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THE ANALYSIS AND COMPUTER CONTROL OF AN INDUCTION MOTOR 

by Christopher Graham Bright 

This thesis discusses popular electric drives and lays particular emphasis upon 

variable-speed induction motor drives. It continues by describing the 

construction of a variable speed induction motor drive w/hich uses a variable-

voltage-variable frequency supply derived from linear amplifiers to power the 

induction motor. A mathematical model of the drive is developed and 

experimental tests used to check the validity of the model are described. 

This thesis also describes a control system used to produce speed control 

over a limited range of speeds and compares experimental tests on the control 

system with computer simulations. 
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INTRODUCTION 

The need for electric drives 

Industry has often needed a reliable source of mechanical power. 

Historically, steam and water power have met this need but speed control has 

been coarse and crude and the transmission of mechanical power has been 

difficult . 

The advent of reliable and cheap supplies of electricity during the late 

nineteenth and early twentieth centuries led to the development of electric 

motor drives. Electricity could be distributed around a factory far more easily 

than mechanical power and speed control of electric drives proved easier and 

more accurate than speed control of steam or water power. 

Electric drives are not confined to factories, indeed they are extensively 

used in homes shops or offices where steam or water power is unavailable or 

inappropriate. Railways also use electric drives for traction and Kielgas and 

Mill [1] report that the advantages of electric traction has prompted research 

into new types of electric locomotive. Electric traction is also being used for 

road vehicles and Wakefield [2] points to the increasing competitiveness of 

electric traction against the internal combustion engine. Electric drives have 

become so widespread that it is estimated by Holmes [3] that induction motors 

alone consume about 30% of the electricity generated in the U.K. 

The advantages of variable speed drives are:-

1) Many industrial processes need variable speed drives 

2) Ease of starting of large drives. The acceleration of machinery from 

rest needs large forces to overcome friction and inertia and so the drives 

draw a high current from the mains during starting. The large forces 

result in stress and wear and the high currents can cause dips in the 

supply voltage. Shilston [4] reports how the use of variable speed drives 

overcomes this problem. 

3) Savings in energy: Some industrial processes, like pumping and 

compressing use a constant speed drive with throttling to control the 

flow ra te . The throttling wastes energy and the use of a variable speed 

drive instead can save energy and therefore be more economic. 
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Background to the research described in this thesis 

The past f i f teen years have seen a remarkable growth in the variety and 

use of variable speed drives due to the following factors: 

1) The fall in cost of power electronics used to supply power to the motor. 

2) The development of power electronics with faster switching times. 

3) The increase in sophistication and fall in cost of electronic control 

circuitry in particular, and the advent of microprocessors and 

microcomputers. 

4) The rising cost of energy which makes the energy saving feature of 

variable speed drives at t ract ive. 

Many industrial drives use cage rotor induction motors because they are 

of simple construction and therefore cheap and robust. They also self-start 

and are capable of good efficiency and power factor . Say [5] s tates that large 

induction motors, when fully loaded, can be over 80% efficient and operate at 

power factors typically between 0.8 and 0.9. An advantage of cage rotor 

induction motors is the absence of slip rings or commutators which wear and 

therefore need maintenance, and spark, creating a fire hazard unless 

flameproof construction is used. The advantages of cage rotor induction 

motors has led to their widespread use. Say [5] est imates that 80% of the 

world's A.C. motor drives (apart from fractional-kilowatt machines) are cage 

rotor induction motors (henceforth referred to as cage induction motors). 

One important feature of the cage induction motor is that its speed 

depends upon the supply frequency and the motor runs at almost constant 

speed. Although this feature may be useful for certain applications it makes 

the speed control of induction motors difficult . Nevertheless, much ef for t has 

been spent in developing a variable speed drive using a cage induction motor in 

order to combine the advantages of such a motor with the advantages of a 

variable speed drive. However, a cheap, reliable and accurate variable speed 

cage induction motor drive capable of four-quadrant operation (full motoring 

and generating in either direction) over a wide range of speeds has yet to be 

developed. 

Objective of this research 

The objective of this research was to develop a cage induction motor 

drive capable of four-quadrant operation over a wide range of speed under the 

control of a small dedicated computer. 

14 



CHAPTER 1 A REVIEW OF POPULAR ELECTRIC DRIVES 

1.1. Introduction 

There are many varieties of electric drives used in industry. This 

Chapter review/s some of the more popular electric drives, D.C. and A.C., that 

are used in industry. 

1.2. D.C. motor drives 

1.2.1 Basic principles of D.C. motors 

The books written by Fitzgerald and Kingsley [6], Steven [7] and 

Cotton [8] describe in detail the construction and operation of D.C. motors. 

Strictly speaking such devices are more accurately termed "D.C. machines" as 

they can generate when supplied with mechanical power. 

Basically, a D.C. motor has an armature with current-carrying 

conductors in a magnetic field produced by D.C. in a field winding. These 

conductors experience a force due to the magnetic field and the armature 

rotates . The armature conductors are connected to a commutator which has 

two functions. Firstly, it maintains electrical contact between the D.C. 

supply and the moving armature. Secondly, it acts as a mechanical switch 

keeping the armature currents flowing in the correct directions necessary for 

continuous rotation. 

The performance of the D.C. motor is affected markedly by different 

connections of the armature and field winding. These are described briefly 

below: 

1.2.2 The separately - excited D.C. motor 

As its name implies, the supplies to the armature and field windings 

are separate, as shown in Figure 1.1a. Steven [7] shows that for given armature 

and field supply voltages the torque-speed characteristic is of the form 

sketched in figure 1.1b. and shows the motor to be an almost constant-speed 

machine showing a small decrease in speed with load. Steven [7] also shows 

that raising the armature supply voltage or decreasing the field supply voltage 

increases the speed. Such changes in voltage are often achieved using 

resistances connected in series with the appropriate supplies, as shown in 

Figure 1.1a. 

15 



Filtmre 1.1; The Separately ~ Eycited B.C. Motor. 

a) Electrical Connections 

Armature 
Supply 

Field 
Winding 
Supply 

b) Torque-Speed Characteristic. 

Torque ' No - load Speed 

Speed 
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1.2.3 The shunt-wound D.C. motor 

The shunt-wound D.C. motor has the field winding connected in 

parallel with the armature winding and therefore both field and armature 

windings have the same supply voltage. This motor may therefore be 

considered as a special case of the separately-excited motor in which both 

field and armature voltages are the same. Consequently the performance of 

both machines is similar and similar speed control may be achieved by using a 

resistance in series with the armature winding and a resistance in series with 

the field winding. 

1.2.4 The series-wound D.C. motor 

Figure 1.2 shows the connections and torque-speed characterisit ic of 

this motor. The field and armature windings are connected in series and 

Steven [7] shows that the torque is approximately inversely proportional to the 

square of the speed. The torque is large at low speeds, explaining its 

popularity as a drive for electric traction where swift acceleration is needed. 

However, the motor can overspeed dangerously at light loads. 

1.2.5 Reversal of direction of rotation of a D.C. motor 

The direction of rotation of a D.C. machine of any type described 

previously may be achieved by reversing the connections to the field winding 

or the armature winding but not both. Reversal of the connections of both 

windings results in no change of direction or rotation. 

1.2.6 The Ward-Leonard Control System 

Such systems are described in detail by Fitzgerald and Kingsley [6] 

and Cotton [8] and figure 1.3 illustrates the general principle of their 

operation. A D.C. generator driven at constant speed by a motor supplies the 

armature of a D.C. motor. The D.C. motor has a constant field current and so 

altering the excitation of the generator alters its output voltage and therefore 

changes the speed of the D.C. motor. In e f fec t the D.C. motor operates as a 

separately-excited motor with a variable armature supply voltage. 

Closed loop speed control is possible using a D.C. tacho-generator to 

measure the speed of the D.C. motor and an amplifier to compare the output 

of the D.C. tacho-generator with a reference voltage and adjust the excitation 

of the D.C. generator accordingly. The amplifier adjusts the excitation to 

reduce the error between the tacho-generator and reference voltages, speed 

17 



Figure 1 , 2 : The D»C« Series Motor, 

a) Electrical Connections: 

V 
A 

b) Torque-speed Characteristic, 

Torque 

Speed 
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control being achieved by altering the reference voltage. Reversing the 

reference voltage achieves reversal of direction of rotation. 

Historically, the amplifier has been a magnetic amplifier using 

rotating machines but the advent of power semiconductors has allowed more 

modern schemes to use electronic amplifiers. 

The Ward Leonard control system is capable of fine speed control and 

has been used to drive rolling mills and l if ts . 

1.2.7 The suitability of D.C. motor drives 

As stated previously, D.C. motors can operate in either forward or 

reverse and can also act as generators in either direction. They are therefore 

capable of four quadrant operation, and good speed control over a wide range 

of speeds is possible. 

Recent advances in power semiconductor technology has allowed the 

construction of converters of large capacity which can convert A.C. power to 

D.C. power and vice-versa. Such converters are well able to drive D.C. 

motors and the bi-directional nature of the power flow in the convertor, 

together with its ability to change polarity of the D.C. supply to the motor 

produces an ef fec t ive D.C. motor drive capable of four quadrant control. Joos 

and Barton [9] discuss some of the aspects of design of such drives and note 

how the drives are supplanting the Ward-Leonard drive. 

The chief disadvantages of the D.C. motor lie with the commutator 

which wears and therefore needs frequent maintenance. Sparking at the 

commutator also poses a fire hazard hindering the use of D.C. motors in 

environments with explosive gases unless such motors are of flameproof 

construction. 

1.3 A.C. motor drives 

1.3.1 General principles of A.C. motor drives 

A.C. motor drives above IkVA rating normally operate from a 

polyphase supply. Since most polyphase supplies are three phase this thesis 

will only deal with A.C. motor drives operating from three phase supplies 

though many of the principles described apply to A.C. motor drives operating 

from other polyphase supplies. 

In an A.C. motor the stator winding developes a rotating magnetic 

field in the motor and the interaction of the rotor with the rotating magnetic 

field develops torque in the rotor. The differences between types of A.C. 
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motor result mainly from the design of the rotor and the nature of its 

interaction with the magnetic field produced by the s tator . Say [5], Fitzgerald 

and Kingsley [6], Steven [7] and Cotton [8] describe how the stator winding 

produces a rotating field and also describe the design of such stator windings. 

The direction of rotation of a polyphase A.C. machine is reversed by 

reversing the phase sequence of the supply which reverses the direction of 

rotation of the magnetic field produced by the stator winding. The phase 

sequence of a three-phase supply may be reversed by changing-over any two 

phase connections. 

1.3.2 The synchronous motor Say [5], Fitzgerald and Kingsley [6], Steven [7] 

and Cotton [8]. 

Figure 1.4 shows a simplified diagram of a three-phase two-role 

synchronous motor. The rotor is a D.C. electro-magnet which rotates in the 

rotating magnetic field produced by the stator winding. Because the rotor is 

magnetically polarized it experiences a torque due to magnetic forces tending 

to align the rotor with the rotating magnetic field and so during normal 

operation the rotor rotates in synchronism with the rotating magnetic field, 

hence the name "synchronous motor". 

However the motor will not self-start since at standstill the relative 

motion between the rotor and the rotating field produced by the stator is too 

fast for the rotor to follow because of its inertia. For the motor to operate 

the rotor must be accelerated to its synchronous speed and then synchronised 

with the rotating magnetic field. Various methods of achieving this are 

described by Say [5], Fitzgerald and Kingsley [6], Steven [7] and Cotton [8]. 

The D.C. needed by the rotor for excitation can come either from an 

external supply via slip-rings or can be generated on the rotor itself using 

brushless excitation. Brushless excitation, described by Say [5] and Fitzgerald 

and Kingsley [6] avoids using slip rings which wear, increasing maintenance 

costs, and which spark, creating a fire hazard. 

Say [5] shows that altering the excitation of the rotor can alter the 

power factor so that it is either unity, leading or lagging. Consequently 

synchronous motors are not only able to operate at unity power factor but are 

also able to correct the power factor of an electrical installation. 

Say [5] also shows that a synchronous motor can generate when 

supplied with mechanical power: indeed, the vast majority of generators in 

power systems are synchronous generators and so the synchronous motor is 
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Figure 1.4: The Synchronous Machine, 

(Rotor winding omitted for clarity) 
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more accurately termed a synchronous machine. The ability of a synchronous 

machine to generate, together with its ability to rota te in either direction 

means that it is capable of four-quadrant operation. 

1.3.1 The permanent-magnet synchronous machine 

This machine is similar to the synchronous machine described earlier 

except that the permanent magnet synchronous machine has a permanent 

magnet rotor rather than an electro-magnetic rotor. Both kinds of machine 

have similar performance except that the power factor of the permanent 

magnet synchronous machine is not easily altered as it depends upon the fixed 

excitation provided by the permanent magnet. However the main advantage 

of a permanent magnet rotor is that it avoids D.C. excitation of the rotor, so 

producing a simpler machine and avoiding ohmic losses in the rotor. However, 

Say [5] states that a major problem of permanent magnet synchronous 

machines is demagnetisation of the rotor during starting or during some types 

of abnormal operation. 

1.3.4 The reluctance motor Say [5] 

The reluctance motor has many features in common with the 

synchronous motor : the rotors of both types of motor are polarized and both 

ro ta te in synchronism with the magnetic field produced by the stator winding. 

Unlike the synchronous motor in which the rotor is polarized by permanent or 

electro-magnetism, the rotor of a reluctance motor is polarized by the 

magnetic field produced by the s tator . This is done by constructing the rotor 

so that it has a preferred axis (or axes) of magnetisation. During normal 

operation the rotor rotates in synchronism with the rotating magnetic field 

produced by the stator and experiences a torque due to magnetic forces 

tending to align the preferred axis of magnetisation with the axis of the 

rotating magnetic field. In these circumstances the rotor is magnetised along 

its preferred axis of rotation by the rotating magnetic field produced by the 

stator winding and the rotor rota tes in synchronism with the rotating magnetic 

field. 

Consequently, like the synchronous motor, the reluctance motor will 

not self-s tar t but needs to be run up and synchronised. Unlike the synchronous 

motor, the power factor of the reluctance motor is not as readily controlled 

since the magnetisation of the rotor cannot be varied independently of the 
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magnetic field produced by the stator winding. Neverthless, Say [5] s tates 

that reluctance motors can operate at a power factor as good as 0.8. 

Fitzgerald and Kingsley [6] s ta te that a reluctance motor, like a 

synchronous motor, will operate as a generator when its shaft is supplied with 

mechanical power. Consequently, a reluctance motor or, more accurately a 

reluctance machine, is capable of four-quadrant operation. 

1.3.5 The switched-reluctance motor 

The switched-reluctance motor has many features in common with 

the ordinary reluctance motor. For example the rotors of each type of 

reluctance motors have a prefered axis (or axes) of magnetisation and are 

polarized by the magnetic field produced by the stator winding. 

Figure 1.5 shows a simplified diagram of a switched-reluctance motor 

having four stator poles and two rotor poles, each stator pole carrying a coil. 

Unlike the ordinary reluctance motor, the switched-reluctance motor operates 

from a D.C. supply. Coils A% and A2 are energised through switch S/\ and 

coils 8% and 82 are energised through switch Sg. 

The motor works on the well-known principle that soft iron is 

a t t rac ted to an electromagnet regardless of the polarity of the electromagnet. 

When coils A j and A2 are energised and the rotor is in the position shown it 

experiences an anti-clockwise torque aligning it with the axis of coils A j and 

A2. An electronic control system uses a shaft position sensor to detect when 

torque would be bet ter produced by switching off coils A^ and A2 and 

energising coils and 82- At such a time, appropriate signals are sent to the 

semiconductor switches Sj and S2- Continuous rotation of the rotor may be 

produced by appropriate switching of Sj and S2 in order to produce suitable 

excitation of the coils. 

As may be deduced from the above description of the operation of 

the motor, the stator currents of the switched reluctance motor are pulses of 

D.C., unlike the stator currents of the ordinary reluctance motor which are 

A.C. Therefore, strictly speaking, the switched reluctance motor is a D.C. 

machine. 

Davies [10] s tates that appropriate control of the semiconductor 

switches can produce forward and reverse direction of rotation, and that if 

the motor is supplied with mechanical power, the motor can act as a 

generator. Full four-quadrant operation is therefore possible. Davies [10] also 

s tates that in spite of power losses in the semiconductor switches, the overall 
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PlKure 1,5: Simplified Diagram of a Switched Reluctance 

Motor, 
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efficiency of a switched-reluctance motor drive is comparable to that of a 

polyphase induction motor operating from a sinusoidal supply. Furthermore, 

such performance is maintained at output powers as large as 50 kW. 

Davies [10] also lists the constructional advantages of the switched-

reluctance motor : it is brushless, has no rotor windings and consequently 

little heat is developed in the rotor. The stator winding is of simpler 

construction than in many motors because the coils can be bobbin-wound and 

inserted over the stator poles. 

In view of the constructional simplicity and therefore cheapness of 

the motor and also its overall performance, it is likely that the switched 

reluctance motor will take a significant share of the market for variable-speed 

drives. 

1.3.6 The induction motor Say [5], Fitzgerald and Kingsley [6], Steven [7], 

Cotton [8] 

The rotor of an induction motor is a ferro-magnetic cylinder carrying 

conductors in which currents are induced by the rotating magnetic field 

produced by the s tator . The interaction of these currents with the rotating 

magentic field produces a torque on the rotor which, by Lenz's law, is in the 

same direction as the direction of rotation of the magnetic field. If f ree to 

rota te , the rotor will accelerate reducing the relative speed between the rotor 

and the rotating magnetic field. Consequently the operation of the induction 

motor relies upon the induction of currents in the rotor windings - hence the 

name of the motor. 

If the rotor rotates at synchronous speed and in the same direction as 

the rotating magnetic field there is no relative motion between the rotor 

conductors and the rotating magnetic field. In these circumstances there are 

therefore no rotor currents and no torque exerted upon the rotor, and so for 

the rotor to develop a torque it must rotate at a speed less than the 

synchronous speed. The amount by which the rotor speed-differs from the 

synchronous speed is termed the "slip" and is usually expressed as the fraction: 

s = - k J r Q,.l) 
OUo 
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Where s = the slip 

= the synchronous speed (rads s-1) 

(Up.= the rotor speed (rads s"^) 

The synchronous speed equals the speed of the rotating field. is 

given by the following equation stated by Say [5] 

^ (1.2) 

where np = the number of pole-pairs of the stator winding 

Oj = the supply frequency (rad s-1) 

During normal operation an increase in torque results in an increase 

in slip and therefore an increase in rotor current so that the motor can deliver 

the required torque. However, the slip needed to produce full load torque is 

usually small : Say [5] s tates that full load torque may result in 2kW induction 

motors operating at about 5% slip whereas a IMW induction motor may 

operate at smaller slip, typically about 1%. Thus the induction motor is an 

almost constant speed motor whose speed falls slightly with load and in this 

respect the induction motor acts like a shunt-wound or separately-excited 

D.C. machine. Say [5] s ta tes that at full load large induction motors are 

capable of good efficiency and power factor : typical figures are 80% and 0.8 

to 0.9 respectively. 

Say [5] s ta tes that if an induction motor is supplied with mechanical 

energy so that it rotates above the synchronous speed the induction motor acts 

as a generator, and according to equation 1.1, operates at negative slip. Thus 

the induction motor is capable of four-quadrant operation. 

Induction motors may be divided into two types according to the 

method of rotor construction described by Say [5]. 

1) Cage rotor induction motors Such motors have their rotor conductors 

in the form of a cylindrical cage ; thick conductors are mounted in axial slots 

spaced equally around the rotor and a thick ring conductor at each end of the 

rotor connects the ends of the conductors in the slots. The resulting cage 

forms a crude but e f fec t ive winding in which rotor currents flow. The 

simplicity of construction, together with the absence of slip rings, results in a 

motor which is cheaper and more robust than many other motors and is less of 

a fire hazard than motors which use slip rings or commutators which spark. 
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2) Wound-rotor induction motors. The rotors of these induction motors 

have a rotor winding comprising many turns of conductor. The resulting 

winding has the same number of phases and pole-pairs as the stator winding. 

The rotor winding is normally connected to slip-rings which allow access to the 

rotor circuit. Such access is not possible in cage motors since there are no slip 

rings. Consequently the wound rotor induction motor is generally easier to 

control than a cage induction motor. 

An advantage that both types of induction motor have over 

synchronous motors and reluctance motors is that they sel f -s tar t . This 

advantage together with the availability of polyphase electrical supplies and 

the cheap and robust form of construction of the cage rotor induction motor, 

has explained the overwhelming popularity of the cage rotor induction motor 

as an industrial drive. 

1.3.7 The hysteresis motor (Say [5]) 

These motors have some resemblance to those operating on 

reluctance but the polarization of the rotor is produced in a different way. 

The rotor is an unwound cylinder of magnetically-hard material having high 

hysteresis loss independent of the axis of magnetisation. The material should 

also have a high resistivity in order to reduce eddy current loss. In order to 

further reduce eddy-current losses the rotor may be laminated, sintered or 

built up from alloy powder set in resin. 

The operation of the motor is as follows: the rotating magnetic field 

produced by the stator winding produces a rotating magnetic field in the rotor. 

The axis of the magnetic field in the rotor is displaced from the axis of the 

magnetic field produced by the stator winding because of the hysteresis of the 

rotor. The displacement of these axes develops a torque in the rotor in the 

direction of rotation of the stator magnetic field. Thus the motor is able to 

self-start and can produce torque at speeds from standstill to synchronous 

speed. At synchronous speed the hysteresis of the rotor fixes the axis of the 

rotor flux with respect to the rotor and the motor operates synchronously in a 

manner resembling that of a reluctance motor. 

Say [5] s tates that hysteresis motors can give an output no more than 

about one-quarter of an induction motor of similar dimensions and 

consequently hysteresis motors are usually made only in very small ratings. 
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1.3.8 Other polyphase A.C. drives 

The A.C. drives described so far in this chapter constitute the most 

popular kinds of polyphase A.C. drives used in industry. Say [5] describes other 

A.C. drives which are used for special, though limited applications. These 

include low-power control devices such as selsyns and synchros which are 

usually used for accurate position control rather than high power A.C. drives. 

1.3.9 Variable speed operation of polyphase A .C. drives 

The A.C. drives described in this Chapter all operate at or close to 

synchronous speed, synchronous speed being fixed by the supply frequency and 

the number of pole-pairs of the stator winding according to equation 1.2, 

Conseqently variable speed operation of such drives presents problems. 

A solution to the problem of driving a load at variable speed using a 

constant speed motor is to use a mechanical device to convert the motor speed 

to the speed required to drive the load. Devices such as gearboxes, pulleys and 

fluid couplings have not been outstandingly successful because of the problems 

of constructing a reliable mechanical system which will produce a wide range 

of variable speed ratios. A successful device is the eddy current coupling 

described by Shilston [4] and Bloxham and Wright [11]. The eddy current 

coupling uses electro-magnetic forces rather than a mechanical coupling to 

link the motor with the load. Although capable of good speed control the 

available range of load speeds is limited to between standstill and the constant 

speed of the A.C. motor. 

In view of the limitations of the couplings described above many 

designers of variable speed A.C. drives have concentrated on varying the speed 

of the A.C. motor itself. Say [5] describes a number of variable speed A.C. 

motors which use commutators. Such motors, notably the Schrage motor and 

the doubly-fed motor enjoyed considerable success though interest in such 

motors has declined with more recent solutions to the problem of variable 

speed. One such solution is the use of variable voltage variable frequency 

(V.V.V.F.) supplies to power the A.C. motor. These supplies alter the 

frequency of the supply to the stator winding and therefore alter the speed of 

the A.C. motor. Bose [12] states that the speed of induction motors and 

synchronous motors may be varied in this manner and Say [5] s tates that 

similar speed control of reluctance motors is possible. V.V.V.F. supplies have 

become a popular way of achieving such speed control because of recent 

developments in power semiconductors. Four quadrant operation is possible in 
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such circumstances because V.V.V.F. supplies may be designed to accept power 

from a motor acting as a generator and can also be designed so that the phase 

sequence of the output may be reversed. Such supplies are described more 

fully in the next Chapter which discusses induction motor speed control. 

1.4 Summary 

D.C. machines have been, and still are a popular variable speed 

electric drive. They self-start and are capable of eff icient four-quadrant 

operation over a wide range of speeds. The main disadvantage is the 

commutator which wears and also sparks, causing a fire hazard unless f lame-

proof construction is used. 

The most popular A.C. motor used in drives above IkVA is the 

induction motor. Other popular A.C. motors are the reluctance motor and the 

synchronous motor. All three types of motor offer good efficieny and power 

factor and are also capable of four-quadrant operation over a wide range of 

speeds when connected to a suitable V.V.V.F. supply. 

A recently-developed drive is the switched-reluctance motor. 

Though strictly speaking it is a D.C. machine it shares many common features 

with the ordinary reluctance motor. Though in its infancy the switched 

reluctance motor shows much promise and may well capture a large share of 

the market for variable speed drives. 

At present, however, the majority of industrial drives are cage 

induction motors operating from constant frequency supplies. Such drives are 

popular because unlike synchronous motors or reluctance motors induction 

motors are inherently self-starting. Furthermore, cage induction motors have 

a simple construction compared to many other motors and are therefore 

cheaper and more reliable. Consequently much ef for t and ingenuity has been 

employed to produce variable speed induction motor drives. The basic 

principles of the more common variable speed induction motor drives are 

described in the next Chapter. 
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CHAPTER 2 VARIABLE SPEED INDUCTION MOTOR DRIVES 

2.1 Introduction 

As stated in the previous chapter, the induction nnotor is a popular 

choice of drive and much v/ork has been done to develop variable speed 

induction motor drives. This chapter begins by review/ing basic induction 

motor theory and continues by relating this theory to common methods of 

varying induction motor speed. Emphasis is placed upon the use of V.V.V.F. 

supplies since these enable four-quadrant operation of cage rotor induction 

motors over a wide range of speeds. 

2.2 Basic induction motor theory 

2.2.1 The equivalent circuit 

Steven [7] describes how an induction motor may be represented by a 

per-phase equivalent circuit of the type shown in Figure 2.1. Although such a 

representation is only approximate it gives a fair description of the 

performance of the induction motor during steady-state operation provided 

that the motor operates from a balanced supply and each phase circuit of the 

motor is electrically identical. The elements of and currents and voltages in 

the equivalent circuit are listed below: 

R j is the per-phase resistance of the stator winding. 

R2 is the per-phase resistance of the rotor winding referred to the stator 

winding. 

Xi is the per-phase leakage reactance of the stator winding and is caused by 

the portion of magnetic flux produced by currents in the stator winding but 

which does not link the rotor winding. 

X2 is the per-phase leakage reactance of the rotor winding referred to the 

stator winding. This reactance arises from the portion of magnetic flux 

produced by currents in the rotor winding but which does not link the stator 

winding. 

Rpn is the per-phase magnetising loss resistance which represents eddy current 

and hysterisis losses in the motor. 

Xpp is the per-phase magnetising reactance which represents the reactive 

power needed to magnetise the motor. 

The values of these circuit elements for a particular induction motor 

may be estimated from two tests described by Steven [7] : the "light running" 

test and the "locked rotor" tes t . 
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Figure 2.1; The Equivalent Circuit of an Induction Motor. 
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The voltages and currents in the equivalent circuit are as follows: 

V = the supply phase voltage 

11 = the stator winding phase current 

12 = the rotor winding phase current referred to the stator winding. 

The equivalent circuit and the basic induction motor theory relating 

to the equivalent circuit applies equally to wound rotor and cage rotor 

machines. 

Stevens [7] suggests further simplification of the equivalent circuit as 

follows: It may be assumed that Rm may be removed and the losses it 

represents may be grouped with the friction and windage losses of the motor. 

The supply voltage V, the stator winding impedances R j and Xi and the 

magnetising reactance Xm may be formed into an equivalent Thevenin voltage 

source, producing the modified equivalent circuit of the induction motor, 

shown in figure 2.2. 

The Thevenin equivalent source voltage E{- is given by: 

E t = 

R l + j (Xi + X2) (2-1) 

and the equivalent source impedance, represented by Rj. + jX^ is given by: 

Fit + j><t = jXrnfPtl + jXl) (2,2) 

Fll + j(>(i + )<rn) 

Rt and Xt may be termed the modified per-phase resistance and 

leakage reactance of the stator winding, respectively and may be termed 

the modified supply phase voltage. 

2.3 The torque-speed characteristic of an induction motor 

2.3.1 Equations describing the torque developed by an induction motor 

Steven [7] shows how these equations may be derived from the 

modified equivalent circuit shown in figure 2.2. The equation relating the 

gross torque T to the induction motor slip is 
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J = "lEt ^ 2 

sÔ o 

rnECt Plz CZ.3) 

where m is the number of phases of the induction motor. The gross torque is 

the torque developed in the rotor winding. The torque available to drive a load 

will be less than the gross torque becasue of friction and windage losses in the 

induction motor. 

The equation relating the gross torque to the speed of the induction 

motor is 

J = mEt ̂ 2 (2.4) 

0 -(^r) Y + (Xt + X2)2\ 
V\ '^o ~^r/ J 

This equation describes the torque-speed characteristic which is 

drawn in Figure 2.3. 

2.3.2 The change in induction motor behaviour with speed 

The torque-speed characterist ic may be divided into three regions as 

illustrated in Figure 2.3; 

Motoring region: If the rotor speed is between zero and synchronous speed the 

machine acts as a motor with the gross torque T being positive as indicated by 

equation 2.3. The "starting torque" Tg, ie, the torque developed at standstill, 

may be found by putting tUp equal to zero in equation 2.4 to yield 

T _ rnEt? Rg; C&,5) 
I 3 -

Wq ((Rt + R2)^ + (Xj- + X2)2) 

From zero speed the gross torque rises with increasing speed until it 

reaches a maximum value T ^ ^ known as the "pull-out" torque. The size of 

this torque and the speed at which it occurs may be found by 

differentiating equation 2.4 to find the speed at which T has its most positive 

value. Tpprn ^nd W mm ^^e given by: 

^mm 
(Rt^ + (Xt + X2)2)^ (2.6) 

2WQ((Rt2 + (Xt + Xz)^)^ + Rt) 
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Figure 2,3: The Torque-• Speed Characteristic of an 

Induction Motor, 

Torque 

Stable Unstable 

Motoring Braking 

35 



(Un^n= / ^ 2 (2^0 

(Rt2 + (X|- + X2)^)^), 

As the speed rises past OJ the torque falls, reaching zero at 

synchronous speed. 

The generating region 

If an external source of mechanical power drives the rotor of an 

induction motor above its synchronous speed, the slip becomes negative as 

does T. The circuit element j in the modified equivalent circuit becomes 

® negative resistance indicating that the motor is now acting as a generator 

converting some of the mechanical power supplied to the rotor to electrical 

power which is fed into the supply. Under such circumstances the induction 

motor is termed an "induction generator". Say [5] s tates that induction 

generators are of moderate efficiency and furthermore they need a supply of 

reactive power to magnetise the machine, such reactive power normally 

coming from the system to which the machine is connected. Consequently, 

induction generators have only found limited application. 

Like the induction motor the induction generator also shows a 

maximum torque, T^g- The size of this torque and the speed may be 

found in a similar manner to the way T^^n ^nd ^^mm were found for the 

induction motor. T ^ ^ and (u are given by: 

Tmg 
mEt^ (R(.2 + (Xj. + X2)2)2 (2.8) 

2Wq (R^2 + (x^ + X2)2 - Rt (Rt2 + (X^ + X2)2)i) 

R2 (2.S0 
C«Jpp,g _ (X>Q I 1 + 

(Rj-2 + (X|- + X2)2)2 

During generation both T ^ g and T are negative indicating that the 

machine is absorbing rather than generating mechanical power. 

The braking region 

If an external source of mechanical energy drives the rotor in the 

direction opposite to the rotating magnetic field produced by the stator, the 
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motor acts as a brake, converting the mechanical energy to heat in the 

windings of the machine. Say [5] s tates that this mode of operation is very 

useful in rapidly bringing an induction motor to rest. This is done by suddenly 

reversing the phase sequence of the supply to the induction motor and so 

reversing the direction of the rotating magnetic field produced by the stator 

winding. This method is called "plugging". 

2.3.3 The stability of an induction motor 

The torque speed characterist ic may also be divided into regions of 

stable and unstable operation as shown in Figure 2.3. In regions of stability a 

change in load torque produces a change in speed which acts to reduce the 

change in load torque and in regions of instability a change in load torque 

produces a change in speed which acts to increase the change in load torque. 

Consequently at a point of stable operation the slope of the torque-speed 

characterist ic is negative and vice versa. For example during stable motoring 

any increase in load torque will cause deceleration of the induction motor 

which in turn will cause it to develop more torque. Provided that the load-

torque does not exceed the pull-out torque the induction motor will eventually 

run stably supplying the increased load torque at a lower speed. If the load 

torque exceeds the pull-out torque the induction motor will decelerate past 

mm into the region of unstable motoring, eventually coming to rest . This 

process is called "stalling". 

2.4 The theoretical basis of some popular methods of altering induction 

motor speed 

The operation of a variable speed induction motor drive may be 

considered in terms of controlling the induction motor so that it delivers a 

given torque at a particular speed. The speed, or speeds, at which an induction 

motor delivers a particular gross torque T may be found by re-arranging 

equation 2.4 and solving the resulting quadratic equation to yield: 

6/r = ^ ^ (mEt^ - 2Rt(^oT ± 

\ 2 T ( R t 2 + (xt+X2)2) / 

(m^Et^ - 4WQT (RtmEt^ +WoT (X^ + X2)2))^) (2.10) 
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The above equation indicates three possible types of solution, 

depending on the value of T. 

1. If T = Tpppp, then substituting equation 2.6 for T into equation 2.10 and 

comparing the result w/ith equation 2.7 shows that the induction motor 

operates at speed Wp = (^mm- In other words there is one solution indicated by 

equation 2.10 and this corresponds to operation with the induction motor 

delivering pull-out torque. A similar situation occurs if T = Tmg in which case 

the induction motor operates as a generator absorbing maximum pull-out 

torque at speed W ^ g . 

2. If Tmg < T< Tmm then equation 2.10 indicates two possible speeds: one 

corresponding to stable operation, the other to unstable operation. 

3. If T > Tmm then equation 2.10 indicates that has an imaginary 

component. Physically this corresponds to the induction motor being subject 

to a load torque greater than its pull out torque, causing it to stall. Similarly 

if |T | > |Tmg| during operation as an induction generator, has an 

imaginary component. Phsycially this situation corresponds to the induction 

generator "running away" and overspeeding. 

Equation 2.10 also indicates the following possible methods of 

altering the speed of an induction motor: 

1. Altering the supply voltage. According to equations 2.1 and 2.10 this results 

in a change in Ej. and therefore a change in speed. 

2. Connecting an impedance in series with the supply and the stator winding. 

Such an impedance is therefore in series with the stator winding impedances 

R j and X j and the resulting induction motor performance may be analysed by 

including this series impedance in R% and in the equivalent circuit. 

Consequently according to equations 2.1 and 2.2 altering this series impedance 

will a f f ec t Ej-, Rj-, and Xt, which in turn will alter the motor speed according 

to equation 2.10. 

3. Altering the rotor resistance. Such a method results in a change of speed 

according to equation 2.10 but is only applicable to wound-rotor machines 

where the rotor circuit is accessible via the slip rings. 

4. Altering the synchronous speed of the induction motor. This can be done in 

two ways according to equation 1.2: 

a) Altering the number of pole pairs np of the stator winding 

b) Altering the supply frequency W. 
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With the exception of speed control achieved by altering the rotor 

resistance of an induction motor, the methods of speed control which are 

listed above are described in greater detail below. Methods of speed control 

using changes in rotor resistance are only applicable to wound-rotor induction 

motors and are therefore not relevant to the speed control of cage induction 

motors which is the main subject of this thesis. 

2.5 Altering induction motor speed by altering the supply voltage 

2.5.1 Theoretical basis 

Equations 2.1 and 2.4 show that the torque developed by an induction 

motor operating at a given speed is proportional to the square of the supply 

voltage. Figure 2.4 shows the e f fec t of a reduction in supply voltage upon the 

torque-speed characterist ic of an induction motor and the change in speed 

when the induction motor delivers a torque that is constant with speed. The 

e f fec t of a reduction in supply voltage is to alter the scale of the torque-speed 

characterist ic in the direction of the torque axis and the resulting change in 

speed may be estimated from the change in intersection of the torque-speed 

chracterist ic with the line representing the load torque. A similar line of 

reasoning follows even if the load torque changes with speed : e.g. a fan. 

2.5.2 Practical methods of altering the supply voltage 

This can be done simply and cheaply if the induction motor uses an 

auto-transformer s tar ter of a type described by Say [5] to reduce the voltage 

applied to the induction motor during starting. However, the starter must be 

rated to carry continuously the currents likely to arise during such speed 

control. A star-delta s tar ter may be used in a similar manner as it produces a 

change in voltage across each coil and therefore produces an e f fec t similar to 

a change in supply voltage. However a star-delta s tar ter can only produce one 

such change in voltage across each coil and therefore only one such change in 

speed. 

An alternative method uses electronic switches such as thyristors or 

triacs connected between the induction motor and the supply. These switches 

can conduct during all or part of the A.C. cycle, effect ively altering the 

R.M.S. voltage supplied to the induction motor. Spooner [13] describes an 

example of such a method. 
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Figure 2-4 The Effect of Reduced Supply Voltage upon the 

Torque-Speed Characteristic of the Induction Motor and the 

Running Speed of the Motor, 

Torque - speed characteristic at normal supply voltage 

voltage, 

Torque - speed characteristic at reduced supply 

voltage. 

Torque 

Load 

Torque 

Speed 

Speed change due to change 

in supply voltage. 
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2.5.3 The viability of altering induction motor speed by altering the supply 

voltage 

Although this method is a practical way of altering the speed of an 

induction motor it produces a limited range of speeds. This limited range 

arises for two main reasons: 

1) The motor is only able to operate stably between synchronous speed 

and the speed at which pull out torque occurs. For a large induction motor 

this range of speeds is typically a small fraction of the range of speeds 

between zero and synchronous speed. 

2) Such speed control is only possible when the motor is delivering less 

than its full-load torque. An a t tempt to make the induction motor deliver 

full-load torque whilst operating from a reduced voltage supply can cause the 

induction motor current to rise above its full-load value. This is because the 

motor is delivering almost full output power, since the change in speed is 

small, and is therefore consuming almost full-load kVA. Consequently, a fail 

in supply voltage can cause a rise in current leading to possible overheating 

though the rise in current is somewhat reduced as the reduced supply voltage 

causes the induction motor to take less magnetising current. 

Spooner [13] describes a method of induction motor speed control 

which uses electronic switching to reduce the supply voltage to the motor. An 

advantage of this method is that the available range of speeds is much greater 

than would be expected from considering the typical torque-speed 

characterist ic of an induction motor. This is because the method of electronic 

switching used to alter the voltage of the supply to the induction motor 

produces harmonics in the supply. These harmonics a f fec t the performance of 

the induction motor considerably, producing a torque-speed characteristic 

much different to the typical torque-speed characteristics illustrated in 

figures 2.3 and 2.4. Spooner [13] quotes possible speed ranges in the ratio 1.5 

or 2 to 1 when this method is used to control the speed of an induction motor 

driving a fan or a pump. Although the circuitry needed to achieve such speed 

control is simple and therefore cheap the harmonics produced in the supply to 

the induction motor increase the iron and copper losses in the induction motor 

and can cause it to overheat. These losses, together with the tendency of the 

harmonics to produce torques which oppose the main torque mean that such a 

method of speed control reduces the efficiency of the induction motor. The 

electronic switching can also inject harmonics into the power system supplying 
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the drive and these harmonics can adversely a f fec t other equipment connected 

to the power system. 

Therefore although the harmonics are advantageous from the point-

of-view of increasing the available range of speeds they are disadvantageous 

from the points-of-view of efficiency and interference with other equipment. 

As can be seen from equation 2.6 reduced supply voltage reduces the 

pull-out torque of the induction motor. Consequently when designing a drive 

based on the method of induction motor speed control by alteration of supply 

voltage, care must be taken to ensure that the load torque never exceeds the 

pull-out torque, otherwise the induction motor will stall. 

2.5.4 An overall assessment of the method of altering induction motor 

speed by altering the supply voltage 

Although this method is a practical way of altering the speed of an 

induction motor the available speeds are limited and are all below the 

synchronous speed of the induction motor. This method also reduces the pull-

out torque of the induction motor. Consequently this method of speed control 

has found limited application. 

2.6 Altering induction motor speed by using impedances in series with the 

supply and the induction motor 

The voltage drop across the series impedance effectively reduces the 

voltage of the supply to the induction motor and this method of induction 

motor speed control therefore shares many similarities with the method of 

speed control using variation of the supply voltage. The resulting reduction in 

supply voltage is current-dependent and therefore load-dependent, 

complicating the control of such an induction motor drive. The use of series 

resistances produce an ohmic power loss which reduces the efficiency of the 

drive. If series inductances are used to avoid ohmic losses these inductances 

can worsen the power factor of the drive. In any case, whatever the type of 

impedances used they must be rated to carry the currents resulting from such 

a method of speed control. The available range of speeds and the problems 

caused by reduced pull out torque are similar to those resulting from the 

control of supply voltage. In view of the current rating of the series 

impedances and their e f fec t on the efficiency and power factor of the drive 

and also in view of the limited speed and pull-out torque available the method 

of induction motor speed control using series impedances is uncommon. Say 
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[5] s ta tes that such a method tends to be limited to induction motors with 

ratings less than IkW. 

2.7 Alteration of induction motor speed by alteration of the number of 

pole-pairs of the stator winding 

2.7.1 Theoretical basis 

Since induction motors normally run at speeds close to their 

synchronous speed, any change in the synchronous speed will alter the speed at 

which an induction motor delivers a given load torque. According to equation 

1.2 the synchronous speed may be altered by altering the number of pole-pairs 

of the stator winding. 

2.7.2 Methods of altering the number of pole-pairs of the stator winding 

One method is to wind an induction motor with two more than one 

stator winding, the windings having different numbers of pole pairs. Switching 

the supply from one winding to another changes the induction motor speed. 

Rawcliffe, Burbidge and Fong [14] report that such induction motors have been 

made for two-speed operation of fans in power stations. However, providing 

more than one stator winding adds to the size and cost of the induction motor 

and so methods of changing the number of pole pairs of a single winding have 

been developed. 

Two methods of changing the number of pole pairs of a single stator 

winding are: pole-changing, described by Rawcliffe and Jayawant [15] and 

pole-amplitude modulation, described by Rawcliffe, Burbidge and Fong [14], 

Both methods use switches to reverse the connections of some conductors in 

the stator windings and so alter the number of pole-pairs and therefore the 

speed of the motor. 

2.7.3 The viability of alteration of induction motor speed by altering the 

number of pole-pairs 

The methods described above all offer good efficiency and power 

factor and speed control may be simply achieved by appropriate switching. 

Say [5] s ta tes that a properly-designed cage rotor will respond satisfactorily to 

any number of pole-pairs of the stator winding but the rotor winding of a 

wound-rotor induction motor must be altered in a similar manner to the stator 

winding so that the polarities of both windings correspond. 
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However Rawcliffe, Burbidge and Fong [14] and Rawcliffe and 

Jayawant [15] report that pole-changing and pole-amplitude modulation can 

increase the leakage reactance of the induction motor and can also increase 

the harmonics present in the magnetic field produced by the stator winding. 

This is because both pole-changing and pole-amplitude modulation produce a 

considerable change in the pattern of the magnetic field within the induction 

motor. Increased leakage reactance results in poorer power factor while an 

increase in harmonics can reduce the efficiency and overall performance of 

the motor. 

The chief disadvantage of altering induction motor speed by altering 

the number of pole-pairs of the stator winding is that this method produces 

only a few different speeds. Furthermore all speeds produced cannot be 

greater than the synchronous speed of a two-pole machine connected to the 

same supply. 

2.7.4 An assessment of the method of varying induction motor speed by 

varying the number of pole-pairs of the stator winding 

This method generally offers good efficiency and power factor but 

can only produce a few different speeds, none of which can be above the 

synchronous speed of a two-pole induction motor connected to the same 

supply. 

2.8 Alteration of induction motor speed by alteration of the supply 

frequency 

2.8.1 Theroretical basis 

Equation 1.2 quoted in Chapter 1 shows that altering the supply 

frequency alters the synchronous speed of the induction motor. This results in 

an almost proportional change in induction motor speed as induction motors 

normally operate close to synchronous speed. However magnetic saturation 

can arise at reduced supply frequency because the magnetic flux $ in the 

induction motor is given approximately by the relationship 

$ (2.11) 
OJ 

This relationship shows that $ increases as OJ decreases and in such 

circumstances the supply voltage is reduced to avoid magnetic saturation. 

Magnetic saturation is undesirable as it causes excessive magnetising currents 
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and can cause harmonic magnetic fields in the induction motor which a f fec t 

its performance. 

Consequently most schemes which control induction motor speed by 

altering the supply frequency also control the supply voltage to avoid magnetic 

saturation. The supply to the induction motor is therefore a variable-voltage 

variable-frequency (V.V.V.F.) supply. The different types of V.V.V.F. suppy in 

common use are listed below: 

1) Motor-Generator sets. 

2) Cycloconvertors. 

3) D.C. link inverters. 

These are described in greater detail below; 

2.8.2 Motor-Generator sets 

A variable-speed motor may be used to drive an A.C. generator to 

produce a V.V.V.F. supply suitable for induction motor speed control. Such 

motor-generator sets tend to be noisy and bulky and require frequent 

maintenance. Furthermore, when using such a system the problem of 

controlling the speed of an induction motor becomes one of controlling the 

speed of the motor driving the motor-generator set, which may also cause 

problems. Consequently V.V.V.F. supplies based on motor-generator sets have 

been largely superseded by V.V.V.F. supplies such as cycloconverters and D.C. 

link inverters which use power electronics. 

