six 

A DIGITAL VECTOR CONTROL DRIVE SCHEME EMPLOYING 

A DEDICATED PWM PROCESSOR 

6.1 INTRODUCTION: 

The vector control technique pioneered by Blaschke in 1972 [1,23] was initially 

developed for induction motor AC servo drives, and there has been considerable 

subsequent research on such drives. The application of this control strategy to 

permanent magnet AC drives has emerged only recently, and is still very much at the 

development stage. For such machines the emphasis is not only on drive energy 

efficiency and the optimisation of dynamic performance, but more importantly on the 

use of vector control as a means of stabilising the machine performance. 

Early work in permanent magnet drives using the vector control principle focused on 

the use of analogue techniques for current controllers, such as hysteresis switching 

[56,61,73,95] and ramp comparison [29,98,99] current regulators. The advent of 

faster microprocessors such as floating point digital signal processors and transputers 

has made digital vector control and PWM pattern generation realisable. Current loop 

tracking methods now include the space vector modulation technique [44,57,84,110], 

where the terminal voltage vector is generated digitally within the microprocessor 

software, thus allowing for flexibility in the design of PWM switching and vector 
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control algorithms. This software facility has seen the recent emergence of adaptive 

control methods [71,103] and other machine parameter insensitive control methods 

such as variable structure sliding-mode control (VSS) [48,65,67,68, 109,113]. 

A new digital voltage vector control technique has been developed using a 

commercially based programmable PWM generator to indirectly supply the machine 

magnetising and torque producing current components fixed in the rotor reference 

frame. The main controller consists of an Intel 8085 supervisory processor interfaced 

to a Marconi MA818 PWM generator ASIC, which together perform the functions 

of data acquisition of machine phase cur-ents, rotor angle, electrical phase angle as 

well as the digital generation of the three phase PWM switching signals. The 

controller is connected to an IBM compatible 80386sx computer via a parallel 

handshake communication link. Machine data may be passed from the controller to 

the PC, and machine terminal voltage and frequency control commands from the PC 

to the controller. This transfer is interrupt driven every 2.5 ms, giving a system 

sampling rate of 400 Hz. The hardware configuration allows flexibility in the choice 

of control algorithms which are developed on the PC and implemented in a high level 

language such as Pascal or C. 

Several vector control strategies have been proposed in the past using a variety of 

current control methods such as unity power factor current control, constant flux 

control and also control of the magnetising current component I, [82]. Jahns [54] used 

a vector control method on a interior PM machine, finding the optimal I, to obtain 

the maximum possible torque per ampere. This machine was however of ferrite type 
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with a smaller armature reaction to that of a rare earth high field machine. In general 

a strategy of maintaining zero I, is more suitable for drives utilising machines with 

high field rare earth magnets. 

A vector control strategy based on the I,=0 control method, has been implemented 

on the development system in order to stabilise machine performance and enhance 

drive dynamic response. 

6.2 DESCRIPTION OF VECTOR CONTROL SYSTEM: 

Figure (6.1) shows the layout of the vector control drive system in block diagram 

form. The drive system consists of the high field samarium cobalt permanent magnet 

machine described in chapter four fed by the voltage source inverter of chapter three. 

The machine phase current information along with the machine rotor position and 

electrical phase angle, are fed into a dual level digital controller. These two levels are 

linked via a parallel communication interface. The first level consists of the machine 

data acquisition and PWM generation, the second consists of the actual control 

algorithm. Machine data required for computation within the vector control algorithm 

is measured by the 8085 data acquisition system and passed along the communication 

link to the 80386sx computer. The required machine terminal voltage and frequency 

commands are calculated, error check encoded and sent back to the PWM modulation 

circuit interfaced to the 8085. 
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6.2.1 Vector Control Algorithm: 

Figure (6.2) shows an overview of the vector control algorithm. Control of the d and 

q axis machine currents consists of two discrete integral controllers. The magnetising 

current component of the machine stator current I, is sconttailed to be zero ina 

conventional I,°=0 control strategy. Thus with reference to the machine 

electromagnetic torque equation (5.13) of chapter five and setting I,=0, 

T,-2 pW ai (6.1) e a? ds q . 

Ignoring <amper bar currents for simplicity, the d axis flux linkage is correspondingly 

from equation (5.6), 

Wie= Vn (6.2) 

Hence the machine torque equation becomes, 

T =2 Vi (6.3) e 7 m'q 7 

Therefore, except for the non-linearities due to saturation, and subject to effective 

decoupling of the d and q axis current components, the drive torque is directly 

proportional to the q axis current and behaves much the same way as a conventional 

DC machine where armature current and machine airgap flux determine machine 

output torque. 

The q axis current derives its reference from the computed output of a third discrete 

PI regulator which sets the drive speed demand w,” in the outer speed control loop. 

In order to decouple the magnetising and torque producing current components of the 
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machine a decoupling algorithm is inserted between the outputs of the two current 

controllers C, and C, to produce the two d and q axis voltage references V, and V,. 

These two references are used to synthesise a voltage vector consisting of an 

amplitude V and the drive external load angle 6. A load angle proportional controller 

is implemented using the error in the drive load angle to create a frequency shift at 

the machine terminals to either retard or advance the phase of the stator voltage 

vector, thus indirectly controlling the machine stator current vector orientation to be 

orthogonal to the direct axis maynet flux vector. 

(a) Current Decoupling Algorithm: 

Examination of the electrical dynamic equations of chapter five shows that for the d 

q axis voltage references, 

2 di, . 

VaARigtly— 0, Lig ) 

eee ee 6.5) 
FRE +o, L,i,+0,W,, . 

where L, and L, represent the d and q axis operational impedances of the machine, 

derived in chapter four. Taking the Laplace transform of equations (6.4) and (6.5) 

under the assumption that in the current control loop the speed dynamic response is 

much slower than the current loop dynamic response, 
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V,=(R+sL,)I,-©,L,1, (6.6) 

V,=(R+sL,)I,+0,L,1, (6.7) 

Rearranging these equations in terms of I, and I, 

2 (RtsL,)Vj+0,LV, (6.8) 

(R+sL,)(R+sL,)+0/L,L, 

bs (R+sL,) V,-0, LV, (6.9) 

T (ResL,(R+sL,)+07L,L, 

If V, and V, are taken directly from each current controller then the >ove equations 

show a degree of cross coupling and in figure (6.2) added digital computation blocks 

in the form of a decoupling algorithm are used [97]. Let the outputs of the two 

current regulators be C, and C, respectively. Then, 

V=C,-k agS)C, (6.10) 

V=C, +k (Cy (6.11) 

Substitution of equations (6.10) and (6.11) into (6.8) and (6.9) gives, 

I _[Resh)+o,Lgky)C,*[Resl pkg oh, Cc, (6.12) 

F (R+sL,)(R+sL,)+07L,L, 

(R+sL,)+0,L kag C+ w,L,-(R+sL,)k4, C, 

(RtsL,)(R+sL,)+0/L,L, 
(6.13) 

Thus making I, purely dependent on C, and I, purely dependent on C, produces, 
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k,=—_4 (6.14) 
as 1+st, 

Oty 
ae, (6.15) 

? l+st, 

where, 

gant (6.16) 
R 

t aha (6.17) 
1 °R 

The algp-rithm is equivalent to the addition or subtraction of a digital first order lag 

within each current loop when programmed in software. The current loops are thus 

simplified to first order, 

fee (6.18) 
R(1+st,) 

& (6.19) le 
1 R(itst a 

(b) Current Integral Controller Design: 

Figure (6.3) shows the equivalent block diagrams of each current loop in the d and 

q axis. A purely integral controller is used and has the standard form, 
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k, 

Ss 

Thus the overall open loop current transfer functions are, 

  

1 R)sQi +ST,) 

    

E-l, R } s(1+st,) 

The total closed loop transfer functions of the current loops are now, 

ae 
I,” Rt, Be: 

T, Rt, 

eee eae 
I," Rt, Seedy, Bid, 

t, Rt, 

which are standard second order transfer functions of the form, 

2 
®, 

2 2 S°+2E@ StH, 

(6.20) 

(6.21) 

(6.22) 

(6.23) 

(6.24) 

(6.25) 

Criteria for the selection of k,, and k;,, in controller design is based on optimisation 

of the current rise time [38,59,111] selecting a damping ratio of one for critical 

damping. Simulation of the current loops was undertaken by use of the control system 

simulation package SIMBOL 3.0. 
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(c) Speed Proportional Plus Integral Controller design: 

In considering the outer speed loop, the two inner current loop controllers are treated 

as ideal and effectively control the machine d and q currents. The output of the speed 

PI regulator is the q axis current reference I,”. This current reference commands a 

torque, equation (6.3). The machine torque must equal the load torque as well as the 

inertial and viscous torques, 

       
d 30, i,= BO (6.26) 

p ’ p dt 

Taking the Laplace transform for constant load torque, 

    

  

=P¥, I, =3 ey ssl, (6.27) 
Po Pp 

Hence, 

®o k 

[’ itst 

2 a2. (6.28) 
™ B 
3 2 pee 
2B 

Figure (6.4) shows the equivalent block diagram of the speed loop with a proportional 

plus integral controller. Solution of the closed loop transfer function gives a second 

order system, 

  

oO, kk,, 1 

wo, T (1 +St,,) ay Ta, Pe (6.29) 

Tn Tm 

where 7;, is the controller time constant k,,/k;. Design for a 30-40% overshoot is 
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acceptable using the standard time domain design equations for a second order system 

[38,59,111]. Independent selection of k,, and k;, allows for adjustment of the speed 

of response by w, and also control of overshoot by £. Simulation in SIMBOL 3.0 was 

used to fine tune system response. 

6.2.2 Vector Controller: 

rigure (6.5) shows the general features of the digital vector controller. Three external 

peripheral I/O ports and two 12 bit DACs are programmable within the Intel 8085 

super*sory processor program. Electrical machine analogue signals such as phase 

currents may be measured via a 12 bit ADC and a four channel multiplexer. An 

optical shaft encoder provides quadrature and index pulses to 12 bit speed and 

position sensing circuitry. Figure (6.6) shows the design in greater detail. 

(a) Speed measurement: 

Incoming quadrature signals from a 360 pulse per revolution shaft encoder are 

decoded to give quadruple the pulse rate, i.e 1440 ppr. The resulting pulse train is 

then fed into a 12 bit counter and read every four sampling intervals (10ms). The 

counter is reset every time it is read giving a maximum speed measurement of 6000 

rpm and an effective speed resolution of 4 rpm. 
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(b) Current Measurement: 

Two Hall effect current sensors measure the red and blue phase current information 

every sampling interval for use in the Park transformation algorithm. The analogue 

current signals are fed into a multiplexer which in turn provides the resulting 

analogue multiplexed signal to a 12 bit analogue to digital converter in order to 

digitise the information. 

(c) Rotor Position Measurement: 

The incoming quadrature signals from the shaft encoder along with the index pulse 

are decoded to give forward and reverse direction discrimination and fed into a 12 bit 

up/down counter which gives a resolution of one mechanical degree. The index pulse 

is used to reset the counter every revolution. This rotor position count is read every 

sampling interval by the 8085 processor. 

(d) Electrical Phase Measurement: 

In the calculation of machine load angle, information regarding the stator electrical 

phase angle with respect to the red phase reference is required. The MA818 PWM 

modulator provides a red phase marker reference pulse Z,, (zero phase pulse) which 

marks the beginning of the red phase sequence. In the forward PWM phase sequence 

the reference corresponds to a falling edge. In the reverse PWM sequence the 
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reference corresponds to a rising edge. A decoder circuit is used to gate a 

programmable 16 bit 8254 counter with the Z,, pulse. The counter is read every 

sampling interval giving an instantaneous measurement of electrical phase angle. 

(e) Software: 

Appendix C shows the program flowcharts for the 8085 data acquisition and 

communication software. In the main program loop all counters are initially reset and 

initialising PWM information, such as pulse underlap time and carrier frequency, is 

received from the PC. The MA818 PWM generator is then rese. and the drive status 

set healthy. The RST 4.7 interrupt is then enabled. When an interrupt is received at 

the start of a sampling interval the drive is checked for any external trips. All 

machine data such as phase currents and rotor angle are read in and stored in a 

temporary buffer. PWM voltage and frequency commands sent in ASCII format from 

the PC are error checked and the MA818 updated. The 8085 processor then sends out 

the acquired machine data encoded in ASCII for error checking within the PC. The 

processor then returns to the main loop whilst the PC based vector control algorithm 

calculates a new set of voltage and frequency commands from the received machine 

information. 

6.3 SIMULATION OF THE VECTOR CONTROL SCHEME: 

The control system simulation package SIMBOL 3.0 was used to simulate the entire 

vector control drive system using the sixth order non-linear drive model developed 
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in chapter five. Time domain response to steps in both speed demand and load torque 

demand were simulated and analysed using calculated PI controller parameters for an 

arbitrary load of ten times the inertia and viscous friction coefficients of the 

permanent magnet machine itself. 

6.3.1 Simulation Model: 

The inverter and PM machine were modelled using the drive differential equations 

derived in chapter five, creating look-up tables to model saturation in the machine 

mag-*stising inductances L,,, and L,,,. The speed and current PI regulators along with 

the current decoupling algorithm were modelled using z transform techniques 

including a zero order hold block modelling the 400Hz sampling rate of the digital 

vector controller. All voltage and frequency commands were quantised, the 

calculation being based on the DC bus voltage, a maximum PWM frequency range 

of 250Hz and the 12 bit frequency and 8 bit voltage amplitude control words. 

6.3.2 Simulation Results: 

Initial simulation runs were based a continuous system linear model of the drive using 

constant machine inductances and analogue PI controllers. Test results were computed 

when the machine load consisted of a viscous and inertial load of ten times that of the 

machine alone for both step demands in torque and speed. The computed results 

agreed well with theory showing the effectiveness of the d q axis current decoupling 

algorithm as well as good torque and speed transient response. Speed response 
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matched well with PI controller calculations giving a slightly underdamped response 

with fast rise time. Machine electromagnetic torque response was shown to be 

extremely fast, and the machine maintained stability for load torque transients. 

After the initial simulations the full model of the drive including machine parameter 

saturation, quantisation and sampling rate was included. Tests were again conducted 

under the same simulated dynamic load showing the response to steps in both speed 

command and load torque. Sampling periods from ims to 10ms were used in 

simulation showing that as the interval increased above 5ms the drive performance 

became more and more unste’’e giving unacceptable speed overshooting and 

oscillatory torque response. The effectiveness of the decoupling algorithm by analysis 

of the d and q axis current response was shown to be good demonstrating its relative 

insensitivity to changes in the machine inductances due to saturation. 

Simulation results of the full drive system model transient response, using a 2.5ms 

sampling interval, are shown in figures (6.7)-(6.10) for a step demand of half base 

speed (750 rpm) and a step in load torque of 1Nm after three seconds. Figure (6.7) 

shows the speed response of the drive demonstrating the fast rise time to a speed step 

command as well as a controlled speed overshoot of 30-40%. Settling time is also fast 

typically within two seconds. Speed recovery during a torque step is also fast (one 

second) with a 20% speed dip for a sudden load. Figure (6.8) shows the fast torque 

response of the drive demonstrating the controlled acceleration torque along with the 

good tracking characteristics of the machine electromagnetic torque to load torque 

during the load transient. Figure (6.9) shows the simulation results for the 
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magnetising and torque producing current components of the machine. The d axis 

current regulator along with the current decoupling algorithm are seen to effectively 

keep I, reasonably close to zero during the steady state. During both drive 

acceleration and load torque transients, the control is not as effective. Figures 

(6.10)(a) and (b) show the simulation results of the igltaeé vector in the form of the 

drive equivalent circuit phase voltage amplitude and the external load angle. 

6.4 IMPLEMENTATION OF THE VECTOR CON’ ROL SCHEME: 

Figure (6.11) shows the experimental arrangement of the \ :tor controlled drive 

including the synchronous machine, the vector controller and the ultrasonic voltage 

source inverter. The permanent magnet machine is attached to a DC dynamometer 

test machine which serves as a large inertial and viscous load as well as having the 

ability to produce steps in load torque on the machine shaft. Appendix C gives a 

typical PC test program for the vector control algorithm written in Borland Turbo 

Pascal v6.0. The program accepts as input all the controller parameters for the 

current, speed and load angle loops as well as a speed reference which is used as a 

step input to accelerate the drive as fast as possible to the desired speed. Data 

regarding machine parameters such as the d and q axis currents, computed load angle 

and speed are logged to disk over a specified data recording interval. 

The test program initialises the handshake control between the PC and the 

microprocessor and memory is allocated to record test data. The user then is asked 

to input data such as the speed demand and controller parameters and all algorithm 

Chapter Six 87



variables such as controller outputs are reset. In the startup section initialising data 

is sent to the vector controller, rotating the machine several times slowly to check the 

rotor position and reset the speed buffer, since speed is measured only every four 

sampling instants. Before entering closed loop control a low voltage sinusoidal signal 

is applied to the machine phases until a Z,, transition Scouts ensuring correct phase 

information is obtained from the electrical phase counter and electrical phase 

calculation procedure. The program then executes the closed loop vector control. 

Within each 2.5ms time slot 1ms is taken up with data acquisition, error checking and 

transfer leaving a total of 1.5ms of algorithm execution time. Exit from the vector 

c-~trol loop may be caused by either a phase overcurrent condition, an error in data 

transfer or user interrupt. When such an event occurs, an error message appears and 

the last received machine data is displayed. 

6.4.1 Park Transform Calculation: 

The procedure for calculation of the machine d q axis current components in the rotor 

reference frame is based on a reduced form of Park’s transform [90]. Park originally 

proposed the following vector transformation of three phase a b c variables to d q 

variables in the rotor reference frame, 

For a balanced three phase system, the zero sequence component i, is zero. Let a,b,c 

correspond to the red, yellow, blue phase sequence then, 

The vector control algorithm phase transformation is based on information from the 

red and blue machine phases, since any instant all the vector sum of all phase currents 
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cos0 cos(0-2") cos(8 cal 3 3 

i |-2|-sine -sin(@-2%) -sin(o+2%)| |i, (6.30) 
7 3 3. 3 

i i i 
2 2 a 

cos8 cos(6 2%) cos(6 2%) i, 

_2 2 a (6.31) 
3 asin -sin(@-=) -sin(8+ 2) 

    

i, 

must be zero, then, 

ig--i,sind 2G, +2%,) e050 (6.32) 

i,=i,cos0- 3 (i,+2i,)sin® (6.33) 
3 

This requires only a single sine and cosine which are implemented within the program 

as look-up tables to reduce computation time. 

