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ABSTRACT 

The work presented in this thesis is concerned with the analysis, 

modelling, simulation and control of a surface mounted permanent magnet 

motor supply by a voltage controlled Pulse-Width Modulation (PWM) inverter. 

In Chapter 1 an overall description of the design and construction of 

individual components of the brushless dc drive system is presented along with 

a review of the general concept of the drive system. This type of machine is 

compared with other types of machine and the potential advantages of this 

new concept, both technical and economic, outlined. 

In Chapter 2 the operation and the control aspects of the brushless dc 

motor are described, with particular emphasis placed on the basic requirements 

for the operation, torque production, performance characteristic and control. 

The high-speed torque control methods are also described and their merits 

are reviewed. In addition the effects of different parameters of machine design 

on the torque-speed characteristics are discussed. 

Chapter 3 elaborates on the analysis and simulation work by pre- 

senting a comprehensive analysis which aims to show that direct three-phase 

representation can be used as an effective tool for performance assessement 

of brushless dc drive systems operating over a wide speed range. 

In Chapter 4 the performance of the brushless dc motor supplied by 

a PWM inverter with a view to improving the high-speed torque performance 

is investigated. Simulation and analysis of the brushless dc motor is presented 

in which the actual parameters of the experimental machine are used. The 

aim of the analysis is to simulate a brushless d. c. drive system operating in 

closed-loop control modes, which use high speed torque control techniques in 

conjunction with a PWM control technique. 

A detailed analytical model which makes possible the use of machine 
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theory for representing the performance of the brushless dc motor is presented 

in Chapter 5. The method utilizes the phasor diagram, where machine 

performance in terms of the main control variables such as voltage and 

phase advance angle is demonstrated. Chapter 5 also presents an analytical 

expression for the phase-advance angle which yields maximum torque at a 

given motor speed. 

An analytical study concerning the optimum phase advance is devel- 

oped in Chapter 6. In this work two analytical approaches to the problem of 

obtaining an optimum phase advance angle are presented. Chapter 6 presents 

a detailed analysis of the shape of the current and back-emf waveforms in 

a trapezoidal brushless dc motor drive and their effects on the torque/speed 

performance. 

Chapter 7 presents the implementation of a microprocessor based 

system, which can set the phase advance angle to its optimum value at any 

motor speed. This implementation is done in real time on the protortype 

drive using a TMS320C30 digital signal processor. Features of the method 

proposed in this thesis include the estimation algorithms for predicting the time 

advance. Experimental results on a drive system demonstrate the satisfactory 

performance of both the hardware and software of the control scheme. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

Many industrial, commercial, and domestic applications require variable- 

speed motor drives. Traditionally, dc machines have dominated this application 

area. Although the machine is moreexpensive than the rival induction motor, 

the control principles and the power inverter required are somewhat simpler 

in dc brushed drives because, generally, armature current is approximately 

proportional to torque and armature voltage is approximately proportional to 

speed. However, the main disadvantages are its commutators and brushes 

because, d. c. motors operate. by virtue of an electro-mechanical commutator, 

which is a major source of unreliability. In practice d. c. motors require 

frequent maintenance to ensure trouble free commutation. Furthermore, the 

sparking associated with the action of a commutator makes a d. c. motor 

drive unsuitable for use in certain industrial locations, since the sparks can 

cause radio interference or ignite flammable gases. In addition, the relative 

orientation of brushes and commutator bars are fixed and can not be changed 

during operation. 

The requirement from industry for reliable, low-maintenance, controlled 

drives has therefore led to considerable work in recent years on various "brush- 

less" drive systems. This controlled drive achieves the desired, performance, 

by a combination of a machine and power electronics. 

The thesis is concerned with work on controlled drives of brushless d. c. 

motor type. The object of the work described in this thesis is to develop first, 

. -Ow the general background, through analysis, modelling and simulation, necessary 

for controlling permanent magnet brushless dc motor, second, to assess the 
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influences of control on the important performance parameters of brushless dc 

motor drives and third to present control techniques for improved high-speed 

performance of brushless dc motor drives. 

1.2 Classification of Permanent Magnet Machines 

Basically two types of three-phase permanent magnet machine have 

been designed and constructed. They both comprise four components: a 

power supply, a power converter (such as a voltage source inverter), a motor 

and a rotor position sensor, as shown in figure 1.1. The motor is a three- 

phase type with the "armature" winding carried on the stator. A permanent 

magnet is mounted on the rotor to provide the working flux. The stator 

windings are energised by the power converter, which is itself controlled by 

the rotor position sensor. The motor torque arises from the misalignment of 

the stator and rotor magnetic axes, and the position sensor ensures that the 

torque angle remains essentially constant as the rotor turns. Hence continuous 

unidirectional torque is generated by the motor, at any speed. However there 

are important details, both in the design and operation, which require careful 

attention. 

1.2.1 Brushless Sinusoidal Permanent Motor Drive 

The brushless sinusoidal, permanent magnet drive uses continuous rotor 

position feed back. The motor is supplied with sinusoidal voltages and currents 
by pulse width modulation of the dc supply voltage. The ideal motor back 

emf is sinusoidal, so that the interaction with sinusoidal, currents produces 

constant torque with very low ripple. The motor is designed for a sinusoidal, 

supply, with a three phase distributed stator winding and the rotor mounted 

magnets shaped so as to give sinusoidal air-gap flux distribution and hence a 

sinusoidally alternating back-emf pattern is produced. This type of motor, is 

known as a sinusoidal brushless dc drive. 
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1.2.2 Brushless T! rapezoidal Permanent Motor Drive 

The second category of permanent-magnet motor drive is referred to 

as the brushless trapezoidal permanent motor. In this type of drive the 

position feedback is not continuous, but is obtained at fixed positions, usually 

every'60" electrical in the three-phase machine, or alternatively the voltage 

may be fed in blocks of 120", with a simple limit to ensure that the current 

does not exceed the motor or power-switching capability. The ideal back 

emf is trapezoidal with the constant part of the waveform timed to coincide 

with the intervals of constant phase current, leading to the production of a 

constant total torque from the three phase machine. In this drive, the motor 

is designed for a rectangular current supply, with a three phase concentrated 

stator winding and the rotor mounted magnets shaped so as to give a 

trapezoidal air-gap flux distribution in order to provide the ideal trapezoidal 

induced back-ernf and thus the ideal trapezoidal torque. 

1.3 Power Switching Circuit 

1.3.1 Inverter Configuration 

In both the sinusoidal and trapezoidal drive types, control of current 

in the motor windings is accomplished by a three-phase bridge arrangement, 

as shown in figure 1.2, in which each of the star-connected machine windings 

can be connected to either of the dc supply rails. As a consequence of 

this reason, six devices are used allowing two phases of the motor to be 

conducting at a given time, with consequent improvement in power/volume 

ratio. It should be noted it is also possible to operate the motor with 

unipolar currents using three switching devices. Copper utilisation is poor 

since only one coil can be excited at a time, but the simple design offers cost 

advantages. 
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The dc supply itself may be derived from a battery, in an automotive 

application for example, or in the case of an industrial drive may originate 

in a controlled rectifier connected to the machine ac supply. The inverter 

operates on a fixed d. c. link voltage, which makes it possible to use a 

common d. c. bus. The use of the d. c. bus minimises the need for cabling 

and main connection devices. Since it is often necessary to return stored 

energy from the machine to the dc supply it is necessary in either case that 

a large storage capacitor should be connected to the supply so that surplus 

energy can be absorbed. 

In addition the constant d. c. link voltage allows the combination of 

several inverters with separate controls to a common power supply. This 

is an important advantage for servo drives, because in most servo drives 

applications more than one servo drive is needed. The number of devices 

thus installed will be substantially reduced compared to inverters with separate 

d. c. supplies. 

In the trapezoidal machine drive the power switching bridge acts as 

an electronic commutator, switching dc current between windings according 

to the instantaneous rotor position. The current waveforms characteristic of 

this type of drive are obtained by switching on one device of the three in 

the upper and lower rows of the bridge. The d. c. supply voltage is then 

connected across the series combination of two windings, with one winding 

carrying positive and the other negative current. During this time the third 

winding is left unconnected to either supply rail, unless it is carrying current 

from a previous excitation interval, in which case this current decays through 

a path formed by freewheeling diodes. 

It is also possible to use the power -switching bridge to control the 

level of the current in the machine windings. - Two separate approaches 

are in common use. The first method is the so-called current chopper in 
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which the conducting devices are switched on or off according -to whether 

the instantaneous current in the machine is too low or high. TWe alternative 

method, which is usually used, is a closed-loop current controllsystern with 

the average voltage applied to the machine winding being depeu&nt on the 

difference between the actual and demanded current. Pulse width, modulation 

(PWM) is used to control the average winding voltage, the mark: space ratio for 

conduction of the power switching devices being varied according to the voltage 

required. This implies a need for fast power switching devices.. A variety of 

switching devices are currently used in a PWM voltage inverters -for brushless 

motor drives, including bipolar transistors, gate-turn-off thyristors (GTOs) and 

various types of field-effect transistors, as well as hybrid (bipolarIfield-effect- 

IGBT) types. With new switching devices continually being introduced, and 

with the move to integrate all the base or gate drive and protection circuitry 

within the main device package (the so called "Smart-Power' approach), it 

will be some time before an industry standard emerges. C 

Selection of appropriate devices is dictated by switchink frequency, 

power handling capability and cost-including that of the ancillary circuitry 

needed to operate the devices. The former two characteristics are compared 
for different devices in figure 1.3. 

I 

1.3.2 The Operation of the Inverter 

To illustrate the commutation of the inverter, which is driving the 

three phase motor, a standard operation mode using 120" conduction angle 

is considered in figure 1.2 in which two switching devices are cdnducting at 

any time. In figure 1.4 signals 1,2 and 3 drive the three upper switching 

devices of the inverter bridge while signals 1,5 and 6 drive the, -: three lower 

switching devices. Note that in the same inverter leg, the signals that drive 

the upper and lower transistors are never on at the same time. i 
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A complete electrical. cycle starts turning on switching devices S1 

and S6 and then the corresponding motor terminal of phases a and c are 

connected to the dc supply. Thus the current flows through phase a and 

phase c. When the torque production capability from phase c is exhausted, 

switches S6 is turned off and S5 is turned on which energises phase a and b. 

Next phase a loses its ability to produce torque and has to be commutated. 

Switching devices S1 is turned off and S3 is turned on, which energises phases 

c and b. This completes one half of the electrical cycle. In the second 

half of the cycle, the permanent magnet polarity on the rotor as viewed by 

the stator is reversed. This requires that the current in the stator windings 

also be reversed in order to continue generating torque in the same direction. 

Thus in the second half of the cycle, to provide torque in the same direction, 

the on state switching device sequences must be (3,4) and (2,6). Table 1.1 

shows the switching device sequence required for forward and reverse sequence 

of the inverter operation. 

According to the scheme explained above, six commutations occur in 

one electrical cycle. For a six pole motor, which is the case in this work, 

three electrical cycles are required per mechanical revolution. Thus, each 

commutation occurs every 60* electrical or 200 mechanical. In general for a 

p pole machine using the above commutation scheme, 3p commutations are 

required per mechanical revolution. 

To illustrate the mechanism of how the inductive energy stored in 

the winding is returned to the source or circulated in the motor windings 

during the 60* intervals, the combination motor-inverter shown in figure 1.4 

is used. In this figure at the conclusion of the (1,6) commutation sequence, 

the phase c and switch S6 are turned-off, thus, the current path to ground 

via S6 is interrupted and replaced by free-wheeling diode D3 and switch 

S1, and the path is complete through phases a and c. The effect is that 
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a and c windings are momentaxily short circuit through the diode and the 

transistor. Both the diode and switching device have small voltage drops. 

In the next commutation sequence initially involving the (S1, S5) combination 

S1 and winding a are turned off. In this case, the short circuit is through 

switch S5 and diode D4. 

An interval of 60" is available to release the energy stored in a 

winding after a commutation. When the motor current drops to zero during 

this interval, the motor winding is disconnected from the source voltage and 

it is free to assume any voltage level between the two inverter bus potentials, 

depending upon the internal motor drops. 

1.4 Permanent Magnet Motor Design 

1.4.1 The Rotor Conflguration 

The rotor magnetic field excitation, in the brushless dc motor, is 

provided by a permanent magnet instead of a discrete winding carrying dc 

current. It is desirable in many applications for the rotor inertia to be as 

low as possible so as to allow high- acceleration and hence a fast responding 

drive. For these reasons as well as to reduce cost, the rotor configuration is 

very simple. 

There are many possible rotor configurations for the permanent magnet 

brushless dc motor. The issues here saliency or not, flux concentration or 

not, high armature reaction or not and mechanical integrity. It is also, how 

to place the magnet and non-magnetic sections into a cross section of the 

rotor. The non-magnetic sections are usually air, but can be also be epoxy 

non-magnetic steel or resin when a high strength material is -needed, for 

example in the shaft of the machine. 

For the conventional inner rotor, radial-field machine there are three 

7 



rotor structures, as shown in figure 1.5. The surface-mounted magnet machine 

where magnets are mounted on the rotor surface (figure 1.5a), and the buried 

or interior permanent magnet machine where magnets are mounted inside the 

rotor body (figure 1.5b and 1.5c). 

A surface magnet design is perhaps the simplest. This consist simply 

of magnets generally arc shaped but sometimes With flat inner surfaces which 

are usually simpled glued to the surface of the rotor core. The rotor core is 

usually laminated to avoid the action of ripple field and is keyed to the solid 

shaft. However, the surface-mounted magnet machine is essentially nonsalient 

with a large air-gap and is commonly used. Because of the large airgap, the 

armature reaction effect on pole flux is insignificant. Therefore, the variation 

of airgap flux under stator current change is minimised. 

, 
The interior (or buried) magnet machine has salient pole structure. 

The effective airgap is narrow and the armature reaction effect is significant 

and dominant and therefore control in the constant torque and the constant 

power region (flux weakening) is possible. In interior permanent magnet 

machines, usually, the basic difference in the rotor is in the orientation of the 

magnets. It is either the magnetic axis of the magnets oriented radially or 

circumferential direction. 

A further configuration is the so-called disc machine in which the 

active portion of the flux is axial and the winding current is radial. To get 

the most from a disc layout the machine has to be large in diameter and 

short in axial length and its benefits from being multiple pole. Because the 

active length of the armature conductors is short and the velocity of the 

armature conductors varies sharply along their length. The inner part of the 

conductors is less and less useful becaues the rate of cutting flux at a fixed 

speed is reducing with radius. There are circumstance in which such a shape 

is advantageous for instance in robotics. 
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1.4.2 Selection of Rotor Magnet 

Since permanent magnet brushless dc motor performance depends 

mainly on the airgap flux, the configuration of the rotor using different 

magnets will vary widely as well. Unlike electromagnets the excitation is 

flux dependent and therefore non-explicit. As can be seen from the following 

discussion some magnets operate at very low flux density and may require flux 

guiding. Hence permanent magnet motors need to be individually designed 

unlike conventional motors which can be easily standardised. 

Associated with the configuration, it is necessary to choose the ap- 

propriate permanent magnet material. The difference in magnet material 

properties results in different optimal dimensions and thus a different volu- 

metric ratio between iron and magnet. 

A variety of magnet materials are available which vary greatly in 

characteristic and cost. The design criteria for a permanent magnet providing 

the field excitation in a brushless dc motor are (i) high coercivity to resist 

demagnetisation, as the magnets are positioned directly next to the airgap 

and the stator currents, they must able to withstand the full demagnetising 

effect of stator winding, (ii) high energy product to give minimum magnet 

volume, (iii) low temperature coefficient to give stable performance under all 

conditions and to resist demagnetisation, (iv) low cost, (v) ease of machining 

into desirable shapes. There is in general a trade-off between (i) to (iii) and 

(iv) and (v). Comparison is further complicated by the need to redesign the 

machine for each different material. 

The characteristics of most interest when considering permanent mag- 

net material are described by the intrinsic magnetisation curve (B-H, ) and 

dernagnetisation curve (B-H). These characteristics are shown in figure 1.6 

for most common classes of permanent magnet which are currently used in 
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permanent magnet rotor. The typical parameters of the material constituting 

the magnets are (i) residual induction (B), in Tesla (ii) demagnetising force 

(H), in Am-' (iii) energy product (BH 
.... . 

), in Joules. 

The cast permanent magnets of Alnico, type are alloys composed of 

aluminum, nickel, cobalt, titanium, and iron in different proportions. They 

do produce good remanent flux densities but have low corecive forces, and 

so they are easily demagnetised. In addition they are not readily available 

in anything but very standard shapes and care is required to machine them. 

As they are conductive, eddy currents can be induced in them. 

Ceramic ferrite magnets are obtained through high-temperature syn- 

these and being very hard and fragile, also cannot be processed with conven- 

tional machine tools. They usually consist of alloys of iron oxide or barium 

oxide. They exhibit improved linear B-H characteristics at the price of a lower 

magnetic induction value compared to Alnico. The energy product of ceramic 

magnets is slightly less than Alnico but, due to their higher dernagnetisation 

force, do not demagnetise on open circuit. 

Rare earth magnets, of which samarium cobalt (SmCos) has become 

the most popular, have the most linear B-H characteristics. However, they 

exhibit. low magnetic induction values compared to Alnico magnets. Rare 

earth magnets have very high energy products but on average cost 20 times 

more than the Alnico or ceramic varieties for comparable performance. They 

do offer one advantage to the motor designer in that the magnetic material 

can be magnetised prior to assembly. In other words, the rare-earth magnet 
has high coercivity making it extremely resistant to demagnetisation. This 

eliminates the need for keeper rings during assembly and disassembly of 

frameless motors and nullifies the possibility of demagnetisation during motor 

operation. Less material is required for a given application compared with 

Alnico or other materials. 
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The high coercivitY of these materials influences the design of motors 

and significant performance improvements have been made possible. Because 

the magnets are shorter in the direction of magnetisation they may be oriented 

radially instead of circumferentially. This has the effect of lowering winding 

inductance, thus the amount of energy which must be exchanged from one 

winding to the next during commutation is reduced. The commutation system 

operates under less load with better reliability. 

The Alnico magnets have non-linear B-H characteristics which is a 

particular problem which needs special consideration if this material is to be 

used. Since the material is easily magnetised, it is usual to supply it in the 

unmagnetised state, allowing it to be machined before assembly into the motor. 

Only at this stage is the material magnetised, using either the armature 

windings or a purpose-. built magnetising structure. Note that subsequent 

dismantling of the motor is likely to cause a loss of magnetisation. Alnico 

magnets are usually supplied in a range of rectangular block or cylindrical 

shapes, though it is possible to obtain rotors cast in these materials. 

Alnico magnets, and rare earth are relatively expensive and their use 

is restricted to high- performance machines where the power/volume ratio must 
be maximised. However, ceramic ferrite magnet is inexpensive but limited 

by its low maximum energy product, due to the lower values of residual 

flux density. Zimmerman, [1982] has shown that the ferrite magnet is much 

cheaper than the Alnico and samarium cobalt for machines of similar power. 

A comparison of ferrite and samarium cobalt magnet fitted motors has been 

reported by Demeradash et al [1983). Their works show that the performances 

of both materials are virtually identical but the ferrite magnet motor is twice 

as heavy, of twice the volume and five times the inertia of the samarium 

cobalt motor. It is however concluded that cost overides these disadvantages 

in favour of the ferrite magnets in all but the most demanding applications. 
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Neodymiurn iron magnets were introuced in the mid 1980's with the 

expection that their cost would be less than samariurn cobalt, because of the 

high iron content, and their magnetic performance superior. So far both of 

these expectations are unfulfilled. Commercial forces have caused costs to 

remain comparable to samarium coblat. As far as magnetic performnce is 

concerned the material has a very high residual flux density combined with 

high coercivity, but it suffers from a large loss of effect with temperature and 

a low maximum temperature above which the remnant field in the magnet is 

lost permanently. However neodymiurn iron boron does have good mechanical 

properties, and is finding a growing number of electrical machine applications. 

In addition, a comparison between those permanent magnets deemed 

suitable for permanent machines use is given in table 1.2. 

1.4.3 Stator Design 

Brushed dc motors have distributed armature windings and the in- 

terconnections between the windings and the commutator is arranged so that 

only those coils under the influence of the field at a given moment are carrying 

current. Similarly small brushless dc motors have a concentrated one slot 

per pole per phase armature winding, for example eighteen slots for a three 

phase six pole machine, as shown in figure 1.7. The slots are often skewed 

to avoid tooth ripple effects. Careful air gap design, particular the shaping 

of the magnets results in a trapezoidal back-emf, as explained earlier in the 

previous section. The one slot per pole per phase winding arrangement is a 

very inefficient use of the stator bore. Machines designed for sinusoidal feed 

are equipped with a distributed winding as for a conventional ac machine. 

1.5 Position Detection 

Rotor position sensing on a brushless dc motor is 'usually required 

for two distinct purposes (i) for commutation control (ii) for voltage control 
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or speed control. The latter is usually omitted on low cost appliance type 

drives. This section is devoted to commutation control. 

The purpose of the commutation sensor is to provide rotor information 

to control the flow of current in the machine windings. It thus needs only 

to be a relatively crude device giving the instant at which each commutation 

should be occur. However, "although only a few outputs per revolution are 

required the instants at which these outputs appear are critical to the efficient 

running and dynamic performance of the drive since the commutation must 

occur at the most torque-efficient point. 

1.5.1 Commutation Methods 

In commutation control, the brushless dc motor must incorporate some 

means of detecting the position of the rotor poles in relation to the stator 

phases, so that the phase currents are accurately commutated and therefore, 

that the desired operating characteristics of the motor are obtained. 

The current conduction pattern in the brushless dc motor, as shown 

in figure 1.8, is that each phase conducts, alternately for 120" and then 

remains no-conducting for 60", also only two phases conduct at any given 

time. Current transitions, from one phase to the other, occur every 60* 

and due to the flat top of the back-emf in each phase a flat top current is 

required to produce a constant torque. Therefore rotor position sensors are 

needed only to detect the transition points which occur every 60". 

The permanent magnet sinusoidal brushless motor requires sinusoidal 

currents, the magnitude'of which depends on the instantaneous rotor position. 

All three phases conduct simultaneously and continuous rotor position feedback 

is needed. 

The encoder is usually installed within the motor and the resulting 

position signals are fed back to the commutation control circuit. However, 
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there are various types position sensors available for commutation control. 

The most reliable position sensor techniques do not involve contact between 

stationary and moving parts; i. e. they are brushless. Practical contactless 

position sensors which satisfy the constraint of cost, reliability, and accuracy, 

include: 

(a) Optical Encoder 

When signals are provided solely for commutation rather than for 

accurate positional measurement the optical encoder takes the following form. 

The rotor is fitted with a perforated metal or plastic disc. This passes through 

a housing (mounted on the stator core or case) which contains one light 

emitting diode (LED) /photot ransistor pair per phase. The phototransistors 

are turned on when a perforation in the disc permits light from the LED 

to pass through. The performance of LEDs degrades above 75' C and this 

limitation demands careful location of the sensor. The position of the disc 

on the shaft and of the LED/phototransistors pair is critical to efficient 

operation and leads to an increase in the comple--dty of manufacture and 

hence an increase in the cost. 

Advantages of the optical sensor method include the fact that the 

signals from the LED /phototransistors, rise and fall quite abruptly and so the 

switching points are well defined. Also, the signals are d. c. and so do not 

require rectification or filtering. In addition, the LED/phototransistor signal 

is usually very low power and so may require amplification before it can be 

used for control purpose. 

(b) Hall Effect Sensors 

Hall effect devices are available for -brushless dc motor commutation 

control and give a digital output [Carvajal, et al, 1985] in response to a 
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magnetic field. They are usually mounted around either the permanent 

magnet rotor or a separate magnet assembly attached to the motor shaft, the 

individual elements activated either by the main magnetic flux or end leakage 

flux. 

One device per phase is required for commutation. As mentioned 

above, these devices must also be mounted in the precisely defined positions 

for accurate commutation leading to increased production cost. 

Recent developments have enabled Schmitt Triggers to be built into 

the devices thus resulting in a ri se and fall time of less than nanoseconds 

permitting very high-switching rates. 

(c) Back-EMF Sensors 

Sensing of back emf has been employed for commutation mainly in 

low cost drives or in high inertia constant speed applications. Several authors 

have described commutation strategies for the so-called sensorless brushless 

machine [Paraskeva, 1984], [Iizuka, al et, 1985], [Le-Huy, 1982], [Grandpierre, 

al et, 1984). In these schemes the switching of the inverter devices is usually 

determined by monitoring the zero crossing points in each motor emf waveform 

during the time when no current is being fed into that phase winding. In 

order to start the motor from standstill, the windings are initially driven 

synchronously by signals generated in the control processor for the machine. 

- An analogue comparator circuit is used to detect when back emf 

has reached a predetermined level. At starting and low speeds the method 

does not function since no back-emf or only a small back-emf is induced 

and the motor is usually run-up open loop until a speed is reached where 

sufficient back-emf is available for commutation. It will be apparent that 

such a system is not suitable for the drives which need to achieve a good 

low speed performance. Also there is often a great deal of spurious noise on 
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the signals due to the switching action on the phase winding and this can 

make accurate detection impossible. 

The advantage of the technique is that the shaft-mounted sensor 

is eliminated, resulting in increased system ruggedness and reduced cost. 

However, this method has been implemented successfully to constant voltage 

drive used for motors less than 1 KW power rating [lizuka, al et, 1982] 

(d) Current Sensors 

The rate of change in the phase current is dictated by the incremental 

inductance of the phase circuit. The incremental inductance is, in turn, a 

function of the rotor position and the phase current. The rotor position 

can be deduced from a knowledge of phase current and its rate of change 

[Acarnley, et al, 1985]. 

The latter two methods require some electronic processing circuitry. 

and, in addition, the variation of phase advance angle and excitation con- 

duction angle is complicated. They do not, however, require the parts to be 

mounted on the shaft as is the case of an optical encoder. One application 

of the latter methods is when environmental conditions hinder the mounting 

of extra devices on the motor shaft. 

1.5.2 Speed Sensing Methods 

Some devices available for speed and positional feedback control are 

reviewed briefly in this section. The most desirable place for mounting a 

transducer is in close proximity to the driven load (reducing the effect of wear 

and backlash in the drive) so the feed back loop of the whole, system needs to 

incorporate drive components such as gearboxes and leadscrews. However, as 

mentioned earlier in the preceding section, drives are commonly provided with 

an integrally mounted tachogenerator, encoder or resolver which facilitates the 

marketing of the drive package but can result in degraded system performance. 
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(a) Tachogenerator 

This is available in brush and brushless types. The use of a brushed 

tachogenerator with a brushless dc motor negates many of the advantages of the 

motor, so brushless tachogenerators are normally employed. A tachogenerator 

is a small precision made electrical machine and the signal available for 

feedback is a generated back emf at its terminals. Its performance as a 

sensor is thus poor at low speeds and it is suitable for "speed control" only. 

Brushless tachogenerators give pulses from a series of stator mounted coils, 

which are decoded to give a speed signal. By using a frequency to voltage 

I converter integrated circuit, an analogue signal can be provided for controllers. 

(b) Resolver 

Resolvers are ac devices giving sinusoidal outputs which can be decoded 

for speed information. The outputs can be used in analogue form or converted 

to digital signals using commercially available resolver to digital converter 

integrated circuits. The sinusoidal output signals make the device most suited 

to speed feedback control applications with a sinusoidal brushless dc motor. 

(c) Other Sensor Possibilities 

Precision encoders suitable for servo use are more sophisticated versions 

of the optical encoder devices which were described earlier. Outputs are 

available with particular code patterns (e. g. Gray code or binary coded 

decimal), thus giving an absolute indication of position at any point and 

reducing the need for further signal processing. Encoders of this type are 

known as 'absolute' encoders. Incremental encoders simply give out a number 

of pulses per revolution which are counted and averaged for speed measurement 

or for positional information. 

An index pulse channel, giving one output per revolution, may be 

provided to allow the position count to be reset, reducing the possibility of 
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cumulative errors. Most encoders give out two pulse trains which are in 

quadrature. Encoders are available with very large numbers of output pulses 

per revolution, giving a positional resolution of small fractions of a degree. 

1.6 Brushless DC Drive Control Configuration 

Details of brushless dc motor control will be discussed in the following 

chapter and this section is limited to the general configuration of the drive 

control. 

A cascade control structure is usually adopted for brushless d. c. 

motor drive applications (figure 1.9). This consists of an outer speed loop 

that compares the speed demand with the measured speed to produce an 

error signal. The error signal is required to indicate whether the motor 

is running at the desired speed and if it is not then it would indicate the 

direction and magnitude of the error. The PID speed controller then performs 

a proportional, integral and differential operation upon the error between the 

two signals. The terms in the PID controller may be varied, so the dynamic 

response of the speed controller can be modified to suit different load and 

operating conditions. 

The speed controller output sets the current demand and is responsible 

for the torque which in turn reduces the error. The main purpose of the 

current controller is to reduce the error signal to zero by varying the torque 

of the motor by adjusting the current. According to this principle, and by 

referring to figure 1.9, the inner current loop compares the current demand 

with actual motor current and produces a current error signal which is fed 

to the pulse width modulation (PWM) control circuit. This produces signals 

which are fed to the commutation control circuit which activates the correct 

motor phases. The use of a single current loop greatly simplifies the control 

system, and maintains a control strategy close to that of a brushed dc 
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motor. It is worth noting that although the analogy with brushed dc motor 

performance holds in that speed is linearly proportional to supply dc voltage, 

speed reversal (or the direction of operation of the motor) is achieved by 

reversing the phase sequence of the switching waveforms provided by the 

converter rather than by reversing the supply polarity. 

In order to control the speed via the torque, it is necessary to devise 

a method of controlling the supply voltage. The most suitable method is 

a switched power supply using a pulse width modulation (PWM) switching 

strategy. The strategy usually used is to modulated the dc supply voltage 

across the motor windings. The reference voltage for the PWM is produced 

by a closed loop current controller. 

The brushless dc motor drive used in this work employs the comple- 

mentary PWM switching strategy. This method is characterised by comparing 

the current reference voltage, together with its inverse, with a triangular carrier 

waveform of a fixed frequency. This comparison produces the two switching 

signals C1 and C2 (figure 1.10), where C1 and C2 switch the top and bottom 

halves of the inverter bridge respectively. The two switching pulse trains are 

then distributed across both halves of the bridge so that the desired output 

currents to the motor windings are achieved. 

1.7 Microprocessor-Based Brushless DC System Control 

Traditionally the electronic control of the power inverter of a brushless 

dc motor drive has been implemented with analogue components like resistors, 

capacitors and op-amps (operational amplifiers), however, this approach suffers 

from several major disadvantages; particularly component value changes due 

temperature variations, susceptibility to electrical noise, and lack of fleidbility 

due to the hardwired nature of the system. These problems have provided 

the motivation of applying digital technology to the control of brushless dc 
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motors. Digital circuits overcome the first two problems mentioned above, 

however, they still suffer from lack of flexibility and can become very complex 

if sophisticated control is attempted. The arrival of the microprocessor in 

the early 1970's has now allowed the possibility of implementing the control 

algorithms with software rather than hardware. With powerful instruction 

sets of these devices, different task -and control algorithms are now practical. 

The control of the speed and torque of electrical machines, which 

had already considerably evolved with the adoption of power inverters, is now 

undergoing an even more fundamental change towards less expensive, though 

increasingly sophisticated systems, owing to the introduction of microprocessors 

for the implementation of the internal loops of the control system. A micro- 

processor based control system for industrial drives promises several distinct 

advantages. One of the most important is flexibility as the control procedure 

is implemented in the software. Therefore, to change the control procedure in 

order to obtain different desired characteristics, only the software needs to be 

modified with minimum or no change in hardware. The microprocessor con- 

trol can be completely digitised, which will decrease its sensitivity to external 

influences. Discrete components and wiring can be reduced or eliminated, a 

factor which should improve reliability. Also as prices of microprocessor and 

associated peripherals continue to fall, the microprocessor-based control win 

become cost competitive. Continued developments in microprocessor technol- 

ogy leading to increase processing speeds will provide improved performance 

in speed, regulation, response time and resolution. Implementation of new 

control techniques, such as field-weakening control and field orientation, in 

real time have been made possible by the microprocessor. 

In order to exploit all the advantages offered by the introduction of 

microprocessors in control systems, one aim of the project described in this 

thesis is to describe the application of a microprocessor in a wide-range speed 
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control system for a brushless dc motor drive using field weakening based on 

the phase advance control algorithms. 

1.8 General Properties of Brushless DC Motor 

Brushless permanent magnet motor drive systems present inherent 

advantages over -ac and dc machine drives and have design features which 

make them suitable for high-performance industrial drive applications such as 

machine tools and robots. They are preferred to the induction and synchronous 

machines in the majority of high performance applications because of their 

high power/weight ratio and relative ease of control. 

The stator core and stator windings of a three phase induction motor 

are the same as those of a synchronous machine used in permanent magnet 

synchronous and brushless dc drives. The only difference in construction 

between the two machines is in the rotor. An induction motor with a squirrel 

cage rotor is one of the lowest cost machines to manufacture as it eliminates 

all brushes, resulting in an exceedingly simple and rugged construction. There 

is no insulated winding on the rotor and an excitation power supply is not 

required. 

The brushless dc motor drive is inherently smaller than the induction 

drives given the same load condition, Brawn [1982]. The induction servo motor 

is mechanically and electrically rugged and is low in cost. It produces torque 

by the interaction of the stator magnetic field with the rotor field induced 

by the stator field. Consequently torque control requires the measurement 

or calculation of the relationship between these two coupled fields. The 

disadvantages of inductions motors are complex control techniques and losses 

in both the stator and rotor. In a brushless d; motor torque is produced 
by the interaction of the stator magnetic field with rotor flux, which are 

decoupled. Heat dissipation from windings occurs only on the stator. Control 
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simplicity and low losses for the brushless dc motor are counter-balanced by 

the additional material cost of the motor. 

In addition, further features of brushless dc servomotors include no- 

maintenance design (bearing lubricated for life), totally enclosed non-ventilated 

specification with thermal ratings for a continuous full-load stall, and low 

inertia for high acceleration. 

As the cost of power and control electronic components as a proportion 

of the total drive cost continues to decrease and as users become more familiar 

with brushless dc motor drives, it seems likely these drives win replace brushed 

dc systems in a large number of applications. Savings can be made in the 

cost of the driven equipment, because the need to make the motor accessible 

for brush maintenace has been removed. 

1.9 Review of Literature 

During the last two decades, considerable work has been reported on 

the subject of brushless dc drives. This has resulted in increasing sophistication 

of these drives, in both machine design and control design aspects. 

Little analysis has been done on the variable frequency operation of 

the machine prior to the development of semiconductor inverters capable of 

producing variable frequency voltage supplies. In published literature several 

authors have described some of the methods applicable for the simulation of 

brushless dc motor systems. The most common methods are based on one 

of three types of approach: (i) d-q mis model Krause, et al [1984,1987], 

Williamson, et al, [1978], Sebastian and Slemon [1987], Slemon and Gumaste 

[1983], Bowes and Clare [1988], Bowes and Clements [1983], Chalmers and 

Hamed [1985] (ii) direct solution method Demerdash, et al, [1980,1982,1985] 

Piriou and Razek [1986], Piriou, et at, [1986] Braun and Creer [1986], Semail, 

et at, [1987], (iii) Fourier series, Bolton and Ashen, [1984], Le-Huy, et al, 
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[1986]. 

Most of these studies reported in the literature consider the perfor- 

mance of the brushless dc machine with sinusoidal supply voltages. However 

this condition may not always be applicable. As the types of control strategy, 

supply condition and back-emf are quite diverse in trapezoidal brushless dc 

motors, a suitable model is needed to analysis and to simulate this type of 

drive. However little work seems to have been done on the development of a 

model suitable for this type of drive. It is one purpose of the present work 

to investigate this area further. 