2.8.3 Cycloconverters 

Say [5] describes the construction and operation of a three-phase to 

three-phase cycloconverter which converts a three phase input from one 

frequency to a three phase output of a much lower frequency, typically less 

than a third of the frequency of the three-phase input. If the output frequency 

exceeds about one third of the input frequency the output waveform becomes 

intolerably distorted. Consequently the limited frequency output means that 

the speed of an induction motor drive based on such a cycloconverter can only 

vary between zero and one-third of the synchronous speed at which the 

induction motor would operate if connected to the same supply powering the 

cycloconverter. Consequently cycloconverters have found only limited 

application in variable speed induction motor drives. However cycloconverters 

are able to change frequency in either direction, so allowing regeneration, and 

the output voltage may be varied by controlling the power electronics used in 
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their construction. Suitable control of the power electronics can also reverse 

the phase sequence of the output, and so reverse the direction of an induction 

motor connnected to the output. 

2.8.4 D-C. link inverters 

General Principles 

A D.C. link inverter rectif ies input A.C. power to D.C. power and 

then inverts the D.C. power to A.C. power. An inverter may be designed and 

operated so that its output differs in voltage, frequency and number of phases 

from the input. Inverters also exist which produce A.C. power from a D.C. 

source such as a battery or a D.C. generator. Wakefield [2] describes such a 

battery-powered inverter used in an induction motor drive for an electric 

vehicle. Strictly speaking inversion describes the conversion from D.C. to 

A.C. although Kirk and Leppard [16] report that devices using rectification and 

inversion to alter the voltage frequency and number of phases of A.C. power 

are often called "inverters" despite their A.C. input/output characterist ics. 

Figure 2.5 shows the circuit diagram of a typical three-phase to 

three-phase inverter. A three-phase bridge rect if ier using thyristors rectif ies 

the input A.C. power to D.C. and a three-phase bridge circuit, also using 

thyristors inverts the D.C. power to three phase A.C. power. Many such 

inverters similar to the types described by Bose [12] and Turnbull and Lipo [17] 

use low-pass fi l ters in the D.C. link to smooth the D.C. output of the rect i f ier . 

For clarity, Figure 2.5 does not show such a f i l ter . 

Although D.C. link inverters may be designed having a diode bridge 

rect i f ier producing D.C., thyristors are preferred because the rectifying action 

of a thyristor may be controlled. Such control allows variation of the output 

voltage of the inverter, and also allows bi-directional power flow where the 

rect i f ier and inverter exchange functions. Bi-directional power flow and 

variable voltage operation will be discussed later . 

A thyristor behaves as a controllable diode - indeed another name for 

a thyristor is a "silicon controlled - rect i f ier" or SCR. The construction and 

operation of thyristors is described by Green [18] and the main points relevant 

to D.C. link inverters are as follows: A thyristor is a three-terminal device, 

two terminals of which are the anode and cathode which are similar to those 

of an ordinary diode. The third terminal is called the "gate" and is used to 

control the thyristor. A thyristor behaves like a diode except that it only 

conducts when forward biased and when triggered by an electrical pulse at the 
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gate. Once triggered the thyristor conducts whilst forward biased regardless 

of whether or not triggering pulses are present at the gate. Like a diode a 

thyristor does not conduct when reverse-biased. 

Turning off a thyristor is called "commutation", and can only happen 

when the current flowing through the thyristor falls below a certain value 

called the "holding" current, or is reverse-biased. Commutation may be either 

"natural" or "forced". Natural commutation occurs when the voltage across 

the thyristor naturally reverses, for example during an A.C. cycle. Forced 

commutation occurs when an auxiliary circuit called a "commutating" circuit 

momentarily reduces the current through the thyristor to zero and reverse-

biases the thyristor. For clarity Figure 2.5 does not show the triggering and 

commutation circuits necessary to control the thyristors. Taylor [19] 

describes the recent development of the "gate turn-off" thyristor or G.T.O. 

thyristor which behaves in a similar way to an ordinary thyristor except that it 

may be turned off by an electrical pulse of appropriate polarity at the gate. 

Consequently a G.T.O. thyristor does not need a commutation circuit. 

Inverters may be classified according to their output waveforms. 

There are two types of inverter : quasi-square wave inverters (Q.S.W.) and 

pulse-width modulated inverters (P.W.M.). 

Quasi-square wave inverters 
Phillips [20] and Lipo and Turnbull [17] describe the construction as 

an operation of Q.S.W. inverters. These inverters are so called because their 

output waveforms typically resemble square waves. Figure 2.6 shows an 

example of an output waveform of one phase. The production of this 

waveform may be understood by considering the operation of thyristors 1 and 4 

in the output of the red phase of the circuit shown in figure 2.5. These 

thyristors conduct alternately producing positive and negative pulses whose 

amplitudes equal, respectively, the voltages of the positive and negative 

supply rails of the D.C. link. In a similar manner, thyristors 2 and 5 produce 

the yellow phase waveform and the thyristors 3 and 6 produce the blue phase 

waveform with the conduction sequences of the thyristors being set to give the 

appropriate phase displacements. 

f 

Pulse-width modulated inverters 
A P.W.M. inverter produces a high-frequency rectangular waveform 

similar to that shown in figure 2.7. This waveform has a variable mark-to-
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Figure 2.7: A Typical Output Waveform of a Inverter* 
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space ratio which produces a low frequency A.C. component (shown dotted in 

figure 2.7) in the output. In the circuit shown in figure 2.5 such an output 

waveform of the red phase would be produced by rapid alternative conduction 

of thyristors 1 and 4. Thyristors 2 and 5 generate the yellow phase waveform 

and thyristors 3 and 6 generate the blue phase waveform with appropriate 

phase-shifting of the conduction pattern of each pair of thyristors in order to 

give the appropriate phase displacements. Nayak and Hoft [21] describe ways 

of generating a RW.M,waveform. 

The outputs of both types of inverter are markedly non-sinusoidal and 

therefore rich in harmonics. Say [5] reports that induction motors will act 

satisfactorily from Q.S.W inverters although the performance of an induction 

motor in such circumstances is poorer than when it operates from a sinusoidal 

supply. Poorer performance results because the harmonics in the output of the 

Q.S.W. invertor increase the iron and copper losses in the induction motor and 

also cause parasitic torques which oppose the main torque. Kirk and Leppard 

[16] and Grant and Barton [22] s tate that P.W.M. inverters are better in this 

respect because of their improved waveform synthesis. However P.W.M. 

inverters need power electronics with faster swithcing times. 

Variable-voltage operation of an inverter 

The three most common ways of achieving this are as follows: 

1) Altering the output voltage of the rect i f ier . Bose [12] s tates that this 

may be done by controlling the thyristors of the rect if ier so that the portion of 

A.C. cycle during which they conduct can be varied. However, Weedy [23] 

states that such a method can produce harmonics in the mains supply to the 

rect i f ier and also poor power factor . This is because reduced voltage 

operation requires the thyristors to conduct later in the A.C. cycle resulting in 

the inverter taking a non-sinusoidal current whose phase lags that of the 

supply voltage. 

2) Using a D.C. chopper in the D.C. link: Kirk and Leppard [16] describe 

how a D.C. chopper operating with a variable mark-to-space ratio may be used 

to alter the output voltage of an inverter. 

3) Alteration of the mark-to-space ratio of the output voltage 

waveform, as described by Bose [12]. This is, of course, only application to 

P.W.M. inverters which use a variable mark-to-space ratio waveform. 

Reversal of rotation of the induction motor ' 

This may be achieved by reversal of the phase sequence of the output 

of the inverter. If the inverter has a three-phase output the phase sequence of 
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the output may be reversed by exchanging the switching sequence of the 

thyristors controlling one phase with the switching sequence of the thyristors 

controlling any other phase. 

Regeneration 

From figure 2.5 it may be seen that , apart from the polarities of the 

thyristors, the circuits of the rect if ier and the inverter are the same. 

Consequently, suitable control of the thyristors can result in the rectif ier and 

the inverter exchanging roles, as described by Weedy [23]. This allows 

regeneration, that is, the induction motor is able to operate as a generator, 

delivering power to the mains via the inverter. Both Q.S.W. and P.W.M. 

inverters may be designed to allow regeneration, as described by Phillips [20] 

and Plunkett and Plet te [24], respectively. 

The suitability of D.C. link inverters as a way of altering induction motor 

speed 

D.C. link inverters can produce a wide range of output frequencies 

and voltages and induction motor drives using such inverters are therefore 

capable of a wide range of speeds. Consequently, unlike previously-described 

methods of altering induction motor speed, a D.C. link inverter can allow a 

cage induction motor to operate well above its rated synchronous speed. D.C. 

link inverters can be designed to allow regeneration and are also capable of 

reversing the direction of rotation of the induction motor. Therefore, full four 

quadrant operation is possible. 

An advantage of D.C. link inverters is that the number of input 

phases need not be the same as the number of output phases. This can, for 

example, allow the operation of polyphase motors where only single-phase 

supplies are available. 

The main disadvantages of D.C. link inverters are poor power factor 

produced in certain circumstances and harmonics produced in the mains supply 

and the output of the inverter. If necessary, the power factor may be 

corrected by suitable methods, and the harmonics removed by filtering. 

The advantages described above account for the widespread 

popularity of induction motor drives using D.C. link inverters. In view of their 

popularity the next section describes some of the common methods of 

controlling such drives. 
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2.9 The control of induction motor drives which use D .C. link inverters 

2.9.1 Open loop control 

Many applications of variable speed induction motor drives such as 

drives for fans or pumps do not need accurate speed control. Open-loop 

control is sufficient and the control system simply alters the speed of the 

induction motor by altering the output frequency and voltage of the inverter. 

The small change in speed with load of a typical induction motor is considered 

unimportant. 

2.9.2. Closed-loop speed control 

Applications demanding more accurate speed control than is possible 

with open loop control use closed-loop speed control. In its basic form, closed 

loop speed control compares the actual speed of the induction motor with a 

desired speed and the difference between the two speeds is used to control the 

output frequency of the inverter. Phillips [20] and Moffat et al [25] describe 

examples of such systems. The system described by Moffat et al [25] uses a 

phase-locked loop to control the induction motor and excellent speed 

regulation of 0.002% has been achieved. 

2.9.3. Current control 

Phillips [20] s tates that a disadvantage of some control systems which 

use open loop speed control or closed loop speed control alone is that unusual 

load variations can cause a shutdown of, or even damage to, the drive. 

Consequently current source inverters have been developed which can produce 

a constant current output whose magnitude can be controlled. Current control 

is normally achieved by controlling the firing angles of the thyristors in the 

rect i f ier of an inverter and by using a choke in the D.C. link. Phillips [20] 

describes the operation of such a current source inverter. One main advantage 

of a current source inverter is that it can limit the current available to the 

motor and can therefore protect against current overload. Other advantages 

are the control of torque and the control of flux. 

2.9.4 The control of torque 

Many speed control schemes use torque control as part of the overall 

control system. A good example described by Plunkett and Pleete [24] is 

electric traction where good torque control of the motors regulates the 
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acceleration of the vehicle and gives the occupants a smooth ride. Torque 

may be regulated by the following methods;-

Regulation of torque using slip-current control. 

Cotton [8] shoves that the gross torque developed by an induction 

motor is given by the relationship 

2 
I2 

Ws 
T o c J l (2.12) 

which shows that torque may be regulated by suitable control of I2 in response 

to (OS-US is a quantity often called the "slip frequency" and is the product of 

the supply frequency and the motor slip (quantities which are easily measured 

using appropriate transducers). I2 is controlled by using a current source 

inverter which regulates the stator current !]_ of the induction motor in 

response to OJS. This achieves suitable control of I2 provided that allowance is 

made for the magnetising current of the induction motor. Control systems 

which regulate induction motor torque by controlling current in response to 

slip and freqency are termed "slip-current" systems. Plunkett and Lipo [26] 

and Abbondanti and Brennan [27] give examples of such systems together with 

methods of allowing for magnetising current when controlling the stator 

current. 

Regulation of torque using flux-slip control 

Plunkett and Ple t te [24] describe flux-slip control as an alternative 

method of torque regulation and quote the following formulae which describe, 

approximately, the relationships between current, flux, supply voltage and 

frequency and torque of an induction motor operating at low slip; 

T "C $ l 2 (2JJ) 

§ ^ (2.14) 

I2 ' C S COS (2.15) 

From the above equation it may be shown that 

T /V\^ OJS (2.16) 
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Since the induction motor is operating at low slip, its speed is 

approximately proportional to the supply frequency. Plunkett and Plet te [24] 

describe three distinct modes of operation. 

1) Constant Torque : if the output voltage and freqency of the inverter are 

controlled to give constant flux (V/W) and slip frequency Ws, constant torque 

operation results. 

2) Constant pow/er: As can be seen from equations 2.14 and 2.15 constant 

motor current and therefore constant power operation results if the output 

voltage of the inverter is kept constant and the output frequency is controlled 

so that the slip frequency is proportional to the supply frequency. 

3) Torque inversely proportional to the square of the speed: as can be seen 

from equation 2.16 this may be achieved by maintaining constant inverter 

voltage and controlling the output frequency so that the slip frequency 

remains constant. The torque is therefore inversely proportional to the square 

of the supply frequency and therefore approximately proportional to the 

square of the speed. In this mode the induction motor behaves like a series-

wound D.C. motor. 

An advantage of flux-slip control is that a current source inverter is 

not needed, current control being achieved by appropriate control of slip 

frequency and supply voltage and frequency according to equations 2.14 and 

2.15. 

Plunkett [28] s ta tes that many induction motor control systems 

regulate the torque of the motor by controlling the flux and the stator current 

in a manner according to equation 2.13. This method of torque control is 

similar in many ways to the torque control of a D.C. machine in which torque 

is proportional to the flux in the D.C. machine and the armature current. 

Most induction motor control systems which regulate torque by controlling 

flux and current assume the flux to be proportional to the voltage divided by 

the supply frequency and control these quantities accordingly. Current is 

controlled by a current source inverter. 

2.9.5 The computer control of variable speed induction motor drives 

The control schemes described in this section have often been 

implemented by hard-wired logic circuits and discrete components. Recent 

advances in microprocesor technology has meant that many of these control 
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systems can now be implennented using nnicroprocessors which promises the 

advantage of flexibility. Such systems are more flexible than systems using 

hard-wired logic and discrete components because microprocessor-based 

systems can implement the control system in software. If it is necessary to 

change the characterist ic of the drive, this can be done by changing the 

software, with little or no alteration to the hardware. 

Sen, Tresize and Sack [29] describe an induction motor drive which 

uses a microprocessor to achieve current-slip control for torque regualtion. 

As described previously accurate regulation of torque requires that allowance 

should be made for magnetising current when controlling the stator current in 

response to the slip frequency. This resulting relationship between slip 

frequency and stator current is non-linear and is therefore difficult to 

implement using hard-wired logic. However, the system described by Sen, 

Tresize and Sack [29] overcomes this difficulty by storing the relationship in a 

look-up table in the memory of the microprocessor control system. 

Another example of the versatility of microprocessor-based control 

systems is a phase-locked loop control system described by Harashima and 

Haneyoshi [30]. This system uses a microprocessor to perform the functions of 

a P.L.L. to achieve excellent speed control. 

An advantage of computer-based speed control systems is that they 

offer a completely digital system, apart from the transducers. They are 

therefore substantially f ree from the drift and offset errors which are inherent 

in conventional analogue systems. Computer-controlled variable speed 

induction motor drives are likely to become more common-place due to recent 

advances in microprocessor technology. 

2.10 Summary 

This chapter has reviewed the common methods of altering the speed 

of a cage rotor induction motor. Of all the methods reviewed only D.C. link 

inversion is capable of four-quadrant control over a wide range of speeds both 

above and below the rated synchronous speed of the induction motor. 

Speed control using D.C. link inversion is eff icient and practical and 

suitable control of the inverter can regulate the torque of the induction motor 

and can protect the drive against overload. Such speed control is readily 

suited to a computer and many computer-controlled induction motor drives 

have been developed. 
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CHAPTER 3 EQUIPMENT USED IN THIS STUDY 

3.1 Introduction 

This chapter describes the variable speed induction motor drive built 

by the author and also describes the equipment used to control the drive. This 

chapter also describes test and measurement apparatus used in the study of 

the drive. 

3.2 The general form of the variable speed induction motor drive 

The variable speed induction motor drive, hereaf ter referred to as 

"the drive" used a cage induction motor powered from a V.V.V.F. supply. 

Figure 3.1 shows a diagram of the drive. The V.V.V.F. supply was derived from 

powerful linear amplifiers and transformers which produced sinusoidal output 

waveforms. This was preferred to Q.S.W. or P.W.M. inversion because the 

resulting V.V.V.F. supply was f ree from harmonics. Such harmonics were 

undesirable because they would spoil the performance of the induction motor 

and also because it is more difficult to analyse an induction motor operating 

from a non-sinusoidal supply than from a sinusoidal supply. 

An alternative to linear amplification would be the use of Q.S.W. or 

P.W.M. inversion with suitable filtering. However, King [31] lists the following 

disadvantages of such fil ters: 

1) They tend to be bulky and expensive because they must cope with the 

full output voltage and current of the inverter. 

2) Resistance in the circuit elements of the f i l ters cause power loss. 

3) The reactive circuit elements of the f i l ters can produce bad transient 

voltages and currents during changes in voltage, frequency and load. 

Linear amplification tends to be less eff icient than Q.S.W. or P.W.M. 

inversion but wori< done by King [31] and outlined in Appendix A suggests that 

linear amplification can produce a sinusoidal three-phase supply with 

efficiencies comparable with Q.S.W. or P.W.M. inversion. This is achieved by 

supplying the amplifiers with a waveform comprising the fundamental and the 

third harmonic of the desired supply frequency. The nature of this waveform, 

hereaf ter termed the "high efficiency waveform" is described in Appendix A. 

In the drive described in this chapter, digital waveform synthesis was 

used to produce the high efficiency waveform. Appendix B describes this 
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method of synthesis. The presence of the third harmonic in the high efficiency 

waveform was needed to increase the efficiency of the linear amplification 

but was not needed in the supply to the induction motor. A suitable 

connection of the transformers linking the motor to the amplifiers removed 

the third harmonic producing a sinusoidal supply to the motor. 

The three-phase digital oscillator produced the input waveforms for 

the linear amplifiers. Altering the voltage and frequency of the oscillator 

altered the voltage and frequency of the supply to the motor and so altered its 

speed. 

An important part of the study of the drive was its behaviour when 

subject to load. Consequently the induction motor was coupled to a D.C. 

generator to provide a simple way of loading the motor. 

The remainder of this Chapter deals in greater detail with the 

components of the drive and with equipment used for control, measurement 

and tes t . 

3.3 The Computer 

The computer used to control the drive was an "Apple H" 

microcomputer which used an 8-bit microprocessor. The computer measured 

the motor speed by reading an 8-bit binary number produced by a circuit which 

measured the output frequency of the encoder, the size of the number being 

proportional to the motor speed. The computer controlled the motor speed by 

controlling the output frequency of the three-phase digital oscillator. The 

computer controlled the frequency by sending an 8-bit number along a ribbon 

cable to the oscillator, the size of the number determining the output 

frequency. 

3.4 The three-phase digital oscillator 

The three-phase digital oscillator was designed and built by Mr D, 

Levett and Mr M. Barkhordah of the Department of Electrical Engineering, the 

University of Southampton. Figure 3.2 shows a photograph of the outside of 

the oscillator and Figure 3.3 shows a photograph of the components used in the 

oscillator. The photographs include a f i f ty-pence coin to indicate the size of 

the objects in the photographs. 

The oscillator was based upon an 8-bit microprocessor and used 

digital waveform synthesis to generate three phase voltages having the high 
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efficiency waveform described in Appendix A. Appendix B describes the 

principles of digital waveform synthesis and their use in the oscillator. 

The oscillator could produce 64 different frequencies between 8.4Hz 

and 240.4Hz. The frequency could be controlled either by switches on the 

front of the oscillator or by an 8 bit number sent from the computer to the 

oscillator along a ribbon cable. A change-over switch selected the method of 

frequency control. 

Each phase waveform had a 5 volt D.C. offset caused by the method 

of waveform synthesis. However, a buffer circuit between the oscillator and 

the power blocked the D.C. component preventing it reaching the amplifiers 

and producing large D.C. power flows in the transformers. 

The A.C. component of each phase waveform had a maximum 

possible amplitude of 10 volts peak-to-peak. The amplitude was not 

independent of frequency but was controlled by the oscillator so that the 

amplitude varied with frequency in the following manner: 

At frequencies above 50Hz the oscillator produced maximum 

amplitude. This produced rated voltage across the induction motor terminals. 

At frequencies below 50Hz the oscillator reduced the amplitude of the A.C. 

component so that the amplitude was proportional to frequency. This 

produced an amplifier output voltage proportional to frequency and kept the 

peak values of the magnetic fluxes in the transformers and the induction 

motor constant and avoided magnetic saturation. The ratio of amplitude of 

the A.C. component to frequency produced rated flux in the induction motor. 

The operation of the induction motor at rated voltage, or operation 

at rated flux if the supply frequency is low enough for the rated voltage to 

cause saturation, results in a more eff icient drive because the current needed 

to produce a given torque is minimized by such operation. 

3.5 The buffer circuit 

The buffer circuit had three functions; 

1) To buffer the outputs of the three phase digital oscillator. The D/A 

units comprising the outputs could not supply enough current to directly 

drive the inputs of the power amplifiers. 

2) To block the D.C. component o f the outputs of the three-phase digital 

oscillator. 

3) To reduce the amplitude of the A.C. component of the outputs of the 

three-phase digital oscillator. The maximum A.C. component was lOv 
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p e a k - t o - p e a k but the maximum input voltage capable of linear 

amplification by the power amplifiers was 2v peak-to-peak. Therefore 

the buffer circuit was used to reduce the amplitude of the A.C. 

component to a f i f th of its original value. 

Each output phase of the three-phase digital oscillator was buffered 

by a 741 operational amplifier with associated feedback and input resistors set 

to give a gain of a f i f th . The 741 operational amplifier also boosted the 

current available to the input of the power amplifier. A capacitor between 

the output phase and the input resistor connected to the input of the 741 

operational amplifier blocked the D.C. component of the output waveform. 

The values of capacitors and resistors used in the buffer were chosen to that 

over the whole range of output frequencies there would be no change in 

amplitude or shape of the output waveform. In other words; 

1. The gain of the buffer circuit would be constant with respect to 

frequency at both the fundamental frequency and the third harmonic 

frequency of the whole range of output frequencies. 

2. The buffer circuit would preserve the phase relationship between the 

fundamental frequency and the third harmonic frequency over the whole 

range of output frequencies. 

3.6 The power amplifiers 

These were stereo power amplifiers, each taking a 240v 50Hz single 

phase supply. The induction motor drive used two such amplifiers so that four 

channels were available to power the motor. Only three channels were used 

for the three phase supply to the motor : one channel for each phase and the 

remaining channel was spare. 

Each channel had a gain control independent of the other channels 

and had a maximum gain of 50. With maximum gain each channel was able to 

deliver its maximum A.C. output of 500 VA into a 2.5 Ohm load of any power 

factor . This corresponds to a maximum output current of 14A r.m.s. and 

output voltage of 35.5 V r.m.s. 

Each amplifier channel featured full protection against thermal and 

current overload : either type of overload caused the output transistors to 

overheat which caused a temperature-sensitive device to switch off both 

channels of the af fec ted amplifier. Each channel also had free-wheeling 
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diodes across the output transistors to protect against voltage spikes caused by 

inductive loads. 

Manufacturer's data stated that the induction motor would take 2.7 

amps, corresponding to 648 VA per phase, during a direct on line start at rated 

supply voltage and frequency. Since each amplifier channel is rated at 500 VA 

a direct-on-line star t would cause an overload of approximately 30% though in 

practice this would be reduced because of the impedance of the transformers 

connecting the motor to the amplifier channels. It was therefore assumed that 

the amplifiers would tolerate such an overload since it was of short duration. 

The manufacturers of the amplifiers advised against connecting the 

live terminal of any amplifier channel to any other amplifier or any equipment 

liable to feed power into the amplifier channel. 

Each channel had a bandwidth from D.C. to 20kHz. However the 

channels showed a tendency to oscillate but connecting a small capacitor 

across the output terminals of each channel stopped the oscillations. Although 

this reduced the bandwidth of each channel, each was able to amplify 

faithfully the input waveform at all frequencies used in this study. 

3.7 Overcurrent protection 

Although each channel of the amplifiers was fully protected against 

overloads, miniature circuit-breakers (M.C.B.'s) connected as shown in figure 

3.1 provided back-up protection. The M.C.B.'s were set to operate at 10 amps 

though their current-t ime characterist ic allowed them to tolerate small 

overloads of short duration. This characterist ic prevented "nuisance" 

operation during motor starting. Further protection was provided by a lOamp 

fuse (not shown in figure 3.1) connected in series with each M.C.B. Figure 3.4 

shows a photograph of the box containing the overcurrent protection. 

3.8 The transformers 

These stepped up the output voltage of the power amplifiers to that 

needed to drive the induction motor. Three single-phase transformers were 

preferred against one three-phase transformer to avoid magnetic coupling 

between adjacent phase windings which could cause one amplifier channel to 

feed power into another. The low voltage windings were connected in earthed 

star rather than in delta or isolated star. Connection in isolated star or delta 

would cause the output currents of two channels to flow into the input of the 

third which could cause power flow into a channel ; a situation against which 
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the manufacturers advise. Connection in earthed star avoids this situation as 

each channel supplies its ov/n low voltage winding and cannot supply any other. 

The high voltage windings were connected in star as a delta 

connection would allow large third harmonic currents to flow in the windings 

in response to the third harmonic component of the high efficiency waveform. 

Since the stator winding of the induction motor was connected in star and the 

star point was inaccessible, no connection existed between the star point of 

the motor winding and the star point of the high voltage winding of the 

transformer. Consequently no third harmonic current was able to flow in the 

motor : a necessary conditon for effect ive use of the high efficiency waveform 

(see appendix A). The presence or absence of an earth at the star point of the 

high voltage winding had no e f fec t upon the performance of the induction 

motor and so the star point was unearthed so that the high and low voltage 

windings were electrically separate. It was thought that this would prevent 

any chance of high voltages from the motor circuit travelling along the earth 

connection common to high and low voltage windings and affect ing the 

computer, buffer circuit and power amplifiers. 

Each transformer was rated at 200 VA which produced a combined 

three phase rating of 600 VA for the three transformers. This rating was 

sufficient for the power demands of the motor when fully loaded and operating 

from a 415v 50Hz three phase supply. It was assumed that the transformers 

would tolerate short duration overloads such as would occur when the motor 

s tar ts . 

The theoretical analysis of the induction motor drive needed the 

values of elements in the equivalent circuit of the transformers. These values 

were found using open and short circuit tests and Appendix C lists these 

values. 

For safety, the transformers were housed in a metal box. The 

connections to the windings were made through sockets on the outside of the 

box and the box was earthed through the earth pin of a 13-amp plug. Figure 

3.4 shows a photograph of the box. A three-pole relay with an A.C. - operated 

coil connected the high voltage windings to the appropriate sockets on the 

outside of the box. This relay was supplied from the 13-amp plug through 

which the box was earthed, and was controlled by a switch on the front of the 

box. This arrangement allowed easy connection and disconnection of the high 

voltage windings and also ensured that the box was earthed when these 

windings were connected. 
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3.9 The motor-generator set 

3.9.1 The general form of the motor-generator set 

The motor generator set comprised a three phase induction motor 

directly coupled to a D.C. generator. An encoder measured the speed of both 

machines. Figure 3.5 shows photograph of the induction motor and the 

encoder at the side of the enclosure. The wire mesh enclosure prevented 

inadvertent contact with the rotating shafts of both machines and with the 

live terminals on each machine. The enclosure also contained a small rect i f ier 

which converted single phase 240V 50Hz A.C. from an ordinary 13 amp three 

pin plug to an unsmoothed D.C. supply suitable for exciting the generator or 

even driving the generator as a motor. Some of the tests described in 

Appendix C required the D.C. generator to run as a motor. 

The same single phase A.C. supply also supplied the operating coil of 

a three pole relay inside the enclosure. This relay connnects the three phase 

supply to the motor when the coil is energised. 

The enclosure also had a hinged lid which allowed access to the 

machines. When the lid was l ifted it opened a microswitch which disconnected 

the A.C. supply to the rect i f ier and also to the operating coil of the three pole 

relay. Opening the lid therefore switches off the three phase supply to the 

motor and also switches off the D.C. supply in the enclosure and unless the 

D.C. generator was running as a motor from a D.C. supply other than that 

from the enclosure, both machines would stop. A toggle switch on the front of 

the enclosure was connected in series with the micro-switch so that operating 

the toggle switch could control the A.C. supply to the motor and could also 

control the D.C. supply in the enclosure. 

However, opening the lid or operating the toggle switch still le f t live 

connections and terminals in the enclosure and care needed to be taken when 

gaining access to the machine. A future design of enclosure should include 

shrouding of live parts. 

The enclosure was earthed by a connection to the earth conductor of 

the single phase A.C. supply used in the enclosure. This precaution avoided 

electric shock from the enclosure. This method of earthing ensured that the 

motor would not operate nor would the D.C. supply in the enclosure become 

alive unless the single phase A.C. supply was present, and the presence of the 

A.C. supply implied that the enclosure was earthed through the earth 

conductor of that supply. 
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The connections to the machines and the D.C. supply were made to 

terminals on the front of the enclosure shown in Figure 3.5. Neon indicators 

on the front of the enclosure showed whether the single phase A.C. supply was 

present, and whether the D.C. supply was alive. 

The encoder was a later addition to the motor generator set and was 

coupled to the motor in the position shown in Figure 3.5. Although the 

encoder was mounted outside the enclosure the position of the encoder 

prevented inadvertent contact with the encoder shaft . 

3.9.2 The induction motor 

The induction motor was a three-phase four-pole motor designed to 

run from a 415v 50Hz three-phase supply and therefore had a synchronous 

speed of 1500 r.p.m. Appendix C gives details about the motor, in particular 

the values of the elements in its equivalent circuit. These values will be used 

later in this thesis as part of a theoretical study of the behaviour and control 

of the induction motor drive. 

3.9.3 The D.C. Generator 

The D.C. generator was used to load the induction motor and its 

rated speed, 1400 r.p.m. closely matched the synchronous speed of the 

induction motor to which it was coupled. The generator had both series and 

shunt field windings though only the shunt winding was used in this study. 

Appendix C lists data about the generator, in particular the resistance and self 

inductance of the armature. These two impedances will be used later in this 

thesis as part of a theoretical study of the behaviour and control of the 

induction motor drive. 

3.9.4 The encoder 

The encoder was an optical shaft encoder which produced a T.T.L, -

compatible square waveform whose frequency was proportional to the speed of 

the encoder shaf t . The encoder produced 250 pulses per revolution of its shaft 

and its shaft was directly coupled to the rotor of the induction motor. 

3.10 Measuring equipment 

3.10.1 The digital speed-measuring circuit 

This circuit measured the speed of the motor by counting the number 

of encoder pulses during a 15.5 ms period. The circuit represented the 
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number of pulses counted as an 8 bit binary number which was sent to the 

computer. At the end of the 15.5 ms period the computer read the number and 

the circuit was reset by the computer so that it counted the encoder pulses 

during another 15.5 ms. 

The use of the 15.5 ms period arose because Mr D. Levitt originally 

made the circuit for use in his research. The circuit and its 15.5 ms period 

was satisfactory for the purposes of this research. 

3.10.2 The frequency-to-voltage conversion circuit 

This circuit was built by the author to produce a voltage proportional 

to the frequency of the encoder output and therefore motor speed. A 

potentiometer adjusted the conversion factor of the circuit. 

3.10.3 The measurement of motor speed by a digital frequency meter 

A multiply-by-four circuit multiplied the frequency of the encoder 

output and produced a T.T.L. - compatible square waveform having 1000 pulses 

per revolution of the encoder. A digital frequency meter calibrated in hertz 

and measuring the frequency of this waveform produced a display which gave 

the motor speed in revolutions per second when divided by 1000. 

3.10.4 The use of a digital frequency meter to measure the frequency of the 

supply to the induction motor 

This was achieved by measuring the output of an amplifier channel 

rather than measuring the frequency of the motor supply voltage directly 

because the motor supply voltage exceeded the rated voltage of the input to 

the digital frequency meter but the output voltage of an amplifier channel did 

not. 

3.10.5 Measurement of voltage 

Meters measured the phase voltages of the motor supply and also the 

output voltage of the armature of the D.C. generator . An oscilloscope 

measured the waveforms of voltages of interest and small step down 

transformers were used to allow the oscilloscope to measure A.C. voltages 

that would otherwise exceed the rating of the oscilloscope input. 
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3.10.6 Measurement of current 

Meters measured the output currents of all amplifier channels 

contributing to the three phase supply, the phase currents of the motor and 

also the armature current of the D.C. generator. 

The waveform of each phase current was measured by connecting an 

oscilloscope or a chart recorder to a resistance connected to the output of a 

current transformer measuring the phase current in question. Altering the 

resistance connected to the current transformer altered the amplitude of the 

t race displayed by the oscilloscope or the chart recorder. The current 

transformers used were small high quality current transformers suitable for 

use in measuring instruments. 

3.10.7 The chart recorder 

The chart recorder was an ultraviolet chart recorder which used 

mirror galvanometers to draw voltage against time graphs of voltages applied 

to the inputs of the chart recorder. The chart recorder had eight 

galvanometers and eight inputs allowing it to draw graphs of eight different 

inputs simultaneously. The chart recorder was used to measure the motor 

speed and the motor phase currents in the following way: 

1) Measurement of the current of a motor phase : An input of the chart 

recorder measured the voltage across a resistor connected across the 

output terminals of a current transformer measuring the phase current in 

question. The sensitivities of the galvanometers were fixed but the 

amplitude of the t race could be varied by altering the resistance across 

the current transformer or by using a potential divider between the 

resistance and the input to the chart , or both. 

2) Measurement of the motor speed. An input to the chart recorder 

measured the output voltage of the frequency-to-voltage converter 

which produced a voltage proportional to the motor speed. The 

amplitude of the t race could be altered by altering the conversion factor 

of the circuit or by using a potential divider between the output of the 

circuit and the input of the chart recorder, or both. 

3.11 Commissioning the induction motor drive 

The induction motor drive was run without computer control to check 

that the drive itself worked correctly. The drive operated safely and reliably 

over the whole range of available oscillator frequencies. Although the highest 
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output freqency, 59.3 Hz, caused the induction motor and D.C. generator to 

run about 20% above their rated speeds, this was not considered dangerous as 

such machines may be run safely well above their rated speeds. During 

commissioning, the following phenomena were observed: 

3.11.1 The flow of third harmonic current in the drive 

Checks using an oscilloscope showed that there was no third harmonic 

voltage in the line voltages and no third harmonic currents in the three phase 

supply to the induction motor. These findings bore out the predictions of 

Appendix A which also predicted no third harmonic current flow in the low 

voltage circuit connected to the transformers because there was no third 

harmonic current in the supply to the motor. However tests with an 

oscilloscope and a current transformer showed small third harmonic currents 

in the outputs of the amplifier channels and the neutral connections. It was 

assumed that these small currents resulted from the third harmonic component 

of the transformer flux density waveform produced by the third harmonic 

component of the outputs of each amplifier channel. 

3.11.2 Regeneration 

While the motor was running a sudden large fall in supply frequency 

could cause the motor to operate briefly at supersynchronous speed and 

generate forcing power back into the amplifiers. Although the amplifier 

channels were not designed to cope with power fed into their outputs, they 

coped safely with limited regeneration during deceleration. This phenomenon 

is examined more fully in Section 5.3 of Chapter 5. 

3.11.3 Vibration 

Vibration was a serious problem that a f fec ted the measurement of 

the speed of the motor. The main symptoms of vibration were: 

1) Changes in the output frequency of the encoder. This was noticed as a 

sideways "ji t ter" of the encoder waveform when displayed on an 

oscilloscope. These changes in frequency in turn caused: 

2) Changes in the eight bit binary number produced by the digital speed 

measuring circuit. These changes greatly af fected the closed loop 

control of the drive. 

3) Fluctuations in the output voltage of the frequency to voltage converter 

used to produce a D.C. voltage proportional to speed. These fluctuations 
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in turn caused undulations in the graph of speed against time drawn by 

the chart recorder. 

An oscilloscope display of the output of the voltage to frequency 

converter showed that the size and nature of the vibration depended upon the 

motor speed. The vibration was largest when the motor speed was either close 

to 120 revolutions per second or 8 revolutions per second. Near such speeds 

the frequency of vibration was about 39 Hz although the exact frequency 

depended upon the motor speed. 

At speeds greatly different to 20 or 8 revolutions per second the 

frequency of vibration was approximately equal to the motor speed in 

revolutions per second. This suggested that the coupled shafts of the motor, 

generator and encoder had a natural frequency of 39Hz. Likely sources of 

vibration were the bearings of the motor, generator and encoder, the bryshes 

of the D.C. generator and eccentricity of the shafts . These last two sources 

would explain why the frequency of vibration depende upon motor speed. The 

observations described above suggested that the vibrations were causing 

torsional oscillations involving the shafts of the motor, the generator and the 

encoder, and the couplings linking the shafts. Furthermore, these oscillations 

had a natural frequency of about 39 Hz. 

The problems of vibration and torsional oscillations were eased by 

using a more compliant coupling between the encoder and the motor generator 

set . Another possible solution to the problem of fluctuations in the output 

voltage of the frequency to voltage converter could be a f i l ter but filtering 

was not used as a f i l ter could mask or a f fec t changes in output voltage caused 

by genuine changes in speed. 

3.12 Summary 

This chapter has described a variable speed induction motor drive 

based around a cage motor and using a three-phase digital oscillator and linear 

power amplifiers as V.V.V.F. three-phase supply to the motor. This chapter 

has drawn attention to the use of a high efficiency waveform to improve the 

efficiency of the amplifiers, and has also drawn attention to the problems of 

vibration and torsional oscillations of the motor-generator set . 
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CHAPTER 4 A MATHEMATICAL MODEL OF THE VARIABLE SPEED 

INDUCTION MOTOR DRIVE USED IN THIS STUDY 

4.1 The purpose of the mathematical model 

The mathematical model was to be the basis of a control strategy 

capable of accurate speed control during all likely operating conditions. In 

other words the model had to describe accurately the induction motor drive in 

the following circumstances: 

1) Motoring, generating and braking. 

2) Forward and reverse direction of rotation. 

3) Steady - s ta te and transient operation. 

4.2 Mathematical modelling of the induction motor 

4.2.1 The equivalent circuit of an induction motor 

One of the simplest models of an induction motor is the equivalent 

circuit described in Section 2.2 of Chapter 2. The equivalent circuit gives a 

good description of the behaviour of an induction motor under steady state 

conditions. The equivalent circuit is based upon the assumption of balanced 

supply voltages and currents and as this assumption is likely to be invalid 

during transients the equivalent circuit would not be a good basis for a control 

strategy able to cope with operation during transients. 

4.2.2 Representation of a three-phase induction motor by a three-phase 

machine 

Adkins and Harley [32] describe the voltate equation of a three-phase 

machine. A three-phase machine has six circuits because each three-phase 

winding has three circuits and there are two three phase windings: one on the 

stator and one on the rotor. Consequently there are six voltage equations 

which describe the relationships between voltages and currents in the coils 

which comprise the windings of the three-phase machine. 

The current flowing in a particular coil depends upon the voltage 

across the coil and also the following quantities: 

1) The resistance of the coil 

2) The self inductance of the coil 

3) The mutual inductances between the coil and each of the other coils on 

the same member of the machine. 

4) The mutual inductances between the coil and each coil on the other 

members of the machine. 
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The mutual inductances between the coils means that the current in 

each coil depends upon the current in the other coils in the machine. This 

interdependence makes analytical solution of the voltage equations of the 

three phase machine difficult . Analytical solution is made more difficult 

because changes in rotor position a f fec t the orientation of the rotor coils with 

respect to the stator coils and consequently a f fec t the mutual inductances 

between the stator and rotor coils. If the rotor has saliency, changes in rotor 

position a f fec t the magnetic circuit of the machine and change the self 

inductances of coils and the mutual inductances between coils on the same 

member. 

Transforming a three phase induction motor to an equivalent two-axis 

Kron primitive machine can simplify the voltage equations of the induction 

motor considerably. 

4.2.3 The two-axis Kron primitive machine (Adkins and Harley [32]). 

The two-axis Kron primitive machine is an idealized representation 

of a machine which is approximately equivalent to the practical machine. 

Figure 4.1 shows a diagram of a Kron primitive machine. The machine has 

two axes, the direct or D-axis and the quadrature or Q-axis. The machine has 

four coils, one on each axis on each member, that is with coils F and G on the 

stationary member and coils D and Q on the rotating member. The axes of 

coils D and F coincide with the D-axis of the machine and the axes of coils Q 

and G coincide with the Q-axis of the machine. Each coil produces a 

magnetic field sinusoidally distributed in space. Some machines may need 

fewer than four coils to represent them while other machines may need more. 

The axes of coils D and Q remain fixed on the D and Q axes 

respectively despite motion of the rotating member. These coils are called 

"pseudo-stationary" coils and in order that the e f fec t s of rotation in a 

practical machine may be represented accurately, the coils have special 

properties. The properties are the same as those of a commutator winding, 

namely; 

1) A current in a pseudo-stationary coil produces a field which is stationary 

in space. 

2) Nevertheless a voltage can be induced in the coil by rotation of the 

moving member. 
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Figure 4 . 1 : Kron ' s Primitive Machine. 

D ~ axis 

Q, - axis 

76 



These properties give rise to the following matrix of voltage 

equations for the primitive machine 

Uf Rf + pLff pLdf 0 0 I'A 
Ud pLdf Rd + pL-d Lrq Lpg 'd 

Ug -AJpLpd Rq + pLq pL-qg iq 

0 pL-qg Rg + PLgg 

(equation 4.1) 

where 

is the rotor speed of Kron's primitive machine 

p is the differential operator 

Uf, u j , Uq and Ug are the instantaneous voltages across coils F, D, Q and G 

respectively. 

if> id) iq, ig, are the instantaneous currents in coils F, D, Q and G respectively. 

Rf) Rd, Rq; and Rg are the resistances of coils F, D, Q and G respectively. 

Lff , Ld, Lq, and Lgg are the self inductances of coils F, D, Q and G 

respectively. 

Ldf is the mutual inductance between coils D and F. 

Lqg is the mutual inductance between coils Q and G. 

Lj-f, Lfd, Lpq, Lj.g are constants similar in nature to inductances and determine 

the voltage induced in a rotor coil on one axis due to rotation in the magnetic 

field produced by a coil on the other axis. 

Kron's primitive machine is simpler to analyse than a three phase 

machine for the following reasons: 

1) Kron's primitive machine needs only four circuits to represent the three 

phase induction motor. 

2) The mutual inductance between the rotor and stator coils does not 

change with rotor position because 

a) The axes of the stator coils and the pseudo-stationary rotor coils stay 

fixed regardless of rotor position. 

b) The magnetic fields produced by the stator coils and the pseudo-

stationary rotor coils remain fixed in space regardless of rotor 

position. 

3) Currents in a particular stator coil are unaffected by currents in coils on 

the other axis because the magnetic fields produced by these coils do not 

have a component along the axis of the stator coil in question since the 

D and Q axes are perpendicular. This results in less mutual inductance 
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terms in the voltage equations of Kron's prinnitive machine than in the 

voltage equations of the three-phase machine. 

The following subsections describe how/ Kron's primitive machine can 

represent an induction motor. 

4.2.4 The voltage equations of Kron's primitive machine when used to 

represent a three phase induction motor. 

Adkins and Harley [32] show that provided some assumptions are 

made about a three-phase induction motor it may be represented by Kron's 

primitive machine. One assumption is that the motor windings are wound so 

that at any point in time each phase current produces an M.M.F. sinusoidally 

distriubted in space. This assumption is reasonable for the stator winding of 

an induction motor and the rotor winding of a wound rotor machine. Say [5] 

assumes that the currents in a cage rotor are sinusoidally distributed and 

Adkins and Harley [32] show that a cage winding can be t reated as a two-phase 

winding for the purposes of analysis using Kron's primitive machine. 

Consequently it may be assumed that the cage winding produces an M.M.F. 

sinusoidally distributed in space. 

Say [5] s tates that although the magnetic material of the motor is 

"semi-saturated" to economize on material costs, the air gap of the machine 

forms the major part of the reluctance of the magnetic circuit. It may 

therefore be assumed that the sinusoidal M.M.F.'s produced by each phase 

current produce add together produce a sinusoidally distributed flux density 

since the air gap of an induction motor is uniform and saturation may be 

neglected. 

It should be emphasised that the above assumptions depend upon the 

construction of the motor and the nature of the magnetic material of the 

motor. Since the construction of the motor does not change during its 

operation the flux density may be assumed to be sinusoidally distributed during 

both steady s ta te operation and operation during transients provided neither 

condition saturates the motor. 

Adkins and Harley [32] show how Equation 4.1, the voltage equations 

of Kron's primitive machine, may be simplified and adapted to represent a 

three phase induction motor: 

1) The assumption of a sinusoidal flux density distribution in the machine 

leads to the following simplifications 

Lj.(j = L(j (4.2) Lj.f = Lfjf (4.3) 
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L rq Lr (4.4) L rg Lqg (4J0 

2) If the electrical characterist ics of each phase are the same then 

Rf = Rg (4.6) Rd = Rq (4.7) 

Lff = Lgg (4.8) Ld = Lq (4.9) 

Ldf = Lqg (4.10) 

Adkins and Harley [32] also show that the above quantities are 

related to the circuit elements of the equivalent circuit according to the 

equations: 

Rf = = Rg = R i O L l l ) Rd - Rq " = R2 0L12) 

Lff = = Lgg = L l 0L13) Ld = Lq = : L2 (4.14) 

L-df = = Lqg = M (4.15) 

Where: 

M is the per-phase mutual inductance between the stator and rotor windings of 

the induction motor and is given by the equation: 

and 

M = 

1-1= 

1-2 = 

X m 
Oo 

M +2^1 
00 

M + 
Co 

0L16) 

(4.17) and 

0L18) 

3) A cage rotor has a short-circuited winding and so 

Ud 0 0L19) 

Substituting equations 4.2 to 4.15 and equation 4.19 into equation 

4.1 yields the voltage equation of Kron's primitive machine representing a 

three-phase induction motor : 

h f \ ' R l + pLi pM 0 0 if 

0 pM R2 + pL2 < L 2 id 

0 - WpM R2+PL2 pM 'q 

V9I 0 0 pM R l + pLi 
1 W / 

(4.20) 

There are two important points to note about the above equation: 

1) Kron's primitive machine model of an induction motor does not include 

the resistance which represents the magnetising losses of the 

induction motor. This is not a serious omission as it is commonly 
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assumed that has little e f f ec t on the performance of the induction 

motor, and so the mathematical model developed in this Chapter to 

model the induction motor drive ignores Rm. 