6.4.2 Current Decoupling Algorithm: 

Equations(6. 14) and (6.15) represent the decoupling block transfer functions and are 

essentially first order lags. Implementation in software requires the cascading of a 

zero order hold block in series to represent the system sampling. For example 

cascading the zero order hold function gives for a generalised first order lag function, 

Applying the z transformation yields the resultant digital equivalent, 
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1-e*"| w 
ae (6.34) 
$+ 

z(1-e-™")wrt : (6.35) 

| a 

This may be written in difference form where c represents block output and r 

represents block input, 

c,-e "ce, ,=wt(l-e-™")r,_, (6.36) 

The above equation is easily programmed in software. 

6.4.3 Proportional Plus Integral Regulator Calculation: 

The generalised form of PI regulator in the Laplace domain is, 

eel 7 (6.37) *D 
Ry ' K, 

Again as in the previous section, applying z transform techniques gives in difference 

form, 

Cy-Cp-1 =k,[r, +t ,- Dr, 4] (6.38) 

This is programmed in software with added control output limits for anti-reset 

windup. The controller output is in essence clamped when the control output reaches 

limits specified within the program. 
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6.4.4 Load Angle Calculation: 

The electrical phase angle information of the red phase, along with the rotor angle 

information, is used to determine the machine external load angle for use in the load 

angle proportional controller section of the vector control algorithm. By definition the 

machine load angle is the angle between the voltage vector and the quadrature axis, 

figure (6.12). i.e, 

8=0 -6 (6.39) 

where 6, is the absolute rotor angle in electrical degrees which is obtained from the 

optical shaft encoder measurements. If 6,, is the rotor angle in mechanical degrees 

then, 

6,=p8,, mod 180 (6.40) 

and @, is obtained from the 8254 16 bit counter. A transition of Z,, is recorded in the 

most significant bit of the position data and is used to indicate the presence of the red 

phase reference marker pulse during a sampling interval. A small procedure called 

within the program is used to give the correct electrical phase angle. For a forward 

phase rotation sequence a high to low transition of Z,, is tested for, while if the PWM 

sequence is reversed, a low to high transition in Z,, is tested for. If either of these 

conditions is met then , 

8 ,=0 tN, (6.41) 

where t,, is the counter clock period and n, the count. If the above logical conditions 

are not met then @, is estimated using, 
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6 (t+T)=0,()+@,T (6.42) 

where T is the sampling interval (2.5ms). Thus effectively the machine load angle is 

available every sampling interval. The procedure is shown diagrammatically in figure 

(6.13) for both forward and reverse modes of operation. 

6.4.5 Experimental Results: 

Figure (6.14)(a) shows the speed response experimental results for a step in speed of 

half base speed (750 rpm) under a load of 1Nm. Acceleration is fast and reaches 

target speed in approximately one mechanical time constant (5 seconds) of the entire 

PM motor and DC dynamometer assembly. An overshoot of 20% is apparent with a 

approximate settling time of 10-15 seconds. Comparison with the simulation results 

shows good agreement, though in the experimental case the assembly inertia is 

somewhat larger than that used in simulation, giving a slower response in the 

experiment. Examination of the magnetising and torque producing current 

components, figure (6.14)(b), shows good control of I, with I, kept within 1A. The 

decoupling algorithm is seen to be effective in decoupling the interaction of the d q 

axis currents by examination of the negligible effect I, has on I, during the 

acceleration period. 

Modifications to the basic software program were made to allow the user to record 

load transient responses. Figure (6. 15)(a) shows the speed response of the drive under 

a step in load torque of 1Nm at 500 rpm. The response shows a speed dip of 10% 

with good recovery, again typically within one mechanical time constant. The current 
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responses, figure (6.15)(b) also show the magnetising current component to be 

controlled well within 1A and also the effectiveness of the d q axis decoupling 

algorithm to sudden changes in I,. Comparison with simulations show a similar 

response. 

If the positional information between sampling instants is used assign a direction to 

the speed value, then the drive may be used in all four quadrants making speed 

reversal possible. Simple modifications to the software were used for this purpose 

giving the user four quadrant control. Figures(6.16)(a) and (b) show the speed 

response and the d q axis current results for a drive speed ~2versal at 400 rpm under 

a light load of 0.5Nm. Both speed and current responses show promising results. The 

experimental results as a whole are encouraging and agree well with those from 

simulation. Current ripple and chattering are more apparent in the practical results 

and indeed a small amount of torque ripple has been detected. This may be attributed 

to the controller digital quantisation, though the ripple due to stator slot harmonics 

in the machine phase current waveform is more likely to affect the drive performance. 

6.5 SUMMARY: 

A novel four quadrant vector controlled permanent magnet AC drive utilising an 

ultrasonic inverter and a high field permanent magnet machine has been developed 

based on a strategy of forcing the magnetising component of the machine currents in 

the rotor reference frame to zero. A dedicated programmable PWM modulator ASIC 

forms the basis of a vector controller which is programmed via a commercial 80386sx 
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PC computer as a vector control algorithm development tool. Machine data 

acquisition and communication with the development PC is performed by an 8 bit 

8085 supervisory processor, which passes PWM parameters such as voltage and 

frequency commands to the PWM modulator. The machine magnetising and torque 

producing current components in the rotor reference frame are indirectly controlled 

by setting the machine voltage vector in terms of its magnitude and load angle. The 

PWM modulator is programmed to produce three phase sinusoidal PWM signals of 

varying amplitude and frequency by means of a voltage controller which advances or 

retards the phase of the stator voltage vector to achieve the desired load angle. This 

technique forces the machine currents to the specified trajectory. 

The entire drive and vector controller have been simulated within the control system 

simulation package SIMBOL 3.0 for a series of steps in speed demand and load 

torque demand. Experimental results of the drive for torque and speed step tests agree 

well with those simulated, demonstrating the effectiveness of the control strategy even 

for a low sampling rate of 400Hz, and show the usefulness of a low cost 

commercially based PWM modulator as a viable vector controller. 
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(a) D Axis Integral Control 

  

(b) Q Axis Integral Control 

FIG.(6.3): CURRENT LOOP INTEGRAL CONTROL



  

FIG.(6.4): SPEED LOOP PROPORTIONAL PLUS INTEGRAL CONTROL 
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FIG.(6.8): SIMULATED DRIVE SYSTEM: TORQUE RESPONSE
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FIG.(6.10): SIMULATED DRIVE SYSTEM: VOLTAGE VECTOR RESPONSE 

TIME RESPONSE OF V 

  

  
bh
 

O7
 

Elec. rad 

t
i
i
e
 

4
H
 

A 
t
o
e
 

Secs 

\, is rt NB mg eg re ty 
Va grnerrne Aus hes Moy   

(b) Load Angle Response



L
N
O
A
V
T
 
A
Y
O
L
V
U
O
U
V
T
 
W
A
L
S
A
S
 
A
A
M
C
 

(119) 
D1 

' ; J if ¢ t 1 5
 

6) 

 



q axis 

    
VOLTAGE 
VECTOR 

d axis 

RED PHASE 
VOLTAGE 

AXIS 

FIG.(6.12): VECTOR DIAGRAM OF LOAD ANGLE MEASUREMENT



FIG.(6.13): MICROPROCESSOR MEASUREMENT OF LOAD ANGLE 
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FIG.(6.14): EXPERIMENTAL RESULTS: 0-750 RPM STEP RESPONSE 

SPEED(RPM) 

900 — 

700 —    400 — 
ACCELERATION(0-750RPM)    

300   
LOAD TORQUE:1INm 

200 

100 

  

TIME(S) 

(a) Speed



CURRENT 
(A) 

10 + 

8 a= 

| —lId 

-2 

4 7 ACCELERATION(0-750RPM) 

-6 4 LOAD TORQUE:1Nm   Die Tuaiaeenh ge ae ames | 
0 5 10 15 20 235 

TIME(S) 

(b) Current



FIG.(6.15): EXPERIMENTAL RESULTS: 0-1 NM STEP RESPONSE 
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FIG.(6.16): EXPERIMENTAL RESULTS: SPEED REVERSAL AT 400 RPM 
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Chapter Seven 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

This thesis has described the design of a 0.55kW vector controlled AC drive 

incorporating a high field permanent magnet machine. The drive system is unique in that 

its control and sinusoidal PWM generation rely upon a low cost commercially available 

PWM generator integrated circuit and an ultrasonically modulated inverter. This 

dedicated integrated circuit is fully programmable and is used to produce the PWM 

switching pattern for the inverter and thus control the orientation of the machine stator 

voltage vector within real time. The hardware indirectly generates the stator phase 

currents of the machine to produce the desired control over the magnetising and torque 

producing current components. 

A high efficiency voltage source inverter capable of being switched at ultrasonic 

frequencies has been designed to provide the necessary power electronics for the drive. 

The inverter bridge utilises individual pole modules for each inverter phase. Each pole 

module is designed as a ’plug-in’ unit, and these modules may be paralleled by 

connection of the link supplies and the outputs to give a resultant inverter pole of a 

higher current rating. The overall design is thus simple and modular. The pole module 

design incorporates a series of switching aid networks to control the rate of change of 

current and voltage of the main power devices. A snubber network across each power 
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switch is used to control dv/dt, whereas a small centre tapped inductance is inserted in 

series with both power switches to control di/dt. A small resistive voltage clamp is 

placed across each pole inductance to prevent overvoltage during turn-off. Each snubber 

network consists of a small power MOSFET in a feedback configuration. The Miller 

effect within each snubber MOSFET maintains a constant voltage slew rate across its 

drain source terminals regardless of load. 

A mathematical model of the pole module has been devised to assist in the selection of 

switching aid network component values in order to minimise pole power loss. Further 

modelling with the SPICE computer package has simulated the parallel operation of 

individual modules showing that large numbers of power modules may be paralleled. 

Pole short circuit failure protection is implemented by electronically monitoring the 

voltage across the pole central inductor. In the event of a short circuit within either the 

pole itself or the load, all gate drives are inhibited, thus disabling the drive. This 

method of protection has showed promising results with typical shutdown times of less 

than ten microseconds. 

An interior rare earth magnet design permanent magnet machine is incorporated in the 

overall drive system. The rotor design has an asymmetrical geometry using samarium 

cobalt magnets and also has several cage bars buried beneath the rotor surface. A two 

axis model of this machine has been derived based on Park’s two axis equivalent circuit 
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of a wound field synchronous machine. Particular attention has been paid to modelling 

non-linear and higher order effects such as saturation of the machine inductances, cross- 

coupling effects and the effect of cage bar parameters on machine dynamic behaviour. 

To this end a two parallel branch equivalent direct and quadrature axis circuit is used 

and found to be adequate in modelling these effects. The first branch of each circuit 

contains the machine magnetising inductance. The second, a series combination of a 

resistance and inductance modelling the damping effects of the eddy currents within the 

machine rotor cage bars. 

The machine stator resistances were measured by means of a DC test. The static d q 

axis self inductances were measured using a flux integrating bridge technique; this is a 

modification of a test first used on wound field machines. This technique in conjunction 

with a rotor position encoder has also provided a new means of separation of the 

machine stator leakage inductance from the machine magnetising inductances. The 

machine damper bar equivalent resistances and inductances were measured 

experimentally using a modification of the locked rotor frequency response test used in 

wound field machines. A curve fitting procedure was used to determine the equivalent 

network poles and zeros and hence the machine transient reactances. 

The above machine model was used to simulate the machine driven in open loop from 

the inverter with the ACSL simulation language package. Analysis of the root locus of 

the drive system when linearised about a steady state operating point shows the 
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necessity for damper bars within the machine rotor when operating under open loop 

conditions; without these cage bars machine stability is poor with very low damping 

factor, and the machine becomes unstable under certain load conditions. Further stability 

analyses have shown that the machine stability boundary is greatly influenced by both 

the machine per phase resistance and the effective direct axis damper resistance. 

Stability tends to improve with an increase in either of these quantities. 

A closed loop four quadrant high performance drive system has been developed using 

the inverter and machine previously described. A vector control strategy is used to force 

the magnetising component of the machine currents within the rotor reference frame to 

zero. This ensures near maximum torque per ampere of stator phase current and 

produces a torque control | characteristic similar to that of a separately excited DC 

machine where machine torque is proportional to armature current. A programmable 

PWM _ modulator ASIC has been utilised as the basis for the hardware of a vector 

controller. An 80386sx computer was used as a vector control algorithm development 

tool communicating data at a 400 Hz rate via an 8 bit supervisory 8085 processor. This 

processor was used to set the PWM modulator with voltage and frequency commands in 

order to provide the correct PWM switching pattern for the inverter. It was found that 

with a suitable algorithm, the machine stator currents could be controlled indirectly by 

adjusting the machine stator voltage vector. 
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The vector control algorithm was written in Pascal and incorporates a small decoupling 

algorithm which aids the separation of the magnetising and torque producing current 

components. The entire drive system has been simulated for a series of load torque and 

speed commands showing the control algorithm’s effectiveness. Further experimental 

results correlate extremely well with the simulation results demonstrating good drive 

control even at a low sampling rate of 400 Hz. 

The overall system forms a viable low cost vector controlled drive which may be 

suitable for application in industries such as steel and paper manufacture, where drives 

not only demand tight speed control and fast torque response but also precise torque 

control. 

7.1 FUTURE WORK: 

There are several possibilities for extending and developing this research with a view to 

improvement of the inverter design, the permanent magnet machine and the overall 

control strategy: 

(a) The inverter design is rated at 3.5kVA and has 500V, 13A power FREDFET 

devices. Further work may be undertaken in building a higher rated bridge capable of 

supplying a 415V machine. 1000V power MOSFETs are available but currently have 

rather poor on-state resistance which severely limits their power handling capabilities. 
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Insulated gate bipolar transistors are a promising alternative and are available in suitable 

power ratings. Switching frequencies would have to be reduced, though the present 

market suggests that some devices may be capable of ultrasonic switching. A higher 

rated bridge may warrant utilising a regenerative voltage clamp to enhance power 

efficiency. A small switched mode power supply may be used to regenerate stored central 

pole inductance energy back to the link supply. Finally a dissipative brake may be 

incorporated for fast machine braking. This would be of the form of a GTO or BJT 

switched resistance bank in parallel with the link supply. Isolated voltage sensing may 

be used to electronically trigger the GTO or BJT within the link parallel bank during 

electrical drive regeneration. 

(b) The machine used here is a specific high field buried magnet type. It would be useful 

to investigate drive operation using alternative machines. A machine with a sinusoidal 

back emf waveform may be an optimum choice since the PWM generator is designed for 

sinusoidal waveforms. Skewing of the machine stator slotting would provide a means 

of ensuring a better machine terminal voltage waveform and reducing tooth ripple. 

(c) The vector control scheme described has used a sampling rate of 400 Hz which gives 

an adequate drive performance. Limitations in the present hardware design limit the 

maximum possible rate to little above this figure. Hardware redesign may increase this 

ideally to 1 kHz or above, giving rise to the possibility of adaptive control strategies such 

as sliding mode control. In achieving this sampling figure one possibility may be to use 
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a 16 bit supervisory processor with an interruptive based communication link with the 

development PC. This would allow machine data acquisition to be performed on an 

interruptive basis thus effectively giving more time for computation within the CPU. The 

use of transputer or DSP technology is another possibility though careful consideratiom 

of the communication bus must be taken when interfacing to the PC. 
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Appendix A 

MATHEMATICAL MODELLING OF THE POWER 

MOSFET/FREDFET AND ITS EPITAXIAL DIODE 

The power MOSFET/FREDFET model used in the loss calculations is that of an ideal 

power switch in series with a resistance Rp, modelling channel condu ‘‘on losses. 

Hence only conduction loss is considered in the model, switching loss being 

considered as negligible. The drain-source channel resistance Rpg is usually quoted 

in the device data sheet at 25°C. Calculation of ohmic power loss in MOSFETs 

becomes more complex at higher device currents. The main root of the problem is 

that at higher currents the device junction temperature rises, and as a direct result the 

on-state channel resistance increases quite markedly [83,89,92]. Data sheets show also 

graphical information with regard to the temperature variation of Rpg. In the thermal 

modelling of the device, the problem is to make an estimation of the device junction 

temperature T; in degrees centigrade. The device ohmic channel loss over a switching 

interval T is given by, 

t 

Pia i7Ry, at (A.1) 
0 

For small values of pulse width duty cycle delta in PWM the thermal impedance Z,,, 

of the device heatsink combination becomes [92], 

Loja = Roig 

For large 6,



Zoja *Roig 

The junction-ambient thermal impedance is given by, 

Zujq=Z, eic* Zach * Zena (A.2) 

Thus the junction temperature is given by, 

T=T,*ZyPt (4.3) 

The thermal dependence of Rpg is best approximated by a linear relationship, 

Rys=Rps(25° C) +0(T,-25) (A.4) 

where a is the temperature coefficient of the MOSFET and may be estimated from 

the data sheet of the device. Equations (A.1) to (A.4) are solved iteratively by 

computer to converge to a final Rpg value. 

Modelling of the integral flywheel diode of the MOSFET is based on the Berkley 

SPICE model of a junction diode. The equivalent circuit model is shown in 

figure(A.1) consisting of a capacitance C, whose voltage v, controls a current source 

iy. A resistance R, also models ohmic loss. The forward diode voltage equation, 

Vv 
irene 5-1 (A.5) 

t 

where I, represents the reverse saturation current, V, the thermal voltage and n a 

constant which is usually 1. The stored charge Q, associated with the capacitance C, 

models the charge storage in the diode, 

coef (rg) no 
0 B



or, 

I —-m 

C= 04a ltex Va eC, 1-4 (A.7) 
ov, nV, nv, >, 

t 

The first term is due to the minority carrier transit time. Where 7; is the minority 

carrier transit time, C,, the zero voltage junction depletion capacitance, $, the 

junction potential (typically 0.7 V) and m is a constant which is 0.3 for linearly 

graded junctions and 0.5 for step junctions. Under forward bias there are two loss 

components; junction loss due to the junction voltage, and ohmic loss due to the 

resistance term. The diode resistance may be calculated either by test, or from power 

MOSFET data sheets. 

