
SOME ELECTROMAGNETIC FIELD PROBLEMS IN 

D.C. MACHINES SUPPLIED FROM THYRISTORS 

SUKHAMOY DAS, B.Sc, MiTech MSc. 

A THESIS SUBMITTED FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

14 MAR 1978 

UNIVERSITY OF ASTON IN BIRMINGHAM, 
September, 1576



oe 

SUMMARY 

This thesis presents a study of two electromagnetic problems 

in a d.c. machine. 

Part (a) 

Field analysis in the interpolar region of a d.c. machine 

operating on smooth voltage supply, using Schwarz~Christoffel 

transformation. 

Part_(b) 

Experimental and theoretical study of eddy currents induced in 

the solid shell of a d.c. machine when carrying a pulsating component of 

a.c. flux which is the case when the d.c. machine is supplied from 

thyristors. 

The work under part (a) is given below. 

Chapter 1 outlines the principle of commutation process and 

reviews the problems of conmmitation analysis of a d.c. machine supplied 

from smooth voltage source, and discusses the work done by various 

investigators in this field. in Chapter 2 theoretical flux density 

distribution and toothpitch flux Giserbttton under the compole, vhich 

are very important so far as the estimation of speed induced voltage in 

a conmutating coil is concerned, are obtained in terms of machine 

dimension and field quantities, by solving the Laplacian field equation 

in the interpolar region with the help of Schwarz-Christoffel trans- 

fommetion. Theoretical investigation is mide for three models, but none 

of them considers the armature slots. ‘he effect of slots is taken into 

account with the help of a factor k q Obtained experimentally and discussed 

in Chapter 7. Non-linear miltivariable optimisation technique is adopted



hes 

to find out the five w-plane constants from equations containing 

elliptic functions and elliptic integrals. This has been discussed in 

detail and its conputer programme is given in the appendices. 

Part (b) of the thesis is a different problem from part (a). 

After an introductory chapter which reviews the problems in the process 

of commutation arising from the eddy currents induced in the solid part 

of the magnetic circuits of a d.c. machine fed from controlled rectifiers, 

details of the test rig and instrumentations are written in Chapter 4, 

and discussion of the results of a series of experiments on a specially 

designed test machine are given in Chapters 5 and 7. Chapter 6 pr 

  

the theoretical analysis for the eddy currents induced in the solid 

shell due to the pulsating a.c. flux. Variable uy is taken into consideration 

with the help of Davies's formula ( Heb) ® H= kB". dhe dis overy of powen 

relationship between the fundamentai flux reduction due to the induced 

eddy currents and the frequency of pulsation of a.c. flux within the 

range (25HzZto 600 HZ) is written in Chapter 7. Zt is alse discovered 

that the index 'm' is a function of the d.c. level of flux in the shell. 

Comparison of theoretical and experimental results are also given in 

Chapter 7. 

Key words: ‘Electromagnetic Field Probloms - Thyristor Fed DC 

Machines’,



ai Be os Ts 

ACKNOWLEDGEMENTS 

The author is deeply grateful to Professor E.J. Davies, 

Professor of Electrical Engineering in the University of 

Aston in Birmingham, who supervised the work on the eddy 

current problem in the shell, who was advisor for the work 

on the application of Schwarz-Christoffel transformation in 

the interpolar region, and who has been a source of continuous 

advice and encouragement, and to Dr. I. Thomas who supervised 

the work on the application of Schwarz-Christoffel trans- 

formation in the interpolar region, and who contributed 

through many helpful discussions. 

His sincere thanks are also due to the following: 

Mr.N. Kerruish in the Mathematics Department, who checked 

the mathematical derivation. 

Dr. A.L. Bowden, Mr. B. James, and Dr. P. Jackson, who 

provided many useful discussions. 

All the technical staff of the Electxical Machines Centre, 

particularly Messrs. A.R. Stevenson, B. Harrison, L. Radford, 

J. Partlow, C. Partridge, and J. Lightfoot for their 

assistance with practical work. 

All his friends, particular Messrs. B.Akhtar, M. Khair, 

N. Chavda, and y. Ghasi, who gave him the moral support. 

Parsons and Peebles who supplied the experimental machine. 

Miss Freeman who patiently typed the manuscript.



ed eee 

CONTENTS 
CHAPTER 1 : Page No. 

SURVEY Of? LITERATURE ON THE COMMUTATION PROBLEM 

IN D.C. MACHINES OPERATING ON A SMOOTH VOLTAGE 

SUPPLY. 5 

ae Introduction. 5 

Tee Principle of Conmutation. 6 

i.3 Evaluation of Different Elements of the Voltage 

Current Matrix of the Commutating Coil. 13: 

1.3.1 Concept of Tooth Pitch Flux Distribution 

in the Interpolar Regicn for the 

Estimation of Speed Induced Voltages in 

the Comnutating Coil and Scope for 

further work. ah 

td Coil Current during the Process of Commutation. 19 

CHAPTER 2 

SCHWARZ-CHRISTOFFEL TRANSFORMATION AND THE FIELD 

PROBLEM IN THE INTERPOLAR REGION OF A D.C.MACHINE. ZL 

Ze Introduction. au 

Zee First Mathematical Model with Mainpole and 

Compole Both Extended to Infinity and Smooth 

Armature. 23 

2.2.1 Discussion of the Theoretical Flux 

Density Distributions Obtained from the 

First Mathematical Model. 25 

2.2.2 Tooth Pitch Flux Distribution. 27



2.3 Newton-Raphson Method 

2.4 Second Model Without Mainpole. 29 

2.4.1 Tooth Pitch Flux Distribution for the 

Second Model. 35 

2.5 Third Mathematical Model. 36 

2.5.1 Tooth Pitch Flux Distribution for the 

Third Model. 45 

2.6 Conclusions. 45 

2.7 Suggestions for Future Work. 47 

CHAPTER 3 
3.1 Survey of Literature on d.c. Machines Operating 

from Rectified a.c. Supply (with Special 

Reference to Commutation). 49 

3.1.1 Introduction. 49 

3.1.2 Some Investigations at the Earlier Stage. 49 

3.1.3 Theoretical Investigations on d.c. Machines 

Supplied from Rectified a.c. 50 

3.1.4 Development of SCR and Further 

Theoretical Investigations. 59 

3.1.5 Lumped Circuit Impedance Representation 

for d.c. Machine. 73 

3.1.6 Magnetic circuit of d.c. Machine and the 

a.c. Component of the Commutating Flux. oe 

CHAPTER 4_ 
DETAILS OF TEST MACHINE AND INSTRUMENTATION. 85 

4. Introduction 85 

4.1 Description of the Test Machine. 85



“vi = 

Details of the Test Riq. 

Instrumentation of the Experimental Machine. 

4.3.1 Shell Loop Search Coils. 

4.3.2 Array of Search Coils in the Airgap 

at the Back of the Compole. 

4.3.3 Tooth Pitch Search Coil. 

4.3.4 Search Coils Around the Core of 

Interpole and on the Sideface of 

Compole. 

4.3.5 Current Density Probes on the Surface 

ofthe Shell. 

4.3.5.1 Calculation of Surface 

Current Density from the 

Probe Readings. 

4.4.1 Measurement Techniques. 

4.4.1.1 Flux Meter 

4.4.1.2 Measurement of a.c. Flux. 

4.5.1 Harmonic Analysis. 

Preliminary Experiments. 

Abs! Experiments to check the Magnetic 

Balancing in the Test Machine. 

4.6.2 Brush Setting in the Magnetic 

Neutral Axis. 

4.7 Measurement of Electrical Conductivity of 

the Steel used for Shell. 

Superimposed a.c. ~ d.c. Supply. 

4.8.1 Background to the Superposed a, 

do. Supply. 

Page Number 
BT 

88 

88 

89 

90 

390 

ab 

92 

3 

oS: 

95: 

96 

oO, 

98 

98 

98



im vid} 

  

4.9 One Winding Parallel Circuits for Producing 

Superposed Steady and Periodic Fields in 

the Test Machine and the Simulation of 

Thyristor Fed d.c. Machine. 102 

4,10 Details of the Variable Frequency a.c. 

Power Supply. 106 

CHAPTER 5 

MEASURED EDDY CURRENT DISTRIBUTION ON THE 

SHELL SURFACE. 108 

5.1 Introduction. 108 

5.2 Eddy Current Distribution on the Surface of 

the Shell from the Experimental Evidence. 1o2 

5.2.1 Experimental Results from the Current 

Density Probes. 109 

5.2.2 Present Problem and Theoretical 

Investigation of Eddy Currents Induced 

in a Semi-infinite Slab by a 6-Function 

Coil Carrying a.c. Current. 123: 

5.2.3 A.c. Flux Tests in the Airgap at the 

back of the Compole using the Array cf 

Search Coils. 116 

5.2.4 D.c. Flux Test in the Airgap at the 

back of the Compole using the saire 

Array cf Search Coils. 117 

5.2.5 Discussion of the Experimental Results 

obtained from the Search Coils and 

  

Current Density Probes. 118 

 



= VILE 

   Rage Num 

5.2.6 Change in the Eddy Current ig enibution 

in the Shell due to the Presence of 

Mainpoles in the Magnetic Circuit of 

d.c. Machines. 2k 

CHAPTER 6 

Theoretical Work on Eddy Currents Induced in 

the Solid Shell due to a.c. Excitation to the 

Compoles. 124 

6.1 Introduction. 124 

6.2 Mathematical Model. 125) 

6.3 Assumptions of the Theoretical Model. 126 

6.4 Theoretical Deductions. 128 

6.4.1 Eddy Current Distribution. 128 

6.4.2 Magnetic Field Strength within the 

Shell. 134 

6.4.3 Reaction mmf Due to the Eddy Currents 

Induced in the Shell. 135 

6.4.4 Variable Permeability anc Electro- 

Magnetic Field Quantities. 138 

6.4.4.1 Space Variation of uy in 

the Shell and the Surface 

Current Density. 14) 

6.4.4.2 Relationship betwoen supply 

Frequency and mmf due to 

Eddy Currents with Constant 

Value of a.c. Excitation. 146



~ ix - 

CHAPTER 7 

FURTHER EXPERIMENTS AND VERIFICATION OF 

THE THEORETICAL RESULTS. 

7.1 Introduction. 

7.2 Measurements of Tooth-Pitch Flux Distribution. 

7.2.1 Discussion and Conclusions. 

7.3 Measurements of d.c. Flux Density in the 

Shell. 

7.4 Experiments with Superposed a.c. - acy 

Supply and the Relationship Between the 

Supply Frequency and the a.c. Shell Flux 

with Different Levels of Steady and 

Pulsating Fluxes in the Shell. 

7,4.1 Discussion and Conclusions. 

7.4.2 Experiments Including Armature 

Reaction. 

7.5 Discussion and Conclusions. 

CHAPTER & 
SUGGESTIONS FOR FURTHER WORK. 

REFERENCES. 

Evaluation of Elliptic Integrals of First 

and Second Kinds. 

APPENDIX 2 
Evaluation of Elliptic Integrals of 

Third Kind. 

Page Number 

151 

alone 

Loy 

152 

153 

154 

161 

162 

163 

166 

170 

180



APPENDIX 3 Page Number 
A.3.1 Comparison Between Elliptic Integrals 

and Simpson's Quadrature Formula. 185 

A.3.2 Evaluation of Unknowns c,p,a, in the 

w plane using Multivariable 

Optimisation Technique. 187 

APPENDIX (4.COM.PRO.1) 
Computer Programme to Evaluate g, Ayr ay, 

and ay; which Involve Elliptic Integrals 

and Functions when the Constants in the 

w Plane are Known. 195 

APPENDIX (4.COM.PRO.2) 

Computer Programme to Find the Unknowns 

c,p,a, in the w Plane using Nonlinear 

Multivariable Optimisation Technique. 198 

APPENDIX (4.COM.PRO. 3) 

Computer Programme for Solving the 

Equation 6.80 of Chapter 6. 203 

APPENDIX (4.COM.PRO. 4) 

Computer Programme of Iterative Method of 

Calculating Variable yp on the Surface of 

the Shell for Various Odd Harmonic Current 

Sheets when the Physical Parameters of the 

Machine and a.c. Excitation to the Compole 

are given. 204 

APPENDIX (4.COM. PRO.5) 
Computer programme for Harmonic Analysis. tN

 
So

 
a



= ef 

APPENDIX 5 Page Number 

A.5.1 The Constants A', a and b in terms of Known 

Quantities in the z plane. 208 

A.5.2 The integration 209 

 



w 
w 

=
 

So
 

cP 

Q 

cnu 

ee
 

oo
 

& 
3a
 

dnu 

=< itis 

LIST OF PRINCIPAL SYMBOLS 

constant, speed factor 

= amu Amplitude u 

Inverse amplitude u 

constant 

constant, vector potential 

constant 

distance from compole edge to mainpole edge 

vector potential in 6 direction in region 2. 

fundamental component of linear current density 

in z direction. 

constant, brush width. 

width of the airgap at the back of the compole 

constant, flux density. 

flux density in the interpole gap 

constant 

cosine amplitude u, Jacobian elliptic function. 

constant 

constant 

thickness of the shell 

half of the compole width. 

width of the compole aixgap. 

delta amplitude u; Jacobian elliptic function. 

armature diameter 

commutator diameter. 

instanta 

  

eous value of a.c. voitage.



EU3 

~~ xiii 

instantaneous armature voltage drop 

electric field strength 

maximum value of a.c. voltage 

speed induced voltage in the commutating coil due 

to the interpolar region flux wave. 

component of E in z direction in the shell. 

E($¢,k)=E(u) Legendre's incomplete elliptic integral of 

second kind. 

frequency 

fundamental mmf 

eddy current reaction imf 

incomplete elliptic integral of first kind. 

mainpole airgap width 

compole airgap width 

Conpele aivgep 
magnetic field strength 

component of 1] in x direction 

time average of nth order field 

strength «i x divection on Hh Aurface of ke Hell - 

resultant magnetic field strength in the shell 

in the x direction due to all the primary 

harmonic current sheets. 

instantaneous value of a.c. current 

current in armature conductor 

¥=i 

current density 

current density along x direction



z3n 

23r 

Ky, /K5,/K, 

L 

L 
cp 

eddy current density in the z direction in the 

shell due to the nth order primary harmonic 

current sheet, 

resultant eddy current density flowing in the 

z direction in the shell due to all the primary 

harmonic current sheets. 

constant, variable 

K constants 
4 

inductance 

armature length 

axial length of compole 

constant 

harmonic order 

number of turns in the armature coil. 

(ugu,wa2Yo 

cylindrical co-ordinate system 

resistance 

real part of complex number 

sine amplitude u, Jacobian elliptic function 

constant 

Dictanee ee wacepole tip to Cour wnetaking pote Tie . 

time 

eam 
enu 

constant 

area unification factor



- xv - 

the peripheral speed of armature 

armature counter voltage 

line to line voltage 

instantaneous applied voltage 

complex number (utjy ) 

firing angle 

stopping angle 

Cartesian co-ordinate system 

complex number x + jy 

number of armature conductors per slot 

reciprocal of skin depth 

distance moved through by commutator surface 

during commutation of x coil sides. 

skin depth of eddy current / ar 
wo 

o'r 

operator 

reduction in fundamental a.c. shell flux. 

tooth pitch flux in first model (chapter 2) 

tooth pitch flux in second model (chapter 2) 

infinitesimal small number. 

average value of fundamental a.c. shell flux. 

average value of a.c. flux 

one of the axes in € plane or angle. 

complex plane (¢+jW) 

compole wavelength oy /k value of the equivalent 

flux, per meter of embedded length established 

around the coil by a mmf of 1 amp-conductor in the 

slot.



i. 
ned, 

= sy 

tooth pitch, time of commutation for a single 

coil 

angle 

permeability of fxee space 

relative permeability 

equals Ugly 

electrical conductivity 

electrical resistivity 

angular frequency equals 2nf 

brush to bar contact resistances 

1 ($,0477K) = m(u,a) 

} 
- ° nh
 ct > b Ht a Legendre's incomplete elliptic inteara 

kind. 

summation sign. 

Subscripts 

dey 

av 

Veen ce 

RY, 

different regions ($= Fog. 6-2) 

average 

eddy currents 

to generalise any term 

mInaximum 

maximum 

order of harmonic 

resultant 

radial, angular, height 

peripheral, radial, axial.



- xvii - 

belo. a symbol denotes complex vector. 

above a symbol means vector quantity. 

Abbreviation 

aes. alternating current 

d.c. direct current 

p.u. per unit 

ect. circuLt 

e.met. electromotive force, (volts) 

mem. Magnetomotive force (ampere turn) 

p-p peak to peak 

roM.Se root mean square. 

V.T.V.M. Vacuum Tube Voltmeter. 

C.R.O. Cathode ray oscilloscope.



INTRODUCTION 

The d.c. machine is one of the oldest machines and 

remains the most successful adjustable speed motor. Its use 

was limited because of the prevalence of a.c. power. Operation 

of d.c. motor from rectified a.c. was known since 1930 when 

the power tubes were developed, but the impact of thyristors, 

which is the most important development in the control of 

electric power in the past ten years, on d.c. motor drives 

has been particularly great because of good economic and 

technical combination between thyristor circuits and the 

d.c. motors. Drives using the combination are fourd from 

ma h.p. to 10,000 h.p. and in such diverse applications as 

trigger controlled electric drills, printing presses and 

steel rolling mills. 

HISTORICAL BA‘ KGROUND 

In the early days of d.c. variable speed drives, the 

d.c. motor operated from a constant potential source was 

basically a variable field motor. In many plants the 

constant potential level could be adjusted to one or two 

fixed levels. Then the motor generator set (known as Ward- 

Leonard system) started to be used to produce the adjustable 

d.c. voltage source, and the system offered constant torque 

as well as constant h.p. characteristics. These were the 

first systens attempting to increase performance through 

increased speed range and accurate speed control. Various



regulating techniques were employed to control the generator 

field and the motor field. As the variable voltage systems 

grew in acceptance and as the Reeenmence criteria demanded 

from the machine and process increased, the need for a 

better motor was apparent. It became necessary to design 

a motor with improved mechanical performance (torque to 

inertia ratio), improved electrical performance. The machines 

were designed to take advantage of the technological changes 

in insulating materials, metals and better mechanical designs. 

In the late 1950's and early 1960's the commercial 

uses of thyristors started. These silicon controlled 

rectifiers were first available at lower power levels and- 

later at higher levels. The first usage, therefore, was as 

generator field regulators and later as d.c. motor armature 

power sources. The industry rapidly changed over. The 

thyristor contrel provides long life, high reliability, smali 

flexible packages and some other advantages which have been 

discussed later in Chapter 3. About the future of Gees 

machines supplied from thyristors Alexander Kusko! states 

"Motor drives using solid state power control elements are 

still in their early stages of commercial development. The 

next twenty-year period will see the electric automobile with 

thyristor speed control, the vast expansion of urban transport- 

ation using electric motor drivmand thyristor controlled 

electric trains, heavy on and off highway vehicles of all 

types using gas turbines and electric drives, and new



generations of air conditioners, refrigerators, and other 

home appliances using solid-state controlled motors of all 

Hands 3. << 

Now the time has come when the users are pushing the 

development because they want better performance from a d.c. 

machine operating on rectified a.c. So the designers have 

to redesign the d.c. machine to improve the commutation 

performance of the machine supplied from thyristors. The 

problem associated with commutation for a d.c. machine 

operating on a smooth-voltage supply is already a difficult 

problem tackied by many scientists and engineers. The factors 

affecting the commutation performance of a d.c. machine 

supplied from smooth d.c. voltages have been listed below. 

(1) The voltage between adjacent commutator bars. 

(2) The reactance voltages induced in the coils undergoing 

commutation. 

(3) The compensating voltages induced in the commutating 

coils due to the compole flux which can be termed as 

speed induced voltages. 

(4) The design of the armature winding. 

(5) The mechanical and electrical characteristics of the 

brush commutator interface. 

(6) The gcometric symmetry of the final motor assembly. 

When the machine is operated from thyristor supply



these factors will play an equally important role and besides 

that the presence of a.c. components of armature/or field 

curcents, which can be represented in the mathematical form 

Le[Inet Znsmbw)], will complicate an already difficult 
Wei2,- 

problem. 

Generally the commutation problem with conventional 

d.c. motors operating on rectified power is quite severe and 

excessive brush sparking may cause rapid brush wear and 

commutator surface deterioration.



 



SURVEY OF LITERATURE ON THE COMMUTATION PROBLEM IN D.C. 

MACHINES OPERATING ON A SMOOTH VOLTAGE SUPPLY 

1.1 INTRODUCTION 

The d.c. machine is one of the earliest electrical 

machines brought into general use and it remains the most 

successful adjustable speed motor available. 

The presence of a commutator makes it a mechanically 

complex piece of apparatus, and the challenging problems 

associated with commutation continue to be an embarrassment. 

A d.c. machine should operate under a specified load without 

excessive wear of the commutator and brushes. Commutation 

is good or bad depending on the degree of sparking, and as 

a general rule commutation in a successful d.c. machine! 

should be black. ‘the prediction of commutative performance 

is one of the most difficult tasks of a machine designer. 

No
 

For example, Thielers states "experience shows that many 

machines may show an excellent commutation for the first 

few hours or few days. Thereafter commutation May gradually 

get worse, the commutator showing signs of marking, with the 

result that real commutating trouble develops. Other 

machines on the contrary, may look a little doubtful on the 

test bed as regards commutation, but may run excellently in 

practice without appreciablewear of commutator cr brushes'. 

Engincers responsible for building and operating d.c. 

motors and generators have had to become more proficient 

in dealing with the problems of commutation in order to 

obtain more output from machines of a given size and cost



ang re 

and to understand the duty imposed on carbon brushes. 

Dang acorn has stated, ‘a rigorous treatment of the 

general case covering any type of winding is practically 

impossible because there is so many independent factors 

entering into the problem that the mathematical difficulties 

are insurmountable'. 

Attempts were made as early as the beginning of 1900 

se & 
by Lamme, Dreyfuss” and other to unfold the mystery of 

commutation process in the d.c. machines, and continued 

with some refinements and better assumptions by many 

scientists and engineers such as thielers? , 

~ 8,9 
Linville and Rosenberry, ar & , Alger and Bewley? y Sustin | 

B10 K f 12 
Ward , Tarkanyi, Ewing and Patel , and others. But 

it still appears to be one of the unresolved areas of 

electrical machinery. 

1.2 PRINCIPLE OF COMMUTATION 

The time variation of emf induced in a full 

pitched coil of a d.c. machine at its running condition, is 

an exact replica of the spotiad distribution of the flux 

density wave. The emf in the coil goes through zero at 

the instant when the active sides of the coil pass through 

the magnetic neutzal position.To obtain direct current in 

the external circuit, it is therefore necessary to reverse 

periodically the connections of each armature coil with 

armature circuit. The commutator and brushes combine to 

form the reversing switch.
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Fig.1.1 shows that the brush width is greater than 

the width 8 of a commutator segment, so that several coils q@re 

short circuited simultaneously. The time of commutation 

for a single coil is therefore -



  

' where Vi peripheral speed of the commutator 

bi = thickness of the mica separator between segments. 

In the position indicated in the diagram, the currents I,, 

I, and I, in the short circuited coils are at different 
3 5 

stages of the transition from +I, £6 -1 and on applying A! 

Kirchoff's first law to the junction points between coils, 

the current in the commutator risers (and through the 

segments R Rg: Re and Ry) are respectively Iyrtys i -I3 1! cael 

T3-1o io (-I,) 5 The lower part of Fig.1.1 shows that 

the current in each coil changes linearly from I, co In 

in the time t. The current densities at each brush 

contact are 

  

which shows that the current density at each brush contact 

is uniform and hence the ohmic loss at the brush contact 

is least when commutation is linear. If the commutation 

is accelerated or retarded, as indicated by the dotted 

commutation curve in Fig.1.1, and also in Fig.1.2.u% i sesnttet in th 

case of over commutation, the current density will be much 

increased at the leading tip of the brush, and much decreased or 

even. yeversed in Sign, at the trailing tip. The reverse is 

the case when under commutation takes place. The fact 

that over commutation and under commutation may give rise
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to abnormal current density at the brush contact indicates 

the possibility of excessive localized heating, which may 

bring about disintegration of the brush material as well 

as chemical changes in the copper of the commutator. More- 

over: when the reversal current is either retarded or 

accelerated the current at the end of the period will tend 

to have a value, indicated by points such as Py or Py in 

Fig. 1.2, which differs from that of the circuit to which 

the commutated coil is to be connected and in that case 

the final equalisation may result in a destructive spark 

or arc at the trailing tip of the brush. 

a 
Langsdorf's approximate mathematical relations in 

comnmutating coil which give an idea about what is 

happening during the process of commutation, have the 

following assumptions: 

(1) The contact resistances between the brush and each of 

the segments which it touches remain constant during 

the process of commutation. These are % Q 2, Cd rca tC ee 

Log: 

(2) The resistances of the risers are negligible 

(3) The commutation is so nearly linear in all the coils 

simultaneously short-circuited that the time rate of 

change of current (Bis the same in each of them. 

Then, applying the Kirchoff's second law to the short 

circuited coil (3) under consideration which has been
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shown in Fig.1.1, the instantaneous voltage-current equation 

  

becomes 

oe. + (1,-f.) Q.--(1,-1,) &.. = 0 
EL ae Ly dt 3°¢ Br Si es Pa Ce 

do 

where 

T3 = the instantaneous current in the short circuit 

coil (3) 

Be resistance of coil (3) 

Ly = self inductance of the coil 

yM = total mutual inductance between the coil (3) under 

consideration and neighbouring coils simultaneously 

short-circuited. 

E,, = the speed induced voltages in the coil (3) by 

the rotation through the interpole region flux. 

From Fig.1.1 the currents qT, and is are approximately 

equal in magnitude and opposite in sign, hence the term Is 

Q and TQ in the equation 1.1 cancel out each other, C5, Bes" 

assuming Mes is approximately equal to 0 Ro has been C35 

neglected in comparison with the contact resistances. Thus 

the equation 1.1 can be written after some manipulation as: 

7 + 4 = 5m) oh EL + i (803 + 2&5) = (L + DM) ae 1.2 

Heat ae oe 
apes bt 

| a —     

      
; Ne 

Eig. 1.3 

hal,
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The short circuit current i which will flow in the short- 

circuited coil through the brush as shown in Fig. 1.3 is 

governed by the equation ee The direction of flow of i 

depends on the value of E,. 

The pnyetcal interpretation of the equation 1.2 is 

as follows: 

(L+)M) is the total inductance of the coil undergoing 

commutation and the effect of total inductive emf (called 

the reactance emf) is always to oppose the change of 

current in the short-circuited coil from tn to its final 

value - Ty: This total reactive emf must be balanced by 

the speed induced emf, E, and the ohmic drop at the brush 

contact, the former is known as voltage commutation, and 

the latter is resistance commutation. 

Averege value of EL either may be greater or less than 

the reactance voltage. If EL is large compared to reactance 

voltage, the current density will be large at the leading 

tip of the brush and the distribution of brush contact drop 

will be as skown by the curve A in Fig. 1.4, indicating the 

over commutation. On the other hand if EL is small, the 

current density will be large at the trailing tip and the 

distribution of the brush contact drop will be the curve 

‘Cc' in the same figure, indicating the under commutation. 

Curve B in Fig. 14 shows a nearly uniform drop all along 

the brush contact which is the indication of nearly linear 

commutation. Gross estimation of density of flux under
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interpole can be made by simply equating the speed induced 

voltage to reactance voltage which does not include the 

contact voltage drop. Thus, 

AL EL = 2B UL vi =4247. 24 1.3 r cp cp a saTyy 

22_1 
Baa ees ~% a 1.4 
= “op xA 

where 

Bx 8 = 8 + =—— and is equal to the distance moved by xA x D. 

the armature circumference during the time of commutation for 

the complete x coil sides in one layer of the winding. The 

simplifying assumptions which have been made to derive the 

equation 1.2 clearly indicate the deviations from the actual 

conditions. For example



ai 
dt 

circuited. 

is not the same for all coils simultaneously short~ 

(2) The speed induced voltage EL and the brush contact 

resistance &% Se3 etc., are complex functions of time 
ei! 

and load current. 

1.3 EVALUATION OF DIFFERENT ELEMENTS OF THE VOLTAGE 

CURRENT MATRIX OF THE COMMUTATING COIL 
  

The generalised voltage current matrix equation which 

takes into consideration the above mentioned facts, for the 

coils undergoing commutation, can be established with the 

help of well known commutation diagram that outlines the 

switching operation in relation to the actual geometry of 

the bars, poles, brushes and the position of the short- 

circuited coil. Such an equation for the commutation analysis 

takes the following form. 

Yr: A eet 
Ey By Lyg cree ee dy [-K(e,) ii Ke)" jae" 
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Lays Loo ee lijos ly3 ee etc., are the self and mutual 

inductance of the commutating coils, associated with the 

fluxes in the regions (1), (3), (4) and (2) of Figs 2.1 and 
diy di, 

ty ga ye ---- . a the reac Tay ae Lio . at nee , are called the reactance 

voltages. K(o,)n 5 K(o,)n wenn etc. are the nonlinear 

brush to bar contact voltage drops, K and n are constants 

obtained from the brush characteristics, Eye Ey <==" EtSth, 

are the instantaneous values of speed induced voltages due 

to the interpolar region flux wave. long investigations have 

already been made to calculate the reactance voltages of the 

commutating coils in terms of machine dimensions and winding 

configurations. The methods of calculating the reactance 

voltages due to the slot leakage flux ,tooth top leakege 

flux, end winding fluxes by Dreyfuss), Thielers* . 

Wana paseo clayton and HN eceR We are sufficiently 

accurate to satisfy a d.c. machine designer for analysing 

the commutation process. 

Carbon brush contact phenomena in electrical machinery 

is an extremely complicated subject, which has been studied 

theoretically and experimentally by Seer and others. 

Without going into the details of the complexity of brush 

contact phenomena, commutation onal yore con be satisfactorily 

attacked by using the formula vy, = K(o)® suggested by Ewing 

and pani 6nd others to represent the nonlinear brush to 

bar contact voltage drop. The contact phenomena is much 
aa 

more comples than is suggested by K(o)", although there is
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nothing much one can do about it if the total phenomena is 

to be covered by the equation of the form (1.5). 

For the estimation of speed induced voltages E EQ = 
eee, 

EL in the commutating coils due to the interpolar region flux 

a few investigations have already been made. Linville and 

Rosenberry's © analysis (1952) in this field can be summarised 

as follows: 

Two fluxes have been considered to contribute towards 

the speed induced voltages ED 

(1) That due to compole and armature acting alone which is 

assumed to vary cosinusoidally with distance from compole 

centre line. 

(2) That due to mainfield acting alone, which is assumed 

to vary according to a sine hyperbolic, law in the 

interpolar region. 