2) It should be noted that Wp, the speed of the rotor of Kron's primitive 

machine representation of the induction motor, is the rotor speed of a 

two-pole motor (Adkins and Harley [32]). 

4.2.5 The torque equation of Kron's primitive machine 

The torque equation of Kron's primitive machine can be derived by 

considering the voltages in coils D and Q of the rotor. In the D coil; 

1) pMif is the voltage induced in coil D by the current if in coil F and the 

mutual inductance between coils D and F. 

2) (R2 + pL.2) id is the voltage drop across the resistance and self-

inductance of coil D. 

3) ( jJXl iq is the voltage induced in coil D by its rotation in the magnetic 

field produced by current iq flowing through coil Q. 

4) Uir^ ig is the voltage induced in coil D by its rotation in the magnetic 

field of coil G. 

The last two voltages represent the conversion of electrical power to 

mechanical power by the current iy. The mechanical power P j developed in 

coil D is given by the product of iy and the sum of those two voltages : 

Pd = i d ( L 2 i q + Mig) (4.21) 

By symmetry the mechanical power Pq developed in coil Q is given by 

Pq = _ iq6j;:(|vlif + L2ig) (4.22) 

The total mechanical power P^ developed in the rotor is the sum of 

the mechanical powers developed in each coil and is given by 

F'k = F'd + Pq (4-23) 

substituting equations 4.21 and 4.22 for P j and Pq in equation 4.23 and dividing 

byC/r yields the torque T|< developed by Kron's machine: 

Tk = M (id ig - if iq) (4.24) 

4.2.6 The relationship between currents and voltages in a three phase 

induction motor and its equivalent Kron's primitive machine (Adkins 

and Harley [32]) 

Stator winding voltages and currents; Kron's primitive machine 

represents a three phase stator winding by an equivalent two phase winding. 

The following three-phase to two-phase transformation gives the relationship 

between the currents in both windings. 

80 



if 1 - 1 
7 

- 1 
2 

iR 

'g = 2 
3 

0 -J3 
2 

73 
2 

iy 0L25) 

iz 1 1 
^2 I 

1 
1 

i s 

where iR, iy and ig are the instantaneous currents in the red, yellow and blue 

phases respectively. 

iz is called the "zero sequence" current, a term adopted from 

symmetrical component theory, and is defined by 

iz = 1 (Ir + iy + ig) (4.26) 

and represents an instantaneous value of current which may vary with time in 

any manner. It may be visualized physically as the magnitude of each of a set 

of equal currents flowing in all three phases and therefore producing no 

resultant M.M.F. 

In a delta connected winding, or a star connected winding whose star 

pointed is isolated from the neutral of the three phase supply, by Kirchoff's 

laws, if^ + iy +ig equals zero since the current in one phase equals the sum of 

the currents in the other two phases. According to equation 4.26 iz, 

therefore, equals zero in such windings. 

The corresponding two-phase to three phase transformation also 

exists and is the inverse of equation 4.25: 
. 
iR 

iy = 

iB 

- 1 

2 

2I 
2 

0 

-J1 
2 

1 / 

0L27) 

Similar equations to equations 4.25, 4.26 and 4.27 relate the voltages 

Uf and Ug of the two phase stator winding of Kron's primitive machine with the 

three phase voltages of a three phase stator winding: 

I If 

2 
3 

- 1 
2 

- A 
2 

^ 1 
2 

f i 
2 

VR 

v y 0L28) 

1 
2 

1 
2 \ " / 
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and 

'R 

Y 

VB 

.1 
2 

-1 

7 

0 

- 5 
2 

Uf 

&L29) 

where Vp̂ , Vyand Vg are the instantaneous red, yellow and blue phase voltages 

u^ is the "zero sequence" phase voltage, the concept of which is similar to the 

zero sequence current ig. 

Ug is defined by 

Ug = (vp^ + Vy + Vg) (4.30) 

These voltage equations can be used to transform a three phase 

supply having balanced voltages to an equivalent two-phase supply. Consider 

such a three phase supply having red-yellow-blue phase rotation and having the 

following voltage equations: 

Vf̂  = / 2 V cosWt (4.31) 

vy = -II V cos (Wt + 120°) (4,32) 

vq = y cos (Wt - 120°) (4.33) 

substituting these equations into equation 4.28 yields 

uf = \/2 V cos Wt (4.34) 

Ug = / 2 V sin cut (4.35) 

and the zero sequence voltage u^ equals zero. Thus the equivalent two phase 

supply has two phases 90° apart in phase but having the same phase voltage as 

the three phase supply. The equivalent two phase supply is also balanced and 

has no zero sequence component. 

Rotor windinq currents. 

The rotor circuit of a cage motor is inaccessible and consequently the 

rotor currents are unavailable for measurement or control. Therefore the 

relationship between the actual rotor currents in a cage rotor induction motor 

and currents in the rotor of the equivalent Kron's primitive machine are not of 

direct relevance to this study. The relationship, called Park's transformation, 

is described by Adkins and Harley [32]. 
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4.2.7 The relationship between the torque developed in a three-phase 

induction motor and the torque developed in the equivalent Kron's 

primitive machine. 

Equation 4.24 s tates that the torque T|< developed in the equivalent 

Kron primitive machine is given by 

Tk = (id ig - if iq) (4-2:4) 

However, this is not the same as the torque developed by the 

equivalent three phase motor. This difference arises because of the nature of 

the three phase to two phase transformation of equation 4.25. Adkins and 

Harley [32] describe in detail the e f fec t of the transformation upon the 

relationship between the torque developed in both machines and state that 

T2 = 3 T k 

2 

where Tz is the torque developed in an equivalent three-phase two-pole 

induction motor. 

4.2.8 Summary of the advantages and use of Kron's primitive machine as a 

mathematical model of an induction motor. 

The chief advantage of Kron's primitive machine is that it avoids the 

difficulty of solving equation which contain coefficients which vary with rotor 

position, namely the mutual inductances between the rotor and stator coils. 

The use of Kron's primitive machine reduces the number of voltage equations 

of the motor since Kron's primitive machine has less phases than the 

equivalent three-phase machine. The use of Kron's primitive machine also 

eliminates the e f fec t of mutual inductances between stator phases. 

Consequently when studying the behaviour of the induction motor it 

is easier to use the voltage equations of Kron's primitive machine and the 

transformations between three phase and two phase systems, rather than use 

the voltage equations of a three phase induction motor. 

The next section uses Kron's primitive machine to develop s ta te-

space equations of the induction motor. 
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4.3 The differential equations describing the induction motor drive. 

4.3.1 The differential equations of the Kron primitive machine used to 

represent the induction motor 

Equation 4.20 may be writ ten as 

IJ = /:][ (4.317) 

where 

U is a four element column matrix describing the voltages across the coils of 

the primitive machine, and is a four element column matrix describing the 

currents in the coils of the primitive machine. The elements of U and ^ are 

if 
(4.38) and %= i j (4.39) U 

uf 

0 

0 

u g/ 

'd 
'q 

' g / 

&L40) 

Z is a four-by-four square matrix whose elements are the various resistances 

and inductances of the Kron primitive machine used to represent the induction 

motor. 

R j + pL% pM 0 0 

Z = pM R2 + pL2 

-Wj.M -6Jj,L2 R2 + pL2 pM 

0 0 pM R i + pLj[ 

Z may be expressed in terms of three four-by-four square matrices, R, L and 

G, the rotor speed of the Kron primitive machine and the differential 

operator p: 

where 

Z = R + pjL+W J. G 

f 
R = 

Rl 0 0 0 

0 R2 0 0 

0 R2 0 

and 

G = 

0 

0 

0 

0 

-M 

0 

0 0 

(4.42) L = 

^ 1 / 

Ll M 0 0 

M 1-2 0 0 

0 0 L-2 M 

0 0 1-1 

&L,41) 

0L43) 

0 

0 

-L-2 

0 

0 

1-2 

0 

0 

0 

M 

0 

0 

0L44) 

Substituting equation 4.41 for Z in equation 4,37, rearranging and 

using dot notation instead of the differential operator p yields 

1 = L - l ( y - R l - w l G l ) 0L45) 
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which is the matrix form of the s ta te-space equations which describe the 

voltages and currents in Kron's primitive machine representing the three-phase 

induction motor. 

Manipulation of equation 4.45 is made easier by substituting: 

A = L- lR (4.46) 

B = L - l g (4.47) 

C = L-1 (4.48) 

in equation 4.45 to yield: 

i = C U - A I - W' B I (4.49) 

The above expression shows that the currents in Kron's primitive 

machine depend upon the rotor speed of the primitive machine. The next two 

subsections describe how the torques exerted in the motor generator set a f f ec t 

COp, the rotor speed of the Kron's primitive machine representation of the 

induction motor. 

4.3.2 The torques in the motor-generator set 

Throughout the following analysis, the symbol W j., which has been 

used to represent the speed of the rotor of an induction motor will be used to 

represent the speed of both the rotor of the induction motor and the armature 

of the D.C. generator since the shaf ts of both machines are directly coupled. 

Wj. will therefore be termed the speed of the motor-generator se t . 

Figure 4.2 shows a diagrammatic representat ion of the motor-

generator set which shows elements representing the d i f ferent torques exerted 

in the motor-generator set . These d i f ferent elements and the torques exerted 

by them are described below: 

Kron's primitive machine and the torque multiplication f ac to r . 

The torque multiplication fac tor multiplies the torque output of Kron's 

primitive machine by l i as tha t it equals the torque output of the equivalent 

two pole machine represented by the primitive machine. The torque output of 

the two pole machine is given by equation 4.36; 

T2 = 3 T k 
2 

The ideal gearbox 

The use of Kron's primitive machine to represent the induction motor 

is based upon a two-pole motor whereas the induction motor used in the drive 

had four poles. The ideal gearbox has a ratio of np : 1 where np is the number 

of pole-pairs of the induction motor used in the drive (in this case, np = 2). 
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The ideal gearbox converts the torque and speed of the two-pole motor upon 

which the Kron's primitive machine representation has been based, to the 

torque and speed of the four-pole motor used in this study. The conversion is 

according to the following expressions : 

T = npT2 (4^W) 

0L51) = 
/ UJ 

np 

The bearing and brush friction torque Th 

This torque represents the friction between surfaces in the bearings 

of the induction motor, the D.C. generator and the encoder, and also between 

the surfaces of the brushes and commutator segments of the D.C. generator. 

At standstill this torque equals the torque produced by the induction motor 

until the torque produced by the induction motor overcomes the stat ic friction 

of the surfaces described above. When this situation is reached the shafts of 

the motor-generator set ro ta te and the bearing and brush torque is assumed to 

be constant regardless of speed and to act in a direction to oppose the 

rotation. The magnitude of this torque is called the dynamic bearing and 

brush frictional torque, T^y, and represents the dynamic friction in the 

bearings and the brushes. Appendix C lists the value of T^fj. 

The description of the behaviour of Tb may be summarized by the 

following s ta tements 

1) If > 0 , Tb = Tbd 

2) If < 0 , Tb = -Tbd 

3) If = 0 and | T | < T b j then Tb = ±T, the sign of Tb being such that 

Tb opposes T, the torque produced by the induction motor. 

4) If = 0 and |T| > Tbd then Tb= i T b d , the sign of Tb being such that it 

opposes T, the torque produced by the induction motor. In such a case, 

the difference between T and Tb causes the shafts of the motor-

generator set to begin to rota te . 

It should be noted that the torque needed to overcome the s tat ic 

friction and rota te the shafts of the motor generator set would be greater than 

Tbd because s tat ic friction is greater than dynamic friction. However, the 

difference between stat ic and dynamic friction has been assumed to be 

insignificant for the purposes of this study. 
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The fluid friction torque Tff ;; 

This represents the fluid friction torque of windage, and of lubricant 

in the bearings. The fluid friction torque is assumed to be proportional to the 

speed of the nnotor-generator set according to the equation: 

Tff = kff Wp (4.52) 

where kff is the fluid friction constant. Appendix C lists the value of kff . 

The polar moment of inertia J. 

J is the polar moment of inertia of the rotating parts of the motor-

generator set about their common axis. These rotating parts exert a torque 

T -| upon the induction motor wheniOj. changes. T j Q'ven by. 
T j = J (4.53) 

dt 

Appendix C lists the value of J for the motor-generator set. 

The D.C. Generator 

Fitzgerald and Kingsley [6] show that the torque T/\q exerted by a 

D.C. generator as a result of electro-mechanical energy conversion in the 

armature is given by the following formula; 

= ^AG^AG (4.54) 

where 

I/\G is the armature current. 

EaG is the E.M.F. generated in the armature winding. Fitzgerald and 

Kingsley [6] also show that EaG is related to $ G , the magnetic flux in the 

D.C. generator according to the equation: 

E a g = K/xG^r I G 

where is the armature constant of the D.C. generator. 

The excitation Ey of the D.C. generator may be defined as the 

voltage generated per unit speed and in which case Ey is given by the following 

equation: 

Ex = ^AG 
TUT 

which by substituting equation 4.55 for E/\Q into the above equation yields: 

Ex = K a g 5 G (4.57) 

Equations 4.55 and 4.56 show that E ^q and Ey depend upon E q and are 

therefore limited by magnetic saturation which limits E g . 
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Combining equations 4.54 and 4.56 yields 

TAG = ExlAG (4^8) 

Magnetic losses 

These arise f rom eddy currents and hysterisis in the armature as it 

ro ta tes in the magnetic field of the D.C. generator. Cotton [8] s ta tes that 

the following relationship gives a good es t imate of P m A G , the power loss 

produced by the magnetic losses ^ 

PMAG = I<MAG ^ r (4.59) 

Where 

^ i s the magnetic loss index 

•^MAG is the magnetic loss constant. Experimental tests described in 

Appendix C suggests that a good est imate of k|viAG given by the relationship 

kMAG = kx (Ex)'^ (4.60) 

where ky is a constant and q is an index which describe the variation of kf^lAG 

with Ex. 

Substituting equation 4.60 for k|viAG in equation 4.59 and dividing the 

result by ojp gives an expression for the torque T|v|AG exerted by the magnetic 

losses: 

TMAG = kx (Ex)^ (A}j.Of̂ - (4.61) 

Appendix C lists values of k^ and q found from experimental tes ts . 

The following analysis shows how each of the elements illustrated in 

Figure 4.2 and described in the previous subsection a f f ec t the rotor speed wr 

of the Kron's primitive machine representation of the induction motor, and the 

armature current of the D.C. generator . 

4.3.3 The differential equation describing 

The torque Tl exerted upon the induction motor by elements of the 

motor-generator set comprise: 

1) Torques due to rotational losses = T^, Tff and TfvlAG 

2) The torque T j needed to accelera te or decelrate the inertia of the 

motor-generator set . 

3) the torque T / \g exerted by the conversion of mechanical power to 

electr ical power in the D.C. generator . 

T|_ is equal to the sum of the above torques and is given by 

T l = T b + T f f + T|viag + T j + T a g (4.62) 
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Substituting equations 4.52, 4.53, 4.54, 4.58 and 4.61 for Tff, T j , T/\q and 

T m A G respectively yields: 

= Tb + kff OJj. + ky (Ex)A 0JrC8-l)+ j dWp + ExI^ q (4.63) 

dt 

However, the torque Tl exerted upon the induction motor equals the 

torque T produced by the induction motor and therefore equation 4.61 may be 

re-writ ten as; 

T = Tb + kff W p + (Ex)A (Wp(^-l)+ J dCuj. + IAG (4.64) 
dt 

Using equations 4.36 and 4.50 to replace T in the above equation by T|<, and 

substituting equation 4.51 forW^ in the above equation yields: 

^ n p T k = Tb + k f f ^ + kx(Ex)(^W()^-l)+J +ExlAG (4.65) 
2 "p (np/ T t i a r 

Rearranging the above equation and substituting equation 4.36 for Tk yields; 

^ = i ^ l np'Mdcjig - ifiq) - npTb - kffW^ -kx(Ex)%p^2-^)aj^(i^-l) - n p E y ^ c j 

(4.66) 

4.3.4 The differential equation describing I/s^q, the armature current of the 

D.C. generator 

This is derived from the equation of current flow in the D.C. generator 

armature circuit; 

^AG = ^AG (RAG + ^LG) + "-AQ d l ^ g (4.67) 
dt 

where 

'"AG is the resistance of the armature of the generator 

R|_q is the load resistance connected to the generator output 

L/^q is the self inductance of the D.C. generator armature 

^AG is the generated voltage in the generator armature 

Rearranging equation 4.56 and substituting the resultant equation for E/j^q into 

equation 4.57 and substituting equation 4.51 for (jJj. in the resulting equation 

and rearranging yields: 

= — - — ( Iz\g (R /\Q + R[_G )\ (4.68) 
dt LAG \ np j 
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4.4 Summary of the differential equations describing the Induction motor 

drive. 

The differential equations describing the currents in the Krons 

primitive machine representation of the induction motor are represented by 

the matrix equation 

i = L-1 (U - R I -Wp G I) (4.45) 

The differential equation describingwj., the rotor speed of the Kron's primitive 

machine representation of the induction motor is 

= (ijiq - ifiq) -npT^ - -kxCEx)^ np(2 4 _ npExlAc) 
dt J \ 2 

(4.66) 

The differential equation describing the armature current of the 

generator is: 

^ - 'AQC'AG + RLG)) W.6B) 

Appendix C gives values for some of the constants and indices in the 

equations above, and describes how these values were found. The constants 

and indices described in Appendix C are ; 

1) The circuit elements of the equivalent circuit of the induction motor. 

2) Constants and indices describing the rotational losses in the motor 

generator set . 

3) The moment of inertia of the motor-generator set. 

4) The resistance and self inductance of the armature of the D.C. 

generator. 
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each phase of the equivalent three-phase voltage source equals the sum of the 

following: 

1) The internal impedance of an amplifier channel referred to the high 

voltage winding of a transformer. 

2) The resistance and leakage reactance of both windings of a transformer 

referred to the high voltage winding of a transformer. 

This analysis assumes that the amplifier channels are similar to each 

other and also that the transformers are similar to each other. 

The internal impedance of the equivalent Thevenin source is in series 

with the resistance and leakage reactance of the stator winding of the 

induction motor, and may therefore be included as extra stator winding 

resistance and leakage inductance in the voltage equations describing the 

induction motor. In other words, R} and L% are modified as follows: 

L% = M , the per-phase mutual inductance between the rotor and stator 

windings of the induction motor, plus 

The leakage reactances of both windings of a transformer referred to 

the high voltage winding, plus 

The internal impedance of an amplifier channel referred to the high 

voltage winding of a transformer (4.69) 

Rl=The per-phase resistance of the stator winding of the induction motor, plus 

The resistances of both windings of a transformer referred to the 

high voltage winding, plus 

The internal resistance of an amplifier channel referred to the high 

voltage winding of the transformer. (4.70) 

Appendix C lists the values of the impedances of the transformers 

and the amplifier channels, each impedance being referred to the high voltage 

winding of the transformer. Appendix C also describes how these values were 

found. 
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4.6 The state-space equations of the induction motor drive 

4.6.1 General form of the state-space equations 

The general form of the s tate space equations of the induction motor 

drive is: 

= f^(x, IJ) 
dt 

where 

X is a column matrix containing the variables which vary with time in the 

differential equations which describe the induction motor drive. 

U is the voltage matrix described previously 

2 is a function matrix which describes the relationship between the elements 

of U, X and d x 
dt 

4.6.2 The conversion of the differential equations of the induction motor 

drive to state-space form 

The conversion may be achieved by the following steps 

XI = ^ 

x j = iq 

X5 = Wp 

and define x as 

X = 

0L72) 

&L74) 

^L76) 

\ 

X2 

X4 

X6 

= Id 

= IaG 

(4.73) 

(4.75) 

&L77) 

I 

o;, 

\ I A G / 

0L78) 

and 

= ^ dt 

I 
X2 

X) 

X4 

^ 6 / 

&L79) 

where the dot notation denotes differentiation with respect to time. 
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Define 

f l 

f2 

f ] 

f4 

f5 
% 

0^,80) 

/ 
where f2 etc are functions which relate X}, X2 etc, respectively, to the 

s ta te space variables x i , xg e tc and the elements of the voltage matrix U. 

Functions f j to fg are defined below: 

Functions f^ to f4 

These follow from considering the matrix equation 4.49. Define the 

elements of matrices A, B and C in the following ways: 

Elements of A = a (k, 1) 

Elements of B = b (k, 1) 

Elements of C = c (k, 1) where k, 1 = 1, 2, 3, 4. 

Then from equations 4.49, 4.71, 4.80 and using equations 4.72, to 4.77 as 

substitutes for x j to xg yields 

f l (x, u) = (a i l + b i i X5)xi + (ai2+ bi2X5)x2 + (ai3 + bi3x$)x3 + 

(ai4 + bi4X5)x4 + c ^ u f + C14 Ug (4.81) 

^2 (x, y ) , = (^21 + b2ix5)xi + (822 + b22x5)x2 + (a23 + b23X5)x3 + 

(324 + b24X5)x4 + C2iUf + C24Ug 

f3(x, U) = (331 + b^ jxc jx i + (a32 + b32x5)x2 + (333 + b33x5)x3 + 

(334 + b34X5)x4 + C32 uf ^34^g 

f4(x, U) = (341 + b4ix5)xi + (342 + b42x5)x2 + (343 + b43X5)x3 + 

(344 + b44X5)x4 + C41 Uf + C44Ug 

OLBl) 

&L.83) 

(4.84) 

Function f^ 

This is derived from equations 4.66, 4.71, 4.79 and 4.80 and equation 

4.72 to 4.77 as substitutes for x j to xg. 

f s ( X, u ) = 1 / 2 np2 M (X2X4 - X3) - npTy - k^^xg 

(4.85) 
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Function 

This is derived from equations 4.68, 4.71, 4.79 and 4.80 and equations 

4.72 to 4.77 as substitutes for x j to xg. 

f6 ( X, u ) = X5 - xg (R^q + (4.86) 
L - A G ^ RIP j 

4.7 The solution of the state space equations 

4.7.1 Iterative solution using the fifth order Kutta-Merson set of equations 

The differential equations of 4.45, 4.66, and 4.68 which describe the 

induction motor have coefficients v/hich vary with t ime. Particular examples 

include (Pj., in equations 4.45 and 4.68 and I a G j if, id; iq ^nd ig in equation 

4.66. This means that these differential equations and the resulting s ta te 

space equations cannot be solved analytically and a numerical method must be 

used. The method chosen used step by step integration using the f i f th order 

Kutta-Merson algorithm. This algorithm was chosen because it allowed a 

larger interval betwen the steps and yet offers good accuracy. Adkins and 

Harley [32] describe the f i f th order Kutta-Merson algorithm. 

5^^ order Kutta-Merson algorithm 

!<1 = ( fn , tn ) (4^17) 

1<2 ==.& f + bil, t + ) (4.88) 

!<3 = t l f ([xn + JL ( + hCz ), t + ) (4^)9) 
3 ^ 2 3 

b:4 ==1! f (xn +.1 (3 t<l 4- 9 k<3), t + ] 

3 ^ 8 2 ' 

t<5 =]] f()<n (3 Hll - 9k<3 + 12K,A), t + h ) 

0L9O) 

0L,91) 

and ^n+l = + — (!^1 + K^) + 2 K4 (4.92) 

where 

Xp is the value of matrix x at time t^ during the algorithm, 

h is the step-length 
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X|-, + 1 is the value of matrix x at time tp + h (the time at which the next step 

in the algorithm occurs). 

Kl , {<2, K3 K4 and K5 are termed coefficients of the f i f th order Kutta-Merson 

algorithm and are six element column matrices. 

4.7.2 Inputs to the fifth order Kutta-Merson algorithm. 

The inputs are: 

1) Uf and Ug, the supply voltages to the two-phase winding of Kron's 

primitive machine representing the induction motor. Equation 4.28 

relates Uf and Ug to the supply to the three phase motor. 

2) The initial conditions. These are the values of the elements x at time t = 

0 in the algorithm. The matrix containing these values is denoted xq-

The initial conditions depend upon the past history of the motor-

generator set before the start of the algorithm, and with the set at rest 

with no currents flowing in the motor or generator, Xq = O. 

4.7.3 The calculation of the currents in the motor-generator set, and the 

speed of the motor - generator set 

The solutions to the state-space equations are the rotor speed, the 

currents in the coils of Kron's primitive machine used to represent the 

induction motor, and the D.C. generator armature current. The speed and the 

phase current of the three-phase induction motor may be calculated from the 

following equations based upon the two-phase to three-phase voltage 

transformation of equation 4.29 and remembering that if = x^ and ig = X4. 

Since the induction motor winding is connected in isolated star there is no zero 

sequence current and so: 

iR - (4.93) 

iy = "2 (x j +J3 X4) (4.94) 

ig = 2 (-X1 +y5 X4) (4.95) 

The speed of the induction motor is derived from equations 4.76 and 4.5l 

0L96) 
Hp 
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4.8 The calculation of the steady-state speed of the motor -generator set 

4.8.1 The equations which describe the steady-state speed of the motor-

generator set 

The state-space equations described in Section 4.6 are not essential 

for describing the steady-state speed : equations based upon the equivalent 

circuit of the induction motor are adequate-

Equation 2.4 of Chapter 2 describes the torque-speed characteristic 

of the induction motor in terms of the elements of the equivalent circuit. 

J - M E T ^ R 2 (2.4) 

Equation 4.63 describes TL> the torque exerted upon the induction 

motor. During steady-state operation, (jUj. is constant and therefore d^r 
dt 

equals zero. Therefore, during steady-state operation, equation 4.64 simplifies 

to 
T[_ = T|-, + W P + K^CE^)^ WJ.(Y"L)+ E^I/XG (4.97) 

During steady state operation, I/\q is constant and E ^q may be expressed as 

^AG = (^AG + lAG^AG) 

Where is the ouput voltage at the terminals of the armature of the D.C. 

generator. 

From the above equation and the definition of excitation given in 

equation 4.56, the excitation Ex is given by; 

F _ VAG + lAG^AG (4.99) 

Substituting this equation for E^ in equation 4.96 yields 

T L = W ' V A G ^ • A G ' ^ A G ) ' A G 

V w , y w , 

OLioo) 

This equation describes the torque T^ exerted upon the induction 

motor in terms of OJ the speed of the motor generator set, the armature 

current IaG ' the voltage V/xq at the armature terminals and the constants and 

indices v/hich describe the rotational losses of the motor-generator set. 
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It may be shown, using equations 4.58, 4.59 and 4.99 that the term 

k f (VAG + lAGF^AG)^ W 
r 

equals T i v i a G j the torque exerted by the magnetising losses and the term 

(V/XG + lAGRAG)lAG 

equals T/\G) the torque exerted by the conversion of mechanical power to 

electrical power in the armature of the D.C. generator. 

Since the torque T produced by the induction motor equals T|_, the 

torque exerted upon the induction motor, equating equations 2.4 and 4.100 

produces an equation which describes the steady-state speed of the motor-

generator set: 

mEj-^R2 

{UJ - Rt+ + (Xt+ X2)^ 
Wq-C^ I -

Th + kffW^+ ky /^AG + l A G ^ A G ^ , (^AG + ^AG^^AG^ ^AG 

This equation is difficult to solve analytically. However, it may be 

solved numerically. The next two subsections describe the types of solutions 

to the above equation, and a numerical method of finding a value offVy which 

is near the synchronous speed of the induction motor and which satisfies the 

above equation. 

4.8.2 A graphical description of possible solutions to the equation 

describing the steady-state speed of the motor-generator set 

The equation may be solved numerically by considering the two 

equations from which it has been derived : equations 2.4 and 4.100. If graphs 

of T and T[_ are plotted against any intersection of the graphs will 

represent a solution to equation 4.101, the equation describing the steady-
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s ta te speed of the motor-generator set. The solution of the equation is 

considered under the following circumstances. 

1) Operation with the D.C. generator loaded and excited. 

2) Operation with the D.C. generator unloaded and unexcited. 

Loaded, excited D.C. generator 

Figure 4.3 shows graphs of T and T|_ against The graph of T 

against Wp is a graph of equation 2.4 and is the torque-speed characteristic of 

the induction motor. The graph of T[_ against 6̂ ^ is a graph of equation 4.100 

in which V / \q and I/\q are both constant and equal to the values of V/\q and 

Iag> respectively for which the solution of the equation describing the steady-

s ta te speed of the motor-generator set is required. Any intersection of these 

two graphs implies that T = T[_ and therefore represents a solution of the 

equation describing the steady-state speed of the motor-generator set. 

The shape of the graph of T|_ against has been derived in the 

following manner: 

1) As Wp tends to infinity, the term kff Wj, dominates and T|_ increases with 

speed. 

2) AsO/p tends to zero the terms representing the torques due to magnetic 

losses and electrical generation tend to infinity since the denominators 

of these terms contain positive powers of Wp (remembering that 

Appendix C quotes = 1.34 and q = 2.75 for the motor generator set used 

in this study). 

3) From the behaviour of T|_ near Wp = 0 and Wj. = infinity there must be at 

least one minimum value of T̂ _ between Wj, equals zero and Wp equals 

plus infinity. The turning values of T[_ may be found by differentiating 

equation 4.100 with respect to Wj, : 

^ = kff + kx ( y - q - D ^ ^ A G + j A G R A C y ^ - 2) 

- (^AG + ^AG^AG) IAG (4.102) 

Wj.2 

Further information about the turning values may be obtained by 

differentiating the above equation with respect to 

t l L = kx f : r . ^ . n a . q - 7 , r A G + 'AG ( f - » ^ 2(VAG ^ IAG ' ^ A G ) 

dWrZ \ Wp / W / 

0L1O3) 
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Fiffure 4.3: Graphs of Tj and T against for the Motor -

Generator Set operating with the D.C, Generator loaded and 

delivering constant and constant I 
AG 

Torque 
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d f l L 
According to this equation is always positive for values of Wj, between 

zero and plus infinity and therefore there is only one turning point in this 

range ofW^ and that turning point is a nninimum. 

The value of Wp at vyhich the mininnunn value of T|_ occurs is that 

value which makes = CD in equation A.102* Substituting this value of ^ ^ 

into equation 4.100 gives the minimum value of Ti_. Equation 4.102 shows that 

the speed at which minimum T|_ occurs depends upon V/\G and IAG* Figure 4.3 

shows this speed to be below that of the synchronous speed of the induction 

motor although a value above the synchronous speed is possible, depending on 
V A G AND IAG-

It should be noted that although equation 4,99 suggests that T|_ will 

tend to plus infinity as tends to zero, this will not happen in practice for 

the following reasons: 

Equation 4.100 shows that an infinite value of T[_ at = 0 would require a 

non-zero value of Vag snd therefore infinite excitation would be needed, 

according to equation 4.99. Magnetic saturation limits the excitation of the 

D.C. generator, and consequently at very low speeds the D.C. generator will 

not be able to deliver the value of Vag for which a solution to the equation 

describing the s teady-s ta te speed of the motor-generator set is required. 

Figure 4.3 shows two intersections of the graphs of T and T|_ against 

6^, indicating two possible solutions to the equation describing the steady-

s ta te speed of the motor-generator set . One solution corresponds to operation 

just below the synchronous speed of the induction motor. The other solution 

corresponds to operation at a very low speed, but this may not occur because 

of the problem of maintaining output voltage Vag very low speeds. 

However, if the excitation of the D.C. generator is able to maintain 

Vag this low speed, the motor-generator set will operate stably because 

any increase in speed will, for a given excitation, cause a proportionate 

increase in Eag> lAG (assuming a fixed load resistance connected to the 

armature) and therefore Vag- This will result in an almost proportional 

increase in T[_ with speed. However, the torque-speed character is t ic of the 

induction motor, shows that the torque produced by the induction motor does 

not increase with speed as fast as Tl* Therefore the motor-generator set will 

slow down and V a g , IaG» T, T|_ and CUj, will set t le back to their original values 
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given by the intersection of the graphs of T and T[_ at a speed well below 

synchronous speed. By sinnilar reasoning any slight decrease in speed will 

cause a difference between T and T[_ which will act to restore the speed to 

that given by the intersection of the graphs. 

It nnust be remembered that any changes in T[_ produced by change in 

speed at a given excitation will not lie along the graph of T|_ against (Up in 

Figure 4.3 since this graph assumes constant values of V/\Q and I/\G whereas 

any change in speed at a given excitation will cause a change in V/\Q and lAG-

Unloaded, unexcited D.C. generator 

A special case exists if the D.C. generator is unloaded and unexcited. 

In this case, V/\Q and I^^Q equal zero and TL is given by 

T l = Tb + kffUir (4.104) 

and so equation 4.101 which describes the steady state speed of the induction 

motor becomes: 

: T b + kff W-105) 

_______ I , + 

This solution of this equation is given by the intersection of the graph 

of T against Wp, given by equation 2.4, with the graph of T|_ against Wp, given 

by equation 4.104. Equation 4.104 describes a straight line graph and the 

number and type of solutions to equation 4.101 depends upon the relationship 

of this graph to the shape of the graph of T against Figure 4.4 shows four 

diagrams of graphs of T and T[_ against and these diagrams of graphs show 

four possible relationships between the graphs and indicate the number and 

types of solution to equation 4.105. 

Diagram (a) of Figure 4.4 shows a situation in which T is greater than 

T[_ for most motor speeds. The intersection of the graphs of T and T[_ against 

Wj. occur at point A in diagram (a) and represents operation at a speed just 

below the synchronous speed of the induction motor. Operation at this speed is 

stable for small changes in speed so these changes result in differences 

between T and T|_ which act to oppose the change in speed. 

If the frequency of the supply to the induction motor remains the 

same but the voltage is reduced from that which produced the graph of T 

against Wp in diagram (a), the torque produced at any given speed decreases 

and it is possible to produce a graph of T against UĴ  similar to that shown in 
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Figure 4,4: Graphs of T and against CeP̂  for the motor -

generator set operating with an unloaded unexcited D,C». 

generator;^ These graphs indicate possible solutions to the 

equation describing the steady - state speed of the motor -

generator set^^ 

a) 

Torque 

b) 

Torque 

c) 

Torque Torque 

Key; 

T T, 
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diagram (b). The graphs of T and T[_ intersect at points B and C. Point B is 

similar to point A in diagram (a) and represents stable operation at a speed 

just below the synchronous speed of the induction motor. Point C also 

represents a speed which satisfies equation 4.101 but corresponds to unstable 

operation: any slight change in speed produces a difference between T and T(_ 

which increases the speed change. The induction motor either stalls or 

operates stably at point B, depending upon the nature of the change in speed. 

However, at standstill, Tl is greater than T and the motor will not s tar t . 

Stable operation at point B is only possible if the induction motor has been 

operating from a supply which allows it to run at a speed between that 

indicated by point C and the synchronous speed and if the induction motor has 

been running at such a speed. 

The s tatement that , from diagram (b), Tl is greater than T at 

standstill does not mean that the induction motor will rotate backwards. At 

standstill T(_ = Tb, but subsection 4.3.2 states that T^ can never be greater 

than T as it is a frictional torque that only exists in response to rotation or the 

torque exerted by the induction motor or both. The graphs of T[_ against in 

all four diagrams of Figure 4.4 have been based upon the value of Tb 

appropriate to rotation whereas subsection 4.3.2 s tates that at standstill, Ty 

can be considerably less than this value. 

If the voltage supplied to the induction motor is between the voltages 

supplied which produced the graphs of T against OĴ  in diagrams (a) and (b), but 

the supply frequency is kept the same then it is possible for the graphs of T 

and T|_ against Wj. to intersect at three points as shown in diagram (c). Under 

these conditions the induction motor will s tar t , since at standstill T is greater 

than T|_, but it will run at a very low speed corresponding to the intersection 

of the graphs at point D. The other two points of intersection, E and F, 

correspond to points of stable and unstable operation respectively and are 

similar, respectively, to points B and C in diagram (b). In a similar manner to 

the previous description of operation at point B in diagram (b), operation of 

the motor-generator set at point D is only possible if the motor-generator set 

has been running at a speed between the synchronous speed of the induction 

motor and the speed indicated by point E and a change in supply voltage and 

frequency produces a graph of T against Wj. the same as that shown in diagram 

(b). 

Diagram (d) shows the e f fec t of a large fluid friction constant kff 

upon the graph of T|i_ against and the solution to the steady state speed of 
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the motor-generator set. The graph of T|_ against Wj, climbs very steeply and 

only once intersects the graph of T against Wp. The point of intersection, G, 

corresponds to operation at a very low speed, and is similar to point D in 

diagram (c). 

4.8.3 The method of numerical solution used to solve the equation 

describing the steady-state speed of the motor-generator set. 

During the investigations described in this thesis, all steady-state 

operation of the motor-generator set occurred at or near synchronous speed. 

Consequently the method of numerical solution described below assumes a 

solution at or near synchronous speed. 

The method of solution is shown graphically in figure 4.5 which shows 

small portions of the graphs of T and Tt_ against Wj- and shows their 

intersection at a speed just below the synchronous speed of the induction 

motor. The intersection is the steady-state speed, labelled (^ss Figure 4.5. 

The method begins with an est imate Wg- of the steady-state speed and 

calculates Tg and T^E, the values of T and Tl at The method assumes 

that the graph of T against ^ between snd be 

represented, approximately, as a straight line passing through the points 

Te) and (Wq, O). Figure 4.5 shows that 6^21' ^ bet ter est imate of Wgg than 

^ E ; is given by 

^ E 1 = ^ 0 - ( ^ s - ^ E ) (4.106) 
T e 

An even bet ter est imate may be obtained by repeating the above 

procedure using ^ e 1 the est imate of steady-state speed. 

Figure 4.5 shows a graph of Tl which has positive slope in the region 

shown in Figure 4.5. However, the analysis described above is still valid, even 

if the slope is zero or negative in that region. 

4.9 Conclusions 

This chapter has described and developed a mathematical model 

which describes the behaviour of the induction motor drive during both steady-

s ta te and transient operation. The mathematical model is based on Kron's 

primitive machine and uses state-space equations to describe the behaviour of 

the drive. The state-space equations are non-linear and the f i f th order Kutta-

Merson algorithm is used for their solution. This chapter also describes how 
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Figure 4,5: The method of numerical solution used to solve 

the equation which describes the steady — state speed of the 

motor~ generator set. 
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Graph of T. against W , 
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the currents in the induction motor, the armature current of the D.C. 

generator, and the speed of the motor-generator set may be found from the 

solution of these equations. 

The chapter ends by describing a method of finding the steady-state 

speed of the motor generator set . This method does not use Kron's primitive 

machine to describe the induction motor but uses the equivalent circuit 

instead. 

The author would like to acknowledge the help of Dr. Huda (formerly 

with the Department of Mathematics, University of Southampton) in 

formulating the state-space equations described in this chapter. 
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CHAPTER 5 EXPERIMENTAL TESTS USED TO VERIFY THE VALIDITY OF 

THE MATHEMATICAL MODEL OF THE INDUCTION MOTOR DRIVE 

5.1 Introduction 

The previous chapter described a mathematical model designed to 

describe the behaviour of the induction motor drive during transients. This 

chapter describes three kinds of test designed to verify the validity of the 

model. The tests were: 

1) Acceleration of the motor-generator set from rest to a steady-state 

speed : referred to henceforth as the "acceleration test". 

2) Deceleration of the motor-generator set from a higher speed to a lower 

speed ; referred to henceforth as the "deceleration test". 

3) Load variation: the e f fec t of a varying load upon the speed of the motor-

generator set. 

The results of these tests were compared with theoretical predictions 

made using the mathematical model. 

5.2 Experimental procedure common to all three tests 

5.2.1 Equipment used 

The equipment used in the test described in this chapter is that 

described in Chapter 3 and illustrated in Figure 3.1 with the following 

exception: no closed loop feedback was used. Ammeters and voltmeters (not 

shown in Figure 3.1) measured the phase voltages and currents of the induction 

motor, and a chart recorder recorded graphs of the motor-generator set speed 

against time, and graphs of the current in one phase of the induction motor 

against time. 

5.2.2 Adjustment of the voltage of the V.V.V.F. supply to the induction 

motor 

Adjustments to the phase voltage of each phase of the V.V.V.F. 

supply were made by adjusting the gain of the appropriate amplifier channel. 

These adjustments were made while the induction motor was disconnected 

from the supply in order to avoid problems that could arise from large 

unbalanced currents flowing in the induction motor, transformers and 

amplifier channels during adjustment. The problems that could arise would be 

heating of the induction motor and possibly reverse power flow into one or 

more amplifier channels. Reverse power flow could result from unbalanced 
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voltages and currents causing one or more amplifier channels to feed power 

into other amplifier channels via the transformers and the induction motor. 

Disconnection of the induction motor from the V.V.V.F. supply removes the 

path available for possible reverse power flow into one or more channels. 

5.2.3 Calibration of the chart recorder channel used to plot the phase 

current of the induction motor against time 

Only one phase current was plotted in order to avoid a confusion of 

graphs which would arise if all three phase currents and the speed of the 

motor-generator set were all plotted on the same chart and were of sufficient 

size to show reasonable detail. 

The motor-generator set was run at a steady speed, and the burden of 

the C.T. used to measure the phase current and the zero setting of the chart 

recorder were adjusted to give a graph of suitable size and position on the 

paper of the chart recorder. This was done with the paper feed mechanism 

disengaged in order to save paper. The size and position of the graph likely to 

be produced was estimated from the position and deflection of the spot of 

light used by the chart recorder channel to draw the graph. The channel was 

calibrated by comparing the deflection with the phase current measured by an 

ammeter . 

5.2.4 Calibration of the chart recorder channel used to plot the speed of 

the motor-generator set against time 

This consisted of measuring the deflection produced in a graph of 

speed against time by a change in speed, the speed being shown by a frequency 

meter which measured the output frequency of the encoder. If desired, the 

sensitivity of the chart recorder channel to changes in speed could be altered 

by methods described in Chapter 3. 

Although this calibration was carried out during the series of load 

peturbation tests it was not carried out during the series of acceleration and 

deceleration tests because of an oversight of the author. Also, since no 

records were made of the steady-state speeds attained during the acceleration 

and deceleration tests, the graphs of speed against time cannot be scaled by 

comparing the steady-state speeds indicated by the graphs with steady state 

speeds measured during the tests. 

However, the graphs can be scaled against steady-state speeds 

calculated from equations which describe the steady-state speed of the motor-
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generator set (see section 4.8 of Chapter 4). If it is assumed that these 

equations are a good description of the motor-generator set then it may be 

assumed that the steady-state speeds calculated from these equations are 

close to those speeds obtained during experiment. Although it is therefore not 

possible to compare speeds obtained during tests with those predicted by the 

mathematical model, nevertheless the shapes of graphs produced during tests 

may be compared with the shapes of graphs produced by the mathematical 

model in order to check the validity of the mathematical model. 

5.2.5 Supply frequencies used 

In order to study the behaviour of the drive under conditions similar 

to those for which the induction motor was designed, many tests used supply 

frequencies close to 50Hz. Owing to the nature of the three-phase digital 

oscillator an output frequency exactly equal to 50Hz was not possible. The 

deceleration and load variation tests, which were performed earlier than the 

acceleration tes t , used a 50.2 Hz supply frequency when it was wished to study 

the behaviour of the drive under conditions similar to those for which the 

induction motor was designed. In those circumstances, 50.2 Hz was the closest 

available frequency to 50Hz. 

However, a f te r the deceleration and load variation tests the three-

phase digital oscillator was re-programmed to allow it to produce higher 

output frequencies. This resulted in the nearest output frequency to 50Hz 

being 50.3 Hz and so the acceleration test used 50.3 Hz as the closest 

approximation to 50 Hz when it was wished to study the behaviour of the drive 

under conditions similar to those for which the induction motor was designed. 

5.3 Acceleration Test 

5.3.1 Experimental procedure 

This test was repeated three times with the V.V.V.F. supply 

delivering rated voltage to the induction motor. Different supply frequencies 

were used. In two tests the D.C. generator was unloaded and unexcited and in 

the other test it was loaded and excited. 

Before each repetition of the test the motor-generator set was run 

with the V.V.V.F. supply delivering the voltage and frequency to be used in the 

tes t . If the test involved loading the D.C. generator then the load and 

excitation were adjusted to the values needed for the tes t . A rheostat was 

used to load the D.C. generator and meters measured the output voltage and 
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current of the armature. The D.C. generator was shunt-wound and separately 

excited using a rheostat in series with the shunt winding and the 220v. D.C. 

supply housed in the cage containing the motor-generator set. This method of 

excitation ensured that the excitation would remain constant during a tes t . 

Constant excitation would not be possible using series or self-excitation. 

Readings were taken of the open-circuit voltage of the armature of 

the D.C. generator and of the armature current that flowed upon connection 

of the load resistance. It is appreciated that the application of load to the 

D.C. generator caused the speed of the motor-generator to fall and therefore 

then caused the internal E.M.F. of the armature to fall. However, this was not 

realized at the time the test was performed. Allowance for this fall in E.M.F. 

has been made in the analysis of the results of this tes t . Section 5.3.4 

describes how this allowance was made. 

