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Abstract

Electric motors are the ubiquitous workhorses of the industry, working a in wide

range of conditions and applications. Modern motors, designed to exact ratings

using new materials improved manufacturing techniques, are now much smaller but

have higher loadings. They are being operated much nearer to the point of overload

then ever before. To ensure a satisfactory life span for the motor, temperature rise

must be limited to safe values. A lumped parameter thermal model has been devel-

oped, which allows rapid and accurate estimation of the temperature distribution in

a machine. The lumped parameter thermal model depends on the accurate knowl-

edge of the thermal coefficients and more importantly the loss distribution. Hence

the temperature time technique was implemented to investigate the iron loss den-

sity distribution. Experimental results are discussed and loss density information

throughout the volume of the machine was generated.

A novel method of determining the thermal coefficients employed in the heat flow

equation was investigated, using the thermal lumped parameter model of a machine.

Finally a 2-D finite element method was used to corroborate, or otherwise, the use

of the lumped thermal network model.
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Chapter 1

General introduction

Electric motors and drive systems account for 64% of industrial electricity consump-

tion [1]. With the rise in energy costs it has become increasingly desirable to save

electrical energy whenever possible. Energy which is not converted into useful work

results in heating of the various motor components, and accounts for the motor

losses. Obviously, the quantity of heat generated must be effectively removed to

prevent damage to the machine. Although the losses are lower in smaller motors,

they are no less susceptible to thermal problems. In absolute quantity, the losses in

small machines are generally higher, per unit output, than for large machines [2].

Today the importance of energy conservation is widely recognised, and has given

rise to many publications aimed at reducing energy consumption in industry. It is

estimated that about 50% of electricity supplied to industry in the UK, in 1976,

was consumed by electric motor drives [3]. A corresponding study in the USA

revealed that 64% of the energy generated was consumed by electric motors [4].

These indicate the global importance and wide spread application of electric motor

drives in industry.
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With the implementation of more advanced cooling systems and the development of

efficient integrated combinations of machine and power electronic circuits the use of

the AC machine is now more widespread and a recent survey [3] in America found

that about 53% of the total industrial electricity consumption was by AC motors. A

similar survey [5] in Japan suggested that AC motors account for 85% of the market.

It has been predicted that for the period 90-95, European sales for DC drives will

increase by 20% whilst AC drives will leap by a massive 83%.

Of the various types of AC motors, the induction type is by far the most popular and

most widely used. Their major advantages are low cost per kW output, simplicity,

robustness, and high reliability. They operate for considerable periods in harsh

environments with minimum maintenance, and have consequently become the work

horse of modern industry. With the continued development of new methods of

increasing efficiency, the induction motors will continue to dominate industry [6,7].

For years, industry accepted low load efficiency as a compromise for the many ad-

vantages of induction motors. However, the losses which were tolerable are now

no longer acceptable as the trend is towards increasing rating for each frame size.

Modern AC electric motors are now being operated much nearer to their point of

overload than a few years ago. The traditional large motors, well endowed with ther-

mal capacity and tolerance to over load, have given way to more efficient compact

types which are designed to exact ratings using high quality materials, improved

manufacturing techniques, and computer derived optimum designs.

Thermal modelling and efficiency are very relevant topics in the designs of today's

engineers. Moreover, the trend towards the design of high power to weight ratio

induction motors has stimulated renewed interest in the measurement and prediction

of losses. The calculation of losses in induction motors is particularly important, as it
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directly influences the temperature distribution, and also the overall motor efficiency.

Predicting the temperature distribution is made difficult because of the uncertainties

associated with assigning losses and thermal coefficients. With advanced analytical

techniques, copper losses, can be predicted to a reasonable degree of accuracy. In

contrast determination of iron losses results in different values depending on the

method in use. The discrepancy between the calculated iron loss value and the

experimentally determined value may be of the order of 20% [8].

These losses play an important role in determining the efficiency and temperature

rise [9], and hence, the rating of a machine. The importance of stray load losses in

induction machines was illustrated by Odok [10], who indicated that an improvement

of 5% on the efficiency would mean a reduction in the losses of about 10%45% of

the input power. For the same temperature rise, the power output of the motor

can then be raised by about 15%-20%. Hence, a small improvement of the average

effective efficiency of the industrial motor would save energy. An improvement of

5% would amount to about a 2.5% saving of the total industrial electrical energy bill

of 1977 in this country [3]. Theoretical and experimental work on stray load losses

in induction motors have been carried out previously, but yet the present knowledge

of the phenomena is by no means adequate for design purposes. The works of

Murkherji [11], Schwarz [12], and Jimoh et al [13] provides a comprehensive list of

references to published works on measurement of these losses, and discusses their

origins.

The discrepancy between the practical and analytical results, on iron losses in general

and stray load losses in particular, calls for the consideration of different approaches

to the study of this topic [13]. The designer is in need of an easy and accurate method

of measurement that would permit these losses to be studied more intensively, and

in all probability to be ultimately reduced.
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The accurate prediction of these losses, therefore, has a direct bearing on the overall

cost and hence, competitiveness of a particular motor design. It was decided that a

systematic and objective investigation of these losses in induction motors is imper-

ative. To set the work in context, an up to date literature survey of published work

on losses in induction motors is presented in chapter 2.

Schwarz [14] stated that the most accurate method for determining losses in ma-

chines of all types, is to use a direct calorimetric method, which is a relatively simple

universal method. The thermal methods [15,16,17,19] offer some scope for indirect

measurement approaches, since these depend only on losses. By using this approach,

not only can the iron losses be determined but also separated into fundamental com-

ponents. This information will enable the machine to be redesigned effectively to

improve the efficiency and performance. The temperature time technique pioneered

by Laffoon and Calvert [18] and later developed by Gilbert [19], relies on the fact

that if a body is initially at a steady state temperature, when the internal heat

source is removed, then the initial rate of change of temperature at any point is

proportional to the heat input, i.e. loss density at that point. This method has

a twofold purpose, firstly to determine the iron losses, including stray losses, and

secondly to enable the spatial loss density distribution to be obtained throughout

the machine. The latter has great importance in the determination of tempera-

ture distribution using either the lumped parameter thermal network or numerical

techniques. Chapter 3 covers the theory and the performance of the method.