In modelling the critical period of reverse recovery, the diode is assumed to be forced 

by external conditions to decay at fixed di/dt (k). Thus, 

i=i,ti,=-kt (A.8) 

Neglecting the small effect of C;,, hence, 

Qy=tig (A.9) 

and that, 

jn eae As (A.10) 
‘ at at 

Therefore combining (A.8) and (A.10), 

This differential equation has the solution,



Oi iyo-ta-e 4 (A.11) 

traeny | ee (A. 12) 

f 7 

where A is a constant depending on the initial conditions. Applying initial conditions 

such that i.=0 when ij=I, the forward diode current prior to the recovery process 

ij=—kt yom fs ft} -kt, (A. 13) 

The reverse recovery process ceases when i,=0 and t=tgg. Where tgp is the ~2verse 

mb-tahs] om 
Now the peak reverse recovery diode current is given by Ipg=Ktgg. Hence, 

gives, 

recovery time. Hence, 

Tpp=Kty f -exp-———— (A.15) 
(+I pp) 

Kt, ¢ 

Solution of the above equation requires numerical iteration either by hand or by 

means of a computer algorithm. Inspection of the above shows that in terms of device 

physics, the peak reverse current is strongly dependent on the minority carrier transit 

time. Devices with low 7; (fast recovery devices) have a correspondingly low Ig, for 

a given I, and di/dt. In calculation of the peak reverse recovery current the minority 

carrier transit time must be known. The transit time may be calculated from data 

sheet information on the MOSFET/FREDFET diode. Data sheets usually give a value 

of tar for a specific I, and di/dt. Inspection of (A.14) shows that the condition of low 

I, and high di/dt gives,



Tap=kt (A.16) 
ter*ty 

To ensure a correct value a test should be carried out.



  
FIG.(A.1): SPICE MODEL OF DIODE



APPENDIX B 

ACSL SOURCE CODE FOR A SIXTH ORDER MODEL OF OPEN LOOP 

DRIVE



This program contains the ACSL souce code for a sixth order model of the permanent 

magnet machine operating in open loop. 

PROGRAM ROOT LOCUS OF PM MACHINE 

se(ointion PROGRAM FOR PMSM MOTOR WITH CAGE BARS N.BENNETT 
‘ 

"SIMULATION USES A SIXTH ORDER NON-LINEAR MODEL OF THE PMSM IN lL 
‘ORDER TO OBTAIN THE ROOT LOCUS OF THE MACHINE AT DIFFERENT / 
"POWER FACTORS AND LOAD TORQUES.’ 
‘VERSION PRODUCED ON 7 APRIL 1992 16:45.’ 

ABSOLUTE AND CALCULATION CONSTANTS’ 

CINTERVAL CINT=0.001 
MAXTERVAL MAXT=1.0E-04 
CONSTANT TSTOP=1.0 
CONSTANT PI=3.1415926 
CONSTANT A=0.01 

,DEFINED MACHINE CONSTANTS” 

CONSTANT P=2.0 $'NUMBER OF POLE PAIRS’ 
CONSTANT RS=0.36 $'STATOR WINDING PHASE RESISTANCE(OHM)’ 
CONSTANT RM=90.0 $'CORE LOSS RESISTANCE(OHM)’ 
CONSTANT RI=0.6 $’ INVERTER REGULATION RESISTANCE(OHM)’ 
CONSTANT LD=2.6E-03 $/D-AXIS STATIC INDUCTANCE(H)! 
CONSTANT LQ=7.7E-03 $’Q-AXIS STATIC INDUCTANCECH)’ 
CONSTANT LLD=0.84E-03 $/STATOR D-AXIS LEAKAGE INDUCTANCE(H)’ 
CONSTANT LLQ@=1.06E-03 $/STATOR Q-AXIS LEAKAGE INDUCTANCE(H)’ 
CONSTANT LKD=0.157E-03 $/D-AXIS DAMPER LEAKAGE INDUCTANCE(H)’ 
CONSTANT RKD=0.283 $'D-AXIS DAMPER RESISTANCE(OHM)! 
CONSTANT LKQ=0.338E-03 $/Q-AXIS DAMPER LEAKAGE INDUCTANCE(H)’ 
CONSTANT RKQ=0.318 $/Q-AXIS DAMPER RESISTANCE(OHM)/ 

CONSTANT PSIM=0.1194 $/ROTOR MAGNETISING FLUX LINKAGE(WB)RMS’ 
CONSTANT B=0.047E-02 $/VISCOUS DAMPING COEFFICIENT(NMS)’ 
CONSTANT J=0.25E-02 $'MOMENT OF INERTIACKGM~2)’ 

/PEFINED REFERENCE VALUES’ 

CONSTANT VREF=37.5 $’RATED VOLTAGE(VOLTS)’ 
CONSTANT FREF=50.0 $/RATED FERQUENCY(50HZ)’ 
CONSTANT IREF=6.0 $'RATED CURRENT(AMPS)‘ 
CONSTANT TL=0.5 $'LOAD TORQUE(NM)’ 
CONSTANT F=50.0 $‘OPERATING FREQUENCY(HZ)’ 
CONSTANT PF=0.9 $’POWER FACTOR’ 

G6 AW 5B | SS ome wo: | Ws oh Ua es |e a Sn massa os ele Socata in MW 48 6! ‘0 big an so M hn sms ‘i'n, tas ar ‘a ‘ 

INITIAL 

‘STARTING VALUES FOR VARIABLES‘ 
VOVERF=VREF/FREF 
R=((RS+RI)*RM)/(RS+RI+RM) $/THEVENIN EQV’ 
WS=2.0*PI*F $! FREQUENCY OPERATING POINT’ 
TLTOT=TL+(B*WS/P) $'TOTAL LOAD ON MACHINE’ 
WR=WS 
WRIC=WR 
PROCEDURAL(V,D,1ID,1Q=RM,RS,RI,LD,LQ,P,A,WR, TLTOT, VOVERF,PF) 
CALL SS(RM,RS,RI,LD,LQ,P, A, WR, TLTOT, VOVERF, PF,V,D,ID, 10) 

END $/OF PROCEDURAL’ 
DIC=D 
DDIC=DIC*180.0/P1 
IDIC=ID 
IQIC=1Q 
IMDIC=IDIC 
IMQIC=IQIC 

aoe $/OF INITIAL’ 

‘MACHINE 6TH ORDER TRANSIENT MODEL! 
PSIM=FNPSIM(WS, IQ) 
LMD=LD-LLD 
LMQ=LQ-LLQ 

DDDT=WS-WR



DWRDT=(1.5*P*P/J)*(PSIM*1Q+(LLD-LLQ)*1Q*ID+LMD* IMD*IMQ-LMQ*IMQ*ID)... 
+(-B/J)*WR+(-P/J)*TL 

VD=-V*SIN(D) 
VQ=V*COS(D) 

VQE=WR* (LLD*ID+LMD*IMD+PSIM) 
VDE=WR* (LLQ* 1Q+LMQ*1MQ) 

DIDDT=(-R*(LMD+LKD )*ID+RKD*LMD*IKD+VDE*(LMD+LKD )+VD*(LMD+LKD))/... 
(LMD*LLD+LKD*LLD+LKD*LMD ) 

DIQDT=(-R*(LMQ+LKQ)*1Q+RKQ*LMQ* 1 KQ-VQE*(LMQ+LKQ)+VQ*(LMQ+LKQ))/... 
(LMQ*LLQ+LKQ*LLQ+LKQ*LMQ) 

DIMDDT=(LKD*DIDDT-RKD*IKD)/(LMD+LKD) 

DIMQDT=(LKQ*DIQDT-RKQ*IKQ)/(LMQ+LKQ) 

IKD=IMD-ID 

IKQ=IMQ-1Q 

WR=INTEG(DWRDT,WRIC) 
D=INTEG(DDDT ,DIC) 
ID=INTEG(DIDDT, IDIC) 
IQ=INTEG(DIQDT, IQIC) 
IMD=INTEG(DIMDDT, IMDIC) 
IMQ=INTEG(DIMQDT, IMQIC) 

TERMT (T .GE. TSTOP) 
END $/OF DYNAMIC’ 
END $/OF PROGRAM’ 

Cc 
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SUBROUTINE SS (RM,RS,RI,LD,LQ,P,A,WR,TL,VOVERF,PF,V,D, ID, IQ) 
REREKRRREKRREREER REAR EEEREREREEEREEEEMREREMEREREREREMEE KERRI KE 

SUBROUTINE TO FIND THE STEADY STATE OPERATING CONDITIONS OF 
THE OPEN LOOP PM MOTOR IN ORDER TO FIND THE EIGEN VALUES OF 
THE STATE SPACE MATRIX IN ACSL. INPUTS POWER FACTOR, TORQUE 
AND FREQUENCY. 
RHEE KEKE HK ERIE HEE EREEEEREREEERREEREARREREK 

REAL ID,1Q 
REAL LD,LQ, IAD, IAQ 
INTEGER COUNT 
PI=3. 1415926 
PHI=ACOS(PF) 
R=((RS+RI)*RM)/(RS+RI+RM) 
F=WR/(2.0*PI) 
INITIAL GUESSES FOR MACHINE VARIABLES 
ID=0.0 
10=0.0 
PEAK TERMINAL VOLTAGE TO FIND PEAK VALUES FOR STATE VARS 
FOR USE IN THE ACSL SIMULATION PROGRAM. 
VT=(F*VOVERF)*1.4142 
PRINT*, INITIAL GUESS(ID,1Q,VT):/, 1D, 1Q,VT 
HHH KIKI RIKKI RRR EERIE HRI IAA IAAI RAIA MI I II 

ITERATION LOOP USING RELAXATION ALGORITHM, A=0.01 
HHI HIRE IIH RII RIK IKK IKI RRR RARAAI IAI I 

DO 10 COUNT=1,50 
PSIM=FNPSIM(WR, IQ) 
1Q=((2.0*TL)/(3.0*P))/(PSIM+ID*(LD-LQ)) 
IAD=ID~((1Q*WR*LQ)/RM) 
TAQ=1Q+(WR*(PSIM+ID*LD)/RM) 
VTD=(IAD*R)-(1Q*WR*LQ) 
VTQ=SQRT( ((VT**2)-(VTD**2))) 
PHIA=ATAN2( IAD, IAQ)-ATAN2(VTD, VTQ) 
VT=VT*(1.0-A*(PHIA-PHI)) 
ID=(VTQ- (WR*PSIM)-(IAQ*RS))/(WR*LD) 
PRINT*, ID, 1Q,PHIA 

CONTINUE 
KEREKRREREKRKRE REE EERE ERE EERE EREERERREREREREREEREEREEEEERE 

STEADY STATE VALUES CALCULATION (PEAK QUANTITIES FOR ACSL) 
HERE IRR RR EIR IIMA IIR SIAR AIA AI IAA AIIM AAA AIA AIRE 

PSIM=FNPSIMCWR, IQ) 
V=SQRT(((CID*R) - (1Q*WR*LQ) )**2)+( ( 1Q*R+WR* (PSIM+ID*LD) )**2)) 
D1=(1Q*WR*LQ)-(ID*R) 
D2=(10*R+(WR*(PSIM+ID*LD))) 
D=ATAN2(D1,D2) 
PRINT*,’FINAL VALUES(V,D,ID,1Q)’,V,D,ID,1Q
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RETURN 
END 
RERKKREHEERERERERERREERERERREERERERREKEREEEREREEEREEREE 

FUNCTION FILE FOR PM MACHINE ELECTRICAL PARAMETERS 
COMPILED BY N. BENNETT APRIL 1992 
HERE RREEREREREREREREEREEREHRREEEEREEEEEREEREREEE 

NOTE ALL PARAMTERS ARE PEAK VALUES FOR USE IN THE 
STATE VARIABLE EQUATIONS. 
HREM REREEKREEREREREKRERERREREEKREREEREREREERE 

REAL FUNCTION FNATAN(X,Y) 

REAL X,Y 
IF ((X .EQ. 0.0) .AND. (Y .EQ. 0.0)) THEN 

FNATAN=0.0 
ELSE 

FNATAN=ATAN2(X, Y) 
END IF 
RETURN 
END 

REAL W, Iq, Maglq 
MagIq=ABS(Iq) 
IF (W .GE. 0.0) THEN 

IF (MAGIQ .LE. 1.0) THEN 
FNPSIm=0. 1689 

ELSE 
FNSPIM=0. 1689*(1.0-0.01417*MagIq) 

END IF 
ELSE 

IF (MAGIQ .LE. 3.0) THEN 
FNPSIm=0. 1689 

ELSE 
FNPSIm=0. 1689*(1.0-9.79e-03*MagIq) 

END IF 
END IF 
RETURN 
END 

REAL W 
FNTL=0.001*W 
RETURN 
END



APPENDIX C 

(a) 8085 DATA ACQUISITION/COMMUNICATION SOFTWARE 

FLOWCHARTS 

(b) VECTOR CONTROL PASCAL PROGRAM



MAIN PROGRAM START 

SET STARTUP 
FLAG TO TRUE 

INITIALISE ALL HARDWARE & SOFTWARE 
VARIABLES - I/O PORTS, COMMUNICATION 
LINK, SAMPLING INTERRUPTS,COUNTERS, 

SOFTWARE FLAGS 

READ PC ROUTINE 

MARCONI MA818 RESET 
&PWM STARTUP 

SET DRIVE STATUS 
OK 

  

   

      

   

  

      

    

  

       

     ENABLE INTERRUPTS FOR 2.5ms 
DATA SAMPLING PERIOD     

     CHECK DRIVE 
STATUS 
TRIP? 

  

   
  

   
   

  

YES 

PWM SHUTDOWN 
DISABLE INTERRUPTS 

SYSTEM STOP 

   

   



INTERRUPT CYCLE 

EXTERNAL YES 
TRIP? 

NO 

    

    

  

    UPDATE DRIVE 
STATUS 

       
       

GET DAT 
SUBROUTINE 

READ PC ROUTINE 

SEND PC 
ROUTINE 

RETURN TO MAIN 
PROGRAM



  

    

  

READ PC 
SUBROUTINE 

READ INITIALISING 
DATA - CARRIER 
FREQUENCY/ 

PULSE DELETION 

  

    

  

     

  

      READ CONTROL DATA- 
VOLTAGE/FREQUENCY 
COMMANDS FOR PWM 

  

UPDATE DRIVE 
STATUS    

RETURN TO INTERRUPT 
CYCLE PROGRAM   



SEND PC 
SUBROUTINE 

SEND HEADER DATA IN ASCII 
TO PC 

SEND DRIVE STATUS 
INFORMATION TO PC 

CONVERT SPEED DATA TO 
ASCII FORMAT & SEND OUT TO PC 

CONVERT POSITION DATA TO 
ASCII FORMAT INCLUDING 1 BIT TO 

    

INDICATE Zpp TRANSITION FOR ELEC. PHASE 
CALCULATION. SEND TO PC 

  

CONVERT ELEC. PHASE COUNTER DATA 
TO ASCII FORMAT. SEND TO PC. 

CONVERT ADC 1-4 DATA TO 
ASCII FORMAT. SEND TO PC. 

SEND TERMINATOR IN ASCII TO PC 

RETURN TO INTERRUPT 
CYCLE PROGRAM 

     



GETDAT 
SUBROUTINE     

  

      
    

  
      

READ BINARY DATA FOR ELEC. PHASE 
CALCULATION - COUNTER DATA & 

Zpp TRANSITION OCCURENCE & STORE 

  

      

  

      
  

READ SPEED BINARY DATA 
EVERY 4 * SAMPLING PERIOD & STORE 

  

READ POSITION BINARY DATA 
& STORE 

READ ADC 1-4 BINARY 
DATA & STORE 

RETURN TO INTERRUPT 
CYCLE PROGRAM



This program contains the PASCAL source code of the PC communication software 

and main vector control algorithm. The user specifies the target speed and various 

controller parameters. Drive data such as speed, currents and load angle are logged 

to disk. 

program Cloopoperation; 

{ N.Bennett May 1992 } 
{ PC interface card - Amplicon PC36AT,PC26AT } 

uses 
crt, dos; 

type : 
dataarray=array[(0..1000] of single; 

var 
Ans : char; 
Status, Term,Zpp,Zpp0,j, (obit,hibit,dflag,pmrflag,count : byte; 
Startup,HexInFail : boolean; 
pfs,counter : word; 
posi,jj,i: integer; 
spd, omegad, omegar,omegas,Es0,Es1,Fs : single ; 
Currr,currb,1Id,Iq,Iqd,Iqd0,Eid1,Eid0,Eiql,Eiq0: single ; 
Vav , Vdv, Vqv0, Vdv0, Vcq,Vcq0, Ved, Vcd0,Vd,Vq,Vte,vlimit: single; 
Delta,Deltam,Vphase, thetae: single ; 
Kps,Kis,Kpid,Kiid,Kpiq,Kiig,Kf : single ; 

Sendbuf fer : array(0..5] of byte; 
Receivebuffer : array[0..14] of byte; 
Fsin, fcos : array([0..180] of single; 

Idarray,Iqarray,Iqdarray , Vdarray,Vqarray,Vtarray : “dataarray; 
omerarray,omesarray , deltaarray,deltamarray : “dataarray; 
IV,OD : text; 

const 
PA = $0A00; { PC36AT Base Address } 
PB = $0A01; 
PC = $0A02; 

CON = $0A03; 

Ird = 0; { send buffer } 
Ir = 1; 
Ir2 = 2; 
cro = 3; 
Cri = 4; 
Cr2 = 5; 

Speed = 0; { receive buffer } 
Position = 2; 
Phase = 4; 
AdcO = 6; 
Adc‘ = 8; 
Adc2 = 10; 
Adc3 = 12; 

timerO = $0304; { PC26AT TIMERO address } 
timerOc = $0307; 

Cscale = 0.81380205e-02; { Scaling Factor } 
Angscale = 0.8726646; 
Fscale = 2.607593; 
Vscale = 2.560434; 

Pi2 = 6.283; { 2*PI > 
stp = 2.5e-03; { Sampling Interval} 
clock = 1e-06 ; 
Imax = 14.0 ; { Current Limit } 
Vdmax = 20.0 ; 
Vamax = 40.0 ; 
Dcdv = 0.4499; 
Deqv = 0.7032; 
Dtd = 1.7218e-03; 
Dtq = 2.1073e-03; 

Ceaser ss5 as 6 See pao senses sem m sacle -elc cen acl ee eae eee } 
procedure Initialise; 
begin 