The voltages induced in the coil undergoing commutation due 

to the fluxes (1) and (2) are ®oq and eoa respectively, 

which appear to be derived on 'Blv' basis. Thus for two 

eoil sides 

we, 

Sua at cost® ®og = es Cos Ox Cosay | 1.6 

and for each coil side 

   

Ce Ay sinh ax dee 

wf, 
Cos 3 has been introduced as a pitch factor for Pont
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According to them, the airgap flux paths configuration under 

the compole has been shown in Fig.1.5. 

f£, is one half of difference between full coil pitch and 

actual coil pitch, A, X and x are shown in Fig. ee Mod 

in Fig. 1.6 is the mutual inductance between coil group (0) 

and the line circuits of the quadrature axis. Assumed sine- 

hyperbolic distribution of the mainpole fringe flux has been 

shown in Fig. 1.7. Cosine and sine hyperbolic distributions 

are conveniently chosen mathematical form to represent the 

actual flux distribution in the interpolar region, and they 

rely on experimental measurements to evaluate the amplitudes 

A, and a. 
a i 

In 1957 Alger and Rew gles: ished a paper which is an 

extension of the work of Linville and Rosenberry adapted for 

use by the design engineer. Again cosinusoidal and hyper- 

bolic relationships are used to represent the interpolar 

flux distribution due to compole and mainpole excitation, 

respectively. However the degree of accuracy of these 

expressions is not given, the authors merely stating that 

‘unfortunately no neat but nearly exact fit to the field of 

the commutating pole has been found . The functionse * 
2 

e * have been tried with the result that the analytical 

and 

results fall between these two functional variations. The 

most accurete procedure would be to plot analytically 

determined field variation for the desired values of - 
L 

and then obtain the voltages graphically. However an easier
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method was necessary to expedite the work and so a cosine 

distribution was chosen'. 

Computer aided relaxation technique by Erdelyi and 

Fuchs” for solving the field problem in the interpolar 

region of d.c. machine, seems to be extremely complicated 

for practical use. 

One of the recent papers on commutation analysis is 

by Ewing and patel an 1972. They aiso obtained the speed- 

induced voltage by the ‘Blv’method where 1 is the active 

length of the armature and v is the armature peripheral velocity 

The flux density B is obtained by superimposing individual 

flux density distributions. due to each of the current * 

excited windings, assuming the rotor is smooth. The two 

dimensional field problem in the interpolar region is solved 

by them with the help of electrical analogs as used by Tozona ; 

who transforms the irregular interpolar space into a hypo- 

thetical rectangular section having a known mathematical 

solution. 

1.3.1Concent_ of Tooth Pitch Flux Distribution in the 
  

Interpolar Region for the Estimation of Speed-Induced 

Voltages in the Commutating Coil and Scope for Further 
  

Work. 

If an attempt is to be made to take slots into account 

when determining the speed~induced voltages the flux linkage 

8 concept suygested by Tustin and others, appears to be the 

more convenient. The region 5 of Fig.2.1 can he divided into



n number of equal submeshes of slot pitch lengh (Bo): if 

os is the flux through one of these submeshes, a graph of 

o, as a function of angular displacement @ is referred 

to as the slot pitch flux distribution. The same slot 

pitch flux distribution is repeated for all the n number 

of meshes included within the coil span undergoing 

commutation, The linkage at any 

instant is given by the sum of n ordinates of this slot 

pitch flux waveform. Hence, the compensating voltage due 

to the compole flux, pole fringe and armature reaction is 

n n de, 
ey) ede te BENE Can 30) 
eM) ie ae eT at het 

Neglecting possible variation of the core yoke mmf Tustin 

and Ward assumed parabolic arcs for the slot pitch flux 

distribution in order to evaluate the speed induced 

voltages. 

From the literature survey it is evident that a need 

exists for a thorough investigation, both in theory and 

experiments , directed to achieve a relatively simple 

but accurate method for obtaining flux density or slot 

pitch flux distribution over the armature surface due to 

compole excitation, mainpole fringe flux and armature 

reaction in order to predetermine the compensating voltages 

for commutation analysis. 

Schwarz Christoffel transformation has been used 

as a new approach for the interpolar region field analysis
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in d.c. machines, and is discussed in detail in Chapter 2. 

1.4 COIL CURRENT DURING THE PROCESS OF COMMUTATION 

After obtaining the speed induced voltages EL in the 

coil undergoing commutation from the field analysis given in 

Chapter 2, and knowing 

(1) All other coil currents except i, and in-, 

(2) The instantaneous values of contact voltage drops 

which can be described as an inverse function of 

geometric area of contact between brush and bar, 

(3) The values of self and mutual inductance coefficients 

Liye Loo --- etc., from the design, the matrix 

equation (1.5) can be reduced to two equations 

dit dal i Da Mer tla 
eeu any yee eee ASS 1 

and 
at, dr, ete aie 

Dudes ae uo met ei 2 ea 140 

where a, is instantaneous voltage drop due to mutual 

inductance, and By is net instantaneous contact voltage drop 

as an exponential function of current density in the bi.ush. 

Starting with known initial values of coil currents, those 

equations 1j0 and 1.9 can be solved using the fourth order 

Runge-Kutta method, thus the coil currents can be obtained 

at every instant of time (as small as 107° seconds), during 

the process of commutation satisfying all the time the
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condition of equality of both sides of the equations 1.8 

and 1.9. The instantaneous values of Ej Es Oy roe Bir 

Bor are very important controlling factors so far as the 

commutation analysis is concerned. Knowing the currents 

in the commutating coil, the contact voltage drop between 

the brush and the bar can be calculated and the value of 

voltage drop at the instant where the last coil in the 

group leaves the brush is used as an index for the quantit- 

ative evaluation of commutation. The attainment of the 

best possible commutating conditions would in any case 

require the physical adjustments of the completed machine, 

for example, control of speed induced voltages EL by 

appropriate setting of a shunt across the terminals of the 

interpole winding, or by altering the contact resistances 

by adjustment of the spring pressure, etc..
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SCHWARZ CHRISTOFFEL TRANSFORMATION AND THE FIELD PROBLEM 

IN THE INTERPOLAR REGION OF A D.c. MACHINE 

2.1 INTRODUCTION 

For the analytical solution of Laplacian fields 

(v29 = 0) conformal transformation is the most powerful 

analytical method amongst all other methods, because it is 

capable of handling boundaries of much more complicated 

shape than the direct solution method, and the method of 

images. In general, the solution by conformal transformation 

takes very simple forms, and yields readily, expressions for 

flux density and permeance in magnetic fields. So the electro- 

magnetic field probiem in the interpcolar region has been 

solved by Schwarz-Christoffel transformation. 

      

Vv 

B 

e : ea 
ab ¢c d 

Fig. 2a w Plane Fig. 2b z Plane c 

Consider the two planes shown in Fig. 2a and oP: 

the regions to be transformed lie on the unshaded sides of 

the boundary lines and corresponding points are similarly
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lettered. Then the conformal transformation from the real 

axis of w~plane to the polygonal boundary in the z-plane is 

obtained by integrating the equation (2:0) 

az ; e 1 2 aa 
ag A(w-a) (w-b) (Wa CDi te (2-0) 

which is known as Schwarz-Christoffel differential equation 

and a, b, c, ad ----- are points on the real axis of the 

w-plane corresponding to the vertices of the polygon in the 

z-plane. 

The complexity of the airgap boundaries in the inter- 

pole region shown in Fig.2.2, has been overcome by assuming 

that 

(a) some of the surfaces of the polygon extend to infinity. 

(b)} flux lines as boundary. 

(c) and the armature being smooth (see Fig. 2.3, 2.8 and 

2.11) 

Then the Schwarz~Christoffel transformation (2.0) has been 

applied to those simplified polygoral boundaries to solve 

the interpolar region field problem without sacrificing much 

accuracy. Validity of those assumptions has been verified 

(a) When good agreement is found between theoretical and 

experimental flux distribution curves under the compole 

shown in Fig.2.20 

(b) When the theoretical flux density distributions 

obtained in this model exactly coincide with those
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by Gibbs' and Binns" models in some special cases 

which have been discussed in detail in this chapter. 

The field solutions obtained for these models can be 

computed withasmallamounto; memory storage, and it is more 

economic on computer time, 

If the boundaries are tapered, curved and extremely 

complicated, finite element method can be used, which has 

some additional advantages over other methods of analysis. 

Erdelyi”. used the finite element method with computer aided 

rela 

  

tion technique to solve the field problem in the 

interpolar region, which seems to be extremely complicated 

for a design engineer, 

2.2 FIRST MATHEMATICAL MODEL WITH MAINPOLE AND COMPOLE 

BOTH EXTENDED TO INFINITY AND SMOOTH ARMATURE 
  

The following assumptions have been made to simplify 

the actual configuration shown in Fig.2.2. 

(a) The armature is smooth. 

(b) Compole and mainpcle extended to infinity as shown 

in Fig. 2.3. 

The compole is at potential v and the armature and 

mainpoles are at zero potential. 

The given polygonal region in the z plane as shown in 

Fig. 2.3 has been mapped on auxiliary w plane with the heip 

of conformal transformation shown in Fig. 2.4. The Schwarz- 

Christoffel transformation gives the relationship between 2z
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plane and 'w' plane 

dz _  /(w-a) (wtb) 2.1 
dw ww) 

Integrating 2.1 and using gaps at infinity, methods for 

finding the unknown constant A', and other constants, the 

following equation 2.2 has been obtained. 

  
K ate ; 

Z=- Diy ae tan a bi cetan | ee ~ 5 log, [74] + 39 
pe ak WK YK, WR; ¥ 

2 2 3 3 

eee 

where 

ke K = 

A S pe 3 cz   

% (K5=K3) (K341) Z 

(b-1) 
3 = (ati) Ky = a(atl) Ryne oe(a4b) 9) Ky eK 

AL o-n % = “(ra) G-b), and ¥? = (ue} 
=/ab, g' 

Details of mathematical steps in between equations 2.1 and 

2.2 have been given in Appendix 5 . 

The transformation from the 'w' plane to the — plane 

shown in Fig. 2.5 where the field is regular is given by 

b= ¥ logew 23, 

The magnitude of flux density at any point along the armature



surface is given by 

  

Be tig 2.4 

B= Ix i eee | 2.5 
g 1 Gi-a) (wtb) 

Now as w > », from the equation 2.5 the flux density tends 

to its uniform value in the middle of the compole core,given 

by ma Uy which is also the maximum value. Taking the real 

part of the equation 2.2 one can find the values Z which 

correspond to the points within the range(-- 1.0) to - © in 

the w plane. Calling the maximum value of the flux density 

Bae unity the flux density curves on the armature surface 
A 

Ly ‘ for various values of (Gu have been drawn and shown in 

Figs. 2ele. and 2 09 

2.2.1 Discussion of the Theoretical Flux Density Distributions 

Obtained from the First Mathematical Model 
  

The values of g' chosen are 2 mm, 4 mm and 6 mm 

while keeping the other dimensions AL, and g fixed at the 

same values, the flux density distribution curves over the 

smooth armature surface have been drawn and shown in Fig.2.19 , 

Fig.2.1¢ and 2.18 using the equations 2.2 and 2.5, obtained 

from the theoretical analysis in section 2.1. These flux 

distribution curves have been compared with those obtained 

froin cia analysis where he solved the field problem to 

quantify the fringe flux at the main pole edges shown in
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Pig. 2.6. The flux density distributions under the compole 

are the same for both cases when g' is small. The deviation 

between these two curves starts nearly at the edge of the 

compole and becomes more and more as one approaches towards 

the mainpole centre line. This is because the portion ABC 

shown in Fig. 2.3 was not included in the Gibbs' model given 

in Fig. 2.6. Gibbs obtained the following results 

Z= 5 [2 (w+)? - 2° log { (w41) 241} + log ml 

Ee 
26 

fe “4 é 
= Bax (wet 2) el 

where g is the dimension shown in Fig.2.6. 

When the mainpole gap is made very large in the present 

analysis in 2.1, the flux density distribution on the smooth 

armature becomes the same as that obtained by Gibbs when the 

other dimensions are kept unaltered (see Fig.2.!7 and 2.16) 

It is also interesting to note that the flux density 

distribution under the compole is not at all influenced when 

the mainpole air gap has been varied from g = 10 to 100, 

shown in Fig. 2.17 . Binns siuobtained the following mathematical 

expressions when he solved the field problem shown in 

Fig. 2.7. 

N
i
r
 a oan eee Z a eyhen J + 
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For the same values of AL and g,Binns’ flux density 

distributions have been compared with those obtained from 

2.2 and 2.5 with a very low value of g' and good agreement 

has been found. Thus the flux density curves obtained from 

the analysis in section 2.1, at a very low value of g' and 

high value of g' agree well with those obtained by Binns 

and Gibbs respectively, and this tends to confirm the 

theoretical analysis for the model considered in section 

aes 

2.2.2 Tooth Pitch Flux Distribution 

The speed induced voltages in the commutating coils 

may be calculated either by BLV concept (speed voltage) or 

by flux linkage concept ) which has been discussed in 

Chapter 1. To deal with BLV concept one has to be cautious 

about the flux density B at a point which shouid be taken 

for calculation. Since the armature is slotted the value of 

B will be the average of the flux densities with tooth in 

that position and then with the slot at the same position. 

The flux linkage concept suggested by Ae ee others 

appears to be easier, Space distribution of slot pitch
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flux assuming smooth armature and given the compole mmf can be 

obtained in the following manner. 

In the w plane shown in Fig. 2.4 the flux lines and 

equipotential lines are governed by the equation 

o+ jue 2 log,¥ 2.1L 

The flux between any two points wy and Wy on the eguipotential 

line where ~» = O is given by 

Wo Ay = (6, - $3) =¥ log, G 2.12 

z, and z, corresponding to Wy and w, in the w plane can be 
cE 2 2 

obtained from the equation 2.2 using the method of linear 

interpolation near the actual values of z; which correspond 

to Wy in the w-plane. Taking the central line of the compole 

as the line of symmetry and using the equations2.2 and 2.12, 

the theoretical plot of the tooth pitch flux distribution 

along the smooth surface of the armature with the compoles 

excited only, has been obtained and shown in Fig. 2.20. in 

this figure, the maximum value of the tooth pitch flux which 

occurs along the central line of the compole has been taken 

as the unity and a is 4.0. This theoretical tooth pitch 

flux distribution has been compared with the experimentally 

measured curve and discussed in detail in Chapter 7. The centre 

line of the compole is taken as line of symmetry for the flux 

distribution. 

2.3 NEWYON-RAPHSON METHOD 
The Newton-Raphson method is one of the most common



numerical techniques for finding a root of an equation, and 

for introducing methods of checking out a program to remove 

its error, and to ensure accuracy. 

Given a function of X, F(X) = 0, this method says that, 

subject to certain conditions, if xy is an approximation to 

a root, a better approximation is given by 

F(%,.) 
Ree x S elena uc) 2-19 

where F'(X,) is the derivative of F(X) at the point X,- This 

is called an iteration formula. Continuing in the same way, 

now substituting Xsan into the same formula F(X) = 0, and 

so on, one getSa succession of approximation until 

8 |x is less than some specified value say 10°. 
new — Xora! 

2.4 SECOND MODEL WITHOUT MAINPOLE 

The mathematical problem adopted to solve the field 

problem in Section 2.2, introduces some error because the 

analysis shows that the flux density does not reach 100% at 

he centre of the compole, particularly when the compole is 

thin, the flux density reaches only 97% of its maximum 

value just at the centre line of the compole. In order to 

obtain the 100% of flux density at the centre line of the 

interpole another model has been considered in this section 

where the centre line of coinspole is the flux line. 

From the results discussed in sub-section 2.2.1 it is
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seen that the mainpole has very little effect on the 

interpolar region flux distribution, so the main pole has 

been omitted from the present configuration for the moment. 

The compole is at a potential V, the armature is smooth and 

at a potential 0, the centre line AB of the compole is flux 

line as shown in Fig. 2.8. This is a problem with three 

corners. The conformal transformation from Z-plane to the 

w-plane and then to the € plane have been shown in Fig.2.9 

and 2.10. The Schwarz-Christoffel transformation gives the 

following relationships : 

dz. A_(w - c)" j 2.15 
aw Web) # (wea) ® 

dz =A tw-c) Faw +C ile, 
| Ps (w-b) * (w-a) 2 

The constant of integration C has been made zero by fixing 

the origin of X-Y¥ co-ordinate system at the point w=c in 

the z plane. A is constant, which will be evaluated in 

terms of known quantities, ay the distance from the edge of 

the compole to its centre line ,and a, the compole airgap 

width. w=c¢c=Oandw=ae-=l. 

b a w-c t a, =A i Lae 2517 
c 

—
 a N i 

  ee 

{az = ja a Ls Teste on aw 2.18



From equations 2.17 and 2.18 the unknown constants A and b 

can be determined. The integrations of equations 2.17 and 

2.18 can be evaluated either by Simpsons's or by Gaussian 

methods of numerical integration which have been used by 

. (3,2 
Lawrenson!@:!9 Binns ) 

6 19 7 ey: é . 
Gupta and Howe . But in carrying 

out the numerical integration, the problem arises when the 

limits of integration are either 1 or b, because the 

function 4 

(w-c) 
Ewe at) web) 

has poles at w= 1 and w=b and the function f{(w) + © 

asw>l or w+ b. For the numerical integration with 

Simpson's rule one can approach towards the poles within some 

limits (say 1074 order) sacrificing some accuracy. It takes 

a long time in the digital computer to chose the limits 

within which one can approach towards the poles with reason- 

able accuracy, and to chose the step length for the numerical 

integration. The Gaussian integration technique used by 

Howe gives better results than Simpson's rule used by Gupta. 

Howe estimated the error introduced due to the small 

excursion (85) on both sides of limits of integration which 

are the poles of the function f(w), the integration of which 

has to be computed with the help of Simpson's quadrature 

integral formula of variable step length. 

Cae 6 wy 

Thus the Error = |f (w)dw 

WwW, 
1
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when £(w) in his mathematical model is of the form 

a a 
[ eee ret ‘ 
(wow, ) 7 (wow) TT. (w-100) 

££), =k es 

and f(w) is wel] behaved within the segment (wir (1+ 6,)wy). 

He presented a table 2.1 given below which summariz 

effect of 85 in his model when used in conjunction 

Simpson Quadrature integral formula of variable ste 

TABLE 2.1 (From Howe's work) 

es the 

with 

p length. 

  

  

    

   
   

8) I auss’s method) IGimpson’s rule) 

0.001 Te971189 4.530026 

0.0005 1.971449 4.750699 

0.0002 19 7US87 5.042379 

0.0001 1.971627 5.263022 

Integrals computed for Wy or, Woe 90. While dealing 

with the problem shown in Fig. 2.11 and discussed in section 

2.5, the function f(w) which is of the form AG (w=d) (w=ay 
w-pyY (w-c) (w=b) 

has been integrated between any two limits which are the 

poles of function f(w) using Sinpsons quadrature integral 

formula of variable step length. It has been shown there 

in Table 2.2 how the values of integration change as the 

limits of integration approach towards the poles of the 

function f(w). This problem of integration has been over-
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come by using the elliptic integrals and functions. Within 

the limits a > b 3 y > c the equation 218 becomes 
u 

  

  

: i 
WY: 

dz= A J C=C) Se ta ae = en? | (baw Gen A(b-c)g sn“u du 

c ° 

1 “1 
= A(b-c)g. [2 {u - 20] 2d) 

k 
° 

2 W-C 2 b-c 2 
BOR pea) Cues ng) ee b=c 7 aa oe sa 

y = amu, = sin} /¥ , sn u, = Sin yp 

when y = b. 

a, = Alb-c)g |-E{x - BE} 2.20 1 c)g a x 2. 

U5 = K = The complete elliptic integrals of lst kind. 

oe 

a eee 
fi VI-k*Sin?e 

and E(u) = E(T/2,k) = E = Complete elliptic integral of 

2nd kind. 

Similarly, it can be shown that, 

_ E(grk) 
jd, = IN (Dea\G— coil 

kt



age = 

= 2 2, = (arc) (w-b) 
rn CoCo) 

  

Jp 

  

$ = amuy= Sin” 

  

A, (a-e)g {uj~ E{u,) + dn u, tn u,} 222 

Ee Co ue £ 
Sn ou [2]. kee = Fog ae 

aqc 

$= amu, = sin”? /3 , sn wu, = Sing. 

From equations 2.20 and 2.21 the values of A and B can 

be determine . The second transformation from the w-plane 

to the € plane where the field is regular, gives 

2.23 

    

where Ay = a. 

The flux density B = 1, 3 x ge - ee 
TA Yw-c 

    
2.24
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The flux density reaches its maximum value at w=a, i.e. at the centre line of the 

compole which is obtained from 2.24, 

i 
Ses a 2.25 

TWA(a-c) 

  

  

Calling the maximum flux density Bu unity, the flux-density distribution on the ax 

armature surface can be obtained from equations 2.25 and 2.22. The flux density 

distribution curves [Figs, (2.16, 18, 19)] show a good agreement between the second 

model and Gibbs! model when the parameter es is varied from 3.78 to 1.27. 
2 a 

when (-2-_), at the compole centre line is plotted against (4) [Fig.(2.19a)), 
Bnaxt dp 

it shows that (—B- 4g becomes almost unity (0.995) when (91) 2 1.2; below this max as 
Gibbs' model starts deviating from the second model. In Fig (2.19b) flux density 

curves pand y show the difference between second model and Gibbs' model when 

d 
the chosen value of a is 0.5. 

Modified Gibbs’ curves in the vicinity of the compole can be obtained by 

dividing each point of Gibbs' original curves by the factor Ge Ye for the 
ax d 

corresponding value of = In Fig,(2.19b), Gibbs’ original curve p is modified 

at each point to obtain the curve q. The Fig.(2.19b) also shows that the modified 

Gibbs' curve q is quite close to the curve Y of the second model. 

For the calculation of the flux density distribution in the vicinity of 

  

d 
the compole when the value of = is less than 1.2, the modified Gibbs’ curve can 

2 
be used rather than the complicated second model. 

2.4.1. Tooth Pitch Flux Distribution for the Second Model 
  

In the w-plane as shown in Fig. 2.9 the field is governed by the equation 

o+ jy = 20g, (fea alee) 2.26 

age (+, 24) y Soon [w -b + fu 

  

using equations 2.27 and 2.22 slot pitch flux distribution



- 36 - 

on the armature surface can be obtained. 

Evaluation of complete and incomplete integrals of 

first and second kinds and elliptic functions have been 

discussed in detail in Appendix 1. The combination of 

models in Fig. 2.3 and 2.8 has been considered in section 

265 and Fig. 2.11. 

2.5 THIRD MATHEMATICAL MODEL 

In the model shown in Fig. 2.11 the mainpole has been 

assumed to be infinitely long, which is true because the 

mainpole is guite large compared to the compole. ‘fhe flux 

line is the centre line of the compole, sc that the flux 

density reaches its maximum value at the middle of the 

compole. The armature has been assumed smooth because the 

slotted armature makes the problem extremely complicated. 

In Chapter 7 it has been discussed how one factor is 

obtained experimentally to take into account the effect of 

slots in the armature. 

The compole only has potential V, the armature and 

the mainpoie are at o potential, the Schwarz-Christoffel 

transformation from the z plane tc the w plane gives the 

following equations 

a? 2 ak 

Gua ° (w=p) 

 



ai) 

A See 
[. = | Gee ee dw = | £(w) dw 2228 

The integral 2.28 can be evaluated within the limits of 

integration which may be the poles of the function £(w), with 

the help of Simpson's quadrature integral formula of variabje 

step length as suggested by Sinise areheon and tee. a 

The following table shows how the value of integration 

[een dw changes as the limits of integration approach 

towards the poles of the function E(w). The numerical values 

of unknowns d, c, b, p, a, in the w plane have been chosen 

arbitrarily (see also Fig. 2 wld. ee — 

or 

" Half of the compole width in the z plane 

fo3 

" | f(w)dw where § << 1.0 
ars 

TABLE 2.2 

de=_0.0,6 = 0.99, 6 = 4.0, Pp =410.0,.a=11.0 

  

  

    

c-6 ' 5 c=6 ass 4, = | F(w)aw! 
i “d+é ml 

io .9899 0.0001 1315 x 102 
16° > 98999 0.00001 71517) x 107       

There is always a problem in choosing the right limits and 

step lengths of integration if numerical technique like
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Simpson's rule is adopted to integrate the function f(w) 

a1 
which has poles. Howe claimed that Gauss-—Jacobi 

22 

  

quadrature formula developed by Krylov is suitable 

for the problem he tackled. 

Thus 

a M 

ax) % (14x) PeQax = 2 ape Gy) 2.28.1 
ee eR k 

eal k=1 

and 
i-l Oy 

4 ad Ree : j x 

J=1 

Aj me 

es WinW oow. s= wc ie ‘ je ei 
ne Wo rag. O ; x 

J = i+2 

ay +1 

VG =) ( =1) 2.28.2 

  

  

Wea My 
x 2.0 ee) 

the M nodes, Xe and coefficients, Avy of the polynomial have 

been derived 

(a,8) 
On (4). = 0 Be28es 

and the useful weight functions are 

eo 

8/8) Yi-x, and /Y (1-x) (14x) 7? 2.26.4



However, the problem of uncertainty in the accuracy of 

integration due to the failure of preper choice of the 

limits and step length in phalsimeson se quadrature formula 

as suggested by Bigne) @pavceneon and eugene , and difficulty 

in deriving the M nodes, and obtaining the right weight 

function and Jacobi polynomial for the Gauss-dJacobi 

quadrature formula used by Howe has been overcome by the 

direct integration of the function | fw)dw with the help of 

elliptic integrals and elliptic functions. Thus breaking 

2.28 into partial fractions and then integrating, the 

following results have been obtained 

ee hs dw 
em / (w-a) ‘el 2 SS 

{ dz = Ao i (w=b) (w-¢) (w=d) Goat (Pad) ¥ (wb) (wc) (w-d) (w=a) 
  

x (ped) (paaegyw a 2.29 
(w-p) Y (w=b) (w-c) (w-d) (w=a) 

The constant. of integration has been made zero by fixing the 

origin at the voint w=d, in the z plane. 

Integrating 2.29 within the limit a > b > c > y 3 d one 

gets 

u, 

faz wjao [+ teeyg . te {x?u +(07-K7)m(g,07,) b+ 
oe ° 

p u 
+  (p-d)g [Por] * 4 (p-a) (p-a gey 2 Mah at) 

° ‘ a3 s ull 

H($,03,4)40u } | 2.30 

el



= 40> 

Where y and c are the lower and upper limits of integration 

and, 

oan -[‘e-a 21 /0-a) (e-9)] 

2 2 (b-d) (c-w) 2 (ab) (c-d) 

ae ea ee et KS 
(ac) (b-d) (c-d) (b-w) (a=c) (b=d) 

2 2 _ “je-a a Seta saea 
ki $F  =aG-4) <1, oS amu; =)Sin ezaeso: 

When y = d 

ots ang[ (a-c)g.-F (k7K + (a?-K7) Mm (a?,k)} 4 (p-a) ox 
é a 

+ (pd) (p~a) Ry = { (037-02) 7 (07/4) 40K) 

2.31 

Il (a7,k) is the complete elliptic integral of third kind, 

and within the range k* < a <1 

I (a2,k) = K 4 —WollrAo(v,k) e
t
 

  

it: 2032 

2 V(a?-K?) (1-07) 

where 

ve and k'2= 1-k? 2e88 

ho(v,k) = 2— [=r(v.«") + KE(v,k") - KE (v,k") | 

2.34 

W(c3”,k) will be considered in two cases either K? < ae <5



Ae 

Ta i m(a,2,) De ARON) 

  

2 1 (aK) (1-037)? <a,” < 1) 2.35 

where 

towin= [prow + xe Wwk)-KOK)] 2.36 

=] i= e 
and v = Sin -(/ Vmee 

2 0.4KZ (6 -k) 

ee as jaa <a,” < Ky 2.33 
(ag ) (k “a3 ) 

where 

Kz (B,k) = KE(8,k) — EF(B,K) 2.38 

and 
a. 

g =sin? (2) 

2(B,k) and Ao (v,k) are known as Jacobian zeta functions and 

Heuman's Lambda functions. (Gee Appendix 2.) 

Similarly, it can be shown by integrating (2.29) within 

the limit a>b2y > c> ad 

a, = Ro (larc)g a K + (02k?) Tl (0770 | + g(p-a)x 
2



Sea 

-(p-d) (p-a) Beey x5 [(a,?-a”) Il (a7 5k) + ox) 

2239, 

  

where 

Ao eue (b~c) (p-d) Saal ~ (b=d) (we) x2 = (b=¢) (ad) 
3 (b-d) (p-c) (b-d) (w-d) ” (a-c) (b-d) 

GS ee ana 0. eae = PS <3? 
¥(a-c) (b-d) 

@ = amu, = = and sn u, = 1 
a 2 1 

ay and d, are the two dimensions shown in the Fig. 2.11. 

The value of As can be found by using the method of gap 

at infinity in which the integration is done along a large 

semicircle. In the z plane Fig. 2.11, the distance between 

the surfaces as z approaches infinity is the constant value 

AL Substituting w = Rev? where K + ©, 2.28 becomes 

° : ao 
| dz = A, = | Roite—— do= Aojn 2.40 

T Re! 

Hence 
A 

Zale er 2.41 

A similar investigation at the point w=p gives another 

relation, where the values of both z and w are known. ‘The 

value of 4 changes abruptly at the point corresponding to 

w=p by the amount jg. Hence from the equation 2.28



43 

  
  

(w=p) 
ba es p-d) (p=ay dw prs 

| Oi Oe van /Ere) (p=b) 
ero p-€ 

2042 

2.43 

  

Out of five unknown constants aybp,c,a@ and p in the w 

plane, d and b have taken two suitable values. 

dad=0Oandb=1 

The rest of the unknowns a,c,p and Ao have been determined 

from four equations 2.31, 2.39, 2.41 and 2.43, and it 

is discussed in Appendix 3. 

