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Abstract 

The induction motor remains the prime mover of present day industry with it's associated 
components in drive applications. In many such applications, fractional horse-power mo­
tors find ready use in small mechanisms where three-phase power supply is not available. 
In Southern Africa, these motors can be used is rural areas with simple reticulation sys­
tems, hence the renewed interest in the development of these low-power electrical motors, 
especially specialised models such as linear versions of such motors for special applications. 

This research is in the area of single-phase LIMs. The objective has been to model 
the shaded-pole LIM, in an attempt to enhance it's performance through improved design 
methods. This was carried out using an integrated analysis approach, involving circuital 
and field theory in the analysis of the practical motor, and computer simulation of it's 
equivalent model using the finite element method. 

Linear counterparts are possible for all the various forms of rotating electrical machines. 
All cylindrical machines can be 'cut' along a radial plane and 'unrolled' [32]. LIMs convert 
electrical energy directly into mechanical energy of translatory motion. Some advantages of 
linear version of induction motors are: they are gearless and often require minimal material 
thus minimising cost. 

While their scope of application are somewhat limited when compared to rotary ver­
sions, they do however give excellent performance in special situations where translatory 
motion is required. However, the output power-to-mass and output power-to-volume of 
active materials ratio is reduced compared to rotary induction motors[45]. These disad­
vantages are caused by the large air-gap and the open magnetic circuit, which produces 
parasitical effects. 

A 4-pole shaded-pole single-sided flat LIM with a 0.52m double layer disc has been 
analysed and tested. The thickness of back iron is lOmm, the thickness of aluminium cap 
is 3mm and the airgap thickness is 1.5mm. This thesis presents a study of the shaded-pole 
single-phase single-sided LIM for industrial applications, performance calculations using 
two-phase symmetrical components approach, field analysis calculations, 2-D electromag­
netic field analysis based on the Magnet 5 finite element software package, and experimental 
tests. 

The experimental tests were carried out on the shaded-pole LIM using sinusoidal exci­
tation for various power frequencies. A comparison of results obtained from FEM, symmet-
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rical components and field theory with practical measurements is presented and discussed. 
The application of FEM seems to be well justified in order to obtain not only the perfor­
mance characteristics, but also to analyse and optimise the magnetic circuit. 

It was found that the performance characteristics of the shaded-pole LIM are rather poor 
in comparison with a three phase rotary induction motor and a three phase linear induction 
motor. Although its efficiency is very small at power frequency, it has been found that the 
efficiency increases with the input frequency. The shaded-pole LIM can find applications 
in turntables used in industry or in small mechanisms where a three-phase power supply 
is not available or the price and simplicity of the drive is important. 
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Chapter 1 

Introduction 

1.1 Background 

Fractional horsepower single-phase motors find application as general purpose machines 
and in automatic control systems. These machines are essential parts of industrial control 
systems, regulation systems, computer peripherals and domestic appliances. Although 
three-phase motors are available in ratings as low as 125 W, the majority of small power 
a.c. motors operate on single-phase alternating current[35]. 

The most popular single-phase motors are induction motors. They have been devel­
oped with varying torque requirements and differ in their starting methods, hence their 
names are descriptive of their starting methods. This provides for a minimisation of motor 
cost which satisfies the conditions for a particular application. Such starting techniques 
include: shaded-pole, split-phase[68], capacitor-start induction-run, single-value-capacitor, 
capacitor-start capacitor-run and the universal motor. Modern solutions to single-phase 
a.c. drives include: single-phase rectifiers, filter three-phase inverters and three-phase 
brushless motors. 

Over the years, linear versions of the induction motor, d.c. motor, synchronous motor, 
permanent magnet motor, stepper motor and reluctance motor have been developed [32, 
59, 69]. This can be attributed in part to the development of power electronic converters, 
new control techniques and materials such as rare-earth permanent magnets[70]. Typical 
applications of linear drives include high-speed ground transportation (HSGT) [28, 104, 77, 
98, 39], material transportation[95, 51, 31, 44, 60], factory automation, office automation, 
measuring instruments as well as home and medical applications[57, 76]. 

The competitiveness of linear motors is perhaps reflected in the steady sales by several 
manufacturers, even though no mass market currently exists for them[69]. The development 
of linear drives and their increasing application in industry will ultimately minimise the 
use of several mechanical components. For example in high-speed ground transportation, 
magnetically levitated electromagnetic and electrodynamic systems are taking precedence 
to conventional rotary induction motors. 
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Presently, the cheapest and most reliable electrical machine is the cage induction motor. 
Since the linear motor may be considered to be an unrolled version of its cylindrical coun­
terpart, the linear induction motor (LIM), with its simple variable voltage controller, is 
currently the most common in the field of linear drives for industrial applications. LIMs are 
playing an increasing role in industrial and transportation applications. Typical industrial 
applications of LIMs include: internal transport systems, transfer systems, impact ma­
chines (e.g. hammers, presses), piston pumps, linear tables, textile machinery, vibrators, 
rammers, saws and separators. 

Linear motors show great potential in specialised applications in industry, especially 
where direct translatory motion is required. A rotary induction motor can theoretically be 
replaced by a LIM in any translatory motion drive and in some cases in rotating wheels, 
discs and drums where small torques are transmitted and small friction forces take place[45]. 

Presently, the range of applications of LIMs, when compared to rotary induction mo­
tors is limited by several factors such as: the increased temperature rise of the primary 
winding, increased energy consumption, and reduced efficiency. In factories and plants 
for example, LIMs can be used in transportation systems, materials handling, industrial 
drives, automative control systems, robotics and in industrial testing. However, there are 
many characteristics of linear motors that cannot be achieved by rotary equivalents[95, 59]. 
In several industrial applications, LIMs are competitive to rotary induction motors. 

1.2 Motivation 

The LIM has an open magnetic circuit with an entry and an exit end, while the rotary 
induction motor has a closed magnetic circuit. LIMs in industry have been confined mainly 
to low-speed applications, and the influence of the end effect in low-speed applications is 
not significant[112]. The problems arising from a larger air gap and a secondary solid 
conductive rail are common to both linear and rotary induction motors[58]. 

Furthermore, the output power-to-mass and output power-to-volume of active materials 
ratio in the LIM is reduced as compared to rotary induction motors[45]. These disadvan­
tages are caused by larger air-gap than that of rotary induction motors and the open 
magnetic circuit, which produces parasitical end effects. Large airgaps means increased 
magnetising currents and consequently an increase in the input rms current. Thus, the 
winding losses are high and the efficiency decreases. 

The capacity and flexibility in designing linear motors and adapting them for specialised 
applications is broad. These challenges have resulted in the need for continued analysis 
and improvement of existing design methods. This is expected to increase the overall 
performance of linear motors, with improved reliability and reduced power capacity, which 
will enhance their potential application. 

The single-phase single-sided shaded-pole linear induction motor is the linear counter­
part of the single-phase rotary shaded-pole motor. It can find applications in turntables 
used in industry. It also finds ready use in small mechanisms where a three-phase power 
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supply may not be available or where the price and simplicity of the drive is important. 
The development of single-phase electric motor is especially important in Southern Africa 
for example, where vast parts of the country are electrified using single-phase lines. 

1.3 Objective 

The objective of this thesis is to analyse the single-phase single-sided shaded-pole linear 
induction motor and determine its performance characteristics, i.e. : 

• Performance calculation using two-phase symmetrical components approach 

• Analysis of electromagnetic field and forces 

• Application of 2-D finite element method (FEM) to performance calculations 

• Experimental tests performed on the shaded-pole single-sided LIM 

• Evaluation of construction and performance from the point of view of industrial 
application. 

The single-phase single-sided shaded-pole linear induction motor is technically a two­
phase motor with a main phase (main stator winding) and an auxiliary phase (shaded-pole) 
which provides the two phases required for starting and maintaining electromechanical 
energy conversion. Symmetrical components for two-phase system is normally used in the 
analysis of such single- or two-phase machines[19, 100, 92, 15]. 

For the field approach, the general solutions of equations for 2-D electromagnetic 
field distribution in an induction machine with salient poles is used in the analysis of 
the single-phase single-sided shaded-pole LIM, with multilayer secondary and distributed 
parameters[41, 112, 45, 10, 89]. The calculation of forces is carried out using Maxwell's 
stress tensor method[17]. 

Recent advances in computer hardware have given remarkable access to electromagnetic 
field simulation using finite elements. The FEM has been used for the electromagnetic field 
analysis and calculation of forces[37]. A comparison of different analysis methods, namely 
finite elements, symmetrical components and field analysis, has been carried out and the 
results compared with the measurements. 

1.4 Literature review 

The development of the generalised theory of induction motors with asymmetrical primary 
windings, i.e. the two-phase rotating field theory and symmetrical components theory 
for asymmetrical machines, was carried out over 40 years ago[106, 34, 5]. The method 
of symmetrical components[36] was originally developed in connection with the analysis 
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of symmetrically wound polyphase induction machines operating under unbalanced condi­
tions. Since its original development, the method has proved to be of immense value in the 
analysis of problems involving a.c. rotating machines under both steady and transient[64] 
conditions. 

Several early contributions have been made to the revolving field theory[52, 13] and 
analysis of unsymmetrical two-phase and single-phase induction machines[7, 96]. Morrill[72] 
presented an accurate theory of the split-phase motor, with regards to both starting and 

. running performance, having derived general equations for an unbalanced two-phase motor 
and applying them to the special case of the capacitor motor. Puchstein and Lloyd[91) 
analysed the capacitor motor with windings not in quadrature. Chang and Llyod[18, 65) 
showed the usefulness of the cross field theory for the design of permanent split-phase 
motors. Burian[14] analysed the unsymmetrical machine from the viewpoint of the cross­
field theory and derived an equivalent circuit for the machine. McCormick, Kuale and 
Foster's[68) work on the design of auxiliary phase windings for fractional-horsepower in­
duction motors is most helpful from the point of view of practical engineering design. 

Shaded pole rotary induction motors[106] have been built for more than ninety years[88]. 
They are one of the most popular type of single-phase induction motors in the fractional 
horsepower range[102, 2]. Due to their wide range of domestic and industrial applications, 
especially for constant speed applications and their low cost, these machines have been 
subject to continuing research efforts from which a number of analytical models and results 
have been published. Shaded pole motors are recognised to be among one of the most 
robust, durable, simple-to-design, and low cost machines with high reliability, yet they are 
classified to be among the most complicated to analyse[103, 19, 15, 62, 3]. 

Since it was discovered that a squirrel cage motor with a salient-pole single-phase field 
would run if a portion of the pole were short-circuited with a winding or coil[102], the 
saving in the cost of this winding, compared with distributed field winding of the split­
phase type, has given the shaded pole motor tremendous popularity in low power, constant 
speed applications. Trickey[102) carried out a limited analysis of the shaded pole motor for 
standstill condition and later extended it to cover the running condition with performance 
calculations[103] using circuital method in calculating motor constants. 

Bojer[8] carried out a pre-determination of shaded-pole induction-motor performance. 
Kron and Chang[55, 19] developed equations and equivalent circuits for the shaded pole 
motor using both the revolving and cross field theories, including the space harmonics 
introduced by the stator windings, the uneven airgap, machine parameters such as angle of 
shift of the shaded coil, turns ratio and influence of the shaded coil. Chang's[19] analysis 
appears to have found the widest application[15]. 

Morath[71] developed a mathematical theory of shaded-pole motors, while Kucera[56] 
also worked on single-phase induction motor with short circuited auxiliary winding. A 
qualitative analysis of the flux distribution in the airgap of the shaded-pole motor was 
carried out by Kimberly[53], where he evaluated the influence of the shaded-pole and 
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saturation on motor performance using both the classical rotating field theory and classical 
cross-field theory. Several other authors[101, 38, 73, 105] have made contributions to the 
theory and analysis of shaded-pole rotary induction motor. 

Despite all these contributions, there appears to be no established single universal 
method of analysis to apply to these machines[3]. In the past, the single-phase induction 
motor was analysed either by the double-revolving-field theory or the crossfield theory. The 
relative merits and demerits of the two theories have often been debated[4]. Both theories 
can be blended into one through the field-theory approach[75]. 

Suhr's[100] analysis employs the resolution of the exciting winding and auxiliary-winding 
MMFs into quadrature components, and then applies symmetrical components theory in 
this analysis. If efficiency were a highly important consideration, or a high overload capacity 
were an application requirement, the shaded-pole motor and linear motors in general, would 
have few jobs to perform[100]. However, some of the reasons for wide-spread use of shaded 
pole motors[100] include: (a) it operates from single-phase power supply, (b) it is cheaper 
to build than other motors and this saving is passed on to the ultimate consumer, (c) it is 
usually quiet in operation, (d) it lends itself to speed control through simple means, and 
(e) if it is properly applied it has high reliability. 

Possibly the most instrumental work in substantially increasing the rating and appli­
cation of shaded-pole motors is the work of Sherer and Herzog[97] who studied the effects 
on performance due to the variation of one parameter while all other parameters were held 
constant. Using the generalised theory of induction motors with asymmetrical primary 
windings, Butler and Wallace[15, 107, 16] demonstrated its application and validity to the 
analysis and performance prediction of shaded-pole type of single-phase motors. 

Desai and Matthew[29] carried out the transient analysis of the shaded pole motor. 
An analysis of the reluctance augmented shaded-pole motor, and the distribution of flux, 
current and torque operating under locked rotor conditions was carried out by Ooka[85, 86]. 
Eastham and Williamson[33] developed and verified a simple design technique of step-phase 
modulation based on a numerical-optimisation routine used to obtain a two-speed shaded­
pole induction motor. 

Saturation of the magnetic circuit[82] is an important factor in shaded-pole induction 
motors[88], and it varies widely when slip varies from 1 to 0. According to Williamson and 
Breese[109], high levels of saturation present in shaded-pole motors make the determination 
of leakage reactances and saturation factors extremely difficult. The authors also examined 
the reluctance-augmentation principle in shaded-pole motors[111]. Williamson and Ostojic' 
developed a new type of bi-directional shaded-pole motor which retains use of single-turn 
copper shading rings with full reversing capabilities rather than simply reversible[llO]. 

Nondahl[81] presented an equivalent circuit model for a shaded pole induction motor­
one shading coil with a stepped air gap. Lock[62, 61] carried out an analysis of the steady-
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state performance of the reluctance-augmented shaded-pole motor and transient analysis 
of the shaded-pole motor by numerical solution of the basic performance equations. Hoang­
Minh Dao[22, 21] worked on the calculation of the starting behaviour of shaded pole motors 
at standstill by stretching the contour of the machine. Dao also presented characteristic 
graphs for starting force, shaded pole current and eddy current losses in dependence of 
constriction parameters. 

Computer-aided design using finite element method was used by Matsubara[67] in 
analysing the distribution of magnetic flux in the shaded-pole induction motor at vari­
ous slips. Akbaba and Fakhro[3, 2] carried out a detailed field distribution in a reluctance 
augmented shaded-pole motor using finite element method, and improved technique for 
calculating inductance parameters. The result showed the effect of shading coil on the 
spatial distribution of the air-gap flux density, and it was found that the demagnetising 
effect of the shading rings helps towards more uniform distribution of the air-gap flux. 