Whilst the motor-generator set was running the chart recorder 

channel used to measure current was adjusted as described in the previous 

section. The chart recorder channel and associated circuitry used to measure 

speed were adjusted so that the chart recorder would produce a graph of speed 

against time having a suitable size and position on the chart . The size and 

position of the graph were estimated from the size and position of the 

deflection of the spot of light used by the chart recorder channel to draw the 

graph. The deflection of interest was that produced by the change in speed 

from rest to steady s ta te operation. The adjustments and calibrations 

described were made with the paper-feed mechanism disengaged in order to 

save paper. 

When the chart recorder had been set up ready for measurement and 

the load and excitation of the D.C.-generator was set ready for the test , the 

toggle switch on the front panel of the enclosure containing the motor-

generator set was opened, disconnecting the motor-generator set from all 

supplies. 

When the motor-generator set had come to rest, the test began by 

engaging the paper feed mechanism of the chart recorder an then closing the 

toggle switch. Once the motor-generator set had reached a steady speed, 

which happened usually less than a second a f te r closing the toggle switch, the 

paper feed mechanism was disengaged, and the toggle switch was opened. This 

marked the end of the tes t . 
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5.3.2 Computer simulation of the acceleration test 

This simulation was based upon the mathematical model of the 

induction motor drive and was developed to see whether the mathematical 

model would accurately describe the behaviour of the drive during the 

acceleration of the motor generator set. A computer program was designed to 

solve the s tate space equations listed in section 4.6 of Chapter 4, using the 5th 

order Kutta-Merson algorithm described in section 4.7 of Chapter 4. The 

computer program needed the following data: 

Input data 

1) Parameters of the induction motor drive. These are listed in Table C.2 

of Appendix C. 

2) Supply voltage and frequency 

The s ta te space equations use voltages Uf and Ug to describe the two 

phase supply to a Kron primitive machine used to represent the three-phase 

induction motor. If the three-phase induction motor is supplied from a 

balanced three-phase supply of r.m.s. voltage V and frequency then if vp^, the 

red phase voltage of such a supply is described by the equation 

vp̂  = JIM cosWt (5.1) 

then equations 4.34 and 4.35 Chapter 4 shows that u^ and Ug are given by 

Uf = / 2 V cos Cut (4.34) 

Ug = / 2 V s i n W t (4.35) 

3) "Point of wave" phase angle 

It was believed that the behaviour of the motor generator set during 

acceleration would be affected by "point of wave switching", that is the point 

on the supply voltage waveform at which the induction motor was connected 

to the supply. Accordingly equations 4.34 and 4.35 were modified to include 

p, the "point-of-wave" phase angle: 

Uf =/2 V cos (u»t +«fp) (5.2) 

Ug = /2 V sin (wt +»fp) (5.3) 

The computer simulation used time t = o to represent the instant at which the 

induction motor was connected to the supply and so p represented the phase 

angle between the instant at which the red phase voltage crossed the zero 

voltage axis and became positive, and the instant at which the induction motor 

was connected to the supply. 
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However, it must be noted that during the experimental tests the 

point on the supply voltage waveform at which the induction motor was 

connected to the V.V.V.F. was uncertain since the method of connection 

involved manually operating a switch to close a three-phase relay. 

Neverthless, the use of the computer simulation to study the e f fec ts of point-

of-wave switching would ascertain whether any difference between 

experimental results and the computer simulation was due to the e f fec ts of 

point-of-wave switching. 

4) The excitation of the D.C. generator 

This quantity is only of interest if the acceleration test used a loaded 

and therefore excited D.C. generator. If the generator was unexcited then the 

excitation is made equal to zero in the s ta te space equations. 

During tests involving a loaded and excited D.C. generator 

measurements were not taken of the steady-state speed reached and so the 

values of excitation cannot be calculated from experimental data. However, 

the values of excitation can be estimated by solving the equations used to 

describe the steady-state speed of the induction motor, knowing VaG ' the 

voltage at the terminals of the armature of the D.C. generator and I/\q, the 

armature current used in the tes t . These equations and a method of their 

solution are described in Section 4.8 of Chapter 4. Once the steady-state 

speed reached during the test has been estimated, the excitation Ex can be 

estimated from equation 4.99. 

5) The load resistance connected to the D.C. generator 

This can be calculated from the values of armature current and 

voltage at the armature terminals used during the test . If the test did not 

involve a loaded generator, the value of load resistance used in the computer 

program was immaterial, since the value of excitation entered in such a case 

was zero. This resulted in the computer predicting zero armature current. 

6) The initial conditions 

The Kutta Merson algorithm requires initial values at t = o for the 

rotor and stator currents of the primitive machine, the speed of the rotor of 

the primitive machine, and the armature current. Since the computer program 

was simulating the acceleration from rest of the motor generator set when the 

induction motor was suddenly connected to the supply then the initial values of 

the above quantities are all zero. 
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7) Step length h 

The Runge-Kutta algorithm solved the state-space equations using an 

iterative numerical method. The step-length h chosen was a compromise, 

between the following considerations: too large a step-length resulted in too 

few iteration steps per cycle of supply voltage causing a poor representation 

of the waveform of the supply voltage. Too large a step-length also caused 

the algorithm to be unstable. Too small a step-length resulted in a long time 

taken to execute the programme. The step length chosen was 0.5 ms which 

resulted in a stable iteration and resulted in 40 iteration steps per cycle of 50 

Hz waveform. Shorter steps had little e f fec t on the output of the computer 

program but greatly increased the execution time so steps shorter than 0.5 ms 

were not used. 

Allowances made for the e f fec t s of the behaviour of bearing and brush torque 

Tb with speed Wr 

As stated in section 4.3 of Chapter 4, T^ obeys the following 

If Wj, > 0 , T^ = Tyy, 

If (^ < 0 , Tb = - Tbd, 

If cOj. = 0 and |Tj 6 T ^ j then T^ = t l , 

If Wr = 0 and |T| > Tbd then Tb = f Tbd 

In both of the last two cases in which OJj. = O, the sign of Ty is such 

that it opposes the torque T developed by the induction motor. 

Also, if the motor generator set is at rest ((*/, = O) then the shafts 

will not rota te unless | T | exceeds T^d. 

In the computer program, allowances for these ef fec ts were made in 

the following way; 

At the start of each step in the iteration, the value of X5, the speed 

of the rotor of the Kron's primitive machine used to represent the induction 

motor, was tested. Equation 4.96 shows that the sign of X5 is the same as that 

of Wj., and if X5 equals zero so does 

If X5 was not equal to zero this implies rotation of the shafts of the 

motor-generator set, and the magnitude of Ty was made equal to T ^ j and the 

sign of T^ was made that of X5 for the duration of that step in the iteration. 

If X5 was equal to zero this implied that the motor-generator set was 

at rest . The value of T, the torque developed in the rotor of the induction was 

calculated using equation 4.24, 4.36, and 4.72 to 4.75 and the values of x% to 
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X4 ob ta ined f r o m the previous s t ep in the i t e r a t i o n . If the magn i tude of T was 

g r e a t e r t han Tbd this implied t h a t t he induct ion m o t o r was able to o v e r c o m e 

the f r i c t i o n in the mo to r g e n e r a t o r s e t . In such a ca se the magn i tude of Tĵ  

was made equal to Tyy and the sign of Ty was made the s ame as t h a t of T in 

o rder t h a t T5 would be in t he s ame sense to oppose t he to rque developed by 

t h e induct ion m o t o r . 

If X5 was equal to ze ro but t he magn i tude of T was less than T b j th is 

implied t h a t t he induct ion m o t o r could not o v e r c o m e the f r i c t i on in t he m o t o r 

g e n e r a t o r s e t and the m o t o r - g e n e r a t o r se t was unable to a c c e l e r a t e from r e s t . 

At the end of a s t ep of t he i t e r a t i o n in which t h e s e c i r c u m s t a n c e s applied t he 

c o m p u t e r p rogram ensured t h a t x$ was made equal to zero so t h a t would 

equal ze ro , implying t h a t the m o t o r - g e n e r a t o r se t was s t a t i o n a r y . X5 was 

m a d e equal to zero in the fol lowing way: 

During each s t ep in t he i t e r a t i on , t he c o m p u t e r p rogram c a l c u l a t e s 

the e l e m e n t s of t he m a t r i c e s to K5 which a r e t he c o e f f i c i e n t s of t he 5th 

order R u n g e - K u t t a a lgo r i thm. The e l e m e n t s of t h e s e m a t r i c e s cor respond to 

the s t a t e - s p a c e var iab les to xg in t he manner descr ibed in sec t ion 4.6 of 

C h a p t e r 4 . It may be shown, using equa t ion 4.92 of C h a p t e r 4, t h a t X5 can be 

made equal to ze ro by tak ing all e l e m e n t s of t he c o e f f i c i e n t s which cor respond 

to X5 and pu t t ing t he se e l e m e n t s equal to ze ro th roughout t he s t ep of t he 

i t e r a t i o n . In o the r words, f unc t i on f$ descr ibed by equa t ion 4.85 in C h a p t e r 4 

is made equal t o zero th roughout the s t ep in ques t ion . 

The a d v a n t a g e of this me thod of pu t t ing X5 equal to zero over a 

s impler me thod which would be to e q u a t e X5 equal to ze ro a t the end of the 

s t ep , is t h a t it ensured t h a t t he e l e m e n t s cor responding to X5 would be equal 

to ze ro th roughout the s t ep in ques t ion . Since t h e s e e l e m e n t s r ep re sen t 

change in X5 ca l cu l a t ed during the s t ep , non-zero values would imply changes 

in speed of the m o t o r - g e n e r a t o r ; a s i tua t ion which would not ar ise if t he 

ro to r were a t r e s t and unable to a c c e l e r a t e because t he induct ion moto r was 

unable to o v e r c o m e the f r i c t i o n of t he m o t o r - g e n e r a t o r s e t . Making such 

e l e m e n t s equal to ze ro during the s t ep ensured t h a t the ca lcu la t ions in t he 

s t ep were based upon a s t a t i ona ry m o t o r - g e n e r a t o r s e t . The me thod used to 

put X5 equal t o ze ro also avoided pu t t ing Ty equal to T in f unc t i on f ^ s ince 

f u n c t i o n f j was simply made equal t o ze ro . 

Ou tpu t D a t a 

The c o m p u t e r p r o g r a m m e produced values of m o t o r - g e n e r a t o r speed 

and phase c u r r e n t aga ins t t i m e for compar i son with e x p e r i m e n t a l r e su l t s . 
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Speed of the m o t o r - g e n e r a t o r se t (CUp) 

The c o m p u t e r p r o g r a m m e produced values of aga ins t t i m e every 

mi l l i second. The speed was c a l cu l a t ed f r o m X5 and equat ion 4.96 of C h a p t e r 

4. 

np 

Phase c u r r e n t : 

Any d i f f e r e n c e be tween the po in t -o f -wave phase angle encoun te r ed 

in a t e s t and the po in t -o f -wave phase angle used during the c o m p u t e r 

s imula t ion of t h a t t e s t will cause a d i f f e r e n c e in phase be tween the supply 

vo l tage used in t he t e s t and t h a t used in the s imula t ion . This, in tu rn , will 

cause a phase sh i f t b e t w e e n the phase c u r r e n t w a v e f o r m measured during a 

t e s t and the phase c u r r e n t produced during a s imula t ion . The problems of th is 

phase sh i f t a re f u r t h e r compl i ca t ed by the u n c e r t a i n t y of which phase c u r r e n t 

was measu red during the t e s t . This problem of phase sh i f t p r even t s 

compar i son b e t w e e n the shapes of cyc les of phase c u r r e n t w a v e f o r m produced 

during the t e s t and those produced during the s imula t ion . These d i f f i c u l t i e s 

ar ise because of the phase sh i f t b e t w e e n corresponding points on the 

w a v e f o r m s . 

Ins tead , it was decided to c o m p a r e the shapes of the envelopes of the 

c u r r e n t w a v e f o r m s . It is a p p r e c i a t e d t h a t po in t -o f -wave swi tching may have 

some e f f e c t upon the shape of t he envelope , pa r t i cu la r ly a t or near the t i m e a t 

which the induct ion m o t o r is c o n n e c t e d to t he supply. It is possible for the 

c o m p u t e r p rog ram used for the s imula t ion to produce c u r r e n t w a v e f o r m s for 

all t h r e e phases by using x j and X4, which r e p r e s e n t , r e spec t ive ly , the d and q 

axis c u r r e n t s of t he Kron's p r imi t ive machine used to r ep re sen t the induct ion 

m o t o r , and equa t ions 4.93, 4.94 and 4.95. The choice of which phase cu r r en t 

w a v e f o r m to use fo r compar i son purposes is un impor t an t s ince the unce r t a in ty 

in the po in t -o f -wave swi tching a f f e c t s compar i son be tween the phase cu r r en t 

w a v e f o r m produced during t h e t e s t and any of the phase c u r r e n t w a v e f o r m s 

produced by the c o m p u t e r s imula t ion . The red phase c u r r e n t w a v e f o r m 

produced by the c o m p u t e r s imula t ion was chosen for compar i son purposes 

s ince it is the eas i e s t to c a l c u l a t e : equa t ion 4.93 shows t h a t the red phase 

c u r r e n t equals x^. 

It was decided to c o m p a r e the envelopes by compar ing the "ave rage 

envelope" of each w a v e f o r m , t h a t is an envelope c o n s t r u c t e d f r o m the ave rage 
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of t he posi t ive and nega t ive ha lves of t h e envelope of the w a v e f o r m in 

ques t ion . This was done by p lo t t ing t he absolu te values of the peaks of t he 

pos i t ive and nega t ive half cyc les aga ins t t i m e and drawing a smooth curve to 

r e p r e s e n t t he ave rage enve lope . The use of t he a v e r a g e envelope was in tended 

to r educe the e f f e c t s of p o i n t - o f - w a v e swi tching on the compar ison be tween 

the envelopes of phase c u r r e n t w a v e f o r m s produced during the t e s t and 

produced by the c o m p u t e r s imula t ion . 

The a v e r a g e envelope of t he w a v e f o r m of the phase c u r r e n t produced 

during the t e s t was p lo t t ed f r o m absolu te values ob ta ined by drawing and 

m e a s u r e m e n t . The ave rage envelope of t he phase c u r r e n t w a v e f o r m produced 

by the c o m p u t e r was p lo t t ed f r o m absolu te values ob ta ined in t he fol lowing 

manne r ; 

During each s t ep in the a lgor i thm used in the c o m p u t e r s imula t ion to 

solve the s t a t e - s p a c e equa t ions , the c o m p u t e r c a l cu l a t ed | x i | , t he absolu te 

value of XI and compared | x x | wi th : 

j ^ l [ l J t he abso lu te value of c a l cu l a t ed one s t ep b e f o r e the presen t s t ep 

in t he i t e r a t i on , and 

|x] l | 2 t he value of x^, which was ca l cu l a t ed two s t eps b e f o r e the p resen t s t ep . 

The c o m p u t e r deduced t h a t a posi t ive or a nega t ive peak value 

occu r r ed during the s t ep in the i t e r a t ion b e f o r e t he p resen t s t ep if the 

fol lowing expression was s a t i s f i ed : 

| x i | 2 ^ | x i | | x i | 

The c o m p u t e r pr in ted j x i j ^ , the absolu te value of th is peak value , 

and the s imul ta t ion t i m e a t which it occu r r ed . The t i m e in quest ion equals t he 

s imu l t a t i on t i m e cor responding to the end of the s t ep in t he i t e r a t i on a t which 

was ca l cu l a t ed and equals the s imula t ion t i m e a t the s t a r t of the s t ep 

minus t he s t ep length h. 

The ambigui ty in e s t ima t ion of s imula t ion t i m e t h a t could occur on 

the r a r e occas ions when j x ^ j ^ = j x j j or j x ^ j ^ = 1^112 resu l t in a 

possible e r ro r in s imula t ion t i m e of half the s t ep length , ie 0 .25ms, which 

would be a smal l f r a c t i o n of t he per iodic t i m e of the cu r r en t w a v e f o r m s 

e n c o u n t e r e d during the t e s t s and s imula t ion . This e r ro r was cons idered small 

and t h e r e f o r e ignored. The s i tua t ion in which j x ^ j = = l ^ i l 2 

unlikely to a r i se s ince t he s t ep length used al lowed the in s t an taneous value of 

t he phase c u r r e n t ca l cu l a t ed during the s imula t ion to change su f f i c i en t ly to 

allow d i f f e r e n c e b e t w e e n a t l eas t two of t h r e e success ive value of j x j j . 
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At the end of each s t ep in t he i t e r a t i on , j x ^ j ^ was rep laced by 

|x] I ^ and | x i | ^ by jx^j ready for the next s t ep in t he i t e r a t i o n . 

5.3.4 The comparison between experimental results and computer 

simulations of the acceleration tests 

Three t e s t s were p e r f o r m e d ; two with the D.C. g e n e r a t o r loaded and 

one with the D.C. g e n e r a t o r unloaded. F igures 5.1 to 5.3 connpare 

e x p e r i m e n t a l graphs of speed and c u r r e n t envelope agains t t i m e with s imi lar 

graphs produced by c o m p u t e r s imula t ion . As descr ibed previously in 

subsec t ion 5.3.1 t he e x p e r i m e n t a l graphs a re not scaled agains t s t e a d y - s t a t e 

speeds measu red during the t e s t s but a re sca led aga ins t e s t i m a t e s of s t e a d y -

s t a t e speed der ived f r o m the s t e a d y - s t a t e r e p r e s e n t a t i o n descr ibed in Sect ion 

3.8. 

The condi t ions of each t e s t a re l i s ted in t ab le 5.1 below. The 

condi t ions include supply vo l tage and f r e q u e n c y and e s t i m a t e d s t e a d y - s t a t e 

speed . Where a p p r o p r i a t e the condi t ions include the exc i t a t i on of the D.C. 

g e n e r a t o r and the load r e s i s t a n c e . These were ca l cu l a t ed using the s teady 

s t a t e r e p r e s e n t a t i o n and the app rop r i a t e values of supply vo l tage and 

f r e q u e n c y . The e x c i t a t i o n of t he D.C. g e n e r a t o r was ca l cu l a t ed f r o m the 

open-c i r cu i t E.M.F. of the a r m a t u r e . The r e s i s t ance c o n n e c t e d to the 

a r m a t u r e was c a l c u l a t e d f r o m the exc i t a t i on and the a r m a t u r e c u r r e n t , and 

the s t e a d y - s t a t e speed under t he se condi t ions was also ca l cu l a t ed f r o m the 

s t e a d y - s t a t e r e p r e s e n t a t i o n . Such ca lcu la t ions al lowed for t he fa l l in in te rna l 

E.M.F. of the a r m a t u r e caused by the fa l l in speed resul t ing f r o m the 

connec t ion of load to t he a r m a t u r e . 
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Table 5.1 The conditions of the three accelations tests performed 

Condi t ion Acce l e r a t i on Test 

1 2 3 

Supply vo l tage vol ts 240 240 240 

Supply f r e q u e n c y Hz 50.3 55.3 50.3 

E s t i m a t e d s t eady - s t a t e 25.03 27.355 22.949 

- s t a t e speed revs s~l 

DC G e n e r a t o r Unloaded Unloaded Loaded 

Exc i t a t ion (Volts s - 1 rad"^) 0 0 1.4668 

Load r e s i s t ance (Ohms) - - 211.5 

The compar i son b e t w e e n the e x p e r i m e n t a l resu l t s and c o m p u t e r 

s imula t ion of a c c e l e r a t i o n t e s t s 1 to 3 a re i l lus t ra ted in F igures 5.1 to 5,3 

r e spec t i ve ly . The po in t -o f -wave swi tch ing angle used in each of t he 

s imula t ions was ze ro . 

F r o m f igu res 5.1 to 5.3 t h e fol lowing phenomena can be seen: 

1) The e f f e c t s of v ibra t ions and tors iona l osc i l la t ions 

Sect ion 3.11 of C h a p t e r 3 descr ibes v ibra t ion and tors ional 

osc i l la t ions of the m o t o r - g e n e r a t o r s e t . The iner t i as of the s h a f t s of the 

mo to r , D.C. g e n e r a t o r and encode r , and the e l a s t i c i ty of t he couplings 

b e t w e e n these t h r e e s h a f t s f o r m e d a mechan ica l ly r esonan t sys tem having a 

r e sonan t f r e q u e n c y a t about 39Hz. It is likely t h a t during the s t a r t i ng of the 

induct ion mo to r , t he la rge to rques produced would e x c i t e this mechanica l ly 

r esonan t sys tem and would produce la rge to rs iona l osc i l la t ions . These in turn 

would produce the l a rge undula t ions observed in the speed agains t t i m e graph 

a t t he s t a r t of each a c c e l e r a t i o n t e s t . Support fo r this theory comes f r o m the 

f r e q u e n c i e s of these undula t ions which were about 39Hz: close to the resonan t 

f r e q u e n c y observed previously . These osci l la t ions dec reased once the m o t o r -

g e n e r a t o r se t r e ached a s t eady s t a t e but did not die away comple t e ly . The 

smal l undula t ions observed were assumed to resu l t f r o m smal l to rs iona l 

osc i l la t ions ma in ta ined by bear ing and brush f r i c t i o n in the m o t o r - g e n e r a t o r 

s e t . 

Consequent ly , compar i sons b e t w e e n e x p e r i m e n t a l resu l t s and 

c o m p u t e r s imula t ion should be made with these osc i l la t ions in mind. 
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2) Compar i son b e t w e e n graphs of speed agains t t i m e produced by a t e s t 

and i ts c o m p u t e r s imula t ion 

F igure 5.1, which shows the e x p e r i m e n t a l r e su l t s and c o m p u t e r 

s imula t ionof a c c e l e r a t i o n t e s t 1 shows the bes t a g r e e m e n t be tween the two 

graphs of speed aga ins t t i m e . F igures 5.2 and 5.3 which r e f e r , r e spec t ive ly , to 

a c c e l e r a t i o n t e s t s 2 and 3 show t h a t the c o m p u t e r s imula t ion tends to under 

e s t i m a t e t he speed during the ear ly s t a g e s of t he t e s t , suggest ing t h a t the 

induct ion m o t o r produces a g r e a t e r to rque than p red ic t ed by the m a t h e m a t i c a l 

mode l . If so, th i s would be cons i s t en t with the "deep bar e f f e c t " , ment ioned 

by Say [5] in which the " s k i n - e f f e c t " causes t h e impedance of the ro to r c i r cu i t 

to be higher a t s t a r t i n g than a t normal running speed because t he c u r r e n t s in 

t he ro to r bars have a higher f r e q u e n c y . This in turn causes g r e a t e r s t a r t i n g 

to rque than would be p red i c t ed f r o m the c o m p u t e r s imula t ion which used 

values of impedance based upon l ow- f r equency ro to r bar c u r r e n t s . 

Cor r e spondence with the m a n u f a c t u r e r s of the induct ion motor 

c o n f i r m e d t h a t the deep bar e f f e c t was sl ight for th is pa r t i cu la r induct ion 

m o t o r , and t h e r e is l i t t l e change in ro to r r e s i s t a n c e R2. However , t he high 

s t a r t i n g c u r r e n t s cause the m a g n e t i c m a t e r i a l of the m o t o r to s a t u r a t e , 

a l t e r ing the d is t r ibu t ion of f lux in the mach ine , r educ ing some of the l eakage 

r e a c t a n c e s . The reduc t ion in impedance is smal l and i ts e f f e c t on the dr ive is 

masked by the r e s i s t a n c e of the s t a t o r winding and the impedance of t he 

t r a n s f o r m e r s (assumed cons t an t ) . It is e s t i m a t e d t h a t this reduc t ion in 

impedance would cause an a p p r o x i m a t e inc rease in s t a r t i n g t o rque of 5%, 

which is i n su f f i c i en t to accoun t for t he d i sc repancy b e t w e e n the t e s t and i ts 

c o m p u t e r s imula t ion . 

The l a rge s t a r t i n g c u r r e n t also causes a la rge c u r r e n t to f low through 

the t r a n s f o r m e r s used in the dr ive . Should s a tu r a t i on occur in t he se 

c i r c u m s t a n c e s th is could r educe the impedance of the t r a n s f o r m e r s and also 

inc rease the s t a r t i n g t o rque . 

C o m p u t e r s imula t ions of a c c e l e r a t i o n t e s t s 1 and 3, t e s t s which used 

a 240 vol ts 50.3 Hz supply, show a smal l r ipple a t t he s t a r t of t he speed 

aga ins t t i m e graph. The f r e q u e n c y of the r ipple is about 40 Hz and if th is is a 

f e a t u r e of the rea l m o t o r - g e n e r a t o r se t it could c o n t r i b u t e to the tors ional 

osc i l la t ions observed as it is c lose to the 39 Hz r e sonan t f r e q u e n c y of the 

osc i l la t ions . However , the r ipples in the speed aga ins t t i m e graphs of both 

t e s t and c o m p u t e r s imula t ion were s tudied no f u r t h e r . 
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3) Compar i son b e t w e e n graphs of a v e r a g e c u r r e n t envelope agains t t i m e 

produced by a t e s t and its c o m p u t e r s imula t ion . 

As in t he case of speed aga ins t t i m e , a c c e l e r a t i o n t e s t 1 produced the 

bes t a g r e e m e n t b e t w e e n graphs of a v e r a g e c u r r e n t envelope against t i m e 

produced by the t e s t and i ts c o m p u t e r s imula t ion . 

Acce l e r a t i on t e s t s 2 and 3 showed t h a t the c o m p u t e r s imula t ion 

t ended to u n d e r e s t i m a t e t he c u r r e n t during the ear ly s t ages of the t e s t . This 

is cons i s t en t with the high s t a r t i n g c u r r e n t s causing sa tu ra t i on of t he 

t r a n s f o r m e r s and the induct ion moto r and reducing the l eakage r e a c t a n c e s of 

t he se i t ems . However , the changes , descr ibed previously, in the l eakage 

r e a c t a n c e s of t he induct ion moto r would only resu l t in an inc rease in s t a r t i ng 

c u r r e n t of about 3% which is i n su f f i c i en t to accoun t for the observed 

d i sc repancy be tween resu l t s f r o m the t e s t and i ts c o m p u t e r s imula t ion . 

During the t h r e e t e s t s the h ighest s t a r t i n g c u r r e n t r ecorded 

cor responded to 2.14 amps r .m.s . and was r eco rded during a c c e l e r a t i o n t e s t 3 

in which the m o t o r - g e n e r a t o r se t o p e r a t e d f r o m a 240v. 50.3 Hz supply and the 

D.C. g e n e r a t o r was loaded . This s t a r t i n g c u r r e n t cor responded to an ampl i f i e r 

ou tpu t c u r r e n t of 13.3 amps r .m.s . , within t he 14 amp maximum r a t e d ou tpu t 

c u r r e n t , but above the r a t e d c u r r e n t , 5.7 amps , of the t r a n s f o r m e r s . This 

over load was t o l e r a t e d as it was of shor t dura t ion . As t he overload was of 

shor t dura t ion , t h e r e was no "nuisance" opera t ion of the fuses or c i r cu i t 

b r e a k e r s used to p r o t e c t the dr ive . 

5.3.5 The sources of discrepancy between the experimental results and the 

computer simulation 

These ar ise f r o m t h r e e main sources ; l imi t a t ions of the 

m a t h e m a t i c a l model , i naccu rac i e s of t he e l e c t r i c a l and mechan ica l 

p a r a m e t e r s of the drive (see Appendix C) and e x p e r i m e n t a l e r r o r . These t h r e e 

sources of d i sc repancy a re discussed in g r e a t e r de ta i l below: 

L imi t a t i ons of t he m a t h e m a t i c a l model 

1) The e f f e c t s of m a g n e t i c s a t u r a t i o n : The m a t h e m a t i c a l model does 

not a t t e m p t to model m a g n e t i c s a t u r a t i o n . As descr ibed previously, m a g n e t i c 

s a t u r a t i o n a f f e c t s the l eakage r e a c t a n c e s of t he induct ion motor and the 

t r a n s f o r m e r s . Magne t i c s a tu r a t i on also a f f e c t s t he d is t r ibut ion of m . m . f . and 

the m a g n e t i c f lux in the induct ion moto r , causing a non-sinusoidal d i s t r ibu t ion . 

This also a f f e c t s the accu racy of the m a t h e m a t i c a l model s ince t he 
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t r a n s f o r m a t i o n s b e t w e e n two and t h r e e - p h a s e systems descr ibed by Adkins and 

Har ley [32] and quoted in C h a p t e r 4 of th is thes is , a ssume a sinusoidal 

d is t r ibu t iuon of f lux and m . m . f . 

2) The modell ing of the t r a n s f o r m e r s ; The m a t h e m a t i c a l model 

r e p r e s e n t s t he t r a n s f o r m e r s by the i r winding r e s i s t a n c e s and l eakage 

r e a c t a n c e s r e f e r r e d to the i r H.V. windings. A b e t t e r way would be to r e p r e s e n t 

t he t r a n s f o r m e r s by the i r equ iva len t c i r cu i t s . When designing such a 

r e p r e s e n t a t i o n it mus t be r e m e m b e r e d t h a t the t r a n s f o r m e r s a re energised 

f r o m the i r L.V. windings by the amp l i f i e r s . T h e r e f o r e the connec t ion of the 

induct ion moto r to t he H.V. t e r m i n a l s of the t r a n s f o r m e r s resu l t s in l a rge 

c u r r e n t s f lowing during s t a r t i n g but does not cause a sudden inc rease f r o m 

ze ro of the m a g n e t i c f lux in the t r a n s f o r m e r s . 

3) Step l eng th . In i t e r a t i v e me thods of numer ica l solut ion, such as the 

one used in the c o m p l u t e r s imula t ion , a c c u r a c y depends upon s t ep - l eng th and 

t ends to improve as the s t ep - l eng th dec r ea se s . Consequen t ly s t ep - l eng th could 

a f f e c t t he d i sc repancy be tween the e x p e r i m e n t a l r e su l t s and the c o m p u t e r 

s imula t ion . The s imula t ion of each t e s t was r e p e a t e d using a s t ep length of 

0.2 ms ins tead of 0.5 ms but this made l i t t l e d i f f e r e n c e to the resu l t s 

p roduced . It was t h e r e f o r e concluded t h a t s t ep length was not a ma jo r source 

of d i sc repancy . 

4) P o i n t - o f - w a v e swi tching angle . Ano the r possible source of 

d i sc repancy is the choice of p o i n t - o f r w a v e swi tching angle used in t he 

c o m p u t e r s imula t ion . The c o m p u t e r s imula t ions of the a c c e l e r a t i o n t e s t s were 

r e p e a t e d using d i f f e r e n t po in t -o f -wave swi tching angles but this had l i t t l e 

e f f e c t upon the r e su l t s p roduced . It was t h e r e f o r e concluded t h a t p o i n t - o f -

wave swi thc ing angle had l i t t l e e f f e c t upon p e r f o r m a n c e of t he induct ion 

m o t o r . 

5) Non- l inear i ty of the a m p l i f i e r s . The ampl i f i e r s were of "hi - f i" 

qual i ty and it is t h e r e f o r e assumed t h a t t he ou tpu t w a v e f o r m was a f a i t h f u l 

r ep roduc t ion of t he input w a v e f o r m and so t he ampl i f i e r channels were 

r e p r e s e n t e d by an equ iva len t Thevevin vo l tage source using l inear e l e m e n t s . 

However th is r e p r e s e n t a t i o n may be i nadequa t e s ince t he ampl i f i e r channels 

con ta in non- l inear s emiconduc to r devices which could cause the ampl i f i e r 
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channe ls to a c t in a non- l inear manner during c u r r e n t surges during the 

s t a r t i n g of the induct ion m o t o r . This would resu l t in changes in ou tpu t 

w a v e f o r m pur i ty and change in t he in te rna l impedance of the amp l i f i e r , 

a f f e c t i n g the qual i ty of t he supply to the induct ion moto r and t h e r e f o r e i ts 

p e r f o r m a n c e . The behaviour of the amp l i f i e r s during sudden la rge changes in 

ou tpu t c u r r e n t was not s tud ied . 

Inaccu rac i e s in t he e l e c t r i c a l and mechan ica l p a r a m e t e r s of the drive (see 

Appendix C) 

The t e s t s which were used to find the e l e c t r i c a l and mechan ica l 

p a r a m e t e r s of the equ ipmen t used in t he drive a re capab le of good a c c u r a c y . 

Appendix C desc r ibes t h e s e t e s t s . The ma jo r sources of e r ro r were cons idered 

to be the fo l lowing:-

1) Inaccu rac i e s in the e l e c t r i c a l p a r a m e t e r s of t he t r a n s f o r m e r s 

The dr ive used t h r e e s ingle-phase t r a n s f o r m e r s to s t ep up the ou tpu t 

vo l t age of the ampl i f i e r channels to a su i tab le vo l tage to supply t he induct ion 

m o t o r . Only one t r a n s f o r m e r was t e s t e d and it was assumed t h a t the t h r e e 

t r a n s f o r m e r s had iden t ica l p rope r t i e s s ince each was made to the s ame 

s p e c i f i c a t i o n by the s ame m a n u f a c t u r e r . It is possible t h a t t he p rope r t i e s of 

t he t r a n s f o r m e r s were d i f f e r e n t but th is was not inves t iga ted . 

2) Inaccu rac i e s in t he e l e c t r i c a l p a r a m e t e r s of the induction moto r ; 

Appendix C has discussed the main sources of d i sc repancy be tween the 

m a n u f a c t u r e r ' s d a t a and da t a der ived f r o m e x p e r i m e n t a l t e s t s on the induct ion 

m o t o r , and has also descr ibed the main sources of d i sc repancy . The c o m p u t e r 

s imula t ions of the a c c e l e r a t i o n t e s t were r e p e a t e d using da t a der ived f r o m 

e x p e r i m e n t a l t e s t s but t h e r e was no s ign i f i can t d i f f e r e n c e be tween s imula t ions 

using m a n u f a c t u r e r s ' d a t a and those using e x p e r i m e n t a l d a t a . 

It is also possible t h a t the e l e c t r i c a l p rope r t i e s of each winding of the 

induct ion m o t o r would not be t he s ame , leading to e r r o r s in the e l e c t r i c a l 

p a r a m e t e r s . 

3) Phase unba lance ; Diss imilar e l e c t r i c a l p rope r t i e s of t he t r a n s f o r m e r s 

and diss imilar e l e c t r i c a l p rope r t i e s of the windings of the induct ion m o t o r 

would cause unba lanced c u r r e n t s to f low in the induct ion mo to r , a f f e c t i n g i ts 

p e r f o r m a n c e . Such unba lance was not iced but was not cons idered ser ious as it 

was smal l . 
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4) E l e c t r i c a l p a r a m e t e r s of the D.C. g e n e r a t o r . It was cons idered t h a t 

t he me thods used to find these p a r a m e t e r s were capab le of good accu racy and 

any e r ro r s in t he se p a r a m e t e r s were smal l . Such e r r o r s would a f f e c t only 

a c c e l e r a t i o n t e s t 3 in which the D.C. g e n e r a t o r was loaded and e x c i t e d . 

5) Mechanica l p a r a m e t e r s (including exc i t a t i on losses) of the m o t o r -

g e n e r a t o r se t ; The losses of the m o t o r - g e n e r a t o r se t and the way they varied 

wi th speed and exc i t a t i on were found f r o m the Swinburne t e s t which is capab le 

of a c c u r a t e r e su l t s . However the e l e c t r i c a l p a r a m e t e r s of the D.C. g e n e r a t o r 

were used in the ca lcu la t ion of t he losses and so e r ro r s in the p a r a m e t e r s of 

t he D.C. g e n e r a t o r t e s t would a f f e c t the p a r a m e t e r s descr ibing the loses of 

the m o t o r - g e n e r a t o r s e t . Likewise , ca l cu la t ions of the polar m o m e n t of 

iner t ia of the m o t o r - g e n e r a t o r se t would be a f f e c t e d by e r ro r s in t he 

p a r a m e t e r s descr ibing the losses of the m o t o r - g e n e r a t o r s e t . The 

m e a s u r e m e n t of the polar m o m e n t of iner t ia involved measur ing the t i m e 

t aken for the m o t o r - g e n e r a t o r se t to d e c e l e r a t e f r o m a known speed to r e s t 

and as such t iming was done using a s t o p w a t c h , the personal equat ion of t he 

observer can lead to an e r ro r of about 4% in t he e s t i m a t e of polar m o m e n t of 

i ne r t i a . 

Inaccurac ie s in e x p e r i m e n t a l t echn ique 

Since graphs of speed and c u r r e n t a re being compared the r e l e v a n t 

inaccurac ie s of e x p e r i e m n t a l t echn ique may be divided into t h r e e pa r t s : 

i naccu rac i e s in m e a s u r e m e n t of speed , of c u r r e n t , and of t i m e . 

Inaccu rac i e s in m e a s u r e m e n t of speed : These would be caused by the t h r e e 

i t e m s of equ ipmen t used to m e a s u r e speed and plot graphs of speed agains t 

t i m e , namely t he e n c o d e r , t he f r e q u e n c y to vo l tage convers ion c i r cu i t , and the 

c h a r t r e c o r d e r . Both t he encoder and t he c h a r t r e c o r d e r were precision 

i n s t rumen t s and were t h e r e f o r e assumed to cause l i t t l e e r r o r . It was also 

assumed t h a t the f r equency to vo l tage convers ion c i rcu i t produced a l inear 

response over the whole r ange of speeds m e t during the t e s t s . 

Ano the r source of e r ro r l ies in scal ing the speed agains t t i m e graphs 

aga ins t t h e o r e t i c a l e s t i m a t e s of s t e a d y - s t a t e speed r a t h e r than e x p e r i m e n t a l 

read ings . The accu racy of the s t e a d y - s t a t e r e p r e s e n t a t i o n used to produce 

these t h e o r e t i c a l e s t i m a t e s was c o n f i r m e d by compar ing speeds e s t i m a t e d by 

the r e p r e s e n t a t i o n with e x p e r i m e n t a l readings of speed . When the induct ion 
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m o t o r was o p e r a t n g f r o m supplies with vo l t ages and f r e q u e n c e s s imilar to , but 

not iden t i ca l with those used in the t e s t s , and t h e D.C. g e n e r a t o r was 

unloaded, the d i f f e r e n c e s be tween the e s t i m a t e d and the e x p e r i m e n t a l 

readings was less than one per c e n t . 

Inaccu rac i e s in m e a s u r e m e n t of c u r r e n t . Graphs of c u r r e n t were drawn using 

a c u r r e n t t r a n s f o r m e r to measu re phase c u r r e n t and the c h a r t r e c o r d e r to plot 

t he ou tpu t of the c u r r e n t t r a n s f o r m e r . The c u r r e n t t r a n s f o r m e r s used were 

designed fo r use in measur ing i n s t rumen t s and e x p e r i m e n t a l t e s t s c o n f i r m e d 

t h a t they w e r e a c c u r a t e and l inear over the r ange of c u r r e n t s and f r e q u e n c i e s 

used in the t e s t s . As the c h a r t r eco rde r was a precis ion in s t rumen t it was 

assumed t h a t it caused l i t t l e e r ro r in the c u r r e n t agains t t i m e graph . Similarly 

t he e r ro r produced by scal ing the c u r r e n t aga ins t t i m e graph was assumed to 

be smal l as t he graph was sca led agains t a measu red de f l ec t ion of the t r a c e 

produced by a known c u r r e n t f lowing through the c u r r e n t t r a n s f o r m e r . The 

e r ro r in the m e a s u r e m e n t of this c u r r e n t was assumed to be smal l as it was 

measured by a good qual i ty a m m e t e r . 

Inaccu rac i e s in m e a s u r e m e n t of t i m e . These would be caused by e r ro r s in the 

speed of the paper upon which the graphs were p l o t t e d . The nominal paper 

speeds ind ica ted by the con t ro l s of the c h a r t r e c o r d e r were checked against 

the graph of t he m o t o r phase c u r r e n t when the m o t o r had r eached s teady 

s t a t e . The f r e q u e n c y of t he cu r r en t equal led t h a t of t he supply and t h e r e f o r e 

the t h r e e - p h a s e digi ta l osc i l l a to r , whose f r e q u e n c y was known. The d i f f e r e n c e 

b e t w e e n the nominal and a c t u a l paper speeds was smal l , about four per c e n t , 

but was a l lowed for when drawing the t i m e axis on t he graphs . 

5.3.6 Conclusions 

The m a t h e m a t i c a l model of t he induct ion moto r dr ive is a good model 

of behaviour during a c c e l e r a t i o n f r o m r e s t . Some of the d i sc repanc ies 

b e t w e e n e x p e r i m e n t a l r e su l t s and c o m p u t e r s imula t ion resu l t f r o m tors ional 

osc i l la t ions and v ibra t ions and also the change in induct ion m o t o r p a r a m e t e r s 

caused by condi t ions during t h e s t a r t of the a c c e l e r a t i o n . 
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5.4 Deceleration test 

5.4.1 Experimental procedure 

During th is t e s t t he V.V.V.F. supply was se t ini t ial ly to produce a 

supply having a pa r t i cu l a r vo l tage and f r e q u e n c y and the m o t o r - g e n e r a t o r se t 

was run with t he induct ion motor running f r o m this supply. Dece l e r a t i on of 

the m o t o r - g e n e r a t o r se t was achieved by a l t e r ing the s e t t i ng of the swi tches 

on the f r o n t of the t h r e e - p h a s e digi ta l osc i l l a to r so t h a t both the supply 

vo l tage and f r e q u e n c y suddenly d e c r e a s e d . Graphs of speed and the c u r r e n t in 

one phase were r ecorded just b e f o r e , during and just a f t e r the period of 

d e c e l e r a t i o n . These graphs , t h e r e f o r e , not only showed the behaviour of the 

m o t o r - g e n e r a t o r se t during dece l e r a t i on but also al lowed compar i son be tween 

th is behaviour and s t e a d y - s t a t e behaviour a t both the ini t ia l and the lower 

values of supply vo l tage and f r e q u e n c y t h a t were used in th is t e s t . During the 

t e s t the D.C. g e n e r a t o r was unloaded and not e x c i t e d . 

The dec le ra t ion t e s t was r e p e a t e d tw ice using the s ame ini t ial values 

but d i f f e r e n t lower values of supply vo l tage and f r e q u e n c y . Befo re each 

r e p e t i t i o n of t he t e s t the m o t o r - g e n e r a t o r s e t was run with the induct ion 

moto r running f r o m the V.V.V.F. supply having vol tage and f r e q u e n c y equal to 

t he ini t ial values and then having vo l tage and f r e q u e n c y equal to t he lower 

values to be used in the t e s t . With the p a p e r - f e e d mechan i sm of the c h a r t 

r e c o r d e r d isengaged, a d j u s t m e n t s were made to the cha r t r eco rde r so t h a t the 

changes in speed and phase c u r r e n t ampl i tude resu l t ing f r o m changes in supply 

vo l t age and f r e q u e n c y would produce graphs of su i tab le s ize and posit ion on 

the paper . 

During the d e c e l e r a t i o n t e s t the supply f r e q u e n c y would change 

f a s t e r than the m o t o r - g e n e r a t o r se t would be able to respond and for a brief 

period the sudden d e c r e a s e in the supply f r e q u e n c y would cause the induct ion 

m o t o r to o p e r a t e supersynchronous ly , gene ra t i ng power back into t he V.V.V.F. 

supply and t h e r e f o r e into the amp l i f e r channels . Although the m a n u f a c t u r e r s 

of the amp l i f i e r s warn aga ins t f eed ing power back into one or more ampl i f i e r 

channels , t h e amp l i f i e r s were able to cope with t he dece l e r a t i on caused by the 

d e c r e a s e in supply f r e q u e n c y . The abil i ty of the ampl i f i e r channels to cope 

will be discussed l a t e r in th is sec t ion . 

5.4.2 Computer simulation of the decleration test. 

Aim of the s imula t ion 

The d e c e l e r a t i o n t e s t s tudied the behaviour of the m o t o r - g e n e r a t o r 

se t during d e c e l e r a t i o n f r o m s t e a d y - s t a t e opera t ion a t a higher speed to 
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s t e a d y - s t a t e opera t ion a t a lower speed; t he changes in speed resu l t ing f r o m 

changes in t he vol tage and f r equency of t he supply to the induct ion m o t o r . 

Accordingly , t h e aim of the c o m p u t e r s imula t ion of the dece l e r a t i on t e s t was 

to s imu la t e not only the behaviour during d e c e l e r a t i o n but also t he s t e ady -

s t a t e opera t ion b e f o r e and a f t e r d e c e l e r a t i o n . 

The basic pr inciple of the s imula t ion 

The c o m p u t e r p rogram used to s i m u l a t e t he a c c e l e r a t i o n of the 

m o t o r - g e n e r a t o r se t was also used to s imu la t e t he d e c e l e r a t i o n . The 

s imula t ion was divided into two p a r t s : 
1) Simulat ion of s t eady s t a t e behavour a t t he higher speed 

The c o m p u t e r p r o g r a m m e was run as if s imula t ing an a c c e l e r a t i o n 

t e s t . The supply vo l tage and f r e q u e n c y used were the ini t ia l values used in t he 

dec l e r a t i on t e s t . A f t e r s u f f i c i e n t s imula t ion t i m e had been al lowed for t he 

c o m p u t e r p r o g r a m m e to r each a s t eady s t a t e and produce s u f f i c i e n t resu l t s to 

descr ibe the s t e a d y - s t a t e ope ra t ion , t he i t e r a t i on of t he c o m p u t e r p r o g r a m m e 

was s topped . The c o m p u t e r p r o g r a m m e pr in ted out t he values of the s t a t e 

space var iab les x j t o xg and the s imula t ion t i m e a t which the i t e r a t ion was 

s topped . 

2) Simulat ion of t he dece l e r a t i on of the m o t o r - g e n e r a t o r s e t 

This was done by r e s t a r t i n g the c o m p u t e r p r o g r a m m e and using a 

supply vo l tage and f r e q u e n c y corresponding to the lower values used in the 

d e c e l e r a t i o n t e s t . The in t i t i a l condi t ions a t s imula t ion t i m e t = 0 were as 

fo l lows: The ini t ia l values of the s t a t e space var iab les to xg were made 

equa l to t he f ina l values r eached when s imula t ing the s t e a d y - s t a t e behavour of 

t h e m o t o r - g e n e r a t o r s e t a t the higher speed - consequent ly t he second par t of 

the s imula t ion descr ibed the behaviour during and a f t e r dece l e r a t i on ; t i m e t = 

0 r ep re sen t i ng t h e in s t an t a t which the supply to t he induct ion motor changed . 

