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SUMMARY

Open~loop operation of the stepping motor exploits the inherent
advantages of the machine. For near optimum operation, in this
mode, however, an accurate system model is reqguired to facilitste
controller design. Such s model must be comprehensive and take
account of the non-linearities inherent in the system. The
result is a camplex formulation which can be mades manageable

with a computational aid.

A digital simulation of a hybrid type stepping motar and its
associated drive circuit is proposed. The simulation 1s based
upon a block diagram model which includes reasonable
approximations to the major non-linearities. The simulstion is
shown to yield accurate performance predictions.

The determination of the transfer functions 1s based upon the
consideration of the physical processes involved rather than
upon direct input-cutput measurements. The effects cf eddy
currents, saturation, hysteresis, drive circuit characteristics
and non-linear torgue displacement characteristics are
cansidered and methods of determining transfer functions, which
take account of these effects, are offered.

The static torque displacement characteristic 1s considered in
detail and a model 1s proposed which predicts static torgue faor
any combination of phase currents and shaft position. Methods of
predicting the characteristic directly from machine geometry are
investigated.

Drive circult design for high efficiency operation i3 considered
and a model of & bipolar, bilevel circuit is proposed.

The transfers between stator voltage and stator current and
between stator current and air gap flux are complicated by the
effects of eddy currents, saturation and hysteresis. Freguency
response methods, combined with average inductance measurements,
are shown to yield reassonable transfer functions.

The modelling procedure and subseguent digital simulation is
concluded to be a powerful method of non-linear analysis.

Indexing terms : Digital simulation, Modelling,
Non-linear systems, Stepping motors, Torgue
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1 INTRODUCTION

101 Stepping Motors

A stepping motor is an electromagnetic incremental actuator which
converts digital pulse inputs to analogue motion. It is a device
which, when energised by a voltage or current in a prescribed
sequence, indexes in given angular or linear increments. The
stepping motor operates in discrete steps of essentially uniform
magnitude. When correctly used and controlled the output steps
are aluays egual in number to the input pulses. At each pulse the
gutput shaft advances one increment where it is magnetically or
mechanically latched. Most stepping motors can operate
bidirectionzslly as a result of changing the sequence in which

windings are switched.

1611 History

The first known electrical stepping motors were used by the
British Royal Navy in the early 1930's in a remote positioning
system for transmitting shaft rotations, with a bidirectional
stepping motor operating in conjunction with a mechanically
driven stepping transmitter (1). Such systems were developed
and used successfully during the Second World War. However,
during the same period continuous, closed-loop, servo systems
were undergoing rapid development. Continuous systems possessed
clear advantages over existing stepping systems in size, speed,
accuracy and resolution. At this time the available technology
did not support the development of stepping based control systems.
By 1957 modest improvements had been made in stepping motor
performance, and one machine tool application was reported using

a stepping motor of large size and good performance (2).
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In the last 20 years new interest has been focused on the
stepping motor as a result of rapid developments in the field
of electronics, particularly solid state electronics and
digital computers. The stepping motor is an ideal prime mover
for digital control systems since it readily interfaces with

their outputs.

161.2 Advantages

The major advantage of a stepping motor is that it is usable as
a prime mover in a position control system that does not reguire
output measurement or the closure of the loop. Conseguently the
problem of instability associated with feedback systems is

eliminated.
Other advantages of note are :-

(i) No accumulative error
(ii) Easily adapted to computer control
(iii) The motor can be stalled without damage

(iv) Bidirectional rotation

1.17.3 Disadvantaaes

The major difficulties associated with stepping motors arise

from its under-damped single-step response. O0Other possible
disadvantages are low efficiency and fixed step angle. However,
by using a well designed controller, incorporating a high
efficiency drive circuit, it is possible to overcome the majority

of its limitations.

1.1.4 Types

There are six principal types of stepping motor :-

(i) Sclenoid




(ii) Electromechanical

(1ii) Vvariable Reluctance

(iv) Permanent-Magnet Stator
(v) Permanent-Magnet Rotor

(vi) Hybrid (synchronous-inductor)

The machine used as a subject for the work pressnted in this
thesis is of the hybrid type and is described in Chapter 2.

Many of the conclusions and results, however, are applicable to
most types with particular relevance to the variable reluctance,

permanent-magnet stator and permanent-magnet rotor machines.

1.2 Drive Circuit

The overall performance of a stepping motor system is influenced,
to a considerable extent, by the type of drive circuit employed.
For this reason a system simulation must include drive circuit
modelling if accurate performance predictions are to be made.

A constant current drive circuit is required if optimum
performance of the motor is to be achieved. However, in practice,
drive circuits cannot supply constant current when switching
inductive loads. Thus, if true constant current is assumed, over
simplification of the system model results leading to

considerable erraor.

The contributiaons by Belingqo’11’12, on the subject of drive

circuits, are comprehensive. He considers the problems of
driving stepping motors and provides a range of circuit solutians

together with their advantages and disadvantages.

A drive circuit of the bipolar type is described in Chapter 3.

This circuit ensures high efficiency by fully utilising the motor
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windings. Near constant current is achieved by using the bilevel
principle. A model of this circuit is included in the system
simulation, thus ensuring the effects of the winding time

constants are taken into accounte.

Aspects of circuit design are considered in Chapter 3 with the
object of presenting a general design philasophy for high

efficiency systems.

Te3 Static Torgue Displacement Characteristic

The accurate prediction of the flux to torgue transfer function
is an essential feature of a stepping motor model. The key to
this prediction is a mathematical representation of torgue
production which will account for the observed form of the
characteristic with one phase excited and Qith both phases
excited. Most authors assume the static torgue displacement
characteristic to be linear which limits accurate predictiaons,
of rotor dynamics, to small displacement angles about the null
point; a result of little practical significance. Snowdon and
Madsen3 were the first to attempt to derive a more accurate
model of the static torque displacement characteristic. However,
they obtain the torgue availasble in the two phase case by adding
the torgue produced in one phase to the torgue produced in the
other phase shifted by 90 electrical degrees. This procedure is

shown to be erroneous.

The most comprehensive analysis on the formulation of static
torque has been contributed by Chaia. The two phase result does
not rely on the erroneous use of superposition and the method

predicts results which are observable in practice. The static




torgue model due tao Dhaih is extended to take account of an
increased number of Fourier components of permeance which enables
a higher degree of prediction accuracy to be achieved. A further
extension allows the prediction of torque for any combination of
phase currents which removes the restriction of either having
equal currents in each phase or one phase current set to ‘zero.

In this form the model is used to predict time varying torgue

from time varying flux.

It is showr that, for fields which do not tend to saturate the
machine iron, it is feasible to predict the static torque

displacement characteristic directly from the machine geometry.

1.4 Voltage to Flux Transfer

Many authors have reported successful prediction of the stator
current transient based upon a single time constant transfer
function between stator voltage and current, estimates of the
transfer function having been based upon inductance yielded by
a.c. bridge measurements. Such a procedure failed in the case

of the machine under investigation; the actual current rise being
many times slower than that predicted. Investigation has shown
that the effects of eddy currents and hysteresis are responsible

for this discrepancy.

The voltage to flux transfer function can be estimated using
frequency response tests. It is shown, however, that when using
this method alone magnetic hysteresis of the machine iron can

seriously affect transfer function predictions.

A method is proposed in Chapter 5 which uses a combination of

average inductance measurements and frequency response tests to




deduce the voltage to flux transfer function of the machine.

1.5 Simulation of Motor and Drive .

The dynamic performance of a stepping motor is, in general,
highly non-linear, in conseguence, mathematical models, that
adequately describe these non-linearities, are complex and will,

in general, require a computing aid to facilitate their saolutian.

A digital simulation is presented in Chapter 6 which uses the
FORTRAN programming language. A block diagram of the stepping
motor and drive is used as the basis of the simulation. The
function blocks, and the links between them, are translated into
camputer software. In general the functional blocks are written
as subroutines, or parts of subroutines, with linking being
achieved by calls to the subroutines from é main program or

subprogram.

1.6 Control Aspects

The main advantage of a stepping motor is realised when it is
used in open-loop. However, near optimum performance of the
machine, 1in this mode, is aonly possible with a controller
designed on the basis of an accurate system model. Such a madel
must take account of eddy currents, hysteresis, non-linear
aspects of the static torque displacement characteristic and
drive circuit operation if accurate predictions of the system
performance are to be made. Aspects of the open-loop and
closed-locp operation of the stepping motor are considered in

Chapter 7.




2 THE HYBRID STEPPING MOTOR

2.1 General Description

The construction of the stepping motor used as the subject of the
work presented in this thesis is shown in Figures 2.1 and 2.2.
This type of machine originated as a synchronous inductor motor.
with the stator energised by a.c. it is a slow speed, self
starting device. 1If the alternating excitation is replaced by
direct excitation which is capable of being switched in a four
step seguence, then the machine can be operated as a stepping
motor. UWhen used in this way the machine is usually known as a

hybrid stepping motor or a hybrid vernier stepping motor.

The stator has eight salient poles and is two phase, four pole,
bifilar wound. The stator teeth are at a pitch of 40 for a full
circle, with four actual teeth per salient pole. The rotor has
two soft iron discs each with 42 teeth, one disc being offset by
half a rotor tooth pitch on the other. The discs are separated

by a cylindrical permanent magnet, magnetised in the axial
direction, such that one disc is a north pole and the other a
south. The arrangement is effectively two machines on the same
shaft; the offsetting of one rotor disc by half a tooth pitch with
respect to the other ensures that torgue produced by each half

machine is additive.

2.2 Machine Model

Most authors have concentrated on predicting the single step
transient (index) response with the ﬁhilosophy that, if this

response can be accurately predicted then it is a simple matter
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to predict the multi-stepping response by using the final
conditions from one step as the initial conditions of the next.
This philosophy does depend on the model being accurate for
large displacement angles. Therefore, eguations linearised on
the basis of small displacements about the null are not suitable

for such extensions.,

D'Donohue5 was the first author to attempt to model the stepping
motor and to predict its single step transient response. His
approach is to apply classic servomotor treatment to the stepping
motor. His object is to yield a linear second order differential
equation expressed in terms of natural freguency and damping
factor. He considers the effects of back e.m.f. but not the
effects of inductance which leads to the erronecus conclusion
that the response is second order when operated from a constant
voltage source. The second order equation yielded should,
however, be usﬁable for predicting the rotor dynamics when it is
displaced by a small angle and then released but he erronegusly
relates the voltage constant with displacement and does not
correctly formulate the model. Consequently, the second order
expression yielded is incorrect, in particular it implies that
the magnitude of the machine step is directly proportional to the

magnitude of the voltage applied.

Hieburt26 follows closely the approach of D'Dunohue5 but correctly
defines the voltage constant. He yields s second order linear
differential equation by defining linear torgue and voltage
constants and neglecting the effects of inductance. The
éxpressions given for natural freguency and damping factor are

misleading since they imply independence of current; it is assumed

that the torque constant is defined for one particular current.
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As in D’Donohue'55 contribution the result implies that the
magnitude of the machine step is directly proportional to the

voltage applied.

Robinson and Taf‘t'7 have contributed a comprehensive analysis of
the dynamics of stepping motors. They start by including eFFgcts
of inductance, back e.m.f. and a non-linear torgue displacement
characteristic. They linearise the eguation for a small
deviation at the end of the step and, by considering the current
to be constant, yield a linear second order differential eguation
to describe the dynamics of the rotor for small displacements
about the null. Multi-stepping operation is investigated by
using the simplifying assumption that the machine is operated
from a constant current source. The torque displacement
characteristic is assumed to be s sinusoid whose magnitude is
proportional to current. The resulting non-linear differentizal

equation is analysed using phase plane techniques.

Fickup and TippingB recognise the importance of accounting for
eddy currents when modelling the stepping motor. Although their
work is specifically associated with a variable reluctance machine
their conclusions are applicable to other classifications of
motor, in particular to machines with solid rotors. They show
that eddy currents delay the growth of magnetic flux and thus

retard the motion of the rotor.

The analysis of Hughes and Lawrensong is similar to that of
Robinson and TaFt7 with the important difference that constant
current is not assumed when linearising the equations. The
solution is third order and is useful to illuminate the mechanisms

of electromagnetic damping. To extend this analysis to the
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gingle step transient response must be approached with caution.
The mechanism leading to the third order response proposed by
Hughes and Lawrensong is due to the motion of the rotor producing
an e.m.f. in the stator windings which produces a disturbance of
stator current when supplied from a constant voltage source.

Such an analysis is strictly only valid for predicting the
dynamics when the rotor is displaced by a small angle and then
released. The third order type of response that may be observed
when the stator is supplied with a voltage step is due to second
order dynamics superimposed upon the exponential current (and

therefore torgue) increase.

2.2.1 Description of model

Figure 2.3 illustrates, in block diagram form, the proposed maodel

of the hybrid stepping motor.

The notation used in the block diagram is as follows :-

Nr number of rotor teeth

e rotor angle (electrical) (rad)

Bm rotor angle (mechanical) (rad)

W angular velocity of rotor (rad/s)

J total inertia on motor shaft (kg m2)

B viscous friction coefficient of motor and load (N m s)
TF coulomb friction torgque of motor and load (N m)
T torgue developed by the motor (N m)

Ia current in 'a' phase winding (R)

Ib current in 'b' phase winding (RA)

eba generated e.m.f. in 'a' phase (V)

eb, generated e.m.f. in 'b' phase (V)

s Laplace operator

- 11 -




1030y butdda3s pyagAH 4o [apoy welbetg 901 €°Z 3H¥N9I4

Ip V\.._..J *4cuta

a8 2 . ag pajelausb
| i
! o
w ~{(-ynars 91 )
: .n_NN Iajsueds 1a,5uBly
Xn14 JUB4INa a6eq TOA
| ¢ ) I
| o3 g o1 aseyd g
| I - AV
: 1uaJIna abegTun —
“ B |‘¢I.|.|||l- i
| 8 S uoijonpoxd
._ T < ) - .mm \+/ T30np
;8 f\ 1 anbJog
i
| 4 l&‘"}n—
]
m ) I3 s5uURl] FERENERE
| XNT4 1UaIIno abe; T0n
e
o3 By 01 aseyd e
juaIana abejton
> g
A
e
ga
-~ N Jrwea
86 pajeJauab




For accurate prediction of the rotor dynamics all the aspects
included in the block diagram must be taken into account. The
non-linear representation is not amenable to analysis but is
solvable with the aid of =3 digital computer. For a complete
system simulation the characteristics of the drive circuit must
be included. Details of the digital simulation of the motor and

drive are contained in Chapter 6.

The voltage to flux transfer function is complicated by eddy
currents which are shown to be important (8). Consequently, the
function contains more than one time constant. Further details
of this function, including a method for its estimation, are to

be found in Chapter 5.

The stator input voltages are madified by e.m.f.s, when the rotor
is in motion, due to the permanent magret %ield cutting the

stator coils. These generated e.m.f.s are a function of electrical
angle and the angular velocity of the rotor. There is 3 90
electrical degree (J1/2 radians) displacement between the g.m.f.s

in each phase due to the two phase construction of the machine

stator.

For an accuraste prediction of torgue, particularly at large
displacement angles, a complex formulation is required. The
model should yield torque as a function of displacement angle and
the two phase fluxes and not rely on superposition of one phase
torque upon the other. A model of this type is presented in

Chapter 4.

When torque is applied to the rotor it moves under the constraints
of inertia, coulomb friction and viscous friction. 1In general s

second order type of response is executed by the rotor, the
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values of 8 and J are such that the response is underdamped.
The conversion between mechanical angle (Bm) and electrical
angle (Be) is performed by the factor Nr (number of rotor teeth)

which, in the machine under investigation, is 42.

2e2e2 Linearised model

It is sometimes useful to consider a linearised and simplified
form of the model presented in Figure 2.3. The linearisation is
accomplished by considering small displacements about the null
and therefore the results yielded by the analysis are only

applicable for this condition. The use of such a procedure may

be justified by the simple result yielded which can give an
insight into the mechanisms of the motion and how the values of
certain parameters influence that motion. Many such
linearisations and simplifications are to be found in the
literature with good examples being Robinson and Taft7 who assume
constant current which leads to a second order equation, and
Hughes and Laurenson9 who assume constant voltage leading to a

third order equation.

23 Discussion

Simplified, linear representations of the model presented in
Figure 2.3 are freguently encountered in the literature. Such
representations have a limited use since their results are
confined to small deviations about the null with a disturbance
injected into the system by a mechanical displacement of the
rotor whilst the stator is connected to a constant current or
constant voltage source. There are some optimistic extensions
of this procedure which, having made the linearisation, seek to
use the result to predict the single step transient with a
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voltage or current step applied to the stator.

For successful prediction of the single step transient response,
and hence the multi-stepping performance, of a stepping motor a
comprehensive model of the type presented in Figure 2.3 should
be employed together with the characteristics of the associated
drive circuit. Such a model takes account of the effects of
eddy currents, generated e.m.f. and the non-linear torgue
displacement characteristic, all of which have a considerable
influence upon the rotor dynamics., A disadvantage of such a model
is that, for it to yield results, it requires some form of
computing aid to solve the complex representation. Analogue
computers, digital computers or a hybrid arrangement, may be

used for such a task.,
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3 DRIVE CIRCUIT

3.1 Introduction

The overall performance of a stepping motor system is influenced,
to a considerable extent, by the type of drive circuit employed.
For this reason a system simulation must include drive circuit
modelling if accurate performance predictions are to be made.

The drive circuit is én exceedingly important part of the system
with parameters such as efficiency, power dissipation and cost

being largely dependent upon it.

Developments in the fields of solid state electronics and power
electronics are rapid. This fact makes it impossible to present
an optimum design for a drive circuit since, such a design
rapidly becomes obsolete., It is possible, however, to consider
a general design philosophy that can be applied using 'state of

the art! devices.

Snowdon and Madsen3 consider, briefly, the problems of switching
an inductive load. They advocate the use of external resistance,
to reduce the time constant, and the increase of the applied
voltage. They report an improvement in torgue output at higher
stepping rates but fail to recognise the poor efficiency of such
an arrangement. They favour the use of bifilar windings to allou
single ended power supplies to be used. Bifilar windings are
not, however, an absolute necessity when single ended pouwer
suppliss are to be employed. A full bridge circuit of the type
to be described, drives a full winding from a single ended supply.
They erroneously propose the use of a small wire gauge to

increase the ratio of resistance to inductance, thereby decreasing
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the time constant. It is not, however, possible to change the
time constant by changing the mihﬁing resistance when the
winding space is fixed. Hieburtz6 repeats, exactly, the
contribution on the subject, including the erroneous statement

on winding time constant, made by Snowdon and MadsenB.