Electrical machines are composite structures in which the materials used range from

conductors to insulators. The diverse combination of materials gives rise to a myriad

of thermal problems unique to electric machinery and the solution to these problems

has a great impact on the cost, size and to some extent, the feasibility of a particular

design. Thermally, the insulation is by far the weakest component in any motor [20].
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Deterioration of the electrical properties of insulation, caused by excessive tempera-

ture, occurs before any other material is affected. Overheating reduces the motor life

and, if sufficiently severe, produces immediate burnout. On the other hand, the iron

laminations are also subjected to thermal limitations since these are insulated from

each other using materials which vary from organic varnishes to inorganic coatings,

all of which have some thermal limit. To ensure a satisfactory motor life time, the

winding temperature must therefore remain within its designated insulation class

limit. In the view of the trend towards smaller motors, the risk of abnormal thermal

conditions increases and the motor must therefore be protected against overheating.

For many years the most reliable design tools for thermal design was test informa-

tion obtained from other machines. This has led to the thermal designs based on

overall losses, heat transfer area, average heat transfer coefficients, etc, for existing

machines. This approach does not lend itself well to machines outside the range of

test information available. Today designers rely on a more detailed approaches such

as thermal networks, finite difference/element methods.

Thermal models [17,21,22,23,24,26,27] based on lumped thermal network; are simple

and can give relatively accurate representation of the thermal conditions within the

machine. It is based on the analogy between Ohm's law for electrical conduction

and Fourier's law for heat conduction. The principal of the method is to divide

the machine into a number of regions each of which is modelled as a point source

approximating to the mean temperature of the region. These are interconnected

to their neighbours by thermal admittances derived from a basic region geometry.

Soderberg [23] presented a model to represent the approximate solution of the heat

conduction processes and applied it to a large turbo generator with radial ventilation.

Here the stator structure is divided into the tooth region and core which is connected

to the teeth. In the analysis, the internal losses in the machine are assumed to be
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generated at a number of locations and interconnected by an equivalent resistance

network, each of which can be determined analytically.

The lumped parameter model has also been used for studying the heat flow within

electric machines. An approximate equivalent network [15,16,21] has been used to

represent the whole machine. Others introduced drastic assumptions to alleviate the

complexity of modelling the actual bulk conduction and convection processes [22].

Recently, a more refined thermal network has been reported [17,24,26] for a wide

variety of machine configurations, and operating conditions. A number of authors

applied such steady state models to the transient case by associating a thermal

capacitance with each element [26,28].

The lumped parameter thermal model can be implemented in the electronic circuits

which receive their information from motor currents. In so doing the electronic

circuit takes into account not only the heating effect of the current in the winding,

but also the heat sink effect of the body of the motor, iron core, and the transfer

of heat from copper to iron. They can also stimulate the cooling of the motor,

depending on whether the motor is running or stationary. The equivalent thermal

circuit is the heart of sophisticated electronic protection relays [29], and it is a means

by which a designer is able to predict temperature rise in an induction motor.

A detailed study of the thermal parameter lumped model is covered in chapter 4,

and its application to a 4kW totally enclosed fan cooled induction motor along with

its solution is given in chapter 5.

For a prediction of temperature within an electric machine it is necessary to know

the location and magnitude of heat loss, the thermal properties and the thermal be-

haviour of the cooling system. However, considerable uncertainties exist regarding
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the thermal conductivities of the materials from which the machine is constructed,

and the film coefficients at the cooled surfaces [30]. There are often discrepancies

in the measured thermal conductivity, even of common materials, without it being

at all clear whether the divergence is due to difference between samples or to inac-

curate measurements. On the other hand, the subject of thermal conductivity in

machines is unlikely to be dealt with thoroughly because of the difficulties involved

in a rigourous treatment [31]. For example, there is a considerable difference in the

methods of insulation, fitting of the coils into the slots, impregnation of winding

etc., of various types of machines, all of which cause variations in the thermal con-

ductances. There may also exist slight constructional differences between identical

machines which contribute to unpredictable differences in the thermal behaviour.

Therefore, the thermal coefficients that are necessary for the temperature calcula-

tions cannot be determined directly from values of specific thermal conductivities

taken from tables of physical properties. Such data must be obtained by analysis

on actual machines.

Information on thermal properties is characterised by two facts; what is known

is widely and confusingly scattered , and the unknowns generally outnumber the

known [32]. Roberts [30] measured the thermal conductivities of packets of enam-

elled laminations of various thicknesses and compressions and showed that the ther-

mal conductivity along the lamination depends on the silicon content, whereas the

thermal conductivity normal to lamination depends on:

• Individual lamination thickness

• Surface finish of the laminations

• Pressure under which laminations are clamped

• Type and thickness of interlaminar insulation
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The whole subject thus remains clouded due to the discrepancies that exist for

many materials. The uncertainty can be dispersed only with an infusion of reliable

data which can be accomplished by becoming aware of the difficulties and pitfalls

that are so prevalent in the determination of this property. Chapter 6 deals with

an improved method of determining the apparent thermal conductivities using an

equivalent thermal circuit of the whole machine. The accuracy of the method relies

on the accurate knowledge of the temperature and loss density distributions within

the machine.

In recent years, digital computers have made a very large impact upon design meth-

ods for rotating electrical machinery, and have literally revolutionised the design

process which continues unabated. For the problems involving complex material

properties and boundary conditions, the engineer resorts to numerical methods that

provide very accurate results. The accuracy and efficiency of the finite element

method in comparison to the standard finite difference method used for computa-

tion of temperature was studied by Emery and Carson [34]. They demonstrated

that the computation of the steady state temperature using finite element method

is superior. A two dimensional finite element method for the solution of the steady

state heat flow in the stator of induction motor has been studied by Sarkar et al [35].