The second transformation from the w plane to the & 

plane where the field is uniform gives the following relation 

  

= 
gf= —___ 2.44 

Wo Gre) C5) 

Ay is constant given by 

ee 
Sy 2 aT 

The flux density on the armature surface is 

= ge. aw 
a u6| dw dz 

Z 
= x 2.45 

° A, 
  

  

When w > p, that means well inside ct
 

lon
 

0 a a i 3 io}
 ° eB o Hh
 

e ¢ ™“ Qu o 2 a pe Ca ‘<



= 4h = 

goes to zero, which is true. Again the flux density reaches 

its maximum value at w = b, i.e. in the middle of the compole 

core, and the maximum flux density is given by 

B =. a a Abr) 2.46 

Al /(b=d) (b-a) 

  

The values of z on the armature surface corresponding to 

the points in the w plane within the limit w= b to w =p, 

can be obtained by integrating 2.28. The integration of 

2.28 within the limit a>y>b>e>da is given by 

A u 
faz = { + (a-b)g. [e +(07-1)1(6,07,)| - 

a oO 

u a 
+ (p-a)gF (ok) + (p-a)F{B=2) ats [ taa?s0? Hera? met] } 

    

(b-p) ay 

2.47 

where sn? u= fare tee), Ks SEES 

2 2 a-b 2 2) = (pre) (a-b) k° < a° = (S—=) <1, g = —+~——— and ao = = Vee a-c Vee) (eee) Su aiepr (sae) 

= am u = Sin o/s eet, sn wu = Sin ¢ 

The evaluation of third order compiete and incomplete 

integrals have been discussed in Appendix 2. Calling the 

maximum flux density given by 2.46 unity the flux density



EG 

distributions along the armature surface have been obtained for various 

values of z - ea 5 ab using the equations 2.47 and 2.45 as shown in 

Fig. 2.16 and 2.18. The flux density distribution along the armature 

surface under the mainpole obtained from equations 2.47 and 2.45 fall in 

between those from Gibbs"” model and the model with compole and 

mainpole both extended to infinity in section 2.2. The Figs (2.16) and 

(2.18) show that the deviation between model 1 and model 3 occurs only in 

the vicinity of the mainpole, because they are plotted on the per unit 

basis. When the magnitudes of the flux densities are plotted in Fig (2.{6a) 

they show that the flux densities estimated by model 3 are more than model 1 

all over the curve. This is because the model 3 considers the centre line 

of the compole as a flux line and the constants in the w plane for model 3 

are approximately evaluated by the optimisation technique. 

2.5.1 Tooth Pitch Flux Distribution for the Third Model 
  

The field in the w plane is obtained by integrating the equation 2.44 

which is given by 

o+ iy = 2 10g, ( fre + fr ) 2.48 

the quantity of flux within w = wy tow = Wo which corresponds to the tooth 

pitch on the armature surface in the 2 plane is calculated from equation 2.49 

fwj-c + (w,-b 
Ad = (¢ -¢ whe Tog : 2 

1 2. e 

Wore Ry Wy-b 

2.49 
  

2.6 CONCLUSIONS 

Flux Distribution under the Compole when Compole and Mainpole are both 

Excited 

So far the expressions for tooth pitch flux and flux
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density distributions in different configurations have been 

obtained on the assumptions that the compoles are at 

potential V and the mainpoles and armature are at zero 

potential. Now interchanging the pesition of compole and 

mainpole in the configurations shown in Fig.2.3 and 2.11 

and changing the dimensions accordingly in the analysis 

given in sections 2.5 and 2.2, one can estimate tooth pitch 

flux and flux density distributions under the compole with 

the main pole at potential vy (say) and the interpole and 

armature at zero potential. Applying the method of super- 

position the tooth pitch flux or the flux density distri- 

butions thus obtained in two cases 

(1) When only the mainpoles are excited and 

(2) When only the interpoles are excited, 

will be added at each point on the armature surface under 

the compole to get the resultant flux distributions due to 

the compole and mainpole both being excited at the same time; 

which brings us more towards the truth, but the problem of 

the commzone flux distribution or the flux density under the 

compole is not completed until the armature slots and 

armature reactions are taken into account. All the 

theoretical models so far considered, assume smooth armature 

which evaluate the flux or flux density more than it should 

with slotted armature. Theoretical investigation of the 

slotted armature surface needs to solve the field problems 

of the configurations shown in Fig. 2.14 and 2.15 which



hts 

becomes extremely complicated, and a practically impossible task to find the values of 
constants in the w plane. 

An experiment was carried out with a tooth pitch search coil which is discussed in 
detail in section 7.2, Chapter 7, and factor k, < 1.0 has been found experimentally 
that should be multiplied at each point of the theoretical flux distribution curve in 
order to take the effect of slots into account. Carter's Coefficient takes into 
aecount the effect of having a deep slot opposite to a smooth magnetic face infinitely 
long at both ends and it is defined as 

The flux crossing the airgap for one slot pitch when one of the magnetic faces is smooth and the other surface has a c= Slot and they are separated by an air gap. ~ 
The {lux crossing the air gap for one slot pitch when both the magnetic faces are smooth and separated by the same 
air gap. 

The Carter's coefficient is applicable when the smooth surface is large in comparison 
with the slot and the tooth dimensions viz. mainpole in front of a slotted armature. 
The value of the Carter's coefficient is determined by the dimensions of the slot, tooth 
and air gap only and it does not change with the position of the slot with respect to 
the smooth surface so long as the air gap is fixed. While dealing with the slot pitch 
flux distribution in the interpolar region the Carter's coefficient can not be used 
excepting at the two extreme cases 

(1) When the slot is symmetrically placed along the’compole centre line. 
(2) When the slot is far away from the compole. 

because the slot pitch is comparable with compole dimension (the ratio is almost 1 
for the experimental machine) and the slot pitch flux changes as the field pattern 
changes at each position of the slot with respect to the compole. The factor ky in 
Fig (2.22) takes into account the effect of permeance variation on the slot pitch flux 
at each position of the slot. 

From the Fig,(2.22) it is seen that the value of k, at the compole centre line is 
77 which is approximately equal to the Carter's coefficient0*79. fle k, tends to reach 
unity when the slot pitch search coil is far away from the compole which is similar to 
the case for a large air gap when the Carter's coefficient tends to 1, 

From the experimental results in Fig.(2.22) Carter's coefficient can be related 
with the factor k, by two equations, when the variation of k, along the armature surface 
is approximately represented by two straight lines of different slopes. 

‘Thus 

(1) from the compole centre line to the point p (see Fig 2.22)
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distance alo the 

      

     

koe Fee a ) x 0,032 (2.50) 

~(2) from the point p and onwards 

a ance along th re 2 
estate me ompole gap length Ue bas e282) 

where p is the point on the armature,twice the compole gap length away from the compole 

edge, Cy is the Carter's coefficient at the compole centre line, and k,, is the value of 

k, at the point p obtained from equation (2.50). 

It may be suggested that the easier and quicker way to obtain the flux distribution 

$; under the compole with reasonable accuracy is to use the model 1 along with the 

factor k,. 

Whilst the above equations (2.50) and (2.51) describe the variation of k, for the 

experimental machine, experience would have to be built up on other machines to obtain 

a general expression for k, 

  

2.7 SUGGESTIONS FOR FUTURE WORK 

The value of the factor ky which is multiplied to the theoretical flux distribution 

in the first model, considered in section 2.2, to take the effect of slots into account 

has been experimentally found from the test machine discussed in section 7.2. Chapter 7, 

but its value should be checked in other machines having different dimensions of tooth, 

slot, compole and mainpole for further confirmation. 

The machine in its running condition has triangular armature mmf distributed along 

the armature surface, which has not been included in the analysis presented in this 

chapter. This makes the already difficult interpolar region field problem more 

complicated and calls for further investigation. 

While dealing with the field problem in the interpolar region of the third model 

ae 8 ‘ 
in section 2.5, only a limited value of xy 7 and at are chosen for the verification 

1 

of the theoretical work which employs the nonlinear multi-variable optimisation technique 

for finding the values of constants in the w plane. With some mathematical refinements, 

the same method can be used to estimate the flux distribution under the compole for a 

model which includes slots in the armature. The theoretical limitations for those 
a dg three ratios j>, gy, and a have not been found out and this has been left for future 

work.
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Bee SURVEY OF LITERATURE ON d.c. MACHINES OPERATING FROM 

RECTIFIED a.c. SUPPLY (WITH SPECIAL REFERENCE TO 
  

COMMUTATION ) 

3.1.1 Introduction 

This chapter presents a survey of literature on the 

performance of d.c. machine supplied from controlled 

rectifier unit with particular reference to the commutation 

problem, in a chronological manner since 1930's. The 

theoretical investigation so far made by various authors 

for the analysis of d.c. machine supplied from various 

types of rectified source, including the newly developed 

SCR, with special interest on voltage and currint wave- 

forms at the operating condition of the machine have been 

given in this chapter. The pulsating component of a.c. flux 

will produce eddy currents in the solid parts of the magnetic 

circuit. It has been discussed how different authors 

have taken into account the 

effectsof eddy currents induced in the solid shell towards 

the commutating flux. 

3.1.2 Some Investigations at the Earlier Stage 

Development of power tubes in the early 1930's 

brought the new approach to the problem of variable speed 

motors and it started replacing the motor generator sets 

which had been the normal source of power for large d.c. 

motors for many years. Power rectifiers were first used 

around 1940 in a steel rolling company in U.S.A.



It is believed that a study of the effect of rectifier 

power supply on d.c. machine began in 1938 by Alexandersonand 

Ranch who have mentioned in ‘Electronic speed control 

of motors' about the new approach of speed controi of d.c. 

machine by varying the armature voltage by phase control 

of the rectifier. It was also mentioned in that paper that 

when the phase controlled rectifier supplies d.c. motor, 

commutation will limit the magnitude of the ripple current 

permissible, and to smooth out the a.c. ripple an extra 

choke can be used in the armature circuit. The value of 

inductance will be 

L = [B,/(Sae) ] 

where Er is the maximum ripple voltage produced by the 

rectifier and (Glee ) is the maximum change of armature 

current consistent with good commutation. They did not 

discuss the commutaticn problem with rectified d.c. supply 

deeply. 

3.1.3 Theoretical Investigations on d.c. Machines Supplied 
  

from Rectified a.c. 

It is believed that the first theoretical approach 

for the rectifier d.c. motor drive was made by Vedder and 

eee tovee. in the year 1943, and it is worthwhile 

reviewing their theoretical work to understand its basic 

principles. 

They considered a simplified circuit of a typical
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single-phase full wave system, as shown in Fig. 3.1, in 

which the rectifier is composed of two thyratron tubes 

with their grids arranged for phase shift control to permit 

the tubes to start conducting at any chosen phase angle, 

with respect to the applied a.c. voltage, during each half 

cycle. The circuit in Fig. 3.1. was then converted into 

an equivalent circuit as shown in Fig.3.2. The assumptions 

they made for the analysis are as follows: 

(1) D.c. motor with separately excited field winding. 

(2) Constant armature inductance and the circuit 

inductances have been lumped in the inductance L. 

(3) The resistance of the armature and the external 

circuit have been lumped in the resistance R and 

are constant. 

(4) The counter electromotive force, Ee is directly 

proportional to motor speed. 

(5) The transformer impedance is neglected. 

(6) ~The arc drop of the tube E, is constant. 

(7) The effect of armature reaction is neglected. 

(8) The equivalent circuit shows only one half of the 

full wave rectifier. 

(3) The tube characteristics are such that the conduction 

can begin as soon as the instantaneous valve of the 

transformer voltage is equal to or greater than 

i es) G 
4 ¢
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Fig. 3.4 The Waveform of Current and Fig. 3.5 The Waveform of Current. and 

Voltage in a Full-wave Voltage in a Full-wave 
perating the d.c. Rectifier Operating the d.c. 

is Assumed to Have Motor which is Assumed to Heve     

No Inductance. 

  

For the ideal case of zero armature inductance the 

current would flow until, in Fig. 3.4, e becomes less than 

Eq + EB, at angle X, which is called the 'stopping angle'. 

The current must stop flowing at the angle Xor because the 

opposing voltages are equal and the rectifying property of 

thyratron does not permit reversal of current. The voltage 

e may be considered as applied to the armature during the 

interval Xe to Xor and thus the hatched portion of Fig.3.4 

represents the voltage applied to the armature by the 

rectifier. The current pulse would have the same shape as 

the voltage wave from Xp to X- The general effect of 

inductance in the circuit is to reduce the peak of the 

current pulse and broaden its base by causing the current 

to continue flowing beyond the point where e equals Eq + Ey 

The applied voltage during the interval X¢ to XS is shown 

by the single hatched line in Fig. 3.5, but the por rene 

does not follow the shape of the applied voltage and is



represented by the double-hatched curve i. 

The voltage current equation for the equivalent 

Circuit in big. 3.1 is 

di ay We. ; 
Laet Ri + Ea + NG E,, Sin (X%- + wt) (323) 

2h 
Vedder and Puchlowski obtained the complete solution of 

equation 3.1 given by 

  

  

E 4 : x-% 
i= =m ‘os9Sin(x-6)-aj+ [a - Cos@Sin(X,-0]zxp $ wr J+ [ Pa) peat 

(3.2) 

The eguation 3.2 is the expression for the armature current 

pulse as a function of angle x. 

"a' is called the speed factor given by 

  

ae (33) 

9 = cos) (B) (3.4) 

Using the limits Xe gx« Xe 

and i320 

the expression 3.2 represents the equation for a single 

pulse of current. 

Using the fact that i = 0, at x = X, a basic relation-— 

ship between the firing and stopping angles has been 

obtained 

[a - CoseSin (so 0) ]Exp (¢sS5) 

x 
= [a - Cos@Sin (X,~ 0) Exp (¢an9) (3.5)
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Since it is not possible to represent the stopping angle 

xX, in the form of an explicit formula 

X, = F(Xg, 8, a) 

they calculated the value of x, for each value of Xe and 

different values of parameter a and 0. 

The maximum of the armature-current pulse occurs at 

an angle x = X_ such that 
Pp 

a Sin (X,-6) Xp 
CeCe ) Exp (x, /tand) = WSR dean aC Exp (rap 

3.6 

The equation 3.6 has been obtained by differentiating 

expression 3.2 with respect to x. One can get the 

expression for the peak value of the current pulse i. 
max By 

putting the value of x from 3.6 into 3.2. 

Another important result presented in this paper is 

the expression for the average value of the armature 

current os which is obtained by integrating the equation 

e ¢ tox = X. 

Thus for a single phase full-wave restification t, which 

2,5 B,, ean x one Ey) within the limit x = X 

is proportional to torque of the motor is given by 

E. 
a m Ley —Rleos x 

a
e
 

ge - Coski> a(%_ =-x_)]] Say 

In conclusion it should be pointed out that they considered 

the case where the current flows in discrete pulses, that 

is, two consecutive pulses of current corresponding to two 

consecutive haif cycles of a single phase full wave



rectifier do not join with each other. 

Schnidt and smith in the year 1948 published a 

paper in which they discussed the heating, commutation, 

and speed regulation of d.c. machines supplied from 

rectifier units. They considered both(i) continuous 

(2) discontinuous armature currents. Condition for 

continuous armature current is that the conducting period 
° 

of one anode exceeds 260   where q is the number of phases. 

Fig.3.6 shows the voltage and current of a typical 6 phase 

rectifier having counter electromotive force load with 

finite inductance. The voltage is made up of a d.c. 

component and an a.c. component wiicse frequency depends on 

the number of phases in the rectifier, and the supply 

frequency. At a moment when the voltage of the rectifier 

is at its average value and rising, the motor current will 

be at its minimum value. If this time be designated by t, 

and the next instant of equal rectifier voltage by ty the 

motor current will vary over the interval by an amount 

  

ty 
a, Pe Al= [se Je 3.8 Da, 

o 
where Ey = Motor counter electromotive force 

€4 = Instantaneous d.c volts 

Ly = d.c. circuit inductance which consists of the 

inductance of the load and the average inductance of the 

conducting windings of the rectifier transformer.
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Fig. 3.6 Direct Voltage and Current of 6 Phase Rectifier with Moderate 
Value of load Inductance Arka, aoa 

Now fe (Ey - €4) dt is proportional to the average 

to 
value of the rectifier ripple voltage. The total current 

variation with q phases is 

= Fev 3 AI = 2qiL, 349   

Thus, the current ripple can be determined if the number 

of rectifier phases, the amount of phase retard and the 

total d.c. circuit inductance are known. 

For the discontinuous armature current shown in 

Fig. 3.7. they obtained the expression for the average 

value of rectified current given by 

E 

Ta is [Sin y ~ Sine + 4(€ -p) (Cos y+ Cosd)] 3.10 

They did not take any resistance in the equivalent circuit 

2 
which Vedder and Puchlowski considered in their analysis,
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Fig. 3.7 Voltage and Current Relations in Controlled Rectifier with 
inductive Counter Electromotive Force Load. 
  

  

If the rectifier has q anodes, the average current 

I = a Eu F Sead da = 37x (py, 0) : 

Q 

where F(p,0) =[Siny- Sine + 4 (y-@) (Cosy + Coso)] 

They mentioned in this paper that the extra losses in the 

current carrying and flux carrying parts of the machine 

depend on the magnitude and frequency of the ripple current 

present in the motor supply. About commutation they have 

stated ' The commutating performance of a d.c. motor 

operating from a rectifier power supply is adversely affected 

when the frequency of the ripple current is so high that 

the commutating pole flux is no longer proportional to and 

in phase with armature current. When this occurs the 

armature reaction is not properly compensated for and 

sparking may result. Non-proportionality may be caused by 

reduction of commutating pole flux by eddy current, phase 

displacement due to iron losses'. They did not give any 

rule or law which can quantify for the flux reduction
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due to eddy current or estimation of phase displacement 

due to iron losses. 

3.1.4 Development of SCR and Further Theoretical 
  

Investigations 

After several years of development in the late 1950's 

and early 1960's the use of silicon controlled rectifiers 

came into being. These silicon controlled rectifers were 

first available at lower power levels, and later at higher 

levels. As a result of their increased efficiency, reduction 

in maintenance requirements, ease of installation, 

convenience of control, and reduction in size, weight and 

cost, the thyristors became a useful element in the control 

circuit, and they replaced thyratrons, and mercury arc 

rectifiers which were previously used for field excitation 

control of all kinds of generators and motors, and armature 

voltage control of d.c. machines. 

The silicon controlled rectifier is basically a four 

layer p-n-p-n semi-conductor device which stands in 

relation to the silicon power diode, as does the thyratron 

to the gas, or vapour-filled diode, or the grid controlled 

mercury-arce rectifier to its uncontrolled counterpart. 

It may be regarded as a silicon diode to which has been 

added a third electrode, the gate, by means of which the 

initiation of forward conduction can be controlled. Fig. 3.8 

shows a schematic representation of the device and BELG ce seo
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1.. Gate Connector 
2. Cathode Connector 
3. Current distributing ring 
4. Silicon n-layers 
5. Silicon p-layers 
6. Anode Connector (mounting base). 

Fig. 3.9 

Sectional View o£ 
Typical Silicon 

Controlled Rect 
. 27 

(Merrett ) 

  

  

is a sectioned drawing showing internal construction which 

follows generally the arrangements used for silicon diodes. 

At this stage it will be worthwhile to discuss the 

common types of rectifier sources and the voltage and 

current waveforms. The following tabulation applies. 

  

Rectifier type Fundamental 
frequency in Hz. 

Pulses per 
line cycle 

  

hg 

2\- 

Single phase 
half wave 

Single phase 
full wave 

Three phase, 
full wave, half 
controlled bridge 

Three phase, full 

wave,full controlled 
bridge 

Three phase, full 
wave, two phase 
shifted full 
controlled bridge 

50 

100 

150 

300 

600     

1 

12



The basic principle of the thyristor involves pulsing 
  

a thyristor on during the positive half cycle of the sine 

wave. The characteristic of a thyristor is such that it 

will remain in conduction until the polarity reverses or the 

sine wave goes to the negative half cycle. Therefore 

selecting the time during the positive half cycle to activate 

the thyristor will determine a specific power pulse duration. 

Single phase half wave and single phase full wave power 

sources are utilized primarily in the area of five kw, and 

less. The last three power sources listed in the table @.4) 

are utilized in the larger h.p. motor. 

p
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Fig. 3.10 Waveform for Half-wave Thyristor Drive
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Fig. 3,11 Single Phase Full Wave Fig. 3.12 Single Phase Full Wave 
Thyxristor_Dr Thyristor Drive Circuit 

With Freewheel Diode 

E __ Sinwt 

armature current i E,, speed     
  

Fig. 3.13 Waveform for Full Wave Drive 
  

The operation of single phase half wave thyristor 

system shown in Fig. 3.10 does not need any more explanation 

because it has already been discussed previously, when the 

power tube was considered in place of the thyristor, The 

expression for the discontinuous armature current obtained 
2 4 

by vedder and Puchlowski , discussed earlier in this section, 

is also applicable for the present case where the thyristor
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has been used. Vedder et al has assumed in their work 

that Bo is not a function of time which is acceptable only 

when the load is not heavy. Strictly speaking, the armature 

counter e.m.f. E, which is directly proportional to the + 

motor speed swings quite a lot if the load is heavy. This 

can be explained in the following manner. 

During the armature-current conduction period within 

the interval X¢ gE xX*« Xr electrical energy flows into the 

armature circuit, the interaction of current and field flux 

results in positive electromagnetic torque. The motor 

accelerates during the conduction period by the speed Mw 

as shown in Fig. 3.10. From the end of the conduction period 

at x = X, of one cycle, and the start of the next conduction 

period at x = 2m + Xen the motor coasts down by Mus The 

motor supplies the load energy during the coasting period 

from its own kinetic energy. The armature inductance acts 

as a reservoir of electrical energy during the conduction 

period, the armature and load inertia act as a reservoir 

of mechanical energy during the coasting period. When the 

load is heavy, oo becomes large. To take into account this 

speed s wing AGS one ought to add half the value of Aw 

with w, which may be called as a base speed, so the By 

Kum becomes E _ which is proportional to W + =). 
gnew 2 

Single phase full wave drive circuit is usually 
  

built as shown in Fig. 3.11, using two thyristors and two 

diodes. The diodes are placed so that they also serve to
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provide free-wheeling current path across the armature 

terminals. The alternative circuit is shown in Ieee ol 2, 

in which the thyristors have a common cathode connection, but 

a separate free-wheeling diode must be used. In small motors, 

the armature @) ratio may be so small that a free-wheeling 

diode will not contribute any assistance to increasing the 

conduction angle. 

26,27 
Merrett in the year 1966 presented his theoretical 

work for the single phase full-wave thyristor drive system. 

He adopted Vedder and Puchlowski's theoretical approach 

for the motor analysis which has been discussed previously. 

When the motor is shunted by a flywheel diode the 

conducting thyristor will be turned off by the diode at 

approximately the supply voltage zero. He obtained the 

following expression for the average thyristor current by 

  

integrating (3.2) between the limits Xp and tT. 

eet aes id ie as aes a Ay ae [eve 6 + Cosx, a(m Xp tan0) 
Thyristor 

~ (1 -X,) Bt ra = mE i 2 (atano Sind Sin (X, 6) Exp ( fand | 3.12 

The starting value of diode current is obtained by 

substituting x = 7 in equation (3.2) which gives 

|| = i = mm [cosesino -a +[e - cosesin (x,-0)] Exp 
diode e + 
starting -(i - Xe) 7] y 

sits rleeeaitaeesicacens) value \atane a4 
33



The diode current falls off exponentially from this value 

at a rate determined by motor back e.m.f. Be and the 

armature resistance R such that 

ae E.,. = lajoae = (ig + SP) Bxp(-t §) 3.14 

The diode becomes reverse biased and stops conducting 

when 

ey 3.15 *diode ~ R 

From equations (3.14) and (3.15), the maximum conduction 

time of the diode is therefore 

R 
=) 
E 

% 
Integration of equation (3.14) and substitution for t from 

Eee es 
ty a Log, (let i. Sie LG: 

(3.16) gives average value of diode 

  

a tan8 Ew a 
(I = =p [2 - = log (l + 3217 

av tode T R D e 

where 

' i ~(™~X_) 
D = |Cos@Siné - a + {a - Cos8Sin (X, - 8) }Exp (—za5g7 ) 

a 
3.18 

and @ =tan + & . 
R 

The average value of armature current is 

zh = (I_.) ska (GE oe) 3.19 
av av av 

Thyristor diode 

Once average armature current has been calculated, it can be 

substituted in the moter torque equation T = cyt.® te ebtain 

the required speed-torque relationships. 

When the armature current is continvous, i.e.
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wt, 2 Xe the starting condition for successive half cycles 

will be different. The final current waveform is shown in 

Fig. 3.13. For this case Atictt deed the general solution 

with some modification to obtain the expressions for I' and 

1, shown in Big. 3.13 in terms of Ry hi, E, and @. The basic 

differential equation (3.1), from which the discontinuous 

thyristor current equation was derived, has been modified. 

The new differential equation is 

ie a ee auld een E,, Sin x Eo Lae ae MG INES Ses 3520 

The instantaneous value cf the thyristor current, i, has been 

obtained from (3.20) which is 

  
  

5: ' 
i= ty Em {cosoSin(x-6) —Peti'R + Hatt Aas Cosé R ES By 

Sin(x,-0)| Exp(- 2 t)} B21: Xp : : 

At supply angle m the thyristor turns off and diode starts 

conducting. The instantaneous thyristor current at angle 7 

is 

E A i Fe es ee 
at R_ [Exp (-8) a | paca 

I' which is diode current at angle Xp is 

E '. om a iE R [a ‘| See2 

Average value of thyristor current is 

ik - lf ot == s : 
I, (thyristor) = - Tee



SG Time 

= Em i ahr 2 Sx = = =n {( 9 X_) (A a)+Cos?0 + CosX, A(t Xp tand)x 

a(t Xp 
y|Atané - Sin0Sin (xX, - 0)] Expt eanocs) } 2.28 

and flywheel diode average current is given by the equation 

  

  

(Ca) ofa 28 ay i 2a} 3.24 av'diode 7R 2 Exp (=B) a a 

where 8 = “ 
tand 

ae : -(n = Xp) 
a cosoexp(-8) | Sin® - Sin(Xf -@)Exp( at | 

; ae ‘ 
1 - Exp (-8)Exp ( or a ) 3.25 

The average armature current can be obtained by summing up 

the average thyristor and diode currents. 

The solution is not exact as it assumes that the initial 

current I' is steady current, that is with zero rate of 

change. In practice there would be a small negative ae 

component which should be taken into account. 

Three phase full wave half controlied bridge and three 
  

phase full. wave full controlled bridge 

The Voltage Current Waveform 

Most of the integral horse-power solid state d.c. 

drive systems utilises three-phase thyristor rectifier 

circuits for providing the motor power. The three-phase 

incomplete bridge circuit as shown in Fig. 3.13a is most 

commonly used for d.c. motor drives because it requires 

only three thyristors to achieve the full range of control.
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Hig. 3.134 Three Phase Incomplete Bridge Circuit 

The remaining three elements of the bridge are diodes. The 

armature current has less ripple for small conduction angles. 

The incomplete bridge is usually operated with a free-wheeling 

diode to increase the conduction angle of the current for 

low speed, high torque operation. The difference between 

the instantaneous voltage Vm applied by the bridge to the 

motor and the armature voltage Vg is absorbed by the 

inductance and resistance of the armature Circuit. The free- 

wheeling diode operates at the end cf a current conduction 

period when the armature voltage attempts to reverse as the 

inductance discharges its energy. ‘he operation of the 

circuit is shown in a sequence of waveforms for various 

firing angles in Fig. 3.13b.
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Fig. 3<13b Waveforms for the Incomplete Bridge Operation (Kuske ) 

The incomplete bridge requires a range of firing 

en Oto: a= 180° to obtain full control. The 

waveform up to about = 30° is predominantly six pulse 

angle from a 

© to 180°, it is three pulse per per cycle. From a, = 30 

cycle. The firing angles at which the current becomes 

discontinuous and the ripple amplitude depend upon 

the time constant Zo the armature circuit. 

The complete bridge circuit is shown in Fig. 3.13c. 

It uses six thyristors and no diodes,except for free-wheeling 

operation. The thyristors are fired in sequence every 60° 

and the ripple is always six pulse per cycle. The complete 

bridge preduces less ripple than the incomplete bridge, but
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is primarily used where regeneration is required. 

The operation of the complete bridge with a motor load 

and a freewheeling diode produces waveforms like those shown 

in Fig. 3.13d. For firing angles Oy > Oo, the rectifier 

voltage becomes discontinuous and will be zero between pulses 

if the armature time constant keeps the current continuous 

through the freewheeling diode. If not, the armature voltage 

vit will jump up to the generated voltage NS when the free- 

wheeling diode blocks as shown in Fig. 3.13b(k). The full 

range of control is obtained with a firing angle range of 

120°, When the armature circuit has sufficient inductance 

to maintain continuous armature current, and no freewheeling 

diode is used, the armature voltage will go negative for 

a, > 60° to balance the volt-time area of the inductance. 

The extreme case is shown in Fig. 3.13e(b) for ons 90°: 

The average motor voltage ae and the average current are zero. 

If the firing angle is retarded in the range a, = 90° to 
Zz 

180°, the terminal voltage of the bridge will reverse and it 

will be capable of receiving power from a d.c. source of 

the same polarity. The extreme cases of rectifier operation 

at = O and invertor operation at a, = 180°, are shown in 

Fig. 3.13e (a); the currents are shown in Fig. 3.13e(e) and 

(g). The direction of the current remains fixed but the 

voltages reverse, 

So far the discussion has been directed 

towards the theoretical analysis of the armature current of
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Fig. 3.13e Waveforms for Complete Bridge Operation (kusko*) 

d.c. machines when supplied from various types of controlled 

rectifiers. It is seen that the armature current of a 

thyristor fed d.c. machine may be discrete pulses or @ 

pulsating component, which is called ‘ripple current super- 

imposed on the average d.c. level; tks depends on the type 

of rectifier units usedawlt.firing angle o te thyristor. The 

presence of harmonics in the armature current produces 

extra losses, eddy and hysteresis which increase heating,and 

not only that, the commutating ability of the motor becomes 

worse because the eddy currents produced by the a.c. component 

of the compole~-circuit flux, particularly when the shell is
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not laminated, damp the commutating flux and cause it to be 

phase displaced in time after the armature current. A 

survey of literature has to be continued to know the various 

ideas contributed by different investigators in tackling the 

eddy-current problem in d.c. machines carrying a.c. component 

of flux. 

3.1.5 Lumped Circuit Impedance Representation for d.c. Machine 

Ewing has confirmed, from locked armature frequency 

response tests on a number of machines 

that the frequency impedance locus CO ag 

to that of a simple series R-L circuit, does not hold good, 

as shown in Fig. 3.14. The deviation of the 

test result of the frequency impedance locus diagram from 

that of the simple RL circuit is due to the eddy currents 

generated in various parts of the windings and magnetic 

section of the motor. In fact ,the equivalent circuit 

proposed by Bogen in Fig. 3.15.18 identical to that 

of a transformer with part of primary inductance shunted by 

a fictitious resistance representing the eddy current loss. 

RL is the armature circuit d.c. resistance, and (Le, + De) 

is the total armature circuit inductance. R, is the 

fictitious shunt resistance which accounts for the eddy 

currents. The effect of the eddy current is to reduce the 

effective inductance and increase the apparent resistance. 

