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GLOSSARY OF TERMS 

A is Potential 

A is the Cross-sectional area 

Aco�d is the cross-sectional area of a conductor 

B is the flux density 

EL is the linearised mesh energy per unit length 

f is the frequency of the supply. 

H is the field strength 

HH is the field strength coercivity 
I is the current 
i is the instantaneous current 

ij is the current in phase j, (j=1,2) 

iio is the initial current in phase I 

i20 is the initial current in phase 2 

J is the current density, 

L is the inductance 

1 is the instantaneous inductance 

m is the number of phases 
N is the number of turns in a conductor 

n, is the number of teeth on the rotor stack. 

R is the resistance 
S is the steps per revolution, 
T is the Torque 

t is time 

is the electrical time constant 

V is the voltage 

v is the instantaneous voltage 
We is the electrical input power 

W, nech. is the mechanical output power, 
Wlekj is the energy stored in the field. 

mp, � is the speed in revolutions per minute 

l is the mean flux path length 

A is the flux-linkage 

A(sp flux-linkage in terms of position and current 
Aq is the flux-linkage at time t=0 
Am0, U=a, $2-0ff is the flux linkage associated with the stator phase due to the permanent magnet at any position 
e, 

Iii 



MMFinag is the MMF produced by the magnet 

mmf is the instantaneous MMF 

, P, �og is the peak flux generated by the magnet 

ý is the magnetic flux 

WL is the mesh reluctance per unit length 

Bis the position of the rotor 

Mo is the permeability of free space 

, u, is the relative permeability of the magnetic circuit 

EMFinag is the rotational EMF produced by the magnet 

emfj is the instantaneous motional EMF induced in phase I by the permanent magnet rotor. 

Pf is the packing factor 

rps are the revolutions per second 
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SUMMARY 

Though the hybrid stepping motor has a long and proven history, in terms of toughness, 

accuracy of position and the ability to operate in open loop, motor performance 

improvements can still be made in terms of the physical structure of the motor's 

components. It is impossible to build a complete solution of the hybrid stepping motor 

using simple analytical functions or equivalent circuit representations. This is due to the 

difficulties introduced by the motor's highly non-linear three dimensional magnetic 

structure, of which the doubly salient tooth structure, axial magnet, and back iron all 

complicate the situation. However, with the recent advances in three dimensional finite 

element software a comprehensive study of the motor has been achieved in this thesis. 

This has allowed improvements to simpler two dimensional based mathematical models, 

which allow faster computation of the motor's electromagnetic performance. To aid 

modelling, novel equations which accurately model today's high permeability steels have 

been developed. These are shown to be more accurate than the established Jiles-Atherton 

method. Inductance calculations of the steel's flux paths have been comprehensively 

improved by the use of elliptical functions. The thesis concludes with the design of two 

quite individual new machines. The first dramatically improves a motor's power output, 

smoothness, noise levels, and resonance by modifying the tooth structure. The second uses 

soft magnetic composite materials to provide an isotropic path for cross lamination flux 

which flows in a stator's back iron. Both new designs are shown to offer a significant 

improvements to the high speed torque capability of the hybrid stepping motor. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 
The Hybrid stepping motor is an electromechanical device usually used in positioning 

applications, but also finds its uses in applications where a high torque and controllable 

speed are required. Its basic operation is to translate a received electrical pulse into a 

mechanical movement. The hybrid stepping motor is a member of a large family of 

stepping motors of which there are many design types available. These range from 

extremely simple AC synchronous two pole magnet types to the more elaborate in 

physical design, like the hybrid stepping motor. In this thesis the emphasis is focused on 

the latter. However it is beneficial that two other members from the family of stepping 

motors are briefly described so that the evolution of the hybrid stepping motor can be 

better comprehended. 

1.2 Basic Variations of the Stepping Motor 

Three basic rotary stepping motors are found in industrial applications. These are the 

variable reluctance, permanent magnet, and hybrid stepping motor. All are essentially 

positioning devices, and exhibit the benefits of low cost, ruggedness, simple construction, 

low maintenance, and open loop control. 
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A 

C' 

A' 
FIGURE 1.1 - Simple Variable Reluctance Motor 

1.2.1 Variable Reluctance Motor 

C 

The variable reluctance motor has a construction that is rugged and relatively simple [1]. 

As the name suggests the motor works on the variable reluctance principle, where the 

change in the rotor position relative to the stator poles relates to a corresponding change in 

reluctance. This change in reluctance directly affects the flux/ MMF ratio, and hence the 

torque. In its simplest form each pole may be a single tooth (figure 1.1), but a more 

practical design of pole is shown in figure 1.2. Here the rotor has numerous teeth and each 

stator pole has a set of teeth castellations. It should be noted that the simpler tooth 

structure in figure 1.1, is found more commonly in the type of motor called the switched 
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reluctance motor, which is presently seeing growing interest due to its simple mechanical 

structure and improving drive electronics [2]. 

FIGURE 1.2 - Pole Castellations and Rotor Teeth 

The simple structure in figure 1.1 will be used to briefly describe the motor's construction. 

It can be seen in the figure that the stator has eight salient poles, whereas the rotor has six., 

The rotor and stator are made up of thin pieces of sheet metal called laminations. Each 

stator pole has a coil wound around it and each opposite pole is connected to produce a 

reverse magnetic polarity. The example in figure 1.1 has four phases A, B, C, and D, made 

up of coils 1-1', 2-2', 3-3', and 4-4' respectively. Rotation is caused by applying current 

into the phases in sequence that causes two rotor teeth to line up with the excited stator 

poles. The energisation of the stator is then switched and the rotor is pulled to its next 

position. 

The Design of Iiybrid Stepping Motors aided by Three Dimensional Finite Element Analysis 
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1.2.2 Permanent Magnet Stepping Motor 

FIGURE 1.3 (A, B) - Permanent Magnet Stepping Motor, Change of Excitation in the Stator 

Sometimes referred to as the tin can or can-stack motor, the construction of the permanent 

magnet stepping motor is shown in figure 1.3 (A, B). This motor is a low cost, low torque, 

low speed device, and is found commonly in computer peripherals. The motor steps in 

relatively large angles, but its simplicity allows mass production of a low cost device. The 

rotor is made of permanent magnet material and has individual magnetic poles magnetised 

radially on the rotor. The stator has a phase winding which can induce a two pole magnetic 

field. A rotor north pole aligns with the stator's south pole and a rotor south pole aligns 

with the north pole of the stator. The stator poles are made of two triangular sections that 

allow the top and bottom to line up with poles of opposite polarity on the rotor. Changing 

the coil current polarity in the stator coil causes a rotation of one rotor pole pitch as shown 

in figures 1.3(A) and (B). 

The Design of Hybrid Stepping Motors aided by Three Dimensional Finite Element Analysis 4 



Chpter 1. Introduction 

1.2.3 Hybrid Stepping Motors 

A hybrid stepping motor shown in figure 1.4, is by far the most widely used stepping 

motor in industrial applications. 

i 

FIGURE 1.4 - Hybrid Stepping Motor /Photograph Courtesy of Stebon Ltd J 

The name is derived because it combines the operating principles of the permanent 

magnet motor and the variable reluctance type. The stator (figure 1.5) is on the periphery 

of the motor and is similar to the multi-tooth variable reluctance stator. In the most 

common implementation the laminations of the stator make up a set of eight 

electromagnetic poles that are wound in two phases to produce a four pole magnetic field. 

The windings around the stator poles are used to encourage or discourage the flow of 

magnetic flux through the poles depending on the rotor position required. As with all 

stepping motors, the function of the hybrid type is to move the rotor through a precise 

angular step when the current in one of the windings is switched. The stator poles produce 

separate latching points or steps for the motor. 

The Design of Hy rid Steppin Motors aided by Three Dimensional Finite Element Analysis 5 
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FIGURE 1.5 - Typical Hybrid Motor Stator 

MAGNET 

END-CAP 

FIGURE 1.6 - Rotor make up of Hybrid Stepping Motor 

The rotor (figure 1.6) of the hybrid motor is the important distinction between the hybrid 

and variable reluctance type stepping motor. A cylindrical magnet is sandwiched between 

two rotor end-caps. The magnet is axially magnetised causing one of the end-caps to act as 

a series of north poles and the other end-cap to be a set of south poles. The end-caps of the 

rotor are a series of steel laminations which are very gear like in appearance. The teeth on 

the two end-caps are mis-aligned with respect to each other by half a rotor tooth pitch. 

When the rotor teeth of one end-cap of the rotor are aligned with teeth of a particular 

stator pole, the teeth on the other rotor end-cap are mis-aligned with the teeth of the same 

The Design of Hybrid Stepping Motors aided by Three Dimensional_Finite Element Analysis 
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stator pole (figure 1.7). These rear end-cap's teeth are found to be aligned with another 

stator pole which is at 90° relative to the original stator pole. 

The rotor's magnetic field will generate flux that will travel from the end of the magnet to 

another through the stator core (figure 1.8). The lines of flux will leave the north pole of 

the magnet through the front rotor end-cap and travel across the air-gap into the stator. The 

position the flux enters the stator will be influenced by the lowest reluctance path 

available. This lowest reluctance path will depend on how much the rotor and stator teeth 

are aligned, and the strength and polarity of any excitation on the stator coils. The flux 

path then travels along the stator back iron to a similar position at the rear of the stator. 

The actual position is again governed by the reluctance of the path. The flux will cross the 

air-gap into the rear rotor end-cap. It can then rejoin the magnet. In different parts of the 

motor the magnetic flux has significant radial, axial or tangential components. 

Un-aligned teeth at rear of motor 
FIGURE 1.7 - Pole Castelations and Rotor 
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-> 

N 'S 

LmJ 
"S 

FIGURE 1.8 - Cross Sectional View of Magnetic Flux Path Containing Axial and Radial Components 
(Tangential effects are not shown). 

To increase the torque output for a particular frame size diameter, multi-stacking can be 

employed. The construction of each stack of a multi-stack motor is essentially the same as 

for a single stack. The stator is longer to cover the extension of the rotor. Instead of the 

rotor consisting of a single magnet and two end-caps, the rotor now has two or more of 

these rotor stacks, each separated by a non-magnetic spacer, figure 1.9. This gives an 

increase in torque due to the increased length of teeth and better utilisation of stator 

copper (less end windings). There is a marginal increase in inertia, however this is 

relatively small compared to increasing the rotor diameter. 

FIGURE 1.9 - Multi-Stack Rotor 
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1.3 Operation of the Hybrid Stepping Motor 

1.3.1 Simple Motor Example 

The operation of the hybrid motor is shown in figure 1.10, using a simple 12 step per 

revolution motor. The rotor of this machine consists of two pole pieces with three teeth on 

each, the construction is inherently the same as the structure of figure 1.4. In between the 

two rotor end-caps there is a permanent magnet axially magnetised, producing a north 

pole at the back and a south at the front. The stator has four poles with coils wound on 

each. Phase 1 is made of poles 1A and 1B, and Phase 2 is made of 2A and 2B. 

With no current flowing the rotor will take one of a possible 12 positions. This is because 

of the detent effect of the magnet trying to minimise the reluctance to its own magnetic 

flux path. This occurs when a pair of north and south rotor teeth align with two of the 

stator poles. 

1A 
N 

2A 2B 
n 

ss 
ýn 

S 

1B 

Figure 1.10 -Simple Twelve Steps per Revolution Hybrid Motor 
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i Single Phase Full Stepping 

If current now passes through one of the stator phase windings as shown in figure 1.1IA, 

the resultant north and south stator poles will attract teeth of the opposite polarity on each 

end of the rotor stack. There are now three stable positions for the rotor, the same as the 

number of teeth on each rotor end-cap. The torque required to deflect the rotor from its 

stable position is now much greater, and is referred to as the holding torque. 

0 
IO 

0 
/ 

30 

CS 60 
/ 

rnl 

n <n 
S 

FIGURE 1.11(A, B, C, D) - Full Stepping, Single Phase 

0 
90 

By changing the current flow from the first to the second set of stator windings (B), the 

stator field rotates through 90° and attracts a new pair of rotor poles. This results in a rotor 

step of 30° referred to as one full step. Applying current in phase 1 again but in the 
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opposite polarity, will cause the field to shift by another 90° and the rotor takes another 

full step of 30°, figure I. H. C. If phase two is energised with a negative polarity current 

figure 1.11 
.D position will occur, then the condition in figure 1.11 .A can be repeated. In 

completing these. four steps the rotor is said to have moved through one tooth pitch. This 

simple motor has therefore a 12 steps per revolution in single phase full stepping mode. 

ii Two Phase Full Stepping 

If two coils are energised simultaneously (figure 1.12), the motor is said to be operating 

under two phase excitation. The rotor has now an ability to take up intermediate positions, 

since it can be equally attracted to two stator poles. Greater torque can be achieved in this 

way as all the stator poles are influencing the rotor. The motor can be made to take a full 

step by reversing the current in one of the phases, producing a 90° movement in the stator 

field. This is the normal method of two phase full stepping. 

1.3.1.3 Two Phase Half Stepping 

By alternately energising one phase and then two (figure 1.13), the rotor moves through 

only 15° at each stage and the number of steps per revolution will be doubled. This is 

called half stepping, and many industrial applications make much use of this mode. There 

is some loss of torque as all the windings are not in constant use, but motion is smoother 

at low speeds, and there is less positional overshoot. 

The Desisn of Hybrid Stepping Motors aided by Three Dimensional Finit Element Analysis 11 
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FIGURE 1.12 - Full Stepping, Two Phases. 
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FIGURE 1.13 - Half Stepping 
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1.3.2 Current Patterns 

When the motor is driven in its full step mode by energising two phases at a time (figure 

1.14), the torque available to each step will be the same. In half step mode, two phases are 

energised alternately and then only one (figure 1.15). This will cause greater torque to be 

produced when the two phases are on. The alternate steps will therefore be strong (two 

phase on) and then weak (single phase on). The available torque is limited by the weaker 

step, even though the motion will be smoother. It would be beneficial to have equal torque 

on each step. A different current sequence can be used, which increases the phase current 

when only one phase is on. This will not burn out the winding, as motors are generally 

rated for two phases on. With one phase on the same total power will be dissipated in the 

windings if the current is increased by 40%. Using higher current when the single phase is 

on produces approximately equal torque on alternate steps, figure 1.16. 

The Design of Hybrid Stepping Motors aided by Three Dimensional Finite Element Analysis 13 
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FIGURE 1.16 - Profiled Half Step Current 

1.3.3 Microstepping. 

Energising two phases with equal current produces an intermediate step position half-way 

between the one-phase on positions. If the two phase currents are unequal, the rotor will 

be shifted towards the pole with higher energisation. This effect is utilised in the 

microstepping drive, which subdivides the basic motor step by proportioning the current in 

two windings. In this way, the step size is reduced and smooth rotation is obtained. The 
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FIGURE 1.15 - Half Step Current 

12 3ý 45678 
Current IIII 

Additional 40% Current When 
Phase 2 is not conducting 



Chanter 1. Introduction 

current pattern in the windings resembles two sine waves with a 900 phase shift between 

them as in figure 1.17. 

Phase I -L 
- ----- ------------- 

rjý 
Time 

Phase2 
-ý' ----- ----'ý---- 

FIGURE 1.17 - Microstepping 

1.4 Standard 200-Step Hybrid Stepping Motor 

The common 200 step hybrid stepping motor described in section 1.2.3, operates in a 

similar way to the simple 12 step model, but with 50 teeth on each rotor end-cap, and 

multiple teeth on each stator pole. It produces a step angle of 1.8° (200 steps) in two phase 

on mode, equation 1.1, and 0.9° (400 steps) with half stepping. 

S= 2mn,, (1.1) 

where S is the steps per revolution, 

m is the number of phases, and 

nr is the number of teeth on the rotor stack. 

There are as many detent positions as füll steps per revolution of the motor. The hybrid 

stepping motor may also be driven direct from a single phase supply using a capacitor in 
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series with one of the phases (figure 1.18). In the UK the 50 Hz supply will produce a 

rotation of 60 rpm, equation 1.2. 

60 
(v, p, n =n, (1.2) 

Where co,.. is the speed in revolutions per minute, and 

f is the frequency of the supply. 

J 

FIGURE 1.18 - AC Synchronous Motor Circuit 

1.4.1 Windings 

FIGURE 1.19 - Bifilar-Winding 

Traditionally motors have had bifilar windings, which means there are two sets of 

identical windings on each pole, as shown in figure 1.19. These are wound as if they were 

single coils, producing two coils that are almost electrically and magnetically identical. 

The Design of Hybrid Stepping Motors aided by Three Dimensional Finite Element Analysis 16 
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The origins of this type of winding go back to the use of the unipolar drive, which reverses 

the polarity of the magnetic field by energising the other coil on the stator pole instead of 

reversing the current. This allowed a simpler drive to be constructed. Today's drive 

technology has improved and as a result the bipolar drive has nearly eliminated the 

unipolar drive. 

Other types of wire are exclusively used with bipolar drives. Each of the eight stator poles 

has a single coil placed on it. Poles 1,3,5, and 7 (figure 1.20) have coils of one phase, 

whereas the remainder have the second phase. Each consecutive coil of a phase has an 

alternate polarity. The coils on poles 1 and 3, and 5 and 7, are connected internally in pairs 

in parallel or series. This allows 4 wires to be brought out per phase. 

Both the bifilar and exclusively bipolar winding allows two types of speed/ torque 

characteristics to be obtained by the use of the 8 leads that come from the two phases. 

These are referred to as parallel and series connections. Connecting the winding in series 

causes a phase current to flow through twice as many turns. This doubles the ampere turns 

or MMIF and causes a corresponding increase in torque. However this doubles the 

effective number of turns and increases the inductance by a factor of 4 relative to a single 

winding. Inductance L is proportional to the number of turns N squared. 

LocN2, (1.3) 
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This causes the torque to drop off as the motor speed is increased, as the peak current 

level in the winding will fall. Series connections are used when low speed torque is 

required and may well produce low speed resonance because of the high torque produced 

in this region. Connecting in parallel allows the current to divide between the two coils. It 

does not change the inductance (relative to one of the coils) as the number of effective 

ampere turns remains the same. The resistance of the coils is however halved, which 

produces a lower power dissipation. The current will be able to run 40% higher than in a 

single winding. Parallel connections are generally preferred as they produce a flatter 

torque curve and greater shaft power. Typical series and parallel performance curves are 

shown in figure 1.21. 

1(P1)ß 

)1 

5(P1)2 

FIGURE 1.20 - Bipolar Exclusive Winding 
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FIGURE 1.21 - Typical performance curves for Series and Parallel Connections 

1.5 Stepping motor drives. 

The stepping motor drive delivers the electrical power to the motor in response to a low 

level signal sent from a controller. The applied voltage is significant in controlling the 

current and has a dramatic effect on the speed range of the motor. Input signals to the 

drive consist of step pulses and direction information; One pulse for every step the motor 

is to take. This is true regardless of the motor resolution chosen. The motor will therefore 

require 200 pulses for full stepping or 50,000 pulses to produce a revolution for a 50,000 

high resolution drive. Speed control is achieved by the rate at which the digital pulse train 

is fed to the drive. The rotor is expected to increment steps at the same rate as the signal. 

1.5.1 Unipolar Drive 

The simplest type of drive is the unipolar drive as shown in figure 1.22. Current in the 

drive can only flow in one direction. To reverse the magnetic field of a stator pole, the 

drive must operate with bifilar wound coils where the excitation is switched to the second 

coil. Generally in this simple drive the current is determined by the motor phase resistance 

The Design of Hvbrid Stepping Motors aided by Three Dimensional Finite Element Analysis 19 

SPEED (logarithmic) 



Chapter 1. Introduction 

and the applied voltage. This drive responds well at low speeds, but torque rapidly 

decreases as speed increases due to the inductance of the phase windings. 

RA 

LV ---t -ý 

V Ii 

A 

RR 
All, 2V t 

- -ý 

2V i 

FIGURE 1.23 - R-L Drive Principle of Reducing Current Rise Time[3] 

1.5.2 R-L Drives 

In the unipolar drive the current build up is determined by the voltage, winding resistance, 

and winding inductance, figure 1.23. To increase the build speed of the current the voltage 
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would need to be increased. The final current reading would also be higher. By adding a 

resistor in series the current level can be limited. The electrical time constant tw� �t can 

be calculated by, 

L 
tconstant =R 

Where R is the resistance. 

(1.4) 

Adding an additional resistor will cause increased power to be dissipated in the series 

resistance, producing a significant amount of heat. This extra power must come from the 

DC power supply. 

1.5.3 Bipolar Drives 

One drawback of the unipolar drive is its inability to utilise all the coils on the motor's 

stator poles. At any one time only half the coils on a pole are being used. If both coils 
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were being used there would be a 40% increase in amp turns for the same power 

dissipation. To achieve this higher performance a bipolar drive is used. One phase of this 

type of drive is shown in a simple form in figure 1.24, and can drive current in either 

direction through each motor phase. The standard arrangement used is called the bridge 

system, which uses four transistors per phase winding. 

1.5.4 Power Dumping 

Because the motor has a permanent magnet, the stepping motor can act as a generator if 

the shaft is driven by an external source. Therefore care must be taken when the energy 

associated with the inertia of the load is returned to the drive during retardation. A large 

increase in supply voltage may damage the drive transistors and a power dump circuit 

must be incorporated to dissipate the regenerated power [3]. 

1.6 Stepping Motor Control Systems 

1.6.1 Example of Open Loop Control (Figure 1.25) 

The operator interface allows the user to input some required characteristic of the system, 

such as speed, acceleration, and distance. The interface may be simply a thumb wheel 

control or a complicated computerised serial interface. The information is passed to the 

controller that converts the information into the pulse and direction signal that are fed to 

the drive. Conditioning and selection of the resolution may be applied to the signal from 

the information given by the user or may be pre-set in hardware or software options in the 

controller. The drive will use a form of pulse width modulation to control the current 
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delivered to the motor windings. The rotor will rotate in a condition dependent on the 

sequence and style of the energising of its phase windings. The current delivered at a 

speed is not load dependent. If the motor misses a step or stalls there is no feedback to the 

controller that this has happened. 

OPERATOR 
CONTROLLER DRIVE 

INTERFACE 

POWER IV 
SCE3 UPPLY 

FIGURE 1.25 - Open Loop Motor/ Drive System 

1.6.2 Example of Closed Loop Control (figure 1.26). 

In addition to the function blocks of the open loop system, this system incorporates a 

feedback signal to the controller. Typically an encoder or resolver is used. In their 

simplest form provide information on position and step integrity. However they can be 

used to provide information for phase commutation and precise current control to achieve 

servo performance [4,5]. 
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FEEDBACK 
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OPERATOR 
CONTROLLER DRIVE 
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MOTOR 
FIGURE 1.26 - Motor Drive System with Closed Loop Control 

1.7 Why Investigate the Hybrid Stepping Motor. 

Though the hybrid stepping motor has a long and proven history, in terms of toughness, 

accuracy of position and the ability to operate in open loop [5], motor performance 

improvements are still to be made in terms of power drives, controllers, and the physical 

motor construction. There is now increased competition from brushless DC servo systems, 

which have been aided by the continual price reduction of positional devices, especially 

encoders and resolvers. 

Motor constructors and design engineers are increasingly interested in how tooth 

configuration, mechanical geometry, and magnetic material compositions affect motor 

performance [6,7]. These all jointly affect the generation and distribution of flux and 

therefore torque. 

Some novel designs of the hybrid stepper motor have come on to the market in recent 

years, notably 3 and 5 phase excitation schemes [8,9,10,11] and also the use of so called 
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flux focusing stator magnets [12,13,14]. Three and 5-phase design claim to have a better 

settling time and winding copper utilisation due to the increase number of phases. 

Referring to equation 1.1 it can be seen that 3 and 5 phase hybrid stepper motors will have 

smaller natural step angles. Flux focusing stator magnet motors have a neodymium 

magnet placed in the stator teeth troughs. It is claimed that these force the leakage flux 

into the tooth steel, allowing more flux to generate torque. This method produces 

approximately 20% increase in holding torque. 

The hybrid stepping motor has what is considered to be an unconventional magnetic 

construction. The magnetic fields involved produce a truly 3-dimensional electromagnetic 

problem, as significant radial, axial and tangential components of magnetic flux occur 

throughout the motor. The complex magnetic flux pattern makes performance predictions 

difficult. Stepping motors have been traditionally designed using empirical methods, 

relying on experimentation and experience [5]. It is now possible to consider studying 

these complex magnetic problems with new software packages, because of recent 

advances in computing power [15,16]. Using tools such as three dimensional finite 

element analysis software, a designer can produce an accurate model of a hybrid stepping 

motor. They are able to view the behaviour of flux paths, effects of material types, and 

generation of torque, without having to construct a prototype. 

1.8 Format of this Thesis 

A key component of this thesis describes the use of finite element analysis with the power 

to overcome some of the traditional problems encountered with such analysis. The use of 
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finite element analysis for the stepping motor provides the foundation of this doctoral 

project. This will validate assumptions commonly made about the hybrid stepping motor. 

This work is described in chapters 2, and 3. 

Using data and knowledge gained from the three dimensional finite element analysis, 

improved analytical techniques for prediction of motor performance will be developed. 

This will involve simpler but accurate models that will eventually be incorporated into a 

computer aided design package. The simpler models are necessary so that they can be 

easily modified during the design phase without the requirements for complex 3-D 

modelling. This is presented in chapter 4 and 5. 

In chapter 6 and 7, the modelling observations from the various tools are used to design 

two new hybrid stepping motors, which are constructed and tested. 

Chapter 8 completes the thesis with some conclusions. 
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CHAPTER 2 

THE HYBRID STEPPING MOTOR; ASPECTS OF 
CONSTRUCTION, TESTING, AND MODELLING 

This chapter will briefly detail the manufacturing process of the hybrid stepping motor 

and will then describe some of the hardware apparatus and tests that are used in both 

manufacturing and experimentation to confirm that an existing motor meets set 

performance criteria, or that a prototype motor conforms with design or software 

modelling. An introduction is given to some of the computational methods used in motor 

design. 

2.1 Manufacture of Modern Hybrid Stepping 
Motors 

The hybrid stepping motor has few dedicated manufacturers in the UK. This project was 

sponsored by Stebon Ltd. and hence the following section is based on the experience 

gained on the shop floor and test area at Stebon and the work detailed by Stebon's 

technical manager, Mr D. Baker[17]. 

As described in chapter 1, the motor consists of a stator pack, stator winding, and a rotor 

assembly. The assembly of each part will be described before discussing the complete 

motor assembly and testing. 
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2.1.1 Stator Construction 

The major component of the stator is the core pack. The stator laminations are brought in 

pre-punched and annealed. The laminations are typically 0.35 mm Transil. To construct a 

core pack, half of the required laminations are placed one on top of each other on a jig. 

The laminations are held in the same position by use of a datum point on the lamination, 

customarily positioned between the middle slot of the castellations. A layer of adhesive is 

placed between each lamination. The adhesive layer contains typically two types of glue, 

each with a different temperature stability. After the first half has been assembled on the 

jig the stack is turned over and the second half added to allow for lamination punch 

curvature. The complete stack is compressed to improve the packing factor. The packing 

factor is the ratio of steel material to total stack length. The stack length is checked and 

more laminations may be added to match the specified length. 

The completed stator lamination core packs may be placed into a steel shell, depending on 

the design and protection rating of the motor. Each lamination in the stator core pack has 

an inner diameter that is undersized. This infers that if an un-machined rotor lamination 

was placed on to a stator lamination there would be no air-gap as the inner diameter of the 

stator lamination and the outer diameter of the rotor lamination would overlap. The 

completed stator core is then machined (honed) to produce a concentric inner diameter. 

Copper windings are pre-wound on bobbins and taped to hold their shape. A pair of 

windings is selected for the requested performance, determined by the desired torque/ 

speed performance and thermal requirements. A pair of windings is placed on to two of 

the stator poles of one phase. A second pair of coils is placed on the remaining two poles 
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so that each phase is made up of four coils in two electrical circuits. Each phase is 

terminated with four wires that are appropriate for either terminal box or flying lead 

termination, providing the ability for the coils to be connected in series or parallel. The 

stator packs are then impregnated with varnish to provide mechanical rigidity. The varnish 

is cured by placing the stator pack in an oven. 

2.1.2 Rotor Construction 

Rotor construction starts by producing two rotor end-caps both made up of oversized outer 

diameter laminations. Like the stator, the rotor laminations are held together by a 

combination of adhesives whilst being built up on a jig. Each rotor requires a pair of end- 

caps for each stack. For example a 3-stack motor requires 6 end-caps. One of the rotor 

end-caps is placed on a jig, and an un-magnetised permanent magnet is placed on top. The 

permanent magnet material is generally alnico, samarium cobalt, or neodymium iron 

boron. The choice of magnet material is dependant on the application, or the motor's 

working environment. The second rotor end-cap is then placed on the jig, and is correctly 

positioned using a second datum. This ensures the top end-cap has its teeth lined up with 

the bottom end-cap's troughs. 

The rotor assembly is now continued by placing the end-caps and magnet components on a 

non magnetic stainless steel shaft. To make a multi-stack rotor construction, a spacer is 

placed on the shaft between the stacks. This spacer is typically made of aluminium. 
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The outside rotor diameter and shaft configuration (keys etc. ) are now machined along 

with the bearing seats to maintain concentricity. Bearings are then pressed onto the 

completed rotor assembly. 

2.1.3 Rotor and Stator Joining 

The rotor / stator air-gap will typically be 0.1 mm from stator to rotor tooth. The air-gap 

must be kept as small as possible to ensure maximum torque generation. The rotor is kept 

in the correct orientation and position relative to the stator and mated to the stator by the 

use of end brackets. Firstly, the rotor is pressed into the drive end bracket (front flange), 

where the shaft extends. The front flange is used to hold the motor in position on the 

motor's final application. The flange is typically square and is usually standardised to a 

NEMA (North-American Electrical Manufacturers Association) configuration that dictates 

the motor frame sizing, though other flanges may alternatively be specified. This front 

flange is joined to the stator assembly by lining up spigot holes and pressing the stator 

onto a lip, positioned by through bolts. Further spigots are used to join the stator and rotor 

assembly to a rear end bracket. The leads from the phase windings are pulled through this 

end bracket. They are either left as flying leads or are alternatively crimped with spade 

terminals for use with a terminal box. This rear end bracket has provision for the 

placement of a position verification device or an extended rear shaft. 

The complete assembly is now placed in a high energised field that axially magnetises the 

rotor in situ. This magnetisation in situ offers a significant advantage over other 

permanent magnet motors as it allows the rotor to be assembled completely before it is 

magnetised. 
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2.2 Experimental Arrangements 

This section describes the experimental arrangements that are commonly used to verify 

that a constructed motor meets performance criteria. Testing arrangements are also used 

to confirm modelling techniques and the accuracy of design predictions that are used later 

in this chapter and thesis. Testing covers both static and dynamic arrangements. 

2.2.1 Open Circuit Back EMF Testing (Figure 2.1) 

A simple test to calculate the rotational EMF produced from a motor, is achieved by 

connecting another precise speed motor (typically another hybrid stepping motor), to the 

shaft of the motor to be tested. The driving motor is run at a set speed which causes the 

test motor to generate an EMF across its phase windings due to the rotating magnetic 

field. The RMS value of the EMF is recorded and the near-sinusoidal wave form may also 

be captured. This test is often used in manufacturing to check that the permanent magnet 

has been fully magnetised, the winding pattern is correct, and the rotor has concentricity. 

2.2.2 Static Torque 

Static torque may be measured in terms of single phase or two phase torque. Here the 

normal drive circuitry is replaced by a controlled DC current, supplied into the phases. 
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With no load the motor will sit in an equilibrium position. If load is applied, the rotor will 

rotate to a new rest position. If the measurement system is a simple string and pulley the 

torque produced will be equal to the force applied multiplied by the radius of the pulley. 

The force is recorded along with angular displacement to produce the approximate 

sinusoidal curve for torque/ angular displacement. The torque will reach a maximum, 

close to mid-way between the un-aligned and aligned equilibrium points (figure 2.2A). 

The point of maximum torque is found to be typically just after the mid point slightly 

closer to the un-aligned equilibrium position. As the angle between equilibrium points is 

extremely small, the string and pulley measurement method can be very inaccurate and 

measurement on a special test rig is preferred.. 

GURR6NT 

POSITION 

FIGURE 2.2 (A) - Static Torque against Position (B) - Static Torque against Current 

The maximum static holding torque increases with current until the motor's steel 

saturates. A representative curve is shown in figure 2.2B. Here the motor is shown to start 

at a value greater than zero. This is due to the detent torque produced by the permanent 

magnet. The motor torque rises linearly at low current and ̀ flattens' off as the current 
increases and the motor steel saturates. 
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2.2.3 Dynamic Torque 

In the industrial world of stepping motor applications the dynamic torque is often seen as 

the critical aspect of performance. Standardising dynamic performance of motors is 

difficult to achieve. For example there are dynamic differences between a test rig and a 

motor driving a conveyor belt system in a factory. The inertia differences of the systems 

affect starting (pull in) and stalling characteristics. Drive circuitry, and in particular 

differences in inductance, efficiencies, and pulse input circuitry, from manufacturer to 

manufacturer will also dictate the way a motor will perform. The choice of current step 

patterns, anti-resonance circuitry, and drive voltage further complicate the situation. 

A set of illustrative performance curves are shown in figure 2.3. The curves shown 

represent both parallel and series motor connections. Since most drives have a pre-set 

current limit at low speeds the series connection can be seen to produce almost double the 

low speed torque as the active MMF is effectively doubled. However this torque drops off 

at a lower speed due to the rapid build up of back EMF. The effect of increasing voltage 

(dashed lines) can be seen to increase the speed range (figure 2.3). In figure 2.3, the effect 

of instability or resonance is shown This may be due to motor construction/ design, 

coupling and backlash effects of the measuring system, or motor/ drive inductance 

instability. This can be reduced with the effect of microstepping or use of an anti- 

resonance circuit. An anti-resonance circuit may be either passive or active. A passive 

circuit will cap the peak current at low speeds. An active circuit monitors the current in the 

phase windings, and will reduce the current when instability is present. 
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FIGURE 2.3 - Dynamic Torque/ Speed Characteristics 

2.3 Test Rig Apparatus 

In an attempt to standardise testing, a test rig was constructed. The test rig was designed 

so that EMF, static, and dynamic torque could be measured on one platform. The basic 

construction is shown in figure 2.4. A motor is positioned at one end which can be used to 

drive the shaft, which in turn is mechanically coupled to the motor on test. This can be 

used to drive the motor on test and hence obtain back EMF information. 

Between the motors is a powder brake dynamometer which acts as a load and speed 

torque transducer. This transducer will also feed-back the torque and speed to a 

measurement display. On the end of the shaft is an encoder which allows position 

feedback for static torque measurement. The encoder also allows stall detection for 

automated dynamic testing. 
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A dual channel current probe is also fitted which allows the current waveform from the 

phase windings of the motor under test to be monitored and fed back to the control 

/display system. Whilst much of the hardware was constructed by Stebon Ltd. the author 

was responsible for all the test rig control and measurement software. 

COUPLING 

PARTICLE 
BRAKE COUPLIN 

DRIVER MOTOR 
MOTOR '- - -- --- ON TEST 

ENCODER 

---------------------------------------------------- 

FIGURE 2.4 - Test Rig Layout 

2.3.1 Control and Display 
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D 
DRIVES INDEXER 

The control and display system are made up of a direct feedback display and control panel 

for the speed/ torque transducer. This is also routed through a personal computer that has 

suitable input, output, and data acquisition PC cards. This enables the speed, torque, 

motor controllers, current probes, and encoders to be read or fed by software running on 

the PC. The software that operated on this test rig was written in the Visual programming 

language Labview. 
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2.4 Specialised Tests 

2.4.1 Current Waveforms and Inductance Calculations 
1181 

The current in the phase winding can be captured by the PC on a Labview virtual 

instrument that acts very much like a digital oscilloscope. This allows the two phase 

currents to be monitored, captured and then examined. The current waveforms are caught 

using a Hall effect current transducer. This tool is also useful for capturing the rise of the 

current following the input of a voltage step. This allows the inductance of a winding at a 

fixed rotor position to be found. Using the circuit of figure 2.5 and capturing the current 

(and voltage) waveform the inductance at a fixed rotor position can be calculated by the 

relationship between instantaneous current and inductance which is; 

v=iR+L 
di 

(2.1) 

where v is the instantaneous voltage, 

i is the instantaneous current, 

L is the inductance of the circuit, 

and R is the resistance of the coil. 

The inductance can also be represented by equations 2.2 and 2.3. 

L=No, (2.2) 
i 

L= poft, N2 (2.3) 

where L is the inductance, 
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N is the number of turns linked by the magnetic field, 

0 is the magnetic flux, 

i is the current in coil, 

µa is the permeability of free space, 

614. is the relative permeability of the magnetic circuit, 

A is the Cross-sectional area, 

and I is the mean flux path length. 

It can be shown that as the rotor turns the reluctance of the magnetic flux path and hence 

the winding inductance will change. Whilst the inductance calculation is an important 

reading in the theory of motor testing and performance prediction it is non-linearly related 

to the flux linkage of the motor, a term commonly referred to in the design of all types of 

stepping motors [19,20]. It is therefore preferable to use the test rig to measure flux 

linkage rather than inductance. 

Load "". I 

+ýI 

FIGURE 2.5 - Inductance Calculation Circuit 

Current Probe 
(TR1) 
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2.4.2 Flux Linkage Measurement [211] 

In its most common form, an electrical machine converts energy from electrical to 

mechanical or vice versa via a coupling magnetic field. Flux linkage is a key to describing 

this coupling characteristic. Measurement of the flux linkage in an electrical machine is 

useful for validation of design models. The knowledge of the magnetic energy stored in 

the coupling field is useful for optimising machine design. The relationship between phase 

current, flux linkage and mechanical output can be seen as representative of the whole 

energy process in the motor. 

The modelling of these relationships can be achieved by modem computing tools such as 

finite element analysis methods described later in this thesis. However accurate 

measurement of flux linkage is still essential to validate these models. 

In a machine where the excitation system is only by current in the windings, such as for a 

variable reluctance motor, the measurement of flux linkage can be obtained by integrating 

a measurement of the phase winding voltage. In the hybrid stepping motor the 

measurement is complicated by the presence of another MMF source, the permanent 

magnet. The measurement of the magnetic field inside the motor is not easily obtained. 

Sensing coils or magnetic sensing probes could be added to the motor but these 

complicate the motor design and cannot be added to existing built motors. In any case data 

collection would be extremely troublesome due to the uneven distribution of flux in the 

air-gap and steel, making it difficult to obtain accurate flux linkages. One method to 

acquire the magnetic characteristics of a physical motor is to calculate the stator flux- 

1. This section is based on a paper presented at 19941EE Power Electronics and Variable Speed Drives conference The Design of Hvbrid Stepping Motors aided by Three Dimensional Finite Element Analysis 38 



Chapter 2. The Hybrid Stepping Motor; Aspects of Construction, Testing, and Modelling. 

linkages indirectly by integrating measurements obtained from the phase winding circuit 

(figure 2.5) [22]. 

2.4.3 Theory of Flux-Linkage Measurement 

One of the most common methods for measurement of flux-linkage is to apply a step 

voltage to a phase winding and record the resulting current. The measurement is based on 

the circuit equation described in equation 2.1. This may be expressed so to include flux- 

linkage A(9, i), (flux-linkage in terms of position and current). 

v(t) = i(t)R + 
("fie' i) (2.4) 

dt ' 

and integrating and rearranging equation 2.4, 

t 
. %(9, i) =f [v(t) - i(t)RJdt + 2(0) , (2.5) 

0 

where 2(0) is the flux-linkage at time t=0. 

The change in flux linkage over a period of can be obtained from the measurements of the 

winding voltage and current, if the phase winding resistance is known. Initial conditions 

have to be chosen carefully with a known initial flux linkage t(0) at the time the 

integration process starts. In a system in which the current in the phase winding is the only 

source of flux, and providing the remnant flux can be neglected, the initial condition 2(0) 

The Design of Hybrid Stepping Motor aided b Three Dimensional Fini e Element Anal si 39 



Chapter 2. The Hybrid Stepping Motor; Aspects of Construction, Testing, and Modelling. 

(integration constant) is conveniently chosen to be zero when the current in the phase 

winding is zero, regardless of rotor position 6, i. e. 

A(O)=A(6, i=0)=0. (2.6) 

In the hybrid stepping motor system which has two independent current sources, and a 

permanent magnet, the flux linkage associated with a particular phase is now a function of 

the two current sources and position. The circuit equation of one phase can be written as: 

vl (t) = il (t)R1 +d 
(1 il 

I 
id 

(2.7) 

where ifis the current in phase j, (j=1,2). 

If it can be assumed that i2 and 0 are constant, integrating equation (2.7), provides 

t 
A 1(O, ii, 2) =J [vi (t) -i ('t)ri]dt +% (0) , (2.8) 

0 

where 

Al(0) _] (6=90, il =i 109 iZ = i20), 

iio is the initial current in phase 1, 

i2O is the initial current in phase 2. 

The Design ofHvbrid Stennin Motors aided by Three Dimensional lc; -:! e Element Analysis 40 



Chapter 2. The Hybrid Stepping Motor; Aspects of Construction, Testing, and Modelling. 

t 
ýi ,� 

(0, iý = 0) =J emfi (t)dt + Am (0 = 6o, il = 0, i2 = 0) , (2.9) 
0 

where 

2m(9= 6p, i, =0, i2=0) is the initial condition at which the integration starts (arbitrary initial 

condition), 

2m(0' il=0, i2=0) is the flux linkage associated with the stator phase due to the permanent 

magnet at any position 6, 

emfi (t) is the instantaneous motional EMF induced in phase 1 by the permanent magnet 

rotor. 

The arbitrary initial condition 2m(O=90, i1=0, i2=0), was chosen to be zero when 0=00. It 

represented the position of minimum flux-linkage in stator phase 1. All the integration 

results were therefore relative to this initial value. 

2.4.4 Experimental Measurement Method 

The experimental method includes two separate tests. 

1) Permanent magnet EMF. 

2) Locked rotor current waveform test. 

1) This test is described in section 2.2.1. The EMF waveform is then integrated using 

equation 2.9 to obtain the flux linkage due to the permanent magnet at each angle 0. 
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1) This test is described in section 2.2.1. The ENIF waveform is then integrated using 

equation 2.9 to obtain the flux linkage due to the permanent magnet at each angle 0 

2) This method follows the theory of section 2.4.3. The rotor is locked at known rotor 

positions. A short voltage pulse is then applied to the phase winding and the current and 

voltage waveforms are captured. The current waveform is then used in conjunction with 

the terminal voltage and winding resistance to calculate the change in flux linkage arising 

from the applied voltage using the initial condition for that position obtained from the 

magnet EMF test. This test was repeated for all the desired flux-linkage rotor positions 

with positive and negative phase current. The results obtained will be shown in chapter 5. 

2.5 Prediction of Stepping Motor Characteristics 

Stepping motors have been designed in the past by working on knowledge gained from 

experience, testing and experimentation. Engineers designing motors (and other electrical 

devices) wish to improve mathematical analysis without the use of time consuming 

experimentation. Traditional analysis involved simple geometry, assumptions and 

imagination. This approach has been outmoded although not replaced, as demands for 

faster and more accurate solutions for the complex geometry found in such motors as the 

hybrid stepping motor are sought. 

The prediction of the performance of the hybrid stepping motor has been widely published 

by some key authors and researchers. Chai is a well-respected author for work concerning 
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modelling, especially on permanence based models [6]. Many papers have been published 

on attempts to provide equivalent circuits for the motor [23-34]. These equivalent circuits 

rely on tooth and air-gap permanence models that link the mechanical geometry of the 

motor to the magnetic circuitry, by typically breaking the motor into key parts. Once 

established, the equivalent circuits attempt to predict the inductance, flux-linkages, and 

torque, for differing phase currents, drive voltages and motor speeds. 

2.5.1 Use of Electromagnetic Analysis Software 

The many factors that affect the performance of the motor have been rarely modelled 

together, due to the diversity of the effects which occur throughout the motor. A total 

solution lends itself to use of computerised calculations for electromagnetic fields. 

Methods which fall into these categories are Finite Element Analysis (FEA), Boundary 

Element Methods (BEM), Boundary Integral Methods (BIM), Finite Difference Methods 

(FDM), and time-domain methods [35,36,37]. 

2.5.2 Work carried out on Finite Element Modelling of 
Hybrid Stepping Motors 

The number of publications specifically about the use of FEM in the analysis of the hybrid 

stepping motor is very small. Two notable works have been by B. Forghani of Montreal 

[38], and E. C. T. So and S. J. Yang of Heriot Watt, Edinburgh [39]. B. Forghani's paper 

describes a 3-D solution of the hybrid stepping motor. A brief discussion of the ability to 

use a 2-D method coupled to an equivalent circuit is given. However the three 

dimensional modelling is one of the only few attempts at an overall solution. The hybrid 

stepping motor's geometrical shape is simplified to reduce the computational effort 
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required. The laminated nature of the motor is ignored and the motor is modelled as a 

non-laminated component. Because of simplifications made the detail of analysis is 

concentrated on the main flux path's in the motor. A method for calculating the torque- 

rotor position using the virtual work method is also discussed. The paper by E. C. T. So and 

S. J. Yang [39], though primarily concerned with stator vibration calculations, introduces 

methods for modelling a stator tooth and corresponding rotor teeth of a hybrid stepping 

motor. It includes points on simplifications made, boundary conditions applied and 

limitations of their, meshed model. It gives a useful insight into the modelling of a 

stepping motor. However it does not obtain a complete solution for the motor. 

Z5.3 Simpler Computational Methods in The Design of 
Stepping Motors. 

Finite element software and other electromagnetic field software are still relatively 

expensive. Generally companies contract out design work when the modelling involves 

extensive electromagnetic field analysis, or because of the initial software/ hardware and 

training costs. However from the knowledge gained by using FEA and by improving 

equivalent circuits, more complete and accurate models may be created. These can form 

the basis of a computer aided design environment that uses these improved mathematical 

algorithms to predict the behaviour of the motor. Similar attempts have been made by 

Wang et al [24], who have published a paper on the study of CAD for stepping motors. It 

addresses the establishment of what the authors call an improved CAD model. Optimal 

design problems associated with the motor are also discussed. 
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2.6 Discussion 

The physical construction and the methods employed to manufacture the hybrid stepping 

motor must be understood before design methods can be usefully employed. The start of 

this chapter reviewed the typical processes of manufacturing the motor and described the 

methods used to maintain concentricity of the motor. 

Experimental arrangements were discussed for validating models and measuring a motor's 

static and dynamic performance. All experimental results that are presented in subsequent 

chapters have been obtained by adopting the procedures described. 

The chapter concluded with a brief introduction to the use of mathematical modelling for 

the prediction of the performance of the hybrid stepping motor. These include equivalent 

motor circuit models and commercially available computational products such as FEM 

software. Both are described more fully in the following chapters. 

Through the use of three dimensional analysis, a full three dimensional representation of 

the hybrid stepper motor will be developed. This thesis will describe a simpler algebraic 

model that has been developed and verified with the use of 3-D FEA and experimental 

testing. This algebraic model aims to produce accurate solutions with the advantages of 

faster computation times and simpler data input. 
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CHAPTER 3 

ELECTROMAGNETIC MODELLING OF THE 
HYBRID STEPPING MOTOR' 

3.1 Introduction to Advanced Numerical 
Techniques 

Modern electrical machines must be designed to meet specified operating conditions that 

are set by the load demand, while achieving good efficiency and reliability. The power and 

torque output of the motor must be balanced by input power, motor volume and cost. In 

order to meet such requirements, accurate machine performance at the design stage must 

be established. It is difficult to build a complete solution of the hybrid stepping motor 

using simple analytical functions or equivalent circuit representations. This is due to the 

difficulties introduced by the motor's highly non-linear three dimensional magnetic 

structure, for which the doubly salient tooth structure, axial magnet, and back iron all 

complicate the situation. 

In recent years numerical techniques have been developed that can overcome the 

limitations of linear and steady state problems and have provided accurate solutions to a 

wide range of electromagnetic problems. For example the forces exerted on the stator 

poles of the hybrid stepping motor have been calculated, by taking into account the three 

1 This Chapter is constructed from several papers published by the author; 
Presented at IEEE conference on Magnetics, Okayama, Japan, March 1997. [40] 
Proceedings of Vector Field User Meeting, September 1994, Blenhiem Palace, Oxford [41] 
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dimensional geometry and saturation effects of the materials using the finite element 

method [39]. 

Finite element analysis is the most widely used numerical method for transient and steady 

state solutions to two and three dimensional electromagnetic problems. The enormous 

capabilities of this technique are largely due to considerable advances in desktop 

computers. These advances allow the use of three dimensional techniques to be considered 

for the modelling and analysis of the hybrid stepping motor. 

The computer based numerical technique for solving partial differential equations is 

implemented by representing the area of the problem under consideration by a collection 

of finite elements. The nodes associated with each element are the points in space where 

the field values are calculated. Governing equations for each element are set up and 

subsequently combined in order to describe a global property. 

The governing laws of electromagnetism can be concisely expressed by Maxwell's 

equations [43]. Throughout the project the software used for the electromagnetic 

modelling of the hybrid stepping motor was supplied by Vector Fields Ltd [15,16,44]. 

The basic electromagnetic field theory on which the packages are based follows from the 

laws of electromagnetism and may be found in the Appendices. 

Vector Electromagnetics Journal, Volume 11, No. 1. [42] 
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3.2 Finite Element analysis of the Hybrid Stepping 
Motor 

As reviewed in chapter 2 the amount of publications specifically on the use of three 

dimensional finite element methods (FEM) for the analysis of the hybrid stepping motor is 

small. A simplified geometry solution has been produced by B. Forghani where the 

fundamental flux paths in the motor have been shown [38]. E. C. T. So and S. J. Yang 

introduced methods for modelling a stator tooth and pole, and corresponding rotor teeth 

for vibration analysis [39]. The paper describes the simplifications made, boundary 

conditions applied and limitations of their meshed model. It gives a useful insight into the 

modelling of a hybrid stepping motor. Other papers, which discuss finite element analyses 

of stepping motors do so briefly or investigate the problem with 2-dimensional analysis. 

An excellent study of the hybrid stepping motor using 2-dimensional analysis is carried 

out in [45,46]. 

3.2.1 The Need for Three Dimensional Modelling of the 
Hybrid Stepping Motor 

Finite element analysis (FEA) is considered to be highly suited to handle the modelling 

complexities introduced by the extremely saturated, doubly salient iron structure of the 

hybrid stepping motor. The question arises as to whether the hybrid stepping motor can be 

modelled, with sufficient accuracy, using a two dimensional code and an equivalent 

lumped circuit. As the amount of articles solely on three dimensional FEA on the hybrid 

stepping motor is limited, the variable reluctance stepping motor will be used to highlight 

common fundamental problems in two dimensional finite element modelling of doubly 

salient motors. Simkin and Trowbridge [47] reported that inductance calculations using a 
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two-dimensional computer program on a stepping motor had shown good agreement with 

measurements when the rotor teeth were aligned with the excited stator teeth. When the 

rotor was in the un-aligned position, values for computed and measured inductances 

disagreed. In the unaligned position the air-gap facing the excited stator poles is relatively 

large causing a significant axial component of flux to arise, due to end winding effects. As 

the axial direction cannot be modelled by two dimensional code the discrepancies were 

thought to be caused by this. 

The hybrid stepping motor is a truly 3-dimensional electromagnetic problem with 

significant radial, axial and tangential components of magnetic flux occurring throughout 

the motor. Therefore it is impossible to obtain a complete solution by solely using a two 

dimensional package. Like most electrical machines, the hybrid stepping motor is usually 

laminated in order to minimise eddy current losses. Two dimensional analysis cannot 

model inter-lamination effects, which change the torque output of the motor. In a paper by 

Huard [46] it was discussed how the laminations made it extremely difficult to model a 

hybrid stepping motor with 2-D FEA and a comprehensive lumped model. Three 

dimensional FEA allows the user to input a packing factor for the steel laminations. This 

allows the program to calculate the effect of the laminations using anisotopic material 

properties, that is by assigning a relatively high permeability in the direction parallel to the 

laminations compared to a considerably lower permeability in the direction perpendicular 

to them. 
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The magnet characteristics can not be included in two dimensional FEM analysis because 

of its usual orientation, perpendicular to the laminations. Such effects must be modelled by 

lumped circuit models, in combination with two dimensional models. 

Despite these observations, finite element analysis packages that employ two dimensional 

formulations are established as the primary tool in the design of the hybrid stepping 

motors. This is notably due to the complexity of the hybrid stepping motor as a complete 

model, but also due to computing power and man hours required for a three dimensional 

model. Users of finite element analysis software packages have found that two- 

dimensional models require far less CPU time to solve and occupy little disk space in 

contrast to three dimensional models. At one position at a particular excitation, three 

dimensional FEA would require 8 hours on an IBM RS6000 workstation and require 

around 45 Mb of disk space for the solution. For a lumped element network solver the 2- 

D data required to solve for three positions and ten varying excitations at each would be 

around 25 Mb of disk space and 2 hours total CPU time. In addition most 2-dimensional 

codes are available on PC platforms and are relatively inexpensive compared to their more 

complicated and expensive workstation cousins. 

3.3 Typical Finite Element Software Package 

A typical finite element software package contains a Pre-processor, a Solver, and a Post- 

processor [15,16]. The Pre-processor is where the user defines the model. The Solver 

solves the system equations, and the post-processor allows the user to view and analyses 

the results. 
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3.3.1 Pre-Processor 

The first step in modelling, is to draw what is similar to a 2-D orthographic front view of 

the model. Usually this consists of the motor lamination with a surrounding air boundary. 

This view is drawn and defined initially by use of points and construction lines. Once the 

points are created, they are used as corners to create areas (facets), which are the different 

sections of the model. Once all of the 2-D area has been sectioned into facets, further sub- 

division can be achieved by splitting the facets into elements. To create a 3-D model the 

2-D face is extruded to develop volumes in the Z-direction. Again, these extrusion layers 

can be subdivided. Now instead of areas the model consists of volumes. Each volume can 

be defined as a different material, for example, air or steel. 

3.3.2 Solver 

Here the Algebraic model is created. The user selects certain conditions to define the type 

of solution. Definitions for the units and materials are also required, i. e. non-linearity, 

anisotropy, periodicity and iterations. The solver then computes the numerical solution, 

which can then be post- processed. Once the solver is running there is no user interface. 

3.3.3 Post-Processor 

A solution file is read into the post-processor. Here the model can be viewed with the field 

potentials drawn or coloured onto its surface. Line graphs and histograms can also be 

created to show field values across parts of the model. Torque can be computed by 

Maxwell stress analysis, or through measurement of co-energy at different positions. 
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3.4 Modelling of a Simplified Hybrid Stepping 
Motor 

To ascertain the functionality and abilities of the finite element software this exercise was 

used to get familiar with the finite element software. The primary aim was to develop a 

model that would correctly solve the basic fundamentals of 3-D flux distribution in the 

hybrid stepping motor. 

The motor to be modelled was to be based on the laminations for a4 phase switched 

reluctance motor with eight teeth on the stator and six on the rotor (8: 6). Therefore the 

motor lamination could be simply adapted to create a basic hybrid stepping motor. In the 

simple model there are no teeth castellations on any of the poles. The lamination is shown 

in figure 3.1. 

FIGURE 3.1 - 8: 6 Switched Reluctance Lamination used for the Simple Stepping Motor 

3.4.1 Tooth Construction 

A key issue of modelling the hybrid stepping motor is the ability to efficiently replicate 

the teeth. Significant issues for modelling are that the teeth on each end-cap are out of 

phase with the other, plus the number of teeth being numerous on each rotor end-cap. 
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Even though the latter does not directly apply with this particular exercise, it was a 

notable consideration. Because of these key issues an investigation was made where a pair 

of rotor teeth (front and back end-cap positions) were modelled separately. This 

introduces the problem of creating the front and back teeth on the rotor of a hybrid 

stepping motor which are displaced relative to each other by half a tooth pitch. 

Two methods in which the teeth can be practically created in a three dimensional model 

were investigated, these were respectively; 

(i) Hidden Detail Method, 

(ii) Twisted Extrusion Method. 

3.4.2 Hidden Detail Method 

Figures 3.2 and 3.3, show the first method. In this method all detail is drawn on one layer, 

the base plane, figure 3.2. This layer includes all hidden detail. The base plane would 

practically be the same as the face view on a draughtsman's orthographic drawing. The 

next stage is to subdivide the plane into 2-D elements. Once completed the plane is then 

extruded in layers in the Z-direction, to produce a model in three dimensional elements. 

To obtain a tooth structure as in figure 3.3, the elements in figure 3.2, are correctly 

associated with the material which is present in each layer. For example the elements 

which are solid on the top layer are defined as steel, the other elements are defined as air. 

This process is continued through all the layers and builds up the three dimensional 

structure of figure 3.3. 
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FIGURE 3.2 - Hidden Detail Method for Creating Teeth 
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FIGURE 3.3 - Teeth Created by Hidden Detail Method 
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3.4.3 Twisted Extrusion Method 

It is possible to rotate or move points created on the base plane to different positions on 

later extrusion stages. A single tooth could be drawn on the first layer. On the next layer 

the mesh is twisted so that on the final tooth layer the tooth is in its correct position. 

Figure. 3.4, is a rotor constructed by the second method. This uses the technique to twist 

the middle layer (permanent magnet) thus locating the teeth on the front and back rotor 

stacks in correct positions. 

3.4.4 Advantages and Disadvantages of Each Method 

The first method uses far more elements than the second because of the redundant air 

elements. This is a problem because the amount of elements needs to be minimised in 

modelling the motor. The second method creates problems because it twists and deforms 

the air gap surrounding the mesh and hence makes it extremely difficult to join the rotor to 

the stator in modelling. This also makes it highly impractical for changing the position of 

the rotor relative to the stator and it would be better suited to a fixed position model. 

3.4.5 Preferred Method 

The first method is used in all subsequent three dimensional modelling because it was 

much simpler to implement and it avoided corruption of the mesh. In more complex 

geometries such as a real hybrid stepping motor, the disadvantages of second method 

make it too complicated to reap the benefits of the reduced elements. The second method 

would be nearly impossible to use as there would difficulty matching element nodes on the 

rotor to those on the stator. The second method is best matched to modelling complete 
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models at specific positions. For different rotor positions, an individual model would need 
to be created. 

FIGURE 3.4 - Twisted Rotor Method 
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3.4.6 Boundary Conditions 

There are two main types of boundary conditions available in the Finite element software 

package. These are known as the Neumann and Dirichlet conditions and are used to 

constrain and define the model boundaries. 

3.4,7 Neumann 

Neumann boundary conditions are used to constrain the motor to within its own system. A 

real life motor's flux interacts in theory with an infinite amount of surrounding space. This 

cannot be modelled with the FEM software. Neumann boundary conditions can be placed 

on the outer boundary of a volume of air (three times the motor's volume is a good value 

as results do not significantly change with results greater than this[48]). This surrounds the 

motor and attempts to model this effect to a reasonable accuracy. The Neumann condition 

forces flux to be tangential to the boundary by setting the derivative of the potential to 0; 

dO=o, 
(3.1) 

a 'n 

this implies flux is tangential to boundary and hence flux linkage is zero. 