19,11,12 has provided a very comprehensive contribution to

Beling
the subject of drive circuits. His early publication (10)
discusses wave drive, two phase drive and half step drive systems
giving their advantages and disadvantages. The provision of a
high voltage to move current into and out of the windings is
recognised as the basic problem of drive circuit design for high
speed operation of the stepping motor. A range of circuit
solutions are presented and their advantages and disadvantages
clearly stated. His later publications (11,12) bring up to date
his earlier contribution. The driving of a high power stepping
motor is considered in (11) where efficiency is of considerable
importance. He observes that voltages between 80 V and 100 V,
and currents between 10 A and 15 A are the limitations imposed by
present day (1976) semi-conductor technology. He concludes that
a bipolar chopper, using a transistor bridge to provide reversible
current to each winding, yields an optimum design solution. In
(12) the interaction of stepping motors and drive circuits in
producing extraneous shaft motions, described as resonances, 1s
considered. He reports that there is a trend towards high
efficiency drive circuits of the chopper type with high chopping
rates employing optical isolators to drive the tramsistor bridge.
Such high efficiency drive circuits do, houever,.emphasise

resonance effects.
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Maginot and Dliver13 discuss various types of logic and power
circuitry that have been used to successfully drive stepping
motors. Whilst this is a comprehensive paper it has little to
add to the cantributions of Beling10’11’12. Several methods of
suppressing the voltage spike when switching off the inductive
current are considered. The use of fast recovery diodes, to

i{solate the high and low voltage supplies in bilevel circuits, is

advocated.

Kordik and Senica1h consider how different types of voltage

spike suppression technigue affect the stepping motor performance.
As is expecied, they show that, as the damping provided by the
suppression network increases, the rate of current change at
switch off decreases, giving rise to a less oscillatory single

step response and a lower pull-in rate.

Lawrenson et al.15 present a simple voltage multiplying circuit
which is used to increase the drive voltage for the first few
steps when starting and the last few steps when stopping. Using
this technigue together with optimally timed drive pulses,
improvements of starting/stopping rates by as much as 300% are
claimed. The circuit is useful for applications requiring high
starting/stopping rates with a modest high speed performance.
Improvements in high speed performance are only possible with a
circuit that can provide full drive current from a high voltage

supply for 100% of the time.

Some authors have considered the use of thyristors as power
switching elements in drive circuits. 88110918 considers their
use in a phase control mode to maintain the current at a set

value. The slow response time of such a system is given as a
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disadvantage that drastically limits the starting and stopping
rates. Johnson aﬂdv5t881816 present a thyristor cyclo-inverter
with a high commutating frequency. ‘Such an arrangement is
capable of a much faster response than the phase control method.
The circuit described is claimed to have a particular advantage
when driving power stepping motors due to its high power handling
capability. Present trends, however, suggest that power

transistors will replace thyristors in this role.

3.2 Aspects of Circuit Design

A block diagram of a stepping motor drive circuit for driving a
two phase stepping motor is given in Figure 3.1. Depending upon
the type of circuit used the phase winding represented as 1 and
2 may be the two halves of a bifilar winding or, alternatively,
the same winding driven by two separate power amplifiers; one
amplifier drives current in one direction, the other amplifier
drives current in the opposite direction. The object of the
power amplifier is to switch currents, in the inductive load, as
rapidly as possible. This can be achieved bg increasing the
supply voltage and by decreasing the circuit time constant.

The state generator is a logic circuit which switches the power
amplifiers in a prescribed combination at a rate set by the
incoming pulses and a sequence set by the direction demand.
‘There are three basic combinations of phase currents in general

use known as, wave drive, two phase drive, and half step drive.

3.2.1 State generatiaon

Logic circuits for state generation are of standard form and are
well documented in the literature (10,13). Truth tables for
wave drive, two phase drive and half step drive are given in

- 19 -




a4

> power

"

amplifier

a phase

dy

\ pOWer

amplifier

input state

pulses generator

b,

> power

bl L

amplifier

direction
b phase

Ba

> power

N

amplifier

FIGURE 3.1 Block Diagram of Stepping Motor Drive Circuit

Table I, II and III respectively.

In the truth tables, the logic '1' state represents the winding
suitched on to the energising supply and conversely, the logic

'0' state represents the off condition. For configurations using

bifilar windings suffix 1 and 2 indicate the two halves of each
winding with the understanding that the energisation of one

produces the opposite m.m.f. to the energisation of the other.
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TABLE I Wave Drive Truth Table

Input Phase

Pulse 3, b1 a, b2
1 1 0 8] 0
2 0 1 8] 0
3 0 8] 1 0
L 0 8] 8] 1

TABLE II Two Phase Drive Truth Table

Input Phase

Pulse a1 b1 82 b2
1 1 0 0 1
2 1 1 0 o
3 8] 1 1 0
4 ] 0 1 1

For caonfigurations using the complete phase winding suffix 1 and
2 should be taken to indicate energisation of the winding in
opposite senses. Two phase drive 1s naormally preferred to wave
drive since, in two phase drive, both phases are energised at

the same time whereas, in wave drive only one phase is energised.
Thus, for a given machine, more output torgque is possible with

two phase drive than with wave drive. Torgue production with
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TABLE TIII Half Step Drive Truth Table

Input Phase

Pulse a, b1 8, b2
1 1 D 0 1
2 1 0 0 0
3 1 1 0 D
L 0 1 0 0
5 0 1 1 D
6 0 D 1 0
7 0 0 1 1
8 0 D D 1

both phases energised is a complex mechanism (Chapter Ly,
However, if it is possible to approximate the static torgue
displacement characteristic to a sinusoid, the maximum torgue
output, when two phase driven, will increase by a factor of ‘e
gver that when wave driven. It should be observed that the rotor
position at the stable equilibrium points is different for wave
and two phase drive, there being a displacement of 45 electrical
degrees (half step) between the two methods of energisation. In
some applications the de-enmergised detent torque (cogging torque)
available in permanent magnet stepping motors is an important
feature. It should be noted, therefore, that the stable
equilibrium pecints when de-energised align with the stable
equilibrium points when energised only when wave driven. There
will be 45 electrical degrees (half step) displacement between

energised and de-energised equilibrium when two phase driven.

- 22 -




Half step drive is, effectively, a combination of two phase
drive and wave drive, changing from one method to the other at

successive input pulses. Thus, the-equilibrium point moves

L5 electrical degrees (half step) on the receipt of an input
pulse. A disadvantage of this method of drive is that the torque
changes between adjacent positions giving alternate 'weak! and
'strong' steps. An advantage claimed by Belinqu for half step

drive is that the method can reduce resanance problems.

3.2.2 Stator winding time constant

The resistance of the stator coil, Rc’ is proportional to the
total length of the conductor, 1, and inversely proportional to

the cross-sectional area of the conductor, a.

If the mean length of one turn in the winding space 1is lc’ the
total winding cross-sectional area available in the winding space

is a.s and the number of stator turns is N, it is clear that

Thus, for a given winding space
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and R = K_ N

where Hr is a constant of the machine and conductor material.

It can also be shown that

where LC is the inductance of the stator and Hi a constant of

the machine.

But time constant YT = %
. Hi

Therefore, T = 7=
T

Thus, for a given winding space, excluding the extremes of very
large and very small diameter conductors, the winding time

constant is fixed.

3.2.3 Stator winding copper loss

For a given machine a fixed maximum value of m.m.f. will be

required to be supplied by the stator coils.

MeMa T o = I N
m m
also R = K N2
C by
Maximum stator winding copper loss = 1 2 R = K_ mem.f. 2
m C T m
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Thus, for a given machine, the maximum stator winding copper loss
is not a function of the resistance of the winding, it is a

constant of the machine.

3.2.4 Power amplifier

For machines with bifilar windings each half may be switched in
turn to produce a reversal of m.m.f. A drive circuit that uses
this method is known as unipolar. A drive circuit that uses the
complete phase winding and reverses the current in that winding
is known as bipolar. Bipolar drive circuits are to be preferred
since this method makes full use of the machine winding space
and is capable of a theoretical incresse in torgque of 100% over
unipolar drive circuits. GSaturation effects and a non-linear
torque displacement characteristic, limit the torgue gain to a

value somewhat below the theoretical maximum,

The power amplifier is required to switch current, as rapidly as
possible, into, and out of, the inductive stator windings of the
stepping motor. One method by which fast switching may be
achieved is by the reduction of the circuit time constant. This
can be effected, for a given winding space, by the addition of
external resistance. The supply voltage is then increased so
that the rated current is carried by the stator winding in the
steady state. As the external resistance and supply voltage is
increased the closer the approximation to constant current; the
ideal condition. However, a considerable proportion of the
total power 1s dissipated in the external resistance causing the
overall system efficiency to be exceedingly low. Such circuits
are of use only when speed and torgue requirements are small and

efficiency is not important.
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It is clear that the ideal drive circuit will provide a step of
stator current to the appropriate winding when demanded by the
input conditions. GSince the stator -windings are generally
highly inductive, with a small d.c. resistance, a step of current
can only be established by a voltage which is an impulse
superimposed on a small step. Circuits approximating to this
ideal state are known as bilevel since, during the switching
transient, the stator winding is switched to a high voltage and
when the current has reached the set value the high voltage is
switched off and the stator is left connected to a low voltage
supply which maintains the current until the next switch demand.
Such circuits are capable of establishing stator currents very
rapidly and have the advantage that they are much more efficient

than configurations employing added resistance.

A development of the bilevel principle is achieved by discarding
the low voltage supply. Such a éonfiguration, known as a chopper
circuit, can only supply high voltage pulses. The stator winding
is switched to the high voltage supply until the current reaches
a set value, the voltage is then switched off. The current
decays until is falls to a slightly lower set value at which
point the high voltage is restored. The high voltage is,
therefore, switched on and off at a rate which is dependent upon,
for a given machine, the switching hysteresis and the switching
rates of the drive transistors. The chopper circuit is
potentially more efficient than the bilevel circuit since, being
continually in the switching mode, little power is dissipated.
The bilevel circuit, on the other hand, dissipates some power in
the low voltege circuit where some transistors are generally in

the active state. A disadvantage of chopper circuits is that the
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switching freguencies can often exacerbate resonance problems and
generate objectionable audio noise. High speed switches and a
small switching hysteresis can be employed in an attempt to

overcome this problem.

3.2.5 Magnitude of voltage overdrive

Drive circuits of the bilevel and chopper type rely on the
principle of switching on a high voltage supply until the current
has reached a set value. It is important to consider the
magnitude of this overdrive since, semi-conductor technology
imposes & restriction on the maximum voltage usable, but the
resistance to which the stator is wound, and thus the minimum
steady state voltage for rated current, can be changed.

Figure 3.2 presents a plot of normalised switching time against
normalised overdrive voltage. Switching time is normalised
against stator time constant and overdrive voltage is normalised
against stator rated voltage. The graph shows that there is no
great advantage 1n exceeding an overdrive voltage of ten times
stator rated voltage, giving a switching time of approximately

one tenth of the stator time constant.

3.2.6 Choice of winding resistance

As has been shown (para. 3.2.3), the stator winding copper loss
is a constant for a given machine. Conseqguently, as far as the
machine losses are concerned, the stator can be wound to any
resistance. Losses in the drive circuit, however, will be a
function of the volt drop between the collectors and the

emitters of saturated drive transistors (V ) since, in well

ce(sat)
designed circuits, rated stator current will be passed by

saturated transistors. This consideration indicates that drive

circuit losses are minimised by increasing the winding resistance.
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FIGURE 3.2 Switching Time as a Function of Overdrive VYoltage

On the other hand, if winding resistance is increased too far,
the requirement for ten times voltage overdrive may not be
possible due to the voltage breakdown characteristics of the
transistors employed. Thus, the stator should be wound with the
maximum number of turns such that a ten times overdrive voltage
will not cause the breakdown characteristics of available

transistors to be exceeded.
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3.3 Circuit Description -

A high efficiency drive circuit of the bilevel type is used to
drive the stepping motor, Although‘the machine under
consideration is bifilar wound the circuit is bipolar to ensure
optimum use of the machine winding space. Bipolar working is
achieved by a full bridge circuit powered by two single ended

suppliese.

A simplified circuit diagram, for one phase, is presented in
Figure 3.3. The switching circuit is designed such that when
transistors Tr3 and TrL+ are on, transistors Tr1 and Tr2 are off,
and vice versa. The voltage drop across resistor R1 is fed back
and subtracted from the reference to achieve current control.
When the loop has a large error, i.e., the current has not
reached the set point, it 1s arranged that transistor Tr10 is
switched on, applying a high voltage to the winding during the
current transient. UWhen the set point is reached, TI',]D is

switched off and current is drawn from the low voltage supply.

Consider that, initially, current is passing from A to B, in the
stator winding, at its set value. Switch inputs G and F are
negative holding transistors Trq and Tr2 off. Switch inputs E
and H are positive which, with the circuit values chosen, causes
transistor Tr3 to saturate and transistor Trl+ to be active,
holding the current at the set value. A comparator circuit is

used to activate the high voltage switch, Tr1 The system error

0°
is compared against a preset value and it is arranged that, when
the system error is small, switch input C is negative holding

transistor Tr,]D off. Thus, stator current is drawn from the low

voltage supply via diode D3, which isolates the two Voltage
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FIGURE 3.3 Simplified Drive Circuit (One Phase)
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supplies.

When a current reversal is demanded switch inputs E and H go

3 and Trh. Switch inputs

F and G go positive saturating transistors Tr,1 and Tr2 and,

negative switching off transistors Tr

because the system error is large, switch input C goes positive

switching on transistor Tr thus supplying high voltage to the

107

circuit. The stator inductive current continues to flow in the

original direction. Point A is clamped to earth by diode D1 and

the potential at point B rises sharply. Current now passes from

collector to base of transistor Tr through RB and transistor

1’

Tr to earth. Current flow continues via this path until it has

59
fallen to zero. The rate of current fall is rapid since, the
discharge path impedance is high and the potential at point B must
rise above the high voltage rail to enable transistor Tr1 to
conduct in the reverse mode. After falling to zero, the current
rises in the opposite direction, flowing from B to A via

10° Tr1 and Trz. When the current reaches

the set value switch input C goes negative, switching off

saturated transistors Tr

transistor Tr Thus the high voltace is removed from the

10°
winding and current is drawn from the low voltage supply. At the
same time Tr2 becaomes active, holding the current at the set

value,.

3.4 Modelling

To model the drive circuit it is necessary to predict the voltage
applied across the stator winding as a function of time. The

operation of the circuit can be split into three distinct states.
By determining which one of these states the circuit is operating

in, it is possible to predict the stator voltage. The three
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possible conditions that the drive circuit can be in are :-

(a) Stator current in the opposite sense to that demanded.

(b) Stator current in the same sense to that demanded but

less than the set value.
(c) Stator current at set value.

In case (a) the voltage applied to the stator winding will
require to be determined by measurement, since it is a functian

of the characteristics of transistors Tr. and Tr the value of

1 5!

resistor R, and the level of the high voltage supply. In case (b)

3
the volfage across the winding is the high voltage supply less the

voltage draop of three saturated transistors; and in case (c) the
voltage across the winding is simply calculated from its d.c.
resistance. Details of the digital simulation aof the drive

circuit are contained in Chapter 6.

3.5 Conclusiaons

The performance of a stepping motor system is largely dependent

upon the drive circuit employed to power the motor. For high
speed, high efficiency systems it i1s necessary to use a bipolar
circuit of either the bhilevel or chopper type, switched by a two

phase drive state generator.

For a given machine, the time ccnstant and copper losses of the
stator winding are independent of the number of turns in the
winding space. Power losses in the drive circuit, on the other

hand, are inversely proportional to the number of stator turns.

It is shown that the overdrive voltage, in bilevel and chopper

circuits, gives little advantage when it exceeds a level
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of ten times the rated stator voltage. For high system efficiency,

therefore, stator windings should be wound with as many turns as

possible consistent with not exceeding the voltage breakdown

characteristics of the drive transistors at ten times overdrive.

Modelling of drive circuits is straightforward and should not be

neglected if stepping motor systems are to be successfully

simulated.
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4 STATIC TOROUE DISPLACEMENT CHARACTERISTIC

Lo Introduction

The general form of the static torque displacement characteristic

for the type of machine under consideration is shown in

Figure 4.1,

torque

displacement, degrees |

- 180 0 80

FIGURE 4,1 Static Torgue Displacement Characteristic

The zero degree position shown on the torgue curve represents the
stable eguilibrium point of the rotor and the +180 and -180

degree positions represent unstable equilibrium points., This
characteristic is freguently approximated to a sinusoid or a
linear function passing through the stable eguilibrium point. The

magnitude of torgue at a given displacement angle, for both

approximations, is assumed to be directly proportional to current.

Extensions based on these simple approximations can he used to
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predict the torque when two phases are excited and when the
current is time varying. The incorporation of these
approximations into the averall machine model, however, generally
yields poor predictions of the rotar dynamics. Improved results
are achieved, in the case of single phase excitation, by
representing the static torque displacement characteristic as

a set of data points and linearly interpolating between them.

It is difficult to extend this method to two phase excitatiaon
since torque produced by one phase cannot simply be added ta
torgue produced by the other. For two phase predictions,
therefore, it is necessary to consider the physical methods of
torgue production in order that a mathematical model can he
evolved which will predict, accurately, the torque at any

displacement angle for any combination of the phase currents.

The majority of authors have assumed the static torque
displacement characteristic to be linear. This is, in most
cases, a reasonable approximation for small displacements with
the important advantage that it is more amenable to analysis than
the sinusoidal form. The usefulness of such an approximation is,
however, confined to predicting the dynamics when the rotor is
displaced by a small angle and then released. If the machine is
to be modelled for normal operating conditions it is essential

to predict the torgue accurately for large displacement angles.
Such a condition exists when the machiﬁe is started from rest
and generally exists when the machine is slewing under well
designed operating conditions. If large displacement angles are
to be accommodated then it is clear that the sinusoidal form is
superior to the linear form. However, serious discrepancies can

arise since, in general, static torque displacement characteristics
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contein a significant proportion of spacial harmonics.

, 17 5 .
Bailey ', O0'Donohue”, HleburtZE, and Robinson and TaFt7 all

assume the torgue to be linearly related to displacement.
Robinson and Taft’ do, however, postulafe a sinusoidal
characteristic but later linearise the equations. Snowdon

and Madsen3 were the first to attempt to derive a more accurate

model of the static torque displacement characteristic. They

start with the premise that the expression for permeance
comprises a constant term plus a term which varies with the
cosine of the electrical displacement angle (fundamental

component). They conclude that the terque for single phase

excitation is periodic in space containing both fundamental and
second harmonic terms. However they erroneously obtain the

torgue available in the two phase case by adding the torgue

produced in one phase to the torque produced in the other phase
shifted by S0 electrical degrees, thus cancelling the second
harmonic term., It is shown later that superposition should not
have been assumed. 5ingh18 obtains a torgue equation which is

sinusoidal in space. His assumption that the winding

distribution around the stator is sinusoidal leads to this
simplified result. The most comprehensive analysis on the
formulation of static torque has been contributed by Chaiq. He
assumes an expression for permeance that comprises a constant
term, a fundamental term and a fourth harmonic term. He derives
an expression for static torgue with one phase excited and with
two phases excited with egual m.m.f.s. The two phase result does
not rely on the erroneous use of superposition and it predicts

results that are observable in practice.
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L,2 Measurement

The apparatus was set up as shown in Figure 4.,2. The pointer
length was calculated to give a movément at its end of 3 mm

for 5 electrical degrees of rotation of the machine rotor.
Current was supplied to the machine stator windings from a
constant current source set at 0.5 A, 1 A and then every 1 A

to 8 A. At each current setting a static torgue displacement
characteristic was measured by adding weights to the scale pans
and noting the corresponding displacement; one pan for each half

of the characteristic.

counterbalance displacement scale
machine
I /N
- ° / =
¢{ii>>> \\\\\_///// J{iiiﬁ» pointer
\

scale pans

1

250 mm ——t=< 250 mm

1.464 m

FIGURE 4.2 Measurement of Static Torgue Displacement

Characteristic

The measurements were repeated for reducing torque by subtracting

weights from the scale pans. Characteristics were cbtained for
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each phase excited in turn and both phases excited together. The
characteristic obtained for single phase excitation at 2 A is
presented in Figure 4.3. Figure 4.4 presents a two phase
characteristic obtained at 6 A, the continuous line being the
result of adding the contribution of one phase to the contributiaon

of the other shifted by 90 electrical degrees.