Su f f i c i en t s imula t ion t i m e was a l lowed for t he c o m p u t e r p r o g r a m m e 

to r e ach a s t eady s t a t e and produce s u f f i c i e n t r esu l t s to descr ibe s t e a d y - s t a t e 

ope ra t ion a t t he lower speed . 

During the dece l e r a t i on t e s t s , t h e D.C. g e n e r a t o r was unloaded and 

unexc i t ed and so both p a r t s of t he s imula t ion used zero D.C. g e n e r a t o r 

e x c i t a t i o n . Throughout both pa r t s of t he s imula t ion of t he dece l e r a t i on t e s t 

t he c o m p u t e r p r o g r a m m e pr in ted r e su l t s of speed aga ins t s imula t ion t i m e and 

also p r in ted resu l t s f r o m which the a v e r a g e envelope of the red phase c u r r e n t 

could be p lo t t ed . 
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The e f f e c t of p o i n t - o f - w a v e phase angle upon the s imula t ion of the 

d e c e l e r a t i o n t e s t 

Appendix C descr ibes the opera t ion of the t h r e e - p h a s e digi tal 

osc i l l a to r and s t a t e s t h a t during a change in ou tpu t f r e q u e n c y or vo l tage or 

both , t he osc i l l a to r ma in t a ins phase angle cont inu i ty of i ts ou tpu t vo l tages . It 

may be assumed t h a t a phase angle con t inu i ty is also ma in ta ined during change 

in vo l tage or f r e q u e n c y of V.V.V.F. supply provided t h a t the ampl i f i e r 

channels and the t r a n s f o r m e r s used in the V.V.V.F. supply do not cause 

t r a n s i e n t s in phase angle during changes in supply vo l tage or f r e q u e n c y . 

Equat ion 4.28 of C h a p t e r 4 shows t h a t phase angle con t inu i ty of t he 

t h r e e phase supply may be s imula t ed by phase angle cont inu i ty of the 

equ iva len t d and q-axis supply vo l tages to t he Kron pr imi t ive mach ine used to 

r e p r e s e n t t he induct ion m o t o r . If W; is the in t i t i a l supply f r e q u e n c y used in the 

dece l e r a t i on t e s t and is the po in t -o f -wave phase angle used in t he f i r s t pa r t 

of the s imula t ion , then the phase angle of t he d-axis vo l t age a t t he end of the 

f i r s t pa r t of t he s imula t ion is 

Witi + X i 

Where t j is the s imula t ion t i m e r eached a t the end of t he f i r s t p a r t of 

t he s imula t ion . 

L e t 0^1 be the phase angle of the d-axis vo l t age a t t he s t a r t of t he 

second pa r t of the s imula t ion . T h e r e f o r e for phase angle con t inu i ty the phase 

angle of t he d-axis a t t he end of the f i r s t pa r t of t he s imula t ion must equal 

t h a t a t the s t a r t of the second p a r t , and so: 

0̂ 1 = Wj t j + K j (5.5) 

Su f f i c i en t mul t ip les of 2fr were s u b t r a c t e d f r o m so t h a t it fe l l 

wi thin t he range IFF to -2TR. Unlike OC j which is descr ibed as the po in t -o f -

wave phase angle ( tha t is the point on red phase vo l tage w a v e f o r m a t which 

t h e induct ion moto r is c o n n e c t e d to the supply), Of | is more a c c u r a t e l y 

descr ibed not as a po in t -o f -wave phase angle but as t he f r e q u e n c y change 

phase angle: t h a t is, t h e phase angle of t he supply vo l tage when the f r e q u e n c y 

changes . 

The choice of "X ; is not c ruc ia l to the s imula t ion of the s t e a d y - s t a t e 

behaviour of the m o t o r - g e n e r a t o r se t when the induct ion m o t o r o p e r a t e s f r o m 

a supply having vo l tage and f r e q u e n c y equal to the ini t ia l va lues used in the 

t e s t . This is because all t r an s i en t s due to po in t -o f -wave swi tching will have 
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died away once t he s imula t ion r e a c h e s a s t eady s t a t e . However , t h e choice of 

® î» ^ i and t j will a f f e c t 

It is likely t h a t the change in f r e q u e n c y and vo l tage of the supply will 

cause t r ans i en t s whose n a t u r e will depend upon ^ 1, t he f r e q u e n c y change 

phase angle . However t he change in supply vo l tage and f r equency during the 

d e c e l e r a t i o n t e s t was produced by manual ly a l t e r ing the s e t t i ng of t he 

sw i t ches which cont ro l led t he ou tpu t vo l t age and f r e q u e n c y fo the t h r e e phase 

d ig i ta l osc i l l a to r . As descr ibed in Appendix B this method of changing the 

ou tpu t vo l t age and f r e q u e n c y would give no cont ro l over the phase angle of the 

ou tpu t w a v e f o r m when the se changes took p lace and so would have a 

r andom value . Consequen t ly it is not possible to use values of 0 ( i in the 

s imula t ion t h a t w e r e produced during the t e s t . 

However , it is likely t h a t t r a n s i e n t s produced by t h e change in supply 

vo l tage and f r e q u e n c y during the d e c e l e r a t i o n t e s t a re not likely to be as 

s e v e r e as those a t t he s t a r t of the d e c e l e r a t i o n t e s t . This is because changes 

in supply f r e q u e n c y during the d e c e l e r a t i o n t e s t were accompan ied by 

propor t iona l changes in t he supply vo l t age in order to avoid m a g n e t i c 

s a t u r a t i o n of t h e induct ion m o t o r , so t end ing to keep the m a g n e t i c flux in the 

induct ion m o t o r approx ima te ly c o n s t a n t during changes in supply vo l tage and 

f r e q u e n c y . This c o n t r a s t s with the a c c e l e r a t i o n t e s t which involves sudden 

m a g n e t i s a t i o n of the induct ion m o t o r . During the s imula t ion of the 

a c c e l e r a t i o n t e s t it was found t h a t the value of had l i t t l e e f f e c t on t he 

behaviour of the m o t o r - g e n e r a t o r s e t a f t e r about 0.02 seconds of s imula t ion 

t i m e . Consequen t ly , it was assumed t h a t the value of would have l i t t l e 

e f f e c t on t he d e c e l e r a t i o n of t he m o t o r - g e n e r a t o r se t but c o m p u t e r 

s imula t ions were done to check th is . 

The power f low b e t w e e n the induct ion m o t o r and the supply during 

d e c e l e r a t i o n 

As men t ioned previously in th is sec t ion , one problem t h a t could have 

occu r r ed during the d e c e l e r a t i o n t e s t was t h a t t he sudden d e c r e a s e in supply 

f r e q u e n c y would cause brief supersynchronous opera t ion of t he induct ion 

m o t o r . This would cause t he induct ion m o t o r to g e n e r a t e , f eed ing power back 

into t he supply and t h e r e f o r e damaging the ampl i f i e r channels . No d a m a g e 

was no ted , possibly because gene ra t i on did not occu r . To ve r i fy this , the 

c o m p u t e r p r o g r a m m e used in the s imula t ion was a l t e r e d so t h a t it c a l cu l a t ed 

t he power f low into the induct ion m o t o r . Power f low was ca l cu l a t ed during 
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bo th p a r t s of t h e s i m u l a t i o n . P o w e r f low was c a l c u l a t e d dur ing t h e f i r s t p a r t 

of t h e s i m u l a t i o n to c h e c k w h e t h e r t h e c o m p u t e r p r o g r a m m e p roduced a 

s u i t a b l e e s t i m a t e of t h e s i ze and d i r e c t i o n of t h e power f low during s t e a d y -

s t a t e o p e r a t i o n of t h e m o t o r g e n e r a t o r s e t a t t h e in i t i a l va lue of supply 

v o l t a g e and f r e q u e n c y used in t h e d e c e l e r a t i o n t e s t . P o w e r f low was 

c a l c u l a t e d dur ing t h e s econd p a r t of t h e s i m u l a t i o n to c h e c k w h e t h e r 

g e n e r a t i o n o c c u r r e d dur ing d e c e l e r a t i o n and also to c h e c k t h e s ize and 

d i r e c t i o n of power f low dur ing s t e a d y - s t a t e o p e r a t i o n of t h e m o t o r - g e n e r a t o r 

s e t a t t h e l ower va lues of supply v o l t a g e and f r e q u e n c y used in t h e t e s t . 

The power f low P e 3 in to t h e induc t ion m o t o r is t h e sum of t h e power 

f l ow in to all t h r e e phases and is g iven by 

P e 3 = VR iR + v y i y + v g iB (5.6) 

Using e q u a t i o n s 4 .27 , 4 .29 , 4 .34, 4 .35 , 4 .72 and 4 .75 P e 3 be 

e x p r e s s e d in t e r m s of t h e supply v o l t a g e and f r e q u e n c y , and t h e s t a t e - s p a c e 

v a r i a b l e s x i and X4 which r e p r e s e n t t h e d and q -ax i s s t a t o r c u r r e n t s , 

r e s p e c t i v e l y of t h e Kron p r i m i t i v e m a c h i n e : 

1^63 = 2y . (x i cos iu>t +c< ) + X4 sin (wt +%)) (5.7) 

w h e r e is e i t h e r t h e p o i n t - o f - w a v e phase angle or t h e f r e q u e n c y c h a n g e 

phase ang le , depend ing upon t h e p a r t of t h e s i m u l a t i o n in q u e s t i o n . A n e g a t i v e 

va lue of P e 3 impl i e s power f l ow f r o m t h e induc t ion m o t o r to t h e supply and 

t h e r e f o r e g e n e r a t i o n . 

5.4.3 The comparison between experimental results and computer 

simulation of the deceleration tests 

Two d e c e l e r a t i o n t e s t s w e r e p e r f o r m e d and t h e e x p e r i m e n t a l r e s u l t s 

and t h e c o m p u t e r s i m u l a t i o n of e a c h t e s t a r e c o m p a r e d in f i g u r e s 5.4 and 5.5. 

The cond i t i ons of e a c h t e s t a r e l i s t ed be low. 

D e c e l e r a t i o n t e s t 1: 

In i t ia l supply v o l t a g e and f r e q u e n c y : 200 vo l t s 50.2 Hz 

F ina l supply v o l t a g e and f r e q u e n c y : 158 vol t s 39.6 Hz 

F i g u r e 5.4 c o m p a r e s t h e e x p e r i m e n t a l r e s u l t s and c o m p u t e r s i m u l a t i o n s of th i s 

t e s t . 
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D e c e l e r a t i o n t e s t 2: 

Ini t ial supply vo l tage and f r e q u e n c y = 200 vol ts 50.2 Hz 

Final supply vo l tage and f r e q u e n c y = 80 vol ts 20,0 Hz 

Figure 5.5 c o m p a r e s t he e x p e r i m e n t a l r e su l t s and c o m p u t e r s imula t ion of this 

t e s t . 

During t h e s e t e s t s reduced supply vo l tage (200 volts) ins tead of r a t e d 

supply vo l tage (240v) was used as t he ini t ial supply vo l tage in order to avoid 

l a rge c u r r e n t surges during dece l e r a t i on v^hich would over load the ampl i f i e r s . 

Compar i son of graphs of speed aga ins t t i m e 

F igures 5.4 and 5,5 both show a r ipple super imposed upon the graphs 

of e x p e r i m e n t a l r e su l t s of speed aga ins t t i m e . This r ipple was due to v ibra t ion 

and tors iona l osc i l la t ions and was assumed to be s imilar to t h a t m e t during the 

a c c e l e r a t i o n t e s t s . 

F igure 5,4 shows a good a g r e e m e n t b e t w e e n the e x p e r i m e n t a l r e su l t s 

and the c o m p u t e r s imula t ion of dece l e r a t i on t e s t 1, R e p e a t s of the s imula t ion 

using d i f f e r e n t p o i n t - o f - w a v e angles a t which the supply f r e q u e n c y changed 

showed t h a t d i f f e r e n t values of this angle had l i t t l e e f f e c t upon the resu l t s of 

t he s imula t ion . 

F igure 5.5 shows t h a t the a g r e e m e n t b e t w e e n e x p e r i m e n t a l resu l t s 

and the c o m p u t e r s imula t ion is not as good as in dece l e r a t i on t e s t 1. In a 

s imilar manner to d e c e l e r a t i o n t e s t 1 t he choice of point of wave phase angle 

a t which the f r e q u e n c y changed had l i t t l e e f f e c t upon the resu l t s of t he 

c o m p u t e r s imula t ion . 

An in t e re s t ing f e a t u r e of both t e s t s was t h a t the f ina l speed was not 

t he minimum speed r eached during a pa r t i cu l a r t e s t . Ins tead the m o t o r -

g e n e r a t o r se t rapidly d e c e l e r a t e d f r o m the higher speed to a min imum speed 

and then a c c e l e r a t e d more slowly to t he f ina l speed . F igures 5.4 and 5.5 show 

this f e a t u r e to be p resen t in both the e x p e r i m e n t a l r e su l t s and the c o m p u t e r 

s imula t ions of both t e s t s . 

Compar i son b e t w e e n graphs of a v e r a g e c u r r e n t envelope aga ins t t i m e 

F igures 5.4 and 5.5 show t h a t t h e r e is f a i r a g r e e m e n t b e t w e e n 

e x p e r i m e n t a l r e su l t s and the c o m p u t e r s imula t ion of a t e s t . Again, t he point 

of wave phase angle a t which the f r equency changed had l i t t l e e f f e c t upon the 

resu l t s of the c o m p u t e r s imula t ion . 
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Sources of d i sc repancy b e t w e e n e x p e r i m e n t a l resu l t s and the c o m p u t e r 

s imula t ion of a t e s t 

The sources of d i sc repancy r e l evan t to the a c c e l e r a t i o n t e s t and 

descr ibed in sec t ion 5.3.3 a re also r e l evan t to the dece l e r a t i on t e s t . Al te r ing 

the s t ep - l eng th of t he i t e r a t i o n used in t he c o m p u t e r s imula t ion had l i t t l e 

e f f e c t upon the s imula t ion , ne i the r did subs t i tu t ing e x p e r i m e n t a l values of t he 

e l e c t r i c a l p a r a m e t e r s of the induct ion moto r for m a n u f a c t u r e r s d a t a . The 

e f f e c t s of point-of-v\/ave angle w e r e s tudied and were shown to have l i t t l e 

e f f e c t upon the resu l t s of t he c o m p u t e r s imula t ion . This was e x p e c t e d as it 

had assumed for reasons s t a t e d in subsec t ion 5.4.2 t h a t the point of wave angle 

would have l i t t l e e f f e c t upon the p e r f o r m a n c e of t he induct ion motor or, 

indeed upon the s imula t ion of i t s behaviour . 

Ano the r source of d i sc repancy is t he behaviour of the dr ive during 

" r egene ra t i on" , t h a t is, ope ra t ion of t h e induct ion m o t o r as a g e n e r a t o r . 

The e f f e c t s of r e g e n e r a t i o n 

Say [5] s t a t e s t h a t an induct ion moto r will a c t as a g e n e r a t o r if it 

o p e r a t e s a t a speed above i ts synchronous speed . These condi t ions occur 

during the d e c e l e r a t i o n t e s t as the sudden reduc t ion in supply f r e q u e n c y 

re su l t s in opera t ion of t he induct ion m o t o r above the synchronous speed 

cor responding to t he new supply f r e q u e n c y . It is r easonab le to suppose t h a t 

r e g e n e r a t i o n would occur and this was c o n f i r m e d by c o m p u t e r s imula t ions of 

both t e s t s . Equat ion 5,7 of sec t ion 5.43 descr ibes the ca lcu la t ion of power 

f low be tween the supply and t h e induct ion m o t o r . R e g e n e r a t i o n was p red i c t ed 

by the c o m p u t e r s imula t ion regard less of the p o i n t - o f - w a v e angle a t which the 

supply f r e q u e n c y changed . The e x p e r i m e n t a l r e su l t s also suggest t h a t 

r e g e n e r a t i o n occur red s ince t he t i m e t aken to r each the minimum speed 

ach ieved during a t e s t was about 100 ms. This was a much shor t e r t i m e than 

would be e x p e c t e d if the m o t o r - g e n e r a t o r s e t d e c e l e r a t e d under t he in f luence 

of bear ing f r i c t i on and f luid f r i c t i on a lone, implying t h a t t he k ine t ic energy of 

t he m o t o r - g e n e r a t o r s e t was being conve r t ed to e l e c t r i c a l energy in the 

induct ion m o t o r . 

During r e g e n e r a t i o n the f low of induct ion moto r cu r r en t is in a 

r e v e r s e d i rec t ion to t h a t during moto r ing . This r eve r sa l is res i s ted by t h e 

ou tpu t t r an s i s t o r s of t he ampl i f i e r channe ls because of the i r semiconduc t ing 

n a t u r e . In o the r words, an ou tpu t t r ans i s to r which would be conduc t ing during 

motor ing ac t ion during a pa r t i cu l a r point in t he ou tpu t vo l t age w a v e f o r m 

would be r eve r se -b i a sed by a c u r r e n t a t t e m p t i n g to f low in the r eve r se 
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d i rec t ion . This could cause d a m a g e and is the reason why the m a u f a c t u r e r s of 

the amp l i f i e r s warn aga ins t a t t e m p t i n g to f e e d power into one or more 

ampl i f i e r channels . 

A reason why d a m a g e did not occur during dece l e r a t i on t e s t s was 

probably the " f r e e - w h e e l i n g " diodes across the ou tpu t t r ans i s to r s . Such diodes 

would conduc t when the assoc ia ted t r ans i s to r s were r eve r se -b ia sed and could 

provide a pa th for any c u r r e n t f low during r e g e n e r a t i o n . Under these 

c i r c u m s t a n c e s the behaviour of an ampl i f i e r channel would a l t e r considerably 

accoun t ing for the d i sc repancy be tween the e x p e r i m e n t a l r e su l t s and the 

c o m p u t e r s imula t ion . This would also explain why the d iscrepancy was most 

marked during d e c e l e r a t i o n f r o m the highest speed to the minimum speed 

s ince th is s i tua t ion , accord ing to the c o m p u t e r s imula t ion , cor responded to 

r e g e n e r a t i o n . 

However , t he amp l i f e r channels are unable to r e tu rn power to the 

mains supply as they der ive the i r D.C. power f r o m a diode br idge r e c t i f i e r 

which only al lows power f low f r o m the mains into the amp l i f i e r . Thus any 

power f low into the ampl i f i e r channels must be absorbed in ternal ly in the 

amp l i f i e r s . Examina t ion of t he c i rcu i t d iagram of an ampl i f i e r shows t h a t 

each ampl i f i e r has a 15,000 yUF smooth ing c a p a c i t o r to smooth t he ou tpu t of 

t h e br idge r e c t i f i e r and it is likely t h a t this c a p a c i t o r absorbs the energy 

produced during r e g e n e r a t i o n . The t e s t likely to produce the g r e a t e s t 

r e g e n e r a t i o n was t e s t 2 as the loss in k ine t ic energy was g r e a t e s t . 

Consequen t ly prob lems caused by r e g e n e r a t i o n a re likely to be more a c u t e 

during th is t e s t than during t e s t 1. These prob lems are discussed below: 

The k ine t ic energy lost by the m o t o r - g e n e r a t o r se t during 

d e c e l e r a t i o n f r o m the highest speed to the minimum speed during dece l e r a t i on 

t e s t 2 can be c a l c u l a t e d knowing the change in speed and the m o m e n t of 

ine r t i a of the mo to r g e n e r a t o r se t and is 28.9 Joules . M a n u f a c t u r e r ' s d a t a 

s t a t e s t h a t the smooth ing c a p a c i t o r in quest ion is normal ly cha rged to about 

63 vol ts by t h e bridge r e c t i f i e r . If all the k ine t ic energy lost by t he motor 

g e n e r a t o r se t was s to red as e l e c t r i c a l energy in such a c a p a c i t o r i t s vo l tage 

would r ise to about 89 vol ts . In p r a c t i c e the vo l tage rise would be much less 

because of ohmic losses in t he induct ion m o t o r , t r a n s f o r m e r s and f r e e -

wheel ing diodes and also because f r i c t i ona l losses would c o n t r i b u t e to the 

d e c e l e r a t i o n . F u r t h e r m o r e , any such e l e c t r i c a l energy s to red would be divided 

b e t w e e n two such c a p a c i t o r s s ince two ampl i f i e r s were needed to obta in t h r e e 

ampl i f i e r channels necessa ry for a t h r e e - p h a s e supply. It is l ikely t h a t the 
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ampl i f i e r channe ls could s tand a resu l t ing smal l r ise in D.C. supply rai l vo l t age 

and could t h e r e f o r e t o l e r a t e smal l amoun t s of r e g e n e r a t i o n of shor t dura t ion . 

It is unlikely they could wi ths t and prolonged r egene ra t i on because of the high 

vo l t ages produced across t he c a p a c i t o r s and componen t s in t he a m p l i f e r 

channels . 

Phil l ips [20] descr ibes how c o n s t a n t - c u r r e n t source i nve r t e r s ach ieve 

r e g e n e r a t i o n . In order to p re se rve t h e s ame d i rec t ion of c u r r e n t during 

r e g e n e r a t i o n as during motor ing , t h e inve r t e r ach ieves r eve r se power f low by 

revers ing the polar i ty of t he vo l tage of each phase of t he induct ion m o t o r 

r a t h e r than by revers ing the c u r r e n t f low. This avoids p rob lems of r eve r se -

biasing the s e m i c o n d u c t o r s in t he i n v e r t e r . The r e c t i f i e r which normal ly 

conve r t s mains A.C to D.C. for t he i nve r t e r now b e c o m e s an i n v e r t e r , and 

del ivers t he power f r o m the induct ion m o t o r to the mains . Such behaviour is 

only possible if t he r e c t i f i e r uses con t ro l led s emiconduc to r s , such as 

t hy r i s to r s . 

5.4.4 Conclusion 

The e x p e r i m e n t a l r e su l t s and the c o m p u t e r s imula t ions of the 

d e c e l e r a t i o n t e s t s have shown t h a t t he m a t h e m a t i c a l mode l developed in 

C h a p t e r 4 to descr ibe t he m o t o r - g e n e r a t o r se t is able to descr ibe the 

behaviour resu l t ing f r o m a sudden r educ t ion in supply vo l tage and f r e q u e n c y . 

D i sc repanc ie s b e t w e e n t h e e x p e r i m e n t a l r e su l t s and the c o m p u t e r s imula t ion 

occur mainly during d e c e l e r a t i o n of t h e m o t o r - g e n e r a t o r se t causing 

r e g e n e r a t i o n and consequen t changes in the p e r f o r m a n c e of the ampl i f i e r 

channe l s . The d e c e l e r a t i o n t e s t s and the i r c o m p u t e r s imula t ions have 

sugges ted how the amp l i f i e r s are able to cope with l imi ted r e g e n e r a t i o n . 

5.5 Load Variation Test 

5.5.1 The purpose of the test 

The purpose of th i s t e s t was t he s tudy of the behaviour of the 

induct ion m o t o r dr ive when t h e induct ion moto r was sub jec t to small s inusoidal 

changes in load t o rque about a mean value of t o rque . The t e s t used the D.C. 

g e n e r a t o r to apply load to rques to t he induct ion m o t o r . M e a s u r e m e n t s were 

m a d e of t he r a t io b e t w e e n the magn i tude of the changes in load to rque and the 

resul t ing changes in speed of t he m o t o r - g e n e r a t o r se t and m e a s u r e m e n t s were 

also made of the phase sh i f t b e t w e e n the changes in load t o rque and speed . In 

o the r words , the t e s t was a f r e q u e n c y response t e s t , in which gain and phase 

s h i f t we re m e a s u r e d . In th is c a se , "gain" was def ined as the change in speed 

divided by the change in load t o rque . 
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The t e s t used small changes in load to rque in order t h a t the induct ion 

m o t o r to rque speed c h a r a c t e r i s t i c could be asumed to be l inear over t he smal l 

r ange of speeds and load to rques likely to be m e t during the t e s t . It was also 

assumed t h a t th is l inear i ty of the t o rque - speed c h a r a c t e r i s t i c would ensure 

t h a t small sinusoidal changes in load to rque would produce smal l sinusoidal 

changes in speed and so it would be mean ingfu l to r e f e r to a phase sh i f t 

b e t w e e n changes in speed and load t o rque . 

The val idi ty of t he m a t h e m a t i c a l model was s tudied by compar ing the 

values of gain and phase sh i f t ob ta ined by e x p e r i m e n t with va lues p red ic t ed by 

the m a t h e m a t i c a l model . The use of sinusoidal changes in speed and load 

to rque m e a n t t h a t e x p e r i m e n t a l da t a and the resu l t s of p red ic t ions based upon 

the m a t h e m a t i c a l model would be su i tab le for display on Bode d iagrams . 

5.5.2 The method of producing small sinusoidal changes in load torque 

about a mean value of torque 

The D.C. g e n e r a t o r provided a convenien t way of applying a 

con t ro l l ed to rque to the induct ion m o t o r - an e l e c t r i c a l load on the D .C . 

g e n e r a t o r r esu l t s in t he D.C. g e n e r a t o r exe r t ing a to rque upon the induct ion 

m o t o r . It mus t be r e m e m b e r e d t h a t th is t o rque f o r m s only p a r t of t h e load 

t o rque upon the induct ion m o t o r . The r ema inde r is the sum of to rques 

produced by the ine r t i a and var ious losses of t he m o t o r - g e n e r a t o r se t (see 

previous C h a p t e r ) . 

The load var ia t ion t e s t requi red smal l sinusoidal changes in load 

to rque , which implied va r i a t ions with t i m e of the e l e c t r i c a l load upon the 

a r m a t u r e of the D.C. g e n e r a t o r . Two methods of producing an e l e c t r i c a l load 

which var ied with t i m e w e r e cons idered and a re out l ined below: 

1) The use of a load r e s i s t a n c e of f ixed value connec t ed to the a r m a t u r e of 

the D.C. g e n e r a t o r and the use of var iab le exc i t a t i on . Changes in t he 

e x c i t a t i o n would produce changes in the vo l tage across t he load 

r e s i s t a n c e and t h e r e f o r e changes in t he load upon the D.C. g e n e r a t o r . 

2) The use of a f ixed g e n e r a t o r exc i t a t ion and a load r e s i s t ance whose value 

changes wi th t i m e and so produces changes in t he load upon the D.C. 

g e n e r a t o r . 
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The chief a d v a n t a g e of t he use of var iab le exc i t a t i on and a f ixed load 

r e s i s t a n c e to p roduce changes in load is t h a t these changes can be ach ieved by 

con t ro l c i r cu i t ry r a t e d to cope with t he power needed fo r e x c i t a t i o n , r a t h e r 

than the much l a rge r power of t he load upon the D.C. g e n e r a t o r . However , 

th is me thod s u f f e r s f r o m the non- l inear re la t ionship b e t w e e n the exc i t a t i on of 

t he D.C. g e n e r a t o r and t h e to rque e x e r t e d by the D.C. g e n e r a t o r upon the 

induct ion m o t o r . The non l inea r i ty ar i ses for the fol lowing reasons : At a 

given speed of the m o t o r - g e n e r a t o r s e t , t h e ou tpu t vo l t age of t he D.C. 

g e n e r a t o r is p ropor t iona l t o t he exc i t a t i on and t h e r e f o r e if t he load r e s i s t ance 

is f ixed , t he a r m a t u r e c u r r e n t of t he D.C. g e n e r a t o r is p ropor t iona l to t he 

e x c i t a t i o n . However , as s t a t e d in equa t ion 4.58 t h e t o rque produced by the 

convers ion of mechan i ca l power into e l e c t r i c a l power in t he a r m a t u r e is 

p ropor t iona l to t he p roduc t of t he exc i t a t i on and the a r m a t u r e c u r r e n t and 

t h e r e f o r e in th is c a s e , t he to rque produced by t h e convers ion of power in t he 

a r m a t u r e is p ropor t iona l to t he square of t he e x c i t a t i o n . Consequen t ly t he 

to rque e x e r t e d by the D.C. g e n e r a t o r upon the induct ion m o t o r bea r s a non-

l inear re la t ionsh ip to t he e x c i t a t i o n . 

Al te r ing t h e f i e ld c u r r e n t of the D.C. g e n e r a t o r a l t e r s the e x c i t a t i o n . 

In view of t he squa re - l aw re la t ionsh ip be tween the to rque produced by power 

convers ion and the e x c i t a t i o n it was cons idered d i f f i cu l t to con t ro l t he f ie ld 

c u r r e n t in such a way t h a t produced smal l s inusoidal changes in t o rque . 

Con t ro l would be m a d e more d i f f i c u l t because of t he fol lowing e f f e c t s ; -

1) The t o rque - speed c h a r a c t e r i s t i c of t he induct ion moto r would cause 

changes in speed with load and spoil t h e l inear re la t ionsh ip b e t w e e n 

e x c i t a t i o n and ou tpu t vo l t age of the D.C. g e n e r a t o r . 

2) Magne t i c s a t u r a t i o n would spoil t he l inear re la t ionship b e t w e e n f ie ld 

c u r r e n t and e x c i t a t i o n . 

Consequen t ly it was decided to use cons t an t exc i t a t i on and a load 

r e s i s t a n c e whose value changes wi th t i m e in order to p roduce sinusoidal 

changes in load t o rque . F igure 5.6 shows the c i rcu i t which was used: t he signal 

g e n e r a t o r , the two t r ans i s to r s and the 2.2 Ohm res i s to r con t ro l l ed t he 

a r m a t u r e c u r r e n t of t he D.C. g e n e r a t o r . The signal g e n e r a t o r was able to 
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produce sine waves having a D .C . o f f s e t and th is o f f s e t was used to bias the 

t r an s i s t o r s . Because the t r an s i s t o r s w e r e c o n n e c t e d in e m i t t e r fo l lower mode 

the changes in a r m a t u r e c u r r e n t exac t l y fo l lowed changes in t he vo l tage of the 

signal g e n e r a t o r . This, of course , a ssumes t h a t changes in the vo l tage of t he 

signal g e n e r a t o r did not cause i nco r r ec t biasing of t he t r ans i s to r s . A smal l 

s inusoidal s ignal , t h e r e f o r e , p roduced a smal l s inusoidal change in a r m a t u r e 

c u r r e n t and t h e r e f o r e if t he e x c i t a t i o n of the D.C. g e n e r a t o r r ema ined 

c o n s t a n t th is change in a r m a t u r e c u r r e n t produced a sinusoidal change in load 

t o r q u e upon the induct ion m o t o r . Of the two t r ans i s to r s shown in F igure 5.6 

t he one which d i rec t ly con t ro l l ed t he a r m a t u r e cu r r en t a c t e d as a va r iab le 

r e s i s t a n c e whose value a l t e r e d in such a way t h a t t he changes in r e s i s t ance 

caused changes in a r m a t u r e c u r r e n t which fo l lowed, and were propor t iona l to , 

changes in t he ou tpu t vo l t age of t he signal g e n e r a t o r . This t r ans i s t o r was 

moun ted on a subs t an t i a l hea t - s ink to cope wi th t he power d iss ipa ted in t h e 

t r ans i s t o r as it a c t e d as a var iab le r e s i s t a n c e . Two t r ans i s to r s were needed in 

the c i r cu i t in order to p roduce s u f f i c i e n t c u r r e n t gain. 

The c u r r e n t f lowing in t he 2.2 ohm res i s to r is the sum of t he 

a r m a t u r e c u r r e n t and the base c u r r e n t of t he t r ans i s to r which d i rec t ly con t ro l s 

t he a r m a t u r e c u r r e n t . Assuming t h a t t he c u r r e n t gain of th is t r ans i s to r is 

l a rge , then the c u r r e n t in t he 2.2 Ohm res i s to r is approx ima te ly equal to t he 

a r m a t u r e c u r r e n t . Consequen t ly the vo l tage across t he 2.2 Ohm res i s to r 

desc r ibes , app rox ima te ly , the a r m a t u r e c u r r e n t and t h e r e f o r e t he to rque 

e x e r t e d upon the induct ion moto r by t h e convers ion of power in t he a r m a t u r e 

of the D.C. g e n e r a t o r . This vo l t age was measu red by a C .R .O. and a channel 

of a c h a r t r e c o r d e r in order to m e a s u r e and r eco rd changes in a r m a t u r e 

c u r r e n t and t h e r f o r e load to rque upon t h e induct ion m o t o r . The ou tpu t c u r r e n t 

and vo l tage of t he D.C. g e n e r a t o r were measu red by m e t e r s c o n n e c t e d as 

shown in F igure 5.6. 

It is i m p o r t a n t to no te t h a t t he use of c o n s t a n t exc i t a t i on and 

var iab le load r e s i s t a n c e to p roduce sinusoidal changes in load to rque is 

u n a f f e c t e d by changes in t h e D .C . g e n e r a t o r vo l tage caused by changes in 

speed with load, provided t h a t a t all t i m e s t he vo l tage is able to c i r c u l a t e t he 

requ i red c u r r e n t through t h e load. This is because the to rque resu l t ing f r o m 

power convers ion in t he a r m a t u r e is propor t iona l to t he produc t of t he 

e x c i t a t i o n and the a r m a t u r e c u r r e n t . 
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5.5.3 Experimental procedure 

The purpose of th is t e s t was to s tudy the behaviour of the m o t o r -

g e n e r a t o r se t when the induct ion motor was sub j ec t to smal l changes in load 

t o rque about a m e a n value of t o rque . The magn i tude of the changes in load 

to rque used in the t e s t was a compromise b e t w e e n two conf l i c t ing 

r e q u i r e m e n t s : 

1) Changes in load t o rque smal l enough to allow the assumpt ion t h a t t he 

t o rque - speed c h a r a c t e r i s i t i c of t he induct ion m o t o r was l inear over t he 

range of the smal l changes in load to rque and resu l t ing snnall changes in 

speed . 

2) Changes in load to rque l a rge enough to produce changes of speed la rge 

enough to be measu red a c c u r a t e l y . This was of pa r t i cu l a r conce rn s ince 

t he v ibra t ion of the m o t o r - g e n e r a t o r se t produced changes in speed 

which could mask changes in speed due to changes in load to rque . 

It was decided to s e t exc i t a t i on of t he D.C. g e n e r a t o r to produce an 

a r m a t u r e vo l tage of 50 vol ts when the D.C. g e n e r a t o r was unloaded, and to 

p roduce an a r m a t u r e c u r r e n t t h a t var ied sinusoidally f r o m ze ro to 1 a m p e r e 

about a mean value of 0.5 a m p e r e . This sub j ec t ed t he induct ion m o t o r to a 

load whose power var ied with an app rox ima te ampl i tude of 25 w a t t s about a 

mean value of app rox ima te ly 25 w a t t s plus the r o t a t i o n a l losses. These f igures 

a re only a p p r o x i m a t e due to the e f f e c t s of losses, and the change in losses and 

D.C. g e n e r a t o r vo l t age with changes in speed due to changes in load. The 

change in load upon the induct ion motor was t h e r e f o r e about 50 w a t t s which is 

about a f i f t h of t he r a t e d ou tpu t power , 250 w a t t s , of the induct ion m o t o r . 

This change in load power was cons idered an a c c e p t a b l e compromise be tween 

the two conf l i c t i ng r e q u i r e m e n t s descr ibed previously . 

The use of 50v fo r the vo l tage of t he D.C. g e n e r a t o r when unloaded 

a rose because 50v was the max imum r a t e d vo l tage of power t r ans i s to r s 

convenien t ly a t hand. The use of an a r m a t u r e c u r r e n t t h a t var ied b e t w e e n 0 -

1.0 amps r e su l t ed in an over load during a smal l pa r t of the w a v e f o r m of t he 

a r m a t u r e c u r r e n t . However , th is over load was not cons idered dangerous 

because it was smal l , of shor t dura t ion , and the R.M.S. value of the c u r r e n t 

w a v e f o r m , 0.612 amps was less than 0.82 amps , t he r a t e d a r m a t u r e c u r r e n t , 

ind ica t ing t h a t t he a r m a t u r e was unlikely to o v e r h e a t . 

Be fo re t he t e s t t he m o t o r - g e n e r a t o r se t was run with t he V.V.V.F. 

supply ad jus t ed to del iver the vo l tage and f r e q u e n c y to be used in t he t e s t . In 

o rder to unload the D.C. g e n e r a t o r , t h e signal g e n e r a t o r was swi tched off thus 
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swi tch ing off t he t r an s i s t o r s used to con t ro l t he arnnature c u r r e n t . The 

e x c i t a t i o n of t he D.C. g e n e r a t o r was ad jus ted to p roduce an ou tpu t vo l tage of 

50 vol ts , and the resu l t ing speed of t he m o t o r - g e n e r a t o r se t was measu red by a 

f r e q u e n c y m e t e r c o n n e c t e d to t he ou tpu t of t he s h a f t encode r . While t h e 

m o t o r - g e n e r a t o r se t was ope ra t ing as descr ibed above , t he c h a r t r e c o r d e r 

channe ls used to plot graphs of speed and a r m a t u r e c u r r e n t aga ins t t i m e were 

c a l i b r a t e d in t he fol lowing way: 

The signal g e n e r a t o r was swi tched on and ad jus ted to produce a D.C. 

ou tpu t t h a t caused the t r an s i s t o r s to conduc t causing a s t eady a r m a t u r e 

c u r r e n t to f low. This in turn produced a d e f l e c t i o n of t he spot of l ight used by 

the c h a r t r e c o r d e r channe l to draw a graph of a r m a t u r e c u r r e n t aga ins t t i m e . 

The s ize of d e f l e c t i o n could be a l t e r e d by a l t e r ing t h e sens i t iv i ty of t he c h a r t 

r e c o r d e r channe l . This was s o m e t i m e s needed in order to p roduce a graph of 

su i t ab le s ize for m e a s u r e m e n t . The sens i t iv i ty was a l t e r e d by a var iable 

r e s i s to r in se r ies with t he c h a r t r e c o r d e r channe l . The cha r t r eco rde r channel 

was c a l i b r a t e d by compar ing t h e s ize of d e f l e c t i o n of t he spot of l ight wi th the 

change in a r m a t u r e c u r r e n t ind ica ted by an a m m e t e r measur ing a r m a t u r e 

c u r r e n t . In a s imi lar way, t h e C .R .O . could be c a l i b r a t e d to display changes in 

a r m a t u r e c u r r e n t s a l though the sens i t iv i ty of t h e C .R .O . was ad jus ted by 

a l t e r ing t h e gain of i ts input a m p l i f i e r . The t r a c e displayed by the C .R .O . was 

u n a f f e c t e d by changes in the r e s i s t a n c e used to a l t e r t h e sens i t iv i ty of t he 

c h a r t r e c o r d e r channel used to r eco rd t he a r m a t u r e c u r r e n t , s ince th is 

r e s i s t a n c e and the impedance of t he c h a r t r e c o r d e r channel w e r e in para l le l 

wi th , and very much la rger than the 2.2 ohm re s i s to r . 

The change in a r m a t u r e c u r r e n t f r o m zero to a s t eady value 

inc reased the load upon the induct ion moto r and caused a f a l l in speed . This in 

turn caused a de f l ec t i on in the spot of l ight used by the app rop r i a t e c h a r t 

r e c o r d e r channel t o draw a graph of speed agains t t i m e . This c h a r t r e c o r d e r 

channel was ca l ib ra t ed by compar ing the s ize of t he de f l ec t i on aga ins t t he 

change in speed ind ica ted by t h e f r e q u e n c y m e t e r used to measu re t he ou tpu t 

f r e q u e n c y of t he s h a f t encode r . If neces sa ry , t he sens i t iv i ty of th is c h a r t 

r e c o r d e r channel could be a l t e r e d by me thods descr ibed in C h a p t e r 3. 

The posi t ions on the c h a r t r e c o r d e r paper of t he graphs of speed and 

a r m a t u r e c u r r e n t agains t t i m e could be a l t e r e d by a l t e r ing the ze ro se t t ing of 

t he app rop r i a t e channel of the c h a r t r e c o r d e r . 

All t he above a d j u s t m e n t s and ca l ib ra t ions were ca r r i ed out with the 

paper f e e d mechan i sm disengaged in order to save paper . Once t he se 
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a d j u s t m e n t s and ca l ib ra t ions were m a d e , t he equ ipmen t was ready for the t e s t 

t o begin. 

At t he s t a r t of t he t e s t the V.V.V.F. supply was se t to del iver the 

supply vo l tage and f r e q u e n c y to be used in t he t e s t and the m o t o r - g e n e r a t o r 

s e t was run f r o m this supply. The signal g e n e r a t o r was ad jus ted to give zero 

ou tpu t vo l tage , so p reven t ing any a r m a t u r e c u r r e n t f r o m f lowing, and the 

e x c i t a t i o n of t he D.C. g e n e r a t o r was ad jus t ed so t h a t the ou tpu t vo l t age of t he 

D.C. g e n e r a t o r was 50 vol ts when unloaded. 

The signal g e n e r a t o r was ad jus t ed to g e n e r a t e a f r e q u e n c y of 0 .1 Hz . 

The ampl i tude of t he A.C. signal and t h e D.C. o f f s e t produced by the s ignal 

g e n e r a t o r were ad ju s t ed in con junc t ion wi th a d j u s t m e n t s to the load 

r e s i s t a n c e , t o produce an a r m a t u r e c u r r e n t which var ied f r o m zero to 1 amp in 

a sinusoidal m a n n e r . At such a low f r e q u e n c y t h e moving coil m e t e r used to 

m e a s u r e t he a r m a t u r e c u r r e n t was assumed to give an a c c u r a t e indicat ion of 

t h e max imum and minimum values of a r m a t u r e c u r r e n t . At higher f r e q u e n c i e s 

t h e C .R .O . was used to m e a s u r e the max imum and minimum values s ince t he 

moving coil m e t e r would be unlikely to fol low the f a s t e r changes in a r m a t u r e 

c u r r e n t . 

Once the a r m a t u r e c u r r e n t was cont ro l led to vary in t he manner 

desc r ibed , t he paper f e e d mechan i sm of t he c h a r t r e c o r d e r was engaged and 

graphs of a r m a t u r e c u r r e n t and speed aga ins t t i m e were r eco rded . F r o m these 

graphs , change in speed and the phase sh i f t b e t w e e n the change in speed and 

t h e change in a r m a t u r e c u r r e n t (and t h e r e f o r e load t o r q u e upon the induct ion 

m o t o r ) can be found f r o m drawing and m e a s u r e m e n t . 

The v ibra t ion of t h e m o t o r g e n e r a t o r se t did a f f e c t the graph of 

speed aga ins t t i m e as the r ipple in speed produced by the v ibra t ion was of 

s ign i f i can t s ize c o m p a r e d to t he change in speed produced by changes in 

a r m a t u r e c u r r e n t . This super imposed a high f r e q u e n c y r ipple upon the much 

lower f r e q u e n c y speed change resu l t ing f r o m changes in speed due to changes 

in load t o rque . M e a s u r e m e n t s of speed change and of phase sh i f t be tween the 

change in speed and change in a r m a t u r e c u r r e n t were made f r o m a curve 

drawn on the graph of speed aga ins t t i m e . This curve was drawn in such a way 

t h a t it " ave raged out" t h e e f f e c t s of the high f r e q u e n c y speed change caused 

by v ibra t ion ye t showed the overa l l change in speed due to change in load 

t o r q u e . 

This t e s t was r e p e a t e d using d i f f e r e n t f r e q u e n c i e s of change in 

a r m a t u r e c u r r e n t in the range of 0.1 Hz to 14 Hz . Above 14 Hz t h e f r equency 
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of t he change in speed approached t h a t of t he f r e q u e n c y of v ibra t ion and it 

was not possible to dist inguish b e t w e e n changes in speed due to v ibra t ion and 

changes in speed due to changes in load. Consequen t ly no f r e q u e n c i e s higher 

t han 14 Hz w e r e used. 

5.5.4 Measurement of changes in induction motor current 

The a c c e l e r a t i o n t e s t and the d e c e l e r a t i o n t e s t descr ibed in th is 

c h a p t e r both took record ings of induct ion nnotor c u r r e n t fo r connparison with 

p red ic t ions made using the m a t h e m a t i c a l mode l . During t h e load va r i a t ion 

t e s t an a t t e m p t was made to s tudy the changes in induct ion moto r c u r r e n t 

caused by changes in load to rque upon the induct ion m o t o r . These changes in 

induct ion m o t o r c u r r e n t caused ampl i tude modula t ion of t he induct ion moto r 

c u r r e n t and consequen t changes in t he envelope of t he w a v e f o r m of t he 

c u r r e n t . An a t t e m p t was made to measu re t he s ize of the changes in the 

envelope and the i r phase sh i f t with r e s p e c t to changes in load to rque upon the 

induct ion m o t o r . The ob jec t of t he a t t e m p t was to m a k e m e a s u r e m e n t s t h a t 

could be c o m p a r e d with e s t i m a t e s produced f r o m the m a t h e m a t i c a l model , and 

so t e s t t he val idi ty of the model . However , t h e fol lowing d i f f i c u l t i e s were 

m e t : 

1) The p e r c e n t a g e change in induct ion motor c u r r e n t with t he s ize of load 

used in the t e s t was smal l , making d e t e c t i o n of change d i f f i c u l t . The 

smal l p e r c e n t a g e change resu l t s f r o m the t endency of smal l induction 

mo to r s , such as t he one used in the t e s t , t o draw a cu r r en t having a 

la rge magne t i s ing c u r r e n t componen t which shows l i t t l e change with 

load. An a t t e m p t was made to solve th is problem using power f a c t o r 

c o r r e c t i o n c a p a c i t o r s which reduced the magne t i s ing c u r r e n t t aken f r o m 

the supply and so increased the p e r c e n t a g e change in c u r r e n t t a k e n f r o m 

the V.V.V.F. supply. The changes in c u r r e n t t aken f r o m the supply could 

be r e l a t e d to a c t u a l changes in induct ion m o t o r c u r r e n t a f t e r a l lowances 

were made fo r t he power f a c t o r c o r r e c t i o n c a p a c i t o r s . However , t h e s e 

c a p a c i t o r s r e a c t e d to the high f r e q u e n c y componen t s of t he d ig i ta l ly-

synthes i sed sine wave and caused the c u r r e n t t r a n s f o r m e r measur ing 

c u r r e n t t o produce a signal con ta in ing l a rge amoun t s of h igh - f r equency 

noise. This t ended to hinder m e a s u r e m e n t of c u r r e n t . 