The single-phase single-sided shaded-pole linear induction motor with rotating disc 
under investigation is one of the simplest electric motors. The first physical model was 
jointly constructed at the University of Cape Town and Cape Technikon in 1991, and the 
first experimental results were published in 1992[49]. It is a rather simple, reliable and 
cheap electric motor. As the author is aware, no theoretical analysis has been published 
so far except for the author's paper[26, 27, 25] 
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Chapter 2 

Construction 

2.1 General Assembly 

The general assembly of the single-phase single-sided shaded-pole LIM is shown in Figure 
2.1. The physical model has been earlier constructed [49]. 

Bench support 

Stator stack 

Figure 2.1: General Assembly of the 4-pole Shaded-Pole LIM 
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Figure 2.2: Sectional View of the Shaded-Pole LIM 
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Figure 2.3: Structure of the 4-pole Shaded-Pole LIM: 1 - secondary back iron, ·2 - aluminium 
cap, 3 - airgap, 4 - short-circuited coil, 5 - main winding, 6 - primary stack 

8 



Figure 2.2 shows the sectional view of both the primary stack and secondary disc of the 
shaded-pole LIM. Figure 2.3 shows the detailed structure of the single-phase shaded-pole 
LIM. The basic construction consists of two parts: a flat magnetic core(6) and a round 
conductive disc(1,2). 

The stationary primary stack has salient poles with a main multi-turn winding with con­
centrated parameters, and slots accommodating an auxiliary single-turn shorted coil[49}. 
The construction of the shaded-pole LIM is similar to that of a rotary shaded-pole motor[102, 
19]. The laminated core is made of a standard 0.5mm, non-oriented silicon steel transformer 
laminations. The slots have to be open as this makes it possible to design a simple winding, 
and reduces the leakage fluxes of the main and auxiliary windings. 

Shaded-pole copper rings fit tightly into the slots. The copper rings have been soldered 
in a very clean environment with a silver solder. It is important to solder the seams with 
material that has a high melting point to prevent disintegration during extreme operating 
conditions. The main winding is then wound, and the complete primary stack is then 
placed into an oven and heated to 160°C, so as to obtain a homogenous temperature 
throughout the core. Then the core is impregnated, i.e. dipped in a special transformer 
resin until all air bubbles disappeared[49]. 

The high temperature of the core ensures that the resin in the vicinity becomes thinner 
and is therefore able to fill every air gap that exists between the laminations and the 
windings. Finally the primary stack is baked dry in order to harden the resin. The disc 
is made of a 10mm mild steel plate to which a 3mm aluminium cap is laminated. The 
primary and the disc are mounted on a supportive structure in such a way that the airgap 
and the distance of the core, from the centre of the disc to the edge of the disc, can be 
varied. In the tested shaded-pole LIM, the rotor (secondary) is a double-layer disc made 
of aluminium and back-iron plates. 

2.2 Design Data for shaded-pole motor 

Table 2.1 shows the specification data of the LIM and the materials used for its construc­
tion, while Table 2.2 shows the design data for the single-phase shaded-pole single-sided 
linear induction motor. 

At rated mains supply voltage of 220V and 50Hz, the current drawn by the shaded-pole 
LIM is 11.6A. But at this voltage, the performance is poor. At 160V and 75Hz for example, 
the current drawn is 6.6A, and the efficiency is much better since the winding losses J2 R 
are reduced. In general, the performance of the LIM was found to improve as the voltage 
decreases and frequency increases. 
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Table 2.1: Specification data of the tested shaded-pole LIM 
Quantity Value Unit 
Number of phases 1 
Frequency 50 Hz 
Rated Current 11.6 A 
Rated Voltage 220 v 
Resistance 12.8 n 
Number of pole pairs p=2 
Number of turns per main phase Na = 520 
Resistance of main winding for de current Rdc = 12.813 n 
Primary winding factor kwla = 1 
Linear Speed at 50Hz 84 rpm 
Weight of Stator Core 4.26 kg 
Weight of Al. and Mild Steel Disk 9.5 kg 
Machine Primary(Stator) Single-phase, Shaded-Pole 
Stator Core Laminated (H18, 0.5mm, Non-

Orientated Silicon Steel) 
Motor Secondary(Rotor disk) Al. cap laminated to mild steel disk 
Slot Insulation DMD-Mitron (6510) 
Shaded-Pole Copper soldered with silver solder 
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Table 2.2: Design Data of LIM 
Quantity Value Unit 
Length of primary stack L'T = 0.192 m 
Width of primary stack Li = 0.09 m 
Pole pitch T = 0.048 m 
Air gap g = 0.0015 m 
Height of pole hp = 0.048 m 
Width of pole Wp = 0.016 m 
Diameter of wire with insulation dw = 0.00125 m 
Cross section of copper Wire 1.227 X 10-6 m2 

Thickness of insulation paper between windings ip = 0.0006 m 
Height of Shading Ring Slot hs = 0.005 m 
Width of Shading Pole Slot W 8 = 0.005 m 
Thickness of ferromagnetic core Hsec = 0.010 m 
Thickness of Al (Disc) Layer d = 0.003 m 
Diameter of Disc Secondary dsec = 0.52 m 
Diameter of Secondary (Al. & Mild Steel Rotor Disk) 0.52 m 
Air Gap 1.5 mm 
Thickness of Mild Steel Disk 12 mm 
Thickness of Aluminium Cap 3 mm 
Length of Primary (Stator Core) 0.09 m 
Height of Stator Core 0.064 m 
Width of Stator Core 0.192 m 
Cross section of Shaded-Pole Ring 0.0024 m2 
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2.3 Main Dimension and Electromagnetic Loading 

Fig. 2.4 shows the schematic circuit diagram of the single-phase shaded-pole LIM, where 
Ra, Xa - resistance, inductance of main phase winding; Rs, Xs - resistance, inductance 
of secondary; Xm - mutual inductance between primary and secondary; RFe - resistance 
representing core loss; Zb - impedance of auxiliary winding. 

Figure 2.4: Schematic diagram of shaded-pole LIM parameters 

2.3.1 Transformation Factor, ktr 

The transformation factor, ktn that is, the turns ratio between the primary and secondary 
system for the resistance and leakage reactances, is [43]: 

ktr = 4( Nakwla)
2 

p 
(2.1) 

where Na is the number of turns of the main phase, kwla is the winding factor of phase a 

for fundamental space harmonic, and pis the number of pole pairs. 

2.3.2 Carter's Coefficient 

Carter's coefficient is calculated according to the following formula[ 45]: 

h 
kc1 = ---

h -!lgt 

where, 
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4 b14 b14 b14 
2 

/l = -{-arctan- -ln [1 + (-) ]} 
7r 2gt 2gt 2gt 

t 1 is the primary slot pitch and b 14 is the primary slot opening. For the single-sided LIM 
with an aluminium cap, the modified Carter's coefficient is given as[45]; 

k _ kc(g + d)g + d2 
- gd 

Cg- g2 + d2 (2.3) 

The effective airgap is therefore kc
9
g. For the shaded-pole LIM, the Carter coefficient 

is calculated for the shading ring slot on the main poles. 

2.3.3 Resistance of Primary Winding, R1a 

The resistance of the main phase winding is: 

R 
_ Nalav 

la-
CJcuAcu 

(2.4) 

where the electric conductivity CJcu of copper should be calculated for 75°C, lav is the 
average length of a turn, and Acu is the cross sectional area of conductor. 

2.3.4 Winding Impedances 

Since the MMFs of the two phases are equal: 

(2.5) 

kw1a, kwlb are winding factors, and Na, Nb are the number of turns per main and auxiliary 
phase windings. Referring the auxiliary winding to the main stator winding side: 

I~= Ib/kab (2.6) 
where, 

kab = Nakwla 
Nbkwlb 

(2.7) 

The winding impedances for the main and auxiliary phases are: 

(2.8) 

(2.9) 

where R1a, X 1a are the resistance and leakage reactance of the main stator winding respec­
tively, and R1b, X 1b are the resistance and leakage reactance of auxiliary winding. 
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2.3.5 Mutual(Magnetising) Reactance 

The mutual reactance for a single-phase motor is [34, 44]: 

(2.10) 

where g is the airgap (mechanical clearance), dAt is the thickness of the aluminium layer, 
ksat is the saturation factor of magnetic circuit, and Li is the effective width of the primary 
stack. 

2.3.6 Stator Leakage Reactance as seen from the Main Phase 

For main stator phase a and auxiliary phase b, the leakage reactances are [34]: 

(2.11) 

where linkage factor, 1 = 0.6 - 0.9, and the leakage factor of main winding, a 1 = 1.1 -
1.16. For auxiliary phase b [34]: 

(2.12) 

h lBav ) ( ) 
Alb = 0.41rb + 0.3( T- 1 2.13 

where the first component caters for the slot leakage and the second is the end connection 
leakage. 

2.3. 7 Auxiliary Phase Leakage Reactance 

The impedance of the auxiliary phase referred to the main phase is: 

X I ( kwla N )
2
X 

lb = -k- a lb 
wlb 

(2.14) 

where, kwla = 1, kwlb =sin(~%) 

and bsh is width of shading ring edge. 

2.3.8 Impedance of Vertical Branch for Series Connection 

It is convenient to replace the parallel connection of RFe and Xm by series connection as 
in Figs. 3.13 - 3.16, i.e. 
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where, 

The resistance RFe represents the core losses. 

2.3.9 Mutual Reactance Between Main and Auxiliary Phases 

The mutual reactance is: 

Zab = )Xab = jwMab (2.15) 

where Xab is the mutual reactance between main phase a and auxiliary phase b[34]. 

Xab ::::::: aik Xo = aikT Xo (2.16) 
a 2p bp 2p 

where a= bpjT = 0.6- -0.9, aik ::::::: ~a and X 0 is the reactance of main winding of stator. 

2.3.10 Rotor Impedance 

The impedances of aluminium cap and solid back iron for the fundamental space harmonic 
v = 1 are [45]: 

(2.17) 

(2.18) 

where the propagation constant for aluminium is: 

k . I ( 7f )2 
Al = JSWJ-lol7 Al + -

T 
(2.19) 

and the propagation constant for iron is: 

(2.20) 
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The transverse edge effect coefficient for the back iron is [93, 43]: 

g 2T 7T"W 
kz = 1-- + --[1- exp( ---)] 

Li 7r w 2 Li 
(2.21) 

This applies to the forward sequence slips. For the backward sequence slip (2- s): 

Z ' ( _ ) _ j(2- s)wpo 1 k Li 
AI 2 S - ~ 

kAI tanh( kA1d) T 
(2.22) 

Z ' (2 _ ) _ j(2- s )wf-tFe 1 k k Li 
Fe S - k h(k h ) tr z 

Fe tan Fe sec T 
(2.23) 

where: 

(2.24) 

7r 2 
j(2- S )Wf.lFeO"Fe + (-) 

T 
(2.25) 

The coefficient ktr is given by (2.1). O"~z is the equivalent electric conductivity of aluminium 
cap given by: 

0"~1 = krn X 0" AI (2.26) 

where O" AI is the electric conductivity of aluminium, w is angular frequency for fundamental 
harmonic (w = 27r f) and /-lFe is the magnetic permeability of iron. 

2.3.11 Coefficient including Transverse Edge Effect, krn 

The coefficient including transverse edge effect in aluminium layer, krn, for fundamental 
is[46]: 

k 
_ tanh (,6~) 

rn - 1 - --,------,-------~'---:--''-'---,-----:--:-
,B~(1 +tanh (,6~) tanh (,Bhov)) 

(2.27) 

where ,6 = 7r / T, the effective width of the secondary ferromagnetic core w = T + Li. Li is 
the effective width of the primary core, and the secondary winding overhang hov = 0. 

2.3.12 Linear Speed of LIM 

Since speed is independent of the number of poles pairs, the synchronous linear speed of 
the stator travelling field for the shaded-pole LIM is given by[45]: 

V 5 = 2jT 

where f is the input frequency, and T is the pole pitch. 
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The rotor linear speed is: 

V = V 8 (1 - S) (2.29) 

2.3.13 Slip 

The rotor slip relative to the positive sequence field is: 

8 
+ = W1 - w2 = 1 _ w 2 

wl wl 
(2.30) 

and for the negative sequence field: 

_ -w1 - w2 w1 + w2 w2 
s = = = 1 + - (2.31) 

-w1 w 1 w 1 

where w1 is the angular synchronous speed (stator supply frequency) for fundamental 
harmonic, w2 is the angular rotor frequency, and s is rotor slip relative to +ve sequence 
slip. 

But, 

Thus, 

s- s+ - ' 

2.3.14 Electromagnetic field equations 

(2.32) 

The shaded-pole LIM has a solid ferromagnetic core, and a multi-layer secondary made up 
of the airgap, aluminium cap and back iron. 

f)2 Axvi 82 
Axvi 82 

Axvi 
= a~;Axvi (2.33) 

8x2 + 8y2 + 8z2 

82 
Ayvi 82 

Ayvi 82 
Ayvi 

= a~;Ayvi (2.34) 
8x2 + 8y2 + 8z2 

where Axvi, Ayvi are components of the magnetic vector potential A of the eddy current 
field in the secondary. These currents flow only in the x, y directions. Therefore, Ezvi = 0 
(electric field strength) and Azvi = 0. 
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For the 2-D analysis, (3 = 1r /2 and, 

(2.35) 

The complex propagation constant, avi, is a function of slip s. For the forward travelling 
magnetic field[41, 42]: 

(2.36) 

For the backward travelling magnetic field[41, 42]: 

(2.37) 

where s and 2- s are according to (2.30, 2.31 ). 

The attenuation factor for the fundamental space harmonic in the ith layer at s = 1 
is[45]: 

(2.38) 

and <Ji is conductivity of the medium. 

2.3.15 Magnetic Permeability, J-li 

The magnetic permeability of a non-ferromagnetic layer is a real quantity: 

/-li = 1-lol-lri (2.39) 

where aRi = axi = 1. /-lri is the relative permeability of the ith layer, and J.lri ~ 1. For 
air, a= 0, and cr--+ 0. For aluminium (which is paramagnetic), /-lri ~ 1, and for back iron 
/-lri > 1. 