A more elaborate three dimensional finite elements have been introduced for the so-

lution of both steady state and transient heat flow equations in the stator cores of

large turbine generators by Armor [36,37] and Sarkar et al [38,39]. Since there were

discrepancies between the results obtained experimentally and those obtained using

the lumped parameter model, the finite element method was used to corroborate, or

otherwise, the results of the lumped parameter model. Chapter 7 discusses the use

of the finite element method used to establish the temperature distribution in an

induction motor. The results of the lumped parameter and finite element methods

were compared and conclusions drawn.
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Finally, conclusions and recommendations for further work are reported in chapter 8.
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Chapter 2

Losses in Induction Machines

2.1 Introduction

An electric machine converts mechanical into electrical energy in the generator mode,

and electrical into mechanical in the motor mode. In so doing, the machine incurs

losses which are lost as heat. These losses determine the efficiency and the ventila-

tion requirements of the machine so that the allowable temperature is not exceeded.

To obtain maximum efficiency and reliability from a machine, considerable care

must be taken by the designer in utilising different methods of minimising losses,

and providing sufficient thermal capacity in the machine to absorb and/or dissipate

the losses associated with any desired duty cycle. Industrial motor standards are

continually improved and updated by the addition of new materials, or by changing

the existing materials to produce appropriate recommendations aimed at achieving

these objectives. Moreover, as energy conservation is becoming increasingly impor-

tant, the trend is now towards development of high efficiency motors as well as

motors with high power to weight ratios. Therefore, in the construction of modern
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electric machines, every effort is made to take full advantage of active materials in

order to raise the efficiency and reduce the weight of the machines. Whilst most

users of electrical machines will agree that losses take second place to reliability,

nevertheless they play a significant role in the assessment of tenders. Therefore,

there exists a strong case for trying to evolve methods for accurately measuring

these losses.

Losses are produced by magnetic fluxes and electric currents in electric machines

which have complicated distributions such that the sources of losses are often am-

biguous. Furthermore, when heat is generated its dissipation follows yet another

complicated thermal pattern since the machine consists of materials which have dif-

ferent thermal conductivities in different directions. The cooling medium also has

a major effect on localised temperatures and again the distribution of the flow of

coolant is almost indeterminable [40]. As a result, various classifications of losses

have been adopted for practical purposes. British standard [41] subdivides losses in

a machine into three components:

a) Fixed losses

1. Losses in the active iron, and additional no load losses in other metal

parts

2. Losses due to friction

3. The total windage loss in the machine

b) Load losses

1. PR losses (copper losses) in primary windings

2. PR losses in secondary windings

c) Additional load losses
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1. Losses introduced by load in active parts and other parts other than the

conductors.

2. Eddy current losses in primary or secondary winding conductors caused

by current dependent flux pulsation

Another alternative is to segregate losses into [42,44

a) No load losses

1. Iron losses

2. Windage and friction losses

b) Load losses

1. Stator 12 R losses

2. Rotor PR losses

3. Stray load losses

The last classification is taken as the basis on which to discuss the losses occurring

in a squirrel cage induction motor. Fig. 2.1 gives the global scheme according to

this classification.

2.2 No load losses

2.2.1 Iron losses

Iron losses are the losses that occur in the iron as a consequence of an alternating

magnetic field. The losses comprise hysteresis and eddy current losses resulting from
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the induction of currents which circulate within the conducting material. The iron

losses mainly occur in the stator magnetic sections, since under normal operating

conditions the frequency of the rotor flux is low, resulting in small rotor losses.

Iron losses can be calculated empirically, but it has been shown [8] that this gener-

ally results in a higher figure for iron loss than that obtained using a more rigourous

analysis based on tests. A rigourous analysis of hysteresis losses, however, is difficult

owing to the fact that not only does the angle between B and H vary throughout the

given cycle of magnetisation, but the shape of the loop itself varies with the max-

imum value of the magnetisation. Rao [44] approached the problem by replacing

the actual hysteresis loop with an ellipse which has the same maximum magnetisa-

tion and the same area as the closed loop, and hence was able to establish that the

saturation of the mean magnetisation curve results in iron loss different from eddy

current loss.

An attempt to find a more accurate method of calculating iron losses with minimum

empiricism was presented by Alger and Eksergian [45] in which flux densities in the

core of a cylindrical machine, corresponding to a sinusoidally distributed radial

air gap flux density were determined by solving Maxwell's equations for a smooth

air gap boundary. It was observed that the flux density vector at each point of

the core describes an elliptical cycle. Thus by formulating the problem in terms

of radial and tangential components of the flux density, eddy current losses due

to these components can be calculated separately, since they are always mutually

perpendicular in space and can have no interaction.

Linkous [46] attributed higher core losses to skew of the rotor currents with respect

to the stator currents, which resulted in higher flux density in the end laminations

than the middle region.
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The introduction of computers has led to the application of powerful numerical

techniques, such as finite element and finite difference methods to the electromag-

netic modelling of electrical machines. This has since been extended to the thermal

modelling of electrical machines [33,36,38]. Lorenzen and Nuscheler [47] suggested

that the basic requirement for loss calculation is a knowledge of the dependence on

space and time of the flux densities in the plane of lamination. They ascertained

this dependency by using a 2-D finite difference method which took into account

the anisotropy and nonlinearity of the material. However, the problem of empiri-

cism still exists since the iron loss in the discretised domain is determined using the

measured power loss information for the same material derived using semi-empirical

methods. Bertotti [8] used a 2-D finite element model to compute the iron losses.

Here the peak flux density was evaluated in each element of the mesh to determine

the corresponding loss through a known dependence of the loss versus induction,

as provided by the standard material specifications. Bertotti concluded that the

computed core losses were about 20% lower than the measured and attributed this

to the additional loss contribution from eddy currents in the stator cage and the

actual deterioration of the material properties during lamination punching and core

assemblage. In a more recent publication, Atallah [48] used finite element analysis

to obtain a series of instantaneous magnetostatic field distributions within a perma-

nent magnet brushless DC motor. The localised iron loss densities were determined

for an infinitely long machine by analysing the temporal and spatial variation of the

flux density distribution. From this it was concluded that the iron loss markedly

alters and is dependent upon the operating conditions of the machine.