2) Ano the r problem m e t was t h a t of p lo t t ing t h e envelope of t he induct ion 

m o t o r c u r r e n t . As t he f r e q u e n c y of var ia t ions in t h e load to rque 
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i nc reases so does the f r e q u e n c y of t he changes in envelope of the 

induct ion m o t o r c u r r e n t resu l t ing in less peaks of t he c u r r e n t w a v e f o r m 

avai lab le to plot one cyc le of change in the enve lope . This can lead to 

cons ide rab le u n c e r t a i n t y in p lo t t ing t he envelope of the c u r r e n t 

w a v e f o r m even a t qu i te low f r e q u e n c i e s of load to rque va r ia t ion . An 

a t t e m p t was made to solve th is problem by using t h r e e c u r r e n t 

t r a n s f o r m e r s and t h r e e c h a r t r e c o r d e r channels to plot t he c u r r e n t s in all 

t h r e e phases r a t h e r than just one phase as had been done in t he 

a c c e l e r a t i o n and d e c e l e r a t i o n t e s t s . Provided t h a t the zero s e t t i ngs of 

each c h a r t r e c o r d e r channel w e r e the s ame and the burdens across t he 

c u r r e n t t r a n s f o r m e r s were ad jus t ed so t h a t the ampl i tude of each t r a c e 

was t he s a m e when t h e induct ion m o t o r was supplying a s t eady load, then 

t h e r e should be t h r e e t i m e s as many c u r r e n t w a v e f o r m peaks avai lable 

t han b e f o r e to plot the c u r r e n t w a v e f o r m enve lope . In p r a c t i c e the 

a d j u s t m e n t of t he burdens proved too coa r se and the resu l t ing 

d i f f e r e n c e s in ampl i tude of t he t r a c e s p r e v e n t e d a c c u r a t e p lo t t ing of t he 

enve lope . A d j u s t m e n t s of t he burdens was needed to c o m p e n s a t e for 

d i f f e r e n c e s in t he c u r r e n t t r a n s f o r m e r s and c h a r t r eco rde r channels , and 

also sl ight d i f f e r e n c e s in phase c u r r e n t s . These d i f f e r e n c e s were thought 

to a r i se f r o m d i f f e r e n c e s b e t w e e n the impedances of t he t r a n s f o r m e r s in 

t he V.V.V.F. supply and d i f f e r e n c e s in t he impedances of the induct ion 

m o t o r . 

A f u r t h e r a t t e m p t was made to solve t he problem of p lo t t ing changes 

in t he induct ion m o t o r c u r r e n t . A t h r e e phase bridge r e c t i f i e r was used to 

r e c t i f y t h e vo l t ages across t he burdens of t he t h r e e c u r r e n t t r a n s f o r m e r s used 

to m e a s u r e the t h r e e phase c u r r e n t s . The ou tpu t of t he bridge r e c t i f i e r was a 

D.C. vo l t age which r e p r e s e n t e d the l a rges t of t he magn i tudes of t he phase 

c u r r e n t s a t a pa r t i cu l a r point in t i m e . Howeve r , this me thod also s u f f e r e d 

f r o m prob lems of ad jus t ing the burdens of t he c u r r e n t t r a n s f o r m e r s to cope 

wi th sl ight unba lance of the phase c u r r e n t s which caused r ipple in t he D.C. 

vo l t age . 

In the l ight of t he prob lems desc r ibed , no m e a s u r e m e n t s of changes in 

induct ion m o t o r c u r r e n t w e r e made during t h e load var ia t ion t e s t . 
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5.5.5 Computer simulation of the load variation test 

O b j e c t i v e of t he s imula t ion 

The o b j e c t i v e of the c o m p u t e r s imula t ion of t he load var ia t ion t e s t 

was t he s imula t ion of t he behaviour of t he m o t o r g e n e r a t o r s e t when the 

induct ion moto r was sub jec t to a varying load t o rque . The c o m p u t e r 

p r o g r a m m e used in the s imula t ion was designed to c a l c u l a t e t he change in 

speed caused by changes in load t o rque and the phase sh i f t b e t w e e n the 

changes in load to rque and speed . The c o m p u t e r p r o g r a m m e was based upon 

t h a t used to s i m u l a t e the a c c e l e r a t i o n t e s t , but was modi f ied in t h e fol lowing 

ways: 

Simulat ion of changes in load t o rque 

As descr ibed previously , changes in load t o rque were produced by 

sinusoidal changes in D.C. g e n e r a t o r a r m a t u r e c u r r e n t f r o m zero to a 

m a x i m u m va lue . Consequen t ly it was not necesa ry to c a l c u l a t e xg, t he s t a t e -

space var iab le r ep re sen t ing a r m a t u r e c u r r e n t , f r o m the s t a t e space equa t ion 

4 .86. Ins tead xg was c a l c u l a t e d f r o m the much s impler equat ion 

w h e r e 

I^ |y | is t he max imum value of t he a r m a t u r e c u r r e n t . 

(tJ /\tvl is t h e f r e q u e n c y of t he changes in t he a r m a t u r e c u r r e n t (rad s"^). 

Equat ion 5.8 was subs t i t u t ed fo r Xg in equa t ion 4.85 to yield 

5̂(21* ~ i ( f " p ^ (*2X4 - x i*]) - HpTb - kff X5 - kx (Ex)q np(2 

- & rip Ex Iam (1 + sin (5.9) 

This subs t i tu t ion al lowed the r emova l of all r e f e r e n c e s to xg in t he 

f i f t h - o r d e r K u t t a - M e r s o n a lgo r i thm, and consequent ly Xq, Xp, ^ + 1 and the 

f i f t h - o r d e r K u t t a Merson c o e f f i c i e n t s K j to K5 w e r e all conve r t ed to f i v e -

e l e m e n t co lumn m a t r i c e s . 

As descr ibed previously , b e f o r e each load var ia t ion t e s t the 

e x c i t a t i o n of t he D.C. g e n e r a t o r was ad jus t ed so t h a t t he a r m a t u r e vo l tage of 

t h e D .C . g e n e r a t o r was 50 vol ts when the a r m a t u r e was unloaded. The 

e x c i t a t i o n used in t he t e s t canno t be known exac t l y as , owing to an overs ight 

of t he au tho r , t he speed of t he m o t o r - g e n e r a t o r se t was not r e co rded . 

However , t he speed can be e s t i m a t e d using the method of ca lcu la t ion 

descr ibed in sec t ion 4.8 of C h a p t e r 4 and the exc i t a t i on can be e s t i m a t e d f r o m 

this e s t i m a t e of speed . 
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Calcu l a t i on of t he change in speed due to changes in load to rque 

The changes in load to rque would cause changes in speed about an 

a v e r a g e value of speed . This a v e r a g e value was c ruc ia l to the ca lcu la t ion of 

the change in speed and also t he phase s h i f t b e t w e e n changes in speed and load 

t o r q u e . The ave rage value of speed was de f ined as t he s t e a d y - s t a t e speed of 

t he m o t o r - g e n e r a t o r se t when the a r m a t u r e c u r r e n t of the D.C. g e n e r a t o r 

equal led t he a v e r a g e value of a r m a t u r e c u r r e n t used in t he pa r t i cu la r t e s t in 

ques t ion and the exc i t a t i on of t he D.C. g e n e r a t o r equal led t he value of 

e x c i t a t i o n used in the pa r t i cu l a r t e s t in ques t ion . The ave rage speed can be 

c a l c u l a t e d f r o m these values of e x c i t a t i o n and a r m a t u r e cu r r en t using the 

m e t h o d descr ibed in Sect ion 4.8. Since t he exc i t a t i on is known, equat ion 4.97 

may be used ins tead of equa t ion 4.100 in t he ca l cu la t ions . 

The change in speed due to change in load to rque was ca l cu l a t ed by 

f inding the d i f f e r e n c e t e t w e e n the max imum and minimum speeds obta ined 

during the s imula t ion . The max imum and min imum speeds were found in the 

fol lowing way: 

At t he s t a r t of the s imula t ion , s t o r e s in the m e m o r y of t he c o m p u t e r 

w e r e r e se rved for the max imum and min imum values of speed obta ined during 

t h e s imula t ion . The max imum and min imum values of speed were found in the 

fol lowing way: 

Maximum speed: At t he end of each s t ep in the i t e r a t i o n , t he speed was 

c a l c u l a t e d and if the speed was g r e a t e r than both t he ave rage speed and the 

m a x i m u m speed ob ta ined so f a r the s to re conta in ing the max imum speed was 

upda t ed with t he speed ca l cu l a t ed during the s t ep in ques t ion . 

Minimum speed; If t he speed c a l c u l a t e d a t t he end of a s t ep in the i t e r a t i on 

was less than both the a v e r a g e speed and the minimum value of speed obta ined 

so f a r , t h e s t o r e conta in ing the minimum speed was upda ted with the speed 

c a l c u l a t e d during the s t ep in ques t ion . 

Ca lcu la t ion of t he phase sh i f t by which changes in speed lag changes in load 

t o rque 

The c o m p u t e r p r o g r a m m e c a l c u l a t e d t he phase sh i f t f r o m the 

in t e rva l of s imula t ion t i m e s epa ra t i ng s imi lar points on t he w a v e f o r m s of 

a r m a t u r e c u r r e n t and speed . 

Equat ion 5.8 shows t h a t t he a r m a t u r e c u r r e n t is a t i ts ave rage value 

^AM a t t i m e t equals ze ro , and is increas ing . A s imi la r point on the speed 

w a v e f o r m occurs when the speed r e a c h e s i ts a v e r a g e value and is increas ing . 

If t ' is the s imula t ion t i m e a t which th is point occur s on the speed w a v e f o r m , 
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t hen the s epa ra t i on in t i m e b e t w e e n s imilar points on the speed and c u r r e n t 

w a v e f o r m s is tg . The phase sh i f t 0g by which changes in speed lag changes in 

a r m a t u r e c u r r e n t is given by 

0 $ = ^ A M t (5.10) 

whe re 0g is in rad ians if is in rad ians per second. 

It is mos t unlikely t h a t a t some s t ep in t h e i t e r a t i on the ca l cu l a t ed 

speed will equal exac t l y t he a v e r a g e speed . Ins tead it is more likely t h a t a t 

some s t age during the s imula t ion two consecu t ive s t eps in the i t e r a t ion will 

p roduce values of speed t h a t lie e i t h e r side of t he a v e r a g e value , implying t h a t 

a t some point be tween the two s teps t he speed equal led t he a v e r a g e va lue . 

Consequen t ly t he fol lowing me thod was used to e s t i m a t e tg , t he t i m e a t which 

t h e speed equal led t he a v e r a g e speed and was also increas ing: 

At each s t ep in the i t e r a t i o n the speed of t he m o t o r - g e n e r a t o r se t 

was c a l c u l a t e d and both th is value of speed and the value ca l cu l a t ed during the 

previous i t e r a t i o n were compared with t he ave rage speed . 

If Wra the speed c a l c u l a t e d a t t he end of t he p resen t s t ep in t he 

i t e r a t i o n , i P r h is the speed c a l c u l a t e d a t t he end of t he previous s t ep in t he 

i t e r a t i o n , and is t he a v e r a g e speed then t h e fol lowing inequal i ty : 

^ r b — ^ A V — (^-^ra (5.11) 

impl ies t h a t t he speed is increas ing and t h a t a t some point be tween the two 

s t e p s in t he i t e r a t i o n , t he speed equal led the a v e r a g e value . If t ^ is the 

s imula t ion t i m e a t which inequal i ty 5 .11 applied then if 1*J^q o ccu r r ed a t t i m e 

t o Wrb occu r r ed a t t i m e t ^ - h s ince the s t eps in t he i t e r a t i on are spaced h 

seconds a p a r t . F igure 5.7 shows the re la t ionsh ip be tween tc> h, <«'rb> 

^ / \ \ f and the speed w a v e f o r m . 

Since in all cases cons idered the s t ep length h (0.5 ms) was much 

sma l l e r than the per iodic t i m e of t he speed and a r m a t u r e c u r r e n t w a v e f o r m s 

(71ms in t h e case of 14Hz ; t h e h ighest f r e q u e n c y of changes in speed and 

a r m a t u r e c u r r e n t s tudied) t he por t ion of the speed w a v e f o r m be tween 

success ive i t e r a t i o n s may be assumed to be l inea r . F r o m Figure 5.7 it may be 

seen t h a t f r o m the t r i ang le f o r m e d by points A, B and D, t he t r i ang le f o r m e d 

by points A,C and E and the p rope r t i e s of s imilar t r i ang les , t he fol lowing 

re la t ionsh ip links t , t ^ , h, (^ra , (*^b ^^d 

^rb~ O r̂a = ^AV " ^ra (5.12) 
h t + h - tg 
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This equa t ion may be r e a r r a n g e d in order to c a l c u l a t e tg : 

((^AV -^rb) (5.13) 
Wrb - Wra 

t ' = tp + h 

During the s imula t ion of t he load var ia t ion t e s t , it is possible t h a t t he 

t r u e a v e r a g e speed , t h a t is the a v e r a g e of t he max imum speed ^ r n a x and the 

min imum speed W min? may not be qui te equal to the value p red ic t ed by 

assuming t h a t t he exc i t a t i on of the D.C. g e n e r a t o r is equal to t h a t used in the 

t e s t and t h a t the a r m a t u r e c u r r e n t of the D.C. g e n e r a t o r equals the a v e r a g e 

value used in t he t e s t . This d i f f e r e n c e be tween and the t r u e a v e r a g e 

speed resu l t s in a phase e r ro r 0e in de te rmin ing the phase sh i f t b e t w e e n the 

changes in speed and a r m a t u r e c u r r e n t . Consequen t ly equa t ion 5.10 may be 

modi f i ed to include this phase e r r o r : 

0g = ^/\ |\/] t + 0g (5.14) 

0e may be ca l cu l a t ed in t he fol lowing way: 

If the speed (v ^ of the m o t o r - g e n e r a t o r se t var ies sinuosidally 

b e t w e e n 6Jpnax and <*^rnin then its ampl i tude is 5 ( ^ max - nnin) and i ts 

a v e r a g e value equals &((*^rnax + ^ m i n ) 

Also, if t he speed var ies with the s a m e f r e q u e n c y as t he a r m a t u r e 

c u r r e n t , t hen s ince 0g is the phase sh i f t b e t w e e n the a r m a t u r e c u r r e n t 

w a v e f o r m which is descr ibed by 

X6 = & (1 + sin kJ/uM t ) (5.12) 

t he fol lowing equa t ion t h e r e f o r e descr ibes ^ r : 

^ r = 5 ( (^max + ^ m i n ) + ( ^ m a x " ^ m i n ) sin ( - 0 $ ) ) (5.15) 

As descr ibed previously , Wp = ^ A V a t t = t ' and t h e r e f o r e subs t i tu t ing t he se 

values into equa t ions 5.15 and 5.15 and combining the r e su l t an t express ions 

yields 

/ 2(^AV - max min) \ (5.16) 

\ max - ' ^ m i n / 

Consequen t ly 0g, t h e phase sh i f t by which changes in speed lag t he 

changes in c u r r e n t may be c a l c u l a t e d f r o m the fol lowing equa t ion , ob ta ined by 

subs t i tu t ing equa t ion 5.16 fo r 0g in equa t ion 5.14 and as s t a t e d above, pu t t ing 

t = t ' 

0g + arcs in f 2 ^ A V " ( ^ m a x + ^ min^ \ (5.17) 

I ^ max mm 
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The e f f e c t s of ini t ia l condi t ions and t r a n s i e n t s a t the s t a r t of the s imula t ion 

These a f f e c t ca lcu la t ions of the change in speed and the phase sh i f t 

b e t w e e n changes in speed and changes in a r m a t u r e c u r r e n t of the D.C. 

g e n e r a t o r . 

As s t a t e d previously, t h e c o m p u t e r p r o g r a m m e used to s imu la t e the 

load var ia t ion t e s t was developed f r o m the c o m p u t e r p r o g r a m m e used to 

s i m u l a t e the a c c e l e r a t i o n t e s t . Like t he s imula t ion of the a c c e l e r a t i o n t e s t 

the s imula t ion of t he load va r i a t ion t e s t s t a r t e d by s imula t ing the sudden 

connec t ion of t he induct ion m o t o r . In such c i r c u m s t a n c e s it is point less to 

c a l c u l a t e the max imum and min imum speed and t h e phase sh i f t b e t w e e n 

changes in speed and changes in a r m a t u r e c u r r e n t , s i n c e changes in speed due 

to changes in a r m a t u r e c u r r e n t will be masked by the a c c e l e r a t i o n of t he 

mo to r g e n e r a t o r s e t . Also, t he s imula t ion of t he sudden connec t ion of t he 

supply to t he induct ion m o t o r will cause t r a n s i e n t s in t he phase c u r r e n t s of 

Kron's p r imi t ive mach ine used to r e p r e s e n t t he induct ion moto r , and t he se 

t r a n s i e n t s could also cause changes in speed which would mask changes due to 

changes in t he a r m a t u r e c u r r e n t . 

Consequen t ly b e f o r e t he c o m p u t e r p r o g r a m m e ca l cu l a t ed t he 

max imum and min imum speeds and the phase s h i f t be tween changes in speed 

and a r m a t u r e c u r r e n t , s u f f i c i e n t t i m e was al lowed fo r t he decay of changes in 

speed due to e f f e c t s caused by the sudden connec t ion of t he supply to t he 

induct ion m o t o r . In o rder to r educe the leng th of t i m e requ i red , t he ini t ia l 

condi t ion used a t t = 0 a t t he s t a r t of t he s imula t ion w e r e modi f i ed so t h a t X5 

equal led np r a t h e r than ze ro as in t he s imula t ion of t he a c c e l e r a t i o n . 

The o the r s t a t e space var iab les x^ to X4 were s e t equal t o ze ro a t t = 0, as was 

t h e case in t he s imula t ion of t he a c c e l e r a t i o n t e s t . The ini t ia l condi t ions used 

in t he s imula t ion of t he load va r i a t ion t e s t cor responded to t he m o t o r 

g e n e r a t o r se t running a t speed ^ / \ \ / but with no c u r r e n t s in t he phases of t he 

induct ion m o t o r . Although this s i tua t ion was never r ea l i zed in p r a c t i c e it was 

assumed t h a t using ins tead of ze ro as t he ini t ial value of X5 in the 

s imula t ion would resu l t in less t i m e needed fo r t he decay of changes in speed 

due to e f f e c t s caused by t h e s imula t ion of t he sudden connec t ion of t he supply 

to the induct ion m o t o r . The val idi ty of th is assumpt ion was checked by 

running a s imula t ion of t he load var ia t ion t e s t using the supply vo l tage and 

f r e q u e n c y used in the e x p e r i m e n t a l t e s t but with the a r m a t u r e c u r r e n t se t a 

c o n s t a n t value of 0.5 amps ( the a v e r a g e value of a r m a t u r e c u r r e n t used in t he 

t e s t ) . In o the r words , t he s imu la t ed load upon t h e D.C. g e n e r a t o r was 
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c o n s t a n t and would resu l t in t he c o m p u t e r s imula t ion reach ing an even tua l 

s t e a d y - s t a t e speed . 

It was found t h a t for a given s imula t ion , t h e s t e a d y - s t a t e speed was 

r e a c h e d more quickly using np CP/\\f as t h e ini t ia l value of X5 r a t h e r than ze ro , 

but the value of t he s t e a d y - s t a t e speed did not depend upon which of the two 

ini t ia l values were chosen . In all cases involving n p ^ / w as t he ini t ia l value of 

X5 a s t e a d y - s t a t e speed was r eached by 0.4 seconds of s imula t ion t i m e . 

Accordingly , the c o m p u t e r t i m e al lowed 0.7 seconds of s imula t ion 

t i m e to e lapse b e f o r e ca lcu la t ing the max imum and minimum values of speed 

and the phase s h i f t be tween changes of a r m a t u r e c u r r e n t and changes in speed . 

The choice of 0.7 seconds r a t h e r than 0.4 seconds ind ica ted by the s imula t ions 

involving a s t eady a r m a t u r e c u r r e n t a l lowed a s a f e t y margin of 0.3 seconds for 

t he c o m p l e t e decay of changes in speed resu l t ing f r o m the e f f e c t s of the 

s imula t ion of the sudden connec t ion of t he supply to t he induct ion m o t o r . 

5.5.6 Experimental results 

The t e s t was p e r f o r m e d using a 240v 50.2 Hz supply and ad jus t ing the 

e x c i t a t i o n of t he D.C. g e n e r a t o r to p roduce an ou tpu t vo l tage of 50 volts when 

unloaded . Under these condi t ions the exc i t a t i on of the D.C. g e n e r a t o r was 

0.3186 volts r a d - l ( e s t i m a t e d f r o m the s t e a d y - s t a t e r e p r e s e n t a t i o n of t he 

induct ion moto r drive). The a r m a t u r e c u r r e n t var ied sinusoidally f r o m zero to 

one a m p e r e producing a load to rque which var ied f r o m zero to 0.3186 Nm in a 

s imi la r m a n n e r . F igure 5.8 shows graphs of log^g (speed change) and phase 

s h i f t be tween the to rque and speed changes aga ins t t he f r e q u e n c y of load 

t o rque va r i a t ions . Graphs der ived f r o m e x p e r i m e n t a l r e su l t s and c o m p u t e r 

s imula t ions are shown. 

The graphs of speed change and phase s h i f t produced by the c o m p u t e r 

s imula t ion of t h e load var ia t ion t e s t show resu l t s t h a t would be e x p e c t e d 

in tu i t ive ly f r o m such a t e s t . These graphs show t h a t a t low f r e q u e n c i e s 

(below about 2.0 Hz) of load va r i a t ion , t he speed change and phase sh i f t a r e 

app rox ima te ly c o n s t a n t as t he changes in speed fol low the changes in t o rque . 

The changes a r e in an t i -phase as an inc rease in load to rque produces a 

d e c r e a s e in speed and v i ce -ve r sa . Above 2.0 Hz t h e change in speed 

d e c r e a s e s and t h e phase sh i f t i nc reases as t he ine r t i a of the m o t o r g e n e r a t o r 

s e t a f f e c t s its response to f a s t e r changes in load t o rque . 

To an e x t e n t , t he e x p e r i m e n t a l r e su l t s r e f l e c t t he c o m p u t e r 

s imula t ion , both showing t h a t a t low f r e q u e n c i e s of load var ia t ion the speed 
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change and phase sh i f t a re c o n s t a n t , t he phase sh i f t s both being about 180 

deg ree s . The exper i rnen ta l r e su l t s sugges t a possible d e c r e a s e in speed change 

with inc rease in f r e q u e n c y of load va r i a t ion , but the e f f e c t s of v ibra t ion and 

tors iona l osc i l la t ions could easily mask such an e f f e c t . 

Above 3.0 Hz the e x p e r i m e n t a l r e su l t s show t h a t the speed change 

inc reases wi th f r e q u e n c y of load to rque va r i a t ion . The max imum change in 

speed produced during the t e s t was a t 14 Hz, t h e max imum f r e q u e n c y of load 

t o rque var ia t ion used in t he t e s t . A likely exp lana t ion fo r this unexpec t ed 

resu l t is tors ional osc i l la t ions . C h a p t e r 3 descr ibes how inves t iga t ions during 

the commiss ioning of the dr ive showed it to have a na tu ra l f r equency of about 

39Hz a t which tors iona l osc i l la t ions produced by v ibra t ion can become l a rge . 

Similar ly , F igures 5.1 to 5.5 show t h a t f o r c e s produced during a c c e l e r a t i o n and 

d e c e l e r a t i o n can produce such osc i l la t ions a t a s imi lar f r e q u e n c y . Half of this 

f r e q u e n c y , 39Hz is 19.5Hz which is c lose to 14Hz, t he f r e q u e n c y a t which 

m a x i m u m change in speed was produced during the t e s t . F u r t h e r m o r e Figure 

5.8 ind ica te s t h a t g r e a t e r changes in speed may occur above 14Hz. 

It is conc luded , t h e r e f o r e , t h a t a t f r e q u e n c i e s of load to rque 

va r i a t ion be tween 3.0 and 14Hz these changes in load to rque begin to e x c i t e a 

mode of tors iona l osc i l la t ion . Support fo r th is exp lana t ion is provided by the 

e x p e r i m e n t a l r e su l t s of phase sh i f t which show a g r e a t e r inc rease in phase 

s h i f t wi th f r e q u e n c y than is shown by the phase sh i f t s p r ed i c t ed by the 

c o m p u t e r s imula t ion . 

As descr ibed previously, v ibra t ion is a ma jo r source of e r ro r in th is 

t e s t as, in many case , it p roduces a change in speed comparab l e to t h a t 

p roduced by changes in load t o rque . This was assumed to be the reason why 

the resu l t s of speed change a t 0.5Hz and 2.0Hz d e p a r t e d f r o m the smooth 

cu rve drawn in F igure 5.8. It was assumed t h a t t he se d e p a r t u r e s were not due 

to r e sonance wi th modes of tors iona l osc i l la t ion as they were not m a t c h e d by 

s imi la r abnorma l i t i e s in the resu l t s of phase s h i f t . 

Ano the r source of d i sc repancy be tween e x p e r i m e n t a l r e su l t s and the 

c o m p u t e r s imula t ion of t he t e s t is t he ampl i tude modula t ion of the induct ion 

m o t o r phase c u r r e n t w a v e f o r m . M e a s u r e m e n t s descr ibed previously showed 

t h a t changes in load of a s ize equal to t h a t used in the t e s t produced a 

measu rab l e change in induct ion m o t o r phase c u r r e n t . During the t e s t t he se 

changes in phase c u r r e n t would re su l t in ampl i tude modula t ion causing the 

phase c u r r e n t to be composed of a " c a r r i e r " f r e q u e n c y equal to the supply 

f r e q u e n c y , and "s ideband" f r e q u e n c i e s whose number and f r equency would 

157 



depend upon the e x a c t n a t u r e of t he change in phase c u r r e n t due to changes in 

load t o rque . Although this modula t ion is c o m m o n to both t he t e s t and i t s 

c o m p u t e r s imula t ion the m a t h e m a t i c a l model of the induct ion motor makes no 

provision for model l ing the e f f e c t s of these s ideband f r e q u e n c i e s upon the 

m a g n e t i s a t i o n of t he iron in t he t r a n s f o r m e r s and the induct ion m o t o r . 

Similar ly the s ideband f r e q u e n c i e s could cause the a i r -gap m . m . f . w a v e f o r m to 

be non-sinusoidal , a f f e c t i n g the val idi ty of t he t r a n s f o r m a t i o n s descr ibed in 

C h a p t e r 4 and used to c o n v e r t b e t w e e n t w o - and t h r e e - p h a s e quan t i t i e s . The 

e f f e c t s of t he se s ideband f r e q u e n c i e s is likely to inc rease as t he f r e q u e n c y of 

load to rque va r i a t ion inc reased s ince this would cause the d i f f e r e n c e s b e t w e e n 

t h e s ideband and c a r r i e r f r e q u e n c i e s to inc rease . However , t h e s e e f f e c t s 

w e r e not s tudied f u r t h e r . 

F igure 5.8 shows t h a t t he c o m p u t e r s imula t ion t ends to 

u n d e r e s t i m a t e t he speed change resu l t ing f r o m low f r equency changes in load 

t o r q u e . The reason fo r this is not obvious but t h e p resence of v ibra t ion could 

a c c o u n t for some of the d i f f e r e n c e . 

5.5.7 Summary 

The load var ia t ion t e s t and i t s c o m p u t e r s imula t ion ind ica ted t h a t the 

m a t h e m a t i c a l model of t he induct ion m o t o r dr ive is unsu i tab le fo r 

r ep re sen t i ng the dr ive when sub jec t to rapid changes in load to rque . This is 

because the m a t h e m a t i c a l model has no f ac i l i t i e s fo r deal ing with v ibra t ion or 

possible modes of tors ional osc i l la t ions which can resu l t f r o m such changes in 

load t o rque . 

5.6 Comparison betv/een steady-state conditions predicted by the 

mathematical model with those predicted by the steady-state 

representation 

During c o m p u t e r s imula t ions of t he a c c e l e r a t i o n and dece l e r a t i on 

t e s t s it was found t h a t once a s imula t ion had r eached a s t e a d y - s t a t e it 

p roduced resu l t s of speed and c u r r e n t t h a t agreed very closely with such 

r e su l t s ob ta ined using the s t e a d y - s t a t e r e p r e s e n t a t i o n . It was t h e r e f o r e 

concluded t h a t t he m a t h e m a t i c a l model was a good descr ip t ion of the 

induct ion m o t o r drive during s t e a d y - s t a t e ope ra t i on . 

5.7 An overall assessment of the validity of the mathematical model 

The t h r e e t e s t s descr ibed in th is c h a p t e r - t he a c c e l e r a t i o n t e s t , t he 

d e c e l e r a t i o n t e s t and the load var ia t ion t e s t - s tudied the induct ion motor 

dr ive under a va r i e ty of condi t ions . The a c c e l e r a t i o n and dece l e ra t ion t e s t s 

showed 
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t h a t a f t e r allowing for the e f f e c t s of v ibra t ion and tors ional osc i l la t ions the 

m a t h e m a t i c a l model developed in C h a p t e r 4 w/as a good descr ip t ion of t he 

behaviour of t he induct ion moto r dr ive during a c c e l e r a t i o n and d e c e l e r a t i o n . 

The val idi ty of the m a t h e m a t i c a l model is also suppor ted by the a g r e e m e n t of 

t h e model v^ith t he s t e a d y - s t a t e r e p r e s e n t a t i o n , also descr ibed in C h a p t e r 4. 

However , the t e s t s descr ibed in th i s c h a p t e r ind ica ted t h a t a ma jo r 

sho r t coming of t he m a t h e m a t i c a l model was i ts inabil i ty to model v ibra t ion 

and to rs iona l osc i l la t ions of the m o t o r - g e n e r a t o r s e t . Consequent ly any 

f u r t h e r work a imed a t improving the m a t h e m a t i c a l model should c o n c e n t r a t e 

upon model l ing v ibra t ion and tors iona l osc i l la t ions . The val idi ty of t he 

resu l t ing m a t h e m a t i c a l model could be s tudied by t e s t s s imilar to those 

descr ibed in th is c h a p t e r and, or a l t e r n a t i v e l y , by a t e s t which used a varying 

supply f r e q u e n c y to cause smal l changes in speed of the m o t o r - g e n e r a t o r s e t . 

5.8 Conclusions 

This c h a p t e r has t e s t e d the val idi ty of the m a t h e m a t i c a l model , 

descr ibed in C h a p t e r 4, of t he induct ion m o t o r dr ive . A f t e r allowing for t he 

inabi l i ty of the m a t h e m a t i c a l model to descr ibe vibrat ion and tors ional 

osc i l l a t ions , the model is a good descr ip t ion of t he behaviour of t he induct ion 

m o t o r dr ive during s t e a d y - s t a t e and t r ans i en t condi t ions . The resu l t s of the 

t e s t s descr ibed in th is C h a p t e r have shown t h a t the m a t h e m a t i c a l model needs 

i m p r o v e m e n t so t h a t it is able to model v ibra t ion and tors ional osc i l la t ions . 
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6 THE CONTROL OF THE INDUCTION MOTOR DRIVE 

6.1 Introduction 

This c h a p t e r desc r ibes a con t ro l sys t em which was used to cont ro l t he 

induct ion m o t o r drive and desc r ibes p r a c t i c a l t e s t s and c o m p u t e r s imula t ions 

used to s tudy t h e con t ro l led induct ion moto r dr ive. 

6.2 The control strategy 

6.2.1 Aim of the control strategy 

As s t a t e d a t t he s t a r t of th is thes is , t h e ini t ia l aim of this r e sea r ch 

was to develop a c a g e induct ion m o t o r drive capab le of f o u r - q u a d r a n t con t ro l 

over a wide r ange of speed . However , t h e t i m e avai lable did not p e r m i t the 

deve lopmen t of such a dr ive and so a more s imple con t ro l s t r a t e g y was chosen 

ins t ead . The aim of t he con t ro l s t r a t e g y was, t h e r e f o r e , to con t ro l t he 

induct ion m o t o r , so t h a t it would run a t a " t a r g e t " speed, i r r e spec t i ve of 

changes in load provided the load did not exceed the r a t e d load of t he 

induct ion m o t o r . No a t t e m p t was made to ach ieve changes in t he d i rec t ion of 

r o t a t i o n of the induct ion m o t o r . 

6.2.2 Basic principle of the control strategy 

The con t ro l s t r a t e g y used s p e e d - f e e d b a c k to ach ieve c losed- loop 

speed con t ro l of t he induct ion m o t o r . D i f f e r e n c e s b e t w e e n the a c t u a l speed 

of t h e induct ion m o t o r and the t a r g e t speed iu caused the con t ro l s t r a t e g y 

to r educe th is d i f f e r e n c e in speed, ca l led the "speed e r ro r , " in the fol lowing 

way: 

Cons ider an induct ion m o t o r ope ra t ing f r o m a supply of vo l t age V and 

f r e q u e n c y running a t a speed Wj., and supplying a load whose to rque was 

c o n s t a n t with speed . The gross e l e c t r i c a l t o rque T developed in t he induct ion 

m o t o r may be e s t i m a t e d f r o m equa t ions 2.1, 2.2 and 2.3 l i s ted in C h a p t e r 2. 

This t o r q u e equals t h e sum of t he load t o rque and to rques due to f r i c t i ona l 

losses. 

Upon d e t e c t i o n of speed e r ro r , t h e cont ro l s t r a t e g y c a l c u l a t e s T and 

then e s t i m a t e s f r o m equa t ions 2.1, 2.2 and 2.3 t he supply f r e q u e n c y ^ 2 

which the induct ion moto r can develop the s ame gross e l e c t r i c a l t o r q u e needed 

to dr ive t h e load a t t h e t a r g e t speed . This assumes t h a t t h e f r i c t i o n a l losses 

do not change with speed . 

Al though the e s t i m a t i o n of W2 assumes t h a t both t he load t o rque and 

t h e f r i c t i o n a l losses a re c o n s t a n t with speed , t he con t ro l s t r a t e g y is able to 

cope wi th changes wi th speed of t he se quan t i t i e s . This is because changes in 

f r i c t i o n a l losses and changes in load to rque wi th speed will r esu l t in t he 
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induct ion m o t o r running a t a speed d i f f e r e n t to the t a r g e t speed when the 

supply f r e q u e n c y changes to W2. This d i f f e r e n c e in speed will r esu l t in a new 

e s t i m a t e of the load t o rque and consequen t ly new e s t i m a t e s of and change in 

supply f r e q u e n c y in an a t t e m p t to r educe the speed e r r o r . Thus t h e induct ion 

m o t o r speed r e a c h e s t he t a r g e t speed i t e r a t i v e l y , wi th each e s t ima t ion of the 

load to rque a t t he t a r g e t speed being b e t t e r than t h e l a s t . 

6.3 Factors affecting the control strategy 

6.3.1 Equipment used to control the drive 

The con t ro l sy s t em was based around an "Apple II" m i c r o - c o m p u t e r 

which used a speed -measu r ing c i r cu i t and a s h a f t encoder to measu re t he 

speed of t he induct ion m o t o r - D . C . g e n e r a t o r s e t . The Apple II m i c r o -

c o m p u t e r used a mach ine -code p r o g r a m m e based upon the con t ro l s t r a t e g y 

descr ibed above and a l t e r e d the f r e q u e n c y of t he t h r e e - p h a s e digi ta l osc i l l a to r 

and t h e r e f o r e t he f r e q u e n c y of t h e V.V.V.F. supply according to t he 

r e q u i r e m e n t s of t he con t ro l s t r a t e g y . C h a p t e r 3 desc r ibes t he equ ipment used 

in g r e a t e r de t a i l . 

6.3.2 Range of supply frequencies used in the control of the drive 

It was decided to s tudy t h e con t ro l of t he dr ive using speeds and 

supply vo l t ages and f r e q u e n c i e s close to those fo r which the induct ion moto r 

was des igned, s ince th is would avoid possible p rob lems of poor p e r f o r m a n c e 

due to t he induct ion moto r being unsui tab le fo r ope ra t ion g rea t ly above or 

below i ts r a t e d supply vo l tage or f r e q u e n c y . Accordingly it was decided to 

s tudy t h e abil i ty of the cont ro l sy s t em to ma in ta in a chosen speed whose value 

was nea r to 25 revs s"^, t he synchronous speed cor responding to a 50Hz supply. 

Likewise all s tudies of the con t ro l of the dr ive used a 240v supply - t he r a t e d 

vo l tage of t he induct ion m o t o r . 

The loads used in the s tudy were r e s t r i c t e d to a r ange be tween ze ro 

and r a t e d ful l load in order to avoid over loading t h e induct ion m o t o r . 

M a n u f a c t u r e r ' s d a t a ind ica ted t h a t t he speed regula t ion of t he 

induct ion moto r was 2.33 revs s~^ when ope ra t ing f r o m a 240v 50Hz supply and 

del iver ing fu l l load power (250W). Since t he induct ion motor was a fou r -po le 

mach ine , the r egu la t ion ind ica ted t h a t t h e supply f r e q u e n c y needed to inc rease 

by about 4.7 Hz in order to ma in ta in the speed a t 25 revs s"^ while t he 

induct ion m o t o r de l ivered ful l load and o p e r a t e d f r o m a 240v supply. 

Consequen t ly it was decided to use supply f r e q u e n c i e s in the r ange 50 to 60Hz 

in order to ma in ta in the speed a t 25 revs s"^ a t all loads used in the s tudy . 
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This r ange of f r e q u e n c i e s , 10 Hz, was l a rger than the necessa ry inc rease in 

supply f r e q u e n c y of 4 .7Hz ind ica ted by the regu la t ion , in order to provide an 

a d e q u a t e nnargin avai lable fo r change in f r e q u e n c y . The f r e q u e n c i e s ava i lab le 

f r o m the t h r e e - p h a s e d ig i ta l osc i l l a to r in this range we re : 50.3, 51.4, 52.7, 

53.9, 55.3, 56.6, 57.9 and 59.8 Hz , giving e ight ava i lab le f r e q u e n c i e s . Since 

all t he se f r e q u e n c i e s were above 50Hz, t he t h r e e phase digi ta l osc i l l a to r 

ma in t a ined c o n s t a n t ou tpu t vo l t age a t t h e s e f r e q u e n c i e s . 

6.3.3 Range of speeds likely to be met during the control of the drive 

The lowest s t e a d y - s t a t e speed likely to be m e t using t h e loads, supply 

vo l t ages and f r e q u e n c i e s descr ibed previously cor responds to opera t ion a t fu l l 

load f r o m a 240v 50.3Hz supply and, f r o m equa t ion 4.101 was e s t i m a t e d to be 

22.7 revs s " l . Similar ly , t he h ighes t s t e a d y - s t a t e speed likely to be m e t 

cor responds to unloaded ope ra t ion a t 240v 59.8Hz and was e s t i m a t e d to be 

29.9 r evs s"^. 

6.3.4 The ef fects of speed measurement resolution 

The speed measur ing c i r cu i t , men t ioned in Sect ion 3.10 of C h a p t e r 3 

m e a s u r e d the speed of t he m o t o r by count ing the number of encoder pulses 

during a 15.5 ms, count ing period and express ing th is number as an e ight -b i t 

number which was sen t to t he c o m p u t e r . The max imum number of pulses t h a t 

could be coun ted was , t h e r e f o r e 255. 

The encoder produced 250 pulses per revolut ion and the max imum 

speed t h a t could be measu red by the speed measur ing c i r cu i t was t h a t speed 

t h a t p roduced 255 pulses in 15.5ms, namely 65.81 revo lu t ions per second. 

Consequen t ly , t he speed measur ing c i r cu i t was able to measu re the speeds 

likely to be m e t during t h e con t ro l of t h e dr ive . 

Since the ou tpu t of t he speed measur ing c i rcu i t is digi tal i ts ou tpu t 

mus t be in t ege r and consequent ly t h e resolu t ion of t he count ing of t he ou tpu t 

pulses of t he encoder is one pulse in t he 15.5 ms count ing per iod . Since t he 

encode r p roduces 250 pulses per revo lu t ion , t h e speed m e a s u r e m e n t resolu t ion 

is t h e r e f o r e 0 .2581 revs , per second . 

Consequen t ly t he speed measur ing c i r cu i t can measu re speeds 

b e t w e e n zero and 65.81 revs per second with a reso lu t ion of 0.2581 revs per 

second . The dec ima l number cor responding to t he e igh t -b i t binary number 

p roduced by the speed measur ing c i r cu i t is cal led t he "speed number" and is 

deno ted by Ng. Ng is t h e n e a r e s t in tege r given by the express ion: 
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Ng = n e a r e s t in tege r to { ^ e j (6.1) 
2Tr 

Where: 

tpn is t he count ing period (15.5 ms) 

Ne is the number of pulses produced by the encoder (250) 

Likewise , t h e speed cor responding to a pa r t i cu l a r speed number , Ng is 

given by r ea r rang ing express ion 6 .1 to yield 

(xJj. = 2'nNs (6.2) 

(-m Ne 

6.3.5 Range of speed numbers used in the control strategy 

It was decided to design the con t ro l s t r a t e g y to deal wi th a speed 

r ange cor responding to speed number s b e t w e e n 77 and 116 inclusive. The 

resu l t ing speed r ange , 19.87 to 29.94 revs per second was sl ightly l a rge r than 

t h e e s t i m a t e d r ange of s t e a d y - s t a t e speeds likely to be m e t during the cont ro l 

of the dr ive in order to allow fo r e r ro r s in e s t i m a t i o n and the e f f e c t s of 

t r a n s i e n t s . 

6.4 The control strategy algorithm 

6.4.1 The main stages of the control strategy algorithm 

As descr ibed in Sect ion 6.2 t he a im of t he con t ro l s t r a t e g y is to 

improve t h e regu la t ion of t he induct ion mo to r . This is ach ieved by sensing 

speed e r ro r and a l t e r ing the supply f r e q u e n c y accord ingly . If speed e r ro r is 

p r e sen t t h e con t ro l s t r a t e g y e s t i m a t e s t h e t o rque developed by the induct ion 

m o t o r to dr ive t h e load and o v e r c o m e f r i c t i o n a l losses, and then e s t i m a t e s t he 

supply f r e q u e n c y needed f o r t he induct ion moto r to develop the s ame to rque 

while driving t h e load a t t he t a r g e t speed . The con t ro l s t r a t e g y a lgor i thm 

divides into t h r e e main s t ages : 

1) D e t e c t i o n of speed e r r o r . 

2) Es t ima t ion of t he t o rque developed by t h e induct ion mo to r . 

3) Es t ima t ion of t he supply f r e q u e n c y needed fo r the induct ion 

m o t o r to dr ive t h e load a t t he t a r g e t speed . 
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6.4.2 Detection of speed error 

The t a r g e t speed was e n t e r e d into t he c o m p u t e r memory as a 

cor responding speed number given by express ion 6.1. The c o m p u t e r d e t e c t e d 

speed e r ro r by compar ing th is speed number , cal l the " t a r g e t speed number" 

wi th the speed number produced by the speed measur ing c i r cu i t . If speed 

e r ro r was d e t e c t e d the con t ro l s t r a t e g y a lgor i thm a c t e d to r educe the e r r o r . 

It was possible to a r r ange fo r the con t ro l s t r a t e g y a lgor i thm not to 

respond to speed e r ro r below a threshhold value . This f ac i l i ty proved usefu l in 

c o m b a t t i n g problems due to v ibra t ion of t he mo to r g e n e r a t o r se t a f f e c t i n g the 

ou tpu t f r e q u e n c y of the encoder and t h e r e f o r e the speed number produced by 

the speed measur ing c i r cu i t . 

6.4.3 Estimation of the torque developed by the induction motor 

A possible me thod of e s t i m a t i o n would be t he r e a l - t i m e ca lcu la t ion 

based on equa t ions 2.1, 2.2 and 2.3. However such ca lcu la t ion would be slow 

and would t h e r e f o r e hinder the e f f e c t i v e n e s s of the con t ro l s t r a t e g y . Ins tead , 

t he l imi t ed number of supply f r e q u e n c i e s used in t he cont ro l of the dr ive and 

t h e l imi ted r ange of speed numbers likely to be m e t during the con t ro l of t he 

dr ive sugges ted an a l t e r n a t i v e me thod of e s t i m a t i o n , descr ibed below: 

Each of t he e ight supply f r e q u e n c i e s was r e p r e s e n t e d by a number , 

ca l led the " f r e q u e n c y number" N p . For 50.3 Hz , N p = 1, fo r 51.4 Hz, N p = 2 

and so on up to 59.8 Hz , N p = 8. These supply fregenc ies and the 39 speed 

number s in t he r ange 77 to 116 likely to be m e t gave 312 combina t ions of 

supply f r e q u e n c y and speed number . Equat ions 2.1, 2.2 and 2.3 were used to 

c a l c u l a t e the t o rque developed a t t he speed and the supply f r e q u e n c y 

cor responding to each combina t ion of supply f r e q u e n c y and speed number . The 

values of t o rque so ca l cu l a t ed were s to red in a look-up t a b l e as a ma t r i x wi th 

each e l e m e n t having the f o r m T (Np, Ng) whe re T (Np, Ng) is t he to rque 

developed when the induct ion moto r o p e r a t e s f r o m a 240v supply having a 

f r e q u e n c y cor responding to N p and runs a t a speed cor responding to Ng. 