The magnetic permeability of a ferromagnetic layer is a complex quantity[40, 48]: 

( 
I . ") /-li = /10 /-lr si /1 - J /1 (2.40) 

where 1-lrsi is surface relative permeability of a ferromagnetic layer, and 1-li, 11" are coeffi­
cients of the complex magnetic permeability taking into account the non-linearity of the 
ferromagnetic medium and hysteresis losses. 
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2.3.16 Magnetic Flux Density Components, Bmz1 

The peak value of the v-th space harmonic of the MMF (for fundamental harmonic) is[45]: 

2v'2m1 11 
0mv = -N1kwavl1 = ml[0mv]m =1 

~ pv 1 

and the peak value of the v-th space harmonic of the magnetic flux density is: 

The amplitude of the MMF is: 

f-lo 
Bmzv = 0mv 2 k k 

9t C sat 

0+ = 0 50 e[j(v- 1) m,;,~ 1 11") 
mv · mv 

[j( +1) ffij -1 l 
0- = 0 50 e v ~11" mv · mv 

For the single-phase LIM, and using the fundamental harmonic, v = 1: 

and the magnetic flux density is: 

(2.41) 

(2.42) 

(2.43) 

(2.44) 

(2.45) 

where kwav is the winding factor for the vth space harmonic, 9t is the total airgap between 
ferromagnetic cores, i.e., (g +d), kc is Carter's coefficient, ksat is saturation factor of the 
magnetic circuit, / 1 is the line current (or armature current), and m 1 is number of machine 
phases. 

The amplitude of the magnetic flux density is: 

B + = 0 5B [j{v-1) m,;,~111") 
mzv . mzve B - = 0 5B [j(v+l) m,;,~111") 

mzv . mzve (2.46) 

For fundamental space harmonic v = 1 for the single-phase LIM: 

(2.47) 

The instantaneous magnetic field density, b, is estimated from the normal component of 
the magnetic field density: 

E1 
b = Bmg = --=-----

2v'2J N1kw1 T Li 

where E1 is the EMF. E1 = kE·Vl where kE < 1 for motors. 
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2.4 Effect of reaction rail curvature 

The reaction rail is a disc while the primary stack is a cube. There are braking forces 
arising from the disc curvature in comparison with an arc LIM. The normal attractive 
force Fy between the stator stack and disc secondary is determined by the FEM using 
Maxwell's stress tensor method. The forces acting on the secondary are given by ( eqns. 
5.29,5.30): 

where f-Lo is the magnetic permeability of free space, Bz, Bx are the normal and tangential 
components of magnetic flux density in the airgap, and Li is the effective length of the 
primary stack (in the y-direction). The shaft torque is obtained from the expression, 
T = Fxr, where r is the radius of disc. 

0 0 

(a) (b) 

Figure 2.5: LIM Topology (a) shaded-pole primary stack (b) arc-shaped primary 

Due to the topology of the shaded-pole LIM under investigation, there are errors intro­
duced by these braking forces. The parameters affecting this error invariably include the 
pole pitch T, diameter of the disc D, and the number of pole pairs p. 
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Chapter 3 

Performance Calculation Using 
Symmetrical Components 

In the circuital approach to the analysis of single-phase or two-phase motors, symmetrical 
components[36] for a two-phase system are usually used[100, 102, 103, 1g, 55, 15, 16, 5]. 
This method can be used in both the analysis of motors with windings shifted by goo 
(electrical) and less than goo (shaded-pole motors). 

3.1 Stator Magnetic Field 

The stator travelling magnetic field is created by the MMFs of the main excitation winding 
a and shaded pole winding b, provided there is a space shift between them and a time shift 
between the voltages applied to these windings. The magnetic field vector remains constant 
in magnitude, that is, the field remains circular under the following conditions: 

(a) the stator windings .are spaced apart through an angle a = go electrical degrees 

(b) the currents through the stator windings are shifted in time by an angle (3 = goo 

(c) the stator windings have equal MMFs 

Since the currents in the main and auxiliary windings are shifted by an angle less than goo 
and the space angle between the two windings is also less than goo, an elliptical travelling 
magnetic field is produced in the airgap[5]. 

The normal component of the magnetic flux density distribution in the airgap can be 
described by the following equation[41]: 

(3.1) 
v=l 

where B:!v and B;;w are the peak values of the vth space harmonic waves travelling in 
the x-direction (along the pole pitch), v = 1, 3, 5 ... are the higher space harmonics, w;v is 
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the angular frequency for the forward travelling field, w;v is the angular frequency for the 
backward travelling field, f3v = V7r / T, and T is the primary pole pitch. 

The peak values of magnetic flux densities in (3.1) are[26]: 

where Ba and Bb are the normal components of the magnetic flux density (rectangular 
distribution) in the symmetry axis of the phase a and b, respectively, bva and bvb are the 
Fourier's coefficients, f3 < goo is the phase angle between the currents in phase a and b, 
and a is the space angle between symmetry axes of phase a and b. 

This is a two-phase machine, therefore, the higher harmonics v= 3, g, 15, ... exist. 
They are only eliminated in three-phase circuits. 

For v = 1 the angular frequencies are: 

where s is the slip for fundamental. 

For further analysis, the fundamental space harmonic v = 1 will be assumed. Assuming 
equal MMFs in the main and auxiliary windings according to (2.4), the auxiliary winding 
current I£ is (2.5). 

3.2 Symmetrical Components of Two-Phase System 

The two-phase asymmetric system of vectors of currents ia and jb having unequal magni­
tudes and spaced apart by an arbitrary angle can be resolved into two symmetrical systems 
each composed of two vectors equal in magnitude and spaced goo apart[5]. 

The forward-sequence system of vectors is i;; and N-. It has the s~me pha:se sequence 
as the original system. The backward-sequence system of vectors is I;; and I;;. It has a 
backward phase sequence. 
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Thus, for a = goo, 

j+ = -J·j+ 
b a ' 

For an angle a = goo, the original and derived systems are equivalent hence: 

(3.2) 

it+ i; = h (3.3) 

Figure 3.1: Asymmetric system of current vectors 

Since the symmetry conditions are not satisfied in the shaded-pole LIM, as spacing 
between a and b is not goo, [a < goo] 

hence the magnetic flux vector describes an ellipse and not a circle. The resultant phasor 
flux tP does not therefore remain constant while rotating and varies in magnitude. Thus 
symmetrical components for a two-phase system must be used. 
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I+ 
a 

I+ 
b 

Figure 3.2: Symmetrical components of asymmetric system of current vectors 

3.3 Equations for Phase Currents Ia and Ib 

For an angle a between phases a and b, where a # goo, the positive and negative sequence 
components are defined as [g2]: 

I+_ Ia. I -jOI be 
(3.4) a - 2 + 2 

I-_ Ia hej
01 

a - 2 + 2 (3.5) 

It= r:ejOI (3.6) 

I; = I;; e-jOI (3.7) 

To find a system of equations defining the performance characteristics of the LIM in which 
a < goo , it is necessary to obtain expressions for Ia and h. 

I + I- - h ( -jOt JOI) - --e -e 
a a 2 (3.8) 

Since e-jOI = cosa- j · sina, and ej 01 = cosa + j · sina, the above equation gives the current 
in the short-circuited coil as: 

h = j( ~: - ~;; ) 
szna szna 

(3.g) 
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For the main phase, the current components are: 

I+= Ia -jit 
a 2 

Resolving, 

I+ ja _ Ia ja + Ib e - -e -
a 2 2 

This gives the input current in the main phase as: 

I - "( Id ja I;; -ja) a--) -.-e - -.-e 
szna szna 

(3.10) 

For angle a = 90°, 

(3.11) 

r;; = -j. r: (3.12) 

Also eqns (3.9) and (3.10) become, for a: 

(3.13) 

forb: 

(3.14) 

The equivalent circuit for the two-phase system, with main stator windings a and aux­
iliary (shorted windings) b, can be represented by phasor diagrams. Tables 3.1 - 3.9 show 
the simulation results of currents (in complex notation). Figs. 3.3 - 3.11 show the dia­
grams of the current phasors for phases a and b, and their positive and negative sequence 
components, for the shaded pole LIM for specific operating conditions of voltage, speed 
and frequency. The results also show the variation of circuit parameters with change in 
space angle a for the single-phase shaded-pole LIM. 

The space between winding phases a and b is given by: 

(3.15) 

in radians where dik = 0.014m is the width of shading ring, and dk = 0.043m is the width 
of pole. For the tested shaded pole LIM, a is 29.3° (or ratio 0.3256:1). 
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Table 3.1: Simulation data of shaded-pole LIM at 90V, 50Hz and a= 90° 

N J+ a fa fa I: Ib h 
rpm A A A A A A 
2.5 1.414 -3.446 -.00624 -.00680 1.408 -3.453 3.446 1.414 -.00680 .00624 3.439 1.420 
5.0 1.437 -3.488 -.00632 -.00702 1.430 -3.495 3.488 1.437 -.00702 .00632 3.481 1.443 
7.5 1.435 -3.489 -.00632 -.00702 1.429 -3.496 3.489 1.436 -.00702 .00632 3.482 1.442 
10.0 1.434 -3.490 -.00632 -.00702 1.427 -3.497 3.490 1.434 -.00702 .00632 3.483 1.440 
12.5 1.434 -3.500 -.00635 -.00704 1.428 -3.507 3.500 1.435 -.00704 .00635 3.493 1.441 
15.0 1.433 -3.501 -.00635 -.00704 1.426 -3.508 3.501 1.433 -.00704 .00635 3.494 1.439 
17.5 1.431 -3.503 -.00635 -.00705 1.425 -3.511 3.504 1.431 -.00705 .00635 3.496 1.438 

20.0 1.429 -3.504 -.00635 -.00704 1.423 -3.511 3.504 1.429 -.00704 .00635 3.497 1.436 

22.5 1.430 -3.515 -.00638 -.00707 1.424 -3.522 3.515 1.430 -.00707 .00638 3.508 1.436 

25.0 1.428 -3.515 -.00638 -.00707 1.422 -3.523 3.516 1.428 -.00707 .00638 3.508 1.434 

27.5 1.426 -3.516 -.00638 -.00707 1.420 -3.523 3.516 1.426 -.00707 .00638 3.509 1.432 

30.0 1.424 -3.516 -.00638 -.00706 1.417 -3.523 3.516 1.424 -.00706 .00638 3.509 1.430 

32.5 1.422 -3.517 -.00638 -.00706 1.415 -3.524 3.517 1.422 -.00706 .00638 3.510 1.428 
35.0 1.422 -3.528 -.00641 -.00709 1.416 -3.535 3.528 1.422 -.00709 .00641 3.521 1.429 

37.5 1.420 -3.528 -.00641 -.00708 1.414 -3.535 3.528 1.420 -.00708 .00641 3.521 1.427 

40.0 1.418 -3.529 -.00641 -.00708 1.412 -3.536 3.529 1.418 -.00708 .00641 3.522 1.424 

42.5 1.416 -3.529 -.00641 -.00708 1.409 -3.536 3.529 1.416 -.00708 .00641 3.522 1.422 
45.0 1.413 -3.530 -.00641 -.00707 1.407 -3.537 3.530 1.413 -.00707 .00641 3.522 1.420 

47.5 1.414 -3.541 -.00644 -.00710 1.408 -3.548 3.541 1.414 -.00710 .00644 3.534 1.421 
50.0 1.412 -3.542 -.00644 -.00710 1.405 -3.549 3.542 1.412 -.00710 .00644 3.535 1.418 
52.5 1.409 -3.542 -.00644 -.00709 1.403 -3.549 3.542 1.409 -.00709 .00644 3.535 1.416 
55.0 1.407 -3.543 -.00644 -.00709 1.400 -3.550 3.543 1.407 -.00709 .00644 3.536 1.413 
57.5 1.408 -3.554 -.00647 -.00712 1.401 -3.562 3.555 1.408 -.00712 .00647 3.547 1.414 
60.0 1.405 -3.555 -.00647 -.00711 1.399 -3.562 3.555 1.405 -.00711 .00647 3.548 1.412 
62.5 1.403 -3.556 -.00648 -.00711 1.396 -3.563 3.556 1.403 -.00711 .00648 3.549 1.409 
65.0 1.401 -3.559 -.00648 -.00711 1.394 -3.566 3.559 1.401 -.00711 .00648 3.552 1.407 
67.5 1.398 -3.559 -.00649 -.00711 1.392 -3.566 3.559 1.398 -.00711 .00649 3.552 1.405 
70.0 1.399 -3.572 -.00652 -.00713 1.393 -3.579 3.572 1.399 -.00713 .00652 3.564 1.406 
72.5 1.397 -3.572 -.00652 -.00713 1.390 -3.579 3.572 1.397 -.00713 .00652 3.565 1.403 
75.0 1.394 -3.573 -.00652 -.00712 1.387 -3.580 3.573 1.394 -.00712 .00652 3.566 1.401 
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I: = 3.542 + jl.412A 

I"d = 1.412 - j3.542A 

Figure 3.3: Phasor diagram of stator phase currents I"d and I:, a = goo 

I!; = -0.0071 + j0.00644A 

I;; = -0.00644 - j0.0071A 

Figure 3.4: Phasor diagram of stator phase currents I;; and I!;, a = goo 
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h = 3.5346 + jl.4182A 

Ia = 1.40533 - j3.54878A 

Figure 3.5: Phasor diagram of stator phase currents Ia and h, a = goo 

Table 3.2: Phase current Ia and symmetrical components at gov, 50Hz, a =goo 

N [+ 
a [a fa 

rpm A A A 

50.0 1.41177 - j3.5416g -0.00644 - j0.00710 1.40533 - j3.54878 

Table 3.3: Phase current h and symmetrical components at gov, 50Hz, a= goo 

N I{ Ib lb 
rpm A A A 

50.0 3.542 + jl.412 -0.00710 + j0.00644 3.5346 + jl.4182 
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Table 3.4: Simulation data of shaded-pole LIM at 90V, 50Hz and a= 75° 

N ]+ 
a fa I a I: Ib h 

rpm A A A A A A 

2.5 1.574 -3.671 -.00495 -.00608 .587 -4.100 3.953 .570 -.00715 .00321 3.794 1.635 
5.0 1.599 -3.714 -.00501 -.00625 .600 -4.150 4.001 .583 -.00733 .00322 3.839 1.660 
7.5 1.598 -3.716 -.00501 -.00625 .599 -4.151 4.003 .581 -.00734 .00322 3.840 1.659 
10.0 1.596 -3.716 -.00501 -.00625 .597 -4.151 4.003 .580 -.00734 .00322 3.841 1.657 
12.5 1.597 -3.729 -.00503 -.00627 .595 -4.164 4.015 .578 -.00736 .00324 3.854 1.659 

15.0 1.596 -3.729 -.00503 -.00627 .593 -4.164 4.015 .576 -.00736 .00324 3.854 1.657 

17.5 1.594 -3.732 -.00504 -.00627 .591 -4.166 4.017 .574 -.00736 .00324 3.857 1.656 

20.0 1.592 -3.733 -.00504 -.00627 .589 -4.167 4.018 .572 -.00736 .00325 3.858 1.654 
22.5 1.594 -3.745 -.00506 -.00629 .587 -4.180 4.030 .570 -.00739 .00326 3.871 1.655 

25.0 1.592 -3.746 -.00507 -.00629 .585 -4.180 4.030 .568 -.00739 .00326 3.871 1.653 

27.5 1.590 -3.746 -.00507 -.00629 .583 -4.180 4.030 .566 -.00738 .00327 3.872 1.651 