3.4.8 Dirichlet 

Dirichlet or symmetry conditions provide a way of reducing the size of the finite element 

representation of symmetrical problems by setting the potential on the boundary to zero; 
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0=0, (3.2) 

which implies that flux is normal to the boundary. 

When a symmetry boundary is set up, before analysis of the problem can be undertaken 

(field equation solver), the periodicity of the symmetry boundary is required to be defined. 

Symmetry boundaries may be either positive or negative. A negative boundary condition 

means the potential of one node is minus the potential of its pair. 

An example of a simple stator/ rotor structure is given to illustrate periodicity. Figure 3.5. 

Concentrating primarily on the stator, the stator has been subdivided by lines labelled A to 

E. The letter in boxes indicate whether a particular pole is excited as a north or south 

field. A pole pitch of the stator is defined as the section between A and C. Geometrically 

the section between A and B is symmetrical, but it is not magnetically. Negative 

periodicity occurs between section A and D. Here there is geometric symmetry, but the 

poles are of opposite polarity. Positive result between A and E, again there is geometric 

symmetry, and the magnetic polarity is the same. Concentrating now on the rotor which is 

magnetised on its front face as a south pole, geometric periodicity is found between a pole 

pitch (E to G) at F. At position H we would not find geometric symmetry. However at I we 

would again find both geometric symmetry and positive magnetic symmetry. Within the 

software this symmetry boundary is considered as a single line. It is assigned a periodicity 

condition and a centre of rotation. For this example both stator and rotor could allow the 

condition of symmetry to occur at 180°, which allows half the machine to be modelled. 
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3.4.9 Hybrid Stepping Motor Periodicity. 

Because of the axially magnetised rotor magnet, flux travels down through the rotor and 

then in or out of the stator poles depending on the current direction in the windings. If one 

pole was pushing flux into the rotor, the directly opposite stator pole would be doing 

likewise. The flux would be travelling down the rotor and out through the stator poles that 

are attracting in flux. This type of action makes the positive periodicity correct for the 

hybrid stepping motor. By using positive periodicity half of the hybrid stepping motor 

needs to be constructed. 

3.4.10 Magnet Definition 

The material of the magnet in Stebon's hybrid stepper motors is typically Alnico and has 

been used in this example. The FEA software requires the magnet material's B-H curve to 
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be entered. From the second quadrant of the B-H curve, the software will calculate the 

permeability of the material by using the equation; 

4(c = (B 

Where, u is the permeability, 

B is the flux density, 

H is the field strength, 

and Ha is the field strength coercivity. 

The software starts with an initial value of p. For linear problems this is constant. For non- 

linear problems the initial value used is the value of p at B=O, i. e. the gradient of the B-H 

curve at B=O. The software then solves the equations and calculates values of the fields in 

the elements. The value of H is determined and B calculated from equation 3.3, with ýc 

still the same value. The values of B and H are then compared to the B-H curve given. If 

they do not lie close enough to the B-H curve, a new value of p is estimated using a 

Newton-Raphson scheme. The solution process is repeated using the new value of p. The 

estimate of jc happens 'separately for every element in the mesh. This continues until all 

elements contain field solutions that match the specified B-H characteristics. This allows 

the load point of-the magnet to be determined. 
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3.4.11 Construction of Model for the Simple Stepping 
Motor 

The motor is constructed from the laminations used in a four phase switched reluctance 

motor as shown in figure 3.1. The rotor would be constructed by having two stacks of 

rotor laminations separated by an axially magnetised magnet. The rotor's teeth on each 

stack are shown to be mis-aligned by half a tooth pitch relative to each stack figure 3.6. 

Each layer is built up using the hidden detail method described in section 3.4.2. For this 

exercise the stator and rotor details are modelled together on the top pre-extrusion plane. 

This plane is then extruded to create several volumes. These volumes are defined as 

having particular electromagnetic behaviours in terms of materials and boundary 

constraints. 

The rotor in this model is defined as having 5 distinct volume layers (figure 3.7). The air 

layers of 1, and 5, are outside boundaries, which simulate the air around the model. These 

limit the actual surrounding environment to a finite area which acts as a boundary to 

leakage flux. The limits of this area constrain the flux paths by the use of boundary 

conditions. In this case a `Neumann' type boundary is set [48]. The stator has 3 layers 

defined, the second layer is the steel and has an identical inside node collection as that of 

the rotor's layers 2 to 4, figure 3.7. 

The completed model consists of a rotor meshed by a common air-gap to the stator. 

Current carrying coils are positioned on the stator with the correct polarity. The complete 

model for solving is shown in figure 3.8. 
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FIGURE 3.6 - Front On View Showing Rotor Teeth Misalignment 
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FIGURE 3.8 - Solid 180° Model of the Simple Stepping Motor 
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3.4.12 Results 

The solution is obtained by running the TOSCA algebraic solver [16]. An initial set-up in 

the pre-processor is required for material conditions (i. e. anisotropicity, material type, 

linear or non-linear solution, packing factors, etc. ) boundary conditions and units. Once 

the TOSCA solver is running there is no user interface. 

The modelling of a simple stepping motor was undertaken as a qualitative exercise, to 

show that the flux paths are as expected. The post-processor results showed the flux paths 

within the motor by the use of flux vectors, (figures 3.9,3.10. ) The flux in the magnet 

travels south to north (figure 3.9). It then leaves the rotor by the aligned teeth of the rotor 

and stator. A south pole is induced in the stator poles aligned with the rotor poles in the 

north end of the rotor. The flux travels axially through the stator back iron to the front of 

the motor. Here it enters the rotor teeth at right angles to the lines of flux at the other end 

of the rotor (figure 3.10). The results for this simple stepping motor showed that the 

construction methods used in 3-D were correct. This methodology was used to model an 

actual hybrid stepping motor. 
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FIGURE 3.9 - Simple Stepper, under view 
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FIGURE 3.10 - Simple Stepper, Full view 
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3.5 Implementing a Model of an actual Hybrid 
Stepping Motor 

The simple stepping motor examined previously does not differ in fundamental operation 

to the actual hybrid stepping motor. However the real motor has a rather more complex 

tooth geometry, and thus the modelling is rather more advanced and takes a greater 

amount of planning and effort. Several stages are undertaken to create a model of a 

practical design, ready for a solution. The motors used for such analysis were the Stebon 

850 and 1100 series motors. Each stage of the construction produces a particular status of 

the model. This model is then redefined or appended to before it is ready for solving. 

3.5.1. Physical Model 

The problem is specified in terms of geometry, materials, lamination structure, etc. The 

motor design is a laminated single stack, (two rotor end caps, each with 50 teeth and one 

Alnico permanent magnet). The stator has eight poles each with five castellated teeth. The 

coils of the two phases are wound around alternate stator poles to create a four pole stator 

field. The lamination packing factor has been calculated at 0.975 for the stator and 0.985 

for the rotor, from measurements made on several manufactured components. 

3.5.2. Geometric Model + Numerical model 

The physical model needs to be translated onto a two dimensional top plane. This plane is 

then sub-divided into 2-dimensional areas called facets. This plane is extruded into a three 

dimensional representation of the motor by creating volumes from each facet. These 

volumes are known as elements. 
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If computation time is not to be excessive, 100,000 elements is a sensible maximum limit 

and generally cannot be exceeded. For element numbers above 50,000, the original 

software required part of the model code to be modified outside the design environment. 

However the number of elements was still limited to 100,000 and hence simplifications to 

the model had therefore to be found which had a minimal effect on analysis. In the motor, 

areas of similar dimensions were made the same to reduce the number of elements. For 

example the magnet outer diameter was found to be 1 mm smaller than the diameter of the 

trough of the rotor teeth, and these were equated for ease of modelling. Elsewhere 

elements needed to be used effectively, allowing areas of greater interest or importance to 

be discretised (distribution of elements) finer. In particular it is essential that a fine mesh is 

used around the teeth and in the air-gap, where significant effects on the motor's 

characteristics occur. 

3.5.3 Air-Gap and Tooth Discretisation 

It is important that the rotor and stator be created as two separate models. This allows the 

rotor and stator to be joined together at different rotor positions. To achieve correct 

meshing between the stator and rotor the start of the model should use the same points 

definition in the centre of the air gap. This start of the mesh data file should be copied and 

be used as an identical start to both the rotor and stator definition files. This will allow 

error free meshing of the two models. 

It is necessary to have at least two layers of elements in the air-gap and it is generally 

considered to be sensible to have no less than 4 layers of elements [481. The dissection of 

the air gap radius should be done so that the nodes on the radius are at equal distances 
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from each other. The nodes are best defined as polar co-ordinates. This allows rotation of 

the rotor, with correct mesh linking between the nodes. 

The biggest problem of creating rotor and stator models and meshing them together is that 

there can be far more nodes on the rotor outer diameter than on the stator inner diameter. 

This is because the rotor nodes are produced from two rotor end-caps, and rotor teeth 

nodes are found around the complete perimeter of the rotor. The stator nodes are 

concentrated at the bottom of the eight stator poles and there is less need to have nodes at 

the air-gap surface of the slots. The high number of nodes required on the rotor is 

illustrated in figure 3.11. In the motor there would be 50 teeth on each rotor end-cap, in 

the finite element top plane model there would be twice this number. Figure 3.11 shows 

how each layer needs to represent both overlapping sections of the front and back rotor 

teeth. 
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FIGURE 3.11 - Rotor Teeth Elements 
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It is possible to simplify the number of points on the rotor but this may cause the angle of 

rotation to become unsuitable. For a particular angle of rotation, the nodes on the pre- 

defined centre air-gap file must still match. If the hybrid motor was to be analysed simply 

as a single phase machine, a significant angle of measurement would be 1.8° as this is 

where maximum torque approximately occurs. Fortunately single phase analysis can take 

advantage of the fact that the stator poles are 1.8° misplaced from each other. Therefore by 

selecting appropriate phase excitation an aligned (0°), half aligned (1.8°) and unaligned 

positions (3.6°) are easily calculated before any specific angle discretisation is required. In 

single phase analysis 1.2° degree discretisation is a good angle as this produces a low rotor 

to stator node ratio. It is relatively easy to implement and from it 0°, 0.6°, 1.2°, 1.8°, 2.4°, 

30, and 3.6° angles of rotation can be analysed. However this not completely convenient 

for two phase analysis. In two phase analysis the maximum torque approximately occurs at 

0.9° rotation from an aligned top pole tooth position, as shown in figure 3.12. 

If discretisation of the air-gap was 0.9° the rotor to stator node ratio would increase. The 

angles which could be analysed would be 0°, 0.9°, 1.8°, 2.7°, and 3.6°, a reduction from 

seven to five angles when compared to the single phase case. It is not really practical to 

take the angle of rotation any smaller because the ratio would increase significantly. 
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3 

FIGURE 3.12 - Two Phase Torque Representation 

The modeller has a choice of either using a 1.2° angle rotation with sine wave 

interpolation to obtain intermediate results, or to use triangulated elements to obtain 0.9° 

rotation. The modeller could however if time permitted use two models. In the available 

software at the start of the project, problems arose with using a discretisation finer than 

1.2°. A model created later in the project used 0.9° discretisation for improved two phase 

analysis when the software was more robust and gave an increased number of elements. 

3.5.4 Cogging Torque. 

Figure 3.13 shows the cogging torque approximation of a hybrid stepping motor. There are 

four cycles per tooth pitch. The position of equilibrium occurs 400 times a revolution, with 

200 being stable points. If the 0.9° angle discretisation was used, then the torque analysis 

using Maxwell stress calculation would only indicate the positions of equilibrium. With 

the 1.2° angle maximum torque would not be directly calculated but other points could be 

calculated and with the use of Fourier point analysis a maximum torque could be 

predicted. The analysis would be better suited to a 0.45° rotor movement as this would 
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allow the 0.9° maximum torque angles to be approximated by a sinewave. The cogging 

torque indicates a fundamental problem of hybrid stepping motor analysis. Here the 

modeller needs to consider the excessive computing time, or a reduced analysis. 
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FIGURE - 3.13 - Cogging Torque Assumption 

3.5.5 Reduction Method for Elements 

In some areas of the model there is a need to reduce the number of nodes. Figure 3.14 

displays a technique for reducing the number of nodes. This element-grading technique 

can be used elsewhere in the model. 

Element or Facet Node 
y 

FIGURE 3.14 - Reduction technique for reducing 4 nodes to 2 
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3.5.6 Material Definition 

Material definition assigns a name and a material B-H characteristic to a particular 
volume. It is wise to call the material by a location name as well as the material type, i. e. 
stator iron. The modeller may also choose between a linear and non-linear analysis. In the 
hybrid stepping motor the analysis is required to be non-linear as parts of the steel in the 
motor become highly saturated. The magnet material is defined by entering a B-H curve, 
from which the software calculates the magnet's working point, as described in section 
3.4.10. This working point will change depending on the phase winding excitation and 
position of the rotor. The magnet material in the motor is axially orientated and requires a 
vector orientation to define this. Axial magnets are fortunately defined as having a vector 
orientation of 000. The numbers represent Euler angles [48]. 
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FIGURE 3.16 - Completed Boundary Line 

3.5.7 Mathematical Model 

Here the choice of solution potentials and boundary conditions are defined. The modeller 

can also takes advantage of any symmetry in the model. The boundary and symmetry 

conditions which are used in the hybrid stepping motor have been explained in section 3.4. 

A rotation of either the rotor or stator relative to the other can be easily achieved. 

However, when a `half symmetry' model is used the rotation of a mesh will cause a 

discontinuity in the symmetry boundary. The modeller is required to complete the 

boundary line. The boundary discontinuity is shown in figure 3.15. The rotor has been 

rotated by 2.4°. The left hand side break of the model is by the X-axis `30' position and 

this is required to be completed by adding a symmetry condition on the -rotor mesh. 
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Similarly the right hand side is completed by adding a symmetry condition on the stator 

mesh. The completed symmetry condition is shown in figure 3.16. 

3.5.8 Conductor Model 

This creates the current carrying conductor regions of the model. In the OPERA-3D 

package conductors are defined separately to the rest of the model. The current in a 

conductor is set by inputting a current density in the cross sectional area of a conductor. 

The current density f is calculated by; 

ý_. 
NI 

Aran, 

Where J is the'cürrent density, 

N is the number of turns, 

I is the current, 

and A, ond is the cross-sectional area of the conductor. 

3.5.9 Complete Model 

In general a complete model is made up of three separate files, one each for the stator, 

rotor and conductors. Typically the stator is loaded first, then the rotor and finally the 

conductors. However the rotor file may require modifications if a particular rotor rotation 

is required. The simplest method of achieving the preferred rotor angle is by editing the 

rotor file. Near the start of each file is a line which defines the co-ordinate system for the 

model. In its simplest form the line will be described as: 

xy 
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Referring to an X-Y co-ordinate system. The rotor file should be edited and have the line 

replaced by: 

new I corsys #x #y #z 4 9y Oz 

Where ̀new' indicates a new co-ordinate system, 

Ia system return code, 

corsys, a name for the new co-ordinate system, 

#x #y #Z are the rotation in the X, Y, and Z axes of the new co-ordinate system relative to 
the old system, 

and 6" 4, BZ which will be a position in degrees for the rotation. 

An example to achieve a rotor angle of 1.2° clockwise, for a co-ordinate system called 

ROTOR, the line would read: 

newIROTOR00001.20 

Once the rotor file has been read in the user is required to complete the broken symmetry 

line as described in section 3.5.7. A 180° rotor model is shown in figure 3.17. A two 

dimensional mesh of the joined stator and rotor is depicted in figure 3.18. 

Once all files have been read in the pre-processor will have a complete model. Figure 3.19 

shows 180° of a completed model, figure 3.20 a perspective view and 3.21 a close up of 

the motor. 
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FIGURE 3.17 - Half Rotor Model 
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FIGURE 3.18 - 2-D joined Rotor and Stator 
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FIGURE 3.19 - Completed Half Model 
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FIGURE 3.20 - Two phase 2-D (3600 by Reflection) Complete Model 
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3.5.10 Algebraic Model 

Before the field equation solver (TOSCA) [15] can be run for the calculation of the 

solution potential, the user is required to select certain factors that define the type and 

accuracy of the solution. These include iteration count, convergence tolerance, type of 

solution (Newton-Raphson / simple up-date), and the way the solver deals with materials 

(linear / anisotropy). 

To solve for the hybrid stepping motor, a non-linear, laminated material solution was used. 

The convergence tolerance was set at 0.001 with Newton-Raphson solution type. The 

maximum number of iterations was higher than the default of 15 and was increased to 40. 

This was because when the iteration count was 15, the numeric solution had sometimes 

not converged. 

3.6 Analysis of the Un-Excited Motor 

When no current is in the motor phase windings, the flux circulating throughout the motor 

is generated solely by the rotor's permanent magnet. 

The significant flux paths in the magnet excitation can be classified as a series of loops 

emanating from one source. Starting from the magnet the flux enters the rotor end-cap. 

The inner flux paths travel the longest lengths to the outer limits of the end-caps, whereas 

the outer flux vectors in the magnet travel the shortest distances. As the flux takes the 

most permeable path, the majority of flux crosses the air-gap closest to the magnet, hence 

avoiding crossing the laminations. This is demonstrated by the low value of flux density 
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on the outer faces of the rotor end-caps. The flux will travel mainly across the air-gap at 

an aligned position. This position is quickly saturated, thus flux will take the next 

permeable option, flowing across the semi-aligned teeth. Some of the flux will cross the 

air-gap at the un-aligned position, but mainly towards the centre of the rotor, where the 

path reluctance is comparable, to travelling through the laminations. Once in the stator, 

the flux on the outer edges is confined to travelling up the laminations towards the back 

iron. It then gradually flows in the Z-direction to enter the rotor again at the appropriate 

aligned, mid or un-aligned position. This is again dependent on the saturation of the stator 

teeth and the MIVIF dropped by travelling across the laminations. 

FIGURE 3.22 - Rotor Excited by Magnet Flux 
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Figure 3.22 is a three dimensional representation of the rotor showing distribution of flux 

density. Even though the flux is generated solely from the magnet, comparable high areas 

of flux density can be seen on the inner edges of the rotor end-caps. The highest areas are 

found on the teeth edges that are most aligned with the stator pole castellations. The 

lowest areas on the teeth are found where the teeth are totally unaligned and on the middle 

sections of the end-cap. Fringing is commonly found on the edges of the teeth. The semi- 

aligned teeth reveal a balanced flux flow between them and this is mirrored around the 

magnet interface. The section of rotor located between the stator pole castellations exhibit 

little leakage flux paths. 

The centre of the rotor end-caps faces on the front and back of the motor show the lowest 

areas of flux density. Closer to the rotor end-cap /magnet interface, the flux density can be 

relatively large. This has been found to be because of the way flux flows internally in the 

rotor, which is described in the following paragraph. 

3.6.1 Internal Rotor Flux Paths 

Considering lines of flux are a useful way of visualising the flux distribution in the motor 

though it is appreciated that they do not have a physical meaning. The internal flux paths 

in the rotor follow helical shaped routes. The figure of 3.23 shows three typical paths. 

Route A starts at the inside edge of a rotor end-cap, on the centre tooth of an aligned pole. 

It has been found in the 3-D FEA that this flux path will have the shortest length. It 

therefore needs to reach a point close to the outer diameter of the permanent magnet. The 

flux path needs to obtain an equal flux length each side of the magnet so the path lengths 
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in either end-cap are balanced. In the magnet itself the flux line is confined to a straight 

line of the magnet orientation. 

In path B, the flux path starts on the same tooth as path A, but on the outer edge of the 

end-cap. It consequently has a longer Z-direction distance to travel. Its position of contact 

with the magnet face is much nearer the centre. The longer the Z-direction distance the 

closer to the centre of the magnet the flux path will enter. If a flux vector analysis was 

taken half-way into a rotor end-cap on the X-Y plane, flux paths closer to the inner 

diameter would be highly Z-directionally biased. 

Path C starts on the centre of a tooth which is aligned with a side end tooth on the stator. 

In this case the flux path needs to meet the magnet interface (X-Y) at approximately the 

centre. The flux path will flow to the equivalent tooth on the other end-cap. The flux will 

always flow to the near side corresponding air-gap crossing on the other end-cap. This is 

true of all flux paths. 
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FIGURE 3.23 - Magnet Flux Paths 
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3.6.2 Analysis of the Air-gap Region 

Figure 3.24 shows a close up of an air-gap region. With magnet excitation alone the flux 

density reaches a relatively high value only on the tips of the teeth. The flux is constrained 

within the teeth and flows up through the stator pole. The majority of the flux flows into 

the corresponding aligned stator pole and the two poles either side. However a large 

proportion of the flux does flow through the middle aligned pole. On the back centre pole 

(which is unaligned) a significant amount of flux leaks back into the rotor. This indicates 

that the un-aligned path is still relatively permeable because the laminated stator has a 

significant reluctance in the axial direction. 

FIGURE 3.24 - Air-gap Crossing 
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To illustrate the flux distribution across the aligned stator refer to the graph in figure 3.25. 

This graph represents a Y- plane (constant height), where the Z-axis runs from points 1 to 

4, and the X-axis is from 1 to 2. The Y-axis height is half way up the stator pole. Here a 

near sinusoidal distribution in terms of magnitude is illustrated. The flux density is highest 

on the magnet side of the rotor end-cap length. The polarity quickly reverses at the centre 

of the magnet. A fringing step is found at the outside edge of the stator, where the steel 

meets the air boundary. On other FE studies the smoothness of the distribution, and height 

of this outer step is highly affected by the packing factor of the steel. 
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FIGURE 3.25 -Plot of Flux Distribution in Unexcited Stator Pole 
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3.7 Single Phase Analysis 

At low excitation the single phase flux distribution is essentially similar to that of the 

magnet only analysis. However as the current in the phase is increased, certain 

characteristics of single phase flux distribution emerge. Figure 3.26 shows a close up on a 

stator/ rotor section. Here flux is flowing from the magnet into the front end-cap and is 

pulled into the aligned teeth by a low current excited winding. The phase winding is not 

shown for clarity. Flux flowing directly back into the un-aligned position at the back is 

now opposed by the winding polarity, hence more flux will flow upwards toward the back 

iron. 

As the excitation increases the sinusoidal magnet distribution of figure 3.25 becomes less 

sinusoidal, with the rear region magnitude reducing. Eventually the flux on the rear region 

will increase to zero, and then will become positive in magnitude as the winding current 

increases. This is shown in figure 3.27. Again the Y-plane is half way up the stator pole. 

Points 3 to 4 are the X-axis, and 3 to 2 the Z-axis. 
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FIGURE 3.26 - Close up of Rotor Teeth and Stator Pole 
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FIGURE 3.27 - Flux distribution in an Excited Pole 
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FIGURE 3.28 - Complete Flux Distribution 
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FIGURE 3.29 - Flux distribution with High Excitation 
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The stator pole that does not have any excitation from the windings directly placed on it is 

only slightly affected by the increased MMF on the other excited phase. This can be 

demonstrated by the figures of 3.28 and 3.29. Figure 3.28 shows a rated current excitation, 

whereas figure 3.29 is a winding excitation above the typical current rating for the number 

of turns in the phase winding. The colour of the two middle poles shows relatively no 

change in flux density. This suggests low mutual coupling in these poles. 

Figure 3.28 gives a view of the flux paths in the motor. A general path that starts from the 

front central pole on the aligned teeth, travels to the rear aligned teeth on the stator poles 

on found on the sides of the figure. 

Breakdown of the flux flowing through the magnet can be seen in the high excitation 

model in figure 3.28. Flux avoids travelling through the magnet. It can be seen that flux 

flows from one front aligned stator pole to the front of the next stator pole, which is un- 

aligned. This flux has directly arrived from the opposite polarity winding, by coming 

across an un-aligned tooth air-gap and then proceeding over the rotor end-cap lamination 

(Figure 3.30). 

South Pole 
winding 

o' North Pole 
winding 

FIGURE 3.30 - Breakdown of Magnet Path 
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This effect is a contribution of the fact that the winding excitation pull becomes much 

stronger than that of the magnet. As the MMF of the winding increases the corresponding 

`negative' MIvIF produced by the magnet increases also. At the same time the amount of 

flux flowing through the magnet will decrease. This corresponds with the B-H 

characteristics of the magnet, which shows that for increasing `negative' field strength the 

flux density will fall. 

3.8 Two Phase Analysis 

Figure 3.31 shows the flux distribution for two phase excitation. Major flux loops are seen 

operating between opposite winding polarities. The front central aligned pole has an 

excitation polarity differing to that of its left hand side neighbour and flux will flow to this 

left hand pole. As this left hand pole has an equal steel permanence on the front and back 

the influencing factor is the operation of the magnet. This would act to direct the flux into 

the back part of the stator pole. However it can be clearly observed that the front of the 

stator pole has a significant amount of flux flowing directly into the front of the rotor. The 

M NT drop by flux travelling across the laminations in the Z-direction in the stator core is 

significant. This suggests that the MMF dropped by travelling across the laminations is 

comparable to the MMF produced by the magnet. The overall distribution can be again 

viewed in the sense of flux density distribution in figure 3.32. 

The corresponding rotor teeth view is figure 3.33. The teeth that are close to the stator 

poles that have differing polarities of excitation to that of the magnet exhibit high levels of 

flux density. The bottom inner stator teeth are shown in figure 3.34. 
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FIGURE 3.31 - Overall Flux distribution in Two Phase (180°) 
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FIGURE 3.33 - Two Phase Rotor Teeth 

FIGURE 3.34 - Two Phase Inner Stator 
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3.9 Rotor End-Cap Core 

In all the analyses, the central core of the rotor end-caps that are on the outside of the 

motor (z-axis) typically do not have a high value of flux density. Recently some 

manufacturers have removed from this a cylindrical section from this area to produce 

lower inertia rotors. This concept appears to be a worthwhile feature, with little 

disadvantage. However flux density does increase nearer the magnet interface as described 

in section 3.6.2. A better solution would be to remove a cone, with the pinnacle nearest the 

magnet. 

3.10 Summary 

This chapter forms a tutorial of techniques for modelling and analysing hybrid stepping 

motors using 3-D finite element software packages. A typical finite element package has 

been described. To understand the concepts for modelling the hybrid stepping motors with 

such 3-D finite element software a simplified model of a motor has been constructed. This 

model paid particular attention to basic modelling of the hybrid stepping motor and has 

allowed a greater understanding of the three dimensional flux paths in the hybrid type 

motor. 

The chapter proceeds with using the concepts developed for the simplified motor to 

construct models for a practical hybrid stepper motor. It shows how different excitation 

schemes and values, for different positions can be solved. The chapter concludes with a 

qualitative analysis of the hybrid stepping motor with the use of flux distribution plots, 
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which has allowed much expanded comprehension of the fundamental elements and 

operation of the motor. 

The Design of Hvbrid StenninQ Motors aided by Three Dhncnsional Finite Element Analysis 98 



Chapter 4. Developing a Static Model of the Hybrid Stepping Motor from 3-D Finite Element Analysis 

CHAPTER 4 

DEVELOPING A STATIC MODEL OF THE HYBRID 

STEPPING MOTOR FROM 3-D FINITE ELEMENT 

ANALYSIS 

Three dimensional analysis can provide a high accuracy solution for a hybrid stepping 

motor problem, at the expense of a long computing time. However it would be beneficial 

if a model was devised to achieve an accurate first solution or an indication of a new 

design's capability without resorting to the expense of three dimensional finite element 

analysis (3"D FEA) computing. 

4.1 Three Dimensional Analysis Modelling 

Three dimensional finite element analysis gives a complete and informative insight into 

the electromagnetic behaviour of a motor. The software can deal with the highly complex 

non-linear representation of magnetic steel properties, revealing non-linear saturation 

effects in the motor. It has the benefits of taking anisotropy effects of the laminations into 

account when calculating a solution. This is important as the operation of the hybrid 
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stepping motor depends on flux crossing the lamination in an axial direction perpendicular 

to the lamination plane in the back iron of the motor. 

Three dimensional FEA allows easy manipulation of the different materials found in a 

motor. This allows differing grades of steel and packing factors to be selected for 

particular areas in the motor. Magnet polarity orientation can be defined in any three 

directions. End. core . and axial fringing effects are three dimensional effects, which 

increase in influence when the machine has a small axial length [49]. These can only be 

viewed in a 3-D analysis. Torque calculations may be performed by using the virtual work 

method, or the use of Maxwell stress analysis [48]. 

4.2 'HyStepPC Modelling 

HyStep is a computer modelling and simulation program developed during this project, for 

hybrid stepper motors written in the Borland' C++ language [50]. It is used to predict the 

motor performance under static operating conditions and allows the motor's operation 

under dynamic situations to be solved. In order to generate a modelling technique for 

HyStep static analysis using 3-D FEA, was performed to identify the key electromagnetic 

parameters. The hybrid stepper motor was split into sections (regions), that could then be 

modelled by different methods and subsequently integrated, producing a simple and 

accurate representation of the hybrid stepping motor. The basic structure of HyStep is 

shown in the flow chart of figure 4.1. The user can input motor material data ranging from 

B-H characteristics to tooth geometry using a selection of input menus. Options for 
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calculation methods are also required, as HyStep may use either look-up tables or curve 

fitting techniques. 

i--- 

PERMEANCE CURVES 

FROM FE DATA USING INFERNAL 
CALCULATIONS 

FIGURE 4.1 - Basic Overview of HyStep 
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4.3 B-H Characteristics 

The hybrid stepping motor is considered to be a non-linear system, due to its operation 

under saturated magnetic conditions. Other non-linear characteristics are introduced by 

the permanent magnet in the rotor. The output relationships such as voltage/ current, flux/ 

MMF, torque/ position, torque/ speed, are therefore likely to be non-linear. This is an 

example of the classical ̀ saturation' non-linearity which is frequently encountered in 

many branches of engineering. Linear circuit elements are relatively easy to analyse. Exact 

analysis of circuits containing non-linear elements is extremely difficult. There are certain 

techniques that exist to approximate the effects of non-linearity and to predict the 

behaviour of real elements within acceptable limits. HyStep allows the use of look-up 

tables and curve fitting techniques to model the B-H characteristics. 

4.3.1 Approximate Analytical Solution 

If the non-linear characteristic can be described mathematically then a mathematical 

equation may be used to obtain a complete or approximate solution. For example the 

power series, may be used to describe non-linear characteristics; 

y=ao +alx+a2x2 +a3x3+..... (4.1) 

If the first two terms are only considered, and powers of x higher than 1 are neglected, 

then this is a linear approximation of the non-linear characteristic. The higher the power, 

which is included, the more accurate the solution may become, but the analysis becomes 

The Design of Hybrid Stennine Motors aided by Three Dimensions Finite Element Analysis 102 



Chapter 4. Developing a Static Model of the Hybrid Stepping Motor from 3-D Finite Element Analysis 

more difficult. There are approximations that are better suited to modelling B-H 

characteristics. These include Jiles-Atherton [51] and Hill type rational functions [52,53]. 

Modelling of the non-linear magnetic characteristics of steel using a single equation can 

offer many benefits for motor design and analysis packages. Design and analysis tools 

often use a B-H look-up table for circuits and devices, employing magnetic materials in 

their construction. Many curve fitting equations have been used and in particular the well 

known Jiles-Atherton model for the B-H magnetisation curve given in equation 4.2 may 

be used [51]. 

B= M(coth(H / a) - (a / H)), (4.2) 

where Mand a are parameters. 

This has been employed in some commercial simulation packages [54]. However, it has 

been found that the modem grades of Silicon steel used in electrical machines have a very 

sharp ̀ knee' in their B-H magnetisation curves and this is not always modelled accurately 

by the Jiles-Atherton expression. Furthermore, the Jiles-Atherton expression can be 

inaccurate at very low values of flux density. 
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4.3.2 Example of Modelling B-H curves [55,5612] 

New algebraic equations for fitting a B-H curve have been devised. These equations give 

excellent accuracy in the linear (low flux) region, follow the ̀ knee' and fit the saturation 

part of the curve with a very low degree of error. The new equations have been compared 

to the Jiles-Atherton equation and with the use of look-up tables and have fitted well [51]. 

There are many cases where the analysis for some items would be best represented by a 

non-linear model. These models are defined as those which have non-linear dependencies 

on their parameters. The Hill function can be suited to representing the B-H curve for 

magnetic steel. The Hill function is given by; 

B= 
ßH� (4.3) 

a, A and n are real numbers. 

Non-linear regression is based on determining the values of the parameters that minimise 

the sum of the squares of the residual errors. The solution must follow an iterative 

procedure for the non-linear case. Successful solutions are often highly dependent on good 

initial guesses for the parameters. 

1 Presented at 1996 IEEE Conference on Magnetics, Okyama Japan. 

Z To be Published in a future Journal of Facsimile Applications. 
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A B-H curve of 30 points would require in general an array of 30 times 2 elements for a 

curve of 30 discrete points. If this could be reduced to five or fewer parameters a dramatic 

reduction in memory' space would result. The new equations that have been found to 

accurately represent B-H curves of Silicon steel are of the form: 

n +n+1 
B= (4.4) 

/3+Hn +FHn+l 

n+ n+l 
B= (4.5) 

/3+ Hn 

where c , 8, &i and n are real numbers. 

Equations 4.4 and 4.5, are examples of rational functions that were devised to model the 

B-H curves of magnetic steel3 typically found in electrical machines and have been 

implemented into the HyStep programme. Figures 4.2 and 4.3, show typical B-H curves 

commonly used. Unlike traditional polynomial fits and interpolation they do not exhibit 

instability, and can intelligently interpolate past the last point of data. 

3A ̀ magnetic steel' is defined by British Standards BS EN10106: 1996. 
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Figure 4.3 - Fitted B-H Curve to Real Data Points by New Equation 
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4.4 Flux-Linkage Characteristics 

The modelling of the hybrid stepping motor requires the production of flux-linkage to 

current characteristics at different positions. Figure 4.4 illustrates 3 curves on a flux- 

linkage diagram. These curves are known as the aligned, mid, and un-aligned curves 

respectively. To produce the aligned curve a stator pole that has its teeth aligned with the 

front rotor end-cap's teeth need to be analysed. The rear rotor end-cap's teeth will be un- 

aligned with the same stator pole teeth. Without any current the flux linking the phase 

winding will be that produced by the magnet. This is represented as the non zero value of 

flux-linkage at no current on the aligned curve of figure 4.4 

Aligned 

Mid 

ý"ý Un-aligned 

FIGURE 4.4 - Flux-Linkage Curves 

To produce the mid curve of figure 4.4, the area of analysis would be the stator pole next 

to the one used in the aligned curve analysis. This stator pole's teeth will be half aligned 

with the front and rear rotor end-cap's teeth, but displaced by half a tooth pitch. Finally 

the un-aligned curve of figure 4.4, is found to be a stator pole with its teeth aligned with 

The Design of HArid Stennin Motors aWed by Threes Dimensional Finite EI, -men- ysis 107 



Chapter 4. Developing a Static Model of the Hybrid Stepping Motor from 3-D Finite Element Analysis 

the rear rotor end-cap's teeth, whereas the front rotor end-cap's teeth are now un-aligned. 

The un-aligned curve is practically the same as the aligned curve with the polarity of the 

magnet reversed. The same curve can be achieved from the aligned curve by reflecting its 

values in the Y-axis and then the X-axis of the graph, figure 4.5. 

Aligned Curve 

Step 2, Reflect in 
x-axis 

i 

Step 1, Reflect in y-axis 

FIGURE 4.5 - Obtaining Un-aligned Flux-Linkage Curve 

4.5 Determining Permeances of Air-Gap Regions 

using Two Dimensional FEA 

A detailed description of the hybrid stepping motor operation was presented in chapter 1. 

In the previous chapters it was demonstrated that the motor operation relies on the 

generation of complex three dimensional (i. e. axial and radial) electromagnetic flux paths. 

Therefore, two dimensional (2-D) FEA cannot provide a complete solution for the hybrid 

stepping motor, as only the axial or radial plane can be analysed at any one time. 
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However some sections (or regions) in the hybrid stepping motor can be modelled to a 

good degree of accuracy by using two dimensional methods. In particular the tooth /air-gap 

regions have a majority of their flux travelling in the X-Y direction. The design of the 

tooth/ slot air-gap region strongly affects the static torque characteristics. It also affects the 

dynamic characteristics as it controls the inductance of each phase. 

To make the curves of figure 4.4 from a two dimensional analysis, three situations need to 

be analysed. These are an aligned rotor tooth position, an un-aligned rotor tooth position 

and a half aligned (mid position) rotor tooth position. Two of these are shown in figure 

4.6. From FEA solutions of these two dimensional tooth structures the complete flux- 

linkage to current characteristics of each position can be calculated. For 2-D FE analysis 

two excellent pieces of work were undertaken by Huard [45,46]. 

FRONT 
BACK 

FIGURE 4.6 - Front Aligned Position with Back Un-aligned. 

High accuracy can be achieved by using 2-D FEA on the tooth regions. It is beneficial to 

construct the pole/ teeth profile on a computer aided drawing package and import the 

outline as a DXF or similar file into the FEM pre-processor. This will allow the profile to 
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he seen as a series of construction lines and can then be easily adapted into a mesh for 

solving 

Figure 4.7 shows the rotor aligned with the stator pole. To solve the resulting mesh, and to 

obtain a useful electromagnetic distribution calculation as in figures 4.8A (half aligned), 

4.8B (Aligned), and 4.8C (un-aligned), there are several steps that need to be undertaken. 

FIGURE 4.7 - Aligned Rotor 2-D Teeth Mesh 
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FIGURE 4.8A - Typical Flux Distribution of an Aligned Rotor/ Stator Position 

FIGURE 4.8B - Typical Flux Distribution of a Mid Rotor! Stator Position 
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FIGURE 4.8C - Typical Flux Distribution of a un-aligned Rotor/ Stator Position 
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4.5.1 Method of Calculating Reluctance [45] 

Figure 4.9 shows a typical flux distribution in an aligned rotor position relative to the 

stator pole. Flux can be seen to travel from the top down into the rotor region. When flux 

enters the top pole it is assumed to be travelling perpendicular to the top boundary. To 

obtain this condition a Neumann type boundary is required as reported in chapter 3. The 

left and right sides of the stator pole are forced to having a differing potential. The left and 

right boundary are related to each other by; 

A left =A right +A constant 
(4.6) 

The A, o t, t is the constant potential difference of the left boundary to the right boundary. 

If the Ariaht is set to zero then the Potential on the left will equal A,,, n,. This implies that 

the difference between the potential at corresponding nodes on opposite sides of the mesh 

will be constrained to differ by some constant amount. 

Therefore for a particular solution we need to calculate A, 
..,,, nt for a corresponding flux 

density. To understand the calculation of the potential constant, equation 4.7 is used with 

reference to figure 4.10 (in vector form). 

f Pol "dL= 
JB"cÜrea,,, 

=0, (4.7) 

Where £ is the length of the closed contour, and Areaýt the area of integration. 
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Figure 4.10 - Reluctance Calculation from Vector Potential 

This states that the closed contour integral of the vector potential field is equal to the flux 

enclosed by the closed contour. The contour integration is indicated by path C. Since the 

problem is two dimensional the potential will be perpendicular to the front surface. Thus, 

it will be perpendicular to contours C2 and C4, and parallel to contours C1 and C3. The 

result of the contour integration is given by equation 4.10. 

O=A left 
d-Arightd = Aconstantd , (4.10) 

where d is the depth of mesh, and equal in length to C1 and C3. 

In terms of Flux density B we can assign an average flux density at the top of the block to 

be; 

B 
Aconstantd 

_ 
'constant 

(4.11) 
ave top Apxdp 
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where Bave top is the average flux density, 

and p the front face length which is equal to C2 and C4. 

This allows a mesh to obtain a flux field without any coil or magnet excitation in the mesh. 

The mesh now can be solved. Quadratic or linear elements may be used in the solution. 

Quadratic elements will give a higher accuracy, due to their solution nature at the expense 

of increased computational time [48]. 

The general equation to calculate reluctance is shown in equation 4.12. This equation is 

not easily implemented when the problem is of a complex shape. Instead we make use of 

the linearised energy calculation that is readily available from FEM software packages[44]. 

The energy contained in a solution is equal to flux flowing through the mesh squared 

multiplied by the reluctance, i. e. 

EL =2 02RL , (4.12) 

where EL and JtL are the linearised mesh energy per unit length, and mesh reluctance per 

unit length respectively. 

The mesh reluctance can be calculated by rearranging equation 4.12 in the form of 
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2ý 
2, 0 

The linearised energy is calculated in the finite element program by; 

I B, x ` 
EL 2 doe , (4.14) 

where Be is the flux density in element e, j4 is the operating point permeability of element 

e, and Ae is the area of element e. 

The linearised energy - concept , is -used to calculate reluctance will be per unit length, 

therefore the previous equation does not need to include the length of the element, i. e. £. 

After obtaining the linearised energy, the reluctance per unit length for a particular flux 

level can be calculated by using equation 4.14. From the solutions, a table of MMF/flux 

relations can be generated, this should be scaled by the appropriate length of the stack 

under observation. 

4.6 Isolated Teeth Analysis 

In many papers on analyses offlux tube frames appearing on the teeth for rotor and stator 

poles, the individual teeth are assumed to operate as identical components. This implies 

that other teeth do not interact, thus assuming that the teeth can be summed together in 

parallel as a set of lumped equal teeth [45]. Finite element studies, recognise that the end 
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tooth is not equal to a mid tooth and therefore make allowances for its differing 

characteristics, such as end tooth side flux lines. Problems arise when the modeller 

assumes that the stator tooth components act as a complete stator pole. One does not know 

how flux will distribute once entering the top of the summed teeth components. Though 

some will argue that allowing analysis of individual teeth will give a higher degree of 

accuracy of individual components, personal studies have shown the accuracy is lost 

because of the unknown interaction between the teeth and stator poles. 

Above the teeth is a region that is ignored in many analyses. This area allows the flux to 

flow into a particular tooth. It has critical importance in the analysis of the teeth/air-gap 

region as a whole as it accounts for correct flux distribution. 

The stator pole is disregarded in some analysis where the modeller argues that unless the 

pole is thin the pole will not affect the results. Some papers will give two answers to an 

analysis, showing the discrepancies to be due to the stator pole saturation [33,57]. In the 

majority of cases the stator pole is shown to have a relatively high flux density 

concentration in relation to the rest of the motor, especially in the aligned teeth position. It 

is difficult to say when the pole width will affect the performance of the motor. When the 

pole width is smaller than the combined width of the teeth, the motor's performance may 

be affected by losses associated with higher than necessary flux densities in the pole. 

These will affect the MMF drop in the motor which is magnified with decreasing pole 

width [57]. Coil area is also dependent on pole width and as coil area is directly related to 

coil MMF, it would seem sensible to include the stator pole in all examples. 
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In the work involved in this thesis it has been found that the overall analysis of this region 

can be achieved accurately by taking both the pole and teeth, plus a small area of the rotor 

into account. This method can be difficult and tedious to calculate. By using 2-D FEM, a 

study on a particular design of tooth profile has allowed a highly accurate and in-depth 

prediction of the flux paths in the aligned, half aligned and unaligned rotor position 

regions. These have been successfully modelled by elliptical methods [58,59]. This 

method has the advantage of being relatively simple to input dimensions and has a fast 

solution time. These methods are described in the following sections. 

4.7 Determining Permeances Algebraically 

It would be beneficial to obtain permeance relationship with the use of finite element 

analysis to achieve greater accuracy. This however may be time consuming. If unusual 

designs of teeth are to be modelled it would be essential to obtain these relationships from 

a finite element package. If finite element software is not used then HyStep may 

alternatively calculate the permeance data by predicting the paths of flux lines internally. 

Notable work in this area has been carried out by several authors [6,31,57]. 
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4.7.1 Permeances Calculation by Flux Lines 

Methodsf 66,674 5j 

As the flux density in the air-gap can be relatively large and the air permeability is low, a 

large MMF drop is found in the air-gap region itself. Methods have been proposed which 

calculate the reluctance of the gaps by the means of flux tubes. These tubes are sections 

whose permeances are calculated and summed for an overall permeance. The crudest 

method assumes that the air-gap is the only region worth analysing. However it can be 

shown that the steel teeth surrounding the air-gap operate at high flux densities and 

therefore become like air as their permeability decreases. It is worth noting that many air- 

gap analysis methods that use flux tubes do so by predicting the tubes as a series of 

circular and straight lines [33]. This is inaccurate for the hybrid stepper motor as the tubes 

tend to follow more elliptical paths, as described in the following section. 

The saturated, non-linear steel lamination characteristics described in section 4.3 present 

difficulties in producing analytical methods for prediction of the flux-linkage at varying 

rotor positions. Corda and Stephenson produced work for a similar problem in the 

switched reluctance motor [60]. This was later improved by Materu and Krishan [34] with 

intermediate positions. 

4 Partly taken form a paper presented at IEEE conference on Magnetics Okyama japan 

1996 

5 Partly taken from a transactions paper published by the IEEE Magnetics society 
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A new analytical method for estimating the minimum, maximum, and intermediate 

positions of both the hybrid stepping motor and other salient pole structures has been 

developed. The proposed method uses a combination of ellipses to predict the behaviour 

of the flux lines in all position. The elliptical curve closely matches the actual flux line 

path. 

The reluctance 91 of flux tube in the steel or air-gap can be calculated by a combination 

of its permeability and physical size, 

pxA' 
(4.15) 

where £ is the length, 

A the area of the flux tube, 

and p the permeability. 

If the path length follows an ellipse, such as in figure 4.11, the arc of the ellipse relates to 

the length £ e[lipse" The governing equation for an ellipse is, 

22 
ä2 + b2 =1. (4.15) 

The length £ erns of an elliptical path can be calculated by taking the average of either 

side of the flux tube under analysis, for each boundary of the flux tube the length is, 

x2 dy Cr2 ]y dx , (4.16) £ellipse -f [1+ 

d 
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Where xi and x2 are the start and end positions respectively. 

Equation 4.16, may be calculated using Simpson's rule that states that an integral 

I f-(x)dx can be approximated as; 

2n 2n-2 

(Yo+Yzn +41 Y2r-1 +2EYzr), (4.17) 
r=l r=l 

where yo ... y� are the co-ordinates which divide the area under f(x) into strips of equal 

width d. The reluctance of the flux tube can now be calculated using equation 4.15. 

FIGURE 4.11 - Example of elliptical flux tube 

4.7.2 Flux versus MMF Relationships 

The flux versus MMF relationship are easily determined from 2-D FEA results as a 

reluctance is calculated at a set value of flux 0. The MMF drop in the 2-D profile can be 

calculated by 

M4h'=091, 
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However to calculate the flux versus MMF relationship using the reluctances of the 

sections calculated by ' methods described in the previous section. Each will need to be 

summed with its neighbours to produce a complete flux-linkage versus MI W relationship 

for each motor position. MMF may be calculated 

MMF=Ni=Ji, (4.19) 

where Nis the'number'of coil Hirns and 0 the flux flowing in the path. The inductance can 

be determined by, 

(4.20) 

where A is the flux-linkage and 1 is the instantaneous inductance 

The flux versus MMF profiles calculated by HyStep for each position are dictated by the 

size of the air-gap and the magnetisation (B-H) curves of the steel used in the circuit. The 

magnetic circuits of each position are divided into sections of different lengths and areas. 

The sections are given; -an, average area that is assumed constant over that particular area. 

A simplified example is given in figure 4.12. 

The Design of Hybrid StenvinQ Motors aided by Three Dimensional Finite Element Analysis 122 



Chapter 4. Developing a Static Model of the Hybrid Stepping Motor from 3-D Finite Element Analysis 

Section X-Sectional Area 
Length 

TOP VIEW. SHOWING 
SECTION AREA 

FRONT VIEW. SHOWING 
SECTION FACES 

FIGURE 4.12 - Sections in a Simple Tooth Geometry 

For a maximum flux density, Bmax, in the steel, the maximum flux, qimax, calculated in 

any section is limited by, 

0. = Borax x A��� scot 2 (4.21) 

where Asmallsect is the section with the smallest cross-sectional area. 

From this equation it can easily be determined that the flux density of each section is 

found by, 
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B (4.22) 

The MMF drop in each section is then determined using the B-H curve of the steel and the 

length of the section. For a given flux, the flux density for the section is given by equation 

4.21. From the B-H curve of steel, the field strength H of the steel can be found. The MIvIF 

drop in these sections is then calculated by multiplying the section length (tse,, u. ) by field 

strength, equation 4.23. 

MMF =Hx . Q. . 
(4.23) 

For air sections the relationship is linear between flux density and field strength, equation 

4.24. 

Bair = go x Han. , (4.24) 

where µo is the permeability of air. 

The sections which are in series have their MMF summed to create a total MMF for a 

given flux equation 4.25. 

`VýVý'seßeslotal 
ýýý 

- 
Fseries 

sec&»i& (4.25) 

Now there is a set of parallel 0 versus MMF solutions. To find the total 0 versus MMf 

relationship of the position, the fluxes of each parallel section need to be summed, with 

the series sections holding the same value of MMF. 
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n 

OmW (M )_ý 
path i( F) (4.26) 

where n= number of parallel paths, and q5 is the value of flux in the series path i. From 

this equation a flux versus MMF table can be created for each position under analysis. The 

complete process is summarised in the flow chart of figure 4.13. 

4.8 Tabulated Data or Continuous Function Form 

HyStep has two methods of storing and manipulating data. The first is the use of tabulated 

data or look-up tables, the second is the use of curve fitting techniques. In general the 

software will compute with the method chosen for B-H curve input, but it is possible to 

define which stages of HyStep use curve fitting and which use look-up tables. For example 

having the B-H tables as look-up table and the rest of the programs solutions controlled by 

curve fitting. This is advantageous in a situation where an unusual B-H curve relation is 

used or in a situation where the curve fit will not converge or the fit error estimate is too 

high. Curve fitting methods are extremely useful when the user requires results that are 

between or past known data points. The two methods are reviewed in table 4.1. 
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PRE-CALCULATION STAGE 
INPUT BH CURVE 

MAXIMUM 
1. POINTS DIMENSIONS 

FLUX 
(2. EQUATION) INPUT 

DENSITY 

MINIMUM AREA 

---. --- -------.. -. -. -. - 
FLUX TABLE CREATED 

UN-ALIGNED'4' 
BY FINDING MAXIMUM 

FLUX 

MID 4----- 

MID 

ALIGNED UN-ALIGNED 

LENGTHS AND AREAS 

CALCULATED FOR EACH 

POSITION'S PATHS 

1 
AIRGAP RELUCATANCE FOUND 

FLUX - MMF TABLE FOUND FOR EACH 

PATH I 

------------------ 

NEW MMF TABLE CREATED BY FINDING THE AVERAGE 

MAXIMUM MMF OF ALL THE POSITION'S PATHS 

NEW VALUES OF FLUX FOUND AT NEW 

VALUES OF MMF FOR EACH POSITION'S PATHS 

FLUX 

FOR EACH MMF VALUE, EACH PATH HAS ITS 

FLUX VALUE SUMMED, TO GIVE AN MMF-FLUX 
1 

TABLE FOR THE WHOLE POSITION MMF 

FIGURE 4.13 - Finding Flux /MMF table for each Position 
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Standard Tables Method, 

0 From the table of flux values, calculate B-flux 

density for the appropriate section by: 

B=Ä TESLA. 

C Find the corresponding H-field strength from 

the B-H table by using linear interpolation. 

® Calculate value of MAE for the section by: 

MMF=HxI AMPS- 

a) Sum all the section MMF's for each path. 

©. Find the average maximum MMF of all the 

paths. 

© Create the final MMF table for the position by 

using the answer of ® as the maximum value. 

O Get value from MMF table and use linear 

interpolation to find corresponding flux for each 

path. 

e For each MMF value sum the flux to obtain the 

total flux required for that position. 

®A FLUX/MMF table for the position is 

obtained. 

Curve Fitting Method. 

© From the table of flux values, calculate B-flux 

density for the appropriate section by: 

B=Ä TESLA. 

® Find the corresponding H-field strength from the B- 

H equation; 

B=f (al, H). 

by using a root finding program, i. e. Newton Raphson 

interpolation or Secant method. 

Q) Calculate value of MMF for the section by: 

MMF=HxI AMPS. 

® Sum all the section rvlMF's for each path and obtain 

a FLUX/MMF equation for that table. 

Z Find the average maximum MIMIF of all the paths 

using the maximum values calculated for each path. 

® Find values of flux using the paths FLUX/MIvIF 

equations in discrete value up to answer found in (5. 

O For each MMF value sum the resulting flux to 

obtain the total flux required for that position. 

®A FLUX/MMF equation can be fitted to the new 

points, for the position. The equation will be of the 

form; 0=f (a� mmf) Webers. 

Table 4.1 - Finding MMF for Paths 
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4.9 Three Dimensional Effects Comparisons. 

Can the tooth /air-gap regions be modelled to a high enough degree of accuracy using a 2- 

D analysis. Figure 4.14 is an analysis for an aligned curve taken inside the rotor end-cap. 

The left hand side'is the rear end-cap (un-aligned teeth), and the right hand side is the front 

end-cap (the aligned teeth). The By (flux density in the Y direction) is clearly the largest 

throughout the front pole. The Bx and BZ components of flux density are relatively small in 

relation to the By--,. 

In the air-gap region which is represented by figure 4.15, the results are similar to the 

rotor. The peak of By'. is lower as there is a spreading of flux over the complete rotor. The 

B, and 'BZ components are still relatively small. The dip in By occurs over the magnet 

where the air-gap length increases. 
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The flux density distribution half way up the stator pole (figure 4.16) shows the X- 

direction component of flux density (B,, ) has remained small. However there is a 

significant increase in the B. component as more flux will now flow in the Z-direction in 

orientation. This is due to flux flowing into the stator back-iron. On the right hand side 

next to the air boundary, a second peak is produced by the end effect of the coil. The By 

component then falls and then peaks again towards the centre of the stack 

Key parts in this analysis to note, are that the rotor iron sides generally confine the flux to 

the aligned teeth section. In the air-gap the flux does tend to fringe increasing the base area 

of crossing. In the stator pole the flux shifts into the centre of the stator pole as flux 

distribution now has a larger amount of flux travelling in the Z-direction. When 2D FEA is 

undertaken the analysis uses an average flux density, therefore an average area is required. 

Generally the length of the Z-direction dispersion changes, giving around 15% increase in 

depth. For a flux tube calculation method the areas can be individually increased for the 

differing lengths. Therefore in 2-D FEM analysis the height of the stator pole should not 

be too long. 

4.9.1 Magnet 

The magnet plays an important role in the hybrid stepper. It generates flux when there is 

no current excitation into all the regions of the motor. The magnet is a non-linear source, 

and hence its MMF and flux will change due to loading. For some magnet materials it may 

be possible to simplify the relationship between MMF and flux to a linear source, but for 

magnet types like Alnico there is a non-linear relationship between flux' and MMF. 

Generally the magnet flux travels through the parts of the motor with the lowest reluctance 
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and so the flux is distributed disproportionaly. - The flux from the magnet produces a near 

sinusoidal relationship of flux-linkage to position into a phase winding. The magnet has a 

direct effect on the torque output of the motor as the flux-linkage of the coil with position, 

produces the magnet back EMF effect. This back EMF induced into a single phase is 

estimated by; 

dc 
= 

dB 
EMFýýag = -N dt -N 

Lo 
d9 dt orNip ag sin(nr0). (4.27) 

Where 0�tas is the peak flux generated by the magnet, n, number of teeth on the rotor. 

The torque produced by a phase is; 

EMF i 
T=- 

mag + 
/2 i2 (4.28) 

02 d6ý 

The second term which is torque produced by the change of phase inductance, is 

sometimes considered to be relatively low compared to the magnet contribution. For 

example when the motor is running under low currents and is not saturated, it has been 

seen that even for low excitation, saturation occurs on the teeth profiles. Accordingly for 

general operation of the motor the main source of back EMF is from the magnet, and its 

magnitude is directly related to the peak flux linkage from the magnet. This would indicate 

that the stronger the magnet the greater the torque produced. The last statement would 

again be subject to saturation effects in the iron of the motor. 
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The holding torque characteristics of the motor can be calculated by treating the motor as 

two counteracting variable reluctance motors [61]. The co-energy area stored between the 

points; 

po int, = mmf o;, +% mmf,, g, 
(4.29) 

po int2 = mmfc0; 1 -Y mmf-g , (4.30) 

(mmfC(,; l and mmf. g are the instantaneous MMF's produced by the coil and magnet 

respectively. ) 

To obtain the maximum torque for a given coil excitation the magnet needs to be 

producing an amount of MMF which places its value in the middle of the largest area 

(figure 4.17). 
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FIGURE 4.17 - Window for Magnet Co-energy 
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The magnet has a varying potential along its axial length, with a zero potential in the 

centre. This is a significant property of the magnet as it will allow symmetrical modelling 

of the magnet (figure 4.19). 

4.9.2 Laminations 

In 2-dimensional machines, i. e. where only a radial field distribution exists, laminations 

resist the flow of eddy currents. Unfortunately the hybrid motor's operation principles 

require flux to flow perpendicular to the laminations. 
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4.9.3 Perpendicular Flux 

Concentrating on flux which travels parallel to the laminations, the effects of laminations 

added to the reluctance of the circuit is small (increasing permeability of the circuit). The 

following equation shows the change of permeability in the same plane of the laminations 

with the packing factor of the laminations [48]. 

Pprane - Pf fýiron L1 ,. (4.31) 

where pf is the packing factor of the laminations and is defined as the percentage of a 

lamination stack, which can be considered as solid. 

The increased permeability in the same plane as the laminations affects the value of flux 

by a small percentage and in most cases can be assumed negligible. In some cases the 

laminations constrain certain areas to behave more two dimensionally. Such effects assist 

our accuracy when applied to certain motor sections such as the rotor/ stator tooth regions. 

4.9.4 Cross lamination Effects 

Cross lamination effects are difficult to analyse, as the inter lamination is unlikely to be 

uniform across a whole lamination stack. The biggest cross lamination effects take place in 

the stator, back iron. This is where the flux is required to cross the lamination. In the stator 

poles at the front and back of the motor, close to the air-gap, the flux crosses in a mainly 

Y-directioned manner. As the flux goes up the stator pole it becomes more z-directional. 
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The same will happen in the rotor stacks. Figure 4.19 gives an understanding of what a 

lamination stack consists of. 

/ Lamination Material \ 

Lamination insulation / Oxidation layer 

Air gap 

Lamination insulation / Oxidation layer 

V 

Lamination Material 
/ 

Lamination Stock 

Inter-lamination 
Air gap 

FIGURE 4.19 - Lamination Structure 

The lamination can be seen in its most basic form as a steel sheet separated by a non- 

conductive layer. It has to be accepted that the actual physical structure of the inter 

lamination air-gap cannot be truly modelled by a uniform packing factor. This is because 

of the complications introduced from air spaces that lie between laminations and is a result 

of the laminations' surface roughness. This surface roughness on the lamination surfaces, 

causes the air space between the laminations to be non-uniform. Hence it is not known if 

the air-gap is greater or less than the lamination insulation layer. Figure 4.20 shows the 

lamination insulation thickness as much larger than the physical air thickness. The actual 

thickness of the air space could be much larger than the insulation thickness. The inter- 
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lamination air gap is highly reluctant, this layer will affect the performance of the motor 

because of the increased reluctance. 

