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by Carlos Alberto Mariotoni

The importance of the leakage flux at the stator core back to the 

reliability of the synchronous machine has been increased with the 

constant growth in the machine size. The distribution of core back 

leakage flux is investigated during different operational conditions 

such as short and open circuits, and on-load. The radial, axial and 

circumferential components of leakage flux are measured at the air 

region of the stator core back. Those components help to estimate 

the leakage flux inside the stator core back and can be used to 

determine the effects of the leakage flux on the stator core structure.

The core back leakage flux can induce circulating currents which can 

damage the stator core. The distribution of this leakage flux depends 

on a large number of variables. The most important of them, which are 

discussed in this thesis, are: the levels of saturation in the stator 

core, the odd harmonics in the leakage flux waveform, the distribution 

of eddy currents, the overhang geometry and current, the power factor, 

and the geometry of the stator core and its mechanical structure.

The method of the electromagnetic sources is utilised in order to 

analyse the distribution of the leakage flux at the stator core back of 

the synchronous machine. The mathematical treatment of the 

electromagnetic sources is also presented.
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CHAPTER ONE 

INTRODUCTION

The demand for electric power has increased progressively 

all over the world and has contributed to the increase in rated power 

output of synchronous machines. The stator current of these machines 

has been increased in order to obtain the larger power output required 

since the increase of magnetic flux density is limited by the existing 

magnetic materials. The machine rating has increased more than ten 

times in the last twenty years, and nowadays there exists the 

possibility to construct synchronous machines around 1600MW and it 

may be possible to install machines greater than 2000MW in the near 

future. The physical dimensions of the synchronous machines have had 

to increase in order to achieve the enlarged machine ratings, although 

the increase in dimensions is much less than the increase in ratings.

The price of each kW produced is decreased with the growth 

in the unity capacity and this stimulates the design of bigger power 

output synchronous machines. This has the disadvantage of difficult 

transportation since it is dealing with enlarged sizes and heavier 

weight. The active magnetic components present the greatest 

contribution to this problem while the conducting material quantity 

represents a smaller contribution. Although the rates of material 

weight per unit power (kg/kW) has decreased with the increase in 

electrical machine capacity.

The increase in synchronous machine dimensions and power 

output has further forced the manufacturers to look constantly for 

new means to make machines more economic both in construction and 

operating costs and better in reliability, since the large synchronous 

machines have high efficiency and are expected to carry the largest



share of system load. This has contributed to increasing the need of 

seeking an improvement of the behaviour of both the magnetic and 

electric materials used in synchronous machine components in order to 

allow the required increase in the electric and magnetic loading. The 

improvement in the use of magnetic materials has not made much progress 

compared with the utilisation of conductive material. Therefore only 

a relatively modest growth in the air gap flux has taken place compared 

with the substantial increase in electric loading made possible by 

special cooling techniques.

To minimise the serious problems of heating noticed specially 

in the conductors and iron core, it has become customary to introduce

direct water or gas or oil cooling and radial and/or axial cooling 

ducts in the stator iron.^"^ In synchronous machines having a large 

stator core both radial and axial systems may be provided. The radial 

ducts are introduced between groups of laminations and have the 

disadvantage of reducing the core stacking factor. The axial ducts are 

made up of several holes punched in the laminations in such a way as to 

permit the flow of gas in the axial direction, but this has the 

disadvantage of disturbing the circumferential permeability. Both the 

radial and axial ducts can cause secondary effects disturbing the 

magnetic flux distribution.^

The design of the end region of the large synchronous machines 

has become particularly problematic owing mainly to the increase in 

both the fringing and leakage fluxes caused respectively by larger air 

gaps and increased currents. The specialists in synchronous machine

design have drawn a lot of attention to the end region leakage fluxes 

perpendicular to the surface of the stator core front, specially near 

the toothed area.



It has been demonstrated that the axial leakage flux causes 

troublesome effects at the end region causing the establishment of 

excessive temperature affecting the integrity of the stator core end 

laminations leading, in some cases, to core damage. This flux induces 

eddy currents that circulate in the plane of the stator core laminations 

and cause an undesirable and additional joule loss which can reduce 

both the efficiency and the reliability of machines. Another effect 

of this leakage flux is the fact that it can cause local hotspots in 

the laminations. This has a cumulative effect and can degrade the 

inter-laminar dielectric properties, putting at risk the insulation 

between laminations and easing the establishment of circulating currents 

that can strongly damage the surrounding area.

Because of the necessity to develop techniques that could 

reduce the problems caused by the axial leakage flux at the core end, 

much research has been done^"^^, both theoretically and experimentally, 

using different available means: analytical, analogue representation, 

or by computational methods, in order to achieve both the best stator 

core end geometry and screening techniques that could help to reduce 

axial leakage flux effects. It has become customary to grade the 

corner of the stator core end which reduces the normally directed 

fluxes entering that core region, to place a copper or aluminium screen 

around magnetic plates which tends to deflect the flux away from the 

stator core front laminations preventing the flux penetration, and to 

split radially both the tooth at the end zone and the support finger 

to reduce the heating effects.

The damage in the stator cores is very much disliked by 

the electricity generating companies since any repair causes a very 

long period of inactivity of the machine and involves very high cost.

Even if it is considered that just a part of the stator laminations



needs to be replaced this involves the necessity of removing the 

whole stator winding.

The biggest stator cores built up to now are those of 

synchronous machines. Despite the increased dimensions, their shape 

and construction forms have remained unaltered in their fundamental 

aspects, e.g. the stator core has been built up from packets of silicon 

steel laminations grouped and supported by iron bars and clamping 

plates which fix the laminations in a plane perpendicular to the ‘ 

mechanical axis, therefore, parallel to the direction of the main 

flux. The laminations are insulated from one another by a thin layer 

of varnish to increase the resistance of the eddy current paths. The 

effective thickness of the laminations influences the intensity of the 

induced circulating eddy currents and the thickness is made as small 

as possible to minimise this undesirable phenomenon. Usually 

laminations are 0.5mm or 0.35mm thick considering that a thickness 

thinner than 0,35mm is more difficult to produce, both more difficult 

and more expensive to assemble and also reduces the stacking factor. 

During assembly of the stator core body it is necessary to avoid any 

damage to the laminations' insulation in order to guarantee a highly 

effective inter-laminar insulation. The damaging of the laminations' 

insulation can cause an unexpected increase in the stator core losses. 

Owing to the great diameter of the stator core the laminations are 

constructed in sectors, nine or more, and they are overlapped from 

layer to layer, in halves or thirds, to ease the handling by builders, 

to give more consistency to the stator core and to diminish the 

troublesome effects of the transverse fluxes. The butt joints are 

mechanically necessary and result in the disadvantage of increased 

eddy current losses which could result in hotspots, caused by transverse

fluxes in the region around the butt joints. 32-36



To date attention paid to the stator core structure has

been mainly linked with mechanical requirements, i.e. the building 

bars, key bars and many of the structure components have been designed 

and constructed mainly to guarantee the stiffness of the stator core, 

protecting against both vibration and mechanical forces. Less 

emphasis seems to have been given to their electromagnetic properties. 

Both the support finger and clamping plate used to compress and hold 

firmly the stator core laminations can be mentioned as examples of 

structure components where their magnetic properties can have a 

considerable effect on the leakage flux at the core end. The support 

finger and the clamping plates are made up of non-magnetic material 

(nodumag). Old synchronous machines have magnetic clamping plates.

The substitution of the magnetic clamping plates by non-magnetic ones 

reduces considerably the effects of the leakage flux at the core front 

laminations. A copper or aluminium screening plate at the stator 

core front helps to reduce the penetration of the leakage flux in the 

core front.

The mechanical properties and characteristics of the

structural components have further been affected by the increase in 

the rated power output of synchronous machines because the forces

between both turns of one coil and between coils and their supporting 

structures are proportional to the square of the machine current 

which has been increased considerably. Therefore it means that either 

the strength of the structural material needs to be improved or the 

dimensions need to be increased to support the greater applied 

forces.

It is perfectly understandable that much attention is given 

to the mechanical qualities of the structure as a result of the increase 

in machine size, but it is further possible that some kind of loss



formerly considered as negligible, could be transformed into a 

reasonable amount or could have more significant effects, threatening 

the machine reliability since both the fringe and leakage fluxes 

have been largely increased.

Hitherto, very few investigations have been made dealing 

with leakage flux at the stator core back, but since core faults have 

increased this is starting to receive more attention by the research 

community. Many manufacturers have asked their electrical departments

to give further attention to measuring and analysing the core back 

leakage flux during the standard open and short circuit tests, as 

well as during sudden short circuit tests. The measurements have been 

taken on large synchronous machines' stator cores, but the results are

usually kept confidential and there are few publications on that

subject.

The leakage flux at the stator core back of synchronous 

machines may cause circulating currents which can damage the stator 

core laminations. Actually the core back leakage flux can penetrate 

the stator core structure inducing eddy currents since the flux is 

time varying and the structure components are made of solid steel.

These eddy currents cause an undesirable amount of heating and can 

establish zones of high concentration of temperature at the stator core 

back likely contributing to the establishment of hotspots. Because 

the building bars are solid steel bodies the eddy currents induced 

will be greatly concentrated at the surface which is close to the 

stator core back surface and can transmit temperatures causing the 

increase in the core back temperature.

The core back leakage flux can also establish electric 

fields acting in adjacent laminations. These electric fields can cause 

a breakdown voltage which can damage the inter-laminar insulation and



easing the circulation of eddy currents between the adjacent 

laminations. The inter-laminar eddy current can cause high local 

concentration of temperature which has a tendency to expand 

the damaged area leading to core breakdown. The 

inter-laminar insulation is good enough to support the electric field 

caused by the synchronous machine main flux which is generally low.

The resistance between each lamination and the building bars at the 

stator core back plays an important role in these phenomena.

In view of these problems it has been decided to present in 

this thesis some analysis and discussions about the behaviour of the 

stator core back leakage flux and its relevance to synchronous machine 

design. This leakage flux has been analysed into its components and 

measurements were carried out mainly outside the stator core back. It 

would not be possible to measure the three components of the stator core 

back leakage flux without affecting the stator core integrity, 

disturbing the stacking factor. The determination of the leakage flux 

in the air region at the stator core back is important for two main 

reasons, firstly, it helps to estimate the leakage flux inside the 

stator core back and secondly, it can be used to determine the effects 

of leakage flux penetrating the stator core structure and its 

contribution to the core losses.

The stator core back leakage flux depends on a large number 

of variables including the geometry of the stator core and its

supporting structure, the geometry of the overhang, levels of 

saturation in the stator core, the distribution of eddy currents, and 

the power factor of the synchronous machine. Two different laboratory 

models of synchronous machine were utilised in order to analyse the 

behaviour of the core back leakage flux during different operational 

conditions,and the geometry and dimensions' effects on the leakage flux
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distribution. The laboratory synchronous machine was operated on 

both short and open circuit and on-load conditions. The leakage flux

distributions were obtained for the three kinds of operation. During 

short circuit the overhang current effects on the core back leakage 

flux distribution were analysed. During open circuit the saturation 

effects on the distribution of leakage flux at the core back were 

obtained. During on-load conditions the power factor effects on the 

leakage flux distribution were obtained. The leakage flux distribution 

was also analysed for the different dimensions of overhang, different 

stator core laminations depth, different relative position between 

both the stator and rotor cores, different air gap lengths, screening 

plates, eddy currents and laminations rolling direction. The leakage 

flux is analysed by means of its electromagnetic sources and the 

magnetic field equations due to them are presented.



CHAPTER TWO

EXPERIMENTAL INVESTIGATION

2.1 GENERAL

It is common practice among manufacturers to undertake a 

number of standard tests on an electrical machine before it leaves 

the factory to be installed. Simultaneously with these tests different 

kinds of measurements are introduced in order to analyse problems 

observed in installed machines.

In most cases the industrial research community has 

facilities and advantages of experimenting with and analysing full- 

scale machines, while in universities research on scale models is 

generally substituted. It is possible to scale the models, but a 

perfect scaling of the effects to be analysed is always difficult and 

sometimes impossible. That is explained by the fact that not all 

the electrical machine parameters are dimensional and the non-dimensional 

parameters cannot be properly arranged to suit the model's requirements.

In order to investigate the core back leakage flux, two 

different laboratory machines were used. The first one is a laboratory 

synchronous machine which allowed us to analyse the leakage flux 

behaviour during different operational conditions such as: short 

circuit, open circuit and on-load. The second one is a laboratory 

model with stationary rotor which allowed us to investigate the effects 

of different machine dimensions and geometry on the stator core back

leakage flux distribution. The eddy current effects have also been

investigated.