Port [Con] := $A6; { mode 1 strobed i/o pa output,pb input } 
Port[Con]:= $0D; { set inte.a enable -- scope tp } 
Port[Con] := $05; { set inte.b enable -- scope tp } 
Port [timerOc] := $30; {€ CounterO Control Word Setting }



end { of Initialise}; 

procedure WrHexByte(var X : byte); 
var 

A : byte; 
begin 

A := X shr 4 and SOF; 
if A<10 then A := A+$30 else A := A+$37; 
Write (chr(A)); 
A := X and SOF; 
if A<10 then A := A+$30 else A := At+$37; 
Write (chr(A)); 
Write (/H'); 

end; {of WrHexByte} 

procedure Rdhexbyte (var H : byte); 
var 

X,Y,Xend : integer; 
A : char; 
B : byte; 
FailFlag : boolean; 

(ots maior soma eins d 
procedure Reprompt; 
begin 

Write(’?’); 
Xend:= wherexX; 
delay(200); 
GotoxY(X,Y); 
Write(’ /); {erase} 
GotoxY(X,Y); 
FailFlag:=true; 

end; 

> 
function GetHexChar : byte; 
begin 

Y := whereY ; X := whereX ; 
repeat 

Failflag:=false; 
A:=Upcase(Readkey); 
B:=ord(A); 
if (B<$30) or (B>$46) then Reprompt; 
if (B>$39) and (B<$41) then Reprompt; 

until FailFlag=false; 
Write(A); 
B:=B-$30; 
if B>10 then B:=B-7; 
GetHexChar:=B; 

end; 

GetHexChar; 
GetHexChar; 

H := H shl 4 or B; 
Write(/H’); 

end; {of Rdhexbyte) 

=
 

ss
 

an
 “wou 

procedure SendByte(var A : byte); 
var 

B : byte; 
begin 

Port [PA] :=A; {set data} 
while (Port{[PC] and $08) = 0 do; {wait intra=1} 

end; {of SendByte)} 

procedure SendHexNiB (var X : byte); 
var



begin 
z= X and SOF; 

if A<10 then A := A+$30 else A := A+$37; 
SendByte (A); 

end; {of SendHexNib) 

procedure SendHexByte (var X : byte); 
var 

A : byte; 
begin 

A := X shr 4 and SOF; 
if A<10 then A := A+$30 else A := At$37; 
SendByte (A); 
A := X and SOF; 
if A<10 then A := A+$30 else A := At$37; 
SendByte (A); 

end; {of SendHexByte} 

€ ecewmesaseeanecacesascaceedeneceaseunsaseseseeseeceneeeceneesnseceos 

procedure SendProcess; 
var 

1,X,Endcount : byte; 
begin 

X := $2F; {/} { header } 
SendByte(X); 
X := S3E; {>} 
SendByte(X); 
if Startup=true then I:=0 else 1:=3; 
repeat 

SendHexByte (SendBuffer(I]); { send byte data } 
I:=I+1; 

until 1=6; 
X := $2A; Ce} { terminator } 
SendByte(X); 

end; {of SendProcess} 

{ wee ewe eee eee eee sees ses e wees teases eee ee ee ese eeemeseeseeeses 

{ RECEIVE >} 

{ wee ee eee ee ee eee eee eee ese eee ae ewes ese esneseew ee sseeseeesss 

function ReceiveByte : byte; 
begin 

while (Port[PC] and $02) = 0 do; (wait for ibfb=1} 
ReceiveByte:=Port [PB]; {read data} 

end; {of ReceiveByte} 

procedure ValHex(var X : byte); 
begin 

If (X<$30) or (X>$46)Then HexInFail:=true; 
If (X>$39) and (X<$41)Then HexInFail:=true; 

end; 

function ReceiveHexNib : byte; 
var 

A : byte; 
begin 

A:= ReceiveByte; 
ValHex(A); {test for valid ascii hex} 
A:=A-$30; 
if A>9 then A:= A - 7; 
ReceiveHexNib:= A; 

end; {of ReceiveHexNib}> 

function ReceiveHexByte : byte; 
var 

Hi,Lo : byte; 
A : byte; 
H : byte; 

begin 
Hiz= ReceiveByte; 
ValHex(Hi); {test for valid ascii hex} 
Lo:= ReceiveByte; 
ValHex(Lo); 
A:=Hi-$30; 
if A>9 then A:=A - 7;



H:=A shl 4; 
A:=Lo-$30; 
if A>9 then A:= A - 7; 
H:=H or A; 
ReceiveHexByte:= H; 

end; {of ReceiveHexByte} 

procedure ReceiveProcess; 
var 

I : byte; 
begin 

HexInFail:=false; 
while ReceiveByte<>$3E do; 
Status :=ReceiveByte; 
1:=0; 
repeat 

ReceiveBuffer[I] := ReceiveHexNib; 
I:=1+1; 
ReceiveBuffer[I] := ReceiveHexByte; 
I:=I+1; 

until 1=14; 
Term:=ReceiveByte; 

end {of ReceiveProcess}; 

Procedure Create; 
var 
gwv: single; 
ii: integer; 

begin 
for ii:=0 to 179 do 
begin 
Gwv:=2.0*PI*(ii-80)/180.0; 
Fsinlii] :=sin(Gwv); 
Fcos [ii] :=cos(Gwv); 

end; 
end; { of Create } 

Function Atang(x,y:single): single; 
var 
arg: single; 

begin 
if(¢y=0.0) and (x>0.0)) then atang:=-1.5706 
else 
if¢y=0.0) and (x<0.0) then atang:=1.5706 
else 
if(y=0.0) and (x=0.0) then atang:=0.0 
else 
begin 
arg:=-x/y; 
if¢y<0.0) and ¢(x<0.0) then atang:=PI+arctan(arg) 
else 
if¢y<0.0) and (x>0.0) then atang:=arctan(arg)-PI 
else atang:=arctan(arg); 

end; 
end; { of Atang } 

Procedure PIcontroller(Kp,Ki,E0,E1,Limit,Conin:single;var conout:single); 
Var 
dip : single; 

Begin 
if((conin>=limit) and (E1>0.0)) or ((conin<=-limit) and (E1<0.0)) 
then dip:=0.0 
else dip:=Kp*(E1-E0)+Ki*E1; 

conout :=conintdip 
end; { of PIcontroller } 

Procedure Phasemeasure; 
Var 
pcount : integer; 
pht : single ; 

Begin 
Zpp:=receivebuffer [position] and $08; 
Dflag:=sendbuffer[cr1] and $80; 
if(Dflag>0) then 
begin { Reversed Direction } 
if(Zpp>Zpp0) then { Test rising edge of Zpp } 
begin 
pcount :=recei vebuf fer [phase+1] +256*recei vebuf fer [phase] ;



pht:=Clock*pcount; 
Vphase:=omegas*pht 

end 
else Vphase:=Vphasetomegas*stp 

end 
else 
begin { Forward Direction > 
if(Zpp<Zpp0) then { Test falling edge of Zpp } 
begin 
pcount :=recei vebuf fer [phase+1] +256*recei vebuf fer [phase] ; 
pht:=Clock*pcount; 
Vphase:=omegas*pht 

end 
oe Vphase:=Vphasetomegas*stp 

end; 
Zpp0:=Zpp 

end; { of Phasemeasure } 

Procedure Measurement; 
Begin 
omegar :=angscale*(receivebuf fer [speed+1]+256*recei vebuf fer [speed] ); 
posi :=receivebuf fer [posi tion+1]+256*(receivebuffer [position] and $01); 
currr:=(receivebuf fer [adc0+1]+256*receivebuf fer [adc0] -2048)*cscale; 
currb:=(receivebuf fer [adc1+1]+256*receivebuf fer [adc1] -2048)*cscale; 
jj:=posi mod 180; 
Phasemeasure ; 
thetae:=(jj-10)*0.03491; 
del tam:=vphase- thetae; 
if(deltam<-PI) then Deltam:=del tam+Pi2; 
if(deltam>PI) then deltam:=deltam-Pi2; 

end; { of Measurement } 

Procedure Parktransform; 
Var 
Ts,Tc,G1: single; 

begin 
G1:=(currr+2*currb)*0.5773503; 
Ts:=Fsin(jjl; 
Te:=Fceos [jj]; 
Id:=currr*Tc-G1*Ts; 
Iq:=-currr*Ts-G1*Tc; 

end; { of parktransform } 

Procedure Recorddata; 
begin 
if(i<=1000) then 
begin 
Idarray* [i] :=Id; 
Iqarray* Ci] :=Iq; 
Iqdarray* [i] :=Iqd; 
Vgarray* [i] :=Vq; 
Vdarray* [i] :=Vd; 
Vtarray* [i] :=vte; 
omerarray* [i] :=omegar; 
omesarray“* [i] :=omegas; 
del taarray* [i] :=delta; 
deltamarray* [i] :=deltam; 
is=i+1 

end; 
end; { of Recorddata } 

begin 
Initialise; 
Clrscr; 
TextColor(White); 
Startup:=true; 

5 a a a Set up Memmory arrays for Data Recording ~--------------- } 

Getmem( Idarray,sizeof(dataarray)); 
Getmem( I qarray,sizeof(dataarray)); 
Getmem( Iqdarray,sizeof(dataarray)); 
Getmem(Vdarray, sizeof(dataarray)); 
Getmem(Vgarray,sizeof(dataarray)); 
Getmem(Vtarray,sizeof(dataarray)); 
Getmem( omerarray,sizeof(dataarray) ); 
Getmem( omesarray,sizeof(dataarray)); 
Getmem(del taarray,sizeof(dataarray));



Getmem(del tamarray,sizeof(dataarray)); 
Assign(IV,/IVfile.dat’); 
Assign(OD, ‘ODfile.dat’); 
Rewrite(IV); 
Rewrite(OD); 

Peele en wae Input Initialise Control words of PWM Generator-------------} 

Writeln; { INITIALISE SEND } 
Writeln; 
Writeln('Send data’); 

Write(’ CrO =’);RdHexByte(Sendbuf fer [Cr0] ); 
Writeln; 
Write(’ Cri =/);RdHexByte(Sendbuf fer [Cr1] ); 
Writeln; 
Write(’ Cr2 =');RdHexByte(Sendbuf fer [Cr2] ); 
Writeln; 
Write(’ Ir0 =’);RdHexByte(Sendbuffer [Ir0] ); 
Writeln; 
Write(’ Ir1 =’);RdHexByte(Sendbuf fer [Ir1] ); 
Writeln; 
Write(’ Ir2 =’);RdHexByte(Sendbuffer [Ir2] ); 
writeln; 

Sait emis ae eee omens o Input controller Parameters--------------------} 

writeln(/Please input controller parameters’ ); 
write(’ Kps=’); readln(Kps); 
write(’ Kis=’); readln(Kis); 
write(/Kpiq=’); readln(Kpiq); 
write('Kiiq=’); readln(Kiiq); 
write(/Kpid=’); readln(Kpid); 
write(/Kiid=’); readln(Kiid); 
write(’ Kf=’); readln(Kf); 

pet Input Demanded Speed -------------------------} 
writeln(/Please input demanded speed (rpm) '); 
write(! Spd=’); readln(spd); 
omegad:=spd*0. 2094395; { convert rpm to rad/sec.} 

Es0:=0.0; 
Eiq0:=0.0; 
Eid0:=0.0; 
omegar :=0.0; 

omegas:=pfs/fscale; 
pmrflag:=0; 
count :=0; 

SendProcess; 

Startup:=false; 
create; 
Writeln; 
Writeln(/Running initialising program’); 
Write(‘Go?’); 
ReadLn(Ans); 

j:=0; 
repeat 

sendprocess; 
receiveprocess; 
measurement; 

j:=j+1; 
pi eucuire and ((posi>35) and (posi<45))); 

J=50; 
sendbuf fer [cr2] :=$01; 
repeat 
dflag:=sendbuffer[cr1] and $80 ; 
sendprocess; 
receiveprocess; 
Zpp:=receivebuffer [position] and $08 ; 
if(dflag>0) then 
begin 
if(Zpp>Zpp0) then pmrflag:=1



end 
else 
begin 
if(Zpp<Zpp0) then pmrflag:=1 

end; 
measurement; 
j:=j+1; 

aE eee and (pmrflag>0)); 
i:=1; 

tee eS Se ee ee mire See eo Vector Gontrol loop) -=<<--<<<"=--<-<<<--=-<-<- 
Repeat 
SendProcess; 
ReceiveProcess; 
port [timer0] :=$00; 
port [timer0] :=$00; 

pe aie <ie aieirais Speed,Position,Current and Delta Measurement-----~-~----~--~ 
measurement; 

ee alta mia slew a Saree =m sem Speed PI control Algorithm ---------------------- 

Es1:=omegad-omegar; 
PIcontroller(Kps,Kis,Es0,Es1, Imax, Iqd0,1qd); 

SIO Fal OI Pank: Transformation: **<--------<--occerer one 
Parktransform; 

Ssinuse Sees eo ceenae Current PI control Algorithm --------------------- 
Eiql:=Iqd-Iq; 
Eid1:=-Id; 
Plcontroller(Kpigq,Kiig,Eiq0,Eiq1, Vqmax, Vqv0,Vqv); 
PIcontroller(Kpid,Kiig,Eid0,Eid1,Vdmax,Vdv0,Vdv); 

Se A a ea D.Q Axis Current Decoupling Algorithm ---------------- 

Ved:=Vcd0*Dcdv+Omegar*Dtd*Vdv0; 
Veq:=Vcq0*Dcqv+omegar*Dtq*Vqv0; 
Vq:=Vqv+Vcd; 
Vd:=Vdv-Vcq; 
del ta:=atang(vd,vq); 
if(delta>1.5708) then delta:=1.5708; 
if(delta<-1.5708) then delta:=-1.5708; 
vte:=sqrt(Vd*Vd+Vqg*Vq) ; 

See Voltage phase Control ---------++--+--s522"e0" 

omegas : =omegar+Kf* (del ta-deltam); 

Soc celee eas rele sisineisis Over Voltage Protection =---<<<<-<--=<<sse+seees= 

pfs:=round(abs(omegas*fscale)); 
{ Fs:=0.0610352*pfs; 

if(fs<10.0) then Vlimit:=14.0+0.389*Fs 
else Vlimit:=17.89+1.1395*(Fs-10.0); 
if(Vlimit>62.2) then Vlimit:=62.2; 
if(vte>vlimit) then vte:=Vlimit;} 

Sinise a= She ea sisienei= se se = = Control, Output, =*=<-<9s<-=<<<9r=<HaHe<s<-~~ 
sendbuf fer [cr2] :=round(vte*vscale); 
if(omegas>0.0) then sendbuffer[cr1]:=sendbuffer[cr1] and $7F 
else sendbuffer(cr1]:=sendbuffer[cr1] or $80; 
lobit:=lo(pfs); 
hibit:=hi(pfs) and $OF; 
sendbuf fer [cr0] :=lobit; 
sendbuf fer [cr1] :=(sendbuffer[cr1] and $FO) or hibit; 

So a ce Variable refreshing ---<-<-<------*----"+----- 
Es0:=Es1; 
Eiq0:=Eiq!; 
Eid0:=Eid1; 
Iqd0:=Iqd; 
Vqv0:=Vav; 
Vdv0 :=Vdv; 
Vcd0:=Vcd; 
Veq0:=Vcq; 

count :=count+1; 
if(count=9) then 
begin 

count :=0; 
Recorddata; 

end; 
counter:=port [timer0] ; 
counter :=counter+256*port [timer0] ;



(ieinnie Sao wc we we saminin Error and Over current Detections -------- pace ws ans 
until ((Status=1) or (HexInFail = true) or (Abs(currr)>Imax) 
or (abs(currb)>Imax)); 

(eee cas aN Rene ee Soe SS Emergency Handling) -----+<s-7 7 -sserersareece= 
writeln; 
if(hexinfail=true) then writeln(’ ** DATA ERROR ** /) 
else 
begin 
if(status=1) then writeln(’ ** PWM TRIP ** COUNTER=’,counter:5) 
else 
begin 
sendbuf fer (cr2] :=$00; 
sendbuf fer [cr0] :=$00; 
sendbuf fer [cri] :=sendbuffer[cr1] and $F0; 
sendprocess; 
writeln(’ ** OVERCURRENT ** ‘) 

end; 
end; 

Freemem( Idarray,sizeof(dataarray)); 
Freemem( Iqarray,sizeof(dataarray)); 
Freemem( Iqdarray,sizeof(dataarray)); 
Freemem(Vqarray,sizeof(dataarray)); 
Freemem(Vdarray,sizeof(dataarray)); 
Freemem(Vtarray,sizeof(dataarray)); 
Freemem( omerarray,sizeof(dataarray)); 
Freemem(omesarray,sizeof(dataarray)); 
Freemem(del taarray,sizeof(dataarray)); 
Freemem(del tamarray,sizeof(dataarray)); 
For i:=1 to 1000 do 
begin 
writeln(IV,I:4,/ Iq=’,Iqarray*[i]:5:2,’ Iqd=',Iqdarray*Ci]:5:2, 

#  Id=!,Idarray*(i]:5:2,’ Vd=’,Vdarray*[i]:5:2,’ Vq=', 
Vgarray*(i]:5:2,’ Vt=!,Vtarray*(i] 25:2); 

writeln(OD,1:4,’ omegar=’,omerarray*[i]:6:2,’ omegas=’, 

omesarray*[i]:6:2,’ delta=’,deltaarray*[i]:5:2,’ deltam=’, 
deltamarray* [i] 25:2); 

end; 
Close(IV); 
Close(0D); 

Writeln; 
Writeln(’Last Received data’); 
Writeln; 
Write(’ Status =');WrHexByte(Status); 
Writeln; 
Write(’ Speed hi =');WrHexByte(ReceiveBuf fer [Speed] ); 
Write(’ Speed lo =');WrHexByte(ReceiveBuf fer [Speed+1] ); 
Writeln; 
Write(’ Position hi =’);WrHexByte(ReceiveBuffer [Position] ); 
Write(’ Position lo =’);WrHexByte(ReceiveBuf fer [Positiont1] ); 
Writeln; 
Write(’ Phase hi =');WrHexByte(ReceiveBuf fer [Phase] ); 
Write(’ Phase lo =’);WrHexByte(ReceiveBuf fer [Phase+1] ); 
Writeln; 
Write(’ Adc1 hi =/);WrHexByte(ReceiveBuf fer [AdcO] ); 
Write(’ Adc1 lo =');WrHexByte(ReceiveBuf fer [Adc0+1] ); 
Writeln; 
Write(’ Adc2 hi =/);WrHexByte(ReceiveBuffer [Adc1] ); 
Write(’ Adc2 lo =’);WrHexByte(ReceiveBuf fer [Adc1+1] ); 
Writeln; : 
Write(’ Adc3 hi =');WrHexByte(ReceiveBuf fer [Adc2] ); 
Write(’ Adc3 lo =’);WrHexByte(ReceiveBuf fer [Adc2+1] ); 
Writeln; 
Write(’ Adc& hi =!);WrHexByte(ReceiveBuf fer [Adc3] ); 
Write(’ Adc4 lo =’);WrHexByte(ReceiveBuf fer [Adc3+1] ); 
Writeln; 

end. ‘
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PowerMOS transistor BUK638-500A 
Fast Recovery Diode FET BUK638-500B 

  

GENERAL DESCRIPTION QUICK REFERENCE DATA 

SYMBOL | PARAMETER       

  

   
N-channel enhancement mode 

  

        
      

              

  

field-effect power transistor in a ee 
plastic envelope. BUK638 
FREDFET with fast recovery Vos Drain-source voltage 
reverse diode, _ particularly Ip Drain current (DC) 
suitable for motor control Re Total power dissipation 

Rosiony Drain-source on-state resistance     
applications, 9. in full bridge 
configurations for which faster 
recovery characteristics simplify 
design for inductive loads. 

t, Diode reverse recovery time      

    

   

    

MECHANICAL DATA 

Dimensions in mm    
    

    

Net Mass: 5g 

  

   Pinning: 

   

  

1 = Gate 

   

  

2 = Drain 

3 = Source 

  

     
    

22mex__(. 

   dimensions within 
d this zone are 

uncontrolled 

   
  

Fig.1 SOT-93; drain connected to mounting base.    