Many analyses discount the back iron as having negligible reluctance when it is not 

saturated [33,61,62]. It is true that the back iron has generally a low flux density 

distribution, but the large volume that may be involved makes it an important factor. If the 

back iron and inter-lamination effects are seen as a combined issue, it does not take a large 

value of flux density to cause a detrimental change in motor performance. Flux flowing 

across laminations will have to cross extra amounts of air and adhesive. The packing factor 

is used to give an estimate of the change in cross lamination permeability, 

P oA, en (4.32) P. _- Pf X f! v + (1- Pf )Piron 

This generally translates to an increase in reluctance of over 10 times making this a very 

significant part of the model. 

4.9.5 End Effects 

Referring back to figure 4.16, which is a plot of the stator poles with an excited phase 

winding, this shows that flux in the pole appears to have an extra peak nearer the end of 

the machine(air region). This effect can be accounted for by considering the 3-dimensional 

effects that arise at the end of the machine stack [49]. The major effect is the end winding 

flux, that is the flux lines generated from the conductor area that are outside'the machine 
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stack length. These flux lines link the phase winding via the main magnetic circuit. The 

other end effect is axial fringing where the flux lines travel in the axial direction through 

the air from the stator to the rotor. The effect is greatest when the teeth are in the aligned 

position. These effects are generally only accounted for in three dimensional analysis. 

This effect is also noticeable on the rotor end-caps where the magnet boundary occurs. 

4.9.6 Summary of Contributory Factors to the Magnetic 

Behaviour 

All the above are contributors to the performance of the motor. Table 4.2 summarises the 

key issues and effects. 

Property key effects Importance 

Air-gap/ rotor/ stator 
interface 

Determining the flux linkage of the motor. Extremely 

Magnet Major MMF source of the motor at low 

excitations. 

Important 

Back iron/ inter lamination 

effects 

Reduces the effectiveness of the magnet by 

adding additional MMF loses. 
Important 

End effects L_ 
_ 

Causes extra flux linkage in the circuit U Noticeable 
TABLE 4.2 - Three Dimensional Effects 
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4.10 Deriving a Simpler Model of the Hybrid 

Stepping Motor 

Two important features have been shown in the analysis of the motor in 3-D FEM. The 

first is that the magnet has a zero potential point half way along its axial length. The 

second is that it can be shown that a second zero potential exists along the centre of the 

back iron (figure. 4.20). These zero potential points can allow a symmetrical model to be 

developed. 
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Taking the regions of importance, the hybrid stepping motor can be simplified to give 

figure 4.21, which shows a full lumped element of a hybrid stepping motor. The magnet is 

modelled from calculating a load point on its B-H curve. This is converted to a NINE/ flux 

point using the dimensions of the magnet. The lumped elements and MMF supplies are 

represented in the figures as linear elements and linear MMF supplies. These elements and 

MMF supplies are modelled as non-linear elements and NIlViFs. Each branch is based on 

the permanence modelling discussed earlier in the chapter. Now using the zero potential 

points of the FEM analysis the centre of the magnet can be joined to the centre of the back 

iron. The magnet can be modelled as a source that produces half the amount of MMF per 

flux unit. The back iron reluctance will also become half of its original value. Figure 4.22 

shows the new arrangement. It can be seen in figure 4.22 and 4.23, that each reluctance 

contains a parallel equivalent. We can simplify the circuit further by halving the 

reluctances as they are in parallel and of equal magnitude. Therefore we obtain the final 

simple circuit which gives fewer amounts of elements to calculate (figure 4.23). 

Back Iron 

FIGURE 4.21 - Full Lumped Model of the Hybrid Stepping Motor 
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FIGURE 4.22 - Half Lumped Model of the Hybrid Stepping Motor 
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FIGURE 4.23 - Reduced Elements Network 
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4.10.1 Single Phase Excitation Case 

Single phase excitation is when only one phase is switched on at any one time. This does 

not mean that there is no current in the second winding as the inductance of the coil can 

cause the current in the commutated phase to decay slowly. However in this static 

analysis the current is assumed to be in the excited phase only. In the single phase case the 

circuit can be represented as in figure 4.24. 
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FIGURE 4.24 - Single Phase Network 

It has four branches. 

1) The magnet and back iron branch, 

2) Branch A, 

3) Branch B, 

4) Branch C. 
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4.10.2 The Magnet and Back Iron Branch 

The magnet is represented by an MMF source which varies according to its load point 

calculated from its B-H characteristics. These characteristics can either be represented by 

a table or an equation in the HyStep program. 

Firstly the B-H characteristics are converted from B and H to c and MMF respectively. 

B-yb <P =BxA. g, 
(4.33) 

H-->MMF MMF1 =Hx 
12 Q 

�Mg , 
(4.34) 

2-9 

Where MMF jig is half the MW produced by the full length magnet, A, �ag is the 

magnet area, and £, �,, g is the magnet length. 

The back iron / inter-lamination component of this branch is treated as a reluctance 

section with a modified length and permeability. The modified length is the distance that 

the flux will travel in the stator back iron, and the rotor end-caps across the lamination air. 

gaps. It is estimated by; 

1 
apparent -I mag + (Kz x4xt rstk)' 

(4.35) 

£, s, k is the rotor stack length. 
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The KZ coefficient is an approximation of how much of the rotor stacks, the flux travels 

across the lamination air-gap. From finite element studies 30% was found to be a good 

estimate thus Ki=0.3. The factor of four multiplier assumes that the travel by flux in the 

stator is directly related to that of the rotor end-caps. 

The permeability of the stack is calculated by equation 4.31 and the B-H curve of steel. 

From the original B-H curve steel, a particular flux density has a corresponding field 

strength H. The permeability of the iron is calculated by; 

B 
(4.36) Piron H 

This A. Ciron is entered into equation 4.32 along with the packing factor to produce the 

modified permeability , umodifiedº which is identical to , uz. The modified permeability is used 

to find the modified field strength H, nodifed, equation 4.37, which in turn can be used to 

find the increased MMF drop, 

Hmod iced _B (4.37) 
mod ifted 

For this branch, there is now a reluctance and a MMF source. It can be seen that the back 

iron / inter-lamination effect will reduce the effectiveness of the magnet as a MMF source. 
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This can be viewed like an internal resistance to a power source. The greater this 

reluctance the less of the magnet MMF can be dropped across the other branches. 

The magnet NlNff versus flux characteristics are non-linear and are shown in figure 

4.25A. A modified back iron relationship (solid) is shown along side a non laminated 

structure (dashed) of the same dimensions in figure 4.25B. The relationships are typically 

linear because they are affected by low flux density which falls within the linear region of 

the steel's B-H curve. This would change if the back-iron was made of a low saturating 

steel or a back iron design where the flux-density was allowed to rise above the linear 

region. 

Magnet Characteristics 
I 

-MMF 

FIGURE 4.25 AIB - Magnet and Back Iron Flux versus MMF Characteristics 

To represent the branch as a single identity, we need a representation that includes both 

the magnet source and the back iron. The MMF of the branch is the magnet MMF 
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produced minus the MMF dropped in the back iron. The MMF source of the magnet 

generally works within the second quadrant, so it has a negative value. 

MMFbrunch :: -(MM" ag + MA4"backiron) I (4.38) 

obranc, = 0�zag = f(MMF_, ) = l6a: k; n, n =fýI (4.39) 

Both the back iron reluctance and the magnet MMF are a function of MMF. It is easier to 

create a new relationship for the whole branch than to try and make a combination of 

both. If the data is in tabular form then a linear interpolation method can be used. If the 

data is in the preferred form of an equation then the equations are summed to obtain the 

new results, table 4.3 shows how. 

Flux value (Wb) Magnet MMF (I) Back Iron MMF Drop (1 New MMF I) 

0 -1000 0 -1000 

Ie-4 -800 20 -780 

4e-4 -100 100 0 

5e-4 0 170 170 

TABLE 4.3 - Effect of back iron MMF drop on magnet output 

The dashed line in figure 4.25A shows the new relationship of the branch. It has the effect 

of shifting the peak flux more into the positive MME region. We now have a relationship 

for the whole branch which can be stored as an equation or in table form. 
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4.10.3 The Equation of Magnet B-H characteristics 

The MMF versus flux profile of the magnet and hence the total branch characteristics are 

represented by a negative MMF region. As described earlier, it has been shown that the B- 

H characteristics of steel can be fitted to equations of 4.3,4.4, and 4.5. Likewise the MMF 

versus flux relationships` may be modelled by similar equations, for example, 

a(mmf nOý, F.;. 
" (4.40) 

/ +(mmf 

or its related modified rational "functions; 

! x( mrnf )n + mmf ')n+l 

, (3+(mmf )n. .' 
(4.41) 

a(mmf + x'(mmf)"+' (4.42) 
'6+ 

(mmf + e(mmf)"+' 

An offset (of) , is required by HyStep for the equation to represent a positive quadrant 

equivalent. This is siinply; achieved by taking the absolute value of MMF when the flux is 

less than zero. In the resulting equation the offset is required to be added before solving, 

i. e. 

a(mmf +of )" 

ý3+(mmf +of )" (4.43) 
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4.10.4 Branch A 

In single phase operation, branch A will include a phase winding and a rotor aligned 

position reluctance for calculating the aligned flux-linkage curve (in conjunction with 

branch Q. The reluctance will be made up of two identical reluctances in parallel. The 

same combination is used to find the single phase mid flux-linkage curve but with the coil 

current set to zero. The reluctances have been found by two dimensional methods, either 2- 

D FEA or elliptical path methods. The MMF in the windings, needs to be converted from 

the current and the number of turns, 

MMFCO;, = iN, (4.44) 

where N is the number of turns on the particular pole. 

Because the branch's reluctance is actually two parallel reluctances the flux flowing will 

need to be doubled. The branches MMF versus flux relationship needs to modified by the 

MMF in the windings. The relationship for the branch flux is; 

Obranch 
A-2xf (MMFREL - MMFF0; r) , (4.45) 

where f indicates the `funtion of. 

The subtraction of the coil MMF to the reluctance MMF indicates that a larger flux will 

result for an increase in winding current. This addition of MMF means that when the coil 

current is increased flux in that branch will rise. For example consider figure 4.26. This 

diagram shows a simplified aligned tooth flux versus MMF profile. The flux flowing in 

this branch will be dictated by the MMF produced by the magnet if no current is flowing in 
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the phase winding. For example if the MMF produced by the magnet was 30 Ampere turns 

then the flux flowing in the branch will be approximately 0.82e" Webers. If for this simple 

example the magnet MMF does not change but there is now a MMF produced by the phase 

winding of 20, the flux will now increase to approximately 1.1e4 Webers. This is because 

the MMF equation of the complete circuit is; 

MMFmag = MMFBranch A= MMFBra�ch B= MMFB 
ch C9 (4.46) 

which implies that the value of MMFREL must equal 50 Ampere turns for a magnet MMF 

of 30 Ampere turns and a coil MMF of 20 Ampere turns, i. e. 50=70-20. 

FLUX 

MMF (Ampere Turne) 

FIGURE 4.26 - Aligned Rotor Teeth Flux/ MMF Characteristics 

4.10.5 Branch C 

Similar to the branch A, but the coil MMF is reversed, and the reluctance is made up of the 

un-aligned rotor teeth. When the current is positive the MMF opposes that of the magnet. 

The flux equation in turn is; 

=2x (ARtIFRu +MMF«r) (4.47) 
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As the current in the winding increases a negative flux may occur. HyStep calculates this 

negative flux by checking if the MMF is less than zero. If the MMF is less than zero then 

the flux will be governed by 

Ouch c 
WWREC ±A Wco r< 0) =- f(absolute(A1v1F ± MMFeo1, )) . (4.48) 

4.10.6 Branch B 

Branch B represents. when the rotor teeth are half aligned with the stator teeth, this 

position is also known as the mid rotor position. In single phase operation finding the 

aligned flux-linkages due to branches A and C, does not require branch B to have an 

excitation in its phase winding. Branch B can then be seen as four parallel reluctances 

lumped into one reluctance. The flux value is modified to four times the value of a single 

position. 

obnmch B=4xf 
(MvIF, ), (4.49) 

4.11 Example of Circuit Set-Up to Find Aligned and 

Unaligned Single Phase Flux Linkages. 

To clarify the last section an example is now given. Here the excitation scheme is single 

phase, i. e. branches A and C will have coil excitation. This example will allow the aligned 

flux linkage path to be found. The aligned position is represented in figure 4.27 which 

shows the front of a hybrid stepping motor. The rotor is sitting in the stable equilibrium 

position with the top stator pole A aligned with the rotor teeth. The rotor magnet flux is 
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assisting pole A's MMF, when the current flowing in the coil is positive. The network 

circuit will be as figure 4.24, with branch A being the aligned rotor, branch B, the mid 

rotor position and branch C, the un-aligned rotor position relative to the pole stator teeth. 

FIGURE 4.27 - Front View of Motor Showing Aligned Position 

There will be no current in the branch B, the MMF in the coil in branch C will be equal in 

magnitude but opposite in polarity to that of branch A. The main equation of the network 

states that the flux flowing into the back iron branch is equal the sum of the fluxes flowing 

in Branches A, B and C; 

0.9 = Spa + 0,0 + oc. (4.50) 

where , ��B, A, B, c are a function of MMF described by equations 4.38,4.44,4.46, and 4.48 

respectively. This can be solved by a Newton Ralpson method as long as the relationships 

of the branches are known. 

HyStep starts its calculations from negative maximum current and increases up to the 

maximum current. This generates a MMF in the coils which interacts with the magnet 
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MMF to cause flux to flow in the aligned and un-aligned rotor positions, Branches A and 

C. 

The aligned flux linkage curve (refer to figure 4.3) is the combination of the aligned and 

un-aligned rotor position flux linkages. The `aligned flux linkage' flux is 

OAL=OA - OC" (4.51) 

The aligned flux linkage curve can be generated by 

gnu; = NOA 9 (4.52) 

where i is the current value and N the number of turns in the phase. 

4.11.1 Generation of Unaligned and Mid Flux Linkage 

Curves 

The un-aligned curve (figure 4.4) can be easily generated from the aligned curve as 

described in section 4.4. The mid curve can be calculated by using the circuit in figure 

4.23. The MMF produced by Branches A and C will be zero. The circuit can also be 

produced from figure 4.24. The Branch B reluctances of figure 4.24 are four parallel 

reluctances and need to be split into two branches of two parallel reluctance's. The coils 

on Branch A and C need to be switched to Branches B1 and B2 respectively. The equations 

of the new branches will be ; 

Pbranch 
B, =2x f(MMFREL + MMF, 01) , (4.53) 

fbranch 
BZ -2x 

f(MMFREL 
- MMF, 

o;, 
), (4.54) 
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and 

+ ýe2 oc " 
(4.55) 

The `mid flux linkage' flux can be found by 

OM! 
D Z- 

ABI ,r.. 
(4.56) 

The Mid flux linkage curve can be generated by 

2MID(i) kOMID(i)' (4.57) 

r .. .L 

4.12. Dispussion 

The, analysis proyided, by the three, dimensional finite element modelling has provided a 

useful insight into the static characteristics of the hybrid stepper motor. The motor has 

been broken--down in,: regions which have allowed simplified models to be applied to 

particular issues associated with the motor. Combining these models has allowed a lumped 

circuit to be produced for the hybrid stepping motor. This lumped circuit has been 

converted in to a computational simulation packaged named HyStep. HyStep is used for 

sizing and computing the fundamental areas of performance for the motor. The program is 

capable " of calculating'the motor magnetisation curves using internal (analytical) routines. 

However for, non-ständärd tooth geometry suggestions for using an external 2-D finite 

element package have been suggested. 

New rational functions for modelling B-H characteristics have been presented. Modelling 

of the flux line distribution by elliptical methods has been examined. 
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CHAPTER 5 

MODELLING VERIFICATION AND DYNAMIC 
ANALYSIS 

The previous chapter has described the static modelling procedure for the hybrid stepping 

motor using computational analysis, namely HyStep and finite element analysis. The 

accuracy of these procedures has been checked by modelling the Stebon 1101 type motor, 

and comparing the predictions with experimental results. The Stebon 1101 is a single 

stack, bipolar motor, with a 42 NEMA sized frame. This chapter will express the strengths 

and weaknesses of the particular design methods. Starting with torque calculations it 

follows on to dynamic verification by considering a dynamic model of the motor. The 

proposed method comes through characteristics observed in the 3-D static modelling of 

the hybrid stepping motor and experimental test results. 

5.1 Torque Calculation 

Torque can be calculated by using the flux-linkage curves. The area enclosed by the 

curves is named the co-energy of the system. Torque is given by the rate of change of co- 

energy with respect to the movement of the rotor, at a constant excitation. For single phase 

excitation, the hybrid stepper motor is not a singly excited system, as it includes a magnet 

source. The energy balance equation can be written as; 

(Electrical and magnetic power in) = 
(mechanical + rate of increase 

(5.1 
output power in magnetic energy) 1 
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where the electrical power in is due to the EMF induced in the phase along with the 

current flowing, and the magnetic power is the voltage generated by the magnet multiplied 

by the current flowing. 

Equation 5.1 can also be written as 

dWe = dWmech + dW field . (5.2) 

Where dWe is the change in electrical input power, dW, �ech, is the change in mechanical 

output power, and dWfeid is the change in energy stored in the field. 

Introducing Faraday's law, dWfeId can be expressed as 

dWfe, d= ids. - TdO, (5.3) 

Where i is the current in a particular phase winding, and A is the flux linkage in a 

particular phase; the term T represents (average) torque while dO is the angular 

displacement. However the dA. term is not caused solely by the current flowing through the 

phase inductance, as there will be flux linkage due to the magnetic. Therefore equation 5.3 

can be rewritten as 

dWfek, =i(A,, g +A, ýojj)-TdO 
(5.4) 

Where ý,,, 
ag 

is the flux linkage in the single phase winding due to the magnet, and 2coil is 

the flux linkage in phase one due to the current in the winding. 
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By application of the chain rule the increment in field energy can be expressed in terms of 

flux linkage A, and rotor position 6, 

dWfel, r dýmadWr`id I dý 
dWf 

`rý IA,, 
WAý, -ConstdO. 

dWfeld = 
dAmag 9,2 , =const g+dfe,. i. 

g=cost cull + dO 
(5. 5) 

/Lcoft 

Comparison of equation 5.4 and 5.5 reveals that the last term of equation 5.5 is related 

directly to the torque term of equation 5.4. 

dWfield (>'mag(const)' 
/lcoil(const) º 

B) 

d9 
(5.6) 

The co-energy of a system may be derived from, 

We - (2 + 2cou )i - Wrcrd . (5.7) 

In order to estimate the average torque produced in a single phase hybrid stepping motor 

system, it is essential to have the flux linkage relationship curves of the phase winding for 

the aligned and the mid positions. The change in co-energy of the current carrying phase is 

the trajectory of the flux linkage curve. To understand the change of co-energy with 

respect to current and rotor position, the current excitation pattern needs to be defined. In 

the following example (figure 5.1) the current in the phase is assumed as an ideal square 

current and the current is switched on when the rotor is in the half-aligned position. 

Looking at the change in co-energy in the first 1.8 degrees. For the pole A, subject to 

current excitation, the rotor moves from the mid position to the aligned. The co-energy 

curve is the area enclosed from the mid curve to the aligned on the flux linkage diagram. 
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Current 'j 
phase A phase B 

pole 1 
mid al 

pole 21 un mid 
Rotor position relative to pole I and 2 

mid un mid 

at mid un 

FIGURE 5.1 - Single Phase Winding Excitation 

The co-energy repeats itself every 1.8 degrees. When the current becomes negative, the 

area of co-energy is between the un-aligned and mid curves, for negative current values. 

This area is equal in size to the aligned to mid region for positive currents. The average 

torque can be calculated by 

dW x (number of steps per rev) 
- 

dW x (360° 180) 
_ 

dW x 100 
T. CS. g 

2, r 2, r ;r 

In this example torque will be calculated from the co-energy area enclosed by the mid 

curve to the aligned curve for a positive current. 

5.1.1 Two Phase System 

The magnetic equivalent circuit of figure 4.22 is used to perform a two phase analysis. 

Now each branch has the ability to carry current in its winding. The analysis is much the 

same as for the single phase case except that the 5 branches will be represented by 

equations 4.38,4.45,4.47,4.49,4.54, and 4.55 (from chapter 4). 
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5.1.2 Average Torque 

The system under analysis is a two phase doubly excited system and is very similar to the 

single phase system in terms of deriving the average torque from equation 5.8. The field 

energy can be written in terms of il and i2. 

dWfleld = ild21 +'2dA2 -TdO 1 (5.9) 

where il and i2 are the currents in each phase winding, , is the flux linkage in phase one 

(due to both the current in the windings and the magnet flux), and 22 is the flux linkage in 

phase two (again due to currents in the windings and magnet flux). A similar torque 

equation to equation 5.5, can be developed by following the same method which obtains 

equation 5.4 from 5.3. 

T-_ 
dWTeld 

(COnst 
' "2(const) , 

e) 
!l 

d0 `5.10) 

where A, and 22 are the flux linkages in phases 1 and 2 respectively. 

The co-energy of the two phase system may be derived from, 

We - A'l +422- YY field (5.11) 

The torque T is given as the rate of change of co-energy with respect to the rotor angle, 

dw, ('1, i2, e) T= de 
(5.12) 
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Rotor (pole B) UMA 
Current 
Phase A 
Phase B 

FIGURE 5.2 - Two phase excitation System 

Again the flux linkages in both windings are required to be known. The current excitation 

scheme of figure 5.2, shows the rotor shift in relationship to each pole. (Current levels 

unequal for clarity). 

From the centre Of figure 5.2, and looking at phase B which is wound on pole B, the 

current rises` from zero to rated current when the rotor is in the un-aligned position. The 

current stays at this raied current 'until the rotor is in the aligned position, where the current 

falls. The trajectory on the flux-linkage curve is therefore as in figure 5.3a. For pole A 

which is_ subject. to phase A, the rotor. is at mid position when the current is at rated 

current. The rotor moves to the aligned position where the current drops to negative rated 

current. The rotor moves to the next mid point at the same current. The total rotor 

movement is 3.6°. The trajectory on the flux linkage curve is as in figure 5.3b. The areas 

of the trajectories of figures 5.3a and 5.3b, are equal, as the positive current region of 
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figure 5.3b is equal to the un-aligned to mid region of figure 5.3a. Therefore for 3.6° 

movement and ideal current pulses the co-energy will be twice the area between aligned 

and un-aligned, for one flux-linkage diagram (positive current only). 

+ Rated Current 
+ Rated Current 

- Rated Current 

II 

FIGURE 5.3A/ß - Two-Phase Flux Linkage Curves 

The average torque can therefore be calculated by an adaptation of equation 5.8, 

(AW 
i+ dW 2 

)x(number 
of steps per rev) 

T= 21r (5.13) 
2x dW 1 X(360; /3.6') dW 

cl 
X100 

2; r 7 

In this example this is for the co-energy enclosed by the aligned to un-aligned curves on 

the flux-linkage curves, for a positive current. 

5.2 Magnet Detent Torque 

The theory presented for calculating torque is specifically used for calculating average 

torque. For the three main positions on the flux-linkage curve (aligned mid and unaligned) 

it can be shown that the net change in co-energy between the positions at zero amps is 

zero, as the working point of the magnet is the same. Therefore the average torque is zero, 
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which makes sense as the motor would be able to rotate by itself. However if the change in 

angular position was smaller, then the co-energy method could be used to calculate 

instantaneous torque. For the magnet it can be shown that a peak torque is produced at a 

rotor angle of 0.9°. This can be related to the back EMF / flux linkage plot of the magnet 

generated from FE analysis in figure 5.4. To find the change in co-energy, the flux and 

branch MMF value for 0.9° rotor position at zero amps is required. Also the values for the 

aligned 0° position are required. 

.ý 3 

L 
x 

angle (Degrees) 

FIGURE 5.4 - Magnet Flux Linkage Plot 

The flux value required to calculate the torque, for the 0.9° position, can be obtained from 

the single phase circuit from chapter 4, figure 4.21. In this circuit the flux can be 

calculated for the 0° (aligned), 1.8° (mid), and 3.6°(un-aligned) positions. To calculate the 

flux at 0.9° from the aligned position, the circuit could be solved by generating flux versus 

MMF relation curves for the 0.9° and 2.7° positions. An easier method is to take 

advantage of the fact that the flux of a complete pole can be very well approximated by a 

cosine function. Figure 5.4 shows the points calculated from FEM analysis, and a cosine 
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function plotted alongside. The relationship can be fitted by second order Fourier 

approximation such as equation 5.14. 

y= Ao + A, cos(o)0x) + A2 cos(20)ox), (5.14) 

where a is the period conversion. 

For the angle of 0.9°, the second term of equation 5.14 is zero therefore the flux can be 

calculated by ; 

0= Ao + Al cos(cvo9) , 
(5.15) 

where cis equal to 7x'3.6. 

To fit the relationship only the aligned, mid and un-aligned flux need to be obtained. The 

value of branch MMF would be assumed the same as that of an aligned rotor position as 

the change in working point of the magnet is very small. 

Adapting the co-energy method described before, the change in the co-energy will have 

flux on the Y-axis and the branch MMF on the X-axis as in figure 5.5. The area for 0.9° 

rotor position is subtracted from the 0° rotor position co-energy area. In this circumstance 

the 0.9° rotor movement is 1/400th of a revolution. It must be remembered though that the 

detent torque is a 4th harmonic component of overall torque, i. e. it occurs 4 times in one 

complete rotor movement (aligned to aligned, figure 5.6). Therefore we need to average 

the value obtained for one complete revolution by dividing it by four. This relationship is 

shown in figure 4.31 in comparison to a single phase scheme. The detent torque can 

therefore be calculated by an adaptation of equation 5.13. 
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dW x (number of steps per rev) 
_ 

dW x (360%90) 
_ 

dW x 50 
T= (5.16) 

4 x2iv 4x2n X 

T 

mmf 

FIGURE 5.5 - Co-Energy of Detent Torque 

FIGURE 5.6 - Detent Torque shown as 4th Harmonic of Single Phase Motor Torque 
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Though the detent torque is in phase with the single phase excitation, it will be out of phase 

with two phase excitation. This phase can be shifted by altering the teeth width of the stator 

and rotor, in an attempt to move the general maximum phase torque to be in line with the 

detent torque. 

5.3 Experimental and Three Dimensional Finite 
Element Results 

In order to assess the accuracy of the computational methods a particular phase flux- 

linkage loop was obtained by the experimental method described in chapter 2. The Stebon 

1101 motor was modelled by the 3-D FE methods described in chapter 3, and its flux- 

linkage curve obtained. The comparison is shown in figure 5.7. 

0.04 

-+ lki-Aigned (IXP) 
AYgned (EXP) 

501 W-Aligned (3-D) 
-1 D 15 

Xi AN ned (3D) 
J 
LL 

fe5 

Cur mit 

FIGURE 5.7 - Experimental Flux Linkage Curve with 3-D FEA Prediction 

The results show good correlation. The three dimensional FEA tends to yield a higher 

absolute value of flux-linkage including the magnet (zero current) offset. Above 8 Amps 

the error does increase as saturation occurs. However the overall results are considered to 
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be within acceptable tolerances for computational, measurement and manufacturing 

discrepancies. The performance of Alnico magnet materials is highly dependent on the 

amount of cobalt present. The amount of cobalt present may vary from sample to sample. 

5.3.1 HyStep Algebraic Predictions 

The 1101 motor had it flux-linkage curves computed using HyStep's internal flux path 

generator and back iron correction methods. 

Flux-Linkage (Wb) 
0.06- 

0.05-- 

0.04-- 

0.03-- 

'`" FE(AL) 

-----FE(UN) 
0.02 

H yStep(AL) 
0.01 

__ HyStep(UN) 
0 

-0.01 
468 10 

-0.02 
Current (A) 

FIGURE 5.8 - Non-Linear Network Flux Linkage Curve Predictions (3D-FEA Reference) 

The HyStep assessment produces good correlation with the three dimensional analysis, 

especially at low current levels (figure 5.8). However errors do increase at higher current 

levels as the mathematical interpolation used in HyStep becomes less reliable. Calculations 

undertaken by other non-linear network solvers offer results that are typically higher than 

the 3-D analysis, mainly due to the absence of back-iron effects and the use of linear 

interpolation between data points. HyStep offers good prediction when used directly with 

data obtained from a finite element package. Using HyStep solely or collectively with 2- 
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dimensional data is very attractive when considering the reduced computational time and 

significantly lower effort involved. 

On closer analysis of the two dimensional data that was generated for use in the network 

solvers it can be seen that the reluctance of each position is relatively constant at low 

values of flux (figure 5.9) and all converge at higher values of flux as the iron portion 

saturates and becomes like air. This can be also seen from the more standard representation 

of flux against MMF for the tooth profiles in figure 5.10, which is generated from the flux/ 

reluctance profiles calculated by the HyStep internal flux path calculations. It can be seen 

that for lower values of flux that the un-aligned position is dominated by its air content and 

the linear region of the steel As the position changes and the area under excitation 

becomes more influenced by the steel content, the contour of the position curve becomes 

more non-linear. In a hybrid stepping motor all rotor positions put some parts of the motor 

into saturation. The development of the non-linear modelling technique presented in 

chapter 4, is therefore very valuable. 

a. uut+ua 
sluchnc. 
(A) 
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FIGURE 5.9 - Tooth Profile Reluctance 
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FIGURE 5.10 - Tooth Profile Flux/ MMF Relationships for Tooth Area 

5.4 Static Torque Test 

A DC current was applied directly to the windings of the Stebon 1101 motor. A torque 

was then applied, and the displacement from an equilibrium position was recorded. This 

test is outlined in chapter 2. 

The static torque profile produced by the Hybrid stepping motor at a particular angle can 

also be obtained from 3-D FEA by computing the integral of the Maxwell Stress tensor 

over the surface of the inter stator/ rotor air-gap. The 3-D FEA static torque prediction and 

experimental data are shown in figures 5.11 to 5.12. The peak static torque predictions are 

displayed in figure 5.13. 
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FIGURE 5.11 - Static Torque, Experimental and 3-D Finite Element analysis (single phase) 0° refers to the 
Aligned Position 
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FIGURE 5.13 - Peak Static Torque - 3-D Finite Element analysis (Single and Two phase) 

Single Phase Excitation Two Phase Excitation 

3-D FEA 
92 0 1 40 Average Torque by . . 

Maxwell Stress 

m (at 3.5 amps) 
HyStep 

Average Torque by Co- 
energy 

(Nm) (at 3.5 amps) 
Experimental 

Average Torque 0.89 1.32 

(Nm) 
(3.5 Amps) 
3-D FEA 

1 58 2 53 Average Torque by . . 
Maxwell Stress 

(Nm) (at 7 amps) 
HyStep 

Average Torque by Co- 2.71 

energy 
(Nm) (at 7 amps) 

Experimental 
Average Torque 1.54 2.41 

(Nm) (at 7 Amps) 

Table 5.1 - Averaged Torque versus Virtual Work Predictions 
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The results from this comparison are limited in this section to three dimensional finite 

element results, and experimental data. This is because the virtual work co-energy method 

used in HyStep predicts average torque, and not instantaneous torque. However the results 

of the virtual work co-energy method can be verified by averaging the values of the 

instantaneous static torque values. The predicted average torque from HyStep and 3-D 

FEA are shown in table 5.1, together with experimental average torque values. 

5.5 Dynamic Testing 

Three dimensional finite element analysis produces static results but cannot directly 

predict dynamic performance, a major requirement for an industrial applications motor 

designer. The situation is further complicated by the complex variety of stepping motor 

drives and controllers, each with very different dynamic characteristics. Apart from 

designs of machines that are specifically for microstepping and mini-stepping, a motor 

that performs well under full stepping will generally have similar performance 

characteristics under half stepping, and other increased current resolutions, neglecting 

situations that produce motor resonance and inductance which will always be most 

pronounced in full stepping.. 

5.5.1 The Distribution of Energy 

Figure 5.14 shows how energy is distributed within the motor-drive system and how 

electrical energy is converted into mechanical work and provides a model applicable to 

any electric motor. The process for this highly controlled system is thus: 
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" Assuming the rotor is restrained, when a voltage is applied to a phase winding the 

current builds up over a finite period determined by the inductance of the coil. A 

magnetic flux associated with this current also builds up, acting as a reservoir for 

potential energy by storing it in the field of the air-gap. 

" If the rotor is now released while the current remains constant, the potential energy 

stored, in the 
; magnetic field is released as mechanical work in moving the rotor to its 

desired equilibrium position. 

" If the rotor remains restrained, but the current is removed, the magnetic field will 

collapse and the energy stored therein will be released back into the electrical circuit. 

" The sinn of the energy recovered and the mechanical energy converted will be less than 

the energy put in by an amount equivalent to the losses. 

Electrical Energy Energy in Field Mechanical work 

f .. ý 

Losses 

FIGURE 5.14 - The Distribution of Energy Within the Hybrid Step Motor 

The losses indicated in figure 5.14 can be separated into three main categories as shown in 

table 5.2. 

Electrical .., Electromagnetic Mechanical 

Copper losses (i2R) Eddy currents Friction 

Switching losses Hysteresis Windage 

Table 5.2 - Losses in the Hybrid Stepping Motor 
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The conversion of electrical energy to mechanical work can be summarised by the general 

rule: 

Electrical __ 
Mechanical + Increase in + Combined (5.17) 

energy in work out magnetic energy losses 

The balance of this equation becomes far more important under dynamic conditions than 

static, as most losses increase with speed, with the main exception being copper losses. 

This is because the winding inductance prevents the build-up of current and hence the 

current delivered to the windings decreases with speed. It is evident that a purely 

analytical approach to the calculation of the motor dynamic torque will, at best, be 

approximate and complex due to the interdependence of variables of the motor in tandem 

with a drive. 

Over each motor operation cycle each of the elements in equation 5.1 apart from the 

losses, may take on positive and negative values, as energy is interchanged between the 

supply, the field and the load. 

5.6 Mathematical Model for a Phase Winding of a 
Two Phase Hybrid Stepping Motor 

It would be useful and convenient if a dynamic model of the motor could predict 

performance based on information already calculated by HyStep. Though the hybrid 

stepping motor is a dynamic non-linear system, further assumptions and simplifications 

about its operation under dynamic conditions can be ascertained from three dimensional 
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finite element modelling. In the following sections a mathematical model is derived for the 

phase windings and simplified from observations from 3-D FEM. 

Hysteresis and eddy current losses are neglected in the following modelling. This can be 

considered as a not too unrealistic assumption, particularly when the motor is run at low 

speeds. However these effects will reduce flux-linkage, and all results need to viewed in the 

light of iron losses. 

A model of a phase winding of the motor can be achieved by applying Kircho s voltage 

law and Faraday's law of electromagnetism. 

dA 
(5.18) V=iR+dt' 

where V is the voltage across the phase winding, and R is the phase winding resistance. 

The iR term is the voltage drop due to the winding resistance, the second term of the 

equation is the induced EMF due to the rate of change of flux linkage with time. For 

Faraday's rule to be met, the terms on the right hand side must equal the terminal voltage 

of the phase. 

The flux-linkage term can be obtained by either 3-D FEA or HyStep. This has been shown 

to be a function of magnetic geometry, and the magnetomotive forces developed by the 

current in the phase windings and those generated by the permanent magnet. In full, the 

flux linkage of phase 1 is a function of the current in both phases, the rotor position, and 

the magnet MMF, 

Al = Ai(it, i2,0, MMF,,, 
g), (5.19) 
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where 0 is the rotor position. 

Thus for phase 1, equation 5.18, is rewritten as 

d, (i, , ii , 0, MMFmag) 
V, = i1R1 +d dt 

(5.20) 

A similar expression for phase winding 2 holds true. By use of the chain rule, equation 

5.20, can be expanded to give equation 5.21. 

AAAAd. 1 dO dA, dMMF g V` _- tR' + dil 7t + die dt + dB dt + dMMF. 
g 

dt 
(5.21) 

The first term on the right is still the resistive drop, because of the current flowing in the 

windings. The second term is the induced voltage due to the rate of change of current, il, in 

phase 1, with respect to time. It is named the self inductive voltage drop. The third term is 

called the mutual inductive voltage drop, which arises when voltage is induced in phase 1, 

because of a change in current flowing in phase 2. The next term arises because of the 

voltage induced when the rotor changes position with respect to time, it is rotor speed 

dependent. This is commonly known as the back EMF. The final term is the voltage 

induced because of the rate of change in the MMF developed by the permanent magnet 

with respect to time. A similar equation can be formed for phase 2. 

The axially magnetised permanent magnet found in the rotor of the hybrid stepping motor, 

is subject to demagnetising fields produced when current flows in the stator phase 

windings. Within the normal operating characteristics of the motor, the magnetic flux 

generated by the magnet may be considered approximately constant once magnetised. This 

indicates that the magnet MMF will also remain approximately constant because of the 
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stable load point on the magnetisation curve. If the current in the windings does not exceed 

its rating, and the motor is not driven high into saturation than this change in MMF may be 

less than 10%. Table 5.3 shows results obtained from 3-D FEA results with the magnet 

operating under a full range of currents. The rating current of the motor is 7 Amps. 

Current magnet MMF magnet flux density 
(Amps) Am ere turns) (Weber e-6) 

0 255 823 
2 254 825 
3 255 823 
4 260 822 
5 264 819 
7 276 814 
8 283 811 
10 298 804 
12 313 799 
14 328 793 

TABLE 5.3 - Magnet Flux and MMF Values versus Winding Current in One Phase Taken at the Aligned 
Position 

For simplicity it will be assumed that the magnet MMF change with time is zero, on the 

understanding that this may be increasingly inaccurate at higher winding currents. 

dMMF. 
g 

dt = 0. (5.22) 

This term is therefore eliminated from the equation 5.21. 

ý, diZ The mutual flux-linkage between the phases is governed by the 
d. 
dz d term in equation 

5.21. Three dimensional finite analysis agrees with assumptions [63,64,651 that the flux 

linking a particular phase is dominated by the current flowing in that phase and that induced 

by the permanent magnet. This implies that the effect of current in another phase on the 
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phase winding under examination is negligible. The next figure (5.15) shows the increase in 

flux (and flux density) in a stator pole as the current rises in its phase winding. Also 

included in the figure is the rise of flux (and flux density) in the second phase winding 

which does not have any current excitation. The starting point at zero current shows the 

flux linkage due to magnet only. Gradually the current in one winding is allowed to rise and 

the flux-linkage may be calculated for both phase windings by multiplying the flux by the 

phase turns. The flux-linkage in the second un-excited phase is nearly constant especially 

under rated conditions (7 Amps). Therefore it can be assumed that the mutual flux-linkage 

is negligible. 

dý' 
= 0. (5.23) 

die 
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FIGURE 5.16 - Flux Density and Flux in Phase I and 2 as the Current in Phase 1 is Varied 
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The self inductance of the phase winding can be seen as the gradient of the flux-linkage 

curve, shown in figure 5.16. 

dA' 
=1, (5.24) 

di, 

where 1 represents instantaneous self inductance. 

Ir 

For the linear' part of "the flux-linkage curve this remains constant, even over a change in 

position. Rewriting equätion 5.15, by eliminating the appropriate terms, the equation of 

voltage (with respect to previously discussed conditions) may be considered as; 

..... ... t; ... 

di dA, dO 
V1=ß, R, ±Ldt+d8 dt . (5.25) 

The remaining position dependent term is the back EMF. Generally the open circuit back 

EMF can be considered to be approximately sinusoidal with position. This term can be 

viewed experimentally by the back EMF test in chapter 2. If the speed is varied a graph of 

voltage induced against speed can be plotted. Neglecting harmonics and assuming the 

rotational EMF to be 'sinusoidal, and presuming that the motor is operating at constant 

speed, the following can be proposed. 

dO 
W=-9 . (5.26) 

Phase one rotational EMF can be written as, 

EMFmag _d 8 
dý, d 

dt _Kcosin(nO), (5.27) er 

where EMF,,, Ig is the rotational EMF due to magnet, and 

K, is the rotational EMF constant. 
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The other phase on the motor is shifted by an electrical angle of ir/2 radians. This causes 

the back EMF to be shifted by the same angle. Therefore, for the other phase the equation 

would be; 

EMFmpg2 = 
ae äe KQCÜCOS(fr8). (5.28) 

The rotational EMF constant can be obtained by taking the gradient of the back EMF 

versus speed curve (figure 5.17). 
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FIGURE 5.17 - Open Circuit Rotational RMS EMF 

However as the data is obtained experimentally, it is not available in HyStep. HyStep can 

calculate flux-linkage versus position. If the sinusoidal relationship of the magnet's flux- 

d. % 
linkage relationship is taken as de then we can obtain the expression for the back EMF in 

phase 1, 
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EMF. 
pg, = 

de 
= n. Amag-max (t)a. sin( nrO) . (5.28) 

where A,,. g is the maximum flux-linkage in the phase due to the magnet at zero current. 

This will hold unless the motor is pushed high into saturation. The second phase has a 

similar equation; 

EMF�pg2 = 
de = n, mag_rnaX (t)co cos(n, B) . (5.29) 

This allows the equations for phase 1 and 2 to be simplified and expressed as; 

Vi = i, R3 +L 
dt 

+uxýtý, mag_ 
(t)sin(n, O), (5.30) 

V2 = iiR2 +L 
dit 

+ am, 2mag_max (t) cos(n, O) . (5.31) 

All of theses quantities can be calculated from the static flux linkage data available in 

HyStep. 

5.6.1 Current Observation 

A key element to generating torque is the current available to produce flux in the motor 

whilst rotating. The current control schemes adopted all produce differing results. Full 

stepping produces harder step action than, say, half stepping. Microstepping gives, 

generally, a torque output closer to full stepping with a smoother operation. It also 

provides a better torque speed range. Concentrating on full stepping, the current at low 

speeds, where current has time to rise through the winding inductance, will appear square, 

figure 5.18a. However as speed increases the current begins to distort (figure 5.18b). 
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(se 

FIGURES - 5.18a/b low speed current profilet high speed current profile 

The current in the winding can be estimated by the phase winding equations 5.30 and 5.31. 

Rearranging the equations of the phase voltages to be in a form that allows the current to 

be calculated, gives the expressions; 

il 

L 

[V. 
(t) - i1 RI - Cfnr' 

mag-mag (t) sin(n, 
8)J 

, 
(5.32) 

dt L `V2 
(t) r t2R2 - O)nr2mag-mag (t) cos(n, B)I. (5.33) 

These differential equations can be solved by numerical techniques to predict the current 

wave form. These will allow HyStep to predict the torque by re-calculating the co-energy 

transfer, with the predicted current in the corresponding phase. 

A third order Runge-Kutta method [66] was used to predict the current. This was felt to 

give a good compromise between accuracy and speed. The equation is of the form; 

Y; +, = Y, +6 (k, + 4k2 + k3) h, (5.34) 

where 

k, = f(x,, y, ), (5.35) 
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k2= f (x, +Ih, y, +I hk, ) , (5.36) 
22 

k3= f (x, + h, y, - hkl + 2hk2), (5.37) 

x,, y; are the initial conditions of x and y, 

and h is the numerical step size of the period of integration. 

To integrate equations 5.32 and 5.33 `x' and `y' of equation 5.34 are time and current 

respectively. The period of integration will be over a step interval of the motor. The period 

can be calculated from the number of rotor steps per revolution. For a 200 step resolution 

(full stepping) the time period will be related to the speed in revolutions per second by; 

steps 
period = 200 x rps , (5.38) 

Where steps are the number of motor steps under observation, and rps are the revolutions 

per second, where rps is related to co by 

c1) = 2n rps (5.39) 

`h' in equation 5.34 will be a value that is an order of magnitude of this period, i. e. a time 

step. 

The maximum current is limited by a maximum current value, otherwise the current will 

continue to rise. In this method the drive is assumed to be using ideal switches and to 

exhibit no overshoot. The rotor position is assumed to in phase with the voltage and 

running at constant speed. 
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5.6.2 Verification of Current Waveforms 

A series of tests was carried out to validate the dynamic current prediction method used by 

the HyStep program. The HyStep prediction assumes that the motor is working in a near 

ideal system. The predicted and experimental torque/ speed curve are obtained for a series 

connection, peak to peak current of 7 Amps. The current waveform characteristics are 

shown for speeds of 1 rps and 10 rps in figure 5.19 and 5.20 respectively, which allow the 

generation of the torque speed curve of figure 5.21. 

4 
Fps) 

3 
Actual Current 

Predicted 

- 0I 

-1 I- 

i 
-2 - 

-3 
i^- 

-41 1 
02 position (Deg ) 4'' 68 

FIGURE 5.19 - Current Waveforms for I rps, 7 Amps Peak 
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FIGURE 5.20 - Current Waveforms for 10 rps, 7 Amps 
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FIGURE 5.21 - Torque/ Speed Curve (Full Stepping -7 Amps Peak) 
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5.6.3 Verification of Current Waveforms at Different 
Speeds 

Once a current waveform has been predicted for a particular speed, a method of using the 

co-energy changes to predict the torque is used. In an ideal system it can be seen that at a 

certain point in time the rotor will be in a particular position, with the phase winding 

containing a value of current. Therefore at this point a new flux-linkage can be calculated. 

A new profile can be drawn on the flux-linkage current diagram, which is the actual profile 

followed by the motor winding. This allows a new value of co-energy to be obtained. This 

calculation of co-energy allows a new torque to be predicted. 

5.6.4 Sources of Error 

With all measurement systems that measure dynamic results, errors will arise due to 

calibration and system characteristics. Errors will also arise because of the assumptions 

made in simplifying the model. Therefore a margin of error must be allowed for 

measurements. The largest source of error is neglecting the iron losses as this will reduce 

fluxes. The prediction methods also assume an instantaneous voltage change and ideal 

switches producing a perfect square voltage pulse. The prediction method interpolates 

between the aligned, mid, and unaligned positions to obtain flux-linkage characteristics for 

use in the virtual work method. Again the area enclosed by the operating trajectory is 

integrated by an estimation method, which is limited by the discretisation of the integration 

steps. At speeds higher than 40 rps the current waveform prediction is more susceptible to 

instability. The motor generally was subject to resonance when the speed was greater than 

25 rps. This is a limiting factor of most full stepping current drives. This resonance effect 
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was not attempted to be modelled in this simulation as the effect is highly dependent to by 

the motor shaft coupling, which would be difficult to model. 

5.7 Discussion 

Adaptation of the co-energy virtual work methods has been carried out to provide torque 

characteristics for single and two phase commutation. A new understanding of the magnet 

detent operation has been examined by using the virtual work method and an explanation of 

how the magnet interacts with the phase excitation is shown. 

Verification of experimental static results from the use of three dimensional finite element 

studies and the mathematical model derived in chapter 4 has been shown. A model has been 

devised for predicting current in the windings under dynamic operation. The model uses 

information that was calculated by the HyStep program, hence it can be easily incorporated 

to allow predictions of the torque versus speed curves for full stepping motion. Despite the 

assumptions which have been made in the modelling, the results produced are consistent 

with experimental results. 
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CHAPTER 6 

NEW SIZE 42 FRAME SINGLE STACK HYBRID 
STEPPING MOTOR DESIGN FOR IMPROVED 
DYNAMIC PERFORMANCE 

6.1 Background 

Recently manufacturers have been concentrating on improving the torque performance of 

hybrid stepping motors by changing the magnet material in the rotor rather than changing 

the historically rigid tooth designs [12]. Low speed torque has been dramatically 

improved, though unfortunately, many new designs have suffered from little 

improvements at mid to high speeds. Stebon Ltd., sponsors of this project specialise in 

high powered shaft output designs and a design brief was given to improve the 1101 size 

42 motor at mid to high speeds without resorting to winding changes. Ideally the physical 

construction and the manufacturing process of the motor were not to be modified. The 

criteria pointed towards modifying the tooth structure on the lamination. The following 

investigation concentrated on the stator lamination, in particular the tooth design. This 

would avoid expensive retooling and a design could be constructed without any special 

equipment and training. 

Historically the hybrid stepping motor tooth profile has been designed with a typically 

square (parallel) stator tooth. The stator teeth are generally larger in width than the rotor 

teeth to achieve improved low speed torque with high positional accuracy. It is well 
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known that the tooth profile has an effect on the torque output of the motor especially in 

variable reluctance motors. In the hybrid stepping motor altering the tooth profile changes 

the inductance, and thus can aid current rise at higher motor speeds. This in turn increases 

the co-energy area at the operating speed and allows a greater available torque to the 

motor. 

6.2 Modelling a New Tooth Design 

According to Singh [67], four sets of equations are required to adequately model a 

stepping motor. These are: 

" Voltage equations of the electrical circuits 

" The change of flux linkage and inductance relative to rotor position 

" Developed torque, including stored energy and co-energy 

" Dynamic equations of the rotor 

The modelling by the three dimensional finite element package OPERA-3D offers a 

reasonable possibility to predict the first three accurately. The HyStep software uses 

assumptions and simplifications that degrade prediction, but has favourable computation 

time, file size, and memory attributes and can model all four sets of equations. 

Furthermore, HyStep's internal flux path calculator, assumes a parallel sided tooth 

geometry, which makes it difficult to model vastly different tooth designs. However the 

tooth geometry can be studied using 2-D FEA, as described in chapter 4. This data can 

then be used in HyStep with the dynamic model described in chapter 5. 
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6.3 The Effect of Tooth Design on Torque 
Production 

The typical design of tooth profiles is summarised in a few parameters (figure 6.1); 

" stator slot depth - Generally around '/ý tooth pitch 

" Tooth width/ tooth pitch ratio - Found to be between 0.38 to 0.45 (Harris et al propose 
0.42 is suggested as an optimum value [68]). Tooth pitch equals the summation of the 

tooth and slot width. 

" Slot shape between teeth, typically semi-circular on the rotor, but can be found to be 

rectangular on the stator. 

" Air gap length which should be kept as small as possible. 

The ratio of stator tooth width/ rotor tooth width is known to affect holding torque 

capability. The higher this ratio, the higher the holding torque as the lines of magnetic flux 

are held under tension, thus opposing rotor disturbance more rigidly. A balance will have 

to be obtained for dynamic torque. 

Slot Width 

Figure 6.1 - Tooth and Slot depth Considerations 

The torque of a motor is inversely proportional to the square of the air gap and directly 

proportional to the stack length. It is desirable to have a long motor and it is desirable to 
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have smooth tooth faces, as surface irregularities increase the air gap length, thus reducing 

torque and impeding smooth operation. 

Wagner et al [69] investigated the quantitative effects of tooth/ slot ratio and slot shape on 

the magnetic circuit. It was concluded that the choice of rectangular or semi-circular stator 

slots has little effect on influencing the performance of a motor, however the rounded slots 

were marginally more effective. In a further study Wagner et al [70], analysed the leakage 

flux between adjacent pole pieces of a DC motor and found within reasonable design 

structures, that the leakage loss was around 1% to 4% of total flux. D. Torney [71] 

presented data for doubly slotted structures. He suggested that the tooth slot depth to slot 

width ought to be higher than 0.4 and that a tooth slot to tooth width ratio ought to be as 

high as 1.5 to ensure low air gap permanence. However in the modelling in this thesis little 

difference is observed when making the slot too deep, as in the un-aligned position, flux 

lines from the edge of the stator teeth tend to fringe into the rotor teeth edges. Keeping the 

slot type as a semi-circular shaped recess proves marginally more beneficial over a 

rectangular slot, as long as the rotor teeth slot to stator teeth width ratio is higher than 1.5. 

Akiyama and Sueki [72] proposed that the side profiles of the stepping motor tooth 

contributed to the way leakage flux effectively determines torque production in a variable 

reluctance motor. It was proposed that tapered teeth could contribute greater torque at 

higher excitations. 
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Although the last study was not directly aimed at the hybrid stepping motor it suggests that 

a new design may affect the dynamic performance of the motor. From the study of current 

wave forms the effect of the L 
dil 
d term of the equation; 

Vi =i1R, -i- La1' -h [A2rA. 
g_. 

Sii1(11, e)º (6.1) 

dt 

is a major contribution in the effect of current rise time and hence mid/ high speed torque. 

It has been suggested by Akiyama and Sueki [72] that a dove tail tooth profile would offer 

maximum holding torque- while an inverted or tapered tooth a higher dynamic torque, 

figure 6.2a, and 6.2b.; The idea of tapered teeth leads to the use of exponential shaped 

tooth profiles to, improve motor performance. 

ýJ 

Figure 6.2a/b - Dove Tail and Tapered Tooth Profile 

6.4, Selection" of a New Tooth Profile 

To overcome problems that might be encountered with providing sufficient space for the 

copper conductors', the advantages that may have been obtained in altering the reluctance 

path in the back iron and stator pole width were disregarded to concentrate on the tooth 

profile effects. Before selecting a new profile the standard design of tooth profile was 

analysed. 
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6.4.1 Standard Configuration 

Figure 6.3 - Standard Configuration Tooth Geometry 

This design (figure 6.3) is the standard Stebon 1100 series hybrid stepping motor with 

square rotor and stator teeth. It provides the comparison datam against which any changes 

will be measured. 

Analysis was undertaken using the Opera 2-d finite element package, using the 

methodology presented in chapter 4. Flux densities were produced showing the magnitude 

of flux density across the tooth faces of the stator and rotor. These showed that the vast 

majority of aligned flux passes through the central portion of the stator teeth with little 

contribution from the corners. However, most unaligned flux passes through the corners. 
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Figure 6.4 - Graph of Flux vs. M1V1F for the `Standard' Configuration in (top to bottom) the Aligned, 3/. 
aligned, Semi--aligned, Y< aligned and Un-aligned Positions 

Figure 6.4 shows the flux versus NRvIF relationship for several positions between the 

aligned and unaligned locations. From top to bottom, the lines represent fully aligned, 3/4 

aligned, semi--aligned, '/4 aligned and fully unaligned respectively. The area under each 

section was integrated to obtain changes in co-energy and these are presented in table 6.1. 

Change in Co-energy (J) 

Aligned to unaligned 7.03 

Aligned to semi-aligned 4.07 

Semi--aligned to unaligned 2.96 

Table 6.1 - Performance of the Standard Configuration 
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FIGURE 6.5 - Standard Tooth Configuration: Flux versus Angle for 3 values of Constant MMF (0° and 

7.20° are Aligned Positions) 

Figures 6.5 and 6.6 show the variation in flux and rate of change of flux respectively 

against angle. In the flux versus angle relationship the waveform resembles a sinusoid 

with some low harmonic content. This harmonic content is due to the square edges of the 

teeth creating sharp rates of change of reluctance. As a consequence, the induced EMF 

profile, which is important when designing control circuits and considering high speed 

operation, is not sinusoidal. This also indicates torque ripple over a full step, where a 

larger change of flux with angle is found with constant MMF. This effect is multiplied as 

the co-energy change is concentrated in the area before the knee of saturation in the flux/ 

MMF curves. 
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FIGURE 6.6 - Standard Configuration Rate of Change of Flux versus Angle for 3 values of Constant MMF 
MMF (0° and 7.20° are Aligned Positions) 

From studies of flux paths across the teeth of the standard motor and inspection of the flux 

density and flux paths it was noted that the central area of the tooth carries most of the 

flux efficiently, it would appear impossible to improve aligned flux without, say, reducing 

the air-gap. However, the corners of the stator teeth which carry little aligned flux also 

carry most undesirable unaligned flux. Therefore, it is a modification of the corners of the 

teeth that has been concentrated upon. 

6.4.2 Proposed Designs 

An investigation was undertaken to find the methods of reducing the harmonic effects of 

the tooth edges, whilst maintaining a high aligned to un-aligned co-energy value. Two 

designs were selected from the investigation and are detailed in the following sections. 

The Design of Hybrid Stennine Motors aided by Three Dimensional Finite Element Analysis 193 



Chapter 6. New size 42 Frame Single Stack Hybrid Stepping Motor Design For Dynamic Performance 

6.4.3 `0.7 mm Filleted' Configuration 

Figure 6.7 `0.7 Filleted' Configuration Proposed Tooth Geometry 

Figure 6.7 shows the alternative design which has a 0.7 mm filleted radius on the tooth 

edge. This attempts to produce a smoother transition between rotor positions. Variations 

of the filleted radius were attempted. Using a 0.7 mm radius appeared to give the most 

reasonable results. Reducing the radius of the fillet in this tooth design did not provide a 

sizeable advantage over the standard profile. 

An examination of the flux path diagrams showed that some flux will still flow into the 

sides of the rotor teeth which will maintain holding torque performance, while unaligned 

flux is impeded by the length of the air-gap created and the corners of the rotor teeth 

saturating. 
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6.4.4 `0.5 mm Chopped' Configuration 

This design (Figure 6.8) follows from reversing the filleted design. From flux path studies, 

this arrangement shows that little flux flows through the tooth comers in the aligned 

position, because of the removal of the steel. The sections removed are arcs of radius 0.5 

mm centred on the corner of the original tooth. In this way, the aligned flux paths should 

be minimally affected, but unaligned flux will be greatly impeded by increasing the air- 

gap between the stator teeth and the rotor teeth. This design does not rely on saturation 

effects for its operation and is a relatively simple and robust modification to the standard 

tooth design. 

FIGURE 6.8 - `Chopped' Configuration Proposed Tooth Geometry 

6.4.5 Comparisons of Electromagnetic Characteristics 

The flux to MMF characteristics of the filleted design are shown in figure 6.9. Table 6.2 

shows the comparable change in co-energy. For the filleted design significant 

improvements were found to be between the semi-aligned and unaligned positions where 
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the improvement is around 27%. From the aligned to un-aligned and semi-aligned, there is 

also a substantial increase in co-energy. This increase of co-energy is available to be 

transformed into torque. 

The flux to MMF characteristics for the chopped design shown in figure 6.10 give the 

changes in co-energy which are summarised in table 6.2. The data demonstrates that, while 

not greatly affecting aligned flux, this design offers a substantial improvement over 

standard teeth. Three quarters of this gain is between the semi-aligned and un-aligned 

positions. 

Standard 0.7 % 0.5 % 

Filleted change Chopped change 

Co-energy change Aligned 7.03 8.42 +20 8.51 +21 

to un-aligned 

C'()-energy change Aligned 4.07 4.67 +15 4.56 +12 

to semi-aligned 

Co-energy change Semi- 2.96 3.75 +27 3.96 +34 

aligned to un-aligned 

Table 6.2 - Comparison of the Co-energy in Joules of the '0.7 Filleted' and '0.5 Chopped' against 
`Standard' 
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FIGURE 6.9 - Graph of Flux vs. MMF for the `0.7 Filleted' Configuration in (top to bottom) the Aligned, 

Semi-aligned and Unaligned Positions 
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FIGURE 6.10 - Graph of Flux vs. MMF for the `Chopped' Configuration in (top to bottom) the Aligned, 
Semi-aligned and Unaligned Positions. 