An alternative method for determining iron losses is the calorimetric method. Since

all the power losses within machine appear as heat, the determination of the losses

through the accurate measurement of the heat output from the machine is possi-

ble. This has the advantage that the losses are obtained directly in terms of heat
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units, which can be measured to a relatively high degree of accuracy and make no

assumptions regarding type of supply or frequency. Laffoon and Calverts [18] used a

calorimetric method to determine the losses of a high speed synchronous machine by

measuring the volume and temperature rise of the cooling medium, and concluded

that while the calorimetric method is quite satisfactory for measuring total losses, it

is not applicable for measuring the specific heat loss in different parts of the machine,

since these usually represent a small percentage of the total measured loss. The main

drawback is that this method is slow, tedious and it is often difficult to obtain a

perfect heat insulator to eliminate all heat leakage. Furthermore, the accuracy of

the method relies heavily on the accurate measurement of air flow, temperatures,

pressure, humidity, and their distribution across the flow path. Turner et al [49]

avoided the necessity of measuring the relative humidity, barometric pressure, and

the temperature and the flow profile across the entry and exit ports, by providing a

heat source within the calorimeter. Initially, the machine is externally loaded and

operated at the desired load until the temperature rise in the air flowing through

the calorimeter is constant. The unexcited machine is subsequently rotated and

the air flow rate kept constant, ensuring that the flow conditions in the equipment

remained the same, and heat is supplied to the air by an alternative source (heater).

The electrical input to the heater is then adjusted to give a temperature rise in the

air flow which is the same as that measured during the first test. From the test

results, it was estimated that the resolution of the method was approximately 0.8%

of the full load and 2.6% of the no load excluding friction and windage losses.

2.2.2 Friction and windage losses

In fan cooled machines the power required to drive the fan and to overcome the air

resistance presented to the other rotating parts of the machine is classed as windage
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loss. Losses caused by the resistance to the motion within the bearings is classed as

friction loss. In reality it is not possible to separate the windage and friction losses

in a machine as both are associated with rotation. Nevertheless, at low speeds the

windage losses associated with rotation are small and an estimate of friction loss can

be made. On the other hand, at high speed the predominant component of these

losses is due to the external fan which drives cooling air across the machine frame.

These friction and windage losses are usually empirically determined. For example,

Alger [50] estimated that a typical value for friction and windage losses in a 7.5

kW, 1800 rpm induction motor is about 1.5% of its full load output, and increases

roughly as square root of the speed.

In practice, the measurement of iron, friction and windage losses are straightforward

using a series of no load tests despite all the complexities involved in their prediction.

In the no load test, the machine is run at rated voltage and frequency without any

connected load until the power input becomes constant. The power input at the

rated voltage will therefore be the sum of the friction and windage, core, and no

load primary copper losses. Subtracting the calculated copper losses at the test

temperature from the power input gives the sum of the friction and windage, and

core losses. The friction and windage losses can then be segregated from the core

losses by varying the applied voltage, at rated frequency, between 125% of rated

voltage down to about 25%. Since the speed will only vary slightly during the test,

friction and windage losses will essentially be constant and by extrapolating to zero

volts these losses can be determined as shown in Fig. A.3 in appendix A. For greater

accuracy a correction for the stator copper loss should be made by deducting the

appropriate values of I2 R before plotting the power curve.
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2.3 Load losses

2.3.1 Copper load losses

Copper losses are a consequence of current flow in the stator and rotor conductors,

and can be calculated from the equation 12 R, where R is the circuit resistance which

is a function of both temperature and frequency.

Measurement of copper losses follows the general method outlined in standards [41,

42]. The stator copper loss is directly determined by measuring the d.c. resistance

of the winding at a known temperature and adjusting the resistance for temperature

effects using

Rt = Ra (1+ cr(Ot — Oa ))	 (2.1)

where,

lit :the test value of the winding resistance

Ra :the winding resistance at the ambient temperature

Ot :the test winding temperature in degree Celsius

Oa :the ambient winding temperature in degree Celsius

a:the temperature coefficient of resistance

and multiplying by the square of either a measured or calculated primary current.

Rotor copper loss is determined indirectly by measuring the slip and the input power

at the required load and is given by

Q2=(Qin - Stator I2 R - Iron loss) x S
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where S is the slip

Generally, stator windings are made up of relatively small wire gauges and skin effect

can be neglected. Thus only the temperature effect, which alters the resistivity of

the conductors, needs to be considered.

If the conductors are of a large cross sectional area, as in the case of squirrel cage

induction motors, the apparent resistance will be different from the d.c. resistance at

high slips due to the distorting effect of the induced currents in the conductor, and

the effect of current in adjacent conductors and surrounding iron, which result in the

current being forced towards the top of the conductor. The effective resistance of

the conductor can be calculated from the assumption that all the current flows with

uniform density within the skin depth. Liwschitz-Garik [51,52] developed analytical

equations detailing the calculations of the skin depth and showed that the skin depth

is approximately independent of shape.

2.3.2 Stray load losses

Stray load losses are defined as the additional losses which occur due to changes

in the load condition. These losses are partly due to eddy currents in armature

conductors, solid copper, end ring; hysteresis and eddy current in portions of the

main magnetic circuit as well as in the stationary structural parts of the machines.

Some theoretical and a considerable amount of experimental work [13] has been car-

ried out to quantify these losses in electrical machines, but the present knowledge of

this phenomena is by no means adequate for design purposes. Although this subject

has been investigated for many years there is still disagreement on the definition and

components of stray load losses. According to Jimoh et al [13] the major reasons
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for the confusion are associated with the following:

• Each author made the classification compatible with his own contribution.

• The confusion in identifying the components that constitute differential leakage

fluxes.

. The confusion that arises from the use of term 'leakage flux' and 'harmonic

flux'

• The confusion that arises from the inter-usage of the terms 'differential leak-

age', 'zigzag and phase belt leakage', and 'airgap leakage' even though they

are the same.

The most objective definition is that given by Alger et al [53] which defines the

losses as the excess of the total losses actually occurring in a motor at a given load

current over the sum of the calculated copper losses for that current, the no load

core losses, and the friction and windage losses. Christofiedes [54] defines stray load

losses, in a mathematical form, as the difference between the total power loss of the

machine on load and the losses determined by the loss segregation method.