Notes 
1, Observe the general handling precautions for electrostatic-discharge sensitive devices (ESDs) to prevent 

damage to MOS gate oxide. 
2. Accessories supplied on request: refer to Mounting instructions for SOT93 envelope. 

December 1989 Philips Components



PowerMOS transistor BUK638-500A 
Fast Recovery Diode FET BUK638-500B 

  

RATINGS 

Limiting values in accordance with the Absolute Maximum System (IEC 134) 

SYMBOL [PARAMETER conommions [min [wan 
Drain-source voltage - 500 
Drain-gate voltage Res = 20 kQ 
Gate-source voltage - 

    
   

  

   

       

  

   

  

   

   

   

   

  

    

  

   

  

   

   

  

Drain current (DC) = 25°C 
Drain current (DC) Tw» = 100 °C 
Drain current (pulse peak value) |T,» = 25°C    
Total power dissipation 25°C 
Storage temperature 
Junction Temperature 

      

     

THERMAL RESISTANCES 

ame From junction to ambient 

STATIC CHARACTERISTICS 

Tw» = 25 °C unless otherwise specified 

[swweot [panaweten ____[eowovmions Tn. [v9 Twa [ 
Drain-source breakdown Ves = OV; lp = 0.25 MA 
voltage 

  

hump = 0.57 KIW 
Reis 45. KW 

     
      

  

   
    

  

Visayoss           

   
   

    

   

    

    

      

      

  

     

  

Vesito) Gate threshold voltage D 
pss Zero gate voltage drain current | Vos = ; Ves V;T,= 25°C 
DSS Zero gate voltage drain current V; Tt =125°C 

Gate source leakage current V 
     

   
GSS 

Rosiony 

  

    
   

    

  

BUK638-500A 
BUK638-500B 

Drain-source on-state 
resistance 
    

DYNAMIC CHARACTERISTICS 
Tw = 25 “C unless otherwise specified 

    
    

  

[SYMBOL [PARAMETER [CONDITIONS| MIN. | TYP. [ MAX. | UNIT | 
fo. [Forward transconductance |Vos=25Vil=@A ——+(| 80 [100] - | S_ 

Cis Input capacitance Ves = 0 Vi Vos = 25 V; f = 1 MHz 2400 | 2800 
(omy Output capacitance 270 | 420 
Gs Feedback capacitance 110 = 

ines Turn-on delay time 
t, Tum-on rise time 30 
te on Tum-off delay time 300 400 ns 
t Turn-off fall time 110 140 ns 

Internal drain inductance Measured from contact screw on nH 

5 

12.5 

tab to centre of die 

December 1989 Philips Components 

               
       

    

   

  

     
     

  

     

    

   Measured from drain lead 6 mm 
from package to centre of die 
Measured from source lead 6 mm 
from package to source bond pad 

Internal drain inductance 

   Internal source inductance 

 



BUK638-500A 
BUK638-500B 

PowerMOS transistor 
Fast Recovery Diode FET 

  

REVERSE DIODE RATINGS AND CHARACTERISTICS 

T.» = 25 °C unless otherwise specified 

[svae0% [ranaweren ___—Teowoirions Tun Tv: [a [on 
Continuous reverse drain 
current 
Pulsed reverse drain current 
Diode forward voltage 

Reverse recovery time 

    
  

       

    

   

    
    
    

Reverse recovery charge 

Reverse recovery current 

Oleic se 
“ae oe 

a 
FCCC es 
fe ae ete 

Tmb/ °C 

Fig.2. Normalised power dissipation. 
PD% = 100:Pp/Pp 25 C= NT) 

Normalised Current Derating 

100 120 140 
Tmb/ C 

Fig.3. Normalised continuous drain current. 

Fig.4. Safe operating area. T,., = 25 ‘C 
Ip & low = (Vos); low Single pulse; parameter t, 

3 2th j-mb 7 (K/W) BUK «38-1 my 

1E-07 1E-05 1E-03 

t/s 

Fig.5. Transient thermal impedance.   ID% = 100 Ip/Ip 25 ¢ = f(T); CONCILIONS: Veg => 10 V Zn pmo = f(t); parameter D = t_/T 

December 1989 Philips Components



PowerMOS transistor BUK638-500A 
Fast Recovery Diode FET BUK638-500B 

BUK638-500A BUK638-50CA 

Fig.9. Typical transconductance, T, Fig.6. ' oe output characteristics, T; = 25 ‘C. 
Or = f(lp); conditions: Vp ee V = f(Vps5); parameter Ve, 

| | 
ott tT TTT TTT TTT TTT 
60 40 -20 0 2 40.60 89 100 120 140 

Tj/ Te 

Fig.10. Normalised drain-source on-state resistance. Typical on-state resistance, T; = 25 ‘C. 
2 = Rosiony/Rosionies‘c = f(T); ln = 8 A; Vos = 10 V Fosiony = f(In); parameter Vos   
   

VGS(TO)/V 

  

   

  

a, a 

COCR LTT TT | {tS 

60 40 -20 0 20 40 60 80 100 120 140 

Tj/ re 

Fig.11. Gate threshold voltage. 
Vesrro = f(T); conditions: lp = 1 MA; Vos = Ves 

    
    

      
    

     

     
          

  

    Fig.8. Typical transfer characteristics. 
= f(Ves) ; Conditions: Vos = 25 V; parameter T; 

  

1 Where the le pgerd at the top right of a figure differs from the device type number, this is because generic graphs are being used for the same ae assembled in several different envelopes. For some gene a digit from the type number is substituted by a letter variable, eg:- BUKxyz. In the 2th legend, lv, mv & hv are used for low, medium amd high voltage chip designs. 

December 1989 Philips Components



PowerMOS transistor BUK638-500A 
Fast Recovery Diode FET BUK638-500B 

8BUK638-500 

Fig.12. Sub-threshold drain current. Fig.15. Typical reverse diode current. 
Ip = 1(Vog)i conditions: T, = 25 °C; Vos = V le =f(Vsps); CoNndItIONS: Veg = 0 V; parameter T, 

      

BUKxy8-500 

    
Fig.13. Typical capacitances, C5, Coss, Crs- 
C = f(Vps); Conditions: Vas = 0 V; f = 1 MHz        

  

Fig.14. Typical turn-on gate-charge characteristics. 
Ves = f(Qg); conditions: lp = 14 A; parameter Vps5      

December 1989 Philips Components



Series 755A 

Design Features 
The model 755A encoder is ideal for applications requiring a miniature. high precision, low cost, and 

rugged encoder. It is approximately 40mm in diameter by 40mm long and is designed with all metal 

construction for years of trouble free life. One version has a flexible mounting arrangement and a blind 

hollow shaft with bore sizes of 6mm or .250" and is ideal for mounting directly on to motors or stepper 
motors. The second type comes with a normal 6mm diameter shaft and is mounted by the servo flange 

or front face fixings. Both versions are configured in quadrature + marker. and up to 1800 ppr with the 

choice of either 5V differential line driver or NPN output. From 2000 ppr to2500 ppr both versions 
are available but with 5V differential line driver only. 

Electrical Specification 
[yURs Voltage: 5 oce cs. sectrecedies usedesretteos{yocnesstecbesness 5VDC for Line Driver Output. 

5 to 24 VDC for Open Collector or Pull-up 
+5% - 2'% peak to peak @ 5VDC input 
110 mA max. for 5V Line Driver Output 
60 mA for 5V Open Collector & Pull-up 
Sink up to 50 mA Pull-up outputs 
Line Driver RS422 or NPN 
125KHz 
100.000 hours typical 
100, 200. 250, 300, 360. 400. 500. 512. 
600. 635. 720, 800, 1000. 1024, 1200. 
1250. 1270, 1500, 1800. 2000. 2048. 
2500° (specify choice) 

Regulation/Ripple . 
Input current 

    

Output current 
Output circuits . 
Frequency response... 
LED life... 
Pulses per revolution 

  

    

  

Mechanical Speco 
Max shaft speed .. ... 7500 RPM 
Bore size ........ .250", 6mm. (10mm on special order) 
Shaft diameter 6mm, (.250" on special order) x 7mm 

   

  

   

   

  

   

   

Bearings .. Double sealed ball bearings 
Starting torqi 10g/cm 
Radial loading .... 2Kg/ 10cm 
Moment of inertia . 20 gm/cm? 
Acceleration ...... 1 x 10° radians / sec? 
Connector type .. 500 mm flying lead (2m on special order) 
Housing ...... Black non-corrosive finish 
Mounting Butterfly mount or servo type 

  

Environmental Specsicalion 
Operating temperature ,. 
Storage penparay a 
Humidity . i 
Vibration . 
Shock 

0°C to 70°C 
-25°C to +85°C 
95% RH Non-condensing 
10 G's at 58 to 500 Hz 
50 G's for 11 Msec 

          

Terminating Information 
Line Driver Pull-up and Open Collector 
ch A Brown ch A Brown 
ch B Red ch B Red 
ch Z Orange ch mA Orange 
+ VE White + VE White 
OV Comm Black OV Comm. Black 
ch A Yellow 
ch B Green 
ch Z Blue



Series 755-A     

  

Price Guide 

  

755A 0100 - 1000ppr £100.00 

755A 1024 - 1800ppr £130.00 
755A 2000 - 2500ppr £155.00 
MHH_ Mounting Flange 50mm/58mm_—s«£3.50 

CBL Extra Cable. per metre £1.00 

Dimensions 

(abe tng st [mine 15d X aeaussoe nie th 

    
   

   
   

    

“Tt 6 45mm f Simm BC at 120° 7mm - oj. 

  

i T ! | | T i 
| 

domm L 38. Lm 20mm 1 40mm 
i i 

_¥ a: =f 6mm Dia sf 

4mm Dia — P zon - 
j= 35mm al 2.5mm —em} 

Cable length 500mm 

Hollow Shaft Servo Mount 

Ordering Information 

  

Shaft or Bore Size Pulses per Revolution Output Type 

Please specify from ppr table 
For 2000ppr and over. this encoder is only available with 
shaft options 01 & 06 and in SV Differential Line Driver 
Outputs. 

ol 250" bore x 500" deep 
04 06mm bore x 13mm deep 5 A+B+Z 
05 10mm bore x 13mm deep (Special Order) Br ae ae net Pannier zs 
06 06mm dia shaft x 7mm long 6:24V NPN Open Collector (Special Order) 
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@ Fully Digital Operation 

e Interfaces with most microprocessors 

e Wide power frequency range 

e Carrier frequency selectable up to 24KHz 

@ Waveform stored in external ROM/EPROM 

© Double edged regular sampling 

e Selectable minimum pulse width and 
underlap time 

  

The MA818 PWM generator has been designed to 

provide waveforms for the control of variable speed AC 
machines, uninterruptible power supplies and other 

forms of power electronic devices which require pulse 
width modulation as a means of efficient power control. 

The six TTL level PWM outputs (Fig.1) control the six 

switches in a three phase inverter bridge. This is usually 
via an external isolation and amplitication stage. 

Information contained within the pulse width 

modulated sequences controls the shape, power 

frequency, amplitude, and rotational direction (as 

defined by the red-yellow-blue phase sequence) of the 
output waveform. Parameters such as the carrier 

frequency, minimum pulse width, and pulse delay time 
may be defined during the initialisation of the 
device.The pulse delay time (underlap) controls the 

delay between turning on and off the two power 
switches in each output phase of the inverter bridge, in 
order to accomodate variations in the turn-on and turn- 

off times of families of power devices. 

An 8-bit multiplexed data bus is used to receive 
addresses and data from the microprocessor/controller. 

This is a standard MOTEL* bus compatible with most 
microprocessors/controllers. 

*MOTEL ts a registered trademark of Intel corp. and Motorola corp 

The information presented herein is to the best of our knowledge true and accurate. No warranty expressed or implied is made regarding the 
capacity, performance or suitability of any product. You are strongly urged to ensure that the information given has not been supersede 
more up to date version. 

  

Marconi Electronic Devices Ltd., Marconi Circuit Technolgy Corp, 
IC Diviston, 45 Davids Drive, 
Doddington Road, Hauppauge, 
Lincoln LN6 3LF, England New York 11788, USA 
Tel: (0522) 500500 Tel: (516) 2317710 
Telex: 56380 Telex; 275801 
Fax: (0522) 500550 Fax: (516) 231 7923 

MA818 

Three Phase 
Pulse Width Modulation 
Waveform Generator 

ADy 
AD, 
AD, 
AD; 
AD, 

ADs 
AD, 

   

    
44 Lead 

RST 
CLK 
cs 
TRIP 

Marconi Electronic Devices, sa 

2 Rue Henri Bergson, 

92600 Asniéres 

France 
Tel: (1) 4080 5400 
Telex: 612850 
Fax: (1) 47331131 

    
   
   

   
Quad J-Lead 

  

Dy 
SET TRIP 

RPHT 

YPHT 

| 32] Ao 
[31] Do 

D, 

D2 

aa 
zea 
af 
ec. a 

w 

bya 

Marconi Elektronik 

Landsberger Strasse 65 

8034 Germering 

Germany 

Tel: 089/849 36-0 

Telex: § 212 642 

Fax: 089/841 91 42



@ 
MA818 rail 
  

Three Phase Electronic Devices 
Pulse Width Modulation 
Waveform Generator 

   

    

ae ee] mee [ome 
Pi apiece SSSC—~™ 
Po mtienccrenioats Sd 
Po, mien nccrenioate 
Pes a0 tiene nccrenibate 
Ps fe i mt aacrenibate 

      
    
        
     

    

     

  

   

7 Multiplexed Address/Data 

| Multiplexed Address/Data 

| 1 _ | Multiplexed Address/Data (MSB) 

    

    

Intel WR Buscontrol INTEL Write Strobe 

Motorola MOTOROLA Read/Write Select 

*** Intel RD Bus control INTEL Read Strobe 
MOTOROLA Data Strobe S 

*** intel ALE Buscontrol INTEL Address Latch Enable 

Motorola = AS MOTOROLA Address Strobe 

[aT | 1 [ResetsinternatCoumes CCS 
[ae ft cockiopet 

cs aa Chip Select input 

Motorola D' 

nm
 

N 

< 

TRIP Output Trip Status 

ZPP | o | Zero Phase Pulse 

RPHB oO Red Phase (Bottom power switch) 

YPHB 

BPHB 

nN
 

Yellow Phase (Bottom power switch) 

Blue Phase (Bottom power switch) 

nN
 

o 
w 

N 
nw 

ak
 

= 

w 
w 

N 
_ 

w 
= 

o 
N
I
 

5S 
o 

N N Negative power supply (OV) 

Blue Phase (Top power switch) N BPHT 

YPHT 

RPHT 

SET TRIP 

nN
 

wn
 

Yellow Phase (Top power switch) 

Nn
 

w nN
 

RedPhase (Top power switch) 

Set Output Trip. This input has an internal pull-up resistor of ~ 9Okohms 

Eprom Data (MSB) 

Eprom Data 

nN w N o 

nw
 

a N 

Eprom Data 

Eprom Data (LSB) 

Eprom Address (MSB) 

nN
 

o 
N © w N 

we
 

o 

|
 

Eprom Address   Eprom Address   
Eprom Address ee a 

lee Sole ee eno wena | ay 
Pee do Yeeros SSCS 
Psd errors 
Peo devotes SSCS 

OE YO 
eo | Oeswagient 

es 
Pee 

e
l
e
 

oun Eprom Address (LSB) 

| o | Positive power supply i
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MA818 

Three Phase 
Pulse Width Modulation 
Waveform Generator 

  

UPPER 
SWITCHING 
ourPur PULSE 

Cat AY RED PHASE 
circuit 

1OweK 

SWITCHING 
OulPul 

Solent a a at en ee bein 

SWITCHING 

PULSE Output 
DELAY 
CIRCUIT 
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LOWER 
SWITCHING 
OurPur 

UPPER. 
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OurPul 

PULSE PULSE 
WIDTH veLayY BLUE PHASE 
DELETION CIRCUIT 

LOWER 
SWITCHING 
ourput 

SET TRIP te 

Figurel: MA818 Internal Block Diagram 

  

The simplicity and reliability of a.c. motors now 
available, together with the lower cost and improved 
performance of power devices has led to a rapid growth 
of the a.c. motor drive market. 

The MA818 is the first fully digital stand-alone Pulse 
Width Modulated (PWM) generator |.C. for use in such 
drive units. 

The MA818 is easily controlled by a microprocessor via a 
MOTEL* interface and its’ fully-digital generation of 
PWM waveforms gives unprecedented accuracy and 
temperature stability, Precision pulse shaping capability 
allows optimum efficiency with any power circuitry. The 
device operates as a stand-alone microprocessor 
peripheral, reading the power waveform directly from a 
PROM/EPROM and requiring miroprocessor 
intervention only when operating parameters need to 
be changed. 

An asynchronous method of PWM generation is used 
with uniform or ‘double-edged’ regular sampling of the 
waveform stored in the PROM/EPROM as illustrated in 
figure 2. The use of an external PROM/EPROM allows 
the user to define the optimum power waveform for 
the particular motor being used. 