L,3 Analysis of Measured Bharacteristics

It is clear from Figures 4.3 and 4.4 that the static torgue
displacement characteristics contain spacial harmonics and that
the two phase characteristic is not obtainable by adding the
torgue produced by one phase to the torgue produced by the other.
An insight into the problem of how the individual phase
contributions combine to produce two phase torgue may be obtained
by subjecting the characteristics to harmonic analysis and
comparing the results obtained in practice to those predicted by

direct addition.

L3, Harmonic analysis of measured characteristics

Harmonic analysis was carried out on the measured static torgue
displacement characteristics using a Fast Fourier Transform (FFT)
subroutine. A computer program provided thirty-six samples from
measured data held on magnetic tape and the subroutine returned

the magnitude and phase of the eighteen harmonics.
The results are presented in the form :-

T = Tmn sin n(Be - *)
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Where :-

Tn = 1instantaneous value of the nth Fourier component of
torque

Tmn = magnitude of the nth Fourier component of torgue

ge = electrical angle

The sign of Tmn is adjusted to keep the phase angle ¢ the same as

the spacial relationship between the phases. Thus :-

90

n

4’8 = 0, 95b

and ¢ab = 45

The results of analysis on the characteristics obtained at an

excitation current of & A are presented in Table IV.

TABLE IV Analysis of 4 A Characteristics

Harmonic Torgue (N m)
Harmonic

a Phase b Phase ab Phase
1 - 1.674 - 1.733 - 2.514
2 0.113 0.148 0.243
3 - 0.0404 - 0.0367 0.246
L - 0.0613 - 0.0598 - 0.0598
5 0.0217 0.0388 - 0.0261
6 - 0.00346 - 0.00289 0.0342
7 - 0.0152 - 0.0127 0.00442
8 0.0193 0.0265 - 0.0121




Lo3,2 Direct addition of phase torqgue

Consider two phase torque to be the summation of two periodic

functions representing the single phase torgues :-

]
T = Z {An sin n(8e - rfJa) + Bn sin n(8e - z{]b)
n="1

Since 'a' phase and 'b' phase are separated by S0 electrical

degrees put

¢a = 0 and ¢ = 90°

and taking the case of egual excitation currents put

The function then becomes

as)
T = E: En sin n8e + En sin n(8e - 90°)
n=1
m n+1
En(—1) 2 cos n8e
n=odd
m
T = E: C_ sin nBe +
n
n=1
@ n
2 .
Cn(~1) sin nBe
n=even
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When n

1

Tm

Tm

Tm

]

i

i

1

fl

it

It

C1 sin 8e - 81 cos 8e

2C, sin (8e - 45%)

BZ sin 28e - CZ sin 28e

0

83 sin 3Be + C3 cos 38e

J?DB sin (38e + ASU)

-\2C5 sin 3(Be - 45%)

_{253

Ch sin 4Be + C& sin LBe
ZDQ sin 4Be

- 2C, sin 4(Be - 45%)

- ZCA
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Lo3.3 Comparison of measured and predicted harmonic torgues

The & A, two phase, harmonic torgues predicted by the direct
addition of the single phase harmonic torques are compared in
Table V, with the results of harmonic analysis carried out on

the two phase characteristic.

TABLE V Comparison of Harmonic Torgues

Two Phase Harmonic Torque (N m)
Harmonic
Direct Addition Harmonic Analysis
2 0 : 0.243
3 0.0545 . 0.246
4 0.121 - 0.05%98

Lo3.4 Conclusions

The comparison of the Fourier components obtained by analysis of
a practicael, two phase, static torgque displacement characteristic
with the components obtained by direct addition of the
corresponding single phase characteristics demonstrates clearly
that the single phase characteristics do not combine linearly to
pProduce torgue when both phases are excited simultaneously.

Table V shows that only the fundamental component of the practical
characteristic has a result which corresponds to direct addition.
It is concluded that a model based on direct addition is very
likely to produce large errors especially when the single phase
static torque displacement characteristic is rich in harmonics.

An improved model for torgue production is therefore necessary
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and such a model will be a key factor in providing an improvement

in the prediction of machine dynamics,

Lok Static Torgue Model Due to Chai

Chail+ starts by considering a simplified permanent magnet
stepping motor (Figure 4.5) from which Thevenin and Norton type

equlvalent circuits are derived (Figure 4.6 and Figure 4.7).

Where :=-

P1 - P4 = air gap permeances at the stator poles (Wh/A t)

Pn = magnitude of the nth Fourier component of permeance
at the stator poles (Wb/A t)

Pm = permanent magnet permeance (Wh/A t)

F1 - F4 = excitation m.m.f.s in the stator poles (A t)

Fm = permanent magnet m.m.f. (A t)

FO = m.m.f. drop across the stator-rotor gap including
the excitation source

Nr = number of rotor teeth

Bm = mechanical angle = %%

Chai shows that :-

4
Torgue T = %} Ej (Fi - FD)Z ggé L.

i=1

+ PmFm

g
0
[
-
[

o
11

—_
~
me)
‘—Jn
+

Where FO =

Pm

e
il
—
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rotor axis stator axis

FIGURE 4.5 Simplified PM Stepping Motor

The gap permeance, Pi, is periodic with respect to 8e (electrical
angle). Chai assumes a periodic permeance function comprising a

constant term, a fundamental term and a fourth harmonic term while

ignoring the possibility of a second and third harmonic term. He
has no justification for this assumption other than it is the

fourth harmonic that is responsible for detent (cogging) torque.

It is wuseful, at this point, to consider g simplified permeance
function, i.e. a function that contains a constant term and a
fundamental term only. The simplification enables the method
to be demonstrated clearly while allowing useful conclusions to

be drawn. The four permeances can therefore be represented as :-

P1 =
PD + P1 cos 8e

P, cos (Be - g0”)

po
P2 = Pp+ P,

- L -




FIGURE 4.6 Magnetic Eguivalent Circuit (Thevenin)
P2 |F2 P3|F3 PL |FL Pm |Fm
P1F1 P P2 P3 PL Pm| | FO
FIGURE 4.7 Magnetic Equivalent Circuit (Norton)
P = - 180°
3 PD + P, cos (Be 1807)
P4 = Py + P, cos (Be - 270%)
Simplifying
P =
1 PD + P, cos e
P2 = '
2 PD + P, sin ge
P = -
3 PD 4 €Os Ee
PL = - i
PD q 8in ge

L7 -



Therefore

dP1
- = = P
oo 1 sin 8e

dP?2
_— = P

e 1 cos 8e

dP3 .
T8~ P1 sin 8e

dP4
e P1 caos 8e

4

E: Pi + Pm = APD + Pm
i=1

= APD (since QPD > Pm)

boho1 Single phase

With single phase excitation assume :-

F1 = -F = - NI, F3 = F = NI, F2 = F4 = O
4

ZE: PiFi = F(- P1 + P3) = - 2FP1 cos Be

i=1

PmFm - ZFP1 cos 8e

QPD

Substituting in equation 4.1 and putting 1=1 yields the

following terms

2
NT (~ . PmFm , ZFP1 cas Ge)
2 ( APD QPD )

(- P1 sin 8e)

= -2 (orp

, COos e - PmFm - APDF)2 (- P1 sin 8e)
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N
u]

B
[

1]
N
T

= 2\2P.F cos (Be - 45%)

Substituting in eguation 4.1 for all 1 it is found that

NrFP

/1
ZPD

(2FP

, sin 2(Be - 45%) - 2PmFm sin (Be - 45°)| —4.3

L,4t,3 Conclusions

The single phase analysis shows that, starting from an assumption
af a sinusoidal variation of permeance, the expression for torgue
will contain a8 second harmonic term. The magnitude of the second
harmanic is a function of the sguare of the m.m.f. whilst the

fundamental magnitude is a linear function of m.m.f. It is clear,

that in general, the static torgue displacement characteristic
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will contain spacial harmonics which are generated by lower order
permeance harmonics. These torgue harmonics being naon-linear

functions of mem.f. Thus, the use of a simple approximation for
the static torgue displacement characteristic, over a wide mem.f

range, is very likely to yield poor results.

The two phase analysis shows that, for equal m.m.f.s in both
phases, the magnitude of the fundamentzl torgque component
increases by a factor of {2 aver single phase excitation whilst
the second harmonic component increases by a factor of 2. The
angle at which the torgue is zero has shifted by 45 electrical
degrees from the single phase zero. It is clear that, due to the
functional non-linearity, two phase torgue cannot be obtained

simply by adding the single phase torgues.

The analysis has used a simple representation of permeance which
predicts a torgque displacement characteristic comprising a
fundamental and second harmonic component only. For these
components it is clear that, from Table VI the Chal model
predictions of the 4 A, two phase, harmonic torgques from the
corresponding single phase harmonic torgues are in close agreement
with the results yielded by harmonic analysis of the measured

characteristic.

TABLE VI Comparison of Harmonic Torgues

Two Phase Harmonic Torgque (N m)
Harmonic
Direct Addition | Chai Model | Harmonic Analysis
1 - 2,409 - 2.409 - 2.514
2 0 0.261 0.243
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The results of harmonic analysis given in Table IV show that

the static torgque displacement Char%@eristics contain high

order harmonics of significance. It is clear that a permeance
function containing higher order Fourier coefficients is

required to adequately describe the actual permeance displacement

characteristic of the machine.

4,5 Extensions to Chai's Static Torgue Model

Chai‘sL+ work can be extended by considering the permeance function
to contain Fourier coefficients up to, and including, the fourth
and by removing the constraint that the currents in each phase

are equal. The four permeances are therefore represented as

follows :-
P1 = PD + P1 cos 8e + P2 cos 28e + PB coé 38e + P“ cos LBe
P2 = Py + P, cos (8e - 90°) + P, cos 2(8e - 90°)
+ P5 cos 3(Be - 907) + P, cos 4(8e - 907)

P3 = Py + P, cos (8Be - 1807) + P, cos 2(8e - 1807)

+ P, cos 3(ge - 180°) + P, cos L(Be - 180°)
PL = Py + P, cos (8e - 270°) + P, cos 2(8e - 270°7)

+ P, cos 3(8e - 270%) + P, cos 4(8Be - 2707)
Simplifying
P1 = PU + F’1 cos Be + P2 cos 28e *,P3 cos 38e + Pa cos LB8e
P2 = PD + P1 sin Be - P2 cos 28e - P3 sin 388 + Pq cos LBe




P3 = PD - F'1 cos Be + P2 cos Z8e - P3 cos 38e + Pq cos LBe
PL = PD - F'1 sin Be - PZ cos 28Be + P3 sin 38e + Pu cos LBe
Therefore
ol . _ P, sin Be - 2P sin 2Be - 3P, sin 38e - 4P, sin 4Be
d8e 1 2 3 4
dar2 = P, cos 8e + 2P, sin 28e - 3P, cos 38e - LP, sin 4B8e
dBe 1 2 3 4
dr3 = P, sin 8e ~ 2P, sin 2B8e + 3P_ sin 38e - LP, sin 4Ee
dgée 1 2 3 4
4Pk p. cos Be + 2P, sin 28e + 3P, cos 38e - LP, sin LBe
d8e 1 2 3 4
E: Pi + Pm = APD + APA cos 4Be + Pm
i=1

& QPD (since hPD > hPh cos LBe + Pm)

Removing the restriction of equal phase currents the m.m.f.s may

be represented as

L
ZPiFi = - F_P1
a

= F (P3 - P1) + F_ (P4 - P2)
a b

FbPZ + FaPB + FbPh

F
= - 2 cos (Be - arctan FE )

F

cos (38Be + arctan FE
a

Substituting in equation 4.1 for all i and putting

N = number of turns per pole
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produces the following 13 terms which, when summed, yields the

total torgue T.

2 I
1e = 2 N N = 2P (I 2 + I 2) c052 (Be - arctan B ) sin 4Be
2 1 L 7a b I
P a
0
NZNT 2 2 2 2 Ib
o, =2 P_P, (I + I, %) cos” (38Be + arctan =— ) sin LBe
2 304 b I
P a
0
3. - T pn?rnP, sin LBe
2 L
ZPD

2 2 2 .
L, = 2N NrPZ(Ia - Ib ) sin 28e

2 2 2 .
5. = 4N NrPu(Ia + Ib ) sin L4LBe

2 I
N™Nr 2 2 b
Eo = L — P1P3P4(Ia + Ib ) cos (Be - arctan T
P a
0
Ib
cos (38Be + arctan T ) sin 4Be
a
NN > 2 Iy
7. 2 —L p p PmFm|I + I cos (Be - arctan =— ) sin 48e
2 14 a b I
P a
0 -
2 I
N™Nr 2 2 2 . B .
B. 55 P1 (Ia + Ib ) sin 2(Be - arctan i )
0 a
n2nr 2 2 I
9, =—— P P_(I + I 7)(2 sin 4Be + sin 2(8Be + arctan =— ))
1 3 78 b I
0 a
N I,
0. 2 ——%} P cos (38e + arctan T ) sin LBe
PD a
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Collecting together terms in the first four harmonics the

Iy

I

2) sin 2(38e + arctan =2 )

sin (38e + arctan 2

I
a

I

sin (Be -~ arctan —

I
a

I

I
a

following expressions for the components are aobtained.

N.B.

——

Fundam

The common term

ental

Second

- 16P

Harmonic

0

p

- BLN P

+

+ 32N

- 16N

+ 16N

16N P

p

P

p

1

0

0

0

1

3

1
PmFm (I 2 + 1 2 sin (Be - arctan 2
a b Ia
2 2 2 .
PZ(Ia - Ib ) sin 28e
2,2 2 I
P (1 + I, 7)) sin 2(8e -~ arctan —
1 a b Ia
2 2 Ib
P1P3(Ia + Ib ) sin 2(8e + arctan T;
2 2 2 I
Pu(Ia + Ib ) sin 2(8Be + arctan T;
2 2 > Iy
P (I + I %) sin 2(8e + arctan —
4L "3 b Ia

Ny

32P

0

2

54 -

has been taken out of all expressions.




2 2 I
- 32N P1P3Ph(la + Ib ) sin 2(8e - arctan =

I
a

Third Harmonic

— 4LBP_P_PmFm 182 N Ib2 sin (38e + arctan

03

+ 32P P PoFm|T © + 1.2 sin (38e + arctan
1 4 a b

Fourth Harmonic

2 2 .
64N PDP1P3(Ia + Ib ) sin 4Be

2
- 32N P1 Pu(Ia

2 + Ibz) sin 4LBe

2

2 .
(Ia + Ib ) sin 4Be

2 2

- 128N PD P (Ia

2 .
L + Ib ) sin L4LBe

- 16P PmZFm2 sin L4Be

L

Lo5.1 Conclusiaons

Terms 8 and 12, yielded by the fundamental component of permeance
represent, in a more general form, the results already derived
and given in equations 4.2 and 4.3. Eguation 4.2 is obtained by

putting I_ to zero and eguation 4.3 by putting Ia =1 The

b b*

second harmonic terms have no dependency on the permanent magnet

and their magnitude is proportional to the sguare of the

energising m.m.f. The fundamental and third harmonic terms,
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however, are dependent upon the permanent magnet and their

magnitudes are directly proportional to the energising memafe
The fourth harmonic is more complex -since it contains four terms
which are independent of the permanent magnet and are
proportional to the square of the energising m.m.f. and one term
which is independent of the energising m.m.f. and proportional
to the sguare of the permanent magnet m.m.f., it is this term

that gives rise to detent torque.

The inclusion of the extra Fourier components of permeance and
the removal of the restriction of equal phase currents for two
phase working has resulted in a complex expression. However,
this expression yields torque for any combination of phase
currents at any electrical angle 8e and can be easily programmed

on a digital computer and is capable of accurate results.

L.6 Modelling and Parameter Estimation

The results, yielded by measurement of the sfatic torque
displacement characteristic, show that spacial harmonics are
significant and should not, therefore, be ignored. In
consequence it is not possible to add the torgue cantributed by
each phase. Chaiu has proposed a mathematical model for the
formulation of static torgue by considering a magnetic eguivalent
circuit of the machine (Figure 4.6) from which an expression for
torque was obtained. His results are somewhat limited in that he
has ignored the secand and third permeance harmonics, but
included the fourth, and his expression for torque, in the two
pPhase case, is us#able only for egual currents in each phase.
Extensions of Chai's work, which remove these limitations, are

given in para. 4.5 where a complex expression for torgue is
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obtained. This expression is programmed on a digital computer
as a subroutine to yield torgue for any combination of the two
phase currents at any displacement éngle. Details of the

digital simulation are contained in Chapter 6.

L,B.1 Estimation of permeance coefficients from measured data

The permeance coefficients are expected to be current dependent
due, in particular, to the effects of saturation and hysteresis
in the machine iron. The values of the coefficients and their
variation with current can be estimated by comparing the Fourier
components of torgue obtained by harmonic analysis of the
measured static torque displacement characteristic with the
expressions for the Fourier components of torque ohbtained in
para. L.5. A polynomial fit to the variation of permeance with
current is obtained for each Fourier cumpoﬁent by using a
standard digital computer program e%@uying the method of least
squares. JThe polynomials obtained form part of the torque

calculation subroutine (Appendix A.5).

The average value of permeance (PD) is estimated from the single
phase inductance measurements which were obtained by the method

due to JDH8819 (para. 5.4.1). The relationship,

where N = number of turns per pole, is used to calculate PD.

This relationship holds for both single and two phase excitatiaon

with the understanding that P, is likely to have a different

0

saturation characteristic for the two methods of excitation.

A1l Fourier components of permeance, except the average value,




PD’ are due to the toothed structure of the machine rotor and

stator. Since the tooth flux of a particular phase is not
influenced by the tooth flux in the other, it is to be expected
that the saturation characteristics of the harmonic components
will be independent of the method of excitation. The same is
not true of PD however, since, for a given phase, the iraon Cross
section is effectively reduced by flux due to the other phase.
It is therefore expected that, for a given current near to
saturation, PD will be smaller when operated in two phase than

when operated in single phase.

The fundamental component of torgue is given by :=

I
T1 = - sin (Be ~ arctan TE (see para.bt.5)
a
For single phase excitatiaon (Ib = 0) this expression becomes
N Nr .
T1(1¢) = - ZPD P,]PmFmIa sin Be

the signed magnitude of which is

N Nr )
56 Pqulea

Tm1(1¢) = - .