Qstray = Qt — (QI +Qfw+Qsc+Qrc)

where

Qstray:stray load losses,

Qt:total losses of the machine on load,

Q fw:friction and windage losses,

Q i iron losses deduced from no load test,

Qsc and Qr, are the stator and rotor copper losses respectively.
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This definition is based on the way that stray load losses manifest themselves under

load conditions. It does not define load losses in terms of their causes, nor does it

state the place at which they are dissipated.

Included in the definition of Qstray are the losses due to the flux harmonics known as

tooth pulsation fluxes, produced by the slotting on either sides of the airgap. These

harmonics are independent of the currents and their amplitudes depend only upon

the variation in the airgap reluctance and the magnitude of the main flux. Since

these losses are also produced on no load when the machine is excited by a purely

sinusoidal airgap m.m.f, they are hence fundamentally different in nature from the

losses produced by the m.m.f harmonics, and are defined as stray no load losses [12].

No standard list of stray load loss components exists, however, it is important to

know the nature and the origin of the component of stray load losses. For clarity

the major components of stray load losses and their descriptions follow:

1) Losses due to slot leakage flux: These are due to current flow along the

stator slots which give rise to leakage flux across the slots. The cross field in the slot

produce additional copper losses through skin effect which forces the current to flow

in the top part of the conductor, thus decreasing the effective area of the conductor

and increasing its resistance.

2) Losses due to the end leakage flux: The peripheral currents in the overhang

of the end winding set up fluxes which enter the laminations in the axial direction

and penetrate the end region metal parts. This leakage flux induces eddy current

losses in the conductive components of the stator end region. These losses vary not

only with the design of the end winding but also with the distance of ventilating
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shields, the centres of the peripheral currents in the stator and rotor end windings

and the distance of the end metal parts from the end windings [53], etc. Due to

the geometrical and electromagnetic complexities the estimation of these losses is

extremely difficult. Nevertheless, it has been found that it is satisfactory to assume

that the stray load losses in the end region of induction motor are equal to a portion

of the volt amperes of the end leakage reactance, multiplied by an empirical constant,

usually taken to be equal to 0.3 by Alger et al [53].

3) Surface losses due to zigzag leakage flux: The stator flux distribution in

the airgap is not sinusoidal because the airgap m.m.f wave is stepped due to the

concentration of currents in slots, and the effect of slot openings. These cause slot

frequency pulsation in the radial flux density around the airgap, producing eddy

current in the iron surfaces of the stator and rotor laminations.

The peripheral air gap flux distribution can be decomposed into a series of rotating

harmonics fields, the principal ones being the stator and rotor slot harmonics with

pole numbers equal to 2n 1 ± 1 and 2n 2 ± 1 times the fundamental poles, where

n1 and n2 are the number of slots per pole in the stator and rotor respectively.

Although the slot harmonic fields caused by both the slot openings and the steps

in the m.m.f distribution have the same frequency and number of poles, the losses

due to the stator slot openings (permeance harmonic loss) are at no load, while the

losses due to nonsinusoidal m.m.f are at load losses. An analytical study of these

losses was carried out by Christofides [54] who concluded that when the flux paths

become saturated by the main flux, the harmonic m.m.f and flux density waves are

appreciably reduced resulting in a reduction in surface losses.
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4) Losses due to belt leakage flux: The low order harmonic fields due to the

phase belts of the stator winding also induce currents in the rotor producing addi-

tional losses. These losses are small in wound rotor machines but are of importance

in squirrel cage motors. For these fields the impedance of a squirrel cage motor is

small in comparison with the magnetising reactance when the machine is operating

at full load. Therefore all the stator load current is assumed to flow through the

rotor for the phase belt harmonics. Alger et al [53] gave an expression for these

losses assuming the magnetising current to be neg

5) Losses due to skew leakage flux: When the rotor slots are skewed one slot

pitch, assuming the current to be the same throughout the length of the bar, there

is a phase displacement of the fundamental m.m.f waves of the stator and rotor

towards the two ends of the core [46]. This phase displacement increases linearly as

one moves away from the centre of the active conductor in the axial direction to the

ends, to give a corresponding increase in the radial flux density and hence producing

extra losses known as skew leakage losses.

6) Rotor pulsation and 12 R losses due to zigzag leakage flux: These losses

are due to the penetration of high frequency fluxes into the rotor teeth, causing

circulating currents in the rotor windings. One of the most important parameters

influencing the magnitude of these losses is the number of the rotor slots, since

this determines the degree of coupling between the slot harmonics and rotor circuit.

From this point of view, the ideal arrangement would be to make the stator and

rotor slot numbers equal to ensure minimum harmonic penetration. In practice,

this introduces undesirable cogging torques. With unequal stator and rotor slot

numbers, the net circulating voltage, due to the stator slot harmonic field, around

each rotor tooth depends upon the difference between the slot numbers. As the

ligible.
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ratio of rotor to stator departs from unity, more stator slot harmonic field pass

down to the rotor teeth greatly increasing the pulsation and I2 R losses. However,

if the slots are skewed one stator slot pitch, regardless of the slot ratio, the voltage

induced in the bars will be nearly zero, but there will be a considerable voltage acting

across the slots. Where the bars are not completely insulated, the difference in the

voltage induced between adjacent bars will cause currents to flow in a circumferential

direction. These currents produce extra losses in the teeth, and also some I2 R losses

in the bars [55].

In the design of a high efficiency machine it is important to know the magnitude

of these losses so that steps may be taken to reduce them. There are direct and

indirect methods of determining stray load losses and they are presented in the IEEE

Std.112 [42].

1) Direct method: The stray load losses are determined by the input-ouput

method which consists of measuring the input and output powers, the difference

being the total loss in the machine. From this copper losses in both stator and

rotor, stator iron losses and friction and windage losses are then subtracted to give

the stray load losses. This method can be inaccurate as it requires the subtraction

of two nearly equal quantities and hence demands a very high level of measurement

accuracy. Schwartz [12], for example, showed that for a machine of 90% efficiency

an inaccuracy of only 1% would produce an error of 10% in the losses which is of

the same order as the stray load losses being determined.