Analysis of the equivalent circuit shown in Fig. 3.15 and 

the test impedance measurements at a series of different
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Fig. 3.15 Lumped Constant Equivalent Circuit (Enring 28)
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frequencies for the test circuit, as shown in Pig. 3.16, 

with the shunt field excited at its rated ampere, enabled 

him to find out the values of 

ze = Reis, RL, (Ry + 4Xq). 
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Fig. ; 28 3.16 Test Circuit (Crsiernrg? 3) 

Calculated values of reactance and resistance have been 

plotted in Fig. 3.14 which show good agreement between 

theoretical and experimental results towards the lower 

frequency ranges (0 to 120 Hz). Ewing's method of lumped 

circuit representation of d.c. machine has been used by 
29 

Tsivitse et al for calculation of eddy current loss in d.c. 

machine operating on rectified a.c. 

Conclusion and Discussien of Ewing's Work 

The presence of eddy current in the solid shell and
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other magnetic parts of the machine cause a change in the 

impedance of the energizing winding. Eddy currentsalso set 

up ohmic losses which must be drawn from the supply. An 

outside observer, with access only to the terminals of the 

winding thus sees an apparent increase in resistance. 

Secondly, the flux-carrying capacity of the magnetic parts 

of the machine is reduced by eddy currents and there is thus 

a reduction in the inductance of the winding. This change 

in the impedance of the winding is referred to as reflected 

impedance. The total complex impedance is given by 

ae is 
Z =iRs + fe a 3.26 

9 ° 

The flux linkage Yo is complex, with the result that the 

last term in equation 3.26 yields a real part which is 

reflected resistance (RA). This Ry is R, in Ewing's 

analysis. The value of Ze which Ewing found out by 

semi-analytical and semi-experimental methods, depends on the 

machine. dimensions andl tke wo ending. configuration . 

Hence, Ze has to be 

calculated for each machine if the machine dimensions and 

windings are different. At the end of his paper ,Ewing 

suggested that the improvement of simple R-L series lumped 

constant representation of the d.c. motor can ke made by 

adding a shunting resistor around a portion of the circuit 

inductance. The value of shunting resistor has not been 

given in his paper, and nothing has been discussed about 

the calculation of reduction in a.c. flux and its phase
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shift from the armature current due to eddy current, which 

seems to be more important from the commutation point of 

view. However, the lumped circuit parameters have first 

to be derived from the field theory, (i.e. distributed 

parameter) approach. 

3.1.6 Magnetic Circuit of d.c. Machine and the a.c. 

Component of the Commutating Flux   

Voltages produced in the commutating coil of a d.c. 

machine supplied from controlled rectifier units will be 

not only those which have already been discussed in the 

main introduction at the beginning of the thesis, for the 

d.c. machine operating on smooth voltage supply, but also 

some extra a.c. voltages originated from time varying 

component of current. These extra alternating emfs are - 

A 

(a) Es the alternating component of the reactive emf. 

A 
(2) Eur the transformer emf due to the a.c. component 

of the mainpole flux. 

(3) Bo the a.c. emf due to the alternating component of 

commutating flux. 

The resultant unbalanced extra a.c. emfs in the commutating 

coil will be the vector addition of three emfs mentioned 

above. 

x a a A 
dE = BEL + ES + E (3527) 

Estimation of these extra alternating emfs has been 

30 ‘i 
discussed in the details by Zolotariov and Skobelev .
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According to Skobelev and others EL is proportional to the 

amplitude of the armature ripple current and 

ae Je E, = IK, ¢, € 3028 

es Jo 3 Ey eS K3 te e 3.29 

where 

Ky = 20ft Ny 3330 

2N,V 

K, =—t= Brat 
te 

Skobelev obtained the reluctances in various parts of the 

magnetic circuit for the main field a.c. flux and the a.c 

flux produced by the resultant effectyarmature mmf and # 

compole mmf, in terms of machine dimensions. Then the 

total reluctance Zn of alternating components of the main 

field flux om is calculated from its equivalent circuit, and 

Ba Oe ae (/w), where En is the a.c. component of 

mmf of the main field and Zm is the equivalent reluctance 

of the equivalent circuit,Skobelev considered. The 

estimation of $,,the a.c. component of flux in the zone 

of commutation which is important from the commutation 

point of view, is rather complicated because it is resulted 

fromalternating mmfs, ( acmature Be and the 

commutating pole ee), The a.c. flux in this case 

is comparatively weak. 

The already known equivalent circuits for the steady
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Fig. 3.18 Skobelev's Complete Equivaient Circuit for the 

a.c. Component of Comm-zone Flux
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Fig. 3.19 Skobolev's Approximate Equivalent Circuit of Fig. 3.18 
to Calculate Parameters 
  

d.c. flux resulted from the compole and armature mmfs has 

been modified by Skobelev at for the case when a.c. flux 

is considered and it has been shown in big. 3.18 and 3.19. 

The a.c. flux path in the machine for which the equivalent 

cect has been drawn, is shown in Fig. 3.17. Using the main 

and auxiliary equivalent ccts it can be shown that aoc. 

commutating flux due to the compole a.c. mmf alone will be 

F 

———_St___ B032 
A[Rs + Dele Za, 

u 

and that due toarmature alone will be 

D Be tee (i Wap t 

e2 9 BD +R 

where
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Z4 = the reluctance of the frame 

2. = the reluctance of the core of the compole 

2 = the reluctance of the second airgap under the compole 

Rg = the reluctance of the main air gap under the compole 

Ry = the reluctance of the leakage at the shoes of the 

mainpole 

Rr the reluctance of the leakage at the frame 

Z, = the reluctance of the armature iron 

Z§ = the reluctance of the shoes of the main poles 

Ry = the reluctance of the gap at the edge of the main 

poles 

Dy At 2s 

Z 

Belt < 
loa 

R 
Bo=1+,° 

a 

Zz 
£3 an Dia 2 get ae 

So the resultant a.c. flux in the interpolar region would be 

the sum of On and 02 by the principle of superposition. 

In his analysis reluctances in different parts of the 

magnetic circuits have been calculated in terms of machine 

dimensions . The net effect of eddy current induced in the 

solid parts of the magnetic circuit. due to the pulsating 

component of a.c. flux, results in an a.c. reluctance 

which is complex in nature, greatex in magnitude than the 

d.c. reluctance and causes the flux to lag behind the mmf.
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It is believed that out of all the reluctances considered 

in the equivalent cct shown in Fig.3.18 for the a.c. 

component of flux, theoretical estimation of the value of 

en which is the reluctance offered by the shell is the most 

difficult task. From the survey of literature so far as 

the author's knowledge gces, it is evident that there is a 

dearth of publ ened work dealing with the behaviour of eddy 

currents induced in the solid shell carrying a.c. component 

of flux, and the evaluation of complex a.c. reluctance 

offered by the shell. Skobelev's theoretical approach 

with constant permeability and assumed distribution of the 

eda@y currents in the shell (see Fig. 3.20) seems to be the 

only work that has been done so far in tackling the shell 

eddy current problems. 

  

  

  

      

  

    

Te 
| 

| i 
| ' 

| Inner 

lie Me eee pompole _—_—_—_——_—_++ surface 

| { of shell 
i bs a 

4 ey Z. Elemental path length = 1, 

| j 

let Sea 
fi es 
= <a ie — 

pole centre line mainpole centre line 
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In this analysis the eddy currents and a.c. flux were 

assumed to be confined within the inner surface of the shell 

to a depth given by 

  

He and others have shown shell permeance/pole = 

eee A wo ax A 
\" Puy Je | ue 

° 

The eddy current path te was chosen to be 

1, = (Compole perimeter + 27x) 

CKobeley approximated the telotl lo gi of The $row civentlay Covners of Re 

eddy envrent paths by an egrivalerk lens of 2x. 

Since the shell flux density has a mean d.c. level the 

relative permeability must be given appropriate incremental 

value, taking into account the different flux levels in the 

two parallel paths of the shell. In connection with the 

effect of superposed steady field on the permeability in miid 

steel. Raneden ve. work on 'loss in solid poles of synchronous 

machines on load', should be mentioned. He discussed in 

detail various types of permeability particularly the 

incremental permeability and superposed a.c, d.c. flux density 

in the iror:. Ramsden concluded that the loss in mild steel 

can be calculated accurately by a linear theory if the steady 

field strength is greater than the alternating field strength, 

etherwise a non-linear theory which aliows for unsymmetrical
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hysteresis loops is required for strong alternating fields. 

He developed a limiting non-linear theory but not tested. 

From the survey of literature it has been gathered 

that a thorough investigation both experimental and 

theoretical has to be carried out. 

(1) to examine the validity of Skobelevtand others 

assumptions about a.c. flux and eddy current 

distribution in the shell. 

(2) to study the behaviour of the induced eddy currents 

towards the shell a.c. flux. 

(3) to study the variation of permeability of the shell 

material, which is mild steel, with the mean d.c. 

flux level. 

A specially designed d.c. machine has been built and 

instrumented heavily to carry out the experimental work as 

suggested above. The experimenta]. set up and test results 

have been discussed in detail in Chapter 4, 5 and 7. 

Chapter 6 has been devoted to the theoretical investigaticn 

of the shell eddy currents, based on the experimental 

evidence.
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DETAILS OF TEST MACHINE AND INSTRUMENTATION 
  

4. INTRODUCTION 

Detailed descriptions of the special test machine, 

experimental set-up, search coil installation and lay out 

of current density probes in different parts of the 

magnetic circuit of the test machine, and various measure- 

ment techniques have been given in this chapter. A few 

preliminary experiments such as magnetic balancing, brush 

setting and details of superimposed a.c. - d.c. supply 

to the compoles have also been discussed. 

4.1 DESCRIPTION OF THE TEST MACHINE 

The test machine is a 4-pole d.c. shunt motor with 

laminated interpoles and mainpoles. Rating of the test 

machine is 8 k.w., 420 volts, 20 Amps. line current, 20 

Amps. armature current, speed 1750 rev/min. 

Details of the Windings 

Armature Winding 

Two layer, wave winding. 

Number of coils = 29 

Number of Com segments = 87. 

Number of sections per coil = 3. 

Number of turns per coil = 6. 

Gauge of wire - 1.5 x 1.0 mm? SS cross section of wve | 

36 conductors per slot. 

Total number of conductors = 36 x 29.
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Commutator pitch = 1-39. 

a 

Coil span - slot 1 to slot 8. 

Compole ampere turns _ 1.44 
Armature ampere turns 

Armature winding resistance = 1.1 % when cold and 1.45 9 

when hot. 

  

Mainpole winding Compole winding 
  

Number of turns/pole 

hength of mean turn 

Section of conductor 

Resistance cold/hot     

27100 

42.8 cm 

+1964 mm? 

407 9 

53358   

120 

S7n5 

6.98 mm 

-446 2   55. 88 
  

A specially designed frame which is a solidthick cylindrical 

shell as shown in Fig.4.1 

machine, 

The shes 

is commercially known as EN3). 

4.2 DETAILS OF THE TEST RIG 

has been used for the test 

The dimensions of the shell are shown in Fig.4.1 

material is mild steel (89 4360 Grade 43A, which 

Armature, mainpoles, compoles and all other components 

were dismantled from the frame of the original machine 

supplied by Parsons and Peebles, Ltd. and they were fitted 

to a specially designed solid shell shown in Fig.4.1. The 

eylindrical solid shell with all the poles and interpoles 

after being fitted in the right position, was held tight 

in between two 20 mm thick vee shaped bakelite
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holders with the help of long bolts and spacers as shown 

in Fig. 4.2. Two adjustable steel keys were fitted up 

with screws at the base of the bakelite holder so that the 

solid shell with all the poles fixed on could slide along 

the key way of a steel bed. Two end brackets fitted with 

bearing boxes were used to hold the armature parallel 

to the bed plate. 

It was checked carefully to make sure 

that the armature would run freely at its supporting ends. 

The brush holder was fixed to one of those end brackets. 

Special arrangement was made for alignment of the axis of 

the armature with that of the stator bore. The armature 

was placed symmetrically along the bore of the machine, and 

at that position the end brackets and the shell were clamped 

to the steel bed. The test rig and experimental set up are 

shown in Figs. 4.3 and 4.4a, 4.4b, 4.4c. 

433, INSTRUMENTATION OF THE EXPERIMENTAL MACHINE 
  

4.3.1 Shell Loop Search Coils _ 

To measure the shell oe 2 single turn search coils 

were installed around the shell surfaceyas shown in Fig.4.5, 

so that the search coil planes were perpendicular to the 

direction of shell flux. 4C SWG lewmex wires were used 

for making these search coils. The search coils were stuck 

permanently on the shell surface with permabond. A thin 

piece of spenge was used to protect those search coils
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sitting just under the root of the mainpole because they 

might get damaged due to the excessive pressure offered by 

the mainpole back surface whew it was bolted with the shell. 

The possibility of damaging the insulation of the search 

coils at the sharp edge of the shell was overcome by making 

small 'V' notches at the edges with a triangular file. The 

search coil leads were carefully twisted together to avoid 

‘pick up' and soldered to the terminal board placed far 

away from the influence of the magnetic field of the 

machine, 

  

4.3.2 Array of Search Coils in_ the Airgap at_the Back 

of the Compole =r 

These search coils were installed to measure the a.c. 

and d.c. flux density distribution in the second airgap 

at the back of the compole and the leakage flux distribution 

along the axial and peripheral directions at the edges of 

the compoles. Search coil arrangement shown in Fig.4.6 

was suggested because of the symmetrical flux distributions 

about X ard Y axes on the compoles (see Fig. 4.6). The 

difficulty in laying a dense array cf search wires on the 

inner surface of the cylindrical shell gave rise to an idea 

of installing them on a thin plastic plate of thickness 

0.8 mm. 

First of all about 0.05 mn deep straight line scratches, 

as shown in Fig.4.6 were made by a seriber on the thin 

plastic plate, and then 42 SWG wire pushed into those straight
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grooves and stuck with permabond. All search wires were 

shorted by a copper path at one end and the other ends were 

closely twisted together one after another and then taken 

out and soldered at the terminal boards. The two plastic 

plates on which the search coils were installed as shown 

in Fig.4.5, were then fixed to roots of the interpoles 

with the help of double-sided sellotape. 

4.3.3 Tooth Pitch Search Coil 

Tooth pitch d.c. flux distribution along the armature 

surface due to the interpoles excited only which has been 

discussed in Chapter 2, was experimentally obtained by the 

search coil shown in Fig. 4.7. The search coil comprised 

of rectangular single turn coil glued on the armature 

surface with permabond. The length of the search coil is 

equal to that of the armature core and its width is equal 

to the tooth pitch. The search coil leads were carefully 

twisted and brought out to the terminal board. 

4.3.4 Search Coils Around the Core of Interpole and on the 

Sideface of the Compole 

These search coils were installed to measure the 

total flux through the compole and side leakage flux. They 

are shown in Fig. 4.8a and 4.8b.
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4.3.5 Current Density Probes on the Surface of the Shell 
  

The magnitude of the eddy current density in the 

surface of the solid shell was estimated by measuring the 

voltage difference between two points 5 mm apart on the 

surface. The probes used to measure the voltage were formed 

by welding constantan wires at those two points. The two 

leads of the current density probes were then closely 

twisted together to avoid pick up.A 'Sipican' welding machine 

was used for welding the probe wires on the surface of the 

shell. The welds between constantan wires and the shell 

surface were obtained by passing a pulse of energy from a 

capacitor discharge unit through the relatively high contact 

resistance betweei them. Both the smplitude and time of the 

pulse could be controlled. Successful welds were obtained 

by trial and error as the contact resistance is dependent 

on the pressure applied and the cleanliness of the surface. 

The current density probes used were all of 5 mm pitch; 

this was considered to be the minimum allowable distance 

for reasons of accuracy, both in defining the length of a 

probe and in obtaining a voltage signal greater than the 

pick up voltage and noise level ofthe amplifiers used. 

Bearing in mind that the nature of the shell flux is 

symmetrical about its central piane, AA, in Fig. 4.90.2 

number of current density probes have been welded on the 

shell surfaces (inner, side, and outer) over a peripheral 

distance (\/2), the € of the interpole to that of the main- 

pole. The location of the current density probes are shown 

in Fig. 4.9 and Fig.4.9a.



- 92 - 

4.3.5.1 Calculation of Surface Current Density from the 
  

Probe Readings 

If the amplitude of the fundamental component of the 

voltage signal obtained from the J~probe terminals is Vv 

volts then the fundamental component of the mean value of 

the current density ovér a distance, 1, is 

a 
dh ga 4.1 

where p is the resistivity of the shell material and 1 = 5mm, 

Current density J at any point can be split up into 

two mutually perpendicular component vectors We and Jy such 

that magnitude of the current density 

|a| = va,* + oS? 4.2 
x y 

and the vector J makes an angle 6 with oe as shown in 

Fig. 4.10, given by 

-19. 
8 = tan Gea) 4.3 

x 

Equations 4.2 and 4.3 are applicable when Jy, and Jy have 

been measured in x and y directions by current density 

probes of small pitch. 

fes
s > 

  

      

Fig. 4.10 Resolution of J Vector in X and Y Direction 
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4.4.1 MEASUREMENT TECHNIQUES 

4.4.1.1 Flux Meter 

Non-varying steady flux was measured by the method 

of reversals using a 'Norma! ballistic flux meter. The 

instrument was critically damped through a precision decade 

resistance in series with the input terminals, According 

to the ingeedetion manual the input terminal resistance 

should be always 30 ohms. The calibration of the fluxmeter 

was checked against a 'Hibbert! magnetic standard and found 

to be within 1% of the standard over the entire range. 

4.4.1.2 Measurement of a.c. Flux 

The average,r.ml.s. and peak value of the emf induced 

in the search coils were measured using a Bruel and Kjaer 

valve voltmeter (Model No.2409). The instrument inverts 

every other half cycle, integrates over a period of time and 

displays the average value on a scale. The internal 

calibration of the instrument was used. The instrument 

should be warmed up for at least 3C minutes before taking 

any reading. When the measured value of peak to r.m.s. ratio 

of the voltage signal from the search coils was within the 

limit 1.414 + .02, the average fundamental asc. flux 

embraced by the search coil was calculated hy simply dividing 

the average value of the induced voltage by angular frequency. 

In the case of distorted voltage signal from the search 

coil,integrator circuit of type 'O' plug in unit of a ClRIO, 

model (533A) was used to integrate the ae signal in order to
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obtain the flux wave. Then the amplitude of the fundamental 

and other harmonics of the flux wave were measured with a 

harmonic analyser. The integrator circuit which was used 

for experimental measurements have been described below. 

  

      —— dW | mo 
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To Reduce the Drift for 

    lee low frequency 

Fig. 4.11 Integrator Circuit 

The output voltage from the integrator is inversely 

proportional to the time constant cf the feedback network, 

and directly proportional to the integral of the input 

voltage. A good starting point in any integration application 

is to make the RiCe time constant approximately equal to the 

period of the signal to be integrated. The basic circuit 

integrates not only a.c.component of signals but the d.c. 

components and drift as well. To prevent this condition when
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integrating repetitive signals an integration low frequency 

rejection circuit is incorporated, with the operational 

amplifier. The integrator circuit was checked in the 

following manner, A purely sine wave from a precision 

signal generator was applied as an input signal and the 

output signal was 90° out of phase with respect to input 

one. 

When the voltage signals 2) from the search coils or 

the signal from the current density probes were too low to 

be measured, a Burr Brown operational amplifier together 

with a filter circuit which minimises the noise, was used to 

amplify the signal. The amplified signal was then integrated 

or measured directly by Bruel and Kjaer or Solartron digital 

voltmeter, The maximum magnification factor of the Burr 

Brown amplifier was task Thus the flux measured 

  ° 4.4 

Where A is the amplification factor of the amplifier. 

Amplified signals were always checked on the oscilloscope 

screen to confirm that the amplified signal was not 

corrupted with noise. 

4.5.1 HARMONIC ANALYSIS 

The oscillograms of the voltages from the current density 

ad 
dt 

the peak to r.m.s. ratio was not close to 1.414. Standard 

probes and of the flux wave and (3+) wave were analysed when
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Library programme in Fortran IV language was used for the 

harmonic analysis, The ordinates of the waves were fed to 

the Digital PDP9 computer as'‘input data. The computer 

programme has been given in the appendix(4.COM.PRO.5)the average 

values of the fundamental and higher harmonics obtained from 

the computer results were compared with the corresponding 

measured ones from the harmonic analyser as a cross check. 

4.6 PRELIMINARY EXPERIMENTS 

4.6.1 Experiments to Check the Magnetic Balancing in the 

Test Machine 

Magnetic unbalancing in the machine might cause the 

major upset in the experimental results in the later stage. 

Magnetic unbalancing in the machine might arise due to the 

following reasons: 

(1) I£ the armature axis does not coincide with the axis 

of the stator bore. 

(2) If all the second airgaps under the compoles are not 

egual. 

(3) If the distancesbetween one pole tip to the next pole 

tip are not equal. 

(4) If the centrai planes of the poles do not coincide 

with the shell axis, etc. 

The following tests were carried out to confirm that 

this test machine was magnetically balanced. All the brushes 

were taken off and a.c. excitation (50~) was applied to
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the compole windings connected in series. There should not 

be any flux going through the core of the main pole in 

radial direction, if the machine was magnetically balanced. 

  

Fig. 4.12 Flux Path when the Machine is Magnetically Balanced 

Some voltage was produced indeed in the search coil AA, 

proving the magnetic unbalancing within the machine. Ali 

possible sources for unbalancing were checked and rechecked 

until there was no voltage in the search coil with compoles 

excited from the a.c. supply. Thus the machine was 

magnetically balanced. At this condition it was decided to 

dowel the mainpoles because it wouid be necessary to take 

the main poles off from the shell to do some experiments 

at the later stages. 

4.6.2 Brush Setting in the Magnetic Neutral Axis 
  

The followingtest was performed to obtain the 

magnetic neutral axis. The armature was excited through 

the brushes from a.c. 50~ cycles supply. The voltage 

induced in one of the interpole windings was fed to the 

oscilloscope. The brush gear was slowiy turned until the
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peak of the voltage wave reached its maximum value, and 

this was the magnetic neutral position which was marked 

on the end bracket. 

4.7 MEASUREMENT OF ELECTRICAL CONDUCTIVITY OF THE 
  

STEEL USED FOR SHELL 

Electrical conductivity of the mild steel (BS 4360 

Grade 43A or EN3) was not available in any engineering 

material handbook so a test was performed on a solid 

cylindrical EN3 material, 1" in diameter and 10" in length. 

The electrical conductivity o was found to be 

0.085 x 10°(9.m)~) Q u 

pot nae, 400 © ti or e dS 1 ~ SEO 

4.8 SUPERIMPOSED a.c.-d.c. SUPPLY 

4.8.1 Background to the Superposed a.c.-d.c. Supply 
  

At this stage it is worthwhile to discuss advantages 

and disadvantages of several different circuit arrangements 

which have already been used for the superposition of a 

periodic field on steady d.c. field. The exciting winding 

can be supplied from d.c. and a.c. supplies which are 

connected either in series or in parallel. The circuits 

for both the cases have been shown in Fig. 4.13. 

Both a.c. and d.c. supplies can be controlled independently. 

The capacitor C which is in series with a.c. supply blocks 

the d.c. current which otherwise flows through the 4.c.



  

wo ee 

a.Ce    
paraliel Series 

Fig. 4.13 

supply. ai erage a.c. is restricted from flowing through 

d.c. supply by large inductance 'L'. The impedance of the 

series blocking capacitor (C) may cause distortion of the 

a.c. voltage if the sinusoidal flux is required. If 

sinusoidal current is required extra series impedance may 

be added in addition to C. To chose the value of the 

blocking inductance], is critical hecause if a.c. current 

goes through the d.c. supply it may cause harmonic losses 

in the d.c. supply and consequent distortion of the winding 

current. The parallel circuit is recommended by B.S.9332 

34 
and was used by Carter and Richards , Mondal 

35 3b 
et al , and Choudhury et al 

For sinusoidal current, the series circuit is more 

suitable, as shown in Fig. 4.13. A large air cored reactor
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is used according to the level of a.c. voltage available. 

The air cored reactor should be used to avoid a decrease 

of inductance by the d.c. current and extra iron losses. 

The main trouble with this circuit is that there is aliways 

some interacticn between the a.c. and d.c. supplies, and both 

d.c. and a.c. must flow through the current and power 

measuring instruments. The series circuit with modifications 

to reduce the series impedance and interdependence of a.c. 

3 
and d.c., was first used by Chubb and Spooner F . 

3 ee 
Charlton and Jackson” , Edgar 3 Sims 

6 
and cia and others, also used the same circuit 

with some modifications in their experiments. 

Independent control and measurement of the a.c. and 

d.c. is possible by two windings circuit as shown in 

    

Fig. 4.14. 

: i in E 

ore 
a.c 

L 

Fig. 4.14 

A.c. winding pushes the a.c. flux while the d.c. flux 

is also produced in the same core by the d.c. winding; thus 

  

the coexister f a.c. and d.c. flux is possible. A



  

or LOT 

resistor or air cored reactor can be inserted in a.c. circuit 

for the sinusoidal current. The main disadvantage is that 

a large air-cored reactor 'L' is required in the d.c. circuit 

to limit the induced alternating current which would cause 

additional losses and contribute to the periodic field. This 

circuit was first used by Rosenbaun’. in 1912 and then by 

Niwa and Asami , 

The circuit arrangement using two cores, shown in 

Pig. 4.15 is another method for superposing steady and 

periodic fields. Two core circuits are mostly used in d.c. 

controllable reactors including transductor and magnetic 

amplifiers. 

  
  
    

              

  

                

  

  
parallel 

  

Fig. 4.15 

Two core ciruvit employs two 1dentical cores A and B, 

each having two windings. The alternating current in the 

d.c. winding is eliminated because these windings being
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connected in series in such a sense that the induced 

alternating voltages oppose one another. Parallel and 

series arrangements have been shown in Fig. 4.15. Neither 

of the circuits could be used with complete satisfaction if 

sinusoidal current is desired. The series circuit would be 

suitable, apart from the even harmonic currents in the d.c. 

circuit. This was confirmed by Charlton and paces who 

observed a substantially constant a.c. current in the d.c. 

circuit as the d.c. circuit resistance was varied. These 

circuits were investigated by coalest and others 

like Boyajian A Johnson A al and valiauri™®, 

All the methods so far discussed havets main disadvantage 

of producing either sinusoidal flux or sinusoidal current. 

These disadvantages have been largely overcome by using a 

feedback circuit which has been discussed in detail by 

le 
Ramsden . 

4.9 ONE WINDING PARALLEL CIRCUITS FOR PRODUCING SUPERPOSED 
  

STEADY AND PERIODIC FIELDS IN THE TEST MACHINE AND THE 
  

SIMULATION OF THYRISTOR FED d.c. MACHINE 
  

It has already been discussed in detail in Chapter 3 

that the shell of a d.c. machine supplied from thyristor 

has steady d.c. flux distribution, shown in Fig. 4.16, but 

it is not the complete picture - besides this steady field 

distribution the shell also carries pulsating a.c. flux, 

which has also been shown in Fig. 3.17, chapter 3.
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Fig. 4.16 D.c. Flux Distribution in the Shell 

  

    ce eee lee Sse ee 

Considering the d.c. flux paths in the machine, it 

is seen from Fig. 4.16 that the steady flux levels in the 

two wings of the shell about the centre line of the inter- 

pole are different, 3 (¥op +o) in one side and 5 (4, Pop) 

in the other side. It was thought from every angle to chose 

the right circuit arrangement which out of all those circuits 

already discussed in Section 4.8, can produce the same 

fluxing condition (both steady and time varying) in the shell 

as exactly what it should be if the machine was fed from 

thyristor supply. 

One winding parallel circuit a.c. - d.c. power supply 

as described in Section 4.8.1 was found to be the most
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suitable one to solve the problem of producing the super- 

posed steadyand time varying field in the shell of the 

machine. The schematic diagram of a.c. - a.c. superposed 

supply for the experimental machine has been shown in 
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Fig. 4.17 Schematic Circuit Diagram for the a.c. - d.c. 

Superposed Supply to the Experimental Machine 

A variable frequency source consisting of oscillator 

and KLF amplifer has been described in detail in section 

4.10. D.c. supply was obtained from a motor generator set.
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D.c. level of excitation to the compole winding was changed 

by varying the resistance Ro: The value of Ly was so 

chosen that it was able to smooth out the a.c. ripple in the 

line CD for various amplitudes of a.c. ripple used (from 8A 

to 20A peak to peak), throughout all the frequency range 

(5~ to 600~) and for various d.c. levels of excitation 

chosen. The value of Ly chosen was approximately ten times 

that of L, where lL is the inductance of the interpole 

winding. The peak to peak values of a.c. ripple in the 

line EF were measured by C.R.O. across 'r' shown in 

Fig. 4.17. 'C' is a variable capacitor bank, used for two 

reasons - 

(1) it blocks the d.c. current from flowing through the 

amplifier circuit 

and 

(2) corrects the power factor of the amplifier at a given 

frequency f. 

The rough guide line to estimate the value of C is: 

Ce sae 4.5 

where w = 2nf and L = Lj: Various values of C at a given 

frequency and for a particular value of a.c. and d.c. load 

current were tried, starting from the rough estimation given 

by equation 4.5, until the best result was obtained. The 

minimum limit of frequency for the a.c. supply chosen, was 

5 Hz, because that was the lowest limit of frequency one 

could use with satisfactory performance of the a.c. supply
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which has been discussed in section 4.10, The upper limit 

ef frequency was decided +4. the 600 Hz because that 

‘s the fundamental ripple frequency present in the line 

current for the commonly used rectified power supply 

available in the market. This has been discussed in 

Chapter 3. 

4.10 DETATLS OF THE VARIABLE FREQUENCY a.c. POWER SUPPLY   

The output of the Farnell oscillator was fed to the 

input of the Savage KLF power amplifier (O0.P. value type 

v1i505 S/N) as shown in Fig. 4.17. With the help of the 

oscillator, the frequency of the input a.c. signal can be 

changed from 5 Hz to 1000 Hz. The operation of the amplifier 

has been briefly described. 

Input The signal input to the amplifier is at 600 ohms. 

The input voltage should not be greater than 0.25 volts or 

less than 0.06 volts r.m.s. 

Output Four primary/secondary ratios are provided on the 

output transformer and selection is made by inserting the 

appropriate plug into the socket on the top of the output 

transformer, The following chart is given for the output 

voltage with load. 

  

Plug No. Output volts at full drive load in ohms 

A 50V 2.5 2 

B LON. 5.6 2 

iC 100V 10.0 2 

200V 40.0 2 C 
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The output voltage can be varied by controlling the gain 

of the amplifier or the input voltage from the oscillator, 

Frequency Range 

The amplifier can be used quite satisfactorily within 

the frequency range 4 Hz to 2000 Hz. Within this band it 

will deliver power with good waveform. 