The values of Pm, Fm, N and Nr are, for the machine under

consideration, as follows :=-

Pm (permanent magnet permeance)

0.201 Fmb/ﬂ t

Fm (permanent magnet m.m.f.) = 6534 A t
N (number of turns per pole) = 40
Nr (number of rotor teeth) = 42

Thus having obtained the value of PD for single phase excitation
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from the single phase inductance measurements the values of

P1 are estimated from :-

Tm1(1¢) 2Py

Pe = - W NeP . PmEmI
1 a
Tm (1¢) =
_ 1 8]
P, = - 0.906 -
a

For two phase excitation with egqual currents (Ia Ib) the

fundamental component becomes -

V2N Nr
T1(2¢>

. 0
- ZPD P,]PmFmIa sin (Be - 457)

the signed magnitude of which is

V2N Np '
Tm1(2¢) = - "Tﬁif' P, PmFmI_

Assuming that P1 is the same in both single and two phase
excitation then the value of PD in two phase excitation is

estimated from

Pan

PD = - 1.56 W

The estimated values for the average and fundamental components

of permeance at values of current in the machine operating range
are given in Table VII and presented graphically in Figure L.8.
The expected dependency of PD on the excitaticon conditions is
clearly shown. To account for this effect the following empirical

relationship is proposed

Py = PD(1¢) - K abs (I_I.)




TABLE VII Estimated Values of P, and P

0 1
: PDM{u)
Phase I|Phase L Tm1(1¢) Tm1(2¢) Py PD(1¢) PD(2¢) - p0(2¢)
A mH N m N m | pwb/A tlpwb/A tipwb/A £} pub/A t
0.5 9.6 |~ 0,30 |- 0.41 0.818 1.50 1.54 - D.04
1.0 10.8 |- 0,50 [~ 0.72 0.758 1.69 1.55 0.03
2.0 1.8 |= 0,97 |- 1.34 0.808 1.84 1.88 - D.04
3.0 1.7 |- 1.34 |- 1.96 0.742 1.83 1.77 0.06
L}'.D 11-7 - ’1.70 - 2.51 Do?DS 1.82 1075 DQDB
5.D 11-&’ - 1-98 - B.DZ D0639 1078 1;65 0.12
6.0 1.0 |- 2.15 |- 3.39 0.560 1.72 1.55 0.18
7.0 10.6 |- 2.24 |~ 3.64L 0.481 1.66 1.44 0.22
2.0
o o PoC1$)
- - - - — e
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FIGURE 4.8 Variation of Permeance Coefficicents

with Phase Current
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In two phase excitation with equal phase currents (Ia

PaC1P) -

Permeance difference is

PD(2¢>

I
BN
—

PD(2¢)

PD(1¢) - K I

I

1
o

shown plotted against the sguare of

phase current in Figure 4.9.
o
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+ 0.15 r
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~
in]
=
a
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o
)
i
= o
o 0.05 F
o
©
0 L 1 ! ] i
10 20 30 40 50
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FIGURE 4.9

Variation of Permeance Difference with the

Product of Egual Phase Currents




The graph shows that the relationship proposed is a good model

of the interactive effect of the.phase currents an the value of

PD‘ The value of K for the machire under investigation is :-

K = 4.8 x 1077 wo/n° ¢

The third harmonic component of torque is shown to comprise of
two terms (para. 4.5). For the machine under investigation it
is found that the second term is insignificant. By approximating
the third harmonic torgue to the first term only the values of

P can be estimated.

3
I
T = = 1.5 N Nz P + arctan s
3 PD I
a
For two phase excitation with egual currents (Ia = Ib)
T.2$) = - 1.5 5L popnFnI sin (38e + 45%)
3 PD 3 a
N Nr . 0
T,(2) = 1.5{7 —5— PPmFnI_ sin 3(8e - 4L57)
3 PD 3 a

The signed magnitude of which is

N Nr
Tm3<2¢> = 1.5 2 —55~ PPmFmI_
Tm3(2¢) PD
P, =

1.5 {2N NerFmIa

i Tm3(2¢) Py
3 b.68 I

The estimated values for the third harmonic component of permeance




at values of current in the machine operating range are given in

Table VIII and presented graphically in Figures 4.8 and 4.10.

TABLE VIII Estimated Values of P

3
Phase I Tm3(2¢) PD(2¢) P3
A N m PMD/A t PMb/A t
0.5 0.038 1.54 0.0258
1.0 0.077 1.65 0.0273
2.0 0.160 1.88 0.0322
3.0 0.206 1.77 0.02598
4.0 0.246 1.75 0.0230
5.0 0.248 1.65 0.0175
6.0 0.285 1.55 0.0157
7.0 0.274 1. L4 0.0121

The second harmonic component of torgue is shown to comprise of
six terms (para. 4.5). For the machine under investigation it
is found that the first three terms are very much greater than
the remainder. By approximating the second harmonic torgue to

the dominant terms the values of P can be estimated

2
= i - t - - -
T2 N™NT ZPD (Ia + Ib ) sin 2(8e arctan Ia ZPZ(Ia Ib )
PP
: 13 I
sin 28e + n (Ia2 + Ibz) sin 2(8e + arctan TE.)-—Q.Q
a
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FIGURE 4,10 Variation of Permeance Coefficients

with Phase Current

For single phase excitation (Ib = 0)

: PP
T,019) = Wl = - op, 4 2 182 sin 28e




P.P Tm2(1¢)

13
o onnrr @
a
) PP ) Tm2(1¢)
op 5

0 134000 I
a

The estimated values for the second harmonic component of
permeance at values of current in the machine operating range

are given in Table IX and presented graphically in Figure L4.8.

TABLE IX Estimated Values of P

2

Phase T | Tm,(19)| Py (1) P, Py P,
A N m Hub/A £ pub/A t ‘Pmb/a t pub/A
0.5 |- 0.024 1.50 0.818 0.0259 0.827
1.0 | - 0.029 1.69 0.758 0.0273 0.306
2.0 0.020 1.84 0.808 0.0322 0.0580
3.0 0.063 1.83 0,742 0.0259 0.0282
4.0 0.130 1.82 0.705 0.0230 0.0119
5.0 0.245 1.78 0.639 0.0175 - 0.0124
6.0 0.328 1.72 0.560 0.0157 - 0.0198

7.0 0.396 1.66 0.481 0.0121 - 0.0235

The fourth harmonic component of torgue is shown to comprise of
five terms (para. 4.5). For the machine under investigation it
is found that the first, fourth and fifth are very much greater

than the remainder. By approximating the fourth harmonic torgue




to the dominant terms the values of F‘L+ can be estimated

N Nr

2
ZPD

2
b

2
L;NPDP,]PB(Ia + I.79)

2) - Pquszz sin 4Be

Les

2 2
- BNPD P&(Ia + Ib

For two phase excitation with egqual currents (Ia = Ib)

_ N Nr 2 2 2 2_ 2| .
Tu(2+) = E;—§ BNPoP,P3I_° = 16NP P 1 % - P, Pm“Fm” |sin LBe
0
The signed magnitude of which is
N Nr 2 2 2. 2_ 2
Tma(2+) = E;—E BNPP P51 " - 16NP P T _© - P Pn°Fm
0

LNPNDP P PLT 2 - P 2Tm&(2¢)

. 0" 1" 3la 0
4 0.5 N Nr(16NPDZIaz + PmoFm?)
2 2
. 263000 PP.PLI_ - Py Tm&(2+)
b 538000 PDZIEZ + 0.00149

The estimated values for the fourth harmonic component of

permeance at values of current in the machine operating range are

given in Table X and presented graphically in Figures 4.10 and

be11.

L.6.2 Fstimation of permeance coefficients from machine geometry
The geometric structure for one pole pitch, of the rotor and

stator of the machine under investigation, is shown in Figure 4,12,
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TABLE X Estimated Values of PQ

Phase I | Tm, (2) Pg(29) P Py P,

A N m PMb/ﬂ t PMD/A t PMb/A t nwb/A t
0.5 0.00179 | 1.54 0.818 |0.0259 |- 0.00142
1.0 0.0147 1.65 0.758 |0.0273 |- 0.0214
2.0 - 0.0062L | 1.88 0.808 |0.0322 0.0499
3.0 - 0.0334 1.77 0.742 | 0.0259 0.128
4.0 - 0.0598 1.75 0.705 |0.0230 0.207
5.0 - 0.105 1.65 0.639 |D0.D175 0.277
6.0 - 0.132 1.55 0.560 |0.D157 0.300
7.0 - 0.173 1,64 0.481 | 0.0121 0.314

It is of interest to explore the feasibility of obtaining good
estimates of the permeance coefficients directly from this

geometry.

Chai®l

has proposed a 'Straight Line Arc' method to yield
permeance between rectangular toothed structures. Field lines
are assumed to consist of straight line segments and circular
arcs, the tooth depth is assumed large compared with the air gap
and tooth width is limited to lie between half the valley width
and the full valley width. The toothed structure of the machine

under investigation is approximated to a rectangular form as

shown in Figure L4.13.

The values of permeance are calculated as the relative position
of the toothed structure is varied between maximum and minimum

permeance. The resulting permeance characteristic is subjected

- 67 =




nub/A t

PETMEGNCE,

o]

°

N
T

1 H ! i 1

FIGURE 4.1

2 3 b 5 S}
current, A

Variation of Permeance Coefficient P

with Phase Current

08 .
2 2 ?5 Oiq
26
/)XO;OJV“’ Y oiq
' AIR GAP = OIS mm DIMENSIONS IN mm

FIGURE &4.12

Toothed Structure of Rotor and Stator

L

- 68 -




r-»z-o7 mm —»l-(-qu mm~1

O-{3mm

4
&

FIGURE L4.13 Approximation of Tooth Structure for Straight

Line Arc and Confarmal Transformation Methods

to harmonic analysis and the resulting Fourier coefficients

yielded. The results are given in Table XI and were provided by

Dr. Chai in the form

m
Pt = PDE ED +-§Z; En cos nBe
n=1
Where :-
Pt = permeance at each stator-rotor tooth pair
t = stack thickness
For the machine under investigation t = 0.04m

To obtain the permeance at the stator poles from the permeance at
each tooth pair it should be recognised that the stator pole
conmsists of four tooth pairs; the maximum permeance position of
each pair heing successively displaced by 18 electrical degrees

upon its adjacent pair (Figure 4.12).
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TABLE XI Straight Line Arc Estimates aof

Permeance Coefficients

Coefficient Py P
C n n
n
(n) pub/A & pub/A t
0 10.9 0.549 2.20
1 6.62 0.333 1.25
2 0.137 0.00690 0.0212
3 0.487 0.0245 0.05153
b 0.0914 0.00459 0.00459
The permeance at the stator poles is therefore :-
m
P = WPty + }Z: Ptn{gos n(ge - 27°) + cos n(ge - 9°)
n="1

+ cos n(Be + %) + cos n(8e + 27%)

Where :-
Ptn = magnitude of the nth Fourier component of permeance at
each stator-rotor tooth pair
m
P = 4Pty + 5;) 2Ptn(cos 27n° + cos 9n°) cos nBe
n="1

Pn = 2Ptn(cos 27n° + cos 9n°)
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coefficients of permeance is given by :-

Thus the relationship between the tooth and stator Fourier




P = L4.000 Pt

g 0
Py = 3.757 Pt,
Py = 3.078 Pt,
Py = 2.095 Pt,
P, = 1.000 Pt

JDHESZ1 has proposed a 'Conformal Transformation! héthod to yield
permeance between rectangular toothed structures. Two problems
are considered, one when the teeth are almost aligned and the
second when the teeth are misaligned. A different mapping is
used in each case and the mapping transformation found. The
simpler field problem is then solved in the mapped plane.

Force on the structure is given by inteﬁgrating the normal
derivative of the field strength along the boundary for each
problem and the total force is yielded by superposition of the
forces given by the solution of the two problems. The permeance
is then obtained by a truncated integral of the total force.

The toothed structure of the machine under investigation is
approximated as before and the resulting permeance characteristic
subjected to harmonic analysis. The results, which were provided

by Or. Chai, are given in Table XII.

Ehai22 has proposed a method to yield permeance between toothed
structures of arbitrary shape which does not reguire opposing
teeth to be identical. The technigue is based on the 'Moment!
method (23,24) which converts two-dimensional Laplace problems
into matrix form. The toothed structure of the machine 1is
approximated to the form shown in Figure 4.14. The values of
permeance are calculated as the relative position of the toothed

structure is moved between the maximum and minimum permeance
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TABLE XII

Conformal Transformation Estimates of

Fermeance Coefficients

Coefficlent Pt p
n n
C
n
(n) FMb/A t PMB/R t
0 10.9 0.547 2.19
1 6.36 0.320 1.20
2 0.183 0.00918 0.0283
3 0.432 0.0217 0.0455
b 0.121 0.00608 0.00608
2-:07 mm
013 mm

FIGURE 4,14

Approximation of Tooth Structure

for Moment Method




TABLE XIII

Moment Estimates of Permeance Coefficients

Coefficient Pt P
n n
C
n
(n) FMD/A t me/ﬂ t
0 12.7 0.637 2.55
1 6.04 0.304 1. 14
2 0.111 0.00557 0.0172
3 0.409 0.0205 0.0430
4 0.0227 0.00114 0.00114

positions. The results of harmonic analysis on the resulting
permeance characteristic were provided by Dr. Chai and are given

in Table XIII.

bo6.3 Comparison of permeance coefficients

Permeance coefficients are compared in Table XIV. The 'Measured
Data' results are those estimated at a phase current of 3 A.

It is considered that, at this current, the effects of saturation
are minimal. The 'Measured Data' results, therefore, provide a
valid comparison with the non saturating results estimated from

geometric considerations.

L,6.4L Numerical results and discussion

The extension of the mathematical model for the formulation of
static torque predicts that spacial harmonics 1n the machine
Permeance displacement characteristic give rise to spacial
vharmonics of the same and higher orders in the static torgue

displacement characteristic. To some degree it is a test of




TABLE XTIV Comparison of Estimates of Permeance Coefficients
Straight Line Confaormal Measured
Moment
Arc Transformation Data
PD wa/ﬂ 2.20 2.19 2.55 1.83
P1 an/ﬂ 1.25 1.20 1. 14 0.742
P2 PMb/A 0.0212 0.0283 0.0172 0.0282
P3 FMD/A 0.0513 0.0455 0.0430 0.0259
PL+ nWb/A 4,59 6.08 1. 14 0.128
P1
=i D.568 0.548 O.447 0.405
0
Py 3
5 X 10 9,64 12.9 6.7k 15.4
0
Ps 3
X 10 23,3 20.8 16.9 14,2
0
PL 3
p——‘ x 10 2.09 2.78 0,447 0.0699
0

this model to attempt to predict the permeance characteristic

from the torgue characteristic and to observe if the Fourier

coefficients of permeance have expected values and behave in a

reasonable manner with current.

d
an P3

Permeance coefficients

Pgr Py

(Figures 4.8 and 4.10), estimated from the measured

torque displacement characteristic are, in all respects,

reasanable having normal values and showing saturation effects

with increasing phase current.

Permeance coefficient

- 7L -
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(Figure 4.8), however, has a form which is unreasonable having

sz very large value at 0.5 A and then falling rapidly through

sero to become negative at higher currents. It is considered
that this characteristic is due to the uncertainty of estimating
the coefficient, particularly at low current levels. P2 appears
only in the expression for second harmonic torgue (eguation u.h)
where it i1s part of a term which is small compared to the
remainder of the expression. The term is zero when the phase
currents are egual and thus two phase torgue with egual currents

is independent of P It is considered, therefore, that P

2.

can, for the machine under investigation, be reduced to zero with

2

1ittle loss of accuracy. It is noted that the most pronounced
effect, of this simplification, will be observable when one phase
current is set to zero and the other phase current is set to a low
value. Therefore, a comparison of predictions of single phase,
low current, static torgue displacement characteristics with, and
then without, P2 included, is made. The results are presented
in Figure 4.15 where the single phase 0.5 A characteristic, with
PZ set to 0.827 PMD/A t, is compared with the characteristic

predicted when P2 is set to zero. The result shows, clearly,

that the permeance coefficient PZ has a negligible effect upon
the prediction of the static torgue displacement characteristic
of the machine under investigation and can therefore be set to

ZETO.

Permeance coefficient FJL+ is shown to be very small (Figure 4.11).
Inspection of eguation 4.5 will show that, with the value of PL+
yielded, the contribution to the fourth harmonic torgue made by
P is negligible. It is clear that; for the machine under

4

investigation, permeance coefficient Pq can also be set to zero.
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FIGURE 4.15 Prediction of 0.5 A, Single Phase, Static Torgue

Displacement Characteristic Using Permeance

Coefficients Estimated from Measured Data

A further validation of the model may be obtained by ensuring

that the static torgue displacement characteristic can be
predicted in regions that were not used for the estimation of

the permeance coefficients. All the dominant permeance
coefficients are estimated from the two phase (Ia = Ib) static
torgue displacement characteristics. It is of interest, therefore,
to predict the single phase (Ib = 0) static torgue displacement
tharacteristics using the same permeance coefficients. Two phase
predictions, at phase currents of 3 A and 7 A are presented

in Figures 4.16 and 4.17 respectively. The predictions are very
close to the experimental values, &S expected, since the permeance

coefficients are estimated from these values. However, Figures 4.18
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Coefficients Estimated from Measured Data
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and 4.19 present the corresponding single phase predictionse.
These results are considered to be sufficiently close to the
experimental values to imply that the mathematical model for

the formulation of static torque is valid.

The estimation of permeance coefficients from the machine
geometry is of considerable interest since, if feasible, the
static torgue displacement characteristic can he predicted
directly from the machine structure; this in turn may give some
insight into how the geometry of the machine influences the form
of the torque characteristic. The 'Straight Line Arc' and
'Conformal Transformation' methods suffer from the disadvantage
that they are limited to rectangular toothed structures which,
for the machine under investigation, reguires a considerable
approximation. The 'Moment' method has the advantage that it
allows permeance to be estimated between structures of arbitrary
shapes but has the disadvantage that it is probable that it will
yield high estimates due to its use of open boundary conditions.
Bhai22 suggests that the estimates may be corrected by applying
a factor based on a calculation of the maximum and minimum
permeance since, when opposing teeth are aligned, and when a
tooth and valley are aligned, the boundary conditions are known.
A further disadvantazge of the 'Moment' method is the large amount
of digital computer work space necessary to yield a solution.
For the system used by Chai22 ’l7l\l2 bytes of work space is
required where N is the number of boundary points used to
specify the problem. The 'Straight Line Arc' method is, on the
other hand, a small problem in computirg terms and allows a
simple sinusoidal approximation to tﬁe permeance characteristic

to be made. This approximation is capable of reasonable results
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and is of particular use in giving an insight into the problem
of how the changes in machine geometry affect the form of the

torque displacement curve.

The data presented by Table XIV shows that, in general, the
estimates of the permeance coefficients from machine geometry
are somewhat higher than the estimates from measured data.