In both laboratory models the axial, radial and circumferential 

components of the core back leakage flux were measured at the air 

region. The axial component is the only one which was measured inside
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the core. The other two components were not measured inside the core 

because such measurement would cause a great disturbance to the 

stator core stacking factor. The values of the leakage flux intensities 

presented are RMS ones. The measurements of the leakage flux 

components at the air region close to the stator core back can help 

to estimate the leakage flux inside the core back by means of boundary 

conditions. They can also be used to investigate the effects of core 

back leakage flux penetrating the stator core structure and its 

contribution to the core losses.

2.2 MEASUREMENTS DESCRIPTION

2.2.1 Machine Under Different Operational Conditions

The core back leakage flux was measured with the laboratory

synchronous machine operating in both open and short circuits and on­

load conditions at the constant frequency of 50Hz. In order to present 

complete information about the behaviour of the stator core back 

leakage flux all over the core back region, the three components, 

axial, radial and circumferential, were measured at the different 

positions in the air region relative to the stator core body (figure 

2.9).

The measurements of the leakage flux against position were 

taken maintaining a fixed condition when the machine was operating

either on open and on short circuits or on-load conditions, and 

carefully varying the search coil location. Those measurements help 

to obtain the distribution of the core back leakage flux for the

different operations.

The open circuit operation was obtained with the field 

winding fed with a 40A d.c. current and with the rotor rotating at a 

constant speed of 1500 RPM (the machine is a four pole one). The
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stator winding terminals were left disconnected before exciting the

machine. Three voltmeters were put between the phase terminals in 

order to measure the open circuit voltage. For safety reasons this 

open circuit voltage was fixed at 415V. During the open circuit 

operation the saturation effects on the core back leakage flux were 

investigated. The different levels of saturation were imposed to the 

synchronous machine varying the open circuit voltage controlling the 

field current at a constant frequency of 50Hz. The short circuit 

operation was obtained by having the stator winding terminals on 

symmetric short circuit before the machine was excited and gradually 

increasing the field current to the desirable value. The rotor speed 

was also equal to 1500 RPM in order to obtain a frequency equal to 50Hz. 

Finally, in order to investigate the leakage flux distribution during 

on-load conditions, the synchronous machine stator winding was connected 

in parallel with the mains by means of an autotransformer, In this case 

special care must be taken in order to guarantee a machine frequency 

equal to 50Hz before paralleling it with the mains. Therefore this 

arrangement allowed us to vary the synchronous machine power factor 

with the help of the transformer tap-changing switch. That switch 

permitted us to control the transformer voltage ratio, therefore the 

load could also be controlled. The field current was varied in order 

to control either the open circuit voltage or short circuit current.

The laboratory synchronous machine characteristic curves are shown in 

figure 2.1.

To analyse the eddy current effects the machine frequency 

was varied. This was done during open circuit condition. The d.c. 

motor speed was varied. During open circuit operation the variation 

of frequency was obtained with a fixed current field and by letting 

the open circuit voltage vary freely. Figure 2.2 shows the variation
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of the open circuit voltage against the frequency for a fixed field 

current. Both the maximum and the minimum values of frequency were 

limited by the electrical and mechanical conditions established by 

the maximum voltage admissible in the stator windings, by maximum 

vibration levels supported by the system and by the maximum speed 

driven by the d.c. motor. The synchronous machine was fitted with a 

reference coil in order to measure the main frequency.

On both open and short circuits and on-load conditions the 

phase angles of the leakage flux components were not measured owing 

to the fact that the signals were full of harmonics. These harmonics 

did not allow us to obtain stable readings in the digital phase meter.

The laboratory synchronous machine used to obtain the 

measurements presented in this thesis is shown in figure 2.3. 

Nevertheless the results of this research are of particular interest 

with regard to large machines, the model used is not a scaled down 

version of such machines. However, the results obtained can give 

designers some useful information about the behaviour of the leakage 

flux which is likely to have some similarities to large machines. It 

is a 37KVA, 415V, four pole synchronous machine, formerly used to 

measure the axial leakage flux at the stator ends.

The machine has a rotor winding fed by a d.c. source, 

producing the machine field. The rotor winding is a full pitched four 

pole carried by 24 unskewed slots and has the terminals connected to a 

slip-ring assembly mounted externally to the bearing pedestal. The 

stator winding is a diamond one, four pole double layer 60° spread, 

shorted chorded 8/9 of a pole pitch and carried by 36 slots. The rotor 

body is a laminated one as well as the stator body. The stator core 

is built up by packets of steel laminations, each one 0.5mm thick, ' 

conveniently grouped and stacked with the help of two rings placed
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one at each of the stator ends. The laminations are complete ring 

stampings and are separated by a layer of insulation about 0.035mm 

thick.

The rotor and stator bodies are separated by a 2mm air gap.

The stator and rotor teeth configurations and dimensions are shown 

below in figures 2.4 and figures 2.5 respectively.

The main synchronous machine dimensions are:

Core length 

Outside diameter 

Bore diameter 

Rotor diameter

300mm

444mm

289mm

285mm
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Shaft diameter 

Overhang length 

Air gap length

The machine magnetic loadings are:

108mm

110mm

2mm

Stator yoke 1.1 Tesla

Rotor core 1.56 Tesla

Stator teeth 0.68 Tesla (min.)

1.05 Tesla (max.)

Rotor teeth 0.775 Tesla (min.)

1.83 Tesla (max.)

Air gap 0.47 Tesla

(all based on 1.28 x mean density).

The synchronous machine has an open frame to permit easy 

access to the core back region and to allow different locations of 

the search coils to measure the leakage flux at several points (figure 

2.3). There are neither axial nor radial ventilating ducts in this 

laboratory machine. A d.c. motor drives the rotor and there is a set 

of switches, rheostats, voltmeters and ammeters, mounted in such a 

way that it is possible to vary and control the d.c. motor speed and 

consequently the machine main frequency as well as the field current.

A three-phase Wattmeter/Varmeter has been used in order to measure the 

power factor of the synchronous machine during on-load operation.

2*2.2 Variation of the Model Dimensions and Geometry

The laboratory model with stationary rotor is shown in figure 

2.6. T:iat model has been used to investigate the effects on core back 

leakage flux distribution due to different machine dimensions and 

geometry. The stator has a diamond winding with diameter equal to 265mm,
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Fig. 2.6: Laboratory model with stationary rotor.
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straight part 300mm long and an end winding length equal to 140mm.

The stator winding has been excited by a balanced three-phase system 

obtained from the mains. A constant 6A phase current has been fed to 

the stator winding.

The stator core was built up from steel laminations 0.5mm

thick, insulated with varnish and clamped together in a randomised way. 

The clamping system was such that a uniform stacking factor has been 

guaranteed. In order to analyse the effects of the core depth on the 

core back leakage flux, both the 45mm and 70mm depth laminations were 

used. The rotor core was also laminated and built up from steel 

laminations 0.5mm thick. Two different rotor bodies were utilised 

one had a diameter equal to 140mm and the other one a diameter equal 

to 225mm. These two rotors allowed us to introduce two different 

air gap lengths.

The model has been constructed in such a way that it was 

possible to vary the relative positions between the stator winding,

stator and rotor cores. The stator core laminations rested on a 

wooden platform at a fixed position. The rotor core was held by a 

crane and the stator winding body was leaning on a jack. Both the 

crane and the jack allowed us to vary in an independent way the 

positions of the rotor core and the stator winding respectively. Those 

arrangements are shown in figure 2.6. The mechanical auxiliary 

equipments have been positioned in such a way that their conducting 

parts were far enough from the model in order to avoid interference 

on the measurements.

To investigate the eddy current effects on the core back 

leakage flux distribution the supply was provided by a group of three

3kW solid-state amplifiers, type 3000 WT (Derritron). The oscillator 

units enabled us to supply a sinusoidal waveform with a variable



20

frequency. The frequency could be varied from 1.5Hz to 22kHz. The 

variable frequency test was carried out with a constant stator winding 

current. Because of voltage limitations the maximum current was lA. 

When the frequency was varied the stator winding voltage needed to be 

readjusted in order to maintain a constant phase current. Increasing 

the frequency, the voltage needed to be increased in order to maintain 

a constant phase current. That happens due to the 

variation on the stator winding inductance caused by the variation of 

frequency. The maximum values of the stator winding voltage with a 

fixed current was determined by the maximum power supplied by the 3kW 

solid-state amplifiers. Two copper screening plates 6mm thick were 

used to increase the effects of the eddy currents. They were 45mm and 

70mm deep respectively.

The stator core laminations have been aligned, in a special 

arrangement, in order to investigate the effects of aligned rolling 

directions on the distribution of the core back leakage flux.

The measurements carried out on the laboratory model with 

stationary rotor were under unsaturated conditions since the field 

produced in the air gap was small. That model permitted us to 

investigate the effects on the core back leakage flux distribution 

caused by the:

overhang

relative position between both the stator and rotor cores

air gap length

stator core depth

screening plates

laminations rolling direction

eddy currents

stator winding current.
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The effects of the presence of the iron on the magnetic field produced 

by the stator winding can also be shown.

In this model the leakage flux at the core back has been 

measured both in amplitude and phase since the signals had negligible

harmonics.

When measuring the leakage flux distribution the stator 

winding current phase was maintained constant. Therefore, for the 

different arrangements done, the stator voltage needed to be carefully

readjusted in order to compensate the variation on the inductance for 

each particular case.

2.2.3 Leakage Flux Measurements by Means of Search Coils^^

Different kinds of search coils were used to measure the 

stator core back leakage flux components at the air region and the 

axial leakage flux inside the stator core. For the case of the core 

back leakage flux the following search coils were used: pancake, three- 

dimensional system and cylindrical, for the axial leakage flux inside 

the core printed search coils inserted in the stator core between 

laminations (figures 2.8).

The pancake search coil consists of 30 turns of 46 SWG 

enamelled wire, encapsulated in araldite, multi-layer, with a small 

thickness of 0.08mm, having an external diameter of 9.2mm. The three- 

dimensional system was composed of three individual search coils, each 

one having 10 turns of 44 SWG enamelled wire. Each individual search 

coil is located at one plane in a three-dimensional orthogonal system 

with a common centre point, multi-layer, with an external diameter of 

12mm, mounted in a unique rod. The cylindrical search coil consists 

of 3780 turns of 42 SWG, wound as a multi-layer solenoid, having a 

cylindrical form with 15mm high and 19mm of basis diameter. The printed
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search coil has a square form, with an area equal to 1.5 x lO^mm^, and 

has a small thickness to avoid undesirable disturbance in the inter­

lamination gap. The printed search coils were distributed in the 

laminations as shown in figure 2.2.

The advantage of the pancake search coil lies in the fact 

that it has a small diameter and it is thin enough to be put close to 

any surface and has a reasonable signal. The three-dimensional system 

has the advantage of easing the simultaneous measurements of the three 

components of the leakage flux and assures the orthogonality between 

the three search coils planes. However, this system is relatively 

insensitive, giving a relatively small signal. The cylindrical search 

coil gives a large signal far greater than the others, but has bigger 

dimensions. This search coil measures the field component crossing 

axially at its centre.

It is important to use search coils having the minimum area 

possible since it is desirable to measure local leakage flux density 

at various points in the core back in order to establish the more 

troublesome sites. Actually when a flux is measured using a search 

coil the average value of the fluxes crossing its area is obtained. 

Therefore, if the search coil has a large area it can camouflage some 

considerable information about local values because it gives the 

average value. Of course, technologically the search coil area is 

limited by the necessity of having signals good enough to assure that 

its level is much bigger than any noise level that could distort the 

results.

There is a necessity of ensuring that each search coil is 

positioned correctly, i.e. each one needs to have its main plane 

perpendicular to the flux lines of the desired leakage flux component. 

If that does not happen the measurements can be influenced by another
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component not under consideration. This can be minimised by a well 

designed mechanical arrangement.

The search coils were calibrated in order to identify 

accurately the leakage flux in each region considered. An experimental 

relationship between the RMS value of the search coil terminal voltage 

and the inducing flux has been established for each search coil in 

order to assure a more accurate measurement of the absolute value of 

the leakage flux. Only in the case of the printed search coils has 

this relationship been determined theoretically since it was the 

easiest way, considering its simpler configuration.