The triangle carrier wave frequency is selectable up to 
24 kHz (assuming the maximum clock frequency of 
12.5MHz is used) enabling ultrasonic operation for noise 
critical applications. Power frequency ranges of up to 
4kHz (with 12.5MHz clock) are possible, with the actual 
output frequency resolved to 12-bit accuracy within the 
chosen range in order to give precise motor speed 
control and smooth frequency changing. The output 
phase sequence of the PWM outputs can also be 
changed to allow both forward and reverse mot 
operation.



MA818 

Three Phase 
Pulse Width Modulation 
Waveform Generator 

  

PWM output pulses can be ‘tailored’ to the inverter 
characteristics by defining the minimum allowable 
pulse width (the MA818 will delete all shorter pulses 
from the ‘pure’ PWM pulse train) and the pulse delay 
(underlap) time without the need for external circuitry. 
This gives cost advantages on both component savings 
and in allowing the same PWM circuitry to be used for 
control of a number of different motor drive circuits 
simply by changing the microprocessor software. 

Power frequency amplitude control is also provided 
with an overmodulation option to assist in rapid motor 
braking. 

An asynchronous trip input allowes the PWM outputs to 
be shut down immediately, overriding the 
microprocessor control in the event of an emergency. 

Other possible MA818 applications are as a 3-phase 
waveform generator as part of a switched-mode power 
supply (SMPS) or as part of an uninterruptable power 
supply (UPS). In such applications the high carrier 
frequency allows a very small switching transformer to 
be used. 

The MA818 is fabricated in CMOS for low power 
consumption. 

*MOTEL is a registered trademark of Intel corp. and Motorola corp 
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The MA818 interfaces to the controlling microprocessor 
by means of a multiplexed bus of the MOTEL” format. 
This interface bus has the ability to adapt itself 
automatically to the format and timing of both 
MOTorola and IntEL interface busses (hence MOTEL"). 
Internally, the detection circuitry latches the status of 
the DS/RD line when AS/ALE goes high. If the result is 

high, then the Intel mode is used; if the result is low 
then the Motorola mode is used. This procedure is 

carried out each time that AS/ALE goes high. In practice 
this mode selection is transparent to the user. For bus 

connection and timing information just read the 

description relevant to the type. of 
microprocessor/controller that you are using. 

Industry standard microprocessors such as the 8085, 

8088, etc., and microcontrollers such as the 8051, 8052 

and 6805 are all compatible with the interface on the 
MA818. This interface consists of 8 data lines, ADg - AD 

(write-only in this instance) which are multiplexed to 
carry both the address and data information, 3 bus 
control lines, labelled WR,RD and ALE in Intel mode and 
R/W,DS and AS in Motorola mode, and a Chip Select 

input, CS, which allows the MA818 to share the same 

bus as other microprocessor peripherals. It should be 
noted that all bus timings are derived from the 

microprocessor and are independent of the MA818 

clock input. ; 

Triangle Wave at 
Carrier Frequency 

Waveform 
as read from 

external 
PROM/EPROM 

Resulting 
PWM 

Waveform 

Figure 2: Asynchronous PWM generation with uniform or ‘double-edged’ regular sampling as used on the MA818. 
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Intel Mode Bus Timing (Vop = 5v, 25°C) 
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Latch Niet Latch Data 
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to ALE high 
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The address is latched by the falling edge of ALE. Data is 
written from the bus into the MA818 on the rising edge 
of WR. RD is not used in this mode because the registers 
in the MA818 are write only. However this pin must be 
connected to RD (or tied high) to enable the MA818 to 
select the correct interface format. 
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Motorola Mode Bus Timing( Vop = sv, 25°C) 
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The address is latched on the falling edge of the 

Data is written from the bus into the MA818 ‘ 
RWW is low) on the falling edge of DS (pr- 
low). 
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The MA818 is controlled by loading data into two 24-bit 
registers via the microprocessor interface. These 
registers are the initialisation register and the control 
register. 

The initialisation register would normally be loaded 
prior to motor operation (i.e. prior to the PWM outputs 
being activated) and sets up the basic operating 
Parameters associated with the motor and inverter. This 
data would not normally be updated during motor 
operation. 

The control register is used to control the PWM outputs 
(and hence the motor) during operation, eg. stop/start, 
speed, forward/reverse etc. and would normally be 
loaded and changed only after the initialisation register 
has been loaded. 

As the MOTEL” bus interface is restricted to an 8-bit 
wide format, data to be loaded into either of the 24-bit 
register is first written to 3, 8-bit temporary registers 
denoted RO, R1, and R2 before being transferred to the 
desired 24-bit register. The data is accepted ( and acted 
upon ) only when transferred to one of the 24-bit 
registers. 

Transfer of data from the temporary registers to either 
the initialisation register or the control register is 
achieved by a write instruction to a ‘dummy’ register. 
Writing to dummy register R3 results in data transfer 
from RO, R1 and R2 to the control register while writing 
to dummy register R4 transfers data from RO, R1 and R2 
to the initialisation register. It does not matter what 
data is ‘written’ to the dummy registers R3 and R4 as 
they are not real registers. It is merely the write 
instruction to either of these registers which is acted 
apon in order to load the initialisation and control 
registers. 

Ear alereraT [RI [enroonnet— [Ra [eens | oe 
[RAD [ranteaen | 

Figure 3: MA818 Register Addressing. 
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*MOTEL is a registered trademark of intel corp and Motorola corp 
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Initialisation Register Function 

The 24-bit initialisation register contains parameters 
which, under normal operation, will be defined during 
the power up sequence. These parameters are particular 
to the drive circuitry used, and therefore changing these 
parameters during a PWM cycle is not recommended. 
Information in this register should only be modified 
whilst RST is active (i.e. low) so that the PWM outputs 
are inhibited (low) during the updating process. 

The parameters set in the initialisation register are as 
follows: 

Carrier frequency 
Low carrier frequencies reduce switching losses whilst 
high carrier frequencies increase waveform resolution 
and can allow ultrasonic operation. 

Power Frequency Range 
This sets the maximum power frequency that can be 
carried within the PWM output waveforms. This would 
normally be set to a value to prevent the motor system 
being operated outside its design parameters . 

Pulse Delay Time (also known as ‘underlap') 
For each phase of the PWM cycle there are two control 
signals, one for the top switch connected to the positive 
inverter d.c. supply and one for the bottom switch 
connected to the negative inverter d.c. supply. In theory 
the states of these two switches are always 
complementary. However, due to the finite and non- 
equal turn-on and turn-off times of power devices, it is 
desirable when changing the state of the output pair, to 
provide a short delay time during which both outputs 
are off in order to avoid a short circuit through the 
switching elements. 

Pulse Deletion Time 
A pure PWM sequence produces pulses which can vary 
in width between 0% and 100% of the duty cycle 
Therefore, in theory, pulse widths can become 
infinitessimally small (narrow). In practice this causes 
problems in the power switches due to storage effects 
and therefore a minimum pulse width time is required 
All pulses shorter than the minimum specified are 
deleted. 

Counter Reset 
This facility allows the internal power frequency counter 
of the MA818 to be set to zero, disabling the normal 
frequency control and giving a 50% output duty cycle
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Initialisation Register Programming 

The initialisation register data is loaded in 8-bit 
segments into the 3, 8-bit temporary registers RO-R2. 
When all the initialisation data has been loaded into 
‘these registers it is transferred into the 24-bit 
initialisation register by ‘writing’ to the dummy register 
R4. 

TEMPORARY REGISTER R1 

sss Free [xD Jers [om [or | 
Frequency Range Don't Carrier Frequency 

Select Word Care Select Word 
FRS> = MSB CFS2 = MSB 
FRSo = LSB CFSo = LSB 

Carrier Frequency Selection 
The carrier frequency is a function of the externally 
applied clock frequency and a division ratio, n, 
determined by the 3-bit CFS word set during 
initialisation. The values of n are selected as follows: 

  

The carrier frequency is then given by the following 
equation: 

  

where k = clock frequency 
n =1,2,4,8,16 or 32 (as set by CFS) 

Power Frequency Range Selection 
The power frequency range selected here defines the 
maximum limit of the power frequency. The operating 
power frequency is controlled by the 12-bit Power 
Frequency Select (PFS) word in the control register but 
may not exceed the value set here. 
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The power frequency range is a function of the carrier 
waveform frequency (fcarr), and a multiplication factor, 
m, determined by the 3-bit FRS word. The value of m is 
determined as follows: 

SL [om [om [on [ov [om [om word       
The power frequency range is then given by the 
following equation: 

  

i 

POWER FREQ. RANGE (f eA xm 

where fcarr = carrier frequency 
m = 1,2,4,8,16,32, or 64 (as set by 

FRS) 

TEMPORARY REGISTER R2 

Da [x por Por prors ov pon Jove 
ye EEE TEE 

Don't Pulse Delay Time 
Care Select Word 

PDYs = MSB 

PDY = LSB 

Pulse Delay Time 
The pulse delay time affects all six PWM outputs by 
delaying the rising edges of each of the outputs by an 
equal amount. 

The pulse delay time is a function of the carrier 
waveform frequency and pdy, defined by the 6-bit pulse 
delay time select word (PDY). The value of pdy is 
selected as follows: 
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The Pulse delay time is then given by the following 
equation: 

where pdy =1-64(as set by PDY) 
= carrier frequency 

Figure 4 shows the effect of the pulse delay circuit. 

It should be noted that as the pulse delay circuit follows 
the pulse deletion circuit (see Fig.1), the minimum pulse 
width seen at the PWM outputs will be shorter than the 
pulse deletion time set in the initialisation register. The 
actual shortest pulse generated is given by tog - toay- 

PWM signal 
required at 
inverter output 

Output signal 
of MAB18 to 
drive top switch 
inverter arm 

Output signal 
of MA818 to 
drive bottom switch 
inverter arm 

  

Figure 4: The effect of the pulse delay circuit. 

TEMPORARY REGISTER RO 

|       
Counter Pulse Deletion Time Word 
Reset PDT6 =MSB 

POTO =LSB 
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Pulse deletion time 
To eliminate short pulses the true PWM pulse train is 

passed through a pulse deletion circuit. The pulse 
deletion circuit compares pulse widths with the pulse 
deletion time set in the initialisation register.If a pulse 
(either + ve or -ve) is greater than or equal to the pulse 
deletion time, it is passed through unaltered, otherwise 
the pulse is deleted. 

The pulse deletion time is a function of the carrier wave 
frequency and pdt, defined by the 7-bit pulse deletion 
time word (PDT). The value of pdt is selected as follows: 

word 

value fea] |? | een |e 
The pulse deletion time (tpg) is given by the following 
equation: 

  

      

PULSE DELETION TIME(t_,) = —2%! 
pd f.._X512 

Fc vaxy huparacedeunc sane’ Se ctebeeUUnvesenscererssnasn-<emth amen CORE ceseabeleteaties 

where pdt =1-128assetbyPDT 
fearr = carrier frequency 

Figure 5 illustrates the effect of pulse deletion on a pure 
PWM waveform 

  

Figure 5: The effect of the Pulse Deletion circuit. 

Counter Reset 
When the CR bit is active (i.e. low) the internal power 
frequency phase counter is set to 0 degrees for the red 
phase. The power frequency is then set to 0 and cannot 
be changed via the normal frequency control.
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Control Register Function 

This 24-bit register contains the parameters that would 
normally be modified during PWM cycles, in order to 

control the operation of the motor. 

The parameters set in the control register are as follows: 

Power Frequency (Speed) 
Allows the power frequency of the PWM outputs to be 

adjusted within the range specified in the initialisation 
register. 

Forward / Reverse 
Allows the direction of rotation of the a.c. motor to be 
changed by changing the phase sequence of the PWM 
outputs. 

Power Frequency Amplitude 
By altering the widths of the PWM output pulses while 
maintaining their relative widths, the amplitude of the 
power waveform is effectively altered whilst 
maintaining the same power frequency. 

Overmodulation 
Allows the output waveform amplitude to be doubled 
so that a quasi-square wave is produced. A combination 
of overmodulation and a lower power frequency can be 
used to achieve rapid braking in a.c. motors. 

Output Inhibit 
Allows the outputs to be set to the low state while the 
PWM generation continues internally. Useful for 
temporarily inhibiting the outputs without having to to 
change other register contents. 

Control Register Programming 

The control register should only be programmed once 
the initialisation register contains the basic operating 
parameters of the MA818. 

As with the initialisation register, control register data is 
loaded into the 3, 8-bit temporary registers RO - R2. 
When all the data has been loaded into these registers it 
is transferred into the 24-bit control register by ‘writing’ 
to the dummy register R3. It is recommended that all 
three temporary registers are updated before writing to 
R3 in order to ensure that a conformal set of data is 
transferred to the control register for execution. 
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TEMPORARY REGISTER RO 

Prsr [Pes prss [rss [Pess Jersz [ersi [Prso | 
Si 

Power Frequency 
Select Word 
BitsO-7 

PFS = LSB 

TEMPORARY REGISTER R1 

[rm Tow [on | x Pra rors Pre 
fa ee 

Overmod- Don't Power Frequency 
ulation care Select Word 
bit Bits8-11 

0 = Disabled PFS;; = MSB 
1 =Active 

Forward/ Output 

Reverse Inhibit 
bit bit 
0=Forward 0=Active 
1=Reverse 1 =Disabled 

Power Frequency selection 
The power frequency is selected as a proportion of the 
power frequency range (defined in the initialisation 
register) by the 12-bit power frequency select word, 
PFS, allowing the power frequency to be defined in 
4096 equal steps. As the PFS word spans the two 
temporary registers RO and R11 it is therefore essential, 
when changing the power frequency, that both these 
registers are updated before writing to R3 . 

The power frequency (fpower) is given by the following 
equation: 

  

where pfs = decimal value of the 12-bit 

PFS word. 
frange = power frequency range set in 

the initialisation register.



MA818 

Three Phase 
Pulse Width Modulation 
Waveform Generator 

  

Output Inhibit Selection 
When active ( i.e.low) the output inhibit bit sets all the 
PWM outputs to the off (low) state. No other internal 
operation of the device is affected.When the inhibit is 
released the PWM outputs continue immediately.Note 
that as the inhibit is asserted after the pulse deletion 
and pulse delay circuits, pulses shorter than the normal 
minimum pulse width may be produced initially. 

Overmodulation Selection 
The overmodulation bit is, in effect, the ninth bit (MSB) 
of the amplitude word. When active (i.e. high) the 
output waveform will be controlled in the 100% to 
200% range by the amplitude word. The percentage 

where Apyower= The power amplitude 

      

   
j Over-Modulation bit NOT SET 
| (100% Modulation) 

Over-Modulation bit SET 
(200% Modulation) 

    

Figure 6: Voltage waveforms as seen at the motor 
terminals, showing the effect of setting the 

overmodulation bit. 

Forward / Reverse Selection 
The phase sequence of the three-phase PWM output 
waveforms is controlled by the Forward/Reverse bit 
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The actual effect of changing this bit from 0 (forward) 
to 1 (reverse) is to reverse the power frequency phase 
counter from incrementing the phase angle to 
decrementing it. The required output waveforms are all 
continuous with time during a forward/reverse change. 

In the forward mode the output phase sequence is red- 

yellow-biue and in the reverse mode the sequence is 
blue-yellow-red. 

TEMPORARY REGISTER R2 

EE 
OS 

Amplitude 

Select Word 
AMP; = MSB 
AMPpo = LSB 

Amplitude Selection 
The power waveform amplitude is determined by 

scaling the amplitude of the waveform samples stored 
in the external PROM/EPROM by the value of the 8-bit 
amplitude select word (AMP). 

A 
POWER AMPLITUDE (A )=— X 100% 

power 955 

where = decimal value of the 8-bil 

amplitude select word (AMP)



Marconi 
Electronic Devices 

  

The following example assumes that a master clock of 

12.288 MHz is used (12.288 MHz crystals are readily 

available).This clock frequency will allow a maximum 

carrier frequency of 24 kHz and a maximum power 

frequency of 4 kHz. 

Initialisation Register Programming 

Example 

A power waveform range of up to 250 Hz is required 

with a carrier frequency of 6kHz, a pulse deletion time 

of 10 ps and an underlap of 5 ps. 

i) Setting the Carrier Frequency 
The carrier frequency should be set first as the power 

frequency, pulse deletion time and pulse delay time are 

all defined relative to the carrier frequency. 

_ ik 
~ 512xn 
  Carrier Frequency = ) 

We must calculate the value of n which will give the 
required carrier frequency: 

k 12.288.10° 

512xf., 512 6.102 
>n7n 

From the table of page 7, n=4 corresponds to a 3-bit 
CFS word of 010 in temporary register R1. 

ii) Setting the Power Frequency Range 

Power Freq. Range ee 

We must calculate the value of m which will give the 
required power frequency range: 

s Prange 384 250 x 384 
= = ———————— 16 

are 6.10° 
From the table on page 7, m= 16 corresponds to a 3-bit 

FRS word of 100 in temporary register R1. 

iii) Setting the Pulse Delay Time 
As the pulse delay time affects the actual minimum 
pulse width seen at the PWM outputs, it is sensible to 
set the pulse delay time before the pulse deletion time, 
so that the effect of the pulse delay time can be allowed 
for when setting the pulse deletion time. 

11 
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pdy 
fare ® B12 
cari 

Pulse Delay Time(t )= 

We must calculate the value of pdy which will give the 
required pulse delay time: 

=> pdy =/ x ff aly So 512 

=5.107°x6.10°x 512 = 15.4 

However, the value of pdy must be an integer. As the 

purpose of the pulse delay is to prevent “shoot- 
through” (where both top and bottom arms of the 
inverter are on simultaneously), it is sensible to round 

the pulse delay time up to a higher, rather than a lower 
figure. 

Thus, if we assign the value 16 to pdy this gives a delay 
time of 5.2 ps. From the table on page 7, pdy = 16 
corresponds to a 6-bit PDY word of 110000 in temporary 
register R2. 

iv) Setting the Pulse Deletion Time 
In setting the pulse deletion time (i.e. the minimum 

pulse width) account must be taken of the pulse delay 
time, as the actual minimum pulse width seen at the 

PWM outputs is equal to tog - toay- 

Therefore, the value of the pulse deletion time, must , in 

this instance, be set to 5.2 ys longer than the minimum 
pulse length required. 