The modelling of brushless dc motors and drives is not a subject 

that has been well and systematically covered in the literature. However, 

the machine has often been designed using finite element techniques, but 

only a number of a specific examples [Fouad and Nehi, 1981][Davat et al, 

1985][Boules, 1983][Eid and Mouillet, 1984], rather than a general metholodogy 

have been reported. 

There is a large body of literature devoted to the design and applica- 

tion of brushless dc motor drives. Most of the works in this area tend to state 

that the complete brushless dc drive can be assumed identically equivalent 

to brushed dc servo drives. It is apparent that some machine design work is 

based on the technique used for brushed dc motors. Woodbury [1974] presents 

curves giving losses and other parameters for given torques and speeds, as 

well as discussing overall drive design. Tripathi, et al [1980] shows the design 

of a very crude form of drive. 

Servo control in most brushless dc motor uses standard techniques and 

most drives have analogue 'proportional and integral' controller, combined with 

current control discussed by some authors [Zimmerman, 1982][Murty, 1984], 

[Nashiki, 1982]. Oudet and Ettelman [1985] describe a control method, 

whereby a brushless dc motor is run open loop as stepper motor or dosed 
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loop as a brushless dc motor depending on which characteristic is best suited 

to the operating conditions obtaining at a particular time. Jack, et al, [1988] 

discuss the design of small brushless dc drives in which high speeds are 

coupled with the requirement of precise speed stability. 

A number of applications of novel controls have been implemented 

in the brushless dc motor drives. Ogasawa et al [1986) have proposed a 

current method which continuously checks for imbalance of back-emf. Stone 

and Buckley [1985] describe a current control method that lies outside the 

commutation loop, its demands being switched into the various phases as 

commutation occurs. Rise time of currents in the phase winding being 

switched in are carefully matched to 'current decay times in the phase being 

switched out to minimise torque ripples due to the current disturbance. Baron 

[19831 uses a look-up table and fast current to Compensate for torque due to 

the motor design in order to minimise torque ripple. 

A good deal of interest has been shown in recent years in flux- 

weakening control method of brushless dc motors. However, in a brushed-dc 

machine, the field and armature currents can be controlled independently and, 

owing to the action of the commutator, are always held at 90* electrical to one 

another. Flux weakening control techniques emulate this ideal situation for 

the brushless dc drive. A number of applications of this technique have been 

reported in the literature [Snesyer, et al, 19851, [Sebastian, and Slemon, 1987), 

[Jahans, 19871, [Bose, 19881, [Ogasawara. et al, 1986], [Brosnan and Brown, 

1984], [Vagati and Villata, 1983], [Vagati and Villata, 1985], [Husels, 1984]. 

Pfaff et al [1984] discuss a technique which combine hysteresis comparator 

current control with vector control methods. All this work has been done 

for a motor excited by sinusoidal voltage source. Meshkat and Persson [19841 

and Persson and Meshkat [1985) have applied the technique to a trapezoidal 

brushless dc motor for torque ripple by using current waveforms 'of special 

24 



shape store in the memeory (ROM) of the microprocessor. The results of this 

work show that the technique expands the operational torque-speed range by 

a factor two. 

The major advances in dc drives have been made in the control area 

with the introduction of the microprocessor. It is now possible to perform tasks 

such as storing constants, solving special algorithms, and solving special relay 

logic, at relatively little cost and effort to the customer. Drive designs using 

the microprocessor have provided low component counts and interconnection. 

The microprocessor can be used for multiple applications in power elec- 

tronics. These applications include variable-speed drives and power converter 

control. Papers in the literature on the application of the microprocessor have 

not concentrated mainly on the brushless dc motor but they are worth ref- 

erencing to illustrate the capabilities of the microprocessor. El-Sharkawi and 

Coleman, [1986], have reported on the microcomputer control of a brushless 

dc motor. Walter, [1987] has reported on a brushless dc motor controlled 

by a microprocessor. Patrick and Chales, [1985] have reported on the pulse 

width modulation control of brushless dc motors. Acarnley, et al [19821 has 

reported on the prediction and realisation of optimum switching angle of a 

stepping motor. Bose, et al, [1986] has reported on the microcomputer control 

of the switched reluctance motor. The microprocessor controlled the power 

inverter as well as the speed and torque feedback loops. Kenjo and Takahshi 

[1980] have published detail on the microprocessor controlled self-optimisation 

drive of a step motor. 

In spite of all this work on permanent magnet brushless dc motor 

drives, there remain very significant areas where a clear understanding is 

lacking. A broad understanding of the behaviour of the brushless dc motor 

drive therefore needs to be achieved, which can only be done by modelling 

and simulation of the drive. Also an assessement of control variables on 
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the behaviour of the drive is needed to provide the necessary back-ground 

for controlling the brushless dc motor drive, particularly the idea of having 

the microprocessor improve the performance of brushless dc drive systems at 

high-speed operation using microprocessor algorithms is worth investigating. 

These are the main objectives of the work presented in this thesis. 

1.10 Thesis Contributions 

The work presented in this thesis has been modelling, simulation and 
detailed analysis of the operation characteristics of a surface mounted perma- 

nent magnet motor switched by a PWM inverter. Particular consideration 

has been given to a three phase motor with trapezoidal back-emf. 

The major contribution lies in the prediction of the behaviour of the 

PWM inverter-fed brushless dc motor through modelling and simulation and 

assessment of the effects of phase advance and conduction angle controls on 

the overaH performance of the drive system. 

A mathematical method for the modelling of brushless dc drives is 

developed. The basic approach of the method is to incorporate the operation 

of the inverter by using sets of differential equations which describe the 

switching state of the inverter devices in the combined drive system. 

A computer simulation approach for brushless dc motors is also 

presented. The simulation approach is presented for steady state and transient 

conditions of operation of the drive system. The drive system is operated 

with a closed-loop strategy which uses the phase advance control technique 

in conjunction with PWM control technique. Using this approach the high- 

speed torque performance of a brushless dc motor is investigated. This 

study has dealt with different control methods. Their differences are assessed 

and discussed. From the simulation, conclusions are drawn about the merit 

and demerits of these control methods. The results, due to different machine 
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parameters, on the performance of the motor drive are investigated, particularly 

at high-speed operation. 

Analytical approaches to the determination of the optimum phase 

advance angle of the permanent magnet brushless dc motor are developed, 

and a computation study is presented. 

This thesis proposes an original microprocessor closed-loop system 

using estimation algorithm methods of time advance for brushless motor 

drives to improve the high-speed performance of the drives. Features of the 

algorithms proposed include the estimation of phase advance at a real time 

point. Also the features of the microprocessor based time advance estimation 

are described, focussing on application of a TMS320C30 digital signal processor 

in a wide range speed control system. 

1.11 Thesis presentation 

This thesis consists of eight chapters. The foHowing chapter presents 

operation, control and performance characteristics of permanent magnet ma- 

chines for brushless dc drive applications. The operation and requirements of 

the drive are discussed. A method of analysis is used in order to investigate 

the control requirements of the drive system. Different control methods are 

presented. The effect of some parameters on machine performance is also 

discussed. 

Chapter Three presents a mathematical model for the brushless dc 

drive. This model uses a unified equivalent circuit simulation which models 

both the inverter switching states and motor equivalent circuit as one complete 

system. Also a computer simulation approach to predict the performance 

characteristic of brushless dc motor drive is presented. 

In the next chapter a simulation and detailed analysis of the perfor- 

mance of brushless dc, motors switched by a PWM inverter is is presented. 
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This investigation has dealt with the quantitative effect of both 120" and 

180" conduction angles of inverter operation and various machine parameters, 

on the torque-speed characteristic. 

Chapter Five presents an analytical model which describes the high- 

speed torque performance of the brushless dc, motor in terms of phase advance 

angle, using two-axis machine theory. 

In the next chapter two simplified analytical approaches for obtaining 

the optimum phase advance angle in the high speed range are presented. The 

merits of these methods, compared with trail-and-error based on simulation, 

are described. 

Chapter Eight covers the experimental brushless dc motor drive system 

and practical realisation of the phase advance algorithms in conjunction with 

PWM voltage control using a TMS320C30 digital signal processor. 

In the final chapter general conclusions are drawn and suggestions are 

made for future work. 
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Table 1.1 Forward and reverse rotation sequence of inverter operation 

Rotation switchilig-oll 

Forward 1, (i t, r) 3, F) 3,4 2A 2,6 

flever-, e 1.6 2,6 2A 3A 3,5 1.5 



Table 1.2 Typical Characteristics of the. most Widely used 
Types of Permanent Magnet Materials 

Property symbols Materials 

Alnico Sintered Bonded Ferrite Nd-Fe-B 

SMC05 SMC05 
I 

Ullit 

Remanence B,, 0.95 1.12 0.55 0.38 1.19 T 

Intrinsic coercivity ý IH, 410 1100 620 260 1200 kA/m 

Normal coercivity BH, go 670 410 220 850 Win 

Alax energy BH(maz 35 150 50 25 210 kj/m3 

Recoil pernicability /4 3.0 1.05 1.1 1.1 - 

Curie temperature T '820 720 - 450 310 *C 

Density p 7 300 8300 5100 4800 7400 kg/M3 

Resistivity R, 0.5 0.6 lo, 1010 1.45 juqm 
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Figure 1.1 Brushless dc motor configuration 
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Figure 1.5 Permanent magnet rotor configuration 
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Figure 1.7 Cross section of prototype motor. 
1 stator lamination 
2 slot 
3 slot tooth 
4 air gap 
5 rotor pole 
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CHAPTER 2 

OPERATION9 CONTROL AND PERFORMANCE CHARACTERISTICS 

OF PERMANENT MAGNET BRUSHLESS DC MOTOR DRIVES 

2.1 Introduction 

This chapter describes the operation and control of a brushless d. c. 

motor drive, in which a voltage source inverter is used to drive a three phase 

machine. In Section 2.2 a more detail investigation of the operation of a 

brushless d. c. motor is given and torque production in the permanent magnet 

brushless dc motor with rectangular excitation is also discussed. Section 2.3 

describes different control aspects of the brushless d. c. motor, particularly 

the investigation of the high-speed torque performance when both the phase 

advance angle and extended conduction angle methods are used. The final part 

of the chapter presents the principle parameters which effect the high-speed 

torque performance. 

2.2 Operation and Torque Production of Brushless DC Motors 

2.2.1 Operational Requirements 

The general form of current waveform produced by a voltage source 
inverter is shown in figure 1.4. In order to match a brushless motor to 

such a supply current waveform, it is necessary to design the motor so that 

the back-emf of each phase winding has a shape as dose as possible to 

that of the current supply. In both conduction angles of inverter operation, 

resulting phase current depends on the relative magnitudes of resistance and 
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inductance in the phase winding (or L/R). Typical load current waveforms 

for 180* conduction angle are shown in figure 2.1, for one phase only, for 

resistance dominated, slightly inductance dominated, or heavily inductance 

dominated to demonstrate the change in waveform, for different L/R load 

ratios. It can be seen that the current wave shape and conduction time is a 

function of L/R. 

Also it can be seen that in the case of a resistance dominated winding, 

the phase current is constant during the on period and is in phase with phase 

back-emf. The constant square phase current is useful because it results in 

a greater torque output from the motor and allows the supply/inverter VA 

to minimised. Purther the current in each phase is voltage forced and so it 

is important to minimise the effect of the inductance to allow rapid current 

rise times. 

A trapezoidal back-emf of the form shown in figure 2.2 can be 

generated in a phase winding by arranging the rate of flux linkage to be 

constant when a back-emf is required and to be zero during the desired zero 

volt back-emf periods (i. e. the flux linkage is constant during these times). 

This can be achieved by using a rotor which has a constant flux density, B, 

across each pole face (i. e. a square wave of flux across each pole phase arc) 

in combination with an unskewed, concentrated phase winding (one'slot per 

pole per phase). The necessary flux density distribution across each rotor 

pole pair and the relation between flux distribution, flux linkage and back-emf 

is shown in figure 2.2. When the rotor is moving at a constant speed the 

back-emf generated in the phase winding is constant during the time that a 

pole face passes underneath the coll. The induced voltage in phase windings 

are equal to the rate of change of flux linkages 
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oAk 
k=a, b, c at I 

where 

A= 

where 
A is the magnetic flux linkage of corresponding coil k, 

N is number of turn of the coils 

0 is magnetic flux of the coil. 

(2.2) 

If the winding is distributed rather than concentrated, or the stator is skewed, 

there is a tendency for the resultant generated back-emf to be sinusoidal. This 

is because various parts of the winding meet the leading and trailing edge of 

the pole flux at different times and so the vector sum of the individual emfs 

is by no means constant with time and it may result in a large cogging torque 

for the machine. In other words, cogging torque is caused by interaction 

between the rotor magnet flux and the stator teeth. 

In order to limit the ripples in the airgap flux density caused by slot 

openings, semi-closed or closed slots can be used in, the stator. However, the 

requirement for a low inductance stator winding places a restriction on the 

form of the slot that can be used. Often semi-closed or closed slots provide 

a good path for leakage flux and so increase the stator inductance. An open 

slot may be used even though this results in a large ripple component in the 

airgap flux density. 

In practice one way of minimising cogging torque is to choose carefully 

the relative widths of the slot opening, rotor pole arc, and slot pitch. An 
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alternative way of minimising the tooth ripple though skewing of either the 

stator teeth or the rotor magnets. However, skewing increases the complexity 

of motor construction. Also tooth ripple can be effectively eliminated by 

using an airgap winding [Jack, et al, 1988]. 

Finally, it can be seen in figure 2.2a that the magnet pole arc does not 

cover 180" electrical. The interpole regions are necessary to avoid excessive 

pole to pole leakage flux. 

2.2.2 Operational Limits 

The stator current must normally be limited to a maximum value 

due to stator heating. This value may be somewhat dependent on the speed 

because of its effect on stator cooling rate, iron losses, and skin effect, but 

may be considered constant as a first approximation. 

The stator flux linkage, A, must normally be limited to a maximum 

value to limit the stator iron loss and the saturation in the machine. The 

flux linkage, A, may be considered constant or may decrease with increased 

speed due to the increased iron losses. Accordingly the stator voltage must 

be made proportional to speed to maintain m&ximum, flux. The maximum. 

speed is determined by mechanical considerations. 

Having explained the basic requirements and limitations of a brushless 

dc motor operation, the mode of operation can now be described. 

2.2.3 Principle Operation of a Brushless dc Motor 

When a multiphase sinusoidally distributed synchronous motor is 

driven from a sinusoidal voltage supply, the airgap flux generated by the 

stator winding travels around the airgap at a constant rate which is directly 

proportional to the supply frequency. However, if the stator windings are 

driven from a rectangular current supply, the stator mmf (magnetomotive 
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force) moves around the airgap, in a series of discrete moves. In a permanent 

magnet brushless d. c. motor this Tnmf stepping occurs every 60" electrical. 

The instants at which the stator field moves from one location to the next 

are determined by a rotor position sensor, which directly controls the stator 

voltage waveforms produced by the inverter. 

It is, however, clear that when alternating current flows in the machine 

windings, a rotating magnetic field is created that causes the rotor to revolve. 

Therefore it is appropriate to examine how a rotating magnetic field can be 

created by a combination of a d. c. power supply and manual switches or 

power transistor in the brushless dc motor drive. 

Figure 2.3 shows how the currents are distributed in the windings and 

how the magnetic field is located in the motor when the U and V terminals 

are connected to the positive terminal of the battery and the W to the 

negative terminal. It is seen that two magnetic poles, the north and south 

poles are created in the winding arrangement. The field distribution can be 

represented by a vector, illustrated in the centre of the rotor, as shown in 

figure 2.4. 

Figure 2.4 also illustrates the relationship between six different switch- 

ing states and the magnetic field vector. There are other possible switching 

states but these six can be used in sequence to rotate the field; when the 

switching is carried-out downwards, the field rotate clockwise (CW); with 

switching sequence upwards, the field will rotate counter- clockwise (CCW). In 

either sequence, one switching action makes the field travel through 60", and 
hence six sequential operations make a full rotation. In other words during 

each current cycle there are six switching states and thus stator current in 

the stator phase windings. Therefore, a two pole machine rotates by 360* for 

every six excitation changes. This establishes six possible stator mmfs acting 

along the axes of the windings. The stator field moves in a discrete step of 
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60* electrical each time switching takes place from one current state to the 

next. 

At the beginning of each state, the stator flux, due the stator mmf, 

leads the rotor flux by 120* electrical in the direction of the rotation. This 

angle decreases at the end of the same state due to rotor motion and the 

fact that the stator flux, due to the stator mmf, remains stationary during 

the state. At the end of the state the rotor position sensor signals the power 

inverter to initiate the next current state. This produces a 60" electrical 

forward step of stator flux in the direction of the rotation. At this point, the 

two fluxes are again separated by 120" electrical. This process is repeated 

six times over each current cycle. 

These repetitive discrete stator mmf steps lead to a machine operation 

which is analogous to a conventional synchronous machine operating with 

variable torque angle that fluctuates between 120* and 60" six times in one 

complete cycle. 

At this point it should be mentioned that the process of commutation 

and conduction occurs at low speed. Because at this speed there is no or 

little back-emf and the ideal current states are dictated entirely by the supply 

voltages. As the speed increases so do the back-emfs of the motor, the 

excitation pattern requirement is not easily to fulfill, as will be seen later in 

this work. 

When the three voltage waveforms are used to drive a star connected 

motor, at any one instant in time, only two phases are conducting and one 

commutating . For example, phase a is commutating and phases b and c are 

carrying currents which can react with rotor flux. to produce torque. Since 

the windings are in series, the current depends on the sum of the back-emfs 

within both phase windings. The stator flux at any time is the resultant of 

fluxes produced by the two energised phase windings. 
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2.2.3 Operation Methods of a Power Inverter 

As explained previously, the fundamental principle of obtaining three 

phase a. c. currents to be supplied to a brushless dc motor, in which power 

switches are used for conduction of the supply from the dc source to the 

stator windings in the proper sequence. A number of sequences for operating 

the inverter switches are possible, but there are two fundamental methods 

that complete one cycle with six switchings; one is known as the 120* 

conduction angle and the other the 180* conduction angle type. Detail of 

these methods and their effects on the drive performance will be discussed in 

the following chapters, but this subsection is limited to the general description 

and configuration of these methods. 

120' Conduction Angle 

This method of switching sequence is determined by following the rule 

that one of the three switches is connected to the positive terminal, another 

to the negative terminal, and the last kept open. An example is shown in 

figure 2.5. In this figure the current distribution and resultant magnetic field 

are illustrated to show how a magnetic field rotates in a motor. A rotor 

placed in this magnetic field is caused to revolve in the same direction. If 

the sequence is reversed, the magnetic field and hence the rotor win rotate 

in the opposite direction. 

180* Conduction Angle 

Switching for this method is implemented with-out an off period; that 

is, each switch is always on either the positive or negative terminal, but 

the situation to be avoided is to have all three on the positive or negative 

terminal at the same time. The sequence for clockwise rotation is shown in 

figure 2.6. In this figure, the arrangement of the terminal U, V, and W has 

been rotated 180". 
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In either the 120* or 180* conduction angle type, the magnetic field 

rotates at 60* intervals. But differences can be seen in the voltage waveforms. 

The comparison of these methods will be more discussed and presented in 

the following chapters. 

2.2.5 Torque Production 

Torque is produced by the motor whenever the aids of the rotor 

flux is not aligned with the axis of the stator flux, due to the stator mmf. 

Continuous rotation of the rotor can be achieved by arranging the rotor 

position sensor so that the stator flux, 0., always steps on a head of rotor 

flux, ý1, as the motor moves towards the alignment uis. 

The developed torque is proportional in magnitude to the product 

of two flux amplitudes and the trigonometric angle displacement between 

the two flax peaks. The torque angles between the stator and rotor fluxes 

are depicted at the beginning and end of a switching state. The rotor 

is forced into a rotational motion in a direction which tends to decrease 

the angular displacement between the two flux peaks. This continues until 

the next switching instant, at which time the stator flux, due to its mmf, 

moves forward in discrete stepping fashion, as described above. This in turn 

maximises the angular displacement between the two fluxes, and increases the 

torque, and the process of rotor motion is repeated to diminish this angular 

displacement. 

It is, however, dear that the torque produced by the motor is basically 

a function of the stator flux (due to the stator mmf), the rotor flux and the 

angle displacement between the axes of these two fluxes. If the fluxes are 

sinusoidal distributed, the electromagnetic torque, T,, produced by the motor 

is given by 
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kx0. x Of x 3in7p (2.3) 

where 

k is arbitrary constant, and, 

,0 is the torque angle. 

For the purpose of this discussion it is convenient to use equation (2-3) 

even though in general a voltage source inverter fed machine may not have 

sinusoidally distributed fluxes. It can be seen in equation (2.3) that the 

maximum machine torque for a given stator current is achieved when the 

torque is 90". Unfortunately it is not possible to maintain a torque angle 

of 90" throughout a step because stator flux 0,, due to the stator mmf, 

only exists along six fixed axes whereas rotor flux, Of, continuously rotates. 

However, it is possible to arrange the switching points of 0. so that an 

average torque angle of 90" is achieved. 

The stator flux, 0., saturation effects apart, is directly proportional 

to the phase currents. Therefore, if the phase currents flow in phase with the 

applied voltages, the stator mmf and thus the stator flux , 0,, can be precisely 

controlled by the instant commutation of phase currents. This enables the 

average torque angle to be held at a value of 90" and so the torque per volt 

is mwdmised. The voltages must be switched onto the appropriate phase 

winding when the axis of Of is 120" behind the aids of 0,, and then they 

remain connected until, the axes of of and 0, are 60" apart. The average 

torque angle over the step is then 90". At the end of the step the phase 

voltages are switched so that 0, steps on by a further 60". 

A phase current will, only flow in phase with the applied phase voltage 
if the phase winding impedance is resistive. This is only true either in a 
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motor which has negligible stator inductance or at low switching frequencies 

when any inductive reactance is small. Therefore, in a typical motor operating 

at a reasonable speed, the inductive reactance of the phase windings results in 

a significant time constant for the current. If the phase voltages are applied 

when = 1200 there is, a finite delay before the phase currents and stator 

flux, reach their maximum values. Similarly, when the phase voltages are 

removed, the phase currents and ý, do not disappear immediately but decay 

away exponentially via the inverter freewheel paths. This situation becomes 

worse when the back-emf reaches its maximum value at high-speed operation. 

This leads to poor utilisation of the torque producing capability of the motor 

predicted by equation (2.3) for two reasons. Firstly, the delay in 0, rising 

and decaying means that the average value of 0 over the step is less than 

90". Secondly, the average value of 0, is reduced over the step period because 

the phase currents do not attain their maximum values or decrease to zero 

as quiddy as possible. 

As will be shown in detail in the following sections, to limit these 

problems it is necessary to apply the phase voltages earlier than the 0= 120* 

position and also remove the voltages before the 0= 60* position. By 

advancing the voltages in time, it is possible to make the phase currents 

and hence ý, occur over approidmately the required period and with correct 

average spatial displacement from the wds of 0j. The advance needed is 

similar to the brush shift required for good commutation in d. c. brushed 

(commutator) machines. The amount by which the phase voltages must be 

advanced depends on the speed of the motor. 

In practice the control of the phase advance angle to maidmise the 

motor torque over a speed range is generally easier than the control of the 

torque angle. This is because the position of e is directly related to the 

rotor direct wds (the a., ds of 01) and it is the position of this axis that is 
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monitored by the rotor position sensor. Therefore, the information needed for 

phase advance angle is readily available. In contrast, torque control requires 

a knowledge of the relative positions of both Of and 0., in addition to the 

need for a rotor position sensor to monitor the axis of Of, it is also necessary 

to monitor the phase currents in order to control the axis of 0.. 

Having explained the operation of a brushless dc machine, the basic 

requirement and implications of the drive control can now be described. 

2.3 Control and Performance Characteristics of Brushless DC Motors 

Before describing the implications of control methods of brushless dc 

motor drives, it is appropriate, at this stage, to analyse and review the more 

important functional control requirements associated with the drive system, 

and to assess these in terms of the inherent characteristics, Le those which 

occur under the desired operating conditions. 

2.3.1 Performance Analysis 

According to the analogy between the brushless dc motor and brushed 

dc motor, the principle of this analysis is conducted. As in the brushed dc 

motor, the brushless dc motor performance can be predicted by using the 

same basic laws. From these laws, expressions have been derived relating the 

various principle parameters so that the functional requirements of the motor 

can be defined and assessed. 

If the commutation is perfect and the current waveform is rectangular 

in shape, and if the converter is supplied from an ideal direct voltage source, 

V&, then terminal voltage of two phases is given by 

e. R. i. (2.4) 
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where R, is the sum of two phases resistance in series and e, is the sum of 

two phases back-emfs in series. Equation (2.4) is exactly the same as that of 

the brushed (commutator) dc motor. The voltage drops across two converter 

switches in series are omitted, but they correspond exactly to brush voltage 

drops in series in brushed motor. 

e. is back-emf which is induced in the windings and it is proportional to 

both the motor speed, w, and flux, 0, i. e., 

e, = kbO. W, (2.5) 

where kb is motor voltage (or emf) constant which has unit volt/rpm. In 

turn equation (2.4) can also be used to specify the phase current from 

Vd,: 
- e. (2.6) 

Ro 

substituting equations (2.5) into (2.6) yields: 

1 

Ws- 
[V& 

- k, R. O. w, ] (2.7) 

The gross torque produced by the phase windings to overcome the load torque 

and mechanical losses, T., is given by: 

Te = kto, i, (2.8) 

where kt is a torque constant which has unit Nm/A. The torque is a simple 

function of the current and the reason for such a simple relation is that the 

magnetic flux needed to generated torque, which is referred to as 'field flux' 

40 



is provided by a permanent magnet. One can assume that this flux level 

does not vary with speed. 

Substituting equation (2.8) into (2.7) yields the following relationship between 

torque-speed characteristic: 

+ 
R. T. 

(2.9) 
k20, 

also after re-arrangement, equation (2.9) can be written in the foUowing form: 

Vdc RT 
-r - . 

[l 
- 

JLSýe 1 (2.10) 
O, ki Vdck2Os 

If k1i k2 are numerically equal, then the speed torque relation is given in the 

following; 

Vdc RiT. 
Oak VdckOo 

(2.11) 

When the motor is running light, so that the only mechanical resistance is 

that due its own friction, only a small driving torque is needed to keep the 

motor running. Since the motor torque is proportional to current, the no-load 

current will also be small. Hence under no-load (zero torque) condition, 

Vdc 
wro 

kol 
(2.12) 

If the motor is operating under stalled conditions, i. e., w, = 0, the following 

relations are obtained 

Teo 
= koiso (2.13) 
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and 

i 
Vdc 

eo R. 
(2.14) 

substituting equation (2.12) and (2.13) into (2.11) yields the following rela- 

tionship between torque-speed characteristic 

T,, (j - 
'r ) 
Wro 

T. (2.16) 
T. 0 

and for no-load torque 

Teo= 
T. wo (2.17) 

Wrcp - Wr 

Equation (2.17) shows that for constant machine parameters, the noload speed 

is directly proportional the supply dc voltage. 

From equation (2.4) it is also clear that 

V&is = e. i. + Ri,, (2.18) 

which is interpreted as 

P, Pl.,, 

where Pi is electrical input power, P,, is rotational power (mechanical output 

power) and Pl,,,, is power dissipated (copper losses) as heat in stator winding 
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resistance. The output power, P., is related to the speed and instantaneous 

electromagnetic torque by the relationship: 

P,, = e. i. = wT. (2.20) 

The equation that govern the load and the motor is given by 

owl 

= kT. (2.21) 
at i 

In order to clarify the dependence of the motor behaviour on these equations, 

two important observations follow. Firstly the speed drop with1oad is very 

small. This is very desirable for most applications, since all we have to do to 

maintain almost constant speed is to set the appropriate stator voltage and 

keep it constant. Secondly, a delicate balance between V and e is revealed. 

The current is in fact proportional to the difference between V and e, so 

that quite small changes in either V or e give rise to disproportionately large 

changes in the current and this is the situation when the the drive is running 

at constant speed. For transient speed, the difference between V and e (V-e) 

must be limited in order to avoid excessive currents. 

In a power inverter-fed drive it is vital that the current is kept within 

safe bounds, otherwise the power switches, which have very limited overcurrent 

capacity, will be damaged, and it follows from equation (2.4) that it should 

not allow V and e to differ by more than i, R,. It would be unacceptable, for 

example, to attempt to bring a motor up to speed simply on rated voltage. 
At standstill. the back-emf is zero so when the phase voltage is suddenly 

applied to the phase winding, the initial current will rise immediately to V R 

and the value of this current would be very large. 

In a such situation, it is quite impractical to change the speed in 
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that way, except for very small changes, because of the low value of winding 

resistance. For higher power drives the sudden change of phase voltage would 

cause many times rated current to flow. The phase current is extremely 

sensitive to changes in the voltage and some form of current-limiting feedback 

circuit must be used to prevent excessive current. In this approach the 

current is sensed, and the voltage V is automatically adjusted so that rated 

current is either never exceeds its rated value. The feedback current control 

wiU be discussed in the foUowing section. 

The speed of a motor cannot be changed instantaneously because 

of the energy stored in its mechanical moment of inertia. The rate of 

acceleration depends upon the net torque acting on the inertia, as shown 

in equation (2.21). If the short armature time constant is neglected, when 

the phase voltage is suddenly applied to the phase winding, the current 

will rise immediately to 3ý and the motor will accelerate so that the speed R 

rises exponentially, proportional to the winding resistance and the moment of 

inertia. 

2.3.2 Control Characteristics 

The control strategy for the brushless dc drive system is designed to 

optimise the overall drive system with the following main aims (i) proper 

matching between various elements of the system including operation of the 

inverter and the motor and to ensure these will work near their majdmum 

power limits simultaneously (ii) providing mwdmum-available torque at the 

given motor and inverter rating. 

In the system design, matching between inverter rating and motor 

rating is of prime concern. For the inverter the current is the most critical 

factor, while for the brushless motor, the power rating and thermal rating 

play the main roles. Under these conditions of rated power and torque the 
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armature voltage and magnetic flux are at their maximum values and the 

phase current is at its maximum continuous value. The value of phase currents 

is limited by allowable temperature rise of the windings and will normally 

be chosen against steady state thermal limits. Under the inverter rating, 

the armature dc voltage is maximum because there are voltage limitations on 

the power switching devices. The speed corresponding to rated voltage and 

current (and flux) is defined as 'base speed'. 

By referring to equation (2.11), the two basic modes of speed control 

are immediately apparent from this equation. No load speed is seen to be 

proportional to supply dc voltage and inversely proportional to flux. 

Assume that the motor is running at base speed (or around rated 

speed). Firstly the speed can be reduced to zero by reducing dc supply 

voltage, V&, because 0 is limited by magnetic saturation, see section 2.2.2. If 

the winding current remains at its maximum during this process the torque 

will also remain constant at its rated value. Secondly the speed cannot 

be raised by increasing the supply dc voltage V& because this is already 

maidmum. Instead, the airgap flux must be reduced by adjusting the phase 

advance angle between the rotor flux and airgap resultant flux, as win be 

discussed later in this chapter. These two control characteristics are the so 

called 'constant torque operation' and 'constant power operation' as shown in 

figure 2.7. These regions of operations will be described below. 

(i) Constant current operation (Contro Iled- current region) 

For speeds below the based speed (Wb), the power inverter switching 

angle is kept at a constant value that ma. Nimise the motor torque with 

. nimum. ripple. The motor average torque is controlled by regulating the 

motor phase currents. In a brushless dc motor, the motor phases are 

sequentially energised so that only two phases are acting at any time. To 

operate in torque control mode, the current in active phases must be controlled 
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by a current regulator and thus only two current sensors are used in a system. 

As will be described later in this section, the function of the current 

regulator is to compare the measured current, i,,,, with the reference current, 

i,. f. The error is processed by a PID controller that provides the control 

signal for a PWM voltage controller. The latter generates the required 

switching frequency that maintains the current equal to the reference value. 

(ii) Constant voltage operation (field weakening region) 

For speeds above base speed, wb, the current regulator is no longer 

effective because the back-emf is high and the forcing voltage is insufficient 

to maintain constant current. The PWM duty cycle is then at its mwdmum 

value. The motor speed can be increased by using the commutation control 

variables such as the advance and phase commutation as a function of the 

speed so as to obtain the product Tw, equal to a constant. 

The voltage is usually kept constant at its rated value, limited by 

the inverter. The current is limited by the rating of the machine. However, 

for the sake of comparison with brushed dc machines, this mode of operation 

is often considered as a constant power region or "field weakening region". 

The interpretation of figure 2.7 is not always understood but is 

important in the control aspects. It means that any torque up to the fun 

rated value can be obtained at any speed up to the base speed and any 

power up to rated power above base speed. The mwdmum speed depends 

upon mechanical and stability limitations of the motor design. Most brushless 

dc motor drives will operate up to twice the base speed. 

Clearly the characteristic of figure 2.7 is fundamental to the drive 

selection. It is wasteful, involving a larger power supply and motor, to specify 

machine voltage control over the whole speed range if the application only 

requires full torque up to a fraction of this speed and power equal to or less 

J, 
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than rated power at higher speeds. A good example of the use of a wide 

constant power speed range is in machine tool drives. Field weakening control 

is therefore used over this range, where the machine back-emf is approximately 

equal to the dc supply voltage and dc supply voltage is applied directly across 

the armature phase winding. This control will be discussed in detail in the 

following section. 

It must also be emphasised that the discussion has been conducted 

in terms of continuous rating limits. It may be that the duty cycle of a 

particular application can permit the phase current to rise to an overload 

value of, say, twice continuously rated current for short periods, in which 

case the upper limits to the areas in figure 2.7 will be defined by this peak 

current, but the peak current is limited by inverter device rating. 

The following section presents a theoretical performance analysis of 

several control methods for brushless dc motor drives which are being fed 

from a PWM current controlled inverter. The three main control strategies 

which improve the high-speed torque performance of the machine, have been 

investigated. 

2.4 Control Methods of Brushless DC Motors 

In many applications the brushless dc motor is required only to travel 

at a single speed, with a specific load torque and specific supply voltage. In 

variable speed applications it is necessary to provide some means to vary the 

motor speed. Also when a variable output torque is needed a method has to 

be provided to control the input power to the motor. 

Methods of controlling the brushless dc motor include basically two 

functions; magnitude control and commutation control. Magnitude control 

is the process of adjusting the current level in the phase windings in order 

to produce the required level of torque. Commutation control can be used 
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as a control variable to improve the motor speed-torque characteristics, by 

advancing the instant of commutation or by extending the commutation angle. 

The object of the work presented in the following sections is to 

introduce the aspects of the different control methods and strategies of the 

brushless dc motor to allow speed torque variation. 

2.4.1 Voltage Control 

The expression for the speed, w,, of a brushless dc motor, which 

is given by (2.11), shows that the motor speed is essentially controlled by 

adjusting the stator supply voltage. This gives control up to base speed 

(corresponding to full armature voltage and full flux) ) and the motor can 

operate at any speed up to base speed,, and any torque (current) up to rated 

value by appropriate choice of armature voltage, as describe in the preceding 

section. 

Speed control using voltage control for a brushless dc motor can be 

achieved by adjusting the dc voltage supply, either in an open loop system 

or in a more advance control based on the feedback control techniques. The 

voltage- controlled brushless dc drive has very poor speed regulation with open- 

loop control. To obtain the necessary speed accuracy, closed loop control 

is usually necessary. Closed loop systems generally have the advantages of 

greater accuracy, improved dynamic response and reduced effect of disturbances 

such as loading. 