This may be due to the rotor-stator air gap being greater than
the nominal 0.13 mm. 'Straight Line Arc' estimates of permeance
coefficients at air gaps of 0.13 mm and 0.15 mm are compared in
Table XV. It is observed that, with the larger gap, the
coefficients are much nearer to those estimated from measured

datae.

Predictions of the two phase torque displacement characteristic,
at phase currents of 3 A and 7 A, using permeance coefficients
yielded by machine geometry are presented in Figures 4.20 (3 R)
and 4,21 (7 A). Figure 4.20 shows that the permeance coefficients
yielded by the 'Moment' method have predicted a two phase, 3 A,
static torque displacement characteristic which is very close to
experimental values and is superior to other predictions based

on the machine geometry. This is to be expected since only this
method is capable of taking into account the non-rectangular
toothed structure of the machine under investigation. The
'Moment' prediction is good even though the estimates of the
permeance coefficients are high. This is so because the Fourier
components of torgue are dependent upon ratios of the Fourier
components of permeance rather than upon absolute values.

For example, the fundamental component of torgue, which is the

dominant term, is proportional to the ratio P,/Pj.
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TABLE XV

Comparison of Estimates of Permeance Cgefficients

Straight Line Arc Measured
Air Gap = 0.13mm | Air Gap = 0.15mm Data
P, pub/A 2.20 1.92 1.83
P1 Pmb/ﬂ 1.25 1.02 0,742
PZ Pub/ﬂ 0.0212 0.0160 0.0282
P3 PMD/A 0.0513 0.0409 0.0259
Ph nlb/A L.59 3.19 0.128
P1
— 0.568 0.531 0.405
P
O
p
2 % 100 9.6k 8.33 15.4
P
0
Ps 3
== x 10 23.3 21.3 14,2
P
O
Py, 3
— x 10 2.09 1.66 0.0699
P
0
Figure 4.21 shows that, at a phase current of 7 A, the

predictions of the two phase static torgue displacement

tharacteristic are poor.

This is expected since the effects

of

saturation of the machine iron are pronocunced at this current.

It is clear that, in general, any attempt to predict the static

torgue displacement characteristic from a permeance characteristic

estimated from the machine geometry should be restricted to

fields which do not tend to saturate the magnetic material.
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FIGURE 4,20 Predictions of 3 A, Two Phase, Static Torgue

Displacement Characteristic Using Permeance

Coefficients Estimated from Machine Geometry

Figures 4.22, 4.23 and 4.24 present the results of predictions

of the two phase static torgue displacement characteristic using
permeance coefficients yielded by the 'Moment' method. The
predictions are for phase currents of 0.5 A, 2 A and 4 A
respectively. Figures 4.25, 4.26 and L.27 present the
corresponding single phase predictions. It is clear that, for
unsaturated conditions, predictions of the static torgue
displacement characteristic from the machine geometry is both
feasible and reasonably accurate. A criticism of the method must

be that it fails when the machine iron tends to saturate.
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Coefficients Estimated from Machine Geometry

However, it may be possible to take account of these effects

since, as the teeth stert saturating, the magnetic boundary will

deviate progressively from the mechanical boundary. It may be
practical, therefore, to model the effects of saturation by

thanging the mechanical boundary of the structure.
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FIGURE L.22 Prediction of 0.5 A, Two Phase, Static Torgue

Displacement Characteristic Using Permeance

Coefficients Estimated by the 'Moment' Method
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L.7 Conclusions

The accurate prediction of torque for any combination of the
phase currents is an essential Feathe of a stepping motor
simulation. Many models of the static torque displacement
characteristic have been proposed, the majority of which are

poor and of limited use. Ehai's[+ model, and the extensions
thereof proposed here, do, however, predict results that are
gbservable in practice. In general the static torque displacement
characteristic of a stepping motor will contain spacial harmonics
which are not insignificant and therefore the frequently used
sinusoidal approximation, of this characteristic, will yield poor
predictions of torque. It is shown that it is very unlikely that
the static torgue displacement characteristic will be a sinusoid
since, even if the permeance characteristic contains no Fourier
components above the first, the static torgque displacement
characteristic will contain a significant second harmonic
component. It is also shown that, the frequently practised,
direct addition of phase torgue to yield the total torgue with
both phases energised is erroneous. The extensions to [Zt'lai'st+
model take account of permeance harmonics, in addition to the
first and fourth, and allow any comhination of phase currents to

be handled.

The estimation of permeance coefficients from measured data is,
to some extent, unsatisfactory in that it is a circular argument.
Therefore, it is certain that the characteristic that is used to
estimate the coefficients is predictable. It is shown, houwever,
that the permeance coefficients estimated from the measured
static torque displacement characteristics have expected values

and compare favourahly with permeance parameters estimated directly
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from the machine geometry. 1In addition, the predictions have

been satisfactorily extended to regions that were not used to

gestimate the permeance coefficients.

The estimation of the permeance coefficients directly from the
machine gecmetry is shown to be feasible. Coefficients yielded
by the IMoment' method are, in the case of the machine under
investigation, shown to be superior to other geometric methods
examined. It is considered that, for rectangular toothed
structures, the 'Straight Line Arc' method has many advantages.
The prediction of the torgue displacement characteristic
directly from machine geometry has much to offer the machine

designer and control engineer with the methods being more

attractive if they could be adapted to take account of saturation

effectse.
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5 VOLTAGE TO FLUX TRANSFER

5.1 Introduction

The machine dynamics are affected, to a considerable extent, by
the transfer function between the ymltage applied to the statar
winding and the magnetic flux in the stator-rotor air gap. In
general, the drive circuit applies a voltage step to the stator
windings, however, inductance and eddy current effects contribute
time constants which cause the flux, and therefore the torque, to
lag the voltage. Although the single-step transient response of
the rotor is similar to a second order step response, an
important difference occurs due to the fact that a step of torgue
cannot be applied. It is important that the initial part of the
rotor response is capable of prediction if the high speed slewing
performance is to be accurately simulated. For such predictions
the transfer function between applied voltage and current, and

between current and flux, should be accurately knouwn.

The voltage to flux transfer function can be obtained directly by
using frequency response methods. However, when using these
methods, magnetic hysteresis of the machine iron can seriously
affect the reéult. The measurement technigue should take account
of the presence of magnetic hysteresis in order that its effects
are included, where appropriate. A combination of inductance
measurements, using a d.c. bridge, and freguency response tests
is found to yield a transfer function which predicts results

observable in practice.

Robinson and Taft/ were the first to recognise that the tranmsient

Tesponse of the stator current has a significant effect upon the
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dynamics of the stepping motor, especially at high stepping
rates. The effects of stator inductance and resistance are
considered, yielding a simple first order transfer between
applied voltage and current. Eddy currents, in the solid rotor
machine investigated, are neglected. To obtain results for the
machine's multi-stepping performance they use the simplifying‘
assumption of constant current drive, thus eliminating the stator

time constante.

Singh18 reports that magnetic non-linearities and core losses are
extremely difficult to model accurately and for this reason are
of ten neglected. He admits that, due to this simplification, the
results will be inaccurate, particularly for solid rotor machines,
and advocates correction by semi-empirical methods. The effects
of inductance are, however, included and he derives a model which
is suitable for the prediction of multi-stepping performance. He
advocates the use of an incremental inductance bridge (a.c.) for
the determination of stator incremental inductance, at various
values of direct current, and then using the data to determine
the average inductance. This method is likely to yield very poor
results due to the effects of hysteresis and eddy currents. 1In

a later contribution Singh et al.25 refer to the possibility of
using a dec. inductance bridge as a method of yielding average
inductance directly and eliminating the effects of eddy currents

on the measurement.

Pickup and TippingB have shown the effects of eddy currents on

the single-step transient response of the stepping motor. Eddy
turrents are detected by observing the delay in the rise of the
Flux linking the exciting coil relative to the rise of the input

Current when a voltage step is applied, with the rotor clamped.
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They PTOpPOSE an equivalent circuit to account for eddy currents
in which fictitious resistive elements couple with parts of the
total core flux. They use the observed current and step
responses, together with de.c. tests, to determine the values of
the components in the equivalent circuit. Predictions, using
this circuit, of switch on current and resulting rotor dynamics
are shown to be-in close agreement with experimental results
whilst results presented, neglecting eddy current effects, are
shown to have unacceptable errors. In a later contribution (27)
they turn their attention to predicting multi-stepping
performance using the same model to account for eddy currents.
Predictions of pull-in rate and settling-time show a satisfactory

level of agreement with experimental values.

Hordik26 addresses himself to the problem of measuring stepping
motor stator inductance with the justification that, to predict
the performance of a stepping motor an accurate knowledge of the
self inductance is required. The d.c. bridge, a.c. bridge and
observation of the stator current, in response to a voltage step,
are described and considered as measurement methods. He
recognises that a.c. bridge methods will be in error if eddy
currents are significant and advocates the use of low freguency,
small amplitude a.c. to minimise the error. This is only correct
in the unlikely event that the machine iron does not exhibit
hysteresis effects. Modest hysteresis will cause the error in
inductance measurements to be particularly high if small
amplitude current perturbations are used since, with these
conditions, the average slope of the minor B-H loop is much
smaller than the slope of the major B-H loop at that point.

For the same reason, the method does not give the true value of
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jncremental inductance when hysteresis ié‘ﬁrésgﬁ; .InductéECEif
determination by the observation of the respphse of the_staﬁgfi
current to a step input of voltage assumes, as does the a.c.  “
hridge method, a simple first order transfer between valtaéé énd
current. However, the presence of eddy currents‘add pole-zero
pairs to the transfer function causing the method to be in error

when their effects are significant.

502 Freguency Response Tests

Initial attempts to predict the form of the stator current
transient by assuming a single time constant transfer function,
between voltage and current, failed. The actual current rise is
many times slower than that predicted. Freguency response
measurements were taken to investigate this transfer and

revealed that the function was indeed more complex. A set of
results were cbtained between 0.1 A peak-to-peak and 8 A peak-
to-peak using a symmetrical current perturbation, whose amplitude
was held constant for each response. The results for peak-to-
peak current perturbations of 0.2 A and 4.0 A are presented in
Figures 5.1 to 5.4. It is evident that any attempt to predict
the current and flux transient or toc make measurements upon the

winding, assuming a single time constant, will lead to

unacceptable errors. The form of the freguency response is
accounted for by the presence of eddy currents in the solid rotor

causing a lag of the flux upon the current.

5.3 Formulation of Transfer Function

Inspection of the freguency response measurements leads to the

conclusion that the transfer between voltqgg_anﬂ current at each
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discrete current level, can be adequately;deéc11bed by é,th;§dlé{ 
gne-zero function. The fransfef betweea ﬁurfent’ahd Fluki181ﬂ£; 
therefore described by a one-poie, 0ne~zefo Funétion. Eoééiﬁéf \
a linear model of the stator circuit, for Fixed¢amplifude |
current perturbations, to be representéd as ShD;n in Figure 5.5,

with volt drops as shown.

R
J
R DT
N IF IR

FIGURE 5.5 Circult Representation of Stator

tet the transfer between current and flux be :-

3(s) (1 + qu)
I(s) i (1 + sT25

A transfer function block diagram of the system is shown in

Figure 5.6 which leads to :-

1 + sT

+—
~
[6)]

~

2
R + S(RT2 + KN)  + SZHNT1

<

—~

w
I
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V(s)

FIGURE 5.6 Block Diagram Representation of Stator

K1 + 5T1)

(g
~—~
(R 1)}
(%t
it
n
°
Y

$

and

R + S(RT2 + KN)  + SZHNT

1
The measured freguency respaonse between voltage anmd current is
normalised to zero dB at zero freguermcy. The tramsfer function

for the normalised freguency domain measurements is thus.:- -

v(juw) 1 + jw(T2 + %g) - w? %g Ty

The constant K relates steady-state flux to current. The

factor KN is the flux linkage per ampere/and”is thus the

inductance L 1in henrys.

5.4 Prediction of Transfer Function

Estimation of the transfer function directly Ffbﬁ’ffngency




response data will yield poor results_ifith( ar mét8r5”52a V 
obtained at a small, fixed, current pertufbationfin fhe pfééenqe,
of magnetic hysteresis. Figures 5.7 and 5.8 shouw Flux'iihkagés 7
plotted against current for the machine under investigatiun.

The presence of hysteresis is demonstrated and thé difference in
average inductance for high (Figure 5.7) and low (Figure 5.8)
current perturbations is clear. In the figures the scales for
flux linkages and current are such that the average inductance

is calculated from

L

6.4 x average slope of loop mH

Thus, from Figure 5.7, at a peak-to-peak current perturbation of
3.8 A, the average inductance is 12.8 mH and, from Figure 5.8, at
a peak-to-peak current perturbation of 0.17 A, the average

inductance is 7.76 mH.

It is clear that, due to hysteresis and saturation, the transfer
between voltage and flux is dependent upon the amplitude of the
reversal of stator current. In order that these non-linearities
are taken into account, in addition to eddy current effects, it
is necessary to obtain fregquency response data over the machine's
working range of current amplitudes. The transfer fumction can
then be used to represent the non-linear effects by obtaining

current dependent time constants.

The.transfer function between voltage and current.can be
determined, from the freguency response data, using computational
curve fitting technigues presented by Levyza, Sanathanan and
Hoernerzg, and Payne30. However, since the dominant pole is

mainly dependent upon the L/R time constanpi'uh;qhacan_b3; 




| FIGURE 5.7 Flux Linkage-Current Loop (3.8 A p-p)
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| Tes

measurements, it has been found that a»teshnique based]ﬁgon;the;

subtraction of the dominant pole from the freguency response and

then fitting a transfer function to the residue, yields superior

results.

5.407 Measurement of inductance

A d.c. inductance bridge, using the method due to Jones19 is set

up a8s shown in Figure 5.9.

b > stator

FIGURE 5.9 D.C. Inductance Bridge .

The bridge is balanced in the steady state, by adjustment of

R, and R

resistors R1, 3 L in such a way that ?hg>ﬁ%uxmeter is




presented with the correct damping resistance. The valtagéL U)
is reversed and the corresponding fluxmeter deflection nofed@
‘The average inductance, at various current perturbéticné, is

calculated from the bridge equation :-

L = = 7 4 henrys

Where :=-
| C = fluxmeter scale factor (Wb/division)
3 oc = total change in fluxmeter scale reading (divisions)
I = total change of current (amps)

The results for the machine under investigation are presented in

Figure 5.10.

5.4.2 Determination of time constants

Let each, measured, freguency response be represented by a

one-zero, two-pole transfer function

I(jw) _ 1 + jwZ
| V(jw) (1 + jwpq) (1 +3
_ 1+ juz
= . ‘ a—
1 + JM(P1 + P2) - w P1P2,

equating coefficients with eguation 5.2

0
it
~N
+
i
i
0
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and T1 = T e 5.4

The transfer function is evaluated by subtracting the dominant

pole, P from the frequency response and evaluating the zero

1’

and second pole from the residue. The procedure is iterated to

satisfy equation 5.3 using P, = L/R as an initial guess. Time

constant T1 is calculated from equation 5.4. The results, for

the machine under investigation, are summarised in Table XVT.




TABLE XVI  Summary of Transfer

Phase I |Phase L | Phase R | Pale P, Polebsz,Z§r§:Z" ’
A (p-p) mH ohms seconds secondé»isecondsi
0.1 7.10 0.788 0.0100 0.0008 0.0018
0.2 7.50 0.686 0.0117 0.0807 0.001¢%
0.4 8.14 0.686 0.0126 0.0006 0.0014
1.0 9.60 0.682 0.0148 0.0006 0.0013
1¢5 10.3 0.713 0.0150 0.0004 0.0010
2.0 10.8 0.705 0.0158 0.0004 0.0008
3.0 1.4 0.727 0.0161 0.0003 0.0008
4,0 11.8 0.708 0.0173 0.0006 0.0012
6.0 1.7 0.697 0.0174 0.0005 0.0011
8.0 1.7 0.720 0.0168 0.0005 0.0011

5.5 Calculation of Tramsient Current and Flux

Equations 5.1 and 5.2 are used to calculate the transient flux
and current in response to a voltage forcing fumction. The
results presented in Table XVI show that time constants T1 and

T2 can be considered independent of current with:littlg/loss of
accuracy. On the other hand, the inductancer(HN) must/be
calculated on the basis of the magnituderqf thg/qurrept
perturbation in use. For this purpuée a Functiﬁﬁ/%sifitfed'ﬁo
the variation of average inductance uithrcﬁfrent maéﬁitude. -

Digital simulation of the transfer function is described in

Chapter 6.




5.6 Conclusians

The transfer function between the voltage applied to the‘stapgrgunf““‘

winding and the magnetic flux in the stator-rotor air gap is-nmt,;“
in general, a simple, linear, first order function with ohly
winding inductance and resistance as determining factors. Eddy
currents, hysteresis and saturation effects cause the transfer

to be more complex with consequent difficulties in identification
and simulation. Inductance measurement technigues should
recognise the effects of these non-linearities as they can cause

the result to be a very poor estimate of the true value.

Eddy current effects can be approximated by assuming that the
transfer between current and flux can be adequately described by
a linear, one-zero, one-pole function at specific current levels.
The time constants of the function can be made current dependent
to account for non-linear effects. The results (Table;XMi) have
shown, however, that the time constants can be assumed to be
independent of current amplitude with little loss of accuracy.

If this is generally true an economy is possible in the
identification method in that only one freguency respaonse

measurement is needed.

Hysteresis and saturation effects can be apprdgimafed/by
representing the inductance as the averagg slqpe Df‘the‘

flux linkage-current loop at specific currentampiitudeé; Such
measurements are conveniently made by employiﬁg é‘é.c. inductance
bridge. The transfer between voltage and flux ié reprééented,by‘
a linear, one-zero, two-pole function at fixed values of cufrent
amplitude. The time constant due to’iﬁductance i's made dependent
upon the amplitude of the current perturbatioﬁ ﬁassing through the

stator windings. -
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SIMULATION OF MOTOR AND DRIVE

ol Introduction

The dynamic performance of a stepping motor is, infggneral,
highly non-linear. 1In consequence, mathematical models, that
adequately describe these non-linearities, are complex and will,
in general, reguire a computing aid to facilitate their solution.
Analogue computers, digital computers or a hybrid arrangement can

be used in this role.

Nishimura et al.31 were the first to report the use of an analogue
computer for the simulation of stepping motors although

Kuo et al.32 had previously reported the use of analogue methods,
on a digital computer, by employing the IBM 360 Continuous System
Modelling Program (CSMP). Nishimura et al.31 comgngcanalogue
computer and digital computer simulation methodé.‘ %Aéy report
that analogue computer simulation produces a much larger error,
partly due to the use of piecewise-linear appréximations and
partly due to drift errors. Singh33 asserts that analogue
computer simulation is practical only for single-step performance
studies since, for multi-stepping, the initial conditions at the
beginning of each new step have to be reset, making the procedure
extremely tedious. However, Nishimura et al.31”898m:tn/havevbeen
successful in this respect by employing two identical analogue
Circuits. One circuit is used to solve the differential
Bquations for one pulse period and the other to solve the
equations for the next. At the end of a pulse pe:imdythe final
values of the active circult are supp}ied as the initial‘valges 

of the other circuit to start the next simulation period,
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Many examples of the use Df'digital.camﬁuté_/ to ¢ iV5,~ ”i*
mathematical models of the stepping‘motdr,Acén ﬁé.fouﬁd5iﬁ;thé?,
literature (25,31-36). The use of CSMP is common but,:BS‘ ’
concluded by Singh33, the use of FORTRAN provides greafer
flexibility since stepping motor systems are inhefently digital
in nature and thus require simulation of switching operations.’
These operations can be programmed, very easily, in FORTRAN.
Moreover, the program efficiency of a FORTRAN simulated system
is superior to the program efficiency of the same system

simulated in CSMP.