The RMS values of the voltages of the signals obtained from 

the search coil terminals were measured after both a convenient 

amplification and filtering in a range of frequency 1 to IkHz. Both 

operational amplifier integrator and a differential high gain amplifier 

were used. Both the leakage flux components and its corresponding 

voltage waveforms were observed on an oscilloscope. Some leakage flux 

components signals were tape recorded and fed into a computer in order 

to get the Fourier analysis. To avoid the distorting effects of stray 

pick-ups the search coils were twisted, which has proved to be effective.

Fig.2.7: Measurement diagram
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2,2.4 Coordinate Reference System

The cylindrical coordinate system (r, z, 6) was used for 

both the synchronous machine and the model with stationary rotor.

The cylindrical coordinate system is located at the centre of the 

stator core back surface, as shown in figure 2.9, In the case of 

the model with stationary rotor, the smaller stator core back surface 

has been chosen.

Fig. 2.9: The reference cylindrical co-ordinate system.
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CHAPTER THREE

ELECTROMAGNETIC SOURCES OF 

STATOR CORE BACK LEAKAGE FLUX

3.1 DESCRIPTION

The stator core back leakage flux can be analysed and
calculated by means of its electromagnetic sources?These sources 

consist of magnetic polarity and conduction currents. The magnetic 

polarity sources are chiefly located on iron surfaces in the machine 

body and the conduction current sources are established by currents 

flowing in the conducting materials. Both of these types of source 

can be classified either as implicit or explicit sources.

The explicit sources are the distributed currents in both 

the stator and rotor windings which can be calculated from the machine 

rating and dimensions. If there are permanent magnets of known polarity 

in the device these would also be explicit sources.

The implicit sources depend on the explicit sources and on 

each other. They consist of polarity on soft magnetic materials^^"^^ 

and of eddy currents^"^^ in conducting materials. In a synchronous 

machine all of the magnetic sources are implicit as well as the eddy 

current sources. It means that most of the sources are mutually 

related.

The method of the sources has been used by Tavner^ to calculate 

the axial leakage flux penetrating the stator core front. The 

advantage of this method is that it makes it possible to analyse the 

leakage flux behaviour in terms of its individual causes. Therefore 

the first step is to recognise and to separate the various possible 

sources according to their relative importance. Once the sources have 

been surveyed it is possible to isolate the most troublesome ones in
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order to minimise their undesirable effects.

To calculate the strength of the sources it is necessary to

know the machine construction and the excitation currents. The distance

between the source and the region where the leakage flux is under

observation is relevant to the contribution of each source to the total

leakage flux. The influence of elements of magnetic surface polarity
57-60

and of current elements decreases with the square of the distance.

The closer the source to a considered region the more important is its 

contribution to the leakage flux at that region. Therefore a particular 

source can be considered negligible relatively to one specific problem 

but can be of great importance for another one. Local effects are 

generally due to local sources.

The total leakage flux at the stator core back of synchronous 

machines is obtained by the vector sum of the effects of the individual 

sources. The sources can be divided into main and secondary (smaller) 

ones. The main sources are shown in figure 3.1 and can be listed as 

follows:

overhang currents (H^) 

bore polarity (H^)

polarity on disc surfaces at core front (HL) 

polarity on back of core (H^).
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Fig. 3.1: The main electromagnetic sources of stator core back 
leakage flux

The secondary sources generally present a small 

contribution to the stator core back leakage flux. Their effects on 

the leakage flux distribution are localised ones. Some of the 

secondary sources can be listed as follows:

volume polarity in the stator core interior

polarity on building bars

polarity on cooling duct surfaces

eddy currents in the plane of the laminations

eddy currents in the back of the laminations

eddy currents in the end plates

eddy currents in the screening plates

eddy currents in the building bars.



29

3.2 OVERHANG CURRENTS

3.2.1 Considerations on Design Particularities

The winding overhang is defined as the part of the winding 

that is not used to induce useful electromagnetic force, in other 

words it is that part of the winding which is not surrounded by the 

machine active iron. The overhang shape varies according to the design 

of a particular machine. The most common stator winding designs used 

in electrical machines are: concentric, diamond, conical and helical, 

as shown in figure 3.2. The rotor winding shape predominantly observed 

in large machines is of concentric geometry.

Fig. 3.2: Different shapes of winding

The overhang in the common synchronous machines is composed 

of the end winding section and the straight part of the winding that
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is outside the active iron body. The helical winding has no straight 

part. In most of the literature presented in this subject there is no 

emphasis in the distinction between the overhang and the end winding. 

Actually the end winding is the part of the overhang that has the 

responsibility of transferring the excitation current from one side to 

another side of the conductors. There is a large number of end windings, 

directly related to the number of conductors. Generally the end winding 

length is much greater than the length of the non-active straight part, 

although it is much smaller than the active straight part of the 

winding. In superconducting generators the stator winding has no^^"^^ 

straight part arid the end winding coincides with the overhang. But it 

is still valid that either the end winding or the overhang length is 

much smaller than the active length of the stator winding. There may, 

however, be two different points of view among the electrical machine 

researchers with respect to the helical end winding specification.

One view is based on the idea that the whole helical winding should be 

considered as end winding being a particular case of diamond winding 

with no straight part. The other point of view is that the stator 

winding has no end winding. All these implifications are brought about 

in order to simplify the mathematical treatment of the field established 

by the overhang. 1% any of the windings the end winding nose is 

generally very small and is located at a distant position from 

the stator core.
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3.2.2 Overhang Effects on the Leakage Flux

When either the concentric, the diamond or the conical 

winding is used there is a sudden change on the excitation current 

path from the winding active part to the overhang zone. On the other 

hand the helical winding provides a gradual and smooth transformation 

between the active length and the overhang part of the winding. This 

can be an important point in favour of the helical winding since it 

avoids the presence of an acute step in the winding configuration at 

the ends of the stator core. This advantageous condition is not 

presented by the other windings. Mainly in terms of external leakage 

flux distribution close to the stator core this property of the helical 

winding can minimize the leakage flux effects. It is due to the fact 

that the excitation current path is not going to be dramatically changed 

at the core end zone when helical winding is present. However, the 

conventional windings present a much smaller axial field along their 

active length.

The contribution of the overhang source to the leakage flux 

at the stator core back depends very much on both its shape and geometry 

as well as on excitation current. The increase in the excitation 

current due to the constant increase in the generator ratings has been 

determined a more salient effect of the overhang on the leakage flux 

di stribution.

The relative position between the overhang and the stator 

core front surface plays an important rule in the determination of the 

overhang participation on the distribution of leakage flux. It is 

also important the relative position between the overhang and the 

stator core back surface. Both the core front and the back surfaces 

are determined by the stator length and its inner and outer radii.

To identify the winding overhang position it is necessary to
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pay special attention to the winding shape and particularly to the

winding parameters such as: cone angle, chording angle and length of 

the overhang. It is also necessary to emphasise the overhang component 

parts, specifying separately the length of both the end winding and 

the non-active straight part when a conventional winding is used.

Ashworth and Hammond and Lawrenson have studied the 

effects of the winding parameters on the field produced by the overhang 

at the stator core front. The cone angle of the stator winding can 

modify the distribution of leakage flux. The utilisation of a smaller 

cone angle can decrease the axial leakage flux at the stator core front. 

The radial component is increased close to the bore region and decreased 

at the core back region when the cone angle is decrease^?*^^'^^ This is 

expected that bigger cone angles can have an increased effect on the 

stator core back leakage flux. That is intuitively explained by the 

fact that when bigger cone angles are used the overhang body is closer 

to the core back surface causing a more accentuated effect.

Therefore it is general practice to adopt small cone angles 

since their effectiveness in diminishing the loss in the core clamping 

plates has also been proved.However, the reduction of the cone 

angle is mainly controlled by the length of the mechanical axis of the 

generator which is desirable to be made as short as possible for 

mechanical reasons. It is also controlled by the electric insulations 

requirements.

The cone angle of one winding is equal to zero when this 

winding can be wrapped by a cylinder envelope. In most of the present 

day synchronous machines it does not happen and the normal cone angle 

is about thirty degrees. The superconducting generators are expected 

to have a stator helical winding which has a zero cone angle. That is 

so due to the fact that it is desirable to construct the stator winding



33

as an independent body that can be inserted later on the core bore.

It is also desirable to maintain the stator winding surface as close 

as possible to the stator core inner surface in order to obtain an air 

gap as small as possible. Actually the surfaces of both the active 

and the overhang parts of the helical winding are maintained parallel 

to both the stator core and the rotor surfaces.

The chording angle is dependent on the pole pitch and as 

a general rule is made smaller than a pole pitch. The conventional 

synchronous generators use the fractional or short chording pitch.

The arrangements on the chording angle help to minimise the effects of 

the harmonics and make the losses smaller.^'^^*^^

The length of the non-active straight part can also modify
21the leakage flux distribution at the core back. Actually the core 

back leakage flux can be increased when longer non-active straight 

parts are present. Both the radial and circumferential components of 

the overhang field are increased close to the stator core when the non­

active straight part has a longer length. The winding nose has a 

negligible effect on the core back leakage flux. It is explained by 

its small size and because of its relative distant position from the 

core surfaces.

The total length of the overhang also has an interference 

on the core back leakage flux distribution. The longer the overhang 

total length, the bigger is its effect on the core back leakage flux. 

The effects of the overhang length on the leakage flux distribution at 

the stator tore have also been pointed out by Tavner et al. The 

increased amount of core back leakage flux due to longer overhangs is 

explained by the greater spreading of leakage flux path. The longer 

path produced by the longer overhangs makes it possible that a greater 

amount of leakage flux links the stator core back surface.
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3.3 BORE POLARITY

The bore polarity is located on the iron surfaces of the air 

gap region of the synchronous machines. The bore polarity is originated 

by the main field in the air gap which magnetises both the inner stator 

surface and the outer surface of the rotor body. Since the air gap 

field necessarily penetrates one surface after it has left the other, 

both surfaces are magnetised in the opposite way when a fixedrajial 

direction is considered. The intensity of magnetisation is the same 

for both surfaces in small air gaps. That therefore means that both 

the inner surface of the stator core and the outer surface of the rotor 

body form a concentric cylindrical double layer of magnetic pole 

distribution. The bore polarity can be represented by a concentric 

cylindrical magnetic dipole distribution as presented in figure 3.4.

Fig. 3.4: Development of the bore polarity surface

The mathematical relationship between a single surface 

polarity at the bore and the radial component of the air gap flux is

given by50,51

•"i
iron
air gap

(iron/air interface)

ag
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n.{H. -H^g) = £

but we have

n.H^. = Hy.

n.Hgg -

1
ag

B.

Therefore equation (3,1) becomes

t % ■ P*

(3.1)

(3.2)

But the normal component of the magnetic flux density is 

continuous at the stator bore surfaces.

B.

Therefore equation (3.2) becomes

1B. 1 - (3.3)

For usual stator cores with high permeability equation (3.3)

can be written as

By. - P*.

The bore polarity is an implicit source, therefore its 

distribution along the air gap depends on both the synchronous machine 

geometry and the excitation currents. The air gap dimension plays an 

important rule in the determination of the bore polarity. The smaller 

the air gap, the bigger the bore polarity strength for a constant 

excitation current. The bore polarity is also increased with the
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increase in the excitation current for a given air gap.

The contribution of the bore polarity to the leakage flux 

at the stator core back is greatly dependent on the ratio between the 

machine bore and the stator core back radii. The deeper the stator 

core the smaller are the effects of the bore polarity on the core back 

leakage flux. Actually it could be explained by the fact that the 

stator core back region is taken away from the bore polarity source 

when deeper cores are present. That is always important to bear in 

mind that the bore polarity, being a magnetic source, has its effects 

weakened when more distant places are considered.

The bore polarity source in synchronous machines is a 

function of both time and space5’^^’®^ This is a sinusoidal function 

of the time since the synchronous machine has a magnetising air gap 

field which varies sinusoidally in time. The spatial variation of 

bore polarity in synchronous machines can be considered in two different 

directions: axial and circumferential. Therefore it becomes very 

important to have available the main field's spatial distribution. In 

most of the synchronous machines the air gap field is constant in the 

axial direction. Special considerations apply in the end region of 

the air gap where the main field is affected by the presence of the 

end windings and special mechanical arrangements. The magnetic pole 

concentration at the bore end regions is diminished by specially 

shaping the stator core corners.If the corners are made either by 

steps or with a round shape, the magnetic surface polarity at the bore 

ends presents a smaller intensity. The different types of end windings 

produce different effects in the distribution of the bore polarity at 

the end region of the air gap. The bore polarity varies sinusoidally 

in the circumferential direction and depends on the number of poles.

The pole pitch determines the bore polarity pitch in such a way that
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the number of pairs of poles is equal to the number of pairs of 

magnetic pole distribution at both the inner surface of the stator

and the rotor surface.