30.0 1.588 -3.747 -.00507 -.00628 .580 -4.180 4.030 .564 -.00738 .00327 3.873 1.649 
32.5 1.586 -3.7 4 7 -.00507 -.00628 .578 -4.180 4.030 .562 -.00738 .00327 3.873 1.647 

35.0 1.587 -3.760 -.00509 -.00630 .576 -4.193 4.043 .560 -.00741 .00329 3.886 1.648 
37.5 1.585 -3.761 -.00509 -.00630 .574 -4.193 4.043 .557 -.007 40 .00329 3.887 1.646 
40.0 1.583 -3.761 -.00510 -.00630 .571 -4.193 4.043 .555 -.00740 .00329 3.888 1.644 
42.5 1.580 -3.762 -.00510 -.00629 .569 -4.193 4.043 .553 -.00740 .00330 3.888 1.641 
45.0 1.578 -3.763 -.00510 -.00629 .566 -4.193 4.043 .550 -.007 40 .00330 3.889 1.639 
47.5 1.579 -3.776 -.00513 -.00631 .564 -4.207 4.056 .548 -.00742 .00332 3.902 1.640 
50.0 1.577 -3.776 -.00513 -.00631 .562 -4.207 4.056 .546 -.007 42 .00332 3.903 1.638 
52.5 1.574 -3.777 -.00513 -.00630 .559 -4.207 4.056 .543 -.007 42 .00332 3.904 1.635 
55.0 1.572 -3.777 -.00513 -.00630. .556 -4.206 4.056 .541 -.00741 .00333 3.904 1.633 
57.5 1.573 -3.791 -.00516 -.00632 .554 -4.220 4.069 .539 -.00744 .00334 3.918 1.634 
60.0 1.571 -3.792 -.00516 -.00632 .551 -4.220 4.069 .536 -.00744 .00335 3.919 1.632 
62.5 1.568 -3.793 -.00516 -.00632 .549 -4.221 4.069 .533 -.00744 .00335 3.920 1.629 
65.0 1.567 -3.796 -.00517 -.00632 .546-4.224 4.072 .531 -.007 44 .00336 3.923 1.627 
67.5 1.564 -3.797 -.00517 -.00631 .543-4.224 4.072 .528 -.007 44 .00336 3.924 1.625 
70.0 1.565 -3.811 -.00520 -.00634 .541 -4.238 4.086 .526 -.00747 .00338 3.939 1.626 
72.5 1.563 -3.812 -.00520 -.00633 .538 -4.238 4.086 .523 -.007 46 .00339 3.940 1.623 
75.0 1.560 -3.812 -.00520 -.00633 .535 -4.238 4.086 .520 -.00746 .00339 3.940 1.621 
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I: = 4.05583 + j0.54579A 

Id = 1.57692- j3.77637 A 

Figure 3.6: Phasor diagram of stator phase currents I;; and I:, a = 75° 

Ib- = 0.00742 + j0.00332A 

I;; = -0.00513 - j0.00631A 

Figure 3.7: Phasor diagram of stator phase currents I;; and I;, a= 75° 
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Ib = 3.9031 + jl.6379A 

Ia = 0.5616 - j4.2066A 

Figure 3.8: Phasor diagram of stator phase currents Ia and Ib, a = 75° 

Table 3.5: Phase current Ia and symmetrical components at 90V, 50Hz, a = 75° 

N I+ a I-a I a 
rpm A A A 

50.0 1.57692 - j3. 77637 -0.00513 - j0.00631 0 .5616 - j4.2066 

Table 3.6: Phase current h and symmetrical components at 90V, 50Hz, a= 75° 

N I: h h 
rpm A A A 

50.0 4.05583 + j0.54579 -0.00742 + j0.00332 3.9031 + jl.6379 
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Table 3.7: Simulation data of shaded-pole LIM at 90V, 50Hz and o: = 45° 

N J+ a fa fa I: Ib h 
rpm A A A A A A 
2.5 2.507 -5.418 -.00277 -.00413 -2.910-7.932 5.604 -2.059 -.00488 -.00096 7.657 3.549 
5.0 2.545 -5.477 -.00280 -.00424 -2.931 -8.028 5.672 -2.073 -.00498 -.00101 7.739 3.603 
7.5 2.543 -5.479 -.00280 -.00424 -2.934 -8.029 5.673 -2.076 -.00498 -.00101 7.742 3.601 
10.0 2.541 -5.479 -.00280 -.00423 -2.937 -8.027 5.671 -2.078 -.00498 -.00101 7.743 3.598 
12.5 2.545 -5.498 -.00282 -.00425 -2.951 -8.051 5.688 -2.088 -.00500 -.00101 7.770 3.604 
15.0 2.543 -5.499 -.00282 -.00425 -2.954 -8.049 5.687 -2.090 -.00500 -.00101 7.771 3.600 
17.5 2.542 -5.504 -.00283 -.00425 -2.960 -8.053 5.689 -2.094 -.00500 -.00100 7.777 3.599 

20.0 2.540 -5.504 -.00283 -.00425 -2.963 -8.051 5.688 -2.096 -.00500 -.00100 7.778 3.596 

22.5 2.544 -5.524 -.00285 -.00426 -2.979 -8.075 5.705 -2.107 -.00503 -.00100 7.806 3.602 

25.0 2.541 -5.524 -.00285 -.00426 -2.982 -8.073 5.703 -2.109 -.00503 -.00100 7.807 3.598 
27.5 2.538 -5.525 -.00285 -.00426 -2.985 -8.071 5.702 -2.112 -.00503 -.00099 7.808 3.594 
30.0 2.536 -5.526 -.00285 -.00425 -2.989 -8.069 5.700 -2.114 -.00503 -.00099 7.809 3.590 

32.5 2.533 -5.526 -.00286 -.00425 -2.992 -8.066 5.699 -2.117 -.00502 -.00099 7.809 3.586 

35.0 2.537 -5.546 -.00288 -.00426 -3.008 -8.090 5.716 -2.128 -.00505 -.00098 7.838 3.592 

37.5 2.534 -5.547 -.00288 -.00426 -3.012 -8.088 5.714 -2.131 -.00505 -.00098 7.839 3.588 
40.0 2.531 -5.548 -.00288 -.00426 -3.015 -8.086 5.713 -2.133 -.00505 -.00098 7.840 3.583 

42.5 2.528 -5.548 -.00288 -.00426 -3.019 -8.084 5.711 -2.136 -.00505 -.00097 7.841 3.579 
45.0 2.525 -5.549 -.00288 -.00425 -3.023 -8.081 5.709 -2.139 -.00505 -.00097 7.842 3.575 

47.5 2.529 -5.570 -.00290 -.00427 -3.040 -8.106 5.727 -2.150 -.00507 -.00097 7.871 3.580 
50.0 2.525 -5.571 -.00290 -.00426 -3.044 -8.103 5.725 -2.153 -.00507 -.00096 7.872 3.576 

52.5 2.522 -5.571 -.00291 -.00426 -3.048 -8.101 5.723 -2.156 -.00507 -.00096 7.873 3.571 
55.0 2.519 -5.572 -.00291 -.00426 -3.052 -8.098 5.721 -2.159 -.00507 -.00095 7.874 3.566 
57.5 2.523 -5.594 -.00293 -.00427 -3.069 -8.124 5.739 -2.171 -.00509 -.00095 7.905 3.572 
60.0 2.519 -5.594 -.00293 -.00427 -3.074-8.121 5.737 -2.174 -.00509 -.00095 7.906 3.567 
62.5 2.516 -5.595 -.00293 -.00427 -3.078 -8.118 5.736 -2.177 -.00509 -.00094 7.907 3.562 
65.0 2.514 -5.601 -.00294 -.00427 -3.085 -8.122 5.738 -2.183 -.00510 -.00094 7.915 3.560 
67.5 2.511 -5.602 -.00294 -.00426 -3.090 -8.120 5.736 -2.186 -.00510 -.00093 7.916 3.555 
70.0 2.515 -5.624 -.00297 -.00428 -3.108 -8.146 5.755 -2.199 -.00512 -.00093 7.948 3.560 
72.5 2.511 -5.625 -.00297 -.00428 -3.113 -8.143 5.753 -2.202 -.00512 -.00092 7.949 3.555 
75.0 2.507 -5.626 -.00297 -.00427 -3.118 -8.141 5.751 -2.205 -.00512 -.00092 7.951 3.550 
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It = 5.7249- j2.1532A 

It = 2.5255 - j5.5707 A 

Figure 3.9: Phasor diagram of stator phase currents It and It, a = 45° 

I; = -0.0029 - j0.0043A 

\ 

Ib- = -0.0051 - j0.0010A 

Figure 3.10: Phasor diagram of stator phase currents I; and Ib-, a= 45° 
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Ib = 7.8721 + j3.5757 A 

Ia = -3.0438- j8.1034A 

Figure 3.11: Phasor diagram of stator phase currents Ia and h, a = 45° 

Table 3.8: Phase current Ia and symmetrical components at 90V, 50Hz, a = 45° 

N J+ a fa fa 

rpm A A A 

50.0 2.5255 - j5.5707 -0.0029 - j0.0043 -3.0438 - j8.1034 

Table 3.9: Phase current Ib and symmetrical components at 90V, 50Hz, a= 45° 

N I;; Ib Ib 
rpm A A A 

50.0 5.7249- j2.1532 -0.0051 - j0.0010 7.8721 + j3.5757 

,' 
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3.4 Circuital Analysis 

This section contains results of the circuital approach to the single-sided shaded-pole linear 
induction motor. The equivalent circuit for each phase is set up to determine currents 
flowing in the stator and rotor windings. The procedure is: 

(a) Set up separate circuits for forward and backward sequences 

(b) The positive and negative sequence fields revolve at a different speed with re­
spect to the rotor. 

This determines the expression for slip and impedances of the equivalent circuit. 

3.4.1 Voltage Equations for Main and Auxiliary Phases 

The input voltage across the main phase terminals, including the mutual reactance between 
stator windings a and b, is given by the expression: 

(3.16) 

A similar equation can be written for the auxiliary phase: 

Vb = 0 = hZlb +It z+ + lb" z- + Ua + h)Zab (3.17) 

or 

where z+ and z- are the positive and negative sequence impedances of the vertical branch 
and secondary branch, as seen from the input terminals. These are explained in subsequent 
sections. 

3.4.2 Voltage and Current Equations for Angle a < 90° 

The equations for the equivalent circuit for phases a and bat a -=/= 90° is derived as follows: 

From symmetrical components the equation relating currents in phases a and b are: 

or 
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I - - I- ja 
a - b • e 

The current in phase a is given by: 

I - '( Id ja I;_- -ja) 
a- -J -.-e - -.-e 

szna szna 

For phase b: 

I .( Id I;_- ) b=J -----
szna szna 

or 

I _ .( I: -ja Ib- ja) 
b - J -.-e - -.-e 

szna szna 

Also, for a =/= 90°: 

I I .( Id ja I;_- ja) .( Id I;_- ) a+ b=-J -.-e --.-e- +J -.---.-
szna szna szna szna 

I I 
. Id . Id ja . I;_- -ja . I;_-

a+ b=J-.--J-.-e +J-.-e -J-.-
szna szna szna szna 

In terms of phase b sequence parameters, substitute (3.6,3. 7) in (3.20): 

1 JOt 1 -jOt 
I I _ '( - e )I+ -ja '( - e )I- ja a+b-]. b'e -J . b'e 

szna szna 

3.4.3 Main Phase 

Substituting (3.17, 3.21) in (3.16) as seen below, 

This gives: 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

I+ I- 1 ja 1 -ja 
Va = Zla[-j(-.a-eja- -.a-e-j

01
)] + r:z+ + r;:z- + [j( ~ e )Id- j( -. e )I;:]Zab 

szna szna szna szna 
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Thus: 

This expression determines the equivalent circuit for phase a. For a = 90°, we have the 
simplified expression: 

Denoting, 

z;t = Z1a + z+ 

z;: = Z1a + z-

then 

V, = I;t z;t + I;t[Zab(l + j)] +I;: z;: + I;:[Zab(l- j)] 

where Z1a is the impedance of the main windings. Thus, z;t and z;; are the resultant 
impedances of the main phase winding for positive and negative sequence currents, respec­
tively, as seen from the input terminals. 

3.4.4 Auxiliary Phase 

Similarly, for phase b, substituting (3.20, 3.22) in (3.17) below: 

This gives: 
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Thus: 

This expression determines the equivalent circuit for phase b. 

For a= goo: 

Similarly if 

z: = Z1b + z+ 

then 

Vb = 0 =It z: + It[Zab(l- j)] +I; z;; + I;[Zab(l + j)] 

where Z1b is the impedance of the short-circuited coil (auxiliary phase). Thus, z: and zb­
represents the resultant impedance of the motor together with the stator auxiliary winding. 