The con t ro l s t r a t e g y e s t i m a t e d in t he fol lowing manner the to rque 

developed by the induct ion m o t o r when ope ra t ing f r o m a 240v supply of 

pa r t i cu l a r f r e q u e n c y and running a t a p a r t i c u l a r speed . F i rs t ly t he compu te r 

read t h e speed number produced by the speed measur ing c i r cu i t , and secondly, 

t h e con t ro l s t r a t e g y a lgor i thm se l ec t ed t he look-up t ab l e en t ry which 

cor responded to t he supply f r e q u e n c y and speed number in ques t ion . 
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If t h e speed n u m b e r was l ower t h a n 77, t h e l o w e s t speed n u m b e r f o r 

which e n t r i e s in t h e look-up t a b l e e x i s t e d , t h e n t h e c o n t r o l s t r a t e g y a l g o r i t h m 

chose t h e e n t r y c o r r e s p o n d i n g to speed n u m b e r 77 and t h e supply f r e q u e n c y . 

This e n t r y w a s an e s t i m a t e of t h e t o r q u e deve loped by t h e induc t ion m o t o r . 

L ikewise if t h e s p e e d n u m b e r w a s above 116 t h e e n t r y co r r e spond ing to speed 

n u m b e r 116 and t h e supply f r e q u e n c y was s e l e c t e d . 

6.4.4 Estimation of the supply fequency needed for the induction motor to 

drive the load at the target speed 

Having found t h e t o r q u e T deve loped by t h e induc t ion m o t o r t h e 

c o n t r o l s t r a t e g y a l g o r i t h m e s t i m a t e d t h e supply f r e q u e n c y n e e d e d f o r t h e 

induc t ion m o t o r t o d r ive t h e load a t t h e t a r g e t s p e e d . This was done in t h e 

fo l lowing way : 

If N s j is t h e t a r g e t speed n u m b e r t h e n t h e fo l lowing e n t r i e s in t h e 

look-up table: T (1, Nsy), T(2, NgT), T (3, Ns iX T (4, NgT), T (5, NgT), T(6, 

N g y ) , T(7, Nsj) and T (8, N g j ) d e s c r i b e e igh t poss ible va lues of t o r q u e 

p r o d u c e d by t h e induc t ion m o t o r runn ing a t t h e t a r g e t s p e e d . The va lues 

depend upon t h e supply f r e q u e n c y c o r r e s p o n d i n g t o t h e e n t r i e s and t h e c o n t r o l 

s t r a t e g y a l g o r i t h m e s t i m a t e d t h e supply f r e q u e n c y n e e d e d f o r t h e induc t ion 

m o t o r by f ind ing which of t h e va lues is equa l or c lo se s t t o T, t h e t o r q u e being 

deve loped by t h e induc t ion m o t o r a t p r e s e n t . When th i s va lue had b e e n found 

t h e c o n t r o l s t r a t e g y s e l e c t e d t h e supply f r e q u e n c y co r r e spond ing to t h e va lue 

as t h e supply f r e q u e n c y n e e d e d f o r t h e induc t ion m o t o r t o d r ive t h e load a t t h e 

t a r g e t s p e e d . 

It is poss ib le t h a t t w o of t h e e igh t poss ib le va lues of t o r q u e d e s c r i b e d 

by e n t r i e s T (1, N g j ) t o T(8, N g j ) would not only be c l o s e s t t o T bu t would also 

be equa l ly c lose t o T. In such a c a s e t h e c o n t r o l s t r a t e g y a l g o r i t h m s e l e c t e d 

t h e h ighe r of t h e t w o f r e q u e n c i e s c o r r e s p o n d i n g to t h e t w o c l o s e s t va lues of 

t o r q u e . The c h o i c e b e t w e e n t h e h igher or l ower va lue of f r e q u e n c y was 

a r b i t r a r y . 

The poss ib i l i ty of m o r e t h a n t w o of t h e e igh t poss ible va lues of 

t o r q u e d e s c r i b e d by e n t r i e s T (1 ,NST ) t o T(8, N g j ) being equal ly c lose to T 

would not a r i s e s i nce a m o n g s t t h e e n t r i e s in t h e look up t a b l e , a t any given 

va lue of Nsj , T ( N p , N g j ) b e c o m e s m o r e pos i t ive as N p i n c r e a s e s . This is 

b e c a u s e i n c r e a s i n g va lue s of N p a t a g iven va lue of N s j impl i e s o p e r a t i o n a t 

i n c r e a s i n g supply f r e q u e n c y whi l s t t h e speed r e m a i n s t h e s a m e , in t u r n 

imply ing i nc rea s ing sl ip and t h e r e f o r e t o r q u e . 
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Once the con t ro l s t r a t e g y a lgor i thm had s e l e c t e d the requi red supply 

f r e q u e n c y the c o m p u t e r sen t t he a p p r o p r i a t e f r e q u e n c y con t ro l number to t he 

t h r e e - p h a s e digi ta l osc i l l a to r to ach ieve t he requ i red supply f r e q u e n c y . 

6.4.5 The language of the control strategy algorithm 

In order to ach ieve a quick response con t ro l sy s t em the con t ro l 

s t r a t e g y a lgor i thm was w/ritten in the assembly language of t he 6502 

mic roprocesso r used in t he Apple II c o m p u t e r r a t h e r than "BASIC" the high-

level l anguage ava i lab le on the Apple II c o m p u t e r . The assembly language 

used 8-b i t a r i t h m e t i c . 

6.4.6 Storage of the entries in the look-up table 

The values of induct ion m o t o r t o rque a t d i f f e r e n t speeds and supply 

f r e q u e n c i e s a r e r ea l number s which may be pos i t ive or nega t ive depending on 

sub - or super -synchronous ope ra t i on . A look-up t ab l e conta in ing such 

numbers r ep re sen t i ng induct ion moto r to rque a t d i f f e r e n t supply vo l tages and 

f r e q u e n c i e s would be unsu i tab le for a con t ro l s t r a t e g y a lgor i thm using 8-b i t 

assembly language because the a r i t h m e t i c uses pos i t ive i n t ege r s b e t w e e n 0 and 

255. 

Howeve r , t h e con t ro l s t r a t e g y a lgor i thm bases i ts se lec t ion of a 

su i t ab le supply f r e q u e n c y upon compar i son of t he values of induct ion m o t o r 

t o rque r e l a t i v e to one ano the r and not upon abso lu te values of t o rque . 

Consequen t ly if t he values of induct ion m o t o r to rque a r e s to red in t he look-up 

t a b l e in such a way t h a t t he a r i t h m e t i c d i f f e r e n c e b e t w e e n any two en t r i e s in 

t he look-up t a b l e is p ropor t iona l to t he a r i t h m e t i c d i f f e r e n c e be tween the two 

values of to rque which they r e p r e s e n t , t hen se lec t ion of t he app rop r i a t e supply 

f r e q u e n c y may be based upon en t r i e s which a r e 8 -b i t numbers su i tab le for t he 

8 -b i t assembly l anguage . 

Each value of induct ion moto r t o rque was conve r t ed to an equiva len t 

8 -b i t number in t he fol lowing way: 

Of all t he values of t o rque c a l c u l a t e d fo r the d i f f e r e n t combina t ions 

of speed number and supply f r e q u e n c y descr ibed previously , t he mos t posi t ive 

value was r e p r e s e n t e d by 255 and the mos t n e g a t i v e value by ze ro . The most 

pos i t ive value of to rque occu r r ed a t the h ighes t supply f r e q u e n c y (59.8Hz) and 

a t t he lowes t speed number (77) r e p r e s e n t e d in the look-up t a b l e . Likewise , 

t he mos t nega t ive value of to rque occu r r ed a t t h e lowest f r e q u e n c y (50.3Hz) 

and highest speed number (116) r e p r e s e n t e d in t he look up t a b l e . In o the r 

words , t he m o s t posi t ive value of to rque was T(8,77) and the mos t nega t ive 

value was T( l ,116) . 
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Each value of t o rque T (Np, Ngy) was r e p r e s e n t e d by an equiva len t 

i n t ege r TjCNp, NST^ given by the express ion: 

TjCNp, N s j ) = n e a r e s t in tege r to " T(l ,116)) \ ( g j ) 
\ T(8,77) - 1(1,116) / 

This re la t ionsh ip ensured t h a t the d i f f e r e n c e be tween any two en t r i e s 

in the look up t ab l e was p ropor t iona l to the d i f f e r e n c e b e t w e e n the two values 

of to rque they r e p r e s e n t , sub j ec t to smal l e r ro r s due to rounding r ea l numbers 

up or down to the n e a r e s t i n t ege r . 

Such rounding could a f f e c t the se lec t ion , descr ibed ea r l i e r , of supply 

f r e q u e n c y s ince it is t hen m o r e likely t h a t of t he e ight values of to rque 

s e l e c t e d fo r compar i son with the e s t i m a t e d to rque , two such values , though 

d i f f e r e n t f r o m each o the r , would be equally close to the e s t i m a t e d to rque . 

This could resu l t in an i n c o r r e c t e s t i m a t e of the supply f r e q u e n c y s ince , as 

descr ibed previously , the con t ro l s t r a t e g y a lgor i thm would s e l ec t t he higher of 

t he two supply f r e q u e n c i e s cor responding to t he two c loses t values of t o rque . 

6.5 Experimental tests of the closed-loop controlled induction motor 

drive. 

6.5.1 The Objective of these tests 

The o b j e c t i v e of t he se t e s t s was the s tudy of the c losed- loop con t ro l 

of t he induct ion m o t o r dr ive using the con t ro l s t r a t e g y descr ibed previously. 

In pa r t i cu l a r t he se t e s t s s tudied the s tab i l i ty of the dr ive and i ts abi l i ty to 

ma in t a in c o n s t a n t speed r ega rd le s s of load upon the D,C. g e n e r a t o r , provided 

t h a t t he load upon the induct ion moto r did not exceed i ts r a t e d value (250 

watts). 

6.5.2 Equipment used in these tests 

The dr ive was c o n s t r u c t e d as shown in F igure 3.1 wi th the c o m p u t e r 

measur ing the speed of t he m o t o r - g e n e r a t o r se t using the encoder and the 

speed -measu r ing c i r cu i t . The c o m p u t e r was connec t ed to the t h r e e - p h a s e 

digi ta l osc i l l a to r and a changeover sv/itch al lowed con t ro l of t he ou tpu t 

f r e q u e n c y by e i t he r the c o m p u t e r or the swi t ches on the f r o n t panel of the 

t h r e e - p h a s e digi ta l o sc i l l a to r . A var iable r e s i s t a n c e was c o n n e c t e d to t he 

a r m a t u r e of the D.C. g e n e r a t o r to load the g e n e r a t o r . Moving-coil m e t e r s 

measu red the phase c u r r e n t s and vo l tages of t he induct ion m o t o r and also t he 

a r m a t u r e vo l tage and c u r r e n t of the D.C. g e n e r a t o r . 
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Throughout t he se t e s t s , c h a r t r ecord ings of speed were made in o rder 

to s tudy changes in speed during the t e s t . The nnethod of record ing was 

s imi la r to t h a t descr ibed in C h a p t e r 5. As previously men t ioned , due to an 

overs igh t of the au thor t he graphs of speed aga ins t t i m e were not ca l ib ra t ed 

aga ins t read ings of speed measu red by a f r e q u e n c y coun te r connec t ed to t he 

e n c o d e r . Howeve r , the graphs have been ca l i b r a t ed aga ins t t h e o r e t i c a l 

e s t i m a t e s of s t e a d y - s t a t e speed using the theo ry descr ibed in Sect ion 4.8 of 

C h a p t e r 4. 

6.5.3 Experimental procedure 
At t h e s t a r t of each t e s t t he t a r g e t speed was e n t e r e d into the 

c o m p u t e r in t he f o r m of t he equ iva len t speed number , and the con t ro l s t r a t e g y 

a lgor i thm was s t a r t e d . Only speed numbers in t he range 77 to 116, t h e r ange 

fo r which the con t ro l s t r a t e g y had been des igned, were e n t e r e d . 

In order to m e e t t he ob j ec t i ve descr ibed previously each t e s t 

compr i sed the fol lowing four s t ages ; 

S tage 1 Open- loop con t ro l : unloaded ope ra t ion 

The m o t o r - g e n e r a t o r se t was run wi th t he D .C . g e n e r a t o r s e t 

un loaded . The changeover swi tch on the t h r e e - p h a s e digi ta l osc i l l a to r was s e t 

so t h a t the swi t ches on the f r o n t of t he t h r e e - p h a s e digi ta l osc i l l a to r 

con t ro l l ed t he f r e q u e n c y of t he V.V.V.F. supply, producing open- loop cont ro l of 

t he m o t o r g e n e r a t o r s e t . The supply f r e q u e n c y chosen was t h a t which 

produced a speed c loses t to the t a r g e t speed . 

S tage 2 Open- loop con t ro l : loaded opera t ion 

A f t e r t he m o t o r - g e n e r a t o r se t had been running s teadi ly whils t 

s u b j e c t to open- loop con t ro l and no load, a r e s i s t a n c e was connec t ed to the 

a r m a t u r e of t he D.C. g e n e r a t o r , loading the g e n e r a t o r and causing the m o t o r -

g e n e r a t o r se t to d e c e l e r a t e . The value of t he r e s i s t ance was main ta ined 

c o n s t a n t during any pa r t i cu l a r t e s t . 

S tage 3 Closed loop con t ro l : loaded opera t ion 

A f t e r t he m o t o r - g e n e r a t o r s e t had been running s teadi ly whils t 

s u b j e c t to open loop con t ro l and load, t h e changeover swi tch on the t h r e e -

phase d ig i ta l osc i l l a to r was se t so t h a t t he c o m p u t e r con t ro l l ed t he f r e q u e n c y 

of t he V.V.V.F. supply in response to the speed of t he mo to r g e n e r a t o r se t and 

also in response to the con t ro l s t r a t e g y a lgo r i t hm. 
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This s t a g e of the t e s t s tudied the abi l i ty of the cont ro l s t r a t e g y to 

r e s t o r e t he speed of the m o t o r - g e n e r a t o r se t to t he t a r g e t speed . The 

e f f e c t i v e n e s s of t he con t ro l s t r a t e g y could be judged by compar ing the 

d i f f e r e n c e b e t w e e n the speeds ob ta ined during s t ages 1 and 2 with t he 

d i f f e r e n c e in speeds ob ta ined during s t a g e s 1 and 3 of the t e s t . 

Be fo re t he f ina l s t a g e of t he t e s t , s u f f i c i e n t t i m e was al lowed for t he 

con t ro l s t r a t e g y to t ake e f f e c t and f o r the c h a r t r eco rde r to produce a 

s u f f i c i e n t r ecord of speed aga ins t t i m e . 

S tage 4 Closed- loop con t ro l : unloaded opera t ion 

Without c losed- loop speed con t ro l , r emova l of t h e load upon the D .C . 

g e n e r a t o r would normal ly cause a c c e l e r a t i o n of t he m o t o r - g e n e r a t o r s e t . This 

s t age of the t e s t involved d i sconnec t ing the load upon the D.C. g e n e r a t o r and 

s tudying t h e abil i ty of the con t ro l s t r a t e g y to ma in ta in the t a r g e t speed . 

A succes s fu l con t ro l s t r a t e g y would produce speeds during s t ages 3 

and 4 t h a t a r e close to the speed during s t a g e 1. 

Tes t P r o c e d u r e 

B e f o r e each t e s t , t h e m o t o r - g e n e r a t o r s e t was run with open loop 

con t ro l f r o m the V.V.V.F. supply of f r e q u e n c y equal to t h a t which would be 

used during s t a g e 1 of t he t e s t . The load r e s i s t ance was connec t ed to the 

a r m a t u r e of t h e D.C. g e n e r a t o r and t h e load r e s i s t ance and the exc i t a t i on of 

t he D.C. g e n e r a t o r were ad jus t ed to produce the load requi red fo r s t age 2 of 

the t e s t . The load chosen var ied b e t w e e n t e s t s but was s u f f i c i e n t to produce a 

la rge change of speed b e t w e e n s t a g e s 1 and 2 of t h e t e s t . Such a la rge change 

of speed could be more c lea r ly shown by the c h a r t r eco rde r than a smal l 

change in speed . More impor t an t l y , a l a rge change in speed would be more 

readi ly d e t e c t e d and c o r r e c t e d than a smal l change in speed because of t he 

fa i r ly coa r se m e a s u r e m e n t of speed , 0.258 revs s~^, resu l t ing f r o m the 

reso lu t ion of the encoder and the measur ing t i m e of t he speed measur ing 

c i r cu i t , and the coa r se supply f r e q u e n c y a d j u s t m e n t : e ight d i f f e r e n t 

f r e q u e n c i e s spaced about I H z a p a r t . 

In order to r e l a t e graphs of speed agains t t i m e drawn by the c h a r t 

r e c o r d e r to t he appl ica t ion and r emova l of load f r o m the D.C. g e n e r a t o r , t he 

lead connec t ing t h e load r e s i s t a n c e to the a r m a t u r e of the D.C. g e n e r a t o r was 

passed through a c u r r e n t t r a n s f o r m e r . The ou tpu t of the c u r r e n t t r a n s f o r m e r 

was c o n n e c t e d to a spare channel of t he cha r t r e c o r d e r . The appl ica t ion and 
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r emova l of load f r o m the D.C. g e n e r a t o r caused a sudden change in c u r r e n t 

through t h e lead upon which the c u r r e n t t r a n s f o r m e r was t h r e a d e d , and caused 

a spike in the t r a c e produced by the channel measur ing the ou tpu t of t he 

c u r r e n t t r a n s f o r m e r . This spike was d i s t inc t f r o m the much smal le r spikes 

produced by changes in a r m a t u r e c u r r e n t due to changes in a r m a t u r e vo l tage 

resu l t ing f r o m changes in speed during the t e s t . 

In t he graphs of speed agains t t i m e produced during each t e s t , t he 

change f r o m open- loop con t ro l to c losed- loop con t ro l was marked by a change 

in speed which took p lace some t i m e a f t e r the m o t o r - g e n e r a t o r se t had 

r eached a s t eady speed in response to open loop con t ro l and t h e appl ica t ion of 

load to the a r m a t u r e of t he D.C. g e n e r a t o r . 

6.6 The ef fects of vibration and torsional oscillations upon the closed-

loop control of the induction motor drive 

6.6.1 The behaviour of the induction motor drive under closed-loop control 

When a t t e m p t s were made to con t ro l t he drive using the c losed- loop 

con t ro l sy s t em descr ibed ea r l i e r t he speed of the m o t o r - g e n e r a t o r se t 

f l u c t u a t e d wildly. This occu r r ed during both loaded and unloaded opera t ion of 

t h e D.C. g e n e r a t o r . 

It was suspec ted t h a t v ibra t ion and tors ional osc i l la t ions s imilar to 

those descr ibed in C h a p t e r s 3 and 5 w e r e responsible fo r th i s behaviour as they 

would cause rapid changes in t he speed number produced by the encoder and 

the speed -measu r ing c i r c u i t . The con t ro l s t r a t e g y would i n t e r p r e t t he se 

changes as being due to changes in speed due to changes in load and would 

a l t e r the supply f r e q u e n c y accord ingly , producing changes in speed . 

F u r t h e r m o r e , t he mechan i ca l f o r c e s produced by t h e s e changes in supply 

f r e q u e n c y would produce more tors ional osc i l la t ions , con t r ibu t ing to t he 

p rob lem. The product ion of tors ional osc i l la t ions in th is manner was noted 

during the dec l e r a t i on t e s t s descr ibed in C h a p t e r 5. 

The cause of t he problem of f l u c t u a t i o n s in speed was c o n f i r m e d by 

p rog ramming the c o m p u t e r to pr in t success ive speed number s produced by t h e 

speed measur ing c i r c u i t . The wide r ange of speed numbers produced whilst 

t he m o t o r - g e n e r a t o r se t ran s tead i ly , supposedly, was c o m p a r a b l e to t h a t 

which would be caused by l a rge changes in load and would t h e r e f o r e ce r t a in ly 

a f f e c t t he opera t ion of t he con t ro l s y s t e m . 
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F u r t h e r suppor t fo r the theo ry t h a t v ibra t ion and tors iona l 

osc i l la t ions w e r e responsible for wild va r i a t ions in speed during connputer 

con t ro l c o m e s f r o m the c o m p u t e r s imula t ion of t he se t e s t s . The resu l t s of 

t he se c o m p u t e r s imula t ions will be descr ibed l a t e r . 

In order to avoid possible d i f f i c u l t i e s in t ry ing to l o c a t e and cure the 

prob lems of v ibra t ion and to rs iona l osc i l la t ions it was decided to t a c k l e t h e s e 

p rob lems by using a p p r o p r i a t e s o f t w a r e me thods to minimise the e f f e c t s of a 

f l u c t u a t i n g speed number . Two c o m p l e m e n t a r y me thods were adop ted : 

6.6.2 Use of an average speed number 

This is, pe rhaps , t h e most obvious solut ion to the p rob lem. The 

speed number t ended to vary about a m e a n value and so the con t ro l s t r a t e g y 

a lgor i thm was modi f ied so t h a t the speed number used to d e t e r m i n e the supply 

f r e q u e n c y was t he a v e r a g e of severa l success ive speed numbers produced by 

the speed measur ing c i r cu i t . 

However , in order to p roduce an a v e r a g e speed number t h a t did not 

vary too g rea t ly for t he purpose of t he con t ro l s t r a t e g y a lgor i thm, s u f f i c i e n t 

success ive speed numbers had to be r ead . The t i m e requ i red to do this 

s ign i f i can t ly slowed the response of t he con t ro l sys t em to changes in speed . 

For example , s ix teen success ive speed numbers were i n su f f i c i en t and ye t about 

a q u a r t e r of a second was needed to read t he se numbers , s ince t he speed 

measur ing c i r cu i t p roduced a speed number every 15.5 mil l i seconds. 

Consequen t ly ano the r me thod was also used to t a c k l e t he problem of v ibra t ion 

and tors ional osc i l la t ions . 

6.6.3 Use of a dead-band 

In order to minimise the e f f e c t s of f l u c t u a t i o n s in t he ave rage speed 

number the con t ro l s t r a t e g y a lgor i thm was modi f i ed so t h a t it did not change 

the supply f r e q u e n c y unless t he speed was outs ide a c e r t a i n l imi t ca l led t he 

"dead-band" . This was done by compar ing the a v e r a g e speed number with t he 

t a r g e t speed number and a t t e m p t i n g to cont ro l t he speed only if the abso lu te 

value of the d i f f e r e n c e b e t w e e n the se two numbers was above a c e r t a i n l imi t . 

It is appa ren t t h a t t he s ize of t he dead-band a f f e c t s the accu racy of 

t h e f ina l s t e a d y - s t a t e r e a c h e d by the con t ro l s y s t e m . Too la rge a dead-band 

can resu l t in a la rge speed e r ro r . 

6.6.4 The compromise involved in the use of an average speed number and 

a dead-band 

F r o m the p reced ing discussion it is appa ren t t h a t the use of an 

a v e r a g e speed number and a dead-band involves compromise be tween a c c u r a c y 
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and speed of response of t he c losed- loop con t ro l s y s t e m . If it is requi red to 

p roduce a qu ick-ac t ing con t ro l s y s t e m , this can be achieved by using f ew 

success ive speed numbers to produce the ave rage speed number . However a 

wide dead-band would be needed to con ta in the r e su l t an t f l u c t u a t i o n s in t he 

a v e r a g e speed number , and the accu racy of t he closed loop cont ro l sys t em 

would d e t e r i o r a t e . Converse ly , if an a c c u r a t e con t ro l sy s t em was needed th is 

would requ i re a nar row dead-band but would also requ i re many speed numbers 

to produce an a v e r a g e speed number t h a t did not vary g rea t ly due to v ibra t ion 

and tors iona l osc i l l a t ions . The t i m e needed to produce such an a v e r a g e speed 

number would slow down the response of t he c losed- loop con t ro l s y s t e m . 

It was found t h a t an a c c e p t a b l e compromise used s ix teen success ive 

speed numbers to f o r m an a v e r a g e speed number and also used a dead-band of 

3, cor responding to a dead-band of 0.774 revs s -1 . However this c o m p r o m i s e 

did not comp le t e ly e l i m i n a t e speed f l uc tua t i ons due to to rs iona l osc i l la t ions 

and v ibra t ions , but did con ta in these f l u c t u a t i o n s within m a n a g e a b l e l imi t s . 

Accord ingly , t he c o m p u t e r s imula t ion of t he se t e s t s also s imu la t ed 

t h e use of a dead-band and an a v e r a g e speed number to produce an a c c u r a t e 

s imula t ion of t he t e s t s . 

6.7 Computer simulation of the closed-loop control of the induction 

motor drive 

6.7.1 The purpose of the computer simulation 

The purpose of t he c o m p u t e r s imula t ion was to check w h e t h e r t he 

p rob lems of ins tabi l i ty of t he c losed- loop cont ro l led induct ion moto r drive 

w e r e due to v ibra t ion causing spurious speed m e a s u r e m e n t or were caused by 

an inheren t f l a w in the con t ro l s t r a t e g y . 

6.7.2 The general form of the computer simulation 

In order to s imu la t e each t e s t upon the c losed- loop con t ro l l ed 

induct ion moto r dr ive , t h e c o m p u t e r s imula t ion had fou r p a r t s : 

1) The c o m p u t e r s imula t ion of t he induct ion moto r dr ive. 

2) The c o m p u t e r s imula t ion of speed m e a s u r e m e n t 

3) The c o m p u t e r s imula t ion of the cont ro l s t r a t e g y a lgor i thm 

4) The c o m p u t e r s imula t ion of each of t he four s t ages of a t e s t . 

These fou r p a r t s a r e descr ibed in tu rn below. 
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6.7.3 The computer simulation of the induction motor drive 

Chapter 5 has shown that the mathematical model developed in 

Chapter 4 gives a good description of the speed of the motor-generator set 

during transients and steady-state operation and so this mathematical model 

was used to simulate the induction motor drive. Consequently the computer 

simulation was based upon the computer simulation of the acceleration test : 

both the acceleration test and its computer simulation are described in 

Chapter 5. The computer simulation of the acceleration tes t was modified to 

describe the closed-loop control of the induction motor drive by including 

subroutines which described the computer simulation of speed measurement, 

the control strategy algorithm, and the computer simulation of each of the 

four stages of a tes t . 

The iteration used in the computer simulation of the closed loop 

control of the induction motor drive used a step length of 0.5ms; the same as 

that used in the computer simulation of the acceleration tes t . 

6.7.4 The computer simulation of speed measurement 

As described previously, the speed-measuring circuit counted the 

number of encoder pulses during 15.5ms and expressed the result as an 8-bit 

binary number. This was simulated in the following way: 

At intervals of 15.5ms of simulation time the computer calculated 

the average speed during the past 15.5ms and used equation 6.1 to produce the 

equivalent speed number. Since the step length of the iteration used in the 

computer simulation was 0.5 ms, 15.5 ms of simulation time represented 31 

steps in the iteration and so the computer calculated the average speed every 

15.5 ms by calculating the average of all the speeds reached during the 

previous 31 steps. 

6.7.5 The computer simulation of the control strategy algorithm 

The computer simulation of the control strategy algorithm was a 

subroutine that contained a "translation" of the control strategy algorithm 

from assembly language to BASIC, the language of the computer simulation. 

In other words, the computer simulation used the same principles as the 

control strategy algorithm for detecting speed error, estimating the torque 

exerted on the induction motor and selecting the supply frequency needed for 

the motor-generator set to run at the target speed. 
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The same eight different supply frequencies available for speed 

control of the induction motor drive were also available for control during the 

computer simulation, and so the computer simulation included facilities for 

changing the supply frequency during the simulation to simulate changes in 

supply frequency. This was achieved by altering . Hov/ever, Appendix C 

and Chapter 5 s tate that during a change in frequency of the three phase 

digital oscillator, phase continuity is maintained. The simulation of phase 

continuity during a change in frequency is described in subsection 5.4.2 and 

equation 5.5. The computer simulation of the control strategy algorithm used 

a similar method. 

The computer simulation of the control strategy algorithm used a 

look-up table of torque similar to that used in the closed-loop control of the 

induction motor-drive. A separate subroutine which operated at the start of 

the computer simulation of the closed-loop control of the induction motor 

drive calculated the induction motor torque at all combinations of supply 

frequency and speed numbers that were present in the look-up table used for 

the closed-loop control. These values of induction motor torque were 

calculated from the equivalent circuit of the induction motor and were 

converted to integer numbers between 0 and 255 using equation 6.3, These 

integer numbers were stored in a manner similar to that used in the look-up 

table used for closed-loop control. Such calculation, conversion and storage 

produced a look-up table that was similar to the one used for closed loop 

control. 

6.7.6 The computer simulation of each of the four stages of a test 

The four parts of each test are distinguished by the connection or 

disconnection of load from the armature of the D.C. generator and the change 

between open- and closed-loop control of the induction motor drive. Table 

6.1 lists the conditions of load and of type of control relevant to each stage of 

a tes t . 
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Table 6.1 The conditions of load and type of control relevant to each stage of 

a test 
Load 

Open-loop control 

Disconnected Connected 

Open-loop control Stage 1 Stage 2 

Closed-loop control Stage 3 Stage 4 

Consequently the task of simulating each stage becomes one of 

simulating the connection and disconnection of load and of simulating changes 

in types of control according to the table above. 

Simulating the connection and disconnection of load. 

In the computer simulation, the load upon the armature of the D.C. 

generator was expressed as the load resistance connected to the armature, and 

the excitation of the D.C. generator. Both the excitation and the load 

resistance used in a particular test can be calculated from the steady-stage 

representation of the induction motor drive, described in Section 4.8 of 

Chapter 4, and the supply voltage and frequency and the armature voltage and 

current used in Stage 2 of the tes t in question. Connection of load was 

simulated by allowing the computer to use equation 4.86 and equations 4.87 to 

4.92 to calculate xg, the state-space variable representing the armature 

current of the D.C. generator. 

Disconnection of load was simulated by setting xg to zero and also 

ensuring that in the matrices K j to K5 (which are the coefficients of the 5th 

Order Kutta-Merson algorithm), all elements corresponding to xg were set to 

zero and the computer program by-passed equation 4.86. This ensured that the 

5th Order Kutta-MersoQ algorithm proceeded on the basis of no armature 

current and therefore no load. Reconnection of load was simulated by using 

equation 4.86 in the computer program and allowing xg and the corresponding 

elements of the coefficients of the 5th Order Kutta-Merson algorithm to reach 

values calculated by that algorithm. 

During the simulation of the connection and disconnection of load, 

the excitation of the D.C. generator was constant, as was the case during any 

particular tes t . 

Simulation of the change between open and closed loop control 

This was simulated by omitting or including the subroutine which 

simulated the control strategy algorithm. 
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6.7.7 Input data required by the computer simulation of the closed loop 

control of the induction motor drive. 

The following data was required: The supply voltage and frequency 

used during stages 1 and 2 of the tes t , the excitation of the D.C. generator and 

the load resistance, the initial conditions, the point-of-wave switching angle 

and the target speed. 

The target speed was entered as an equivalent speed number, 

described by expression 6.1. The initial conditions were defined by making 

the s ta te variables x], to x^ equal zero at time t = 0, corresponding to the 

motor-generator set at rest and isolated from all supplies. The point-of-wave 

switching angle was set equal to zero at the start of the simulation though, as 

will be described later , the nature of the simulation allowed any possible value 

of point-of-wave switching angle. 

6.7.8. The order and duration of the simulation of each stage of a test 

To achieve an accurate simulation of a tes t , each stage was 

simulated in the order in which it occurred in the test and, apart from stages 1 

and 2, the simulation time used to simulate a given stage was the same as the 

duration of that stage during the tes t . Since stages 1 and 2 correspond to 

steady state open loop-controlled operation of the drive it was considered 

unnecessary to simulate these stages for longer than was needed for the 

computer simulation to reach a steady state . Further simulation time would 

not have yielded any more useful information about the speed of the motor-

generator set during stages 1 and 2. One second of simulation time was 

allowed for each of stages 1 and 2. The initial conditions used in the 

computer simulation meant that the simulation of stage 1 included the 

simulation of the motor-generator set accelerating from rest . The study of 

this acceleration was not relevant to the study of the closed-loop control 

system and was therefore ignored, and the steady s ta te speed attained during 

the simulation of stage 1 was assumed to apply to the whole of the simulation 

of this stage. 

6.7.9 Errors in the look-up table of induction motor torque at different 

speeds and supply frequencies 

A misinterpretation of manufacturers data concerning the induction 

motor resulted in the look-up table used during the experimental tests of the 

closed loop control system being based upon incorrect values of R][, R2, L%, L2 

176 



and M, of the induction motor. Table 6.2 compares these values with those 

based upon data listed in Appendix C. 

Table 6.2 Differences in values of elements of the equivalent circuit of the 

induction motor. 

Element Value based on 

data in Appendix C 

Value used to calculate 

the look-up table 

% 

difference 

R i 69.13 69.2 0.10 

R2 33.49 33.5 0.03 

M 1.264 1.262 0.16 

Ll 1.4258 1.295 9.17 

L2 1.3147 1.351 2.76 

Although these differences are small, for accurate simulation the 

values used to calculate the look-up table used in the experimental test were 

used to calculate the look-up table used in the computer simulation. However, 

in common with other simulations described in this thesis the mathematical 

model of the induction motor was based upon the values quoted in Appendix C. 

6.8 The experimental conditions of each test 

Two tests were performed: 

6.8.1 Test 1 

The purpose of this test was to study the result of applying a load 

that would cause a speed error that could be reduced to almost zero by 

changing the supply frequency to a value within the range of frequencies 

available to the closed-loop control system (50.3 to 59.6Hz). It was realized 

that the closed-loop control system was unlikely to achieve zero change in 

speed because of the coarse frequency control: eight frequencies were 

available. Consequently some steady-state speed error was anticipated or 

possibly some "hunting" about a mean value as the closed-loop control system 

switched between two or more supply frequencies in an a t tempt to produce an 

average supply frequency near the value needed for zero speed error. 
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In this test , the initial supply voltage and frequency were chosen to 

be 240 volts 50.3Hz and the generator excitation was adjusted to give an 

armature voltage of 230 volts when unloaded. According to the steady s ta te 

representation of the induction motor drive, this corresponds to an excitation 

of 1.4668 volts s r a d ' l and steady-state speed 24.956 revs s ' l . The target 

speed number used was 95, corresponding to 24.774 revs s"^ which was close to 

the steady s ta te speed of the motor generator set with the D.C. generator 

excited as described and the induction motor operating from a 240 volts 50.3 

Hz supply. Thus the effectiveness of the closed-loop control system could be 

judged by comparing the speed during closed-loop control with the steady-

s ta te speed described above which occurred at the start of the test . The load 

resistance was adjusted to give an armature current of 1 amp. After allowing 

for the armature resistance and fall in speed with load, these conditions 

correspond to a load resistance of 211.5 Ohms, and a steady-state speed of 

22.948 rev s"l according to the s teady-state representation of the induction 

motor drive. Under these conditions the load upon the armature of the D.C. 

generator was 211.5 watts . The speed error resulting from the application of 

this load was 2.008 revs s"^ which, since the induction motor was a four-pole 

machine could be corrected by an increase in supply frequency of about 4 Hz 

to 54.3 Hz: within the range of available frequencies. This neglects the 

slight increase in load with speed caused by the increase in D.C. generator 

voltage and increase in excitation and fluid friction losses with increasing 

speed. 

6.8.2 Test 2 

The purpose of this test was to study the e f fec t s of applying a load 

which would cause a speed error too great to be corrected by the closed-loop 

control system using the limited range of frequencies available. It was 

anticipated that the closed-loop control system would respond by selecting the 

highest available supply frequency in an a t tempt to achieve the least possible 

speed error under the circumstances, so reducing but not eliminating the speed 

error. 

Accordingly, the initial supply frequency used was 55.3Hz and the 

excitation of the D.C. generator was adjusted to give an armature voltage of 

245 volts when unloaded. This corresponds to a steady-state speed of 27.415 

revs s"l and an excitation of 1.4223 volts s rad"l , according to the steady-

s ta te representation of the induction motor drive. The target speed number 
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used was 106, corresponding to a speed of 27.355 revs s-1 and was chosen for 

reasons similar to those behind the choice of the target speed number used in 

test 1. 

The load resistance was adjusted to produce an armature current of 

1.12 amps. According to the steady-state representation of the induction 

motor drive, these conditions correspond to a load resistance of 195.7 ohms 

and a steady-state speed of 24.531 revs s ' l . Under these circumstances the 

speed error is 2.824 revs s"^ and an increase in supply frequency of about 5.65 

Hz to 60.948 Hz would be needed to correct the speed error since the 

induction motor was a four-pole machine. The required supply frequency is 

above the range of frequencies available to the closed-loop control system. 

Again, the slight increase in load with speed has been neglected. 

The conditions of each test are summarised in Table 6.3 below: 

Table 6.3 Summary of test conditions 

Condition Test 1 Test 2 

Initial supply frequency (Hz) 50.300 55.300 

Target speed (revs s"l) 24.744 27.355 

Target speed number 97 106 

D.C. generator excitation (volts s r ad ' l ) 1.4668 1 . 4 2 2 3 

D.C. generator load resistance (Ohms) 221.50 195.70 

Load upon the D.C. generator during Stage 2 
of the test (Watts) 2 1 1 . 5 0 2 4 5 . 5 0 

Dead band (revs s"^) + 0.774 + 0.774 

Number of speed numbers comprising the 
average speed number 16 16 

6.9 Comparison of experimental results and computer simulations of 

tests upon the closed-loop controlled induction motor drive. 

6.9.1 Experimental results 

Figures 6.1 and 6.2 show respectively the results of tests 1 and 2. 

Each figure compares the experimental results with the computer simulation. 
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From Figure 6.1 it may be seen that the control system was able to 

keep the speed of the motor-generator set at or about the target speed of 

24.774 revs s-1 whilst the D.C. generator was loaded and whilst it was 

unloaded. The changes in speed during closed-loop control were assumed to 

result from vibration affect ing the measurement of speed used by the control 

strategy. 

From Figure 6.2 it may be seen that the control system was unable to 

keep the speed of the motor generator set at the target value, 27.355 revs s"^. 

This was expected as the conditions of the test were designed to see how the 

control system coped with a load and a target speed that together could not be 

achieved using the frequencies available to the control system. Whilst the 

D.C. generator was loaded the control system responded by selecting the 

highest available frequency, 59.8 Hz, which produced some improvement in the 

speed error. When the load was removed, the control system attempted to 

restore the speed of the motor-generator set to the target speed, though such 

restoration was poor because of the problems of vibration described 

previously. 

6.9.2 Computer simulation of the tests 

Figures 6.1 and 6.2 illustrate the results of the computer simulations 

of tests 1 and 2. These results show that once transients have decayed the 

speed during closed loop control shows none of the fluctuations caused by 

vibration. It may therefore be concluded that the control system using a dead-

band and average speed number as described would have produced a steady 

speed but for the problems caused by vibration. 

An interesting feature of the graphs of speed against time produced 

by the experimental results and computer simulations of both tests is the 

"spike" that occurs immediately a f te r the end of stage 3 when the load is 

removed from the D.C. generator. This is caused by the sudden increase in 

speed resulting from the removal of load and the delay in response of the 

control system resulting from the time taken to take 16 speed measurements 

and produce their average before correcting the change in speed. 

After allowing for the e f fec t s of vibration, there is good agreement 

between the experimental results and the computer simulations of the tests . 
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6.9.3 Further study of variations in speed during closed loop control 

Although vibration was a likely cause of variations in speed it is 

possible that there is an inherent characterist ic of the control strategy that 

causes, or at least encourages, variations in speed during closed loop control. 

Accordingly, the computer simulations of tests 1 and 2 w/ere repeated but 

without using an average speed number or a dead-band. Each speed number 

produced during the computer simulation was used individually by the control 

strategy to control the supply frequency. Figures 6.3 and 6.4 show the results, 

respectively of such a simulation of tests 1 and 2. These results show that 

"hunting" can occur during closed loop control and can occur whether or not 

the D.C. generator was loaded. 

A possible explanation of the hunting shown by the computer 

simulation and of the variation of speed during the test itself were the 

differences between the parameters upon which the look-up table of torque 

was based, and the actual parameters of the induction motor was listed in 

Appendix C. The reason for this difference has been described earlier. Such 

differences would cause the control strategy to select an unsuitable supply 

frequency in response to speed error. This in turn would result in the motor 

generator set not reaching the target speed, causing speed error which the 

control strategy would at tempt to correct in a similar manner, leading to 

hunting. 

Accordingly, this explanation was tested by repeating the computer 

simulations of tests 1 and 2 and basing both the look-up table and the model of 

the drive upon the parameters listed in Appendix C. The computer simulations 

were repeated using the dead band and average speed number described 

previously and also using neither. However, there was little difference 

between the results obtained using these simulations and the results described 

in Figures 6.1 and 6.4. It was therefore concluded that the differences 

between the parameters used to model the drive and those used to calculate 

the look-up table were not responsible for the hunting and variations in speed 

observed. 

Another possible explanation of the hunting observed during the 

computer simulations was the speed of the response of the motor-generator 

set compared to the time interval between successive speed numbers. This 

t ime interval was 15.5 ms, determined by the speed-measuring circuit. 

Because of the nature of the encoder and the speed-measuring circuit the 

speed number produced would be proportional to the average speed of the 
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motor-generator set during this 15.5 ms period (this average speed should not 

be confused with the average speed number described earlier). Consequently 

even if the motor generator set reaches the target speed at the end of the 15.5 

ms time interval, the speed number produced may not equal the target speed 

number. The control system would respond to the apparent speed error by 

causing a further change in supply frequency. This behaviour could produce 

over-correction and account for the hunting observed during the computer 

simulation. 

This explanation was verified by repeating the simulations of tests 1 

and 2 with a subroutine that simulated a 10ms delay between the end of one 

15.5 ms speed-measuring period and the star t of another. No dead-band or 

average speed number was used and, as in previous simulations, the parameters 

used to calculate the look-up table in the computer simulation were the same 

as those used to calculate the look-up table used in the experimental tes t . The 

delay allowed more time for the motor-generator set to respond to changes in 

supply frequency and hunting was eliminated. 

It may therefore by concluded that the closed-loop control system is 

prone to hunting but the small oscillations indicated by the computer 

simulations are insufficient to account for the large variations in speed 

observed during experimental tests . It is therefore likely that the main cause 

of these variations was vibration affect ing the value of speed used by the 

control system, although the tendency of the control system to hunt could 

contribute to these variations. 

6.9.4 Temporary decrease in speed following the application of closed-loop 

control during test 2. 

Figure 6.2 shows a temporary decrease in speed following the 

application of closed-loop control during test 2. Although this is not featured 

in the corresponding computer simulation it does feature in Figure 6.4 which 

shows the results of a similar computer simulation which does not use a dead-

band or use an average speed number. 

It is likely that this temporary decrease in speed results from an 

increase in the supply frequency at the s tar t of the closed-loop control. These 

changes would cause transients which may temporarily a f fec t the torque 

developed by the induction motor, accounting for the decrease in speed 

observed. However, this phenomenon was not studied fur ther . 
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6.10 Conclusions 

As stated at the start of this Chapter, the aim of the closed loop 

control system was to keep the speed of the motor generator set constant at a 

particular target speed regardless of changes in load provided the load on the 

induction motor was within the rating of the induction motor. 

Computer simulations showed that the control strategy used was 

viable although some hunting could occur. However experimental tests and 

further computer simulation showed that the control strategy used was 

vulnerable to the e f fec t s of vibration and torsional oscillations upon the 

measurement of speed. The problems caused by these e f fec t s can be 

minimised by using an average speed number and a dead-band but at the 

expense of accuracy and speed of response of the resulting control system. 

Nevertheless the resulting control system shows an overall tendency to keep 

the speed of the motor-generator set close to the target speed regardless of 

changes in load. 

6.11 Suggestions for further work on the closed loop control system 

6.11.1 Suggested main areas for futher work 

These are:-

1) Solving the problems caused by vibration and torsional oscillations 

2) Improving the accuracy of speed control 

3) Extending the available range of speeds. 

6.11.2 Solving the problems caused by vibration and torsional oscillations 

Experimental tes ts upon the computer simulations of the closed-loop 

control of the induction motor drive have highlighted the problems caused by 

vibration and torsional oscillations. A solution to these problems is necessary 

should a similar control system be used to control this or a similar induction 

motor drive where it may not be possible to eliminate the vibrations or 

torsional oscillations themselves. Two possible solutions are described below: 

1) Suitable design of the encoder and its mounting and coupling so that 

variations in speed due to torsional oscillations and vibration are damped 

out. 

2) Suitable mathematical operations performed upon the output of the 

speed-measuring circuit. This chapter has discussed the use of an 

average speed number and a dead-band and has noted the e f fec ts of each 

upon the accuracy and speed of response of the drive. It is possible that 
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suitable mathematical t rea tment of the output of the speed-measuring 

circuit could solve the problems caused by vibration and torsional 

oscillations: in other words the problems could be solved by computer 

software rather than solved by the "hardware" of suitably-designed 

encoders and couplings. 

6.11.3 Improving the accuracy of speed control 

The accuracy of speed control is limited ultimately by three main 

factors : resolution of the encoder and speed measuring circuit, control of 

supply frequency, and accuracy of the 8-bit ari thmetic used by the computer 

to execute the control strategy. These factors are discussed below: 

1) Resolution of the encoder and the speed measuring circuit: As described 

in Chapter 5 the resolution is equivalent to plus or minus 0.258 revs s"^ 

which imposes a limit of similar size upon the accuracy of speed control. 

The resolution, and therefore the accuracy may be improved by using an 

encoder of greater resolution (e.g. a 1000 pulse rev"^ encoder instead of 

the 250 pulse r e v ' l encoder used) or a longer counting period of the 

speed-measuring circuit or a combination of both. 

2) Control of supply frequency. The frequency of the V.V.V.F. supply was 

not continuously variable but was limited to eight frequencies spaced 

about 1 Hz apart . Such coarse frequency control would inevitably lead 

to coarse frequency control. The solution to this problem would be to 

design the three-phase digital oscillator so that it produced output 

frequencies that were spaced closer together. 