  

  

Wavefcrm distortion Frequency 

1.4% 50 

13 400 

1% 1000~ 

less than 2% below 50~ 

  

The schematic electrical circuit diagram for the 

experimental work has been shown in Big. 4718%
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MEASURED EDDY CURRENT DISTRIBUTION ON SHELL SURFACE 
  

Se INTRODUCTION 

It is believed from the literature survey in Chapter 3, 

a S 
that the theoretical investigation made by Skobelev : about 

the shell eddy currents is based on the following assumptions 

to simplify the problem. 

eL): Only the compoles are present in the magnetic circuit 

(2) Circular eddy current distribution around the compole 

(3) Constant permeability of the shell material. 

In real life, the laminated mainpoles in the magnetic 

circuit, the mean level of d.c. component of shell flux, and 

the reaction mmf produced by the armature winding, which are 

all present in thyristor fed d.c. machine at its running 

condition, makes the shell eddy current problem more 

complicated. 

To study the behaviour of shell eddy currents, the 

following experiments were carried out. 

(1) The interpoles alone were excited from an a.c. supply. 

The armature was placed in its position with no brushes 

touching the commutator surface. The mainpoles were 

removed. 

(2) The mainpoles were put back io their original position 

with the help of dowels, section 4.2, with all the 

other conditions as in (1).
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(3) The mainpoles were excited from a separate d.c. supply 

and the interpoles were excited from the a.c. - d.c. 

superposed supply discussed in sections 4.9 and 4.10, 

with the armature in place. 

(4) The armature was excited from a separate d.c. source 

with the other conditions as in (3). 

The procedure and results of the experiments which were 

carried out using the current density probes on the surface 

of the shell, shell loop search coils and the search coils in 

the air gap at the back of the compole with conditions (1) 

and (2) are discussed in this chapter; those with the 

conditions (3) and (4) are given in Chapter 7. 

At 
Hammond's theoretical work on a 6 function coil 

carrying a.c. current in front of a semi-infinite slab is 

mentioned and his results compared with the measured shell 

eddy current distribution underneath the compole. 

5.2 EDDY CURRENT DISTRIBUTION ON THE SURFACE OF THE SHELL 
  

FROM THE EXPERIMENTAL EVIDENCE 

5.2.1 Experimental Results from the Current Density Probes 
  

The interpole windings were supplied from 50 Hz a.c. 

supply with the armature in position, but without the main- 

poles. The location of the current density probes cn the outer 

inner and side surfaces of the shell are shown in Fig.4.9 

and 4.9a. The voltage signals from the current density 

probes were magnified 50 times with the Burr Brown amplifier
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discussed in sub-section 4.4.1.2. The peak r.m.s. ratios 

of voltage signals from all the current density probes were 

very nearly equal to 1.414 (within + 0.18), which permits the 

use of measured average values from the Bruel and Kjaer 

V.T.V.M. as the average values of the fundamental component 

of the volcage signal. This was checked with a harmonic 

analyser. 

The average values of the fundamental components of the 

current densities were obtained from 

J = (V/p1) 

Average values of fundamental Jy and Jy components measured 

° 
at different points aiong Ge, a, 16° 127: eSbaymand (45 

(mechancial) lines on the shell surface (see Figs. 4.9 and 

4.9a) are shown in Figs. 5.1 to 5.6. AA,, BB), CCy, DD), 

EE), FF) are the lines on the surface of the shell 

shown in Fig. 4.9a . The value of e for the steel used for 

shell was measured experimentaliy as 11.81 x re Qn 

(section 4.7). The resultant 5 distributions were obtained 

from Tea (sub-section 4.3.5.1) and these have been 

plotted in Figs. 5.1 to 5.6 and 5.7. Good pereenen ies 

found when the areas under Ey distribution curves were 

compared with the measured average voltages from the shell 

loop search coils at the same frequency and excitation. The 

reason is given below. 

According to Faraday's law
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Now  #,.ai = oP ay.ai 5. 

d yds along any closed loop around the shell at 0° or 9° 

or anywhere on the shell shown in Fig.4.9 is twice the area 

under the corresponding Jy distribution curves. The symmetry 

of flux distribution about the central plane of the shell 

gives the multiplying factor 2. The measured areas under the 

Ey(=pJy) distribution curves should be divided by the units 

used along the co-ordinate axes. The average values of 

voltages equal to se were measured by the shell loop search 

coils at the same excitation and frequency of the interpole 

winding. (Se) measured from the shell loop search coils and 

(2 | By.al)/u have been compared in Fig. 5.8. This is a cross 

check for the measured current density distribution. The 

experiments were performed at constant temperature so that e 

was reasonably constant. Current density distributions along 

AA, BBi, cc, on the inner surface of the shell are shown in 

Fig. 5.9. The direction of flow of eddy currents along the 

central lines of the inner and outer surfaces of the shell 

are completely axial, there is no eddy current at the point oO 

shown in Fig.4.9a, the eddy currents are completely axial 

along the 45° line around the shell shown in the same figure. 

Only the tangential component of eddy current exists along the 

0° line around the shell and there is no eddy current at the 

point my (see Fig.4.9).
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With the help of the experimentally~-obtained current~- 

density distributions, various limits of integration were 

tried along different lines on the surface of ‘the shell by 

trial and error method, until a satisfactory pattern of eddy 

current paths on the side and upper surface of the shell was 

achieved. The end path pattern is shown in Fig. 5.10, which 

can be explained in the following way. 3.5 units of current, 

which is obtained by integrating the current density distribution 

curve along UV, with the limit UU flows through the tube 1. 4 

The width of the tube is narrow at one end, and becomes 

broader as it goes towards YZ, which is the central line of 

the outer surface of the shell. Thus the current density at 

UU, is greater than that in the opposite side of the tube. 

Similarly, all other current tubes have been drawn such that 

the total current emanating from the edge UV is equal to the 

sum total of currents along the lines YZ and ZV, which 

satisfies the Amperes Circuital law. Integration of current 

density distribution within a certain limit which is total 

current, was obtained by measuring the area under the curve. 

The direction of current flow changes at the point P and there 

is no eddy current in the region PQ4R because the eddy current 

flows around the shell such that they offer minimum resistance 

loss (see Fig.5.10). 

The theoretical approach for predicting the distribution 

of the current density on the side and back surface of the shell 

is given ir. Chapter 8.
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Fig. 5.11 Circular Coil in Front of a Semi-infinite Slab. 
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5.2.2 Present Problem and Theoretical Investigation of Eddy 
  

Currents Induced in a Semi-infinite Slab by a 6 Function 

Coil Carrying a.c. Current 

The eddy current distribution on the shell, underneath 

the interpole seems to be similar to a problem investigated 

by Hommel He analysed the eddy currents induced in a 

semi-infinite slab by a circular current loop carrying a.c. 

current shown in Fig. 5.11, with the help of vector 

potential A. 

The vector potential A is defined by 

Curl A = B Se 

div A = 0 Bes 
The permeability of the slab was assumed constant. Using the 

boundary conditions he found the solutions for A which 
8 

satisfied the equations in cylindrical co-ordinate sytem 

> 

a°A 
Gs 4 

or P = az? 

outside the slab
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and inside the slab 

  

oe 4 A ais A 
i" A A A 

eae ae one ye + Og?! 2 0 one? 5.5 
2 r or 2 2 at * Or r OZ 

Thus the vector potential A within the slab is 

a ~kb kr k 
Ag, = Inu | expe) oe) 6) 

2 or ened. ia 
9 ku k jp? 

exp (-/(k7+4jp*) (Z-b)/a) dk 5.6 

(when 2 « b) 

using the equation 

the expression for current density becomes 

2 
“ “ipl kb kx 
Jgr= a | exp (- 7) J, (k)S, 

° 

k_exp- 245 2ygeb) a 
dk. 5.8 

2 ed: 
uk + k~ + 3p 

Jy and a are the Bessel functions of the first kind and 

order zero and unity, In order to find out the total eddy 
© 

current per unit radius which is { Tyaz, one has to evaluate 

b 49 
the integral in equation 5.8. Moulin’, Poritsky and Jerrard 

paid considerable attention to the numerical evaluation 

of this type of integral. In the case of inductance limited 

eddy current, 1l.e. p > Kiye the line density of eddy current
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per unit radius becomes 

es © 
oe S| ero ke Jia az = = J exnt a9, (KS, (>) k dk 549 

The plot of eddy current flow per unit radius is shown in 

Fig. 5.12. Whether the coil is circular or rectangular the 

eddy currents induced in the slab, which is the shell in the 

experimental machine, are similar in nature. Fig. 5S.i2 

shows that there is no eddy current at the centre and it 

reaches its maximum value at the edge of the 6 function 

coil - this sort of eddy current pattern underneath the 

compole is found experimentally (see Fig. 5.9). A theoret- 

ical approach for explaining the behaviour of shell eddy 

currents in the experimental machine is made in Chapter 6, 

where the problem is attacked in a different way. 

5.2.3 A.c, Flux Tests in the Airgap at the Back of the 

Compole Using the Array of Search Coils 

"The frequency of interpole supply was varied from 100 Hz 

to 600 Hz with the help of oscillator and KLF amplifier, 

discussed in section 4.10. The excitation to the 

compoles was kept constant throughout the experiment, the 

mainpoles were removed and the armature was in position 

without the brushes on the commutator surface. The output 

voltages from the search coils (section 4.3.2) were amplified 

and measured. These (S2) voltages were almost pure sinusoid 

for the whcle range of frequencies; this was checked on the
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oscilloscopeand the measured peak to r.m.s. ratio was very nearly 1.414 

The amplified average values of the search coil voltage waves 

measured with Bruel and Kjaer V.T.V.M. were then divided by 

the corresponding angular frequency to get the average 

values of the a.c. flux embraced by the search coil. The 

sinusoidal nature of a) waves were also checked with a 

harmonic analyser. Average values cf the (fundamental) flux 

waves were then divided by the actual areas of search coils 

to obtain the flux densities. The areas of the search coils 

were enlarged 100 times with the help of the 'Nikon' 

magnifying machine and were then measured with a planimeter. 

The actual positions of the search coils with respect to the 

centre line and edges of the compoles were also obtained from 

the enlarged view of the interpole face along with the search 

coils fixed on a transparent plastic plate, which was fixed 

to the interpole back face with double sided sellctape. The 

flux densities were plotted at the centres of the search coils, 

and the peripheral and axial variation of flux densities at 

the back of the compole are shown in Figs. 5.13 and 5.14 

respectively. These tests are discussed in section 5.2.5. 

5.2.4 D.c. Flux Test in the Airgap at the Back of the 

Compole Using the Same Array of Search Coils 

The interpoles were excited from a d.c. supply, all 

other conditions remaining the same as those in Section 5.2.3. 

The d.c. fluxes linking the search coils were measured with 

the 'Norma' ballistic fluxmeter (see sub-section 4.4.1.1) by 

the reversal of the compole d.c. excitation.
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Dividing the measured fluxes by the corresponding 

true search coil areas the average flux density along the 

width of search coil were eptined andplocead! a= their 

centres. The d.c. flux density distributions thus obtained 

under the compole and beyond the compole edge in the peripheral 

direction of the shell has been shown in Fig.5.15. This 

experimental flux density distribution has been compared with 

that obtained from Giupae anya where he solved the fieid 

problem to quantify the fringe flux from the mainpole's edge, 

given by the equations 2.6 and 2.7., and good agreement has 

been found. (See Fig.5.15). The experimental flux density 

curve in the airgap at the back of the compole has also shown 

good agreement with that theoretically obtained from equations 

2.20, 2.21, 2.22 and 2.24, derived in section 2.4. 

5.2.5 Discussion of the Experimental Results Obtained from 
  

the Search Coils and Current Density Probes 

From Figs. 5.13 and 5.14 it is observed that as the 

frequency increases at a given compole excitation the a.c. 

flux density curves are depressed further down under the 

compole; this depression may be explained in the following 

way. For a given d.c. compole excitation, there exists a flux 

in the machine which is dictated by the magnetic circuit, and 

the flux pattern inside the airgap at tlie back of the compole is a qood 

indication of the total mmf patterns acting on that gap which 

is rectangular in shape provided that the iron on both sides 

of the airgap is unsaturated and that the fringe flux is
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neglected. The idealized d.c. flux density pattern under the 

compole is shown in Fig. 5.16, which agrees well with that 

obtained experimentally in Fig. 5.15 if the fringe flux is 

neglected. Now, if the compole winding carries a.c. current, 

the pulsating flux produces eddy currents on the shell under- 

neath the compole. The pattern of these eddy current paths on 

the shell has been suggest:ed as shown in Fig. 5.17. These eddy 

currents behave like the concentric winding and the distribution 

is such that line density is zero at the compole centre line 

and goes to a maximum value, which has been confirmed both 

from the experimental evidence shown in Fig. 5.9 and from the
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theoretical deductions given in sub-sections 5.2.2 based on 

delta function coil carrying current in front of a semi- 

infitine slab (see also Fig. 5.12). These eddy currents 

underneath the compole, the length of which is much greater 

than its width, in turn produces a reaction mmf drawn in 

Fig. 5.17. The combined effects of eddy current reaction 

mmf and the field mmf produces the flux density distribution 

pattern as shown in Fig. 5.16, which is also experimentally 

confirmed (see Fig. 5.13). As the supply frequency to the 

compole rises, keeping the excitation constant, the eddy 

current density increases,the eddy current reaction mmf 

rises, and the flux will fall. This increased reaction mmf 

depresses flux density distribution curves (under the compoie) 

further down, as shown in Fig. 5.13. As the frequency 

increases the a.c. flux in the shell under the compole will 

be concentrated more near the boundary of the compole which 

has been mentioned by Dodd and Deeds a in their paper 

dealing with the eddy current problem of a circular coil 

driven by a constant amplitude alternating current, and is 

found true from the experimental evidence (see Fig. 5.13). 

The distribution of the eddy currents outside the boundary 

PQRS as shown in Fig. 5.18, may be explained in the following 

way. The pulsating flux emanating from the compole as soon 

as it reaches the shell surface becomes mainly tangential to 

the surface and traveis towards the next pole. ‘he a.c. 

components of shell flux cannot go deep into the shell and
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will be confined within the skin depth, which is governed by 

the supply frequency and the shell material. The eddy 

currents close their circuits on the surface of the shell 

with minimum resistance loss and they behave like a short 

circuited secondary of the transformer (see also Fig. 5.18). 

In Fig. 5.18 the shell surface is cut along XY IYo and 

Gee also Fiy-5:19) 
developed, and POQRS is the boundary of the compole, .It is 

also found from the experimental current density distribution 

curves that the total eddy current along AB is equal to the 

sum of those along CU, and U.U,. The reaction mmf produced 
2 Zan 

by those shell eddy currents has been theoretically calculated 

in section 6.4.3, in terms of the physical parameters of the 

machine and excitation to the compole and the supply frequency. 

5.2.6 Change in the Eddy Current Distribution in the Shell 

due to the Presence of Mainpoles in the Magnetic 
  

Circuit of d.c. Machine 

The mainpoles were now replaced and only the compoles 

were excited from the variable frequency supply as described 

in section 4.10. The average values of the fundamental 

component of current densities along the central line XX 4 

of the inner surface of the shell (see Fig. 5.18) were 

measured at various frequencies ranging from 50 Hz to 600 Hz 

with constant compole a.c, excitation. The eddy currentsare 

completely axial and the distributions along that line are 

shown in Fig. 5.20 and compared with those measured at the 

same frequencies and excitations when the mainpoles were



22 

not on. From Fig. 5.20 the current distributions with the 

mainpoles and without the mainpoles are everywhere the same, 

except in the region near and under the mainpoles. There is 

a sudden fall of eddy current distribution under the mainpole, 

because the shell loses some of its pulsating a.c. flux which 

has low, reluctance shunt path through the root of the laminated 

mainpole. As the frequency increases the shell reluctance 

rises and consequently more a.c. flux leaves the shell and 

flows through the low ‘reluctance laminated iron core of the 

mainpole. This is shown in Fig.5.21. The average values of 

the shell a.c. fluxes with and without the mainpole were also 

measured from the shell loop search coils,discussed in 

section 4.3.1. (See also Fig. 4.5). 

The distribution of these fluxes in the peripheral 

direction from the edge of the compole to the central line 

of the mainpole are shown in Fig. 5.22, which confirms the 

loss of a.c. flux from the shell to the core of the mainpole. 

This fall of eddy currents under the mainpoles can be taken 

into account by choosing the right limit of integration in 

the X direction for the calculation of reaction mmf due to 

shell currents, discussed in Chapter 6.
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THEORETICAL WORK ON EDDY CURRENTS INDUCED IN THE SOLID 
  

SHELL DUE TO A.C. EXCITATION TO THE COMPOLES 
  

G2 INTRODUCTION 

From the experimental results in Chapter 5, the eddy 

current distribution on the surface of the shell has been 

obtained. From the experimental facts and assuming 

(1) the shell to be infinitely long in the axial direction 

(2) constant me of the shell material for the moment 

(3) mainpoles not being considered into the magnetic 

circuit 

4htwo dimensional Poissonian field equation has koen solved for 

the problem, where the solid shell of finite thickness is 

subjected to a pulsating mmf wave rectangular in space. 

Solutions of Maxwell's field equation for H and E are found 

which satisfy the interface boundary conditions. The 

distribution of current induced in shell due to all the 

space harmonics of the pulsating primary rectangular mmf is 

theoretically obtained and consequently an analytical formula 

for the reaztion mmf due to those induced eddy currents are 

obtained in terms of physical parameters of the machine, 

electrical conductivity and permeability of the shell 

material, frequency and magnitude of a.c. excitation to the 

compole, 

The variation of yp with H is taken into account in
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the later stage of the theoretical work by introducing 
51,52 L a 

Davies! ~ formula (uy ue ie H = kH' which represents the B-H 

curve above the knee, into the calculations. Thus the 

variation of reaction mmf with frequency has been found 

theoretically, including the variable permeability into the 

calculation. 

we varies with the position in the shell as the magnetic 

field strength H varies from point to point. A new approach 

has been made to solve the equation connecting the magnetic 

field strength and other field quantities, after H on the 

surface of the shell being replaced by (ugh) from Davies' 

formula, at every point on the shell for each harmonic of 

the rectangular mmf wave, in order to examine the space 

variation of We all over the surface. 

Considering the space variation of permeability, current 

density distribution on the surface of the shell has also 

been theoretically calculated. 

6.2 THE MATHEMATICAL MODEL 

The model chosen for analysis is the machine without 

mainpoles, unrolled to fit a rectangular co-ordinate system 

shown in Figs. 6.1 and 6.2, the solid shell becoming a flat 

plate of thickness a, + Y¥ is measured in the radial direction 

from a distance by below the solid shell. 

X is measured along the peripheral direction and Zz is 

measured in the direction of the axis of the machine. Wood
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   and Concordias have shown that a very 

error is involved if the rectilinear model is used 

of cylindrical, provided that the fundamental pole 

>> depth of penetration and fundamental pole pitch 

length >> 1.0. The rectilinear co-ordinate sysiem 

hyperbolic functions in the analytic solutions for 

  

little 

instead 

pitch 

to air gap 

presents 

the field 

distribution rather than the complicated Bessel function if 

the cylindrical geometry is used. 

6.3 ASSUMPTIONS OF THE THEORETICAL MODET, 

(1) ° The shell is subject to a mmf wave produced by the 

interpole windings, as shown in Fig. 6.2 which has 

rectangular distributions in space and pulsates with 

a frequency w in time. 

(2) Current density vector J has been assumed to be 

purely axial and does not vary along z axis,which is 

very nearly true from the experimentally obtained 

current density distributions on the inner surface 

of the shell given in Chapter 5.
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Fig. 6.2 Linear Model of the Machine. 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

    

The shell is infinite in z- direction and end region 

problem has been ignored 

The excitation to the compole windings is purely 

sinusoidal with angular frequency w. 

The shell is composed of homogeneous magnetic material. 

The relative permeability wu of the shell material 

is constant in time and space for the derivation of 

the fundamental equations only. In the later stage 

of the theoretical work the relative permeability has 

been allowed to vary. 

The thin core of the interpole is neglected, which is 

a dubious assumption. 

Hysteresis has been neglected. 

The clectrical conductivity o in region (3) of 

Fig. 6.2 is finite and constant.
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6.4 THEORETICAL DEDUCTIONS 

6.4.1 Eddy Current Distribution 

The pulsating rectangular mmf wave can be represented 

by a Fourier series given by 

sin n 22% | exp(jot) 6.1   y n27a 
COS ae 

exp(jwt) takes into account the time variation of all the 

harmonics of the rectangular wave. Each space harmonic 

of the mmf wave can be considered as being produced by their 

corresponding finely divided sinusoidally distributed 

current sheet placed at a distance bo from the surface of 

the shell. Fig. 6.3 shows space fundamental component of 

the mmf wave and current sheet. The fundamental component 

of the current sheet can be described by 

on 21x 
An = Re Ay Cos =e exp (jwt) 6.02) 

and the corresponding fundamental mmf is 

46 
. oO 20a. ae 2ux a 

FL = Re a Cos ae Sin exe (jwt) 6.3 

where AL is the line density cf current in amperes per metyve 

w is the angular frequency of pulsation in radians per 

second, ani } is the wavelength of the spatial current 

variation in the X direction. For the ease of solution
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‘Re’ may be omitted. Maxwell's equations for electromagnetic 

Fig. 6.3 

fields in linear conducting media are: 

Curl H=J 6.4 

Eu. 3B Curl E = at 6.5 

together with 

div B=0 6.6 

B = uote H 6.7 

J = oF 6.8 

div 7 = 0 6.9 

From these equations and assumptions (5) and (8) 

in section 6.3, it can be shown that +or the shell (region 

3 of Fig. 6.2) 

ae 3B Vinge UgUyo FE 6.10 

Uae gE V7eE Holy OE Ged
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and elsewhere 

VeH=O : 6.12 
fY
> 

St
> q 

Wie =O 6.13 

Field quantities H and E vary sinusoidally and may be 

described by 

= Re H exp (jut) 6.14 

ti
> 

m
>
 

and = Re E exp (jwt) Ey O\. dey 

where H and E are complex vectors.Using 6.14 and 6.15 

the equations 6.12 and 6.13 can be written as 

a 

2 2H = <5 (145)H = 0 
6.16 o

l
e
 

WE - G2 (lth = 0 6.17 
and equations 6.12 and 6.13 become 

WH = © 6.18 

V7E =0 6.19 

The general solution of the equations 6.16, 6.17, 6.18 

and 6.19 is of the form 

R= {S, exp (-jyy) + Tyexp (+jyy) } exp K¢gx) 6.20 

where R stands for any one of the field quantities Hyr Hy, or 

E, and i for any one of those four regions (see Fig. 6.2). 

y =(q?+ 23) Gira 
6 

6 is known as skin depth given by 

  

and as 21 
6.23
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y can be written as 

¥=oF tt 5Q 

L : 
where Ps (ao + oa Cos S) 6.24 

o= (q+ -4)* sin & 6.25 
6 

and 6 = tan” (555) 6.26 
4% 

By applying the following boundary conditions 

(2) By is continuous at the interface of two adjacent 

regions which means 

(By (Be 6527 

(2) (ems (Hy), = Ay eon 6.28 

(3) B+ 0 as’ Y> 4.0 6.29 

The coefficients Ss; and Ty, can be obtained in terms of known 

quantities like Ayr Ue Wr Va) ay b, and d,- 

Thus in region (3) E53 is givei by 

- no jo (2uouyA,) (au Sinhy (y+d,) +yCoshy (y+4 J = 

=23 ~ 28 i ae S 5 { (qu, ty) exp (yd,) (qu ¥) “exp ( yd,) } 

  

xfexpi(wt -qx). exp (~qb,) } 6.30
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The eddy current density induced within the shell i.e. the 

region (3), due to the fundamental current sheet is given 

by 

~jwo(2uoua A,) [au ySinhy (ytd, )+yCoshy (y+d_) ] 

35° > =x fep4lreytant { (auy.+y) “exp (yd) - (au-y) *exp(-vd,) } 
  

6.31 

For the 3rd, 5th and 7th ..... harmonic current sheet the 

corresponding eddy currents induced in the shell will be 

- e ~2juou, u zn ieee ey | (y+d, )+7 2 nae 

aon a, Myth) Zexp (Y, doo (a. uy.) *exp(-y,, a,)} 
  

X exp] (wt ~q,,*) exp (-g, b,) } 67, 32 

where (n ) 

= 2mn 2 25% ee a et = 

2 SES, 27a and Aon =i Cos n x 6.33 

At a distance x and at any instant of time t the eddy 

current within the shell due to the rectangular pulsating 

primary mmf is the sum of all the odd harmonics of Jy an° : 31 

Thus
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a 
A, [a,u,Sinhy, (y+a,) +y,Coshy,, (yta,) J 
  Ig3y ="2 Juovgu, | 2 

met 3y57e (one ta) ene no) Sale Va! exp (ya 

X fexpj (wt - G,*) exp (-a,, b,) 6.34 

When the width of the shell a, is very much greater than 

the depth of penetration 6 , the current distribution within 

shell can be obtained by making a, +» © in the equation 6.34 

and this becomes 

exp (vy, Y) 

Sabor + Yn 
Son I 6 JwousuyAg, expj (wt-q, x) exp (-a,b,)- 

  

6.35 

On the surface of a thick shell the current density 

distribution is given by 

© -jWOU WA, expj (wt-q_x-! )exp(-g_b_) 
Ip gn7Re or Zn — 2 n nO 6.36 

n=1,3,5 [lau y+ Py) “+@,] 

where eas Py + JOR 637. 

9 
zi n = tan aa es) Vi ‘a, 6.38 

9 
fs 4 4% 23) 

Bie Mat Sa) Cos —5 6.39



  

4 4 : n 
Les (q, + ee Sin —3 6.40 

au 2 
6 = tan 

n 6-4 2 6.4] 

6.4.2 Magnetic Field Strength Within the Shell 

The solution of equations 6.16 and 6.18 gives the 

magnetic field strength within the shell. Considering all 

the odd harmonics the expression for Hy3, becomes 

oa ee Cea [g.,u7,,Coshy, (ytd) +y,, Sinhy,, ( ytd.) ] 
  

H = 
Te n=1,3,5 { (a, Hey) EXP (Yq4,)~ (Gh. Y) “EDT, ,)) 

X fexpj (wt - g%) exp (-g_b.)} 6.42 

and 

ye 4 i sh y ¥ 23q,Az, [au Sinhy, (ytd) +7,,Cosky,, (y fay) 
  

H = 
=y3r “yas Pees as eye; a Pel (aU ia) exp (ynd,) = (4,1.-Y,,) “exp ( VG? t 

¥ fexpj (wt - q,*) exp (-q,b,)} 6.43 

Comparing [Hy 3, {with [By 3r | 

    

1 

| Sxar| _|Yn 6.44 
Byar ay : 

When 5 is very large Vn eo. and Far predominates Hy3r within 

the shell. Physical interpretation of the predominance of
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H over H 
3 

eG y3r is given by Davies : in his paper, where he *s =y3 

has stated 'when the flux passing from pole to pole is 

confined to a small section, so it has to be a very high 

flux density. To drive the flux, a high mmf in the x 

MX 
direction must exist'. When = o> od the resultant 

n 
field strength Hz, becomes in terms of J, 

3 Si 

ry 

H ple 1 y Jy 3x [IytytYptanhy,, (vt) ] 
—x3r 2oN eI n=1,3)5 [aH -tanhy, (y+d5) +75] 6.45   

For a thick shell when a, 2> Oy a, can be made a, + © and 

H becomes bs 
x30) 

223x| 6.46 
202 | when dy ag 8 ay tanhy, (y+d,) adie 
  

  
|2x3x |-- 

6.4.3 Reaction mmf due _to the Eddy Currents Induced in the 
  

Shell 

The eddy currents induced in the shell due to the 

pulsating rectangular mmf wave, flow in the axial direction 

only, and their variations in the peripheral direction and 

along the depth have been discussed in sub-section (6.4.1). 

Fig.6.4 shows a section through the shell and the contour 

ABCD, chosen to calculate the mmf. fhe nett mmf acting on 

the countovr ABCDA is given by the integral of H around 

ABCDA and also by the total current flowing through it.
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Z 

Fig. 6.4 Contour used to Calculate Eddy Current Reaction mmf 

Consider now the integral of H around the contovr ABCDA 

A 

H must tend to zero as y > » and since A and B are taken to 
A B A be at y +o, | H.dl = O and | H.dl cancels out with | H.dl 
B c D 

because they are equal and opposite. Hence the only integral 
Cc 

which exists is | H.dl in 6.47. Applying Ampere's circuital 
D 

law 

Cc 
Me { H.dal = | H.dl = total eddy currents embraced 

(line integral)? 
along ABCDA 

ithi = 4 within ABCDA | | 73% dy dx 6.48 

surface 
integral
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This mut Fy produced by the eddy currents tends to oppose 

the main flux. With proper limits of integration in 

equations 6.48 and using the equation 6.34 the mmf F can 

be calculated. Thus considering ali the harmonics of 

  

eau a becomes 

ne fT Ris Jo3r dx dy 
° 

- qa, 2 & 

A u_Sinhy (ytd _)+y Coshy (y+d_) ] R= ~230 hy | ye Alay o nea on no: 4 y 
Sy z 2 z 20, 3 n-1,3,5 {@ uty) “exp (7,4) (Qh -¥,)) “exe (-Y,,4,) } 

X [exp{-, (Jet) lexp (jut)] ay ax 6.49 

Mathematically it is allowed to take out the Y sign before J | 

hence 

a A (4,,u,-Sinhy, (ytd) +y,Coshy, (ytd) J is Sans a7 on n~ "So Foe PING na 3.5 | | 2 hte ue ee 
faust) XPV ,9) — (HY) “exp (Y,4,) } 

x[exp{-q, Gxth) Jexp (jut)] dy dx 6.50 

<a 
° 

f= La 8, | | {a,p,Sinhy, | (ytd) +7, Coshy,, (ytd) Jexp (Jax) dy dx 
° 

6.51
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~2jou uA, »exP (jut) exp (-g,,b,) 
  where B= 3 z 

t(abpty,) “exp (¥, d= (an uy) exp (~y,,d,) } 

6.52 

After integrating 6.51 first with respect to y and then to x, 

F, becomes e 

# 

é 
Seep ene: 

e “n=1,3,5 Ja) 

il 5 
ee -Si 2Cxp (-FGnX Yn {1 Coshy,a,} Sinhy, 4) | 4 C4t ) 

6.53 

If the thickness of the shell qd, >> 6, the depth of penetration, 

which is true for all practical purposes, in the limit dq, tends 

to so that exp (-y,,d,) » O and the equation for F, becomes 

oo 

Lim } WOU HAL exPJ (wt~a,,x) exp (a, ) 
daze fe “n=1,3,5 

o A ie ets ay 6.54 

6.44 Variable Permeability and Electromagnetic Field Quantities 

So far the field quantities like eddy current densities 

J field strength HY Qi and mmf Fg cue to eddy currents have 23x! 3 

been derived from the Maxwell's field equations in sections 

(6.4.1,6.4.2 and 6.4.3)in terms of the primary excitation, 

supply frequency, the physical parameters of the machine 

like bor Re doe and the permeability Ugly and conductivity 

o of the shell material, with the assumption that the
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permeability of the iron is constant everywhere in the shell 

and the hysteresis has been neglected. In the reality the 

permeability at every point in the shell is different 

because the field is different. So one has to take the 

variable permeability into account for the derivation of 

field quantities in the shell. 