3.4.5 Verification of Equations 

For angle a = goo: 

Ia = r: + r;: 

The equation 

becomes: 

which gives: 
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(3.25) 

Similarly: 

Vb = 0 = hZ1b + I:z+ + li:Z- + Ua + h)Zab 

becomes: 

which gives: 

(3.26) 

or 

Vb = 0 = ji:z:- ji;Zi: +(/a+ h)Zab 

It should be noted that the following expressions: 

z: = Z1a + z+ (3.27) 

z: = Z1a + z- (3.28) 

z: = Z1b + z+ (3.2g) 

(3.30) 

are only valid on the condition that angle a = goo. However, if angle a =/:- goo, equations 
(3.27 - 3.30) become, 

Z JOI 
z+ - - . la . e z+ 

a - J . + 
szna 

(3.31) 

Z · e-jOI z- = j la. + z-
a szna 

(3.32) 

Z -jOI 

Z+- . lb. e z+ 
b - J . + 

szna 
(3.33) 

Z JOI 

Z - . lb. e z-
b = -J . + 

szna 
(3.34) 
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where according to (3.16, 3.17): 

z+ = Zo. z~+ 
Zo + z~+ 

z- = Zo · z~­
Zo + z~-

3.4.6 Equations for Currents Id and I;; 

(3.35) 

(3.36) 

For the positive and negative sequence main phase currents in terms of V, a, Z1a, Z1b, z+ 
and z-, including the mutual reactance of main stator and auxiliary windings, the positive 
and negative sequence stator currents are: 

I+= V(Z1b + Zab(1- e-ja) + jz-e-jasina) 
a sina[(Zla + Z1b)(Z+ + z- + 2Zab) + 2(Z1aZ1b + Z+ z-sin2a + Zab(Z+ + Z-)(1- cosa))] 

(3.37) 

and 

I-= V(Zlb + Zab(1- eja)- jZ+ejasina) 
a sina[(Zla + Z1b)(Z+ + z- + 2Zab) + 2(Z1aZ1b + Z+ z- sin2 a + Zab(z+ + z- )(1 - cosa) )] 

(3.38) 

which is simplified as: 

I+= Va(Zlb + Zab(l- e-ja) + jz-e-jasina.) 
a sina[ G1 + G2] 

(3.39) 

and 

I- = Va( Z1b + Zab(1 - eja) - j z+ eja sina.) 
a sina.[ G1 + G2] 

(3.40) 

where 

where, as mentioned before, Z 1a is the impedance of the main stator winding, Z1b is the 
impedance of the auxiliary winding, z+ is the positive sequence impedance of the vertical 
branch in parallel with the secondary, and z- is the negative sequence impedance of the 
vertical branch in parallel with the secondary. For the forward-travelling field s = s+, and 
for the backward travelling s- = 2- s+. 
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To obtain expressions for I: and r;;, recall the following equations relating currents in 
phases a and b, namely: 

(3.41) 

(3.42) 

Since the positive and negative sequence currents in phase a are: 

I+= Va(Ztb + Zab(1- e-ia) + jz-e-iasina) 

a sina[G1 + G2] 
(3.43) 

and 

I-= Va(Ztb + Zab(1- eia)- jZ+eiasina) 

a sina[G1 + G2] 
(3.44) 

where 

For phase b, the positive and negative sequence currents are: 

I+= I+. eja = Va(Ztb + Zab(1- e-ja) + jz-e-jasina) X eja 
b a sina[G1 + G2] 

which gives: 

+ Va(Ztb · ejcx- Zab(1- eicx) + jZ-sina) 
I = --~--------~----~~-------
b sina[G1 + G2] 

(3.45) 

likewise for I;;: 

(3.46) 

which gives: 

I-= Va(Ztb · e-jcx- Zab(1- e-ja)- jZ+sina) 

b sina[G1 + G2] 
(3.47) 

Figs. 3.12 - 3.14 show the current phasors for phases a and b, and their positive and 
negative sequence components, for the shaded pole LIM for the tested motor with angle 
a= 29.3°. 
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Table 3.10: Simulation data of shaded-pole LIM at 90V, 50Hz and a= 29.3° 

N J+ a fa fa if Ib h 
rpm A A A A A A 
2.5 3.323 -7.568 -.00621 -.00885 -10.152 -13.509 6.602 -4.973 -.00975 -.00468 15.445 6.802 
5.0 3.375-7.652 -.00627 -.00907 -10.250 -13.687 6.689 -5.021 -.00991 -.00484 15.617 6.909 
7.5 3.374-7.655 -.00628 -.00908 -10.256 -13.687 6.689 -5.024 -.00992 -.00484 15.622 6.906 
10.0 3.371-7.656 -.00628 -.00907 -10.260 -13.682 6.686 -5.026 -.00992 -.00484 15.624 6.900 
12.5 3.376 -7.681 -.00632 -.00910 -10.301 -13.717 6.703 -5.046 -.00997 -.00484 15.677 6.911 
15.0 3.373 -7.682 -.00632 -.00910 -10.306 -13.713 6.701 -5.049 -.00997 -.00484 15.679 6.904 
17.5 3.371-7.689 -.00633 -.00910 -10.319 -13.717 6.703 -5.055 -.00998 -.00484 15.692 6.902 
20.0 3.368-7.670 -.00634 -.00909 -10.324-13.711 6.701 -5.057 -.00998 -.00483 15.694 6.895 
22.5 3.373-7.716 -.00638 -.00912 -10.366 -13.747 6.718 -5.078 -.01003 -.00483 15.748 6.905 
25.0 3.369-7.717 -.00638 -.00912 -10.371 -13.741 6.715 -5.081 -.01003 -.00483 15.749 6.898 
27.5 3.366-7.718 -.00638 -.00911 -10.376 -13.736 6.712 -5.083 -.01003 -.00482 15.751 6.890 
30.0 3.362-7.719 -.00639 -.00911 -10.381 -13.730 6.710 -5.086 -.01003 -.00482 15.752 6.883 
32.5 3.358-7.719 -.00639 -.00910 -10.386 -13.724 6.707 -5.088 -.01003 -.00481 15.754 6.875 
35.0 3.363-7.747 -.00643 -.00913 -10.430 -13.760 6.724 -5.110 -.01008 -.00481. 15.810 6.885 
37.5 3.359-7.748 -.00643 -.00912 -10.436 -13.754 6.721 -5.112 -.01008 -.00481 15.812 6.877 
40.0 3.355-7.748 -.00644 -.00912 -10.441 -13.7 47 6.718 -5.115 -.01008 -.00480 15.813 6.869 
42.5 3.351 -7.749 -.00644 -.00911 -10.447 -13.741 6.715 -5.118 -.01008 -.00479 15.815 6.860 
45.0 3.347-7.750 -.00645 -.00911 -10.453 -13.735 6.712 -5.121 -.01008 -.00479 15.817 6.852 
47.5 3.351-7.778 -.00649 -.00913 -10.498 -13.771 6.730 -5.143 -.01013 -.00479 15.875 6.861 
50.0 3.347 -7.779 -.00649 -.00913 -10.504 -13.764 6.726 -5.146 -.01013 -.00478 15.877 6.852 
52.5 3.343-7.780 -.00650 -.00912 -10.511 -13.757 6.723 -5.149 -.01013 -.00477 1.5.879 6.844 
55.0 3.338-7.781 -.00650 -.00912 -10.517 -13.751 6.720 -5.152 -.01013 -.00477 15.881 6.835 
57.5 3.343-7.810 -.00655 -.00914 -10.564 -13.787 6.738 -5.175 -.01018 -.00477 15.939 6.844 
60.0 3.338-7.811 -.00655 -.00914 -10.570 -13.780 6.734 -5.178 -.01018 -.00476 15.942 6.834 
62.5 3.334-7.813 -.00655 -.00913 -10.577 -13.773 6.731 -5.181 -.01018 -.00475 15.944 6.825 
65.0 3.331 -7.820 -.00657 -.00913 -10.593 -13.776 6.732 -5.189 -.01020 -.00475 15.960 6.820 
67.5 3.326 -7.821 -.00657 -.00912 -10.600 -13.769 6.729 -5.193 -.01020 -.00474 15.962 6.810 
70.0 3.331 -7.851 -.00662 -.00915 -10.649 -13.807 6.747-5.217 -.01025 -.00474 16.024 6.819 
72.5 3.326-7.853 -.00663 -.00915 -10.657 -13.780 6.744 -5.220 -.01025 -.00473 16.027 6.809 
75.0 3.321 -7.854 -.00663 -.00914 -10.664 -13.792 6.740 -5.224 -.01026 -.00473 16.029 6.799 
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I:= 6.726- j5.146 

Id = 3.347- j7.779 

Figure 3.12: Phasor diagram of stator phase currents I;; and I:, a= 29.3° 

Ii: = -0.01013 - j0.00478 

I;: = -0.00649 - j0.00913 

Figure 3.13: Phasor diagram of stator phase currents I;: and Ib-, a = 29.3° 
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It = 15.876 = j6.852 

I: = -10.504- j13.764 

Figure 3.14: Phasor diagram of stator phase currents Ia and h, a= 29.3° 

Table 3.11: Phase current Ia and symmetrical components at 90V, 50Hz, a= 29.3° 

N I+ 
a I-a I a 

rpm A A A 
50.0 3.3472 - j7. 7794 -0.0065 - j0.0091 -10.5044- j13.7642 

Table 3.12: Phase current h and symmetrical components at 90V, 50Hz, a= 29.3° 

N I: Ib h 
rpm A A A 
50.0 6.726- j5.146 -0.0101 - j0.0048 15.8766 + j6.8525 
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3.5 Resistances and reactances of the equivalent cir­
cuit of LIM 

The equivalent circuit of each phase and sequence can then be separately drawn as repre­
sented as shown in Figs. 3.15 - 3.18. 

z [-J·el"] Z [j(l-:-eJ")] 
la stna ab stna 

z+ a Z~(s) 

Figure 3.15: Equivalent circuit of a shaded pole induction motor, Phase a positive sequence 

z-a Z~(2- s) 

Figure 3.16: Equivalent circuit of a shaded pole induction motor, Phase a negative sequence 
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z+ 
b 

z [j·e-J"'] z [-j(l-:-e-i"')] 
lb sina ab sma 

ZHs) 

Figure 3.17: Equivalent circuit of a shaded pole induction motor, Phase b positive sequence 

z­
b 

Z [-j.'eja] 
lb sma 

Z [j(I-:-eJ"')] 
ab sma 

Z~(2- s) 

Figure 3.18: Equivalent circuit of a shaded pole induction motor, Phase b negative sequence 
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3.6 Resultant Secondary Impedance 

The secondary circuit impedances referred to the primary system for the fundamental 
harmonic is: 

and 

z~- = Z~(2 _ s) = Z~1 (2- s)Z}e(2- s) _1_ 
Z_41(2- s) + Zpe(2- s) 2- s 

(3.48) 

(3.49) 

where z~+ = z~ ( s) and z~- = ZH 2 - s). Note that z+ is a parallel connection of z~+ and 
Zo, and z- is a parallel connection of z~- and Z0 • 

3. 7 Total Impedance of Motor 

z+ 

Figure 3.19: Equivalent circuit of a shaded-pole induction motor, positive sequence 

The total impedance as seen from the input terminals of the equivalent circuit are: 

z+ __ . Z1a · eia . Zab(l - eia) z+ 
t - J . +J . + 

szna szna 
(3.50) 

Z -ja Z (1 -ja) z- - . la . e - . ab - e z-
t -J . J . + 

szna szna 
(3.51) 

Total impedance of motor for phase a for both positive and negative sequences at a= 90° 
are, 
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z-

Figure 3.20: Equivalent circuit of a shaded-pole induction motor, negative sequence 

zt = Z1a + Zab(l + j) + z+ 

The impedances of the vertical and secondary branch are: 

z+ = Zo · z~+ 
Zo + z~+ 

z- = Zo · z~­
Zo + z~-

Neglecting RFe, since core losses are small, results in 

3.8 Rotor Currents 

(3.52) 

(3.53) 

(3.54) 

(3.55) 

(3.56) 

(3.57) 

The symmetrical components of the rotor current can be obtained from the equivalent 
circuits (Figs 3.15 to 3.20), i.e.: 

(3.58) 
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(3.5g) 

where, z~+ and z~- are forward and backward impedances of the secondary referred to the 
main stator winding turns. 

3.9 Electromagnetic Torque 

For the motor primary the magnetic field is of an elliptical form due to an unbalance of 
the MMFs of the windings a and b since the windings are spaced at an angle a < goo. The 
time shift angle {3 of vectors ja and jb is other than goo. The electromagnetic torque in a 
multiphase symmetrical motor is developed by: 

T = m1 (!~) 2 R~ 
w1 s 

(3.60) 

where m 1 is the number of stator phases, I~ is the rotor current referred to the number of 
phases and stator winding turns, and R~ is the rotor resistance referred to the number of 
phases and stator winding turns. 

The equations for the forward and backward sequence of a two-phase motor electromagnetic 
torque are therefore[5]: 

r+ = 2(!~+) 2 R~(s) 
W1S 

r- = 2(!~-) 2 R~(2- s) 
w1(2- s) 

(3.61) 

(3.62) 

The resultant torque is the difference between the positive and negative sequence torques 
given by: 

T = r+- r-

3.10 Software Program 

A software program was developed for analyzing the performance of the single-phase single­
sided shaded-pole linear induction motor using the Fortran Language. Fig 3.21 shows the 
flow chart of the program. The program was based on classical circuit theory with field 
approach used in the calculation of the impedance of the secondary (double-layer disc 
rotor)[45, 10, g, 87]. Results obtained from simulation were compared with measurements. 
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START 

'V I . I Read In LIM Data I 
/ 

/ ...... 

/ 
...... 

' 
I 

Stator Angle 
I 

I Voltage Loop I I 

I Carter Coefficient I 
I 

I , . 1/ I Frequency Loop I 
~a.turatton Factor .I" 

I Stator Parameters .1 I Slip Loop I 
I Armature Current :---

l H 
.. ~ 

I Rotor Impedance I 
't' 

I Total Z, I;t, 1; I 
I Torque, losses I 

!'; NO 

YES 

Hnew 
NO 

, . ..,... .......... --..---.. ~-- ·~ -·- ~ ··---· -·-· ----- " ·- -------
YES 

NO 
I new 

YES 

I B, H, V, /(sat 
NO 

NO 

YES NO 
NO 

l Output J 
8 

Figure 3.21: Flow-Chart of Shaded-pole Motor Computer Program 
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3.11 Conclusions 

Figs 3.22-3.25 show the result of torque against speed for varying frequency. The voltages 
and frequencies used are: 90V at 50Hz, llOV at 60Hz and 160V at 75Hz. A comparison 
of the analytical approach with measurements shows a good correlation for the operating 
region of the LIM, taking into account the formulation of the analysis method, mechanical 
design constraints including materials and construction, vibrations at power frequencies 
and asymmetricity of the disc secondary. These parameters do introduce some errors into 
the measurements. 

The estimation of machine design parameters such as linkage and leakage factors of 
main windings for the computation of stator leakage reactance do also contribute to the 
error between analytical results and measurements. The influence of edge effects is minimal 
in low speed LIMs. However saturation effects and the presence of 3rd time harmonics in 
the voltage and current waveforms contribute to erros in calculations. Mechanical losses 
and stray load losses which have not been estimated nor included here also contribute to 
the differences between the results of computation and experimental test. 

For small machines, errors in calculations are usually higher than in high performance 
machines. An accurate estimation of these losses and influences will reduce the errors in 
calculations. Machine parameters such as linkage and leakage factors of main windings 
were assumed constant. 
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Figure 3.22: Torque against speed at f = 75Hz 
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Figure 3.23: Torque against speed at f =60Hz 
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Chapter.4 

Performance Calculation Using 
Finite Element Analysis 

In designing and analysing electromagnetic devices such as linear motors or launchers with 
higher power density, the effect of eddy-currents is important. Eddy-currents do appear 
in non-linear ferromagnetic media as well as in moving media, hence numerical solutions, 
such as the finite element method are used in the determination of eddy-currents in the 
shaded-pole LIM configuration. 

Since the LIM armature (or secondary) is a solid disc consisting of back iron and 
aluminium, currents would be induced in it by its motion across the magnetic field. By 
Lenz's law, eddy-currents always tend to oppose the motion of a solid conductor in a 
magnetic field, and this force can be estimated. 

4.1 Fundamental electromagnetic field equations 

To develop a mathematical model for analysing the shaded-pole LIM, a set of mathematical 
relations and equivalent circui.t(.s). gover11~.d.by fu:nd.a.!n.P.ntal and c0:nstitutiw~l~.ws of elctro­
magnetic phenomena must be developed in a unique, coherent and stable way. Maxwell's 
equations[6, 12, 20] are used in LIM analysis, i.e. 

curl H = J +aD at 
aB 

curl E = -- - curl ( B x v) at 
divB = 0 

( 4.1) 

(4.2) 

(4.3) 

Eqn (4.1) states that the integral of the magnetic field intensity H, along any dosed 
contour is equal to the total current J plus the displacement current (non-stationary) or H 
is produced by varying current J. The permeability J-l, may not be a linear proportionality 
except for ferromagnetic and isotropic materials which at low frequencies and direct current 
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depends on B. Eqn ( 4.3) is the law of conservation of magnetic flux, i.e. no sources of B 
or no magnetic charges exist on which lines of magnetic flux can terminate. 