Fig. 3.5: Intensity of the core bore surface polarity

The superconducting synchronous machine has a stator 

helical winding, therefore a different distribution of bore surface 

polarity is expected in the axial direction.That is imposed by 

the fact that the radial magnetising field varies when a fixed axial 

direction is considered. The distribution of core bore surface 

polarity along the axial direction is shown in figure 3.6. The bore 

polarity still presents a sinusoidal variation against the circumferen­

tial direction.

Fig. 3.6: Axial variation of the core bore surface polarity due to 
presence of helical winding
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The distribution of surface polarity at the stator core 

bore varies with the different types of operations: on load and open 

and short circuits. When the synchronous machine is operating on 

short circuit there is practically no core bore surface polarity.^®

That negligible bore polarity is due to the existence of an air gap 

field waveform with a large harmonic content. Actually, if there were 

no harmonic in the air gap field it should be equal to zero. The open 

circuit operation presents a sinusoidal bore polarity distribution in 

the circumferential direction and a constant value of bore polarity 

intensity along a fixed axial direction. The same happens with the 

bore polarity distribution when the synchronous machine is on load 

condition. Although when the axial direction is under consideration 

it is always necessary to bear in mind the existence of the end regions. 

On load operation it is necessary to pay special attention to the 

power factor. The magnetic polarity intensity at the stator bore varies 

with the synchronous machine power factor. A leading power factor 

produces an increased leakage flux effect.

3.4 POLARITY ON DISC SURFACES AT CORE FRONT

The polarity on disc surfaces at the core front is located 

in the external surface of the stator core end region. This surface 

polarity is also an implicit source since it rests at the surface of 

a soft magnetic materiali^ Therefore the surface polarity on disc 

at the core front is dependent on both the geometry and size of the 

synchronous machines as well as on the excitation currents. This 

surface polarity is intimately related to the flux penetrating^^ 

perpendicularly the stator core front. It is necessary to establish 

the distribution of the axial leakage flux in both the circumferential 

and the radial directions at the core front in order to determine the
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polarity on disc surfaces. The mathematical demonstration of the 

equality between the core front pole distribution and the axial leakage 

flux is the same as shown in section 3.3. It is just necessary to

substitute the radial component of the main flux by the axial component 

of the leakage flux and consider the magnetic poles at the core front.

core back

Fig. 3.7" Development of the polarity on disc surfaces at core front

The core front polarity is smaller than the bore polarity 

due to the different magnetising fields causing each one respectively. 

The magnetising field at the bore polarity is much bigger than the 

polarity on disc surfaces at the core front since the first one is 

placed in the air region where the largest field is produced. Actually 

it is desirable, in the synchronous machine, to have a bore surface 

polarity as big as possible while the polarity on disc surfaces at the 

core front is required to be as small as possible. The bigger the 

intensities of the polarity at the core front surface, the more 

troublesome are the effects brought about at the end regions of 

synchronous machines. The increased intensities produce an increased 

heating effect at the core ends that can lead to undesirable hot spots.
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The disc surface polarity at the core front is bigger than the stator 

core back surface polarity. The magnetic pole distribution at the 

stator core front presents a significant interference on the stator 

core back leakage flux distribution. That interference is more 

accentuated at the end zones of the stator core back. Actually the 

interference is dependent on the ratio between both the inner and the 

outer stator radii as well as on its length. At deeper stator cores 

the polarity on disc surfaces has an increased effect on the core back 

leakage flux distribution. The effects of the polarity on disc 

surfaces are less accentuated when longer stator cores are used.

Actually in both cases the effects are greatly concentrated at the end 

zones of the core back. Therefore it can be noticed that the 

distribution of leakage flux at the core back is also dependent on both 

the intensity of the magnetisation and the area where the magnetic poles 

are spread at the core front.

The magnetisation of the core front surface in the synchronous 

machines is made smaller by the existence of laminated core with high 

permeability laminations. It would be much greater if the core was 

not built up of laminations. The axial permeability of the stator 

core plays an important part in the intensity of the disc surface 

polarity at the core front. If the permeability is constant all over 

the magnetic core the polarity is distributed just at its surfaces.

That is not the case of the real synchronous machine. In a real 

machine the effective axial permeability of a compact core is substituted 

by an equivalent volume permeability having a much smaller value. It 

is much smaller due to the presence of non-conductive gaps between 

adjacent laminations. The axial permeability of a laminated stator core 

is given as a function of the stacking factor (y) and the relative

permeability of the laminations (y ) by the expression below: 10
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Y(w^ - 1)

Therefore both the core stacking factor and the lamination permeability 

can modify the magnetisation of the core front surface. The smaller 

the core stacking factor*(decreased is the intensity of the disc 

surface polarity at the core front.

An external way to vary the core front surface polarity is 

by fitting conducting screening plates. The screening plates are 

generally made of either copper or aluminium. These good conducting 

plates have the responsibility of turning the magnetising field 

obstructing its penetration in the core front. Actually an ideal 

screening plate at the core front diverts the field from the axial to 

the radial direction making it parallel to the plane of the laminations. 

That effect can be more effective if the screening plates are laminated.

The rolling direction of the laminations can determine 

regions of different permeability.^^ If the laminations are aligned 

the distribution of magnetic poles presents a non-smooth variation 

along the circumferential direction. The regions of the stator core 

front of small permeabilities are expected to be more intensively 

magnetised, therefore present higher surface polarity intensities.

The winding overhang is also essential to the distribution 

of surface polarity at the stator core fronl?’^^’^*^’^^ The surface polarity 

is reduced by reducing the cone angle of the winding. The cone angle 

can also determine the region where the surface polarity changes sign 

at the core front region. The smaller the cone angle, the more distant 

from the core bore occurs the change of polarity sign. Therefore, for 

the helical windings used in superconducting synchronous machines it 

is expected that the change of sign happens closer to the stator core 

back region.
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3.5 SURFACE POLARITY ON THE STATOR CORE BACK

The surface polarity on the stator core back is intimately 

related to the radial leakage flux either entering or leaving the 

stator core back surface. The radial leakage flux at the stator core 

back is approximately equal to the pole strength at the core back 

surface if the permeability is high. It can be shown mathematically 

in the same way as the bore polarity in section 3.3.

The core back surface polarity makes a small contribution to 

the axial leakage flux distribution at the core front. This 

contribution is negligible at the region close to the core bore. On 

the other hand this surface polarity plays an important part in the 

determination of the leakage flux at the stator core back region.

The distribution of magnetic poles along the stator core 

back is not uniform. There is a higher concentration of magnetic poles 

at the end zone of the stator core back. This is explained by the fact 

that the end zones are under more intensive magnetising effects than 

the zones close to the centre of the generator. Actually the surface 

polarity intensity is a function of both the axial and circumferential 

directions as well as the time. In an ideal synchronous machine it 

varies sinusoidally with the time as well as with the circumferential 

position around the stator core back, and varies exponentially with the 

axial direction. Figure 3.8 considers the distribution of the surface 

polarity on the stator core back of a 2-pole synchronous machine.

Fig. 3.8: Development of the surface polarity on the stator core back
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The stator core back surface polarity is ane^ew symmetrical 

distribution along the axial direction. The number of maxima and 

minima of the core back surface polarity at each instant depends on 

the number of poles of the synchronous machine. The values of the 

core back surface polarity decreases with the number of poles. The 

greater the number of poles, the smaller are the back polarity 

intensities. The greatest intensities of core back surface polarity 

are therefore present in a two pole synchronous machine.

The surface polarity at the core back varies with the machine 

geometry and dimensions and is increased with the enlarged excitation 

currents on the modern synchronous machines. The polarity on the 

back of the core has a predominant effect on the leakage flux at the 

stator core back. This effect is increased if the machine length is 

made great relative to the core diameter. Although at the end zones 

of the stator core back the other source effects are still present.

For machines with a relatively large diameter compared with their 

length the surface polarity on the stator core back has a decreased 

effect on the distribution of the leakage flux.

The ratio between the axial and the transverse permeability 

of the stator core plays an important part on the evaluation of the 

core back leakage flux. The transverse permeability is dependent on 

the silicon steel permeability. The axial permeability is dependent 

on both the lamination permeability and on the interlaminar insulation 

gap. The greater the ratio between the transverse and the axial 

permeabilities, the smaller is the quantity of leakage flux that reaches 

the core back surface. It means a smaller surface polarity at the 

stator core back.

The stator core back surface polarity is increased by the 

presence of either aluminium or copper screening plates generally used 

at the core fronts of the synchronous machines. The screening plates
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can divert the leakage flux from the core front surface to the back 

of the core. Actually these plates increase the radial component of 

the leakage flux, therefore producing a greater concentration of 

magnetic poles at the core back. Particularly at the end zones of 

the core back the surface polarity is largely increased by the action 

of the screening plates.

The saturation effects can also perturb the distribution of 

the surface polarity on the stator core back. These effects can 

increase the magnetisation of the core back surface producing therefore 

an increase in the core back leakage flux. This increase is more 

effective at the end zones of the core back, but the magnetisation 

effects propagate progressively to inner regions of the core back 

towards the centre of the stator.

The distribution of magnetic poles at the core back can be 

changed by the presence of radial ventilating ducts. These ducts can 

establish a higher concentration of magnetic poles in their 

surroundings. They can introduce crowded regions producing a 

variation of the surface polarity on the core back. A similar effect
Op^ P'7

can be produced by the butt joints. This effect can be attenuated

by the utilisation of appropriate overlapping arrangements.

The overhang can also introduce a modification on the back 

of the core surface polarity.^^ A longer overhang causes a more 

intense value of surface polarity. The variation on the overhang 

length is mainly felt at the end zones of the core back. The variation 

of the cone angle of the overhang also changes the distribution of 

surface polarity on the core back. By increasing the cone angle the 

surface polarity is also increased. This can be explained by the fact 

that the magnetising field from the overhang is closer to the core

back surface. When the overhang has longer straight parts it also'21
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produces an increment in the core back surface polarity. The longer 

the straight part, increased are both the radial and circumferential 

components of the field due to the overhang close to the stator core.

3.6 SECONDARY ELECTROMAGNETIC SOURCES

3.6.1 Volume Polarity

A volume of magnetic material can be magnetised by the 

action of a magnetic field that links its body. This magnetic field 

can establish two different kinds of magnetic pole distribution over 

the material. A spatial distribution of magnetic poles at the 

interior and a surface distribution on the outer surfaces. Therefore 

the field produced by that magnetic material can be composed of the 

sum of two different sources: the surface polarities and the volume 

polarity. The surface polarities have been previously discussed.

Hammoncl^ has shown a mathematical calculation of the 

magnetic potential of a spatial distribution of magnetic poles 

departing from a simple dipole structure which is going to be outlined 

here.

P*. ds"*V = k V^.P* dv

where

But

H =

Therefore

H =

Airy,

-vV.

-vk

H = -kv

P*.ds' v'.P* dv'

P*.ds■ -III ? (3.4)
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where

I P*ds-
is the component of the magnetic field due 

to the magnetic surface polarities outside 

the magnetic material.

jjj-—'- ■-dv* is the contribution to the magnetic field 

due to the magnetic volume polarity inside 

the magnetic material;

Equation (3.4) presents both the surface and the volume 

polarities components. The dash (") indicates that the physical 

entity is related to the source coordinate system and not to the field 

coordinate system. The variations of the relative proportions of both 

components are dependent on both the mechanical and electromagnetic 

properties of the material, mainly the permeability and the geometry.

In this section there is an interest in presenting the effects of the 

volume polarity on the stator core back leakage flux.

If an idealised solid magnetic material is considered the 

permeability would be constant all over its volume. Therefore the 

magnetic polarity would be totally distributed on its surfaces. But 

in a real synchronous machine the stator core is built up by laminations 

properly grouped which produce both volume and surface polarities. 

Therefore, although it is smaller than the surface polarities, the 

volume polarity is present in the stator core of a synchronous machine.

The existence of volume polarity is intimately related to 

the redistribution of axial leakage flux in the interior of the stator 

core. ’ Actually the volume polarity strength is dependent on the 

axial flux strength, permeability and the insulation gap between 

adjacent laminations. The permeability of the stator core varies from 

point to point and depends on saturation. Increased saturation
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determines a smaller value of permeability. The insulation gap between 

adjacent laminations depends on the core pressure.The bigger the 

interlaminar gap, increased is the volume polarity intensity. We have 

chosen to talk about interlaminar gaps instead of stacking factors 

because of the existence of non-uniform spacing between laminations.