2) Indirect method: For the strict compliance with IEEE Std.112 [42] the stray

load losses are determined by the reverse rotation test. This test is based on the

assumptions that tooth frequency flux pulsations are the main source of high fre-
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quency stray load losses; that these losses can only be supplied by mechanical power,

and that their value is the same for both full speed forward and reverse rotations.

However, Chalmers and Williamson [61] have shown that these assumptions are, to

varying degrees, fundamentally incorrect and this view supported by Bird [56], and

Schwartz [12].

Stray load losses of induction motors are critically dependent on the power factor

which determines the phase relationship between the stator and rotor m.m.fs. The

tests devised and employed for the measurement of stray load losses come under two

groups:

a) Full load test methods

1. Input-output

2. Pump back

3. Calorimetric

4. Differential dynamometer

5. Mechanical differential

6. Back to back

b) Light load test methods

1. Ac/dc short circuit

2. Reverse rotation

From theoretical and practical investigations Schwartz [12] concluded that making

an allowance for stray load losses is a reasonable and practical method for declaring

efficiency. However, if no figures are available from test methods outlined above, a

24



nominal value of 0.5% of the input power for motors is approved by British Stan-

dard [41]. ANSI [57], however, states that unless otherwise specified the total value

of stray load losses at rated load is equal to 1.2% of the rated output for motors rated

less than 1865 kW, and 0.9% of the rated output for motors rated at 1865 kW and

greater, when using method Fl stated in [42]. For some designs of small machines

these losses might be higher than 0.5%, several authors have reported values well

above this limit. Barton and Ahmad [58] demonstrated that the figure quoted by

British Standard [41] was totally inadequate. A further shortcoming was given by

Alger [14] who observed that this practice does not give the designer any preference

nor encourage development work in this subject.

In general, the induction motor operates at near constant speed. Certain applica-

tions, however, call for variable speed induction motors, and modern methods of

static frequency conversion have liberated the induction motor from its historical

role as a fixed speed machine. However, because the output voltage and current

of static converters are nonsinusoidal, and rich in harmonics, they have adverse ef-

fects on the induction motor performance. In general, the nonsinusoidal waveform is

treated by decomposing it into fundamental and associated harmonics, considering

their effects separately. This approach, whilst satisfactory for calculating copper

losses, is not accurate for calculating iron losses because of the nonlinearity of the

magnetic circuit [59].

The presence of harmonics in both the stator and rotor currents means that the

total r.m.s value of the currents will be larger than the fundamental value hence

an increase in losses. At harmonic frequencies the current distribution within the

bar does not remain uniform due to skin effects, and this increases the resistance of

the bar, which not only dependents on bar depth but also on the shape, material,

frequency and slot topology. Klingshirn and Jordan [60] pointed out the presence of
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harmonics in the applied voltage waveform can cause the flux density in the air gap

to be approximately 10% greater than the fundamental value, leading to an increase

in the stator core losses.

According to Chalmers and Williamson [61] the complexities of the problem and

small amount of iron losses to be expected, do not justify the time consuming calcu-

lations involved in taking the nonlinearity into account. This opinion is not shared

by Klingshirn and Jordan [60] who have taken into account the problem albeit by

rather simplified methods.

An appropriate method for assessing losses is to use electrical network models. The

method represents the machine by lumped circuit parameters from which losses can

be calculated. Benamrouche [62] examined in detail three models to calculate the

losses of a 4kW induction motor with sinusoidal and nonsinusoidal supply. The

first model is based on the conventional Steinmetz equivalent circuit, the second on

an equivalent circuit modified to account for stray load losses, and the third is the

extended chain equivalent circuit. The loss components calculated for each model

were compared to those obtained experimentally. The conclusion drawn was that

present induction motor models are not sufficiently accurate due to the difficulties

involved in modelling iron losses.

2.4 Conclusion

In an induction motor, losses in magnetic materials account for 10-20 % of total

losses [7]. The iron loss effectively reduces both the output capability and possibly

the life of the machine. To limit these undesirable effects a prior requirement is

to accurately assess the iron losses, and understand their nature and ideally their
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spatial location. Conventional induction motors incorporate steel rotor and stator

cores, which are laminated to inhibit the flow of eddy currents. Core materials have

developed rapidly over the last 20 years. Today, thin steel plates (down to 0.18mm)

can be produced for laminations, and the steel suppliers have improved the grain

size, and removed the crystalline structure altogether in some cases (in amorphous

alloys). This has increased the permeability of the alloys and has reduced eddy

currents and hysteresis in cores formed from these materials.

While the methods stated in this chapter are quite satisfactory for calculating the

losses, there is no method for checking the distribution and location of the losses

throughout the various parts of the machine. An accurate knowledge of the loss

distribution is essential for temperature rise calculations which forms one of the

major objectives of this thesis, and this is dealt with in detail in chapter 4.

Although the problem of stray load losses has been treated in a great number of

papers, the questions concerning this subject qualitatively are still not clear. The

experimental investigation of stray load losses in an assembled machine poses one

of the most difficult measurement problems in the assessment of a machine. The

difficulties in the measurement of these losses lie not only in the complexity of the

measuring method but rather in the degree of accuracy required.

A satisfactory method for determining the distribution of losses within the machine

and for providing information on stray load losses is the temperature time technique.

The following chapter discusses this method and discribes its application to the

thermal analysis of induction motors.
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Chapter 3

Local loss density measurements

using a thermometric method

3.1 Introduction

The heat generated within a machine is transferred to surrounding regions by a com-

bination of conduction, convection and radiation processes. The dominant processes

in heat transfer within the motor, and to the environment, are conduction and con-

vection whereas radiation is important only on the outer surfaces. Conduction is the

first stage in the process of heat flow from the generation site to the outer surfaces,

after which convection takes over. The conduction process can be mathematically

described using a second order differential equation of the diffusion type, whereas

the convection mode is described by Newton's law of cooling. Any accurate thermal

model must therefore encompass these modes of heat transfer.

Thermal models fall into two categories; those employing numerical techniques [33,
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36,38], and those using lumped parameters [17,21,22,23,24,26]. In the first category,

which includes finite element and finite difference methods, the machine is discretised

into small elements, or grids, and the appropriate heat flow equations are applied to

each finite element, or to each node. These methods account well for the conduction

mode of heat transfer but it is very difficult to obtain such satisfactory results with

the convection and radiation modes [24]. These methods produce a large amount of

data, and hence require a large amount of computation to obtain reasonable results.