The closed-loop control basically compares demanded and measured 

speed then varies the motor torque according to some control procedure. In 

some controllers for example, if the motor speed is higher than that set by 

the command signal then the error voltage is used to reduce the value of the 

maximum allowable inverter current and, hence, motor driving torque. As the 

motor decelerates, the error voltage falls until the required speed is obtained. 
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In this particular implementation the motor speed error is minimised but 

never zero. The precise implementation of speed control is dependent on the 

power circuit and controller used. 

A simplified block diagram of a speed closed-loop control system 

is shown in Figure 2.8a. The reference speed is given by V,. f and it is 

compared with measured speed V,,, = kw,. The angular w, is regulated so as 

to minimise the difference of V,, f and V,,,. Note that k is a constant of the 

transducer which converts the rotational speed into voltage level and G. (. 1) 

is the transfer function of the motor when voltage is considered as the input 

variable. 

In block diagram 2.8a, G indicate the gain of the amplifier which 

amplifies the error (V,. f - V,,, ). The input voltage to the motor is therefore; 

Vd, = G(V,. I-V,,, ) (2.22) 

V,. f is larger than V,,, the voltage Vd, is large and positive and therefore 

causes the motor speed to be higher than that set by the V,, f. When V,,, is 

slightly lower than Vr,, f a constant speed specified by V,, f will be maintained 

while the motor receives an appropriate voltage. 
This error is then processed through PID controller which operates 

on it with proportional, integral and differential (PID) action in order to 

optimise the closed loop response and also to obtain the current demand. 

Each of the three operators is scaled independently, (figure 2.8b). 

Because torque is the direct result of motor current, (as shown in 

section 2.3.2), in many applications it is the current that is the most important 

parameter to control. Furthermore, it has already been explained in section 

2.3.2 that even a relatively small, rapid increase in the applied phase voltage 

will drive a very large current through the motor winding. This cannot be 

allowed to happen, because even a relatively small over-current will damage 
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the transistors of the inverter. The fundamental requirement of brushless 

dc motor control is therefore to protect the inverter transistor switches from 

damaging current during transients, and to limit peak currents, which could 

cause damage to motor windings. This is always done by closed loop control 

of the motor current as shown in figure 2.8c. 

In the dosed loop current controller, the instantaneous measure current 

i. in the motor winding is detected by the current sensor, which provides 

the feedback signal for current control loop. This signal is compared with 

the current command, i,, f, which is obtained by a PID speed controller, and 

a current error Ai is generated. Upon this error the current regulator is 

activated to maintain the current level within adjustable limits. 

The action of the regulator is to switch the dc supply voltage across 

pairs of machine lines in either sense. This can be done effectively through 

pulse width modulation of the voltage. The PWM scheme is often used 

in the current loop to maintain the current in the phase windings equal 

to the commanded current. In the PWM, the control voltage is achieved 

by comparing the current servo amplifier output with a constant frequency 

triangular waveform. The result is a square wave' of fixed frequency with a 

variable mark/space ratio which determines the input voltage and subsequently 

the speed of the motor. Full torque can be maintained over a wide range of 

speed, and the maximum speed is determined by the voltage available from 

the controller. Since the motor back-emf is proportional to speed, this limit 

tends to be a sharp one, and occurs as soon as the PWM duty cycle reaches 

100%. 

- It is clear that current control operation provides effective torque 

control and inherent protection. However, current regulation is no longer 

effective at higher speeds. At these speeds the voltage reaches its full value, 

and control at higher speeds cannot be achieved since the voltage cannot 
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be increased further. In such a situation, the commutation control offers 

two further important control parameters: the phase advance angle and 

extended conduction angle. Phase advance angle represents the rotor angle 

at which a given phase is turn-on, and extended conduction angle represents 

the commutation angle at which a given phase is turn-off. In general stepper 

motor terminology, the phase advance angle is referred to as switching angle 

or lead angle, that is the rotor angle at which driving voltage is applied to 

a given phase in advance of the detent position for that phase. 

However, control of these angles makes available a very wide range of 

performance characteristics and control possibilities. In the following section 

these high-speed torque methods are discussed in detail. 

2.5 High-Speed Torque Control Methods 

In many application the machine must produce torque in proportion 

to its winding current level. As discussed earlier, the machine usually operates 

with a closed-loop current controller and the machine's electromagnetic torque 

is proportional to the winding currents. Therefore the most important type 

of motor control is torque regulation, since the torque (current) controller 

forms the essential inner loop for most speed controllers. 

In high speed operation the torque speed range over which current 

can be regulated is limited by the dc voltage source of the inverter. In such 

operation, the terminal voltage approaches the maidmum that can be supplied 
by the inverter causing a transition from PWM to sine-wave operation (as will 
be shown later). In this transition region the PWM-controller is unable to 

regulate the phase currents resulting in a rapid deterioration in torque-speed 

performance. 
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In order to improve current controller operation and to maximise 

the available output torque in this higher speed-operation, the commutation 

control can be used to improve the motor torque in the trapezoidal brushless 

drive. There are three ways in which the commutation control can influence 

the output torque of the machine. These are (i) phase advance (ii) extended 

conduction angle (iii) supply current. The relative merits of each control 

method are described in the following section. 

2.5.1 Field Weakening Control Method 

As shown earlier, it is not possible for the drive to operate 'above 

speed' where the dc supply voltage and the induced back-emf are equal. In a 

conventional brushed dc machine with a separate field winding this problem 

is overcome by reducing the field current and thereby the field flux in the 

machine, hence the use of the term 'field-weakening'. This solution is not 

easily applicable in brushless dc motors where the source of field flux is a 

permanent-magnet. However, operation into the field-weakening region of a 

brushless dc drive is possible by appropriate reduction of the resultant airgap, 

flux according to the load or rotor speed by controlling the space phase angle. 

To achieve this principle the applied voltage directly determines the 

spatial position of the resultant of airgap flux. The spatial position of rotor 

flux is determined by the rotor ayis. The position of the rotor aids is 

detected by the position sensor and the resulting signals are used to control 

the applied voltage, V. The stator flux direction with respect to the rotor flux 

can be "oriented" by adjusting the instant of current switching in the stator 

winding as a function of the rotor position. In this case when the current 

is commutated earlier, the direction of stator flux makes an angle greater 

than the normal operating angle of 90" with the rotor flux axis and thus 

the resultant airgap flux is reduced to some minimum value. The amount 

by which the phase voltage must be advanced depends on the speed of the 
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motor. The process of advancing the applied phase voltage with respect to 

the back-emf in order to maidmise the torque per voltage is equivalent to 

increasing the load angle of the sinusoidal brushless dc motor. 

According to the above considerations, the phase advance angle, cz, 

is a measure of the space phase angle between the resultant air-gap flux and 

the rotor flux or the time phase angle between the voltage and back-eraf. 

The angle may be adjusted by advancing or delaying in time the signals 

from the shaft position sensor. This form of control can be obtained by 

adjusting the commutation (or phase) angle in respect to the position in 

order to maintain adequate stator current. At the same time, the stator flax 

occur over approximately the required period, so that the stator flux has the 

correct average spatial displacement from the axis of the rotor flux allowing 

the machine 'to operate in a mode equivalent to field-weakening. It is this 

strategy which is described in the following section. 

2.5.1.1 A Basic Concept of Phase Advance Control 

At low speeds when the excitation period for each phase is much 

greater. than the phase circuit time constant. The waveforms of the winding 

rectangular currents will flow in phase with applied voltage. The phase 

advance angle of 00 is most advantageous in producing the ma. Nimum torque, 

as will be shown in the following chapter. 

At higher speeds, the inductive reactance of the windings results in a 

significant time constant and as a consequence, the time taken for currents to 

rise and decay after switching becomes an increasingly significant proportion 

of each winding excitation interval. In a such situation if phase voltages are 

applied, there is a finite delay before the phase currents and stator flux reach 

their maidmum values. Similarly when the phase voltages are removed, the 

phase currents and stator flux do not dispear immediately by decay away 

exponentially. This situation have two effects (i) the delay in phase current 
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rising and decaying mean that the average value of the normal operating 

angle is less than 90" (ii) the current is phase shifted relative to the back- 

emf. Consequently the torque ouput is reduced and the torque ripple is 

very significant. Improvement in performance are obtained by advancing the 

applied phase voltage relative to the back-emf as speed increases. 

To understand the nature of the phase advance angle variation, con- 

sider the back-enif, e, waveform for a typical machine, as shown in figure 

2.9. With zero phase advance the winding begins conducting at 30" after 

the corresponding back-enif has crossed its zero value and continues for the 

conduction angle (o- = 120*). An advance of ce means that the phase is made 

to conduct at an angle ct earlier (0 = 300 - a) and as a consequence of this 

process a large potential difference between V and e which causes the current 

waveform to rise and ecay more quickly, as shown infigure 2.10. 

From the discussion of this section it is obviously important that a 

brushless dc drive incorporating both PWM voltage and field weaking (using 

phase advance) control should employed. The former gives control up to base 

speed, whereas the latter gives control above base speed. 

2.5.1.2 Implementation of Phase Advance Control 

Further discussions and investigations on the problems concerning 

the phase advance control are the subject of the following chapters. ' The 

investigations of these chapters address the following problems (i) what are 

the optimum phase advance angles and how may they best'be calculated or 

found experimentally ? (ii) the implementation of the microprocessor based 

phase advance in a practical closed-loop system. 

It was shown that the phase advance angles affect the performance of 

the motor drive and they are not constant. For maximum high-speed torque 

production they need to be varied as a function of speed, magnitude of 

54 



current and load. The first approach is to drive a mathematical relationship 

between torque, speed, and phase advance angle, to predict the optimum 

angles in accordance with this criteria and to compare the predicted with 

that obtained experimentally. The second approach was to develop flexible 

algorithms suitable for the microprocessor which allows evaluation -of 
the 

influence of this control variable on the drive system. 

It is the initial aim of the following chapters to present numerical 

simulation and analytical methods to use them to obtain the required phase 

advance angle and to compare the predicted trajectory with that experimental 

tested by the microprocessor using a trail-and-error method and then to 

store the table of angles (or time intervals) in the memory for a closed-loop 

microprocessor implementation. Chapter 7 will describe the software and 

hardware implementation of new phase advance algorithms developed for the 

microprocessor implementation in a high-speed control system using phase 

advance controller. 

2.5.2 Extended Conduction Angle Control Method 

The normal mode of operation for-three-phase trapezoidal brushless 

d. c. drives involves each winding carrying positive current for intervals of 

120' electrical and negative current for intervals of 120* electrical during 

the excitation cycle. These current intervals are timed to coincide with the 

corresponding polarity of back emf. When designing the motor an attempt is 

made to ensure that the back emf is constant for 120" electrical intervals so 

that the product of constant current and back emf leads to constant torque. 

Although this idealised performance can be approidmated closely at 

low speeds, distortion of the current waveform at high speed causes a reduction 

in mwdmum torque output and an increase in torque ripple. The potential 

advantages of earlier current turn-on have been discussed in the previous 
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section. One penalty to be paid for the use of the phase advance procedure 

is that each winding is switched-off before the corresponding back emf has 

fallen to zero. Therefore it would appear to be advantageous to extend the 

interval for which the winding is excited. 

A particularly convenient method is to use winding excitation intervals 

of 180* since the requirement for rotor position signals is unchanged; excitation 

changes still occur at 60" intervals. With this excitation pattern all three 

phases carry current at any time instant, with one phase being connected 

in series with the parallel combination of the other phases. Thus current in 

each winding has two 60* intervals per cycle when the current magnitude is 

at the demanded level and four intervals when the current is at half of the 

demanded current, as shown in figure 2.11. 

2.5.3 DC Chopper Control Method 

The d. c. supply voltage has to be large enough to ensure that rated 

current can be circulated against the induced back-emf in the motor windings 

at rated speed. During acceleration from rest the induced back-emf is initially 

negligible and the winding currents would then be many times rated if no 

current control is used. For low speed operation, where the back-emf is low, 

the d. c. bus voltage is not critical, but as the back emf is increased, ýa point 

is reached where a current controller is not able to command the desired 

current. 

Ideally therefore, a power switching circuit is needed which will keep 

the current constant through-out the on period regardless of back emf. A 

current chopper allows the use of a high d. c. supply voltage so that the 

actual currents flowing into the machine are maintained as closely as possible 

to the references during constant torque operation. As a consequence of 

this, the d. c. chopper is capable of controlling the drive 'operation over a 
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wide torque/speed range. The chopper control method has the advantage 

of fast transient response, as it is possible to change torque levels during 

a winding excitation interval. Also torque ripple can be reduced, at the 

expense of increased switching losses, by ensuring that the excursions of 

current associated with chopping action are very small. 

Nevertheless, the operating speed limit in a drive with current chopping 

is still dependent on the comparative magnitudes of d. c. supply voltage and 

back emf. The action of the current chopper, in this context, may be viewed as 

facilitating the application of enhanced supply voltage by preventing excessive 

winding currents at low speed. 

2.6 Factors Affecting Machine Performance at High-Speed 

2.6.1 Effect of Winding Inductance 

As explained previously it is important that the phase currents of 

a brushless dc motor be increased to its desired value or decreased to zero 

as quickly as possible in order to achieve best utilisation of the torque- 

producing capacity of the motor. Unfortunately, the presence of the motor 

phase inductance prevents the current from changing instantaneously. The 

situation becomes worse when the phase back-emf reaches its ma., dmurn value 

at high-speed operation. 

In such an operation, the rise time of the current depends on the 

voltage differential between the d. c. supply voltage and the induced back-emf 

and the time constant of the stator winding which is given by the ratio of 

the stator leakage inductance to resistance (LIR). However, the electrical 

time constant determines how fast the current will reach its full value after 

a winding has been switched-on. The higher this ratio, the longer is the 

current to reach its full value and the greater the deviation from the idealised 
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value and shape. The lower the time constant, the faster is the current to 

reach its value and this leads to faster response of the drive and therefore 

the better performance. In other words the machine winding inductances 

must be low enough for a given back emf so that the current can build up 

to the required values at higher speeds of operation, under the d. c. supply 

voltage constraint. This can be accomplished in a number of ways such as 

operating the core at higher flux densities, reducing the slot and end leakage 

inductance. Alternatively, it should be possible to compensate the effect of 

higher winding inductance by adjusting the phase advance angle. 

2.6.2 The Combined Effects of the Machine Inductance and Phase 

Advance Angle 

The previous section's discussion of the mechanism by which phase 

- advance can benefit high-speed performance concentrated on the need to ensure 

that current and back-emf are coincident in time. At speeds approaching the 

base speed, where available dc supply voltage and the back-emf are comparable 
in magnitude, this argument becomes more difficult to apply, as it becomes 

increasingly difficult to force current into windings. 

For an explanation of operation at higher speeds it is necessary 

to consider energy flow in the drive. The power switching circuit supplies 

electrical energy to the motor and this energy is converted either to mechanical 

energy which is the motor output or stored as magnetic energy. When the 

switching transistor is turned-off the associated stored magnetic energy is 

either returned to the d. c. supply (through the freewheeling paths) or is 

converted to mechanical output energy, if the decaying winding current flows 

against back emf. 

By employing the phase advance procedure, phase current is allowed 

to build-up in the motor winding before the back emf reaches any significant 

level. Thus during the early part of the winding excitation interval, electrical 
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energy is being taken from the supply and stored as magnetic energy as the 

winding current attains its initial high value. When the back emf does reach 

its maidmum level, mechanical output energy is obtained by conversion of 

both the electrical energy input from the supply and the previously stored 

magnetic energy from the windings. In terms of the voltage balance in the 

windings, current is being forced to flow against the back emf by the d. c. 

supply and the voltage caused by decaying current in the winding inductance. 

2.7 Summary and Conclusion 

The operation and the control aspects of the brushless dc motor are 

described, with particular emphasis placed on the basic requirements for the 

operation, torque production, performance characteristic and control. The 

high-speed torque control methods are also described and their merits are 

reviewed. In addition the effects of different parameters of machine design 

on the torque-speed characteristics is discussed. 

In the next chapter a mathematical model of the brushless dc motor 

will be introduced. Also the simulation procedure, which has simplified 
further the mathematical model, is described. However this procedure is used 

to investigate in detail the high-speed torque control methods as well as the 

effect of the machine parameters. 
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CHAPTER 3 

MODELLING AND DYNAMIC ANALYSIS 

OF BRUSHLESS PERMANENT MAGNETIC MOTOR DRIVES 

3.1 Introduction 

In order to aid an understanding of the interaction between the 

brushless dc motor and power converter as well as the basic principles for 

the development of the torque improvement methods, modelling and analysis 

is very important. The design of a trap ezoidal- emf, permanent magnet drive 

often necessitates analysis, to establish its performance and dynamic behaviour. 

A brushless dc drive system operating from a power inverter is 

subjected to variable frequency nonsinusoidal input voltage or currents. The 

behaviour of a brushless dc motor with nonsinusoidal input voltage or current 

differs significantly from its behaviour to sinusoidal inputs in both transient 

and steady state conditions. Although conventional methods of analysis 

give useful information, they are based on this simplification concerning the 

current and voltage waveforms, so that the finer points of the performance are 

overlooked at different operating conditions. Therefore improved techniques 

are needed for analysing the performance of the motors in order to give 

accurate results under such operating conditions. For accurate prediction of 

machine electrical quantities and to improve the drive's performance, digital 

simulation with numerical techniques is necessary. , 
With advent of modern- digital computers, numerical methods can 

be employed efficiently for solving differential equations. In such a case, a 

three-phase model can be used for exact study of the brushless dc motor. 

Direct solution of the three phase untransformed voltage equations permits 

a wider class of operating conditions, particularly transient performance to 

60 



be studied more conveniently. It also helps the design modification for the 

machine as well as the power inverter or control element since the actual 

quantities are used in the simulation. 

This chapter elaborates on this approach by presenting a comprehensive 

analysis which aims to show that direct three-phase representation can be used 

as an effective tool for performance assessement of brushless dc drive systems 

operating over a wide speed range. A mathematical model of the complete 

drive system, based on the direct representation approach, is presented. The 

model system includes representation of the motor, power inverter, feedback 

transducers and controller for a pulse width modulation (PWM) voltage 

controller. The model incorporates a time stepping numerical technique for 

solving the sets of differential equations which are used to describe the drive 

under all its operating conditions and permit the neutral point to float. 

The simulation technique has been tested on the drive under con- 

sideration. The predicted and experimental results have been compared and 

presented. In this chapter, a mathematical model for the brushless dc motor 

and inverter is presented first. Then after developing the mathematical model, 

a concept of a general simulation package used here is introduced and tested 

on the system drive under consideration. 

3.2 Relation Between Present Analysis Methods and 
Previously Published Analysis 

The increasing use of brushless dc motor drives has led to new analyses 
being published. Work has been published on the subject of sinusoidal 
brushless motors fed from variable frequency sinusoidal voltage supplies. In 

the published work several authors have described some of the methods 

applicable for the simulation of brushless dc motor systems. The methods 

reported fall mostly into one of two categories; either the solution of a 
transformed representation of the motor equivalent circuit using a 'reference 
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frame' technique or 'direct' solution of the equivalent circuit network. 

Most of the analyses which express the equivalent circuit in a trans- 

formed state use Park [Park, 1979] or a similar transformation in order to 

define two independent axes of the motor. Chalmers, et al. [1975], Kaufman 

and Plunkett [1984], Krause, et al [1984,1987], Williamson, et al [1978], 

Sebastian and Slemon [19871, Slemon and Gumaste [1983], Bowes and Clare 

[1988], Bowes and Clements [1983] have derived the d-q axis equivalent cir- 

cuits for the motor. Other authors have also considered applications with 

highly salient rotor configurations, such as interior magnet rotor structures 
[Chalmers and Hamed, 1985]. For the simplest solution using this method 

it is necessary to assume only sinusoidal variation of the winding and flux 

density distributions. 

Usually the solution of the combined motor-inverter circuit is base 

on the two-aids d-q models which lead to easy solution for operation under 
balance signal-frequency operating conditions; but, for unbalanced operating 

conditions including nonsinsoidal supply, the direct solution of the three phase 

performance equations seems much more convenient [Wallace and Spee, 1987], 

[Nyamusa and Demerdash, 19871. The normal transformation to two-aids 

coordinates replaces both the rotor and the stator physical variables with new 

sets of transformed variables. The process of translating this information into 

the transformed coordinate system becomes difficult and must be approached 
differently in each specific problem, particularly if the terminal constraints are 

mixed. 

Thus the direct method becomes the better method of solution because: 
(i) the functional dependence of the system parameters on the operating 

conditions may be represented accurately and conveniently if the nature of 

variation of these parameters has been established (ii) space harmonic may 
be included in the analysis (iii) the three phase system with nonsinusoidal 

supply can be analysed much more conveniently (iv) the variable involved are 
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measurable, 'real' quantities which appear in the experimental motor circuits 

and they are not transformed to any other reference frame for solution. 

Moreover, the method is quite general and may readily be modified to 

predict the performance of the system under various operating conditions by 

incorporating the proper terminal constraints. Thus motor performance under 

fault operating conditions, like inverter commutation failure, etc., may be 

studied. 

Several authors have used the direct simulation method for the analysis 

of brushless dc drives. During these investigations the value of this model 
has been demonstrated for simulation of nonideal drives Demerdash, et al, 
[1980,1982,19851 Spee and Wallace [1988), May and Krishnan [1988] Piriou 

and Razek [1986], Piriou, et at, [1986]. 

The authors note that for drives of this type, it is the combined 

action of the motor and the controller which is one of the most important 

features: Acarnley and Hughes [1988], Acarnley, et al, [1988], Funabiki and 
Himei [1985), Bolton and Ashen [1984], Lipo and Turnball [1979]. For the 

simulated solution, which is one of the most useful methods of analysis, it is 

necessary to derive an accurate model of both components. Any current, or 
load, dependence of the equivalent circuit components is* especially significant 
for systems operating at low voltages where the relative effect of such load 

dependence may be quite large. 

A full representation of the combined motor-inverter circuit is difficult 

due the fact that different parts of the system respond to events over a 

wide range of time scales and where PWM inverter and non-sinusoidal motor 
back-emfs interact. 

Although this is theoretically possible using proprietary circuit simu- 

lators such as SPICE, in practice they are invariably found to be difficult to 

implement and relatively slow to solve. An alternative technique is a general 

simulation package which has been developed by the Electric Drives and 
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Machines Group in the University of Newcastle. This package is developed 

to solve the equivalent circuit directly. It has been found convenient and 

fleidble to use, and allows all interactions between the various elements of 

the variable-speed drives to be considered within the frame work of the drive 

system. 

In the present study the simulation package is adopted. This has 

the advantage that the simulation method can be expanded with a degree of 

reasonable accuracy required by the model and that it is a dose representation 

of the physical system under consideration. The technique has the flexibility 

for simulating quite diverse supply conditions, including PWM or current 

mode, the back-emf waveforms, as well as alternative control strategies. The 

motor voltages and impedances are determined from representation of the 

airgap flux density and stator winding distribution which are stored explicity 

in the program data. This is a more flexible approach than that where only 

the electrical equivalent circuit impedances and emfs are used and hence, 

using this approach, any changes in the motor design are modelled directly. 

The action of the inverter is represented by the development of a set of 

differential equations which describe its operation under normal operation and 

also under transient and fault condition. 

The method of solution used is a time-stepping solution of electrical 

and mechanical equivalent circuit equations of the combined system. The 

method has proved to be quick to develop and operate on a mainframe 

computer system. 

The majority of simulation methods recently published [Demerdash, et 

al, 1980] , May and Krishnan [1988] represent each phase as an independent 

winding with end grounded and other supplied from either a positive or 

negative supply depending on which power devices are switched on at a 

particular instant. In reality for a star connected motor, the three phases 

are connected together at the neutral point and, in most systems, the neutral 
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point is left to float, the only defined voltages being those between lines. 

Thus a formulation in phase voltage terms is inappropriate to this system 

and line voltage expressions should be used. In the present work an improved 

mathematical model has been presented which is formulated in line voltage 
terms to allow the neutral point to float. 

The improved model explicity represents two modes of inverter oper- 

ation. These modes are (i) commutation mode, when all of the currents are 

not zero (ii) and conduction mode, when two coils are conducting and one is 

open. The representation is done by incorporating additional switching states 
into the model. This provides a model which accurately represents the drive 

at every instant; this contrasts with the representation used in published work 
Liu, et al. [1989], where artificial time constants are introduced to represent 

current flow through the diode devices. The commutation and conduction 

of the inverter are represented by adopting different systems of equations to 

represent the motor under different operating conditions. 
This analysis method has brought a more comprehensive understanding 

of the behaviour of the drive, and constitutes a departure from the conventional 

methods used in simulating the brushless dc drives. The system differential 

equations and subsequent numerical solutions are a very useful means in 

predicting and updating of the state of the model every computing step. In 

this chapter the different aspects of modelling and analysis such as performance 

equations and representation of inverter operation, method of analysis, and 

method of solution are developed and presented. 
In the subsequent sections, the mathematical analysis model for the 

brushless dc motor and inverter is presented first. Then the simulation 

procedure used in the general simulation package is outlined. 
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3.3 Mathematical Model of Brushless DC Drive System 

3.3.1 Modelling and Method of Analysis 

The analysis of the system consists of two parts 

(a) analysis of the motor 

(b) analysis of the power inverter. 

To carry out the analysis it is necessary to obtain proper model for the motor 

and the power inverter. These models are then properly combined to obtain 

the full analysis of the system. Figure 3.1 shows the basic elements of a three 

phase, brushless dc system drive. By combining models for each element, 

viz the motor and its load, the power switching circuit and the commutation 

control circuit, a mathematical model of the complete system can be derived. 

3.3.2 Assumptions 

The analysis of such a system is complicated by the interactions 

between the machine itself and the power electronic circuits used to provide 

the appropriate voltage and current waveforms. Consequently in order to make 

the analysis simpler, it is common practice to make a number of assumptions 

in the derivation of system equations, namely: 
(i) the power converter supply voltage dc rail is constant, 
(ii) the devices (switches and diodes) in the power switching circuit are ideal, 

(iii) eddy current and hysteresis effects in the machine's magnetic materials 

have negligible influence on the winding current, 
(vi) motor armature saturation effects are neglected, 
(v) there is no saliency and therefore the self and mutual inductances are 

constant and independent of rotor position. 
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3.3.4 Model for Motor Analysis 

The motor is modelled using the equivalent circuit representation of 

a three phase brushless dc motor which is given in figure 3.2. By taking into 

account the positional difference of the phases, each phase of the motor is 

represented by a resistance, an inductance and a back emf which is a function 

of both speed and instantaneous rotor position. The torque exerted on the 

shaft by each phase is computed independently and the instantaneous values 

for three phases are summed to yield a total electromagnetic torque. This 

is then fed to a mechanical model to yield speed and integrated to obtain 

position. The commutation circuit is modelled by controlling those windings 

carrying current as a function of the rotor position and the whole of the 

drive is modelled in a voltage closed-loop mode. The average voltages applied 

to the machine are controlled by pulse width modulation (PWM) of the dc 

supply voltage and a controller simulation allows different controllers to be 

examined. 

Assuming linearity by neglecting saturation effects, the flux-finkage of 

the winding may be expressed as the sum of the flux linkages due to each of 
the three phase stator windings resulting in a trapezoidal induced back-emf 

phase shifted by 120" electricaL 

The back-emf waveform is modelled as a piecewise linear approidma- 
tion. This approach is more amenable to change should different motors need 
to be investigated than the more obvious method of storing a table of data 

of emf versus rotor position. The calculation therefore relates the voltage 

as a function of angle to the peak values and the result is used simply 

as multiplying factor of speed in calculations of back-emf, as shown figure 

3.3. The analytical formulation of the back-emf waveforms which are shown 
in figure 3.3 can also be calculated by equations (3.1a)-(3.1c). The motor 

may be operated such that only the flat portions of the induced back-emf 

waveforms can be used 
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where 
0= rotor angle in mechanical radians; 

epji = majdmum value of back-emf, radian-la-1; 

e. =instantaneous value of back-emf, radian-'a-; 
kb =voltage (or back-emf) constant, volt/rpm. 

(3.1a) 

(3.1b) 

(3.1c) 

In the simulation package used here, the motor is operated such that 

the back-emf is calculated at 1000 rpm by direct spatial differentiation of the 

phase flux distribution, the back-emf at other speeds is calculated by simple 

scaling. The results are calculated and stored over one cycle at intervals of 

one electrical degree. 

The model uses the phase equivalent circuits to calculate the contribu- 

tions to the instantaneous torque made by each phase. Speed is derived using 

a very simple mechanical model incorporating inertia and viscous damping. 

The inertia relevant to the model is the total inertia of the rotating system. 
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3.3.5 Formulation of Motor Equations 

The equations of the motor model are derived as follows: 

(v. ) 
= 

(R 00) (ia) 
+p 

(Laa Lab L.,, i. 
+( 

ea ) 

Vb 0R0 ib Lab Lbb Lbc ib eb (3.2) 

vc 00R ic Lc. Lcb Lc ic ec 

In a machine with wide pole arc surface-mounted magnets there is a little 

change in the machine inductances with angle, and it is possible to simplify 

equation (3.2) by making the assumptions that: 

Ra= Rb= R,, R 

Laa Lbb Lcc L 

Lab= Lac=Lba =Lbc=Lca =Lcb=M 

so equation (3.2) becomes 

Va R00 ia ia e. 
Vb 0R0 ib +PMm ib + eb (3.3) 
vc 00 R) 

(ic) (M 

ML) 

(ic) ( 

ec 

) 

where the stator winding is star connected with the star-point isolated, the 

three phase currents are related: 

i, + ib + ic =0 (3.4) 

and 

pi, + pi" + Pic =o (3.5) 
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and therefore: 

Mi. + Mib + Mi, =0 

Using this relation in equation (3.3) gives the simplified form: 

(3.6) 

= 
(R ) (i. ) 

+p 
(L )) 

Vb 0R0 ib 0 L-M 0 ib + eb 

VC 00Ri, 00 L-M 

(i,, ) 

ec 
(3.7) 

The per phase currents, voltages and back-emfs can not be obtained by direct 

measurement since the star point is not available. Usually the star connected 

motor model represents each phase as an independent winding with one end 

grounded and the other supplied from either a positive or negative supply 
depending on which power devices are switched on at a particular instant. In 

reality for a star connected motor, the three phases are connected together 

at the neutral point and, in most systems, the neutral point is left to float, 

the only defined voltages being those between phases (i. e., the line voltages). 
Thus a formulation in phase voltage terms is inappropriate to this system 

and line voltage expression should be used instead. The approach, which is 

presented in this section, is formulated in line voltage terms to allow the 

neutral point to float. 

The machine line voltage equations can be derived from the phase voltage 

equation, using equation (3.7) and by referring to figure 3.1. 

voltage equations of equivalent circuit are derived as follows 

Ri. + -ý (Li. + Mib + Mic) + e. dt 

Vb= Rib +d (Lib + Mi, + Mi. )+ 
eb 

dt 

The phase 

(3.8a) 

(3.8b) 
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vc = Ric +d Lic + Mi,, + Mib) + ec (3.8c) 
dt 

From the line voltages which are related to the phase voltage by the relations; 

Vab Va - Vb 

Vbc Vb - Vc (3.9) 

Vca Ve - Va 

equation (3.8) can be rewritten as 

Vab Ria - Rib + (L - M) 
di" 

+ (M - L) 
dib 

+ (e. - eb) (3.10a) 
dt dt 

Oib di 
vbc= Rib- Ric + (L - M)T - ec) (3.10b) 

t+ 
(M - L)' + (eb 

dt 

Ric - Ri,, + (L - M) 
d'c 

+ (M - L) di" 
+ (e. - e. ) (3.10c) 

dt dt 

thus, the electrical equations of the motor can be written as follows: 

Vab R -R 
Vbc 

vc, 

where 

L-M (ic) 
+ 

(M 
0L 

M-L 0 ia eab 
L-MM-LP ib + ebe 

0 L-M) 

(ic) (ea) 

(3.11) 

eab e. - eb 

ek eb - ec 
e". ec - e. 

(3.12) 
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With three phase star connected, there is no neutral. Thus the motor is 

constrained because the sum of the three currents must be zero at all instants, 
i. e. 

i, + ib + i, = 01 (3.13) 

thus only two independent currents exist, by considering currents i. and ib as 

independent quantities, with ic related by equation (3.14). With this respect, 

if it is known that one phase carries no current at a particular time then 

only one independent current exists. However, the currents which need to 

be modelled will change depending on operating conditions-hence although 

the equations are fairly simple, careful switching between sets of equations is 

required. 

3.3.6 Torque and Mechanical Motor equations 

General Torque Equation 

For the system under consideration, the instantaneous electromagnetic torque, 

T,, produced at an instantaneous speed, w,, can be written down by inspection 

as 

[e. i. + ebib + ei, l (3.14) 
wr 
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Torque During Commutation and Conduction 

Since there are only one or two independent currents (section 3.3-1) 

the torque equations need to be formulated in terms of the current(s) that 

is (are) the state variable(s) at a particular instant, for example if i. and ib 

are the state variables then 

ic = -ia - ib (3.15) 

so the general expression of torque, given in (3.14), becomes for this condition 

e, ) + ib(eb 
- e. (3.16) 

or if i. is the state variable and ic = 0, then ib = -i. and 

eb) 

Mechanical Equaiions 

(3-17) 

The load presented to the machine may be expressed in general terms by 

Jpw, + Dw, + TL = T, (3.18) 

where J is the moment of inertia, D is damping torque coefficient, TL is the 

load torque applied to the machine, and T. is defined in equations (3.15) and 

(3.16). 

The mechanical system equations will always have two states of speed and 

position since the back-enif is a function of the rotor position. Thus overaU 
the motor can be represented by equations of order three or four. 
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3.4 Modelling and Operating Conditions of the Power Inverter 

3.4.1 Power Inverter Model 

A three-phase bridge inverter is used to drive the brushless dc machine 

described above. In general, either bipolar transistor or F. E. T. devices can be 

used but, for the system described here, the usual arrangement with bipolar 

devices and free-wheeling diodes is used. The action of the power inverter is 

to connect the dc supply voltage between pairs of the machine lines. 

The power inverter model is shown in figure 3.4. The switching 

devices are represented by switches S1 to S6 and the freewheeling paths by 

diodes D1 to D6. The switchinj information for active devices is provided 

from rotor position sensors. The power inverter is assumed to function in 

the following manner. If a switch is closed, the appropriate voltage rail is 

connected to the relevant phase winding. When the switch opens, the current 

flowing in the phase causes the freewheeling diode to connect the phase to the 

opposite voltage rail until the current falls to zero, at which point the phase 

is disconnected. Voltage drops in the transistors and diodes are ignored. 

Logic circuitry within the power circuit of the system is used to decode 

the rotor position information from the position sensor output signals into the 

the base drive commands for inverter devices. However the positioning of the 

devices and appropriate decode logic ensures that the voltages in each stator 

winding, and hence that average torque developed by the motor is mayimised. 

3.4.2 Inverter Operating Conditions 

The operation of the power inverter is based on stages that are used 

to determine the performance of the motor. The first one determines the 

phase sequence and the moment of current commutations from-one phase to 

the foHowing one. This stage is determined from a rotor position sensor., The 

second stage the time for which the inverter switches are turned-on. However, 

the direction of the operation of the motor is determined by the sequence 

of the switching waveforms provided by the power inverter. An additional 
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logic input to the commutation circuit is used to specify forward or backward 

operation of the motor. A more detail representation of the power inverter 

operation modes (i. e., its switching states and the conditions which determine 

the switching instants) is required in order to model and simulate the inverter 

circuit behaviour. Thus, a detailed representation of these operation modes 

is described below. 