Figures 6.11 and 6.12 show the flux and rate of change of flux respectively for the `0.7 

mm filleted' design plotted against angle. The flux variation has a reduced low order 
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harmonic content. This indicates that the torque profile over a full step would be smoother 

over the standard design. This is further illustrated by the rate of change of flux with angle 

shown in figure 6.11. Here a lower harmonic content is evident in the more sinusoidal 

variations. Comparison of figure 6.11 with figure 6.5 shows that the aligned flux is largely 

unaffected by the filletting but the un-aligned flux is reduced (3.6°). 

FLUX (Wb) 
0.0003 

0 

0 

C 

ANGLE (DEGREES) 

MMF 
(Ampere 
Turns) 

-. - 50 

-U--10 
5 

FIGURE 6.11 - `0.7 filleted' Configuration in Flux versus Angle for 3 values of Constant MW MMF (00 

and 7.2° are Aligned Positions) 
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FIGURE 6.12 - `0.7 filleted' Configuration Rate of Change of Flux versusAngle for 3 Levels of Constant 
MMF MMF (0° and 7.2° are Aligned Positions) 

Figures 6.13 and 6.14 show the variation with angle for flux and rate of change of flux 

respectively for the `0.5 mm chopped design'. Again the torque profile over a full step is 

will be smoother, as a result of the more consistent sinusoidal characteristic. 
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FIGURE 6.13 - `Chopped' Configuration in Flux versus Angle Graph for 3 Constant Values of MMF (0° 

and 7.2° are Aligned Positions) 

FIGURE 6.14 - `Chopped' Configuration Rate of Change of Flux versus Angle for 3 Constant Values of 
MMF (0° and 7.20° are Aligned Positions) 
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6.4.6 Chosen Tooth Profile 

The results obtained for the ̀ chopped' configuration showed the most promising increase 

in possible co-energy change. The reduction in un-aligned inductance in the linear region 

was calculated to be 15% less for the chopped design. Furthermore the generated back 

EMF profile appears smoother in figure 6.14, containing a lower harmonic content than 

the standard design. It was therefore chosen that the 0.5 mm radius ̀ chopped' design 

would be used for the basis of a new lamination design. 

6.5 Hybrid Stepping Stator Construction 

The stator laminations were wire eroded from sheets of silicon steel. The choice of silicon 

steel is identical to the type employed in the construction of the rotor laminations. This 

grade is the low loss TRANSIL type, selected to limit eddy current losses. The laminations 

were 0.35 mm in thickness. Before construction a special wash was prepared to clean the 

laminations, so that the adhesive would adhere well. The motor was built to the 

specifications summarised in table 6.3. 

This is a terminal box design, which can be configured for parallel or series winding 

arrangements, by the use of 8 terminals as described in chapter 1. Windings are made 

exclusively for bi-polar drives. The motor is enclosed by a steel shell that offers IP44 

protection. The rotor is constructed as a single stack type incorporating an Alinico 

Hycomax-3 magnet. The motor's outside dimensions are shown in figure 6.15. The 

procedure of constructing the motor is described in chapter 2. The design met the design 

criteria of being able to be built without any major training or equipment change. 
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Winding Type 250-75 

Phase Resistance 0.26 Ohms in parallel 

Maximum Bipolar Amps per Phase 7 Amps (two phase on) per phase. 

Rotor Inertia 3.65 Kgcm2 

Total weight, 4.8 Kg 

Frame/ Flange Size " 
NEMA size 42 

Step Angle 1.8 Degree Standard (200 steps per rev) 

Winding Insulation Class F to IEC 85 and BS2757 

Turns per phase 96 

Maximum supply voltage 400V DC 

Bearing Loading ., Axial, 180 N max. 

Radial 330N max. 

Table 6.3 - Motor Specifications 
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OR co 0 r 

FIGURE 6.15 - Hybrid Stepping Motor Type 1101 External Dimensions 

6.6 Static Torque Expectations 

In the standard design the stator tooth width is greater than the rotor tooth. Generally this 

aids two-phase static torque as, when the rotor sits between the two phase poles, there is 

still a large steel path present. In the simplified stepping motor of figure 6.16, a two phase 

holding position is shown. If the `A' phases are attracting the rotor teeth, and the `R' are 

repelling the teeth, it can be understood that the larger the tooth width the greater the 

holding torque. A larger tooth width will produce a greater stable equilibrium torque, and 

a smaller unstable torque when a repelling action occurs. 

R 

R 

FIGURE 6.16 - Simple Stepping Motor with Two Phase Holding Torque Position 
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With a smaller tooth width this situation reverses. The unstable equilibrium torque will 

increase, but the stable holding torque will reduce; the unstable torque being more 

advantageous in dynamic torque production. 

6.6.1 Experimental Low Speed Torque 

Table 6.5 shows the torque output at 1 rps. This data is also shown in figure 6.17. This 

particular test was done with the drive (SX8) supplying a sinusoidal current waveform 

with a 5000 step resolution into the parallel windings of the motor. If the test had been 

undertaken in series the current would have to be halved, but the effects of inductance 

would have been negligible at this test speed. 

Current 
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Dynamic 3.65 3.3 2.94 2.57 2.06 1.61 
Design 

Table 6.5 - Low Speed (1 rps) Torque Differences between Motor Designs 
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FIGURE 6.17 - Low Speed Torque on SX8 Drive 5000 Steps per Revolution 

As the standard design has more steel present in the rotor to stator path in the holding 

position, it fairs better at high excitation currents. The top current is actually higher than 

the motor's rated value (7 Amps RMS). The torque reduction from the new design ranges 

between a3-3.6 %. 

6.7 Dynamic Testing 

Dynamic testing of both the motors was undertaken on several drives. The drive used for 

the majority of the tests is known as the Parker-Compumotor SX8 [3]. This drive offers a 

wide speed range due to its 120 V DC bus and offers substantial current control in terms 

of choice of magnitudes and resolution. Maximum current is 8 Amps RMS with a 

resolution of 25,000 steps per rev. Testing was undertaken on the test rig described in 

chapter 2. The majority of the tests were with the motor windings in parallel, and the drive 

resolution set to 5000 steps per revolution. This would deliver an approximate sinusoidal 

current waveform into the motor. 
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6.7.1 Over Current (8 Amps RMS) Test Results 

The graph in figure 6.18 shows the dynamic performances at 8 Amps RMS. At low speeds 

the new motor is considerably quieter and smoother in motion. This is due to the lower 

content of torque harmonics and ripple, plus a more sinusoidal back EMF. Even though a 

high step resolution was chosen, the standard motor exhibits a mid speed resonance, which 

is far less apparent in the new design. It appears that the new tooth profile has better anti- 

resonance characteristics. A high speed resonance occurs in both the motors, although this 

is not as severe in the new motor. As the new motor has a lower inductance it can achieve 

a higher operating speed. In this instance the new motor has an increase in speed of over 

600 rpm, whilst achieving a torque which is equal to the standard design's mid speed 

torque. This increased speed leads to an improved shaft power output. The changes can be 

seen (in figure 6.19) to be quite dramatic with over 25% increase in maximum power 

output. 
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FIGURE 6.18 - S8 Drive, 5000 steps per rev, 8 Amps RMS. 
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FIGURE 6.19 - Shaft Power Out at 8 Amps and 5000 Steps per Revolution Current Profile 

6.7.2 Rated Current (7 Amps RMS) Test Results 

At rated current the performance characteristics become more explicit. The graphs of 

figure 6.20 show that the mid speed resonance has virtually been eliminated by the new 

design. 
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FIGURE 6.20 - S8 Drive, 5000 steps per rev, 7 Amps RMS. 

Furthermore the high speed resonance appears to be pushed to a higher speed on the 

torque speed curve by the new design. This indicates that this resonance is possibly drive 
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related, as on some other drives it does not appear. Again there is an increase in maximum 

power out as shown in figure 6.21. Rotational smoothness and quieter operation are again 

apparent with the new design. Noise observations made during the test indicated that the 

new motor was far quieter over the speed range, especially at lower speeds. At speeds 

between 1 to 5 rps the motor was close to being in-audible, which is uncommon in 

stepping motors. 

Power (W) 

600- 

500- 

400- 

300- 

200- 

Standard 

-f -New 

100 

0 
10 100 

Speed (RPS) 

FIGURE 6.21 - Shaft Power Out at 7 Amps and 5000 Steps per Revolution Current Profile 

6.7.3 Low Current (3 Amps RMS) Test Results 

At 3 Amps RMS both motors produce a lower torque (figure 6.22). The same mid speed 

resonance occurs on the standard motor but not on the new design. Both motors suffer 

from the high speed drive resonance as they do not have significant current in the 

windings to over come this. This in turn produces rough power out curves, figure 6.23. 

Hence neither of the motors would be suitable to run at low currents on this drive. 
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FIGURE 6.22 - S8 Drive, 5000 steps per rev, 3 Amps RMS. 
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FIGURE 6.23 - Shaft Power Out at 3 Amps and 5000 Steps per Revolution Current Profile 

6.8 Change of Resolution Tests Results 

Figure 6.24 shows the test results of the motors running under full stepping operation. The 

new design of motor exhibits an increased torque output when the motor speed is over 15 

rps. This resonance period affects both designs, with the new design responding more 

favourably. The new motor shows a significant increase in speed range. 
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Hybrid stepping motors do not typically run using full stepping current profiles. This is 

because of the harsher running operations, lower step resolution, increased overshoot and 

mechanical ringing, makes the drive more prone to resonance. 

Despite these difficulties the new motor demonstrates less susceptibility to the resonance 

problems associated with full stepping. 
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FIGURE 6.24 - Full Stepping (200 steps per rev), 8 Amps RMS. 

Figure 6.25 shows the data recorded during half stepping. Most industrial applications 

make use of this stepping mode. There is a slight loss of torque production, but this mode 

typically results in much better low speed running, reduced overshoot, and less ringing at 

the end of each step. Performance in this mode therefore is a good industrial performance 

measurement. The mid speed resonance in the standard motor at 17.5 rps would cause 

some applications to stall. The torque dip of the standard motor would be from around 3 

Nm to the measured value of around 1.5 Nm, a 50% loss in torque. This same resonance, 
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still present in the new design, results in a drop from 3 Nm to 2.5 Nm. Some resonance 

occurs in both motors at 30 rps. The power out curve is recorded in figure 6.26. 
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FIGURE 6.25 - Torque Output in Half Stepping (400 steps / rev), 8 Amps RMS., 
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Microstepping attempts to produce smoother rotation, less torque ripple, resistance to 

resonance, and an increased step resolution. The new motor has been found to have an 

excellent performance with high resolution drives. Figure 6.27 shows both motors running 

with a drive resolution of 20,000 steps per rev. The new motor produces a smooth torque 

versus speed curve with few deviations. Comparing the two motors shows that the new 

motor performs extremely well in the troublesome mid speed and high speed regions. The 

power out curve of figure 6.28 shows major improvements in the available shaft power. 

The new design of motor presents a very favourable microstepping performance. 
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FIGURE 6.28 - MLcrostepping (20000 steps/ rev), Power Output 

6.9 Discussion 

Stepping motors were originally designed to be low speed positioning type motors, 

operating in the stop/ start region. This was because the largest segment of the market was 

office machinery where slow speed point to point moves were necessary. Recent stepping 

motor designs have concentrated on low speed high torque output. These have been 

penalised for higher speed operation by their high inductances. 

A large sector of industrial machinery requires higher throughput, with increased torque 

for higher speed point to point moves. This market has increasingly been attacked by 

brushed DC servo motors. The stepping motor described in this chapter does not cost any 

more in material and yet offers an improved shaft power output, suitable for such jobs. 
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The motor offers a smoother rotation, quieter operation, lower mid speed instability, and 

greater high speed torque. When coupled with a microstepping drive the previous 

advantages are further enhanced, along with higher acceleration, flatter speed response, 

and greater shaft power output. The design is considerably easier to manufacture than 

existing micro stepping skewed rotor designs discussed in chapter 1. The new motor 

should find acceptance in machinery requiring increased throughput, quiet operation, and 

low vibration. 

The bus voltage of the drive is often the key issue in high speed performance. By using 

this lower inductance design, lower voltage or lower current drives can be utilised to 

obtain similar performances to the existing design. This will dramatically reduce system 

prices, with little change in the motor. Alternatively copper losses can be reduced by 

turning down the number of turns in each phase, and increasing the turn gauge, to obtain a 

similar performance with the added benefits of lower resonance, and smoother and quieter 

movement. 

This motor is planned to go into production with Stebon Ltd. and results have been 

verified by Parker Digiplan of Poole UK, who also found that the motor had significant 

improvements in settling time and overshoot. 
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CHAPTER 7 

Application of Soft Magnetic Composite Materials 
in the Structure of the Hybrid Stepping Motor 

7.1 Background 

It has been reported that soft magnetic composite materials offer design advantages when 

compared with steel laminations due to their isotropic nature and the relative ease of 

producing complex shapes by the use of powder metallurgy methods [73-77]. Iron losses 

are low at elevated frequencies as the eddy current loss becomes a small proportion of the 

total. output. 

Because of the claims about the isotropic nature of powdered iron, this material may 

provide an improvement to the cross lamination flux patterns and iron losses at high 

rotational speeds in the hybrid stepping motor. This chapter is a study as to how such 

materials could be utilised in the hybrid stepping motor. 

7.2 Laminations 

Magnetic cores used for electric motors are usually made of strips of electric steel called 

laminations. These laminations are used to suppress the losses related to changing 

magnetisation. Typically the machines are produced with 0.35, to 0.5 mm laminations. 

The motors in this project have used 0.35 mm laminations. The material used is typically 
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a silicon iron. In motors with radial flux paths only, the higher the frequencies, the thinner 

the laminations that are used to reduce eddy current losses. Laminations are insulated one 

from another with coatings of non-conducting paint, on one or both sides. Alternatively, 

the lamination surface insulation can be a natural oxidation layer, an organic enamel, or 

an inorganic surface treatment. This breaks the continuity of the eddy-current-paths when 

the flux changes with time in a direction parallel to the surface plane of the lamination 

and reduces the losses. In general, the thinner the laminations, the lower the losses, since 

the eddy-current losses increase with the thickness of the lamination. 

In laminated structures, eddy currents are minimised by constraining the flux to flow 

parallel to the surface plane of the lamination. Unfortunately in axial flux machines, such 

as the hybrid stepping motor, where flux is required to cross from one lamination to 

another, it has to travel through an inter-lamination boundary, figure 7.1. This boundary 

will act similar to a small air-gap, but with undefined and random dimensions. Therefore 

there will be an MMF drop at each inter lamination air-gap reducing flux and hence 

torque. Consequently if the areas of the motor that tend to experience cross lamination 

flux are replaced by an isotropic material, the MMF drop across the laminations could be 

reduced. 

Electrical sheet steels have been the overwhelming choice for the soft iron structure in 

electrical machines, subject to time varying magnetic frequencies. Stebon Ltd. use 

TRANSIL a steel which was selected to reduce losses at higher frequencies. The grade of 

steel and lamination thickness is selected to reduce losses associated with its operating 

frequency and eddy currents. For applications (for example aerospace) where the 
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fundamental frequencies of operation may be high, laminations of 0.1 mm thickness 

silicon and cobalt steels may be found. As stated the hybrid stepper motor may operate 

with frequencies of over 1 KHz, where the iron losses become a large order of magnitude. 

Reducing the thickness of the lamination is not a viable option because of the losses 

associated with cross lamination fluxes. This is where the use of soft magnetic composites 

becomes attractive. 

Eddy Currents can 
Eddy Currents will 

now flow In material 
flow in laminations 
that oppose the flux 

Lamination Material 

---------- T 
Adhesive etc. 

airgap Inter lamination airgap 

Adhesive etc. 

------------ 

Lamination Material Eddy Currents are 
restricted when flux goes 
along laminations 

FIGURE 7.1: -' Close-up Representation of Two Adjacent Laminations 

7.3, Soft Magnetic 'Composite Materials 
Soft magnetic, composite Materials (SMC), also commonly known as powdered irons, 

consist of metal powder particles of pure iron. The use of pure iron instead of alloying 

elements offers the highest saturation induction outside cobalt/ iron composites. Alloying 

elements are often introduced to minimise eddy current loss. In the case of soft magnetic 

materials, an insulating layer on the surface of the iron particle reduces the eddy current 
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loss in all directions. To obtain a high flux density at low field strengths, high 

compressibility iron powder is used with a high compacting pressure, in an attempt to 

achieve this. Production techniques require the addition of lubricants and resin to enhance 

the strength of the material. These therefore degrade the permeability and make the 

material less suitable for low frequency applications. 

7.4 Magnetic Properties of Soft Magnetic 
Composites 

7.4.1 Iron Loss 

If the material is used at low frequency it is only competitive with low grade lamination 

steels. However at frequencies higher than 50 Hz, the laminated steel's performance is 

reduced, because of elevated frequency dependent losses. This makes the stepping motor 

an attractive option as it naturally operates at high electrical frequencies. However there is 

still a concern because of the relatively low unsaturated permeability. Figure 7.2 shows 

the B-H curve differences between a high grade steel and a high grade powdered iron. 

This curve is for a soft composite material that does not contain strengthening resin and 

machining lubricants. 

7.4.2 Unsaturated Permeability 

The unsaturated permeability is not as high as typical magnetic steels, and is 

approximately two thirds that of the magnetic steel. This can become a particular problem 

with small machines, which are magnetised from the armature, and where a large coil 
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current is found. This suggests that the material may only be suited for larger machines, 

where there is more flexibility for the choice of electric and magnetic loading. 

2. s 

s 
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04 

FIGURE 7.2 - Comparisons between the B-H curves of High Grade Powder Iron and Silicon Steels 

7.4.3 Isotropy 

As the material behaves equally in all directions, it is known as isotropic. This is 

important both thermally and magnetically. The bulk thermal capacity of the composite 

material is similar to laminated steel, in all directions, whereas the laminated steel has a 

greater thermal capacity in the plane of the lamination. This allows the heat transfer in a 

powdered iron to be isotropic, aiding cooling in all directions in the core. 

The isotropic magnetic characteristics are more important. The machine types which 

appear to justify powdered iron consideration are those with three dimensional magnetic 

flux structures and those with high operating frequencies. Losses associated with field 

variations normal to the plane of steel laminations (combined with the back EMF effect) 

limit the maximum speed of a motor. With powdered iron the improvement of torque per 

unit volume has good potential, particularly at elevated flux frequencies. 
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7.5 Improving Characteristics of the Hybrid 
Stepping Motor with SMC materials 
The iron losses of the stepping motor could be reduced for the higher frequencies of 

excitation. However at low speeds this is offset by the lower permeability of the materials, 

reducing the flux. The hybrid stepping motor which has the unusual structure of an axially 

magnetised magnet, placed within its centre core, causes the flux to cross laminations in 

the z-direction. As the motor has significant radial, axial and tangential components of 

flux, the motor is a truly three dimensional machine. If the reduced losses at high 

frequency are sufficient to overcome the lower permeability, a better high speed stepping 

motor may be produced. This all depends on the economics, ease of construction, and 

robustness of the materials to be used. 

7.6 Analysis of Hybrid Stepping motors Using 
Finite Element Software 

By using the static three dimensional finite element software, an investigation into the 

positive uses of soft material composites may be established. However three dimensional 

finite element software produces static analysis of the hybrid stepping motor. 

Unfortunately, dynamic non-linear finite element analysis of rotary machines would be 

extremely computationally expensive for each possible motor design. However if 

improvements in the static performance could be made by altering the machine design 

with powdered iron, benefits obtained in dynamic performance would naturally transpire. 

The following results are for a Stebon 1101 type motor. 
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7.6.1 Total Replacement of Steel by SMC Materials 

'the simplest investigation is to totally replace all the motor steel with SMC material. This 

involves switching from an anisotropic material with a packing factor to an isotropic type 

with the revised magnetisation characteristic. Table 7.1 shows the results of switching the 

steel to a SMC type P1171 manufactured by SMP [Appendices]. Referring to Table 7.1, it 

can be seen that at higher currents the torque is higher when using the laminated steels 

due to the increased permeability. At low current levels the SMC material produces better 

torque. The isotropic nature of the powdered iron is seen to be beneficial. With two phase 

excitation there is more flux flowing through the back iron, again the reduced 

permeability of the SMC is seen. This causes the difference in torque at low excitation to 

be of a lower margin. The motor is unlikely to run at low current levels and in single 

phase, and this makes SMC unsuitable to wholly replace the lamination steel. There may 

be some indication that changing either the rotor or stator by the soft magnetic composite, 

may produce improved results, however because the teeth may be operating with a flux 

density of around two Tesla, they would quickly saturate. 

Some parts of the motor may be successfully replaced by SMC. The ideal locations are 

where the flux density does reach over 1.5 Tesla and has a high component of axial flux 

crossing the laminations normal to the surface plane. Places of low flux-density in the size 

42 motor are the back iron ring and the centre region of the stator above the air-gap. The 

latter is because the flux does not fully fringe to the centre as described in figure 7.3. This 

effect particularly noticeable when the magnet length is a large percentage of the stator 

stack length. 
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SINGLE PHASE TORQUE (Nm) TWO PHASE TORQUE (Nm) 

3.5 Amps - Silicon Steel 
Laminations 

1.494 2.723 

3.5 Amps - SMC 1.582 2.755 

7 Amps - Silicon Steel 
Laminations 

2.415 4.647 

7 Amps - SMC 2.133 4.028 

Table 7.1 -Laminated structure versus replacement by Powdered Iron for 1101 Motor 

7.6.2 Partial Replacement of Steel by SMC Materials 

Areas where the flux flows in an axial direction are found mainly in the rotor end-caps 

and in the centre of the stator core. Even though the flux density by be relatively low in 

this region, the M IF drop in these regions may be considerable as the flux has to travel 

across the laminations. Further research was undertaken to change the centre piece of the 

stator to SMC. 

FIGURE 7.3 - Low area of Flux Density in the Stator due to rotor Fringing 
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7.6.3 Using a SMC Ring to Replace the Central Stator 
Laminations 

If the central section of the motor was considered as a single section of the core pack, it 

may prove easy to replace this part with a `thick' lamination of the new soft magnetic 

composite material. This would the aid the manufacturing process of the complete motor. 

Unfortunately the material to be considered would have to machined from standard slugs, 

if any complex design was to be included. This would include teeth. In a complete 

manufacturing process the design would be formed by pressing the SMC material. 

Several designs were investigated to see the practicality of using a central ring of the SMC 

material in the centre of the stator core. These were based around the original dimensions 

of the Stebon 1101 motor. The stator pole representation is based upon figure 7.4. 

Design 1; Stator central section ring, stack length section of 10 mm, which is equal to the 

magnet length. Packing factor on remaining stator laminations being 0.98. The geometry 

of the ring being identical to the standard steel lamination in the X-Y plane. 

Design 2; Stator central section ring, stack length middle section of 10 mm width. 

Remaining steel stator laminations having a packing factor 0.98. Saliency is added by 

removing the teeth from the bottom of the powdered iron section. The triangular section 

above is still included. 
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Design 3; Stator central section ring, triangular pole section removed to achieve a straight 

pole similar'to switched reluctance lamination. Width of section again 10 mm. Packing 

factor 0.98 for; remaining steel laminations. 

Design 4; Stator central section ring. Pole section removed. Only back iron ring kept. 

Again with 10 mm width, and remaining stator lamination packing factor of 0.98. 

Design 5; Stator central section ring; As design I but with stack of length middle section 

increased to 29 mm width. Packing factor 0.98. 

Design 6; All . stator back iron and teeth of central section replaced with SMC; Section 

length of SMC being 10 mm. Steel laminations remaining being of packing factor 0.98. 

No castellations. " Back' iron throughout the stator is constructed of soft magnetic 

composite materials. Design difficult to construct. 

DESIGN 4 

DESIGN 3 

DESIGN 2 

DESIGN (1,5,6) 

FIGURE 7.4 - New Pole Design for Powdered Iron Ring. 
Note the position of the teeth arcs on the steel laminations. 
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The results for static torque are presented in table 7.2. The standard reference motor 

having a stator of steel laminations with a packing factor of 0.98. 

The results show that with the exception of Design 6 most of the designs perform well at 

low excitation in a single phase capacity. However as the single phase excitation level 

increases only design 1 and 2 offer real improvements. Design 1 is aided by the central 

teeth not being pushed to higher levels of flux density in the central region of the motor's 

stator. Design 2 forces the flux to travel in an X-Y direction up into the teeth by adding 

saliency to the region of low flux-density. At higher levels of flux-density this may 

penalise design 2. When the excitation system is switched to two phase, again the only 

designs of promise are 1 and 2. Here at higher excitation, they are on par with the 

completely laminated steel design. 

Design Single Phase 

(3.5 Amps) 

Single Phase 

(7 Amps) 

Two Phase 

(3.5 Amps) 

Two Phase 

(7 Amps) 

Standard 1,494 2.415 2.723 4.047 

1)rýi nI 1.606 2.463 2.831 4.649 

Design 2 1.613 2.535 2.867 4.652 

I)csitgn 3 1.483 2.19 2.75 1.13.1 

Design 4 1.433 2.028 2.434 3.772 

)csi nS 1. x38 2.3: 12 2.61 8 

Design 6 1.18 1.690 1.759 2.193 

'f'able 7.2 - Torque Results I'or Yuwtlercd Iron Sections Investigation 
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Having established that designs 1 and 2 offer the best static performance in relation to the 

standard design, the option of which type to further research has to be made. The two 

dominant factors are the strength of the structure, and the flux density limits of the 

material. 

As the excitation rises, the fringing flux from the rotor end-caps travelling into the centre 

of the stator increases. This will eventually degrade the performance of design 2, below 

that of design 1. However within the normal operating range of the motor (7 Amps), a 

difference in performance would be minimal. 

The soft magnetic materials have a notorious history of being extremely brittle. Though 

the addition of resins and lubricants aid machine processes they also degrade magnetic 

performance. With the powdered iron positioned between two packs of steel lamination 

they would act as a form of mechanical shield. However there is doubt about the ability of 

a set of SMC teeth on the stator to withstand honing. Therefore because of this, and the 

simplified structure of design 2, it seemed more suitable to develop this. A three 

dimensional model of design 2 is shown in figure 7.5. 
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FIGURE 7.5 - Design 2 Ring Position in Stator 
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7.6.4 The Effect of Changing the Width of the SMC Ring 

Having established the profile of the design to proceed with, the effect of varying the SMC 

length within a fixed length stator was examined. Presently this length is set at 10 mm 

chosen because it matched the length of the rotor magnet. The profile of design 2 was 

therefore evaluated at various thicknesses. The curves of figures 7.6 to 7.9 are drawn from 

polynomial fits to data collected by varying the lengths of the SMC to find the static 

torque output. In single phase low excitation, it appears that the length of the section could 

be increased, as the flux can be pushed into the steel teeth, without saturating. As the 

excitation increases there is a sudden drop of torque as the fringing flux from the rotor 

end-caps becomes much more abundant and saturates the iron. This is further 

demonstrated in the two phase excitation scheme as the length at which the SMC material 

produces increased torque reduces as excitation increases. It therefore appears that for the 

normal operating current range of the motor a slightly smaller length than the magnet 

length should be considered. 

T(N 
2 1.6 

1 6 . 

58 1. 

1.56 

1.54 

1.52 

1.5 

48 1 . 
05 Length (mm) 10 15 20 

FIGURE 7.6 - Torque at 3.5 Amps Single phase Relative to Increasing Length of Powdered Iron Sections 
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FIGURE 7.7 - Torque at 7 Amps Single phase Relative to Increasing Length of Powdered Iron Sections 
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FIGURE 7.8 - Torque at 3.5 Amps Two phase Relative to Increasing Length of Powdered Iron Sections 
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FIGURE 7.9 - Torque at 7 Amps Two phase Relative to Increasing Length of Powdered Iron Sections 
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7.6.5 Dynamic Advantages 

The study presented has been on the static performance of the motor. The aim was to find 

the geometry of the SMC material which optimised the static performance despite the 

lower permeability of the SMC. The other key elements described previously were 

concerned with dynamic properties, such as improved thermal conductance and lower 

losses at higher frequencies. The finite element software used in the project unfortunately 

cannot model these dynamic effects, and thus the effects of reducing or increasing the 

section length cannot be found without experimental methods or new software. However it 

is anticipated that any improvements demonstrated in static conditions will be further 

enhanced under dynamic conditions. 

7.7 Building a Stepping Motor with a Soft Magnetic 
Composite Section 

There are only a few manufacturers of soft magnetic composite materials in the world. In 

Europe the two main suppliers are SMP of Germany, and Höganäs AB of Sweden 

[Appendicies]. SMP material data was used in the previous finite element analysis. 

Neither company could supply a slug the size of the outer diameter of the size 42 frame. 

Höganäs AB indicated that within the near future this slug would be available, when they 

moved to a new factory site. Höganäs AB could supply a soft magnetic material composite 

slug that could be machined for a size 34 motor. The decision was made to build a size 34 

frame motor based on the same design as design 2, in an attempt to understand some of the 

dynamic effects of the new material. The details of this material are found the in the 

appendices. 
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The next stage was to obtain the slug from the Swedish plant. After obtaining the slug, it 

would need to be wire eroded to the appropriate shape. A company was found and the 

material was sent with the relevant drawing. The material was returned and unfortunately 

had not been packed well. The result was that the sections were broken, due to the brittle 

nature of the material. After trying to repair the sections it was decided that the process 

would have to begin again. Fortunately Höganäs AB were willing to supply the slug again 

and it was wire eroded again. However a heavy time penalty was incurred. 

7.7.1 , Revising the Design fora Size 34 Frame Motor 

The plan was to build föur' 34-frame single stack motors. Again the lengths of the SMC 

sections were to : be based around the magnet length. The basic dimensions were as 

follows: The rotor end-caps are of length 12 mm. The magnet being nominally 5.7 mm. 

With. a stator core, pack length of 30 mm. The lengths for the SMC material to be 

evaluated are 4,5.7 and -10.5 mm. These represent a loss of 13,19, and 35% of the 

effective tooth area'from the stator core pack. 

(ý ý 
ýý_ý' 

The motors , were, to, be constructed to the same style as the larger 42 frame, design 2. 

However in the smaller motor the lower permeability may have a more significant effect, 

since there was a similar coil MMF in both the larger and smaller motors. Also because 

the SMC had a lubricant added for machining, the magnetic properties were further 

reduced. 
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At the same time as the smaller size 34 motors were being built, a new finite element 

model was created. This involved creating an 850 model from the beginning and solving 

for the useful average two phase torque prediction. 

7.8 Experimental Results 

The following results have been taken using a CD60 [3] drive operating under half 

stepping with a 85V DC bus voltage. The motors have been wound in parallel to allow 

testing at higher rotor speeds, where the benefits of the powdered iron should be more 

noticeable. 

7.8.1 Normal Operating Current Results 

The motors are rated at 4.5 Amps RMS two phase on. The drive was set to be just above 

this rating at 4.9 Amps. The results are shown in figure 7.10. All the motors produced 

lower torque than the standard laminated design at low speeds. The machine with the 

smallest length of SMC (4 mm), matches the torque output of the standard machine at 

around 12 rps. It then follows a slightly higher profile for the rest of the range. The motor 

with the middle length of material (5.7 mm), has a much flatter low speed curve, albeit 

with a decreased power out. At half the speed the motor produces power out which is 

equal to the standard motor and this continues to climb for the rest of the speed range. The 

motor with the largest section of powdered iron, produces far less torque, this is inherently 

due to loss of holding torque from the removal of teeth. From the power curve of figure 

7.13 it does exhibit a very linear response. However this machine does exhibit the greatest 

power out at high speeds. The peak power out of this motor appears to be above 50 rps. 

The Design of HAM Stepping Motors aided by Three Dimensional Finite Element Analysis 232 



CHAPTER 7 Application of Soft Magnetic Composite Materials in the Structure of the Hybrid Stepping 
Motor. 

1.40- 

1.20- 

1.00- 
standard 

0.80 t SMC(Mm^) 

SMC(5.7mm) 

0.60 
T(Nm) _ SMC(1O. 5mm) 

0.40- 

0.20- 

0.00- 
0 10 20 30 40 50 

Speed (Rps) 

FIGURE 7.10 - Torque Speed for 4.9 Amps Excitation 

7.8.2 High Current Results 

In the last test all the motors produced less torque at low speeds than the normal motor. 

The same result occurs for a higher test current test of 6 Amp RMS (figure 7.12). The 

Hysteresis loss for the SMC lowers the efficiency of the motors at higher currents and 

lower speeds. As the speed increases and current is reduced due to the inductance of the 

winding and the reduced permeability of the SMC material becomes less dominant. The 

The Design of Hybrid Steaaing Motors aided by Three Dimensional Finite Element Analysis 233 

]FIGURE 7.11 - Power for 4.9 Amps Excitation 



CHAPTER 7 Application of Soft Magnetic Composite Materials in the Structure of the Hybrid Stepping 
Motor. 

motor with the shortest length of SMC component motor provides a similar performance 

to the laminated motor at relatively low speeds. It eventually produces slightly more 

torque at medium to high speeds, and then its torque falls off at a similar gradient to that 

of the fully laminated structure. 

Torque(Nm) 
1.60- 

1.40- 

1.20- 

1.00- 
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0.80 
. 

SMC(5.7mm) 

0.60 
MC(105mm) 

0.40 

0.20 
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FIGURE 7.12 - Torque Speed for 4.9 Amps Excitation 

The motors with the medium and longest lengths of SMC motors produce less torque at 

low to mid speeds. The motor with the longest length of SMC achieves equal torque at the 

maximum upper speed. The middle length of SMC material only gives equal torque to the 

standard design around mid speed. Referring to the shaft power graph of figure 7.13, the 

motor with the middle sized section gives an increased shaft power over the standard 

design. The largest section of SMC produced a flat power out curve, and at very high 

speeds may produce an enhanced output power. 
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FIGURE 7.13 - Power for 6 Amps Excitation 

7.8.3 Low Current results 

In the previous tests, concern has been expressed about the high magnetising field 

produced by the high current, hence producing large hysterises losses that reduce low 

speed torque. The motors were now tested with a current of 3.8 Amps RMS. The low 

current experimental data (figure 7.14) is more favourable to the material for hysterises 

losses. The two shorter SMC component machines offer a similar low speed performance. 

The increased flux density of the smaller 34 frame motor is sufficient to offset the gain 

produced by the isotropic nature and the added saliency. They both produced a better mid 

speed torque output, which interprets as a greater shaft power output than the standard 

motor. The motor with the middle sized SMC section obtains a better high speed output 

due to the reduced eddy current losses. This has to be contrasted with the slightly lower 

holding torque output. The larger SMC sections offer a slightly lower performance, and do 

not appear to offer any advantage over the smaller sections. The resulting power out 

curves would be very similar. 

The Design of Hybrid Stepping Motors aided by Three Dimensional Finite Element Analysis 235 



CHAPTER 7 Application of Soft Magnetic Composite Materials in the Structure of the Hybrid Stepping 
Motor. 

T(Nm) 
1.00 

0.90 

0.80 

0.70 
--' standard 0.60 

f. _ SMC1(4mm) 

0.50 
-ý- SMC(5.7mm) 

0.40 SMC(10.5mm 

0.30- 

0.20- 

0.10 

0.00 

0 10 20 30 40 50 

SPEED (RPS) 

FIGURE 7.14 - Torque Speed for 3.8 Amps Excitation 

7.9 Finite Element Study on 34-Frame for 
Comparison 

The following section details observations made by a brief finite element study for the 

comparison of SMC component motors to the standard 34-frame type motor. Figure 7.15 

shows a finite element representation of the 34-frame motor. The analysis used a SMC 

length of 5.7 mm, with the motor operating in two phase. The results are summarised in 

table 7.3. 

FE (Standard FE (5.7 SMC Experimental Experimental 
Model) Middle core) Standard Motor 5.7 mm Middle 
Average Average Maximum Low SMC Core 
Torque Torque Speed Torque Maximum Low 

Nm) Seed Torque. 
Current 1.00 1.13 0.99 0.97 

3.8 Am Rs RMS. ) 
Current 1.29 1.31 1.35 1.16 

(4.9 Amps RMS. ) 
Current 1.56 1.44 1.52 1.32 

-6.0 Amps RMS. 

TABLE 7.3 - FE to Experimental Data Results 

The Design of Hybrid Stepping Motors aided by Three Dimensional Finite Element Analysis 236 



CHAPTER 7 Application of Soft Magnetic Composite Materials in the Structure of the Hybrid Stepping 

Motor. 

FIGURE 7.15 - FE Representation of the 34 - Frame Motor 
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The results show that the finite element prediction for the average torque of the standard 

motor is relatively good. However the FEA results for the SMC ring are overoptimistic. 

For the middle excitation, the 4.9 Amps FE predicts a higher performance than the 

standard motor, but this was not found in experimental data. At higher currents the trend 

is correct but of the wrong magnitude. One problem lies in the difference between the 

supplied slug of soft magnetic composite material and that modelled. The supplied form 

of material was envisaged to be machined and hence had some lubricant and resin added 

to protect it from this process. This would degrade its magnetic performance. The SMC 

modelled by the finite element software was considered to be a press moulding type, 

retaining its magnetic properties. If the motor was to be manufactured the part would be 

pressed. 

The flow of flux through the back iron can be seen in figures 7.16 and 7.17. Here it can be 

clearly seen that the flux prefers to flow in the z-direction in the SMC machine, due to the 

isotropic nature of the material. 
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FIGURE 7.16 - Flux Flowing through Back iron of a Standard Motor 
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FIGURE 7.17 - Flux Flowing through Back iron of a SMC Composite Motor 

7.10 Applications of Soft Magnetic Composite in 
Hybrid Stepping Motors 

The key features of using these materials in the hybrid stepper motor which have been 

highlighted by this chapter are: 

" Improved isotropic nature with press mouldings, giving the possibility of improvements 

in static and low speed torque. 

" Smoother torque/ speed performance curves, giving more uniform shaft power. 

" Greater power out at elevated speeds due to the lower eddy current losses. 

" Lower performance by machining parts rather than pressing. 

. Reduced performance at higher saturation levels due to hysteresis losses. 

If the motor has a reduction gearing mounted to its shaft, the motor will not typically run 

at low speed. The normal operating range would be at middle speed. The graphs of torque 
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and power versus speed, indicate improvements in this particular region, making the 

motors with SMC suitable for adoption. 

In pusher systems, such as wood sawing, the shaft power required is generally at higher 

speeds, where the motor is highly loaded. The lower speed range is used for accelerating a 

smaller load (such as the wood), and the motor requires the power when pushing the wood 

into the cutter at higher, more constant speeds. 

The very flat (but much lower torque) torque/ speed response of the motor with the large 

section of SMC material could be utilised where a fast or simple control method of speed 

and acceleration was needed, such as `on-the-fly' applications. If a packaging machine 

had different length products, the acceleration required to process the products would be 

different for each length. With a flat torque speed capability, the complete acceleration 

profile would only be set with one value that would match the linear power out curve of 

the motor. This would offer a simple control system and one that would not have to 

recalculate the acceleration for each product. The lower torque could possibly be used to 

protect the products from damage during a jam. The motor would stall before excessive 

force could be delivered. 

A standard motor could have its performance rewound for a higher speed by reducing the 

number of phase turns and hence lowering the inductance. If the finite element predictions 

for a pressed section of soft magnetic material are accepted, then the SMC motor design 

would offer an improvement in performance over the complete torque range. However 

the gradient of shaft power to speed in the results shows a trend towards a flat power out 
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curve (figure 7.15). Once maximum power is reached, the torque falls off at a rate of 1/w, 

whereas a standard rewound motor would have high speed torque fall off at a greater rate. 

It can be concluded, therefore, that there are some distinct possibilities and advantages for 

the use of soft magnetic composite materials in hybrid stepping motors. The experimental 

results have shown that although, the designs have a lower low speed performance there is 

significant high speed improvement, due to reduced losses. The use of pressed parts would 

offer greater performance than machined parts. 
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CHAPTER 8 

CONCLUSION 

8.1 Conclusion 

A stepping motor is a synchronous motor which is used in low cost positioning systems. 

Within their dynamic error limits, accurate path following and precise point to point 

control can be achieved. Their inherent holding torque and stiffness make them ideal for 

point to point positioning and for point to point motion applications. Stepping motors have 

been traditionally used in the office machinery market, and designs are still based upon 

types suitable for slow speeds, operating within in the stop start region. 

The construction procedures of hybrid stepping motors can dictate the possible 

improvements of the motor due to machining processes and geometry tolerances such as 

air gap radius. This thesis includes a comprehensive study of the manufacturing process 

for these motors and the quality test procedures to ensure consistent motor performance. 

This study allowed the author to understand some of the `real world' constraints on 

designing these motors. The verification of motor performance can be achieved by a series 

of tests that have been described that allow a designer to understand some of the 

fundamental performance elements in the motor. 

Traditionally the hybrid stepping motor has been designed and analysed using a 

combination of experimental and empirical two dimensionalised studies. Two dimensional 

finite element software has been available for some time that allows a designer to study 
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the air gap tooth regions of the motor. However there has been little study into complete 

three dimensional modelling of the hybrid stepping motor, due to the complexity of the 

motor and the limited power of early 3-D FEA packages. The author has presented to his 

belief the first comprehensive study of the motor using three dimensional finite element 

analysis. This has allowed the author to describe key fundamental properties with a new 

insight. 

From the study of the motor in 3-D, properties of the electromagnetic structure of the 

motor, in particular the back iron and teeth (which in the pasthave been widely 

disregarded) have been noted. These have been incorporated in to a new lumped element 

model that runs on a personal computer. 

The mathematical models include derived equations for fitting the characteristics of highly 

permeable modern electromagnetic steels, and permanent magnets. These have been 

shown to perform better than the established Jiles-Atherton equations. 

A key feature of the mathematical model is a technique of analytical solutions to the paths 

of flux within the motor using ellipses. The ellipse has been shown to be a more accurate 

representation of flux lines in certain parts of doubly salient machines, compared to 

circular paths assumed by previous authors. 

Recent designs of stepping motors have looked to maximise low speed torque, without 

consideration of dynamic effects such as inductance and hence high speed performance 

has not been necessarily been improved. Industrial machinery demands faster throughput, 
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requiring increased torque at higher speeds, maximising shaft power. In a market sector 

coming increasingly under attack from brushless DC servo systems, stepping motor 

designs must retain their low cost, and improve their power output. 

The software'and modelling technique developed in this project has allowed development 

of two quite different conceptual designs of high shaft power motors. The first described 

in chapter .6 
involved a redesign of the stator tooth profile to produce smoother operation, 

with low vibration and 
, acoustic noise across a wide range of speeds. Whilst there was a 

small drop in holding torque there was a significant increase in high speed power out. 

When coupled with a microstepping drive a further improvement in performance has been 

demonstrated. Such designs should find acceptance in machines requiring increased 

throughput, quiet operation and low vibration. 

The second new design described in chapter 7 used soft magnetic composite materials in 

place of some laminations in the stator. Two motors were analysed by finite element 

analysis (a size, 42 and 34 frame size), and predicted that a pressed moulding of the new 

lamination would offer increased static torque, due to the composite isotropic effect in the 

motor back iron. ' Due to the material available in terms of diameter size the smaller 34 

frame motor was built.. This 'demonstrated lower eddy current losses and improved shaft 

power at medium to high speeds. 

For high speed performance voltage is generally the most important factor. High speed 

performance can be attained by using low inductance windings, requiring high current for 
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low speed torque. The new designs should allow higher speeds with lower voltages, and 

lower currents to be utilised. These high speed improvements are not voltage related. 

8.2 Author's Contribution to Knowledge 

A large amount of work has been carried out by the author on the study of stepper motors 

using two dimensional and three dimensional finite element methods. This thesis offers 

the first comprehensive study of the hybrid stepping motor with three dimensional 

electromagnetic analysis. The effect of the laminations in parts of the motor has been 

demonstrated to be a hindrance in the torque production of the motor. The author has 

presented some possible ways of using soft magnetic composite materials to reduce the 

loss of energy due to eddy currents associated with axial flux paths. Design work on tooth 

profiling has been demonstrated that can produce greater shaft power and lower mid- 

speed resonance in the motor. Together these advantages will allow stepping motors to be 

manufactured for applications requiring higher speed positioning with low acoustic noise. 

Completely new equations for modelling the new generation of highly permeable magnetic 

steels have been detailed. These new equations have also been used for modelling 

numerous characteristics of the motor. Elliptical path mapping of flux lines has been 

demonstrated to give a more accurate description of flux contours. 

8.3 Future Work 

It has been demonstrated in this project that two dimensional finite element methods are 

extremely useful for modelling the tooth / air gap region of the motor. With the recent 

development of two dimensional design environments which through parameterisation of 
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the geometry allow the rapid creation of FE meshes, it would be worthwhile to incorporate 

such a link into the HyStep program. 

As the project neared its completion, soft magnetic materials of the size 42 frame diameter 

became available. It would be particularly worthwhile to manufacture a size 42 frame 

motor with a SMC ring, since the simulations were very encouraging and should produce a 

better improvement in performance than was achieved with size 34 frame motors. Design 

of a rotor incorporating powdered iron would also be attractive and should be investigated 

to find how SMC behave in physically rotating axial component. 

This project has shown two very different ways in which stepping motors can be 

improved, each giving at least 10% more high speed power output. Further work should be 

done to determine what improvements can be gained by the design of a motor which 

incorporates both the revised tooth profile and appropriately placed powdered iron 

sections. The potential for a very significant increase in high speed power exists. 
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APPENDIX A 

Motor Specifications 

Details of Stebon SDT-1101-250-70 Motor Referred to in this thesis. 

-Hybrid Design 

-1.8° Step Angle (200 Steps for Revolution) 

-Two phase Bipolar Winding 

-Class F insulation to EEC 85 and BS2757 

-Nema 42 Frame and Flange Size 

-Bearing Loading, axial 180N maximum 

-Bearing Loading, radial 330N maximum 

-Maximum Detent Torque 0.12Nm 

-Parallel Resitance per Phase 0.26 ohms 

-Parallel Inductance per Phase 2.8 mH. 

-Bi-polar Current per Phase 7A 

- Rotor Inertia 3.65 Kgm2 

-Motor Weight 4.8 Kg 

-IP44 Rating 

Details of Stebon SDIr851-250-45 Motor Referred to in this thesis. 

-Hybrid Design 

-1.8° Step Angle (200 Steps for Revolution) 

256 



-Two phase Bipolar Winding 

-Class F insulation to IEC 85 and BS2757 

-Nema 34 Frame and Flange Size 

-Bearing Loading, axial 160N maximum 

-Bearing Loading, radial 250N maximum 

-Maximum Detent Torque 0.05 Nm 

-Parallel Resitance per Phase 0.24 ohms 

-Parallel Inductance per Phase 1.5 mH. 

-Bi-polar Current per Phase 4.5 A 

-Rotor Inertia 0.6 Kgm2 

-Motor Weight 2.2 Kg 

-IP22 Rating. 



APPENDIX B 

Three Dimensional Algorithm (Opera-3-D / Tosca) [ýý, i 6] 

Stationary magnetic fields consist of both solenoidal and rotational components. The field 

produced by electric currents has a rotational component inside the volumes where current 

flows. In the exterior space the field is solenoidal but the scalar potential is multi-valued. 

The field produced by magnetised volumes is solenoidal. It is convenient to separate the 

total field into two parts in order to obtain a description of the field in terms of the scalar 

potential. The total field intensity H may be expressed as the sum of the source field 

intensity H. and the reduced field intensity Hm. 

14 = Hg+ Hm (A. 1) 

The source field can be obtained directly from Biot-Savart law by integration over the 

region S2; containing the current 

Hf = LIRI JS29 
. (A2) 

The field satisfies 

VxHS=J, (A. 3) 

so that 



VxHM=o. (A. 3) 

The reduced field intensity can now be represented using the reduced scalar potential, q, 

H= -VO. (A. 4) 

The divergence of the flux density B is always zero. Introducing the permeability tensor, µ, 

and combining the expressions for the source and reduced field intensity, gives the partial 

differential equation for the reduced scalar potential. 

p"µpý-p"µ ýJRRdfl, =0 (A. 5). 

This equation can be solved using the finite element method. However, in magnetic 

materials the two parts of the field HM and H, tend to be of similar magnitude but opposite 

direction. Therefore, cancellation occurs in computing the field intensity H, that results in a 

loss of accuracy. The errors can be completely avoided by combining the total and reduced 

scalar potential representations. Hence, exterior to the volumes where currents flow the 

total field can be represented using the total scalar potential's'. 

H= -VT, (A. 6) 

where the total scalar potential satisfies 



v"gVT=o. (A. 7) 

The minimal combination consists of using the reduced scalar potential only inside volumes 

where current flows and the total potential everywhere else. 



APPENDIX C 

The following pages are the . CPP files from the HyStep modelling program. The .H header files are not included due to space restrictions. 



IP"BH dialog window function """l1 

DEFINE RESPONSE TABLEI(CBhDialog, TDialog) 
EV COMMAND(I04, Entu<Button), 
EV_COMMAND(107, DefaulButton), 
E% COMMAND(I08, C1earButton), 

END RESPONSE TABLE; 

/f'" dialog defaults """ 
TBhDialog: -TBhDialog(TWindow" parent, tonst char' name) 
: TDialog(pazent name), 

Mindow(parent) 

//steel BH data default awe 
DEFpomt=27; 

DEF[0J. "; 
DEF[IJ b-. 64; 
DEF[2]. b=. 92; 
DEF[31. b=1.01; 
DEF[4] b=1.1; 
DEF[5] b=1.2; 
DEF[6]. b=1.3, 
DEF[7) b=1.4, 
DEF[8] b-1.45; 
DEF[9] b=1. S; 
DEF[1O]. b=1.55; 
DEF[I lJ. b=1.575; 
DEF[12]. b-1 6; 
fo: (mt bh=13, bh<27, bh++) 
DEF[bhj. b=DEF[bh-1 ]. b+0.05; 

DEF[O]. h=O; 
DEF[T] h=OSAm; 
DEF[2]. h=OSAm"1.7; 
DEF[3]. h=OSAm'2; 
DEF[4]. h=OSAm"2 4; 
DEF[5]h=OS4m"3; 
DEF[6] h=OSAm"4, 
DEF[7]. h=OSAm"6.2; 
DEF[8]. h=OSAm'8.1; 
DEF[91 h-0SAm' I1; 
DEF[IO]h-OSAm'16; 
DEF[l l]. h-OSAm"20, 
DEF[12]. h-OSAm"27; 
DEF[13] h=OS. 4m'42; 
DEF[141. h-OSAm'60; 
DEF[I5]. h-OSAm"82; 
DEF[ 16]. h-OSAm' 115; 
DEF[17]1-0SAm'150; 
DEF[l8]. h--OSAm'190; 
DEF[19]. h-OSAm'233; 
DEF[20]. h OSAm*280; 
DEF[21] hvOS 4m'345; 
DEF[22]. h-OS. 4n'450, 
DEF[23]. h-OSAm'600; 
DEF[24]. h=OSAm'SOO; 
DEF[25]. h-OSAm' 1180; 
DEF[26I lr-0SAm'1600; 

/////////"' magnet bh data default "" 
DEFinagpoint=l7; 

DEFinag[0]. b-0; 
DEFinag[1]. b-. 155; 
DEFinag[2]. b=. 27; 
DEFinag[31 b-. 35; 
DEFinag[4] 1.43; 
DEFinag[5]. ba. 5; 
DEFinag[61. b. 57; 
DEFinag[7]. 1r. 62, 
DEFinag[8]. b=. 66, 
DEFinag[9]. 1r. 7; 
DEFinag[ 101. b-. 74; 
DEFinag[11j. b-. 775: 
DEFinag[121 b- 8, 
DEFinag[131. b. 84; 
DEFinag[14j. b-. 87; 
DEFinag[ 151 IY 88; 
DEFinag[16]. b 

. 
4, 

DEFinag[0]. h-1600. OSAm; 
fot(bh-l; bh<17; bh -f) DEFinag[bh]. h-DEFinag[bh-Ij. h+(100. OSAm); 

} 
//'"" and of default data "*" 

//-FUNCTIONS CONTAINED WITHIN DIALOG WAIDOWS*--/j/ 
// DEFAULT BVITON// 
void 
TBhDialog:: DefaWtButtonO //LOADS DEFAULT CURVE INTO CURRENT CURVE SPACE 



fl-READERS"' 
#mdude <os\geometry. h> 
#Sndude <ow \gdiobjec. h» 
#iindude "oom. h' 
#indude"bh. h" 
sundude "dassla h" 
#mdude 'mast h" 
xmdude "wchild. h" 
#indude "drawgeo. h' 
mndude"wmdmam. h' 

1///ll//llll! //Ill/l1/l 
double Blmag(NOST (51NOST [51, FIuxMmf (DIS1GEO, classBH); 

FluxLita get(CurveCtttve. Curve, Curve 
, 
double, Curve double, double double, 

floatint, int ); 

FluxLink getDENT(Curve Cutve, Curve 
, 
Curve 

, 
double); 

double coENG(floatintdoubledoubledouble d(uble, mtdouble); 

It� MENU COMMANDS LINKED to Functions" 
DEFINE RESPONSE TABLE I(TDbWmdow, TFrameWindow) 

EV WM PAINT, 
EV COMMMAND(201. CmBH), /ball BH steel points input 
EV_COMMAND(601, CmBHauve), //call RH steel equation input 
EV_COMMAND(701, CmMAG), ! /call BH magnet points input 
EV COMMAND(801. CnMAGeotve), //call BH magnet points input 
EV COMMAND(52, CmBHsave), //save sted bh data 
EV_COMMAND(51, CmBHload), //load steel bh data 
EV COMMAND(301. CmDim), //calls dtmetsions input window 
EV COMMAND(401, CmDeu), //call flux density window 
EV COMMAND(402, CmPt), //call pacing factor window 
EV_COMMAND(501. CmPath), //starts paths calculation 
EV COMMGLND(901, CmGraph), 
EVCOMMAND(959, CmStat), 
EV_COMMAND(350, CmDrawGeo), 

END RESPONSE TABLE; 

/P.. "" initialisation of maze wmdow ***"*H 
TDbWindow:: 7DbWindow(7Wmdow' parent, tonst thar far- bile) 
: TFtameWindow(parent tide), 

TWmdow(parent. title) 

Attr. X=0; 
Attr. Y0, 

Amer 
CursorCounta - 0; 
SystanCutsots[0] - IDC WATE, 

AsvgtMenu(1); //assign the menu to the sat 
MdassGEO. shmgblankO; //dents the strings in dass GEO 
IýhCHKKO; //bh data is not entered 
IhmCHK=1; //sets dimension dtedc to'dime lions not entere8 
FdCHK-O; // flux density hm t is enternd 
PgCHK-o; //Pf set 
MdassGEO. PFm=0.98; //paclf'ador default 

gzaphyes-l J/ set flag so no flux/mtnfgraph is displayed wild results 

MdassGEOmaxFDn-2. l; 
gcvt(MdassGEOmaxFDn, 7, MdusGEOsnaxFD. s); 

MaIFM. dearheado; 
MnudFM. deerhesdo; 
MunPM. dearheedO; 
Mdusbh. dearheado; 
Mdasmag dzarhexdiO; 
3 

I/In 
l/dxlare child window for graph 
DEFWE RESPONSE TABLEI(IQaaphFrarne, TFrameWindow) 
ENDRESPONSE TABLE; 

TGraphFrame:: TGraphFrame(lWindow' parent, const chat far * tile) 
TFrameWmdow(parem, title) 
{ 
Attr X=100; 
Attr. Y-I00; 
Attr. W=350; 
Attr. H=350; 

Attr. Sryle"WS_VISIBLE ( WS_CAP77ON I WS 
-BORDER 

I WS SYSMENU I WS MINIMIZEBOX 
IWS CLIPSIBLINGS I WS 7HICKFRgME 

////////////////// 



///// 
//declare hold window for graph 
DEFINE RESPONSE TABLEI(TGeoFrame, TFrmneWmdow) 
ENDRESPONSE TABLE, 

TGeoFrame. TGeoFrame( endow' parent sonst char far " ade) 
: TFrameWindow(pareat title) 

Attr. X=25; 
Attr Y=25, 
Attr W-450, 
Attr H=450, 
Atit Style WS VISIBLE WS CAPTION I WS BORDER I WS SYSMENU I WS MIN IMIZEBOX 

WS CLIPSIBLINGS WS TRICKFRAME; 

! ll1/l!! IIllIII, ýI/ 

//"" DECLARE FUNCTIONS FOR7DbWmdow (main window) dass """' 
void 
TDbWindow:: EvPamtO 
{ 

TPamtDC paintDC(HWmdow); //paint main window 
II"" 
if(Mdassbh. MbhFlag I && Mdassmag. MbhFtag=l) (BhCHK=1; ) 
else if (Mdassbh MbhFlag2 &&. Mclassmag MbhFlag2) (BhCHK=2, ) 
else {BhCHKO� 
li'" 
char Mani Qs"; II" charctets to tell user what curves have been selected''// 
char cur[]-" (CURVE)"; // with what method 
charpoi[l°' (POINTS)",. 
char methodbh[10]; 
char methodmag[10]; 
ll"" steel BH curve' 
if (MdassbhMbhFlag'O) (strapy(methodbhblank); ) //no points entered no method 
else if(Mdassbh. MbhFlag-l) (strcpy(methodbh, poi), ) //points method 
else {strcpy(methodbh. au), ) //equation method 
II"" magnet BH curve 
if (Mdassmag. MbhFlag--O) (strcpy(methodmagbtank); ) //no points entered no method 
else if (Mdassmag. MbhFlag- 1) {strcpy(methodmas poir) //points method 
else (strcpy(methodmag, cur); ) //equation method 
f/ .................... 