The second category, based on an electrical circuit analogy, is conceptually simple

and requires the machine to be divided into a number of homogeneous elements

or blocks, each of which is treated as a node and connected to adjacent nodes by

thermal conductances. Heat generation, or storage, in the element is assumed to

occur at the nodes. The appropriate choice of thermal network depends on the level

of accuracy which is being sought. In general, it is desirable to select a scheme

which represents sufficiently accurately the physical division of the machine into

parts, without being overly complicated as with numerical methods. The thermal

model relies on a complete knowledge of the dimensions of the machine, material

properties, and the heat generated at the different nodes.

The main goal in thermal modelling is to predict the temperature rise rather than the

loss distribution. Recently, however, this method has been extended to the investi-

gation of the distribution of losses within the machine volume using the temperature

distribution as the main indicator of losses. For example, Bahbouth et al [15] applied

the thermal model by dividing a 0.746 kW induction motor into three basic ther-

mal blocks viz, stator windings, stator including the frame, and rotor. Here it was

assumed that the temperature drop in the axial direction of the stator laminations

is negligible, as is the temperature drop between the rotor core and rotor teeth,

and between rotor core and the shaft. Then by comparing the experimental and
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the predicted temperature distribution the loss distribution within the machine was

predicted for different power sources, viz, variable frequency sine wave and inverter.

The same approach was adopted by Oliver et al [16], and a more sophisticated slip

ring induction motor model was developed by Chitlet et al [17]. Similar work was

presented by Numburi and Burten [27] who took steady state temperature rise as

a direct indicator of loss. Their investigation was focussed on the end regions of

the machine where an extensive statistical study was used to interpolate the exper-

imental data from which resulted a simple model representing the interaction of the

copper and iron losses.

The difficulty in determining, numerically, the factors which govern the heat flow,

especially convection and radiation, limits the accuracy of the predicted tempera-

ture distribution. This is further compounded by the need to assume that the heat

flow is negligible in the axial direction. Consequently the predicted temperature

distribution, and hence loss distribution within the volume of the machine, are inac-

curate. To remove any ambiguities related to the loss distribution, a thermometric

method based on the temperature time method is used. The method was pioneered

by Laffoon and Calvert [18] who applied it to measure the core loss in a synchronous

machine, and further developed by Gilbert [19] who used it to investigate the core

losses of alternators and transformers. The temperature time method has been ap-

plied by Czerhisky and MaCmillan [63] in a novel manner to measure the core loss

of a magnetic material sample.
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3.2 Temperature time technique

4

The temperature time method is based on the fact that losses generated in the

different parts of the machine, as a consequence of operating conditions, can be ob-

tained by measuring the energy absorbed or released when the operating conditions

are altered. The initial rate of change of temperature is then proportional to the

heat input at the measurement points, provided the cooling remains constant for

the duration of the test.

3.2.1 Theory of the method

For an ideal homogeneous body within which heat is generated and dissipated to

surrounding regions, the heat balance equation is given by [64]:

Q = G(0 — 0,0+ C dT9t	 (3.1)

where

Q:heat input,

G:thermal admittance,

0:temperature of the body,

Oa :ambient temperature,

C:thermal capacitance.

If heat input is removed (i.e. Q = 0) when the steady state conditions are reached,

with all other conditions remaining constant, then Eq. (3.1) reduces to

G(0 — 0a ) =
	 d0	

(3.2)

31



and the solution of the differential equation is given by,

G
0 = Oa + ci exp— —t

C

where c1 is the constant of integration determined from the initial conditions, i.e.

at t = 0 (the instant of switching off), 0t=0 = 00 , steady state temparature. The

resultant expression for the temperature is thus

G
0 = Oa + (00 — 0a )exp— —

c
t

The initial slope of the cooling curve is given by

C

O	 G
Tt ) t....0 = — T;(00 — Oa )	 (3.5)

Moreover, prior to the removal of the heat input, when steady state conditions were

reached g = 0, and so from Eq. (3.1)

Q = G(00 — 0.)	 (3.6)

The loss density is therefore given by substituting Eq. (3.6) in Eq. (3.5) to give

(c19)
Q = —C	

0	
(3.7)

t_,dt j 

Hence, for any point within the volume, the rate of heat flow (loss density) is pro-

portional to the initial rate of decrease of temperature.

The temperature time method therefore involves the measurement of temperature

at selected locations over a short period of time.

3.3 Selection of sensors

To implement the temperature time method, the temperature must be recorded in

the shortest time possible. Furthermore according to Ball and Lorch [65], the tem-

perature sensor should be as thin as possible to reduce the influence of its thermal

(3.3)

(3.4)
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mass on the local temperature rise, which is particularly important for short mea-

surement times. Moreover, if such a sensor is to be embedded, for example in the

stator, then the diameter of the drilled holes should be as small as possible so that the

magnetic circuit is not disturbed. Thermocouples should satisfy these criteria and

are small and robust enough to withstand vibration effects. To improve robustness,

the thermocouples should be of the mineral sheathed type. These are integrated

units where the space between the thermocouple wires and flexible sheath metal

is filled with magnesium oxide, which is both a good heat conductor and electrical

insulator. The junction is welded to the tip of the sheath which has the advantage of

a very quick response to thermal changes, and because it is flexible, it can be bent.

However, this cannot be done too often as the wires tend to break, or the insulation

becomes displaced and the thermocouple short circuits. Table 3.1 [66] shows the

characteristics of the commonly used thermocouples, and taking into account of the

range of temperatures within a motor, T type thermocouples were chosen.