The operation of the power inverter with three phase brushless dc 

machines is based on the six conduction regions, each of 60" electrical. During 

each interval one switch in the top half of an inverter leg and another switch 

in the bottom half of a different inverter leg, are conducting. The third 

inverter leg is off and so current can not flow through switches of that leg 

but is able to flow through the freewheeling diodes of the inverter leg in the 

usual way. 

As a consequence of this the electromagnetic states of the machine 
(see Chapter 2) are repeated every 60* electrical of rotor travel, and that 

two distinct operation intervals occur within each 60" region. The conduction 
interval of the motor current is defined as that interval during which only 
two stator phases carrying current as the rotor advances according to the 

device switching sequence of the commutation control circuit. During this 

interval no freewheeling diodes are conducting and the dc supply voltage is 

applied across the two conducting phases. The voltage on the third phase is 

undefined (it is not necessarily zero) and no reference is made to it in the 

equations describing this particular interval. 

After successive phase commutated off, current can also flow through 

the free-wheeling diodes of each inverter leg, due to the energy stored in 

the armature inductance of each winding after successive phase commutated 

off. Specifically, in the winding recently switched off, then the inverter diode 

carrying that current unclamps, i. e., current continuity in the phase just 

turned off is maintained by the -freewheeling diode connected to the opposite 
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supply rail from the one previously supplying the current. For example, in 

figure 3.5, if switch S1 is turned off current continuity is maintained by the 

diode in parallel with switch S2. The situation will continue until the current 

in this phase decays to zero at which time the diode stops conducting. 

The prediction of the inverter operation permits the subdivision of 

the each 60" electrical region of the excitation cycle of the inverter into two 

distinct modes. For example, referring to figure 3.5, consider the case when 

switches S1 and S4 are conducting. If switch S6 is turned on and switch S4 

off at a commutation, the freewheeling diode in parallel with switch S3 will be 

active. There are thus six conduction conditions associated with freewheeling 

diodes for each rotational direction; combining these with the six conditions 

when freewheeling diodes are inactive yields a total of eighteen conduction 

states to be modelled. 

The current controller of the power inverter uses either pulse width 

modulation (PWM) or fixed off-time strategies to limit device current at low 

motor speeds. If a PWM switching strategy is included in the simulation 

model, each PWM cycle would require further switching -states since there 

are conditions when all six switches are turned off and current flows entirely 

through the freewheeling diodes. However, computer implementation of this 

would be reasonably straightforward as there are many similarities between 

the states. 

The mode of operation and thus the switching state of the inverter 

is not only dependent on the rotor position and rotation direction, but also 
depends on the flow of regenerative or freewheeling currents through any of 
the diodes in each inverter leg. These effects are as described below: for a 

given rotor position a given pair of devices is switched on. The rotational 
direction determines both the pair of devices to be switched on at the next 

commutation and freewheeling diode that will'come into circuit when the 

commutation occurs. The current zero condition is used to implement the 
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change from a diode in circuit to a diode out of the circuit condition for a 

particular pair of devices turned on. These constraints considerably simplify 

the task of state selection which is defined by the following rules, assu . ng 

that initially two devices are on and no freewheeling diodes are conducting: 

(1). Rotor position defines the devices to be switched on at commu- 

tation. 

(2). At a commutation the state changes to one which includes a 

freewheeling diode. The freewheeling diode in circuit is defined by the position 

and by which devices are previously on. 

(3). The next change of state will be when the diode current reduces 

to zero in which case the change of state following this will be a commutation. 

Six conduction conditions associated with freewheeling diodes occur 

for each rotational direction and six conditions when only two phase winding 

are conducting, can be identified. The transition between these modes depend 

purely on the circuit currents. 

For each of the six conduction intervals and two modes of operation 

the action of the inverter is completely defined. It is therefore necessary to 

represent the operation of the inverter in a systematic way before any solution 

of the whole system is possible. The governing equations for the different 

intervals (or modes) in an excitation cycle will be analysed and presented 
below. 

3.4.3 General Solution for Power Inverter 

In this subsection the general solution of the power inverter are 

derived to simulate its switching states imposed by operating conditions 
described above. As was noted, the switching operation of the inverter is 

divided into six switching states for the conduction interval and six switching 

states for commutation interval over the 360" of an excitation cycle. These 

operating switching states of both intervals will be modelled by means of the 

machine line voltages. 
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3.4.3.1 Analysis of Conduction Circuit 

In this mode consider when both devices are on and two phases are 

carrying current, the dc supply voltage is applied to machine lines. The 

equivalent circuit of the motor during the conduction state is shown in figure 

3.5. The solution for this circuit can obtained by applying Kirchoff's voltage 

law 

V, 

vb) ( 
VC 

) (i. ) 
+p 

(L 
R0 ib 

0Ri, 

00i. e. 
L-M 0 ib + eb 

0 L-M) 

(i. ) (e,, ) 

(3.20) 

The analytical equations for six switching states can now expressed in the 

foRowing way using above equation: 

State 1: Consider the case when switches Sl and S4 (or S2 and S3) are 

conducting and the current flows in phases a and b only, then the Mowing 

conditions apply: 

( i" ia 

ib -ia (3.21) 
ic 

)(0) 

substituting equation (3.21) into equation (3.20) yields 

va R00 i" L-M 00i, e,, 
Vb 0R0 

-i. +p 0 L-M 0 -ia + eb 

V, 

) (0 

0 R) 

(000 

L-M) 

(0) (e. ) 

(3.22) 

and according to the relation of v,, b = v. - vb = Vd, and e., = e. - eb, equation 

(3.22) is re-written in the following simplified form 

di,, 
v. b = 2Ri. + 2(L - M)Tt + e. b (3.23) 
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and this expression may also be written in the following form 

di. 
-Ri, +1-e. + eb) (3.24) 

dt (L - M) 2(L - M) 
(vb 

State 2: In this case consider switches Sl and S6 (or S2 and S5) are conducting 

and current flows in phases a and b only. Then the same procedure can be 

applied to the condition when phases a and c are conducting and phase b 

carries zero current. For this case, ic = -i,,, or 

( i" i" 
ib 0 

ic -ib) 

thus 

(3.25) 

di,, 
-2Ri,, + 2(M - L)T+ (3.26) 

t 

which may also be written for this state in the foRowing form 

. 7. di. R 
dt (L ý7 -M) + 2(L - M) 

(vea 
- e, + ea) (3.27) 

where Vca ---= Vc - Va =-- Vd,, and eb = e,, - ec. 

State 3: Consider the case when switches S3 and S6 (or S4 and S5) are 

conducting. In this case'phases b and c conduct and phase a carries no 

current the state variable of current has no change from ia to ib or i.. Using 

ib as a state variable and taking ic = -ib gives the following condition 

ia 0 

ib ib (3.28) 
ic) 

-ib 

) 

thus, the solution of equation with this switching state is 
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vb,, = 2Rib + 2(L - M) 
di '+ eb,, (3.29) 
dt 

which may also be written for this state in the foRowing form 

dib 
-R 

ib +1b,, - eb+ e,, ) (3.30) 
dt (L - M) 2(L - M) 

(v 

& and e,, b = eb where Of Vk = Vb - Vc = V, - e, Equations (3.24), (3.27) and 
(3.30) are required to cover the six switching states during the conduction 

period. Conduction expressions for other combinations of excited phases could 
be derived by transposition of winding and device numbering. 

3.4.3.2 Analysis of Commutation Circuit 

During the excitation cycle, a state occurs (which is called switching 

transition state) when all three phases are carrying current conducting or 

carrying currents. An equivalent circuit for the commutation is shown in 

figure 3.6. 

The commutation circuit can be analysed by assuming that all three 

currents are not zero and there are two independent currents with the third 

current related by, ia + ib + i, = 0. Thus, two independent currents must be 

calculated so the appropriate voltage polarity must be applied to the phase 

until the current decays to zero. 

This means that the commutation is included in the analysis model 
by modifying the ideal forcing function V. b, vk and v,.. The star of the 

commutation period is represented by one of the voltages being forced to 

zero. The process continues, depending on the state of the drive system. 
This process is simplified the model because only the same two voltages are 

used for all conditions. 

In addition, it is possible to use three system equations, one set each 
for the possible commutations of non-zero line voltages. These equations 

which are governing the commutation period are found below. 
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Circuit Commutation Equations 

To derive the system equation of the commutation circuit, three 

possible situations are considered: 

Case I. - By considering the case where line voltages v, b and vk are included, 

the first electrical equation can be derived as follows: 

di. 
Vab Ri. - 2Rib + (L - M) Tt + (M - L)ý 

L%b 
+ e. b (3.31) 

dt 

and 

di. 
Ri. + 2Rib + (L - M) T+ 2(L - M)t9ib + eb,, (3.32) 

t at 

which can be represented by the foUowing matrix; 

(v. b)=(R -R 
(ia) 

+ 
(L-M M-L)p (ia) 

+ 
(e. b) 

Vba -R -2R 
ib L-M 2(M - L) ib ebe 

(3.33) 

which can be arranged; 

LMM- L)) 
p 

(ict) RR) (its) + 
(Vab 

- eab) 

L-M 2(M -L 
ib 

-R -2R 
ib vb, - ek 

(3.34) 

and this equation can be simplified further to obtain the following form; 

(ia) 
=1(RR) 

(i. )+ 1( (2V. b + Vb, (2vab + ek) 
ib (L - M) -R -2R ib 3(L - M) \ (Vk - V. b) (ek - eab) 

(3.35) 

This is a simple system electrical equation of two independent variables, ia 

and ib which represent the commutation model in terms of line voltages and 
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back-emfs. If the two stator currents in (3.35), position and the mechanical 

equation are grouped together, then the machine can be described by a fourth 

order matrix equation. 

The same procedure can be repeated to find the second and third 

system equations, where machine line voltages vb and vc:. for case II are used 

and where the line voltages vb,, and v,. for case III are used. 

3.5 Commutation Control 

The position encoder feedback gives an output which changes six 

times every one electrical revolution. This is usually converted directly into 

signals to switch on appropriate phase windings. The positioning of the 

sensors and appropriate decode logic ensures that the voltage applied to the 

motor are maintained in phase with voltages induced in each stator winding. 

The model is designed so that errors in placement of one or more sensors (so 

that commutation becomes advanced or retarded) can be simulated. This is 

potentially an important feature since accurate placement of the sensors is a 

costly manufacturing process and a simulation of the effect of less accurate 

placement on the performance could give pointers to ways in which designs 

could be changed to allow less accurate placement. 

3.6 PWM Voltage Control 

Operation of the drive under closed loop system conditions can be 

incorporated into the simulation. The voltage is simulated using the PWM 

switching strategy, which is employed to modulate the dc supply voltage. 
This simulation strategy is based on the comparison of the voltage reference 

signal and its inverse. The reference voltage for modulation, however, is 

produced by a closed loop current controller. In this controller, the current 

calculated at each interval is compared to the demand and an error current is 

generated. After proportional, integral and differential controlling actions the 
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scaled error current is compared to a triangular waveform, and as a result 

of this comparison, device switching signals appropriate to the instantaneous 

rotor position are produced. 

This control procedure can be summarised in the following steps; 
ierror ý-- iref 

- 
im) 

iinF-- inewAt + ioldi 

inew-iold idif ` At 

Vamp 
--"2 

igain (kpinew+ kiiint + kdidif 

Vref =kmVamp- 

Where i,,, is measured current, 4.1 is referenced (or demanded) current 

and voltage demand (or reference), V,. f, is PWM voltage. The controller 

model is arranged to be as flexible as possible to allow the development of 

control algorithms. In other words the principle advantages of this method of 

representation is that it is not limited to one particular controller or control 

strategy. For example the difference between a PWM and a fixed-off time 

controller may be implemented by a change in the algorithm which determines 

the transition between the various modes of operation of the controller. 

3.7 Formulation of the Problem for Computer Simulation 

Package 

The solution method used in the computer program uses similar phase 

equivalent circuits as the previous section. This system model includes the 

PWM switching strategy and thus it has switching states which operate on six 

modes for the commutation interval and six modes for the conduction interval 

over the 360* of an excitation cycle. The effective circuit configurations in 

these modes is summarised and is shown in figure 3.13. 

For these modes, it is not possible to calculate the current for each 

phase in isolation when current is flowing in all three phases. In this case the 

winding currents are calculated in terms of the line voltages. For example, 
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by considering the case when the current flows in phase a and b during the 

conduction (figure 3.5) and by neglecting the effect of the mutual inductance 

M, the line voltage equation is given; (see the previous section): 

di,, b Vd, = 2Ri, b + 2L T- (3.36) 
t+e. 

b 

This equation can be solved using numerical integration to find i. b and hence 

the winding currents i. and ib- Conduction equations for other combinations 

of excited phases can be derived by transposition of winding and devices 

numbering. During commutation (figure 3.6), the independent currents must 

be calculated, so a second equation is generated by considering the operating 

condition of Vd, = v. - v,,, iac = ia = -i,:, ea,: = ea - e. and by neglecting the 

mutual inductance; 

di "' + (3.37) V& = Mi., + 2L Tt- 

However, the differential equations are solved to find the independent winding 

currents in terms of 'series connected windings. Since the star point is 

unconnected, i. + ib + ic = 0, using this relation and the definitions Of i. b and 
iae it is possible to express the actual winding currents in terms of ib and 
iac: 

ia = 
iab + iac 

3 
ib = 

i. b - 2i,, 
c (3.38) 

3 
ic = 

ic 
- 2i. b 

3 

so given the solution for i. b and i.,, it is possible to calculate the winding 

current. The solutions of the circuits equations for modes III-VI (figure 

3.7d-3.7f) are carried-out as in modes I and II. 
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In this simulation procedure, the phase voltages, v., vb and v, are 

selected according to the operating condition of the inverter. In order to 

illustrate the solution, a typical 120* interval is chosen for the discussion. 

Over this interval, there are four operating conditions to be considered with 

different Vai Vbj ve in each condition; 

(1). At the start of the interval it is assumed that phase a is 

connected to the positive supply rail (V& = Va), phase b is connected to the 

ground rail, and phase c is switched off following a period of positive current 

conduction causing freewheeling current to flow from the ground rail. 

(2). When the current in phase c, decays to zero it is forced to 

remain at zero until a further change in excitation occurs. Only windings 

a and b are now excited and by virtue of the series connection ia -ib- 
During this time region, therefore, equation (3.36) is used. 

(3). The third operating state starts with a change in the pattern 

of excited windings at a time defined by the load angle. The excitation 

change has the effect of turning off phase b and turning on phase c in the 

negative sense, while phase a remains excited in the positive sense. The 

(negative) current in phase b decays over this region by flowing against the 

positive supply voltage. Hence all three phases are excited. Subject to these 

constraints, equations (3.36) and (3.37) are solved for i. b and ia" and the 

actual winding currents calculated from equation (3.38). 

(4). The final operating state starts when the current in phase b 

decays to zero. Only phase a and c are now excited and by virtue of the 

series connection ia : -- -i.. During this time region, therefore, equation (3.37) 

is used. 

Having computed the solution for one 60" interval, the remaining five intervals 

and consequently for all time are easily obtained by using the same procedure 
because the inverter is triggered symmetrically. 

Once these currents are obtained, the calculation of average torque, efficiency 
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and torque ripple can proceed. As the mechanical output is produced by the 

product of induced back-emf e., eb, e,, and currents i., ib, iý, the torque is 

given by 

T [ilT [e] (3.39) 

3.8 Numerical Solution of the System Equations 

The solution of the system equations is obtained by a step-by-step 

method, with sufficiently small step length. The system equations of per- 

formance are thus solved by some method available for the solution of a 

system of ordinary differential equations. Although a choice between these 

methods tends to be difficult to make, the general considerations in selecting 

an algorithm, apart from the nature of the problem to be solved, are nu- 

merical stability, simplicity of the algorithm in terms of its implementation 

on the computer, the solution time and memory requirements. Two of the 

most commonly used numerical methods for a computer solution are the 

predictor- corrector method and the Runge-Kutta method. In both methods, 

accuracy is dependent on the integration step used. However most of the 

formulas used are truncated series. Therefore, the truncation error has to be 

continually checked and appropriate adjustment on the time step implemented. 

This takes more computation time. 

The Predictor- Corrector method is commonly used. Among these 

methods the Euler-Predi ctor- Corrector method appears to give better results 

than other predictor corrector methods and has the largest stable region. As 

these methods require more than one-point to calculate the next point, they 

are not self-starting. This is the main disadvantage of these methods. 

On the other hand, all the Runge-Kutta methods require just one 

point to calculate the next point, and therefore they are self-starting and 

require an initial solution. If the initial steady-state vector is known, direct 
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evaluation of the steady-state performance of the drive can be implemented 

without having to go through the transient solution. This saves computer 

time. The evaluation of the steady-state performance directly without going 

through the initial transient has been successfully applied to the induction 

machines controlled by the power inverter [Novotny, et al, 1968], [Lipo, 1971]. 

However, the technique proposed in these references is only applicable to the 

case where the excitation consists of alternate periods of a normal sine wave 

and periods of open circuit operation. In the case of the brushless dc motor, 

the excitation is not sinusoidal. Purther, the waveforms of the states can not 

be explicitly defined because many intermediate variables are dependent on 

the operating conditions. Hence, numerical integration may be used to solve 

the system of equations. 

A fourth-order Runge-Kutta method has employed in solving the 

system differential equations which are described the models described in 

the previous sections. As compared to lower order Runge-Kutta methods, 

the Fourth-order Runge-Kutta method, which is described below, has the 

advantage of higher accuracy and therefore greater stability. However, it 

involves a greater number of calculation for each step, and therefore takes 

more computation time. 

A description of this method is briefly given here. Estimation of 
truncation error in each step is made by comparing the results with normal 

and half the normal step lengths. 

For digital computation it is convenient to rearrange the equation of instan- 

taneous motor phase currents equation in matrix notation as follows 

i=f (3.40) 

which contains terms which may vary depending on the operating conditions 
(voltages). A Runge-Kutta representation of this equation give the following 

algorithm for time step. 
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ih+j = iA. + -t 
(a + 2b + 2c + d) (3.41) 

6 

where 
a= hf (ik, t) 

b=h (iA, + ! 
2a, tk + i'h 

f2 

c= hf (ik + jlb, tA, +I h) 

d= hf(ik + c, tj, + h) 
h=step size 

The above algorithm is used as a procedure to calculate the instantaneous 

motor phase current vector using the previously calculated value of motor 

phase current vector iaj and the function f(i, t) defined in equation (3.40). 

The motor dynamic equation is used to calculate the new instantaneous 

speed, Aw, after the instantaneous torque is calculated at each time step. 

The speed w, is the rate of change of position with respect to time. Friction 

torque, Tj, load torque, TL, damping factor D, motor and load inertia, Jm' 

JL, respectively are input parameters to the simulation approach. 

(Jm + JL)Aw, + Dw, + TI + TL (3.42) 

Rewriting equation (3.42) in the Mowing form 

(T. 
- Dw,. - Tf - TL) 

Aw, = (im JL) 
(3.43) 
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3.9 Solution of the System Equations 

3.9.1 Current Calculation 

To accomodate the square-wave phase voltages, it is necessary to 

calculate the instantaneous phase currents at discrete points in time. The 

derivatives of the phase currents are then represented by 

di f 
k! Znew - told 

tt At 
(3.44) 

where is the value of the current at the end of the time-step At, and iold 

is the value of the current at the start of the time step. If the time intervals 

between calculations is small, equation (3.44) is a reasonable appro3dmation, 

since the maximum rate of change of current is V/L, the validity of the 

approximation is ensured by evaluating the change in current over a time 

interval (At) which is sufficiently short that VAOL is small. The current 

waveforms are calculated by applying a Runge-Kutta algorithm for step by 

step integration. 

A Runge-Kutta algorithm for step by step integration is written as 

a procedure to calculate the new value of instantaneous motor phase current 

vector inew using the previous calculated value of. motor phase current vector 

used to solve the differential equation over each time step. In this case, an 

artificial transient procedure has to be followed. Starting with arbitrary initial 

conditions, an excitation cycle (commutation and conduction) is studied; the 

conditions at the end of the cycle are taken as initial conditions for a second 

cycle and a third and so on until steady cycles are achieved. - 
3.9.2 Phase Advance Angle Calculation 

The phase shift, a, is dependent on the instant of switching the 

voltage in the phase winding and the start of the flat top of the back-emf 

in that phase. Therefore, in the simulation the back-emfs are delayed by 

angle a and the currents are commutated at the same instant as if no phase 

advance is applied. 
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3.9.3 Solution Procedure for 180* Conduction Angle 

When the inverter operates with a 180* conduction angle, three 

switching transistors are always turned-on at any instant of time; therefore 

this type of switching assures continuous flow of current in the motor phases. 

In this case the stator lines are not subject to open circuit conditions, and 

solution must proceed via the calculation of two independent currents (e. g. 

i. b and i.,, in mode I). 

3.10 Validation of the Model 

To test the model described in previous sections, the solution for 

the drive with 1200 conduction angle obtained from simulation analysis was 

compared to the tested results of the experimental system. The machine 

was run at 1100 rpm for a dc supply voltage of 120 V. Results are given 

of comparison of the simulation prediction and the experimental current 

waveforms for different phase advance angles. Figures 3.8 and 3.9 show the 

comparison of the simulation results and the experimental current waveforms 

for 0* and 15" phase advance angles respectively. One can note a good 

agreement between the prediction and the practical measurement. 

The experimental verification was obtained -for a 20 KW industrial 

machine tool drive. The detail parameters of this drive are shown in Appendix 

1. 

3.11 Summary and Conclusions 

This chapter describes the analysis work that was carried out on 

a trapezoidal brushless d. c motor. The aim of the analysis is to model a 
brushless d. c. motor drive operating in closed-loop modes. A generalised 

approach and computer simulation method for comprehensive analysis of a 
brushless dc motor drive has be developed and presented. The analysis 
takes into account all possible modes of operation of the inverter including 

commutation and conduction. 
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CHAPTER 4 

SIMULATION AND ANALYSIS 

OF A PERMANENT MAGNETIC BRUSHLESS DC MOTOR DRIVE 

4.1 Introduction 

Simulation of a permanent magnet brushless motor drive prior to 

its hardware implementation is desirable in order to study in detail the 

drive system, particularly at the design and testing stage of suitable drive 

control strategies. In this chapter simulation and analysis for the operation 

of the brushless dc motor is presented in which the actual parameters of the 

experimental machine are used. 

The aim of the analysis is to simulate a brushless d. c. motor drive 

operating in closed-loop control modes, which uses phase advance control 

techniques in conjunction with a PWM control technique and also an investi- 

gation of this control on the dynamic behaviour of the system when account 

is taken of the load's mechanical dynamics. The investigation has included 

both 120" and 180" conduction angles of inverter operation, with provisions 

to select the phase advance angle for commutation. The effect of variation 

of parameters such as the inductance on the high-speed torque performance 

of the drive has also been included in the study. 

The simulation method described in the previous chapter is first used 

to demonstrate the versatility of the direct three-phase model and secondly 

to investigate the detail behaviour of the system under investigation under 

the high-speed torque control methods which have been discussed in detailed 

in Chapter 2. During this investigation performance characteristics,, such 

as torque/speed, rms current, efficiency, current ripple, and torque ripple 

are obtained and compared for these control methods. Also the combined 
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effects of the machine inductance and phase advance angle on the machine 

performance are assessed for conduction angles of 120* and 180*. 

In addition, numerical and analytical investigations of the operating 

range of the phase advance angle are presented. During this investigation a 

theoretical approach to demonstrate the operating range of the phase advance 

angle in permanent magnet brushless dc motors has been presented. 

4.2 Steady-State Performance Analysis of PWM Current- Controlled 
Inverter-Fed Brushless DC Motor 

The following sections investigate the high-speed torque control meth- 

ods, such as phase angle control and extended conduction angle. The drive 

system, including its controller is simulated on the computer, using the 

simulation package described in the preceding chapter. The performance 

characteristics, such as torque/speed, r. m. s. current, % torque ripple and 
% efficiency are examined for these control schemes and the effect of varia- 

tion of parameters such as the machine inductance on the high-speed torque 

performance is also examined. 

4.2.1 Performance Characteristics 

In order to evaluate the overall performance of the drive under different 

control schemes, the following performance quantities are considered. 

Torque-Speed Characteristics 

It shows the variation of speed with torque and indicates both steady- 

state and transient performances. 

Current and Torque Ripples 

There are important performance quantities as far as the low speed 

operation of the motor is concerned. The torque'and current ripple factors 

can be defined as 
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x 100% 

and 

imax - imin 

Iripoe -- 2iave 
x 100% (4.2) 

L"M 

zqjiciency 

It is widely recognised as an important characteristic of the machine. 

As an aid to understanding motor efficiency it is sometimes more helpful 

to consider the motor losses rather than efficiency. The determination of 

efficiency requires that the losses of motor components be determined as a 

function of the machine operating variables such as current and frequency. 

An evaluation of these losses will indicate the most efficient way to operate 

the system over the speed range. The losses are identified as the copper 

loss, PR, in the stator conductor and the core loss in the stator iron that 

is adjusted for the operating conditions over the speed range. However, the 

efficiency is defined as the ratio of the power output, P,,, divided by the 

power input, Pi(= P. + machine losses), and is calculated as follows; 

77 = 
P, 

-x 100% (4.3a) 
P. +machine losses 

77 = 
(T. 

&TO x wr) 
x 100% (4.3b) 

(T,,,, x w, ) + 31.2,,. R + iron loss 

where T..,. is the average torque which indicates the ripple content in the 

motor torque and I.,. R is the average winding copper loss. The iron loss is 

dependent on the motor speed, peak backing iron flux density and stator core 

material. The iron loss values are stored as straight lines on logarithmic Wds 

for Bp.. A: and loss density. To cope with different frequencies a number of 
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lines at different frequencies are stored. Intermediate frequencies are obtained 

by linear interpolation. However, the frequency is obtained by 

np 
120 

(4.4) 

where f is the frequency of the current, p is the magnet pole number on the 

rotor. n is the motor speed in rpm. 

Descriptions of high-speed torque control schemes studied in this chapter as 

well as the definition of other parameters have been presented in Chapters 2 

and 3. 

4.2.2 Simulation System 

The results presented in this work were obtained for a 20 KW - 
industrial machine tool drive. The drive system consists of a six pole 

I 
brushless dc motor with rare earth magnets and has a general geometry 
typical of servo motors. The details of the brushless dc drive system used 
for the investigation are given in Appendix 1. 

In the Mowing sections of this chapter the tests in the equations are 

steady-state tests with the machine driving a dynamometer load at various 

speeds. In this mode the drive is operating with a current loop but without 

a speed loop. The current loop's transfer function has proportional, integral 

and differential components but differential action is intended to eliminate 
high frequency signals and is not significant to the response of the drive. 

Performance predictions were made for a current demand of 60 A. 

Although this current is appro)dmately three times the motor continuous 

rated current of 23 A which constitutes the steady-state thermal limit forthe 

machine, such current levels can occur as a result of rapid changes in speed 
demand. Although a brushless dc motor is magnetically saturated at rated 

current, larger current can still improve the motor's torque. 
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4.3 Low Speed Performance for 120" and 180* Conduction Angles 

The simulation results presented in this section are for low-speed 

operation. The low speed region is defined here as that region over which the 

current is maintained constant by the PWM-switching action of the inverter 

and thus full torque is available. 

4.3.1 Conduction Angle of 120* 

Figure 4.1 is used as a basis for comparing aspects (e. g. voltage, 

current, average torque and torque ripple) of the machine performance at 

low speed (100 rpm). The phase current is still appraximately rectangular 

in shape. Also from this figure the switching action of the inverter can be 

clearly seen, and the currents are controlled by the controller. 

Consequently the phase current easily reaches the current demand of 

60 A, since there is a large margin in available voltage. At this speed the 

current ripple factor and torque ripple factor of the corresponding waveforms 

are low. 

There is no reduction in torque production at low speed and under 

this condition the drive requires zero phase advance angle. Also it should be 

noted that the opposite polarity spikes at the centre of the current waveform 

are caused by the stator currents commutating from one phase to another. 

4.3.2 Conduction Angle of 180* 

To demonstrate the effect of this method at low speeds figure 4.2 

shows that winding current waveform is near quasi-square in shape and easily 

reaches the demanded current of 60 A. As can be seen from this figure the 

current in each phase winding has two 60* intervals per cycle when the current 

magnitude is at the demanded value and four intervals when the current is 

a half of the demanded. 
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As a consequence of this the torque is reduced. This is because the 

current waveform does not match the induced voltage waveform. Also the 

current ripple factor and torque ripple factor of the corresponding waveforms 
increases, since the windings are excited at rotor positions where the induced 

emf is not constant. 

4.4 High-Speed Torque Performance for 120" and 180* Conduction 
Angles 

When considering the characteristics of a drive at high-speed, two 

main operating speed ranges are distinguished- the high speed region below 

the base speed (below 3000 rpm in this case) and the extended speed range 

above the base speed (above 3000 rpm). In such an operation, current changes 

are forced by the voltage difference of the supply voltage available and the 

back-emf. 

4.4.1 Conduction Angle of 120* 

To examine the drive performance at high speed, speeds of 1000, 

2000, and 3000 rpm and a current demand of 60 A are considered. The 

overall shape of the characteristics and details of the results for these cases 

are shown in figures 4.3-4.5. It is clear from these figures that a reduction in 

output torque is observed up to around 2000 rpm, is due to the increasing 

size of the switch-on times constant relative to an electrical cycle. At higher 

speeds the machine runs of voltage and/or time to force the input current up 
to the demanded level and the reducing difference between dc supply voltage 

and back-emf, (V&-e), now dictates the output. In other words, the supply 

voltage is insufficiently large to maintain the required value of input current 
to the motor against the increased values of induced back-emf. 

As can be seen from figure 4.4 when the motor is running at a 

speed of 2000 rpm the motor phase current is stiU switched by the controUer, 

but the shape of the waveform, is determined by the difference between the 
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applied voltage and motor back-emf and the motor's effective inductance and 

resistance. This prediction can clearly be seen from figure 4.5 when the motor 

is running at speed of 3000 rpm. At this speed the motor phase current only 

just reaches the demand maidmum value of the current and so only starts 

to chop at the tail of the period. In addition, it is interesting to note from 

figure 4.5 that in the high-speed region the current waveform becomes near 

sinusoidal in shape. 

As will be seen in the following section, it is very helpful if the phase 

advance technique is used to keep the current in phase with respect to the 

emf. 

4.4.2 Conduction Angle of 180" 

At high speeds an extended conduction angle has a different effect 

on the torque, resulting from winding inductance and high-speed limitations. 

The results of these constraints may be explained by referring to the current 

waveforms which are shown in figures 4.6-4.8. These figures show the current, 

back-emf and torque at various speeds with zero phase advance. It can be 

seen from these figures that an increase of the rotor speed causes the current 

to change shape considerably. Also it should be noted that as speed increases, 

the distortion of current effectively delays the waveform and increases the shift 

between the current and back-emf. As a consequence of this the predicted 

current and torque waveshapes have considerably deteriorated. 

It is important to note that, with 180* conduction, when positive 

excitation is started, there is a large negative current in the phase winding, 

which must decay to zero before positive current can be established. At high 

speeds the decay time of the initial negative occupies a considerable part 

of the excitation interval and the negative torque produced by the negative 

current reduces the average torque. As the conduction angle increases the 

initial negative current becomes larger and requires a longer time to decay to 

zero. 
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4.5 Effect of High-Speed Torque Control Methods on the Machine 
Performance Characteristics 

4.5.1 Conduction Angle of 120" 

The effect of phase advance on the machine characteristics is demon- 

strated in figures 4.9-4.10 which show rms current and average torque char- 

acteristics of the machine as a function of speed with phase advance angle of 

a= 0", 15*, 30", 45*, and 60*. Torque-speed curves of figure 4.10 provide a 

useful summary of the motor's 'capacity to operate under closed-loop control, 

over the whole range of load conditions. The curves of this figure show, 

that, as the speed increases, the torque produced at any phase advance angle 

will reach a maximum before falling to zero, and with large phase advance 

angles, a positive torque is not produced at low speeds. The envelope of the 

. 
torque/speed curves defines the maximum torque the motor can produce at 

each speed. This torque decreases at high-speeds, as it becomes increasingly 

difficult to establish the rated phase currents in the motor winding. As can 

be seen in Fig. 4.10 the torque improvement in the high-speed region is 

increased as more phase advance is introduced until an optimum is reached 

for that particular speed. 

Figures 4.11-4.13 illustrate how this improvement in performance is 

obtained by employing the phase advance procedure at three operating speeds. 
The waveforms of figures 4.11-4.13 also show that with the correct value of 

phase advance angle for a particular operating speed, the current is nearly 
in phase with the back emf and thus there is a large improvement in the 

values of torque obtained at speeds between 2000 and 3000 rpm. Although 

the improvement in torque output for phase advance angle used for a speed 

of 1000 rpm is small, the phase advance angle is a useful aid in achieving a 
better waveshape phase current over such a range of operating speed. 

Although torque ripple is of less concern at high speeds, due to the 

low-pass filtering effect of the combined motor and load inertias, it is worth 
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comparing the torque waveforms in figures 4.3-4.5 and figures 4.11-4.13. These 

show that phase advance leads not only to higher levels of average torque, 

but also to lower levels of torque ripple. 

4.5.2 Extended Conduction Angle of 180" 

Similar trends are observed in the case of the extended conduction 

angle method with varying phase advance angle. Figures 4.14-15 summaries 

the drive performance with extended conduction angle. Improvements in 

performance are obtained by advancing the winding excitation relative to the 

induced emf as speed increases. Figures 4.16-4.18 illustrate how these im- 

provements in performance are obtained by using the phase advance procedure 

at three operating speeds. As an example, the results of figure 4.18 shows 

that when the phase advance angle=45*, the average torque at speed of 3000 

rpm is typically 1.5 times the maximum torque when the phase advance 

angle=O". 

4.5.3 Performance Comparison Between 120' and 180" Angles 

It is of interest to compare the difference in machine performance 

when operating with the two conduction angles. Figure 4.19 is used as a 

basis for comparing the torque-speed characteristics of a brushless d. c. motor 
drive with 120* and 180" conduction angles. For both conduction angles the 

phase advance method is effective in improving torque at high speeds, in the 

range 4000-6000 rpm. 

As can be noted from the results of these figures the benefits of an 

extended conduction angle with phase advance are most pronounced at very 
high speed. For this particular case, the greatest torque improvement appears 
in the range 4000-6000 rpm. 
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4.6 The Combined Effect of Winding Inductance and Phase Advance 
Angle 

To further examine the combined effects of both phase advance angles 

and winding inductances on machine performance, figure 4.20 shows how 

torque and rms current vary with winding inductance for different values of 

phase advance at a typical speed of 2000 rpm. The phase inductance of 

the actual motor is 3.1 mH and it can be seen from the torque against 

inductance characteristic that this is a near-optimal value if there is no phase 

advance. However if the total phase inductance is doubled, to a value of 6.2 

mH, torque production is improved from 38 Nm to 52 Nm at 2000 rpm and 
from 24 Nm to 46 Nm at 3000 rpm. To realise these higher levels of torque 

it is essential to apply the phase advance method, with more phase advance 
being required for higher phase inductances. 

At high speeds, figures 4.21-4.22 show the deterioration of motor 

current and torque waveform with an increase in phase inductance at speed 

of 3000 rpm. However, The benefits of higher inductance are evident from a 

comparison of figures 4.21-4.22 and figures 4.23-4.24 which refer to operation 

speeds of 2000-3000 rpm, where the back emf of round 200 V and 250 V are 

a significant proportion of the available dc supply voltage (550). 