This irregular interlaminar gap can be caused by mechanical reasons as 

well as by radial ducts. When talking about stacking factors the 

localised effect caused by non-uniform interlaminar gaps can be masked 

because it is considered an average gap. Although both terms are closely 

related.

The mechanism of producing volume polarity is explained by 

the different intensity of magnetisation imposed by the axial leakage 

flux on the successive adjacent laminations. It is shown in figure 3.9.

Fig. 3.9: Volume polarity in the stator core

When the axial flux is penetrating the successive layers of 

the synchronous machine stator core it has the possibility of diverting 

to two different directions. Part of the axial flux can be diverted 

either to circumferential or radial directions, while some can be 

maintained in the axial direction. Both the circumferential and radial
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directions offer a path with a much larger permeability. Therefore 

once the axial leakage flux pierces the stator core it changes gradually 

to the direction of the plane of the laminations. This means that the 

different intensities of axial flux reach different layers of 

lamination. This originates a different level of magnetisation at the 

successive layers inside the stator core. The magnetic poles produced 

are distributed on the surface of the laminations since each lamination 

is a solid body. The group of surface distribution of magnetic poles 

in the interior of the stator core composes the volume polarity.

The volume polarity contributes a field in the axial 

direction that opposes the magnetising axial leakage flux that produces 

them. A more intensive axial leakage flux can establish a larger 

volume polarity and can produce a deeper volume polarity distribution 

inside the stator core. This effect can also be assisted by a decrease 

in the permeability. The dependence of the magnetic volume polarity 

on the permeability can be given mathematically. The magnetic field 

can be calculated by analogy with the electric field.The electric 

field is associated with both the free charges and bound charges 

distribution. Actually the total charge distribution is given as the 

sum of both charges distribution (p^otal = Pfree ^ Abound)' when 

considering the magnetic field, it cannot be associated with the part 

due to the free charges since there is no free magnetic poles in a 

magnetic material. Therefore in a magnetic material the total pole 

distribution is equal to the "bound" polarity distribution.

Electric material ^^9Dgtic_material

^total Pfree ^ Pbound

'’total =

'* total '’*bound

(P*free =

MqV.H
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Electric material

^bound -v.P

Magnetic material

-v.P*

D = P + e^E B = P* +UqH

v.D = p free

B =

V.B = 0 (3.5)

Therefore, applying the divergence in the relationship (3.5)

V.B = V.(P* + y^H)

0 = v.P* + V. (y^H)

v.(yQH) = -v.P*

V. y.

V. ~
Pv,

— V.B + B.V — = P’

B.7 =

When the permeability (y^) is constant, the divergence is zero, 

therefore the magnetic volume polarity is zero.

The distribution of the magnetic volume polarity has a 

higher concentration at the end regions of the stator core. Therefore 

the effects of that magnetic source on the leakage flux distribution 

is expected to be more effective at the core ends. The existence of 

radial ventilating ducts in the stator core can produce an increase in



the volume polarity around them. The radial ducts can introduce the 

volume polarity source to deeper regions at the stator core.
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3.6.2 Eddy Currents

3.6.2.1 General

Any magnetic or non-magnetic conducting material crossed by 

a time varying field is subject to the effects of the induced eddy 

currents.These effects are sometimes useful as in squirrel 

cage rotors of induction machines, induction furnaces, eddy currents 

brakes as well as in the solid body rotor of a synchronous machine 

providing either the starting torque or the damping effect depending on 

if it is operating as a motor or as a generator, respectively. They 

are undesirable in most electrical machines due to their contribution 

to core loss, distortion of the flux density and demagnetising effects.

The most common way used to diminish their troublesome 

effects is to construct laminated cores. The insulated laminations 

avoid the eddy current flowing in the axial direction of the stator 

core. Although both the radial and circumferential components of the 

eddy currents at the plane of the laminations are still present. These 

effects are dominant at the end regions of the stator core.

Eddy currents in a conducting material originate the skin 

effect phenomenon, whereby the crossing flux tends to crowd towards 

the surface region. Figure 3.10 shows the flux density distribution 

for different permeabilities, as well as for different lamination 

thickness.^' The concentration of flux at the surface is dependent on 

electric, magnetic and mechanical properties of the laminations as well 

as on the crossing flux. Actually this concentration increases with 

the increase in electrical conductivity, magnetic permeability and 

thickness of the lamination. An increase in the frequency of the
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crossing flux can also increase that concentration. This frequency 

is dictated by the main frequency in the case of a synchronous machine 

which is strictly constant.

In the case of the stator core of a synchronous machine it 

is necessary to consider two kinds of skin depth. Firstly the transverse 

skin depth which is dependent on the transverse permeability, and 

secondly the axial skin depth which is dependent on the axial 

permeability. Both depend on the same means frequency and the same 

lamination resistivity. Jacobs et al.^^ have suggested an axial 

permeability as a function of the core stacking factor and the relative 

permeability of the stator core lamination.

1

- 1)

f

a

transverse skin depth 

frequency

conductivity of the lamination 

permeability of the air

relative permeability of the lamination (transverse) 

axial permeability of the stator core 

stacking factor.



52

Fig. 3.10: Flux density distribution 

3.6.1.B Fddy_currents_in_the_Blane_gf_the_laminations

The axial component of the leakage flux at the core front

of synchronous machines can induce eddy currents in the plane of the 

, . . 31,40
laminations. These eddy currents circulating in the laminations create 

a field that opposes the field crossing the laminations which originated 

them. This opposition will be dependent on both the lamination depth 

and the resistivity of the silicon steel. For the case of stator cores



53

existing in the synchronous machines where the lamination depth is not 

negligible and the resistivity is not extremely high, the eddy currents 

are defined as inductance limited.

Therefore the axial flux penetrating the stator core front 

is subject to a more accentuated action imposed by the inductance 

limited eddy currents. These effects are such that the axial leakage 

flux is diminished inside the stator core.

The eddy currents are confined to the plane of the lamination 

and have both radial and circumferential components. They are 

distributed in such a way that most of the eddy current density is 

found at the border of the lamination. The eddy current density far 

from the edges of the lamination is small. The circumferential component 

flowing close to the bore is expected to be equal to that flowing at 

the core back. Both the butt joints and lapping arrangementscan 

cause a disturbance in the eddy currents' path. They can reduce the 

reaction field imposed by the eddy currents against the axial leakage 

flux penetration into the stator core. A core with laminations 

composed of sectors is expected to present deeper axial leakage flux 

than that with entire laminations.

The electrical supply allows only a small variation in the 

main frequency during normal operation which permits us to say that the 

main frequency is constant. But in order to analyse the effects of 

eddy currents in the axial leakage flux penetration it is important to 

vary the frequency. The increase in the frequency of the inducing 

field causes an increase in the eddy currents' reaction. Therefore it 

is expected that less axial leakage flux penetrates the plane of the 

laminations. The effect of those eddy currents on the leakage flux 

distribution is stronger at the end zones of the stator core.
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Fig. 3.11: Eddy currents in the plane of the laminations

3.6.2.C Edd^_currents_in_the endglates

The eddy currents circulating in the end plates are similar

to the eddy currents circulating in the plane of the laminations. The 

end plate eddy currents are also due to the axial leakage flux entering

the stator core front. The effects caused by the eddy currents in the

end plates are stronger than the other ones due to the fact that the

72 73end plates have a thickness greater than the laminations thickness. * 

Therefore they cause a larger concentration of axial leakage flux at 

both the stator core bore and the core back regions. This can produce 

a great heating loss at both regions. In order to minimise the 

undesirable effects of the eddy currents in the end plates in modern 

synchronous machines the end plates are made of non-magnetic material. 

The eddy currents' path is the same as shown in figure 3.11 for the 

eddy currents in the plane of the laminations. Therefore the end plate 

eddy current also presents only circumferential and radial components.

It can therefore be suggested that these eddy currents have a tendency 

to increase the leakage flux at the stator core back mainly at the 

end zones of the core back.

3.6.2.D Eddy_currents_in_the screening plates

The synchronous machines generally have at the core fronts 

screening plates made of either copper or aluminium. The screening



55

plates are intentionally placed at the front of the stator core end 

plate in order to protect both the end plates and the end laminations 

against the action of the axial leakage flux. The screening plates 

amplify the eddy currents reaction, allowing less flux to reach both 

the end plates and the laminations at the core end.^^"^^

The thickness of the screening plates plays an important 

part in the axial leakage flux behaviour. Actually the importance of 

the thickness is emphasised by the fact that both the frequency and 

the material conductivity are already established. The frequency is 

fixed by the electrical system and can generally be either fifty or 

sixty Hz. The material conductivity is wished to be as large as 

possible but it has already been achieved, in practical terms, with 

the use of either copper or aluminium. A screening plate that has a 

thickness greater than the effective skin depth presents an induced 

eddy current that is inductance limited. Therefore the screening plate 

does not allow the axial leakage flux to penetrate the stator core 

front region. The leakage flux in the air region of the stator core 

front sees the screening plate as an infinitely conducting and zero 

permeability component of the stator core. The screening plate diverts 

the axial component of the leakage flux to the radial direction close 

to the core. It can, therefore, increase the leakage flux at the 

stator core back.

The divert!on of the leakage flux to the core back region 

is more effectively noticed at the end zones of the core back.

Therefore the screening plate eddy current can cause a higher 

concentration of core back leakage flux at the stator core back end 

zones. Due to the relatively high eddy currents circulating in the 

screening plate, a high dissipation of heating close to the end regions 

of the stator core of large synchronous machines can be noticed.
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Fig. 3.12: Eddy currents in the back of the laminations

The back of the laminations can be subject to the action of 

eddy currents.^^ They are induced by the radial component of the 

stator core back leakage flux. These eddy currents present both the 

axial and the circumferential components. The circumferential 

component is larger than the axial one.

The eddy currents in the back of the laminations present a 

most noticeable effect at the end zones of the stator core back. At 

the centre zone the effect is expected to be very much smaller. 

Considering the small space where the eddy currents are distributed at 

the back of the laminations they are defined as resistance limited. 

Therefore they do not present a sensible reaction to the penetration of 

the radial leakage flux at the stator core back. Although these eddy 

current effects can be increased when the insulation between adjacent 

laminations is deteriorated, which can be explained by the fact that 

the damaged insulation can cause a short circuit between neighbouring 

laminations establishing a larger path to the eddy currents' circulation, 

Another important point is the electrical contact between each 

lamination and the building bars. That contact can also produce large 

eddy currents circulating at the stator core back of synchronous
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machines. Therefore special care must be taken at the end zones of 

the core back where the leakage flux is more intensive.

3.6.B.F Edd^curr^ntsin the building bars

The building bars have the responsibility of maintaining as 

rigid as possible the stator core body.’ This means that most of all 

the designers of synchronous machines try to obtain building bars able 

to support very high stresses. The building bar is made of solid 

magnetic material and the eddy currents are largely concentrated at 

the surfaces.These eddy currents are induced by the core back 

leakage flux. Most of these eddy currents are induced by the radial 

component of the leakage flux at the stator core back.

The eddy currents in the building bars have both the axial 

and circumferential components. The axial component is the largest 

one. Their effects are expected to be very much localised at the 

vicinity of the building bars with special reference to the ends.

Again it is very important to determine the electrical 

contact between the building bars and the laminations in order to 

estimate the eddy currents' effects. The connections between the 

building bars also play an important part in the effects of these eddy 

currents on the core back leakage flux. If the building bars are short 

circuited with the laminations the core back leakage flux can induce 

eddy currents that can provide high temperatures at the core back.
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3.6.C Surface Polarity on Building Bars

The building bars have all their magnetic poles distributed 

at the surfaces since it is a solid magnetic materialf^"^^ The surface 

polarity distribution is determined by the radial component of the 

stator core back leakage flux. Therefore the distribution of the 

building bar surface polarity is not uniform along the building bar 

length. It presents a higher concentration at the ends.

The field established by the building bar surface polarity 

reinforces the field produced by the surface polarity at the stator 

core back in the air region and opposes it inside the stator core.

The effects of that field is very concentrated at the regions around 

the building bars. They are more salient at the ends of the building 

bars.

3.6.D Polarity on Cooling Duct Surfaces

The cooling systems of the stator core of synchronous machines 

can consist of radial and axial ducts.^ The radial ventilating ducts 

can interfere with the distribution of magnetic poles at the stator



core back surface.^ Qn the other hand the axial ventilating

ducts can disturb the surface polarity distribution at the core front.

Both of them produce a concentration of magnetic poles in the surrounding 

regions. This means that the leakage flux is increased in the regions 

around the ventilating ducts. Actually the radial ducts introduce 

double surface polarities inside the stator core along its length.