There are quite a few analytic functions which can 

represent the normal B-H curve. They are inserted into the 

Maxwell's equations and rigorous solutions of the electro- 

magnetic field distributions may be obtained. The analytic 

functions which are applicable to the region above the knee 

of the curve and into saturation have been listed below. 

B= au? 6555 

B = exp(H/a + bH) 6.56 

B =(H/a + DH) 6.57 

B = (a - b/H) G25 

H = cB + dB? 6.59 
The equation 6.57 is known as Fréhlich equation used 

by eectaie obtaining a finite different solution for the 

loss in solid iron, When the value of H is withinloo - 5000 AT/m 

for the mild steel, the equation 6.58 is the most suitable for 

representing the region around the knee of the B-H curve. 

Poritsky and putter. used the cubic equation 6.59 for the 

BeH curve. The parabolic equation given by 6.55 is most 

suitable for representing the saturated region of the B--H 

curve (typically 1500 - 30,000 AT/n for mild steel), and it



140 = 

SR gk SS ee ee ea ae 

wa 

vs H for the normalB-ycurveand for the 

analytic representation of B= an? 

Fig. 6.5 

can be used with fair accuracy to represent the whole of the 

B-H curve except at low values of H. Davies ** used the 

equation Guyug)* H = kH™, which can be obtained from the 

parabolic representation of B-H curve given by 6.55 for the 

analysis of eddy current couplings and brakes. From the 

equation B = aH? it can be shown that 2 = (uguy) = aw>~1 which 

has been plotted against H and compared with that obtained 

eran tie normal B-H curve; in Fig. 6.5.It is interesting to 

note that whent. ontatb in equation 6.55 is made 1.0, the relation- 

ship between B and H becomes linear and the value of Uo is 

simply given by a. The B-H curve for the mild steel 

(BS4360 Grade 43A, EN3) wiich is the shell material has been 

shown in Fig.6.6. A straight line was obtained when (ight, * 

H was plotted against H on a log-log graph paper for the same 

k 
material, thus proving the Davies' formula Cee) 2 H = kH™,



Tb 

From Fig. 6.7 the values of k, m, a and bhave been 

found out. The steel used for the shell of the experimental 

machine has the following magnetic properties 

x ui 0.81 
(ugu,) H = 0.676H 6.60 

24 and B = 0.3441n0° 6.61 

6.4.4.1 Space Variation of My in the Shell and the Surface 
  

Current Density 

From the equation 6.42 in sub-section 6.4.2 the field 

strength on the surface of the shell due to the nth space 

harmonic current sheet can be derived which varies sinus- 

oidally with time, and given hy 

=xsn a. Ye 4 

where H, is the time average of the field strength. The sn 

xeal part of 6.62 is 

5 a fadats®, Bog 2 % Pho 
= A, |————_,—— | Cos{tan < - 

—xsn zn (cores ) 24 Q 2 Be 
Gyr n ees 

flag ee Rare en ee 6.63 
(quy o Py) Sy PATA)?! oa 

2. and Qn are functions of (vou) given in sub-section 

6.4.1. From Davies' analytical relationship between
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* 
(Hor) andH 

1/4, geal) 1/(m-1) 6.64 
Besn [(uohy) 

and 

)4Gn-1) eyed 
(Un) = Kah 

Now substituting the values of HY in terms of (ughy) from 
sn 

equation 6.64 into 6.63 one gets Vj 

4 ,4u2] 2 q pone 
a n oe 
A a x 
an eee ( 4 2\% 

=) pe Gn Me 5) + 2P dyh 

to c Uo 

ad Oa) 
- ey —| pCosq, x exp (-q,h) - X cost} tan”   

f £ cqytoned) Ge 2 ° 

megs 2! 
where Hole and c = ae 

For a particular value of A, , X and n, there is one and 
n 

enly one value for wy which can be found out by solving the 

equation 6.66. The equation 6.66 is a transcendental 

equation from which the value yw cannot be found without the 

help of computer. Newton Raphson's method, which is an 

iterative method discussed in section 2.3, has been applied 

to solve the equation. If the left hand side of the equation 

6.66 is called as F(j1)) then the first derivative of F(u) is
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Pp? oe One 

ee ae por 6.68 
eae n 

and 

2 4 4 
Vv om ie, es 6.69 As [ n 2 

qu 
C= (=) ae 6.70 

n yu n 
° 

and 

-3/4 
da om ae =F eet a 4 Aue Bu au PB, = Coss tan oe 2 1 Gn + ; = Se 

n c c c 

_ 
1/4 2 j 2 qe e/2 = a 4 4 ame -1_2u n peo aeee ORES” ego ei cue eran 

So 4, ¢ 2,5 © 

a a 

6.70a 

Computer programme of iterative method of calculating u has 

been given in the appendix (4.Com.Pro.4). The Table 6.1 shows 

how yp at a particular point on the surface of the shell has 

been evaluated with the help of iterative Newton Raphson 

process from its initial guess values for various values of 

aor and n with other parameters remaining the same. 

Table 6.1 shows how the values of a), converge to 

the actual values which satisfy the equation 6.66 with the 

help of iterative method. 

The parabolic fit of the original B-H curve given by 
a 

equation 6.61 presents some error when a + O because the
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value of uy goes very high according to the formula B = aH? 

at lower values of H which has been shown in Fig. 6.5. Using 

a mean value around 22 » O the values of (ugh) were obtained 

at a particular point on the surface of the shell satisfying 

the equation 6.66 for various harmonic current sheets (up to 

13th) and then substituted into the current density equatioa 

6.35. All the current densities at a point x on the surface 

of the shell thus obtained for various harmonic current sheets 

are then added up to get the mean value of Jo3y: The mean 

value of current densities at various points over the surface 

of the shell along the line X4Y4 for a particular frequency 

and excitation were measured experimentally, which has been 

discussed in Section 5.2, and are plotted and compared with 

those theoretically computed J, 3, (see Fig.6.8). Good agreement 

is found between measured and calculated values of Jo3r° 

6.4.4.2 Relationship Between Supply Frequency and mmf Due 

to Eddy Currents with Constant Value of a.c. Excitation 

The higher the supply frequency, the more is the eddy 

current induced in the shell, consequently the reaction mmf 

will be more if the excitation to the compoles remains the 

same. The relationship between W and Bo becomes complicated 

if the variable permeability is introduced into the calculations. 

Considering only the fundamental component of the pulsating 

current sheet and space average distribution of A, it-can 1! 

be shown from equation 6.62 that



aR Ue 

  

WA exp (-g_b_) %. Oo ZA “no Ba 
—xsl 

GQ, igh) + foo 
TD Ke ee = 

provided = > ¢ 
$ 1 

Now substituting the value of Uou, in terms of By from 

the equation 6.65 into 6.71 

Bes = el Sis Boi? "gy qk (Hy 57) te37 0 
1 

where cy = Au exp (-g)b,) oeT3 

and o = /= 6.74 3 Dero “ 

Thus using Davies' formula 6.65 the space fundamental of 

field strength on the surface of the shell has been related 

with angular frequency w, given by 

: 2m- 
ako) HER c,7 WH. ¢ 

of P(Hes1) 
=O 6.76 

Equation 6.75 has been solved to obtain the value of 

Bes for a particular value of w with the help of Newton 

Raphson's method, discussed in Section 2.3. It is necessary 

to find out the first derivative of F(R 61) which must exist s
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for this iterative method. 

  

Differentiating F(H oy) with respect to Bei 

2 
Sa | Fil oa) bes) xsl 

3 a 2 2m-2 
= (2m 1)q)k (Hyg) to, w 6.77 

ae coha 
for low values of w q becomes >> a and the factor eye e219 

hence H,., becomes 

ie 6.78 
VHGOH 

where Cae [tema ran yar | 6.79 

using 6.65 the relationship between H and w becomes 
xsl: 

soe la eee Wee 
2( 20) ama 2 (2in--1) 

Beg (3) . (0 ) 6.80 

From equations 6.54 and 6.62 it can be shown that the mmf 

(Foy) in terms of Hoy is given by 

Bes 
es 2a, 6.81 

Now by solving the general equation 6.75 the values of H. 

  

sl 

can be found out for the range of frequencies from 5 Hz to 

600 Hz, while keeping the other parameters unchanged. All
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equations in subsection 6.4.4.2 hold good for other harmonics 

also. Thus theoretically obtained Baa from the equations 6.75 ané 

6.80 has been plotted against w in the Fig.7.12 for various 

values of m (0.81 to 0.70). These curves have been compared 

with the measured ones in Fig.7.11 and 7.17, and discussed 

in Chapter 7.



 



eae LS Ly vee 

FURTHER EXPERIMENTS AND THE VERIFICATION OF THE THEORETICAL 
  

RESULTS 

Tel INTRODUCTION 

Measurements of d.c. flux distribution from a search 

coil of width equal to the tooth pitch, stuck on the armature 

surface; with the compoles excited only and verifications of 

the theoretical results of Chapter 2, are given in this 

chapter. 

Measurements of a.c. component of shell flux at various 

frequencies with the conditions (3) and (4) given in 5.1, 

were obtained from a shell loop search coil. The relation- 

ships between the supply frequency and the a.c. shell flux 

under various conditions with different levels of steady and 

pulsating fluxes in the shell are discussed in this chapter. 

ee MEASUREMENTS OF TOOTH PITCH FLUX DISTRIBUTION 

The interpoles of the test machine were excited from 

a d.c. supply, the main poles were fitted on to the shell and 

the armature was in position. The ovtput terminals of the 

tooth pitch search coil in sub-section 4.3.3 were connected 

across the 'Norma' fluxmeter. The position of the search 

coil with respect to a compole centre line was obtained with 

the help of a semi-circular scale fixed om the base plate, 

and a pointer attached to the shaft of the machine. The 

flux from the tooth pitch search coil, measured by the 

compole field reversal method, was maximum when the centre
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line of the compole coincided with that of the search coil. 

Fluxes at other positions of the tooth pitch search coil with 

respect to the centre line of that particular compole were 

also measured and are shown in Fig.2.20 and 2.21. In Fig.2.20 

a good agreement is found between theoretical p.u. flux 

distribution using the equations 2.12 and 2.2, and experimental 

measurements, but the curves drawn on p.u. basis suppress many 

truths in the actual distribution. So the magnitudes of the 

tooth pitch fluxes are calculated from the theoretically 

derived equations 2.12 and 2.2 and plotted along the armature 

surface and compared with the measured values. (See Fig.2.21.) 

7.2.1 Discussion and Conclusions 

From Fig. 2.21 the theoretical flux distribution is 

greater than the measured values all along the armature surface 

and the maximum deviation between those two curves is found 

to be about 30%, which occurs at the centre line of the compole. 

This over-estimation of the tooth pitch flux is because the 

theoretical model considered in Chapter 2 excludes the slots 

in the armature. The ratio of theoretical and experimental 

tooth pitch flux at each point on the armature surface are 

plotted in Fig. 2.22 as multiplying factor ky versus the 

distance from the centre line of the compole. The value of 

ky varies from 0.77 at the centre of the ccimpole to 0.91 near 

the mainpole. To take the effect of slots into account the 

theoretical curve should be multiplied at each point by the 

corresponding values of ky
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Solutions with elliptic functions and integrations and 

the nonlinear multi~-variable optimisation techniques discussed 

in section 2.5 for the field problem in the interpolar region 

having five corners in the z plane, give almost the same 

tooth pitch flux distribution as obtained from equations 2.12 

and 2.2. Hence it can be suggested that from the physical 

parameters of the machine and the excitation to the coinpole, 

one can estimate the tooth pitch flux distribution over the 

armature surface with reasonable accuracy, using the much 

simpler mathematical solutions of the field problem having 

compole and mainpole both extended to infinity. The multi- 

plying factor ky should be used to take the slots into account. 

Pad MEASUREMENTS OF D.C. FLUX DENSITY IN THE SHELL 
  

The mainpoles of the test machine were excited from a 

d.c. supply to its rated value in steps with the armature 

in position. Mainpole ampere turnsversus flux density in 

the shell are shown in Fig. 7.1. ‘This was obtained by 

measuring the shell flux with the help of a shell loop search 

coil nearest to the compole shown in Fig.4.5. by the method 

of field reversal. Fluxes were measured with 'Norma' flux- 

meter. Fig. 7.1 shows that 0.51 T is the flux density in 

the shell due to the mainpole excited to the rated value of 

ampere turns 1825 AT/per pole, The compoles and mainpoles 

. were then both excited from d.c. sources. The chosen values 

of d.c. compole excitation were 4.5A, 9A, 11.25A and 13.5A, 

and the excitation to the mainpole was kept fixed at 0.68A



Seba 

(1825aT/mainpole). The d.c. flux densities in the shell 

were measured with mainpole and compole both excited, using 

the same shell loop search coil nearest the compole and 

are given in the Table 7.1. These are generally the values 

of d.c. flux levels in the shell of the machine at its 

working condition when supplied from various types of 

rectified sources, discussed in Chapter 3. The values of 

these d.c, flux densities are used in Section 7.4. It should 

be mentioned here that the shell flux density at the other 

side of the compole decreases as the compole excitation 

increases. 

  

  

          

MAINPOLE EXCITATION | COMPOLE EXCITATION| SHELL FLUX DENSITY 

0.68A (d.c) 4.5A (d.c) 0.657 

0.68A (d.c) 9A 0.697 

0.68A (d.c) 215254 0.71T 

0.68A (d.c) Tae 5h) O.73f 

TABLE 7.1 

7.4 EXPERIMENTS WITH SUPERPOSED A.C. - D.C. SUPPLY AND 

THE RELATIONSHIP BETWEEN THE SUPPLY FREQUENCY AND THE 

A.C. SHELL FLUX WITH DI”?FERENT LEVELS OF STEADY AND 

PULSATING FLUXES IN THE SHELL 

On top of the d.c. excitation, purely sinusoidal a.c. 

excitations of various frequencies ranging from 5 Hz to 600 Hz
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were superimposed and fed to the compole. Superposition 

of a.c. and d.c. supply is discussed in detail in Section 

4.9 and is shown in schematic circuit diagram (see Fig.4.17). 

The peak to peak value of the d.c. current from the rectified 

See sources can be obtained by integrating the fundamental 

voltage equation 

2 ; gi eee eee qe 

for the rectifier and motor armature circuit in Chapter 3, 

within the time interval ty and t,- Thus the peak to peak 

current 

te 
Alar | (e - Ea.) dt ae, 

or 

where ty is the time at which the current is minimum and ty 

the time at which the current is maximum. L is the armature 

circuit inductance Bac is the average value of d.c. voltage 

which is equal to (Ta oR, Ei) ee is the average value of de 

d.c. current and E is the armature counter emf. Bao can be 

calculated from the a.c. line voltage and firing angle with 

aT 
the help of formula given by Tsivitse and Schiff - The 

time integral ie (e-E.) dt can be determined by calculating 
1 

the area between the voltage curve e and the voltage line 

Bao: This integral has been evaluated for various types of 
E 

thyristor supply and plotted in terms of me in Tsivitse 
do 

and Schiff's paper. Bao is the maximum value of average 

d.c. voltage. Measuring the value of L and using the equation



7.2, the magnitudes of peak to peak current from various 

rectifier sources were caiculated,considering the ratio of 

compole mmf to armature reaction mmf which is equal to 1.44 

given in Chapter 4. 

20A, 14A, and 8A p-p values of a.c. excitation were 

chosen as suitable and were used throughout the experiments. 

An oscilloscope was accurately calibrated to measure the 

a.c. and d.c. currents in the compole circuits. The magnitude 

of a.c. excitation for a particular frequency could be 

altered by varying the values of capacitance and resistance, 

the gain of the amplifier, and the input voltage of the 

oscillator. A wave analyser and a C.R.O. were used to make 

sure that the a.c. excitation was purely sinusoidal through- 

out the experiments. 

The (Se) signal from a shell loop search coil nearest 

to the compole was integrated and the mean values of the 

fundamental of the flux wave were measured with the help of 

a wave analyser for a set value of a.c. excitations to the 

compole, with the d.c. excitations to the compole being 

varied from 4.5A to 13.5A in steps. The mainpole excitation 

was kevt fixed at 0.68 A, Oscillograms of a) wave froma 

shell loop search coil under various a.c. and d.c. fluxing 

conditions in the shell and at different supply frequencies, 

are shown in Fig. OS7.1 to 087.10. Oscillograms show that 

the distortion of voltage waveforms is not much even when 

the frequency is increased to 600 Hz. Considering the
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distortion in the a.c. excitation from the oscillator and 

KLF amplifier, 5 Hz was the minimum permissible limit of 

frequency. Families of fundamental flux versus frequency 

(ranging from 5 Hz to 600 Hz) curves are shown in Fig. 7.2 

to 7.4, for various values of d.c. excitations to the 

compole with constant excitation to the mainpole. It is to 

be noted that the flux frequency curves with constant a.c. 

excitation are similar to those obtained by plotting 

fundamental flux against slip with constant excitation mmf 

of eddy current couplings (see Fig. 7.5 token from pycight!8? haste) 

The curves in Fig. 7.2 to 7.4 are extrapolated to meet 

the Y axis in order to obtain the fluxes in the shell at 

zero frequency which has been called bo: For particular 

values of a.c. and d.c. excitations the reduction of 

fundamental shell flux, which is the difference between 9S 

and ¢ due to the eddy currents induced in the shell, is 

plotted in a log-log paper. It is discovered that a straight 

line runs from 25 Hz to 600 Hz which shows that there exists 

a power relationship between Ao = 5 - » and frequency f when 

f£>25Hz. A family of curves of Ad versus f on log-log paper 

having almost the same slopewithin the frequency range 25 Hz 

to 600 Hz, was obtained for various values of a.c. excitations 

and is shown in Fig, 7.6. Families of these log-log plots 

of Ag VS.£ are shown in Fig. 7.6 to 7.9 for various values 

of d.c. excitations to the compoles with other conditions 

remaining the same. It is found that the slopechanges with
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the change in d.c. excitation to the compole (see Fig. 7.6 

to 7.9). Fig. 7.10 also shows how the experimentally 

obtained fundamental flux reduction curves are changed in 

an orderly manner when the magnitude of steady d.c. flux 

level in the shell varies from 0.65 T to 0.73 T,given in 

Table j.1. She curve-OB in Pig. 7.11 is the plot of 

calculated reaction mmf due to eddy current against frequency 

by solving the equation 6.75 with m = 0.758. The curve OA 

in Fig. 7.11, is obtained experimentally by plotting the 

reductions of fundamental flux against frequency when the 

resultant d.c. flux density in that half of the shell where 

the shell loop search coil 1 (see Fig.4.5) is sitting, is 

0.691. The shape is similar, as can be seen from Fig. rata 

if they are plotted in p.u. basis. 

The values of fundamental flux reduction and the reaction 

mmf at 600 Hz for the curves OA and OB respectively, are 

taken as maximum and equal to unit, in Fig. 7.11. Good agree- 

ment is found between OA and OB within the frequency limit 

30 Hz to 600 Hz, because the shell which is already crowded with d.c. flux 

becomes saturated with pulsating a.c. flux produced by the 

a.c. excitation of the compoles. The deviation between OA 

and OB is quite high (about 25%) beiow 25 Hz, because the 

analytical relationship between w and Foy is based on 

the assumption that é >> q which means the equation 6.71 

only holds good when frequency is high. 

The close similarity of two families of curves in
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Fig. 7.10 and 7.12 suggest that the index m changes with d.c. 

level of flux in the shell. How the theoretical curves in 

Fig. 7.12 are drawn have been explained in section 6.4.4.2. 

As m changes the fundamental reaction mmf changes, which is 

governed by equation 6.75, and consequently the slopes of 

the curves relating the reduction of fundamental flux with 

frequency at a constant value of a.c.excitation are altered 

  

with the help of analytical relationships between F w 
el’ 

and m in Chapter 6, the variation of fundamental reaction 

mmfs with index m at a constant a.c. excitation to the compole 

are tabulated for various frequencies (see Table 7.2). 

The whole method which has been discussed earlier. in 

this section, for the estimation of fundamental reaction mmf 

due to eddy currents in the shell from the experimental 

A? VS.£ curves and equations in Chapter 6 considering the 

physical parameters of the machine with various steady flux 

density levels in the shell and a constant a.c. excitation 

to the compole can be summarised in the following steps. 

Step 1 

Get the value of m for which best match is obtained 

between the theoretical reaction mmf curve and the experimental 

curve for a particular value of d.c. flux level in the shell. 

Use the formula 6.80 and 6.81 of Chapter 6 for calculating 

Foi: The computer programme for iterative solution of 

equation 6.80 is given in Appendix (4.Com.Pro.3). The values 

of physical parameters of the machine, a.c. excitation to the
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TABLE 7.2 

VARIATION OF FUNDAMENTAL REACTION MMF Eel WITH INDEX m 

Dimensions of experimental machine used for calculations 

  

  

  

  

  

bo = 0.64 mm, dX = 452 mm, a = 91.3 mm 

ce 8 a fal 6 = 0.085 x 10 (2m) k = 0.676 

Compole a.c Frequency Values of Fundamental 
AT/Pole in Hz index m reaction mmf (AT) 
(peak value) used 

0.61 35.6 
0.78 64.2 

1200 50 0.76 94.8 
0.74 2:35) 
On72 181 ot 

0.81 56.5 
0.78 9852 

1200 100 0.76 137 
0.74 182 
On 72 228 

0.81 106 
0.78 165 

1200 300 0.76 209 
0.7 251 
0.72 288 

0.81 145 
0.78 209 

1200 600 0.76 250 
0.74 286 

[_ 0.72 316            



compole, and intial guessed value of surface H are supplied 

as the input data for the computer programme. 

Step 2 

After knowing the proper value of m which satisfies 

all the conditions, one can find Fol theoretically using the 

same equations of Chapter 6. 

7.4.1 Discussion and Conclusions 

(1) m for the mild steel grade BS 4360, Grade 43A used 

for the shell is 0.81, but when the d.c. flux level 

in the shell is 0.73T at which the d.c. machine 

operates, the value of m goes down to about 0.75 

consequently the reaction mmf due to eddy current 

changes for a particular value of a.c. excitation to 

the compole and the supply frequency, given in table 

7.2. 

(2) Only the fundamental reaction mmf has been considered 

in Section 7.4 and the higher order harmonics are 

neglected because of the following two reasons which 

reduce harmonics by the factor 4. 
n 

(a) The magnitudes of the primary mmf distribution 

in space are reduced by the factor 2 , and 

(b) for any harmonic q, which is equal to 2m, comes 

into the denominator of the equation 6.81, so 

thiat 2 er is again reduced by the factor 4,
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(3) The experiments so far carried out in section 7.4 

does not include the reaction mmf produced by the 

armature winding. So the next step would be to 

include armature reaction mmf in the experiments. 

7.4.2 Experiments Including Armature Reaction 

The experimental set-up described in Section 7.4 was 

kept unaltered, except that the armature was excited from a 

separate d.c. source. Brushes were placed at the correct 

position on the commutator surface so that the peak of the 

static triangular armature mmf lies opposite the compole 

centre line. The method adopted for brush setting has already 

been discussed in sub-section 4.6.2. Arrangements were made 

to block the rotor, and the armature temperature was kept low 

by cooling. Thus a reasonable simulation of a thyristor fed 

d.c. machine at its running condition was achieved and the 

experiments were carried out as discussed in 7.4. A family 

of curves were obtained by plotting the fundamental shell flux 

against frequency with compole a.c. excitations 20A, 14A ana 

8A p-p. D.c. excitations to the compole, mainpole and 

armature were 20A, .68A and 20A respectively (see Fig. 7.13). 

From the curves in Fig.7.13, Ad against frequency is 

plotted on log-log paper (see Fig. 7.14) showing the power 

relationship between A and £ above 30 Hz. The average slope 

of these curves in Fig. 7.14 is 0.355 within the frequency 

range 30 to 600 Hz. The families of curves in Fig. 7.14 and 

7.8 are compared and found to be almost the same, because the
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mean level of d.c. shell fluxes which govern the slopeof 

4o¢ VS.£ curves are almost equal in both the cases which 

were verified theoretically and from the experimental 

measurements. The resultant flux:density in the shell due 

to the combined action of two opposite mmfs (compole and 

armature reaction) and the flux density due to the compole 

mmf acting along in the magnetic circuit were evaluated 

theoretically by using the Skobelev's=* equivalent circuits 

for the magnetic paths in d.c. machine, which has already 

been discussed in detail at the end of Chapter 3. The 

elements of the equivalent circuit were calculated from the 

machine dimensions with the help of the formula given in 

Chapter 3. To confirm that the index m varies with the det. 

level of the shell flux the experiments were continued with 

the value of excitation to the mainpole reduced from .68A to 

- 39A, keeping other conditions unaltered and the flux 

frequency curves are shown in Figs. 7.15 and 7.16. They also 

show that as the d.c. flux level in the shell goes down the 

value of the slope increases even with the presence of 

armature reaction mmf in the magnetic circuit. Good agree- 

ment is found between the theoretical and experimental 

results shown in Fig.7.17 where 0.77 is used for the value 

of m. 

7.5) DISCUSSION AND CONCLUSIONS 

From the experimental results discussed in Section 

7.4.2 it can be concluded that in a d.c. machine carrying
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pulsating component of a.cflux at its running condition a 

power law exists between the frequency and the amount of a.c. 

flux reduction due to the eddy currents induced in the shell 

and the power depends on the d.c. flux level in the shell. 

The mmf drop due to the eddy currents reaction mmf in the 

analysis tending to oppose the main flux can be estimated 

if the calculations are done in steps which are given at the 

end of Section 7.4. Even if the extra ampere turns are 

applied from the compole the resultant commutating flux thus 

obtained may not reach the required value for satisfactory 

commutation, hence the whole process is to be repeated and 

compole ampere turn has to be altered each time until a 

balance is reached when compole mmf can push the right 

amount of a.c. flux through the comm-zone. This sort of 

ampere turn adjustment has to be carried out after the 

machine being completed. 

SL 
Davies' \-H relationship which he applied for his 

eddy current coupling to take into account the variable Us 

is also applicable in the shell eddy current problem; thus 

the generality of his formula is proved.
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Experiments with superposed a.c. - d.c. supply 

discussed in Section 7.4 show that the index mis a 

function of d.c. flux density in the shell, which is not 

found in the literature.



 



(1) 

(2) 

(3) 

(4) 
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SUGGESTIONS FOR FURTHER WORK 

The eddy current distribution in the shell has been 

obtained only for one supply frequency 50 Hz, and one 

excitation. The experiments should be continued with 

higher frequencies and higher compole excitation. 

No experiments have been performed to measure the 

phase angle between the a.c. component of compole flux 

and the corresponding current. This has been left 

for future work. 

The experiments in Chapter 7 have been performed with 

an understanding that the main field is excited 

from a smooth d.c. source. Experiments should be 

continued in future with superposed a.c. - d.c. supply 

in the main field also, which is the case when the 

main field of a d.c. motor is not separately excited. 

Experiments with superposed a.c. - d.c supply discussed 

in Section 7.4, should be carried out with higher 

values of d.c. flux level in the shell to find out the 

relationship between the index m and d.c. flux density. 

Expression for the phase angle of the reaction mmf or 

current density or field strength has not been derived 

in Chapter 6, but one can easily find out by mathematical 

manipulation of hyperbolic terms which are functions 

of depth and of t in equations 6.42, 6.43, 6.34 and 

of only complex Von term in the equation 6.54 of
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(7) 

LG 

Chapter 6. 

The complex shell impedance of the shell can be 

ae a 

Lape) 62 
Equations describing the magnetic fied? strength 

obtained with the help of equation 

and electric field strength in the shell which will 

be substituted in the impedance equation have already 

been given in Chapter 6. 

The power loss in the shell due to eddy currents can 

be obtained theoretically by integrating (3,770 through 

the shell volume and over a period of time 

posi 

The expression Jo can be obtained from Chapter 6. 

   —“— dt dx dy dz 

Experimentally obtained eddy current distribution on 

the side and top surfaces of the shell as shown in 

Fig. 5.10 of Chapter 5 might be explained by 

considering the case where the flow of current from 

the electrodes shown in Fig.8a, is similar to that in 

Fig. 5.10. The top and side surfaces of the shell 

can be developed on the z~plane and the electrodes 

of potentials V and zero have been placed as shown in 

Fig. 8a. 

The distribution of flow of current can be obtained 

by solving the field problem with the help of Schwarz- 

Christoffel transformation. 1t can be shown that the
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potential V 
We-co aren zero potentia 

d w ° 

potential w= -1 | x as 
zero potential Wa 00 w=1 Ws 90 

Fig, 8a Z PLANE Fi6. 8b = W PLANE 

equation connecting z and w plane is 

re 
z= -4 to gl Gant a + Ja (8.1) 

Taw a bd 

Using the § plane where the field is regular the current 

density J becomes 

Yw+i 
we ae 

[2 - exp (=F a3) 

a irae 

(8.2) 

(8.3) 

Along the x-axis in Fig. ga the current density has only 

one component which is J, given by 

ee 1x Jy = q tanh (>) 
2a 

(8.4) 

From the experimental evidence it is seen that the current



density distribution along U, Us U3 in(Pig. 25.18 dis 

tan hyperbolic in nature which is also proved from the 

analytical expression 6.4
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EVALUATION OF ELLIPTIC INTEGRALS OF FIRST AND SECOND KINDS 

  

w o i an The integral | mee aye hse =. = F(o,k)=sn 7 (wk) a = aia eas 
a Cewek Ay) 6° 1-k*Sin76 

w = Sin6é Aol 

is known as incomplete elliptic integral of first kind when 

> =1/2 the integral becomes complete elliptic integral of 

first kind denoted by 'K'. 

e > 

Be ee a, V1-k?Sin%ed@ =E(¢,k) 
  

  

° A.1.2 

is known as incomplete elliptic integral of second kind and 

denoted by E. The number k is called modulus. The value of 

k lies within O <k< 1. k' is known as complementary modulus 

and is related to k by 

kie= Va A.1.3 

Flow diagram of computer programme to evaluate K(a), E(a), 

F(¢,a), and E(¢,k) using Arithmetic - Geometric mean method 
SF 

discussed by Freeman is given
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a= e,Sing,, N=N#1 

  

GIVEN a, 
[Fi 

ae 1 b.= Cosa, ¢. = Sina, eas. 