The major non-linearities inherent in the stepping motor and
drive have been taken into account in the modelling. The
resulting complexity of the simulation render énalogue methods
unsuitable and therefore simulation by digital computer, using
the FORTRAN programming language, is chosen to provide

predictions of system performance.

A block diagram of the stepping motor and drive is used as the
basis of the digital simulation. The function blocks, and the
links between them, are translated into computer software. In
general the functional blocks are written as subroutines, or
parts of subroutines, with linking being achieved by calls to

the subroutines from a main program or subprogram (see Appendix A).

6.2 Digital Simulatian

Digital simulation of the stepping motor and drive is achieved
by converting, where necessary, the mathematical and functignal
models of its sub-systems to a form that is suitable for digital

solution. These digital representations of the sub-system
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which provides software links between thé Simulated'éub#systamég" .

functions are then incorporated into a digite

mﬁutérrgrggiam,;@

The simulation package is written in FORTRAN IV and implemented -

on a PDP-9/15 digital computer. Further details of the

simulation software can be found in Appendices A and B.

A block diagram of the stepping motor and drive is presented in

Figure 6.7.

The notation used in the block diagram is as follows :-

Nr

ge

number of rotor t

rotor angle (ele

rotor angle (mec
angular velocity
total inertia on
viscous friction
coulomb friction
torque developed
voltage applied t
voltage applied t
generated e.m.f.
generated eg.m.f.
current in 'a' ph
current in 'b' ph
current feedback
flux in 'a' phase
flux in 'b' phase
steady state $/1

Laplace operator

eeth

ctrical) (rad)
hanical) (rad)

of rotor (rad/s)
motor shaft (kg mz)
coefficient of motor and load (N m s)
torque of motor and load (N 5)
by the motor (N m) |
o 'a' phase winding (v)

o 'b' phase winding (V)

in 'a' phase (V)

in 'b' phase (V)

ase winding (A)

ase winding (A)

factor (Rq) (ohms)
(wb)
(Wh)

ratio (Wb/R)

On receipt of an input pulse the two phase drive state generator
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value, which is modified by the gene:afed e.m.F;‘whaﬁ:pna;r tor
is in motion. When the current reacheé thg’ et Valueﬁ?he Yéléééeu
applied to the stator is reduced, by feedﬁack action, to é value
which malntains the set current. The flux change, which lags ‘the
current change due to eddy currents, causes the torque to change
from zero. The rotor moves under the cunstr;iﬁtérof inertia,
viscous friction and coulomb friction. The current reversal
gives rise to a flux reversal which causes the zero torque
position to shift 90 electrical degrees. In general, the values
of J, B and TF are such that the rotor executes a second

order type of response, coming to rest 90 electrical degrees from

its position before the input pulse was received.

Be2.1 Drive circuit and generated e.m.f s

It is shown in para. 3.4 that there are three possible current

conditions governing the voltage applied to. the stator =
(a) Stator current in the opposite sense to that demanded

(b) Stator current in the same sense to that demanded but

less than the set value
(c) Stator current at set value

The digital simulation of the dfive circuit is contained in

Subroutine CURCAL (Appendix A.4). The three current conditions
are easily tested in the gsimulation and‘the;abprapriate~VDltagé

determined.

The voltage across the stator winding indicated by candiﬁion?(a)

is a high voltage transient, modified by FriVE-CirﬂUit‘abtibh'~-




the high voltage supply. The generated e.m.f. is a function of

electrical arngle and rotor angular velocity ééd‘is given by ﬁ

eba = Hb mr cos 8e

The constant, K_, is found, by measurement, to be :-

Hb = 0,334 V/(rad 5-1)

Note that the 'b' phase generated e.m.f. is given by :-

eb

b Hb w_ cOS (Be - 11/2)

The displacement between the generated e.m.f.s in each phase is
due to the two phase construction of the machine stator. This
phase difference is accounted for, in the g%mulation by

subtracting 90 electrical degrees via the sub tiné argﬁhents
in the calling subprogram (RECAL2) (Appendix A.3) when calling
CURCAL for 'b' phase calculations. The magnitude of the veoltage

across the stator windings for condition (a) is given by :-

) = V + 5 - 0.334 w_ cos Be
S 2N ST o
where V, = voltage applied to stator winding
) =

voltage of supply

The voltage across the stator winding indicated by'canditian (p)
is the supply voltage modified by IR drops'and/thévsaturatiﬁn
characteristics of the drive circuit transistors. 'Tbe ciréhiﬁig
resistance is found to be 0.345 ohms and the drive tranéiatg;s

saturation volt drop 2 V. Conseguently, the,paghitudé‘df'tha(‘



voltage across the stator mindiﬂg for cond

by :-

Ve = V=035 1 -2~ 0.334 w_ cos Be

where I - = nphase current

The voltage across the stator winding indicéﬁed?ﬁy condition (c)
is that voltage which is required to cause a stator current equal

to the set value to flow. The voltage is thérefore given by :-

v = I R
s s
“where I8 = set value of phase current
R = stator resistance

In practice, it is observed that the current overshoots the set

value, due, in the main, to the slouw slew rate of the operational
amplifier in the feedback path. This is accouhtéd:?bffby/keeping”
the voltage in condition (b) for 0.2 ms éfgéfithe curren%vhés'

reached the set value.

The sign of the stator voltagés is determimed by the direction of
the current demand. The expressions for stator voltage are

programmed in FORTRAN using the variables listed im Table XVII.

6.2.2 Voltage to flux transfer

The digital simulation of the transfer between vcltagé/ahq

current and between current and flux is contained in Subroutine

CURCAL (Appendix A.L4).

It is shown, in péra. 5.3, that the transfer between voltagefémqf
current, at each discrete current level, can be adequately ’
described by a two-pole, one-zero Function./UIFJié hecessgry}.@t  '
therefore, to represent this Function in/a_ dfﬁfsuiﬁéhleffgpﬁv:‘
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TABLE XVIT  Drive Cirey

Variable Name Variable

VEF Stator Voltage (V)

S Current direction demand

v Supply Voltage (V)

OMEGA Angular Velocity (rad/s)
RTC Number of Rotor Teeth
THETA Displacement (rad) (Mechanical)
AMP Stator Current (A)
TC Set Current (A)
R Stator Resistance (ohms)

digital solution. Consider a generalised form of the‘tfahsfer

function to be

<
~
w0
~r

1 + bs

1 + BS + fsz

cC
—~|
53]
]
I

Consider this relationship in the form of state-space eguations :-

1

X Ax + Bu

I<
n

Cx + Du

the state variables

Xe



fxe
1t

I<
i

Thus

The state transition matrix may be obtained from

-1
33 (s1 - A"

(L)

which leads to :-

rfl(t)11 = 1 (r1 + % ) exp/(r1t) - (r

1
¢(t)12 = /| expP (rqt) - exp (rzt)
1 2
*(t) = -1 2 )[exp (r,t) - exp (r,t)
21 f r1 - r2 1 . 2
1

(t),, =



Where T, and r, are the roots

2
e e 1
r = e e ] S L L -
1 2f LF f

To solve the eguations by digital methods the sampled data form

of the state-space equations is used.

X n+1 F5 n ¥ Gu n
where F = %(h)
h = time step
*(h) = discrete form of state transition matrix
g = a dh) - 1|8
-1
or G = A [% - I] B

-1

-1




11

The normalised form of the voltage to current transfer functian

(para. 5.3) is :=

1 + ST2
= L 2 L 6.2
) 1 + s(T2 + 7 ) + s 5 T1 , :

—
~
w

s

<
~
wn

Comparing coefficients with equatiaon 6.1

b = T2
e = T2 +%
L
f = 5T,
v(s) = 1I(s)
u(s) = V(s)

Note that equation 6.2 is normalised. The output vector should,

therefore, be multiplied by 1/R to yield current in amperes.

The transfer function from voltage to current is,Ain ganeral,'_

current dependent. It is shown in para. 5.5 that/timgugonstants

T1 and T2

inductance L must be calculateq on the basis of the maghiﬁudg

can be considered independent of cur;ent/b@tlthe

of the current perturbation used. A polyndmia;,fif t0u£he, 
variation of average inductance with peak/gu;//ﬁéiﬁs<dbtaingd byfAv
the method of least sguares. The resultiné exﬁréssicn is‘ .
programmed to yield average inductance as a Fun;t;oﬁ of,thé'ggék

current attained at the last switche.



The discrete form of the state equation
current transfer are programmed

listed in Table XVIII.

It is shown in para. 5.3, that the tranSﬁerﬁbe;Qeen‘

flux, at each discrete current level, can be adequatély described

by a one-pole, one-zero function

% (s) _ 1+ 8T
I1(s) 1 + sT

The state variables may be defined such that

T
X = - x 4= (1 -1
2 2 2
T
%: X +—1-I
2
In the sampled data form
Zne1 T Fx n ¥ GL n
where F = ¢(h)
h = time step -
¢(h) = exp ( - %L )
2,
G = (exp ( - %L )
)

The discrete form of the state equations for the CUTIEnt'tQ;fqu

Table XIX.



TABLE XVIII

.

Variahle Name

Variable

TAU1

TAU2

SLOPE

ALPHA

BETA

EALPH

EBETA

8M

b.=/T2”

B=T2+
L

f = 5T,

T1

To

L

R

T, ,

To

exp (r1h)

exp/(rzh) /’”

B Matrix

F Matrix

-




TABLE

XIX  Current-to-Flux Transfe

Variable Name
EX p(h) =
STEP1 Time Step = h
TAU2 T, PR it
X X
T
TA _T.l
2
AMP Stator Current I
FLUX Normalised Flux %

6e2.3 Torgue production

Static torque is a complex function of the %QdfphBSB'curfents"aﬁd*.,“ 
the electrical displacement angleQ Analysis of the stati:atorque-”
displacement characteristic is contained in Chapter 4 and 1éadsi \
to an exhression for torque (para. 4.5) which is pragramméd in
FORTRAN in Subroutine TRIGTQ (Appendix A.5). The torque
expression contains Fourier compqnehfs of permeance which are,
in general, current dependent. ﬁetmeanbgiﬁdéffic;enfé/as a
function of current are investigated in para.rufa.?;’*ﬂ pulynomiéi‘
fit, to these functions, is obtained by the methaq/of least
sguares. The resulting exbressiuns‘are ﬁfdgréhmed to yield

current dependent permeance coefficients.

The calculation of time dependent tafque»iS“§Chigvédﬂby:bompu‘



the torgue with time depéhdéhj*iﬁéut<
achieved by calling the s~ubro>u‘£}ir‘r | at each tim
updated input arguments.'“Tfansieﬁtftofqué is éiﬁuhbiﬂﬁ.iﬂ
dependent electrical angle and the thAtime/qépéﬁdén£ pEései
fluxes. In order that the flux unit is coﬁpé%ibié'witﬁjthe
current used for the steady state solution of torgque, the

subroutine is called with normalised flux, ®/K where K 1is the

steady state &/I ratio,

B.2.4 Rotor dynamics

The digital simulation of the rotor dynamics is contained in

Subroutine RECALZ (Appendix A.3).

To simulate the dynamics of the stepping motor (Figure 6.1) it

1s necessary, in the first instance, to solve

T J8m + B ém

State-space treatment can be applied in é’similar'hanﬁer4tu that
applied to the voltage to current transfer function (equétiun 6.1)e

This leads to a sampled data form for the rotor dynamics as

follows :-
gm = Bnm gn_ 3
n+t1 n T ¥nhB
o o B 1
an+1 = an exp (- 3 h) + 5
ur=9m
h = +time step



Coulomb friction TF is accqqh%éd'fqu
inspecting the sign of

accordingly.

listed in Tahle XX.

TABLE XX Rotor Dynamics Simulatien Variables

Variable Name Variable
SLUG J
STEP h
FRIC B
THETA am
OMEGA
TOR

6.3 Prediction of Rotor Dynamics

A description of the simulation package, which cnmprises a main

program and five subroutines, is cnntalned Appendlx A. The

input variables required by the package are. llSth in Table XXT

and the output parameters 8V8118b78 as a functlnn of tlme/are

listed in Table XXII.

6.k Measurement of Rotor Dynémics

The position of the stepping motor output shaft is measured by

an eleven bit, Gray coded encoder. The enc @éf:;g ;qterfacad ﬁ

119 =



TABLE XXI

Variable | Unit
Maximum Current (Set Current) N
Aiming Voltage (Supply Voltage) o Y
Winding Resistance ohm
Inertia kg m
Friﬁtion (Viscous Friction Coefficient) j N m
Frictional Torgque (Coulomb Friction) N m
Number of Rotor Teeth
Number of Turns per Pole
Time Step s

Period as Integer Multiplier of T&hé”étep/

Number of Steps to be Computed o

TABLE XXII Simulation Dutput Parameters
Parameter Unit
Displacement Degrees (Electrical) %

Angular Velocity
Torgue
Current (A Phase)

Flux (A Phase)

rad/s (Mechanical)




to the PDP-9/15 digital computef;thcﬁ;v
interrupt, is prugrammedhtu reéd‘thé:éncédef ﬁﬁtput}:
output to nmatural binmary and store tHe‘result.. The @rﬁgiam
continues in this mode for a prescribed“nﬁmbér“nf iﬁteffﬂp%‘

pulses. The results may then be outputted to the graph plotter

where, by knowing the freguency of the interrupts, they are

plotted against time. Alternatively the results can be saved

by outputting to paper punch.

6.5 Typical Results

The predictions are obtained using the input data listed in

Table XXIII, unless otherwise stated.

TABLE XXIII SimulationwlnputﬁData:ijza-¢

Variable Value
Winding Resistance 0.606 ohms
Inertia 0.000448 kg m2
Friction 0.028 N-m s
Frictional Torque 0.002 N.m
Number of Rotor Teeth L2
Number of Turns per Pole 40
Time Step

A set of results are presented (Figures 6.2, 6b3'and_6-9)»whigh

predict the stepping motor performance when cted io,afs1nglg{:‘

step demand with the drive circuit high VﬂltaggiSUpp;V 88t tq'-
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FIGURE 6.2 Single Step Response of Unloaded Rotor

40 volts and the current demand set at 2 A, Figure 6.2 shous fhe
predicted displacement with the experimental result superimposed,  \
Figure 6.3 shows the corresponding predictiqp:ufipbe torgue mith ‘
the displacement included as reference and Fig 2 .4 shows the

“corresponding prediction of the 'a' phase:currentfand%Flux.-

The results presented in Figures.E;S and 6.éjcompare}tﬁézéig
single step transient predibtions, Dbtéinedrw{ﬁh/tﬁé/afive«-
Circuit’high voltage suphly set to 40 volts, with the pfedicfidn$  -
obtained with the drive circuit high voltage supply discohneéﬁeda7
and the low voltage supply set to 12 volts. Figure 6.5 Sh°u37§h9i;

predicted displacements and Figure 6.6 the_prédict?d torgues.
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FIGURE 6.3 Prediction of Torgue and Displacement

in Response to a Single Step“pgmanq

High Voltage On, Set Currenf 2 A, Rotor Unloaded

it

Scales: Displacement 37.é/aég(élec)/div

Torque 0.363 N m/div
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FIGURE 6.4 Prediction of 'a' Phase Current and-Fiux

in Response to a Single Step Demand

High Voltage On, Set Current 2 A, Rotor Unloaded

Scales: Current 0.5 A/diwv

F1lux 0.0373 mb/div
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Results are presented in Figureé‘é,7 an
predictions of the steppiﬁg meo:eﬁeffG:ﬁéncé/_;‘gj}‘15; aﬁ
without, eddy current timé constanté;-.Thg'pfedictiaﬁ§ éfé fQ
the 6 A single step transient respoﬁse with the drivé airéuif
high voltage supply disconnected and the low vblﬁage supply set
to 12 volts. Figure 6.7 shows the predicted displacements with
the experimental result superimposed and Figure 6.8 shows the |
corresponding predictions of the torgues. Figure 6.9 is a
prediction of the corresponding 'a' phase current and torgue

with eddy current time constants included.

The results presented in Figures 6.10 and 6;11 predict the
stepping motor performance when the ouput shaft is loaded with
inertia equal to the rotor inertia. The preﬁicﬁinns are for the>
4 A single step transient response with the drive circuit high

voltage supply set to 40 volts and the total ine?tia set to

0.000916 kg m2. Figure 6.10 shows the predicted;diép}?éémeht

with the experimental result superimposed and Figﬁjé36i11 shows

the corresponding prediction of the torgque with the dispiécemeht

included as reference.

Multi-stepping results are presented in Figures 6.12 to 6.15;
The current demand is set at & A and the step rate at 50 steps
per second. Figures 6.12 and 6.13 show the
voltage supply set to 40 volts. Figure/E;ﬂZ*shﬁmSEﬁhe:predicted
displacement with the experimental results supefihpbéed and
Figure 6.13 shows the corresponding prediction Df;tﬁe forqpe;
Figures 6.14 and 6.15 present the results fuf:tﬁe high‘vultagé'
supply disconnected and the low voltage supply set,t0 ﬁ2 vclﬁé, 
Figure 6.14 shows the predicted displacement with the :
experimental results superimposed and Figure 6.15 shams;the;;]

corresponding prediction of torqug.
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FIGURE 6.5 Prediction of 'a' Phase Current and

in Response to a Single Step Demand

Scales: ‘Current

Flux
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FIGURE 6.11 Prediction of Torgue and Displacement

in Response to a Single Stép Demand:

High Voltage 0On, Set Current
Total Inertia = 0,000916 kg m2
Scales: Displacement =

Tarque
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be5e1 Discussion

A sample of the results of steppingfméfbm aﬁd drivﬁ'gim;
is presented by Figures 6.2 to 6.15. ‘Su:h a saleE«iS iﬂCludé‘
to give an indication of the capability of the siﬁuiatiqn:
package and to demonstrate its ECCUIECV/by,cumparing:predicted‘

and measured results of rotor dynamics.

Predictions of switch on current and flux are inén'in Figures 6.4
and 6.9. The results presented by Figure 6.4 sﬁbw the effects of
high voltage forcing and illustrate that, even with this method

of drive, the eddy current time constant is important since, if
current is the control parameter, the qucing is removed when it
reaches its set value leaving the flux without forcing for the
remainder of its change. It is of interest to note that the
current overshoot predicted in Figure 6.4 is beneficial in that

it establishes the flux in less time than it would take if it
were absent. The results presented in Figure 6.9 ahd@éthe
predicted flux lag to be small. Hmmever,ithe,impdrténbe of
including the eddy current time constants is shown in Figure 6.7
where, the prediction of displacement with the time constants"
excluded is shown to be less accurate, when compared to the
measured response, than when eddy current ti&é constantS»are~
included. Figure 6.8 shows that the maia céﬁé;?}é; p;édi”tingzé:
response with an initial rise which is-foo fépid;Twitg éady
current time constants excluded, ié théfrégé bredictinﬁaof the:

initial torgue is much too high.