The axial ducts produce double surface polarities at the stator core 

front of the synchronous machines. The polarity on cooling duct 

surfaces produces a rearrangement on the magnetic surface polarity 

inside the core.
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Fig. 3.15: Polarity on cooling duct surfaces
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4.1

CHAPTER FOUR

MATHEMATICAL TREATMENT OF THE ELECTROMAGNETIC

SOURCES OF STATOR CORE BACK LEAKAGE FLUX

PRELIMINARY DISCUSSIONS

The calculation of the leakage flux of synchronous machines

9-31has been subject to intensive research:"^' Although the researchers'

attention has most of the time been directed to the axial leakage

flux. Most of the methods used seek to obtain a complete solution to

the problem. Whereas the method of sources examines the individual

sources which produce the field. The method of sources has been
12 13 48 82

described and used by Hammond * ’ ' to calculate the magnetic field

of the windings of synchronous machines. Tavner^^ has used this method 

to calculate the distribution of axial leakage flux at the stator core 

front of electrical machines. The Department of Electrical Engineering 

at Southampton University is still developing computational researches 

in order to use the method of sources to calculate leakage flux on 

electrical machines.

If one makes a comparison between the method of the sources 

and the method of electromagnetic fields it can be noticed that the 

first deals with integral equations, while the second one deals with 

differential equations. That emphasises the main reason why most of 

the experts on electrical machines have directed their attention towards 

the electromagnetic field method. That is due to the fact that more 

extensive progress has been made in the solution of differential 

equations by means of computer programs. Amongst the different techniques 

which have been used we can mention both the finite difference and the 

finite element techniques. Meanwhile the computational solutions of 

the integral equation solution has advanced less rapidly. The method
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of sources has a restricted accuracy dependent on the necessary 

assumptions made about the magnetisation of the iron surfaces.

Fig. 4.1: Block diagram of magnetic field calculation by the method
of sources

4.2 THE FIELD EQUATIONS

The calculation of the magnetic field due to the various 

electromagnetic sources can be obtained by means of either the magnetic 

vector potential or the magnetic scalar potential. The magnetic scalar 

potential solution needs only the magnitude of the physical quantity 

specified in a region of the space. However, the magnetic vector 

potential solution requires three independent numbers associated with 

each point over that region. Whenever possible it is wiser to deal 

with magnetic scalar potential considering that the solution can be 

more easily obtained. Although special care must be taken when using 

scalar magnetic potential to solve a problem. It is necessary to check 

its existence according to the kind of problem under analysis.
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Considering the particularities of the problem it has been 

decided to use the magnetic vector potential to obtain the winding 

field and the magnetic scalar potential to find the field of the 

magnetic surface polarities.

4.2.1 Magnetic Vector Potential Solution

The relationship between the magnetic flux density and the 

magnetising force is:

B = (4.1)

The relationship between the magnetic flux density and the magnetic 

vector potential is:

B = curl A (4.2)

Substituting (4.1) in (4.2) we have

curl A

In cylindrical coordinates we have

(4.3)

H =
3r 38

3

3Z

Ay rAg A^

Therefore the three components of the magnetic field are:
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Ag aAg ^ 3A^

r 9r r 30

3z 3r

1 ^Az sAg

r 38 3Z

(4.4)

(4.5)

(4.6)

Equations (4.4), (4.5) and (4.6) form an equation system 

with three unknowns. Therefore once the three components of the 

magnetic vector potential are determined the magnetic field components 

can also be determined.

For rotational but solenoidal field we have:

curl H = J

div B = 0

(4.7)

(4.8)

Substituting (4.7) in (4.3) we have

curl H = curl curl A = J

curl H curl curl A = J

(grad div A - v^A) = J (4.9)

But the vector potential is defined to have a divergence equal to 

zero, therefore

div A = 0 (4.10)

Substituting (4.10) in (4.9) we have



64

9^^ = - (Poisson's equation) (4.11)

The current density J can be given in cylindrical coordinates

as

J - + J^Z + Jg6

But if we consider a cylindrical winding of a synchronous 

machine the radial component of the current density is equal to zero. 

Both the axial and the circumferential components can be expressed as 

a function of both the axial and circumferential positions, the time 

and the number of pair poles,and are ninety electrical degrees 

phase. The pair pole number determines the number of current patterns.

Therefore,

= 0

Jz = fl(z, p8, t) 

^8 = (4.12)

Although both the axial and the circumferential components can be also 

expressed as a product of functions as given below

J, = J,(z) . e jp8

Jj = Jg(z) . e-jp® e-jf* - */2)

(4.13)

(4.14)

The axial and circumferential are interrelated by the 

imposition of continuity of current. Therefore,

div 2 - 0 (at the conductor surface where r = R^)

In cylindrical coordinates we have:

= 0 (4.15)

w w
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Substituting the expressions (4.12), (4.13) and (4.14) in the 

expression (4.15) we have

Jj,(z) e-jP" e-jW - 9 J^^z) e jp8 -j*

=
W 9 J,(z) (4.16)

The expression (4.16) shows that in cylindrical windings 

the circumferential current is proportional to the axial current 

partial derivative relatively the axial direction.

Therefore the three components of the magnetic vector 

potential can be obtained by the current density components. The 

current density components can be determined by means of current sheets 

as presented in section 4.3.1 . The current density components are 

functions of Fourier coefficients that depend on the machine geometry 

and excitation current which are known.

A sequence has, therefore, been established which starts 

from the known machine geometry and excitation current to determine 

the current density. Once the current density has been determined it 

is possible to calculate the magnetic vector potential. Finally it 

allows the calculation of the magnetic field. This sequence could be 

shortened if we get the expression for the magnetic field as a function 

of the Fourier coefficients. Therefore, considering that the current 

density is represented by a series of current sheets given in section 

4.3.1. and using the expressions (4.4), (4.5), (4.6) and (4.11), it 

is possible to obtain the expressions for three components of the 

magnetic field as a function of the Fourier coefficients and machine 

dimensions as given in the references 12, 13 and 49.
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The components' magnetic field expressions for the region

r > R,, are: w

H = - e'jp® e'j* I

n=odd 4(R^ + 1^)

nirR,w

4(R„ + 1„)

nirr b„ sin mi

" 'w)
(4.17)

niTR,w

4(R„ + 1„)

= J1 e-JP® e'j*
2r n=odd

K^l ..-GI:------- ta_ + """

X ^ 21.'
•11

4(R, + 3^)

\

V(Pw +vy" + v
nTrr

4(Rw + Iw)

(4.18)

(4.19)
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4.2.: Magnetic Scalar Potential Solution

For an irrotational and solenoidal field the equations are;

div H = 0

curl H

H = - grad V

grad V s — r; 1 — 6 ; — z
3r r 30 3Z

H r + Hg 6 + z

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

Therefore, considering the expressions (4.22), (4.23) and

(4.24) we have

ly.

ar

iiy

r 38

3V

3z

(4.25)

(4.26)

(4.27)

Therefore equations (4.20), (4.21) and (4.22) allow us to 

obtain the three components of the magnetic field as a function of the 

magnetic scalar potential. We must, therefore, determine the scalar 

potential.

Applying the divergence at both sides of the equation (4.22)

we have:

div H = - div grad V

Substituting (4.15) in (4.23) we have

(4.28)

= 0 (Laplace's equation) (4.29)
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In cylindrical coordinates equation (4.29) is given by:

3^^ ^ 1 3V ^ 1 a^V a^V
= 0

ar^ r ar az'
(4.30)

cos q z ipCq--)

sin q z Kp(qr)

r2 30 2

The solutions of equation (4.30) are of the form:

V a

Therefore the appropriate solutions of equation (4.30) can 

be found after considering the boundary conditions at the surface of 

either the tube of polarity on the annular discs of polarity as well 

as the magnetisation of both surfaces given in section 4.3.2. However, 

once the magnetic scalar potential has been determined it is possible 

to calculate the three components of the magnetic field using the 

expressions (4.25), (4.26) and (4.27). The magnetic scalar potential 

expressions have already been deriveP’^and are going to be outlined 

here.

For the bore polarity we have:

^
COs(wt - p8 - *) ^

n^Rgi r-
n=odd 4(R^. + 1^)

n^Rgi

4(Rsi + In),

C K nirr cos
nirr

" + \)l 4(R^. +
(4.31)

Therefore substituting (4.31) into (4.25), (4.26) and (4.27) 

we can get the expressions for the magnetic field components:

r§dial_cgmggnent

^si^^r ~ ^sj) g-jp8

y 0
I

n=odd

nir

^(Rsi + V)
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"'si
1

nwr cos mz

+ ^c)/ \4(R^. + 4(R,i + 1,)
(4.32)

SI c' SI

5irSy^f§r§DtiaI_cgmggnent

^si^’^si ~ ^r) .._.-jpe -j>
jpe e I

n=odd
1 nfr
r 4(R^. + i^)

r. nirRSI

,4(R,i + 1,

ntrr COS mrz

4(R3i+lc)/ 4(R,. +V)SI c^

(4.33)

§^l5l_925B9Q§Dl-

H = ^-jp8 ^
^ Pq n=odd

riTT

l4(R,i + IJ

n.Rg. rnrr niTz^ ^^4(R^. + 1,) j ^^^4(R,. + 1,) j''" 4(R,, + 1,) (4.34)

SI c' SI c^

For the polarity on disc surfaces at the core front we

have:

R_
V = —- C0s(wt - p8 - *) ^ 1 J, " 

n=l \2R,,

"TIT 
^ d

n
(4.35)

Therefore, substituting (4.35) into (4.25), (4.26) and 

(4.27) we can obtain the magnetic field components:

r®^l®l_990E9D§n5

_ _1_ e-jP'. e-j* I jJ

2p. n=l
, -------  je
'\2R

c

(4.36)

9ir990f9r99tial_cgmggnent 

R_
H6 JPe

jpG g-j* ^ j (InT1 

n=l '\2R
(4.37)
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B^ialcornggnent

ZPQ n=l \2R^/
(4.38)

For the polarity on the stator core back we have:

Rr
V - —x cos(wt “ p0 “ <|>) I I

%

nnR.
11 . f

n=odd \4(R^ + 1 ) \ ' c c'

nitr
'll cos nitr

4(Rc + 1c) I 4(Rc + V.)c c
(4.39)

Therefore, substituting (4.41) into (4.25), (4.26) and

(4.27) we can get the magnetic field components:

_c g-jpG g-j* nir rniR

n=odd 4(R^ + 1^) \4(R^ + 1^)

K'^l------- !!IL— Uos
MRc + 1c) j 4(R^ + 1c)

(4.40)

Sir^y^fgrSDtial component

I
n=odd

2
r

n?R.

\4(Rc + t)

nirr
cos mz

* 1c) / 4(R^ + 1c)
(4.41)

axial_coiTigonent

nir nirR.
In=6dd 4(R^ + 1^) ^^4(R^ + 1^) ^ "

c c'
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nirr
4(Rc + Ir)/

Sin nirz

4(Rc + ^c)
(4.42)

Therefore it can be seen from the field component expressions 

that it is necessary to determine the coefficients c^, d^ and f^. The 

calculations of those coefficients are shown in section 4.3.2.

4.3 ANALYTICAL REPRESENTATION

Both the explicit current and the implicit magnetic sources
19

can be represented analytically. The implicit magnetic sources can be

represented either by cylindrical tubes or annular discs of magnetic 
49surface polarity. Both the tubular and the annular disc polarities

are determined as functions of the machine dimensions and the explicit

sources. The tubular polarity is set up as an infinite series of

tubes in the axial direction, therefore it can be represented by

Fourier series. The annular disc polarity is set up as an infinite

succession of annulus in the radial direction, therefore it can be

represented by Fourier-Bessel series.

The explicit current sources can be represented by a set of
12 13axial, radial and circumferential current sheets. * The current

sheets are represented by a Fourier series expanded in the axial

direction. If the winding is cylindrical it is just necessary to

consider both the axial and the circumferential current sheets in order
20to obtain the magnetic field. But when the winding is conical, it 

is also necessary to consider the radial current sheet. It is 

necessary to consider separately each different kind of winding. In 

order to simplify the mathematical calculations just the cylindrical 

windings are analysed.
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4.3.1 Winding Current Sheet Representation

The winding is separated into two main component parts: the

active part and the overhang. Both two parts are analysed separately.
76 78 12They are analysed by means of Fourier series. * Hammond has suggested 

a value for the period equal to 4(R^ + 1 ) which is going to be used 

here. That value is such that a minimum number of Fourier terms can 

be used in order to obtain an accurate field calculation and it 

guarantees a negligible mutual interference between the adjacent 

current sheets in the series.