The results in Table 4.1 reinforce the important points of the above 

discussion. This table is very instructive in obtaining an insight into the way 
the rms current, machine torque, % torque ripple and % efficiency depend on 
the total phase winding inductance and phase advance. As can be seen from 

the results of Table 4.1 there is large improvement in the values of torque 
from the variation of phase advance angles at speeds between 2000 and 3000 

rpm. For the case of 2000 rpm, the output torque at different phase advance 

angles can be compared with the torque obtained when the motor is running 

with zero advance angle. When a= 30* an average torque improvement of 
12.5% is obtained. 
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4.7 Transient Performance Analysis of PWM Current- Controlled 
Inverter-Fed Brushless DC Motor 

For transient conditions of operation the motor mechanical system 

must be included in the simulation model described in the previous chapter. 
The transient analysis of a brushless dc mot6r with torque control schemes is 

simulated on the computer and the simulation package described in Chapter 3. 

The results of the armature current, the electromagnetic torque and the speed 

for a steady-state operating point are taken as a reference in determining the 

electromagnetic characteristics of the drive system under transient conditions. 

4.7.1 Mransient Performance Prediction 

One of the most difficult conditions to model is that of acceleration 

of the motor from standstiH to a steady state operating point (i. e. speed 

changes, Aw,, foHowing the switching operation). Since the machine wiU be 

accelerating during the transient period, the dynamic equation 

Aw, = 
T. - Dw, - TL At (4.5) 

im 

shows that the predicted acceleration of the motor for constant acceleration 
torque is inversely proportional to the motor inertia, Jm, and proportional 
to the accelerating torque (T. - TL). For this transient condition the initial 

values of motor current and rotor speed required for the solution of the 

equivalent circuit must be known. 

For the operation of the motor under steady-state conditions described 

in Chapter 3, the sample rotor position step angle and the time step interval, 

At between successive steps of rotor position, AO, are fixed by constant speed 

of the motor, w, and these are related by the following relation; 

AO = WAt (4.6) 
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As the speed of the motor is constant, rotor position is always defined for 

any time and so the motor open circuit emfs and position sensor information 

used to define the condition zone of the inverter are always known. For 

transient operation the motor speed is not constant and so the time taken 

for the motor to move through any fixed angle, A6, can vary. As the drive 

is position commutated rather than time commutated, it is more appropriate 

to fix the position increment between successive sampled steps and then allow 

the time taken for that position movement to be set by the motor speed of 

equation (4.6). In present work the transient performance is accomplished 

using the following equations 

v= [R][i] + [L][pi] (4.7a) 

1 
Te = -[e][i]T ('Jr 

(4.7b) 

Aw, = 
T. - Bw, - TL 

At (4.7c) 
(im + j1-1-) 

The equation for torque includes second order differential of angles. To reduce 

these to first order the change in speed is introduced Aw, in equation (4.7c) 

as amilarly variable. The speed, n, is then calculated as'follows 

60w, 
2w 

(4.8) 

Then the calculated value of the speed n compared with the speed demand 

and a speed error is generated. This error is then processed through PID 

controller which operates on it with proportional, integral and differential 

(PID) action in order to optimise the closed loop response and also to obtain 

the speed demand. 
- 
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4.7.2 Predicted Results of the Transient Characteristics 

In this section, the simulation model was used to predict the closed- 

loop response of the system to an acceleration from standstill for both 120' 

and 180" conduction angles. For the present system used here the load torque 

applied to the motor was a purely frictional one and the inertia of the total 

system was the active inertia of the motor. The motor inertia, J,,,, used in 

these studies was 0.0095 kgm'. In each case of study the motor is allowed 

to accelerate from standstill for 0.6 second. 

The dynamic simulation tests for two conditions are presented. Both 

are for conduction angles of 120* and 180* conduction angles with phase 

advance values of 0" and 30'. These tests were performed when the motor 

is switched on at standstill for 0.6 second without torque load (TL = 0), and 

running under its own inertia (load inertia JL = 0). This is because the 

steady-state 'load torque is so small, that it can not be recognised in the 

current during the operation with constant speed. 

Figures 4.25-4.26 show the transient acceleration for 120" and for 

phase advance values of 0" and 30" respectively. In these figures the phase 

current, torque developed by the motor and the speed of the motor without 

load inertia are shown. From these figures it can be seen that with a 

large phase advance value of 30", a positive torque is not produced for this 

particular speed operation and thus the phase advance control is not effective, 

as described earlier in section 4.4. Also small ripples in speed can be seen 
due to the torque ripples. 

Under the same conditions figures 4.27-4.28 show the transient ac- 

celeration for 1800 and for phase advance values of 0" and 30". In these 

figures the phase current, torque and the speed are shown. The transient 

speed responses show the same trend as that of 120*. The transient speed 
decreases with phase advance control. 

For an investigation of the performance of the machine under transient 
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conditions it is also useful to consider a low power and thus low voltage inverter 

in order that the effect of the control methods on the performance can be 

studied. The differences of transition times due to the control schemes are 

more evident, if the inverter has less power. Results for both 120* and 180" 

with phase advance values of 0" and 30" are presented in figures 4.29-4.32. 

For these figures the power of the inverter was lowered to 80% by reducing 

the dc supply voltage V&. For the two different types of set values the 

current, torque and speed wave forms are shown. Near the highest speed (in 

this case 530rpm) the current has a higher frequency and an amplitude of 

60 A (figure 4.30). The current becomes more trapezoidal and gets a phase 

delay by itself. The transition time of speed is 0.3 second. The best results 

come out, if the phase advance control method is applied at low dc supply 

voltage, as shown in figures 4.30 and 4.32. 

In such tests the voltage of the inverter is not now sufficient to 

constrain the current in such speed operations. The transition times are 

0.3 second for 120" and 0.4 second for 180*. So it is clear that with 180* 

conduction transition times are within reach, for which in the case of 120" 

feeding a bigger inverter is necessary. 

For deceleration the different conduction angles are equivalent due to 

the fact, that the supply voltage is sufficient at any moment. 

It is clear from the above tests that with 120" conduction angle 

the torque is always larger resulting in a faster start-up. For steady-state 

operations it was shown that at any given speed there is a specific phase 

advance angle which maximises the torque developed by the motor. In order 

to get the benefit of full torque producing capability of the motor to achieve 
high acceleration it is possible to have a speed dependent phase advance 

angle during start-up so that the developed torque lies on the torque/speed 

characteristics envelope. As the motor speeds up a phase advance angle is 

adjusted for maidmum torque production. 
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4.8 Numerical Investigation of the Effective Operating Range 
of the Phase Advance Angle 

4.8.1 General Consideration 

It has been shown in the preceding sections if the motor is to operate 

over a wide speed range and deliver the maximum possible torque at all 

times, it is essential to have some form of phase advance angle control. The 

phase advance angle should be zero at low speeds and increase toward some 

maximum value as the speed increases. 

It was explained earlier in Chapter 2 that the phase advance angle, 

a, represents a shift in the switching points from the ideal. Due to the 

practical manufacturing limitations, it is not possible to guarantee perfect 

positioning of the phase commutation sensors. The effect of this limitation 

can be assessed by observing the effect of adjusting the operating range of 

the phase advance angle on the drive characteristics. 

The operating range for the phase advance angle, a, will be determined 

in practice by the limitations of the machine performance characteristics. 
Specifically the choice of maximum value for the phase advance angle win 
be determined by the operating speed, by the actual shape of the machine 
back-emf waveform, and by the reduction of the resultant airgap flux density 

and is a compromise between the machine performance characteristics (i. e. to 

max: imise average torque, to minimise torque ripple, to maximise efficiency or 

to minimise current). 

4.8.2 Predicted Results of the Effective Operating Range of the 
Phase Advance Angle 

Useful guidance about the limitations of the maximum phase advance 

angle is best described by the simulation results which are presented in Tables 

4.1 and 4.2. Owing to the low and high speed characteristics, which are 
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described in the preceding sections, the instant of current switching can only 
be advanced effectively within the range 0<a< 60. For all operating 

speeds if the phase advance is more than the required range, the machine 

will produce more negative torque and so lead to higher torque ripple. 

As was shown earlier if the drive operates at low speeds, the excitation 

period for each phase is much greater than the phase circuit time constant 

and, as a consequence, the waveforms of the winding rectangular currents will 

flow in phase with applied voltage. Owing to the shape of the back emf 

waveform, if the phase advance is more than the value of Ckp (i. e. a ý: ap), 

the machine will produce more negative torque and so lead to a higher torque 

ripple, as shown in figure 4.33. Therefore, for low speed operations the phase 

advance angle of 0* is most advantageous in producing the required torque. 

At high speed the test results of Tables 4.1 and 4.2 suggest that the 

drive can only be operated with phase advance which is a working compromise 
between the level of torque ripple that can be tolerated, and the maximum 

allowable phase advance angle to produce further improvements in high-speed 

torque performance. It can be seen that at speeds upto the base speed an 

increase in the phase advance angle to a maximum value of 45" increases 

the average torque of the machine. As can be noted, for this case, machine 

performance is considerably improved and it is easy to see why it is necessary 

to use a maximum phase advance angle of 45" from the analysis in the 

preceding section. 

It can also be noted that at speeds exceeding the base speed an 

increase in the phase advance value of 60* increases the machine's torque, at 

the expense of an increase in the torque ripple, but this may reasonably be 

regarded as acceptable for high speed applications. 

Although the average torque of the machine has improved slightly 

when the maodmurn phase advance angle of 90" is used, an unacceptably large 

increase in torque ripple of about 100% results. Also it is interesting to note 
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that the average torque starts to decrease when the drive operates at a phase 

advance angle above 90" and therefore it is necessary to impose limits on the 

phase advance angle when it is used. 

From the above investigation it can be concluded that the phase 

advance angle can be varied over a wide range up to 60* without detracting 

from overall machine performance. Also when priority is given to a large 

average torque, whilst the torque ripple is not very important the effective 

point of phase advance value can be selected to meet these application 

requirements. 

4.9 Analytical Investigation of the Effective Operating Range 
of the Phase Advance Angle 

Further consideration of the relationship between the stator and the 

resultant fluxes, adds additional insight into the nature of the effective oper- 

ating range of the phase advance angle that could be used in the brushless 

dc motor. It has been explained in Chapter 2 that the resultant airgap flux 

density is mainly determined by the stator and rotor flux densities. Also the 

stator current basically determines the nature of stator flux and the magnitude 

of this flux is directly proportional to the magnitude of the current. 

This section presents a theoretical approach to assess the operating 

range of the phase advance angle in permanent magnet brushless dc motors 

in which the phase advance angle of the phase current is determined by the 

effect of stator flux density in the air-gap on the resultant flux density. 

4.9.1 Theoretical Approach to the the Maximum Operating Range 
of the Phase Advance Angle 

The basic approach described here is to derive a mathematical relation 
between resultant flux density of the machine, applied phase current in terms of 

phase advance angle and stator flnx density distribution and using this relation 
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to assess the effect of maidmum phase advance angle on the resultant flux 

density. This analysis requires information about the stator mmf waveform, 

stator flux density distribution, stator phase current and rotor flux density 

distribution. These parameters can be represented by Fourier series analysis. 
This method of analysis is one of the most convenient ways of satisfactorily 
describing the variation of these quantities. This method assumes linear 

superposition is possible and hence that the magnetic circuit of the machine 
is linear and does not saturate. However, this analytical method provides 

useful insight into the range of phase advance angle and its effect on the 

weakening of the resultant airgap flux density of the machine. 

4.9.2 Field Analysis by Fourier Series 

4.9.2.1 Applied Phase Current 

For the system described here the stator current in the motor phase 

winding is a controlled a rectangular waveform. For 120* conduction angles, 

the applied phase current in kth phase winding can be described by the 

Fourier series as follows 

-Icoa(wt 
- 2(k - 1) w+ 

a) (4.9) 
3 

and hence the phase one current is 

i(t, a) = -Icos(w"t + a) (4.10) 

If the motor is runing at speed, w,, the instant of current commutation may 
be determined in respect to the angular position, 0., where 0. = Wt. If 

commutating current into phase winding, a, at 0, = -60*, corresponds to 

zero phase advance, the maximum phase current is reached at 0. = 0, thus 

a maximum flux density is produced by the phase winding and rotor flux 

density. 
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If applied phase current is to be commutated into the phase earlier 

than 0. = -60", then phase advance can be included in expression (4.10); 

i(t, a) = 7cos(wt + a) 

4.9.2.2 Airgap Flux Density Distribution 

The resultant airgap flux density can be thought of as composed of 

stator flux density set up by the current in the stator winding, and the flux 

density which is generated by the rotor. The resultant airgap flux density, 

B, is equal to spatial superposition of rotor and stator flux densities. 

Assuming the rotor flux density and stator mmf which is generated the 

flax density have trapezoidal distributions. The spatial distribution of airgap 

flux density for a pair of poles can be represented by a Fourier series, when 

referred to some point in the airgap of the machine, is given by expression; 

B, (0, t, a) = B-fcos(0 - wt -, ß) + B2. co3(O - -y)i(t, a) (4.12) 

where 
BI is the fundamental component of the rotor flux density, 

B, is the fundamental component of the stator flux density, 

P is the angle of the rotor aids with respect to fixed reference, 

-y is the angle of the aids of the winding (a) with respect to the 

reference aids. 

Expression (4.12) shows that the minimum (or maximum) airgap flux density 

of the motor may be determined by the stator current and phase advance 

angle. It should be noted that (90*-a) electrical is the torque angle, 0. For 

maximum flux density and thus torque production this angle is set to zero. 
(ci =0 corresponds to the condition of torque angle, ip = 90" used in the 

sinusoidal machine type). Thus for this condition the fundamental component 
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of stator amp ere- conductor wave and the rotor flax density distribution are 

coincidental. Clearly deviation from the condition of maximum airgap flux 

density may be achieved by advancing (or delaying) the instants of current 

commutation. Thus the advance of the instants of current commutation 

provides a measure of control over the resultant airgap flux density. In 

practice, for the system under consideration, the phase advance angle, cz, is 

set by the rotor position sensors which are used to provide the switching 

signals for inverter devices which deliver current from the supply to the motor 

phase windings (see Chapter 2). 

It is clear from the above analysis that at zero phase advance the 

stator flux density is leading the rotor flux density by 90". When the phase 

current is advanced by an amount cz then the stator flux density produced by 

this current makes an angle greater than 90' with rotor flux density and the 

resultant airgap flux density will be reduced at this position. The resultant 

airgap flux density can be reduced somewhat with rated stator current by 

increasing the phase advance angle, a, over some range. 

For the system described here, the maximum phase advance angle 

range that can be applied is 60* electrical. At this position the resultant 

airgap flux density reaches its minimum and as a consequence of this the 

back-emf will also be reduced, since it is proportional to the resultant airgap 

flux density. 

From the above analysis it can be concluded that for the system 

under consideration, to provide a significant improvement in high-speed torque 

performance, the phase advance should be within the range between 0* and 

60". A phase advance angle should be 00 for starting, the maximum value of 

45* upto the base speed and a maximum value of 60' for speeds exceeding 

the base speed. 
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4.10 Summary and Conclusion 

This study has demonstrated the versatility of the direct three-phase 

model. Both transient and steady-state characteristics are evaluated using the 

simulation procedure described in Chapter 3 which utilises the actual phase 

variable of the machine. 

During this study the performance of brushless d. c. motors switched 
by a PWM inverter is investigated, with a view to improving the high-speed 

torque performance. The investigation has included both 120* and 180* 

conduction angles of inverter operation, with provisions to select the phase 

advance angle for commutation. The influence of winding inductance on 

torque at high speeds has also been included in the study. 

The results of analysis has clearly shown that the high-speed torque 

characteristics of the brushless d. c. motor can be considerably improved 

simply by adjusting the chosen setting of the phase advance angle. 

The results of analysis has clearly shown that the high-speed torque 

characteristics of the brushless d. c. motor can be considerably improved 

simply by adjusting the chosen setting of the phase advance angle and using 

appropriate conduction angles. It has been shown that the torque available 
from a commercial drive at high speeds (i. e., 2000 rpm and 3000 rpm) can be 

improved by 12.5% using phase advance. The results have also shown that 

high speed torque performance can be improved by phase advance, combined 

with modest increases in winding inductance. 

The results of the numerical and analytical analyses have shown that 

the phase advance should be within the range between 0" and 60" in order to 

provide a significant improvement in high-speed torque performance. A phase 

advance angle should be 0" for starting, the maximum value of 45* upto the 

base speed and a maximum value of 60* for speeds exceeding the base speed. 

The results has also shown that in high-speed region the current 

waveform, becomes effectively sinusoidal in shape because the current control 
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capability of the drive is severely limited. Therefore, in order to predict 

the high-speed performance of the machine in term of the optimum phase 

advance angle quite reasonably, the sinusoidal analysis must be used. The 

determination of this optimum angle in an analytical manner is approached 
by simplifying the representation of the motor to an approximate case of 
balanced symmetrical windings having constant inductances (both self and 

mutuals) and sinusoidal supply voltages. An analytical approach for obtaining 

the optimum phase advance angle in the high and extended speed ranges is 

presented in the following chapter. 
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Table 4.1a Machine parameters and their influence on machine performance 

Winding 

Inductance 

(mH) 

Advance 

Angle 

(Degree) 

R. M. S 

Current 

(A) 

Average 

Torque 

(Nm) 

Torque 

ripple 
M 

Efficiency 

M 

1.55 0.0 48.47 54.19 19.4 75.5 

3.1 0.0 47.83 53.40 19.5 75.7 

6.2 0.0 46.51 50.65 24.7 75.8 

9.3 0.0 45.08 46-56 29.3 75.4 

12.4 0.0 45.26 41.33 16.1 75.0 

1.55 15.0 48.54 53.47 22.1 75.2 

3.1 15.0 47.98 54-07 16.8 75.9 

6.2 15.0 46-61 53.68 15.8 76.8 

9.3 15.0 45.34 51.84 17.4 77.1 

12.4 15.0 44.80 49.12 15.4 76.6 

1.55 30.0 48.49 48-85 48.5 73.6 

3.1 30.0 48.02 50.38 36.2 74.5 

6.2 30.0 46.87 52.22 21.6 76.1 

9.3 30.0 45.53 52.61 14.8 77.3 

12.4 30.0 44.49 51.81 09.6 77.5 

1.55 45.0 48.54 41.44 83.3 70.2 

3.1 45.0 48.12 43.51 66.9 71.6 

6.2 45.0 46.91 46.90 43.1 74.1 

9.3 45.0 45.85 49.18 28.0 75.8 

12.4 45.0 44.70 50.16 20.6 77.1 

1.55 60.0 48-53 31.13 130.1 63.9 

3.1 60.0 48.12 33-84 103.6 66.3 

6.2 60.0 46-98 38.48 70.3 70.0 

9.3 60.0 44.23 42-54 56.8 74.4 

12.4 60.0 44.84 44.81 31.0 74.9 

= 60 A, n= 1000 rpm. 



Table 4.1b Machine parameters and their influence on machine performance 

Winding Advance R. M. S Average Torque Efficiency 

Inductance Angle Current Torque ripple 
(mH) (Degree) (A) (Nm) M M 

1.55 0.0 47.93 53.70 19.8 86.1 

3.1 0.0 46.39 51.08 27.5 86.3 

6.2 0.0 44.86 38.61 41.5 83.6 

9.3 0.0 31.02 25-13 82.0 87.2 

12.4 0.0 23.28 18.64 94.0 89.8 

1.55 15.0 48.05 53.82 19.8 86.1 

3.1 15.0 46.84 53.97 15.3 86.7 

6.2 15.0 44.68 50.17 15.4 87.0 

9.3 15.0 33.80 34.97 53.4 88.9 

12.4 15.0 25.38 26.10 60.4 91.3 

1.55 30.0 48.08 49.74 39.8 85.1 

3.1 30.0 46.97 51.75 28.1 86.2 

6.2 30.0 43.20 52.71 17.0 88.2 

9.3 30.0 37.18 42.36 37.1 89.0 

12.4 30.0 27.93 31.73 42.3 90.0 

1.55 45.0 48.09 42.62 75.0 83.1 

3.1 45.0 47.03 45.80 55.1 84.6 

6.2 45.0 44.75 49.70 26.1 86.8 

9.3 45.0 40.79 46.96 32.0 88.2 

12.4 45.0 30.64 35.24 44.6 90.8 

1.55 60.0 48.01 32.37 119.6 78.9 

3.1 60.0 47-05 36.86 87.9 81.6 

6.2 60.0 45.21 43.09 39.7 84.9 

9.3 60.0 44.39 48.40 27.6 86.7 

12.4 60.0 33.31 36.34 54.1 89.6 

Idemand = 60A, n= 2000 rpm. 



Table 4.1c. Machine parameters and their influence on machine performance 

Winding 

Inductance 

(mH) 

Advance 

Angle 

(Degree) 

R-M-S 

Current 

(A) 

Average 

Torque 

(Nm) 

Torque 

ripple 
M 

Efficiency 

M 

1.55 0.0 47.53 52.92 22.5 90.3 

3.1 0.0 45.11 47.82 31.6 90.3 

6.2 0.0 26.20 24.53 48.5 93.2 

9.3 0.0 17.51 16.19 58.8 94.9 

12.4 0.0 13.16 12.08 61.2 95.8 

1.55 15.0 47.61 53.72 20.3 90.4 

3.1 15.0 46.46 53.12 21.2 90.7 

6.2 15.0 30.98 34.51 24.9 93.3 

9.3 15.0 20.70 22.92 29.5 95.2 

12.4 15.0 15.55 17.16 32.3 96.1 

1.55 30.0 47.85 50.23 37.1 89.7 

3.1 30.0 46.81 52.29 23.4 90.4 

6.2 30.0 36.36 42.08 10.5 92.6 

9.3 30.0 24.25 28.05 13.9 94.7 

12.4 30.0 18.20 21.04 16.3 95.8 

1.55 45.0 47.82 43.30 69.8 88.3 

3.1 45.0 46.83 46.90 46.1 89.4 

6.2 45.0 41.74 46.72 18.8 91.4 

9.3 45.0 27.85 31.27 22.5 93.9 

12.4 45.0 20.91 23.50 24.1 95.2 

1.55 60.0 47.80 33.36 112.6 85.3 

3.1 60.0 46.80 38.30 72.5 87.4 

6.2 60.0 44.62 44.69 23.7 89.9 

9.3 60.0 31.30 32.30 34.1 92.7 

12.4 60.0 23.50 24.33 35.7 94.3 

= 60A, n= 30OOrpm. 



Table 4.2a Torque/ speed/phase advance angle characteristics for 120' 

Speed 

(rpm) 

Advance 

Angle 

(Degree) 

R. M-S 

Current 

(A) 

Average 

Torque 

(Nm) 

Torque 

ripple 
M 

Efficiency 

M 

1000 0.0 47.83 53.40 19.5 75.7 

15.0 47.98 54.07 16.8 75.9 

30.0 48.02 50.38 36.2 74.5 

45.0 48.12 43-51 66.9 71.6 

60.0 48.12 33.84 103.6 66.3 

75.0 48.01 21.55 176.1 55.6 

90.0 48.01 8.14 523 32.1 

2000 0.0 46.39 51.08 27.5 86.3 

15.0 46.84 53.97 15.3 86.7 

30.0 46-97 51.75 28.1 86.2 

45.0 47.03 45.80 55.1 84.6 

60.0 47-05 36.86 87.9 81.6 

75.0 47.10 25.36 124.1 75.3 

90.0 47.09 12.52 305.9 60.1 

3000 0.0 45.11 47.82 31.6 90.3 

15.0 46.46 53.12 21.2 90.7 

30.0 46.81 52.29 23.4 90.4 

45.0 46.83 46.90 46.1 89.4 

60.0 46.80 38.30 72.5 87.4 

75.0 46.81 27.10 100.9 83.1 

90.0 46.45 14.88 212.9 73.2 



Table 4.2b Torque/speed/phase advance angle characteristics for 120' 

Speed 

(rpm) 

Advance 

Angle 

(Degree) 

R. M. S 

Current 

(A) 

Average 

Torque 

(Nm) 

Torque 

ripple 
M 

Efficiency 

M 

4000 0.0 28.70 30.67 28.1 94.9 

15.0 31.67 36.18 25.9 94.8 

30.0 39.21 43.88 23.8 93.7 

45.0 46.29 47-80 40.4 92.1 

60.0 46-87 39.73 61.8 90.4 

75.0 46.62 28.91 81.5 87.4 

90.0 46-67 16.85 145.5 80.2 

5000 0.0 9.36 20.26 44.0 97.6 

15.0 12.72 14.17 46.3 97.5 

30.0 20.17 21.46 48.0 97.7 

45.0 -31.20 30.60 54.6 95.1 

60.0 45.83 39.87 53.8 92.5 

75.0 46.34 29.72 73.9 89.9 

90.0 46.09 17.76 122.0 84.4 

6000 0.0 2.641 -2.87 -122.9 00.0 

15.0 1.106 0.612 336.3 81.2 

30.0 7.95 7.973 75.9 97.3 

45.0 18.57 17.05 77.9 96.8 

60.0 32.77 26.54 76.6 94.8 

75.0 45.64 30.65 67.2 91.9 

90.0 46-31 19.00 106.7 87.2 
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CHAPTER 5 

ANALYTIC APPROACH 

TO THE PERFORMANCE CHARACTERISTICS OF BRUSHLESS MOTORS 

5.1 Introduction 

In the previous chapter, the analysis demonstrates that accurate phase 

advance angle selection is important if the optimum performance is to be 

obtained from a brushless dc drive. If the speed of the motor is kept constant, 

there is an optimum phase advance angle at which maximum torque occurs. 

The choice of a= ciopt yields maximum torque and substantially improves 

the torque/speed characteristic above the rated speed. 

The analysis has also shown that when the machine operates at high- 

speed the limits of the PWM current controller are reached, so the current 

limit is not controlled. As a result the current waveshape becomes more 

sinusoidal and thus sinusoidal inputs can be assumed in a such an operation. 

In addition, the approach has generally been to derive a mathematical 

relation between torque, speed and phase advance angle, to predict the 

optimum angles in accordance with the above criteria. 

For the above reasons, sinusoidal analysis (machine theory) can be 

used to give a useful insight into the typical torque/spced curves that can be 

expected at high-speed operations. 

As in any inverter drive, a complete analysis requires relating the dc 

side inverter variables and ac side machine variables. With voltage inverters 

the machine voltage is directly related to the inverter voltage. Since the 

dc side impedance is always small in a voltage inverter, it is often quite 

acceptable to neglect its effects and the machine then can be considered 
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as being supplied. from an ideal voltage source. Since this is also the 

case in most machine applications utilising a conventional fixed frequency, 

machine performance with a voltage inverter supply is often very similar to 

the conventional operation of the machine. However, the methods employed 

have been such that the relationship to conventional steady-state machine 

theory (equivalent circuits, phasor diagram) has not been used to predict the 

high-speed torque performance of brushless dc motor when it is fed from a 

PWM voltage inverter. 

This chapter presents the application of these concepts to the brushless 

dc motor drive. The resulting overall equivalent circuits provide a simple means 

for understanding and predicting the machine characteristics, particularly at 

high speeds. A detailed analytical model which makes possible the use of 

machine theory for representing the performance of the brushless dc motor has 

been presented. This model is used to derive the equations which describe 

the steady state characteristics of a drive system consisting of a permanent 

magnet machine supplied from a PWM voltage inverter operating in both 

120* and 180* conduction angle modes and with provision to shift the phase 

of the stator voltages relative to the rotor position. The method utilizes the 

phasor diagram, where machine performance in terms of the main control 

variables (i. e. voltage and phase advance angle) is demonstrated. 

In addition, an analytical expression for the phase-advance angle 

which yields maximum torque at a given motor speed, is also derived. This 

expression is a very useful contribution for obtaining the machine performance 

in terms of optimum phase advance angle in higher speed operation. 

The quantitative effect of the phase advance angle on the torque/speed 

curve at high speed operation using sinusoidal analysis is also presented. 
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5.2 Circuit Model 

A three phase, permanent magnet brushless machine is depicted in 

Fig. 5.1. The star-connected stator windings are assumed to be identical, 

sinusoidally distributed windings displaced 120*. The three sensors shown 

in Fig. 5.1 are rotor position sensors. In most applications the stator is 

supplied from an inverter which is switched at a frequency corresponding to 

the rotor speed. 

5.3 Analysis and Model Development 

One of the convenient ways of dealing with analysis of the permanent 

magnet motor is to consider the buried permanent magnet brushless dc motor 

performance first and then deduce the torque equations for surface mounted 

magnet brushless dc motor. 

The analysis is based on two aids representation developed from 

generalised machine theory. Such a representation is well documented [Adkins, 

1957], [Kelly and Simmons, 1968], [Krause, 1974]. 

5.4 Assumptions 

Several assumptions are required in order to use this relatively elegant 

representation and the determination of the machine performance in terms of 

the phase advance angle in an analytical manner is approached by (i) sim- 

plifying the representation of the motor to an approximate case of balanced 

windings having sinusoidal induced voltages and (ii) simplifying the excita- 

tion by considering only the fundamental component of the applied voltage 

(iii) leakage inductance, mutual inductance, magnetic circuit saturation and 

losses such as eddy currents and hysteresis are neglected. Generally these 

assumptions do not present many restrictions while they simplify the model. 
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5.5 Analytical Method for Interior Permanent-Magnet Brushless 
DC Motor 

5.5.1 Equivalent Circuit 

The simplified equivalent circuit of figure 5.2 forms the basis of 

machine analysis and solution. Each winding of the brushless dc machine 

is modelled using the equivalent circuit, in which a supply phase voltage, 

V, is applied to a series connection of a resistance, R, inductance, L, and 

a back-cmf voltage source, E, as shown in figure 5.2. All of the voltages 

and currents in this circuit are rms per phase values. Calculation of the 

developed torque is a matter of calculating the power input and accounting 

for the copper losses. Thus the power input of the equivalent circuit, which 

corresponds to the rn phase windings is estimated by 

Pi = MVICOSý (5.1) 

The total mechanical output power, P., is given by 

MT. W, (5.2) 

The copper loss of m, phases (or the ohmic losses), P,, is given by 

Pe = mPR (5.3) 

The power output of the equivalent circuit, which corresponds to the me- 

chanical power output of the motor, neglecting the effect of eddy current and 
hystresis losses, is 

P,, = Pi - Pc = T. w, =, MVICOSO _ J2 R (5.4) 
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or as 

m 
-(VIcosO - I'R) (Nm) (5.5) 
wr 

The current, I, and power factor, coso, can be eliminated from equation (5.5) 

by using the phasor diagram, as shown in the foRowing section. 

5.5.2 Phasor Diagram 

If a permanent magnet brushless dc motor is represented by the phasor 
diagram in figure 5.3, a set of equations can be obtained which describes the 

performance of the machine in terms of the phase advance angle, ct. The 

d-axis and the q-axis are used as reference axes. By reference to the phasor 

diagram, the rms wds currents Id and Iq are found by projecting the voltage, 

on the d and q axes. Thus the phase current, I is resolved into two 

component parts, the direct wds current, Id, and the quadrature axis current, 

I.,; 

Icoso = I. cosa - Idsina (5.6) 

which are related by the following equation 

TIJ2 
d+ 

J2 
q 

Where: 

(5.7) 

ct is the phase difference between phase voltage, V, and phase back-emf, E, 

which is called the phase advance angle 

0 is the phase difference between V and I, which is called the power factor 

angle. 
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substitution of (5.7) into (5.5) yields 

m [V(I. cosa - Idsina) - 
(Id2 + Iq2)R] (5.8) 

Wr 

Having eliminated the current phase, I, and power factor, cosý, the analysis 

can be continued to remove Id and I. from the equation. 

Again with reference to the phasor diagram, the axis currents Id and 

I., are found by projecting or resolving the voltage, V, on the d and q-axis 

thus obtaining 

Vd 
--= Vsina = wLgiq- RId 

(5.9) 
Vq= Vcosa = RIj + wLdId+ EI 

the d- and q-a., ds current components obtained from equation (5.9) are 

Id ««z 
VwLco-ga - RV3ina - Ew, Lg 

(RI + w, 'LdL,; ) 
Vw, Ld3ina + RVco3ci - ER iq 

-2 (R2 + WPLdLg) 

but 

E= kbW, (5.11) 

allows equation (5.10) to be re-written as 

Vw, L. cosa - RVsina - 
kbw 2L 

Id 
2L 

rq 
(Wr 

dL9 + R2) 

VwLdsina + RVcosa - kbwR Iq 
(W2LdLq + R2) 

substituting equation (5.12) into equation (5.8), the electromagnetic torque, 

T., for the buried magnet machine can be expressed in terms of the rotor 

reference frame variables 
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T. =m 
(Vcosct(VjwLdSina + Rcosal - kbwR) 

W? (R2 + w, 2LdLI) 

Vsina(VjwLcosa + Rsinal - kbW2 Lq) 

(R2 + w, 2LdLq) 
(5.13) 

_(V(wL. 
cosce - Rsina) - 

kbw, 2Lq)2 
R (R2 + w, 2LdLq) 

llwLqsinct + Rcosa) - kbwR )2 R) (R2 + w, 2LdLq) 

Since the winding resistance has little effect upon the machine per- 

formance except at very low speeds, it is often quite acceptable to neglect its 

effect (i. e., R= 0). In terms of stator voltages and the angle a, the machine 

torque of equation (5.13), with stator resistance neglected, is 

m VE 111 Te ((-)sina +--- T-)sin2a]) (5.14) 
L2 

[V3 (I. 
dqd 

As can be seen that the first term of this equation can readily be recognised 

as the magnet torque term and the second term represents the contribution 

of the reluctance torque caused by saliency. 

5.6 Analytical Method for Machines with Surface Mounted 
Magnets 

Although the analysis is carried-out without neglecting saliency, the 

assumption that a brushless d. c. motor is a magnetically round rotor device 

simplifies the analysis while preserving the basic steady-state operating char- 

acteristics of the invcrter-machine combination. The direct and quadrature 

axis inductances of the surface mounted machines are approximately equal. 
This is because the length of the air gap is equal to that of the magnet 

which has a permeability approximately that of air. This results in the 

direct and quadrature axis inductances of a surface mounted machine being 
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approximately equal, i. e.,: 

Ld = Lq =L (5.15) 

substitution of equation (5.15) into the torque expression (5.13) gives the 

torque equation for a machine with surface mounted magnets. The equation 

is long and complicated but can be simplified by substitution of equation 

(5.15) and the following: 

X=w,. L 

I 

and 

(5.16) 

VR2 + W2L2 
r 

Where: 

X is the phase winding reactance, 

Z is the phase winding impedance. 

and thus the torque equation (5.13) becomes 

mE [VXqina + VRco3a - ER) (5.18) 
WP z2 

by substituting equations (5.11) and (5.18) into (5.14), the output torque of 

the surface mounted machine can obtained in the following general form 

ý2 kb 
[VX3ina + VRcoga - ER] T 

For the machine in which R is negligible at reasonable values of angular 

velocity, w,, equation (5.19) reduces to: 
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" 
Mkb [VXIsina (5.20) Te 

-'ý X2 

i. e.; 

m EV 
T. 

wr 
I y-Isina (5.21) 

when comparing this equation with equation (5.14) it is clear that reluctance 

torque is approidmately zero for a machine with surface mounted magnets. The 

total motor torque is equal to the electromagnetic torque only, the ma. -ximum 

of which is produced at ct = 90'; i. e. when stator flux is perpendicular to 

the rotor flux at standstill. 