//"" display names of steel and magnet 
char title[j="BH curve in cuaent use: *; 
paintDC TeetOut(0,10, title, strlen(htle)); 
char holdbh[25]; 
sm; py(holdbh, Mdassbh. MbhName); 
stroat(holdbh, methodbh); 
paintDC. TextOut(l75,10, holdbh. strlen(holdbh)); 

char mftle[j="Magnet in current use :" 
paintDC. TeetOut(0,25, mtttle, strlen(tttle)); 
char holdmag[251; 
sttcpy(holdmag. Mdasmag MbhName); 
strcat(holdmagmethodmag); 
pamtDC. Tee-tOut(175,25, holdmag. stden(holdmag)); 
//""" - duck to see if bh have been entered "" 
if(BhCHK--O){ 
dar chk MP[]="BH data missing, or of difTenng tedmiquess! -; 
pamtDC. TextOut(1,46, dtkTMP, strlen(ahkIMP)); ) 
e se(chae dif iP[)""BH data Entered"; 
paintDC. TextOut(1,46, chItTMP, stden(chkTMP)), ) 

//""" - check to see if dimensions have been entered "" 
if(DimCHK! -0){ 
char dtkrMP(l-"Dime siona not completed 1"; 
pauttDC. TextOut(1,70, ch MP, strlen(chkTMP)); ) 
else{char ch1: TMP[]-l'Dimensions Entered'; 

paintDC. TextOut(1,70, chk MP, strlen(dddMP)); ) 

fl- maximum flux density """ 
char MXfd[]-"Matamwn Flux Density is set at : 
sttcat(MXfd, MdassGEO. maxFD. s); 
pamtDC. TextOut(1,85, MXfd, strlen(MXfd)); 

l/ll//IIIII/IIIIIIIIIIIIIIIIIIl1/Ill 

//"""" main window function """""// 

/! '" SAVE BH "" 
void 
TDbWmdovw: CmBHsaveO 

/I"' SAVE DIALOG "" looks for. bh files 
TOp nSaveDialog.. iData data( 
OFN HIDEREADONLYIOFN OVERWRITEPROMPT, 
"BH Files ('. BH)I". BHI", 

0, 

"BH" 

//--if file can be saved holds 6lenune in data filename 
; P((new TFiteSaVeotalog(8us, data)). >Execu, eO_TOOK)( 



ofpstteam out(data FileName); 
if(! out) MessageBox("Cannot Open file", "Errol, MB OK); 

else{ 
out«Mciasbh, /! because dass is streamed 

//" Toad BH " 
void 
TDbWmdow.. CmBHloadO 

statc TOpsiSaveDAalog'. TData data ( //displays only BH files 
OFN_HIDEREADONLY, 
"BH Files (". BH)I'. BHI", 
0, 

"BH" 

tf ((new TFileOpenDialog(this. data))->Execute=4DOK){ 
ifpstream m(dataFileNarne). 

tf(! m) MessageBox("Cannot Open file", "Error, MB OF); 

cl. ie( 
in»Mdassbh, /Road data back into class 

mall FUNCTIONS FOR BH FILES ENDED I/Il/I 

//// BH STEEL MANUPLATION 111 
void 
TDbWmdow:: CmBHO 
{ 
TBhDiatog" thepadnew TBhDialog(flw, TResld(1)); //calls the Dialog window (ID 1) 

/! """ loads data from maul window """/// 

thepad-xteel_mag=O; // informs dialog window we are dealing with steil data 

for (mt loop O; loop<100; loop4-) (//loads bh data to dialog window 
thepad->bhDoopl b-Mclusbh. Mbh(loopj. b; thepad->bh(loop] h-Mdassbh. Mbh(loopl. h; ) 

stropy(the pad->name, Mclassbh. MbhName); //copies the bh name to Dialog 
theyad->point-Mdassbh. MbhPomt; //copies the number of points 

N"" when the user presses enter" -return the data bade to the main window 
rf (thejad->ExearteO6IDOK)( 

for(int, j=Gj<100, j++){ hiclassbb. bhU]. bthe. pad->bh(j]. b, 
MdassbhMbh[j]. h-hepad->bh[j]. h; ) 
S py(Mclassbh. MbhNamathej, ad. >name); 
Mdassbh. MbhPomt-the_pad. >point; 
Mdassbh. MbhFlag-l; 

function to deal with steel equation data 

void 
TDbWindow:: CmBHcurveO 

// creates a transfer buffer to put data duecfly into windows // 
sttuctTransfaBufa{ 
char a[ t 51, bI15] n[ 1 5]. e[ 1 51. k[ L 5j, name[2o1; ) tb; 

smTy(tb. a, Mdassbh. MbhCurve[0). s); 
strcpy(tb. b, Mdassbh. MbhCurve[ 1 J. s); 
strcpy(tb. n, Mdassbh. MbhCirve[2). s); 
strcpy(tb. e, Mdassbh. MbhCutve[3). s); 
stropy(tb. k, Mdassbh. MbhCurve[4). 8); 
srccpy(th. name, Mdassbh. MbhName); 

TBbcurDialog" thepad-new TBhCurDialog(this, lltesld(4)); //creates new dialog wmdow 
the pad->steel magma; //steel data is bang dealt with 
thepad->SdTransferBuffa(&tb); 
if (the_pad->ExecuteO-IDOK) ( 

strepy(Mdassbh. MbhCurve[0] s, eb. a); 
uretuun values from dialog to main window data 

strcpy(Mdassbh. MbhCurve(l] s, tb. b); 
strcpy(Mdassbh. MbhCurve[2]. s, tb. n); 
strcpy(Mclassbh. MbhCwv43], s, tb. e); 
strcpy(Mdassbh. MbhCurve(4) s, tb. k); 

strcpy(Mclassbh. MbhName, tbname); 

Mc1assbh. MbhCu ve[0]. n atotMdassbhMbhCutve[O] s); Natof function converts string data to 
Mdassbh. MbhCnrve[ i]. n-atogMalassbhMbhCurn[ 1]. s), //numerical 
Mda sbh. MbhCwve[2]n-stottMdassbh MbhCurve[2]. s); I/diatog data is string form 
Mclassbh MbhCtave[3] n-ýatoiTMdassbhMbhCurve[31. s); 
MdassbhMbhCwve[4]a-atoQMclassbh. MbhCuxve[4]. s); 

Mdassbh. MbhFlsg2; //flag set to equation 



b"""" magnet data'''' same as CmBH and CmMAGauve 

lllllllllllll/Ill/lllllllllllllllllllllllllllllll 
void 
TDbWmdow:: CmMAGO 

TBhDialog" thepad-new TBhDialog(thia TResld(1)); 
foi (int loop-D, loop<I DO loop1- ) 
thepad->steel_magt. 
thepad->bh(loopj. b=Mclassmag Mbh[loopi b. thepad->bh(loop] h=Mdassmag Mbh[loopl h; ) 
strcpy(thej, ad->name. Mdassmag MbhName); 
theyad->pomt=Mdassmag MbhPomt. 
if (thepad->E. cecuteIDOK) ( 

formt jO j<100j++)( Mclassmag Mbhbl b--thepad->bh(jj. b; 
Mdassmag Mbh[jj. h thej, ad->bhUj. h: } 
süq y(Mdassmag. MbhName, the-pad->name); 
M davmag. MbhPomtYhe-pad->pomt, 
Mclassmag. MbhFlag-1; 

! /lllllllllllllllllllllllllllllllllllllllldll! ll 
void 
TDbWmdow CmMAGcwveO 

stuctTransferBuffer( 
char a[ 15], b[ 15]415], e[ 151. k415], name[20]; )tb, 

strcpy(tb. a, Mdassmag. MbhCwve[0]. s); 
strcpy(tb. bMdassmeg MbhCurve(I ]. s); 

strcpy(tb. n, Mdassmag MbhCwve[2j. s); 
strcpy(tb. aMclassmag. MbhCutve[31 s); 
strcpy(tb. kMdassmag MbhCurve[4] s); 
strcpy(tb. name, Mdassmag MbhName); 

TBhCurDWog' the-pad-new 1EhCurDialog(tfis, TRes1d(4)); 
the_pad->steel marl; 
thepad->SetlransferBuffes(8ab); 
if (thejad->ExecuteO IDOK){ 
strcpy(Mclassmag MbhCmve[O]. s, tb. a); 
strepy(Mdassmag MbhCntve[11. s, tb b); 
strcpy(Mdassmag MbhCurve[2]. s. tbn); 
strcpy(Mdassmag. MbhCurve[3]. s, tb. e); 
strcpy(Mdassmag. MbhCurve[4]. $, tb. k); 
mcpy(Mclassmag MbhName, tbname); 

Mclassmag MbhCurn[0]. n-atof(Mdassmag. MbhCarve[0]. s); 
Mdassmag. MbhCurve[ 1 ]. n-atoftMelassmag. MbhCurve[ 1 ]. s); 
Mdassmag. MbhCiave[21. n-atot[Mc 1assmag. MbhCurve[2]. s); 
Mclassmag MbhCiwe[3]. n%tof Mdassmag MbhCucve[31. s); 
Mdassmag. MbhCurve[4]. n-atof{Mdassmag. MbhCucve[4]. s); 

Mdassmag MbhFlag`2; 

///get o9se 
su TransferBufar( 

ciar a[15], )cb; 

stcpy(cb a. Mdassmag. offsecs); 

TBhOfIDialog" the. saddmnewlBhOfrDialog(dns, TResld(5): 

thepadd->SetTransferBufW&cb); 
if (thepadd->Execute()-IDOK) ( 
swcpy(Mc]assmag offset. a, cb a); 
Mdassmag of se n=atof Mdasamag. of ets); 
} 

] 
lnlnminnnl/nlauuinnniuuuun 
///.. 'function to deal with dunaision input wmdow"""// 
void 
MbWindow:: CtnDimo 

intloop; 
do ( loopaO; 

sttuctTnnsfcButTa( 
date[iol, b[1o], c[lo1, d[lo], d101,4iol, s[1o1, h[IO], 

i[iolj[ I01-K, oluiol. ro[lOJJ4l01,0[1o], p[i01, 
a[ l of s[ 1 o], s[ l ol, tt 1 ol; 

)tb; 

strtpy(tb. s, MdassGEO. nsDIM [0]. s); stropy(tb. b, MdassGE O. nsDIM [I]. s); 
sttspy(tb. e, MdassGEO. nsDIM12]. s); shcpy(tb. d, Mc1assGEO. nsDIM[3J. s); 
stropy(tb. e, MdassGEO. nSDIM[4]s), strcpyßb IMdassCEO. nsDDM[5] s)-. 



strcpy(tb. B, MdassGEO. nsDIM(6) s), strcpy(tb h, MdassGEO nsDIM[7] s), 
sttcpy(tb. LMda sGEO. nsDIM[8]. s)st, cpy(tb j. MdassGEO. nsDIM[9]. s); 
strcpy(tbtMdassGEO. nsDIM[ 10]. s), strcpy(tb. LMdassGEOnsDIM(I 1 ]. s); 
strcpy(tb m, MdassGEOiisDIM[12] s)strcpy(tb. n. MdassGEO. nsD1 M[13]. s); 
strcpy(tb. o, MdassGEO nsDIM[14] s), strcpy(tb. p, Mclas., GEO. nsDIM(15]. s); 
strcpy(tb q, MdassGEO. nsDIM[I6] s), strcpy(tbs, MdassG£OnsDIM[17]. s); 
strcpy(tb. s, MdassGEO. nsDIM(I8] s); sttcpy(tb t, MdassGEO. nsDIM[191 s); 

TDutiDialog' dun j, ad-new TDunDia]og(tlris, TRald(2)); /heady to call dialog 

dunyad->SetTransfo ufern(&tb); 
if(dvn pad->ExecuteQ lDOK)( /ldOKpressed 

MdassGEO tmnsfa(tb Ltb. b, tb. c tb d, tb. etb f 
tb g, tb. h. tb. itb j. tb ktbltb. m. tb n tb o, tb p, tb. q tbx, tb s. tb. t); ) 
t/ tansfa function of GEO dass 

Hched: to see if any dimensions missing or zero value 
int chxka=MdassGEO zerochk(1J/call function to check 
DamCHK-checka, //Mam window check 
if (checke' O)( /lif dimensions missing 
Min eBuep(-1) //caf error box and makes user re-artar dialog 

MessageBox("Dunension missing or ofzero value!, ); 
loop=1; 

)while (bop'"'U); 

llllllllllllllllllllll/IIlIIIl1/lllllllll/lll 
///-function to dial with flux disity input window.. // 

void 
TDbWmdow-'CmDeno 

int loop; 
do ( loop=0: 
struct TtansferBuMr( //set up ttansfa buffer 
char fd[101; 
)tb; 
//put function which copies 
strcpy(tb fd, MdassGEOmaxFD. s), 

'<DenDhalog'NmjtadnewTDeDialog(tlus, Tlt Id(3)); 
dun-pad->SetTtansfaBuff K&tb); 

if (dun pad->ExearteQ=IDOK)( //when of pressed 
sttopy(MclassGEO. maxFD. s, tb. fd); ) 
MclamOEO. maxFD. tiato$MdassGEOmaxFD. s); 
//check to see if flux density missing or zero value 
ätt charka-MclassGEOzerodhkFD(MdassGEOmaxFD); FdCHK-checke; 
if (checka! 0)( 
MessageBeep(-l); 
MessageBox('Flux Density value missing or of zao value! '); 
loop-i; 

} 
)while (loop'--0); 

Il////ll//llül/Ill/l/Illllllllll/IIIIII//I/II/ll 
! llll /llllllllllllll /I /IIIIIIIIIIIIIIIIIIIIII 
///""" function to deal with packing factor input window... // 
void 
TDbWutdow:: CmPfO 

mt loop; 
do ( kwp=0; 
stnua TtansferBuffet( //s up transfer buffer 
charpgl0j, 
)tb; 
//put function which copies 
strcpv(tb ptMclassGEO. PF. s); 

TD tDialog'dunjadnewTDenDialog(Btis, TResld(8)); 
dtm_pad->SetTransfaBuf©(&tb); 

if (dimyad->ExecuteQ--IDOK)( //when ok pressed 
strcpy(MdassGEO. PF s, tb. pt); ) 
MclassGEO. PF. n-ato1 MdassGEO. PF. s); 
//check to see if flux density missing or zero value 
int checka-MdassGEO. zetochkFD(MdassGEO. PF); PtCHK., dtecks; 
if (dhedm! 'U)( 
MessageBeep(-1); 
MessageBox("Padong factor value musing or ofzeto vab, e! ); 
loop-1; 

} 
)while Qoop! °tl); 

/nuumnunuluunIunlnIIuuuu/I/I/l 
void TDbWuidow:: CmPathQ 

//window with ID 2 

if (fdCHK! =0 nD MCHK! -O II BhCHK-0)(his data ready 
MosageBoxrDimawon, BH data. or maximum Flux Density Value fius1ng! ") 



else{ graphyes=l: 
MessageBox( 
"Path lengths and areas calculations started m This may take a little time" 

, "PATHS', 
MB ICONINFORMATION); 
MessageBeep(-]k 
//timet 
CursoiCountet Ye- I; 

SetCapttvej. 
:: SetCutsor(L. oadCursot(NULL, SystemCursors[CursoiCounterl)); 

minAREA condun. mdata(MdassGEO); //calls function to convert data to be read by 

//paths 
if (mmAREA -0) 
MaeageBox("mmazea", "PATHS", MB ICONINFORMATION); 

mt DESTROYS. //nm position celvulatwn in loop at an attempt to save memory 
do (ll/I//I//I//I """""""""""""""""" ////1/1/1/1il11! I/// 

'"" calailate aligned position ""////I// 
pathLA aLA, alB. alC. alD. alE; //create 5 paths 

alAApathl(oondim); a BApath2(condun); a1CApaW(oondun), 
a1DApath2(condun): aIEApath 1(condim); 
//calculate area and lengths of steel paths 

a lAAtoothl(oondun); a1B Atooth2(condun); a1CAtooth3(oondun); 
a1DAtooth4(condun): a1EAtooth5(oondan); 
//calculate area and lengths of airgap paths 
MessageBeep(-1); 
alA airgapRELQ; affi. afgapRELQ, alC. augaPRELQ; a1D. wgapRELO; 
a1S. airgapRELC1: 

f (alAAGrel O I[ alB. AGrel=0 II a1CAGre1O 
II a1DAGrelaO II aIEAGrelý()) 
MessageBax("aagap", "PATHS", MB ICONINFORMATION); 
//calculate reluctance of augap paths 

if (MclassGEO. maxFD. n O) 
Message3ox('fluX dmsuy", 'PAIHS". MB ICONINFORMAT10N); 

/Ißf flux table of dass MASTER MaIFM 
MaIFM. fluxset(5, mu AREA, MdassQEO. maxFD); 
if(MalFM. table[)IS"l]. f 0) 
MessageBoxCfluxtable", "PATHS", MB ICONINFORMATION); 

if (BhCHK=i) (//olcalate mmf by tables method 
double ALa ray[5]; 

ALaaay[0]malA. calmmttMdassbKMbh, MaIFM. table, MdassbKMbhPomq; 
ALanay[l]-alB. wlmmflMdassbh Mbh, Ma1FM. table. Mdassbh. Mbhpomt); 
ALarray[2]Ba1C. calmmftMdasabh. Mbh, Ma1FM. table, Mdassbh. MbhPomt). 
ALway[3)=alD. calmmf Mdassbh. Mbb. Ma1FM. table, Mdassbh. MbhPoint); 
AI. aaay[4]=a1E. calmm$Mdassbh. Mbh, MaIFM table, Mclassbh. MbhPoutt); 

And average 
double AVE-(ALanay[0]+ALmray[I ]+ALuray[2]+Al. +amy[3]+ALatray14]y5, 

if (AVE-O) 
MasageBox("AVE", "PATHS", MB ICON1NPORMATION); 

//send average to Dompute mmf table 
MaIFM. tronfset(AVE); 

if (MaIFM. table[DIS-l jm-0) 
MessageBox("mmftable"; PATHS", MB ICONINFORMAIION); 
///////I//(eaor in mmf table) 

alMewflux(Ma1FM. hable, MalFM. tmpflux)J/wlailates the flux 
a1B--B'Lx(MalFM. table-Ma]FM. tmpflux)1/in each path at the 
alCxawflux(Ma1FM. table, MalFM. hnpflux))/final aunt and sums 
a 1D. newfux(Ma1FM. table, Ma1FM unpflux)Jlthe values in tsnpflux 
alE. newflux(Ma1FM. tab1e, Ma1FM. hnpflux); 

//final table, replace table f by Impflux readings. 
Ma1FM finalupdatel; 
if(Ma1FM. table[1} f-0) 
Message]3ox("etror', "PATHS", MB ICONlNFORMATION); 

MessageBeapl'-l); 
} 
else{//calculate mmf by curve fitting 
double store[DlS]; //store for passing arrays to carve fitting 
for (irrt s-0; s<DIS; s++) store(sj-MalFM. table[s]. Z; 
doubleALarray[51; 
ALarray[Oj=alA. eqummftMclassbh MbhCurve, MalFM. table); 
//alA. Pathmmfshart(alA. MMF, store, 0); 
ALarrayf l) alB. eqummi MMclassbh. MbhCurve, MaIFM. table); 
//a1B. Pathmmf-hart(alB. MMF, store, 0); 
ALstray[21=alC. eqummfMdassbh. MbhCutve, Ma1FM. table); 
//a1C. Pathmmf-lwe(a1C. MMF, st0reA); 
Al. aaay[31=a1D. eqummQMclassbb. MbhCurve, MaIFM. table); 
//a1D. Patl=t=hart(alD. MMF, store, 0); 
ALmnyl4)-%IE eqummtZMcI"sbh MbhCuzve, Ma1FM. table); 



//aIE. Pathmmf=hart(alE MMFstore, 0). 

//find average 
//by putting maximum flux value m each of the paths equations and then 

! /averaging the results 
double A VE-(ALarmy[O1+ALarray[ l ]+ALarray[2]+ALanay[3]+ALanay[4]y5; 

//said average to compute mmf tabk 
MaIFM. mmfset(AVE); 

aLl. egnewtlluu(Naht. tablaMalFbt. tmpflur). ifcalcul s the flux 
alb. egnewIIux(MalFM. hble, MalFM. tmpflax)//in each path at the 
aIC. egnewflux(Ma1FM. rable, MalFM. trnpflux)//final mmL and sums 
alD. egnewtlux(Ma1FM. table. MalFM. tmpflwc)J1the values in Impflux 
alE. egnewtlux(MaIFM. tablc, MalFM. hnpflux); 

aiAnewflux(Ma1FM. table, MalFM. tmpflux) // cwates the flux 
alB. newßux(MaIFM table MaffM. tmpflux) //m each path at the 
alC. newflux(MaIFM table. MaIFM tmpflux)J/final mmE and sums 
aIDnewflux(MaIFM. table, MalFM. tmpflux)Jlthe values m Impflux 
a1E. newflur(irtaIFM. table, MalFM. tmpflux), 

//final table, replace table f by Impflux readings 
MaIFM. Hnalupdateo. 
//need an equation to model relationship 
static double storem[DIS], 
for (tnt kk-0; kk<DIS; kk++)( 

storem[kk)=MalFM. table(}dcl. m; 
store[ltk]=MaIF'M table(kk). £) 

MsIFM. equ-hart(stor n, store, 0); 
flint pooastore[D); 

}while (DESTROY! O); 
do (llll11lllllll........... u........ 11/1/lll! llll/llll/l 
////////////'"" calculate mid position -VAN 
pathLA mA mB, mC, mD. mE. //create 5 paths 

mA. Mpath 1(eondim); mB. Mpath2(oon&m); mC. Mpath3(eondim); 
mD. Mpath2(condmt)nE. Mpath l (oondim); 
//calculate area and lengths of steel paths 

mkMtooth I (oondnn), mB. Mtooth2(oondmi); mC. Mtooth3(con(hm); 
mD. Mtooth5(condtm): mEAtooth4(condtm); 
//calculate area and lengths of augap paths 
MessageBeep(-1); 
mAsugapRELO; mB. avgapRELO; mC. aagapRELO; mD. airgapRELO; 
mE airgapRELO. 
//calculate reluctance of airgap paths 

//fill Box table of class MASTER Ma1FM 
MmtdFM. fluxiet(6, mmARE. 4, MdassOEOmaxFD); 

if (BhCHK=1) (//calailate mmf by tables method 
double ALattay[5]; 

AL4my[0]=mAcahnm4Mddassbh. Mbh, MmtdFM. ffib1e. Mclasabh. Mbhpoint); 
ALanay[ l ]-, mB. cahnmgMetassbh Mbh, MnudFM. tabKMclassbh. Mbhpoint); 
ALamy[2)-mC. dtmnf(Mclassbh. Mbh, MmidFM. table, Mdassbh. Mbhpomt); 
AL4nay[31-mD. calmmf(Mdassbh. Mbh, MmtdFM. table, Mdassbh. Mbhpoint); 
ALuTay[4]-tnE. calmmt(Mdassbh. Mbh6 MhmdFM. tableMdaasbh. Mbhpolnt): 

And average 
double AVE-(ALamy(OJ+ALanay[ I1+Al. eaay[2J+ALarray[31+ALaaay[4]y5; 

//send average to compute mmf table 
MmidFMmmfet(AVE); 

mA. aewflmc(MnudFM. table MmidFM. tmpflux)V/cdailates the flux 
mß. newflux(MmidFM. table, MnudFM. tmpflux); //m ec % path at the 
mCnewflux(MmmdRMtable, MmidFM. tmpflux)l/5nal mmf, and sums 
mDmmfiux(Mm idpM. ffibk, MmidFM. tmp}lux) JAhe values in Impflux 
mE. newfl®c(MnudFM. table, MzmdFM. tmpflux); 

//final table, replace table f by Impflux readings. 
MmidFM. finalupdateO; 
//MessageBeep(-l); 
} 
else{//calculate mmf by curve fitting 
double store[DIS); //store for passing arrays to verve fitting 
for (mt s-0; s<DIS, s++) store[s]-MmidFM. table[sj. f 
double ALattay[5J; 
kLurav[O) 1. egWnm$Mclassbh. MbhCurve, MmidFM. table); 
/AnA. Path minf-hatt(mA. MMF, store, l); 
ALarray[I]-mB. eqummQMclassbh. MbhCurve, MmidFM. table); 
/mB. Pathmmhhart(mB. MMF. store, l ); 

Al ray[2)-mC. egw m1MelasablLMbhCwve, MmfdFM. table); 
//mC. Pat mml=ha t(mC. MMF, store, l); 
ALarray[3]'mD eyumm$Mdassbh. MbhCttrve, MnudFM. table); 
//mD. Pathmmf-hart(mD. MMF, store, l) 
ALazray[41-mE. eqummt(Mdassbh. MbhCu ve, MmidFM. table); 
//mE. Pathmml=hart(mE. MMF, storel); 

//find svaage 



//by putting maximum flux value in each of the paths equations and that 
//avaagiag the results 
double AVE-(ALacraylfll*ALATMYI1)+ALairaY[2]+ALwayf3]'ALarraYI4IY5; 

//send average to compute mmf table 
MmidFM. mmfset(AVE); 

m2-egnewflux(MmidFM. table blmidFM. tnpflux) //calailates the flux 
//mB. egnewflux(MmidFM. table, MmidPM. bnpflux) /1m each path at the 
//mC. egnewflux(MmidFM. table, MmidFM. tnpflmc); //final mmf and sums 
//mD. egnewflux(MmidFM table, MmidFM. tmpflux); // he values m tnpflux 
//mE. egnewflw«MmidFM. table, MimdFM. tmpflux); 

mA. newRux(MnudFM. table, MmidFM. tmpflux) //calculates the lux 
mBnewflux(MmidFM table, MmidFM tmpflux)/! m each path at the 
mCnewHux(MmidFM. hble, MmidFM. tmptlux) J/final mml and sums 
mD. newflux(MmidFM. Vable, MmidFM. tmpflux); // he values in Impflux 
mEnewflux(MmidFM. table, MmidFM. tmpflux); 

//final table, replace table. f by Impflux readings. 
MnudFM. flnalupdateO; 
//need an equation to model relationship 
static double storem[DIS]; 
for (mt kk-0; kk<DIS, kic++){ 

storemfldcl=MmidFM. table[kkj. m; 
store(kkJ=MmidFM table[kt] 1) 

Mn idFM equwhart(storem, storO); 
//Mt poo=store[0], 

} 
}while (DESTROY! -0), 
MessageBecp(-1); 
do (l1111/l1/llll ..................... 1/Ill/llllll/l1/llll 

""" calculate un-aligned position "°/////// 

pathl. A utu unB, tmGunD, unE, unF. wi(3, unH, unl, unl; //create 10 paths 

w Upathl(oondw); tmB. Upath2(condun); W1C. UpadWoonmm), mD. Upath4(condun); 
unE UpatbM(oondvn); 

tmF. Upath6(oondim); tmG. Upath7(condun); unH. Upath8(oondtm); 

tmlUpath9(condim); w%J. Upathl0(aondim); 
//calculate area and lengths of steel paths 

unA. Utooth3(condim); unB UtoodWoondim); imC. Utoothl(condun); unD. Utooth2(oondun) 
tmE. Utooth l (condim); 

onF. Utooth2(oondun); w G. UtoothI(con(bm); unH. Utooth2(conditn); 
unl. Utooth6(condun); ao7. Utooth5(oondim); 
//calculate area and maths of aogap paths 
MessageBeep(4); 

tmp. aogapRELO; twB. augapRELO; unC. aitgapRELO; unD. augapRELO; 
unE. airgapRELO; 

unf. avgapRELO; unG. airgapRELO. unH. airgapRELQ; 
unl. airgapRELO; UN. avgapREL. O 
//calculate reluctance of airgap paths 

//8U flux table of class MASTER MaIFM 
MunFM. fluxset(I O. munAREA, MdassGEO. maxFD); 

if (BhCHK=1) (//calculate mmf by tables method 
double UNamyllOl, 

UNanay[01}nnA. calm xogMdassbh. Mbh, MunFM table, Mdassbh. MbhPomt); 
UNatrayf l]wnB calmmf(Mdassbh. Mbh. MunFM table, Mclatcbh. Mbhpomt); 
UNattayl2]-tmC. Calmmf(MclassblLMbh, MunFM. table, Mclassbh. Mbhpomt); 
UNacrayl3]=-unD. calmm t(htdassbhMbh, IdunFM. table, Mdascbh. Mbbpouit); 
UNattayl41-unE. calmmf(Mdassbh. Mbh, MunFM. table, Mdassbh. Mbhpomt); 

UNamyl5}-UmF. cah=IZMdassbh. Mbh, MunFM. table. Mclmbh. Mbhpomt); 
UNattayl61=tmG. calr=ffMc assbh. Mbh, MunFM. table, Mdassbh. Mbhpamt); 
UNanayl7pw H. calmmQMcJassbh. Mbh, MunFM. table, Mdassbh. Mbhpomt); 
UNwray[S]-ml. cah=f(MdassblLMbh, MWIFM. tabk, Mclmbh. MbhpomQ; 
UNattayl9jlwiJ. ealmmf(MdaxtblLMbh, MunFM. table, Mdassbh. MbhPoint). 

//find average 
double AVE-=amy[O]+UNacrayf l )+UNatrayl2l+UNanay f 3]+UNamyl4I 
+UNatray[5}+UNaixay[6]+UNanayl7]+UNattay[g]+UNettay[9]Yl o: 

//send average to compute mmf table 
MunFMsnmfsd(AVE); 

acid. newflux(MimFM. table, MunFM. tmpflux)Jlcalwlate the flux 
wB. newflux(MwiFM. table, MunpM. tmptux)V/m each path at the 
unCnewflmc(MunFMtable, MunFM. tmpflux)J/8na1 aunt: and sums 
w Dnewflux(MnnFM. table, MunFM. tmpflux))/the values in tmpflux 

unEnewflmc(MunFM. tabiSMunFM. b pflux); 
wFnavflux(MunFM. table, MunFM. m pflux); 
unG. newßux(MunFM. table, MunFM anpflw); 
unH. newflux(MunFM table, MunPM trnpflux); 
uni. newflux(MunFM. table, MunFM. ttnpflux); 
unJnewflux(MWIFM. table, MwiFM Unpfux); 



/final table, replace table. f by IInpflux readings. 
MuttFM. Bnalupdateo; 
MessageBeep(-1); 
} 
alse{//talachte mmf by curve fitting 
double store[DIS); //store for passing artays to curve fitting 
for (tnt sO; s<DIS; s++) store(sj=MunFM. table[s] f, 
double unatray[10]; 
tmattay[0}amA. eqummfWclassbh. MbhCurve, MunFM. table); 
// . Pathmrnf hart(unA. MMF, store, 2); 
uuatray[l]=unß. eqummf(Mdassbb. MbhCurve, MunFM. table). 
//umB. Path =F--bart(unB. MMF, stote, 2); 

tmattay[2} iutC. egtunmf(MdassbKMbhCurve, MunFM. table); 
//unC. Pathmmf=hatt(unC. MMF, atore, 2), 

unattay[31-u . eqummf(Mdassbh. MbhCutve, MunFM. table); 
//umD. Pathmmf-hart(unD. MMF, Store, 2); 

uuatrey[41=mtE. egt mmf(Mdassbh. MbhCwve, MunFM. table); 
//unE. Pathmmf hart(unE. MMF, store, 2); 

unatray[5]unF. egmnmt(Mdassbh. MbhCurve, MunFM table); 
//mtF. Pathntmf bart(unF. MMF, stote, 2); 

unarray(61=unG. eqummf(Mdassbh. MbhCurve, MunFM. table); 
//unG. Pathmmf-hart(unG. MMF, store, 2); 
unaeray[7]=unH. egwrun1 Mdassbh MbhCwve, MunFM. table); 
dunH Pathmmf=hart(unH. MMF, store, 2); 

unanay[81'urd"e4ummßMdassbh. MbhCutve, MunFM. table); 
//unl Pathmmf=hart(unl. MMF, store, 2); 

tmattay[91--uaJ. egtumnf(MdassbhMbhCurve, MunFM. table); 
//toil. Pathmmf hart(unJ. MMF, store, 2); 

//find average 
//by putting maximum flux value in each of the paths equations and then 

//averaging fite results 
double AVE=(wanaY[O)*UnY[l)*unwaYf2)*unarmYI3)*unuaY[4) 

+ Y[S]+unarray[B]rice[ray[7]+unanayl8j*unmrayI9]Y10; 

//smd average to compute mmf table 
MunFM. mmfset(AVE); 

un legnewflua(MunFM. table, MunFM. tmpflux)J/calcuWw the flux 
unB egnewflux(MunFM. table, MunPM. tmpflux), //in each path at the 
unC. alnewflwe(MunFM. table, MunpM. tmpflux): //8aa1 mm1; and sums 
unD. eqnewflux(MunFM table, MunPM. tmpßux)//the values m tmpflux 
tmE egnewflux(MunFM. table, MunFM. tmpflux); 
unF. egnewflux(Mw FM. table, M PM. tmpflux))/calculates the flux 
tmG. egnewIIinc(MunFM. table, M tFM. tmpflux) //m each path at the 
unH. egnewfux(MunFM. table. MunFM. tmpflux) //final mzn f and sums 
iml. egnewflux(MunFM. table. MimFM tmpflux)J/the values in ttnpflux 
=l. egnewflux(MunFM. table, MunFM. tmpflux); 

unknewtlux(MunPM. table, MunFM tmpflux)J/Odculates the flux 
tmB. newflux(MunFM. hble, MunFM. tmpflux)Jfm each path at the 
unC. newflux(MunFM table, MtmFM. tmpflux)J/final mmf, and sums 
unD. newflux(MunFM. table, MwmFM Impflux); //the values m Impflux 

unE. nemflw(1imFM. table, MunPM. unpflux); 
unF. newflux(MunFM table MunFM. Cnpflux); 
unG. newflux(MunFM. table, MunFM. Unpflux); 
unH. Heudux(MunFM. table, MunFM. tmptlux); 
uni. newflux(MunFM table. MunFM. trnpflux); 
unJ. newtlux(MunFM. table, MunFM. trnpflux); 

//final table, replace table fby Impflux readings. 
MunFM. finalupdateo ; 
//need an equation to model relationship 
static double atorem[DIS]; 
for (mt kk=o; lk<DIS; kk++){ 

storem[kk}aMunFM table[kk]. m; 
store[kkj-MunFM table[kk]. t} 

MtmFM. equýazt(storem. store, 2); 
/Ant poc-store[O]; 

} 
)while (DESTROY! -O); 

//timer 
ReleaseCaptureQ; 
:: Se Cursor(LoadCuisoi(NULL. IDC_ARROW)); 

MessageBox( 
"Airgap Reluctance is computed \n Anays Built 

, "PATHS", 
MB ICONINFORMATION); 
gmphYes=O; 

nuunniuIiumnUiauiiruinimaIuniaru/ 
void TDbW indow:: CmDrawGeoQ{ 
drawgeo Pic; 
pic diaw(MdaSSGEO); 

TGooPrame' ThisChild; 
Tbisclvld - new TGeoFrame(t}us, "GEO"); 



//badson. opp 
#mdude'oom. h' 
#mdude"geoh" 
#include'bh. h' 

const float MUO1.2566e-6; Opamabilriy of free space 

double Blmag(NOST bh[5], NOST mag[5], FluxMmf FMbunag[Dl5]GEO MdassGEO, 
dassBH Mdassmag) 

, ', 'Set dimensions 
/laigth of stack 
uowa diameter 
umna diameter 

/maximum Am dmsrtym back von-I T 
double AREAbact=le"6'M P1'( 
(S9dassGEO. nsDIM[I8l n/2)'(Mda sGEO. nsDIM[I8j. N2)- 
(MdusGEO nsDIM [ 19]. n/2)'(M dassGEO. nsDIM[ 19]. 11/2)), 
double kpee-0.75; 
double LrnCom0.5e"3'(MdassGEOmsDIM[15]. e+(2"kpc"(MdassGEO. nsDIM[ 17]. n- 

MdassGEOnsDIM[ 151. n))); 
double LENmag-le-3'MdassGEOn, DlM[l51. n; 
double AREAmagr l e-6"MdassGEO. nsDIM[ 161. n; 
double OFFSETmag-Mdassmag. of sd. n; 

double M3MKfluxl "AREAbac}:; 
float PF-MclassOEO. PF. n. 

Fblbunag[O]. f=0; 
FMbimag[OJ. m -l OFFSETmag'LENmag; 
double BTMP; 
double con; 
for(mti-l; i<DIS; i++)( 

FMbtmag[i]. f--i'(MXBKflux/(DI S"1)); 

BTMP=FMbuna6[i]. VAREAbadc; 
1lllll i//i//llllllllllllllllllllllll 
double xr-0; 
doublexuu128e3, 
double xr, 
double xk, 
double yt; 
double yr, 
mtcount°0, 
do( 

rý 

rý°c 

(bh[U]. nlpow(ibh[2]. n)+bh[4]. n"pow(xi. bh[2]. n+1))/ 
(bh[ 1 ]. n+Pow(igbh[2]. n)+bh[31. n"Pow0a. bh[2j. n+1))}BTMP; 

(bh[O] n'powpa bh[2J. n)+bh[4]. n"pow(yv bh[2]. n+1))I 
(bh[ 1]. n+powpc bh[2J. n)+bh[3]. n`pow()a, bh[2J. n+I))}EThp; 

jf ( y$O) xu-xi; else M-xr, 

xk-(m+X�)/z; 
oon-fabs(r1rvYx k 
if (am i o-3) count=350; 

)while(oountc300); 

double mui=BTMP/xk; 
double mucorr(MUO'mw')/(PF"MUO+(1-PF)'mw); 
double HcomBTMP/mucors; 

FMbimag[i]. m Homr"LmCor 

llllllll/lllllllllllll! l/l! l/I h/I/I 
/Umeffet 
BTMPFMbimag[G]. VAREAmag. 

double mxi=O; double mxu-128e3; double mxr, 
double myi. m) doublemxl:; 

count D: 
do( 

mx1(mo+m. 'cuY2, 

m}i-( 
(mag[0]. n`Dow(mwnag[2]. n)y 

(mag[I]. n+pow(mx mag[2]. n))). fl p; 

myr( 
(mas[o1. +'pow(rn mag[2 n))l 

(mag[11. n*Pow(mume8[21. n))}BTMP; 

j[(myi'myr<0) n--. eUe mxi ; 
mxlc (mi+mxu)2: 



¢mrfabs(mxk-m, aYmxk, 
if (con<lo-3) count-330; 

)while (count<300); 

double mHcon-mxk-OFFSETmag; 

} 

//8nd H from equation 

FMbunag[i]. m+-mHoon'LENmag+fab$(FMbimag[o]. m); 

double value 44bs(FMbimag[0]. m); 
FMbimag[O]. m-O; 
return value; 

//convert to flux 
/hue equation to generate new mu and hence mmf 
f/obtam mmf 

//generate equation //done 

//generate magnet mmDflux charcteristics 

//merge badson and magnet 

//create new equation for nation ship 



#indude"oomh" 
#indude"geo. h' 
#mdude"bh. h' 
kindude"masth" 
ii"" non windows classes 
void dassBH:: dearheado 

formt v=Oj<IOO i++) (Mbh[i1. b-Mbh[ilJwo; ) 
MbhPoint-0; 
diar blank[]--' 
for (ice; i<5; i++) (MbhCutve[i1. na0; 
strcpy(MbhCmve[i1. s, blank); ) 
MbhFlagO; 
st cpy(MbhName blanI: ); 
strcpy(offset. s blank); 

offýct. n O; 

IMPLEMENT CASTABLE(dassBH ); 
1MPLEMEM STREAMABLE(dassBH ); 

void "da s sBH: "Stream.. Rxcd(ipstream& in, amt32) tonst //replacing default read 
( //storce all of dass in stream 

for (mt ii0; i<100; i++) ( 
in> GetObjectQ->Mbh[ij. b; 
in »GetObjecto->Mbh[tj. h, ) // BH save in use 
in » GetOblew)->MbhName[20j, /BH name to printed on main window 
in » GetObleotO->MbhPomt; I/number of points 
in » GetOb/ectt->MbhFlag// 0-no data 1-tables 2-coeffiarnts 
for 0--0; i<S; H+) 

in» Getobjecto. >Mbhcwve[ij. n; 
in» GetObjectO->MbhCurve[0j. s[20j; ) 

return GetObjoao. 

/replacing default write command 
void du sBH:: Streamer.: Wnte(opstream& out) oonst 

for (mt iO; i<100; i++) ( 
out «GetObjoctQ->Mbh[i] b; 
out «GetObjecto->Mbh(i]. h; ) // BH oozve in use 
out «C, etObjectt->MbhNamej201J/BH name to punted on main window; 
out «GetObjecto->MbhPonnk //number of pomis 
out «CetObjectQ->MbhF]agJ/ 0-na data 1-tables 2-coeffidents 
for Ct=0; i<5; i++) ( 

out « GetobjectO->MbhCurve[i]. n; 
out«GetOblectO->DbhCurvejDj. s[2o]; ) 

// .............. END OF classBH ..............,.......................... 

void GEO:: transfa //copy t ansfa buffs stings to main window 
(that a[IObdw b[101, ohar c[101, chat d[10], 
thar e(10], chat f[ 1Ol, char g[10], char h[101, that i[ 1O1, char j[101, 
agar ulul, char gI01, onffi mpol, char n[l01, aur o[I01, char PU 01 
. a, ar q[101, a, at i[loya, a-s[101, thar t[ loll 

strcpy(nsDIM[0] sa)strcpy(nsDIM[II. s, b), 
strcpy(nsDIM[2]. s, e), strcpy(nsDIM[3] s, d), 
strcpy(nsDlbt[4]. s, e)itrcpy(n, DIM[51. sJ), 
strcpy(nsDIM[6l. s, g); strryy(nsDIM[71. s, h); 
otcpy(nsDIM[8]. si); stncpy(nsDIM[9]. s, j); 
strcpy(nsDIM110]. sk)strcpy(nsDIM[I1) sl); 
strcpy(nsDIM[ 12]. s, m); strcpy(nsDIM[ 13J. s. n), 
strcpy(nsDIM[ l4]. s, o), strcpy(nsDIM[ 1 S]. s, p), 
strcpy(nsDIM [ 16]. s. q); strcpy(nsDIM [ 17]. si); 
stropy(nsDIM[ 18]. s, s); strcpy(nsD1M[ 19]. st); 

for (int kk-0; kk<20; kk++) 

nsD1M[l iJi atoftnsD1M[kk)s); 

void GEO: rningblankO{ //dear stings at startup 
dear trop[]`"50"; 
sucpy(nsDIM[0] s tmp), char hnpa[)-"59.27"; 
strapy(nsDIM[I]. s, Unpa); dlar tmpb[1°"20"; 
strop y(nsDIM[2j. s, tmpb); dear tmpcf=" 135'; 
strcpy(nsDIM[3]. s, tmpc); chat tmpd[]="0.285"; 
strcpy(nsDIM[4j. s, tmpd); char tmpe[1="1.17"; 
strcpy(nsDIMI51. s, tmpe); char tmpf[1-" 1.8"; 
strcpy(nsDIM[61 s, tmpt); dnr tmp8[l-"1.94"; 
strcpy(nsD1M[7[. s trnpg); char tmph[]="0.6"; 
sucpy(nsDIM[81 s, tmph); dear tmpi[]-"0.94'; 
sucpy(nsDIM[9]. s mlpi): dt& trnpl[]'"4.243"; 
strcpy(nsDIM[ I013. tmpl); char tmpk[j-17.95"; 
strcpy(nSDIMI l 1]. s, tnpk); chat mtp1[)=-. 3"; 
strcpy(nsDIM[121. s, tmpl); chat U pm[)="4.3"; 
sycpy(nsDIM[ 13j. s, tmpm); char tmpn f a"O 1125% 
strcpy(nsDIM[141. s, tmpn); char tmpo[j=110"; 



strcpy(nsDIM[15]. s, tmpo); char tmpp[]-'2065 4"; 
strty(nsDIM(I61. shnpp); 
strcpy(nsDIM[17] s, tmp); char trnpq[]="101.52"; 
strcpy(nsDIM[ I8] s, tmpq); char tmpr[]="88 92"; 
strcpy(nsDIM[19j. s, tmpr), char 1mpsl]'"2.1"; 
strcpy(maxFD. s, tmps); char tmpt[]-"0 98"; 
strcpy(PF. s, tmpt); 

] 
iM GEO. ochkO //sees if any dimensions musing 

int check-0; 
for (mt kO, k<20; k++)( 
if(nsDIM[k]. n>O) (dreck O; )else {check-l. ) 

rd= ceck; 
} 

int GEO:: modikFD(NOST maxFD) //sees if flux density (or Po has been enemd 

{ hu check-0; 
if(maxFD. n>O) (theck=O; )else (check=t, ) 

reim d ec; 

///master functions 
void waste .: 

deatheadO 
(for (mt k-0; k<DISk++)table[k[. f-table[k]m-ttttptlux[k} o; ) 

void masta:: fluxset(float path, double minarea, NOST FD) 
//(no. ofpathamin area. max flax denrny) 

maxfluxr(FD. n`nwiarea)f(pattt" 1.1); 
table[O1. f=0; 
for (mt iil; i<DIS; i++) 
tab te[i]. f=(maxeux/(DIS-p)"i; 

void master". xmmfset(double avmmf)//average flux 

tabte[0[. m=O; 
for (mt i-l DIS; i++) 
table[i]. tm(avmmD(DIS-1))9 
} 
//function to set up mmf array 

void mastamfinalupdate3(//set up flux in final table 
table[O]1=0; 
for (mt ss1; t<DIS; i++) table[t]. Mmpflux[i]; ) 



//headers 
kjndude "oomh' 
#indude "dassla. h" 
//oonst float OSAm=79.57747 ü5, //Oasteds to A per metre 

double padd : eqummQNOST bh[S]. Ruxblmf MIFLL'X1DIS]) !! calculate mmf using save 

Ambles 
double maim rnf 
mt and Oi/portion of path 
mt mo=1; /lflux position; 
MMF[0]=O; 
double FHi, //function intial 
double fii=1; //H initial 
double HiVIH initial 
double Hn; 11 H new 
double Hkaep[7]; //keeps values of H 

double dFHi; /ldetivative of FHi 
double BTMP: Aux deputy tmp 
int Fcon; f/convegence flag 
double con//convetg lcepercent 

int safe-0; 
do( 

MMF[mc]-(MFtU) jinc]. t AGrel); /lair gap -f 

do( 
if (AL[md1A'-0) /hf arm not equal to zero 

{BIMP=(MFLU)gmc]. 17A1. [ind]A); ) //find flux dainty 
else (BTMP-0. ) 

Hi-m; 
if (B7MP! -D)( 

do( 
Fcon-0; 
Fill-( 
(bh[Oln"pow(H4bh[2]. n»bh[4]. n"pow(Hibh[21. n+l))/ 

(bh[11. mpow(H bh[2]. n)gbh[31n`pow(}h, bh[2]. n+l)))-BTMP; 

dFHi-(((bh[OJ. n'bh[2] n`pow(Hi, bh[21nyHi)«((bh42]. n+l)"bh[4]n"pow(Hi, bh[21. n+1Y1"h)Y 
(bh[11. n+Pow(Hi bh[21. n)+bh[3]. "pow(HLbh[2]. n+l))) 

((bh(O]. n"pow(44bh[21n)+bh[4]n`pow(H, bh[21. n+1)r 
((bh[2WPow(Hi. bh(21. nM)((l+bh[21. n)'bh[3]. n'pow ftbh[2]. n+lYM)Y 
(pow(bh[1]. n+pow(H4bh[2]. n)+bh[3] n'pow(Hi, bh[2]. n+l), 2))); 

Hn-Hr(FHi/dFHi); 
wn-(fabs((Hn-HiYHn))" 100; 
Hi-fabs(Hn); 
safe++; 
if (con<-le-4) 
Fcon. 1; 
MMF[mc)+. Hi'AL[ind] L; 
Hkeep[mdj=Hi. ) 

while (Fron-O && safec300); 

if (B'! MP=ä1) Hkeep[md1=Hkeep[md-11; 
safý-O. Foon0, 
ind++; //if ok move to next position 

)while (md<7); //do until seven section complete 
md-0; //reset to first position 
inc++; //increase flus( 

/find lowest value Of H for last round 
fl-Hkeep[O); 
for (m tz =l; zc7Z++) {if(Hkeep[z)<tHi)flit=Hkeap[z1. ) 
if (f ti. O) fHi-l; 

} 
while (mc<DIS ); /! do until all fluxs have mmf calculated 

maxmmf'MMF[DIS-1]; //reNms highest value of mmf; 
return maanmf, 

//alp. newflux(Ma1FM. table, MaIFM. tmpflux); 
void pet . &: egnewflux(F7urMmf Mmnt{DlS], double fluxtDIS]) 
{ 
for (int mit); inc(DiS; mc++){ 

flux(mc]+- 
(Pa[hmmf a'Pow(Mnmnginc}m, Pathmmf n)) 
/(Pathmmfb+Pow(Mmmfmc]mLPaU mmfn)); 
} 



*indude'com h' 

#include "pathdun. h" 

#indude "drawgeo. h" 
const float DtoR=0.017453292; 
float cirde(float, float); 

float eirde(float x, float r) 

float basgrt(r-r-x'x); 
return b; 
} 

void drawgeo.. draw(GEO dun) 
{ 
float ALPHAA360/dun. nsD! M[0]. n, 

05_x225, 
OS y-750; 
k=18; 
int kag2, 
//stator 

SR=dntt. nsD1M[9]. n; 
float a=(O. 5*dim. nsDIM[l]. n+kag'ditn. nsDIM[14]. n); 
float b=0.5'dun nsDIM[7]. n; 

float x=a"snt(DtoR`2'ALPHA); 
float x1(a+dun. nsDIM[8]. n)`sin(DtoR"2*ALPHA); 
float x2((a+dun nsDIM[I2]. n)"sm(DtoR'2'ALPHA); 
Boat xx=b'oos(DtoR'2'ALPHA); 
float y=a"cos(DtoR'2"ALPHA); 
float yl'. (a+dun. nsDIM[81 n)"cos(DtoR"2`ALPHA); 
Boat }2-(a+dun. nsD1M[121. n)'cos(DtoR'2"ALPHA); 

float yy-b"sui(DtoR*2`AI-PHA); 
pA. x OS. x-k'(x+xx); 
pAtx°OS x-k'(x2+xx); 
pB. x'OS. x-k"(x-xx); 
pB1. x=OSx-k"(x 1-xx); 

pJ. x OS x+k'(x+xx); 
pJ l. x OS x+k'(x2+xx); 

p11 x OS. x+k'(xl-xx); 

p[. xoOSx+k`(x-xx); 

pA yrpi. y-OS Y-k"(Y-YY); 
pAl y=pJl. yCS y-k'(Y2-yy); 
pB Y-pl y=OS. Y-k'(Y+yy), 
pBl ypll. y OS y-k'(yl+yy); 

x-a"sin(DtoR' I "ALPHA); 
x 1=(a+dun nsDIM[8]. n)'sm(DtoR" I *ALPHA) 

xx-b'oos(DtoR"1'ALPHA); 
y. "cos(DtoR' 1'ALPHA), 
yl-(a+dim. nsDIM(8] n)'oos(DtoR"1"ALPHA) 

yy=b"sin(DtoP*1 ALPHA); 
PC. =OSx-k'(x+)x); 
PC 1 x-O Sx-k'(X 1+Xac); 

9D. x S. x-k'(x-xxl 
pDlx-OSx-k"(x1-xx); 

pGx=OSx+k'(x-xx), 
pG1. x=OS. x+k"(xl "xx); 

pH. x-OS. x+k'(x+xx); 
pHl. x-OSx+k"(xl+xx 

pC. y=pH. yyOS. Y-k'(y-yy); 
pD. rpO. y`OS Y-k'(y+yy); 
pC I. y-pH I. yOS. y-k"(y1. yy ; 
pD1. y'pG1 yrOS y-k'(yl+yy); 

pEx-OSx-k'b; 
pF. x-OS. x+(k`b); 
pE1. xeOS. x-k'b; 
pF1. x=OSx+(k"b); 

pE. ypF. yOS. y-k'(ciidc (b, a)); 
pEl. y°pFl y-OS. y-k'(c2rde(b. a+dn nsDIM[8]. n)); 

plx. OS. x-k'(0.3"dim nsDIM[I11 n); 
p2. x OSx+k'(0.5"dim. nsDlM[II]. n); 
pl. y-p2. Y°OS y-k'(a+dtm. nsDIM[8] n+d1m. nsDlM[9] n+dvn. nsDIM[13]a); 
P3x-pix; 
p4x-p2x; 



p3. yap4. y-p 1. y-k'(dim. nsDIM[ 101. n); 
sI. xxOS. x 
sl. ypl. y-k*(0.5*dim. nsD1M[10] n); 

//rotor 
RR-dttn. nsD1M[5]. n; 
a a-kag*dim. nsDIM[14] n; //rotor od 
)=0.5'dim. nsDIM[3]n; //half teeth width; 

x=a*sin(DtoR*3*ALPHA); 
xl-2(a-dun. nsDIM[41 n)*sin(DtoR"3*ALPHA); 
x2s(a-dun. nsDlM14[ n-RR-dun. nsDIM[6]. n)*sin(DtoR*3*ALPHA); 
y°a"cos(DtoR'3"ALPHA); 
yl-(a-dim. nsDlM[4] n)*oos(D[oR"3'ALPHA); 
y1-(adnn. nsDlM[4]. n-RR-dimmDlM[6]. n)"oos(DtoR"3'ALPHA) 
xxob*cos(DtoR'3*ALPHA); 
yy-b'mn(DtoR'3'ALPHA),. 

rA. x-OSx-k"(x+xx); 
rB. x=OSx-k'(x-)x); 
rA1. x OSx-k'(xl+xx), 
rB I . x=OS. x-k' (xi -xx); 
rNx-OS. x+k"(x+-- 
rM. x=oS. x+k"(x-xx); 
rN1xxOSx+k'(xl+xx); 
rMI. x-OSx+k'(xI-xx), 

rA y-rN. y=OS. y-k`(y-ri); 
rB ymrM. y-OS. y-k'(y+yy); 
rAl. yarN1 y=OS. y-k(yl-yy); 
rBl y°rMl. rOS. y-k"(yl+yy); 

p5. x-OSx-k'(x2+xx); 
p5. y-OS. y. k`(y2-ri), 
pb r°p5. y 
p6. x-OS. x+k`(x2+xx), 

xca'sm(DtoR*2'ALPHA); 
xl a(a-dun. nsDIM[4]n)*sin(DtoR*2*ALPHA); 
y=a'cos(DloR"2*, ALPHA); 
y1* (a-(un. nsDIM[41n)*cos(DtoR*2'ALPHA); 
xx=b'cos(DtoR*2'ALPHA); 
yy-b*sm(DtoR'2 ALPHA); 

rCx-OSx-k'(x+xx); 
rD. x OS. x-k*(x-xx); 
iCl. x OSx-k*(xl+xx); 
rDlx-oSx-k"(xl-xx); 
rL_x-OSx+k'(. X+xx); 
rK. x OS. x+k*(x-)ac); 
rLlx=OS x+k*(xl+xx); 
rK I x-O S. x+k' (x l-xx); 

rC. y`rL. y-OS. Y-k*(y-yy); 
rD y=rKy-OS y-k*(y+yy% 
rC l. y'rL 1. Y-OS y-k'(yl-yy); 
rDl. yarKU. y-OS. Y-k'(y l+yy); 
/1 
x a*sm(DtoR' ('ALPHA), 
x1-(a-dim. nsDIM[41n)'sm(DtoR'1*ALPHA). 
y=a*oos(DtoR' 1'ALPHA); 
yl-(a-dun. nsDIM[41. n)'oos(DtoR' 1'ALPHA); 
xxab * cos(DtoR* 1'ALPHA); 
yy-b'sm(DtoR'1*ALPHA) 

rE. x-OS. x-k'(x+xx); 
rFx'OSx-k'(x-xx 
rE1. x OSx-k*(xl+xx); 
rEI. 'KOS X-k'(x1-xx); 
rJ. x-0S. x+k'(x+xx); 
rl. xnO S. x+k"(x--); 
rJl. x OS. x+k*(xl+xx); 
rT1x-oSx+k'(xl-xx); 

rE. y-OS. y-k*(Y-yy); 
rF. y=OS. y-k'(Y+yy); 
rE1. yrOS y-k*(yl-yy); 
rF l . y°OS. y-k*(y I+yy); 
d. yrOS. y-k'(y-yy); 
r1. yrOS. Y-k'(y+yy); 
rul y-OS. y-k'(yl-yy); 
rll. y-OS. Y-k'(YI+yy); 

// 
rG. x-rC; I x-OSx-k'b; 
rH. x=rH1x-OS. x+k'b; 
rH J-rG. y OS. y-k*(cirdt(b, a)); 
rHl y=rGI y-OS Y-k'(cirde(ba-dim. nsDIM[4]. n)); 



Fhvaj k getDENT 

double mmtR; 
double mmfl=10; 
double mmfu=l0. 

double fluxbPJuxdR uxR00, fluxR27; 

nt count; int erflago; 
double con=1; 
do( 
/BRANCH A (magnet and back-iron relationship) 
double MMFcorr-MbuoagMMF+(. l'mmfl); 
double fluxMAGl=flux(McuzveBIMAG, MMFcon); 
double MMFcorr-MbimagMMF+(. 1*mmfu); 
double fluxMAGu=flux(M<xuveBIMAG, MMFcarr); 

double fluxbl=flux(Ma3PMe, mmfl); double fluxbu lux(MalPMe mmfu); 
double fluxd=flwc(MmidFMe mmfl); double fluxcu=9ux(MmidFMe mmfu); 
double fluxdl=flux(MunFMemmfl), doublefluxdu7-flux(MunFMe fu); 

double A01-(fluxbl+2'fluxd+fluxdl)/4; 
double A11-0.5"(fluxblfluxdl); 
double A21-0 25'(fluxbl-fluxd+fluxdl. fluxd); 

double F109-AOI+A11"oos(2'M PI`O 917.2)+A21`cos(4'M Pl'0 9/7.2); 
double F127=AOI+AlI'cos(2'M PI'2.7/7.2)+A21'cos(4'M PI'2.7/7.2); 

double AOu-(fluxbu+2' fluxcu+flux duy4; 
double Alu-0.5'(fluxbu-fluxdu), 
double A2u-0.25'(fluxbu-fluxcu+fluxdu-fluxcu); 

double FuO9-AOu+Alu`cos(2'M PI'O9/7.2)+A2u'cos(4'M PI. 0.9/7.2); 
double Fu27-AOu+Alu'cos(2'M PI'27/7.2)+A2u'oos(4'M Pl'2.7/7.2); 

//chk to see with in range; 

double FI 4 FlOo+4'Fl27-fluxMAGI; 
double Fu-4'FuO9+4*Fu27"fluxMAGu. 

if(m9ag=1){ 
illFrFu<O) erflagn0; elsemmfu+-50, ) 

yf(rpag'ýl){ 
mmfltxnmfu-(Fu"(mmfl-mmfu))/(Fl-Fu); 
MMFoo1D MbumagMMF+(-l "mmfR); 
double flmxMAGR=8ux(MaaveBIMAG-MMFom); 

fluxbR=flux(Ma1FMe, mmfR); 
double flurcR=flux(MmidFMemmfR); 
fluxdR-flux(MunF Me, mm fP ); 

double AOR-(fluxbR+2'fluxcR+fluxdRy4; 
double Al R=0.5'(ßuxbR-fluxdR). 
double A2R-0.25'(fluxbR-ßuxcR+fluxdR-fluxcR); 

fluxRO9-AOR+AIR'cos(2'M_Pl'0.9/7.2)+A2R'cos(4*M PI. 0.9/7.2); 
flux R27aAOR+AlR'oos(2'M_PI'2.7/7.2»A2R'c (4"M PI'2.717.2); 

double FR-4`FR09+4"FR27-fluxMAGR; 

double conM; 
if(FI*FR<O) (conM= nmfu; mmfu=mmfk, ) dse (conM-rmfl; mmfl°flunfp, ) 

con-fabs((mmfRconMymmfR))" 100, 

count++; 

while (count<I00 && con>l e>S), 

FluxLink dete t; 
detent. al=fluxbR; 
datrnt. un=fluxdR: 
deteit. uudl=fluxR09; 
detentmid2=fluxR27; 
detent. maginmtR; 

return detau; 



// "" HEADERS " 
Mindude'com. h' 
#mdude "bh. h' 
#mdude "dusla. h" 
lhndude "mast. h" 

ifindude "wmdmwLh" 
cant Boat OSAm=79.57747155; //Oersteds to A per metre 
/Illh/illllllll hIII// 
//fimcbon 
Curve hart(double xx[DISI, double yy[DIS], vd path) 

coast cot no 10, 
double x[no]x[0]=xx[5191 ]roc[I0j; x[2j---oc[I5]; x[31-xx[20], C[4]-t[23j; 
x[5]x[25]x[6J[291a[7kw4331 x[8 [361X[9] [391; 
double y[no]; y[0jyy[5]; y[I 1=yy[10], y[2l=yy[ 151 y[3j-yy[20]; y[4]=7y[23]; 
y[51°ry[251: y[6]=rr[291, y[71-M33], y[S]=yy[36]; y[91-yy[391; 
tnt COUNT; 
//rows columns 

// intial guess may do work on inual guess for 6ohch function!! 
Curve RESULT; 
doubleIALP//yyfDlS"11'1.1JMno-l]`1e4; cout<<endl«"Alpha"<4ALP; 
double iBZT// cjDiS-IV6; iioouK<enä«"bela"«$ET; 
double iN-1; 
double SumSQ-0; 
tnt ErroR=0, 

double NEWALP O; 
doubleNEWBETO; 
double NEWN-6, 

static double Sum[4]; 
static double TI [no][4]; 
static double T2[3][41, 

state double COEFFI3j[2j[4] J/alpha beta 
COEFFIO][Oj[0]-1.05'y[91, COEFF[O][i ](0]=1.5'x[9]; 
COEFF[0][0][I I`2"yI91: COEFF[O][ I][ l ]-3.8'x[9I; 
COEFFIO][O]I21=1.5"y[91; COEFF[O][ 1 ][2]=3.3"xI9]; 
COEFF[0][0][3]=1.25'y[9]; COEFF[O] [t] [3]=2.5'x[9]; 

COEFF[ l ][0][0]=I 05"y[9]; COEFF[ l ][ 1] [0]=1.5'x[9]; 
COEFF[I ]I0][ 1 ]=23'y[9]. COEFF[I ][ I][I ]ß'x[9], 
COEFF[l ][0][2]=1.6'y[9]; COEFF[l ][1][2]=3.5'x[9]; 
COEFFI I1[01[3]-1.3'y[9j; COEFFI l II l 1[31-2.5'x[9]; 

COEFF[2][0][0]=1.05'y[9], COEFF[2][ 1][0]=1.5`x[91; 
COEFF(21[0][ 1]=1.25 y[9], COEFF[2][ I ff 1J3.7"x[9]; 
COEFF[2)[0][2]=1.05'y[9], COEFF(2](1 ][2]631 `x[9]; 
COEFF(2][0][3]=1"y[9], COEFF[2[[ 1][3]=2.5"x[9]; 

Curve keeper(4); 
nit move=0, 
do( 
jALP=COEFF[path][01[move]; ABET-COEFF(path][I1[move]; LN. 1; COUhT=0; 

do( 
i [oi[o]°r2[01(U]°r2[Ol[2}=T2tOl(31=T2(il[o]a 
r2[t][I1=Z2[I][21 2[U[3I 12(2 [OýT2[2][11' 
'C2[2][2) T2[2][3]°0; 

for Cmt r0; i<no; i++)( 

// solve systems of equations for D. 
double EQi[4b EQ2[41; 
for ( i-O. i<4, ++) ( 

Tt(il[O? Tow(x(il. M(iBEf+pow(x(il Y. 
TI till I K-iALP, po'(x[i1. MYvo'((IBer+yow(xlil1N)), 2); 
riGJ[z1- 

(aALP POw(xbI N)*(x1iDY 
Cd3ET+pow(x[']A)) 

CuU. P'pow((PO ' xG[. M). 2)W(x[iDY 
(ao'((IBET+pow(xt1lj')). 2)) 
); 
TI [i[[3J-y(ij{ 
CiALP`pow(x[ijjN)) 
l(iBEf+pow(x[i1. iN))); 
T2(O1[0I+-vowC1 I [11 [01.2); 
T210111 }«-TI 611o1`Tº(i([ i J, 
77[01[21+-T1 bl[OMI [1I[2J; 
T2[0J[31+-Tl 51[01'T1 [1](31; 

77[ 11101+-T1 [iJ[o[-Tl 11111 j; 
T2[l ][I J+-pow(TI[i)(I J. 2); 
T2[ 11121*'TI GI[ I IM (7[2] 
T2[1 J[3J+-TI [il[ 1J-T1 [ij[31; 

T2[210 T1[ij[oI-Tl(q[21: 
T2[2111 -Tl (i [[2jM (jj[ I J: 
T2 21[21+ Tl[l1[2I TI[ßl[21; 
'7121[3]+-Tl (i][2]'Tl[lj(31. 