4.3.1. A Active part

4.3.1. Aa Act! ye_part_paral lei __to_the_machine_axis

The active length of both the concentric and the diamond 

windings are parallel to the machine axis. Therefore they have the 

same shape when represented by a Fourier series. They just have the 

axial current sheet which is constant in the axial direction. The 

circumferential current density is equal to zero since it is proportional 

to the partial derivative of the axial component in the axial direction.



We have

JyCz) = J in the interval 0 f z $ 1
ap

- 0 in any other interval in the semi-period.

Since J^(z) is an even function the Fourier expansion is 

just given as a sum of cosines.

73

l K cos nirz
n=odd + 'w)

(4.43)

where

1
/^ap

R.. + 1w w/ 0

3^ cos--------dz

4(Rw + V

. . a = — sin-----------------1
" nir ^ a/D 4. 1 \ °P+ 'w)

(4.44)

where the value of j is given by:

3pNK^Kj

ttRw

Therefore, substituting the value of a in the equation (4.43)

we can obtain J^(z).

4.3.1.Ab Active_part_with_hel ical_distn bution

The helical winding has both axial and circumferential 

current sheets. The axial current density varies cosinuosidally along 

the axial direction. On the other hand, the circumferential current 

density varies sinusoidally along the axial direction. Therefore the 

axial and the circumferential current densities are even and odd 

functions respectively. The maxima of the axial and the circumferential
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densities occur at the centre and at the edge of the winding 

respectively. When one has a maximum value the other one has a minimum.

We have

TTZ

21
in the interval 0 < z < 1 ap

w

J (z) =0 at any other interval in the semi-period.

Jq(z) = Jq sin for the interval 0 « z < 1^

0q(z) = 0 for any other interval in the semi-period.

Jg can be given as a function of J , as shown below.

therefore

We have the expression (4.16) which relates Jg(z) to J^(z)
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w a_ 

P a.
j,(z)

w P a.

TTRw
' 2pi„ '

cos irz

21.w

Therefore we can get a

ap

" ''w + 'w/O

1

. . a.
ap

cos cos ------- dz
+ V

COS
2(«w + Iw)

"'ap

+ I COS 
0

+ (T -

41w(Rw + V
w irz dz +

\ + 0 + ")^w

+ («W + !»)/
irz dz

21 w

Rw + (1 - ")lw + 1„) >

"w " 0 ^ n)l„
Sin .1

'I'wCRw + ap (4.45)

Therefore J (z) can be obtained after substituting the value 

of a in equation (4.43).

The circumferential current density, >3q(z), can be obtained 

in a similar way and is given by

JA(z) = I sin nirz
n=odd " 4(R^ + 1^)

(4.46)



For this particular case can be given by

76

ap

+ ^w/0
sin!l_sin—--------dz

4(R^ + 1J

Rw
2pl^(R^ + 1^)

,1

T^ap

yo
dz +

ap

0

\ + (1 + n)1
COS w

+ ’w)
TTZ dz

h _ ;
+ (1 - n)l^

R„ + (1 - n)l

«„ MW n)l„
Sin w

+ !«)
irl ap (4.47)

Therefore Jg(z) can be obtained after substituting the value of b

in equation (4.43).

4.3.1. B Overhang

4.3.1. Ba Concentric_winding

The concentric winding overhang has both the axial and the 

circumferential current sheets. They are even and odd functions 

respectively. Again it is necessary to calculate the coefficients a

and b in order to obtain J (z) and Ja(z) respectively.
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In order to simplify the mathematical calculations, '1 m
is going to be defined as the distance between the end winding middle 

point and the centre of the winding.

We have

Jz(z)

Oz(^)

In the Interval (1^ - 1,^) - 21^ « z < 1

- J.
'w- ^

21
--------------------- in the interval

- 1
m Iw

Iw 21 Iw

Tlw< + ^Iw

^^.(z) =0 at any other interval in the semi-period.

Jj(z) = jg in the interval ^ ^ + ^Iw

Jq(z) =0 at any other interval in the semi-period.

Jg can be given as a function of as shown below.

From expression (4.16) we have
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P 3

Jq 6
Rw

2pl
(4.48)

w

The coefficients a and can be calculated in a similar 

way that was used in the item before.

^w + ^w

" ^Iw

^^m ~ ^Iw^ “ ^^sp

cos!-------——)dz +
+ Iw)/

+ ^Iw

^m “ hw

+ ^Iw

; +Tlw
d^--------------

21 Iw

cos!--------^------Idz
+ ^w);

y

J_ . z cosf—nil—idz

^m ^ Iw 1 Iw + Iw),

Sin Sin
nirl Iw

n? 4(R„ + 1„) 4(R„ + V)

Sin
- \h)

' )«)
(4. 49)

The coefficient b is given by the expression:

1
/^m ^ ^Iw

- hw

Jg Sin--------------------dz

+ V

Resolving the expression above and substituting the value of
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Jg given by (4.48) we have:

4Rw

"P’w
sin

""(’w - ’iw)

+ Iw)

nirl
sin Iw

4(Rw + y
(4.60)

Therefore both the axial and the circumferential current 

densities can be found substituting a^ and b^ in the expressions (4.43) 

and (4.46) respectively.

4.3.1.Bb Diamond_winding

The diamond winding overhang has both axial and circumferential 

current densities. They also are even and odd functions respectively.

Again, a distance '1 ' between the middle point of the end 

winding and the winding centre is going to be used to simplify the 

mathematical calculations. Now it is important to consider the angular
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pitch (a) of the end winding in order to present the correct sinusoidal 

variation of the currents along the end winding. Therefore we have

^,(2) =

J in the interval (1 - 1, ) - 21__ ^ z ^ 1

j, -1- sin

m Iw' "'sp 

in the interval

- 1,
m Iw

sina 21 Iw

^Iw ^ ^ ^ ^ ^Iw

J (z) =0 at any other interval in the semi-period.

Since

Kw
0e(z) =

p 3Z

we have 

Je(z)
R.w

El^psina
cos

’hi * ’iw - Z

m

21 Iw

’iw < ’m + ’iw

in the interval

Jg(z) =0 at any other interval in the semi-period.

Therefore

w

- ^Iw

" ^Iw) "
Jz cos I nirz

sp

dz +

'’m ^ ’iw

’m - ’iw Sin
sin

^ ^Iw - ^

21
cos j n^z

Is
dz

Resolving the expression above we have:
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--------------------- ----------- , i.
+ Iw) + ^Iw

sin
"'Ow - 2^1w) 

4(Rw + Iw)

"" '•('’„ + 1„)

G'^iwt'L + V) 

2“(l\, + V + n"l,„ ' Sin*

nirl
cos w

* ’w)
+ cos* cos

"'(^w - 2^1«)

"(Rw - V)
(4.51)

Now to calculate we have the expression:

'"'m + ’iw

yi™ - llv,

0^ cosf ^ '

21 Iw

sin nirz

)4(Rw + Iw),
. dz

2«wliw

IjjPsincc
J, <; cos

+ ^Iw

21 Iw

1
+ ^(Rw + ^w)

. sin
'"’’-hwlil’klM

"bw'Rw + '«)
l„l. sin

,„r'lw + ^<K, + ’«) . 1

'”lw(«v,+ U
w

"^^Iw ^ + ^w) ''hwC^, + y

"lypw + 'w) Iwj

+ sin
21 Iw nirl Iw - 2(Rw + 1„)
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"hw'^w + ’w) mi
"^Iw'Rw + V w

—-J----------------  . sinPwl!^!^.,

""'iw + 2(Rw + 1w) ' '' - ' ' '“’iwCV + ’w)

. COS
‘^hJ^ +1„)

X

/

4.3.1.B.C Helical winding
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We have

0,(z)

J^(Z)

J9<")

Ja(^)

COS TTZ

21 w
in the interval 1 - 1 . z ^ 1 + 1 .

m oh m oh

0 at any other interval in the semi-period.

ttR

2pl
- 'm - 'oh ^ « 'm * 'oh

21w w

0 at any other interval in the semi-period.

Therefore

+ 'w

■1 + Km oh

'm ' 'oh

T
cos----- cos nirz

21 w + '«)
dz

Resolving the expression above, we have:

21.w Jz< 1
Rv, + 0 - n)v

sin (1 - 1 , ),

s
'"w(Rw + '«) 

1
(' +")'«

N

Sin
R*, + (1 ■ h)i|

+ 'w)
(^W - ^oh)^

4'„{R„ + IJ

(4.53)

In a similar way we can find b from the expression below:

/^m ^ ^oh
ttR,

'm - 'oh
" j, sin ^ sin-------^----- dz

2’w + y
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Therefore

w Jz< ]

Rw + (1 - n)lw

. Sin ,

''iwfRw + V 

1

Rw + (1 - n)l
sin w

+ 1„)
n« - loh)’ + 5in

Rw + (3 +

R,., + (1 - n)lw w

+ ^w)

(4.54)

Therefore both the axial and the circumferential current

densities can be calculated after substituting a^ and b in equations 

(4.43) and (4.46) respectively.

4.3.1 Tubular and Annular Disc Magnetic Surfaces

The bore surface polarity is set up as a finite series of 

two concentric cylindrical tubes of magnetic pole distribution. The 

stator core back is set up as a finite series of single cylindrical 

tubes of magnetic pole distribution. Both are represented by Fourier 

series. The stator core front surface polarity is represented by an 

infinite number of concentric annular discs of magnetic pole distribution. 

That is represented by a Fourier-Bessel series^^"^° The number of magnetic 

pole patterns is determined by the number of pole pairs of the 

synchronous machine.

4.3.2.A Bore polarity

Both the inner (rotor surface) and the outer (stator internal 

surface) tubular surfaces have a magnetic pole distribution proportional

to the radii of both the rotor and the internal part of the stator.

When the air gap is small, both surfaces will have similar intensities
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of opposite signs considering that the permeabilities are high. The 

magnetic polarity distribution is assumed constant along the axial 

direction. The end effects are neglected in order to simplify the 

mathematical analysis. The bore magnetic polarity is shown in figure 

3.4. The magnetic polarities on the outer and inner tubular surfaces 

are respectively:

^si ^

P* = p8, t)

But both the surface polarities vary sinusoidally with both the time 

and the circumferential direction. Therefore we can write:

Psl

p*(z) . e-JP® e-j*

Therefore it is necessary to determine p*^ and p* and it can be done

by Fourier expansion. The period is similar to that suggested by 
12Hammond.
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We have:

P^^(z) = P*^ for 0 < z <

p*^-(z) = 0 for any other interval in the semi-period.

p*Xz) = P^ for 0 $ % < Ig

P^(z) = 0 for any other interval in the semi-period.

But the magnetic polarities on both the stator inner surface 

and the rotor surface are related to the respective radial flux density 

on each surface, as shown in section 3.3. Therefore

pf

B
SI

B R»

(4.55)

(4.56)

The radial flux densities in both the rotor and the inner 

stator surfaces are related by the expression

" ^R
^si

SI R.
(4.57)

Therefore substituting the values of Bn and Bn given in
^r ^si

expressions (4,55) and (4.56) into (4.57), we have



^si
Pr = — 

r

Therefore we can write
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P:i(z) cos rnrz

n=odd 4(Rc + Ic)

Pt(z)
"si

I .C„ “S mrz

,^:6dd " 4(R^ + lgj

where

R_ + 1
P*i cos

n^rz

c /O '»(«c "
dz

Rc +
Psi

n^rz

4(Rr + Ir)
(4.58)

Therefore substituting the value of c given by expression 

(4.47) into the expressions (4.32), (4.33) and (4.34) we can get the 

three components of the magnetic field due to the bore polarity.

4.3.2.B Polarity on disc surfaces at the core front

The magnetic pole distribution at the stator core front 

surface varies with the radial direction. It has a sinusoidal 

variation with both the time and the circumferential direction. That 

surface polarity is represented by an infinite series of concentric 

annular discs distributed in the same plane z. The Fourier-Bessel 

expansion is utilised and the Bessel functions of first order and first 

kind are used to determine the core front surface polarity. The period 

considered is the same suggested by Tavner^^ since it guarantees a 

negligible interference between adjacent discs. We have that the 

magnetic polarity at the stator core front is given by:
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PJf = P5f(»-) e-jP® e'j*

Therefore it is necessary to find p*^(r) which can be done by a 

Fourier-Bessel expansion

Therefore from Churchil^^ page 163 and Kreisic/^ page 143,

we can write

Pcf(>”) = dgJi I ——— ) Hh , • •

2R. y ^ 'V 2R^

where the coefficient d^ is given by

r JifX1 ^n

5

2R.
|P*^(r) dr

si

r Ji .(^n)Pjf(>-) dr (4.59)
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where are the roots of the Bessel function J, for n = 1, 2, 3, ...