Type Conductor material
(positive conductor first)

Temperature
range °C

Tolerance on
temperature C

E Nickel: Chronium/Constantan 0 to 400 + 3
J Iron/Constantan 0 to 300

300 to 850
+ 3

± 1%
K Nickel:Chronium/Nickel:Aliminium 0 to 400 ± 3

400 to 1100 ±0.75%
T Copper/Constantan 0 to 100 + 1

100 to 400 ±1%

R Platinium:13% Rhodium/Platinium 0 to 1100 + 1
1100 to 1400 + 2

S Platinium:10% Rhodium/Platinium 0 to 1100 + 1
1100 to 1400 + 3

B Platinum: 30% Rhodium 0 to 1100 ± 3
1100 to 1550 + 4

Table 3.1: Commonly used thermocouples to British standard
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Mineral insulated thermocouples, supplied by Labfacility Ltd, having a diameter of

0.5 mm, and response time of 0.3 s (manufacturer's data) were used. The metal

sheath is terminated by a pot seal which allows linking to the digital read out unit.

A special plug is fitted with the connecting pins which are made from identical

thermocouple material to that of the mating socket. This arrangement allows rapid

fitting without sacrificing thermocouple conductor uniformity. The sheath allowed

thermocouples to be correctly placed into the holes. Ball and Lorch [65] showed

that soldering thermocouples on the strip of lamination can cause losses to increase

locally by as much as 50%. It also allows the eddy current in the strip to set up

transient voltages in the thermocouple circuit which seriously interfere with the

thermal e.m.f. Thus the fit was strengthened using a special strength glue, of high

thermal conductivity, which allowed excellent thermal contact to be obtained. In

order to reduce the effects due to the variation of the magnetic fields in the vicinity,

the connecting wires were twisted together to make the circuit non inductive.

3.4 Positioning of thermocouples in the test ma-

chine

The number of thermocouples required for measuring the loss density using the

temperature time method is usually large and depends on the accuracy being sought,

and the effect on the test motor magnetic circuit that may result as consequence

of drilling the holes in the stator of the motor. Owing to the large number of

thermocouples it was envisaged that the casing of the standard production motor

would present a great obstacle to accurately locating and drilling the holes in the

stator. An unwound squirrel cage motor, without the casing, was requested from

Brook Crompton Parkinson Ltd., full details for the motor are given in appendix A.
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For the motor it is desirable to select a scheme which optimises the physical place-

ment of thermocouples. Such a scheme is based on a judgement as to the factors

which are likely to contribute significantly to the generation of losses. For example,

the flux distributions in the stator teeth are different from those in the back iron.

Furthermore, to obtain a volumetric loss density distribution using interpolation

techniques [68] the loss density distribution along the three cylindrical coordinate

directions is required, viz, circumferential, radial and axial. In order to obtain the

total iron loss, ideally, a three dimensional function (axial, radial, and circumferen-

tial) should be defined which can give the loss density at any point of the machine,

and then integrated over the whole volume. The problem of nonlinearity which

exists in machines, makes the determination of this function too difficult, if not

impossible. A reasonable approach, owing to the large number of points at which

the loss densities are to be calculated, and their distribution throughout the sta-

tor iron of the motor, is to divide the stator into two blocks, back iron and teeth.

In view of the aforementioned considerations, three sections were selected for the

measurement of loss density, as shown in Fig. 3.1. Two sections, Si and .93, are

located at the ends of the motor, whilst the third, S2, is positioned at the middle

of the stator axial length. The thermocouples are identified by their numbers as

indicated. The axial loss density distribution was to be determined at a constant

angular position (0 = 900 mech.degs), using thermocouples inserted at t and at

-3L at radii r = 5.79cm and 7.49cm from the centre of the motor. In total sixty
4

four thermocouples were placed in the stator core. To investigate the losses in the

rotor three thermocouples were used; one in the rotor back iron, a second in the

aluminium bar and a third at the surface of a tooth. The thermocouple extension

wires were passed through an axial bore in the shaft and connected to silver slip

rings encased in a strong fixing unit.

Since the motor did not have a casing drilling holes into the back iron to accom-
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modate the thermocouples was not difficult. Drilling holes into the teeth from the

stator bore, however, was not envisaged to be practical since grooves, which are

along the length of the stator bore, would have to be introduced to accommodate

the thermocouple extensions. Furthermore, the relatively small stator bore implied

that machining of these grooves was not possible. The alternative was therefore to

drill all holes from the outer stator surface.

For the rotor, the holes were drilled axially from the non-driven end, as shown in

Fig. 3.2. The leads of the thermocouples in the rotor were led through a hollow

extension of the main shaft and then connected to the rotating slip ring assembly

attached to this shaft extension.

To minimise the introduction of any changes to the magnetic circuit all the holes

were made as small as practically possible (0.7mm). The motor was sent to Brook

Crompton for winding and assembly, followed by positioning and setting of the

thermocouples in this department.

Due to the projection of the thermocouples leads from the stator body, it was not

possible to fit the casing to the stator as is usual. Hence a test rig was developed

which enabled the stator/rotor to be kept in position, whilst allowing all the thermo-

couple extension wires to be brought out from the stator. The test rig consisted of

two aluminium rings to hold the laminations at both ends. The rings were secured

rigidly using three stainless steel bars equally spaced around their circumference.

To protect the end windings, three aluminium blocks were placed between the end

plates and the stator core. The stator was then fixed to the test bed by means of

specially designed mild steel supports. Once the stator had been positioned, the

rotor was then put in place and the end plates secured using bolts. A photograph

of the fully instrumented motor is shown in Fig. 3.3, while a schematic diagram of
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the test motor assembly is shown in Fig. 3.4.

The test motor was mechanically coupled to a separately excited 5kW d.c. machine,

which represented the load for the induction motor. As well as being operated in

generating mode, the d.c. machine was also used to drive the induction motor.

3.5 Testing procedure

In obtaining measurements using the temperature time method the following con-

ditions must be satisfied

• The motor must have reached a steady state temperature.

• The source of heat loss should be removed in as short a time as possible i.e.

load and supply removed instantaneously.

• The speed of the test motor must remain constant after the removal of the

source.

Fig. 3.5 shows a schematic diagram of the electrical circuit which enabled all the

requirements to be satisfied simultaneously by activating a single switch.

The thermocouple outputs were monitored and converted to their corresponding

temperatures using a 10 channel microprocessor based thermocouple unit. Reading

of the thermocouple measurements were taken automatically every lOs over a period

of time, and the data transmitted to a computer where it was stored. Each test run

was made at least twice to establish the accuracy and repeatability of the results.
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