EQIr[aTZ[ I IIOVT2[o][on-'n[o][7; 



EQ2jij- Z[1][ij-EQI[ij; ) 

double EQ3[41; 
for (i O i<4; i++) { 

EQI[iJ (! 2[z][olrrz[ol[OD" [a1G]; 
EQ3[irT2[2J(i1-EQ I [i]; ) 

double EQ4[4]; 
for (i-0; i<4; i++) 

EQl [i]=(EQ3[ I IEQ2[! D"EQ2[i]; 
EQ4G1=EQ3[ll-EQ 1 [il; ) 

double D[3]; 
D[21°EQ4[3VEQ4[21; 
D[ l1=(EQ2[31-(D[2]'EQ2[2DYEQ2[l1: 
D[old[01[31-(D[21''2[0][21). (D[]1"1'2[al[l DYr2[01[al; 

//muumum value Of Q 
double alp1, bet1, nl. aipO5, bet05, n05, 
alpIiALP+D[O]: bett-iBET+D[ll; nl iN+D[2]. 
alpO5iALP+0.5'D[0]; betO5=iBET+0.5"D[I]; nO5-T1+0.5'D[2]; 
double Q0 0, double Q0550; double QI=O, 
for CPO; i<no; i++) ( 

QO+-Tl [i][3]'Tl [i][31, 
Ql+ pow((v[i1-((alpl"pow(x[i]. nl))/(beU+pow(x[tl. nl)))). 2) 
QO W(Y[i]-((e1p05"PowKx[il, n05)Y(betO-', ' Kx(i1, n05))). 2), 

if ((Q 1.2' QOS+QO)! -o) ( 
double Vmin 0.5+(0.25'(QO"QI)I(Q1-2'QOS+QO)), 

NEWALP=; ALP+Vm; n"D[01; 
NE WB ET-; BET+vnun "D[ 1 ]; 

au (COUNT 55. ) 
llcouK<mdk<NEWALP«" (C) "«NE BET<" ABN "<eNEV6 7; 
EaoR-0, 
if(NEWALP<O II NEWBET<O II NEWN<O) (ErroR-I; COUNT-55, ) 

And convagance percaitage 

double Ealp-((NEWALP-iALPYNEWALP)`I00; Ealp-fibs(Ealp); 
double Ebet-((NEWBET-iBE YNEWBET)"100; Ebet4abs(Ebet); 
double En-((NEWN4YNEWN)"100; En-fabs(En); 
//rout <ond}r<Ealp< converge (c) "«Ebet< " <En; 

//converge dwdc 
if(Ealp<ta5&&EbdU4i-5&&En<la5)COUNT 55; 

iALP=fabs(NEW.. LP); iBET=fabs(NEWBE7); N-fabs'EWN), COUNT++; 
RESULT . a-NEWALP RESULT. b-NEWBETRESULTiv NEWN; 
)wbile(COUNT<40); 
//sum of squares of residuals 
if (ErroR=1) (SumSQ-Ie10, ) 

else( 
SumSQ°0, 
for (mt r-0; i<no; i++) 

SumSQ+-pow( 
YFI-( 
(RESULT. a'pow(. xji1, RESULT. n)) 
/(RESULT. b+pow(xImLRESULT. a))), 2); ) 

Som[move]=SianSQ; 
keepa[move] a-RESULT. a: keeper[movel"b-RESUI. Tbkeeper[move]. n-RESULTit; 

move4- ; 
)whila(move(4), 

double low; 
low-Sum[41; 
for (mt z-O, z<3; z++)(1f (low>Sum[zD 

low=Suun[z], RESULT. a-k-eepe[z] LRESULT. b. keeper[z]. b; RESULT. n4keepa[z]. n; )) 

rerun RESULT; 

I/ MENU COMMANDS UNXED to Functions - 
DEFWE RESPONSE TABLEI(TDbWmdow, TFzameWmdow) 

EV WM PAINT, 
EV COMM&Vl)(201, CmBH), //call BH Steel points input 
EV COMMAND(601, CmBHc utve), //caf BH steel equation input 
EV_COMMAND(701, CmMAG), //call BH magtd points input EV COMMAND(801, CmMAGawe), /i f BH magnet points input 

_ 
EVCOMMAND(S2, CmBHsave), //save steel bh data 
EV COMMAND(51, CmBHlord), /Aoad Steel bh data 
EV COMMAND(301, CmDun), //calls dimensions input window 



EN COMMAND(401, CmD ), //Call flux density window 
EV_COMMAND(5OI. CmPath). //starts paths calailaton 
EN COMMAND(901, CmGraph), 
END RESPONSE TABLE; 

/P"""" vutialisanon ofmam window ..... / 
TDbWindow:: TDbWindow(TWmdow' parent, Coast char far' title) 
TFrameWmdow(pazau, bile). 

7 Window(parent, tile) 

AssignMenu(l). //assign the menu to the screen 
MdassGEO. stringblanl //dears the st mgs in dass GEO 
BhCHKO; //bb data is not entered 
DimC}IK 1; //sets dimension check to 'dimensions not entered, 
FdCHK-0; // flux density limit is uttered 
gaphyes '/ set flag so no flux/mmf graph is displayed until results 

MdassGEO. maxFD. nn2. l; 
gcvt(MdassGEO. maxFDn, 7, MdassGEO. maxFD. s); 

Ma1FM. dexrheadO; 
MnndFM druheadO; 
MunFM. dearheadO; 
Mdassbh. dearhead0; 
Mdassmag dearheadO; 
} 

///// 
/ldadere child window for graph 
DEFINE_RESPONSE TA LE1(rGT phFrame, FrameWcidow) 
ENDRESPONSE TABLE; 

TGraphFnune:. TGraphFrsme(IWmdow' parent, oonst char far " title) 
TFnrneWindow(parent, title) 
{ 
Atn X 100; 
Attr. Y-100; 
Attr W-350; 
Attr. H=350; 
Attr. Style=WS_VISIBLE I WS CAPTION I WS_BORDER I WS SYSMENU I WS MINIMIZEBOX 

IWS_CLIPSIBLINGS I WS TRICKFRAME, 
} 

//"" DECLARE FUNCTIONS FOR TDbWmdow (main window) dass .... /f 
void 
TDbWindow.: EvPaintO 
{ 

TPatntDC paintDC(HWindow); //paint main window 
M. 
if(Mdassbh. MbhFlagýl && Mclassmag MbhFlag-l) (BhCHK-1, ) 
else if (MdassbKMbhFlag2 && Mclassmag MbhFlag - 2) (BhCHK=2; ) 
else (BhCHK O; ) 

fl .. 
char blank[]-, ' aharcte s to tell user what curves have been selected"// 
char cur[]-, (CURVE)"; // with what method 
char poi(1-' (POINTS)"; 
dear methodbh[ 10]; 
char methodmag(101; 
//"+ steel BH curve" 
if (Mdassbh. MbhFlag-0) (st cpy(methodbh, blank); ) //no points entered no method 
else tf (Mdassbh. MbhF1ag-1) (strepy(methodbh. poi); ) //points method 
else (strcpy(methodbh aa); ) //equator method 
/! "" magnet BH curve 
if (Mdassmag MbhFlag-O) (sbcpy(methodmag, blanlc); ) //no points entered no method 
else if (Mdassmag. MbhFlag-l) {strcpy(methodmag, poi); ) //points method 
cL, c (s '(mcfhOd erg cur); ) //equation method ! /'.. ". " .............. 

//r- display names of steel and magnet 
char title[ "BH cme in anrnt use: *; 
psintDC. ToctOut(0,10, title, stdei(tttle)); 
char holdbh[25]; 
st<epy(holdbh, Mclassbh. MbhName); 

sttcat(holdbh, methodbh); 
pamtDC. TextOut(175,10, holdbh, stAeättoldbh)), 

char mtitle[]="Msgnet in current use : "; 

pamtDC. TeetOut(0,25. mtitle, sttlen(tttle)); 
char holdmeg[23). 

sttcpy(holdmag. Mclassmag. MbhName); 

sttcat(holdmagmethodmag); 
pa C. T ctOut(175.25. holdmag, sttlai(holdmag)); 
p""" . check to see ifbh have been entered "" 
if(ShCHK-1O)( 

char chk1MP[]="BH data missing. or of diffenng txtvtiques! % 
pamtDC. TextOut(1,46, dikThlP, shlen(chk MP)); ) 
el e(ohar chl'TMP[]="BH dataEnteted"; 

pamtDC. TextOut(1.46, dikTMP. stdrn(ch 7MP)); ) 

/p"- - check to set if dimensions have been entered "" 
if(DimCHK! -0){ 
char c L'IMP[]='Amensions not completed ! "; 

pamtDC. TextOut(l. 70. dd: TMP, strtan(d* MP)); ) 
else{char chkIrMP[]="D¢oensions Entered"; 



pamtDC.? cnoua1.70, aixrMP, m1an(di TMP)), ) 

II "* maxim= flux density """ 

char NWd[]a'Ma num Flux Density is set at: '; 
stunt(MXfd, MdassGEO. maxFD. s); 
paintDC. ToxOut(1,85. MXfd, strlen(MXfd)); 

/II//IIII//Illlll/II//I, /I/II/, I//// 

/h""" main window fmcCOn """"`// 

// "' SAVE BH "" 
void 
TDbWindow:: CmBHsaveo 

//`" SAVE DIALOG " looks for 
. 
bb files 

TOpenSaveDialog. 1Data data( 
OFNHIDEREADONLYIOFN OVERWRITEPPOMPT, 
"BH Files ('. BH)I'. BHI", 
0, 

'BH' 

//"ý if file can be saved holds filename m dataflename 
if ((new 7FrlleSaveDialog(this, data))->Exewte(aIDOK)( 

ofpsbeam out(data. FileName); 
iRlout) MessageBox("Cannot Open file", "Eirot, MB OK); 

else( 
out«Molassbh; //because dass is steamed 

/r" load BH "" 
void 
TObWmdow;; CmBHLoadO 
{ 
static 1Op iSaveDialog TData data (//displays only. BH files 
OFN WDEREADONLY, 
"BH Files (". BH)1". BHI*. 
0. 

"BH" 

if((newTFde0penDialog(th1$ dara)). >Exeanep-IDOK)( 
i! psteam i(datafi eName); 
if(! m) MessageBox("Cannot Open file", "Error, MB OK); 

else{ 
in>>Mdansbh; //bad data back into clans 

llIllll FUNCTIONS FOR BH FILES ENDED 1! I/ll 

//// BH STEEL MANUPLATION /// 

void 
TDbWindow:: CmBHO 
{ 
TBhDulog' the_pad=new TBhDialog(this, TResld(l)); //calls the Dialog window (ID t) 

""" loads data from main window """/// 

the-pad->steel mag-0; // mfortm dialog window we are deo1ing with steil data 

for (t loop; loop<100; 1oop++) ( /Roads bh data to dialog window 
theý. pad">bh(loop]. b-Mcimbh. Mbh(bop]. b" the-pad->bh(loopllwmclmbh. Mbh(loopII4) 

sucpy(the_pad. >nam#-Mcla sbb. MbhName)J/copies the bh name to Dialog 
thepad->poit-Mclassbh. MbhPomt; //copies the number of points 

//"" when the user presses enter" - return the data back to the main window 
if (the_pad->ExeateO-IDOK) ( 

fot(>nt j=O j<IOO, +)(Mdassbb. Mbhj] b=tne-pad->bhbj. b; 
Mdassbh-MbhU]. h. the-pad. >bhU]. h; ) 
atrcpy(Mdassbb. MbhNamgthe_pad>n=e); 
Molassbh. MbhPomt-he pad. >pomt; 
Mdassbh. MbhFlaal; 

lniunuunmauunruilnuuaiunniiii 
ir- funrnon to deal oath steel equation data 
void 
TDbWindow:: CmBHatweO 
{ 

/I creates a transfer buffer to put data directly into windows // 
st uct TransfaBuffa( 

ý[ts], b[15]n[tsje(t lk[15]lwne{20]; )tb; char 



strcpy(tb a, Mdassbb. MbhCuive(O1. s); 
shcpy(tb. b, Mdassbh MbhCucve[ l ]s); 

strcpy(tb. n, Mclassbh. MbhCutve[2js); 
strcpy(tb. e, Mdessbh. MbhCurve[3). s); 
strq y(tb. k, Mthssbh. MbhCurve[41. s); 
strcpy(tbnamgMclassbh. MbhName); 

TBhCurDialog' the_pad=new TBhCurD alog(dus, 7 Raid(4)); //creates new dialog window 
thej d->ste4_magO; //steil data is beint dealt with 
theyad->SedTransferBuffet(&tb); 
if (the_pad->ExecuteO l OK)( 

//return values from dialog to main window data 
stcpy(Mclassbh. Mbh urVe(O1 s tb e); 
strcpy(Mdascbh. MbhCutve(1]. s tb. b); 

strcpy(Mclassbb. MbhCurve[2]. s, tb. n); 
strcpy(Mdsssbh. MbhCurve[31 s, th. e); 
sU py(Mclassbh. MbhCutve[4J. s, tb. k); 

strcpy(Mdassbb. MbhName, tb. name); 

Mdassbh. MbhCiave[0]iratoftMdassbh. MbhCiuve[0]. s); //atoffunctionconv converb string data to 
MdassbhMbhCmve[1 ]. t=atof(Mdassbh. MbhCmve[1 ]. s); //H=e=al 
Mdassbh. MbhCurve[2]. imtof(Mdassbh. MbhCurn[21. s); //dialog data is string form 
Mdassbh. MbhCtuve[3]m=atoQMdassbb MbhCtuve[3]. s); 
Mdassbb. MbhCwve[4]. n-ato$Malassbh. MbhCurn[41. s); 

Mclassbh. MbhFlag2; //Dag set to equation 
} 

//"""" magnet data """" same as CmBH and CmMAGcwve 

void 
TDbWmdow:: CmMAGO 
{ 
TBhDialog- theý_pad-new TBhIhalog(dus, TResid(l)); 
for (int loop; loop<l W; 1oop++) 
the )ad->steel mag-1; 
te, pad. >bh(loovl. b-Md&wnag. MbhDooal. b, theyad->bhDoopl. h. Mdavaug"Mbh(looal. h. ) 

stvpy(theyad->name, Mclassmag. MbhNeme); 
thepad->point-Mclacsmag Mbh? omt; 
if (the_pad. >EXecuteO'IDOK)( 

for(nt jO <100; j4+){ Mdassmag. Mbhb]. b-thepad->bh(j]. b; 
Mdassmag MbhU]. h thepad->bhU]. h, ) 
strcpy(Mclassmag MbhName the_pad. >name); 
Mcbssmag. MbhPomt-thepad. >pofnt, 
Mdassmag. MbhFlag"1; 

void 
TDbWindow: -CmMAGarveO 

smwtTransfaBuf ( 
char aL151. b[15]n[t51, d151, k[15], namd201 ;t; 

strcpy(tb. a, Mdassmag. MbhCmve[O1. s); 
strcpy(tb. b. Mclassmag. MbhCtuve jI] s); 
strcpyßb. n, Mdassmag. MbhCwve[2]. s); 
sucpy(tb. e, Mclassmag. MbhCurve(3]. s); 
strcpy(tb. k, Mcbssmag. MbhCurve[4] s); 
strq y(tb. nsme, Mclassmag. MbhName); 

TBhCurDWOy' theyad-new 1BhCutDialog(this, TRes1d(4)); 

the_pad->sted marl; 
thepad->SetTtaasferBuffer(@, tb); 
if (the_pad->ExecutelDOK){ 
strapy(Mdassmag. MbhCutve[01. s, tb. a); 
st cpy(Mdassmag. MbhCutve(1 ]. s, tb. b); 

strepy(11dassmag MbhCurve[2]. s tb n); 
strcpy(Mdassmag. MbhCwve[31. s, tb e); 
sm py(Mdassmag. MbhCurve{4]. s, tb. k); 

strcpy(MdassmaB. MbhNameatb. name); 

Mdassmag. MbhCwve[0]. tof(Mdassmag. MbhCwve[0]. s); 
Mdassmag. MbhCuave[ I]. n-atot]Mdassnag. MbhCurve{i]s); 
Mdassmag. MbhCurve[2]. rr-stofrMr]assmsg. MbhCutve[2]. s); 
Mdassmag. bfbhCutve(3]. natoftbidassmag. MbhCutve[31. s); 
Mdasstnag. MbhCmve[4]rr atotZMdassmag. MbhCurve[4]. s); 

Mclassmag. MbbFIag-2; 

///get onset 
sCUd TransferBu1T r( 

char a(151; }cb; 

strcpy(cb. a, Mdassmag offsets), 



TBhO®ialog' the_padd-new TBhOffDialog(this, TResld(5)); 

tbejadd->SefrmnsferBuffer(&cb); 
if (thepadd->Execut(%}-IDOK){ 
strcpy(Mdassmag off ets, cb. a); 
1 

} 
um/amuuunuuniunnnm/laml 
0/... function to deal with dimension input window... // 
void 
TDbWmdow:: CmD mO 

äu loop; 

do (; 
strua Transf swat 
char a[10], b[10], c[10], d[IO], e[10], t[10], g[ I O], h[10], 

41 o], i[ I OIx[1011[I ohne oM[ 10hop ohv[I OI: 
)tb; 
strcpy(tb. s, MdassGEO. nsDIM[O]. s); str py(tb. b. MclassGEOmsDIM[1]. s); 
strcpy(tb. o, MdusGEO. nsDIM[2]. s); strcpy(tb. d, MdassGEOnsDIM[3]. s); 
stt Wtb. e, MdassGEOmDIM[4]. s), stvMtb. f, MdassGEOnsDIM[S]. s); 
strcpy(tb. g, MclassGEO. nsDIM[6]. s), strcpy(tbi4MdassGEOa%sDIM[7]. s); 
strcpy(tb. i, MdassGEOi sDIM[8]. s); strcpy(tb j. MdassGEO. nsDIM[9]. s); 
sbnpy(tb. k, MdassGEOi sDIM[IO]. s), sttepy(tb. I, MdassGEOnsDIM[I I]. s); 
stmpy(tbm. MdassGEO2 sDIM[12]. s); stnpy(tb. n, MdassGEO. nsD[M[13] s}, 
strcpy(tb. o, M dassGEOnsDIM [ 14]. s); sttcpy(tb. p, MdassGEO. nsDIM[ 15]. s); 

DD; mD; alog- dim_, ad-new TD; mDiaiog(this, TResId(2)); //ready to eau dialog 

//window with ID 2 
dim pad->SetßansfaBuffa(&tb); 
if(dmpad. >ExecuteO-IDOK)( /if=pressed 

MdassGEO. ttansfet(tb a, tb. b, tb. c tb. d, tb. e tb. t 
tb g, tb]1, tbi tb. j, tbY, tbltbm, tbßtb. o, tb p); } 
! /transfer function of GEO dass 

I/cihedc to sae if any dimensions missing or zero value 
int ch lca=MdassGEOzaochkO: Ncaf function to check 
D mCHK=shads. //Main window check 
if(chxkaho)( HiNiummsom missing 
MessageBeep(-1); // U error box and makes user re-enter dialog 

MasageBox("Dimens)on missing or of =o value! "x 
loop-l; 

)wh7e poop! -0) 

///-function to deal with flux density input window".. 
void 
TDbWindow:: CmDenO 
{ 
nit loop; 
do ( loop 0. 
sttuct TtansfetBuffet( //set up transfer buffer 
that fd[ 10); 
)tb; 
//put function which copies 
sttcpy(tb. fd, MdassGEO. maxFD s); 

TDenDialog' dim�pad=new TDenDialog(this, TAesid(3)); 
dum_ad->SetTnmsferBufTac(&tb); 

if (dim, pad->ExeeuteO4IDOK)( //ruhen ok pressed 
shcpy(MdassGEO. maxFD. stb. fd); ) 
MdassGEO. maxFD. n-atof(MclassGEO. maxFD. s); 
//heck to see if flux density musing or zero value 
int checke=MdassGEOzetochkFDO; FdCHKchecka; 
if(ehecka'-0)( 
MssageBeep(-l) 
MessageBox('Fhuc Density value missing or of zero value! "); 
loopel; 

)while (loop' O); 

///lIll/Illllllllllllllllllllllllllllllllllllllll 
void TDbWmdow.: CmPathO 

if(FdCHK! O 11 DimCHK! =011 BhCHKO)( His data ready 
MessageBox('Dunatsion, EH data, of tnatimmn Flux Deity value musing'-); 

dsa{ giaphyesl; 
MesaageBvx( 
'Path lengths and areas calculations started\n Tipis may take a little tune 

, *PATHS", 
MB_ICONINFORMATION); 
MessageBeep(-1); 



minAREA-condiiaindata(MdassGEO); //aRs function to convet data to be read by 

//paths 
if (mmAREA--O) 
MessageBox("minarea"; PATHS", MB ICONINFORMATION); 

im DESTROY-0; Must position calculation in loop at an attempt to save memory 
do (llllllllllll/"""**... "'l/llll/1//llllllllll 
/1N//I////I ""' calculate aligned position rr"/////// 

pathLA a 1A, alB, alC, alD, alE; /laute 5 paths 

alA. Apathl(condim)", a1BApath2(condlm); alCApath3(condim); 
alD, Apath2(oondim) alE Apath l (condim); 
//calculate area and lengths of steel paths 

alAAtooth l (con(ban); a1B Atooth2(condlm); alCAtooth3(cOndim); 
a1D. Atooth4(oondim)a1EAtooth5(condIm), 
//calculate area and lengths of airgap paths 
MessageBeep(-1); 
alA. airgapRELQ; a1B. au apRELO; aIC. aßgapRELO; a1D"a¢SaPRELO, 
alE. avgapRELO; 

if (aIA. AGrd-4 11 sIBAGrel -0 [I a1C. AG: eýO 
u a1DAC d=0 II aiE. ACrd=°0) 
MessageBox("air gap", PATHS", MB_ICONINFORMATION); 
//calculate reluctance of airgap paths 

if(Md ssGEO. maxFDiO) 
MessageBox("flux density", "PATHS", MB ICONINFORMATION), 

//60 flux table of dass MASTER MaIFM 
Ma1FM. fluxset(5, minAREA, MalassGEO. maxFD); 
if(Ma1FM. table[DIS-II. f 0) 
MessageBox("flux table", "PATHS", MB_ICONINFORMATION); 

if (BhC11Ra1) (l/calailate mmfby tables method 
double ALaz: ay[51, 

ALmray[0]malkcabnmf(Mdassbh. Mbh, Ma1FM. table, Mclassbh. MbhPomt); 
ALaztav[lI-a1B. ealm f(Mdassbh. Mbh, Ma1FM. mble. Mdassbh. MbhPoint); 
ALarray[21-alC. cahumf(Mdassbl Mbb, Ma1FM. table Mdassbh. MbhPoint); 
ALaaray[3Ja1D. ca1mmf(Mdassbh. Mbh, Ma1FM. table, Mdassbh. MbhPoint); 
ALamy[4]-alE. calmmf(Mdassbh. Mbh, Ma1FM tsble, Mdassbh. MbhPomt); 

//find average 
double AVE-(ALanay[O]+ALatray[l]+Alanay[21+ALarray[3)+ALenay[4])/5; 

if(AVE--O) 
MasageBuxCAVE", "PATHS", MB ICONINFORMAIION); 

//send average to compute mmf table 
MaIFM. mmfset(AVE); 

if (blaIFM. mble[DIS-l ]-A) 
M.. ageBox("mmfmbld, "PATHS", MB 1CONINFORMATION); 
J1! 11/1! /1(wor in mmf table) 

aIA. newflux(Ma1FM tableMalFM. unpflux)VIcQ: ulates the flux 
a1B. newtlux(MaffM. table, MalFM. tmpflux) j! m each path at the 
e1C. newflux(Ma1FM. table, MaIFM. tmpflux)i/final mmE and sums 
aID. new 1ux(MaIFM table MaIFM. tmpflux)J/the value in tmptlux 
aIE. newflux(Ma1FM. table, Ma1FM. tmpflux)-. 

//final table, replace table. f by tmpfux readmp. 
MaIFM. Snalupdate0; 
if(Ma1FM. table[l1. f 0) 
MessageBox("etrot'. "PATHS", MB ICONINFORMATION); 

MessageBeep(-l); 

else(//calculate mmfby save fitting 
double storef DISI; //store for passing arrays to save fitting 
for (nu r0 KDIS; a++) stores-MalFM. table[sl. f, 
double ALanay[3]. 
ALatray(O)=alA. eqummfMdassbh. MbhCurve, MaIFM table); 
ilAPathmmfhart(alA. MMF. store. 0); 
ALway[11-a1B. egwninfCMelassbh. MbhCwve. Ma1FM. table); 

sM. Pathmmft4urt(alB"MMF, store, 0); 
ALanay121-a1C. equmm(MclassblLMbhCmve, NWFM table); 
a1C. Pathmxn =hart(alC. MMFatore, O), 
AIat: ay[31-a1D. egwnmiTMdassbh. MbhCtwe, Ma]FM. table); 
alD. patlunmP-batt(alD. MMF. ston. 0); 
at rray[4]=alE. equmml(Mdassbh. Mbhcwve. MaIFM. table); 
al E. Pathmmishart(a1E. MMF, store 0); 

And average 
//by putting maximum flux value in each of the paths equations and then 

//averaging the results 
double AVE-(ALWaY[O]+AL&nY[I]+AL=ay[2]+ALuny[31+ALway[4y5. 

//send average to compute mmf Table 
Ma1FM. mmfset(AVS); 

elA. egnewflux(MalFM. table. Ma1FM. IInpflux))icWc fates the flux 
a1S egnew9ua(Ma1PM. mble, MalFM. tmpflux)//m ach path at the 
alC. egnewflux(MaIFM. table, MaJFM trnpfluz) //5nal mm( and sums 
alD. egnewflux(Ma1FM. tablrJMaIFM. tmpflwc)J/the value in unpflux 



alE. agnewfux(MaIFM. table, MaIFM trnpflux); 

//final table, replace table. fby Impflux readings. 
Ma]FM. frnalupdateO; 
//need an equation to model relationship 
static double storem[DIS]; 
for (int kk O; kk<DIS; Ick++)( 

storem[ &]=MalFM. table[kk]. m; 
store[kk]<MaIFM. table[kk] Q 

Ma1FM. equ=batt(storanstore, 0); 
hint poo=store[0]; 

)while (DESTROYIO); 
do (1/lllll//llll"""`"""""""" 

""" palate mid position'.. /////// 
pathlA mA, 1nB, mC, mD, mE; //ceate S paths 

mkMpathl(condim); mB. Mpath2(condim); mC. Mpath3(condun); 

mD. Mpath2(condim); mE. Mpathl (oondun); 
//calculate area and lengths of steel paths 

mAMtooth l (oondim); mB. Mtooth2(condun); tnC. Mto oth3(oondun); 
mD. MtooffiS(condim)JnEAtooth4(oondtm); 
//calculate arte and lengths ofartgap paths 
MessageBeep(-1); 
mA. avgapRELO; mB. augapRELO; mC. airgapRELO; mD. augapRELO; 
mE. avgapRELO; 
//calculate reluctance of ai gap paths 

//fill flux table of class MASTER MaIFM 
MmidFM. fluxset(6, mmAREA, MdaSSGEOmMXFD); 

if (BhCHK-I) (//calculate mmf by tables method 
double Al. attsy[5j; 

ALutay[Oj-va&calmmQMdassbh. Mbh, MnudFM. tableMdassbh. MbhPoint); 
ALertayjl)-mB. c9mm$Mdassbh. Mbh, MmidFM. tebleMdessbh. MbhPomt); 
ALaamy[2]-mC. calmmf(Mdassbh. Mbh, MmidFM. table Mdssbh. MbhPoint); 
ALazray[3j-mD. ealmmf(MdassbhMbh, MmidFM. table, MdassbltMbhPomt); 
ALarray[4]amE. wlmmf Mclassbh. Mbb, MmtdFM. table Mdassbh. Mbhpomt); 

//find average 
double AVE-(ALazraYld}*AIKMYI1]+ALacmY[21+AL Yf3}+ALarrayf4]Y5: 

//send average to Dompute mmf table 
MnudFM. mmfset(AVE); 

mAmewflux(MmidFM. table, )ýdFM. Rnpflmc)J/ca a tes the flux 
mB. newtlux(MmidFM. table. MmidFM. unpf =)J/m each path at the 
mC. newflux(MmidFM. table, MmidFM. tmpflux) j/final mmC and sums 
mDnewflux(MmidFM table, MmidFM. Impflux)J/the values in trnpflux 
mEmeaßw o. IrmdFM. tabk, MmidFMUnpflux): 

//final table, replace table f by trnpflux readings. 
MmidFM. flce pdateO; 
/IM saseßeep(-l); 

dse(//®l0 late mmf by curve fitting 
double store[DIS]; //Store for passing strays to curve fitting 
for (int s=0; s<DIS; s++) stores) MrmdFM. table(s]. f 
double ALarray[S]; 
ALway(O]-mA. eqummf(Mdassbh MbhCurve. MmidFM table); 
mA. Pathmmf hart(m&MMF, store, l); 
ILartay[I} mB. eqummgMdassbh. MbhCutve. MmulFM. table); 
mB Pathmmf-hart(mB. MMF. store, 1), 
ALarmy(21-mC. equrmn$Mda$sbh. MbbCurve, MmidFM. tabk); 
mC. PathmmMa t(mC. MMF. stOre, 1); 
&Larray[3].. mD. eqummf(Mclassbh. MbhCurve. MrmdFM. table); 
mD. Patlunmf-hart(mD. MMF, Stom, 1); 
pl. array[41-mE. equmm1(Mclassbh. MbhCurve, MmidPM table); 
mE. Pafi mf-hart(mE. MMF, st0re, l); 

//fnd average 
//by Puttm8 maximum flux value g each of the paths equations and then 

//averaging the results 
double AVEI(ALuTSYI01*ALUMYIt1*ALBrMY(2I+ALa mY[31+AL&ffayI4])t5; 

//send average to compute mmf table 
MmidFMnmfsd(AVE); 

mAcgnewflux(MmidFM. tablaMmidFM. Rnpflm) J/calculates the flux 
mB. egnewfux(MmudFM table, MmidFM. npßux)J/cn each path at the 
mC. tqnewtux(MmidFM. table, ). midFM. tmpflwc)J/nna1 mine and sums 
mD. egnewfux(MmidFM. table, MmidFM. tnpflux)'1/the values in Qnpfhlx 
mE. egnewflux(MmidFM table, MmidFM ti pflux); 

Anal table, replace table. fby tmpflux readmgs. 
MmidFM. Bnalupdate0; 
/lnced an equation to model elabonslüp 
aadc double storem[DIS); 
for (mt k=0; kl <DIS; lck+-f)( 

storem[kk*4mtdFM. table[k1: 1 m; 
stadxkrMmidFM table[kl: l. f ) 

M�jaFM. «Iunffiastaran, stare, n; 



hint poo-store(o); 

)while (DESTROY! -0); 
MessageBeep("I); 
do {llllllllll111 ..................... 1/I/////lllllll! llll 

u" calculate un-aligned position 
pad, LA w A. tmB, unC, tmD, unE, unF, unG, unH. unl, unJ; //create 10 paths 

unA. Upathl (COndlm); unB Upath2(oondan); w C. UpaBÜ(tondun); uwD. Upadh4(condm ); 

IRIEUpat S(oo 1dun); 

tmF. LTpatho(oondim); wtG Upath7(oondcn); unH. Upath8(condon); 
tml. Upath9(oottdun); tml. UpathI O(oondim); 
//calculate area and lengths of steel paths 

uM. Utooth3(condan); W B. ltootb4(condm); w+C. Utooth1(condän); unD. Utooth2(condim); 
unE. Utoothl(condun); 

mF. Utooth2(oon(bm);. mG. Utooth l (condim); unH. Utooth2(oondim); 

wd. Utooth6(oondun); im3. Utooth5(condim); 
//calculate area and laigths of wgap paths 
MessaBcBcep(-I); 

imA. wgpRELO; unB. augapREI. Q; umC. a gapRELO; unD. augapRELO; 
wE. augapRELQ; 

unF. airgapRELO. unG. avgapP LO; ufH. 8IBSPREIA; 
unl. airgapRELO. unl. airgapRELO; 
//calailate reluctance of augap paths 

//5Il flux table of dass MASTER MaIFM 
MunFM. Cuxset(l O, mifAREA, MdassGEOm3XFD); 

if (BhCHK=1) (//cala late mmf by tables method 
double UNarray[lO]; 

UNarray[O]aw4-caimmf(Mdusbh. Mbl, MunFM. table, Mdassbb. MbhPomt); 
UNaztay[l)=unB. cahnmg MdaubhMbl. Mw FM. lable, Mclaa$$bhMbhPomt); 
UNuray[2J'mC. ca]mmt(Md3$Sbh. Mbl4MUfFM. table, MdassbhMbhPoint); 
Wi array(31amD. Cah= MMdassbh. Mbh, MunFM. table, MclmbhMbhPrnnt); 
UNarmy[4]-unE. cah=f(MdassbKMbh, MunFM. table, Mclatsb)LMbhPoint). 

UNarrsy[Sl°umF"caln=f(Mdassbh. Mbh. Mun M. tabkMdassbb. MbhPomt): 
UNartey[61awnG. oxhnmtTMclassbb. Mbb, MunFM. table, MdassbhMbhpomt); 
Ua ray[7]-unH. calHanf[MdassbhMbh, MunFM. table, Mdassbh. MbhPomt); 
UNamyf g? Rw l. aeh=fWdassbn. Mb24MmFM. tabk. MdessWMbbPomt); 
UNamy[91- uJ. eatrnmf MdassbhMbh, MmiFM. table, Mdessbh. MbhPomt); 

And average 
double AVE=(UNaaay(O)+UNanay[ 1 J+ÜNaaay[2)+[JNamyf 3)+LJNarray[41 
+UNatny[51+UNaaay[6]+UNaaay[7]+UNanay[81+UNatray(9]y1o; 

//send avenge to Dompute mmf table 
MunFMmmfset(AVE); 

unAnewflux(MunFM. table, MunFM. hnpIlux) J/cdculates the flux 
unB. newfnx(MimFM. table, MunFM. tnpflux); /! m each path at the 
=C. newtux(MunFM. tablc, MunFM. hnpfl=)J/final mm£ and sums 
unDnewflux(MunFM. mble, MunFM. Rnpflux)J/the values m trnpflux 

unE. newflux(MunFM. table, MtmFM. trnpflux); 
unF. newflwc(MwiFM. table, MunFM. trnpfl-); 
unG. newflux(MunFM table, MunFM. tmpflux); 
unHnewflux(MunFM. tabieMunFM. tmpflw 
unI. newflu «Mw FM. bble, MunFM. trnpflux); 
unT. newflux(MunFM. table, MunFM. mip}lux); 

//final table, replace table (by tmpflux readings. 
Mi FM. finalupdatoo; 
MessageBeep(-1); 

else(//calculate mmf by curve fitting 
double store(DISI; //store for passing arrays to curve fitting 
for (rt a-0; s<DIS; s++) stare[s}-MunFM. table[sl l: 
double uaaaay[IO]; 
w aaay[O)=unA eqummf(Mdassbb. MbhCutve, MtmFM. table); 
unAPathmmfhart(t nkMMF, store, 2); 

unwmy[l)-L B. equmm«Mdassbh. MbhCwve. MimFM. table); 
unB. Pathmmffbazt(W IB. MMF, stote, 27 

eaarray[2) unC. eqununt(Mclassbh. MbhCutve, Mm M. table); 
unC. Path mnf-hatt(unC. MMF, $t re, 2); 

trayl31° D. equ f(mclassbtLMbhCiwe, MunFM. table); 
unD. Pathmmf=han(afD. MMF, stote, 2); 

unamy[4)- i1 equmm$Mdassbh. MbhCueve. MunFM. table); 
unE. Pathtm f-bart(unE. MMFstore, 2); 

ueana3451aunF. egiunm$Mdassbh. MbhCmve, MunFM. table); 
unF Pathmm! =hatt(anF. MMF, store, 2); 

w ay[6). unG. eqummf(Mdassbh. MbhCw%e, MrmFM. table); 
tmG. Pathmmf-hart(uIG. MMF, store, 2); 

unary(7)-unH. egw=f(Mclassbh. MbhCuuve, MunFM. mble); 
nt1A. Pathmmf hart(unH. MMFStore, 2); 

unmay[Sjuml. eqummf(Mdassbh. MbhCwve, MunFM. table); 

unt Pathnunffhatt(unl. MMF, store, 2); 

unway{9J-aJ. equ mf Mdassbh. MbhCunve, MunFM. table} 



wiJ. Padunmf hart(unJ. MMF, store, 2); 

//find average 
//by putting maxmum 9mc value in each of the paths equations and then 

flaveragmg the results 
double AVEa(unaaay(OJ+wmanay[l]*un&mY[Z]* YI3}*unamy[4] 

+w'army[51+ A6]+unarmy[7]+una aYI8 YI9IYS. 

//send average to compute mmf table 
MwiFM. mmfsd(AVE); 

wul. egnewfux(MunFM. hable, MtmFM. hnpflmc)//calcu1atet the flux 

unB. egnewflux(MunFM. tabte, MunFM. unpflux), //bt each path at the 
unC. egnewOux(4w FM. table, MunFM. tnpflux)i/Sna1 nun and sums 
unD. egnewBux(Muft M. table. MunFM. tnpllux) J/the values in Impflux 
w E. egnewflux(MunFM. table. MufFM. tmpflux); 
tmF. egnewilux(Mu FM. table, MueFM. tmpOux): //calculates the flux 
unG epewtlux(MunFM. table MunFM. tmpflux)! /n each path at the 
unH egnewflux(MutiFM. table, MunFM tmpflux)J/Gral mmfl and suns 
uai. egnewflux(MunFM. table. MunFM. hnpflux))/8te values in tnpflux 
taJ. egnewflux(MwtFM. table, MunFM. tmpflux); 

//final table, replace table. f by Impflux readings. 
MumFM. SnalupdateO; 
//need an equation to model relationship 
static double storem[DIS]; 
for(ntkk O; kk<DIS; kk++)( 

storm [kk]=MunFM. table[kk] m; 
storejkk]=MunFM. table]kk]. Q 

MunFM. equehart(stor n. store, 2); 
hint Poo-stoie[O1; 

} }w]n1e (DESTROY! O); 

MessageBox( 
Airgap Reluctance is computed Nn Arrays Built* 

, 
"PATHS", 
MB_ICONINFORMATION); 
graphyes-0; 
} 

//display results of grapbs 
void TDbWindow: CmGaaphO( 
if(gaphyes-1)( his data ready 
MessageBoxCFLUX/ MMF DATA IS NOT COMFUFED! "); 

else( 
if (BhCHK-1)( 
double max$maxY; 

if (MmidFM. table[DI&l]. DMaIFM. table[D1S-1]. f)tnaxY-MmidFM. table[DIS-I]. 4 
if (MunFM Fable[DIS-1]. f>maxY) maxY-MunFM. table(DIS-l1. £ 

if (MmidF table[D1S1]. m>MaIFM table[DIS-11-M)n X-MmedFM ubk[DIS1] m, 
if (MunFM >able[DIS-11. m>max>Q maxX=MunFM. ffibk[DIS-1 ]. m; 

double kflux 25O/maxYJ/auto-scalmg flux 
double lanmf=2501maxX; /huto scaling mmf 
/r ............... 
//sets up ongLn of graph 
strict xy {double x; double y; }; //new structure for x and y 
xy origin; xy point; //origin and aneru point 
ongm. x=30; ongm y=300; 

TGraphFtame " ThisCluld, 
ThisCbld- new TGraphFrame(thce, 'GRAPH'): 
TIuscbi1d">Createc; 
TChentDC do(-JbsChfld) //get this wmdow 

//plot aligned graph/ 
dc. MoveTo(ongm. x. ongin. y)J/move to start 

for (mn r O; i<DIS, i++) 
{ 
point Ma1FM. table[i]. m, 
pointy-Ma1FM. table[i]. f 
dcimeTo(ongm. x+(point. x'kmmt), 

or*n. Y{point. y"kftux)); 

/////////// 

//plot mid graph// 
daMoveTo(origin. xorigm. y): l/move to start 

for Cr0; KDIS; i«+) 
{ 
pomt. x-MzmdFM. table[i1 m; 
pomt. yrMnudFM. table[ j. P, 
dc. Lc eTo(otian. x+(poi t x'tm mt), 

O 11%. Y-(Pomt Y'kfl=)). 

l/pIUUI/ 
//plot un digned 



dc MoveTo(ongmXongr 
. y)J/move to start 

for (=O; i<DIS; i++) 
{ 
pantx-MunFM. table[i]m; 
point. y-MunFM. tabl4i]. f 
dc. LineTo(ongin. x+(pomtx'lanmo, 

ottgitt. Y-(Point. yidlux)); 

/lax. is 
dc. MoveTo(onginx ongin. y); //move to start 
dc. LineTo(origm. x+255, ong)n"y); 
do. MoveTo(ongm x ongin y) //move to start 
dc. LineTo(originx, origin. )-255); 

/I char xa., ds[ 15); 
gcvt(maxX, 4, xaa is); 
dc. TextOut(onginx+255, ongin y+5. xaxds. st ien(xaxis)); 
char yads[15]; 
gcvt(maxY, 4, ya, ds) 

"/// dcTedOuKorigmx-5, origm. y-255, v&xLV len(yaxis)); 
} 
else(MessageBox("GRAPH DRAWN FROM EQUATIONS"); 

///get offset 
char maxmm l="D"; 
struct TransferBuMtr( 
char a[S], )cb, 

strcpy(cb. a, maxanxn ; 

TBhO slog UlGL_pBad-new TBt1OSDialog(dusS Tkesld(6)); 

thej, add. >SetfransferBuffet(&. cb); 
if (the-padd->Exeartea=1DOK)( 
strcpy(ma umn th. a); ) 

double maxxato$maxmmO; 
double maxY'(MaIFM egaa"pow(maxX MaIFM. equn)Y 

(Ma1FM. equb+pow(max7CMaIFM. eyu. a)); 

double kfjux-250/maxY //auto-scaling flux 
double lanrnf-MmaXX; //auto sadmg mmf 

// ................ 
/sets up origin of graph 
smict xy (double x; double y; ); //new structure for x and y 
xy origin; xy pomt //origin and wnrnt point 
onguur 5O; otipn"y-300; 

I/Il//I//I/l/I 

TGraphFrame " 1tusChld; 
ThisChild " new TGraphi rame(this, "GRAPH"); 
TlusChRd">Creetep; 
TClientDC dc(rhisQnld); //gd ttus wmdow 

//plot aligned g aph// 
dc. MoveTo(ongm. x, origin. y) //move to start 

for (int i-0; i<DIS, i++) 
{ 
pomtx-(maxX/(DIS-1)) 1 
you ty-(Ma1FM. equa pow(PontxMelpM. equn)Y 

(Ma1FM. equbtpow(point. t4MaiFM equ n)); dc. LineTo(ongutx+(pomtx'Ianmf) 
O Y{9 Y`flux)); 

//plot mid graph// 
dc. MoveTo(onBmx. origm"Y) //move to start 

for (uit km0; k<D1S; k++) 

prnntxa(m axX/(DI S-1))*k; 
PAY' iMnudFM. equ. $ Pcw(pomtx, MmidFM. e")( 

(MmidFM. equb+pow(pomtx, Mmm4FM. equN7. dc. LineTo(origmx+(pomtx'lanmt), 

ongm"Y{Pomt"ylkflux)); 

annruii 
/////////// 

//plot ungaph// 
dc. MoveTo(ongmxongm. y)'J/move to start 

for (int kL-4. kI. ̂<DIS; kk++) 

pointx-(mLx-V(DIS-I))'kk; 
pointy-(MunFM. equa`pow(pointx, MunFM. equ. n)Y 

(ManFM. « u. b+yow(po ntxMunPM equ. n)7 dc. LineT((ongmx+(pomtx"bnm), 
ongm Ydpoint. y lcflux)); 

! ////////// 

} 
///////"'"" and ofmam windows dialog function """// 



nicmaa">crceo; 
Man= aa d))/gesrtts . meow 

unom/mi TColor pool-RGB(255,255, O); 
//dc. SdBkColor(poo I), 

dc MoveTo(pic p1 x, piap I y); //move to start 
dc LineTo(picp1xpicp1. y); 
dc. LineTo(pic. pAL x, pic. pAl. y); 
dc. LineTo(pic. pAx pc pA. y); 
dc. LineTo(pic. pBxpic. pB. y); 
dc. LineTo(pic pBI x pic pB1. y); 

CoOr cencl; 
cenx=pic. pBl. x+0.51(pic. pClx-pic. pB1 x); 
crny-pc pCI. y+0.5'(pic. pBl. y-pic pC L y), 

float LENCTH'(sgrt( 
I/ ((papClx-picpBlx)'(picpCIx-pic. pBlx))+ 

// ((pic. pBl y-picpC1. y)"(pc pBl. y-pic. pCl. y)))); 

float xl, ylAy2, x3y3; 
xl-=. x-pick' nSR; 
y l-oen. y-pic. k"pra SR; 
x2---oenx+pie. k"pio. SR; 
y2i. y+pic. k"pic. SR; 

x2, Yi, 
xl, yl, 
pic pClx, pic pCl. y, 
pic. pB 1. x,!. 01 "pic pBl. y); 

! ldcEWpse( xl, yl, 
// x2, Y2); 
dc. MoveTo(piapC I x, pic. pC I . y); 
dc. LineTo(pie. pCIx, pi pCI. y). 
dc. LmeTo(pic. pC x pic"pC. y); 
do. LmeTo(pic. pDx, pw pD. y); 
dc. LineTo(piapD1. x pie. pD1. y); 

clxxomx=pcpDlx+0.5'(ic. pElx-pic. pDlx); 
c1. y=caty c. pEl. y+O. S'(pic. pDl. y-pic. pEl. y); 

xl-=. x-pic. k'pic SR, 
ylsom. y-pick'pic SR. 
x2-om. x+pick'pic. SR; 
y2-cmy+pic k'pic. SR-. 

dcArc( xl, yl, 

x2 yz, 
Pic. pE1-%, * pEl. y, 
pi pD1. K1.01'pic. pDl y); 

//dc Elhpse( xlyl. 
/1 x2, y2); 

dc. MoveTo(pic pEl x, pic pEl. y); 
dc LineTo(pic. pE 1 x, pic pE l. y); 
dclineTo(pi pEx. pic. pE. y); 

dc. LmeTo(picpFxpi pF. y); 
dc. LineTo(pic. pFlx, pic. pFl y); 

cen. x pic. pF1. x+0.5'(piapGlx-pic. pFI. x); 
al. y-pc. pFl. yr0.5"(piapGl. y-pic. pFI y); 

x1-caLx-pick"piaSR; 
yl-cen y-pic k'pic. SR; 
x2-. x+pick`p c. SR; 
y2-cat y+pick"pic. SR; 

&Arc( xl, yl, 
Y2. 

papcl. x, pic. pGl. y, 
pic. pFl x, 1.01"pic. pF1. y); 

// dc EDtpse( xl yl, 

dc. MoveTo(ptc. pG 1 x, pic. pG1. Y); 
dc. LineTo(picpGlx pic. pGl. y); 
dc. LineTo(pc Gx, pic. pG"y); 
dc. LmeTo(pic. pHx, pic. pH. y); 
dc. LmeTo(pic pH l x, pic. pH l. y); 

cenx cpHIx+0.5'(picpllx-picpHIx); 
cen. y-pic. pH 1. y+0.5' (pic. pl l . y-pic. pH 1. y), 

xl-c nx-ptc. k"p c SR, 
yl-om y-pic k'pic. SR; 



x2 . x+piak'pic. SR; 

yi ,. y+p c. k*pic. sx; 

dc Arc( Xl. yl, 
xz. y2, 
pic pI I. x, pic. pi l. y, 
pic pHl. c, 1.01'pic. pHl. y); 

dc MoveTo(pc. pl lx pie PI I -Y); 
dc. L neTo(gc pIl x pic. pIl. y); 

dc. LineT((pic plx, pic. pl. y); 
dc. LmeTo(pic. pl. x, pic. p7. Y); 
dc. LmeTo(pic. p] I. x, plc. PJ I. y); 
dc. LineTo(pic. p2. x, pic. p2. y); 
dc. LineTo(pic p4. x, pic p4. y); 
dc. LineTo(pic. p3x, pic. p3. y); 
dc. LineTo(pic. plx, picp1 y); 

//rotor 

dc. MoveTo(pc p5. x, pic. p5. y);! lmove to statt 
dc. LineTo(pic. p5xpu. p5. y); 

dc. LineTo(pic rAI. x, pusAl. y); 
dc. LineTo(pic. rAx, puaA. y); 
dc LineTo(pic. rBx picsB. y); 
dc. LineTo(picxB 1 xpiarB l . y); 

cenx pic. rB1x+0. S*(pic. rC1x-pictB1. x); 
cen. y pic. rC1. y+0.5*(piarB1. y-pIarC1. y); 

x1 =. x-pick*piaRR; 
y1==. y-p1c. k*pio. RR; 
x2*cenx+pic kpic. RR; 
y2=cal. y+ptck'pic. RR. 

dc. Arc( xl, yl, 
x2,92, 
0.99', IcrB I. x, picxB l . y, 
I 01'pic. zClx, a. 99'pic. iCl. y); n 

dc. MoveTo(picSC1 x pic. CI. Y); 
dc. l ine. To(pic. rC1x pic. iCI. y); 
dc. LineTo(pic. rCx, pic. rC. y); 
dc LmeTo(picrD. x, pic. rD y); 
dc. LineTo(pic. rD l x, pic. rD l . y); 

cmx pic. rD1. x+0.5'(picsElx-picsDlx); 
cm. yieiEl. y+0.51(pic. rD1. y-pic rEl. y); 

xl=cenx-pic. k'pic. RR; 
y1 cen. y-pic. k'pic RR; 
x2'om. x+pic. k'pic. RR; 
y2-m. y+pick'pic KE. 

dc-Arc( xl, yl, 
x2A 
picxDlxA 99"pic. rDl. y, 
1.01"pic. rEl. x, pic. rEl. y); // 

dc. MoveTo(pic. rE 1 x, picsE l . y); 
dc. LineTo(pic. rElxpicrEl y); 
dc. LineTo(picsEx, pic. rE. y); 
dc. LineTo(pic. rFxpirF. y); 
dc. LineTo(picxFl. x, picxFl y), 

cmx-picrF l x+0.5' (pic.: G l x-picrF i x); 
c a. y pic. rGl y+0.5"(pic Fl. y-pic. jGI. y); 

x1=o nx-pic. k*pic. RR; 
ylmcen y-pic. k"pic RR; 
x2-«nx+pic k`pic. RL 
y2 cen. y+pic. k'pic RR; 

dc-An( xl, yl. 

x2, Y2, 
plcsFl. xpic. rFl. y, 
1.01'piciG1. x, pic. rG1. y); it 

dc, MoveTo(pic. iGlZpiarG1 y); 
dc. LineTo(pic. tG i . x. piciG 1. y); 
dc. LmeTo(ptc-rGj , picJG. y); 

dc. LmeTo(picsH. x. picxH. y); 
dc. LineTo(picrH 1 xpic rH 1. y); 
cen. x=gc. rH1. X+0.3'(picr11 x-pic. rHu x); 
ceI yPIC. rHI y+O. S"(picrll. y-pic. rHl. y); 

xl . x"pic. k*pic. RR, 



Yt Y-pic. k'picRR; 
x2=cenx+pic. k"pic RR; 
y2=cm. y+piek"pic RR; 

dcArc( x1, y1, 

dc MoveTo(picxl l x, pie. rl l. y); 

dc LineTo(pic rl lx pic rl l. y); 
dc LineTo(pic rI. xpic. rl. y); 
dc LineTo(pic. rJ. x, pic rl y); 
dc LineTo(pic. rJl x, pic. rJl. y); 

cen. x=picr]I. x+O 5'(pic. rKlx-piarJlx); 
cen. y-pic rJ1. y+0 5 (picsKl. y-pic. r31. y); 

x1--cenx-pici pic. RR, 
y 1=cen. y-pic. k'pic. RR; 
x2. = tx+plc. k'pic RR, 
y2 cen. y+pick`pic RR; 

do. Arc( xl, y1, 

dcMoveTo(picsKl x picsKI. y); 
dc. LineTo(picrKlxpicsKI y); 
dc. L cTo(picxKx, picsK. y); 
dc UneTo(pic rL. xpic. rL y); 
dc. LmeTo(pic. Ll. x, pic rL I. y); 

catxapiciL1. x+0.5'(piarM l. x-pw. rLl. x); 
cm. yrpic. rLl. y+0.5"(picxM 1 y-pic rLI. y); 

xl=cenx-picl-picRP. 
y l-cea. y-pic. k"pc. RR. 
x2coenx+pic. k'pic. RR; 
y2=om. y+pic. k`pic. RR; 

doArc( XI, yl, 

dc MoveTo(pic. rMlx, picsMI y); 

dc LineTo(pic. M l x, pic. rM 1 y); 
dc. LineTo(picxM. x picxM. y); 
dc LineTo(p»cxNx, picsN. y); 
dc LineTo(pic rN1 x, picsN l. y); 

dc LineTo(pic. p6. x, pic. p6. y); 
dc. L neTo(p e p5xpic. p3. y); 

//ffiI with colour 

TColor color-RGB(0,0,0); 
TColor poo-RGB(0,0.255); 

TPoint p(50,50); 
1Point c(200150); 
TPoint &(200.150), 

dc. SelectStockObjec (GRAY BRUSH); 

//dc. LineTo(p); 
// TBnuh" pPaiwnewTBtush; 
// pPen->CreateBn sh(PS SOLID, I, RGB(0,0,255)); 
// dc. SelectObject(Ppen); 

dc SetROP2(R2 NOTCOPYPEN); 
dc. ExtFloodFM(p. oolor, FLOODFII. LBORDER); 
daExtFloodFiM(e, color, FLOODFILLBORDER) 
dc. SetkOP2(R2 COPYPEN); 
TBnuh bru hy(poo); 

dc SeleaObjat(bnuhy); 
dc. ExtRloodFM(a. color, FLOODFILLBORDER). 
IBnuhbcuahi(pool); 

dc. SelectObjea(bn); 
dc ExtFloodFM(4color. FLOODFILLBORDER); 

/r dc SetPied(c poo); 

alu/un 

//display results of gaphs 
void TDbWh dow:: CmG1aphO{ 
if (S°phyw, -1)(/! s data ready 
Ma, ¢geßox("FLUX / NMF DATA IS NOT COMPUM! "); 

x2 -y2. pic. rHl x, picxHl. y, 
pic. rll. x`1.01, pic. rIl. y), II 

x2. y2, 
pic. in xpc. rn y, 
pic. rKl. x"1.01, pic. rKl. y); !/ 

x 2, y2. 
pierLlxpic. rLl. y, 
picrMlx'1.0I, pic. rMl. yx // 



se( if (BhCHK-I){ 
double maxXmaxY; 

if(MmidFM. table[DIS-11f Ma1FM. table[DIS-1]. fhnaxY=MmidFM. tab1e[DIS-1]. e 
if (MmiFM. tableeDIS-1J. DmaxY) maxY=MunFM. table[DIS-1 J. £ 

if (1.1midFM. table[DISI]m>NlZntAable[DIS-1]mhmaxX=blmidFM. tabk; [DIS1]m; 
if (MwiFM. table[DIS-1]m>max)Q maxX=MunFM. table[DIS-IJm; 

double ldlux-250/maxY J/auto-scabng G= 
double 1munf250/maxX //auto scaling mmf 
/r ............... 
//sets up origin of graph 
strict xy (double x; double y; ); //new structure for x and y 
xy origin; xy point; //origin and current point 
onpn. x=50; ongin. y-300; 

////////////// 

TGraphFrame' ThisChfld, 
ThisChfld = new TGraphFrame(this, "GRAPH"); 
Thischi1d-XmteQ; 
TCbentDC de('TisChild)J/get this window 

//plot aligned graph/ 
dc. MoveTo(orimnxori¢m. y)J/move to start 

for (int i-0; t<DIS; 1++) 

poinL'Ma1FM. table[i]. m; 
pointy-Ma1FM. table[i ]. f, 
dc. LmeTo(ongmx+(pomt. x*L-=f), 

ongin. y{pointy9dlux)); 

//plot mid graph/I 
dc. MoveTo(originxongm. y)//move to start 

for (i=0; i<DIS; ti+) 
{ 
pomt. x-MmidFM. tabl (i]. m; 
point y-MmrdFM. table[rJ. f 
dc. LineTo(originx+(pomt. x*kmmf , 

onginy-(pointy'lßux)); 

//plot tm-aligned 
dc. MoveTo(onginxongin Y)Jhnove to stall 
for (i-0; i<DIS; i++) 
{ 
pointx-MunFM. table[i]. m; 
point y-MunFM. table[ij. f 
dc. LineTo(originx+(pomt. x kmxnü, 

origin Ydpomt y'kfux)); 

flans 
dc MoveTo(miginxorigin. y)J/move to start 
dc. LmeTo(ongin. x+255, orign. y); 
dc. MoveTo(ongmxongm. y)J/ntove to start 
dc. LineTo(ongntxongm. y-255); 

else( 
///get offset 

chat maunmtj)="O"; 
struct TransfarBuffar( 
chara(81; )cb; 

sucpy(cb. a, maxmm f; 

TG=phMmtialog' the-Padd-new TCrraphMmMulog(this, TResld(6)); 

theyadd->SetTransferBuffe &cb); 
if (theyadd->EXecuteOIDOK) ( 

stn, y(ma=mfcbA); ) 

double maxXXatogmaxaamf); 
fd M. egma"pow(maxXMaffM. equa)y double 

(MaIFM. egab+pow(maxXMa1FM. equ. n)). 

double kilux-250/1113XYJ/aut04caling flux 
double lonmf'250/maxX: //auto scaling mmf 

// ................ 
Neu up origin of graph 
stnid xy (double x, double y, }; //new suucuue for x and y 
xy origin; xy Point; //ongin and currant point 
ongln. x=50; ongm y-300; 

llllllllllllll 

TGraphFteme " ThisChiid, 
ThisCtuld - new TGtaphFtatne(this, 'GRAPH"); 
7hiscbiid->C7eateO; 
TC1iartDC dc( MsQu7d); Igd flus window 

//plot aligned graph// 
dc. MoveTo(onginx, ongin. y)Jhnove to start 



for (mt i-0; i<DIS; i++) 

pomt. x-(max)U(DIS-1))'i; 
Po Y IaIFM egiL pcm(pommXlalFbt. e9tLn)Y 

(MaIFM. equb+pow(pomtxMawFM egan)); 
dclineMKorigmx+(pomt. xlk mmfl, 

"Y-(Point. y9 flux)); 

luuruln 
//plot mid graph// 
dc. MoveTo(origm x origin. y)Jlmove to start 

for (nit k=; k<DIS; k++) 
{ 
pomtx(maxXI(DI S"I ))'7S 
point y=(MmidFM equ. e"pow(pomtx, MmidFM equ. n)y 

(Mn dFM. egi b+pow(pointxXimidFM. equ. n), 
dc LineTo(onginx+(pointx'lanmf), 

origm. y. «ioint. y kflux)); 

iiuniuu 
umunu 

//Pý ivi 
dc. MoveTo(ongm ongm Y)J/move to start 

for (mt kk O; kk<DIS; kk++) 
{ 
Point. x=(maxX/()IS-1))'k1S 

if(MunFM. equ. k- 1)(point. pointx'MunFM. equ. k; ) 
else( 
P 9"(MunFM. agu. a'pow(pomtxXunFM. equ. n)Y 

(MunFM. equbrpow(point. xMunFM aqu. n)); ) 

dc. LineTo(origmx (pointx kmm& 
on8jn. y <point. y, kGux)): 

lllllI//Ill 
//a)ds 
dc. MoveTo(ongtnXoiigin. y)y/move to start 
dc. LineTo(onpin. x+255. origm y); 
do. MoveTo(onpLx, origin"y)J/move to statt 
dc. LIneTo(origm. x, ongm. y255); 
l/Illlll/ll 

} 
uuiuwunaiuaiunuuiumuauuuuunu 
//static torque 
void TDbWmdow:: CmStatO{ 
ins phase; 
Qiaz MXcuar[10]''7"; 
char INC[IO]-"0 5"; 
char NuTP[lOi-'96'. 

scud TransferBuffer{ 
char dCURRf1O), d Ol-, )ttr, 

svcpy(tb. d=P"Myxwu, WopY(tb. dINC, INCYStCPY(tb. d L'RN, Nu1Pg 
TSDialog' the padd-new TSDialog(this, TRexld(7)); 

theyadd->SetTrrnsferBuMx(&tb); 
if (the add->Execute)lDOK)( 
pbsse4the_padd->RadioState; 
sttepy(MXci¢r th. dCLMR); strcpy(INC. tb. d7NC)#trcpy(NuTp, tb. dILIRN7); 

//ceiwlate magre/bad iron telalonship 
F7 uJMmfmagbi[DIS1; 
double flux[DISI; 
double mmgDIS]; 
ly{bbnagMMF`Blmag(Mdassbb. MbhCucve, Mdessnag Mbhcurve magbi, MdassC, EO, Mdasunag); 
for (pU rO, i<DIS; i-)(flux(i)=magbifil f nmfji]-magbi[4]. m; ) 
McmveBIMAC hart(mmit)mx, 0); 
Curve magnet; 
magnd. aMdassmag MbhCurve[0). n; 
magneLb-Mdassmag. MbhCurve[ 1). n; 
magnet. twMdassmag MbhCurve[2). n; 

double MXCURRIlatof(MXcurr); 
int NVFP atof(NUTP); 
double c1NC-atot lNC); 
int points-MXCURR/cINC; 
float cu r-0; 

//Ido next curve depend on phase single 
if(pbase-I)( 
//build aligned curve 

! /double OFFSET, 
FluxLink ALIGNED)/make make this global 
bnkhst sL //or this 
LINNist ALTORm. 