N=0, Zo = 9. 

<. 2 
SUM = co 

_ & eps) 
ay=(a,tb,)/2, by = ¥ayb, Cn baa 

-1,2 » 
o= tan * (Getan $,) -tan *(tang,)+ 26,   

    

P, = C)2 x 2N, stm = SUM 

  

+ PL 

    NO 

  
OL
 

OD
 

  

  

  

  

PRINT 

F(o,0) K=5— 7   

    

E(¢,a) = 2) + F($,0) 2         

Gawain 

  
  

4 aL 
by = by 

Oates  
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EVALUATION OF ELLIPTIC INTEGRALS OF THIRD KIND 

Le dw 

(1-a.52w*) ¥(1-W) (1-k2w?) 
° 

    

The integral 1($,a37-k) = 

ao 

  

(1-a*Sin?6) /1-k?sin%o 

A.2.1 

  

° 

y = Sing = sn u,,w= Sind = snu, a2 #1 or k?2 1 5 

is known as incomplete elliptic integral of the third kind 

in Legendye's canonical form. When ¢ becomes 3 y=1, 

uy = k, the integral is said to be complete. 

The incomplete elliptic integral A.2.1 can be evaluated 

in the following way, 

when 0 < k < ty” <a 
Sa   

D @ [ap-a Ane) ] 
1($,057,k) =u, +> —2 Lo Riese Se 

(a3?-k?) (1-03?) = 0K 

where AQ (v,k) = F [Pronk H.-R O19 | 

  

    

  

v= sin? 

es 
ane 

q Sin2nv Sinh|2m(p-w) | -1 ee ee 25 =u, - = tan co 2 
u a a } q™ cosamv cosh | 2m (p-w) | 

1



Oe 

TU ‘ é K! -2 WV = gg wel aF (vk) (72K, = FRY, g = 22P 

when 0< k* < a,* <k 

OaT/usA (&,k) -Q 14703?) ae roe Se 

2 ¥(a3*-k?) (1-07) K 

  

  

Ag(Eek) = 2 [ep (e,k') 4KE(E,k")-KF(E,k")] 

cal 
Bs 7 make 

a, *k?? 

co 

  

2 

2 4 q™ sin (2mv) Sinh (2mw) 
= 28 tan7) [2 ____ 

Tv 
es 

1+2 L oe Cos (2mV) Cosh (2mw) 

  

  

  

a.)u,Z(g6,k) -2 W($,a°k) = By + 3 [mp2 (6/k) 95] — 
(1-0.,*) (k?-0.5?) 

A.2. S
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2(8,k) = [B(6,k) ~ 2 F(B,k)] ,8 = sin”? (53) 

co 
} Sin (2mw) Sin (2mv) 
mer @ Sinh (2mp) 

TK! 
wu 

= V= st w =|0F(8,k)]/2K, p =sr 7 d= e ay 

-o>a ook 3 

= E >. ee ako an % (Ask) = E(k) ~ @ F(A,k),A = Sin} (h—), v = (u,)/2K 
3 

a bs w=["F(A,k)]/2K, p = Fe, q = e ?P 
0 

a= 4 pn Sindwy) , J g™sin(2mw) sin (2my) 
Sin (wv) m=) %™ Sinh(2mp) 

  

was [a 2 (A,k) -24] 
———— 

(a,°- 1) (a,?-k*) 

1($,037,k) 
  

Elliptic integrals of third kind are discussed in detail 
$38 

in Byrd and Friedman's Handbook Opti Integrals (see 

pages 223-239),



ee 
Se a 
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A.3.1 COMPARISON BETWEEN ELLIPTIC INTEGRAL AND SIMPSON'S 

QUADRATURE FORMULA 

From equation 2.31 in Section 2.5 it is seen that 

dy which is the distance between w=c to w=b in the z plane 

(see Fig. 2.11) can take any one of these four values written 

below. 

Within the limitia >7b > c > y 3d 

a, = 5A, |+la-e)g + {k?K +(a?-k?) (a2 ,k) }+(p-d) gK 

+ (p-d) (pra) qefay ari (ay?a?) (a5, k) 407K) | Bagel 

or 

= GAG [+ (anc) g —E{k?K+ (a?-k2) (a? ,k) 4 (ped). eee 

shel (032-07) (a5? ,k) 40K) | A.3.2 Lae Graered eaey Rs 

or 

= jaj|+(a-c)g selk?K+ (a*-k?)i1(a?,k) }= (p-d) gk 

+ (p-d) (p-a) Gy a ((0,%=07)1(a,?,k)+0?K} | A.3.3 

or 

= GA| ~(a-c)g -L (k?K + (a?-k?)T(a?,k)}+ (ped) gk 
a 

4. - + (p-d) (p-a) eh Pe (a,*-a?)I(a,?,k)+0?K} | A.3.4



eS 

For a given set of values of d, c, b, p and a in the 

w plane there will be one and only one value for 4 The 1° 

right value of dy has been selected out of four values given 

by the equation A.3-1, A.3.2, A.3.3, A.3.4, by comparing 

those four equations with that which has been obtained by 

evaluating the integral 

w=cté 
2 _1_ [(w=da) (wa) faz=| Ag 3 w=p! (w=e) (w=b) A.3.5 

w=d+ 

with the help of Simpson's rule. Simpson's 

quadratures arranged to operate with a variable step length 

has been employed to evaluate the integral A.3.5, which has 

been discussed in detail by Lawrenson and cease - Since 

the function 
  

     Beal Ga a). 
Ee) -| w-pv (w=c) (w=b) 

has poles and zeros at various points, the accuracy of 

integration depends on how closely one can approach towards 

the motes and zeros of the function. The values of & which 

will be zero in the limiting condition are changed contin- 

uously until the difference between the two consecutive 

results of integration of A.3.5 falls within the prescribed 

accuracy. It is found that the suitable values of —& lie 

2 eoulor> between 107 for the function £(w). However for a 

given set of values of a, c, b, p, a, using Simpson's rule 

with variable step length and variable — the integral A.3.5 

is evaluated as accurately as possible and compared with
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those (A.3.1, 2, 3, 4,) obtained by direct integration 

employing elliptic functions and it is found that they are 

very nearly equal if the equation A.3.3 is chosen. Similarly, 

it has been proved that d, which is the length bc in the z 

plane shown in Fig.2.11 is given by 

within the limit a>b?zy>e¢>d 

a, = a (eel [k?K+(a?-k?) (a? ,k)] -g(p-d)K 
a 

+ (p-d) (p-a) Bee ae ((a,*-07) 1(a,7-k) +a?K] } A.3.6 

Computer programme for evaluating d, and dy by direct 

integration of the function £(w) which involves the elliptic 

functions is given in Appendix (4.Com.Pr.1). 

Aedes EVALUATION OF UNKNOWNS c,p,a, IN THE w PLANE USING 
  

NONLINEAR MULTIVARIABLE OPTIMIZATION TECHNIQUE 

Out of five unknowns in-the w plane any two constants 

say d and b have been given convenient numerical values. 

ad=0 and b=1 . Given the initial approximate values 

for other unknowns and using the equations 2.31, 2.39, which 

are in terms of elliptic functions and 2.43, algebraic function, 

one can write the error function E as the sume of the squares 

of the differences between specified and computed z plane 

dimensions which can be written as 

3 

E = (x) Be sine ed, dae 
Ker ty
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Each function £, (X) represents a component of the total error. 

Thus 

En) =(4)) specified 91) computed with 
initial approximate 
values of c,p,a 

£2 (X)= (dol pectttea™ (42) computea with pee, Asseee initial approximate 
values of c,p,a. 

a3) q (9) specitiea™ '2) computed with 
initial approximate 

values of c,p,a 

where several parameters of the function fy can be considered 

to be elements of a vector. In order to minimise the function 

E the following mathematical technique which is known as 

the Gauss Newton method, has been adopted. 

A vector values function f is defined by 

aria ae a p 
£ = (£00) £2 (4) £,60] AL3 62.3 

such that 

E = £7¢ Ae3.294 

The contribution to the value of E due to changes in the 

parameters c,p,a, defined the Jacobian gradient vector. It 

is clear that the change in any of of these parameters will 

affect all the elements of f in equation A.3.2.3, and that 

each of these will contribute to the total error in equation 

A.3.2.4. A new matrix has been defined which gives the 

variation of each function £, (x) seta te £3 (X) due to variation



of each parameter c, p, a, viz: 

2 FA
 

oe
 

h
 

see ZL ue 
ac op ga 

of of of 
2 2 Zi en ase 5 =a A.3.2.5 

of, af, af, 

oc ap va 

The elements of Jacobian 'g' can be derived by partial 

differentiation of A.3.2.1 with respect to each parameter 

in turn as 

|| cee R.3.2.6 

where xy stands for anyone of c, p, or a. 

Hence, 

aE af) at, af, £, (x) 
ac ac ac 3c 

2E a of) of, af, Poe 

op op ap ap 

QE af, 2 of, 2) 

aa da da da 3 

Ae3.2.7 
Or in matrix form 

g= 2 a's A.3.2.8 

A second partial differentiation of equation A.3.2.3, assuming 

that the second partial derivatives of fy, exists, gives 

37E Ls re r aes dia i £,.(%) 5 ee] neon 
9x59 Kel Ox; ax 5 

4
 

  2.9
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The usual least squares procedure assumes that the second 

term can be neglected. Therefore 

  

m Soe, aff, (] aff, (x)] ert 
Ox5 x5 k=1 ox, ox, ‘a oe 

This equation for all i and j = 1, ..... n=3 gives an 

approximation to the elements of the Hessian matrix as 

Hw 2a7A Basen 

With the helpowe Hessian matrixand# Jacobian vector it can 

be shown that the increment AX is given by 

et 
Ax = - [at a] ate Rage aNe 

In summary, the above equation A.3.2.12 gives the least 

squares increment for the minimisation of the sum of the 

squares of the functions £04), £,(X), £3(X) of three 

parameters c, p, a. The least squares optimization procedure 

is the Newton-Raphson method utilizing this increment. 

Termination is effected by recognizing that the value of E 

remains almost constant over a number of successive iteration. 

Numerical differentiation technique has been employed to 

obtain the elements of the matrix A. From the equation 

A.3.2.12 each parameter will be replaced hy their present 

value plus AX to start with for the next iteration. The 

least squares minimisation can now be put into step by 

step form as given overleaf.



Input Data 

initial guess values for c,p,a. 
  

  

  

Compute each element Ex) £,(X), £3 (X) of the matrix 

'f' using the equations A.3.3, A.3.5, and 2.43. 

    
  

Evaluate the error function 
A 2 

E= £ eC) 
oy oe 

EXIT PARAMETER 

(1) If E converges to zero, continue the iteration process 

until E reaches the specified value say LOE? and STOP 

(2) If E diverges or oscillates then STOP 

  

  

Apply numerical differentiation technique to obtain all 

elements of the matrix A given by A.3.2.5. 

    
  

Compute the Hessian matrix H = 2ata given by eqn. A.3.2.1 

  

Y 
  mls = 
Evaluate the H ~, the inverse of H matrix 
  Y = al 
  
Compute AX =]/Ac 

Ap| = -H” 

AA 

toate (see equation A.3.2.12) 

  

a y 
  

Replace c by ctAc, p by p+ Ap and a by at Aa         ie ae ae Be go to wane



a2, = 

On combining the procedures discussed in section A.3.2 

the computer programme for finding the values of C, Di ay 

which when inserted into the equations A.3.3,A.3.5, and 

2.43 satisfy the specified dimension, @ do, Ty Ay in the 1! 

z plane, using the nonlinear multivariable optimisation 

technique has been prepared and given in Appendix (4.Com.pr.2). 

Table A.3.1 is an example to demonstrate the application of 

this method to a typical polygonal boundary in the z plane 

discussed in section 2.5 (see also Fig.2.11), where the 

specified dimensions in the model are 

dy a, 
i -3858, —< = .3086, and A = .1286 

w 

CONCLUSION 

The efficiency of the method can be improved by 

limiting the step size so that a solution is not predicted 

for outside the range of a valid first order approximation 

to Hessian matrix H. In this case a fraction 4 of the 

predicted change AX can be used and the process becomes 

p< jai ieee AO 

where \ < 1.0 can either be fixed in advance or found by a 

linear search. 

Computation time is influenced by the initial estimates 

of the variable. It is often difficult to make a good initial 

estimate of the w plane constants since single changes in 

polygon dimensions can alter the order of magnitudes of the 

w plane constants very much. It is not possible to give general
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guidance with regard to the initial guess values of the 

variables end sometimes serious difficulty is encountered 

in the convergence of the error function E if the initial 

estimates of the w plane constants are not of the right 

order of magnitude.
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APPENDIX (4. COM. PRO.1) 

Computer programme to evaluate g, Air ay and ays 

which involve elliptic integrals and functions (equations 

A.3.1 to A.3.4 and A.3.6) when the constants c, p, a, b and 

d in the w plane are given. 

DIMENSION AK1(5@)s@C50)sEC50)sFC5@)sEEC 50) 

PI=4e¢ O*ATANC 1-6) 
D=0«9 
BH1.0 

16 PAUSE 1 
READ (1s )CsPsAsAL2ZZ 

   

  

7160 G=2-0/( SORTCCA-C)*CB-D))) 
AA=SORTCCA-B)/CA=C)) 
AAI LA*AA 

12 Al1=SQRTCCCC=D)*CA-B))/CCA-C)*CB-D))) 
AAI=A1*A1 
Nal 
U=SORTC € CA-C) *€Z7-R) 70 CA-B)*CZZ-C))) 

15 W=U/CSORTC 1-6 O-CU*U) 2) 
AG Y=ATANCW) 

AO=1¢0 
BO=€1+O0-CA1L#*A1))**O-5 

Al 

  

    
   

  

1-8 
CA0+BO0)72-0 
SQRTCAO*BO) 

C2=CA0-BO)72-0 
P1=(C2*C2)#0C2¢0)** CAN) ) 
Y2=ATAN(C CBO/AN) *CSINCY2/COSCY) 2 -CATANCSINCY)/COSCY)))4+C2e O*Y) 
PERM=(C2)*SINCY2) 
Z=Z+TERM 

5 UM+F1 
SCC2) «LTe 1+GE-98) GO TO 21 

20 

    

   

    

el AKILON)=PI/( 2 O*A2) 
ACN) 
ECN 1¢G-QCN))#AKICN) 
FON) =Y2/( CA2) *C 20 OFAN) D 
EECN)=Z4+CC FOND /AKI ON) *ECN) 
IFCN «EQ- 3) GO TO 70 
IFCN « « 4) GO TO 71 
IFON «EF 6) GO TO 116 
IFCAlL «LTe AAA) GO TO 39 
IFCAA] eLTe AAA) GO TO 31 

  

   

   

  

Ee 
UL=SOHTCC 1+ G-AAAD/C1¢0-AAL)) 
WSUIZCSORTC1¢O@-CUL#U1)))



31 

70 

106 

162 

101 

106 

ut 

2eo 
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Al=SQRTC1-¢0-AAL) 
GO TO 49 
NeN+3 
LL=4 
U2=SORTCCAAA-AA1)/CAAA*C1¢8-AA1))) 

W=U2/ (SORTC 1 +e 6-(U2*U2) )) 

Al=SORTC1+¢G~AA1L) 
GO TO 48 
Vil=C2eO/PI¥C CECI) *FC3)2+CAKIC1)*EEC3)) 

1-CAKIC1)#*FC3))) 

VO=CPI*FC1))/02¢G*AKIC 19) 

WO=CPI*FC3))/02¢O*AKIC1)) 

PO=(PI*AK1(C3))/(2-eG*AKIC1)) 
QO=EXPC-2¢O*P0) 
Mel 

  

  

HH Be O. 
PP=FLOAT(M) 

BB=(2«@*PP)*(€ PO-WO) 

   CC+DD)72+0 
P*PP 

GG1=GG14¢ CO0**xPPP) kCSINC2eOkPPVO))*CEF)) 
HH1=HH1+€ (QO**PPP)*(COSC26O*PP¥VO))*CFF)) 
IF(M «FQ« 11) GO TO 162 
M=M+1 
GO TO 160 
GG=2-0*GG1 

HH= 1+ 04+(2«@*HH1) 
6G0=( GG/HH) 
HHO=FC1)~€€€20G*AK101))/P1)*CATANCGGO))) 
WRITEC2,101)HHO 
FORMAT(F 14.7) 

S=2. OFC SORTCCAAA-AA1) *C16@-AAA))) #AK1C1) 
T=FC1L)+CCCPIXAA) KCHHO~CFC1L) #V129978) 
XA=SORTCCCP-C)*(A-B))/C CPB) *CA-C))) 

  

   

    

   
IFCXXA «GTe 1°66) GO TO 106 
GO TO 10 

  

© O/XA 
W=U3/ CSORTC 1+ @-CU3*U3) > 
Al=SORTCCCC-D)*CA-B))/0CA-C)*CB-D)) 9 
GO TO 4@ 

Vl=C2e @/PI*C CEC 1) *FC4))+CAKICID*ERC4)) 
1-CAK1C1)*FC4))) 
VO=(PI*FC1))/C2e@*AKIC1)) 

PIL#FC4))7(02e@#AK101)) 
T#¥AK103))/02¢ O*AKIC1)) 

EXPC-2+@#P0) 
      

    

  

   
LOATCI) 

Qe A*PP)*WO 

-DD)/206 
2t+DDI/260 
*PP 
1+€€00#*PPP)*CSINC2¢O*PP*VO) *CEE)) 

{ H1+€CCO*#*PPPI*CCOSCAe OFPP*VO))*CFF)) 
TPCY »EO- 18),GO TO 202 

 



202 

eal 

206 

306 

301 

493 

oe 

GO TO 208 
GG=2-0*GG1 

HH=1¢@+#(€2¢ O*HH1) 
GGO=(GG/HH) 
HHO=€C2eH#AK101))2/P1)*CATAN( GGO)) 

WRITEC22201)HHO 
FORMATCF 14. 7) 

S=2+ O*CSQHT( CAAA-AA1) #C1 6 O-AAA)) )*AKIC1) 

T=CCPI#AA) ¥CC FC1)*V1)-CHHOD 70S) 

XA=SORTCCCP-C)*CA-B))/0CP-B)*CA-C))) 
XXA=KA*XA 

IFCXXA «GTe« 1+¢0)GO TO 206 

GO TO 18 
N=6 

U3=1-07XA 
W=U3/ CSORTC 1+ @-CUS*US) 2) 

A1=SQETC(CC-D) *CA-B) 70 CA-C)*CB-D))) 

GO TO 4¢ 
SVI=EEC6)-CCEC1)#FC6)2)7CAK1C1)9)) 
SWO=CPI¥FC6))/02¢O#AK1C1)) 

SVO=CPI¥FC1))/C2e O*AKIC1)) 

IFCLL eEQ+ 3) SPO=(PI*AK1(3))/02¢ B*AK1C1)) 

IFCLL eof 4) SPO=CPI*¥AK1C4))702¢0*AK1C01)) 

SQO=EXP(-2¢@*SPO) 

    

   

  

   

    

LOATC K) 
2eO*SPP*SPO) 

=EXPCSBB) 
“XP (-SBB) 
SCC-SDD)/200 
GG+CCCSQO*#*SPP) #CSINC2¢ O*SPP#SWO) ID * 

10SINC 2. O*SPP¥SVO)))/7CSPP#SEF) 

IF (CK eEQe 10) GO TO 361 

K=K+1 
GO TO 386 

SHH=( CALOGC CSINCSWO+SVO) 2/7 SINC SWO-SVO) 2) )#0+5)+SGG 

SS=SORTCXXA-1+@)*CXXA-AAI) 
ST=€~XA)*CCFC1)*SV1)~SHH)/SS 
R1=€ CA-B) #G¥CFCO1)+CCAAA~1¢0)*T)2)7AAA 
R2=CP-D)*G*FC1) 

R3=CCP-D) ¥CP-A) #G#C C CXXA~AAA) €ST) +CABAKFC1) 29970 CB=P)*XKAD 

DDD=AL/PI 

DZ1=CR1+R24+R3)*DDD 
DZ2=(R1+R2-KR3)*DDD 
DZ3=C(R1-R2+K3)*DDD 
DZ4=(-R1+R2+K3)*DDD 

BM=CP-1+@)/CSQRTCA-1¢0)) 
BM1=(P-ZZ)/CSORTCCA-ZZ) #CZZ))) 

BMO=(BM1/BM) *106-0 

WRITEC2+403)DZ4s272BM0 
FORMATC3F 12+ 6) 

ZZ=Z24*0-05 

GO TO 766 

  

  

 



55 

12 
13 

14 
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APPENDIX (4.COM.PRO. 2) 

Computer Programme to find the unknowns Cc; Dyaay an 

the w plane using the nonlinear multivariable optimisation 

technique when the values of a, dy, gq, Ay in the z plane 

are given. Elliptic functions and integrals involved in 

the equations relating z plane and w plane are also evaluated 

in this computer programme. 

COMMON AK(96)5QC90)sEC90) » SAK1(96)5SQC90) »SEC9G)sSFC90)5SEE 

1698) »ARC9s9)+DRC959) 5 ZHC929)»TDRO959)sTBC 50s 58) 

15V2C90) » DINVC959)5ZHAC929),HAFC939) 
D= 

  

PAUSE 1 

READ €1511)CsPsAs AL 
FORMATC F12- 6) 

G=(2e9)/0SQRTCCA~C)*(5-D))) 
AA=SOQRTCCC-D)I/CB-D)) 

R3=(SORTC CC P-D) *CA=P))/0CP~C)*CP<B))))*AL 

WHITEC2255)R3 
FORMATCF12.6) 

Nel 
Al=SORTCCCC-D)*CA-B))/€CA-C)*CB-D))) 

AQ=1-0 ? 

BO=(€1¢@-CA1¥*A1))**0.5 
CO=Al 
SUM=CO*CO 
AN=1e@ 

A2=(A0+B0)/2.8 
Be=SORTCAO*BO) 

C2=CA0-BO)/2.0 
Pl=(C2*C2)*0CC2eO)** CAN) ) 

SUM=SUM+P1 

IFCABS (C2) «LTe 1+@E~68) GO TO 15 
AO=A2 
BO=B2 

AN=AN+i1-@ 
GO TO 14 
AK(N)=3«141592/(2« 6#A2) 

SUM)72.0 
N=€1¢@-COQCN))) #AKCN)D 

IFCN eEQ- 10) GO TO 8G 
N=N+1 

U=SORTCC 1+ G-CAA*AA)) 70 1¢0-CAL*A1))) 

W=U/CSORTC 1¢ @-(CUFU) >) 

YSATANCW) 
SA1=SOQRTC 1-O-CA1*A1)) 
SA’ 70 
SB QRTC1i+¢@-€SA1*SA1)) 

Ss AL 

SSUM=SCO*SCO 

  

  

   

   



26 

al 

35 

7 

= ahZ2= 

7B 
€SAD+SB0)/2.6 
@RTCSAO*SBO) 
SAO-SRO)/2.0 

SP1=(SC2*SCA)*C C26 OH) **EC SAN) ) 
SY@=ATAN( CSBO/SA0) *(SINCY) /COSCY)))-CATANCSINCY) /COSCY) 
1))+€260*Y) 
TERM=(SC2)*CSINCSY2)) 

    

SZ=SZ+TERM 
SSUM=SSUM+SP1 

IFCABS(SC2) «LTe 1¢0E-@8) GO TO 21 
SAN=SAN+1-0 
SA0=SA2 
SBO=SB2 
y=SyYe 
GO TO 26 
SAK1(0N)=3-141592/702-6*SA2) 
SQCN)=(SSUM72- G) 
SECN)=C€1¢O-SQCN))*SAKICN) 
SFCN Y2/CCSA2)*C2eO#*SAN) ) 
SEE(N)=SZ+C€CSFCN)/SAK1(N))*SECN)) 
IFCN eEQe 12) GO TO 96 
IFCN e«EQe 13)9GO0 TO 91 

   

   

     
   

IFON Li) (GO TOTsS 
IFCN 3) GO TO 35 
IFCN 4) GO TO 36 
VI=C2e 0/36 Bt 9g) FC CECT ESHCE 1) FCAKC AS BEC B) )=CAKCIDNSECAY 3) 
VU3=SORTC CCAA*AA)-CA1¥A1))*C 1 ¢O-CAAXAA))) 

KO1)+€€€ Be 141 592*AA) eC 16 G-V1) 97026 B*V3)) 
SORTCCCC-D) *CP- BI) 7CCB-D)*CP-C))) 

IFCA2 «LTe AA2) GO TO 34 
«LT+s A2) GO TO 31 

iTC Che G@-AA2)/70160-CA1*A1))) 
GO TO 46 
N=N+2 
USAAI/A1 
W=U/ CSORTC 16 9-CU*U))) 
Y=ATANCW) 
SAI=Al 
GO TO 42 
AV1=C20 O73« 141592)*(CEC1)*SFC3) +CAKC1)#SEEC3) )-CAKC1)* 
ISFC3))) 

AV3=SORTCCCAA2)-CA2)) #6 166-CAA2))) 
V2C3)=AKC1) 4060030 141592%*AA1)#€C 1. O-AVI)II/ C20 B*AVZ)) 
GO TO 76 

BV=CAKC1)#SEEC4))-CEC1)*SFC4)) 
BVU3SSORTC (C1-G-AA2) *CA2-AA2)) 
Ve 4)=AKC1)+¢€ CAAL*BV)/(0BV3)) 
GO TOe74 
BRIS C CACO #CG) #C CAL AL ¥AKC 1) +0 € CAA*AA)~CA1*A1))*V202)))/CAAXAAD 
RR2=CP-D)*CG)*CAKC1)) 
RR3=((P~D) *CP-A)*(G)I/CP-C) 
RRA=CC CAA2-CAR*KAA) )¥(V203)32+CAAeAAFAKC1))2)2/7CAAZ) 
GO-TO 72 

RRI=CCA-CI*CG) *C CAL#AL*AKC 12940 CCAAKAA)~CA1*A1))*V2C2)3))) Se 
1/CAA*AA)D 
RR2=CP-D)*CG)*CAKC1)) 

 



72 

18 

88 

89 

90 

88 

ot 

95 

96 

=~ 200= 

RR3=CCP-D)*CP-A)*CG)27CP-C) 
RR4=¢ CCAA2-CAA*AA) )*CV2C4)) + CAA*AA*AK(C1)))/CAA2) 
GO TO 72 
RRS=RKS*REA 
RE6=AL/3¢ 141592 
R1l=C-RR1+HR2-RRS) *RRGO 
WRITEC2s78)R1 
FORMATCF12« 6) 
AA=SORTCCB-C)/(B-D)) 
AlL=SQRTC(CB-C)*CA-D))/( CA-C)*(B-D))) 
N=10 
GO TO 13 
N=11 

U=AA/A1L 
W=U/CSORTC1 6 O-CU*U) )) 
Y=ATANCW) 
SAI=Al1 
GO TO 42 
BV=CAKC19)*SEEC11))-CEC1@0)*SFC11)) 

BUS=SQHTCC1+6-CAA*AA) )*CCA1*A1)-CAA*AA))) 
V2011)=AKC10)4+¢€CAA*BV)7(BU3)) 
AAI=SORTC CC B-C)*CP=D) )/C(B-D)*CP-C))) 
AA2=AAL*AAL 
A2=A1*A1 
IFCA2 «LTe AA2) GO TO 88 
PAUSE 2 

IFCAA2 eLTe AQ) GO TO 89 
N=12 

U=AAI/A1 
W=U/(SQRTC1.0-CU*U) )) 
Y=ATANCW) 
SA1=A1 
GO TO 42 

   

  

BV=(AKC10)*SEEC12))-C EC 10)*SFC12)) 
BVS=SQRTCC1+¢@-AA2)*CA2-AAL) ) 
V2C12)=AKC19)+CCAA1*BYV)/(BV3)) 
GO TO 95 
N=13 
U=SQRTCC1eB-AA2)/C169-A2)) 
GO TO 46 
PAUSE 3 
AV1=C2e073¢1419528)*CCEC10)*SFC13)2+CAKC10)*SEEC13)) 
1-CAKC16)*SFC13))> 
AV3=SORTC(CAA2)-(A2))*C1.0-CAA2))) 

V2C13)=AKC1)+0CC3e141592*HA1) *C 16 O-AVI)I/C 26 G*AV3)) 
GO TO 96 
RR1L=CCA-C)*G*CCAL#A1*AKC1@))+4CCCAA*AA)-CAI¥*A1)) 

1*VEC11)))7CAA*AAD 
RR2=(P-D)*CG)*CAKC10)) 
RR3=C€CP-D) *CP-A)*CG)I/CP-C) 
RR4=(€ CC AAZ=CAA#AA) ) *CV2C12)))+CAA*AAFAKC1G)) 270 AA2) 
GO TO 100 
PAUSE 4 

RR1L=CCA-C)¥*CG) *C CAL¥AI] FAKC 1G) +06 CCAA#AA) -CAL*A1))* 
1V2€11))))/CAA*AA) 
RR2=CP-D) *CG)*CAKC1G)) 
RR 

RR4=CCCAAR-CAA#AA) )*CVE2C13) 2 +CAAZAAKAKC10)))2/CAA2) 
GO TO 166 - 

  

CPD) #0 P-A)*CG))/CP-C)



~ 201 = 

120 RRS=RR3*RR4 
RR6=AL/3«141592 
Re=(-RR1+KR2-RRS)*RRE 
WRITEC2,915)R2 

915 FORMATCF12¢ 6) 
IF (NT e«EQs 20) GO TO 111 
IFCNT eE@*s 21) GO TO 112 
IFONT eEQ@e 22) GO TO 113 
ARC1s1 
ARC251 
AR(3s1)= 
ER=CARC1,1)#ARC1s1)9+CARC2s1)*ARC251)9)+CARC3s1)*ARC321)) 
WRITEC2s110)ER 

110 FORMATC(F12¢8) 
NT=20 
DEL=@e OO0G1 
C=C+DEL 
GO TO 5 

2111) DE1I=R1-CARC1s1)+7- S58) 
DRC 1s1)=DR1/DEL 
DR2=he-CARC2s1)+2-8) 
DRC2s1)=DE2/DEL 
Dk3=R3-CARC32 1942650) 
DRC 3s1)=DR3/DFL 

    

   

  

   

  

NT=21 
-DEL 

=P+DEL 
GO) TO 3 = 

12 DR4=E1-CARC1s1)+7+56) 
DRC 1s2)=DR4/DFL. 

  

DES=Ra~CARC2s 1) +209) 
DRC 8s2)=DRS/DEL 
DR6=R3-CARC3s1)+256) 
DRC 3s2)=DR6/DEL 
NT=22 
P=P-DEL 
A=A+DEL 
GO) TOS 

213° DR7=R1-CARC131)9+7-50) 
DRC 153)=DR7/DEL 
DRB=RO-CARC2s1)+248) 
DR(253)=DR8/DEL 
DR9=H3-CARC3s1)4+2650) 
DRC 3+3)=DE9/DEL 
DO 114 I=153 
DO 114 d=153 

114 TDRC Js T=CDRC1s J) 2 *260 
DO 115 If=153 
DO-115 KK=153 
ZHCIIs KK) =008 
DO 115 JJ=153 

11S ZHCII2: KK) =ZHCI1»KK)+TDRC IIs JJ) * DRC JJs KK) 
GO TO 116 
DET1=ZHC151)*(€CZHC222)*ZHC3s3))-CZHC253)*2ZH0322))) 
DET2=ZHC1s2)*C(ZHC253)#ZHC 3s 1)9-CZHC2s 1) *ZH0393)9) 

DET3=ZHC 153) *CCZHC2s1)*ZH0 352) )-CZHC 292) #72HC 35199) 
DET=DET!+DETE#DET3 
DINVO1,1)=€CZHC2s2)*ZHC323) -CZHC8s 3) *ZHO352)29/DET 

  

  

DINVO1s2)=C¢ZHC153)*ZHC352) )=CZHC 152) #ZHC3s3)))/DET



116 

216 
eit 

262 

263 

400 

4iG 
508 
561 

518 

606 

616 
7100 

701 
102 

303 

a 3 @ 

49 

202 = 

DINV(6153)=CCZHE 152) *27HC 253) -CZHC 153) #ZH0252))9/DET 

DINUVC2s 1) =CCZHC2s3)*ZHC 3s 1) -CZHC 2s 1) *ZHC 33) 7 DE 

DINVC2s2)3¢CZHC151)#Z2HC 353) -CZHC1s 3) *Z2H0 35199 )/7DE 

DINVC2s3)=CCZHC153)#Z2HC251)9-CZHC 1s 1) *ZHC22 3) / DET 

DINV(3s1)=CCZHC 2s 1)*ZHC 322) -CZHC2s2)#7ZHC 39120) 7DE 

DINVC3s2)#CCZHC1s2)#Z7HC351))-CZHC1s1)*2HC322)))/DET 

DINVC353)=C€CZHC1s19*2ZHC 292) )-CZHO 122) *ZHC2+1)))/DET 

GO TO 792 

DG 211 II1=133 
DO 210 JJJ=123 
TBCI IIs JJJ) =ZHC IIIs ddd) 

CONTINUE 
CONTINUE 

JJL=4 

JJ2=6 
DO 202 IIl=153 
DO 262 JJJ=JJl> Je 
TBCTIIsJJJ)=0+68 

DO 263 II1I=153 

JJJHTII+3 
TBCLITsJJd A108 

DO 610 KKK=153 
KP1=KKK+1 
IFCKKK eEQe 3) GO TO 568 

LLL=KKK 
DO 469 ITI=KP1s3 

IFCABSCTBCIIIsKKK)) +GT+ ABSCTBCLLLsKKK))) LLL=1 

IFCLLL oEQe KKK) GO TO 500 

DO 419 JJJ=KKKs Je 
TEMP=TBC KKK» JJJ) 
TBCKKKs JJJ) =TBCLLL» JJd) 

TBCLLL»s JJJ) = TEMP 
DO 501 JJJ=KP1sJJ2 

TBC KKKs JJJ) = TBC KKK» JJ) ZTBCKKK» KKK) 

IFCKKK e«EQe 1) GO TO 660 

KM1 =KKK~-1 
DO 519 II1=1sKM1 
DO 516 JJJ=KP1sJJ2 

TBC IIIs JJJ) =TBCII Is ddd) - TBC IIIs KKK) #TBCKKK» JJd) 

IFCKKK «EQe 3) GO TO 700 

DO 616 III=KP1s3 

DO 610 JJJ=KPis JJ2 

TBCIII, Jd) =TBC IIIs JJJ) -TBCI1 1, KKK) #TBCKKKs JJJ) 

DO 701 III=153 
DO 701 JJJ=1-3 

KKK=JJJd+3 
DINVCIIIs JJJI=TBCIIIs KKK) 

DO 363 11J=153 
DO 363 KKJ=153 
ZHACII Js KK) = 608 

DO 303 JJL=123 

ZHACII J» KKJ) =ZHAC LI Js KKd) +DINVCT I Js JUL) #TDRO JL KK? 