The effects of high voltage forcing are illustrated by the .
predictions of Figure 6.5 which shows the higher initial
acceleration of the rotor-and, in conseguence, the hiQHBERDBakj'<

overshoot. High voltage forcing produces a much higher‘péék;;i1L 




torque, as predicted’in FigUré§S,6; wh‘
oscillatory response of the rDtof;  éu&h‘arreéﬁqﬁée mé
of course, be desirable particularly  when mﬁlti;stengingqi‘ltxi,
for this reason that bilevel and chopperxdriveééircﬁitS.geﬁefallg
give rise to more acute stability problems. ;fhis/éituation
should be recognised in controller design where high voltage
forcing should be used in combination with current control for
optimum results. Multi-stepping predictions (Figures 6.12 to 6.15)
illustrate again that higher peak torques and a more oscillatory

response result from high voltage forcing.

6.6 Conclusiaons

To achieve reasonable accuracy, when predicting the dynamic
performance of a stepping motor and drive, it is necessary to
take account of the major non-linearities. This givés’:iée to
a complex simulation which is only tractable with a édmﬁutatinﬁél'
aid. A digital simulation is proposed using the FDRfRAN

programming language. This offers both accuracy and

computational efficiency.

It is shown that the mathematical and functional models of the
stepping motor sub-systems can be represented by a digital
simulation. Some types of non-linearities are apprdgimated
by making certain parameters, where necessary, dependent upon
current and flux and updating the values of thé parame%efs at each«,}ﬁ“'
time step., Other types of non-linearity are repfeéentedfﬁy.i-
switching the value of certain parameters as a result:of imépeqtiﬁ
the value of other parameters. The resulting digital simula#i 

is considered to be a powerful method of non-linear analysis.






7 CONTROL ASPECTS

761 DEBH-LDDE

One of the major advantages of é steppiégfmntn¥}is thaf-its
output shaft may be positioned without the use of an output
transducer and external feedback. Such a system does not, of
course, adapt to unpredictable load changes. However, a large
percentage of stepping motor applications involve fixed or
predictable loads (37). An early contribution on the subject
of the open-loop stepping motor was made by Bailey 38’39’40.

He provides many examples of applications that are ideally suited

to the open-~loop stepping motor such as celestial trackers and

drane controls,

The major difficulty of open-loop operation is dUE tD the
under-damped single step response of thélro;ar.' This respmnse

gives rise to instabilities, or resonances, at ﬁertain stepping.
rates due, in the main, to step demands being made at a time when

the rotor velocity is negative.

Oscillations in velocity, whilst slewing, are a Feature~DF_
open-loop operation. They result from:-the discrete nature of
the torque demand and peak torgues which are in exdesg/pf the:
value required to keep the rotor in unlfarmrmntlon./i%aédroﬁdr-U
must, therefore, execute a motion such that the average tnrque
is that required by the laws of mechanlcs./ This,deménds that~thé
tnrque is negative for part of the time resulting in DSClllatlDﬂS‘ 
in motion. Velocity oscillations are reduced by a feduotion_in

peak torgue demand. In normal operation thls can be achleved by

a reduction of voltage or current, or an 1ncrease in step rate.



The stator electrical time'canstaﬁﬁ‘is- espansib the
decrease in peak torgque as thE’stép'rate,ihefaaées. .Budy-,hh'
observed that stable slow speed operation can be achieVEd?by ;’

reducing the control voltage although he does not offer a reason

for this behaviour.

The subject of damping has been given considerable attention in
the literature (9,13,42,43,44), The object of this attention is
to reduce resonance problems and velocity Uscillation problems to
a minimum. HKuo and Singhuz have contributed a comprehensive paper
an the topic which covers viscous-inertia dampers, damping by
electronic switching schemes and damping by modification of motor
parameters. Damping methods which are not subject to controller
action, such as viscous friction, inertia, viscoué—inertia,
electro-magnetic and eddy current, offer little advantage.: These
methods can reduce the settling time with the pgné,/ ‘.Quewer;g'
of an inevitable reduction in the speed of respunsérthgé4limiting
the acceleration of the rotor. If a reduction in the speed of
response is acceptable then a decrease in settling time is often
quite satisfactorily achieved, without recourse to elgbqrate
damping methods, by using a less efficient drive circuit:tﬁ

provide a slow increase of stator current.

Electro-magnetic and eddy current methods-lend themselves to the
possibility of controller intervention to provide damping when

.

necessary. Such methods are capable of achievi aximum

accelerations with the suppression of the:uhwahtedfgesulis'offa
lightly damped response when reguired. Dther'methodsginrthis’g
category are electronic back phasing (13) and delayed last ateggf“

(13,42). Modification of machine parameters, to provide a

inherent increase in damping, is not satls to



of response is sacrificed. It is preferab to prov
which has a lightly damped rESpohse;‘thUS~maximiSingftHé
acceleration, and then to rely on controller action‘fcffaﬁyi’gn‘

damping that is required.

For successful open-loop control an accurate system model is
required in order that a controller may he designed to meet the
system specification. It may be attractive to modify the machine
in such a way that it behaves in a well defined manner, for
example, by adding viscous-inertia dampers, but this usually
results in abandoning beneficial characteristics of the machine
resulting in an unsatisfactory system. Microprocessors offer the
possibility of controlling a stepping system, in open-loop, by
software implemented control schemes or by a combination of
hardware and software control devices (45,46). Micro-stepping

schemes (47,48) can be implemented to i@prqye;system,aCCQracy and

stability.

7.2 Closed~Loop

All closed-loop control schemes presented in the literature;(49~55)!-v‘
use some method to determine when to apply the next position
demand pulse. This is usually achieved by a slotted diSCumoﬁntEd
on the output shaft with the number of slots norﬁélly¥équal'to
the number of steps per revolution of the motor. “Photo-electric
sensors are usually employed to provide the feedbac pulses as

the disc rotates between the sensors and‘éflfﬁht source. The

electrical angle that the step demand is in advance of the actual 
rotor position is known as the lead angle and may be adjdstéd,ﬁy ﬁ
mechanical alignment of the sensors or’by:mqre e%aboratg methgdégifl

Under such a scheme the rotor moves at a velocity dependent upgngf“



the drive circuit set current, lead angle an ad c

The feedback method is,a‘Formde’elettrgnic Cgmmutaﬁignfw

causes the motor to satisfy the laws of mechanics by régul,‘

its angular velocity.

Fredriksenb'g’50

was the first to propose leS{Hg/tHé ib0p befmgen
the shaft position and input step demand by égﬁsiﬁéfdiscrete
rotor angles with opto-electronic devices uperatiné on a siotted
disc coupled to the rotor shaft. WKuo et al.51 consider’the
effects of mechanical adjustment of lead angle and, in a later
contribution, Hu052 proposes pulse injection schemes to switch
from acceleration to deceleration, and lead angle control by
time-delayed feedback. Lead angle control, by such a method, is

difficult since the angle is a function of both the time delay

and the rotor angular velocity.

The main advantages offered by the closed-loop stepping/motar—are
that it is load adaptive and, since it is not constrained to a
particular stepping rate, its angular velocity is nun—oscillatnry.j
Its behaviour is similar to a d.c. motor and for applications ‘
where these characteristics are desirable it is often argued_that.
a de.c. motor with shaft encoder is superior. Recent deﬁelopments;
however, in the field of closed-loop control of stepping motors
without feedback encoders (53,54,55), may give the stepping'mﬁtmr'?
the advantage in the closed-loop rcle. Feedback without encodefs
is achieved by stator current or voltage waveform sensing SiﬁCe'

these waveforms contain positional information.

7.3 Conclusions

The major advantage of a stepping motor is exploited*Mhen,_:<




operated in open-loop.’ DiFfichtieé dr*t ;<” QF‘Qp§ﬁét;§h:
can be minimised by cmntroller‘désigh nasédrﬁpun:éﬁ ébég:atéx
system model. In order to maximise system“performance if\ié, in?
general, preferable to modify the system response by cantrolier-
intervention than by changing the inherén; ;S%S;/éﬁafécteriétics
by fixed damping arrangements. Software impiemeﬁféd 6Dntrol
schemes are feasible using microprocessors which offer the
possibility of implementing sophisticated control schemés that
are cost effective. In roles that demand the characteristics

of fered by the closed-loop stepping motor, d.c. motors, with

shaft encoders, may offer a superior solution.
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8 CONCLUSIDNS

8.1 General

For successful performance predictions of a stepping motor system
a comprehensive, non-linear, model is required.  Such a model
must take account of the effects of drive Circuit'bharacferistics,
a non-linear torgque displacement characteristic, eddy currents,
stator inductance and generated e.m.f. Simplified and linearised
models have a limited use since valid results are confined to
small deviations about the null after a mechanical disturbance

of the rotor. The comprehensive model gives rise to a complex
simulation which is only tractable with a compdtatinnal aid.

A digital simulation is proposed using the FORTRAN programming

language. This offers both accuracy and computational efficiency.

The performance of a stepping motor system/is‘iéfggly  gﬁendehﬁ
upon the drive circuit employed to power the ﬁufcr. /Fbr high
speed, high efficiency systems it is necessary to use a bipolar
circuit of either the bilevel or chopper type, switched by a two

phase drive state generator.

For a given machine, the time constant and cﬁpéei;}osges of the
stator winding are independent of the number qf furns”'h the

winding space. Power losses in the drive cirgyit,/nn’thélothep
hand, are inversely proportional to the numbef~6f_stator turns.
It is shown that the overdrive voltage, in biiBVEl anﬁ chopper
circuits, gives little advantage when it Exbééaé4%~léhel”gf’téhv7
times the rated stator voltage. For high system efficien6y3f~fo,
therefore, stator windings should be wound with as manyftﬁfhglas t

possible consistent with not exceeding thB/VﬂltEQE“bTEékﬂUUn4‘



characteristics of the drive transistars : 1mengVEEdEiVE. ”

For accurate simulations of rotor dynamicé;‘uhen fuii é£éﬁfH
demands are made, it is essential tﬁéf the torque'appliéé to

the rotor is capable of accurate'predictioﬁ.j%iinéar %orquer
displacement characteristics, sinusoidal apprbxiﬁafions and

direct addition of phase torques are poor ﬁodels of/thé Forhulation
of static torgue. Physical considerations of torque/prmduction
lead to the mathematical model proposed by Cﬁaih which predicts

results that are observable in practice. A proposed development

of this model has enhanced accuracy, due to the inclusion of extra
Fourier components of permeance, and has the advantage that it

can be used to predict static torgue for any combination of phase
currents. The prediction of dynamic torque is achieved by using

time dependent displacement and normalised flux in place of

steady state displacement and current. Normalised flux is

defined such that it is compatible with the current used in the

static case.

It is shown that the permeance coefficients, estimated from the
measured static torgue displacement characteristics have expected
values, and compare favourably with permeance parameters estimated

directly frcm the machine geometry. The estimation of the

permeance coefficients directly from the mabhine/génﬁét}y is

shown to be feasible when the effects of magnefiﬁ ééfuféfionvare

minimal,

For the type of solid rotor machine investigated it is shomn,that
the transfer function between stator voltage and air gap fluxlié
not a simple, linear, first order function defined by‘statqp:

resistance and inductance.. - Eddy Curreﬂts,chy5£eresisland
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saturation effects cause-thE'transFér tuibe»mv4e cnmplex uith

consequent dlfflcultles in 1dent1flcat10n and 51mulat10n.

Eddy current effects can be approximated hy assuming that the

transfer between current and Flux can be adequately descrlbed by

a linear, one-zero, one-pole function. Dn the/other hand due tD
the effects of hysteresis and Saturatiun, the inductance must be
represented as a non-linear function of cnrrent. This is
accomplished by defining the inductance as the average slope of

the flux linkage-current loop at specific current amplitudes.

The transfer between voltage and flux is represented by a linear,
one-zero, two-pole function at fixed values of current amplitude.
The non-linearity is approximated by causing the inductance to be
dependent upon the amplitude of the current perturbation paSsing

through the stator windings.

It i1s shown that freguency response methudsjrin7combina$innvuitn
average inductance measurements at specific current amplitudes,
can, by using complex curve fitting technigques, yield linéariééd'
functions for the transfer between voltage-and fluxat specific

current amplitudes.

It is shown that the mathematical and functional models of the
stepping motor sub-systems can be represented by a digital
simulation. Some types of non-linearities are approximated by
making certain parameters, where necessaryq,depggdeni;upon.currgnt'
and flux and updating the values of the parameters at each time
step. Other types of non-linearity are represented by;switchingf
the value of certain parameters as a result of inspecting the
value of other parameters. The resulting digital simulatian”

is considered to be a powerful method of non-linear énalysis;
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8.2 Suggestions  far FUPthéI~MDTK',{i, 

It is considered that an invesfigation int; 6éthods»ofmés£i5§£5ﬁq
the effects of magnetic saturation Qpnn the'ﬁefméanbé 
coefficients will be useful. It is possible that by.aftificially
increasing the air gap measurement, when calculating the
permeance displacement characteristic, reasonable results can be
obtained. It is likely that the factor by which the air gap is
multiplied, for a given degree of saturation, will be established
empirically. The inclusion of saturation effects will enable
optimum tooth to valley ratios to be determined and will make
feasible the estimation of the static torgue displacément
characteristic, from the machine geometry, at all levels of

excitation.

The effects of a more realistic model of saturation and hysteresis
on stepping motor performance predictions will be of interest.

The representation of the non-linearity, to take account of its

memory characteristic, together with the calculation of
incremental inductance at each time step, may contribute to

superior predictions of system performance.

Closing the loop between output position and input step demand
does not, in general, offer any advantage over a d.c.7m0t0riwitﬁl
shaft encoder. It is considered, however, that closing the lodp
between shaft position and current demand will preserve the
desirable characteristics of the open-loop stepping maéor Qifh'
the‘advantage that the system will be load adaptive and uélL _

damped.

Open-loop operation using microprocessor based controllers is an

area where much useful work is possible. A system, based upon ffﬁ
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and accuracy would seem to be a useful area of research

incorporating micro-stepping routines for edhanced étébiliﬁv
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APPENDICES

A SIMULATION SOFTWARE

A.1 Introduction

The stepping motor and drive is simulated by converting the
mathematical and functional models of its sub-systems into
digital computer software and then programming links to provide
a simulation of the complete system. The simulation package is
written in FORTRAN IV and implemented on a PDP-9/15 digital
computer which has 24 k of core store supported by magnetic tape
backing store. The simulations of the sub-systems are written
in the form of subroutines which are called via a main program.
This program links the subroutines to provide the overall system
simulation. Other subroutines are provided;uhicnﬁmay~ba:Calléd
by the user to provide outputs to the graph plotter and teletype

if required. The program structure offers maximum Flexibility to

the user. The main object of the simulation is that it shall be

employed in an interactive design role. A graphics display.

terminal will enhance this capability.

In accordance with the practice of the Digital Eduibménf
Corporation (DEC) 'oh' and 'zero' are distinguished by/Qriting,
tzero'! as @ in all program flow charts, descrﬁﬁtibnsvénd

listings.

A.2 Main Program

The listing of the main program is not included SinCEjits‘ﬁunctiQn"jﬁ’

is straightforward- and is therefore adequately described uith.the>_‘ -




aid of the flow chart presenﬁed-in Fig,r_‘

Stepping motor and drive data, tHé.time ihferval to Ea~uéé&t‘

when solving the discrete form of the'systém‘equatiéné; and[ﬁhe“ '
total time to be simulated, are requested via the teletybe.
Subroutine RECALZ is called which calculates the output
parameters at each time step for the total simulation time.
When this task is complete the results are returned to the main
pregram in array form. The parameters that are available for

output and their array names are given in Table XXIV.

TABLE XXIV Parameters Available as Butputs

Array Name Qutput Parameter
THET Displacement (rad) (Mechanical)
OMEG Angular Uelocity;“(:ad/s) (Mechéﬁiéél) |
TORQUE Torque (N m) e D
CUR A Phase Current (R)
AFLUX A Phase Flux (Wb)

The main program now calls Subroutine/PLpTGR which: allows the

user to select the size of graph requ;red and the X and Y
co-ordinate marker intervals. Mhén/theggféﬁﬁgéxis and markers
are plotted the subroutine returns tD/the,mﬁihrprUgram/Qith tﬁe
graph size information. These data are féd;ired/iF the results
are to be automatically scaled. The user may select aufomafic
scaling, in which case the selected output parameter is Scaledf~  E

to fit the graph area; alternatively, the user may select,td

input a scale factor from the teletype.
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The main program offers the user the possibility of putputting

a set of calculated results, with or without automatic scaling,

These options are

offered on all five output parameters after which the user‘ﬁay

Return to be offered the possibility of ﬁiﬁfting

the five output parameters on the same graph grid.

Return to be offered the possibility of plotting

the five output parameters on a new graph grid.;

Return to the start of the program and enter new




A.3 Subroutine RECAL2

The listing of Subroutine RECAL? is cmntalned in Appendlx Bel

and the flow chart is presented in Flgures R.8 and A. 9.

Variables are transferred between the sprrbﬁram*and the main
program via two COMMON statements; RES and REC2. The
variables contained in these statements/are listed in Tables XXV

and XXVI respectively,

The object of the subprogram is to calculate the output
parameters (Table XXIV) from the input data (Table XXVI), at
discrete time steps, for the total simulation time reguested and
to return these results, in array form (Table XXV), to the main
program. Subroutine CURCAL and TRIGTQ are called from the
subprogram to enable values of current, flux and torgue to be

calculated at each time step.

Variables are initialised such that the initial conditions .at. the

start of the simulation are :-

(i) A phase current negative at a magnitude egual tao

the maximum value.

(ii) B phase current positive at a magnitude egual to

the maximum value.

(iii) Rotor displacement at 45 electriéai:dégrees.
(iv) Rotor angular velocity at zero.

Subroutine CURCAL is called twice for initialisation..  On-the
first call 'a' phase values are initialised and on the secohd

call 'h' phase values are initialised. Subroutine TRIGTQ is then
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TABLE XXV COMMON Statement RES

Variable Name

Variable

CUR (Array) A Phase Current (R)
THET (Array) Displacement (rad) (Mechanical)
AFLUX (Array) A Phase Flux (Wwb)
OMEG (Array) Angular Velocity (rad/s) (Mechanical)
TORQUE (Array) Torque (N m)
TABLE XXVI  COMMON Statement REC2
Variable Name Uariable
T Maximum Current (A)
FRIC Viscous Friction Coefficient (N m s)
STEP Time Step (s)
SLUG Inertia (kg m2)
J Number of Times Steps to be Cgmputed
NB Switching Period as a Multiple of Time Step
FRIT Coulomb Friction (N m)
RT Number of Rotor Teeth
PIM 180.0/7
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called for initialisation after which it‘ca es the tﬂrduﬁ,’“#

and returns its value to RECALZ2.