Minimum pulse length required = 10 ps 

to beset =10 pps +5.2ps = 15.2 ps 6 tod 

Now, 

a pat 
Pulse Deletion Time(t_,)_ = —————— 

pd Fare X 512 
car 

=> pdt = ¢ x f x 512 
pd carr 

= -6 3 = = 15.2.10°°x6.10° x 512 = 46.7 

Again, pdt must be an integer and so must be either 
rounded up or down - the choice of which will depend 
on the application. Assuming we choose in this case the 
value 46 for pdt, this gives a value of tpg of 15 ps and an 
actual minimum pulse width of 15 - 5.2 ps = 9.8 ps. 

From the table on page 8, pdt = 46 corresponds to a 
value of PDT, the 7-bit word in temporary register RO of 
1010010.
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The data which must be programmed into the three 
temporary registers RO, R1 and R2 (for transfer into the 
initialisation register) in order to achieve the 
parameters in the example given, is shown below: 

Temporary Register RO 

CR PDT, PDT, PDT, PDT; PDT, PDT, PDT, 

Temporary Register R1 

pt fe eae eso) ote | 
FRS, FRS, -FRSp SX x CFS, CFS, CFS, 

Temporary Register R2 

a Ee 
x x PDY, PDY, PDY; PDY, .PDY, PDYy 

Control Register Programming Example 

The control register would normally be updated many 
times whilst the motor is running, but just one example 
is given here. It is assumed that the initialisation register 
has already been programmed with the parameters 
given in the previous example. 

A power waveform of 100 Hz is required with a PWM 
waveform amplitude of 80% of that stored in the 
EPROM. The phase sequence should be set to give 
forward motor rotation. The outputs should be enabled 
and no overmodulation is required. 

i) Setting the Power Frequency 
The power frequency can be selected to 12-bit accuracy 
(i.e. 4096 equal steps) from 0 Hz to frange as defined in 
the initialisation register. In this case, with frange = 
250Hz the power frequency can be adjusted in 
increments of 0.06 Hz. 

Fi 

Power Frequency ((f ,.,) = ro x pfs 

frower * 49968 — 190 x 4096 
=> pfs = -“{__. = ——_—__—— = 1638.4 

Fog 250 

We can only have pfs as an integer, so if we assign pfs 
= 1638 this gives fpower = 99.97 Hz. 
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The 12-bit binary equivalent of this value gives us a PFS 
word of 011001100110 in temporary registers RO and 
R1. 

ii) Setting Overmodulation, Forward/Reverse, Output 
inhibit 

Overmodulation is 
Overmodulation bit = 0. 

not required therefore 

Forward motor control is required, (i.e. the phase 
sequence of the PWM outputs should be red-yellow- 

blue) therefore Forward/Reverse bit = 0. 

Output inhibit should be inactive, (i.e. the outputs 
should be active) therefore the output inhibit bit = 1. 

These bits are all set in temporary register R1. 

iii) Setting the Power Waveform Amplitude 

A 
Power Amplitude(A )=— X 100% 

Power 255 

A ower 255 80 x 255 
A =- = = 

100 100 
=> 204 

The 8-bit binary equivalent of this value gives an AMP 
word of 11001100 in temporary register R2. 

The data which must be programmed into the three 
temporary registers RO, Ri and R2 (for transfer into the 
control register) in order to achieve the parameters in 
the example given, is shown below: 

Temporary Register RO 

PFS, PFS, PFS, = PFS,—Ss~éPFSy~—SsPFSy «= PFS, ~—PFSy 

Temporary Register R1 

Periereet © e a  e 
OM FR INH x PFS;; PFSip -PFSy ~—~PFSy 

Temporary Register R2 

AMP, AMP, AMP, AMP, AMP, AMP, AMP, AMP,
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WRITE Ro 

Went WRITE R, 
initialisation 

Data WRITE R, 

WRITE Ry 

WRITE R, 
Write to control 

register inhibiting 

PWM outputs 

before completing WRITE Ry 

reset cycle 

WRITE Ry 

Enable PWM Outputs 

WRITE Ro 

eyes WRITE R, 
Control 

Data 

CHANGE 

CONTROL 

Data? 

CHANGE 

INITIALISATION 

DATA? 

Set Output Trip (SET TRIP input) 
The SET TRIP input is provided separately from the 
microprocessor interface in order to allow an external 

source to override the microprocessor and provide a 

rapid shutdown facility. For example, logic signals from 

overcurrent sensing circuitry or the microprocessor 

‘watchdog’ might be used to activate this input. 

When the SET TRIP input is taken to a logic high, the 

output trip latch is activated. This results in the TRIP 
output and the six PWM outputs being latched low 

immediately. This condition can only be cleared by 

applying a reset cycle to the RST input. 

Because of the asynchronous nature of this input, it is 

inportant that when not in use it is tied low and isolated 

from potential sources of noise. 

Output Trip Status (TRIP output) 

The TRIP output indicates the status of the output trip 

latch and is active low. 

Reset (RST input) 
The RST input is active low and performs the following 

functions: 

1. All PWM outputs are forced low ( if not already 
low), thereby turning off the drive switches. 

2. All internal counters are reset to zero ( this 

corresponds to 0° for the red phase output). 

3. When released, the rising edge reactivates the PWM 

outputs, resetting the output trip and setting the 

TRIP output high - assuming that the SET TRIP input 

is inactive (i.e. low). 

Zero Phase Pulse (ZPP output) 

The ZPP output provides pulses at the same frequency as 

the power frequency with a 1:2 mark-space ratio. When 

in the forward mode of operation the falling edge of 
ZPP corresponds to 0° for the red phase PWM output. In 

the reverse mode, the rising edge of ZPP corresponds to 
0° for the red phase PWM output. 

Clock (CLK input) 
The CLK input provides a timing reference used by the 
MA818 for all timings related to the PWM outputs. 

The microprocessor interface, however, derives all its 
timings from the microprocessor and therefore the 
microprocessor and the MA818 may be run either from 

the same or from different clocks.
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The waveform amplitude data used to construct the 
PWM output sequences is read by the MA818 from an 

external 2k x 8 PROM/EPROM. The use of an external 
PROM/EPROM allows the user to define the exact 
waveform required. 

Waveform Definition 

Good waveform resolution is achieved by storing 768 8- 
bit amplitude samples representing the positive 180° 

span of the waveform. It is assumed that the data is 
symmetrical around the 90° axis. The MA818 constructs 
the full 360° waveform by assigning negative values to 

the same samples for the second half of the cycle. 

The MA818 uses these samples to calculate the three 

instantaneous amplitudes for all three phases. The 768 

8-bit samples are linearly spaced over the 0° to 180° span 

giving an angular resolution of approximately 0.23°. 

    

     

  

     

      

   
Power 

Value waveform 

| of &-bit 
| sample 

0° 90° 180° 

Phase (768 bit resolution) 

Fig.7: 180°sample of typical power waveform 

a 

Figure 8: 180° of the 360° cycle is divided into 768 8-bit 
samples. 

    

14 

Marconi 
Electronic Devices 

Waveform Storage 

An industry standard 2k x8 PROM or EPROM ( 2716 or 

27C16 ) is needed for waveform storage. As less than 

half the memory capacity of the PROM/EPROM is 

needed to store the waveform, this is used to advantage 

in order to minimise the pin count of the MA818. Each 

8-bit data word representing a sample of the waveform 

is stored as 2, 4-bit nibbles in the least significant nibble 

position of the 8-bit PROM/EPROM locations. Hence the 

most significant nibble is unused (and may therefore be 

left unprogrammed) so only 4 data lines (Do - D3) are 

required. 

The 768 waveform samples are therefore stored as 1546 

4-bit samples. Figure 9 illustrates the method in which 

the data is mapped into the PROM/EPROM. The least 

significant nibbles are stored sequentially from location 

OH to 300H , whilst the most significant nibbles are 

stored from 400H to 700H. The MA818 reads the data by 

accessing the two 4-bit nibbles (using A10 to select the 

high and low nibble memory areas) and then 

concatenates them internally to form the 8- bit 

waveform sample byte. 

           
    

    NIBBLES 

[//// 

| Ss 
400H 

300H 

  
Figure 9; Waveform PROM/EPROM memory map. 

The reading of data from the the PROM/EPROM is 

performed automatically by the MA818 without 

microprocessor intervention whenever the PWM 

generation is active.
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3.1.6 A 300V, 40A High Frequency Inverter Pole Using 

Paralleled FREDFET Modules 

1. Introduction 

Voltage source inverters which are switched using some 
form of pulse width modulation are now the standard in low 
to medium rated AC and brushless DC variable speed 
drives. At present, because of device limitations the 
switching (modulation) frequencies used in all but the 
lowest drive ratings are restricted to a few kHz. There is 
however a strong technical advantage in using much higher 
ultrasonic switching frequencies in excess of 20 kHz, the 
benefits of which include: 

i) The low frequency distortion components in the inverter 
output waveform are negligible. As a result there is no 
longer a need to derate the electrical machine in the drive 
as a consequence of harmonic loss. 

ii) The supply derived acoustic noise is eliminated. 

iii) The DC link filter component values are reduced. 

The device best suited for high switching frequencies is the 
power MOSFET because of its extremely fast switching 

time and the absence of secondary breakdown. However, 

Within each mdule: 

  

being surface conduction devices, high power rated 

MOSFETs are difficult and expensive to manufacture and 

at present single MOSFETs are only suitable for inverter 

ratings of typically 1-2 kVA per pole. Although higher rated 

power devices such as bipolar transistors and IGBTs can 

be switched at medium to high frequencies, the switching 
losses in these circuits are such that frequencies in excess 

of 20 kHz are at present difficult to achieve. 

Switches with high ratings and fast switching times can be 

constructed by hard paralleling several lower rated power 

devices. MOSFETs are particularly suitable because the 

positive temperature coefficient of the channel resistance 

tends to enforce good steady-state current sharing between 

parallel devices. However to achieve good dynamic current 

sharing during switching, considerable care must be taken 
in the geometric layout of the paralleled devices on the 
common heatsink. In addition, the device characteristics 
may need to be closely matched. As a result modules of 
paralleled MOSFETs are often expensive. 

Good transient + steady state load sharing 

Isolated drive circuit 

Fig.1 
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An alternative approach to paralleling is to use small 
switching aid networks which overcome the constraints of 
hard paralleling by improving the dynamic load sharing of 
the individual devices. It is possible to envisage an inverter 
design where each pole consists of a number of identical 
pole modules which share a common supply and have 
outputs connected in parallel, as shown in Fig.1. Each 
module is designed to operate individually as an inverter 
pole and contains two power MOSFETs with associated 
isolated gate drive circuitry. When the modules are 
connected in parallel their design is such that they will 
exhibit good transient and steady-state load sharing, the 
only requirement being that they are mounted on acommon 

OUTPUT 

heatsink. In this manner any inverter volt-amp rating can 

be accommodated by paralleling a sufficient number of pole 
modules. 

2. Pole module 

The power circuit diagram of an individual pole module 

which is suitable for the second form of paralleling is shown 

in Fig.2. The design makes use of the integral body diode 

of the main switching devices and for this purpose the fast 

recovery characteristics of FREDFETs are partcularly 

suitable. Two snubber circuits and a centre tapped 

inductance are includedin the circuit. These small switching 

aid networks perform a number of functions in the circuit: 
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i) They act to improve the dynamic current sharing between 
the pole modules when connected in parallel. 
ii) They ensure safe operation of the MOSFET integral body 
diode. The central inductance controls the peak reverse 
current of the diode and the snubber network prevents 
secondary breakdown of the MOSFET parasitic intemal 
transistor as the integral body diode recovers. 
ili) They reduce the switching losses within the main power 
devices and thus allows maximum use of the available 
rating. 

  

The operation of the circuit is typical of this form of inverter 
pole. The commutation of the integral body diode will be 
discussed in detail since it is from this section of the 
Operation that the optimal component values of the 
switching aid network are determined. The value of the 
inductor L is chosen to give a minimum energy loss in the 
circuit and the snubber network is designed to ensure safe 
recovery of the integral diode at this condition. For example 
consider the case when there is an inductive load current 
|, flowing out of the pole via the integral body diode of the 
lower MOSFET just prior to the switching of the upper 
MOSFET. With reference to Fig.3, the subsequent 
Operation is described by the following regions: 

Region A: Upper MOSFET is switched on. The current in 
the lower integral body diode falls at a rate (di/dt) equal to 
the DC link voltage Vp divided by the total inductance L of 
the centre tapped inductance. 

Region B: The diode current becomes negative and 
continues to increase until the junction stored charge has 
been removed, at which stage the diode recovers 
corresponding to a peak reverse current Ina. 

Region C: The voltage across the lower device increases 
at a rate (dV/dt) determined by the capacitance C, of the 
lower snubber network. The current in the upper MOSFET 
and the inductor continues to increase and reaches a peak 
when the voltage across the lower device has risen to the 
OC link value. At this point the diode D, becomes forward 
biased and the stored energy in the inductor begins to 
discharge through the series resistance R.. 

The energy E, gained by the switching aid networks over 
the above interval is given by: 

1 1 Ey = Slik +5CVbq oO) 

and is ultimately dissipated in the network resistors R,, R. 
For a given forward current, the peak reverse current Ing of 
the diode will increase with increasing di/dt and can be 
approximately represented by a constant stored charge, 
(Qa) model, where: 

aa (2) lee ™ Bs
 

Although in practice Inq will tend to increase at a slightly 
faster rate than that given by equation (2). 

Since in the inverter pole circuit 

dl Yoo 
aL 

Inspection of equations (1) and (4) shows that the energy 
loss E, remains approximately constant as L is varied. 

(3) 

During the subsequent operation of the inverter pole when 
the upper MOSFET is tumed off and the load current |, 
returns to the integral body diode of the lower device, an 
energy loss E, occurs in the inductor and the upper snubber 
equal to: 

E,=giiL +30,Vbo (5) 

This loss can be seen to reduce with L. However as L is 
reduced both Ip, and the peak currentin the upper MOSFET 
will increase and result in higher switching loss in the diode 
and higher conduction loss in the channel resistance of the 
upper device. 

The value of L which gives minimum energy loss in the pole 
occurs when there is an optimal balance between the 
effects described above. Typical measured dependencies 
of the total energy loss on the peak reverse diode current 
as Lis varied are shown in Fig.4, The characteristics of a 
similarly rated conventional MOSFET and a fast recovery 
FREDFET are compared in the figure. In both cases the 
minimum energy loss occurs at the value of L which gives 
a reverse recovery current approximately equal to the 
design load current. However the loss in the FREDFET 
circuit is considerably lower than with the conventional 
device. The optimal value of L can be found from the 
manufacturers specified value of stored charge using 
equation (4), where 
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POWER LOSS (W) 

100 

STANDARD 

EQUIVALENT 

MOSFET 

BUK638-500B 

MODULE 

  

0 
0 02 04 06 08 1 12 1.4 
NORMALISED RECOVERY CURRENT (IRPVIL) 

Fig.4 

2V, Lo aon 6 

L 

The snubber capacitor value C, is chosen to limit the dV/dt 
across the integral body diode as it recovers. Experience 
has shown that a value of 1V/nS will ensure safe operation, 
hence: 

C=(,)nF ” 

The resistive component of the switching aid networks are 
chosen in the usual manner. 

3. Parallel operation of pole modules 
The principle behind the ‘soft’ paralleling adopted here is 
to simply connect the outputs of the required number of 
modules together and feed them with a common DC link 
and control signals. The transient load sharing between the 
parallel modules will be influenced by the tolerances in the 
individual inductor and snubber capacitor values and any 
variations in the switching instances of the power devices, 
the latter being as a result of differences in device 
characteristics and tolerances in the gate drive circuitry. 
These effects were investigated using the SPICE circuit 

simulation package. The SPICE representation of the 

modules is shown in Fig.5, in which the upper MOSFET 
channel is modelled by an ideal switch with a series 
resistance Rog. The full SPICE diode model is used for the 

lower MOSFET integral body diode, however ideal diode 
representations are sufficient for the devices in the 

switching aid networks. The load is assumed to act as a 
constant current sink over the switching interval. 

  

From the SPICE simulation an estimate of the peak 
transient current imbalance between the MOSFETs of the 
two modules was obtained for various differences in the 
inductors, capacitors and device turn-on times. Itwas found 

that the transient current sharing was most sensitive to 
unequal device switching times. An exampie of the results 
obtained from a simulation of two paralleled modules using 
BUK638-500B FREDFETs are shown in Fig.6. With good 
gate drive design the difference between device switching 
times is unlikely to exceed 50nS resulting in a peak transient 
current mismatch of less than 10%. The load sharing would 

improve if the value of inductor is increased but this has to 
be traded off against the increase in switching loss. The 
effect of the tolerance of the inductor values on the load 
sharing is given for the same module in Fig.7, where it can 
be seen that a reasonable tolerance of 10% results in only 
a7% imbalance in the currents. The load sharing was found 
to be relatively insensitive to tolerances in the snubber 
capacitor values. 
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4. A 300V, 10A pole module design using 
BUK638-500B FREDFETs 

The circuit diagram of a 300V, 10A pole module based on 
BUK638-500B FREDFETs is given in Fig.8. The inductor 
value was chosen using the criteria discussed in Section 
2. 

The conventional R-C snubber network has been replaced 
by the active circuit shown in Fig.9 and involves the use of 
asecond, low rated BUK455-500B MOSFET which is made 
to act as a Capacitance by invoking the ‘Miller effect. The 

BUK 638-500B 

active snubber is more efficient at low load currents 
because it tends to maintain a constant (dV/dt) regardiess 

of the load, and thus the snubber loss is proportional to the 
current, as opposed to the conventional circuit in which the 

loss remains constant. In addition the active circuit is 

compact and lends itself more readily to a hybrid assembly. 
The major component costs are the secondary MOSFET 
and a low voltage power diode and compare favourably 
with those of the conventional high voltage capacitor and 
high voltage diode. 

0+300VDC 

ACTIVE 
SNUBBER 

INDUCTIVE LOAD 

ACTIVE 
SNUBBER   
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The gate drive circuits are given in Fig.10 and are based 
upon the pulse transformer configuration described in 
chapter 1.2.3. A PNP transistor has been added between 
the gate and source to reduce the drive off-state 
impedance, to improve the switching and prevent any Miller 
effect in the main device. 

  

5. FREDFET module performance 
The typical voltage and current waveforms of the upper and 
lower switching devices are shown in Figures 11 and 12 for 
the case of a single pole module sourcing the rated current 
of 10 Amps from a 300V DC link. Fig. 12 illustrates how the 
use of the series inductor and active snubber gives a 
controlled recovery of the fast integra! body diode of the 
FREDFET. 