   

          

HAFCIIMs KKM) =6¢8 
DG 803 JJM=153 
HAFCIIMs KKM) =HAFCILIMs KKM) +ZHAC IIMs JJM) *ARC SUM» KKM) 

C=C-HAFC1s1) 
P=P-HAFC251) 
A=A~DEL-HAF(C 31) 
WRITEC2s49)Ca PsA 
FORMATCS3F12+ 6) 
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APPENDIX (4.COM. PRO.3) 

Computer programme for solving the equation 6.80 of 

Chapter 6 in order to obtain fundamental H on the surface 

of shell when the physical parameters of the machine ,#¢ 

excitation to the compole, and conductivity of the shell 

material are given. 

R49 USE6A 

SR LelASeS 

FANE! FASSt 

  

PANS 7 

FRADC1LSSIAQsH ohh 
S BO} Ckle.e) 

je 
Ole UR CADS A st) 

    

    

    
   

  

  

eUKR4 TR +GH 

AGS 
Ae(*30 TAL E98 €A8) 71 

PUCESS 
CCOSCHI ECA. UERIDIS 86 Lal sy 
1SCC71)* 

  

PeNeR.141t 
C1S4.9%2.1415 

Oat 

CREE C-CD)) 
SOPTCR1I7200994#C1 

7) 

Fle Gh -%7 

    

    
     

  

    

  

At B26 OkSe LALSOD ERD 
ORT CE) 4 

a0 } ROCASTI VEC CHI AECO0G)I IEC HEED wl¥=CCE*CS ey 1) I428*C CH) E*C=0.6999 4060S tL) 
7EHY) 

Reon 
St 1Ch1E.6) 

IFCABSCH2) LT. Ie fk-03) GU TO 3s 
Heil 
BOLTO Se 

a5 FHA EC OCO KO CAST) EC CHLI EEC ©6200 4CH1¥CS 419-608 a4 RP TPECAs1O)H1lsbUshH? 
10 FO! MATC RIP e Ss 3X eb 12-55 5% ob 1B. S) 

hOSkO+hE 
GOTO 40 
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APPENDIX (4.COM. PRO.4) 

Computer programme of iterative method of calculating 

variable ) on the surface of the shell for various odd 

harmonic current sheets (1,3,5:)when the physical parameters 

of the machine and a.c. excitation to the compole are given 

as input data. 

DO 46 N=152132 

  

BO=@- 89635 

F1=33000-0 

AK= e676 

AM=@e 51 
Cl=4- 6*3-141592*1-6 

A1l=2¢0*3- 141592843 

\2=@. 891285 

B1l=9-@847E+68 
«452 

+ O/C A1¥*B1) 
(26G#3.141592*A2)7D) FAN 

CCOSCF))/ON) *CC4e O#F197032141592)) 

BSCCZ1)*6-5) 

WRITEC2s 5697 

FORMATCF 12-6) 

Q=C8eO*3-141592*AN)/D 

WRITEC224)0 

FORMATCF13-7) 

Q1L=CO#*O#*O#O) 
@25C0*N) 

BE=CCHOCIACK*K) 

(BQ) *#E0S 
G=ATANC C26 8)706R3*02)) 

A4=CC O14 C46 O/B2) ) **He 25) *CCOSCG/2 +O) ) 

B4=C(CQ14+C4e G/B2) ¥*G4 25) 4CSINCGS266)) 

C4=€CO#X)7€C1))+A4 
COB#C)/2¢ G7 CCX#KIFCCOL*CHC>7466)) 

G1)+C4e67R2) 

CC CBe OEXIZCC#HC) *C CERI EHC —C Ge 75) *CCOSCG/260)))= 

5*C CPE) ¥#A625) *CSINCG/2¢6))*CP1)224+007C01) 

P3)-€@/C1) 

CC C20 kK /SCCKO) ¥C CERI HEC $C Oe 75) IKCSINGG7200))) 

14606 5#CCP2)** 0025) *CCOSCG/2¢ 0) %CP1))) 

€C C4) *CP4) -CCB4)*CPS)II7CC4*CAD 

BAI7CCA)D 

CGe 5*CP1IINCCO 1+ GI7C Le B+ CP E*PE))D¥*CFS)) 

CA4*A4)+CB4*R 470 CC4*C4) +(B4*B4) D 
CCPB) ##Me 5S) ECSINGCOGI/2e8)=CATANC F622) #CP7)) 

PIGECCRe G)#ECMIKCCOIZECLI IEC COIZCOLI I IFC C4 CIRC CPE IEEC CB 0 SDD) 

     

   

   

   

  

   

    

     

    

   
  



E205 = 

LECCKI/CC#C) 40 CAe OFA4HOI70C1)) 
PI1L=€ CQ. 0*O0*XI/0C1))*C PO) 
P12=P11+P10 
PIG=C(P12)*CCP2)#*C N65) ) 
C4eG¥XI70C#C)*C CC4#C4)+C BABA) *C CFO) KECK 0005) 2) 
P14-P13)70€CC4*C4) +0 544*B4) )*CCC4*C4)+C BABA) DD 

P16=(CP8)**C-€G05)))*CP15) 
PI7=C@e5)#CCOSC CMe 5*G)-CATANCCB4)70C4))))) 

16*P17 
AM=160) 
Cle G/AK) #*CC1¢O)70P19))) 
MIRECCC C$ C46 OD #AMI+052¢0))/04e OEPI9)) 
P2O*P21#*6-25)/0 P19) 
€Z*( COSC Q*X1))*CEXPC-CO*BO))))*CP18-F9))-C P22) 
CZ*CCOSCO#X1L)) 2 *#CEXPC-CO#RO) 2) #CC PB) *#BS 5) 
OSCCATAN(C (B4)/€A4)))-CATANCP6))) 
PEAKP23BI- COCK #RCCMeASISCPII) DIAC PAG) ) 
=C CEX)/ CDFX)) 
€2323) X4 

   

    

      

    

   

      

23 RMATCF12«8) 
> 4-X 
IFCABSCX5) «LTe 1-¢ME-06) GO TO 32 
X=X4 
GO TO 35 

32 (2310) X4 
1@ FORMATCF12.9) 

42 CONTINUE 

STOP 
END 

PIP V13A 

+PeRPeD te DASIS Sk



- 206 

PRO. 5) COM. APPENDIX (4. 

Computer programme for Harmonic Analysis 
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A.5.1 THE CONSTANTS A', a, AND b IN TERMS OF KNOWN 
  

QUANTITIES IN THE z PLANE 

The value of A' can be found by inteqrating round 

a semicircle when the corner of the polygon is at z = +e, 

When this happens, as the path from one side to the other 

in the z plane approaches the corner at infinity, so the 

radius of the semicircle in the w plane gets larger and 

larger and in the limit become infinite. 

  

Then R > ©, W = ReJ® A.5.1 

dw = 5R e3°ae A.5.2 

me fmene 
| dz = ARJ | 6 do Deo o0 

Red 

f ‘ 
Jaz =-an A.5.4 

In the z plane faz = jg' 

hence A‘= -g'/t A.5.5 

A similar investigation at the other end of the configuration 

in the z plane where w = O gives the relation between a and 

b. Here the path of integration is a small semicircle 

centy. ed on the origin and of radius 'r' where r +> O. Then 

as before
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A, =~ g' Yab AL5.7 

Referring to Fig. 2.4 it is seen that the value of w as one 

moves along the positive real axis from the origin passes 

through the point w=-l. Fig. 2.3 shows that the 

corresponding value of z changes abruptly at the point 

corresponding to w = - 1 by the amount jg. Hence from 

equation 2.1 

| dz = jg = TA YClal (itp) A.5.8 

From equation A.5.8 and substituting the value of A' 

from A.5.5 

Ge =/(1+a) (1-b) A.5.9 

( ((w=a) (wtb) Aw ' A.5.2 THE INTEGRATION A WOREL) 

The integrand is not in a form in which Dwight's Table 

can be applied and some preliminary treatment is necessary. 

Put 

(ee (ze) A.5.10 

_ bty2a 
we Ve-17 Bes Os LL 

gna dw = SUCED) ay, Resto 
(ea) 

Substituting the values of w and dw in terms of yp 

~ at {| “(weal (web), 
faz = 2s | We Oe te
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Sh nee 2a ook | a, BENGE) ls Sec eee eenn eal A.5.13 
(b+p?.a) {b+p? (at1) -1} (y2-1) 

K 
Sakina ee 4 A.5.14 

“4 (Ky +p?) (K3+?) (p?=1) 

where the values of Ky Ky, K3, Ky in terms of a and b are 

given in section Dickie 

Breaking up the integrand in A.5.14 into partial 

fractions, it becomes 

—A_ +B _, _£_| ay A.5.15 
(Rotv*) (K+?) (y?=-1) 

The values of A, B and C are given in section 2.2 in Chapter 

2. 

5d 
Using Dwight's Table A.5.15 can be integrated and 

the final form is given by equation 2.2 of Chapter 2.



 



ommutating 
pole 

  

  

          

Pig. 4.5 Airgap Flux Path 

armature 

~e 
od 

:; 

Comm J 
zone Le a Sinh (ay 

GY 

d 
Ye =) =~ (Mm), 

Z dt * op*p 

f 
Pa 

  

  

cosine distribution 

Fig. 156 Flux Distribution BiG. 2 oF. 

Curve yesulting 

from Line Current. 

  

Flux Distribution 

Curve resuitina from 

Field Current. x is 

“ the Distance alona the 

armature surface from 

centre of the comm zone.



i, Uy Pipe oe ail 

 



  

@) @ 

  

BiG. ie Division of Area Enclosed by a Coil into Five 

Meshes for Definition of Components of emf. 

  

  

                              

  

  

  
  

Mainpole ‘ Av Interpole 

‘ comzon ; Yr e 
os ‘ g ae cS, tooth 

ra 
| | k slotted 

y SIE armature 

FIG. 2.2 

ce 

| 
BR 

W=0 

Mainpole at Interpole 
O potential Ay at potential V 

Cc uy B i W = te 

w= ay g [a= b 3 w= - © 
<> S00 ee 5 

irmature dt O potential 

Pig. 2.3 Configuration for First Model. (Z Plane.)



equipotential 

lines A 
flux lines 

      

  

  

  

    

otential ential V 

a = | {= ae yy 
ee We bo Wwe <1 WO owe WE 60 

‘E plane 
W Plone 

Fig. 2.4 FIG. 2.5. 

! = 
1 
' 

\ 
A AY W= 

ompole at 
otential V 

See fg potential Vv Porenei ate iw=b wee 
' 
a__annature at O potential 7 TLE 
B W= © We - 0 w=c Web wa Wo 

z plane w plane 

. 2.8 Configuration for Second Model. Pigs 2.9) 

W=- 0 WE « 

Nese 

— plane 

w=c 

web wa 

Pig. 2.10



weews 
Be 

  

potential 
a 1 

v 

es Wel 

ae % Wav tales Be ne 
° x BY io ~60: potential g 

z-@ 

z plane w plane 

Fig. 2.6. Field Problem with One Right Angle and One Smooth-surface 
Solved by Gibbs g 

  

  

    

        Figs. 257 Field Problem with Two Right Angles at Different Potentials 
and a Line of Symmetry Solved by Binns.



Interpole at 
potential V 

Mainpole at 
potential O 

    

  

flux 4 g z plane 
  

Fig. 2.11 Configuration for Third Model 

W= © W= ~o 

  
  

  

  

  

  

  

  

Vv 

a 

potential O potential V 

potential V a 
wad 

w=p 

vV=0 “s 

Sooty * ——— a ep 

wed w=c w=b wp wa We © 
vwe-pjane | — plane- 

Figs 2.12 Fig. 213 

Mainpole inter= Mainpole 

pole 

fj slot tooth 

amature 

Fig. 2.14 

Mainpole Interpole Mainpole 

Lal ( 
shot ooth—,. 

Big. (2.15



  

Fig @.162). Theoretical flux eee (magnebade) bistrcbu how ¢ 

Kserg The morals 123, whan The Comrpota mut is 
unet AT. ie = ale 

   
  
      

  

t + | 
= 1 *9| 

a | * 
| / 20 ge | 

4 a 

ae faite t ise] 
i 3] fi 

j vj 

14} 
i id | 

ae | | 

Lo 
abst. 

| 

BO 70_— 6:0 So 4-0 Bo 20 : 
1 <—T 1 ‘ 1 < 1 ae 

____P Wag=ores Poehanee along te armadoore } da ACen 
Main bole iE o A [ ay 

A T 
are



“
N
O
L
I
N
G
T
Y
L
S
I
G
 

ALISNSC 
X
M
 

W
O
I
L
S
Y
O
S
H
L
 

OT'Z 
“S14 

    o
e
 

T 

 
 

 
   

 
 

  
  e

t
o
d
u
t
e
u
 

W 
FES) 

= 
samqyeume 

Huope 
eouPISTp 

wt 
O'F 

= 
5 

= 
e9°0 = 

+e 
‘ 

o
z
 

: 
: 

JTepar 
puooes 

fF 
s,sqqto 

=| 
9-0) 

Tepou 
parE 

= 

fs 
=
w
u
o
y
=
 

,6 
1
5
8
-
0
 

E 

SLs ey 
1 

eee 
dee 

_ 
P 

S
h
c
?
 

O 
S
a
a
r
 

7 
—
 

O
T
 

a 
o
d
u
i
s
o
 

f 
b
e
s
 

fe 
5 

i 
SUTT 

8z3US0 
9T 

try 
v
o
d
 

R= 
y
=
 
A
G
”
 

prow 
es 

=
 

= 
98-7 

=, 
=
 

°94-G 
“wba 

uty 
ried 

wey 
(pp oy 

as 
Ww 

y 
‘SBG 

ow 
2
s
 

a
 

SE 
ehvd 

may 
‘
p
e
n
 

at 

St ebvd 
meg 

o
f
 
R
W
 
d
F
‘
 

72CeW 
agp 

|



 
 

“Ue 
“S14 

oTodureyy 

 
         

SUTT 
BxRUSO 

STOduco 

{ 
o
T
 

a
 

Oss 

w
i
 

OT 
= 

5 

  
 
 

9p 
bf say 

Ssesvg 
nd 

49Y 

ww 
COT 

= 
5 

‘Tepoul 
4saTd 

wt 
OT 

= 
6
/
T
e
p
a
u
 
e
e
 

<p ol 

e
t
   

270 

oon 

a/a 
xVUL



*NOLINTGLSIG 
ALISNSG 

XMS 
W
O
I
L
S
Y
O
S
H
L
 

8T'o 
“Ol 

        

(2 
i 

C
a
m
a
 

S
q
 

HUOTY 
S
o
U
e
T
S
T
)
 
—
 

) 

 
 

 
     Tepau 

3ST 
—
 

9
0
8
 

Tepou 
puz 

7 
s,SqqTD 

Tepou 
pre 

ten 
| 

  
  —
 

so 
8 

&
 

= 
w
o
o
 

= 
A
 

| 

oD 
ee 

£2°U 
= 

7 
“5 

= 
t
r
o
H
 

45 
Pp 

l
e
 

é 
5 

a
 

= 
72°E 

= 
r
 

W 
WY



  

    
  

j£o 

3 
th 
¥ 
+ 
uw 

a 

a 

wet 

4 
} < 

ZA 

a L La: et | 
On (Ayas) oo 42 £6 

Fig. (2-190). Voniaton of Cz. )g ih tia pannmalis (A fle) tong Gibhs! modat 

  

      
Seemamedel 

p
e
 

    
Os 

  

07 
(2iteee 292 eatin 

fig (2.196) Theor nek Flux Density Destecbuhons.



NOTLNETSLSIG 
ALISNSG 

X14 
TWOILaYyOSHL 

 
 

  

 
        OL"? 

*9I4 

ab 
a
 

E 

atoduren 
e
T
o
d
u
i
o
n
 

S
a
n
7
e
u
a
e
 

9
2
y
 

v 
ne 

Get 
= 

8/5 
7 

V
e
e
 
p
e
 

c 
O
L
 

o
8
 

wt 
o°z 

= 
.
5
°
P
 

e
A
 

—
 

—
 

| 
i 

—
c
'
O
0
 

T
e
p
a
u
 

4ST e
l
 

s
r
o
 

we 
T
e
p
a
u
 
p
u
z
7
s
,
s
q
q
t
p
 

oD 

|sr08 

wr 
o°z 

= 
5 

maa] 
8.0 

peeue 
6 

a 
er 

a 
2 

‘ 
i 

ip 
“BLY 

* Tp 
S
o
l
o
 5 

Ort 
zs 

CEG 
a 

Wy 
  

  
21 
G
b
2
4
 

ay 
s2e5vq 

-n-d 
+4 

 



“sISvd 
LINN 

Y3d 
NO 

NOIINGIYLSIG 
X
M
 

HOLId 
HLOOL 

W
I
N
S
W
I
Y
a
d
x
4
 

GNV 
W
O
I
L
S
Y
O
S
H
L
 

07'Z 
‘S14 

        

 
 

      

6 
op 

a 
S
e
a
s
 

| 
ao4y 

= i
e
 

o
T
o
d
u
r
e
y
 

5 
| 

(
e
m
j
z
e
u
e
 

SyZ 
buopTe 

Ssoue7sTd) 
Ae 
S
E
 

n
y
 

ae 
=
 

u
N
O
T
 

=1e 
O'T 

oz 
Ose 

ory 
€9°0=,5/6 

[ 
| 

I 
I 

i 

wor 
e
o
 

(Tepou 
4SsaTF) 

w
h
 

== 
- F

C
 

aa 
T
e
o
T
j
e
z
0
e
u
L
 

a
f
 

R
e
 

“er 
S 

o 
i 

12 
950 

p
u
 

0O°9T 
= 

Y
O
R
T
d
 
Y
O
O
,
 

w
u
w
0
’
7
 

= 
,5 

T
e
q
u
e
w
t
r
e
d
k
y
 

eB 
en 

ae 
£950 

=
e
 

—1 
8
0
 

9
8
7
 

= H
e
 Wy 

4
 

O
T
 

BUTT 
e
z
Q
U
S
D
 

STOduIOD 

  
 



o8ty 
= 
8 
N
e
 

a
e
 

(
e
m
y
e
u
t
e
 

e
y
 

Huote 
soueqstp) 

uu 
O*7 

=,5 
0°8Z 

Ol 
oz 

gre 
Orv 

on 
eo 

| 
] 

[> 
xl 

| 

 
 

 
 

         
  

qua xntz yoqtd yyooy, 

S
T
L
]
 

101d 
XM14 

a 
CNV 

W
O
I
L
S
Y
O
S
H
L
 

7
0
 

7 | 
—
1
£
°
0
 

"uu 
O'y 

= 
6
 ie 

C920 
ae 

15 
9877 

= 
Ww 

  
  —_1F°o



 
 

 
 

AOGSES- 
40TS: 

98° 

 
 

  
o
y
 
p
o
m
s
 

: 
 



 



  

286 ira 
140 nm 232 mm 
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Fic. 4.1 THE SOLID SHELL OF THE EXPERIMENTAL MACHINE 
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Fic. 4,2 THE SOLID SHELL AND BAKELITE HOLDERS
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Fic. 4,7 TOOTH PITCH SEARCH COIL ON THE ARMATURE SURFACE 
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Fic. 7.8 VARIATION OF 4¢ WITH SUPPLY FREQUENCY, 

(1) CoMPOLE D.C. EXCITATION 11.25a, 
(2) MAINPOLE D.C. EXCITATION 0.68A, 

COMPOLE A.C. EXCITATIONS 

AB 204 P-P 
cp 14a p-p 
Er 8A P-P 

AVERAGE SLOPE = ,328 
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Fic. 7,9 VARIATION OF 4¢ WITH SUPPLY FREQUENCY, 

(1) COMPOLE D.C. EXCITATION 13,5a, 
(2) MAINPOLE D.C. EXCITATION 0,68A, 

COMPOLE A.C. EXCITATIONS 

AB 20A P-P 
cb 14a p-p 
EF 8A P-P 

AVERAGE SLOPE = ,284, i



  

  

  

  

  

  

  

  

  

  

  

  

                            PY
. 

Re
du
ct
io
n 

in
 

sh
el
l 

fl
ux
 

    
  

= o 

i 

et 
oer | 

—l-— 
oa 

vA ° A 
Ig ° 

D « 

I 
2 4 698.20 20 40 60 80 100 200 400 600 

Frequency in Hz. 

F1G.7,10 VARIATION OF MEASURED 4¢ WITH SUPPLY FREQUENCY FOR VARIOUS D.C. FLUX LEVELS IN THE SHELL, 

A.C, EXCITATION TO THE COMPOLE = 20,4 P-P, 
D.C. EXCITATION TO THE MAINPOLE = -6SA 
OA 
OB 
oc 
or 

D.C, EXCITATION TO THE COMPOLE = "h. BAe 
D.C, EXCITATION TO THE CompoLe = 11.25a, 
DsC. EXCITATION TO THE COMPOLE = A 
(1)" Dy¢, EXCITATION TO THE COMPOLE = 204 
633 D.C. EXCITATION TO THE ARMATURE = 20A 
(3) D.C, EXCITATION TO THE MAINPOLE = , 9A, 

VALUE OF 4¢ AT 600 HZ IS TAKEN AS UNITY FOR ALL THE CURVES,
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1G, 7.11 *—*—* OA PLOT OF MEASURED 4¢ AGAINST SUPPLY FREQUENCY 
WITH 
(A) D.C. EXCITATION TO THE COMPOLE SA. 
(B) D.C, EXCITATION TO THE MAINPOLE 0.68, 

OB prot oF CALCULATED REACTION MMF’S AGAINST FREGUENCY 
WITH m= ,/58, 

VALUES OF 4¢ AND REACTION MMF’S AT 600 Hz ARE TAKEN 
AS UNITY,



p
u
.
R
e
a
c
t
i
o
n
 

mm
f 

  

  

  

  

  

  

  

  

  

                        
  

= eee 

e eee : So 

0.4 oe? oe) 
Ab 1 

on, Do Let 
A 

Xe 

One 997) 

SO 
Die OF 

20 40 100 —«-200 ole 1000 
Frequency Hz. 

Fic, 7.12 PLOT OF CALCULATED REACTION MMF’S AGAINST FREQUENCY 
FOR VARIOUS VALUES OF INDEX m REACTION MMF AT 
600 Hz IS TAKEN AS UNIT FOR EACH CURVE,
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Fic. 7.13 VARIATION OF FUNDAMENTAL SHELL FLUX WITH FREQUENCY, 

(D comPoLe D.C, EXCITATION 20a, 

(2) MAINPOLE D.c, EXCITATION 0,684, 
(3) ARMATURE D.C, EXCITATION 20A, 
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Fic, 7.]4 VARIATION OF 4 WITH SUPPLY FREQUENCY, 

(1) coMPOLE D.C, EXCITATION 20a, 

(2) MAINPOLE D.C, EXCITATION .68a, 

(3) ARMATURE D.C. EXCITATION 20a, 

COMPOLE A.C, EXCITATION 
  

AB - 204 P-P 
cp - UA p-P 
EF = 8A P-P 

AVERAGE SLOPE = .345
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Fic, 7.15 VARIATION OF FUNDAMENTAL SHELL FLUX WITH SUPPLY FREQUENCY, 

(1) COMPOLE D.C. EXCITATION 20A, 
(2) MAINPOLE D.C. EXCITATION 0,39, 
(3) ARMATURE D.C. EXCITATION 20a,
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Fig, 7,16 VARIATION OF 4¢ WITH SUPPLY FREQUENCY, 

MAINPOLE D.C, EXCITATION ,39A, ARMATURE D.C, EXCITATION 2OA, 
COMPOLE A.C, EXCITATION 

i) COMPOLE D.C, EXCITATION 204 

5) 

AB 204 p-P 
cp 14a p-p 
EF A P-P 

AVERAGE SLOPE = ,41
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CALCULATED REACTION MMF AGAINST SUPPLY FREQUENC 
WITH THE VALUE AT 600 HZ AS UNITY AND WITH ™= 0,77 

MEASURED 4¢ AGAINST FREQUENCY WITH THE VALUE AT 600 Hz 
AS UNITY. 

$3} COMPOLE D.C, EXCITATION = 20a 
) ARMATURE D.C,EXCITATION = 20A 

(3) MAINPOLE D.C,EXCITATION =.39A 
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20A, p-p. 

Compole d.c. excitation OA. 

Main pole d.c. excitation OA 

Frequency of a.c. excitation 

100 Hz. 

0.05V/cm. 

Fig. OS.7.2 

Compole a.c. excitation 
20A, p-p. 

Compole d.c. excitation OA. 

Main pole d.c. excitation OA. 

Frequency of a.c. excitation 
300 Hz. 

  

0.1V/cm 

Fig. 0S.7.3 

— (a) Compole a.c. excitation VT cars 
(c) Main pole d.c. excitation OA. 

(a) Frequency of a.c. excitation 
600 Hz. 

0.1V/cm. 

  

OSCILLOGRAMS OF VOLTAGES FROM A SHELL LOOP SEARCH COIL
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(b) Canpole d.c. 

Compole a.c. excitation 
20A, p-p. 

Compole d.c. excitation 8A. 

Main pole d.c. excitation 

0.6750. 

Frequency of a.c.excitation 
100 Hz. 

0.05V/cm. 

Fig. 

  

Compole a.c. excitation 

20A, p-p. 

excitation 8A. 

Main pole d.c. excitation 
0.675A. 

Frequency of a.c. excitation 
300 Hz. 

0.1V/cm. 

Fig. OS.7.6 

Compole a.c. 
14a, p-p. 

excitation 

Compole d.c. excitation 8A. 

Main pole d.c. 
0.6753. 

excitation 

Frequency of a.c. 
600 Hz. 

excitation 

0.1V/cm.
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Fig.Os. 

Compole a.c. 
20A, p-p. 

excitation 

Compole d.c. excitation 16A. 

Main pole d.c. excitation 
0.675A. 

Frequency of a.c. excitation 
100 Hz. 

0.05V/cm. 

Fig.0S.7.8 

Compole a.c. 
20A, p-p. 

excitation 

Compole d.c. excitation 16A. 

Main pole d.c. 
0.675A. 

excitation 

Frequency of a.c. excitation 
300 Hz. 

0.1V/cm 

Fig. 0S.7.9 

Compole a.c. excitation 
14A, p-p. 

Compole d.c. excitation 16A. 

Main pole d.c. 
0.675A. 

excitation 

Frequency of a.c. excitation 
600 Hz. 

0.1V/cm 

OSCILLOGRAMS OF VOLTAGES FROM A SHELL LOOP SEARCH COIL
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300 Hz. 

0.1vV/cm. 

OSCILLOGRAMS OF VOLTAGES FROM A SHELL LOOP SEARCH COIL.