The constants of the dynamics eguations are calculafedAFrDm the
input data, after which the Subprogram enters a DO loop which
is executed for the number of time steps requested by the

user (J). Within the DO 1loop the first operation stores the
Ith element of the output parameter arrays (Table XXIV).

A current switch point is detected by the condition NA = NB.

If the condition is satisfied NA is set to 1 and the phase
to be switched is then established by testing FLAG LS. The
FLAG is then set to switch the other phase at the next switch.
The appropriate phase current direction indicator (ZA or ZB) is
reversed, after which Subroutine CURCAL is called twice, first
for 'a' phase and then for 'b' phase. The subprogram returns
the values of phase current and flux at the end-of -one tﬁme stép
to RECALZ. Displacement in mechanical radians ié/cpny?rted to
electrical degrees before calling Subroutine TRIGTQ which returns
torgue given normalised Fle in each phase and displacemént angle'
in electrical degrees. The new values of torque, displacement
and angular velocity are calculated after which the subprogram
executes a further loop until the DO statement is satisfied.
The subprogram then returns the output parameter arrays to the

main program.

A.b4 Subroutine CURCAL

The listing of Subroutine CURCAL (high voltage supply connected)
is contained in Appendix B.2 and the flow chart is presented in

Figures A.10 and A.11.
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FIGURE A.10 Subroutine CURCAL Flow Chart - Part 1
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TC-ABS(AMP)

Delay
Complete

NCON = NCON + 1

Calculate

Voltage (a)

Calculate

Uoltage (b)

Calculate
AMP, FLUX
and SFLUX

Return




Variables are transferred between the subprogram and the maln
program via COMMON statement CURR and ‘between the subprogram and
Subroutine RECAL2 by the subprogram arguments. The varlables'

contained in the COMMON statement are listed in Téble XXVII and

the variables transferred as arguments are listed in Table XXVIII.

The object of the subprogram is to calculate current and flux
from the input data (Tables XXVII and XXVIII). The results are
returned to Subroutine RECAL? gt each time step. Drive circuit
simulation is included with the effects of machine generated

e.m.f. being taken into account.

The first call to the subroutine, for a particular phase, is

detected by NA = @. The voltage to flux equations are

initialised, parameters entered as data are defined and constants

are calculated. The discrete time interval for sdlving‘thé
voltage to flux equations is calculated to be 1/20th of the time

step entered via COMMON statement CURR (STEPC). This takes

account of the fact that the electrical time constants are
smaller than the mechanical time constants. After these
preliminary calculations, carried out at the first call, the
subprogram returns to Subroutine RECAL2. At subsequent calls %o

the subroutine (NA # @) the initialisation is bypassed.
A demand for current switching is detected by :-

NA = 1 and :fsgAMP:= -ve

If these conditions are met, the average inductance is calculated
on the basis of the value of current attained at the last switdh

and the delay counter is set to zero.

A DO 1loop is entered which is executed 20 times before the




TABLE XXVII ~ COMMON Statement CURR

Variable Name

Variable

TC
STEPC
TURNS

RTC

Supply Voltage (V)
Stator Resistance (ghms)
Maximum Current (A)

Time Step (s)

Number of Turns per Pole

Number of Rotor Teeth

TABLE XXVIII

Subroutine CURCAL Arguments

Variable Name

Variable

OMEGA
THETA

AMP

5

NA

X1, X2, X
FLUX
SFLUX

NCON

Angular Velocity (rad/s)
Displacement (rad) (Mechanical)
Current (R) |
Current Direction Démahd ;
Switch Status -

States of State Space Equations
Normalised Flux (&/K) (A)

Flux (lWb)

High Voltage Overshoot Time Counter




results for current and flux‘are‘retdrnédﬂtof iE 2;; Fhéﬁreéults‘f.

are, therefore, returned at evefy méin prdgfam'éimé stépi lmithiﬁf"
the DO loop the voltage to flux state equation§ arEFSOLVEﬁ;l-Ifgl
is necessary, therefore, to determine the magnitudefaﬁdndirection
of the voltage forcing function. There will be three possible

canditions :-

(a) High voltage transient, due to current reversal,

modified by machine generated e.m.f.

(b) Voltage of drive circuit supply modified by circuit
IR drops, saturation characteristics of drive

transistors and machine generated e.m.f.
(c) Voltage limited to yield set current.

Conditian (a) is indicated by the current being in the opposite

sense to that demanded (SxAMP = -ve).

Condition (b) is indicated by the current being in the same
sense to that demanded (SxAMP = +ve) but less than the set

value (ABS(AMP) << TC).

Condition (c) is indicated by the current being in the same
sense as that demanded (SxAMP = +ve), it being equal to, or
greater than, the set value (ABS(AMP) > TC) and the delay time

being complete. (NCON > NDELAY)

Acho Subroutine derivatives

Two derivatives of Subroutine CURCAL have been written t-
(i) LVCAL

(ii) LRCAL




LUCAL simulates the drive circuit with high voltage supply

disconnected.

LRCAL is a modified version of LVUCAL changed to reduce the eddy

current time constants to zero.

Descriptions of these derivatives have not been included, since

the changes involved are minor.

A.5 Subroutine TRIGTQ

The listing of Subroutine TRIGTQ is contained in Appendix B.3

and the flow chart is presented in Figure A.12.

Variables are transferred between the subprogram and the main
program via COMMON statement TRIG and betqeen the subprogram
and Subroutine RECALZ by the subprugfam argumentg. The
variables contained in the COMMON stateheﬁt.éféﬂiisted in
Table XXIX and the variables transferred as arguments are listed

in Table XXX.

The object of the subprogram is to calculate torque from

normalised flux in each phase and displacement angle in electrical -

degrees. The calculations are performed at each time step and

the results returned to Subroutine RECALZ2.

The first call to the subroutine is detected hy NA = f.
Parameters entered as data are defined and constants are

determined. Permeance coefficients are then calculated.- At

subsequent calls to the subroutine (NA # @) the initialisation is

bypassed and the permeance coefficients calculated directly.

To prevent a division by zero in the ATAN2 routine ABS(FA) is




i
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Calculate
Permeance

Coefficients

Yes .
FA<1.0E-20 FA = 1,@E-27

No

Calculate
Terms of
Tarque Equation

Sum Terms

Return

FIGURE A.12  Subroutine TRIGTQ Flow Chart




TABLE XXIX  COMMON Statement T

Variable Name Variable
TURNT Number of Turns per Pole
RTT Number of Rotor Teeth
PI X

TABLE XXX Subroutine TRIGTOD Arguments

Variable Name Variable
ANG Displacement Angle (deg) (Electrical)
FA Normalised A Phase Flux (&/K) (A)
FB Normalsied B Phése Flux (3/K) (A)
TQ Torgue (N m)
NA Switch Status

not allowed to bhe less than 1.AE-2@.

Terms of the torgue equation are calculated and summed to yield

torgue which is then returned to Subroutine RECALZ2.

A.B Subroutine PLOTGR

The listing of Subroutine PLOTGR is not included since the
subprogram is dependent upon non-standard software written for

a specific graph plotter. The subprogram flow chart is preﬁéhtéd '"
in Figures A.13 and A.1A-
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FIGURE A.13
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Variables are transferred between the subprogram and the main

program via arguments which are listed in Table XXXI.

TABLE XXXI  Subroutine PLOTGR Arguments

Variable Name Variahble
YS Size of Graph in Y Direction (inches)
XS Size of Graph in X Direction (inches)

0

The objects of the subprogram are :-

(1) To halt the main program until the graph plotter

is made ready.

(ii) To reguest an index number from the user and plot

that number on the graph sheet.

(iii) To request graph size and marker information from

the user.

(iv) To plot the graph grid.

(v) To return the graph size information to the main

program,

A,7 Subroutine PLOTTR

The listing of Subroutine PLOTTR is not included since the
subprogram is dependent upon non-standard software Nritten,ﬁgrr
a specific graph plotter. The subprogram flow chart is presehtea;._i_

in Figure A.15.
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Variables are transferred between the éﬁbﬁr;g;amu hd;thaama{ﬁ,

program via arguments which are listed in Table XXXIi.

TABLE XXXII  Subroutine PLOTTR Arguments

Variable Name Variable
Y (Array) Output Parameter
J Number of Time Steps Computed
YSCALE Y Co-ordinate Scale
STEP Time Step (s)
XSCALE X Co-ordinate Scale
N Automatic Scaling Flag
YS Size of Graph in VY Direction (inches)

The object of the subprogram is to plot an output parameter

against time and to provide automatic v scaling if required.

If N # P automatic scaling is not required and the input array
is plotted against time using a VY scale factor transferred

from the main program.

If N =@ automatic scaling is reguired and,tﬁérséaiihéarﬁﬁfinéi
is entered. The output parameter array elements are read in turn
and the absolute value of each is compared with the current
maximum, If an element is greater than the current maximum the
maximum value is updated.' When all elements have been read the 
Y scale factor is calculated such that the maximum value in thé’

array just fills the graph space.

f\jjé‘—
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8.1

PROGRAM  LISTINGS

Subroutine RECAL?

SUBROUTINE TO CALCULATE THE TIME RESPONSES OF A HYBRID STEPPER MOTOR
OPERATED IN TWO PHASE

SUBROUTINE RECAL2
COMMON/RES/CUR(8@6):THET(S@@);AFLUX(S@@):OMEG(BG@):TORQUE(S@@)
COMMON/REC2/T:FRIC:STEP;SLUG:J:NB:FRIT:RT:PIM

LS=0 -

NA=g

CURA=T

CURB=T

ZA=-1.0

FZB=10@

OMEGA=0.0
DIC=45.0/(PIM*RT)
THETA=DIC

CONVERT MECHANICAL RADIANS TO ELECTRICAL DEGREES

THE=THETA*RT*PIM
CALL CURCAL(OMEGA:THETA:CURA:ZA;NA;XIA,X2A:XA,FLUXA:SFLUXA;NCONA)
CALL CURCAL(OMEGA:THETA-Q@-@/(PIM*RT):CURB,ZB,NA,XIB:X2B:XB:
1 FLUXB, SFLUXB>NCONB)

CALL TRIGTG(THE,FLUXA,»FLUXB, TOR>NA)
A=EXP(-(FRIC*STEP/SLUG))

D=C1.8-~A)/FRIC

C=SLUG*D

EM=(STEP-C)/FRIC

DO S 1=08,J

K=1+1

CUR(K)=CURA

AFLUX(K)=SFLUXA

THET(K)=THETA-DIC

OMEG(K)=0MEGA

TORQUEC(K)=TOR

IF(NB-NA)1,1,2

NA=NA+!

GOTO 3

NA=1

IF(LS)6,6,7

LS=0

ZA==ZA

GOTO 3

LS=1

ZB=-ZB

'CALL CURCAL(OMEGA, THETA,CURAsZA>NA»X1A5X2A>XA> FLUXA> SFLUXA»NCONA)

CALL CURCAL(OMEGA» THETA=98. 8/ ( PIM*RT) » CURB,ZB»NA»X 1B» X285 XB,
1 FLUXB, SFLUXB,NCONB) _
THE=THETA*RT*PIM

CALL TRIGTQ(THE, FLUXA, FLUXB,» TOR,NA)

TOR=TOR~SIGN(FRIT,OMEGA)

THETA=THETA+CMEGA*C +TOR*EM

OMEGA=0MEGA*A+TOR*D

CONTINUE

RETURN
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B.2

aaaf®aa0aann

Subroutine CURCAL

SUBROUTINZ TO CALCULATE THE CURRENT AND FLUX TIME RESPONSE OF A
HYBRID STEPPER MOTOR USING A 2 POLE 1! ZERO MODEL FOR THE TRANSFER
BETWEEN INPUT VOLTAGE AND FLUX

THE SUBROUTINE INCLUDES DRIVE CIRCUIT MODELLING
(HV SUPPLY CONNECTED) AND SUBTRACTION OF MACHINE GENERATED EMF

MACHINE AND DRIVE CIRCUIT PARAMETERS ARE INCLUDED AS DATA IN THIS
SUBROUTINE. APPLICATION TO OTHER MACHINES AND DRIVE CIRCUITS WILL
REQUIRE THESE PARAMETERS TO BE RE-DEFINED

SUBROUTINE CURCAL(OMEGA, THETA>AMP> S»NA»X15X2sX>FLUX>SFLUX»NCON)
COMMON/CURR/U:R:TC:STEPC:TURNS:RTC

IF(NR)T75758

P2=0. 00050

TAU2=£. 001

RR=1+08/R

 SLOPE=0.71804462E-2+0.401609E-2%TC~ E-94825687E‘3*TC*TC
140.624070358E-4*%TCxTC*TC
TAUl=(TAU2+SLGPE#RR~P2)*P2%R/SLOPE

TA=TAU1/TAU2

STEP!=0.05%STEPC

X1=AMP*R

X2=-(AMP*R*R) /SLOPE

X=AMP*(1.08~TA)

B=TAU2
" FLUX=AMP

SFLUX=SLOPE*FLUX/ (4. 2%TURNS)

NDELAY=IFIX(Z.02802/STEF1)

NCON=NDELAY

RETURN

IF(NA-1)959,10

IF(S*AMP)>13,18,18

TCA=ABS(AMP)

SLOPE=0+71824462E~2+D0.4216C9E-2%TCA=Q» 948@5687&‘3*TCA*TCA
1+0.624070S8E-4xTCA*TCA*TCA

SRR=SLOPE*RR

NCON=¢

- 178 -~ :




10

po pmo
(L]

11

n o

DO 2 I=1,20
IF(S*AMP)Y 3,4, 4
IFCTC-ABSCAMP)Y ) 1,156
IF(NDELAY~NCON)11,11,12
NCON=NCON+1

GOTO 6

VEF=S*TC*R

GOTO 5

VEF=S*(V‘(Z-345*ABS(AMP)+2-@))-@o334*0MEGA*COS(RTC*THETA)

GOTO 5
UEF=S*(V+5-@)-e.334*0MEGA*COS(RTC*THETA)
E=TAU2+SRR

F=SRR*TAU1

RF=1.0/F

ERF=E*RF

BRF=B*RF

C=ERF%*Q@.5

D=SQRT(C*C-RF)

ALPHA=~C+D

BETA=-C-D

Al=1.0/CALPHA-BETA)
EALPH=EXPC(ALPHA*STEP])
EBETA=EXF(BETA*STEP1)
FMI1=A1*((ALPHA+ERF)*EALPH-(BETA+ERF)*EBETA)
FM12=A1*(EALPH-EBETA)
FM21=-RF*FM12
FM22=A1*(ALPHA*EALFH-BETA*EBETA)
BM11=BRF

BM2 1=RF-ERF*BRF
AIFI11=(~Ex(FMl1l=1.@))=-F%FM21
AIFI12=-EXFM12=~F*x(FM22-1.02)
AIFI21=FMl1~1.0

AlFl22=FM12
GM11=AIFI11%BM11+AIFI12%BM21
GM21=AIFI21%BM]11+AIFI22%BM2]
X1P=X1
XI=FM11*X1+FM12%X2+GM1 1% VEF
X2=FM21*X1P+FM22%xX2+GM21 *UEF
AMP=X1%RR

EX=EXP(~C(STEP1/TAU2))
X=EX*X+(EX-18)*%(TA~1.0)%*AMP
FLUX=X+TA*xAMP
SFLUX=SLOPE*FLUX/C4+@2%TURNS)
CONTINUE

RETURN
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B.3 Subroutine TRIGTQ

SUBROUTINE TO CALCULATE THE TORQUE PRODUCED BY A 2 PHASE HYBRID“'PU
STEPPER MOTOR GIVEN NORMALISED FLUX ‘IN EACH PHASE AND DiSPLACEMENT
ANGLE IN ELECTRICAL DEGREES

THE CALCULATION IS BASED UPON MACHINE PARAMETERS WHICH ARE INCLUDED
AS DATA IN THIS SUBROUTINE. APPLICATION TO OTHER MACHINES WILL
REQUIRE THESE PARAMETERS TO BE RE-DEFINED

SUBROUTINE TRIGTQC(ANG»FAsFB»TQs>NA)
COMMON/TRIG/TURNTsRTT»SPI

IF(NAY3:5354

PIR=PI/180.0

RTTU=RTT*TURNT

RTTU2=RTTU*TURNT

PM=2.01E-7

FM=6534.0

FABM=AMAX1(ABS(FA)»ABS(FB))>
PO=C1:5159467+0.15325632%FABM~-0+1857418E~1%FABM*¥FABM)*1+BE~6
PO=P0~4. 76E-9*ABS(FA*FB)
P1=(8.80723295-0.34234272E-2%FABM~0+59586366E~2%FABM*FABM)* 1« 0E-6
P2=(-0.10406602+0.10975104*%FABM~0+30528913E~1*FABM*FABM+
1023493571 E~2«*FABM*FABM*FABM)* 1« BE~6
P3=(0.28826619E-1+0.48555131E-3%FABM~0.43535661E-3xFABM*FABM)
l*lo@E'6

P4=(0.12875269E~3+0. 12320862E-2%FABM~0. 60792603E~-3*xFABM*FABM
1+40.53025976E~4%*FABM*FABMX*FABM)* 1+ BE-6

RANG=ANG*PIR

5S5Q=(FA*FA+FB*FB)

RTSSQ=SQRT(SSQ)

IF(ABS(FA)=1.0E~20)15152

FAa=1.0E-20

SHANG=ATAN2(FB,FA)

RANGN=RANG~-SHANG

RANGP=RANG+SHANG

A3=SINC(4.2%xRANG)

All1=P2*P0O

A1=RTTU2/A11

A2=2. 0*Al *P4xPM*FM*¥RTSSQ*A3/TURNT

A4=CO0SC(RANGN)

AS=RTTU2*S55Q

A6=RTTUxPM*xFM«RTSSQ

AT7=A1%A3% (P4+P4)

Al O=RANG+RANG+RANG+SHANG

AB=C0S(A1 D

A9=P1/(PO@+PD)

Al2=PlxA4
“Al13=~-4.2%«A3%P4 .
TMA=-(P2+P2)*xRTTU2*( FA*FA-FB*FB)*SINC(RANG+RANG)
TMB8=P1*xA9%xA5«SINC(RANGN+RANGN) )
TM911=Pl*P3/PO*¥AS*x(A3%2. 0+SINCRANGP+RANGP))
TM12=]1.5%P3%¥FP3/P0*A5*%SINCAL1B+A13)

TM13=-A6*%A9*xSINCRANGN)

TMid=~1.5%xA6%xP3/PU*SINCA1@)

TMi=-A12%xA12%xA7%55Q

TM2=-P3*P3*xAT7*A8*AB*xS55Q
TM3=~RTT*PM+PM*FM*FM/(Al11+Al1)%A3%P4

TM5=A13%A5

TM6=A13*%Al*A4*P1 %P3 *xSSQA*A8

TM7=A2%Al12

TM10=A2%P3*A8

TQ= TMI+TM2+TM3+TM4+TM5+TM6+TM7+TM8+TM911+TM1@&TM12+TM13+TM14
RETURN
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