The three equations above summarize the magneto-dynamics of quasi-stationary fields 
where H, B and J have three space components, i.e. they are not defined with respect to 
any particular co-ordinate system. For completeness, we add the following; 

B =pH ( 4.4) 

D =c:E (4.5) 

J = O"E ( 4.6) 

The constituent relations c: and O" are the permittivity and conductivity of the medium. 

From ( 4.3), it is possible to derive a vector potential A, such that; 

B =curl A (4.7) 

We can thence derive the complete field equations from the above. Assuming an infinitely 
long primary and secondary, the solutions to equations of electromagnetic field distribution 
for LIMs are the same as those for rotary motors with solid rotors, hence this generalized 
analysis takes into account linear or rotational displacement of the machine rotor. 

For 88~ = 0, Maxwell equation ( 4.1) and ( 4. 7) becomes; 

curl (~curiA) = J 

-Of-

From ( 4.2) and ( 4.6) we obtain 

J = O" (- ~~- gradw + v x curiA) 

or 

J =o- (-~- \lw+vx (\7 x A)) 
Thus, from (4.9) and(4.11) 
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\7 X ( ~ \7 X A) = cr (- ~~ - \7 w + v X (\7 X A)) (4.12) 

Iff-lis constant, i.e. f-l =/:- f-l(x,y,z), and \7 ·A (divA= 0) then 

2 ( fJA ) \7 A= -f-lCT - fJt - \7w + v x (\7 x A) (4.13) 

For 2-D field 

fJA fJA 
v X curlA = -Vx-- v -

ox y fJy 

and equation (4.12) becomes 

fJ (1fJA) fJ (1fJA) 
ox -;;, ox + fJy -;;, fJy 

( 4.14) 

where lmo is the current density caused by motional electromotice force, 

lmo = -(T ( Vx ~: + Vy ~:) , ( 4.15) 

where ltr is the current density caused by transformer electromotice force, 

and lout is the current density caused by the "outside" sources , i.e. voltage U across the 
conductor, 

ow u 
lout = -CT fJz = CT L · 

For the stator windings region, lmo = 0 and 1 = ltr +lout· For the rotor region, lout = 0 
and 1 = ltr + lmo· Using complex variables, Vy = 0, Vx = v. In the rotor region, equation 
4.14 can be replaced by 

fJ 1 fJA fJ 1 fJA . -( --) + -( --)- JSWCTA = 0 
ox f-l ox fJy f-l f)y 

( 4.16) 

where the over-bars indicate complex quantities and w is the supply angular frequency. 

Modifying these equations for a 2-D electromagnetic field analysis and for the shaded­
pole single-sided LIM, the above equations can be simplified based on the following as­
sumptions: 

(a) LIM has finite dimensions along x, y directions but infinitely long in the z 
direction 
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(b) the relative motion of LIM components is assumed to be in the x-direction only 

(c) all currents are constrained to flow in the z-direction only 

Since the accuracy of a FEM depends both on the type of approximation functions used in 
each element[54, 108], and on the number of elements used to make up the device geometry, 
a high number of finite elements and high-order approximation functions were employed. 

Figure 4.1: Geometric Model of shaded-pole LIM 
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4.2 Modelling the shade-pole LIM 

Fig 4.1 shows the outline of the geometric model of the shaded-pole LIM with boundaries, 
using Infolytica MagNet 5 finite element analysis package[37]. The model was designed 
and scaled to the physical machine dimensions following the general procedure in electro­
magnetic field simulation, namely[54, 63]; 

(a) modelling 

(b) selection of materials and sources 

(c) mesh generation 

(d) solving for field values, and 

(e) using these values for other calculations, such as force, torque. 

The boundary conditions are expressed by the magnetic vector potential itself. The 
constraints for the finite element analysis of the LIM problem is determined by Dirichlet's 
condition (if constant) means that the boundary is given by the highly conducting material, 
and Neumann's condition (if homogenous) which implies that the boundary represents a 
highly permeable material. 

4.3 Magnetostatic Analysis 

This involved measuring the magnetic flux density, B. Fig 4.2 shows the magnetic flux 
density distribution in the shaded-pole LIM. Practical measurements were carried out 
using an electronic fluxmeter and a search coil utilized for comparison and verification of 
the results obtained. Fig 4.3 shows the normal component of the magnetic flux density 
in the airgap over a pole pitch for the shaded-pole LIM, d.c. excitation (f = OHz). A 
comparison of results obtained from the FEM simulation and practical measurements shows 
a reasonable correlation. 

4.4 Eddy Current (Time-harmonic) Analysis of LIM 

To carry out the time harmonic field analysis of the LIM, it is important to estimate the 
depth of penetration and thus ascertain eddy-currents and power losses in the machine. 
Following[50, 99] one can distinguish 

• resistance-limited state 

• inductance-limited state 

In the first case, eddy-currents do not affect the magnetic field and thus limited by 
the resistance of the LIM, while the second case is applied when eddy-currents develop in 
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Figure 4.2: Magnetic field distribution of shaded-pole LIM 
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the LIM until they vanish. Then the inductance limits them. The use of both states is 
determined by geometry of the body and parameters of the exciting field. The skin depth, 
J, for quasi-stationary state is, 

5-J 2 
Wf-L/S 

( 4.17) 

In the resistance-limited case eddy currents do not influence the magnetic field inside 
the plate, thus power losses[99], 

(4.18) 

for the condition b/5 < < 1. 

In the inductance-limited case, one can assume that the magnetic field inside the plate 
is determined by eddy currents, hence, 

( 4.19) 

for the condition b/ 5 > > 1. 

If neither condition is fulfilled, then[99], 

' 2 . 

Pe = IHsl sinh(b/5.)- sin(b/5) 
16 cosh(b/5) + cos(bjJ) 

( 4.20) 

Since the LIM problem can be analysed as an eddy current problem[54], the steady-state 
characteristics, where computed, using an appropriate method for considering movement[24, 

___ ___.14, 23 .. 90] !g_.field equations and the accuracy gf tJ:!e results obt~imj.~:.. ____ --~-- ·-

4.5 Comparison of FEM calculation and measurement 

The steady-state characteristics, that is thrust and normal force versus speed were carried 
out for the shaded-pole LIM for various power frequencies from 75Hz to 40Hz. Figures 
4.4-4.8 show the plot of torque against speed for various supply frequencies. For a 2-D 
electromagnetic field analysis, the performance calculation for the shaded-pole single-sided 
LIM was carried out using the FEM software p~ckage based on the Maxwell Stress method. 
The force in the x-direction acting on the rotating disc has been calculated using the FEM 
and Maxwell's stress tensor method. The forces acting on the secondary are given by the 
following equations: 

(4.21) 
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-· ( 4.22) 

where Fx, Fx are force components for an axial length y, J-lo is the magnetic permeability 
of free space, Bz, Bx are the normal and tangential components of magnetic flux density 
in the airgap, and Li is the effective length of the primary stack (in the z-direction). These 
equations are obtained by integrating the stresses over a cl~sed surface which is entirely 
air. The integration over a closed surface reduces to an integral around a closed path .which 
is around the LIM airgap region. The normal and tangential force components are thus 
calculated and shaft torque obtained from the expression, T = Fxr, where r is the radius 
of disc. 

A comparison of measurements of magnetic flux density distribution and FEM ·analy­
sis shows a very good correlation. This high accuracy in the results shows the reliability 
of magnetostatic analysis for static conditions using the FEM. The results of torque cal­
culations from analytical approach (using symmetrical components) and the FEM with 
measurements are presented also. 

4.6 Conclusions 

The estimation of some machine design parameters have contributed to the deviation in 
the results of the analytical approach compared to measurements. The FEM results al~o 
have errors due to the limitation of using eddy current analysis for each machine condition 
of position, current and frequency. 

This is a limitation of the Magnet 5 Finite Element package used for this analysis. 
More accurate results could be expected and obtained for eddy current analysis using an 
FEM motion-solver, since it solves for dynamic conditions, and not the step by step static 
solution approach inwhich some parameters are varied for each solution to the problem. 

-------The resultTof-steady:..state characteristics shown in figs -4-:'4-=-477-also-siro'w-the--e-.ITct:L 
of asymmetricity in the analytical method when compared with measurements. Owing 
to the asymmetry of the magnetic circuit and elliptical rotating magnetic field, errors 
are introduced into the analytical solution. The results from computation do show an 
agreement when compared with measurements. 

The application of FEM appears well justified in order to obtain not only the per­
formance characteristics, but also to analyse and optimise the magnetic circuit of the 
LIM[ll, 30, 3, 2]. FEM computation for standstill conditions and magnetostatic prob­
lems are generally more accurate. This will make it very useful as well in analysing linear 
induction machines for standstill applications[78]. 

Figs 4.8-4.11 shows the comparison of the classical approach, FEM and measurememts. 
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Chapter. 5 

Performance Calculation Using Field 
Theory Approach 

The electromagnetic field in the cross-section of an electric motor may be described by the 
non-linear Poisson equation [63, 6, 66]: 

8 18A 8 18A .. 
-(--. ) + -(--) = -J(x,y) 
8x p, 8x 8y p, 8y 

(5.1) 

5.1 Defining the LIM problem 

For the single-sided LIM, assuming that all currents are constrained to flow in the z­
direction only, recall equation 4.16, the 2-D electrodynamic field distribution is described 
by the equation[7, 8]: 

i 

' 
(5.2) i 

-~- .... ~- - ~ -~· -· ---- --~ ~ ~~~-~----:-- ·.:-·.:..:-.·-:-~ ---~·-· -· -~-""""'-~ .... ·.----- ... -~- ---

8 18A 8 18A 8A . -( --) + -( --)- CTV- = JWCTA 
8x p, 8x 8y p, 8y 8x 

where A is a vector potential, J is the current density in the y-direction, CT is the electric l 
conductivity, v is the speed of rotor, and p, = f.lof.lr is the magnetic permeability. The 
x-coordinate is in the direction of motion, the y-coordinate is perpendicular to the active 
surfaces, and the z-coordinate is in the radial direction. 

The following assumptions have been made: 

(a) LIM has finite dimensions along x (pole pitch), y (normal) directions, but in­
finitely long in the z direction (end effects are neglected), 

(b) the relative motion of the LIM secondary is assumed to be in the x-direction 
only, 

(c) the magnetic permeability of the primary stack and secondary back iron is a 
non-linear function of the magnetic field intensity. 
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5.2 Solution of field equations 

For a three-dimensional analysis of induction machine such as the single-phase single-sided 
shaded-pole LIM, with multilayer secondary and distributed parameters, the magnetic 
vector potential is used. The distribution of magnetic vector potential in an ith layer is 
described by the equation [87, 41], 

\72 A= JWJ-LEA- J-LW X (\7 X A) 

where A is the magnetic vector potentiaL defined as 

B=\7xA 

£ is the electric conductivity, v is linear velocity, and 1-l is magnetic permeability. 

(5.3) 

(5.4) 

For the solution of the LIM field analysis problem using the x, y, z coordinate system, 
and the LIM secondary (rotor) travelling with a velocity v, (5.1) has the form, 

\72 A = JWSJ-LEA 

where s is the slip for fundamental harmonic. 

(5.5) 

The scalar differential equations for vth space harmonics of three-dimensional distribu­
tion of the electromagnetic field in the ith isotropic layer are: 

(5.6) 

(5.7) 

F mvi is a general symbol for the x y, or z components of the magnitudes of the vth space 
harmonics of the magnetic field intensity Hmvi, electric field intensity Emvi, or magnetic 
vector potential Am vi in an ith layer. 

5.3 Electromagnetic field equations 

The general solutions of equations for electromagnetic field distribution in an induction 
machine with salient poles, gives the following recurrence relations[41, 10, 40, 9, 46, 42]: 

(k) - ~ ~ 1 1 . (k-1) ) Hxk - LJ LJ (k)[-Hxk- 1 (x, y, 0) coshxk(z- dk + 
v=1 n=1 Mk Xk 
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__ 1 __ /-lk-1 Ek-1 ( O) . h ( d )] f-l1 Xk H(1) . yk-1 X; y, sm Xk z- k X -- x1 
)Wk-1/-lk-1 /-lk /-lk X1 

(5.8) 

(k) - ~ ~ 1 1 (k-1) . 
Hzk - ~ ~ ----v0{-[-Hxk-1 (x, y, 0)] smhxk(z- dk) + 

v=1 n=1 Mk Xk 

(5.9) 

(k) - ~ ~ 1 1 (k-1) . 
Eyk - ~ ~ ----v0{-[-Hxk-1 (x, y, 0)] smhxk(z- dk) + 

v=1 n=1 Mk Xk 

(5.10) 

For the fundamental harmonic, v = 1, the equations for the respective layers for i=1,2,3 
and 4, where 1 is air halfspace, 2 is back iron, 3 is aluminium, and 4 is the airgap, are 
giVen as, 

for air halfspace, i = 1, -oo ::; z ::; 0, 

H~~)- = .!_B-bvejf1xe-x;-z 
f-lo 

H~~)+ = .!_B+bve-jf1xe-xiz 
f-lo 

H (1)- __ · E_.!_ -B-b jf1x -x;-z 
x1 - J 2 X1 ve e 

aP f-lo 

H (1)+ _ · E_.!_ +B+b -jf1x -xi z 
x1 - J 2 X1 ve e 

aP f-lo 

E (1)- _ ( · -) · E_B-b jf1x -xjz 
y1 - JW1 J 2 ve e 

aP 

E(1)+ = (-J·w+)J. E_ B+b e-jf1x e-xt z y1 1 2 l/ 

aP 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

where (3 = 1rjr, w = wt=1 = 21rjs, and w_;-v=1 = 27rf(2- s), that is, w1 = w2 = W3 = w4. 

for back iron layer, i = 2, 0 :=;; z :=;; Hsec, 
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1 1-l1 1 ( ) . ( )] /-l1 X2 (1) -. ---EY1 x, y, 0 smhx2 z- d2 x --Hx 1 
JW1/-l1 /-l2 /-l2 X1 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

for aluminium cap layer, i = 3, Hsec :S z :S Hsec + d, 

1 1-t2 2 ( ) . ( )] /-l1 X3 (1) -.---EY2 x,y,O smhx3 z- d3 x --Hx1 
JW2/-l2 /-l3 /-l3 X1 

(5.21) 

1 /-l2 [ 2 ( )] ( )} /-l1 (1) -.--- -EY2 x,y,O coshx3 z-d3 X -Hz1 
)W3/-l2 /-l3 /-l3 

(5.22) 

(3) - ~ ~ 1 1 (2) . Ey3 - L....J L....J ~{-[-Hx2 (x, y, 0)] smhx3(z- d3) + 
v=1 n=1 M3 X3 

(5.23) 

( 5.24) 

for airgap, i = 4, Hsec + d :S Z :S Hsec + d + g, 
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1 /-l3 E3 ( ) . h ( d )] f.-l1 X4 (1) -.--- y3 x,y,O sm X4 z- 4 X --Hx1 
. )W3/-l3ll4 /-l4 X1 

(5.25) 

1 /-l3 [ E3 ( )] (- )} f.-l1 (1) -.---- Y3 x, y, 0 coshx4 "'- d4 x -Hz1 
)W4f.-l3 /-l4 /-l4 

(5.26) 

(5.27) 

(5.28) 

5.4 Calculation of forces using Maxwell's stress tensor 
method 

Using the definition of Mau'<well's stress tensor, the total electromagnetic force or torque 
can be determined by the line integral along a closed path l. An expression can be derived 
for thf force iiJ.Jhe x-dir~ction acting on the rotating_ disc using the MaxweJt'~~~e~sJ~_n~or 
method. The forces acting on the secondary are given by: 

Fx = --
1 ~[BzB;](2pTLi) 

2/-lo 

Fz = -
2

1 ~[-2
1 BmzB~z- ~BmxB~x](2pTLi) 

f-lo 2 

(5.29) 

(5.30) 

where f-lo is the magnetic peameability of free space, By, Bx are the normal and tangential 
components of magnetic flux density in the airgap, and Li is the effective length of the 
primary stack (in the z-direction). The shaft torque is obtained from the expression, 
T = Fxr, where r is the radius of disc. 