Afloat last-c1NC"-I; 
for(atk points; k-) 

aar4 cNC; 
ALIGNEDDgeKMcorveBIMAG. MaIFM. equ. MmidFM. equ, MnnFM egu, MbimagMMF, magnd, 
MdassGEO. nsDIM[13]. n. MdassGEO. nsD1M[16]AMclassmag offscl. n, aur, NUFP, O); 
d. admtcn(ALIGNED), 

double ALWN 
i{pc pommts)(ALI=ALIGNED. il, UNE-ALIGNED. tm, ) 

double torqueSa--ooENG(ciNC, NIJIP. ALEÜN&AI. IGNED. sI, ALIGNED. un40,0); 
ALTORm. coradd(torqueSa); 
ALf=AI IGNED. a1 UNf=AL1GNED. un; ) 
Ifif(au O) OFFSET-ALIGNED. al-ALIGNED. un; 

//w1r-0; 

Fhud, ink M1D"//make make this global 
bnklist mid; //or this 
L1NKlut MIDTORa; 
And mid ame 
for (k-pmt;, k>I; k-) 

{ 
avrmk'(clNC); 
M get(MarveBIMAG, MaIFM. equ, MmidFM"e9gMunFM. e9uMlnmsgMMF. nagn , 
MdassGEO. nsDIM(I51AMcI sGEO. nsDIM(16]. n, Mdassmag. offsd. n, aar, NLRP, I); 
mid. addmm(M1D), 

double MafMb 
if (lc=portRs) (MahMIDs1. Mbf-MID. un; ) 
dse( 
double torque Sa=aoENG(ciNC NVfP, I ta&)&WM al MID. un D. 0); 
MIDTORatoradd(torqueSa): 
MafMID. a1. MbfMID. mm; } 

LR. KIistTORQUEsp; 
TORQUEsp. Snaltorque(ALTORm, MIDTORa); 

// TGraphFnme " ThisCh1d; 
// Thiscbdd - new TGiaphFrama(this. GRAPH"X 
// ThisChld->Create0; 
// TChentDC dc(InusCtuJd)J/gd this window 

//plot torque graph// 
//dc. MoveTo(10,250)J/move to statt 

for (mt postWn-0. posihon<points: position**)( 
double plot-TOR QUEsp. PL0T(jxm6on)-, 
//dc. LmeTo(104position'0.5'50,300-plot'100r 
double value plot; 

//two phase 
else( 

/ bwid aligned wove 

double OFFSET. 
F7uxLink ALIGNED2)/make make Ns global 
bnklist a12; //or this 
LINKlist ALTORu2; 

//floatlsst cINC'-I; 
for Cmt kspoints; k>-1; k-) 

oAr k'cINC; 
&LIGNED2-get(MciuveBIMAG, MaIFM. equ MmidFM. equ, MunFM. egn, Mb=qMMFinugnet, 
MdassGEO. DIM[I5]AMdmOEO. mDIM[16]. t4Mdasmq. offsdi4c m, NM, 2); 
&2. sdditao(ALIGNED2); 

double ALCUN f 

i[ pc-pouts)(AL! `ALIGNED2. e1, UN fFALIGNED2. tm; ) 
dse ( 
double torque53 ENG(cINC, NUIY. ALLUNf, ALIGNED2 d. ALIGNED2. an0.0). 
ALTORu2 toradd(torqueSa); 
ALf-ALIGNED2. a1JJNf )LIGNED2. wt, ) 

if (amp) OFFSETTALIGNED2. a1"AI. IGNED2 wi 

FluxLink UNALIGNED; //make make this global 
Iinklut on; //or tbic 
LINKlist UNTORa; 



//float last cINC"-l; 
for ({points; P-1; k-) 

am-k'cINC; 
UNALIGNED-get(MauveBIMAG. MaIFM. equ, MmidFM. equ, MunFM. equ, M)rtnagMMF. magnd. 
MdusGEO. nsDIM[IS]. n, MdaSSGEO nsDIM[ 16]jl, Mdusmag offsdn aur, NlTTP, 2); 
un addaan(UNALIGNED); 

double ALCUNf. 
it pt-points) (ALf--UNALIGNED. aI, UNM=UNALIGNED. tm; ) 
else( 
double torqueSa-MENG(cINCNMALtUNCUNALIGNED. aLUNALIGNED. iniIOFFSM, 
UNTORatoradd(torqueSa); 
ALF-LNALIGNED. al; UNf-6UNALIGNED. un; ) 

//cadulate coaiergy use tmpezium 
LINIChst TORQUE2p; 
7ORQUE2p. Bnaltorque(ALTORu2, UNTORa); 

// TGraphFrame " 7h schild; 
ThisChld-newTGtaphFtatne(this, 'GRAPW); 
TbisChld->Createc; 

// TChentDC dc('T uschild) j/get this window 

//plot torque graph// 
J/dc. MoveTo(10,250)//move to start 

for (mt posmon-0; posinpoints; poiti-)( 
double plot=TORQUE2p. PLC7f(posmon); 
//dc. LineTo(10+position"0.5150, MO-plot`]00); 
double value plot; 

/////'ddent' 
FluxLmk DETENT; 
DETEN -getDENT(MwrveBIMAG, Ma1FM. equ. MmidFM. equ-MunFM. equ, Mb¢nsgMMF); 
double Dflux-(DFPENT. aI-DFTENLun)(DE . nudl-DmzNr. mid2); 
double Dtoi0.5'Dflux`NUrP'2OO/M Pl; 
It poo=l; 

///////""" end of main windows dialog function °"// 

! /""" MAIN WINDOW """ 
void 
TDbApp:: ItutMainWrttdowO 

MainWindow - new TDbWmdow(0, 'SYSTEP " Pameanad')Y. 

// "" RUN APPLICATION *'# 
it 
OwIMain(mt /'arge/, char" /"argv/ [p 

TDbApp app; 
roam app"RunO; 



#mdude'com. h' 
UBmceon 
Curve hart(double 'oc[DIS], double yy[DISI, mt path) 
{ 
tonst rnt nool0; 
double x[no]AO]--a 45]4lIc; )oc[10]X[2], a[15]x[3]=xx[20], x[4]--, oc[231; 
x[51-xy425], x[6[-o: [29] A7]-=[33]; x[Sj-xx[36] x[9]-xx[39]; 
double t[no]Y[O]'YY[51Y[I]'7Y[101; Y[2]"ri[IS]; v[31=yY[20]Y[4j=yY[23]; 
Y[5lý 251. Y[6]ß [291, Y[7k,. M331; Y[8t-yWo6l; Y[9]': 'Y[391; 
va COUNT, 
/rows columns 

// anal guess may do work on mäal guess for holuh function!! 
Curve RESULT; 
doubleiALPJ/MDIS-11'I. IJh'[no-1)'le4; cout« «"Alpha"«IALP; 
double IBE TJGoc[DIS-l y'6, licout«endl«"beta"«ISST; 
double IN-I; 
double SumSQO; 
ke EaoRO 

double NEWALPaO; 
double NEWBET=0; 
doubleNEWN-O'. 

static double Sum[4]; 
static double TI [no][41; 
static double T2[3][4]; 

uabc double COEFF[3j[2j[4]J/alplu beta 
COEFF[OJ[O1(01-105'y[91. COEFF[O] [1 ][O]=1.5'x[9]; 
COEFF[OIIOJ[1]=2'yt91. COEFFI01[ 1][11-3 8'X(91: 
COEFF[O)IO]I21=1.5'y[9); COEFF[Oj[ l ]121=3.3'x[91; 
COEFF[OI[OI[31-1.25"yt9]; COEFF[OJ [l ]I3]=2.5'x[9]; 

COEFF[ I ][0]IO1=1.051y[9]; COEFF( I][ 1 ][0]=1.5'x[9]; 
COEFF[ 11[01[ I ]=2.3'y[9]. COEFF[I It 11[ I 1=4'x(91; 
COEFF[ I ][0][2]-I 6'y[9]. COEFF[ 1 ][I ][21=3.5'x[9]; 
COEFFI7I[0][3]=I. 3'y[9I; COEFF[I ][I ](31=2.5'x[91; 

COEFF[2][0][0]=1.05'y[9]. COEFF[2][I ][0]=1.5'x[9]; 
COEFF[2][01[1]=1.25'y[91: COEFF[2][ 1 ][ 1 ]=3.7'x[9]; 
COEFF[21[0][2]-1.05'y[9], COEFF[2][ I ][2]-3.1'x[9]; 
COEFF[2][0](31-l'y[9], COEFF[2]I1 ][3]'. 2.5'x[9]; 

COEFF[3][0][01=1.05'y[9], COEFF[21[ 1 ][0]O. 5'x[9]; 
COEFF(3][0][1 ]. 1.25'y[9]; COEFFE2][1 11110 5'x[9], 
COEFF[3][01[21_1.05"y[9]; COEFF[2](1 ][2]=0.25*x[9]; 
COEFF(3][0](3]? 1'y[9], COEFF(2][ 1][3]O. 75'x[9], 

Curve k«vH141; 
int move-4; 
do( 
iALPCOEFF[pathl[O1[move]; iBEF-COEFF[pathjl11[movel: iN-1; COUNT-0; 

do( 
12[01[ol-T2(O1D 1°Tz[OU21-T2[ol[31-'2[ 11[01- 
rz[il[I]-rz[il[zlýI2[1 1[3Jzz[21[oJrz[Zl[u1- 
r2[2l[21`rz121[sl-o; 

for (U t ro; i<no; e*+)( 
riG1[o1-Pow(x[IIANY(iasr yo v(xpW y. 
TI fill I1-c-ß P"Po(x(i). )YPow((iBerPow(xpl. N)). 2); 
TI [i)[21- 

(LALP'Poo(xii 4). 1ogI(xGAY 
rIBEr*P X(7. N))) 

(iALP"Pow((Pow(x(il. M). 2) 1(x(, Dv 
(voc«&LBET+Pow(X(ll. al)). 2» ): 
TI IiJl3)-y[+( 
(iLP"pow(x(ilJN)) 
/(iBET+pow(giW)). 
'n10l(O14Pow(TI I4101.2). 
77[01(1 I+-T1(, IIOIMJill 11. 
72(01121+T1(iItO 9L(IIt2l: 
T2(01131"Tl IIHOM1(il(31: 

7ZI1110) -TI (il(OI-TI(illIl; 
T211111 I-P-rrI (ill 11.2): 
12[l)[21--Ti Jill I IM 1112). 
771111314-TI Jill 1)11i1ß1: 

T2121[01+-TI [i](0(-TI [i((2(; 
'1112111 )'. TI GI(21'T I (ii(I 1. 
T'1121(21+-TI 111121M (1](2(; 
'2121131"-TI b](21'rl [a)(31. 

u solve systems of equations for D. 
double EQI[4], EQ2[4[; 
for (i-0; i<4; irt+) 

EQI f)-M[1 ][0)mf01(OD`T2(0][i1; 
EQ2[ij l2[lffil-EQlIi); ) 



double EQ3[4]; 
for (F; i<4; i++) 

double EQ4[4]: 
for(i-O i<4, i++){ 

EQI(i)-M[211OIMI01IOD" IOlhl; 
EQ3[i1`T2[21G1-EQ I Ii1; ) 

EQI [i]-(EQ3[l]/EQ2[1D'EQ21iJ; 

EQ4[iJ=EQ3[i]-EQI [i]; } 
double D[3]; 
D[21-EQ4[3yEQ4[21; 
D(1 J'(EQ2[31. (D[2]'EQ2[2DYEQ2[1], 
D[OJ-fM[O1[3]-(D[2I l2IO1[2D-(D[11*n[O][1DYß[o][OJ; 
u 
//minimum value of Q 
double alp 1, bet 1, n1, alpOS, be105, n05; 
alp I FiALP+D[O); bet 1-iBET+D[ 11; nl iN+D[21; 

alpO5gALP+0.3'D[O]; betO5-iBET+0.5'D[IJ; nO5niN+0.5'D[21; 
double QO. O; double Q05O; double QI=0; 
for(ro; i<noi-4)( 

QO4-Tl[i][3J'Tl [il[3J; 
Ql+-pow((y[i1-((alp 1'pow(x[ij nl))I(betl+pow(x[i], nl)))), 2); 
QOS+-pow([il-((alp05'pow(x[i), nO5))/(etO5+pow(X[il. nO5))), 2); 
} 

if ((Q I. 2'Q05+Q0)! -0) { 
double Vmm O. 5+(0.25'(QO-QI)/(QI-2'QO54QO)); 

NEwALPiiAALP+Vmm"D[o); 
NEWBE -BET+Vmm"D[1]; 
NEWN-iN+Vmin"D[2]; 

Ise (COUNT 55, ) 
//oout«an(U«NEW ALP<C (C) "«NEWBET«` ABN "«NEWN; 
EmoR. 0; 
if(NEWALP<o II NEWBET<o 11 NEWN<o) (&roR-1, COUNT. 55, ) 

//find eonvvgana pamtage 

double Ealpp((NEWALP-iALPyNEWALP)"100; EalTfabs(Ealp); 
double Eber-ONT BET-4BET)NEWBET)"100; Ebet-fabs(Ebet); 
double En. ((NEWN-iNWEWN)'100; Ett=Fabe(En); 
//oouK<enA«Ealp«" oonvage (o)'«EbdK<" '«En; 

// converge dielt 
if (Ealp<le-S && Ebet<10-5 && En<le-5) COUNT-5$. 

iALP-fabs(NEWALP); iBSf=faM(NEQIBET); ii =fabs(NEWN). COUNT++; 
RESULT. a-NE W ALPRE SULT. b-NE W SEf, RE SULTarNE W N, 
)whk (COUNT<40); 
Hann of squares of renduals 
if (EaoR-1)(SwnSQ=1c10; ) 
dse{ 
SumSQ°0, 
for (mt P-0; i<no, i++) { 

SwnSQ-pow( 
y1iX 
(RE SULT. a'pow(x[i], RE SULT. n)) 
/(RESULT. b+pow(xIi), RESULT. n))), 2); ) 

Swan(move]-SumSQ; 
keepcfmove] aaRESULTa keeper[move]. b-RESUI. T. b. kceper[movel. n-RHSCII, Ta1; 

move++; 
}whiie(move<4); 

double km; 
kw-Surn[4]; 
for Curt z=o; z(3z++)(if(low>SumlzD 

1nvýSmn[z1, RESULT. keeperizl. a. RFSULT. b=keepefzl. b; 
RESULT. n-keeper[z]. n; )) 

/// won to check linear unaligned, 
RESULT. k-O; 
if (path-2)( 
double LinSumSQO; 
for (it is-o. i<no; i+*) 
I. inSumSQ+-pow( 

y(i(-(x(i]"(y(9Vx(9D) 
1); 

if(Ln L SQ4ow){RESG7. T. e {y(SJ/x(SD; RESULT. I; ) 

return RESULT; 
} 



#mdude'static h 

u"" TstiäcDialog "" // 

DEFINE_RESPONSE TABLEI(TStaucDialog, TDialog) 
// EV COMMAND(954, Radiol), 
U EV_COMMAND(955, Radio2), 

END RESPONSE TABLE, 

# .... mbaJ ad up for static torque Dialog """""" 
TStaticDialog:: TStat cDialog(IWmdow' parent, oonst char' name) 
TDialog(parenl name), 

TWmdow(parmt) 

//Rbutton=0; //radio button selected for no phase; 

} 
//functions contained within static torque dialog 

I. 
void 
TStaecDialog: Radio IQ 

Rbutton=l; 

void 
TstadcDialog : Radio20 

Rbutton=2; 



////// this header stom the path calculation file 1/1 
#indude'com. h" 
#mdude'dassla h' 

#mdude "gmfim. h" 

oonst Boat MUO1.2566cv; //permabihty of hex space 
//Brotbons for pathia dabs 

void pathLA: Apathl(pathdvn geo) 

//for (int bio-0; inc<9; mc++) AL[incJ. nWO, 

AL[OjA-geo. STpwid"(geo. DEP" le6/5); 
AL [OJ. L. geo. STphgt' l e3; 

double! 
. A, lenB; 

lauA-pydiag(geo. $bSPp, geo. tsT t); 
CoOr Cütmp; 
COth px-geo. sbSPpx-(geo. STpwid/5); COtmp yrgeo. sbSTp y; 
lenBnpythag(COunp, geo. tSTea); 

AL(11. L-(leiA+1enB)'0.5x3; 
lrnA-pythag(geo. tSfdgeo. tSfea); 
AL[1]A-(le A+(geo. Sfpwid/5))'0.5"geo. DEP'1o-6; 

AL[21. L=((0.785398+geo. BETA)"(gea. STrad+2.5'geo. SPwid/41 )f 
(geo. SfendT-geo. S1'hg -((139enA/74)"sm(geo BETA))))'0.5o-3; 

AL[2]A-((53.511anA/73.5)+(353'geo. STwid/41))'0.5'geo. DEP' le-6; 

double LENGTH, AREA; 

LENGl geo. STbgt'1.027o-3; 
AREA-geo. STwid'geo. DEP"0.853e"6; 

/laus patbA; 
AL[3]. L-LENGTH; 
AL[3]AAAREA; 

AL[4j. L-1.027'geo. RThgt' 1 e3; 
AL[4]A-0.965'geo. RTwnd'geo. DEP' l o-6; 

AL[5]1rgeo. RTrad' lo-3; 
AL[5]A-(0.93'geo. RTw'd+0.434782'geo RTrad)'geo. DEP'1o-6; 

AL(6J. L-geo. RTW eb' 1 o-3, 
AL[6]A-AL[5]A; 

void pathLA: Apath2(pathdun goo) 

AL(OJA-geo Sfpwid'(geo. DEP"lo-ä'5); 
A1401 L-geo. SPphgt'le"3, 

double le, IenB; 

CoOr COhnpA, COtrnpB, 
COtrnpA. x-geo. sbSfp. x-(geo. Sfpwid/5). COImpA yygeo. sbSTp y; 
CCanpBx-geombSTpx+(geo. STpwid/10); COn pB. y geombSfp. y; 
l iA-pytlwg(COtrnpA, gao. tSTea), 
IeuB pythag(COnnpB, gao. tSTfa); 

AL[ 11. L-(laiA+le iB)'O. $e-3; 
! rnA-pythag(geo. tSTfa, geo. tSTea); 
AL[ 1] A-(knA+(geo. STpwid/5))' 0.5'geo. DEP' 1 a6; 

AL[2]1, -((O 785398+geo. BETA)'(geo Sfrad+2'geo. STwid/42)+ 
(geo. Slrad))'0.503; 

AL[2]A-((80'geo. STwid/42 (9'geo. STtad/21))"0.5'gw. DEP'1a6; 

double LENGTH, AREA; 

LENGTH-geo. Slhgt' 1.027e-3; 
AREA-geo Sfwvd'geo. DEP'0.853e 6. 

/laps pad%A; 
AL13I L-LENGTH; 
AL[3]A-AREA; 

AL[4] L-1.027'geo. RThgt'1o-3; 
AL[4JA°0.965'geo. RTwid'geo. DEP" 1 e-6. 

AL[5]. L geo. RTrad'1o-3; 
AL[5JA-(0.93'ge0. RTWId+0.434782"geo. RTrad)'geo. DEP" 1 o-6; 

AL[6]. Lpgeo. RTw eb' 1 e3; 
AL[6)A-AL[5]A; 
} 

l////Il/l/1//ll/IIII//1/l1 



void paddA- Apath3(pathdim gm) 

AL[0]A-geo. Sfpwid'(geo. DEP' o 6/5); 
AL[0]. LLgeo. STphgt" 1 o-3, 

double 1mA. lenB; 

CoOrCOtnpA, COtmpB; 
COtrnpA. xngeo. sbStp x{geo. STpwidl5): CCmnpAy-geo. sbSTp. y, 
COtmpB. x-gaombSTp. x+(geo Sfpwid/10); COtrnpB ygeombSTp. y, 
IaN-pythag(COtmpA, geo. tSTea); 
ImB=pythag(COUnpB, geo. tSffa); 

AL(1J. Wcr A+lenB)'O. Se-3; 
laN=pythag(geo. tSffa, geo. tSfea); 
ALfI .A (1mA+(geoSrpwid/3))'0.3'goo. DEP'1o-6; 

AL[ 21. L-(M_PI'((geo STta&3)+(geo. Sfwid/01.5)+geo. ST: ad)'0.333333e-3; 

AL[2]AA((2"geo. STwid)+(6.5"geo. Sfrad121))"0. S"geo. DEP'1e6; 

double LENGTh APLEA; 

LENQfH=gto. SThgt" 1.027o-3, 
AREA-goo. STwid"geo. DEP'0.853efi; 

/inäs path,. 
AL[3]. L=LENGTH; 
AL[3]A=AREA; 

AL[4]. k I. 0271geoRThgt'le3; 
AL[4]A-0.965'geo RIwid'geo. DEP'Ie6; 

AL[3[1. geo. RTnd' 1o-3; 
Al. [S[ A-(0.93'geo. RTw1d+0.4347g2'gco. RTrad)'gao. DE P' 1 e-6; 

AL[6]. Irgeo RTweb'lo-3. 
AL[6JAAAL[SIA; 
} 

/l/lIlll/ll/ll/llllllll/1/ 

void pathLkAtoothl(pathdun goo) 

//sd up elpae function 
ass pad A; 

/tflflS COMPUTES THE PATH LENGTH AND DISTANCES 
//TOOTH ur-gap tooth A 

padLkvgeoAGlai+gao. RThgtO 15; 
pathA. b-3.3"(geo. STvmd-goo. RTwid)/22; 
Boat e1 e]hpse(pathA); 
Tal[0]. L-((geoAGla»+(e¢ai))"0.5e. 3; 
Tal[OjA.. (pathAb+0.1387'geo. RTwnd+0.2"geo R7hgt)'geo. alDEP-0.5eö; 

Tal[ 1 ]. IrgaoAQen' lo-3; 
Tal[ I ]Anao. RTwnd"0.86"geo. aIDEP' l o-6; 

pathArgeoAQeet0.2195'gao. RThgt 
pathA. b-0.393'(gao. Slwx1 eo. RTwid)t2; 

ellen-dltpsa(patA); 
Tal[21. L-(geoAQm+cli )'O. So-3; 
Ta1[2]. A-(pathA. M0.116"geo. RTnd+0.2195'geo. RThgt)"geo. &1DEP"0.5 ; 

Ta][3]. L-0; 

Tal[3]A-0; 

Tal[4]1-0; 
Tal[4]A-0; 

7a1[5] L=0; 
Tal[5]A-0, 

anptr`3; 

void pathLA: Atooth2(pathdim goo) 

/ set up ellipse function 

aas pathA, pathB; 

! /! }RS COMPUTES THE PATH LEN= AND DISTANCES 
Nf00'iii sir-gap tooth B and D 

pathA. wgeoAC geo. R7hgt'O. 238. 
patlN. b-0.2143'(gw. STwid-Qao. RTwid); 
9o9 cUe A-dLpsa(puhA); 



Tal[O]. 1r((daw)+(gaoAGI 1))'O. 5o-3. 
Tal[0]A-(pathAb+O. 131'geo. RTwid+0.244"geo. RThgt)"gao. a1DEP'O. Sa6; 

Tal[I] lrgeoAGlen'lo-3; 
Tal[1]A=gao. RTv id'0.8455'geo. alDEP'1e-6; 

Ta1[2J. ItgeoAGlrn' I. O41o-3; 
Ta42JA 4 eo. RTwid"0.213)'geo. amEP"0.5e 6; 

pathA. rgeoAQm+gao Slhgt'0.351; 
pathA. b-0.29"geo. RTrad: 

pathB. a geoRTrad"0.5; 
pathB. 1-0.5'(9eo. Sfwid geo RTwid)+0.255'geo. RTrad; 
Boat dJ -dhpse(PathB); 

Tal[3]. lt((e¢rnA+dla M+1.08'geoAGlci+geo. RThgt 
. (0.2222 gm. RTrad"M PI'sin(0.5S9)))"0.5>3; 

Ta1[3]AA(0.035'geo. SThgt+O. 444`(geo. Sfwid-geo. RTwid) 
+(geo. RThgt+0.2222'M PI'geo. RTrad))'0.5ab, 

//fa431. L 0; 
//fa][3]A-0; 

Tal[4J L-0; 

Tai(41 A-O: 

Tal[SJ L-0; 
Tal[51AO; 

empty-2; 

void pathLA:. Atoodt3(pathdim geo) 

/hd up efpse function 

axis pad A pathB; 

/mau COMPUTES THE PATH LEND M AND DISTANCES 
//Io0rH air-gap tooth C 

patILkr, seoAG1ce+geo. RThgt'0.262. 
paNA. b-0.158"(geo. Sfwid-geo. RTwid); 
float d1mA-d ipae(pathA); 

Tal[O]. Ir((eDmA»(geoA(3[rn))'O. So-3; 
Tal[0]A-(PazhA. b+0.113'geo. RTand+0.2857"geo. RThgt)"geo a1DEP"O. Se4; 

Tall I]L eoAGlai'Io-3; 
Ta1[l]AAgeo. RTWid'Og443'geo iEEP"Ie6. 

Tal[2J. L geoAGlrn"1.041o-3, 
Ta][2]A-(geo. RTaid'0.10656+gar. Slkad'0.08473)'; eo. olDEP'0.7o-ö; 

pathA r geoAGlrn+geo Slhgt'0.42; 
palhA. b 0.2766'geo. RTrad; 
efl iMd1zpsa(pathA); 
pathB rgeo. RTrad"0.5; 
pathB. b-O. 5'(geo. STwid-geo. RTwid)"0.29'geo. RTrad; 
float dS clbpse(pathB); 

Tal(311r(eDaN+dlenB+I. 08'geoAQai+goo. RThgt 

. (0.2222'geo. RTrad"M PI'thgO. $89)))'0. Se3; 
Ta1[3]A-(0.435"geo. ST bgt+0.444'(gw. STwid-m. RTwvd) 

+(goo. PThgt+0.2222'M PI"gao. RTnd))`O. 5 . e; 

Ta)[4). I, O; 
Til(4]AAO; 

ra1[sl. t -o; 
T&115 ]. A-0; 

anpty-2; 

vrnd pathLA. Atooth4(pathdim goo) 

//Sd w ahme f- 
--axis path. l 

tMUS COMPUTES THE PATH LENGTH AND DISTANCES 
itroo H au-gap tooth D 

pathA s gaoAGlai+(geo. RThg1+gao. RT[ed)"0.096, 
pathA. b-0.3161(geo. S lv nd-geo RT d); 



Boat mean- ipae(pathA) 

Ta1I011r((e¢a W)+(geoAGlat))'0. Jo-3; 
Tal[OIA-(padL b*0.116g'geo. RTwui+O 096'(geo. RThgt+gm. RT )'geoADEP'O. Se6; 

Tal[ 1 ]. IrgeoAGI 11 e3; 
Tal(1]A-geo. RTwid"O 898551"geo. ilDEP" 1e6; 

pathA. a geoAGIen+(geo. RThgt+geo. RTrad)'0.1097; 

pathA. b=0331(geo. STwid"geo. Rl wid); 
eUenAipso(pe@N); 

Tal(21lr(eUa A+gcoAGlm)'O. Se3; 
Tal[2]A=(pathAb+0.1037"geo. RTwid+0.1097"(Seo. RThgt+geo. RT+ad))"gaoa1EP'O. Sa6; 

Ta1[3]. L=(Y. 
Tal[3]A-0; 

Ta114). L0; 
Tal[4]. A0; 

Tal[5]. LO; 
T&45 ). A-0; 

anpty-3; 

} 

void pakhLA., Atooth5(pathdii Sao) 

/hd up elhpse fiufton 
aas padLA; 

//[HIS COMPUTES THE PATH LENGTH AND DISTANCES 
//TOOTH sir-gap tooth E 

Patina--geoAGlat+(gao. RThgt+geo. RTrad)'0.080; 
pad uk-b-0.723'(geo. STwid-goo. RTwid)/2; 
float egrnmeMpse(pathA); 
Tal[Oj. lr((gaoAGlm)+(eUen))'0.5e3; 
Tal[OJA-(pathA. b+0.11852'geo RTwud+(geo. RThgt+geo. RTmd)"0.0M'gao. s1DEP"O. Sa6; 

Tal[ I ). IrgaoAGim' 1 s3; 
Tal[ 1). A-geo. R7hvid'0.925373'gaoa]DEP "I o-6; 

padLtwvaoAGim+(geo. RThgt+geo. RTrnd)'0.24; 
patbAb (geo. SIlnd-geo. RTwidY2; 

dlar--lliPsapathA), 
Tal[2J. L-(geoAQrn+dlat)'0.5 -3; 
Tsl[2]As(1.067'pathA. b+0.075"geo. RTwid+(geo. RThgtgM RTrad)'0.24) 
'goo a1DEP"O. 5o-6; 

Tal[3] L-0; 

Tal[3]A-0; 

Tal[4] L-O 
Tal[41A0; 

T&1[S] ILO; 
Tal[SJA-0; 

aopty-3; 

//l///l/lll/l///l//l/llll/ll/llllll! llllllllll/lllll//lll! lllll 
void pathLA:: Mpath I (pathdim goo) 

//for (mt mv-0; inc<9; b x++) AL[incI. m-O; 

AL[OJ. A-geo. STpwid"(geo DEP"laäl); 
AL[OJ. Lao. STphgt' Ia3; 

double laut, knB. 
) A-pY B(Sw. sbSTp geo. tSTdr 
CoOr COtmp. 
COCnp. x-Sao sbSfpx-(gao. STpwid/3); COtmp. y-gao. sbSfp Y. 
1anB'pytg(COtnp4Bm. tSTea). 

AL(l J. L-(knA+knB)'O. Se. 3. 
1mA-Pythag(geo. tSfdBeo. tSfea); 
AL[l JA-(1atA+(Seo. STpwi(/5))'0.5'geo. DEP" 1o-6; 

A14211"O 785398+goo BETA)'(9ao. STnd+S. 3'geo STWIdi38)+ 
(geo. Sfendf-eo. STht. ((I19a A/66)"sm(geo. BETA))))'O. 5o-3; 

AL(2). A-((53'lw, V67)«(30"geo. SPouid/38))'O. S'geo. DEP'1o-6; 

// LI3l.; rr2. 



//AL[4]j -1; 

double LENG Iii, AREA; 

LEND-M-Seo SThgtl(cos(geo. EPSILON))'1o-3; 
AREA-(O 6579"geo Sfwid+0.23077'geo SRhgt)"0.5'geo. DEP'1o-6; 

cris pathA; 
pad A. a-geo SRigt; pathAb-0 21052'geo. STwid; 
Boat elfgrell sýathA); 
ALI31LK(Beo Sm J(cs(geo. EPSILON))+dirn)'O 3a3+LENG1'H)"O. S; 
AL(3J A-0.3947"geo. STwid'geo. DEP' 1 o-6+AREA; 

LENGTH-1.166667'geo. RThgt' 1 o-3; 
AREA-(0.7347'geo RTavid+0.25'geo. RThgt)'0.5'geo. DEP'1e. 6; 
padL&&-gw. RTwid'O 1842, pathAb-geo. RThgt 
egm"efpsdpe ), 
AL(4J. L-((1.166667"geo. RThgt+ell i)'O. 5e-3+LENGf1i)"0.5; 
AL(41A-0.396222'geo RTwidgeo DEP"lo-6+AREA; 

AL15J. L geo RTnd"1o-3; 
AL[5]A-(gao. RTwid+O 434782"geo. RTrad)"geo. DEP'1o-6; 

AL[6J. I-geo. RTweb"! o-3; 
AL[6]A-AL45]A; 

////////////////////////// 

void pathLA:: Mpath2(pathdirn geo) 

//for Cmt cnc. (Ymcc9; rc«+) AL(inc]. in. 0; 

AL[OJA-geo STpwid'(geo DEP' 1o-6/5); 
Ai4O L'geoSlphgt'1o-3; 

double3eiA. ImB. 

CoOr COmipA, COtmpB; 
COtmpAx-gwsbSfpx-(Sw, SfpwuV5); COtmpA. Y-MsbSfp Y+ 
CGhnpBx-geo mbSf'px+(gea. STpwid/10); COtrnpB y-geombSrp r, 
1mA-pythag(CO mpA, gao. tS ft); 
I B-pythag(COUnpB, geo. tsrfa); 

AL(I ]. L-(1mA. 1mB)'0. So-3; 
laN-pythag(geo tSTfa. gm tSTn); 
AL[ I1A-(IrnA+(geo. STpwid/5))'0.5"geo. DEP' 1 o-6; 

AL[21. L-((0.785398+geo. BETA)'(geo STrad+2 5'geo. Slvndßg)~ 
(geo. STnd'M Pl'0.25)*(geo. STmd'(7/1g)))'0. So-3; 

AL[2]A-((74"geo. Sl'widß8)4(6"geo. STrad/20))"O. S'geo. DEP" 1o-6; 

YAL[3]. in-2; 
//AL(41. Qr1; 

goat LENGTH-gao. SThg /(cos(geo. EPSILON))" 1a3; 
Goat AREA -(24'geo. STwid/39)"geo. DEP' 1 o-6; 

ads pdLk 
psthA. a-geo Singt; pathAb-0.25641 "gao. T wid; 
Boat tern pathA); 
AL[31 L'°(((geo. Smgv(00s(geo EPSILON rn)'O. So-3 LENGIHYl, 
AL[3] A-0.34210'geo. Slkid'geo. DEP' 1 e6+AREA; 

AL[4]. L-1.23'geo. RThgt' 1 o-3; 
AL[4]A-0.90909'geo. RTwld'geo. DE P* I o-6; 

AL(S]. L-1.1'geo. RTrad' 1 a3, 
AL(5]A-0.954545'geo RTtad"geo. DEP' le-6, 

AL[6]. L-gao. RTweb' 1a3; 
AL[6) -AL[S]A; 

////////////////////////// 

amid pathLA:: Mpath3(pathdun geo) 

//for (mt ino-0; inac9; inc . +) AL[incJ. fn0; 

A14OIA-900 STpw1d"(gao. DEP'Ia6/5); 
AL[OJ. Irgeo. S phgt'Io-3; 

double lcnA; 

CoOr COtmpA; 
COtmpA. x-geo mbSPpx; COtrnpA. y-pao. mbSTp y-Seo. STweb; 
bA.. pYt6(COt'npA4co. tSffa}, 

AL[1j. L-geo 3'Iweb"le3; 
A141 ]. A-a-A+(geo. STpwidl l0))'Beo. DEP' l e. 6; 

lllll! llllllllllllUMadNI/l 



A142). Ir((0.783398+gw. EEfA)'(9w. ST: ad+3'geo. STwid/25)+ 
(geo S rad'M PI'0.25)+(geo. Slrad'(1/3)))'O. Sa3; 

AL[2JA-((47.5'geo SfwW/25)+(7.3'geo. $Tra&12))'0.5'geo. DEP"1e6; 

lAL. (3J ; /AAL 41. iwl; 

goat LEN GTH-geo. S bgV(oos(geo. EPSILON))" e-3, 
goat AREA-(24'goo. STwid/39)"geo. DEP' 1a6; 

. )dc pa& 
PathA. rgeo. SThgt Pathkb 0.25641"gao. S wid; 
&d cUae-d4pu(pathA); 
AL[3J. Ir((geo. Sing /(cos(geo. EPSULON))Fdtm)-0.5O 3+LENGfHy2; 
AL[3J. A-0.2g'gao. S[rnd'geo. DEP" 1 a6+AREA; 

AL[4]. L-1.25"goo. RThgt' 1 o-3; 
Al. [4]A-0.90909'geo. RTwid"geo. DEP" 1 o-6; 

AL[51. It1.1'geo RTrad"1o-3; 
Al [5] A-0.954545'geo. RTrad"goo. DEP' 1 o-6; 

AL[6]. L-geo. RTweb" 1o-3; 

AL[sl. A-AL[sl. n; 

uuuiiuiaiuianiun 

void pathLA. Mpath4(pathdim geo) 
{ 
dfor (iu ia0; incO, inc4-+) AL(inc] m-0; 

AL(0]A=geo. SPpwid"(geo. DEP" 1 "5); 
ALJOJ. lrgeo STphgt'1o-3; 

double IeA. IenB; 

CoOr COtmpA COtmPB. 
COtnpAx-geosb$Tpxdgao. Sfpw d/3); COtmpA y gtosbSfp. y, 
COUnpBx-geo. mbSfpx+(geo. STpwid/10); COtmpB y-gaombsTp. )r 
1 iA-pythag(COti pA, gao. tSTea7. 
1mB-pythag(COtmpB, geo. tSCfa); 

AL[1]l~ A+IslB)'O. So-3; 
kM-py0mg(geo. tSff8, gao tSTCB); 
AL(I1A-pmA*(geo. Sfpwid&3))'O. 3"geo. DEP" 1e6; 

AL[21. L-(0.366666'M PI'gao. SPnd+geo. S7nd)"O. So-3; 
AL[21A-((79'ga°. ST*xV40)r(g'gw. S ra(/20))'0. S"geo. DEP'1s6; 

aws pathA; 
pat kr-12'gao. STwid/41; 
pathA. b-geo. Siligt 
Boat dien dbpsdpathA); 
AL[3j. L-%w. Fno+eDm)"O. Sa3; 
AL[3]A-(69'goo. STwfd/g0)"geo. DEP" 1 e6; 

AL44j. L-I. 25'gao. RThgt 1o-3; 
AL[4J. A. 0 90909'geo. RTvnd'geo. DEP" 1e6; 

AL(5) L-1.1'geo. RTnd"1o-3; 
AL[SJAMO 954545'gao. RTrad'goo. DEP" 1e6; 

AL[611rgeo. RTwth' la3; 
AL[6)A-AL[SJA; 

llllllll////I/Il/l/lllllll 
void pathLA:: Mpath5(pathdim goo) 
{ 
//for (ins no-0; cu-9; inc-) AL(mcl ur0; 

AL(O . Mgeo. SCpwtd'(goo DEP*1"5); 
ALjOI. L. geo. STphgt' I a3; 

double IW+. knB; 
kM-pyß*g(geo. sbSCp, geo. tS *(); 
CoOr CUmp; 
CDtrnpx'4ao. sbSfpxdgeo. STpwid/3); COtmp yneo. sbSTp Y. 
1 B-pythag(COtmp, geo tSfd); 

AL[iJ. L (lmA+1 E)'O. 5e3; 
1mA"p)dmg(geo. tSfet, geo tSTes); 
A141IA-(knA+(goo. STpaad/5))'0.3'gw. DEP' 1o-6; 

aua patIL 
pathA. b'1.1707'geo. STta& 
pathA. a1.0243'geo. STnd; 
float dlm; 
cli -eUipseKpatlUV; 

AL121 L'(dlm+geo. STmdT-geo Slhgt)10.3o-3; 
AL[21. A'((0.973'g0O. SCwid)+ 
((gco. S md+-0 920gooS v/mWcos(gao. BETA)) 



)10.3'geo. DEP'le6, 

pathAr 2 geo. S7wid/41; 
pat Ab s--Mgt 
eornlpx(Pam); 

AL[3J. L-geo. S7 bgt+eUen)'0. So-3; 
AL[3JA-(69'geo. STwi&8O)'geo. DEP" 1 o-6; 

I//I//ll/l1/AIRGAPII II/ 

pathA. rgeo. RTwid"0.1842; pathAb»geo. RThgt 

Boat LENGTH (1.166667"geo RTbgt+eUm)'0.5a3; 
float AREA=0396222'geo. RTwid"gm. DEP* le-6; 

AL[41. L-(l 
. 
166667"geo. RThgt' 1 a3+LENGf Hy2; 

AL[4JA-((0.7347"geo. RTwid+025'geo. RTbgt)"0.5"geo. DEP" 1 eb)+AREA; 

AL[Sj. L geo. RTrad"Ie3; 
AL[S]A-(geo. RTwid+O 434782' geo. RTrad)'geo. DEP'1o-6; 

AL[6j. L-geo. RTweb' 1 o-3; 
AL[6]AAAL[31A, 

void paddk: Mtoothl(padWun geo) 

auf up empae r oe 
Otis padu%pa hB; 

/YEWS COMPIJIES THE PATH LENGM AND DISTANCES 
l/IDOIH m-gap tooth A 

padVLrjeo. rAGlm+geo. Mg1/4; 
path b-0.17'geo. RTwid; 
float filar dbpse(pad ); 
T4O]. Ir((SaoiAGlai'1.3 +(dllan))'0. So-3; 
Tal[OIA-((geo. STbo4)+O. I9'gao. R7rnd)'geoADEP'O. So. 6 

TaI[ I [. lrgao. mAGlai" I. 238o-3; 
TaI[ I ]A"0.5'geo. RTwid'0.1273'yeoADEP' 1a6; 

Ta1[2]. lrgao. mAG3cn 1.094o-3, 
Tal[2]A-geo. RTwid"0.32'geo. ADEP' 1 o-6; 

pathA. rleo. mAGlai+O. I52'geo. RThgt; 
padL b-0.07'geo. RTw4 
d1a-cLpa ); 

Txlj31. L-(gw. mAQm" 1.0588+eIlrn)"0. So-3; 
TaIt31A-(geo. RTwnd" 1.35+0.1364'geo. RThgt)"geo. ADEP"O. Se. 6; 

puhB. rgao. RTnd"O. 062"M_Pl+geomAGlm; 
pathB. b-geo. STwvd"0.36736, 
float ellh ; 
Ta44]. Ir(eUcnB+d1m)"O Sea; 

Ta44)A-(geo. SCwid`O. 216*0.043`gao. RTwid+0.8088"ge0. R7Ygt+ 
M PI"geo. RTrad'0.06)"geoADEP"O. So-6; 

T91511-0. 
T45j. A-0; 

empty-l: 

void padd k: Mtooth2(p, th&m Sw) 

//sel up efpse function 

axis p, thA 
. w- pathB; 

//THIS COMPUTES THE PATH LENGTH AND DISTANCES 
MOOTH w-pp tooth B 

padLkA-geo. mAGI 4geo. Mgt 
pathAb-0.2778"geo. RTwid; 
Boat dlenA-e 1ipsa(pathA); 

pathB. rgeomAGlan+0.027"geo. $Thgt 
pathB. b-0.0488"geo. R7wd; 
float ciff&. dl pv (P 8). 

Tait01 L-((dlenA)K la B))'O. 5o 3; 
Tal(O) A-(0.28'geo. RTwld+0.92'pao Slligt)'g ADEP"1b6; 

Tall I11-c1.2"geon GI i-(eumB))"ose3. 



Ta 1J. w-(Zeo. $ t 0.013 gw. RTW d O. OW'gw. ADEP 1eß; 

Tal[2J. Irgeo. mAGlen' 1.1167x3; 
Tal[2] A-gao. RTmd"0.3963"geoADEP" 1e6; 

Ta43J. LL(geo. mAGkn'2.33)"0.5o-3; 
Tal[3J. AA(geo RTwid"O. 08)"geoADEP" 1o-6; 

patMa geoRThgr1.2+geomAQa 
palhpb-goo. STwid"0.1833, 
d cnA-eUipse(WthA); 
Ta1[4). Ir(gao. mAQen'l. 4-(eI1 iA))'0. So-3, 
Tal[4JA-(geo. Sfwid'0.154+12'goo. RThgt)"geo. ADEP"O. Sa-6; 

ra4s1. UO; 
Tal(5]A-0; 

anptr1; 

vo, d pathLA:. MtootIL3(pathdun geo) 

//ad up ellipse Gmcbon 

aim pads k; 

MIS COMMITS THE PATH LENGTH AND DISTANCES 
/frOOTH air-gap tooth C 

padiA. a-geoý. mAGkm0.10714'goo. STlWt; 
patA. b-0.097'geo. RTwid; 
float dIi A psa(pathA); 

Tago]. Ir(ala A+g, O. mAG1 i 1.12s)'o. Se. 3; 
Ta! [0]A-(gao. ST6gt'0.10714+0.1791"geo. RTwid)"goo. ADEP'O. 5 -6; 

Tal[ I ). Irgeo mAG7ai' I. OSo-3; 
Tal[ 1 ]. A-geo. RTtvid" 0.3731'geoADE P' I e. 6, 

TaIj2J. L-geomAQai' 1.123x3; 
Tal[2)A-gao. RTwid'0.07836'geo. ADEP' 1o-6; 

pat Jr gao. RThgt'0.6786+gaomAGlat; 
pathAb-geo. RTwnd'O. 186367; 
dlrnA-el4psc(pathA); 
Tal[3] L-(gaomAGlm' I. I25+(e¢mA))'0.3o-3; 
Tal[31AM(geo R7'wad'0.16418+0.678571gao. RThgt)'geo. ADEP'0.3s6; 

Tal[4]1b0; 
Tal[4J. AM0; 
U1511-0; 
Tal[51. A-0; 

empty-2., 

vosd pathLk: Mtooth4(prtluhm geo) 

nsa up aw- fun-on 
was PrthA. 

/? }DS COMPLIES THE PATH LENGTH AND DISTANCES 
//TOOTH air-gap tooth D 

patA. a-geomA©an+0.21873'gao. SThgt 
pathA. b"0.1331351geo RTwid; 
Boat efatA-dhpse(PathA); 

Tal(OJ. L-(eUenA+gao. mA(3I "1.03)"03o-3; 
Tal(OJ A-(Seo. SThgt'0.21873+0.173675"geo. RTwid)"0.3"gw. ADEP" 1*6; 

Tall I J. LLgeomAGlrn" 1.0173o-3; 
Tal(IJ. A-gao RTwid"037162"geo. ADEP"1a6; 

Tal(2)1geo. mAGi 1.03>3. 
Ta1(2JA-geo. RTvnd'O 0777'gao. ADEP" I.. 6; 

pntArgeo. RThgrO. 39I+geo. mAQa4 
pat Ab-geo. RTwid'O. I33133; 
dknA-dhpaa(pachA); 
Ta1[3J. L-(gao. mAG ! %"1.0173+(41 tA))"O. Se3; 
Tal(3JAA(geo. RTvnd"0162162+0.3939"gao. RThgt)"0.3"gao. ADEP 1: 6; 

pa thA. s, o. RThgrO. 39S9r1.03"geomAGlai; 
pathA b-gao RTwld'O. 133133; 
d1m ke hpse(pad A); 
pathA rgeo. RThgt+geo mAGIa +geo. RTnd'O. 3; 
pathA. b-gao. RTwid'O. 38679; 
Bow efl B-&pae(pathA); 
Goat ta0.011898'geo RTnd"M Pl'M PI, 
Ta44J. L-(dlatA+dlrnB-1.4062'are)"O. 5 . 3; 
Tal(4JA-((M_PI'2.8125"gao. RT ad/IZ)" 

U115] L-0; 
0.3625'J[ao. RThgN031132"gao. STw'd)"0, 'Sao DEP; 



Ta115J. A-0; 

empty-1; 

void pathLA:: Mtooti5(pad&m goo) 

Ad up e¢ipse fu- 
ads p kdLA; 

//! }DS COMPUTES THE PATH LENGTH AND DISTANCES 
/fIDOTH au-gap tooth E 

paßulx-geo. MAG1m+0.3846'geO. SThgt; 
pat A. b 0.191011'geo. RTwid; 
float eI1 A a11ipse(pathA): 

Tal[0]. L-(eflrnA+1.076'geomAGl i)'0. So-3; 
Tal[D]A-(Sw. Slbgt'021873+0.175675'geo. RTw4'0.3'geoADEP' I o-6; 

Ta1[1 ]. L-1.038'geo. mAG1m'0.3o-3; 
Tal[ 1] A-goo. RTwid'0.08888'gwADEP' 1 a6; 

Tal[ 2] lrgeomAGlai " 1.03o-3; 
Ta421A-geo. RTwid'0.32608'geoADEP' 1 eb; 

Tal[31. U(geo. mAQai' 1.03) "1 o-3. 
Tal[3JA-geo. RTw id'O. 08132'geoADEP' 1 o-6; 

Tal[41. Ir1.3'geomAGkn' 1o-3; 
Tal[41A- (0.16304'geo. R7 vid+0.2g947'geo. RThgt)'0. Sa6"gwADEP; 

pathArgeo. mAG +geo RThgr+(M PI'geo. RTrnd/12)'oos(12.86)+ 
(M PI'geo. RT 4120)'oos(12. g6); 

pathtib-0328"geo. S md; 
elatA"elps«pathA); 
if(2.4166667'geomAQar+eIlrnA<0.007138$'M PI'MPI'geo. RTnd) 
Ta115) Ir(2.4166667`geomAC3m+dlaN)`1o-3; 
else 
Ta4511«(2.4166667"geo. mAG1a M{0.0071388'M PI'M PI'geo. RTnd))"1s3; 

Ta45]A-(0.7"geo. RMWt"0.1333"goo. RTca". 264'gw. M*id)"0.3o-6"gwADEP, 

-pty-0. 

void padd. &,: Upadil(pelidim 9w) 

AL(0]. A-geo. STpwid' (geo. DEP` 1. -6/ 10); 
ALJOJ. L-geo. STphgt' 1e 3; 

double lain 1anB; 
knA-pyt iWjaosbSfp, geo. tSTd); 
CoOr COUnp. COwpl; 
COlmpxNeosbSTpx4geo. STpwi&3); COtrnp y-geo sbslp Y. 
IaS-pytiug(COanpSao. tSTn),. 

AL[Ij. LK0.3'(anA+knB). k A)'O. Se3; 
knA-Pytliag(gm. LST oo. tSPa); 
AL[I]. A-(0.3"IenA+(geo. Sfpw &I0))"0.3'geo. DEP'Io-6; 

COUnplx-O; COtxnp1. yr0; CORnp. x-(0.481489aLA"sm(geo. BETA)); 
COtmp. y-0.11428' (geo. Sfnd+Seo. STwid); 
1mB-pythag(COtmp 1. COmip); 
AL[21. (r(((0.90123'1rnA*srdjeo. BETA))+leiBY0.5+g Sfnd)'03o-3; 
A1421. A-((32*WLAM)«(2 º'geo. STwi/45))'0. s'geoDEP' ºa6. 

double LENGPHA. LENGfHB; 

LEND HA-(Bao. RTcah+; ao. RThgt); 
LENGTHB-(ga+. RTrad+gao. R7wd). 

awe pulu, DathB. 
puhki LENCI'HA; pathA. b 0.2911CIHB. 
pathB. rLENG[HA; puhB. b-0.2167"LENG HB; 
Oat mmAmeLpsdp&M); 
float mcnB-c P+ thB); 

AL(31. L.. (e1a +cn"+I 81666'LENGIHA*0.3217"geo. RTnd)"0.2a3; 
AL43JA-1.28783"yeo RTnd+0.9438.8eo RTmd«yeo Rllzt)"geo. DEP"O. Sa6; 

//AL(SJ. br2; 
//ALj61! ml; 

AL[4]. Lnoo. RTrveb" 1 e3: 
A[44JA-0.6333"LENGTH B"Beo. DEP" led; 

A4511-0; 
ALIS]A-0'. 



AL[6). LLo: 
N. [61. A-O; 

void pathLA:: Upath2(pathd= geo) 
{ 

AL[0JA-geo. STpwid'(geo. DEP' e /10); 
A140j. lrgeo. STphgt' 1 e3; 

double l iA, lenB; 
kmA-pythag(9wsbSfp, gao. tSfa7 
CoOr COtrnpJ/Cotnpl; 
COtmpx-goosbsTpx. (geo. STpwid/5); CO tmp. y-geo sbSfp )r 
laB-pythag(COtnp, geo. tSTea); 

ALI11.1r(O. Ypauý+ýB}HaýB)'O. Sa3; 
1 iA-pythag(geo. tSTd, geo. tSTou); 
AL[11A-(0.5'ImA+(geo STpwMO))"0.5"geo. DEP"1o-6; 

sods paduLpathB; 
padLkA-0.089'geo. STwid; pathA b-geo. Sfnd; 
pa"A-0.5'geo. SPrad; pathB bbgeo. SCrad; 
float dlci, +i pse(pathA); 
float eU iB pae(pathB); 
pathkr0. S7'(geo. S wid+geo. STrad); pathAb-0.5'geo STa ( 
puhB. r0.6"geo. STrad; pathß. b-0.0667'geo. STmdf; 
float eDmC-dbps«psthA); 
float dlatD-dhpsdpathB); 

AL(2]. lr(O. YdlaW+0.3'e¢atB+(geo. BE AN_Pn'(eurnC+e¢mD))'1o-3, 
AL[21A-(0.4375"laN+0.48889"gw. S *4'03'geo. DEP'1e6; 

double LENGfl 

LENGC M(goo S rad+geo. Siiigt); 

pedLAA 03793'LENGTHA; pathAb'0.22857"gao. $Twd; 

maww-CaWSa> +r. 