As can be seen from equation (5.14), the opposite is true in the 

buried permanent machine. The reluctance variation between the d and q 

axes can be significant with the d axis reluctance usually being larger than 

that of the q aods. This is because whereas in the magnetic circuit on the q 

axis, there is only iron, a part of the magnetic circuit on the d axis consists 

of the magnet which has a permeability approximately that of air. This 

increases the d-axis reluctance, hence reducing its inductance. This means 

that in addition to the electromagnetic torque, a reluctance torque exists 
in buried machines, as can be seen in the second term of equation (5.14), 

this additional component arises from the presence of saliency. However, this 

reluctance can be used to increase the torque rating of the machine. 
In summary, the derivation given in this section shows that a machine 

with surface mounted magnets is merely a special case of a buried machine 
in which the direct and quadrature axes inductances are equal. 
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5.7 Controlled-Torque- 
, 
Phase Advance Angle Permanent-Magnet 

Brushless DC Motor 

5.7.1 Characteristic of the Drive at Low Speeds 

Equation (5.19) shows that the torque of a brushless dc motor is 

dependent on the applied phase voltage, V, the back-emf voltage, E, and 

the phase advance angle between the two voltages, ct. To achieve maximum 

torque, it is evident from equation (5.19) that the phase advance angle should 

be zero. At low speed operations the phase reactance, wL, is very small 

compared to the resistance (R > wL) and may, therefore, be neglected. Thus 

making Z=R and for these conditions of phase advance angle and operating 

speed the equation (5.19) simplifies further, Le; 

k 
Te = (M-', ) [v - k, wl (5.22) 

R 

5.7.2 Characteristic of the Drive at High-Speeds 

Expression (5.19) shows that torque will be maximised if the phase 

advance angle, a at a specified value of a= 90*. If the a is a= 9011, then 

equation (5.19) becomes 

T. = ( 
Z2 

) [VX - ER] (5.23) 

or as 

Te = 
(mkbRw, )[VL 

- kbR] (5.24) Z2 

It should be noted the torque that the motor developed at standstill is zero 
if w, = 0. Therefore at low operating speeds the optimum phase advance 

angle to maximise motor torque, is zero degrees. 
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For high-speed operation, the phase resistance, R, is very small com- 

pared to the reactance (R < w,. L) and may, therefore, be neglected. Thus 

making Z=X and for these conditions of phase advance angle and operating 

speed the equation (5.24) simplifies further, Leý, 

lvb V 
L (5.25) 

A machine with surface mounted magnets operated with position feedback 

can therefore be started at low speeds with a= 0", and as the speed rises 
the phase advance angle can be increased up to 90" giving a series motor 

characteristic. Although equation (5.19) is valid for any speed, positive values 

of w, and T. (O :5a< 900) are of primary interest. 

It is interesting to point-out the well known similarities between the 

operating characteristic of the inverter-fed permanent magnet motor combina- 

tion and d. c. machines. By examining equations (5.22) and (5.25) and with 

a=0, the brushless dc motor can produce either the shunt (constant field 

current independent of fine current) or series (field current proportional to 

line current) characteristic. 

5.8 The Optimum Phase Advance Angle for Maximum Torque 
at a Given Speed 

It is clear from the above analysis that the phase advance angle is the 

main control parameters and good design practice of brushless dc motors is 

very much concerned with the optimum choice of this angle for a given voltage 

and speed. This section presents a derivation of an analytical expression for 

optimum phase advance angle. 

There is a phase advance angle which results in the maidmum torque 

being developed for a given speed, w, and applied voltage, V. The valUe of 
the phase advance angle, ct, at which a maximum or minimum electromagnetic 
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torque occurs for a given rotor speed may be obtained by taking the first 

derivative of T, given by equation (5.19), with respect to a and setting the 

result equal to zero (-O-T-F, - = 
, got 

OT. 
= 

(mkb [VXsina + VRcosa] =0 (5.26) 
Oa Z2 

Solving this relation for ct yields the value of a for maximum or minimum 

steady-state torque at a given motor speed. 

tana. pt 

or as 

(5.27) 

arctan(a"L) (5.28) 
R 

This result shows that the angle apt is a function of the machine time constant 

and operating speed, and the closure of the phase advance control would 

need the knowledge of the relationship between a,, pt and these parameters, in 

particular to the speed of the motor. However, this phase advance angle, apt, 

for maximum or minimum torque is the angle of the impedance of the machine. 

That is, since the machine works with shaft position sensors, the fundamental 

frequency of the inverter output voltage and thus current is always the same 

as the rotor speed. In other words, w, = w,., r. w,. = &., f . Where r. is stator 

time constant which is analogous to the armature circuit time constant of a 
dc machine. The maximum or minimum steady-state electromagnetic torque 

at a given motor speed may be determined by substituting equation (5.28) 

into equation (3.19). 

The motor speed n (in rpm) can be substituted into equation (5.28) 

by using the foRowing equation: 
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2rn 

allows equation (5.28) to give 

(5.29) 

cropt = arctan ( 2v nL (5.30) 
60 R 

Equation (5-19) is a condition for obtaining the required electromag- 

netic torque for a given speed, -and equation (5.30) is for the operation to 

maidmise the output torque of the machine. Specifically at a given speed, 

optimum torque is produced if the phase advance angle is set to the optimum 

of the phase advance angle value (ctot) at that speed. 

Then, the optimum control method which maidmises the torque ca- 

pability of the machine is realised to control the phase advance angle and 

voltage to satisfy equations (5.19) and (5.30) at the same time. 

However, at zero speed, the optimum phase advance angle is therefore 

zero degrees as deduced from the simplified equations (5.22) and (5.24). 

As the speed increases towards infinity, the optimum phase advance angle 

settles at a maidmum value of 90". The drive has then series d. c. motor 

characteristics as shown earlier by equation (5.25). 

As explained in Chapter 2, phase advance angle, a,, pt, is set up based 

on the signals from position sensors as a control variable and the optimum 

torque would be the parameter determined incidentally. Speed control of the 

invert er-p ermanent magnet motor combination is typically achieved by pulse 

width modulation. It is now clear that high speed torque control may also 
be achieved by shifting the phase of applied voltages. Hence the combination 

of pulse width modulation and phase advancing may be used to advantage 
in most high-speed applications. 

126 



Finally the expression (5.30) is a useful contribution to the study the 

optimum phase advance angle and gives a qualitative idea of the optimum 

operating conditions, particularly at high speed. Although Acarnley and 

Gibbons, [1982] do consider the rate of change of torque with respect to the 

load angle in order to derive an expression for the torque in a stepping motor, 

the derivation of this expression for the bruShless dc motor provides a simple 

means for understanding and predicting the optimum machine performance in 

terms of phase advance angle. 

5.9 Calculations of Motor Variables 

5.9.1 Phase current 

Often the fundamental phase current, I, is of interested. It can be 

obtained from the phasor diagram shown in figure 5.4. A short trigonometric 

analysis leads* to the result 

V2 = V2 
.2+ E2- 2VEcoqa (5.31) 

where 

IZ (5.32) 

where ZI is the voltage across the winding impedance Z. In turn equation 
(5.33) can be used to specify the machine current from 

(V2 + E2 

Z2 
2VEcosa (5.33) 

5.9.2 Power factor 

This is an important performance quantity which decides the KVA 

requirement for the motor drive system. The general definition of power 
factor, PF, is 

127 



PF = 
Pi 

= 
3VIcosO (5.34) 

VA 3VI 

where VA is the product of the rms voltage and rms current. 

PF =. cosO (5.35) 

the power factor, PF, is derived from the phasor diagram of 5.4, as follows: 

7 PF = cos- - (0+7) (5.36) 
2 

where 

arctan( 
x (5.37) 
R 

and 

arccos (V- Ecosa) (5.38) 
iz 

5.9.3 Efficiency 

If the iron loss is neglected, the efficiency of the motor is calculated 
by: 

7170 = 
P" 

(5.39) 
A 

where 

P, = 
T. nr (5.40) 

30 
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and 

3VIcosO (5.41) 

5.10 Rotor Position/Speed and Phase Advance Angle Relationship 

The relationship between position/speed and phase advance angle 

will now be demonstrated. For simplicity, only a two pole machine win 

be considered. For this machine, one complete cycle of phase excitation 

corresponding to one complete revolution of the rotor (i. e. one cycle of 

excitation corresponds to rotation through two rotor pole pitches). Therefore 

the relationship between rotor position, 0,, and angular speed of phase 

excitation, w,, is found in the following manner. 

The distance taken by the rotor to rotate one revolution is given by 

2v 

p 
(5.42) 

The time taken to rotate one revolution is given by 

tr = 
2r (5.43) 
pwj, r 

The motor speed over one revolution or one supply cycle is 

09, d, 
Ot 

(5.44) 09, p (2, r) 

therefore 

00, 
= 

W, (5.45) Ft 
p 
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Integrating equation (5.45) with respect to time gives the variation of rotor 

position with the time 

por = Wt - 

or as 

a= Wt - PO, (5.46) 

The line-to-neutral voltages of the machine supplied from a voltage source 

inverter, with provision for phase control, may be expressed in a Fourier series 

expansion: 

ýV-dc [cosO. +1 cos59, +1 co, 970, + (5.47) 
7r 57 

where 

08 =£w. + 0. (0) (5.48) 

5.11 Analysis of Inverter-machine operation 

As pointed out carlier, the state of the sensors shown in Fig. 5.1 

provides information regarding the position of the rotor poles and, thus, the 

position of the q and d axes. This information can be used to determine the 

switching of the inverter, which may be a voltage source or a current source. 
However, this work is primarily concerned with a voltage source inverter. 
When the machine is supplied from this inverter, the fundamental component 
of the stator applied voltages may be expressed as 

2VcosO. (5.49) 
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where the amplitude V, may be a function of time and thus 

t 
06 

= 
10 

W, + 0, jo) (5.50) 

where 0. (0) is the time zero position of the applied voltages, which win play 

an important role in the operation of the brushless dc. motor since it can 

be controlled by delaying or advancing the switching of the source inverter 

relative to the measured rotor position. 

The voltage Vd, is the voltage applied to the inverter and 0. (0) is 

the time zero angle of the applied voltages. It is important to note both V& 

and 0. (0) are controllable variables and may be varied as a function of time. 

Since the machine is equipped with shaft position sensors, the fundamental 

frequency of the inverter output voltage is always the same as the motor 

speed. In other words, w. = w, and 0. (0) may adjusted by appropriate' 

switching of the transistors in the inverter. For the purposes of compactness, 

it is convenient to define 

a= 06 (0) - of. (0) (5.51) 

Although V& may be varied if the inverter is supplied from a controlled 

rectifier, the inverter is often supplied from a d. c. source such as a battery. 

In this case, the effective value of stator phase voltages is varied by pulse 

width modulation (PWM). Pulse width modulation may be taken into account, 
in this analysis, by multiplying the stator voltages by a pulse train which 
becomes a controllable multiplier of Vd,: if the harmonics due to pulse width 

modulation are neglected as is often done. 
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5.12 Results and Discussion 

5.12.1 Performance Prediction 

The brushless dc motor used for this work is a 20 KW industrial 

machine tool drive. The simulation results are based on a dc link voltage of 
550 V, a phase resistance 0.26 0, and a phase inductance of 3.1 mH. The 

data of the drive is shown in Appendix 1. 

A program is written to calculate various motor parameters, including 

torque and phase current over a wide speed range for particular phase advance 

angle and inductance. 

5.12.2 Torque/Speed and Phase Advance Angle Characteristics 

The torque produced at any phase advance angle can be found by 

evaluating equation (5.19) with corresponding phase advance angle. For 

example, a typical set of torque/speed/phase advance angle characteristics for 

the Bosch drive operated with the supply voltage of 520 volts are shown 

in figure 5.4a and figure 5.4b shows in more detail the variation of the 

torque at high-speeds (between 1000 and 6000 rpm). However, these are 

the torque/speed curves for the trapezoidal brushless motor operated on a 

sinusoidal voltage supply. 

The torque speed characteristics for phase advance angles of 0% 15", 

30*, 45", 60", 75o and 90" at a supply dc voltage of 520 volts are shown 

in figure 5.4. It can be seen that a phase advance angle of 0* results in a 

torque/speed characteristic with a high starting torque, but the torque falls 

rapidly to zero as the speed increases. Advance angle of 90" results in zero 

starting torque, but there is much more torque produced at high-speeds. This 

enables the motor to run faster on the same phase voltage than it can with 

a 0* phase advance angle. Phase advance angles between 00 and 90" result 
in torque-speed characteristics that come within the bounds set by the 0* 
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and 90" characteristics. The four curves in figure 5.4 suggest that there is 

an optimum phase advance angle that can be selected at a given speed in 

order to maximise the available motor torque. 

5.12.3 Machine Characteristics with Optimum Phase Advance 

(i) Torque/Optimum Phase Advance Angle Characteristic 

Figure 5.5 illustrates the optimum phase advance angle versus speed 

curve as calculated by means of equation (5.30). It can be seen that there 

is a certain value of phase advance angle which maidmises the output torque 

of the machine. The higher the speed is, the larger phase advance angle 
is required to produced the majdmum torque. In conclusion, therefore, the 

optimum torque producing capability of the drive can be achieved by selecting 

a speed dependent phase advance angle. 

(i) Torque/Optimum Phase Advance Angle Characteristic 

The ma., dmum torque T,,, is also plotted along with the optimum 

phase advance angle, apt which yields ma)dmum torque. It is clear from 

this figure that for w, ý: 0 mayimum torque wiH occur between ot =0 and 
90 

These are the optimum torque/speed curves for the drive operated on 

a sinusoidal voltage supply. The curves of figure 5.6 reveal that a significantly 
larger torque can be achieved if the angle a is maintained at the value to 

produce maidmum torque, apt. 

Nevertheless the analysis and the computation results in this section 
Mustrate the fact that in a brushless permanent-maguet motor, the phase 

advance angle must be carefully adjusted to optimise the performance at a 

given speed. 

133 



4 5.12.4 Effect of Machine Parameters on Torque/Speed Characteristics 

The computation analysis also includes a set of curves for different 

phase advance angles at phase inductances of 6.0,9.0 and 12 mH. Figures 

5.7,5.10 and 5.13 show the family of curves obtained for phase advance 

angles of 0", 15*, 30*, 45*, 60", 75" and 90" respectively. These results show 

that the phase inductance affects the magnitude of the torque/speed curve 

and it does change the shape of the curve significantly in the high speed 

range. The phase inductance is therefore the important parameter that fixes 

the torque/speed characteristic of a given motor. 

To examine further the effect of the phase inductance on the other 

parameters, figure 5.8,5.9,5.11,5.12,5.14 and 5.15 display a series of graphs 

which show how the phase advance angle and the optimum torque vary with 

phase inductance. 

The other motor quantities such as phase current and efficiency have 

not been plotted since the main point to be made at this stage is the 

importance of the phase advance angle control in the brushless d. c. motor, 

if it is to operate effectively over a wide speed range. 

5.13 Summary and Conclusion 

The brushless d. c. motor supplied from an inverter with phase advance 

angle control, has been analysed using sinusoidal theory. The voltage, current 

and torque equations derived are valid for the steady state operating condition. 
Whilst many brushless permanent magnet motor systems use voltage source 
inverters, it is nevertheless valuable to use sinusoidal analysis to predict 
the probable performance characteristics. The advantages of the sinusoidal 

equations are that they are simple to understand and easy to use. 
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The main contribution of this chapter is the formulation, based on the 

machine theory approach, of the equations describing the machine performance 

in terms of the main control parameters. In the course of developing these 

equations, a better understanding of the interaction of the machine elements 

is obtained. 
The results of analysis verify that the high speed torque characteristics 

of the brushless dc drive system are markedly influenced by controlling the 

phase advance angle. 

In addition, the high speed torque characteristics of a specific machine, 

due to advancing the phase of the stator applied voltages, may be ascertained 

from the time constant and rotor speed and these quantities are readily 

available. Phase advancing also provides a means of high-speed torque control 

which could be used in conjunction with pulse width modulation PWM control 

technique. 

Moreover, the brushless d. c. motor possesses a trapezoidal back-emf 

and a square wave current which are a major obstacle to any analysis based 

on sinusoidal assumptions. However, sinusoidal analysis of the brushless d. c. 

motor system gives a useful insight into the typical torque/speed curves that 

can be expected, particularly at high speed operations. Whilst the predictions 

are not necessarily quantitatively accurate, they do give a qualitatives idea of 

the optimum operating conditions. 

The equations presented in this chapter will be used further to 

investigate the optimum phase advance angle for high speed operations in the 

following chapter. 

a 
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CHAPTER 6 

ANALYTICAL INVESTIGATION 

OF THE OPTIMUM HIGH-SPEED TORQUE PERFORMANCE 

6.1 General 

The critical importance of the phase advance angle in the successful 

high-speed operation of the brushless dc machine drive makes an analytical 

approach especially valuable since time spent on trail-and-error setting up in 

the laboratory is eliminated. 

Although it would be possible to implement trail-and-error using the 

simulation, this approach, which is presented in Chapter 4, is involved and 

requires a substantial amount of computation time to establish best steady 

state operating points. It is therefore desirable to establish simplified analytical 

representations which yield a more direct means of finding the optimum phase 

advance angle when the system operating limits in the high and extended 

speed ranges. 

In this chapter, an analytical study concerning the optimum phase 

advance is developed. In this study two analytical approaches to the problem 

of obtaining an optimum phase advance angle are presented. The first 

method is based on the controlled current waveform, where the phase current 

is effectively limited and therefore it assumes that the current must rise before 

back-emf in order that the current has attained the desired value at the start 

of the on-period. The second is based on sinusoidal analysis where the stator 

current is effectively sinusoidal at high-speed operation. 
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This chapter also presents a detailed analysis of the shape of the 

current and back-emf waveforms in a brushless dc motor drive and their 

effects on the torque/speed performance. From this analysis, it has been 

shown that the current and back-emf waveform shapes have a direct effect 

on the constant torque operation as well as the mwdmum torque that the 

brushless dc motor can deliver. During this investigation, a detailed analytical 

method for obtaining the required relationship between motor parameters in 

order to predict the desired shape of the current waveform. is presented. 

6.2 Analysis and Control of Current Waveform 

6.2.1 General Control Considerations 

It was apparent during the motor tes t- simulation, that the shape of 

the phase current was dependent to some extent on both the speed of the 

motor and the magnitude of the phase current. When the motor operates at 
high speeds, the current in the machine winding does not -reach 

the demand 

current and then, it is no longer controlled. This limit depends on the value 

of the current and on the speed. This situation has direct effect on the 

maximum torque that the brushless dc motor can deliver. As was noted in 

the chapter 4 it is very helpful if the phase advance control is used to keep 

the current in phase with respect to the phase back-ernf. 

However, there is no feedback in the system to ensure that the phase 

advance angle has an optimum value at any torque load or speed. The 

approach of this problem, when the current limit is considered, is to derive 

a mathematical relationship between torque, speed and phase advance angle, 

to compute the optimum angles in order to maximise the torque output 

of the machine and to compare the predicted results with that obtained 

experimentally. It is the aim of this section to develop an analytical method 

which can be used to predict the phase advance angle. The method derived in 
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this section is believed to be a useful contribution to quantifying the effect of 

phase advance control on the trapezoidal brushless motor system performance, 

particularly when the current limit is considered. 

Before describing the development of the new method, it is appropriate 

to summarise the drive conditions for the motor in relation to speed and to 

give an indication of the form of current waveforms which can be expected 

over the whole speed range. 

6.2.2 Control Mechanism of the Current Waveform 

The motor current and hence torque, is controlled by turning off 

one of the conducting inverter switches for a fixed period of time when the 

motor/inverter input current reaches a preset limit. The switch is turned on, 

and the voltage is reapplied to the motor, at the end of a fixed interval. As 

such it is one of simplest current control procedures available. Other inverter 

controllers developed subsequently have introduced much more advanced control 

switching strategies, such as PWM current control, as described in the previous 

chapter. 

Current is driven from the supply rail via two active switch devices 

into two of the motor phase windings. The equivalent circuit of the system 

has been discussed in the previous chapters but can be for convenience given 

simply by equation (6.1) below, where the resistance of the motor phase 

windings and the conduction voltages of the inverter active switches have 

been neglected. 

Vdc = L. 
1% 

+ e. (wt) 
at 
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where 
L, is the total inductance of the two phase windings 

i, is the current in the active windings 

e, (wt) is the line voltage of the active motor windings 

For constant torque operation, the line voltage at the terminals, e, is constant 

over a 60" conduction period before the current, i, is switched to another of 

the motor line pairs. Assuming that the dc supply voltage, V&, is greater 

than the motor line voltage, the rate of rise current of the motor current is 

given by: 

Ui 1 (6.2) 

During the current chopping mode of operation, the input current is turned-off 

and the motor phase current, maintained by the inductances of the windings, 

continues to flow. Again neglecting the motor winding resistance and inverter 

device voltage drops 

+ e, (wt) (6.3) 

or if the induced back emf is constant during this interval, the machine 

current faUs linearly 

oi 
8t 

(6.4) 

The linearly rising and falling motor phase current, described by equations 

(6.2) and (6.4), can be considered for two different motor speeds within the 

constant torque region of operation. 
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At low speeds the motor phase current will only fall by a small amount 

during the fixed off time defined by the equation (6.4), as the motor line 

voltages which drive the current are much smaller at low speeds. However, 

due to the large difference between the dc supply voltage, V&, and motor 

line voltage, e, may be very short indeed. At these lower speeds the cffective 

switching frequency of the power inverter switches becomes quite high, but 

the duty factor of the switching devices will be reduced. 

At higher speeds the comparatively high value of motor back emf 

produces a large fall in motor phase current within fixed off time. Consequently 

the motor current delivered to the motor may be considerably less than the 

maximum specified value. The time taken for the current to return to its 

specified maximum value before current control is subsequently initiated will 

be comparatively long as, at higher speeds, the. difference between the applied 

dc voltage, V&, and the motor back-emf, e, will be small. The duty factor 

of the converter switching devices will be large. 

00 6.2.3 Current Waveform Characteristic for the Operating Speeds 

Having analysed and studied all the available phase current waveforms 

at different operating speeds from the simulation test presented in Chapter 4, 

it was concluded that the drive system, in which the stator current is regulated 

by a voltage source PWM inverter, has two main control regions (a) region 1: 

the PWM action regulates the level of stator current to a limit value and the 

drive is said to be operating in the constant current mode (b) region 2: the 

current limiting using the PWM action becomes ineffective and is practically 

non-mistent so the drive is said to be operating in constant voltage mode. 

In this second region the electrical time constant of the winding is relatively 

large in comparison to the excitation interval of each phase. Therefore the 

higher frequency components of excitation are heavily filtered and the major 
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current component is at the fundamental frequency. As a consequence of 

this the current waveform, becomes sinusoidal in shape. Hence under this 

operating condition it is appropriate to derive an analytical expression for the 

optimum phase advance angle based on the sinusoidal analysis. 

To demonstrate all this, figure 6.1 illustrates the drive conditions for 

the motor in relation to speed. Figure 6.1 shows also the amplitude and 

form of current waveforms which can be expected over the speed range. A 

wide variation of the form factor is evident. As is clear from examination of 

this figure the shape of the phase current, which is indicated by the point a 

in figure 6.1, is dependent on both load and the speed of the motor. As can 

be seen when the motor is running at low speed the phase current is still 

switched by the PWM current controller and can easily reach the required 

value because the applied voltage is sufficiently large to maintain this value. 

When the motor is running at a speed which is indicated by point b on the 

figure 6.1 the waveform shape is determined by the difference between the 

applied voltage and back-emf and also by both resistance and inductance of 

the winding. When the motor is running around point c in figure 6.1 the 

speed is still set by the maximum voltage, but the current is always below the 

demanded maximum value and starts to become sinusoidal in shape because 

it is determined by the time constant of the winding, as explained earlier. 

At point d both the voltage and current have their full rated values, so this 

voltage is insufficient to maintain the required value of current to the motor 

against the increased values of induced back-emf, as it was at point c. At 

this point the electrical time constant of the winding is relatively large in 

comparison to the excitation interval of each phase. As a consequence of this 

the current waveform becomes sinusoidal in shape. 
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6.3 Analytical Procedure to Determine the Optimum Phase Advance 
Angle 

6.3.1 Controlled- Current Method 

At higher speeds the increased back-emf in the stator phase windings 

is such that the motor input current never reaches the demand (or preset) 

maximum value required to initiate the current, or torque, control mechanism. 

The motor input current and output torque fall off with increasing speed as 

the input voltage to the system becomes insufficient to drive the rated current 

of the machine against the increased emf in the motor phase winding. As 

a consequence of this, the limited rate of change of phase current causes a 

phase delay of current with respect to the phase back-emf. 

To ensure a reasonably square current waveform and to operate 

effectively over a wide speed range in a drive operating with current control, 

the switches must be closed in advance of the rising back-emf region, as shown 

in figure 6.2, so as to allow time, t, for the current to build-up. During this 

switch-on angle, the current is considered to reach the desired level, I and is 

given by 

oi 
I- 0t, 

(6.5) 

which shows during this t, the current is allowed to build-up linearly up to 

its on value of I before the induced emf reaches any significant level. The 

time t, can be related to the period of the current frequency, T by the 

following relation; 

-Y 
T 
2 

(6.6) 

where -1 can be chosen to give the required time advance of current waveform 
in one cycle and T is a period of current frequency and can be expressed in 
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terms of an angular velocity of the motor by the following relation 

(6.7) 

the frequency of the current, f, and the motor speed, w, are related as follows 

PWI (6.8a) 
r 

and the motor speed can also be expressed in revolutions per minute (rpm) 

as follows 

2rn 
60 

(6.8b) 

The rate of rise of current in the phase winding can be approximately 

calculated by 

Oi Vde -C 
ut- -L 

(6.9) 

If the rise current is advanced by -y in order to obtain the desired current 
level, I has to be controlled as follows by combining equations (6.5), (6-6), 

(6-7) and (6.8) 

pILn (deg. ) (6.10) 
30V 

since -y is a fraction of the half cycle period (or the time per cycle), it can 

also be expressed in terms of an angular distance, a, and thus this time in 

terms of electrical degrees is given by 

360*7 (deg. ) 
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combining equations (6.10) and (6.11) yields 

6pILn 
(6.12) 

V& 

which shows that the phase current is turned on at an advance angle, a, and 
it rises linearly from its zero value to value I. It should be noted that the 

effective applied phase voltage is actually the inverter output voltage and not 
the motor terminal phase voltage. 

At speeds typically below a few revolutions-per-minute defined as the start-up 

mode, full torque is available. The PWM mode, which extends up to a base 

speed of wb, essentially defines the constant torque region when the current is 

controlled by chopping (PWM) operation. Beyond the PWM operation mode 
the curve enters into the constant power region where the high-speed torque 

is controlled only by the ct angle. Above the critical speed, the limiting a 

angle is reached. 

Looking at the machine from the point of view of the current-torque 

relationship, the torque developed by two phase windings, as shown in equation 
(6.15), shows a linear proportionality with supply current, i.; 

2E il 
wl. 

where 

E= kbw, (6-14) 

and equation (6.13) becomes 

2kbi. 
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where kb is an arbitrary constant. Now the phase advance angle can be 

written in terms of the motor torque, peak phase current, speed, phase 

inductance, phase voltage 

6pT. Ln 
cc = V& kb 

(6.16) 

6.3.2 Method for Constant Voltage Mode 

It has been pointed out earlier that a current-controlled voltage-source 
inverter is a good compromise for the problem of feeding a brushless dc motor 

because current control operation provides effective torque control. However, 

current regulation is not cffective at high'spceds so that the inverter operates 

in the voltage-source mode. In other words, the torque/speed range over 

which current can be regulated is limited by the dc voltage source of the 

inverter. The terminal voltage approaches the maximum that can be supplied 

by the inverter causing a transition from PWM to constant voltage operation. 

In order to maximise the available output torque through out the region of 

constant voltage control, it is appropriate to use sinusoidal analysis to predict 

the optimum phase advance angle in the extended speed range. 

A detailed analytical model for high speed operation has been pre- 

sented in Chapter 5, using two-a3ds machine theory. In this analysis, the 

developed torque of the motor is found by the following equation 

E [VXsina + VRcosa - ER) 
WP z2 

this torque can be maximised at a motor speed n when the phase advance 

angle is set to its optimum value 

2r nL 
a. pe = arctan (60) ( 

T) (6.18) 

This is because the optimum position of the instant commutation of the phase 
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current was found in the proceeding chapter as 

2r nL 90" - arctan To -f (6.19) 

and this equation shows that if the speed of the motor n=0 the phase advance 

angle, cz. 0, equals 0". As the speed increases, the instant of the current 

commutation should be advanced by a position arctan(2-1r) However, the 60 R 

variation of the phase advance angle with motor speed is described in detail 

in Chapter 5 and the results of this investigation shows that at all speeds the 

voltage applied to the winding must advance in phase to compensate for the 

increasing phase lag between current and applied voltage. As a consequence 

of this, the current in a winding is in phase with the corresponding back-emf 

and hence the optimum torque production can be obtained. 

6.4 Comparison of Optimum Phase Advance Angle Calculated 
by Analytical and Simulation Methods 

In order to investigate the validity of both analytical methods set 
forth in the previous sections, their results are verified by comparison with 

results obtained by the simulation approach. 
Figure 6.3 shows the phase advance angle versus speed using controlled- 

current, constant voltage mode and and simulation methods. It is seen that 

the results of the controlled- current method are in close agreement with those 

of the simulation method at high-speeds and differ widely from the constant 

voltage method which gives satisfactory results only in the extended speed 

range. This should be expected as the controlled-current method has been 

developed for a drive operating with the current mode whereas the constant 

voltage mode was developed for a drive operating in constant power mode 
(field weakening). 
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6.5 Transition Between Constant Current Region and Constant 
Voltage Region Using a Simple Algorithm 

6.5.1 General Control Considerations 

As explained earlier, the speed/ torque characteristic of the brushless 

dc motor drive has different regions of operation: the first region is the 

constant current region. In this region, torque is controRed by current 

amplitude using PWM controller and by advancing the commutation angle. 

The second region is the constant voltage (or field weakening) region and 

current and torque can only be controlled by advancing the commutation 

angle. 
The transition point from the constant current control region to the 

constant voltage control region is reached, when the dc supply voltage, V&, 

of the motor is equal to the motor back-emf. The qurrent demand, I&mands 

at this point depends on the transition speed which can be termed the base 

speed (or comer speed). If the speed control loop requires a current higher 

than the value at the base speed the drive system operates in the constant 

voltage region and thus the PWM current controller runs out. The analysis 

that the combination of the control region methods and the base speed is 

given by the following simple algorithm. 

6.5.2 Mransition Control Algorithm 

In order to combine the control region methods, which are derived in 

the preceding section, in the whole speed range a transition factor, K(w), is 

introduced which specifies a relation between the transition speed, WT, (i. e., 
base speed) and speed regions, w. In the case of a K(w) = 1, the drive 

operates in the constant current control region. But for a transition factor 

K(w) = 0, the drive operates in the constant voltage region. If the transition 

factor K(w) = 12, the drive operates at base speed region. 
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The general effect on the phase advance angle/speed curve taking 

account of control regions is shown in figure 6.3. The analysis that the 

combination of control regions due to the transition factor is given by the 

foUowing expression [Safi, et al, 1993]; 

ar = K(w)ai + (1 - K(w))ct. (6.20) 

where 

cti is phase advance angle for the constant current control region and is given 
by equation (6.12). 

a, is phase advance angle for the constant current control region and is given 
by equation (6.19). 

and 

K(w) =1w (6.21) (1 + 
WT) 

It is clear from the above analysis that the transition between control regions 

are governed by a transition factor that determines when transition takes 

place. Expression (6.20) can be used effectively in the whole speed range and 

also will easily determine the base speed at which the current controller runs- 

out. The result of expression (6.20) is verified by comparison with analytical 

and simulation methods. It can be seen from figure 6.4 that the results of 

the combined algorithm is in close agreement with that of the simulation 

method. 
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6.6 Torque Improvement Methods by Waveform Shaping 

The current and back-emf waveform shapes have a direct effect on the 

constant torque operation as well as the majdmum torque that the brushless 

dc motor can deliver. This section presents a detailed analysis of the shapes 

of the current and back-emf waveforms in a brushless dc motor drive and 
their effects on the torque/speed performance. 

6.6.1 Conditions for Constant Torque Operation 

In Chapter 2 the basic operation of the brushless dc motor is presented. 

The method of torque production is described by a frequently used method 

where the idealised motor phase current and motor phase voltage waveforms 

were multiplied together to find the contribution to the total motor torque 

made by each motor phase. The shape of the resultant torque waveform is 

determined by the motor back-fmf waveshape. This method assumes that 

all armature reaction flaxes are negligible and that the motor phase currents 

can be established and discontinued instantaneously. These assumptions are 

usually considered in an analysis of a brushless dc machine. 

Figure 6.5 shows the characteristics of trapezoidal back-emf drive. 

As can be seen from this figure, if each of phase current and voltage is 

either constant or zero, then the total torque developed by the motor is 

also constant. The shape of the back-emf waveform outside the two 120* 

conduction zones where current is supplied to each phase from the dc supply 
does not affect the shape or amplitude of the resultant torque waveform. 
Thus the trapezoidal back-emf wavcshape gives torque ripple-free operation 

when driven by three phase quasi-square currents. 
The constant torque production mechanism of the motor can be readily 

understood by noting that, under idealised conditions, at any time there is 

only one current path in the star connected motor circuit. This current, 

assumed to be constant, is supplied via the power inverter devices through 

two phases of the motor. The current flows for a complete 600 interval until 
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one of the power inverter devices switches; the current then flows through a 
different combination of motor windings. Therefore for each 60" interval of 

. 
the total excitation cycle, constant current is driven across successive lines of 

the motor to give continuous motor operation. 
Therefore for constant torque production in a system drive with 120" 

winding conduction, it is essential that the interval of. constant back-emf 

should also span at least 120* conduction angle. For this system a back- 

emf waveform of this type is most easily obtained using magnets with a 

wide-arc and full-pitched concentrated windings. However in a larger machine 
better thermal performance is obtained with a distributed winding, which is 

more easily assembled and has more compact end windings if the coils are 

short-pitched. Inevitably there must be a compromise between the conflicting 

requirements and this may lead to a less than ideal induced emf waveform. 
In contrast, there are some other alternative ideal back-emf waveforms 

which give constant power conversion when driven by quasi-square currents. 
These back-emfs are of particular interest; they have a composite trapezoidal 

emf shape and different top intervals but they give constant power conversion. 
The noteworthy features of these particular waveshapes are discussed later in 

this section. 

In principle it should be possible to compensate for imperfections 

in the back-emf waveforra by optimising the phase winding currents so that 

torque delivered by the motor remains constant. One approach of the the 

problem is to derive a simplified analytical representation which yields a more 
direct means of finding the desired shape of the phase current at the system 

operating limits in the high and extended speed ranges. This method is 

discussed in the following se'dion. 
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6.6.2 Torque Improvement by Means of Back-EMF Waveform 
Shaping for 120* and 180" Conduction Angles 

The choice between possible motor designs which have different back- 

emf waveforms is usually determined from a consideration of the mean power 

converted by each alternative design. This is proportional to the mean value 

of induced emf over the top 60* span of the motor voltage, which is the 

power converting region. Consequently those phase voltage waveshapes which 

are constant over the power converting region give the preferred solution of 

maximum torque production. The trapezoidal back-emf is a practical design 

which gives maximum torque production with low torque ripple (constant 

torque operation) and hence is the most widely used type of motor for drives 

of this type. However in practice the back-emf waveshape of the motor is 

affected by leakage and other effects in the airgap of the machine which 

means that these ideal waveforms can not always be achieved in a particular 

machine design. 

It is interesting to examine the effect of back-emf waveform shaping 

which minimises the torque ripple and thus satisfies the condition for constant 

torque operation discussed above. Clearly the choice of a particular stator 

winding determines the shape of the motor back-emf waveforms for a particular 

airgap flux distribution. 