In three dimension, the approach is to calculate the force per unit area of the secondary 
·active surface using Maxwell's stress tensor. For a fiat LIM the final equations expressing 
unit forces in N/m2 are given as[45], 
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in the x direction: 

00 

fx = -0.5!-lo L ~e[HmzviH;;,xviJ (5.31) 
v=l 

in the y direction: 

00 

Jy = 0.5f.lo L ~e[HmzviH;;,yvJ (5.32) 
v=l 

in the z direction: 

00 

fz = 0.5f.lo L ~e"[0.5HmzviH;;,zvi - 0.5HmxviH;;,xvi- 0.5HmyviH;;,yviJ (5.33) 
v=l 

where Hmxvi, Hmyvi , Hmzvi are magnetic components of the field distribution at the 
secondary active surface and H;;,xvi' H;;,yvi' H;;,zvi are their conjugates. 

5.5 Field analysis software program 

A software program was developed for the field analysis of the single-phase single-sided 
shaded-pole linear induction motor using the Fortran Language. Fig 5.1 shows the flow 
chart of the software program. The field approach was used in the calculation of the normal 
and tangential forces. The torque was then calculated for the shaded-pole LIM. Results 
obtained from similation were also compared with measurements. 

5.6 Comparison of analytical approach with FEM 

Figs 5.2-5.5 show results of torque against linear velocity for some power frequencies using 
the field approach. The steady-state characteristics, that is thrust and normal force versus 
speed were carried out for the shaded-pole LIM for similar power frequencies from 75Hz 
to 40Hz. For the flat LIM the unit forces given in N /m2 and acting on the secondary are 
given by equations 5.31-5.33. These were computed using the field theory program. 

5. 7 Conclusions 

A comparison of the of the field theory approach for the salient pole machine with the FEM 
and the classical method is shown in figs 7.1-7.4. The solution of Maxwell's equations for 
air gap which produces a three-dimensional solution is applicable to all machines with an 
open airgap. The analytical solution obtained in the X-, Y- and Z- components using the 
Laplace transformation, ordinary differential equation method and Fourier transformation 
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respectively[112, 41] provides general solutions. These solutions are limited in their fiex­
ibilibility in being adapted to special electromagnetic and electromechanical devices. For 
simplicity, the two dimensional solution was applied in the field theory approach here for 
calculating the thrust of the LIM (both normal and tangential forces) and consequently 
the torque. The two-dimensional solution takes into account the field variation of the air 
gap both in the direction of the motor motion and the direction perpendicular to it. 

Read in LIM Data 

Voltage Loop 

Frequency Loop 

NO 
NO 

Figure 5.1: Flow-Chart of Shaded-pole LIM using Field Theory 
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Chapter 6 

Experimental Tests Using Sinusoidal 
Excitation 

Experimental tests were carried out on the shaded-pole LIM under three categories of 
investigation. Sinusoidal excitation was used for all these measurements. 

(a) - Testing at rated voltage and frequency. 

1. No-Load Test 

ii. Load Test 

iii. Short Circuit (Locked-rotor) Test 

(b) - Testing for optimum performance (V /f ~ constant). 

1. No-Load 

ii. Load Test 

6.1 Testing at rated voltage and frequency 

The first set of experimental tests were carried out on the shaded-pole LIM using sinusoidal 
excitation at rated voltage of 220V taken from the mains terminal at a supply frequency 
of 50Hz. Results for the no-load test, load test and locked rotor tests are presented. 

6.1.1 No-Load Test of LIM at rated voltage and frequency 

The no-load characteristics, that is, the input current, input power and power factor were 
obtained for the LIM at these frequencies. Results obtained from measurements were 
plotted to show the trend for increasing supply frequency. 

Figs 6.1-6.3 show the curves for no-load test results for input current, power factor and 
input power against input voltage. These curves show graphically the performance of the 
LIM at no-load. 
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6.1.2 Load Test of LIM at rated voltage and frequency 

The load test was carried out to determine other machine parameters such as power output, 
e:fficiency,torque, power factor, input current versus speed. Using a Prony's brake method 
shown in fig 6.4, with involves using a spring balance, weights for loading and a cord wound 
around the secondary disc shaft to produce friction on the rotating shaft, the resistant force 
is measured on the scale, and torque computed using appropriate mathematical relations. 
Figs 6.5-6.10 show the curves for the load test of torque, efficiency, input power, output 
power and power factor against speed. These curves show graphically the performance of 
the LIM under load conditions. 

Clamp/Stand 

Scale 

Rope 

Disc Secondary 

Axle 

I I 
0 

Bench Support 

/ 
Weight 

Figure 6.4: Torque Measurement Using the Prony's Brake Method. 
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6.1.3 Short Circuit Test of LIM 

The short circuit test, a string is wound around the secondary disc, and connected to a 
scale which is perpendicular to the centre of the disk. The supply voltage is increased 
in small increments and readings of voltage, input current, power factor and torque were 
taken. Figs 6.11-6.14 show the curves for short-circuit test results for input current, power 
factor, input power and torque against the input voltage. These curves show graphically 
the performance of the LIM under short-circuit conditions. 
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6.2 Testing for optimum performance of LIM 

The second set of experimental tests were carried out on the shaded-pole LIM using si­
nusoidal excitation at various power frequencies- 40, 50, 60 and 75Hz respectively. ·The 
supply voltage to frequency ratio being kept approximately constant, V /f ~ 2.0. This 
ensures the field parameter <I> is approximately constant throughout the tests. 

6.2.1 No-Load Test of LIM with V /f ~ 2.0 

The no-load characteristics, that is, the input current, input power and power factor were 
obtained for the LIM at these frequencies. Results obtained from measurements were 
plotted to show the trend for increasing supply frequency. Figs 6.15-6.17 show the curves 
for no-load test results for input current, power factor, input power and input voltage, for 
various supply frequencies. These curves show graphically the performance of the LIM at 
no-load. 
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6.2.2 Load Test of LIM with V /f ~ 2.0 

The load test was carried out to determine other machine parameters such as power output, 
efficiency, torque, power factor, input current versus speed, and how these vary with varying 
frquency. Results obtained from measurements were plotted to show the variation of 
efficiency with increasing supply frequency. Figs 6.18-6.21 show the curves for load test 
of torque, efficiency; output power and power factor against speed. Thes.e curves show 
graphically the performance of the LIM under load conditions with V /f ~ constant. 

1.0 

0.9 

0.8 

0.7 
,.., 
t 0.6 

z 
\1 0.5 

nJ 
j 0.4 
0' 
~ 
0 0.3 
~ 

0.2 

0.1 

-0.0 
0 20 40 60 80 100 120 140 

Speed (rpM) 

Figure 6.18: Torque Vs Speed for Varying Frequency 

102 

160 

4ot 

50~ 
Sf 

60Hz 

-fr 
75Hz 



1.3 

1.2 
5: 

1.1 + 
1.0 

40Hz 

.rr 
0.9 6111z 

,... 
X 0.8 

-fr 

\J 75Hz 

jl 0.7 
(J 
c 0.6 
~ 

'"' (J 0.5 

'"' ~ 0.4 
~ 
UJ 0.3 

0.2 

0.1 __ ......,'. 
0.0 

0 20 40 60 80 100 120 140 160 
Speed (rpM) 

~ ; 

I : 

Figure 6.19: Efficiency Vs Speed for Varying Frequency 
'I 

103 



··- ·--f. 
-----·- ~----- ____ ... __ -·~-'- -------. 

0~--~--~----~------~----~--~--~ 
0 w ~ ~ ~ ~ ill ~ ~ 

Speed (rpM) 

Figure 6.20: Output Power Vs Speed for Varying Frequency 

104 



o.?o..--------_...;.___;___...;._:-:--....;,__--------, 

0.65 

0.60 

~ 0.55 
0 

o4o' 

~ 0.50 
u. 

; 0.45 
3 
0 
a. 0.40 

0.35 

0·30 -l-o ----.-20..=..........:::__40.....-:.:.___:_,..60 _ ____;8;..:...0 ~--T-100---'--12,.......0 --------1......-40-~160 
Speed (rpM) 

Figure 6.21: Power Factor Vs Speed for Varying Frequency 

10.5 

4~ 
+ 50Hz 
.s.;-

60Hz 

-fr 

75Hz 

-·- ,J' 

.. I 



I... 

0 ..... 
(.) 
C1l 

LL 
I... 
Q) 

3: 
0 

0... 

6.2.3 Analysis of Results 

From the measurements obtained, the machine characteristics, that is, the output power, 
torque, efficiency, input current, and power factor were calculated for the LIM at each 
power frequency. Figs 6.22-6.26 show graphs of power factor, shaft torque, output power, 
efficiency and speed against input frequency with V / f ~ constant. 
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The efficiency was found to increase with increasing supply frequency. For example, testing 
with a mains supply voltage of 220V, 50Hz frequency gave an efficiency of 0.59%. With a 
decrease in the input voltage to 90V, the efficiency of the LIM increased to 0. 71%. Table 
6.1 shows the variation of efficiency with frequency, with V/ f ~ 2.0. 

Table 6.1: Variation of LIM efficiency with Frequency Vj f ~ constant 

Frequency (Hz) Voltage (V) Efficiency (%) 
40 90 0.496 
50 90 0.708 
60 110 0.995 
75 160 1.244 

Table 6.2 shows the result offurther tests carried out[47] for higher power frequencies up 
to 130Hz at 220V. Figs 6.27-6.31 show the plot of these parameters at 220V. These results 
are complimentary and show the influence of reduced voltage and increasing frequency to 
the overall performance of the shaded-pole LIM. 

Table 6.2: Variation of LIM efficiency with Frequency, V = 220 volts 

Frequency Power Factor Speed Torque Output Power Efficiency 
Hz rpm Nm w % 
50 0.4856 088 0.1444 1.1764 0.0940 
60 0.4851 100 0.1512 1.8209 0.1434 
70 0.4776 140 0.1581 2.4838 0.2473 
80 0.4737 170 0.1657 3.4624 0.4007 
90 0.4280 220 0.1732 4.0265 0.5060 
100 0.4143 278.3 0.1856 5.4097 0.8070 
110 0.4115 303 0.1925 6.1161 0.9420 
120 0.3947 334 0.2063 7.2052 1.2870 
125 0.3899 350.7 0.2338 8.5845 1.5810 
130 0.3801 401 0.2613 9.8144 1.8650 
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6.3 Comments on Measurements and Analytical Re­
sults 

The deviations between measurements and analytical results for various operating condi­
tions can be attributed to several factors, which are further discussed in Chapter 7.4. The 
no-load test characteristics provide information for the estimation of mechanical losses in 
the shaded-pole LIM. 

In the classical approaches, the mechanical loss is assumed to be independent of the 
value of supply voltage. The magnetic tension (normal force) in the direction perpendic­
ular to the disc causes the additional mechanical loss in the shaded-pole LIM, producing 
braking effects. The magnetic tension incidentally depends on the value of stator voltage. 
Therefore, the additional mechanical loss also depends on the supply voltage. The analysis 
of mechanical losses can help to explain the difference between results of computation and 
experimental test. 

Another consideration is the influence of estimated machine parameters such as the 
stator linkage factor 1 and stator leakage factor 0'1 (equation 2.11) which is quite significant. 
For example, calculating the motor performance at two specific supply voltages of 90V, 
160V at a frequency of 50Hz, 75Hz respectively, with these two parameters 1 and 0'1 varied, 
the results obtained are shown in figures 6.32 and 6.33. 

Table 6.3: Variation of LIM torque with 1 and 0'1 

Stator linkage factor 1 Stator linkage factor 0'1 

SMC1 0.85 1.16 
SMC2 0.80 1.16 
SMC3 0.75 1.10 

From the graphs, at 50Hz and 90V, there is a better correlation between measurements 
and SMC3 where stator linkage and leakage factors are minimised, when compared with 
results for higher values. However at 75Hz and 160V, there is poorer colleration with 
measurements, indicating a significant frequency dependency. This implies that optimizing 
these machine parameters may improve on the results obtained from calculations. 

Figure 6.34 shows the graph of the short-circuit charactersitics of the shaded-pole LIM 
from calculations using symmetrical components compared with measurements. The ex­
cellent correlation shows the reliability of this analysis technique for estimating motor 
parameters and losses from this data. 
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Chapter 7 

Conclusion 

7.1 Optimisation 

Current trends in the design of electrical machines require optimising the construction 
while minimising the cost of manufacturing[SO, 79, 83, 94, 1]. The induction motor re­
mains the cheapest and most reliable electrical machine. The single-phase single-sided 
shaded-pole LIM under investigation is cheap to manufacture when compared to other 
motors. In the past, the norm has been to carry out the construction of a machine and 
then test. Discrepancies may then require further modifications to the design to improve 
its performance, hence the sequence: --+. build-test-modify design cycle[84]. However, 
modern design methods for electrical machines require optimising the construction and 
minimising the use of materials while enhancing performance[83]. 

The utilisation of finite element tools for machine analysis, increasingly demand pre­
dicting the machine's performance by ascertaining an optimal design based on standard 
specifications, before building and testing. This certainly requires accurate design pa­
rameter estimation for the practical machine for specific industrial application, as well as 
creative thinking and requires extensive simulation for several operating conditions. Hence, 
designing, constructing and adaptation of special machines to specialised practical appli­
cations, which satisfy required specifications has become the trend also in linear machines. 
The application of FEM to calculate the performance is simpler than using the symmetrical 
components of two phase systems. 