ALj3j. lrl ee3'a'cUmAY3; 
AL[3IAA(0.6'geo. SlWW+046667'(geo. Slhgt+geo. S nkd))'geo. DEP'O. Se6; 

psthA. r0. I8I8geo RTw id; p. *hAb'geo. RThgt 

dIipi (w 7 

AL44) L-(cUa A+geo. RTrad+0.323598'geo. RTnd+0. S778"gao. RTnd+ 
0.654498'geo. RTtad)"(1/3)11a3; 

A1441A-(0371'geo. RTrad+0.2615'geo. RTrvid*geo. RThgt+ 0.4' 
(geo. R7wnd*geo. RTnd))'gaQ. DEP'0.5o-6; 

ALISJ. L-ro. RTweb' 1 o-3, 
AL(S)A-0 48837"(2'yao RTrad+pao. RTwid)'yao. DEP' lo-6� 

AL(6). L-0; 
AL(6)A-0; 

l/l1/1ll/lllllll/1/l/llll/ 

void pathtA.. Upath3(pathdun goo) 
f 

AL40)Aneo. STpwid"(geo. DEp' 1 e& 10); 
ALfOJ. L O. Sfphgt'la3, 

double laut` 1rn8. 

coot COtmp. CO mpl; 
COtrnp. x--s aosbSTpx. ( o. STpw d/5); COtmp yygeo. sbSTp y, 
COtmplx-geo. mbSTpx+(1.5*tw. STpwid/5): COtmpI. ynw mbSTp. y, 
1 Mpythwcoanp1.6eo. tST ) 
ImB"pytvg(COpSe. 1STa); 

AL(11. L-(0.5'OcnA+1atB)4-a1B)"0.3e3; 
Ie+-pyd%9(yeo. tST&4W. tsra). 
AL(I). A-(o. s"knA+(gao. STpwad/IO))"o. $ geoDHP'Ia6, 

axis pathA; 
pathA. r0. OS9"geo. S wid. pathA. b-Qao. ST gt. 
Boat cUmA-dIpsdpat A); 

COnnp x -O 23e'Seo STwid. CCtmp y-geo. Slhgt: 
COtmpl. x-O. COtmp1 y-0; 
IcrA-pyB ag(CO-pI. COanp); 



AL(2J. L-(((dlaw+la1A+O5 gao. S7bgt+(M_PU12)'geo. RTnd)+3'geo. SCradY4)"1o-3; 
A142JAs(geo. Sl2igt+0.7446'goo. Sl*id+0.373'M Pl'gao. ST'csd)"OS"geoDEP'Io-6; 

double LENGTHA; 

LENGTH -(2'Beo. RTrad+gao. RTwid); 

pam-a-0.1361361geo. RTvid; patIL b-geo. R7hg4 

cUenA-Jhpse(pat A; 
COhnpx-0. I12'geo. RTw* COhnp y-goo RThgt 
l iA pythag(COtup1, CO1mpy, 

AL(3]. L-I o-3'(eDeM+3.43478'geo. RTrad+IrnA+0.3'geo. R7hgtY4; 
AL[31AA(0.5'geo. RTwid+geo. RThgt+033'M PI'geo. RTrad+ 

0.3488'LENQTHA)'geo. DEP'O. Se-6; 

AL[4]A-O3837o-3'LENGTHA; 
AL[41. irgeo. RTweb' 1 o-3; 

ALj3]. L-0. 

ALI51A'o; 
AL[6)1r0; 
AL[6]A-0; 

void pathLA: Upatha(pathdmm geo) 

AL[01AAgeo. STpwid"(geo. DEP" 1 o-6'1 O); 
AL[O]. L' gao. STphgt'1o-3, 

doubkIc A, knß, 

CoOF COcnp, COanp1; 
COlmpx"geoibSfpxdgeo. STpwid/ ; COhnp. ygeosbSTp. r.. 
COtrnp1 x-geombSTpx+O. 1 "geo. STpwid, COtmp1. y-geomMp Y. 
1rnAMpytbag(COtnp 1, geo. tSTfa); 
knB-pylhag(COtnp, geo. tSTnr 

A141j. L-(O. 5 OaA+IrnB)4-1 %A)'O3o-3; 
knA-Pythag(geo. tsrt geo. tST ); 
AL(I J. A'(0. i')aN+(geo. STPwid/10))'O 3"gaoDEP" ]s6; 

. X. p2tº. waha: 
p. .. -o. OWS-. s> a; r tnk. bV-. STra& 
p&".. -o. 5'M. s rad p tha. e-go. STrad 
Boat thaw-elhpse(pathA). 
aoit dknB-dhp c(r, ma); 

ALj2J. L-(0.3'e¢mA+O. 5"e lrnB)"1a3; 
Al42JA'{0.6"(gao. STnd+0,3-B'o. STwid). 0.48889"gao. Siw4"0.5'seo DEP"1a6; 

double LENG7HA: 

LENGTHA-(geo Sr d+geo S hgt); 

pad A. r0.3793"LENGTHA; padL b-0.22857"geo. STwid; 

cD-A-elpscOathAY, 

A1431IrIs3'(2'rIl A 3; 
, kg3]. A'(0.6.8w. S7W". 46667'(gw. SnWt, M. STmd))*sw. DEP"O. Ja6. 

pathAi-01818'gao. RTw4- patAb g o. RThgt 

eDaiA c1hps«p. M) 

AL(4] ! r(eUa A+3eo. RTmd+0.329598'yeo. RTnd+0. $778"IIao RTnd+ 
0 654498'yao RTmd)1(1/3)' 1s3; 

AL44]. A<(0.371'ge0 RTmd+0.2613'geo. RTwul+geo. RThgt+0.4' 
(gao. RTwnd+3eo. RTrM))'; ao. DEP'0.5a6; 

ALj 511-p o. R Tp eb' is3, 
A145]A-0.4M7"(2"Qao. RTnd«gw. RTw4*gw. DEP' 1a6; 

AL(6] 1rß; 
AL(6)A-0; 

void pathLA:: Upath3(Pathd m goo) 

ALI O)A'6O"STpwid"(jeo. DEP" 1s6/10); 
AL(OI. Irgao"SCphgt' 1o-3; 

double latAJ/ ; 



CoOr CORnp. COtmp1; 
COmip. x0; COCnp. y-gaombSTP YBeo. S web; 
COtmplx-geombSTpx+(geoSTpwid/10), COtnpl. y-geombS pY. 
knA-pylhag(COtnpl, geo. tSfha); 
//lan&yythag(COtmp, goo. tSfea); 

AL411. L-(a &)'0. So-3; 
1mA=pythag(geo tSTfa, COtmp); 
AL[l JA-(IanA+(gao. Sfpwi&IO))'0.3'geo. DEP'1o-6; 

rte; 
pa@a. a-O. O39 ge,. STWi&paahA. b-geo. SThgt; 
Goat eUmA pac(pathA); 

COtrnpx-0.234'geo. Shvid; COfl p y=gao. SlUgt; 
cou"I 31-0; cotmp I. y=0; 
ImA-pythag(COtmp1. COCnp); 

A142]. Ir(((encnp+ImA+0.3'gw. Slhgt+(M PL12)'goo. RTr4+3'gw, SfYady4)'1o-3; 
AL[2]A. (geo. SThgt+0.7446"geo. Slwid+0.375'M Pl"geo. Sfrad)"0.3'geo. DEP"1a6; 

double LENMA; 

LENGTHA-(2"geo. RTrad+geo RTwid), 

pathAr0.136136"goo. RTwid; pathA. b-geo. RThgt 

euauk-edpucp, tnA); 
COu px-0.212'geo. RTWid; COtmpy'geo. RThgt. 
Ia A-pythag(COtmpI, COtmp); 

AL(31L-1o-3'(eLa A+3.43478'gm. RTnd+1M+0. S'geo. RThgt)V4 
AL[3]. AKO.? geo. RTvnd+gao. RThgt+0.23'M PI'gao. RTnd+ 

03488'LENG[HA)'geo. DEP'O. Sa6; 

AL(4]A-03837o-6"LENGTHA"geo. DEP; 
AL[41. L-geo. RTwcb* 1 o-3; 

ALt5. L O; 
AL[51A-o-. 

AL(al. LPO; 
AL[6]A-0; 

void padd k**. puh6(pathdmn gec ) 

ALf O]A-geo. Sfpwd*(geo. DEP"1o-6/1ß); 
AL(O). Irgeo. S[phgt' 1o 3; 

double IaiAJ! ImB. 

CoO, COtrnp. COUnpI; 
COtmpx-0; COtxnp y-gmmbSfp Yßeo. STweb; 
COlmptx-M-MbSfpxt (Bw. STp-d/IO); COhnpl. ynwmbSfp Y. 
1mAAPythag(COUup l, geo. tSTS); 
/ -pYtg(COnpSeo. tSTa); 

AI. [ t ). L`(1M)' 0.5e. 3; 
lai/t py@ug(gao. tSff&COtrnp) 
A141 I. A-W+(geo. Sfpw &10))"0.3'goo. DEP'1"; 

antis padApithB; 
p&d A. r0.0g9'geo. STwid; pathA. b-geo. STrrd. 
pathB r0.5'geo. Sfnd; pathB. b-goo STmd; 
float eDmA-dipse(pathA7. 
flost dim P Da"); 

ALj21 lr(0.5' mrnA+0.5'd1rnBr 1 a3; 
ALIII. A-(0.6'(po. S =". S'gw. M*id)+0.4NV, geo. STwid)'O. S*gw. DEP'le-6; 

double LEN(. THA; 

LENGTA-(g o STnd+gw. Sfigt), 

pathA. r0.3793'LENCCHA; pINAbO. 22857"Qeo. S w& 

AL(3JL 1a3"(2'e¢ A)/3. 
AL(3]A-(0.6"geo. STMd+0.16667"(yeo. S7]gt+g 

. 
Srzad))'eeo. DEP-03s6, 

LENGMA-(2 g o. R7}ad*geo. RTwd); 

padul. r4.136136"geo. RTw d; paiM. b-gao. RTTgti 

d1c A-dhps(P"t7. 



COunpx-0.212'geo. RTwid; COnnp y-geo. PThgt 
knA-pydkB(COtrnp1, COmip); 

/L(41. L-lo-3"(eIlen1+3.43478`geo. RTiad+k A+0.5"geo. RThgty4; 
AL[4]A-(0S'geo. RTwia geo. RThgt+0.23'M PI'geo. RTnd+ 

0.3488'LENG7}4A)'goo. DEP'0.5a-6; 

AL[5]A-0 3g 37a6'LENGmA'geo. DEP; 
AL151b geoRTweb"1a3; 

AL(6]. L-0; 
AL[6]A-0; 
] 

void pathLk: Upath7(pathdun geo) 

AL(0]A-gco. Sfpwid'(geo. DEP' 1o-6/I0); 
AL 0I. L-geo. Sfphgt'1o-3; 

double lanº. ImB; 

Coot COtnp, COtmpl; 
CORnpx'ga>. sbSfpx-(gao. STpwid/5); COtmp. y. geo. sbSlp Y. 
COtmpl x-geombSTpx+0. l'geo. STpwid; COhnpl. y-geo. mbSfp. y, 
l A"pydiag(C01mpl, geotSTfa); 
lcnB-pythag(CCtnp, geo. tSfra); 

A141 J. lr(0. S'(IaiA+1rnB)+knA)' O. Sa3; 
{c A-py@ug(geo tSCfa. geo. tSTea); 
AL[IJA-(0.5'lenA+(geo. STpwid/10))'0.5'geo. DEP' leb, 

am pathA; 
pathA. a-O 099'goo. STwid. patbA. b-gco. SThgt 
Bost d1 A-elpse(pathA); 

COtmpx_O. 234"geo. STwld. COtrnp. y-geo. S7bgt 
COtrnplx. 0; COtrnpl. y-0; 
is W. pytlug(COhnp 1. COtmp); 

ALI21.1r'(((e]1mA+knA+0.5"geo S'lbgt+(MPU12)lgeo. RTrad)+-3*geo. STnk"4)"1o-3, 
AL(2]A-(geo. Slhgt+0.7446'gm. Srwbd+0.37? M Pl"geo. STnd)'0.3'gao. DEP"1a6; 

padLk&-0.1818"geo. RT md; PA&b-geo RThgt 

AL43J. Lr(d1 A+Qeo. RTI +0.323598'Qao. RTn8+0.3778'geoRTnd+ 
0.634498"geo. RTr4"(1/3)' 1o-3. 

AL131 A-(0.371 "gw. RTrad+0.2615 *geo. RTw ui+gw. RTbgt+0.41 
(yao. RTwid+geo. RTnd))'geo. DEP'O. 5e. 6; 

AL[ 4J lrgeo. RTwmb' I o-3: 
A (41A-0.48837'(2.3eo. RTtad+gao. RTWid)"! s6'zwDEP, 

AL[S]A-0, 

AL16j. L O; 
ALI6JA-O; 
} 

void pathLA : UPa (Paths geo) 
{ 

AL[0)A-peo. STpwid"(geo. DEr' 1aä 10); 
AL1011r9eo STphgt'lo-3; 

double krL& rnB; 

CoOr COanp. COtnpl; 
COtmpx-geo. sbSTpx-(geo. STp'M/5: Wimp ynwsbSl'p y, 
COtrnplx-1eo. mbSfpx+(1.5 gg o. Slpwid/3): COtnpl. ygoombS pY 
kr AApytlug(CObnpIBao. tST1aX 
1m&'pYd%wcotMP4; eo. tS cs); 

AL(11 Ir{0.3"(IanA+1c B)«IrnB)'0. Ss3; 
knA-PYO(Beo. tSffa. gm. tSfa7 
AL(1J. A. (0.5 A+(geoSTpwid/IO))"O.? geo. DEP"1a6; 
$ Qh pathA. pathB; 
puhA. r0A69'8eo. STwid; pathkb-6ao. Sitad; 

pupa r0 5'gr S rid pa" b-geo S m& 
Eoat cBcnA. clhps (pat A); 
float eimB-aw-(paths); 

AL121. L-(O. S'efl 'A+0.5'eB B)"1o-3: 
AL[21. A-(0.6'(geo. STnd+O. S'gm. S wid)`0.48U9'gw. SIwid)'O. S"geo. DEP'1". 

double LENcrxw: 



LEND" M-(8w. sTrad+gw. STbgt); 
patUlr03793"LENGTHA; pathA. b0.22857`geo. ST d; 

dlenA=e lip, %Oathn); 

A143J. L-1 o-3"(2'e1IaiAy3; 
AL[31A-(0.6"geo. STwid+0.46667"(goo. Singt+geo. Sfi4)"geo. DEYOSa6; 

LENG1i3A-(2'geo. RTr d+geo. Riwid); 

pathA a-O 136136'geo. R7 wid, pathAb- o RThgt 

euaul=cEapsdpathA); 
COtmp. xO. 212'geo. RTwid; COCnp y=geo. RTn&t 
knA-py hag(COtmpº. COtmp) 

AL[41. L-1o-3'(dl A+3.4347g'geo. RTsad+leW+O. 5 geo. RThgty4 
AL[41A-(0S"geo. RTwid+geo. RThgt+0.23*M_P1"geo. RTrad+ 

0.3489"LENG fHA)"geo. DEP"O. $e. 6; 

AL[5). A-0.3937ea61LENC, I1 A'geo. DEP; 
AL[51. L=gao RTweb'1e3; 

AL[6[. tro; 
AL[6jA-0; 

l/lI/llll/1//llll! ll/l! lll 

void pathLA:: Upath9(pathdim goo) 

AL(OJ A-geo. Sfpwid'(geo. DE P" 1 e6(10); 
AL[OJ. lrgeo. STphgt' l e"3; 

double IA. laiB; 
la W-pydrg(gaosbSTp, geo. tSTet); 
CoOr CObupi/. Cot npl; 
COnnpx'. geosbSrpxdgeo. STpw id/S); COhnp y.. geosbSCp Y 
knB-py$hag(COtmp, geo. tS ea); 

ALI11I. -<0.5"Qaw+lenB)+ka)"0.5o3; 
lenA-pyttug(geo. tSfcCgeo. tSTea); 
AL[l JA"i0.59enA+(geo STpwid/l0))"0. S"geo. DEP' le. 6; 

a, ds path&pathB; 
pathA-r-0.0941gao. STwid,. patlikb-geo Srd; 
pa hB. r0.516"geo. STnd, pathB. b-goo Sind; 
pnte11aW bpse(pathA); 
Boat clatB"eWPs(PatB); 
putA. a-0.5g'(geo. STwid+geo. STnd); pathA. b"0.43"geo. S7rnd ; 
pa". a-O 48'gw. Sfnd, paWl. b-0.03331geo. SfenJP; 
Boat elleac- se(pathA); 
Boat ellenD pse(pathB); 

AL(2J. Ir(0.5'cIleM+0.5"eRenB+(geo. BETA/M_Pl) (elertC+eUenD))"1o-3; 
AL[2J. A"(0.4'knA+O 42857"geo. Slwid)"0. S"geo. DEP" 1o-6. 

double LENGTHA; 

LENGTHA oo. STnd+ eo. $fhgt): 

pathA. a-0 3793'LENGMA; pathA. b-O. 1587'90o. STrnd, 

eUmA-cWpsa(pathAY. 

A143J. Ir 1 a3'(Z'd1N1y3; 
AL[3]A-(0.5.8ao. STrid+0.6'(geo. STägt+BW. SD d))'geo. DEP"O. Sea6. 

p. s-0.1818'geo. RTwid; path b-geo. RThgt; 

eUcnA- bpsccr" x 
AL[41. L-(c1auA+feo. RTnd+0. $235 $ goo. RT, ad+0. S778'QaoRTmmd+ 

0.654498'yao RTn4"(1/3)'10-3. 
AL(4]. A-(0.371'geo. RTtsd+0.2613'yeo. RTw id+yao. RThgt+0.4" 
(gao. RT%id+geo. RTad))'geo. DEP"O. So-6; 

AL[ 5I. Lnao. RTweb" 1 o-3. 
ALj5jA"0.48837a6"(2*gw. RTrad+geo. RTw d)"geo. DEP; 



AL[61. L-0; 
AL[6JA-0; 

void pathLA:: Upathl0(pathdim gw) 
{ 

AL(0]A=ga+ STpwid"(geo DEP" la6Ji0); 
AL[O]. L-geo. STphgt 1o-3; 

double 1mA. l B; 
lcnA-pydiag(geosbSPp. geo. tSTd); 
CoOr CCamp. COdnpl; 
COanpx geosbSfpx{geo. STpwi&5); COtrnp y-geosbsTp Y 
lcrM-pythag(COtmp, goo. lSTea); 

AL[1]. 1r(0.5'OaA+1atB 1mA)"O. Je-3; 
1rnA=pythag(geo. tSTet. geo. tSfea); 
AL[1j. A-(0.511anA+(geo. Sfpwid/10))10.5'geo. DEP' 1o-6; 

COtrnpl. x-D; COtmpl. yy0; COtnp. x-(0.4814g'Ia A*sbq o. BETA)); 
COaep. y-0. I1428'(geo. STrad+geo. STwid); 
laiB-pythag(COtmpl, COtrnp); 
AL[2). 1r'(((0.9012rlerA"srt(gmBEfA)}NmB)'05+geo. S rad)`O. See3; 
AL[2]A-((329auV90)+(21'geo. Sl\nd/45))"0.5'geo. DEP' 1o4; 

double t. ENGn A. LENGTBB; 

LENGfHA-(geo. RTrnd+geo. RThgt); 
LENGMB-(geo. RTrad+gw RTwid); 

. pa pahB; 
pathA. a-LENOTHA; pathA. b-0.2"LENGPHB; 
pathBr'LENGTHA, pathB. b O. 2t67"LENGPHB; 
goat cacnA-dlq*o(p&thA); 
Boat dI B-4hpsapathB); 

AL13J1r(cDmA+dIrnB+1.81666'1. ENGTHA+0.5217"geo. RTnd)"0.2o-3; 
AL[31. A-(1=93. gw. RTra&0.9158"geo. RTwxi+gm. RTbr)"Bao. DEP"O-%. 6 

//AL[SJsr2; 
//AL(6J. m 1; 

AL(4Jlrgoo. R7Web' la3; 
AL(41A-0 6333'LENGTHB'geo. DEP'1o-6; 

ALI5I. 0; 
ALt51. w-o; 

AL[6I. A-o; 

////////////////////////// 

void pathLA:: Utoothl(pathdun Sao) 

//set up ample function 

axis pathA. puhB. pathC; 

//THIS COMPUTES THE PATH LENGTH AND DISTANCES 
//TOOTH ar-gap tooth mid left 

Boat Gapngeo. RTrad-0.5 goo. STvnd; 

paftka-geo uAGkn+gao. Sßngt+gao. STnd+(geo. STnd'0.214); 
puh. b-Gap+O. S'gao RTwid; 
floe , -cwyse(putw). 
pathB. t-geo. uAG1 +geo. Sfigt'0.6111. 
pathB. b-Gap+0.13853'geo. RTwid; 
goat ellaao4gqx"dift 
puhC. a-O. 49'geo. S md; 

pathC. b-0.4035"geo. STed; 
float uo-d ipse(pathC); 

Ta40j. lr(eUaA+eDmB-arc)'O. So-3; 

Tal[Oj. A-(02623'gw. RTwid+0.9163'gw. STrad+0.389Wgw. Singt) 
"geoADEP'0.5o-6; 

ununuirnminnainuiin 
La pqp ma. b punsb+(O. 2272rgao. srngt+geo. uAc) (0.22727 geo. SRhgt+geo. uAQ�)); 

Tag 11.1r(dmB+Laf)'0. So-3. 
TalI l lA.. (geo. RTrvid"0.134+0.0722'geo. Slhgt)"geoADEP*0.5ed; 

//// 

pathA. a-geo. Srwid"O. 0234+Gap; 
pathA. b-0.2773"gco. RTnd. gw. aAGlm-. 



eUenA-d lpsc(pathA); 
Talj2]. L. (Lat+eIrnA)'O. 5o-3. 
Ta1[2]A=(0.02439'geo. RTwi6+01777'geo. RThgt+ 

0.0254'geo STwidd"0.1667'gao. S7bgt) 
gmADEP"O. 5o-6, 

pathB. rgao. S7 wid'0.12711+Gap; 
pathB. b-1333333"geo. RThgt+geo uAGIai 
ellmB-&pu(pathB); 
Tal[3]. LL(dlcnA+e¢mB)'O. 5o-3; 
Tal(3]AA(geo. RThgt+ 

0.101695"geo. Sfwid) 
'geo. ADEP'O. Se-6; 

pathA. a-geo. Sirvid'0.322+Gap. 
pathA. be0.84848'gco. RTrad+geo. uAGlan+geo. RT ngt 
eUcn psdpadhA): 

arc-goo RTrad'O. 285; 
Tal[41. L°(d1 A+eUaiB-arc)'O. 3o-3. 
Tal [4J A-(0.18644'gao. STred+ 

0.64141'geo. RTcad) 
'gaoADEP'O. 5e. 6; 

TaI 5 
. 
L-0; 

TT1[51. AMO-. 

empty-I: 

void pathLA:: Utooth2(pathdun goo) 

// et up ellipse flmcuon 

axis padLA pa"; 

/frHIS COMPUTES THE PATH LENGTH AND DISTANCES 
//TOOTH w-gap tooth and nght 

goat Gap-geo. RTrad-0.5'geo. SPwid; 

pathA. a-gao. uAGlat+geo. RThgt'0.70588; 
pathAb"Gap+0.05084'geo STwid; 
float dlanA-eWPsePathAY. 
/IpathBrgeo. uAG1 r+geo. SIhgt"O6111; 
//pathB b"Gap+O. 15853'goo. RTwid; 
//float d1onB-elhp+<(pathB); 
Boat arc-O. 05825"gao STrad. 

Ta4Oj. L-((gao. uAGlm+gao. RMO)gjeo. RTrad. (O. OIS843"bt r 
MRTnd))~(gao. uAGkn+1.3708"(B--. RThg". 257"gw. RT,. O} e) 

0.5o. 3. 

Tal(OjA. (0.2203'geo. Sl wid+0.981747"gao. RTtad) 
1geoADEP"O. $e-6; 

//float Larsgrt(pathB. b"pathB. b*(0.22727"gao. SIhgt«geo uAGlm)" 
// (022727"go. S gt. geo. uA(Om)); 

Tal(Ij. L-((geo. uAGlm+1.0472"gao R7hgt)*a1onA)"0. S . 3; 
Tal(1jA"(gao. RTtad'02618+03529"geo. RThgt+0.1271I8"gao. STwid) 

'gaoADEP"0.54P-6. 

//// 
Bat Larsgrt((Crap'Cap)#(gm. uAGlaN0.041667'geo. Rmgt)' 
(gao uAG1m+0.041667'geo P hgt)); 

Ta1j2j. L-(Lai+efla A)'O. 5e3; 
Ta1[2j. A"(0.555551geo RThgt+ 

0.050847'gao. S wtd+0.0416667"gao. S1hgt) 
'geo. ADEP"O. 5s6. 

PathB a- w. STlwV3+gao. wkGI 
puhB b-O 075'goo. RTwid+Gap; 
Boat d1 B-dhpsc(pathB). 
TaI(3j. LL(Lav+d cnB)'0. So-3, 
T43]A-(0.0623'geo. RTAgt*0.075'gao RTwod+ 

goo"Singv3) 
'geoADEP'03a6; 

patlu4r. gao. RTwid"0.287y. Gap; 
psthA. b 0.2617994"goo. STnd"gao. uAGlat+gw. RThgt 
daiA-dIpw(psthA); 

Tal(4J. L. (tDM+d1cnB)'O. 5e3; 
Ta1(4J. A.. (0.2123"geo. RTwid+ 

0.2617994"gao S md+O 6327778'ge0. M' 
'geoADEP'O. So-6; 

Tal[S] L-O; 
Td(3(A-O. 

=pq"'1; 



void pathLA:: Utooth3(pathdun geo) 
{ 
//set up ellipse function 
a'vs pathA, pathB; 

//THIS COMPUTES THE PATH LENGTH AND DISTANCES 
/! TOOTH air-gap left and tooth left 

Goat Gap=geo. RTrad-0.5*geo. STwid, 

pathA. a_geo. uAGIei+geo. STmdT*0.20833; 
path %. b-Gap+0.3142857*geo. RTwid, 
float dleiA pse(pathA); 
pathB. a=geo. uAGlargeo. S7bgt*0.3; 
pathB. b=Gap+0.0642857*geo RTwid; 
float eIIenB-ehpse(pathB); 

Tal[0]. L°(ellenA+e I B)'0.5e 3; 

Tat[0] A-(O. 144'geo. MndT+0.257I4'geo. RTand) 
geo. ADEP'0.5e-6, 

ll1/lllllllllllllllll/// l/lllll 
Boat Lrn sgrt((Gap Gap)+ 
(geo. STci(ff/150*geo. uAGlrn+0.12'geo. RThgt)" 

(geo. Slhgt/ 150+geo. uAG1m+0.12'geo. RThgt)); 

Tal[1]. L-(eUenB+Lm)'0.5e3; 
Tai[ l ]. A-(goo. RTwid'O. 07I4+0.2"geo. RThgt+O 05666'geo. STmdl) 

"geo. ADEP"O. $e-6, 

I//I 

pathA. a=geo RThgt" 1.0625+geo. uAGlen; 
pa@A. b=0.05714'gao. S wtd+Gap; 
ellatA pse(pathA); 
Tal[2j. L-(IAn+efe iA)'0. So-3; 
Ta42j. AM(0.833"geo. RThgt+ 

O. O8163"geo. STwid+gao. SThgt/150) 
"geo. ADEP'O. 5e-6, 

pathB. a-gao. S7 wid'0.2577+Gap, 
pathB. b=0.6333333"geo. RTrad+gao. uAGlai+geo. RThgt; 
cI1 iB=eWp: a(pathB); 

float arc-0 187'gao. RTrad; 

Tal[3] L-(000 A+dlmg-arc)"O. Se3; 
Tal[3]AA(0.644'geo RTrad+ 

0.1873'geo. STwid) 
'geoADEP"O. Sa6, 

Tal[4]1'O; 
Tal[4]A-O. 

Tal[S1. L-O; 
Tal[51AO; 

anptr2; 

void pathLA:: Utooth4(pathdim geo) 

//Sd up ellipse function 
ms pathA, pathB; 

//THIS COMPVFESTHE PATH LENGTH AND DISTANCES 
MOM att-gap left and tooth nght 

float Gap-geo. RTrad-0.5"geo. STwid; 

pathA. I-geo. uAGlar+geo. RThgt'O. 74; 
pathAa"Gap+0.0618"geo. STw id; 
float dlm&-. rllipse(PathA); 
//pathB a geo. uAGlen+geo. SThgt'0.6111; 
I/pathB. b-Gap+0.15853"geo. RTwid, 
//float ellaLB-eagse(path8); 
float arc-0 07767'geo STrad; 

Tal(0]. L'((geo uAG)m+gao. RThgt)+Igeo RTmd{0 012913`M PI" 
geo RTrad))+(geo. tLAGlen+1.5708'(geo. R'Ibgt+0.3625'gao. RTnd)), uc) 
'O. 5e-3; 

Tal[O]. AM(0.2474'geo. S7wid+0.9948'geo. RTrad) 
'geo. ADEP'O. 5e-6; 

Jlll1/111/! dI////llINlll/IIIp1 
float Len-(geo uAGIat+1.5708'(goo. RThgt+0.3625"gao. RTrad)). arC 

Tal[ 1). lr(I m-eDoM)'0.5o-3, 



Tal[I]AA(geo. RTrad*0.3553+0.875"geo. RThgt+0. I5464"geo. S Md) 
*geoADEP"O. 5e-6; 

111/ 
Lan-sQrt((GaP*GP Beo. uAGlen+O l31geo RThgt)' 

(geo. uAGlat+0.13*geo. RThgt)); 

Tal[2] L=(L +eli A)*0.5o-3; 
Tal[ 2] A=(0.57*geo. RThgt+ 

0.059829*geo. STvnd+0.033333*geo. Slhgt) 
"geoADEP*0.5e-6, 

pathB a-(0.266'geo. SllO+geo. uAGen); 
pathB b-(0.07246'geo. RTwid+Gap); 
float dIrnB ps«pathB); 
TaI[3]. L-(Len+e]knB)'0.5e-3; 
TaI[3]. A=0.2'geo. RThgt+0.072464'geo RTwid+ 

geo. SRhgV3.75) 
"geoADEP"O. 5e 6; 

pathA. ar ((geo. RTwid'O. 26)+Gap)1I0; 
pathA. bb((0.0952"geo. STrad)+geo. uAGIei+geo. SgtYI O; 

eUaul-(ellipse(pathA))' 10; 

Tal[4]. L-(eUanA+eUcnB)'0.5o-3; 
TaI[4]A-(0.203'geo. RTwid+ 

0.0952'geo. STrad+0.7333'geo. SRhgt) 
"geoADEP'O. 5o-6. 

Tal[s] L-0; 
TaI[5]A-0; 

anptrl; 

void pathLA:: Utooth5(pathdun goo) 
{ 
//set up ethpse function 
aas pathA, pathB; 

//IBIS COMPVTES THE PATH LENGTH AND DISTANCES 
/1FOOTH air-gap tight and tooth right 

Boat Grap-gao. RTtad-0.5'geo. Slwtd; 

pathA. a-geo. uAGlat+geo. STandT'0.3, 
pathA. b-Gap+0.48'gao R7 wid; 
float elenA--llpse(pathA); 
pathB. a geouAGenn+gao. STrndT'0.11, 
pathB. b. Gap+0.146'goo. RTwid; 
float aImB -Jhpse(pathB); 

Tal[O]. Ir(dknA+aUoaB)'O. 5o-3; 

Tal[O]. A-(O 1966'geo. STrndT+geo, R7Wid'0.35227) 
'geoADEP'O Sah; 

float Lm-sgri{(Gap'Gap)+ 
(0.017*geo. STcnC+geo. uAGlai)" 

(0.017"geo STewr+geo"u/Glrn)): 

Tal(1]. L+. (&I B+Lm)'O. So-3; 
Tal[ 1 ]A-(gao. RTwid' 0.142+0.0776'geo. STrndT) 

"geoADEP'O 5e6; 

Tal[2]. L. Lm"1o-3; 
Tal[2]A-(0 45445"geo. R7hgt+ 

0 02'g0o. S wid+0.0299"geo Sf tdI) 
"geoADEP"O. 5e 6; 

pathB. a geo. STw d'0 l3+Gap; 
pathB. b-0.95'geo RTcad+geo. uAGlm+gao. RThgt; 
ellaiBadhps«PathB); 

float arPO 024'geo. RTrad; 

Ta1[3]. L-(Lm+eEe B-arc)'0.5o-3; 
Ta1[3]A-(0.10'geo. RTtad+O 636'gao. RThgt+ 

0I I2'geo. Slwid) 
'geo. ADEP'03o-6; 

pathA a-geo. Slwid'0.336+Gap; 
pathA. ba0.857"geo RTrad+geo. uAGlrn+geo. RThgt 
eU k-ellipse(pathA); 

T44]. L allein+ellenB{0.267'geo. RTrad))'0.5e. 3, 
Ta44JA.. (0.69'geo RTnd+0.208'geo. SMid)'gao. ADEP'O. Sa6; 

Tal[5]. 1r0; 



Tat[51A-0; 

-Pty='; 

void pathLA:: Utooth6(pathdim gao) 
{ 
//set up ellipse function 
axis pathA, pathB; 

/! TI-AS COMPUTES THE PATH LENGTH AND DISTANCES 
/ITOOTIl air-gap nglit aid tooth left 

float Gap-geo RTtad-0.5'geo. STwtd; 
float arc". 148'geo. RTtad; 

padtkb geo. uAGlat+geo. RThgt+geo. RTtad'l. 19; 

pathA. a=Gap+0.06l8'geo. STwid, 
float ellaiA=efipse(pathA); 
pathB. a=geo. uAGlemgeo. P Thgt+0.19'geo. RTtad, 
pathB. b=Gap+0.16*geo. RTwid; 
float elI B ellipse(pathB); 
float arcb-0.043'geo. STtad; 

Tal[0] L=(ellenA+ellmB-arca-arcb) 
*0.5e-3; 

Tal[0]. A(0.2258'gm S7 wid+1.047'geo. RTrad) 
'geoADEP'0.5"; 

lllllllllllllllllllll/llllll/llll 
pathAD-g eo. uAGlai+0.5'geo. RThgt 
patILka Gap+0.04'geo. Sl'vid; 
dkM=dlipse(pathA); 

T41]. L-(dli A+e11 aB)'0. So-3; 
Tal[ 1] A=(geo. RTrad' 0.18+0.5"geo. RThgt+0.12698'geo. Sfwid) 

'geoADEP"0.5e-6; 

lpl ll/ 
Boat Lm-scpg(GBp'Gap)+-(. aAGlm+0.068'geo. RThgt)' 

(geo. uAG1m+0.068'geo. RT hgt)); 

Tal[2]. L-(Lai+eIlaM)'O. 5a3; 
Ta42]A. (0.6'geo RThgt+ 

0.0436"geo. S wid+0.06818'gm. S7bgt) 
"gooADEP'0.5 . 6, 

path8. a-(0 4318"geo. Slhgt+geo uAGlen); 
pathB. b-(0 088"geo. R7 wid+Gap); 
clI-B---lIIpse(p&thB); 
Ta1[31. Ir(Lan+e la B)"0 Se-3, 
Ta113]A(0.0889"geo RTwid+ 

geo. Slhgt2.75) 
"geoADEP"O. 5c-6; 

pathA. w"((gw. RTwid/3)+GapY 10; 
pat1LAb-((0.42857"geo Sfmd)+gao. uAGlan+geo SThgty10; 

eUenA-(duipse(pathA))-10; 

float arc-0.11S"geo. S rad; 
Tal[4]. L-(e8e A+& -arc)"O. 3e-3; 
Tal[4]A-(0.2333'geo. RTwid+ 

0.49"geo. Sllad+0.5454"geo. SPlO) 
"geoADEP"0.5a6; 

Tal[S]1.0; 
Tal[S]A0; 

up1Y'. 1; 

nixulunuuurnrunnnuu 
//nimnnnu/iamuu/, l 
//function to calculate reluctance 
void pathLA:: augapRELO //calculate air gap reluctance 

double fNVtmpR-O; 

for (int te-0; te({Npt&wpty) te4+) 
{ 
INVtmpR+. (fal[te]A'MUOyral[te]. L, //sum thepe meanca 

} 

AGrrl=1/INVtrnpR; 

arauinnniunnnaumniin 



liuuauu/unnannuunuu/iainauuimua/u/nu 
/" EVENTUALLY put a check so that STwid>RTwid 
ie if (geo. STwid>geo. RTWid) 

Mwid geo. Sfwid; 
Migt-geo. Singk 
mwidageo RTwid 

g1 geo. RThgt) 
dse { Mwid-gao. Rlrvid; 

Mhgr-geo Rthgt 
mwid gao. STwid 
mwidageo SThgt; ) 

put geo. STwid and geo. S hgt to be MWid is program and 
mwid to be Rid da 

This could be in the end of the dimension de£ 
therefore these commands would have to be geo. Mwid.. eto'/ 



cindude bomr 
Minilude "mast h" 
Curve master ]iart(double x[DISJ, double y[DIS]) 

tint COUNT-0; 
//rows columns 

// cmial guess may do work on mual guess for frolich function'! 
Curve RESULT; 
int ttrid-D1S/2; //midpoint 
doubleiALP-y(DIS-lrl. 1//y(no-1]"le4; cout«mcG«'Alpha"«iALP; 
double iBEf-c(midV2; oout«endI<<*W-iBEr; 
double ýTI-l; 
double SumSQ O. 
for timt i°o; i<DIS, i++) ( 

SWnSQ4=pow( 
YG)-( 
(iALP"Pow(x(i), iN)) 
/(iBET+pow(. xc[i), K))), 2); ) 

//cou«endl«"RSQ° "<<S unSQ«rn&; 

double TI [DIS1141; 
double T213)[4]; 

do ( 
for (mt k-0; k<4, k++) ( 
for Gnt kk-=0; kk<3kk*+)[kk][k1; ) 
for (i=0; i<DIS, i++){ 

Tl[i][Oj-pow(x[i1JNYfiBET+pow(x[iL )); 
TI [il[ I)-(-iALP'Pow(x[i]A)IPow(GBET+pow(x[iJiN))i): 
T1Ii1[21- 

GALP"Pow(XI l. ar)'logl(x[GDY 
(iBET+pow(x[i1. iiN))) 

flALp"pow((pow(x[I]. iN)). 2r1og1(xppv 
(pow(GBFT+Pow(x[aW). 2)) 

n [i][31-rG1-( 
(tALP'pow(x[il. 1N)) 
/(iBET+Pow(xGl")): 
T2[ol[ol*-voTl G1[o1,2). 
771o11 l l1Tl G11o11TI bl[ h I. 
T2[01[21+-T1 [il[O1'P1 [i] [21: 
'2[01[31-'I [il[01'TI (11[31. 

7211 1101+- º1 Gj[Oj"Tl hl( 11: 
T2(11(º1+-vow(Tt (il(º la): 
T2111121+-Tº(111 T1(1)(21. 
T7(11(31+-TI (I1111'TI (i1131; 

T2(21101+. T11i1(Ol'Tºhl[21: 
72121111+. T1[i11219l(ij(11. 
T2(2j12j+-TI h112j*Tlji112j: 
T2j2jj31"-TI (%jl2j'n b1ß1: 

U solve "ems ofaquatons for D. 
double EQl(4j, EQ2[4]; 
for (i-O i<a: f*+) 

EQ1Ii1-Cr2II1IO1IT2IOJ[OD RIOlti1: 
EQ2Ii1'T2L 11IiI-EQ 1I7: ) 

double EQ3141; 
for (Y; i<4; i +) ( 

EQ 1 [il-(12[21[011 2[O1(O[}'12[Ol (il; 

EQ3(I1-'F2 (21N1-EQ i G1: ) 
double EQ414], 
for (P0; i<4: i++) l 

EQl[il'(EQ3[ 11/EQ21 I D"EQ251; 
EQ4[i1-EQ3[i]-EQI [il; ) 

double D[3); 
D[2]-EQ4[311EQ4[21; 
D[11`(EQ2[31-(D[21"EQ2[2DYEQ2[11. 
D[Ol°(1'2[O1(31-(D[21'ß[Ol[2D4D[l l'T2[Oli I DYl'2[0l[O1; 
/I 
/lmuumum value of Q 

double alpl, bell. ni, alpO5, betO5, n05; 
elpl' iiALP+D[D]; betl. iBET+Dll1. nl. iN+D[21; 
alpos-iALP+O5 D[ol; betO5 EET+0.5*D[11; nO5. l)1+0.3"D[21; 
double QO. O, double Q05-0; double QI-O, 
for (i-0; i<DlS, ++) ( 

QOM TI[2)[31 TlGl[31; 
Ql+-pow((Y[I1-((alplpow(x[l)nl)Y(betl+pow(x[i]. nl)))). 2); 
QO ylil-((alpO5'pow(x[i nO5))/(betos+pow(x[il, no5))). 2); 

double Vn urO. S+(o. 2i*(QO-QIY(Q1-2"QOS. QO)); 



double NEWALP=iALP+Vmin"D[O]; 
double NEWBET_iBET+Vmm"D[l]; double NEWN--iN+Vmin'D[2]; 

//cout« «NEWALP«"(C)'<<NEWBE <<"ABN'«NEWN; 

1/sum of squares of residuals 

SumSQO, 
for ( O; i<DIS; i++) 

SumSQ+. pow( 
YG1d 
(NE WALP"pow(x[i]NEWN)) 
/(NEWBET+pow(x[i]. NEWN))), 2): ) 

//cout«M&«"RSQ- "«SurSQ; 

And convagana pacaitage 

double E alp-((NEWA . P-iALPYNEWALP)'100; Ealp=fabs(EaIp); 
double Ebet-((NE W BE[-iBEI )INE W BEI)' 100; Ebet-bbs(Ebet); 
double Em((NEWN-DI)NEWN)'100. En-fabs(En); 
//caut«eMK<Ealpc<" converge (c) "«Ebd«' *<<En; 

// converge check 
if(Ealp<1e. 5 && Eba<le-5 &t En< 14. -5) COUNT-55; 

iALP-NEWALP; iBET-NEABET, ýzN NEWN; COLNT++; 
RESULT 9-NEWALPJLESULTb-NEWBETRESULTn-NEWN; 
)wbiie (COUNT<5O); 

rehan RESULT, 
3 



l include"com. h" 
/Air st 

double LINKhst: PLOT(mt posibon) 

LINK' cutreit=5rsh 
double value; 
for (mt iiO. i<posidon, i++) 
{ 
eu [=anent->next; 

value-ccwT t->data; 
return value; 
} 

void hdhst: additan(fluxLink d) 

link' newlinl- new link 
nnwhnk->data=d, 
newhnk->n ftst; 
first newhn1: 

void LINKI st". -toradd(doublet) 

LINK" newhnk- new LINK; 
newhnk->data-t, 
newhnk->next lrst; 
Erst newhn{;; 
} 

double lint ist:. detentO 
{ 
link c ureit-first 
double mmt=current->data. mag. 
mtum mmf: 
2 

double linklise: cocnergy(mt NVCP, double clNC, double offset double Mx) 

double total-0; 
double bam: 
double a, faJb; 
int pos-0; 
hnk' cwTen=5rst 
wlule(cunent'NU L &A b'=)&x) 

rgm*(cING2); 
fa-((acre it->dataal){cuvent->data un))'NVrP+ofBc4 
narrt=ma=t->next; 
P0%++; 
b-pos"(clNCI2); 
tb-((cwcnt->data. al)-(aurcnt->data. un))'MTPP+ofEset; 
totxl+=(b-s)"(fa+tb)/2. 
} 

retum total; 

llllllllllll/1/l! lll(1/llllllllllllllllllllll 
void LNKlist: 8naltorque(LNKlist A, LNKlist B) 
{ 
double total, 
double keep-0; 
LINK* curtentA-A first 
LINK' m=antB=B. &st; 

while(ammm ! -NULL II au*entB ! -NULL) 
{ 
total100"(cwrentA->datacurrentB->data)fMf_P!; 
keep'-! otal; 

LINK* newhnk'new LINK; 
newlmk->dataakeep: 
newhnk->n frsr, 
firs-ewlink 

wnenw-cwranw">nacc; 
cuffc, ca-=cntB->nwcr. 

rnuýunuuuminýuruuua 



double flux(Cucve, double); //[unction to calculate flux 
double flux(Curve equ, double MMF) 

double fluxi=(equ. a`pow(Mb1F, equ n)y 
(equ. b+pow(MMF, equn)) 

return 8uxi; 
} 

double dtlux(Curve, double), 
double dflux(Cutve equ, double MMF) 

'double dfluwa((equa'egaa'pow(MMF, equn)y 
(MMF"(egab+pow(MMF, equ. n)))) 

((equ. n'equ. a'pow(pow(MMF, equ. n), 2)y 
(MMr ow(equ b*pow(MMF, equ. n). 2))); 

um amp 

double coENG 
(Boat widthint times. double ALI. double UN1, double AL2, double UN2, 
eit neg. double offset) 

{ lota=l; mtb-0; 
if(neg1){a . l; b-1; } 
double AREA=(0.5, vndth'toms'a"((ALl-UN1+of$et)+(AL2-UN2+offset)))- 

widt6"turK'b'offser 

return AREA; 
} 

lllll[uncion stVl/ 
FluxLmk get(Ci ve MwrveBIMAG, Curve MaIFMe, Cuwe MmidFMe, Curve MunPMe, 
double MbimagMMF, Curn matnetequ, double IenMAG, double areaMAG, double Ho, 
float current, mt tutus mt pot) 
{ 

double ornltlums"owrenV4; 
double coilb; 
double coilcl; 
double coilc2; 
double coild, 

nt tlagb-o; 
int flagct-0; 
! nt flagc2O; 
mtßagd-0; 

int count' O; 
double mmf--200; 
double mmfn; 
double con. 
do( 
/BRANCH A (magnet and back-uon relauonslup) 
doubleMMFoorr-MbimagMMF+(-l mmf); 
double flmdNAG-fux(McurveBIMAG, MMFcotr); 

double dfluxMAG aux(McauveBIMAG, MMFoorr). 

/BRANCH B (so called aligned branch) //MaIFM. equ 

if (PO-'011 pos-2) oodb-coil; else coilb-0; 
if ((mmf+codb)<O) flagb-1; else flagb=0; 
double mmfb-fabs(mmf+eoflb); 
double fluxb-flux(MalFMamrofb); 
if (flagb-l) fluxb- luxb'"l; 
double dfluxb-dflux(MalFMe, mmfb); 

//BRANCH CI (so called mid branch t) //MmidFM. equ 

if(pos. l u pos-2 ) codcl-coil; else ooilcl-O; 
if ((mmf+oodcl)<O) flagcl=º; else Ilagcl-0, 

double mmfcl. fabs(mmf+coilcl); 
double fluxcl-flux(MmidFMe mmfcl); 
if(flagcl l) lluxchfluxcl*-1; 
double dfluxcl-dllux(MaudFMemmfcl); 

/BRANCH C2 (so called mid brandu2) //MmidFM. equ 

If (F°Sº II pos 2) coalc2-1"corn1; else coilc2-0; 
double mmfc2-fabs(mmf+coic2); 
double fluxc2=flux(MnudFMe, mmfc2); 
tf (flagc2=º) fluxc2=fluxc2"-l; 
double dfuxc2=dpux(MmmdFMemmfc2); 

/BRANCH D (so called un branch) //MunFM. equ 

if (poste p pos-2) coild-cod, else coildn0; 
if((mmf-oodd)<O) flagd-1; else flagdao; 
double mmfd. fabs(mmf wild); 
double lluxd=flux(MunFMemmfd); 



void patLA:: egnewllox(P1uxMmf Fm[DISL double addffux[DIS]) 

int iaw0: 
double bh[5]; 
bh[0palp 
bh[1]=beta 
bh[2] n 
bh[3]t 
bh[4]=k 

do ( 
HFFm[incjm; 

addfux(inc]+-(((bh[O]-pow(H , 
bh[2D+bh[41'pow(Hi, bh[21*1)y 

(bh[i]+pow(Hi, bh[2] bh[3j'pow(Hi, bh[21+1))); 
inc++; 

)wbile (inc<DIS), 



mtcount O; mteeVag°0; 
double eon=l; 
do( 
/BRANCH A (magnet and bad: -iron relaaonship) 
double MMFcorr-MbIrn&gMMF-(-l'mmfr); 
double fluxMAGI=flu. MavveBIMAG, MMFoort); 
MMFcorr-MbmiagMMF+(-I "mmfu ); 
double flwcMAGu=flux(MauveBlMAG, I`MMFootr); 

double 8uxbl=HwdMaiFMe mmti): dcuble ßuxbu flux(MalFMe nunfu); 
double fluxd-flux(MmidFMemmfll, double fluxat-tlux(MnudFMe, mmtu); 
double fluxdl=flux(MumFMe, mmü). double fluxdu-fiux(MunFMemmtu); 

double AI)1=(Ouxbl+21fluxd+fluxdlu4, 
double Alb0.51(fluxbl-flux(U), 
double A21-0.250(fi xbl-fluxd+fluxdl-Ouxd); 

Boat angl-0 9; 
Boat ang2=2.7; 
double Fl09-AOI+All'oos(2'M PI'angll7.2)+A21'oos(4'M PI'angl/7.2); 
double R27-AOI+AII'oos(2'M P('ang2/7.2)+A21'oos(0'M PI'ang2/7.2); 

double AD^duxbu+2*fluxcLr-fluxduy4. 
double Alu 0.5"((luxbu-fluxdu); 
double A2u-0.25 (fluxbu-fluxcu+0uxdu-fluxad; 

double FuO9=AOu+Alu'cos(2'M PI'sogt/7.2)+A2u'oos(4-MPl'angl/7.2); 
double Fu27-AOu+Alu'aos(2'M PI'ang2/7.2)+A2u'cos(4'M_Pl'aflg2/7.2); 

'/ahk to see with in range; 

double Fl. 4'F109-4'F127-luxMAGI, 
double Fu-4'FuO9«4'Fu27"OuxMMAw, 

if(FrFu<O) arßag O; else mmfu+-50. ) 

if (arCag'"t)( 
mmfR-mmfu4Fu"(mmfl-mm Cu il/(F1-Fu (, 
MMF MbunagMMF"("t`mm(Ri. 
double Oux. MAGR-flux(MaaveBINLaG, MMFcotr). 

9uxb R=Ow«MalFMemmfR ); 
double UnrcR. Bwc(MmidFMe mmQt). 
9ucdR-lux(MunFMeznrn ); 

double AOR. (QuxbR+2'QuxcR+QuxdRy4. 
double AIR-0 5'(fluxbR-6uxdR); 
double A2R-0.25'(fluxbR-QuxcR+QuxdR-QuxcR); 

fluxRO9-AOR+AlR'oos(2'M Pl'angl/7.2)+A2R'eos(4'M PI'anglI7.2); 
fluxR27-AOR+A1R'oos(2'M PI'ang2/7.2)+A2R'oos(4'M PI'artW2); 

double FR-4'flwcRO9+4'&mR27-6uxMAGR 

double conM. 
tf(R FR<O) (conM-mmfu. mmfu. mm(R, } else (conM-mmfl: mmO znfL) 

con-fabs1(mmfRtonM)Imm1R)'100. 

count-. 
} 
whue (count<100 &A con>l e-5). 

FluxLink ddmt. 
damt. al=tuebR; 
deaft. un-ßuxdR, 
detail midi-OuxR09; 
dams m d2-aucRT7; 
detrnt mag-mmtR; 

return darnt. 
} 



if(flagd-1) fluxd-fluxd'-I; 
double dflwcd-dfllux(MunFMe mmfd); 

nnuý 
double r2"flinch+2'fluxcl+2'fluxc2+2'fluxd-fluxMAG; 
double dy-2*dfluxb+2*dfluxcl+2*dfluxc2+2'dfl=d-dfluxMAG. 
mmfrn-nmf{y/dy); 
con- I00'fibs((mmfn-mmQ/mmti); 
mmf=mmfn, 
count++; 
)while (count<100 && cowls-5); 

//find magnet mmf//not important 
//flux flowing ti rough magnet 
//double MMFcoa=MbimagMMF+(-I'mm»; 
//double fluxMAG--flux(M=veBIMAG, MMFooa); 
//count O; 

IldoubleBma g=flwcMAG/(areaMAG' Ir6); //IImc Uuough mag 

//converted to flwc density 
//double iguessH 2`mmfl(1 o-3'1aiMAG))FHo; //H guess using mmf catailated 

//with backvon 

//double magHn; 
//do { 

//double B=Bux(magnetequ, iguessH); 
//double dB-dflux(magnetequ iguessH); 

/B=B-Bmag, 
//magHn=(iguessH. (BJdB)); 
//con=100"fabs((magHn-iguessH)/magHn); 
//iguessH=magHn; 
//)whfle(counK 100 && con>I o-5); 

F7uxL nk details; 
/Idetailsmag (magHn-Ho)'lenMAG'lea3; 
detagamag-r mf. 
Il1/I/ll/ll get flux values////// 
/BRANCH B (so called aligned branch) //Ma1FM equ 

if (pos-0 n pos-2) coilb-coil, else coilb-0; 
if((mmf+coilb)<O) flagl'l; else flagb-0; 
double mmfb--fabs(mmf+coilb); 
double fluxb=flux(i 4alFMe imnfb); 
if (flagb-l) fluxb-fluxb"-l; 

if (pos-O II pos-2) details ahßuxb. else details midl-fluxb; 
uuiunniuaiuniniu 
//BRANCH Cl (so called mid branch 1) //MmidFM. equ 

if (pos--1 n Pos-2) comic! -coil. eke coilcl-O; 
if ((mmf+cornlcl)<o) flagel-l; else flagcl-0; 

double mmfcl=fabs(mmf+coilcl); 
double fluxcl- lux(MmidFMemmfcp; 
if(tlagcl-l)fluxcl-ßuxcl-1; 
if (Pos-1) details-al= luxcl; else details. midl-fluxcl; 

/BRANCH C2 (w called mid branch 2) //MmidFM. equ 

ifq"-l 11 Posen cWc2-1 *ood: e1x cWc2-0; 
double mmfe2=fabs(mmf+coilc2); 
double fluxc2-flux(MmidFMe, mmfc2); 
if (Hagc2=1) fluxc2=fluxc2"-1; 
if (pos, -l) details. un-tuxo2. eLYe demila. mid2-fluxe2; 
ll/! llll/l1/! lllllll//1//ell/ 
! BRANCH D (so called un branch) //Mi nM equ 

if (posO II pos-2) ooild=ooa; else cornid=0; 
if ((mmf-crnld)<O) flagd=1; else Ilagd-o; 
double mmfd=fabs(mmfcoild); 
double fluad-Ilux(MunFMemmfd); 
d(flagd=1) 9uxd=fluxd'-1; 
if (pos-0 g pos-2) detailsaarflmcd: dse detaSsmud2-! luxd; 

return details; 

uiaiiuauuiuu 
F1uxLinkgetDENT(Curve MciuveBIMAGCwve Ma1FMe, Curve MmidFMe, Curve MunFMe, 
double MbmwgMMF) 

double mmfR; 
double mmfl-10; 
double mmfu. 330; 

double HucbR, BuxdRfuxRO9. luxR27; 



APPENDIX D 

Data sheets for soft magnetic composite materials used in chapter 7. 
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Powder Composite Material-1172 
-M_ Incremantat permeability µ es a function of 

Specific magnetization tosses WFe per cycle pre - magnetization Hoc (measured on torolds) 
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physical properties magnetic properties 

Density 7.37 g/cm3 Permeability (40mT) 11S 
Electrical resistivity 0,5-104 f2cm Max. permeability 190 
Young's modulus 40-70 kN/mmz Saturation flux density 1.90 T 
Compression strenght 240 N/mm2 Coercivity 4.10 A/cm 
Bending strenght 50-100 N/mm2 Specific core losses 23 1[Ws/crd 
Coeff. of Linear expansion 12-14 10'6/K (0,1 T; 1 kHz) 
(20' bis 100'C) Core Losses (1 T; S0 Hz) 60 OW/cm) 
Thermal conductivity 6-15 W/msK 
Permessible operating max. 150 
temperature 

Data sheets of other materials upon request ! CN 



ABM 100.32 
ABM 100.32 is an insulated iron powder developed 
for soft magnetic applications for frequencies < 10 
kHz. The powders high compressibility and durable 

insulation gives high induction-and low losses in 

combination with constant permeability over a broad 
frequency range. 

The special insulation also allows annealing 
which gives very low losses at frequencies 

< 1000Hz. The distributed air gap in the material 
combined with the cost effective and three dimen- 

sional shape making capability of P/M technology 
offers flexibility for designers. 

MIXES 

1. ABM 100.32 "0.5% Kenoluhe 
0.5% Phenolic Roin 

2. AIM 100.32 + 0.5% Keile lulw 

TYPICAL DATA 

Apparcnr density 3.2 g/an' 
Flow 22.6 00g 

Mix I Mix 2 
GD(800 NIP. ). g/an' 7.18 7-14 

CD(600 MP$. g/cm' 7.09 7.21 

HEAT TREATMENT 

Curing 150°C, I It in air 150°C, Ih in air 
Annealing 500°C. 0.5 h in air 

Mix I Mix 2 Mix I Mix 2 
Sirengih fFRS). N/mm' 27 20 63 31 
Dimensional change. % -0.025 "0.002 0.03 0.015 
N_ 800 hil'a 225 290 390 

600 MI'a 265 365 
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MANUFACTURING CONDITIONS 

Powder 

ABM 100.32 is an insulated sub 150 micron powder. 

MANUFACTURING 

The test toroids were manufactured from mixes of 
ABM 100.32, lubricant and phenolic resin as 
indicated. 
Compacting pressure. 600 MPa and 800 MPa. 

HEAT TREATMENT 

Curing 
All test specimens were cured at 150°C for 1 hour 
in air. 

Annraling 
After curing an annealing was performed at 500°C 
for 30 minutes in air. 

TESTING CONDITIONS 

Physical properties were determined in accordance 
with applicable ISO standards. 
Magnetic properties were measured on toroids with 
following dimensions 
Outer diameter 55 min 
Inner diameter 45 min 
Haight 5 mm 
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