For constant torque operation, (or torque ripple-free operation), there 

is a set of trapezoidal back-emf waveforms with suitable constant flat intervals 

which will result in the constant torque condition being achieved for the drive 

system under consideration. 

In this section, the simulation package was used to predict the effect 

of a back-enif waveform on the constant torque operation of the drive at low 

speed with various values of top constant emf intervals. The tests for two 

conditions are presented. Both are for conduction angles of 120* and 180" 

conduction angles with constant flat intervals of 90", 105", 120" and 135*. 
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6.6.2.1 Conduction Angle of 120* ' 

To demonstrate the effect of a back-emf waveform shaping at low 

speed operation with various values of constant top interval. Figures 6.6-6.9 

show the results for 120% and constant top regions of 90*, 105", 120" and 

135*. In these figures the phase current and torque developed by the motor 

at 100 rpm is shown. 

From these figures it can be seen that with a large constant top 

interval, the torque ripple of the motor is reduced. In both cases of 120* and 

135* top flat intervals the torque constant operation can be achieved with 

minimum torque ripple. 

6.6.2.2 Conduction Angle of 180* 

Under the same conditions figures 6.10-6.13 show the effect of a back- 

emf waveform. shaping at low speed operation with various values of constant 

top interval for 180* conduction. These figures show sets of waveforms for 

constant top intervals of 90", 105% 120* and 135". Also in these figures phase 

current, torque developed by the motor are shown. 

The results of these figures demonstrate an interesting point concerning 

the torque ripple. The torque ripple is increased by increasing the top region 

of the back-emf. This is because the current in each winding has two 60* 

interval per cycle when the current magnitude is at the demanded level and 
four intervals when the current is at half of the demanded current. As a 

result, the mismatch in the 60" interval of the current demanded with a larger 

back-emf's top interval can result in large torque ripple. Therefore in order 
to minimise the torque ripple it is necessary to choose a small back-emf top 

interval when the extended conduction angle method is used. 
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6.6.3 Torque Improvement by Means of Current Waveform Shaping 
for 120* and 180* Conduction, Angles 

As stated above, in machines with trapezoidal back-emf a rectangular 

current waveform is needed to produce constant torque operation and to 

maidmize the torque production. These operations are relatively difficult 

because of the highly inductive nature of the motor and high energy involved 

as well as the back-emf which becomes large at high speed. 

Also it was apparent during motor tests (Chapter 4), that the shape 

of the phase current was dependent to some extent on both the speed of the 

motor and magnitude of the phase current. However it was usually possible to 

keep the current waveform. reasonably close to the desired shape by selecting 

an appropriate phase advance angle, as show in the earlier section. An 

alternative way is to limit the current magnitude with respect to operating 

conditions, as will be presented in this section. 

In high speed operation, the winding current becomes trapezoidal 

rather than the desired rectangular shape due to the finite rise and, fall times. 

It is these rise and fall times of current waveform that determine its shape 

when the torque load or speed of the motor varies. On the other hand, in 

the high-speed range the effect of the limited steepness of current becomes 

important because both the phase advance of current with respect to the emf 

and torque ripple amplitudes increase as speed increases. For such speeds 

the torque of the machine can be improved, if the current waveforms of the 

phase currents are constrained, as explained below. 

If the current rise and fall times are the same, the effect of rising 

current in the winding could be compensated by decaying current in the 

previous excited winding during the commutation, thus leading to constant 

torque operation. But normally the current fall is faster than current rise so 

commutation torque ripples are produced and consequently maximum torque 

is reduced. The constant torque operation can be achieved by keeping the 
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current waveforms as close to rectangular in shape as possible. 

With the brushless dc drive system, there is no feedback to ensure 

that the current waveform has desirable shape at any speed or torque load. 

Therefore it is of interest to determine a mathematical relation which can be 

used to predict the range over which the speed and phase current magnitudes 

can vary without there being any significant resultant distortion to the desired 

current waveform shape. This distortion of the current waveform is a result 

of combination of the design and control. It is shown in Chapter 4 that 

this distortion depends on the relative magnitude of the inductance and also 

on the frequency at which the phase winding is operating (i. e; at higher 

frequency there is a short time per cycle in which to force current to rise 

and to fall as desired). Therefore to ensure a reasonably square wave current 

waveform in a motor operating in a wide-range speed the phase current must 

be limited. 

The method of current magnitude limiting is based on the rise time 

as a fraction of its time period (see figure 6.15). This type of limiting 

determines the magnitude of the current waveform relative to the speed range 

and if this is greater than some permitted limit the desired shape is only 

permitted to change by that limit value. This is a reasonable constraint for 

such a case, as explained later in the following analysis. 

6.6.3.1 Analysis of the Shape of the Current Waveform 

Before attempting the detailed analytical procedure to derive the 

required expression for optimum shape of the current waveform, it is useful to 

explain the main regions of current waveform, including the rise and fall times 

since the method of analysis is based on these regions and more background 

information is given to provide a sufficient explanation and an understanding 

of the analytical procedure. 

The waveshapes shown in figure 6.14 cover a complete motor period, 
T, of 360" electrical degrees. The idealised motor current, i., ib, i. shown 
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(dashed line) is a three-phase rectangular current with 120* lag between 

phases. The actual current shown in full line is different due to the effect 

of inductance and induced voltage in the motor windings (see Chapter 3). 

The motor current shown is typical for low speeds and changes appreciably 

as motor speed increases. 

To help in understanding the analysis of the current waveform, con- 

sider the voltage equations that show the currents in each phase are governed 

electromagnetically and electrically. In such an equation, for instance, the 

phases are coupled electromagentically via the mutual inductances and elec- 

trically by the condition that currents at the star point must sum to zero. 

It is important to understand the relative significance of various terms in this 

equation at rise and fall times and this can be aided by considering the single 

phase case which is governed by 

V& = 
(R + pL)i +e (6.22) 

or 

Vd, 
-e 

(R + pL) 
. (6.23) 

Vd, is the inverter output voltage which the effective phase voltage and L is 

the phase inductance. It is worth seeing what can be understood from these 

equations because, as noted earlier, this simple set-up encapsulates some of 

the essential features of actual winding current behaviour. 

If the back-emf e is less that the applied voltage V&, the effective 

voltage will be positive and large. On the other hand if the applied voltage, 
V& is appro., ximately equal to e, the effects of the phase current will be highly 

significant. A further point if the mutual inductance terms are included in 

the above equation, i. e.; 

dib di,, L 
di" 

= (V - eb - i. R,. ) - M-*bTt - M*' dt 
(6.24) dt 
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the mutual will dominate when (V& -e-i. R. ) term is close to zero. By 

referring to equation (6-23), at switch-on V& is the output voltage of the 

inverter and back emf e is smaller than V& and of the same sign as V&, 

thus the current is driven by the voltage of (Vdc - e) which will be large in 

comparison with any contribution from the mutual inductance terms. The 

current will thus increase at a rate determined by the self inductance and 

resistance of the winding and the change in (Vd, - e) caused by the increase 

in e with speed and time. With load the torque demanded from the motor 

results in the current reaching large levels, causing the iR term to become 

significant toward the end of the rise time (since phase current, i has increased 

and V& -e has reduced). 

When the phase winding is commutated off, current continuity is 

maintained via the diode connected to the opposite side of the bus, thus 

reversing the sign of V&. This result in (V& -e-i. R,, ) becoming a very 

large negative quantity which thus forces a small fall time. The change in 

sign of V& is the primary reason why the rise time is always considerably 

greater than the fall time. 

A noteworthy conclusion from this analysis is that the rise and fall 

times of the current waveform determine their shape. In particular it appears 

from the above analysis that the rise time region is the major reason why the 

current waveform shape changes as the motor speed is increased. To keep the 

current waveform desirable at high speeds, the current magnitude should be 

limited and this may be realised by limiting the rise time region. In effect, 

this requires maintaining the rise time of this current waveform as a fraction 

of its period. The following section presents a simple analytical method for 

obtaining the required relationship which can be used to predict the range 

over which the speed and phase current magnitudes can be varied without 

there being any significant resultant distortion to the current waveshape. 
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6.6.3.2 Analytical Procedure to Determine the Optimum Shape 
of the Current Waveform 

Figure 6.15 illustrates the method for phase current determination. 

Where the regions of rise and faU times are defined by times, t, and tf 

respectively and cycle of current period is defined by time, T. 

In this analysis the rise time, t,. is calculated under the' assumption 

that the phase current rises linearly upto its switch-on value of I in seconds 

and this current must have the desired level at the end of t, seconds. The 

winding resistance is assumed to be neglected. The rise current under these 

assumptions is calculated by 

Lgi 

tr 19 t 
(6.25) 

In order to avoid the distortion of the current, the rise time, t,, is defined 

by 

tr = 4T (6.26) 

where ý is limited factor of the the maximum current and will be termed here 

the "limiting" current factor. It must be chosen to give the desired 
, 
shape 

of current waveform, in high speed operation. T is the period of current 

excitation and can be expressed in terms of an angular velocity of the motor 

2v 

wr 
(6.27) 

and angular velocity of the motor can also be expressed in revolutions per 

minute (rpm) 

T 
To- (6.28) 
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The rate of rise of current in the phase winding' can be appromimately 

calculated by 

ai 
= 

V& e (6.29) 5t- L 

combining equations (6.25), (6.26), (6-27), (6.28) and (6.29) yields 

ILn (6.30) 
30(Vd, - e) 

Thus, if the t,. is limited by ý in order to avoid the current distortion at 

high-speeds, I has to be controUed as foUows from equation (6.30); 

I< 30ý ( 
nL 

) (6.31) 

There are a number of interesting points that can be made in relation to 

expression (6.31); 

(i) The shape of the current waveform depends on the phase current 

magnitude and the motor speed when the values of V& and L are specified 

and will usually be fixed by the choice of the motor. 
(ii) The shape of the current waveform is related directly to the 

required amplitude of the phase current, and this current is directly related 

to the load torque imposed on the motor. Since the current waveform 
distortion that occurs as the motor is loaded from zero to the full load 

torque, can be minimised by limiting the phase current magnitude that is 

required at full-load. 

(iii) The choice of a particular ý determines the shape of the desired 

current waveform shape since this factor is a fraction of the excitation period. 

However, the choice of a particular ý is a consideration which is directly 

under the control of the designer. 
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In addition, the shape of current waveforms are dependent on having 

the knowledge of the limiting current factor, ý because if the value of ý is 

known accurately the prediction of the desired current magnitude can then 

be improved. Therefore a good estimation of ý is required. The question 

then arises as to how accurately this factor must be known and optimum 

performance under all operating speed ranges can be obtained, as -wiH be 

described below. 

Estimation of limiting current Factor 

Table 6.1 shows a number of results generated by the expression (6.29). 

The columns in this table are the limiting current factor, ý, the motor speed 

and the current magnitude. The result was generated for a machine with the 

foHowing parameters; V& = 55OV, L=6.2mH and e(wt) = 5OV/10OOrpm. 

Analytical Prediction for Current Limited Method 

Speed 30ý --V" --" L 
(rpm) (A) 

1000 0.10 108.0 

0.15 97.0 

0.07 77.0 

2000 0.10 42.3 

0.15 63.4 

0.07 29.1 

3000 0.10 20.1 

0.15 30.2 

0.07 14.1 
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The results of table 6.1 shows that a value of 0.15 for ý is capable of reaching 

the ma3dmum obtainable current value at any speed and at the same time 

allows the phase current limit value to be obtained for desirable shape of its 

waveform. 

To summarise the above analysis it will be emphasized that if the 

limiting current factor, ý, is chosen to be high in order to give short rise time 

and the current wave is prevented from significant distortion, the controller 

may generate a desirable current waveform. The above analysis demonstrated 

how the factor, ý, was chosen according to the motor speed range in order 

to give a rise time that is attainable for the desired shape of approldmately 

0.15. 

Finally equation (6.30) can be considered as a constraint on the design 

of a brushless dc motor in order to improve the torque/speed performance 

for the system described here. 

6.7 Summary and Conclusion 

In this chapter analytical approaches for obtaining the optimum phase 

advance angle in the high and extended speed ranges have been developed. 

The merit of these methods, compared with trail-and-error based on simulation, 
is described. 

This chapter presents also a detailed analysis of the shapes of the 

current and back-emf waveforms in a brushless dc motor drive and their 

effects on the torque/speed performance. From this analysis, it has been 

shown that the current and back-emf waveform shapes have a direct effect 

on the constant torque operation as well as the ma3dmum torque that the 

brushless dc motor can deliver. A detailed analysis of the shapes of the current 

and back-emf waveforms in a brushless dc motor drive and their effects on 
the torque/speed performance has been presented. During this investigation, 

a detailed analytical method for obtaining the required relationship between 
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motor parameters, which can be used to predict the range over which the speed 

and phase current magnitudes can be varied without there being any significant 

resultant distortion to the current waveform shape, has been presented. 
It has been shown that the principle benefit of analytical solutions is 

that they make it much easier to predict the optimum phase advance angle 

and the shape of the current waveform and to see how the various motor 

and drive parameters affect the system performance. 
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CHAPTER 7 

EXPERIMENTAL TESTS AND MEASUREMENTS 

ON THE PROTOTYPE BRUSHLESS DC DRrVE 

7.1 Introduction 

It is intended that the high-speed torque control method based on the 

phase advance, which is investigated and analysed in the previous chapters, 

may be executed as far as possible by a microprocessor. Algorithm, software 

and hardware for designing and implementing the phase advance control using 

a digital signal processing (DSP) TMS320C30 are presented in this chapter. 

However, the control principle basically performs the task of the advance of 

the instant of the commutation with respect to the rotor position, in response 

to the motor speed and load conditions, allowing automatic operation of phase 

advance. The process occurs in "real time" and so if the microprocessor is 

used to implement phase advance control algorithms, it must likewise execute 

its software program in real time. It has been frequently claimed during 

recent years that a microprocessor can do anything providing it has the 

right software, and in general this is true, providing the microprocessor can 

execute the program in the available time. In motor control there is usually 

very little time available to perform the software routines and so the use 

of a microprocessor to implement the control algorithm is not necessarily 

straightforward. 

It is briefly explained in chapter 2 how a microprocessor can perform 

the high -speed torque control based on the phase advance control algorithm. 

This chapter contains some details of a digital signal processor TMS320C30 

that is successfully used to implement the phase advance controller described 
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in the following sections. 

This chapter consists of four major parts. The first part provides 

an overview of the tasks that a microprocessor can perform in a motor 

system and some of the problems that must be overcome are discussed. 

The reasons leading to the choice of the digital processing signal (DSP) 

TMS320C30 are explained and a description of the system. The second part 

presents the theoretical analysis of the variation of time advance to achieve 

the phase advance angle. The discussion on the development of the phase 

advance algorithms, leading to the derivation of the phase advance estimation 

algorithm is also given. 

The third part details the system configuration and design of both 

hardware and software. Comments on the DSP system performance with a 

set-up of the proposed control system are given.. 

The fourth part presents experimental tests and measurements made 

upon the prototype brushless dc motor drive are presented and discussed. 

The experimental measurements enable the characteristics of the machine to 

be determined and also the validity of the proposed method is verified. 

7.2 Microprocessor-Based Control 

Microprocessors are relatively new devices and there are many appli- 

cations in which they have yet to be used. However, they are now sufficiently 

common place that descriptions of their basic structure and operation can 

be found in many recent electronics textbooks. Nevertheless it is worthwhile 

stating that a typical microprocessor system consists of a microprocessor, a 

system clock, some Random Access Memory (RAM), some Read Only Mem- 

ory (ROM), an Input/Output unit (1/0), and an interrupt handler. The 

system is interconnected by buses as shown schematically in figure 7.1. Data 

shifted around the system on the data bus. The address and control buses 
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ensure that the microprocessor only communicates with one location within 

the system at any time. The microprocessor deals with one instruction at a 

time and the rate at which it processes the program instructions is fixed by 

the system clock frequency. 

A microprocessor can perform a variety of control commands in a 

brushless d. c. motor system. Fistly it can make the basic decision necessary 

to drive the motor. The microprocessor receives position information from the 

rotor position sensor and controls the inverter in a such a way as to maintain 

the motor in synchronism. In a high speed motor there are many inverter 

switchings per second and so the microprocessor must be able to respond 

very fast to the position information to avoid loss of synchronism. Secondly, 

the microprocessor can monitor variables in the motor system and attempt 

to regulate them within required Emits. For example, it might be desired to 

control either the speed or torque in a motor system and the microprocessor 

can achieve this providing the necessary software is available. The response 

required to accurately control these motor variables is usually less than that 

needed to maintain synchronism. Therefore, these tasks can be given lower 

priorties within the program hierarchy. Thirdly the microprocessor can deal 

with the communication of data between it and the machine operator and 

vice-versa. Fourthly, the microprocessor can be used in supervisory role. For 

example it can arrange the successful starting of the motor system and can 

ensure that the motor runs in the required direction. Useful checks include 

the measurement of motor speed to detect dangerous overspeed condition; the 

measurement phase currents to detect short circuits on the inverter outputs; 

and the implementation of control algorithms to control and improve the 

system performance. 

The control of the speed and torque of electrical machines, which 
had already considerably evolved with the adoption of power inverters, is now 
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undergoing an even more fundamental change towards less expensive though 

increasingly sophisticated systems owing to the introduction of microprocessors 

in the internal loops of the control system. A microprocessor based control 

system for industrial drives promises several distinct advantages. One of 

the most important is flexibility as the control procedure is implemented in 

the software. Therefore, to change the control procedure in order to obtain 

different drive characteristics, only the software needs to be modified with 

minimum or no change in hardware. The microprocessor control can be 

completely digitised, which will decrease its sensitivity to external influences. 

Discrete components and wiring can be reduced or eliminated, a factor which 

should improve reliability. Also as prices of microprocessor and associated 

peripherals continue to fall, the microprocessor-based control win become cost 

competitive. Continued developments in microprocessor technology leading 

to increase processing speeds will provide improved performance in speed, 

regulation, response time and resolution. 

There have been various attempts to implement some of the above 

tasks by microprocessors. The references illustrate the principle advantage 

of a microprocessor with discrete logic circuits. A microprocessor is a very 
flexible device and it can be adapted into many applications. If changes in 

the operation of the motor system are required it is usually a simple matter 

of modifying the microprocessor software (that is, no hardware changes are 

necessary). 

Unfortunately, the floibility is not achieved without one significant 
disadvantage. The microprocessor is a sequential logic device which performs 
"one" instruction at a time, with each instruction taking a certain number of 

clock cycles to complete. Since even relatively simple tasks usually require 

several instructions, it follows that a microprocessor can take a significant 

number of clock cycles to complete one task. Hence there is a limit on the 

165 



number of times that a task. can be performed per second, and this limit is 

essentially fixed by the clock cycle period which is typically of the order of liza 

in many common microprocessors. The execution of a task can be speeded 

up either by reducing the dock cycle period (e. g. by choosing a different 

microprocessor) and/or by reducing the number of software instructions in a 

given task. 

In contrast a discrete logic circuit is much faster in its execution of 

a task, since the main limitations on its speed are the propagation delays 

through the logic gates. Such propagation delays are of the order of tens to 

hundreds of nanoseconds. 

Microprocessor time spent on the automatic operation of the phase 

advance task can be minimised or eliminated completely by a suitable com- 

bination of a microprocessor and discrete logic. In this way it is possible to 

combine the flexibility of a microprocessor with the speed of discrete circuitry. 
For example, at any speed there is an optimum phase advance at which a 

brushless dc motor can operate to maximise its torque output as discussed 

in chapter 2. A microprocessor could be used to monitor the motor speed 

and calculate the optimum phase advance angle, and then instruct a discrete 

logic circuit to implement the required angle. 

Critics may argue that the use of a microprocessor to implement the 

high-speed torque control algorithms can not be justified, but in general such 

an approach is attractive particularly because (i) the power of software can 

enable significant reduction in logic to be made, (ii) the microprocessor can 

be easily programmed, thus enabling changes to the control algorithms to be 

readily implemented. However the idea behind the microprocessor as part of 

this work is to investigate these potential benefits. 

The subsequent sections describe the principle of a microprocessor- 

based high-speed torque control scheme for a brushless dc derive fed from a 
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dc source, which incorporates both PWM of motor currents at low speeds 

and field weakening by using phase advance control at high-speeds. 

7.3 Control Algorithms for Microprocessor 

7.3.1 Theoretical Analysis of Time Advance Control 

Before describing the development of the high-speed control algorithms 

for the microprocessor based on the phase advance angle method, it is 

appropriate to describe briefly the variation of the time advance of the phase 

advance angle. 

The principle of the phase advance control method is based on 

variation of the phase relationship between the winding current and rotor 

position and can be implemented using time shifting of the signals from the 

rotor position encoder, with time shift being a function of rotor speed. 

The theoretical analysis of the preceding chapter has shown that the 

optimum position of the instant commutation of the phase current was found 

as follows 

oopt 
ciopt 

2 
(7.1) 

where a,, t = tan-'! ýýr-L Equation (7.1) shows if w, = 0, a,,, t equals 0 R 

indicating that the phase difference between the voltage (or current) and emf 

waveforms are coincident in time. However, as the speed increases the instant 

of current commutation should advance by position of tan-l!!! rk R 

A variable phase advance angle can be implemented through the 

variation of the time advance or delay. The introduction of a time advance 

into position sensor signals represent the advance commutation of the current 

with respect to the back-emf. In effect, if time advance of At. seconds 

is introduced into the position sensor signals the net effect is to cause the 
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position of the commutation angle or the current to be advanced. This is 

because at a motor speed n rpm the rotor moves through an angle AO. 

during the advance time, At. and the time advance required to achieve a 

particular phase advance angle can be described by the mathematical relation 

which is found in the following form; 

Ir ciopt 

Wr 
(7.2) 

This equation shows that the phase advance angle can vary as a result of 

introducing a time advance to the position signal. Also equation (7.2) shows 

that the required time advance, At. is inversely proportional to the motor 

speed. The selection of the phase advance angle is determined automatically 

by closed loop which responds to the speed of the motor. Specifically the 

time advance variation of the angle ct affects the performance of the motor 

drive and they are not constants. They need to be varied as a function of 

speed, magnitude of current and load desired for overall drive system. 

This is a straightfoward problem when the drive is running at a 

constant speed, but more difficult during a speed transient, which is the very 

situation where the fuH benefit of enhanced torque from phase advance is 

needed. As the time-shift is in the backward direction it is necessary to 

anticipate the arrival of encoder signals. 

Based on the above considerations, the phase advance control method 

must incorporate an algorithm for the microprocessor to predict and to select 

the time advance as a function of motor speed. The following section proposes 

an original microprocessor closed-loop system to estimate the time advance 

and improve the high-speed performance of the brushless dc motor drive. 

168 



7.3.2 Phase Advance Estimation Control Algorithm 

Along with developing estimation algorithms for microprocessor and an 

understanding of the concept of the time advance variation the requirements, 

which are described earlier, demand the development of an improved control 

method for time advance, in order to predict accurately the performance 

characteristics of the machine. This section presents improved methods for 

estimating the time advance. 

In these estimation methods, it is necessary to define a rapid pre- 

dictive model for anticipatory determination of the times of encoder feedback 

pulses value based on previous disposable information. This predictive model 

included in the microprocessor time-controller structure is represented by 

"finite-difference equations". 

To illustrate the principle of this method of estimation phase advance, 

consider the output waveforms of the encoder pulse shown figures 7.2-7.3, where 

OA, 
-3, 

Ok-1, Ok, represent the position of the encoder pulses at the kth sampling 

points and tj, t3s t3, represent the time intervals of the encoder signals. The 

method in which the estimated value of tl, +,, is presented in the following 

section. 

7.3.3 First Order Estimation 

Suppose the position 0(t) between three sampling points varies ac. 

cording to the Mowing first-order function 

O(t) = a(t) +b (7.3) 

using the equation (7.3) at kth sampling points and calculating the constants 

a and b in equation (7.3) for a given 0, the estimated value of tk+l by first 

order estimation can be obtained using the foUowing expression; 
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tk+l = tJ6 + At (7.4) 

For example, for a given t3 the estimation value of t4 using the above equation 

can be obtained as 

t4 ý t3 + 
AM (7.5) 

7.3.4 Second Order Estimation 

Suppose the position O(t) between three sampling points varies ac- 

cording to the Mowing second-order function, (figure 7.2), 

O(t) = a(t)2+ b(t) +c (7.6) 

Using the values of time estimated in the previous three sampling instant, 

-th-23 th-I and th, the predicted value of next sampling, tk+,, may be calculated 

using the following procedure (difference equation) 

t2 - tl = Atl 

t3 - t2 = At2 (7.7) 

t3 - tl = At3 

and 

16ýt2 - l6tl --: '- 
t3 

- 
2t2 + tl (7.8) 

then 

t4 --"ý t3 + At2 + At2 - Atl 

(7-9) 
t4 

--'ý 
t3 + t3 - t2 + t3- 2t2 + tl 

I 
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therefore 

t4= 3t3-3t2 + tl (7.10) 

Equation (7.10) may also be written as 

t(k+, ) = 3th - 3t(k-, ) + t(k-3) 

Therefore the time advance definition for t4 value is given by 

900 a Ata = ý-O. X t4 (7.12) 

7.4 Experimental System Control Components 

This section describes briefly the practical system components, which 

are required to implement the control algorithms presented in the preceding 

section. The control system hardware consists of the following components (i) 

DSP TMS320C30 hardware (ii) Drive system hardware. A functional block 

diagram for the complete control system is shown in figure 7.4. 

7.4.1 DSP TMS320C30 Processor Hardware 

The system hardware consists of a XDS1000 development environment, 

which uses the TMS320C30 as its processor. A functional block diagram for 

the TMS320C30 is shown in figure 7.5. As is clear from examination of 

figure 7.5, the phase advance controller may be viewed as comprising of a set 

of software routines within TMS320, pulse associated external hardware to 

provide interfaces between the TMS320C30 and the incoming digital signals 

and a host CPU. The following discussion briefly describe the major hardware 
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and software features of the control system and some of the features of 

TMS320C30 which are of special benefit to this application. 

The DSP TMS320C30 processor is ideally suited for the implementa- 

tion of the control algorithm discussed above, since it has the capability and 

features to implement all required functions with full accuracy and speed. It 

possesses on-chip timers, hardware multiplier and 60 ns instruction. These 

last two features allow high-speed calculation of control algorithm. The 

TMS320C30 also provides multi-bus structure comparable to conventional pro- 

cessors. The TMS320C30 has two user accessible external buses that can 

operate at different speeds, and with the use of an integrated DMA can be 

accessed in parallel. The XDS1000 has the primary bus connected to SRAM 

for program and data storage, the secondary bus left for expansion. The 

TMS320C30 contains two 32-bit counter timers which are clocked at 33.33 

MHz, one of them is used to provide the three time measurements required 

by control algorithm. The structure of the DSP hardware built is shown in 

figure 7.5. 

The encoder signals are input through the digital input and the output 

of signals are output through the digital output. All system 1/0 is read from 

or written to the secondary bus by the DMA, while the control algorithm 

program runs in parallel on the primary bus. This structure reduces any 

delay in accessing slower 1/0 memory. These hardware aspects are briefly 

described in Appendix 2. 

a 7.4.2 The Prototype Drive Components 

The functional block of the prototype drive system with DSP hardware 

circuit is shown in figure 7.5. The inverter transforms the d. c. input 

power into a. c. power of variable frequency and voltage to drive the three 

phase permanent brushless d. c. motor. The phase advance controller circuit 
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generates advance signals to drive the inverter. These signals are based on the 

rotor position information from the encoder. These signals are connected to 

the inverter through an interface circuit. The dynamometer outputs variable 

torque on the motor shaft and give indication of the motor torque and speed. 

Permanent Magnet Motor 

The permanent magnet is a three phase, six pole, star connected, 550 

volts 23 amperes, type SE-B4 210 motor+SM50/100-T inverter combination 

manufacture by Robert Bosch. This motor uses rare-earth material on its 

rotor. The motor parameters are given in Appendix 1. 

Inverter 

A three phase inverter with variable input voltage is used. The 

inverter which is a commercial SM50/100-T Bosch inverter and uses bipolar 

transistors on its bridge section. 

Encoder 

The encoder provides three digital signals. Each signal provides three 

TTL level pulses per mechanical revolution 

Dynamometer 

The motor, as shown in figure 7.4, is mechanically coupled to a 

dynamometer. This dynamometer is used to measure the output torque 

developed by the motor. The dynamometer applies variable torque to the 

motor shaft in order to measure the torque/speed characteristic of the brushless 

dc motor. 
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7.5 Position Detection and Commutation Control 

To help in understanding the implementation of the phase advance 

in real time it is useful to explain briefly the relationship between sensors 

output states commutation control signals when the motor operates in the 

normal mode (zero phase advance). 

The magnitude and commutation control circuit (or logic control 

circuit) consists of position sensors, control units, and logic gates. The logic 

gates are arranged to turn on the power on the power transistor in proper 

sequential order. The motor magnitude control unit provides the control of 

start/stop, direction, current and speed. As the permanent magnet rotates 

a position sensor senses the position of the rotating magnet and provides an 

on/off output. 

The magnitude control unit provides control of the functions performed 

by the motor. By turning on and off the power transistors, it connects and 

disconnects the power to the motor windings. By reversing the sequence that 

the power transistors induced current into the windings. As explained in the 

previous chapter it also allows variable speed by using voltage method which 

achieves voltage control by pulse width modulation. The motor control unit 

also controls torque since torque increases as shaft speed decreases in the 

brushless motor. 

Figure 7.6 illustrates the relation between the positions of the Hall ele- 

ments, the back-emf, current distribution, the rotor position and the switching 

code. 

In practice the way of encoding the Hall sensors output states is 

illustrated in figure 7.6. Also this figure shows the output of the sensors 

placed 60" electrical degrees apart in the brushless motor to provide the 

required 120" electrical degrees separation explained in the previous chapter. 
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Logic gates use the output of the three Hall effect sensors to turn on 

the power gates in proper sequential order. The logic values from the three 

sensors are shown in figure 7.6. Six different commutation lojic combinations 

are provided by the sensors for each electrical revolution. These commutations 

proceed in sequential (100) 0 (110) ) (111) 1 (011) ) (001) 

(000). The combinations 010 and 101 are excluded since only six combinations 

are required. If the rotation proceeds in the reverse sequence, the motor will 

rotate in the opposite direction. Also by having one logic value different from 

the others allows for easier design of the gate arrangement. Since only two 

windings are required to be excited at a time, only two signals are needed 

from the gate logic and sensors. 

7.6 Software Description 

7.6.1 General 

This section describes a software development which implements the 

high-speed torque control through the algorithm described earlier in real 

time on the DSP TMS320C30 processor. In this case when the processor 

receives data from the position sensor, the TMS320C30 system described earlier 

accomplishes basic functions of the control algorithm which are described in 

the following subsection. 

7.6.2 Implementation Approach 

The software of the control algorithm within the TMS320C30 may be 

convenientely split into the f6flowing procedures 

(i) input signal processing which contain three tasks; 

(a) Read the encoder signal: the digital encoder signals are connected 
to the input of the digital devices. The inputs are read during the program 

initialisation to determine the position of the switching signals. When the 
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machine operates at low speeds, the. processor transmits these signals directly 

to the commutation control circuit since the optimum position for commutation 

between phases at these speeds is that detected by the position sensor. Once 

the speed of the motor exceeds the minimum value the processor changes the 

mode of operation from normal mode (zero advance) to phase advance control 

mode. - 

In this mode, after the timer has been initialised the program enters 

a loop which is normally executed repetitively for the remaining time that 

the control is switched-on. The first step in this loop is to wait for the 

processor to detect the transient pulse to happen. The next step is to read 

the time count after the transient happens. The timer is then reset to zero 

and the encoder time intervals updated. 

(b) Identifies the direction of the motor, 

(c) Filtered the input signals: the software filter procedure is respon- 

sible for rejecting noise on incoming encoder signals. The major task of the 

filter is to deal with short-duration noise pulses that cause the input logic 

level to momentarily change. The software filter procedure rejects these noise 

pulses by sampling the encoder signal logic levels and storing a time history 

in a memory. For each signal, if the input level has had the same value on 

four consecutive rising clock edges, that value becomes the new output of the 

filter; otherwise the output cannot change from high to low until the signal 
input has been low for four consecutive rising clock edges. This filtering 

procedure is done for each input encoder signal. 

(ii) Pulse transition detector; in this procedure the processor used only 
to detect the transition and the timer of the TMS320C30 is then reset to zero 

after reading the value of pulse state. It is an easier way to achieve the time 

measurements required by the control algorithm, rather than including the 

additional complication of using the interrupt procedure of DSP and avoiding 
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other hardware techniques. 

(iii) Update the time measurements ani then the tk+i or t4 is predicted 

and this time is delayed by appropriate angle, a, which is stored in a look-up 

table, to produce the required advance encoder signals. Three consecutive 

feedback pulses, tk-2, tk-1 and th are measured and the estimated tk+i 

and corresponding predetermined At. time delay are predicted. The time 

measurements are realised with one programmable timer 0 of the DSP system. 

This prediction of the time delay t., +, is based on the equations (7.11) and 

(7.12) and storing the value in the memory location. 

(v) When the new signals have been latched the program then returns 

to the beginning of the main loop wait for the next transition pulse and the 

process is repeated again. 

(vi) Output signal processing by applying the generated advance 

signals to the drive circuit. As the time shift is in the backward direction, 

it is necessary to anticipate the arrival of encoder signals. In this case, 

the processor generates the advance encoder signals from look-up table, as 

shown in figure 7.7, in order to advance the time of the encoder pulse. This 

procedure is very important to convert the time delay predicted by the control 

algorithm to time advance which corresponding to the speed of the motor. 

Finally the flow chart of the control software is shown in figure 7.8. 

Conversion of the count into frequency or speed is carried out in 

software using the following procedure. if the count for timer value is Cv I 

and the frequency of the clock pulses is fe (Hz), then the time for the motor 

to run by counter is 

tp = 
cu 

f, 
(7.13) 
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The rotor speed is determined by 

f, =1 (7.14) 
n, tp 

combining equations (7.13) and (7.14) yields 

f, =1 npC,, /fc 

or 

fr = 
fe (7.16) 

npC. 

This results shows that the frequency (or speed) depends heavily on the 

accuracy of the timer. 

7.6.3 Program Development 

Most of the software for the control algorithms was written in the 'c' 

programming language. This choice was made as it has many inherent features 

accordant with the requirements of real-time control: Firstly, the richness of 

its operators and control structures yields a high enough programming level 

to facilitate an efficient transcription of algorithms into V code. Secondly, 

robust software can be created because functions are afforded a high degree 

of modularity through their 'call by value' nature. 
A further advantage is the processor TMS320C30 which is used to 

implement the control algorithm, is supported by a full set of software 

development tool. These software tools include an assembler, a linker, a 

simulator and a 'c' complier. 
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Although most of the software was writtern in V and cross compiled 

to object code, so the procedures were writtern directly in assembl source 

code. In the first instance this is to manipulate registers in DSP interface 

chips, initially in order to configure them and then handle input/output 

signals. 

7.7 Experimental Results and Discussion 

7.7.1 General 

A general discussion of the preliminary results obtained in the expcr- 

iment is presented in this section. It is not intended to explain the results 

of the experiment through theoretical analysis. Instead a qualitative analysis 

that describes the predicted motor behaviour as a function of the control 

parameter is presented. More attention is given to the high-speed pcrfor- 

mance region, since the extension of the speed range is what this experiment 

attempts to accomplish. Appendix 1 shows the rating of the drive system 

used in this work. The drive is dynamometer tested under different load 

conditions. The drive is operating with closed-loop strategy, which uses phase 

advance control algorithms in conjunction with a pulse width modulation 

(PWM) current controller. 