PULSE 
TRANSFORMER 14 

SrKe7 coe 
osw 

“18v 

asT78 Inaiae 

ton iro t 
ENI906 

Fig.10 

  

  50 Vidiv 
200 ns/div 

Fig.11 Top - tum-on of the lower diode 
Bottom - turn-off of the MOSFET 

The losses of an individual module switched at 20 kHz are 
plotted in Fig. 13 as a function of output current. They mainly 
stem from conduction loss, the switching loss representing 
only a third of the maximum loss. Because the switching 

loss occurs mainly in the aid networks the main FREDFETs 

can be used at close to their full rating. Similarly operation 

at higher frequencies will not result in a substantial 
reductionin efficiency, forexample at40 kHz, 10A operation 
the losses are 9SW. 
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5 Aldiv 
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Fig.12 Top - turn-off of the lower diode 
Bottom - turn-on of the MOSFET   

Four modules were connected in parallel and mounted on 
a common heatsink. The modules operated successfully at 
300V with total loads in excess of 40A, four times their 
individual rating. The common heatsink, which had a 
thermal resistance to ambient of 0.33°C/W was sufficient 
to achieve the full 40A, 300V continuous rating of the 
parallel units at 20 kHz. The current waveforms of the upper 
FREDFETs in each module are overlaid in Fig. 14, where it 
can be seen that the load sharing is very even, particularly 
after the initial switching transients.   Fig.14 FREDFET current waveforms 
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6. Conclusion 

Parallel, separate MOSFET pole modules provide a 
method of designing medium rated inverter poles, which 
can be switched efficiently at frequencies in excess of 20 
kHz. The approach is flexible since a single pole module 
design can be used to achieve a range of inverter volt-amp 
ratings by paralleling a sufficient number of units. 

Through the use of smail switching aid networks it is 
possible to obtain excellent transient and steady-state 
current sharing between the paralleled modules. The 
current sharing remains good even if there are substantial 
variations in component tolerances and the power device 

switching times. The switching aid networks also reduce 
the switching losses in the main devices and allows them 
to be used to their full rating. 

The presented design of a 300V, 10A module based on 
BUK638-500B, FREDFETs has a full load loss of only 70W. 
Four of these modules connected in parallel and mounted 
on a 0.33°C/W heatsink gave an inverter pole with a 300V, 
40A continuous rating when switched at 20 kHz. Excellent 
current sharing between these modules was observed and 
as a result there would seem to be no technical reasons 
why further modules could not be paralleled to achieve even 
higher ratings. 
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A NEW VECTOR CONTROL SCHEME FOR AN ADJUSTABLE SPEED 
AC DRIVE SYSTEM UTILISING A HIGH FIELD PERMANENT 
MAGNET SYNCHRONOUS MACHINE 

N. Bennett’, J.Wang™, D.W.Shimmin’, K.J.Binns’ 

‘University of Liverpool, UK 

INTRODUCTION 

The vector control technique pioneered by Blaschke (1) 
was initially developed for induction motor drives with 
the aim of optimising efficiency and dynamic 
performance. More recently vector control has been 
Proposed for permanent magnet synchronous motors 
with the further objective of improving stability. The 
main feature of vector or field-oriented control systems 
is the constraining of the magnitude and instantaneous 
direction of the stator mmf with respect to the rotor 
mmf. A number of different strategies have been 
proposed, mainly concerned with control of the 
magnetising component of stator current I, (2). The 
general aim is to find the optimal I, which gives 
maximum torque per ampere (3), but a common 
approximation to this involves maintaining I, at zero. 
For machines with X,#X, this does not give exactly 
maximum torque per ampere because of saliency torque 
contributions, but it is very close with high field 
machines. 

Vector control clearly requires instantaneous control of 
stator phase currents. Early techniques focused on 
analogue hysteresis and ramp comparison current 
regulators (4,5). Fast digital signal processors have 
allowed digital implementations such as space vector 
modulation (6). A new vector control drive scheme is 
presented here, incorporating an application specific 
integrated circuit (ASIC) for pulse width modulation. 

VECTOR CONTROL ALGORITHM 

The Marconi MA818 pulse width modulator ASIC 
provides switching control signals for an inverter bridge 
from digital voltage amplitude and frequency 
commands. It is therefore common in commercial 
inverters used in open-loop configurations. However its 
ability to generate continuous three phase bridge drive 
signals reduces the processing demands for the vector 
control scheme, since there is no need to compute or 
control the individual instantaneous phase voltage 
vectors. The proposed scheme is therefore based on a 

“University of East London, UK 

voltage source inverter with voltage amplitude and 
frequency actuation signals. 

Overall system 

The overall control system is shown on figure 1. The 
required demand speed w,” is compared with the actual 
speed w, giving a speed error w,. A proportional plus 
integral controller converts this speed error to a torque 
demand. A fourth order model of the machine is shown 
on figure 2. With this model the electrical torque 
produced by the machine is given by 

7.250 '(qd, (Leh ld) (1) 

where 7, is the electrical torque, p is the number of 
poles, y,,, the rotor magnetising flux linkage, and LL, 
are the d- and q-axis synchronous inductances. For 
zero I, the torque is directly proportional to the q-axis 
current [,. Therefore the torque demand becomes the 
reference value for the q-axis current controller I,".. The 
reference value for the d-axis current controller I,” is 
zero. 

The actual machine phase currents are measured and 
converted to I, and I, using Park’s transform. These 
actual currents are compared with the reference values 
to give current error signals. 

Decoupling 

Since the inverter is voltage driven, the current errors 
must first be converted to voltage errors. However for 
4 permanent magnet synchronous machine the d- and q- 
axis circuits are coupled. From figure 2, the 4" order 
state equations for the system can be written 

o -0,-0, (2)



  

d 2 

Fay Wale lah A) 

  

dt R (3) 

~5o-7T, 

Ms. Ry Ay +V, (4) wf,” 1, f 

d, oR, oly o 

a1, Tae = 

where V, and V, are the d- and q-axis voltages. At 
constant speed, the d- and q-axis equations 4 & 5 can be 
rearranged to give 

(R+sL )Vj+0 LV, Le : (6) 
(ResL)(R+sL.)+0 Lgl, 

yk (R+sL)V,-o LV, (7) 

* Rsk (R+sL,)+07L L, 

where s is the Laplace operator. 

I, is related to both V, and V,, and so is I,. This 
coupling can be eliminated by introducing the 
decoupling terms k,, and k,, as shown on figure 1, so 
that 

  

  

Vy=C,-ky(s)C, (8) 

Vi=C, +k fs)C, (9) 

where 

Ot k ae ease 10 

ai) l+st, «to 

kfs)=— 8 (1) 

where 7,=L,/R, and 7,=L/R. 

Substituting these relations into equations 6 & 7 gives 
the first order systems 

Cy ee 12 dns) (12) 

oe (13) * R(1+st,) 

where C, and C, are the output signals from the integral 
current controllers. These current systems can be 
controlled by integrating compensators 

Cy Ku 
  

  

=4 (14) 
Ij-l, 

Crk 
- g=_4 (15) 

I, -1, é 

The V, and V, obtained from the decoupled current 
controllers are converted to polar form as V” and 8”. 
The set point voltage V™" is sent directly to the inverter 
as the voltage command, but the target load angle 5° 
requires further processing. The required load angle is 
compared with the measured value 6. If 6">6 then the 
stator voltage vector needs to be advanced. This is 
accomplished by using the load angle error 6,, 
multiplied by a suitable gain, to increment the stator 
frequency. The inverter frequency command w,” is then 
increased to compensate for the load angle error. 

By this technique the inverter is driven to produce the 
required stator voltage vector for the speed and current 
control loops. 

Controller Tuning 

With this arrangement the current control loops become 
second order, ie 

Has) fe Uy Se hae A 
Ua Ra) gro 1c kuy 

tT, Rt



with a similar relation for the q-axis current loop. k,, 
and k;, were selected to give critical damping. 

The speed loop was tuned on the assumption of ideal 
current loop operation. This assumption is based on the 
observation that the electrical circuit time constant is 

much less than that of the mechanical system. With 

I,=0, equation 3 may be written 

Jd, B 3 7 
pa por aia Te oh 

Taking Laplace transforms and assuming constant T, 
gives 

Ore ke (18)   

where k,,=3p*y,,/2B, and 1,,=J/B. 

The speed proportional + integral controller is of the 
form 

fay ake (19) 
@ s 

The speed loop again has an overall 2™ order structure, 
but because of the underlying current loop it cannot be 
tuned to give fast response with no overshoot. A 30% 
overshoot was considered to be acceptable for these 
tests, and the controller was tuned to give this 

performance. 

Simulation 

The machine parameters measured by a number of 
techniques (7) were used to calculate the decoupling and 
controller parameters. The high field four pole motor 
has cage bars to assist direct on-line starting as well as 
improving overall stability. 

The whole scheme was evaluated using the SIMBOL 
simulation package, including a 6" order model for the 
motor with cage bars, and suitable discrete versions of 
the controllers. These simulations showed that stability 
could be maintained for sampling intervals as long as 
Sms. 

A typical result is shown on figure 3, for load inertia 
and viscous damping ten times that of the motor alone. 

The test conditions involved a step change in speed 
demand from 0 to 750rpm at t=0, followed by a step 
change in torque from 0.5Nm to 1.0Nm at t=3s. The 
speed response is shown on figure 3a, and the d- and q- 
axis currents on figure 3c. The speed overshoot is as 
expected, and the system maintains stable operation. 

SYSTEM IMPLEMENTATION 

The hardware implementation of the control scheme is 
shown on figure 4. The motor is a high field permanent 
magnet machine with buried, non-radial samarium 
cobalt magnets. This is supplied from an ultrasonic 
modular inverter using FREDFETs with short circuit 
protection. 

The main algorithm is executed by the 80386sx 
computer. This performs the control loop every 2.5ms, 
including the Park transform, decoupling and 
rectangular-to-polar conversion. The computer is 
interfaced to the motor and inverter via an 8085 
microprocessor system through a parallel error-check- 
encoded data link. The 8085 manages the MA818 pulse 
width modulator, the phase current ADCs, overcurrent 
protection and the shaft encoder interface. A special 
algorithm is employed to measure the load angle 
involving a tracking observer and the index pulse from 
the MA818 modulator. 

EXPERIMENTAL RESULTS 

The performance of the overall system is illustrated on 
figures 5 and 6. Tests similar to those simulated in 
figure 3 were undertaken. Figure 5a shows the speed 
response for startup from zero to 750rpm with a high 
inertia load consisting of a de dynamometer. The 
corresponding d- and q-axis currents are shown on 
figure Sb. The effects of a step change in torque are 
shown on figure 6. Due to the high inertia load the 
speed of the response is rather slower than with the 
simulations, but the overall characteristics are as 
designed. I, is maintained small compared with I,, and 
is not noticeably affected by acceleration or torque 
changes. This shows the satisfactory operation of the 
decoupling algorithm and current controllers. The 
experimental results do show significant current ripple, 
and some torque pulsations were observed. These are 
partly due to the low sampling rate, but also due to 
tooth ripple in this particular motor.



CONCLUSIONS 

A novel vector controller permanent magnet 
synchronous motor drive has been developed. The 
drive uses an inverter based on a commercial pulse 
width modulator ASIC to allow low sampling rate and 
simple system implementation. The resulting drive is 
very stable, has good dynamic performance and operates 
close to maximum torque per ampere. 
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PERMANENT MAGNET SYNCHRONOUS MACHINES 

J.Wang”, N.Bennett’, K.J.Binns’, D.W.Shimmin’® 
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INTRODUCTION 

Permanent magnet synchronous 

machines have developed 
considerably in recent years 

and are finding wider 
application in industrial 
drives. However the 
synchronous nature of these 

motors, combined with the 
absence of any simple method of 
field excitation control, has 

led to problems in obtaining 
good dynamic performance. The 
rotor construction leads to low 

inertia and therefore 
inherently fast response but it 
is difficult to guarantee 
stability without a 
sophisticated control scheme. 
Design and tuning of such 
controllers requires a 
knowledge of the machine 
parameters, taking account of 
any variation with load. 

This paper presents a study on 
a four pole machine with an 
asymmetric buried magnet rotor 
having cage bars, as shown on 
figure 1. In addition to 
saturation effects, the 
parameters are known to vary 

with the direction of rotation 
due to the rotor asymmetry (1). 

The machine has been modelled 
using the equivalent circuit of 
figure 2. The parameters of 
this model have been determined 
by both computational and 
experimental techniques. 

COMPUTATIONAL METHODS 

“University of East London, UK 

The machine was analyzed using 
two-dimensional finite element 
methods by the software 
packages MotorCAD and PE2D. In 
the steady state the damper 
winding have no effect and the 
synchronous reactances LI, and 
Lj are given by: 

Lao =LygtLng ( - ) 

Lg Ligt Lng 

where L, and L, are the d- and 
q-axis leakage inductances, and 
Las Lmg are the d and q axis 
magnetizing inductances. 
Evaluation of the magnetic 
energy storage under 
appropriate conditions of 
stator current allows 
calculation of L,, and L,, while 
Ly and L,, were obtained by 
Fourier analysis of the airgap 
flux distribution. Ly and Lig 
can then be found from equation 
1. The effects of saturation 
can be observed by varying the 
imposed stator currents. The 
results are shown on figure 3. 
It may be noted that the 
difference between Ly, and L, is 
small and the variation with 
load current is not great. [In 
the subsequent analysis these 
leakage inductances were 
replaced by a single value L, 
and any variation was absorbed 
into Ly and L,,- 

The damper circuit parameters 
were calculated using a 
frequency response technique. 
From figure 2, the d-axis 
inductance variation with 
frequency may be written



Lao (1+jwt g) 
Lg(jo) = i+jata (2) 

where 
cw ets Eat Lea) +L mala 

i. Ryglg (3) 

— Latha 
Tao-— pp 

kd 

A similar result may be derived 
for the q-axis. Calculation of 
Ly at a range of frequencies 
allows evaluation of T, and Ty, 
and hence Ly and Ry. The 
analysis has to be performed at 
the correct load current. A 
non-linear steady state 
solution was first obtained 
with the desired stator 
currents. The mesh 
permeabilities were then saved 
and used as the starting point 
of a small signal ac analysis. 
The flux linkages with each 
phase winding y,, y, and y, were 
determined by the post- 
processor, and these were 
converted to y¥, and y, using the 
Park transform. From these 
flux linkages L, and L, can be 
calculated. The results are 
shown on figure 4. 

EXPERIMENTAL METHODS 

Determination of the parameters 
of a permanent magnet machine 
requires a different technique 
from wound field synchronous 
machines due to the 
inaccessibility of the field 
circuit. Care must also be 
taken to allow for variation of 
the parameters with load. 

The winding resistance R, was 
obtained from a dc measurement 

with a correction for the skin 
effect. The static inductances 
Ly, and L,, were obtained by the 
flux integration method (2,3). 

A set of zero power factor and 
load angle tests were also 
performed (4). The results of 
these tests are shown on figure 
5. 

Separation of Ly and L, from Ly 
and L, is not possible by the 
Potier test since the field is 
not adjustable. An alternative 
approach is based on the 
variation of inductance with 
rotor position. Such variation 
is important for a number of 
rotor position detection 
techniques (5). For the red 
phase, for example, the self 
and mutual inductance variation 
with rotor position is given by 

Lp (8 , =L),+L,,+L2, (8 x) 

L 
Mpy (8 ,) =Myp (8 ,) =- 5 - Mz (8 ;) 

(4) 

where L, is the stator leakage 
inductance, L,, is a constant 
magnetising inductance, and L,,, 
M, are magnetising inductances 
varying with rotor position. 
The stator leakage inductance 
can be found by Fourier 
analysis of equation 4 as 

ts; == "Liga (0 -) -2Mgy (0 ,) )a0 , (5) 
s 

The self and mutual inductances 
were measured by the flux 
integration method for one 
electrical half revolution, 
allowing calculation of L,. 

The damper circuit parameters 
were evaluated using a 
frequency response technique. 
The terminal impedance was 
measured over a range of 
frequencies for current 
excitation in the d-axis and in 
the q-axis. These orientations 
were ensured by fixing the 
rotor with the d-axis aligned 
with the red phase, and 
injecting current into the



appropriate windings. A curve 

fitting technique was used to 

relate the Bode plot to an 

impedance variation of the form 

Zar g(I®) _ (1+jWT,) (1+jwT,) 
6 

R (1+jwT.) (6) 
s 

where T,, T, and T, are related 

to the equivalent circuit 
parameters. From the curve 

fitting the time constants were 
evaluated allowing calculation 

of Iya, Rua, yg and Rig- The 

resulting damper circuit 
parameters for the q-axis are 

shown on figure 6. 

COMPARISON OF TECHNIQUES AND 

RESULTS 

The general agreement between 

computed and experimental 
results is encouraging. Each 

of the techniques described has 

some disadvantage or potential 
inaccuracy. The computational 
methods all rely on accurate 

geometry and material data. 
The 2-dimensional finite 
element solutions do not take 
account of core losses or end 

winding effects, so that the 
slightly higher static values 

obtained by calculation 
compared with those from 
experiment are not unexpected 
(figures 3 and 5). The damper 
circuit parameters obtained by 
the frequency response 

techniques are less consistent. 
The cage bar circuit 
representation has limitations 
in 2-dimensional finite element 
systems (6) in addition to the 
steady state weaknesses 

mentioned above. On the other 
hand the frequency response 

measurement using a dc bias to 
simulate the loading conditions 
is also not truly 
representative of normal 

operating conditions. 
Unfortunately no other 
technique for obtaining damper 
circuit parameters appears to 
be available. 

The load angle and zero power 
factor tests have some appeal 
since they involve measurements 
of the machine under 
operational conditions, 
although accurate measurement 
of load angle can present some 
difficulties. However they can 
only give limited information, 
while the flux integration 
technique has much wider scope 
and allows measurement of 
leakage inductances. 

CONCLUSIONS 

A range of computational and 
experimental techniques have 
been used to obtain the 
parameters of a permanent 
magnet ac synchronous machine. 
There is good agreement between 
the different methods, and the 
it has been shown that the non- 
linear variation of parameters 
with load can be determined. 
The resulting 6" order machine 
model is being used for control 
system design and simulation 
studies. 
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Fig.1 Configuration of the High Field Permanent Magnet Synchronous Machine
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