3) Accuracy of the 8-bit arithmetic used. The accuracy of 8-bit arithmetic 

is limited to "rounding" errors. These errors were most important in the 

look-up table in which values of torque were represented as eight bit 

numbers in which the rounding error, corresponding to changes in the 

least significant bit, were about | per cent. In order to reduce 

significantly the rounding errors during calculation of the average speed 

number, 16-bit arithmetic was used. The rest of the control strategy 

algorithm was based upon comparison between values of torque in the 

look-up table and therefore involved no further rounding used in the 

look-up table to represent values of torque. 

Therefore, the accuracy of the closed-loop control system could be 

improved by using 16-bit arithmetic and by using 16-bit numbers in the 

look-up table. 
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3) Extending the available range of speeds 

As stated at the s tar t of this chapter only a limited range of speeds 

was considered necessary to study the proposed system of closed-loop control. 

The range of speeds could be extended by extending the range of freguencies 

available from the three-phase digital oscillator, subject to the follov/ing 

restrictions: the safe maximum speed of the motor-generator set and the need 

to reduce the output voltage at lov/ freguencies to avoid magnetic saturation 

of the induction motor. 

However, a greater range of speeds means a greater scope for 

regeneration during deceleration because of the available change in speed. 

The deceleration tests described in Chapter 5 show the amplifiers used in the 

V.V.V.F. supply can cope with limited regeneration, but if any problem is met 

it may be solved using one or more of the following methods: 

1) Temporary disconnection of the induction motor during deceleration 

until the required speed has been reached. 

2) Limiting the value of negative slip of the induction motor so that 

regeneration is reduced. 

3) Modifications of existing amplifiers or use of amplifiers of different 

design to accommodate regeneration. 
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CHAPTER? CONCLUSIONS 

7.1 The objective of the research 

The original objective of the research was to produce a variable 

speed induction motor drive based upon a cage motor and capable of four-

quadrant speed control over a wide range of speeds. Owing to the limited time 

available to complete the research it was not possible to meet this objective. 

Instead the research concentrated upon producing a variable speed drive based 

upon a cage motor that was able to maintain a target speed regardless of load 

provided the load did not exceed the rating of the induction motor. No 

a t tempt was made to achieve regeneration or reversal of direction of rotation 

during closed loop control. The conclusions reached during the research are 

described below: 

7.2 The main parts of the research described in this thesis 

The task of developing a variable-speed induction motor drive 

capable of maintaining a target speed may be divided into three main parts: 

1) The development of a variable-speed induction motor drive. 

2) The development of a suitable closed-loop control system. 

3) The development of a suitable mathematical model of the induction 

motor drive upon which to base the closed-loop system. 

The conclusions reached during each of the above parts are described 

below: 

7.3 The development of the variable speed induction motor drive 

Many variable speed induction motor drives use inverters of the 

switching and filtering type to produce a V.V.V.F. supply for the induction 

motor to achieve variable speed operation. Such inverters produce harmonics 

and in order to avoid problems caused by harmonics the V.V.V.F. supply used in 

the induction motor drive described in this thesis was based upon digital 

waveform synthesis and linear amplication. The V.V.V.F. supply used a high 

efficiency waveform and a suitable transformer connection to improve the 

efficiency of the amplification. The resulting waveform of the V.V.V.F. supply 

had little distortion and the distortion that was present had no noticeable 

e f fec t upon the performance of the drive. 

Tests upon the drive showed it was capable of operating over a wide 

range of speeds limited only by the maximum safe speed of the motor-
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generator set and the range of frequencies available from the three-phase 

digital oscillator controlling the V.V.V.F. supply. Within such a range of 

frequencies, the control of speed is limited by the three phase digital 

oscillator which produces a large number of discrete frequencies rather than a 

continuous range. However the output frequencies are very stable since they 

are derived from a crystal oscillator of excellent stability. 

Although no at tempt was made to achieve regeneration or reversal of 

rotation during closed-loop control, tests upon the drive showed that reversal 

of rotation could be changed by suitable steps in the algorithm used for digital 

waveform synthesis. This achieved reversal of rotation by reversing the sense 

of phase rotation of the outputs of the three-phase digital oscillator. Tests 

also showed the drive to be capable of limited regeneration. It is possible that 

the use of suitable amplifiers could achieve full regeneration. 

It is therefore concluded that the drive described above was a 

practical and successful way of producing a variable speed drive based upon an 

induction motor. The drive produced a wide range of speeds in both directions 

of rotation and was also capable of limited regeneration. It is also concluded 

that this drive could form the basis of a drive capable of full four-quadrant 

operation provided it used amplifiers capable of handling regeneration. 

7.4 The development of a suitable miathennaticai model of the induction 

motor drive 

The mathematical model of the induction motor drive was based 

around Kron's primitive machine. This thesis describes tes ts used to verify the 

accuracy of the model. It was concluded that the mathematical model was a 

good description of the drive under steady-state and transient conditions 

except for the inability of the mathematical model to describe vibration and 

torsional oscillations of the motor-generator set . It was therefore concluded 

that further work intended to improve the mathematical model should 

concentrate upon modelling vibration and torsional oscillations. 

7.5 The development of a suitable closed-loop control system 

It was considered that a closed-loop control system based upon the 

mathematical model described previously would have too slow a speed of 

response because of the complexity of the mathematical model. Accordingly a 

closed-loop control system was developed based upon a table of values of 

torque at different speeds and supply frequencies. These values of torque 
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were calculated using steady-state analysis. Although the mathematical 

model was not used in the closed-loop control system it was used successfully 

to model the closed-loop control system. 

Experimental tests upon and computer simulations of the closed-loop 

control system showed that vibration and torsional oscillations seriously 

af fec ted the performance of the control system. Suitable modifications to the 

strategy used in the control system allowed the drive to approach the 

objective of maintaining a constant speed regardless of load, provided the load 

did not exceed the rating of the induction motor. Computer simulations 

showed that the basic principles of the control strategy were sound and that 

apart from slight hunting under certain conditions the closed-loop control 

system would have been capable of good speed control. 

7.6 Summary 

This thesis has described the construction of a variable speed 

induction motor drive able to operate in forward and reverse over a wide range 

of speeds, though not under closed-loop control. Although the drive was 

capable of limited regeneration it was not capable of full four-quadrant 

control and therefore did not meet the original objectives of the research. 

A mathematical model of the induction motor drive has been 

developed which is a good description of the performance of the drive, 

although studies have shown that improvements need to be made in order for 

the mathematical model to describe vibrations and torsional oscillations in the 

motor-generator set. 

This thesis has concluded by describing a closed-loop control system 

which achieved reasonable speed control of the drive. Studies identified 

vibration and torsional oscillations as the main limitation to the performance 

of the control system. A computer simulation of the induction motor drive 

under closed-loop control was developed and proved useful in analysing the 

performance of the drive. 
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CHAPTER 8 SUGGESTIONS FOR FURTHER WORK 

Introduction 

The research described in this thesis has suggested further work. 

Such suggestions for further work may be divided into three categories: 

1) Improvements to the mathematical model of the induction motor drive. 

2) Improvements to the induction motor drive itself. 

3) Improvements to the control strategy. 
These are described in greater detail below: 

8.1 Improvements to the mathematical model of the induction motor 

drive 

A significant improvement could be made by modelling the e f fec ts of 

vibration and torsional oscillations of the motor-generator set . The nature of 

the vibrations and torsional oscillations could be studied using the following 

methods:-

1) A load variation test similar to the one described in this thesis. The 

variation in load excites torsional oscillations. 

2) Acceleration and deceleration tests similar to those described in this 

thesis. The mechanical forces during such changes in speed excite 

torsional oscillations. 

3) Frequency modulation of the V.V.V.F. supply. Such modulation would 

cause changes in speed which would excite torsional oscillations. A test 

based on this principle would be an interesting "dual" of the load 

variation test in which changes in speed result from changes in load 

rather than supply frequency. 

4) Running the motor-generator set at a range of steady speeds in order to 

study how the vibration was af fec ted by speed. 

8.2 Improvements to the induction motor drive 

The original objective of this research was to develop an induction 

motor drive capable of four-quadrant control over a wide range of speeds. In 

order to meet this objective the following improvements need to be made to 

the induction motor drive. 

1) The drive should be capable of continuous regeneration. This would 

require modification to or replacement of the existing amplifiers or, 

alternatively, a method of dissipating regenerated power without 

damaging the amplifier channels. 
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2) The drive should be capable of a wide range of speeds. This can be 

achieved by increasing the range of available frequencies from the 

three-phase digital oscillator. Appropriate voltage control would be 

needed at low frequencies to avoid magnetic saturation and it would also 

be necessary to impose a maximum frequency limit to avoid 

overspeeding. Good speed control would also require fine control of the 

output frequency of the three-phase digital oscillator. 

8.3 Improvements to the control system 

As described above, good speed control requires fine frequency 

control of the output frequency of the three-phase digital oscillator. Similarly 

good speed control also requires accurate speed measurement which in turn 

requires good resolution of the encoder and speed-measuring circuit. The 

resolution can be improved by using an encoder of greater resolution (i.e. 1000 

pulses per second) or a speed measuring circuit which uses a longer time period 

to count the encoder pulses, or the resolution could be improved by a 

combination of both methods. 

A major problem was that of distinguishing between genuine changes 

in speed due to changes in load and apparent changes in speed due to vibration 

and torsional oscillations. The problem can be viewed as separating a wanted 

"signal" (the change in speed due to change in load) from the unwanted "noise" 

(the changes in speed due to vibration and torsional oscillations). This 

separation could be achieved by suitable statist ical analysis of the successive 

speed numbers produced by the speed measuring circuit. 

The control strategy described in this thesis was based upon a steady-

s ta te representation of the induction motor. It is possible that advances in the 

speed and power of micro-electronics could allow the development of a real-

time control system based upon the mathematical model described in this 

thesis. Such a control system would be bet ter equipped to cope with 

transients, especially if the mathematical model could describe vibration and 

torsional oscillations. 
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APPENDIX A; THE HIGH EFFICIENCY WAVE FORM : A WAY OF 

IMPROVING THE EFFICIENCY OF CLASS B 

AMPLIFICATION OF A SINE WAVE 

A.l Class B Amplification 

Figure A.l shows two complementary pair transistors connected in a 

"push-pull" circuit. The resistance and Rb2 and diodes Dil and Di2 

correctly bias transistors Trl and Tr2 so that Tr l conducts during the positive 

half cycle of the input waveform and Tr2 conducts during the negative half 

cycle. If the diodes are made of the same semiconductor material as the 

transistors the voltage drop across each forward biased diodes equals the 

voltage drop across the base-omitter junction of a transistor when it is 

conducting. Consequently the output voltage across the load follows the input 

voltage. The voltage of the supply rails limits the output voltage of the push-

pull circuit. 

This method of amplification is known as "Class B" amplification and 

results in current gain but not voltage gain. 

A.2 The efficiency of Class B amplification 

Figure A.2 shows the positive half cycle of a sine wave produced 

across the load of the push-pull circuit of Figure A. l . The amplitude of the 

sine wave equals the voltage of the positive supply rail. At points in the cycle 

when the output voltage is less than the voltage of the positive supply rail, the 

difference in voltages appears across transistor Tr l and causes a power loss in 

that transistor. The shaded area of Figure A.2 represents the voltage drop and 

power loss. King [31] shows that the maximum efficiency ^ q of a Class B 

amplifier is given by 

f^f^AC cos i (A.1.1.) 
'^B = 

2 vqc 

Where: 

is the r.m.s. voltage of the A.C. output waveform. 

Ff is the "form factor" of the A.C. output current waveform. The form 

factor is the average value of the waveform during a half cycle divided by the 

r.m.s. value. For a sine wave, the form factor is 1.11. 

cos ^ is the power factor of the load. 
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Fifrure A,1: "Push-Pull" Circuit used for Class B 

Amplification. 
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Figure A,2; A graph showing the relationship between the 

output voltage waveform, the positive D»C. supply rail 

voltage, and the voltage drop and power loss in Tr1 when the 

push-pull circuit of Figure A . I produces a positive half-

- cycle of a sinusoidal output voltage waveform whose 

amplitude equals the positive B.C. supply rail voltage. 

Voltage 

Time 

Key: 

Output voltage. 

Voltage of the positive D.C, supply rail. 

Shaded area representing the voltage drop across 

Tr1, and the power loss in Tr1, 
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Vdc is the magnitude of the voltage of each supply rail above earth, assuming 

the magnitudes to be equal. 

The maximum theoret ical eff iciency obtained during Class B, 

amplification of a sine wave is when its amplitude equals VdC» other words 

yz V/\q = Vqq . From equation A.1.1 the maximum efficiency on resistive 

load is 78.5%. 

A.3 The efficiency of a Class B amplifier amplifying a sine wave voltage 

and its third harmonic voltage 

King [31] has shown that the eff iciency of a three-phase inverter 

using Class B amplification may be improved by amplifying a special 

waveform. This waveform contains a sine wave component whose frequency 

equals the desired output frequency of the inverter, and also a sine wave 

component which is the third harmonic of the inverter frequency. A suitable 

output connection removes the third harmonic from the three phase supply to 

the load. 

Figure A.3 shows the e f f ec t upon the output voltage waveform of the 

push-pull circuit when it amplifies a sine wave and its third harmonic. The 

third harmonic voltage is zero when the fundamental sine wave voltage is 

zero, and when the fundamental voltage reaches its maximum positive value, 

the third harmonic voltage reaches its maximum negative value. The third 

harmonic reduces the amplitude of the output waveform and allows the use of 

lower supply rail voltages whilst the amplitude of the fundmental component 

of the output voltage remains the same. Figure A.3 also shows that the 

change in shape of the output waveform and also the reduction in the D.C. 

supply rail voltage reduces the voltage drop and power loss in Tr l and 

improves the eff iciency of the amplification. 

King [31] shows tha t if the amplitude of the third harmonic 

component of the waveform illustrated in Figure A.3 is (1 - 'Zl) t imes the 

amplitude of the fundamental component then the maximum theoretical 

eff ic iency of amplification is 90.8%. This is an improvement on 78.5%, the 

maximum theoret ical eff iciency of Class B amplifcation of a sine wave. 

In this thesis, the type of waveform which has been described above 

and which improves the eff iciency of Class B amplification is called the "high 

eff iciency" waveform. Appendix B describes the generation of this waveform. 
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Figure A,3: A graph showing the effect of the amplification 

by the push-pull circuit of Figure A,1 of a sine - wave and 

its third harmonic upon the relationship between the output 

voltage waveform, the positive B.C. supply rail voltage and 

the voltage drop and power loss in Tr1. The amplitude of the 

positive half - cycle of the output waveform equals the 

positive D.C, supply rail voltage. 

Voltage 

Time 

S s z i 

Output voltage. 

Voltage of the positive D»C, Supply rail. 

Fundamental component of the output waveform* 

Third harmonic component of the output wave -

- form. 

Shaded area representing the voltage drop 

across Tri, and the power loss in Tri, 
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A.4 Removal of the third harmonic from three phase loads 

Although the high efficiency waveform improves the efficiency of 

class B amplification, many loads require a pure sine wave supply. If three 

amplifiers use Class B amplification of the high efficiency waveform to 

produce a three phase supply then a suitable load connection or the use of 

transformers can prevent the third harmonic component of the high efficiency 

waveform from affect ing the load. 

The fundamental components of the phase voltages of a three phase 

supply are each separated by a 120 degrees phase shift with respect to the 

other two phases. If the supply contains third harmonic components they will 

each be separated from the third harmonic components of the other phases by 

a phase shift three times that separating the fundamental components from 

each other. Therefore the each third harmonic component will be separated 

from the others by a 360 degree phase shift , which means they are effectively 

in phase. Although the phase voltages of a three phase supply main contain 

third harmonic voltages, the line voltages will not as the third harmonic 

voltages of each phase are in phase and will cancel each other in the line 

voltages. Consequently any load connected between two or more phases and 

disconnected from the neutral will be unaffected by any third harmonic 

voltage. Such loads include loads connected in delta or isolated star . 

The induction motor drive described in Chapter 3 used three single-

phase step-up transformers to transform the output of each channel of the 

power amplifiers to a voltage large enough to drive the motor. Because of 

reasons discussed in Section 3.8 of Chapter 3 the low voltage windings were 

connected in earthed star formation across the outputs of the channels. Each 

amplifier channel produced an output having the high efficiency waveform 

described previously and each output was separated by a phase shift of 120° 

from the other outputs to produce a three-phase supply. The earthed star 

connection caused the amplifiers to apply the high efficiency waveform to the 

low voltage windings of the transformers which then transformed the high 

efficiency waveform so that it appeared at the terminals of the high voltage 

winding. The prescence of the high efficiency waveform at the terminals of 

the high voltage winding was confirmed using an oscilloscope and a step-down 

transformer to measure the voltage at those terminals. 

The induction motor was connected in isolated star to the terminals 

of the high voltage winding, and was therefore unaffected by the third 

harmonic voltages of the high efficiency waveform. Measurements made using 
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a current transformer and an oscilloscope showed that the motor phase 

currents were sinusoidal and had the same frequency as the high efficiency 

waveform. 

Consideration of the ampere-turns balance between the primary and 

secondary windings suggested that the currents in the low voltage windings 

would be sinusoidal if the motor phase currents were sinusoidal. 

Measurements made using a current transformer and an oscilloscope showed 

the currents in the low voltage windings to be almost sinusoidal, but containing 

a small third harmonic component. The small third harmonic component 

remained even if the motor was disconnected from the transformers, and was 

a component of the magnetising current produced in the transformer by the 

high efficiency waveform. 

A.5 Summary 

This appendix has descirbed some of the work done by King [31] to 

improve the efficiency of V.V.V.F. supplies which use Class B linear 

amplification to produce a three phase supply. This appendix has also 

described the relevance of King's work to the induction motor drive used in 

this thesis. The improvement in efficiency results from amplifying a 

waveform containing both the fundamental and the third harmonic of the 

desired output frequency of the waveform. Although the phase voltages 

produced contained third harmonic components the line voltages do not and so 

a suitable transformer connection used in the induction motor drive prevents 

the third harmonic components affect ing the motor. Appendix B describes the 

generation of the high efficiency waveform. 
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APPENDIX B: THE GENERATION OF THE HIGH EFFICIENCY WAVEFORM 

B.l The choice of method of generating the high efficiency waveform 

King [31] used a circuit based upon a three-phase bridge rectif ier to 

generate three high efficiency waveforms each separted by a 120° phase shift 

to serve as inputs to the Class B amplifiers used in each phase of the inverter 

output. The circuit needed a balanced low voltage three-phase supply at the 

same frequency as the desired output fregency of the inverter. 

The inverter built by King [31] converted a 60 Hz three-phase supply 

to a 400 Hz three-phase supply and therefore operated at constant output 

freqency. However the induction motor drive built by the author needed a 

V.V.V.F. three phase supply to drive the motor at different speeds. Therefore 

if the analogue circuit used by King was used to generate the high efficiency 

waveforms for use in the induction motor drive, the circuit would need a 

V.V.V.F. balanced three-phase low voltage supply to achieve variable speed 

operation of the motor. 

A low voltage V.V.V.F. three-phase oscillator based upon analogue 

principles could have produced a supply suitable for generation of the high 

efficiency waveforms. However, it would be difficult to design such an 

oscillator whose voltage, frequency and phase balance would be stable with 

time and under all operating conditions. Recent advances made in digital 

circuitry since King's work [31] in 1974 has meant that many waveforms can be 

generated digitially and also their voltages and frequencies can be controlled 

accurately using digital techniques. The technique of generating waveforms 

digitally is called "digital waveform synthesis". 

It was decided to use digital waveform synthesis to generate directly 

the high efficiency waveforms to be used in the induction motor drive. This 

method of generation avoided the problems described previously when 

generating the high efficiency waveforms using analogue principles. 

B.2 Digital waveform synthesis 

Digital waveform synthesis is based upon D to A (digital to analogue) 

conversion. D to A conversion converts a binary number to a voltage related 

to the value of that number. The general principles of digital waveform 

synthesis suitable for a computer program are described below: 

A cycle of the waveform to be synthesised is divided into many equal 

t ime intervals. The average voltage during each time interval is represented 
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by a binary number and these numbers are stored in a table in the memory of 

the computer. Such a table is called a "look-up" table. The order of the 

numbers in the look-up table corresponds to the order of the time intervals 

whose average voltages the numbers represent. 

During the computer program used for digital w/aveform synthesis, 

the computer reads the first entry in the look-up table. The computer sends 

this number to the D to A converter which produces a voltage related to the 

number and equal to the original voltage represented by the number. The 

computer repeats this procedure with each successive number in the look-up 

table. When the computer reaches the end of the look-up table it returns to 

the beginning of the table to s tar t synthesising the next cycle of the 

waveform. 

B.3 Changing the frequency of a diqitally-synthesised waveform 

This is done by including a time delay between each successive 

reading of the look-up table. The computer produces a time delay by 

successively decrementing a number by one and then moving on to the next 

instruction when zero is reached. The initial value of this number is called the 

"frequency control number". The time taken to decrement the number by 1 is 

proportional to the frequency of the clock in the computer. Changing the 

value of the frequency control number alters the length of the time delay, 

altering the periodic time and therefore the frequency of the digitally-

synthesised waveform. 

Because the method uses integer arithmetic it cannot produce a 

continuous range of freqencies but produces a number of discrete frequencies 

instead. The periodic time of the waveform is aproximately proportional to 

the length of the time delay between reading successive entries in the look-up 

table and therefore approximately proportional to the frequency control 

number. The frequency of the synthesised waveform is, therefore 

approximately inversely proportional to the frequency control number, and so 

this method of waveform synthesis produces frequencies which are closely-

spaced at low frequencies but widely-spaced at high frequencies. In other 

words, the spacing of the frequencies produced varies over the range of 

possible frequencies. 

The frequencies produced are very stable since they depend upon the 

rate of execution of the computer program. The rate depends upon the 
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frequency of the computer clock which is normally a crystal oscillator having 

excellent frequency stability. 

B.4 Changing the amplitude of a digitally synthesised waveform 

One method of changing the amplitude would be to read each entry in 

the table, multiply (or divide) that entry, and sent the result to the D to A 

converter. However, the time taken to perform the necessary arithmetic can 

seriously lengthen the time taken to produce one output cycle of waveform an 

can lower the frequency of the highest possible waveform frequency. 

A quicker method uses several look-up tables in the memory of the 

computer, each table containing entries corresponding to a particular 

waveform amplitude. The computer program produces different waveform 

amplitudes by consulting different look-up tables. Each look-up table has the 

same number of entries so that the time taken to read all the entries in the 

look-up table does not depend upon the look-up table read. Therefore the 

frequency of the output waveform is independent of the look-up table read. 

B.5 The generation of three-phase signals 

The methods described in the Appendix can be used to generate three 

phase signals. Three D to A converters are needed, one for each phase, and in 

order to save computer memory, the numbers required by each D to A 

converter are taken from the same look-up table. The correct phase shift 

between the phases is achieved by reading each set of three numbers needed 

by the three D to A converters from entries which are spaced one third of a 

the table apart . This method requires the number of entries in the look-up 

table to be a multiple of three. 

B.6 Reversal of the order of phase rotation of the three phase signals 

Reversal of the order of phase rotation of the three phase waveforms 

used as inputs to the amplifier channels causes reversal of phase rotation of 

the supply to the motor and reverses its direction of rotation. 

Reversal of the order of phase rotation may be achieved by changing 

over the output of any two D to A converters. The changeover is achieved by 

supplying one D to A converter involved in the changeover with the numbers 

originally destined for the other D to A converter involved in the changeover. 
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B.7 The three-phase digital osciitator 

The three phase digital oscillator was designed and built by Mr. D. 

Levitt and Mr. M. Barkhordar. The oscillator was designed around a 

microprocessor and was, in e f fec t , a small computer dedicted solely to the 

task of generating digitally-synthesized three-phase waveforms for use in the 

induction motor drive. The oscillator used the principles of digital waveform 

synthesis described earlier, but did not have a phase rotation reversal facility. 

Figure 3.2 shows a photograph of the box containing the oscillator 

and figure 3.3 shows a photograph of the components used in the oscillator. 

The f i f ty-pence coin is included in the photograph for size comparison 

purposes. 

The oscillator could produce 64 different frequencies from 8.4 Hz to 

240.4 Hz and a frequency control number, described earlier, controlled the 

frequency of the oscillator. The frequency control number came in binary 

form either from eight switches on the front of the box containing the 

oscillator, or from a ribbon cable plugged into the back of the box. An eight-

pole change-over switch selected input either from the switches or from the 

ribbon cable. 

The oscillator produced three-phase voltages having the high 

efficiency waveform described earlier. Each waveform had a 5 volts D.C. 

offset because of the nature of the D to A conversion used. The A.C. 

component of the waveforms had a maximum amplitude of 10 volts (peak to 

peak). The amplitude was not independent of output frequency but varied with 

it in the manner described in Chapter 3. 

The method of digital waveform synthesis used in the oscillator used 

90 entries in the look-up table representing the waveform and the D to A 

converters were capable of a resolution of 39.1 mV. The number of entries 

and the resolution of the D to A converters produced a synthesised waveform 

which closely approximated the desired high efficiency waveform, but had a 

slight ripple. The amplitude of the ripple, however, was small. The frequency 

of the ripple was high, 90 times that of the frequency of the waveform 

because 90 entries were used in the look-up tbale. At the high frequency of 

the ripple (900 Hz for a 10 Hz output waveform) the inductive impedances of 

the transformers and the induction motor are high and these impedances, 

together with the small amplitude of the ripple, produced very little e f fec t in 

the induction motor current. Tests using a current transformer and an 

oscilloscope showed the motor current to be virtually sinusoidal with very 
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little ripple. It was concluded that the ripple produced by the digital 

waveform would not produce any observable e f fec t upon the performance of 

the induction motor. 

B.8 Phase continuity during changes in frequency 

The microprocessor read the frequency control number between 

reading successive entries in the look-up table and used that number as the 

frequency control number to control the time delay between reading the 

entries. Consequently any change in the frequency control number caused an 

immediate change in frequency, whatever the point reached in the reading of 

the look-up table when the frequency change occurred. The microprocessor 

was programmed so that it maintained phase continuity of the output 

waveforms, that is the phase angle of the waveform before the frequency 

change was the same as that a f te r the frequency change. 

B.9 Summary 

Digital waveform synthesis is a good method of producing non-

sinusoidal waveforms such as the high-efficiency waveforms used in the drive. 

The method is readily extended to the generation of three-phase signals and 

offers the following advantages over analogue methods: 

1) Excellent frequency stability : equal to that of a crystal oscillator. 

2) Good control of output voltages. 

3) Accurate phase displacement. 

4) Phase reversal may be achieved by arithmetic operations in the 

computer programme used to generate the phase waveforms rather than 

by using changeover switches. 

The excellent frequency stability, good control of output voltage and 

good phase displacement result from the accuracy of digital techniques. These 

techniques are not as readily affected as analogue techniques by drift in the 

values and tolerances of components. However, the output voltages of the 

waveforms produced by digital waveform synthesis are af fected by drift in the 

values and the tolerances of the components used in the D to A converters. 

Provided that the D to A converters are capable of sufficient 

resolution and there are sufficient entries in the look-up table which 

represents the waveform, the currents in the induction motor used in the drive 

will be virtually sinusoidal and the "step-like" nature of the waveform will not 

a f fec t the performance of the induction motor. 
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A disadvantage of this method of waveform synthesis is the limited 

number of available frequencies and the unequal spacing between the 

frequencies over the whole range of frequencies. 
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APPENDIX C THE PARAMETERS RELEVANT TO THE MATHEMATICAL 

MODEL OF THE INDUCTION MOTOR DRIVE 

C. l The equivalent circuit of the induction motor 

The mathematical model developed in Chapter 6 needs the values of 

the circuit elements of the equivalent circuit of the induction motor. The 

manufacturers, Brook Crompton Parkinson Motors of Huddersfield, supplied 

these values which v/ere based upon a mathematical analysis of the design and 

construction of the motor. These values were checked against values 

estimated by the author from data gathered from light-running and locked-

rotor tes ts performed upon the induction motor, and measurement of the 

resistance of the stator winding of the motor. Since the stator winding 

resistance is likely to change with temperature , the resistance was measured 

while the machine was still warm from the tests , in order to measure the 

resistance likely during normal operation of the motor. The resistance was 

measured using D.C. and the difference between the A.C. and D.C. resistances 

which results from the skin-effect was neglected. 

A common assumption made when calculating the values of elements 

in the equivalent circuit is to assume that R j the per-phase resistance of the 

stator winding is small enough to be neglected in comparison with the large 

impedance of the magnetising branch of the equivalent circuit. However, 

inspection of the data suppled by the manufacturers suggested that R i would 

make a significant contribution to the power losses in the motor during the 

light-running tes t . Allowances were made for the losses in R j when 

calculating the elements of the magnetising branch from data obtained during 

the light-running tests . During the light-running tests the D.C. generator was 

coupled to the induction motor and ran as a motor to overcome frictional 

losses in the motor generator set and to make the induction motor run at 

synchronous speed. This eliminated the e f fec t s of frictional losses upon the 

results of the light-running tests . 

The light-running and locked-rotor tests used the V.V.V.F. power 

supply of the drive and used a supply frequency of 50.2 Hz, the nearest 

available frequency to 50Hz upon which the manufacturer 's data was based. 

The e f fec t s of this difference in frequencies was considered small. 

The light running and locked rotor tests were repeated using a supply 

frequency of 30.2 Hz to see if the values of elements in the equivalent circuit 

changed with a large change in supply frequency. 
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Table C . l below lists values of the elements of the equivalent circuit 

of the induction motor. The values listed are those obtained from 

manufacturers data and from light running and locked rotor tests performed at 

50.2 Hz and 30.2 Hz. 

Table C. l Values of the elements of the equivalent circuit of the 

induction motor. 

Element Value Element 

Obtained from 
Manufacturer 

Obtained from experimental tests at 

Element 

Obtained from 
Manufacturer 

50.2 Hz 30.2 Hz 

Ri 52.88 Ohms 56.2 Ohms 56.2 Ohms 

R2 33.49 Ohms 32.7 Ohms 36.8 Ohms 

Ll 1.327 H 1.458 H 1.840 H 

L2 1.315 H 1.458 H 1.840 H 

F̂ m 8891 Ohms 1527.60 Ohms 4755.9 Ohms 

M 1.264 H 1.4064 H 1.7775 H 

From Table C. l it may be seen that in the cases of most elements, the data 

obtained from the manufacturers is in good agreement with that obtained from 

experimental tests at 50,2 Hz and 30.2 Hz. The large differences in result 

because of the following reasons: 

1) The magnetising losses are the difference between the total power taken 

by the induction motor during the light-running test and the ohmic losses 

in the stator winding during the test . 

2) During the light-running test the magnetising losses of this induction 

motor are much smaller than the ohmic losses in the stator winding. 

Consequently small errors in measuring the power taken by the 

induction motor and the ohmic losses in the stator winding can result in large 

percentage changes in the est imates of the magnetising losses and large 

changes in R ^ . 

In table C . l , Li = L2 for each set of experimental results. This 

results from assuming that the leakage reactance of rotor and stator circuits 

are the same. Steven [7] states this to be a common assumption made when 
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deriving the equivalent circuit of the induction motor from the light-running 

and locked-rotor tes t . 

The differences between the manufacturer 's data and the data 

obtained from experimental tests result from the following reasons: 

1) The limitations of the equivalent circuit as a representation of the 

induction motor. 

2) Experimental error. 

3) Manufacturing tolerances causing the induction motor used in this study 

to differ from the manufacturer 's specifications. 

It was decided that the manufacturer 's data was likely to be the most 

reliable and was therefore used in the mathematical model of the induction 

motor drive. 

C.2 The resistance and leakage inductance of the windings of the 

transformers used in the induction motor drive 

These impedances were found from open and short-circuit tests on 

one transformer and referred to the high voltage windings of the transformers. 

The tests were performed at 50 Hz and it was assumed that the characteristic 

of all three transformers were the same. The impedances of the windings 

referred to the high voltage winding are quoted below: 

Resistance of the winding = 13.5 JTl 

Leakage inductance of the winding = 98.7 mH. 

The turns ratio of the transformers was 6.2. This ratio produced 

rated induction motor voltage from the maximum amplifier channel voltages 

at full induction motor load. Allowances were made for the e f fec t s of the 

third harmonic component of the high efficiency waveform, namely that the 

transformers transformed the fundamental component but blocked the third 

harmonic component. 

C.3 The internal impedances of the amplifier channels 

These were estimated from the voltage regulation of an amplifier 

channel from no load to full load of a channel when subject to an A.C. load 

tes t at maximum rated output voltage. The regulation suggested an output 

impedance of 0 .0714/1, which equals 2 . 7 i l when referred to the high 

voltage windings of the transformers. 
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C.4 The resistance and self inductance of the armature of the D.C. 

generator 

The resistance of the armature of the D.C. generator was found by 

applying a D.C. voltage to the armature and measuring the current through the 

a rmature . The resistance varied f rom 26jnL when the armature was cold to 

28Jl . when the armature was warm a f t e r the generator armature had carried 

current for a while. The self- inductance of the generator armature was 

es t imated using the following tes t : A 50 Hz A.C. voltage was applied to the 

armature and measurements were taken of the current flowing in the armature 

and the power dissipated in the a rmature . In such circumstances the armature 

was assumed to behave as circuit containing the following elements in series: 

RaG> the D.C. resistance of the armature 

Lag , the self inductance of the generator 

Tmg, a resistance representing the magnetic losses caused by 50 Hz A.C. 

flowing in the armature . These losses are d i f ferent to the magnetic losses 

produced by rotation of the a rmature in the magnetic field of the D.C. 

generator . 

The current I^q flowing in the armature winding during this test is given by 

Voltage applied to the winding (C.l) 
'AG ~ T" 

((R/XG + r^g )2 + ( W 

The power dissipated in the a rmature winding during this tes t is given by 

Power dissipated = ^AG^ (R/\G + r ^ g ) (C.2) 

It was assumed that the armature remained warm during this tes t and 

so R ^ g = 2811 . Applying the above equations to the readings of voltage, 

current and power dissipation in this t es t yields: 

^mg - 12.63 

L-AG - 0.215H. 

In order to prevent movement of the armature during measurements 

made to find the resistance and the self- inductance of the armature winding, 

the generator excitation was turned of f . 
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However, Tppg represents the magnetic losses produced in the D.C. generator 

when 50 Hz flows through the armature. If the armature current is constant 

D.C., these losses are zero and r^pg is also zero. Likewise, if the armature 

current varies much more slowly than 50 Hz then the magnetic losses produced 

will be less than those produced by 50Hz A.C. in the armature and they may be 

neglected and rmg assumed to be zero. During the Swinburne test (described 

in the next section) or tests involving loading of the D.C. generator, the 

armature current was either constant or varied at a frequency much less than 

50 Hz, Therefore, throughout this study, the e f fec t s of magnetic losses caused 

by changes in armature current were ignored and rmg was assumed to be zero. 

To summarise 

R a g = 28.0 f L 

LAG = 0 .215 H 

Tpng assumed to be zero. 

C.5 The rotational losses of the motor-generator set 

C.5.1 The Swinburne test 

A Swinburne test , described by Cotton [8], was performed on the 

motor-generator set with the D.C. generator operated as a motor. The 

purpose of this test was to separate the rotational losses into losses caused by 

bearing and brush friction, losses caused by fluid friction and excitation losses 

(losses caused by hysterisis and eddy currents in the armature as it rotates in 

the magnetic field of the D.C. generator). The bearing and brush torque T^, 

the fluid friction constant kff , and the relationship between excitation losses, 

excitation and shaft speed of the motor-generator set may be found from the 

separated losses. 

The induction motor was switched off and the D.C. generator was run 

as a D.C. motor. Different field currents were used and different voltages 

were applied to the armature in order to produce the following speeds : 8, 12, 

16, 20, 24, 28 and 32 revolutions per second. Readings of armature voltage 

and current were taken. 

During these tests the mechanical power PfviG developed in the 

armature of the D.C. generator when acting as a motor is given by 

2 
= VAM lAG - I RAG (C.3) 
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Where is the voltage supplied to the armature of a D.C. generator when 

acting as a motor. 

During the Swinburne test PfvlG equals the rotational losses as there 

are no other loads. 

The excitation E ^ of the generator acting as a motor is defined as 

E / _ Em (C.4) 
X Co r 

in an analogous manner to the definition of Ey given by equation 4.56. E ^ is 

the back E.M.F. of the D.C. generator when acting as a motor and is given by 

(C.5) 

Em = VAM - lAG ^AG 

C.5.2 Separation of the rotational losses 

The rotational losses are power losses due to : 

1) Bearing and brush frict ion torque T^. The magnitude of this torque is 

assumed to be constant irrespective of speed. 

2) The fluid fr ict ion torque Tff . This torque is assumed to be proportional 

to speed and obeys the equation 4.52 quoted in Chapter 4: 

Tff = kff O-'p (4.52) 

3) The magnetic losses. Equation 4.53 describes the relationship between 

the magnetic losses PmAG ^nd Wp during the Swinburne Test: 

PMAG = '<MAG (4.53) 

The rotational losses can be separated by drawing a graph of 

rotational losses versus excitation at the di f ferent speeds used in the 

Swinburne tes t . Figure C . l shows the general form of a graph of rotational 

losses versus excitation at a particular speed. The solid line represents 

readings taken during the test and the broken line represents extrapolation 

from those readings. The graph shows that the rotational losses increase with 

excitation. 
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Figure C,1: The Swinburne Test; The General Form of a Graph 

of Rotational Losses against Excitation for a B.C. Generator 

operating as a D«C» Motor at Constant Speed* 

Rotational Losses 

Frictional 

fa — 

Losses 

Excitation 

Key; 

Curve produced from experimental results 

Extrapolation from experimental results 

Frictional losses 

219 



Taking logarithms of both sides of equation C.7 yields 

log^O (^MAG) = loQio + q loQio x) (C.8) 

This relationship suggests that a graph of log^Q (k|v|AG) plotted 

vertically and log^g (5%) plotted horizontally will be linear, having a gradient 

of q and an intercept log^Q (k*) on the log^g (kMAG^ axis- Such a graph was 

plotted with E y expressed in volts s rad-1 and was linear. 

The graph gave the following values: 

q = 2.75 

kx = 4 .37x10 -3 

Substituting these values into equations C.7 means that kjviAG may 

be expressed by the following relationship. 

kMAG = 4.37 x 10-3 (g 

The dimensions of k ^ ^ Q are found from equation 4.53 and are watts second 

radians" 

Although kjviAG' ky and E ^ and the relationships between them have 

been based on the operation of the D.C. generator as a motor, the definitions 

of k|Y|AG snd ky are still valid for the D.C. generator operating as a motor 

since the back e.m.f. of a D.C. motor is produced in the same way as the 

generated e.m.f. of a D.C. generator. Also the definition of excitation for 

both types of operation is similar, and therefore k ^ / \ G may be defined as 

kMAG = 4.37 x 10"^ (C-IO) 

where E^ is the excitation of the D.C. generator acting as a generator and is 

defined in Equation 4.56. 

Determination of the dynamic bearing and brush friction torque Thh and the 

fluid friction constant kff 

The frictional losses found when separating the magnetic and 

frictional losses from the rotational losses at a particular speed may be 

converted to an equivalent frictional torque by dividing the frictional losses by 

the speed in question. The frictional torque Tp is the sum of the bearing and 

brush friction torque T^ and the fluid friction torque Tff . Therefore, from 

equation 4.52 

220 



Separation of magnetic losses and fr ict ional losses 

The intercept of the broken line with the rotational loss axis of the 

graph in Figure C . l represents the rotat ional losses tha t would be produced if 

the D.C. generator were able to run as a D.C. motor with no excitation 

(clearly a f ict icious situation). These losses are due to fr ict ion alone and are 

the fr ict ional losses. 

The height of the curve of the graph above the dotted line 

representing the fr ict ional losses represents the magnetic losses at part icualar 

excitat ions at the speed to which the graph refers . k|viAG and may be 

found in the following way: 

If logarithms of both sides of equation 4.53 are taken then 

l o g ^Q (PMAC) = 3̂  loQio (C-6) 

This has the form of an equation of a straight line. If a series of 

graphs of rotational losses versus excitat ion are plotted for each speed used in 

the Swinburne tes t , and the excitat ion losses at d i f ferent excitations are found 

f rom these graphs, then a graph of log^g (PmAG^ the vertical axis and log^g 

(Wj.) on the horizontal axis will have a gradient of ^ and an intercept of log^g 

(kMAc) on l o g ^ g (Pr/IAC) ^^is. 
Such graphs were plotted for the following excitations 4, 5, 6, 7, 8 

and 9 volts s rev"^ (which correspond to 0.64, 0.80, 0.95, 1,11, 1.27 and 1.43 

volts s r a d ' l respectively). P mAG was measured in wat ts and in order to 

preserve consistency with the analysis of Chapter 4 which assumes an 

induction motor speed measured in radians per second, /\Q was expressed in 

radians per second. The average value of found from the gradients of the 

graphs was 1.34 and the intercepts of the graphs on their log^Q P mAG axes 

gave values of for d i f ferent excitat ions. 

When analysing the induction motor drive using the mathemat ica l 

model developed in Chapter 4 it would be useful to obtain an expression 

relating kf^iAG to the excitation of the D.C. generator . It was assumed that 

kjviAG obeyed the following power law; 

where q is an index and kx is a constant which both describe the relationship 

between the magnetic loss fac tor kfviAG and Ey, the excitation of the D.C. 

generator . 
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Tp = Tb + kff Wp (C . l l ) 

If values of frictional torque are found for each speed used in the 

Swinburne test , a graph of frictional torque on the vertical axis and speed on 

the horizontal axis will, according to equation C . l l have a gradient of kff and 

an intercept of on the vertical axis. Such a graph was plotted and was 

linear (within the limits of experiment error) and gave 

kff = 2.33 X 10-4 ixims rad"^ 

Tb = 0.0826 Nm 

As described in section 4.3 of Chapter 4 this value of is also that of Tbd, 

the dynamic bearing and brush frictional torque. 

C.6 The moment of inertia of the motor-generator set 

The moment of inertia of the motor-generator set was found by 

running the D.C. generator as a D.C. motor at a speed of 50 revs s ' l , and with 

the induction motor switched off . While the motor-generator set was running 

at this speed, the supplies to the field and the armature of the D.C. generator 

were switched off and the time taken for the motor-generator set to come to 

rest a f te r switching off the supplies was noted. During the deceleration, the 

frictional torques of the motor generator set slow down the set according to 

the differential equation. 

J = _(Tb + kfffUr ) 
dt 

There are no magnetic losses to slow down the machine set as there 

was no field current during deceleration. 

Define 

WgQ as the speed of the motor-generator set before the supplies were 

switched off , and 

tQQ as the time taken for the motor-generator set to come to rest af ter the 

supplies were switched off . 
The initial conditions relevant to equation (C.12) are 

^ r - ^ GD 3t t = 0 

which can be used to solve equation (C.12) to give 

(C.13) 
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which gives the speed of the motor generator set at any time during the 

deceleration. 

At the instant the motor generator set comes to rest, = 0 and t = 

tQD- Substituting these values for W,. and t and rearranging yields the 

moment of inertia J of the motor-generator set in terms of ^ g D j ^qq , kff 

and Tfa: 

3 = kff tQD (C.IA) 

^ T b + k f f ^ G P j 

The motor-generator set took 7.5 seconds to decelerate from 50 

revolutions per second a f t e r all supplies to the D.C. generator were switched 

off . Therefore ^aG equals 314.16 radians per second and t Q p equals 7.5 

seconds for this set of results. Substituting these values for and tQQ 

into equation C.13 gives the following value for J: 

Moment of inertia 

J = 1.75 X 10-^ kg mZ. 

Table C.2 lists the values of the parameters needed by the 

mathematical model:-

Table C.2 Parameters of the induction motor drive 

Elements of the equivalent circuit of the induction motor 

R% 52.88 Ohms 

R2 33.49 Ohms 

Li 1JI27H 

Li :L315 1H 

Rm 8891 Ohms 

M 1.264 14 
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The turns ratio, resistance and leakage inductance of the windings of the 

transformers used in the drive 

Resistance 13.5 Ohms 

Leakage Inductance 98,7 mH 

(Both are referred to the high-voltage winding) 

Turns ratio 6.20 

The internal impedance of each amplifier channel 

Internal impedance (assumed entirely resistive) 

Internal impedance referred to the high-voltage 

winding of a transformer used in the drive 

0.0714 Ohms 

2.75 Ohms 

The resistance and self-inductance of the armature of the D.C. Generator 

Ry\Q when the armature is cold 26.0 Ohms 

R ^q when the armature is warm 

•-AG 

28.0 Ohms 

0.215 H 

The moment of Inertia of the Motor - Generator Set 

J 2.75 X 10-^ kg 

Rotational losses of the Motor - Generator Set 

Parameters describing these losses 

Tbd 0.0826 Nm 

kff 2.33 X 10-4 iMms rad-1 

% 1 ^ 4 

kx 4.37 X 10-3 

q &J5 

Table C.3 lists the ratings of the induction motor and the D.C. generator. 

Table C.3; Ratings of the induction motor and the D.C. Generator 

The Induction Motor 

Three phase, four pole, rating 

Rated supply voltage 

MCR 

415 V (corresponding to a phase 

voltage of 240v) 
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Rated supply frequency 

Full load output power 

Speed on full load 

Full load current 

Efficiency at full load 

Power factor at full load 

50I4Z 

0.25 kW 

1360 r.p.m. 

0.77 amps 

57.2% 

0.789 

The D.C. generator 

Rated output voltage 

Rated output current 

Full load efficiency 

Rated Speed 

220v 

0.82 A 

70% 

1400 r.p.m. 

C.7 Conclusions 

The mathematical model of the induction motor drive needs the 

values of certain parameters of equipment in the drive. This Appendix has 

described tests which may be readily performed in order to obtain these 

values, and has also described the underlying mathematical principles of the 

tests . 
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