7.2 Error Estimation in Measurement and Analysis 

From the experimental point of view, a few limitations were encountered during the testing. 
The M-G set used for variable frequency supply is a synchronous generator driven by a 
separately excited d.c. motor. This machine set has difficulty in varying voltage and 
frequency independently, a task which can be easily achieved in inverter supplies. This 
accounts for the slight variation in the V /f ratio for optimum LIM performance tests. 
Furthermore, the operating point of the synchronous machine is limited for each voltage 
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and frequency, beside severe vibrations and noise level. The voltage and current waveforms 
are very close to sinusoids with some content of the 3rd time harmonic (7-10% and 4-4.5% 
respectively). 

7.3 Comparison of Measurements and Calculated Pa­
rameters 

Figs 7.1 - 7.4 shows results for calculated characteristics and measurements. At different 
frequencies and machine operating conditions, each technique produced a measure of cor­
relation with measurements than the other. The influence of a low po""er rating of the 
shaded-pole LIM further adds to this error. 
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7.4 Comparison of Analytical Techniques 

The steady-state load characteristics, i.e. thrust and normal force versus speed at different 
power frequencies have been calculated using the symmetrical components, field theory 
approach and FEM. These calculated results were compared with experimental tests per­
formed on the shaded-pole LIM using sinusoidal excitation at varying power frequencies 
from 50 to 75 Hz. Symmetrical components gave the best performance prediction. It is 
a reliable and proven method as applied to rotary motors, but also proven to yield good 
results as applied to the linear machines with non-symmetrical supply. 

Finite element method is the trend in the modern technical world. It is a very reliable 
tool in design and optimization of electric motors, but requires skilled use to get proper 
conclusions. The 2-D FEM is versatile in the computation of field parameters especially for 
magnetostatic analysis. It also lends itself to the ease of optimizing the magnetic circuit. 
The field approach based on the multi-layer theory of a.c. machines is not flexible in 
modelling the LIM. The results obtained here show much deviation with varying frequency, 
and the curves tend to be more linear than hyperbolic. At higher frequencies, 60 and 75 
Hz, the field approach correlates well with measurements, while at lower frequencies, (50 
or 40 Hz) the dife~ences are significant. 

The application of symmetrical components of two phase systems to calculate the 
performance of the shaded-pole LIM has been presented, and the results compared with 
measurements are satisfactory. Additional conclusions can be made from a comparison of 
results obtained from symmetrical components, FEM, field analysis with measurements. 
For small machines, errors in calculations are usually higher than in high performance 
machines. The efficiency of the low power single-phase LIMs in general is low, so that error 
in calculations are higher than those in high performance machines. The performance of the 
shaded-pole single-sided LIM is poor when compared to three-phase LIMs. However, the 
agreement between computation and measurements is satisfactory. These results provide 
information on the performance characteristics of the shaded-pole LIM, and hence make 
significant contributions to the understanding of the operation of this motor. 

Finite-element analysis offer several advantages in addition to providing detailed field 
maps. By lending itself to easy digital computations, the area of computer-aided-design 
is advancing more than ever before. By studying electromagnetic field contour, we gain 
understanding of how a device works and how design modifications will affect its perfor­
mance. For example, by varying the vital dimensions and/or the materials of a the LIM, 
its performance and sensitivity to these parameters can be observed readily. Adapting a 
package to suit a particular problem or vice versa requires extensive checking and modifi­
cations to obtain meaningful results. As an example, when representing supply frequency 
for a specific LIM test, the speed of the rotating disc is used to obtain the slip frequency 
which is used in the analysis. 

Recall that for an LIM, speed is independent of the number of poles pairs, that is; 
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V = V 8 (1 - s) = 2jr(1 - s) 

where f is the input frequency, and r is the pole pitch. 

(7.1) 

Thus, the speed of a linear induction motor can be controlled by a simple variable 
voltage variable frequency (VVVF) converter .. 

A 4-pole shaded-pole LIM with 0.52m double layer disc has been analysed and tested. 
The efficiency of the shaded-pole LIM is very small at power frequency. It has also been 
found that the efficiency increases with the input frequency. With a large air gap of 1.5mm, 
the magnetizing current increases significantly and consequently, stator / 2 R loss in the 
shading coil (auxiliary winding), thereby reducing the efficiency and power factor cosr.p. 
From tests, it was observed that increasing frequency of supply gives better mechanical 
performance such as: less vibrations, improved torque and efficiency for the shaded-pole flat 
linear induction motor. From 50Hz to 75Hz, efficiency increased by 120% of its nominal 
value at 50Hz. 

The influence of edge effects is minimal in low speed LIMs. However saturation effects 
and the presence of 3rd time harmonics in the voltage and current waveforms contribute 
to errors in calculations. Mechanical losses and stray load losses which have not been 
estimated nor included here also contribute to the differences between the results of com­
putation and experimental test. An accurate estimation of these losses and influences will 
reduce the errors in calculations. Machine parameters such as linkage and leakage factors 
of main windings were assumed constant. 

7.5 Efficiency of Shaded-pole LIM 

Reference data tables show that LIMs generally have low efficiencies due to their open 
airgap. It is necessary to mention that the maximum efficiency of rotary shaded-pole in­
duction motors with cage rotors rated at lOW usually does not exceed 20%. The efficiencies 
of LIMs and the rotary shaded-pole induction motor give the impression that hybrid forms 
of these machines will have a relationship in their optimal performance and efficiency. For 
a three-phase LIMs, rotary induction motors, rotary shaded-pole motors, etc, their effi­
ciencies are well known. The large airgap of LIM (aluminium cap) further deteriorates the 
performance as compared with a rotary cage motor .. 

From tests performed (fig.6.9), the ! 2 R losses and overall performance of the shaded­
pole LIM was found to be better at lower voltages and current than the rated voltage of 
220V and 11.6A current. Thus, it has been found that the efficiency can be improved by 
reducing voltage and increasing the input frequency. Experimental tests have provided 
lots of information on how to improve the design techniques of shaded-pole LIMs. The 
optimum frequency has not been reached as the maximum frequency of 130Hz was limited 
by the capability of the synchronous generator. To provide higher power supply frequencies 
required for better LIM performance, it is recommended to design a cheap single phase 
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inverter or frequency tripler to provide power supply at 150Hz. Since it is not practicable 
to use frequency converters in cheap drives, it is recommended that other single-phase 
LIMs, e.g. with auxiliary winding with capacitors be considered and investigated. 

7.6 Applications 

The shaded-pole LIM is simple to build, cheap to manufacture but it's mathematical model 
is more complicated than the model of classical induction motor. It finds use in specialised 
applications in industry, especially where short-time duty is only required. In the case of 
short-time duty, the efficiency is not as important as functional requirement. The shaded­
pole LIM can find applications in turntables used in industry or in small mechanisms where 
a three-phase power supply is not available, and low torque is acceptable or where the price 
and simplicity of the drive is important. In such mechanisms like roller-conveyor system, it 
is often necessary to divert the load at certain points in the system to one or more tracks, 
for selection purposes, and the inclusion of a turntable is necessary. In these cases, the 
provision of one or more fixed linear motors beneath the turntable plate, which is faced 
with 3mm aluminium plate, provides the rotating motion, eliminating a circular motor 
and gearing. Position control enables the turntable to be rotated through 90° if required, 
with accurate stopping to within 3mm, and complete operation with reversing capabilities. 
Furthermore, a spare stator can be switched in if needed, either as a replacement or to 
increase the load capacity of the turntable under certain conditions. 

In agro-allied industries, the shaded-pole LIM will find ready application of it's linear 
stator to the rotation of horizontal circular plates which is useful for the production of 
dried milk, potters' wheels, automatic cow-milking equipment, and bottle manufacture, 
together with lens-rotation drives for lighthouses. In each case, duty cycles are important 
in determining the rating of the stator required, but heat losses in the secondary are readily 
dissipated within its volume. The absence of a gearbox not only produces an initial saving 
in cost but also gives a greatly reduced maintenance cost. In some instances where more 
than one stator is used, it is practicable that should a stator develop a fault in service, it 
can be changed in a few minutes without shutting down the whole drive[95). To achieve 
reduced cost of electrification, large remote rural areas in Southern Africa have only single 
phase power supply systems. These motors can be used in such rural areas with simple 
recticulation systems. 
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Table 7.1: B-H Curve for Cold Rolled Steel Primary Core 

Magnetic Flux Density (B) Magnetic Field Intensity (H) 
(T) (A/m) 
0.0 0.0 
0.1 45.0 
0.2 70.0 
0.4 90.0 
0.6 115.0 
0.8 130.0 
0.9 150.0 
1.0 165.0 
1.1 185.0 
1.2 220.0 
1.3 275.0 
1.4 400.0 
1.45 500.0 
1.5 740.0 
1.6 1350.0 
1.65 2100.0 
1.7 4200.0 
1.8 7500.0 
1.9 15000.0 
2.0 23000.0 
2.1 35000.0 
2.2 50000.0 
2.3 90000.0 
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Table 7.2: B- Specific Loss Curve for Cold Rolled Steel Primary Core 

Magnetic Flux Density (B) Specific Loss (~PLoss) 
(T) (W) 
0.0 0.0 
0.2 0.25 
0.4 0.5 
0.5 0.7 
0.6 0.95 
0.7 1.2 
0.8 1.56 
0.9 1.95 
1.0 2.4 
1.2 3.6 
1.4 4.9 
1.5 5.6 
1.6 6.4 
1.7 7.3 
1.8 8.2 
1.9 9.1 
2.0 10.0 
2.1 11.1 
2.2 12.2 
2.5 16.0 
2.8 20.0-
3.0 23.0 
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Table 7.3: HFe, BFe, aR, ax Data for Solid Steel Secondary 

Magnetic field intensity Magnetic flux density 
HFe BFe aR ax 
(A/m) (T) 
0.0 0.0 0.83 0.95 

100.0 0.016 0.84 0.94 

350.0 0.660 0.90 0.90 

1000.0 1.257 1.61 0.93 

2000.0 1.410 1.72 0.80 

4000.0 1.508 1.61 0.78 

6000.0 1.583 1.56 0.80 

10000.0 1.598 1.52 0.82 

16000.0 1.61 1.49 0.85 

100000.0 1.63 1.42 0.90 

1000000.0 1.68 1.40 0.90 
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For the 2-D analysis, (3 = 1r /2 and, 

The complex propagation constant, a 11i, is a functi~n of slip s. For the forward travelling 
magnetic field[41, 42]: 

For the backward travelling magnetic field[41, 42]: 
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Table 7 4° Shaded Pole Flat Linear Induction Motor Load Test Data 50Hz 0 0 - -
Voltage Current Case Speed Pin Torque Pout Efficiency 

(V) (A) (rpm) (W) (N-m) (W) 17(100%) 
90 4094 0.495 7008 220008 001584 1.1746 005337 
90 4094 0.495 6605 220008 001982 1.3806 006273 
91 4095 00500 6201 225023 002231 1.4505 006440 
91 4096 00500 5905 225068 002504 1.5600 006912 
90 4o90 00500 5205 220050 002793 1.5358 006965 
90 4091 00500 47.4 220095 003150 1.5635 007076 
90 4091 00500 4208 220095 003315 1.4856 006724 
90 4092 00500 3609 221.40 003796 1.4669 006625 
89 4089 00500 2506 217060 0.4399 1.1792 005419 
89 4087 00505 11.7 218088 005128 006283 002871 
89 4085 00505 5060 217098 005716 003352 001538 

Table 705: Shaded-Pole Flat Linear Induction Motor Load Test Data- 60Hz 

Voltage Current Case Speed Pin Torque Pout Efficiency 
(V) (A) (rpm) (W) (N-m) (W) 1](100%) 
110 5.40 00480 9500 285012 002710 206960 009456 
110 5042 0.482 8605 287037 002939 206625 009265 
110 5.43 0.485 7606 289069 003586 208762 009951 
109 5039 0.492 5303 289005 0.4649 205947 008977 
109 5039 00500 1409 293076 006775 1.0571 003599 
109 5037 00500 6020 292067 007421 0.4818 001646 
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Table 7.6: Shaded-Pole Flat Linear Induction Motor Load Test Data- 75Hz 

Voltage Current Cose Speed Pin Torque Pout Efficiency 
(V) (A) (rpm) (W) (N-m) (W) 17(100%) 
160 6.61 0.455 153.8 481.21 0.2168 3.4918 0.7256 
161 6.60 0.458 148.4 486.67 0.2482 3.8579 0.7927 
161 6.64 0.460 144.9 491.76 0.2606 3.9540 0.8040 
161 6.62 0.458 142.7 488.15 0.2921 4.3643 0.8941 
161 6.64 0.461 139.4 492.83 0.3252 4.7473 0.9633 
162 6.63 0.460 136.0 494.07 0.3567 5.0798 1.0282 
162 6.61 0.462 131.8 494.72 0.3606 4.9776 1.0061 
161 6.60 0.470 120.1 499.42 0.4148 5.2174 1.0447 
161 6.62 0.470 118.2 500.94 0.4586 5.6767 1.1332 
161 6.63 0.470 109.5 501.69 0.5441 6.2389 1.2436 
161 6.61 0.480 94.30 510.82 0.6212 6.1346 1.2010 
161 6.64 0.480 72.70 513.14 0.7088 5.3960 1.0516 
161 6.68 0.481 50.30 517.31 0.8151 4.2934 0.8300 
160 6.70 0.482 28.30 516.70 0.8255 2.4465 0.4735 
160 6.67 0.484 19.20 516.52 0.8818 1.7730 0.3433 
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Table 7.7: Magnetic Flux Density Measurements 
Pole Reading Flux Density, IBI Flux Density, IBI 
No. No. Tesla (T) Tesla (T) 

V = 113.2volts Rated Voltage 

1st Half-Pole 
1 0.018 0.0377 
2 0.027 0.0565 
3 0.033 0.069 
4 0.033 0.069 

1st Full Pole 
1 0.012 0.0251 
2 0.031 0.0649 
3 0.049 0.1025 
4 0.049 0.1025 
5 0.024 0.0502 
6 0.020 0.0419 

Interpole 7 0.014 0.0293 

2nd Full Pole 
1 0.028 0.0586 
2 0.053 0.1109 
3 0.050 0.1046 
4 0.036 0.0753 
5 0.019 0.0398 

3rd Full Pole 
1 0.018 0.0377 
2 0.032 0.067 
3 0.055 0.1151 
4 0.054 0.113 

Shaded-pole 5 0.046 0.0962 
6 0.026 0.0544 
7 0.021 0.0439 

2nd Half Pole 
1 0.021 0.0439 
2 0.026 0.0544 
3 0.024 0.0502 
4 0.017 0.0356 
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Table 7.8: Magnetic Flux Density Vs Voltage (B ex V) 

Current Voltage Flux Density (B) 
I v Tesla (T) 

2.7 50.4 0.021 

4.0 75.3 0.034 

5.31 100.5 0.046 

6.25 119.4 0.058 

11.5 220 0.1165 
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