7.7.2 Experimental Performance Prediction 

Two sets of experimental tests are presented here; one for the prototype 

brushless dc motor (Bosch drive) operating without 

other for this drive system operating with phase 

experimental results consist of torque/speed and c 

various phase advance angles. In order to amplify 

advance on the drive characteristics, the drive has 

supply voltage of 120 V. 

phase advance and the 

advance control. The 

urrent measurement for 

the effect of the phase 

been tested with a dc 
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In addition, the high speed torque performance characteristic of the 

prototype brushless dc motor are represented, graphically, in terms of the 

torque/speed and current/speed characteristics. The procedure to collect the 

experimental results are described in the following subsection. 

7.7.3 Experimental Data Acqauisition 

The data collected consists of torque, * speed and current measurements 

for each of the selected values of phase advance. The procedure to collect 

data is as follows 

(a) Set the inverter input voltage to 120 V and adjust the dynamome- 

ter torque control to zero. 

(b) Operate the motor with selected values of phase advance angle. 

(c) Increase the torque in steps of certain value using the the dy- 

namometer torque adjustment and record the values of speed and current. 

(d) Continue the procedure in step d until the current exceeds 23 A. 

Values of torque and speed are read directly from the display unit 

while values of current are also recorded. 

7.7.4 Experimental Tests for High Torque-Speed Performance 

A set of results, obtained from the experimental system are presented 

in this section together with predicted results for comparison. The results are 

shown in figure 7.9 which shows how torque varies with speed for two phase 

advance angles. The difference between the results of the predicted and the 

measured curves could be due to the windage and friction losses. Though 

saturation is generally small in the surface mounted machine (because it has 

large airgap), the field weakening characteristic is sensitive to the machine 

inductance and so the accurate and measured value should be used together 

with the saturated value. 
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To examine the effect of the phase advance control. on the high speed 

drive p'eriormance, the torque was measured at many speeds as a function 

of the phase advance. The results are organised in the torque/speed plots 

of figure 7.10 which shows how torque varies with speed for different phase 

advance angles and loads. 

The effect of phase advance on the torque/speed characteristics is 

demonstrated in Fig. 7.10 which shows the torque/speed characteristic of the 

machine as a function of speed with phase advance angle of ct = 0*, 15% 30% 

45" and 60". Torque-speed curves of figure 7.10f provide a useful summary of 

the motor's capacity to operate under closed-loop control, over the whole range 

of load conditions. The experimental torque/speed characteristics presented 

in figure 7.10 shows that the phase advance angle does affect the motor's 

high-speed performance to some extent. The changes in the torque/speed 

characteristics are a result of the changes in the phase current waveshape. 

Figures 7.11-7.13 show a set of current measurements made using a 

load consisting of a dynamometer with variable armature load resistance at 

different speeds and operating at different phase advance angles of 0% 15", 

45* and 60'. The results of these figures show that when the instant of 

commutating the is advanced by a reasonable phase advance angle, a, the 

phase current waveform rises steeply and their fall time at the end of each 

conduction period is also rapid. 

Figures 7.11-7.13 also show how the phase current waveform square-up 

as the motor is loaded. For example, the current waveform in figure 7.11c is 

for operating conditions of 30" phase advance angle, 14.8 Nm torque and 1000 

rpm. The current waveform has the desired shape and has almost constant 

on-value of about 14.0 A. However, the current waveform shown in figure 7.11e 

is close to the desired waveshape, although there is still a small switch on 

overshoot up to 25 A before the current settle down to an on-value of about 
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22 A. This improvement in current is due primarily to an increase in the 

voltage difference between the constant voltage supply and the corresponding 

back-emf. The phase advance control therefore enables a better waveshape 

current to be achieved with large phase currents than is possible with a 0" 

phase advance angle (i. e., compare figure 7.11a and 7.11e). 

For -completeness figure 7.14 shows how the current waveforms vary 

with phase advance at speed of 1000 rpm. This figure shows that the phase 

current peaks very sharply under load conditions. 

However, the waveforms in figures 7.11-7.14 show that the ability 

to adjust the phase advance angle is a useful aid in achieving a better 

waveshape phase current over a range of operating speeds. Reference back to 

earlier graphs presented in figure 7.10 shows that there is some change in the 

torque/speed characteristic when the phase advance angle is changed under 

constant supply voltage conditions. For the range of the phase advance angle 

used in the tests (0" to 30"), the changes in the torque/speed characteristics 

are small, so the setting of the phase advance angle is not critical in this 

respect. However, the phase advance setting does affect the phase current 

waveform substantially. Hence it is possible to alter the phase advance angle 

so that the current waveform is essentially square in shape, whilst not affecting 

the motor torque to any great degree. 

For further illustration, figures 7.15,7.16,7.17,7.18 and 7.19 show 

the encoder signals when different phase advance angles are applied using the 

phase advance estimation control algorithm. 

7.8 Summary and Conclusion 

The advantage of incorporating a speed-dependent phase advance angle 

in a brushless dc drive system are clearly demonstrated by the experimental 

results. For this purpose phase advance estimation control algorithms which 

182 



are suited to microprocessor-based phase advance for brushless motor drives 

has been proposed. 

The configuration and implementation of the control algorithms have 

been fully described. Experimental results on a drive system under consid- 

eration demonstrate the satisfactory performance of both the hardware and 

software of the control scheme and the ease with which the advance of the 

instant of the commutation angle is automatically adjusted to maintain the 

desired torque in response to the motor speed and load conditions. 

It has been shown that if the drive is operating with closed loop 

strategy, which uses a phase advance control technique in conjunction with 

pulse width modulation (PWM) current controller, has distinct advantages 

when compared with a similar system which is operating without a phase 

advance technique. If the motor is operated over a wide speed range and 

delivers the maximum possible torque at all times, it is normally essential to 

have some form of phase advance angle control. 

The advantage of the phase advance control in the operating speed 

range of the brushless dc drive has been well demonstrated in the context of 

using a micropro cessor- based phase advance scheme. The configuration of the 

entire control method can be easily adopted for any brushles's dc drive system. 

In addition the TMS320C30 digital signal processor offers many advantages 
for implementation of high-speed torque algorithms. Its 60 ns cycle time and 

special features, such as the signal cycle multiplication, allow high execution 

speed. Further, the availability of development tools such as c complier, 

assembler/linkers and in-circuit emulators that accelerate design time. 
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Figure 7.1 Basic hardware for the n-dcroprocessor 
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CHAPTER. 8 

SUMMARY, GENERAL CONCLUSIONS, AND 

SUGGESTIONS FOR FURTHER WORK 

8.1 Summary and General Conclusions 

The work presented in this thesis has been concerned with the various 

aspects of the analysis, modelling, simulation and control of a surface mounted 

permanent magnet motor supply by a PWM inverter. Particular consideration 

has been given to a three phase motor with trapezoidal back-emf, although 

some of the analysis is applicable for all types of brushless dc drives. Detailed 

conclusions have been presented for each chapter but the overall conclusions 

from the work are summarised below. 

In Chapter 1 an overall description of the design and construction of 

individual components of the brushless dc drive system is presented along with 

a review of the general concepts of the drive system. This type of machine 

is compared with other types of machine and the potential advantages of this 

new concept, both technical and economic, outlined. 

In Chapter 2 the operation and the control aspects of the brushless dc 

motor are described, with particular emphasis placed on the basic requirements 

for the operation, torque production, performance characteristic and control. 

The high-speed torque control methods are also described and their merits 

are reviewed. In addition the effects of different parameters of machine design 

on the torque-speed characteristics is discussed. 

Chapter 3 elaborates on the analysis and simulation work by pre- 

senting a comprehensive analysis which aims to show that direct three-phase 

representation can be used as an effective tool for performance assessement 
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of brushless dc drive systems operating over a wide speed range. During the 

course of the investigation, a mathematical model of the complete drive system 

based on the direct representation approach, has been presented. The model 

system includes representation of the motor, power inverter, and a PWM 

controller. The model incorporates a time stepping numerical technique, sets 

of differential equations which are used to describe the switching nature of 

the inverter devices under all its operating conditions and permits the motor 

neutral point to float. The simulation technique has been tested on the 

drive under consideration. The predicted and experimental results have been 

compared and discussed. Although the experiments agreed qualitatively with 

the theory, in order to get closer agreement between theory and practice, 

neglected effects should be considered. 

An initial aim of the thesis is to analyse and to improve high-speed 

torque performance of a brushless dc drive. In Chapter 4 the performance of 

the brushless dc motor switched by a PWM inverter is investigated with a 

view to improving the high-speed torque performance. Simulation and analysis 

of the brushless dc motor is presented in which the actual parameters of the 

experimental machine are used. The aim of the analysis is to simulate a 

brushless d. c. drive system operating in closed-loop control modes, which 

uses phase advance control techniques in conjunction with a PWM control 

technique and also an investigation of this control on the dynamic behaviour 

of the system when account is taken of the load's mechanical dynamics. The 

investigation has included both 120" and 180" conduction angles of inverter 

operation, with provisions to select the phase advance angle for commutation. 

Performance characteristics, such as torque/speed, rms current, efficiency, 

current ripple, and torque ripple are obtained and compared for these control 

methods. Also the combined effects of the machine inductance and phase 

advance angle on the machine performance are assessed for conduction angles 
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of 120" and 180*. The effect of the variation of parameters such as the 

inductance on the high-speed torque performance of the drive has also been 

included in the study. The results of analysis has clearly shown that the high- 

speed torque characteristics of the brushless d. c. motor can be considerably 

improved simply by adjusting the chosen setting of the phase advance angle. 

The results show that major improvements in torque output at high 

speed can be obtained by using appropriate conduction and phase advance 

angles. It has been shown that the torque available from a commercial drive 

above base speed can be improved by using phase advance control. 

The analysis has clearly demonstrated that accurate phase advance 

angle selection is important if the optimum performance is to be obtained 

from a brushless dc drive. If the speed of the motor is kept constant, there 

is an optimum phase advance angle at which mwdmum torque occurs. The 

choice of a= czt yields ma3dmum torque and substantially improves the 

torque/speed characteristic above the rated speed. 

In Chapter 4, numerical and analytical investigations to the operating 

range of the phase advance angle are presented. During this investigation a 

theoretical approach to demonstrate the operating range of the phase advance 

angle in permanent magnet brushless dc motors is presented. The results 

of the numerical and analytical analyses have shown that the phase advance 

should be within the range between 0" and 60" in order to provide a significant 

improvement in high-speed torque performance. A phase advance angle should 

be 0" for starting, the maximum value of 45" upto the base speed and a 

maidmum value of 60* for speeds exceeding the base speed. 

The simulated tests have also shown that in the high-speed region 

the current waveform becomes sinusoidal in shape because the current control 

capability of. the drive is severely limited. The work has also shown that the 

electrical time constant of the winding is relatively large in comparison to the 
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excitation interval of each phase. Therefore the higher frequency components 

of excitation are heavily filtered and the major current component is at 

the fundamental frequency. As a consequence of this the current waveform. 

becomes sinusoidal in shape. For these reasons and in order to predict 

the high-speed performance of the machine in term of the optimum phase 

advance angle quite reasonably, the sinusoidal analysis must be used. In 

the other words, sinusoidal analysis (machine theory) can be used to give a 

useful insight into the typical torque/speed curves that can be expected at 

high-speed operations. 

In addition the phase advance angles affect the performance of the 

motor drive and they are not constants. They need to be varied as a function 

of speed, magnitude of current and load desired for overall drive system. The 

results of the analysis verify that the high speed torque -characteristics of the 

brushless dc drive system are markedly influenced by controlling the phase 

advance angle. 

A detailed analytical model which makes possible the use of machine 

theory for representing the performance of the brushless dc motor has been 

presented in Chapter 5. This model is used to derive the equations which 

describe the steady state characteristics of a drive system consisting of a 

permanent magnet machine supplied from a PWM voltage inverter operating 

in both 120' and 180" conduction angle modes and with provision to shift 

the phase of the stator voltages relative to the rotor position. The method 

utilizes the phasor diagram, where machine performance in terms of the main 

control variables (i. e. voltage and phase advance angle) is demonstrated. 

Chapter 5 also presents an analytical expression for the phase-advance 

angle which yields maximum torque at a given motor speed. This expression 

is a very useful contribution for obtaining the machine performance in terms 

of optimum phase advance angle in higher speed operation. In addition the 
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quantitative effect of the phase advance angle on the torque/speed curve at 

high speed operation using sinusoidal analysis is presented. 

Moreover, the brushless d. c. motor possesses a trapezoidal back-emf 

and a square wave current which are a major obstacle to any analysis based 

on sinusoidal assumptions. However, sinusoidal analysis of the brushless d. c. 

motor system gives a useful insight into the typical torque/speed curves that 

can be expected, particularly at high speed operations. Whilst the predictions 

are not necessarily quantitatively accurate, they do give a qualitative idea of 

the optimum operating conditions. 

Although it would be possible to implement trail-and-error using the 

simulation, this approach is involved and requires a substantial amount of 

computation time to establish steady state operating points. Therefore it is 

desirable to establish simplified analytical representations which yield a more 

direct means of finding the optimum phase advance angle at the system 

01 perating limits in the high and extended speed ranges. 

An analytical study concerning the optimum phase advance has been 

developed in chapter 6. In this work two analytical approaches to the 

problem of obtaining an optimum phase advance angle are presented. The 

first method is based on the controlled current waveform, where the phase 

current is effectively limited and therefore it assumes that the current must 

rise before back-enif in order that the current has attained the desired value 

at the start of the on-period. The second is based on the sinusoidal analysis 

where the stator current is effectively sinusoidal at high-speed operation and 

therefore it assumes sinusoidal inputs. 

Chapter 6 also presents a detailed analysis of the shape of the current 

and back-enif waveforms in a trapeziodal brushless dc motor drive and their 

effects on the torque/speed performance. From this analysis, it has been 

shown that the current and back-emf waveform shapes have a direct effect 
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on the constant torque operation as well as the ma., dmum torque that the 

brushless dc motor can deliver. During this investigation, a detailed analytical 

method for obtaining the required relationship between motor parameters in 

order to predict the desired shape of the current waveform is presented. This 

work in chapter 6 has also shown that the principle benefit of analytical 

solutions is that they make it much easier to predict the*optimum phase 

advance angle and the shape of the current waveform and to see how the 

various motor and drive parameters affect the system performance. 

Since research into high-speed control was directed at developing 

a robust method of implementing a speed dependent phase advance angle 

control, Chapter 7 presents the implementation of a microprocessor based 

system, which can set the phase advance angle to its optimum value at any 

motor speed. This implementation was done in real time on the prototype 

drive using a TMS320C30 digital signal processor. Features of the method 

proposed in this thesis include the estimation algorithms for predicting the 

time advance. It was found that the estimation algorithm is wen suited for 

a microprocessor to predict the advance time and is effective. 

The configuration and implementation of the control algorithms have 

been fully described. Experimental results on a drive system under consid. 

eration demonstrate the satisfactory performance of both the hardware and 

software of the control scheme and the ease with which the advance of the 

instant of the commutation angle is automatically adjusted to maintain the 

desired torque in response to the motor speed and load conditions. 

The operation of the drive system was encouraging. The phase current 

waveform. was advanced and the microprocessor successfully implemented the 

control method and the drive system operated reliably throughout the entire 

period of the tests reported in the thesis. This work on the brushless dc 

drive has clearly demonstrated that the estimation algorithms control can be 
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realised by the microprocessor. It has shown that a microprocessor is a very 

powerful logical unit with which it is possible to easily set up (and modify) 

logical tasks such as the starting sequence, direction and so forth. 

The work on the effect of high-speed control based on the phase 

advance has clearly shown that this control can be used to modify the 

characteristic of the drive system in high-speed operations. In other words, 

it has been shown that if the drive is operating with closed loop strategy, 

which uses a phase advance control technique in conjunction with pulse 

width modulation (PWM) current controller, it has distinct advantages when 

compared with a similar system which is operating without a phase advance 

technique. If the motor is operated over a wide speed range and delivers the 

maximum possible torque at all times, it is normally essential to have some 

form of phase advance angle control. In addition, the cost of microprocessors 

are almost certain to fall as their usage in industry increases, and so a 

high-speed control method based on the phase advance algorithm described 

in this thesis should become commercially more viable in the future. 

It is concluded from the microprocessor work carried on the brushless 

dc motor, that microprocessors do have a very important role to play in 

motor drive systems and should be used in any development or improvement 

of the drive system because it enables complex changes to the inverter control 

signals to be made simply by software modifications. 

The advantage of applying phase advance control in the operating 

speed range of the brushless dc drive system has been well demonstrated 

in the context of using a microprocessor-based phase advance scheme. The 

configuration of the entire control method can be easily adopted for any 

brushless dc drive system. 
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8.2 Recommendations for, Future Work 

8.2.1 Recommendations for Control Aspects of the Drive System 

Following the tests on the drive system there is no doubt that a 

microprocessor can be used very successfully in the control aspects of a 

brushless dc drive. 

Future work on the control electronics of a brushless dc drive system 

should be aimed at minimising the number of integrated circuits required in 

order to reduce the size, cost and consumption of the control unit. There is, 

however, great scope for employing microprocessors in motor drive systems to 

perform tasks other than the high-speed control methods because there are 

ways in which the drive system could be simplified or modified to make it 

practical and cost effective. For example all of the control and monitoring 

tasks in the drive system can be achieved by conventional analogue and digital 

circuits, but it makes technical and economic sence to try to replace as many 

of the discrete circuits by a microprocessor, since such an approach reduces 

the component count and should improve reliability. 

By careful design of both hardware and software it should be possible 

to evolve a basically simple control unit capable of operating the drive over 

the required speed range. There are several variations in the operation of the 

drive that are worthy of investigation in the future. One interesting variation 
in the control aspects of the system is to arrange the controlling logic by 

modifying the sequence of drive signals using the development program of this 

work so that it actively tries to minimise the torque ripple; to achieve this 

both phase advance and conduction angles must be varied as necessary to 

obtain the desired torque and this can also be set according to the machine 

parameters and to the requirements of the application. It is believed that 

the suggestions for future work are justified by successful implementation of 
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a microprocessor based system. which automatically sets the phase advance 

angle to its optimum value at any speed. 

The use of a one-chip microprocessor would enable a great reduction 

in the component count to be achieved and it is an advantage of using a 

signal microprocessor to replace control aspects of the drive. It is fair to say 

that' in all other respects a TMS320C30 digital signal processor can, perform 

reasonably these aspects. Because the TMS320C30 digital signal processor 

is a faster processor and also offers many advantages for implementation of 

these aspects. Its 60 ns cycle time and special features, such as the signal 

cycle multiplication, allow high execution speed. Further, the availability 

of development tools such as c complier, assembler/linkers and in-circuit 

emulators that accelerate design time. 

8.2.2 Recommendations for High-speed Torque Control Methods 

Undeniably, the use of estimation algorithms in the high-speed torque 

control of a brushless dc drive will continue to expand. It is worthwhile 

to guide this development in such a way that the experience gained is 

beneficial to the improvement of the high-speed performance of the brushless 

dc drive system. There does not appear to be any reason why phase advance 

adjustment facilities should not be a standard feature on a brushless drive 

system in the future. 

It is suggested that in the future the phase advance control algorithms 

should be replaced by the higher-order algorithms such as third or fourth 

order-estimation algorithm in order to increase the accuracy of the their 

predictions. 
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APPENDIX 1 

TEST MOTOR: Summary of Motor Design 

1.2. Summary of Motor Design 

The motor parameters were incorporated in the simulation package 

described in chapter 4 has an outline specification as given in table AM 

below 

Rated power 20 KW 

Maximum speed at rated torque rated power 3000 rpm 

No. of rotor poles 6 

Continuous rated torque 57 Nm 

Continuous static torque 21 Nrn 

Supply voltage 550 V 

Continuous rated current 23 A 

Maximum current 158 A 

Electrical time constant 11.9 ms 

Mechanical time constant 1.8 ms 

Thermal time constant 35 min 

Table AM Specification of test motor 

The permanent magnet motor is a three phase, six pole, star connected, 

type SE-B4 210 motor+ SM50/ 100-T inverter combination manufactured by the 

Robert Bosch company. This motor uses rare-earth material on its rotor. 
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The stator was constructed using a slotted winding with one slot-per-pole per 

phase. Each stator slot was skewed by one stator slot pitch. As mentioned in 

the previous chapter this is necessary to eliminate the cogging torque which 

would be presented in an unskewed stator design. 

The stator windings are the same and they are displayed by the 

number of the slots per phase per pole. It should be noted that this 

symmetry implies that there is an integral number of slots per phase. The 

arrangement of the winding starts with the number of coils and parallel paths 

per phase. Then for each parallel path the coils need go and return slots 

defining. It is assumed that each parallel path has the same number of coils 

(i. e. that coils per phase divided by parallel paths is an integral number). 

A summary of the principle features of the design is given in table A1.2 

Magnet material rare-earth 

airgap flux density 0.505 T 

No. of rotor poles 6 

Pole arc 176.4* elec. 

No. of stator slot 36 

outer diameter 135.0 mm 

inner diameter 00.0 mm 

airgap depth 0.90 mm 

magnet depth 2 mrn 

field core depth 41.60 mm 

armature core depth 8.20 mm. 

slot depth 13.95 mm 

tooth depth 4.20 mm 

axial length 155.0 mm 
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Phase resistance 

Phase self inductance 

0.26 0 

3.1 mH 

Voltage constant (V/1000 rpm) 96.3 

Table A1.2 Test motor: Design specification. 
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APPENDEK2 

HARDWARE OVERVIEW OF THE MICROPROCESSOR SYSTEM 

A2.1. Introduction 

The TMS320C30 [TMS320C30 User's Guide, 1987] is a texas instru- 

ments third generation member of the TMS320 family of compatible digital 

signal processors. With computation rate of 33 MFLOPS (millioon floating- 

point operations per second), the TMS320C30 far exceeds the perforrmance of 

any programable DSP available today. Total system cost is minimised with 

on-chip memory and on-chip peripherals such as timers and serial ports. 

The TMS320C30 device offer the advantages of a floating-point pro- 

cessor and ease of use. This device is a higher speed and it delivers 33.3 

MFLOPS (million floating-point operations per second) and runs at 33.33 

x1O` Hz. A functional block diagram of the TMS320 is shown in figure A2.1. 

Some key features of the TMS320C30 [TMS320C30 User's Guide, 1987) are 
listed below 

(1) 60-ns signal cycle instruction executing time, 

(2) 33.3 MFLOPS (million floating-point operations per second), 

(3) 16.7 MIPS (miUion instructions per second), 

(4) one 4K x 32-bit signal-cycle dual-access on-chip ROM block, 

(5) two 1K x 32-bit signal-cycle dual-access on-chip RAM block, 

(6) direct memory access (DAM) controHer on-cbip for cocurrent 1/0 

and CPU operation, 

(7) 32-bit instruction and data words, 24 bit addresses, 
(8) two 32-bit data buses (24-and-13-bit address), 

two serial ports to support 8/16/24/32-bit transfers, 
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(10) two 32-bit timers, 

A2.2. TMS320C30 Hardware 

The architecture of the TMS320C30 is targeted at 60-ns and faster 

in cycle times. To achieve such high-performance goals while still providing 

low-cost system solutions, the TMS320C30 is designed using Texas instruments 

state of the art 1 jim CMOS process. The TMS320's high system performance 

is achieved through a high-degree of parallelism, the accuracy and precision 

of its floating-ponit unit, its on-chip DAM controller that supports concurrent 

1/0, and its general-purpose features. At a heart of the architecture is central 

processing unit (CPU). 

Central Procssing Unit (CPU) 

The CPU consists the floating-point /integer multiplier hardware, the 

Arithmetic Logic Unit (ALU) for performance floating-point, integer, and 

logical operation; auxiliary register arithmetic units; supporting register file, 

and associated buses. The units are shown in figure A2.2. The multiplier of 

the CPU performs floating-point and integer multiplication. When performing 

floating-point multiplication, the inputs are 32-bit floating-point numbers, and 

the result is a 40-bit floating point numbers. When performing integer 

multiplication, the input data is 24 bits and yields a 32-bit result. The ALU 

performs 32-bit integer, 32-bit logical, and 40-bit floating point operations. 

Results of the multiplier and the ALU are always maintained in 32-bit integer 

or 40-bit floating point formats. The TMS320C30 has the ability to perform, 

,,. 
in a single cycle, parallel multiplies and adds (subtracts) in a single cycle 

which give the TMS320C30 its peak computational rate of 33 MFLOPS. 

The register file contains 28 registers, which may be operated upon 

by the multiplier and ALU. The first eight of these register (RO-R8) are 
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the extended-precision registers, which support operations on 40-bit floating. 

point numbers and 32-bit integers. The next eight registers (ARO-AR8) are 

the auxiliary registers, whose primary function is related to the generation of 

addresses. However, they also may be used as general purpose 32-bit registers. 

Two auxiliary register arithmetic units (ARUO and ARM) can generate two 

addresses in a single cycle. The ARAUs operate in parallel with multiplier 

and ALU. They support addressing with displacements, index register (IRO 

and IR1), and circular and bit-revcrsed addressing. The remaining registers 

support a variety of system functions: addressing, stack mangemen, processor 

status, block repeat, and interrupts. 

Data Organization 

Two integer formats are supported on the TMS320030: a 16-bit 

format used for immediate integer operands and a 32-bit single. precision 
integer format. Two unsigned-integer formats are available: a 16 bit format 

for immediate unsigned-integer operands and a 32-bit single-precision unsigned. 
integer format. 

The three floating-point formats are assumed to be normaliscd, thus 

providing an extra bit of precision. The first is a 16-bit short floating. 

point format for immediate floating-point operands, which consists of a 4-bit 

exponent, 1 sign bit, and an 11-bit fraction. The second is a single-precision 
format consisting of an 8-bit exponent, 1 sign bit, and a 23-bit fraction. The 

third is an extended-precision format consisting of an 8-bit exponent, 1 sign 
bit and a 31-bit fraction. 

The total memory space of the TMS320C30 is 16 M (million) x 32 

bits. A machine word is 32 bits, and all addressing is performed by word. 

Program, data, and 1/0 space are contained within the 16 M-word address 

space. 
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RAM blocks 0 and 1 are each 1K time. 9 32 bits. The ROM block 

is 4K X 32 bits. Each RAM block and ROM block is capable of supporting 

two data accesses in a single cycle. For example, the user may, in a single 

cycle, access a program word and a data word from the ROM block. 

The separate program data, and DMA buses allow for parallel program 

fetches, data reads and writes, and DMA operation. Mangement of memory 

resources and busing is handled by the memory controller. For example, a 

typical mode of operation could involve a program fetch from the on-chip 

program cache, two data fetches from RAM block 0, and the DMA moving 

data from off-chip memory to RAM block 1. All of this can be done in 

parallel with no impact on the performance of the CPU. 

A 64 x 32-bit instruction cache allows for maximum system perfor- 

mance with minimal system cost. The instruction cache stores often repeated 

sections of code. The code may then be fetched from the cache, thus greatly 

reducing the number of off-chip access necessary. This allows for code to be 

stored off-chip in slower, lower cost memories. Also the external buses are 

freed, thus allowing for their use by the DMA or other devices in the system. 

Direct Memory Access (DMA) 

The TMS320C30 process an on-chip direct memory access (DNIA) 

controller. The DMA controller is able to perform reads from and writes to 

any location in the memory map without interfering with operation of the 

CPU. As a consequence, it is possible to intcrface the TMS320C30 to slow 

external memories and peripherals (A/D's, timers, serial ports, ctc. ) without 

affecting the computional throughout of the CPU. The results in an improved 

system performance and decreased system cost. 

The DMA controller contains its own address generators source and 
destination registers and transfer counter. Dedicated DMA address and data 
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buses allow for operation with no conflicts between the CPU and DMA 

controller. The DMA controller responds to interrupts in a similar way to 

the CPU. This ability allows the DMA to transfer data based upon the 

interrupts received. Thus 1/0 transfers that would normally be performed 

by the CPU may instead be performed by the DMA. Again the CPU may 

continue procssing data while the DMA receives or transmits data. 

Peripheriah 

All peripheral modules are manipulated through memory-mapped res- 

gisters loacted on a dedicated peripheral bus. This peripheral bus allow for 

the straightforward addition, removal and creation of peripheral modules. The 

initial TMS320C30 periheral will include timers and serial ports. 

The Programmable Timer 

The two timer modules (which are called timer 0 and timer 1) are 

general-purpose 32-bit timer/event counters with two signaling modes and 
internal or external clocking (see figure A2.3). Each timer has 1/0 pin that 

can be used as an input clock to the timer or as an ouput signal driven by 

the timer. The programmable timer modules can be employed as the basis 

for a variety of measurement circuits, including an event counter, frequency 

counter, or a pulse generator. For example the timer modules can be used to 

signal to the TMS320C30 or externaý word as specified intervals, or to count 

external events as used in present work. 

Each timer can be programmed for specific applications by writing the 

mode of operation their control register. The control registers are designated 

global-control resgister, period register and counter register. The global-control 

register determines the operating mode of the timer, monitors the timer status, 

and controls the function of the 1/0 pin of the timer. The period register 
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specifies the timer's signaling frequency. The counter register contains the 

current value of the incrementing counter. The timer can be incremented on 

the rising edge or the falling edge of the input input clock. The counter 

is zeroed and can caused an interrupt whenever its value equals that in the 

period register. The memory map for the timer modules is given in the table 

A2.1 and shown below 

Table A2.1 Memory-Mapped Timer Locations 

Regester Peripheral Address 

Timer 0 Timer 1 

Timer global control 808020h 808030h 

Reserved 808021h 808031h. 

Reserved 808022h 808032h 

Reserved 808023h 808033h 

Timer counter 808024h 808034h 

Reserved 808025h 808035h 

Reserved 808026h 808036h 

Reserved 808027h 808037h 

Timer period 808028h 808038h 

Reserved 808029h 808039h 

Reserved 80802Ah 80803Ah 

Reserved 80802Bh 80803Bh 

Reserved 80802Ch 80803Ch 

Reserved 80802Dh 80803Dh 

Reserved 80802Eh 80803Eh 

Reserved 80802Fh 80803Fh 

212 



The timer global control register is a 32-bit register that contain the 

global and port control bits for the timer module. Table A2.2 defines the 

register bits, names and functions. Bits 3-0 are the port control bits; bits 

11-6 are the timer global control bits. Figure A2.4 shows the 32-bit register. 

Note that at reset, all bits are set to 0 except for DATIN (set to the value 

read on TCLK). 

In this application one of the TMS320 timers is used to measure the 

times required by the phase advance algorithm (see chpater 7). In order 

to select this mode of operation the timers can be done by writing the 

mode of operation its control register. The control registers are designated 

global-control resgister, period register and counter register and these registers 

are configured to the time measurement mode. 

The Serial Ports 

The two serial ports are modular and totally independent. Each serial 

port can configured to transfer 8,16,24, or 32 bit data perform. The clock 

for each serial port can originate either internally or externally. An internally 

generated divide-down clock provided. 

The Operation Units of the TMS320C30 

The operation of the TMS320C30 is controlled by the following five 

major functional units; 

(i) fetch unit which controls the program counter updates and fetches of the 

instruction words from memory, 

(ii) decode unit which decodes the instruction word and control address 

generation, 

(iii) read unit which controls the operand reads from memory. 

(v) execute unit which reads operands from the register file, performs the 
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necessary operation and write results back to the register file and memory. 

Finally the digital signal processor is essentially like any other micro- 

processor, no matter how impressive the performance of the processor or the 

case of interfacing, without good development toolls and technical support, it 

is very difficult to design it into the system. In this respect the TMS320C30 

has a wide range of development tools available [TMS320 Family Development 

Support Refence Guide, 1987]. 
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Table A2.2 Timer global-controt register bits summary 

Bit$ Name Reset Value Function 

0 FUNC 0 FUNC controls the function of TCLK. If FUNC a 0. TCLK is configured 
as a general-purpose digital 1/0 port. It FUNC a 1. TCLK is configured 
as a timer pin (see Sgure, 24 for a description of the relationship 
between FUNC and CLKSRC). 

- 
0 gured as a general-pur. 11 FUNC -0 and CLKSRC - 0. TCLK is conF, 

pose 1/0 pin. In this case, if DO - 0, TCILK is configured as a general. 
purpose input pin. If DO - 1, TCLK is configured as a general-purpose 
output pin. 

2 DATOUT 0 DATOUT drives TCLK when the TMS320C3x is in 1/0 port mode. 
DATOUT can also be used as an input to the timer. 

3 DATIN xt Data input on TCLK or DATOUT. A write has no effect. 
S-4 Reserved 0-0 Read as 0. 

6 GO 0 The GO bit resets and starts the timer counter. When GO -1 and the 
timer is not held, the counter is zeroed and begins incrementing on the 
next rising edge of the timer input clock. The GO bit is cleared on the 
same rising edge. GO -0 has no effect on the timer. 

7 HLD 0 Counter hold signal. When this bit is zero. the counter is disabled and 
held in its cuff ent state. If the timer is ddving TCLK, the state of TCLK 
is also hold. The internal divide-by-two counter Is also held so that the 
counter can continue where it left off when HL15 Is set to 1. The timer 

ters can be read and 
- 
modified while the timer is being hold. pis 

. ES T T hal iority over RLD. Table 2.3 shows the effect of writing % 
- to GO and Hi L . 

8 CiP 0 Clock/Pulse mode control. When C/15 n 1, clock mode is chosen, and 
the signaling of the status nag and external output will have a 50 
pervent d- -1y cycla. When C/P = 0. the status fiag and sixternAi outpui 
will be active for one HI cycle during each timer period. 

9 CLKSRC 0 Specifies the source of the timerclock. When CLKSRC - 1, an internal 
clock with frequency equal to one-half the HI frequency is used to in- 
crement the counter. The INV bit has no effect on the Internal clock 
source. When CLKSRC = 0, an external signal from the TCLK pin can 
be used to Increment the counter. The external clock Is synchronized 
internally, thus allowing external asynchronous clock sources that do 
not exceed the specified maximum allowable external clock frequen- 
cy. This will be less than I(H1)/2. (See Figure -- for a description of 
the relationship between FUNC and CLKSRC). - __j 

10 INV 0 Inverter control bit. It an external clock source Is used and INV a I. 
-the 

external clock is inverted as It goes into the counter. If the output of the 
pulse generator is routed to TCLK and INV = 1, the output is inverted 
before it goes to TCLK -, If INV a 0, no inversion is 
performed on the input or output of the timer. The INV bit has no effect, 
regardless of its value. when TCLK is used in 1/0 port mode. 

11 TSTAT 0 This bit indicates the status of the timer. It tracks the output of the 
uninverted TCLK pin. This flag sets a CPU interrupt on a transition from 
0 to 1. A write has no effcc! 

31-12 Reserved 0-0 Read as 0. 

Table A2.2 Results of specified values of 00 and HLD 

GO RL-D Result 
0 0 All timer operations are held. No reset Is performed. (Reset value) 
0 1 Timer proceeds from state before write. 
1 0 

I 
All timer operations are held. including zeroing of the counter. The GO bit 
is not cl ared until th3 timer is taken out of hold. 

11 Timer resets and starts. 
I 
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APPENDIX 3 

PUBLICATIONS 

A3.1. Introduction 

Three papers are published in connection with the research presented 

in this thesis. They are as foHows, 

Paper 1: Safi, S. K. & Acarnley, P. P., High-speed performance 

of brushless dc motor., UPEC Bath Unversity, 1992. 

Paper 2: Safi, S. K. & Jack, A. & Acarnley, P. P , 'Simulation 

of high-speed torque Performance of brushless dc motor drive., to 

be published in IEE Proceedings Pt B. 

Paper 3: Safi, S. K. & Acarnley, P. P., 'Microprocessor op- 

timisation of high-speed torque performance of brushless dc motor 

d7ive., in preparation to be published. 
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