Therefore the value of given by expression (4.59) allows 

us to calculate the three components of the magnetic field given by 

expressions (4.36), (4.37) and (4.38).

4.3.2.C Surface polarity on the stator core back

The magnetic pole distribution on the stator core back surface 

is not constant along the core length. Therefore it can be represented 

by a series of tubular surfaces with non-uniform magnetisation 

periodic in z. It can also be represented by a Fourier expansion. 

Therefore we can also write:

Pcb ^ Pcb(^) ^^ 

where p*^(z) can be determined as follows:

---------------------------- jSi

1

1

^centre

<—-------------- —T = 4(R^+1^)

/ ' \
^ I \

J
1

z

Therefore in order to simplify the calculations we assume 

a simple exponential variation of the core back surface polarity along 

the core length

kz
centre for 0 $ z $ 1.
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where k is dependent on the machine geometry.

p*^(z) = 0 for any other interval in the semi-period.

Therefore

mi
n=odd " 4(R^ + 1^)

where:

’c /

centre

P*centre
4(Rc + Ic)

kl

m

^4(Rc + 1,)

n^l
cos

4(Rc + ip

nir nirl

4(Rc + Ic)
. sin

4(Rc + Ic)
(4,60)

Therefore this expression for f^ allows us to obtain the 

magnetic field components due to the surface polarity at the stator 

core back after substitution into the formulae (4.40), (4.41) and

(4.40).



91

CHAPTER FIVE

LEAKAGE FLUX AT THE STATOR CORE BACK OF THE 

SYNCHRONOUS MACHINE UNDER SHORT CIRCUIT CONDITIONS

5.1 GENERAL

The short circuit operation is determined by a symmetric 

short circuit applied to the stator winding terminals before exciting 

the synchronous machine. The field current is gradually increased in 

order to obtain the desirable value of short circuit current.

During short circuit conditions the synchronous machine 

contains practically no flux in the air gap and with the short circuit 

around the level of the normal operating current the internal flux is 

smaller than the steady state operation flux. Actually the field mmf 

must just be large enough to overcome the opposing stator mmf and to 

generate an emf for circulating the short circuit current in the 

stator windings.^

The short circuit characteristic gives the relationship 

between the stator current (stator mmf) and the field current (field 

mmf) when the stator windings are symmetrically short circuit and the 

machine is running at normal speed (figure 2.1).

Because the flux is small the saturation effect in the iron 

core at short circuit operation is negligible and the short circuit 

characteristic of the synchronous machine is a straight line, which 

would not be so far guaranteed by a very high short circuit current, 

at normal speed, which would imply in a high correlated field current 

and a consequent leakage flux that could produce saturation.

In practical machines the stator winding mmf waveform is

close to a sinusoidal one, but actually this waveform is composed of
38

fundamental and harmonic components. The harmonics of the field mmf
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are not overcome by correlative parts in the stator mmf, therefore 

the resultant air gap flux waveform has a large harmonic content, as 

shown in figure 5.1. In a real case the air gap flux is not equal 

to zero due to the existence of harmonics.

Fig.5.1: Short circuit airgap flux and mmf

The salient pole synchronous machine has large third 

harmonic mmf components due to the saliency contribution which has no 

counterpart in the stator mmf. Therefore there exists a troublesome 

harmonic air gap flux. The harmonics in the air gap flux waveform 

increase the iron losses observed in the stator core and teeth since 

they establish an alternating flux in the stator that has three times 

the fundamental frequency.

Under short circuit operation the field in the synchronous 

machine end region depends on the combination of the opposing stator 

winding mmf and rotor windings mmf. The losses are directly linked to 

the value of flux density in each particular site. The stator winding
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shape is of substantial importance in the determination of the 

distribution of leakage flux when the synchronous machine is operating 

on short circuit conditions.

5.2 THE CONTRIBUTION OF MAGNETIC SOURCES

The various magnetic sources of core back leakage flux 

have been discussed in Chapter Three. Under short circuit conditions, 

the magnetic field in the air gap of the synchronous machine is 

practically equal to zero. Actually a very small air gap magnetic 

field could be expected to exist due to harmonics caused by the rotor 

system. Although since both the stator and rotor iron surfaces of a 

synchronous machine have a high permeability the surface polarities 

at both surfaces are equal to the radial components of the flux density 

crossing the surfaces, as shown in section 3.3. Therefore, there are 

very small distributions of magnetic poles at the core bore surfaces 

which are expected to have a larger concentration at the edges. 

Consequently the magnetic surface polarity at the stator bore makes a 

negligible contribution to the leakage flux at the stator core back 

and there is no air gap fringing flux.

On the other hand, the overhang contribution to the core 

back leakage flux is of fundamental importance since the overhang 

current produces the magnetic field that magnetises the iron surfaces. 

The effects of the current amplitude are presented in section 5.3.3.

The intensity of magnetisation of both the core front and core back 

surfaces are also dependent on both the shape and geometry of the 

overhang. The magnetic field equations for the overhang are shown in 

Chapter Four. Both the surface polarities at the core front and core 

back areiwplicit sources and have an important interaction due to 

their relative positions. In the laboratory synchronous machine used
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in the investigations no magnetic screen was used, therefore, the 

distribution of magnetic poles at the core front has a larger intensity 

than if the magnetic screen was present^^ The secondary electromagnetic 

sources discussed in Chapter Three have a very small effect on the 

core back leakage flux. The volume polarity is localised at the ends 

of the synchronous machine. The eddy current effects were small since 

the stator core was built up by iron laminations and no magnetic screen 

was used at the core fronts. Therefore during the short circuit 

operation the most important sources are: the overhang current, the 

polarity on disc surfaces at the core front and the polarity at the 

back of the core.

5.3 LEAKAGE FLUX DISTRIBUTION

The distribution of leakage flux was examined in the space

surrounding the stator core back surface. Actually the three 

components of leakage flux were surveyed around the core back region 

and their variations against both the axial and radial directions were

investigated. The overhang current effects on the leakage flux 

distribution are presented.

5.3.1 Variation of the Leakage Flux Along the Stator Core 

Back Length

The leakage flux distribution along the stator core back

length of the synchronous machine is not a uniform one. The edges of 

the stator core back have a concentration of leakage flux greater 

than the centre zone. This phenomenon is explained by the fact that 

the edges of the core back are closer to the magnetic sources than 

the centre region. The closer a magnetic source is to & region the 

bigger is the magnetic field produced by that source at that region.
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Actually the effects of elements of either current or magnetic surface 

polarity sources vary inversely with the square of the distance 

between those elements and the region under consideration? Figure 3.1 

shows the main sources of core back leakage flux and confirms the fact 

that the main magnetic sources are closer to the edges of the core 

back region.

An ideal synchronous machine must have symmetry between 

each half side of the stator core back region. Therefore the leakage 

flux intensities at each half side are equal in an ideal machine.

This is not followed by the laboratory machine used seeing that it has 

no mechanical, electrical and magnetic symmetry. Consequently the two 

edges of the core back do not have the same leakage flux intensities.

Figure 5.3a shows the variation of the radial component of 

the leakage flux density along the stator core back length for 

different short circuit currents. The radial leakage flux intensity 

at the core back edges is greater than at the centre zone. Figure 

5.3b also shows the variation of the radial component along the core 

back length. But in this case a more distant region from the core 

back surface is considered. The intensity of radial leakage flux is 

still bigger at the edges of the core back. Although in figure 5.3b 

the curves are flatter than those presented in figure 5.3a.

The variation of the axial component of leakage flux density 

along the stator core back length is shown in figure 5.4, The axial 

component also has a higher value at the edges. The intensity of the 

axial leakage flux at the centre zone of the core back is equal to 

zero. Figure 5.5 shows the variation of the circumferential component 

of leakage flux density along the length of the core back. Again the 

highest intensity is found to be at the core back edges. The curves 

of the circumferential component are flatter than both the axial and
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Fig. 5.3.a Variation of the radial leakage flux density along the stator core back 
length.
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Fig. 5.4: Variation of the axial leakage flux density along the stator core back 
length.
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Fig. 5.5 : Variation of the circumferential leakage flux denstiy along the stator 
core length.
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radial components. This phenomenon can be explained by the fact that 

most of the magnetic sources have a tendency to divert the core back 

leakage flux either to the radial or axial directions. Although the 

surface polarity at the core back can also contribute with a leakage 

flux in the circumferential direction, as shown in figure 5.2.

Fig. 5.2: Circumferential leakage flux produced by the 
surface polarity at the back of the core

5.3.2 Variation of the Leakage Flux With the Distance From the

Stator Core Back Surface

The leakage flux diminishes with the distance from the stator 

core back surface. Figure 5.7 shows the variation of the radial 

component of the core back leakage flux density against the distance 

from the stator surface at both the edges and the centre regions.

The radial component decreases sharply with the distance from the core 

back surface, indicating that its biggest concentration is at the 

surface. Actually, at the surface of the stator core back most of the 

leakage flux is practically composed of the radial component.



<DO<0

TOT

ofO

Q)
S-OO
$-
o

4->fO4- > CO
CJJZ
4^

c
O5- CH
O)U
cfO

4->t/>
X3

O)
4->

4_>
to
C

fd
CDfd

0)“O

H-
OJ
CJ)fO
fO(U

fds-
O)JZ

4->

(4-O

4->
fd

Ufd

CD

Ll.



102

Supposing a solid stator core with a constant and infinite 

permeability with every line of flux emerging from the air to the core 

or from the core to the air, should get perpendicular to the iron 

surface which would be an equipotential surface. The relationship 

between the angles of incidence and refraction in the iron/air 

interface has been described by several authors on electro- 

magnetism?’^^Figure 5.6 shows the boundary conditions at the 

interface iron/air.

Fig. 5.6: Boundary conditions at the interface iron/air

Therefore the angles of incidence and refraction in the 

iron/air interface are given by:

1tan aair ' tan ^iron (5.1)

iron

where w. is the relative permeability of the iron.
iron

Consider a solid iron with a uniform and very high

permeability, the value of tends to infinity (w -»-«>)
iron ^iron

therefore tan -> 0 . . = 0°, which means that the flux line is

perpendicular to the iron surface at the interface iron/air.
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In an ideal case of uniform and infinite permeability,

the flux line is perpendicular to the iron plane independently of

the angle that the flux line has with the iron surface inside the iron,

which is shown by equation (5.1) when « is substituted. As
i ron

the permeability decreases to small values the angle a^. passes to be
Cl

also dependent on ^ . In a real case of laminated stator core 

machines the angle will not be exactly equal to 90° and will vary 

along the stator core length depending on saturation levels of each 

considered region as well as on the stacking factor. Therefore both 

the axial and circumferential components have their amplitudes increased. 

When the stacking factor is very high both axial and circumferential 

leakage flux components are small at the stator core back surface.

Figure 5.7 shows that at the edges of the core back the 

radial leakage flux first decreases sharply, then becomes negative, 

reaches a minimum and finally tends to zero as the distance is 

continuously increased. The sharp decrease of the leakage flux is due 

to the fact that the strength of the sources field decreases with the 

square of the distance. The total leakage flux at the stator core 

back is determined by the vector sum of the individual contribution 

of the sources. The sources do not produce magnetic fields with the 

same directions. The surface polarity source at the core back has the 

predominant contribution to the leakage flux at regions close to the 

core back surface. But compared with the other main magnetic sources 

the core back surface polarity has the smallest distribution of magnetic 

poles. The fact that the radial leakage flux becomes negative is 

explained by its change of direction which is opposite to the direction 

previously presented by the radial component with positive amplitude.

The flux component caused by the surface polarity at the core back 

decreases more rapidly than those components caused by other main
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sources. Therefore the radial leakage flux has a minimum value and 

afterwards tends to zero. At the centre region of the stator core 

back the radial leakage flux decreases straightforward because the 

surface polarity at the core back has the predominant effect even at 

regions more distant from the core back surface. That phenomenon is 

more expressive if the synchronous machine has a very long stator 

core.

Figure 58 shows the variation of the axial component of the 

leakage flux density against the distance from the stator core back 

surface. The axial leakage flux at the stator core edges initially 

increases, then reaches a maximum value and finally tends to zero when 

the distance is continuously increased. The increase in axial leakage 

flux component with the distance is explained by the diversion of the 

radial component into the axial direction. That phenomenon is particular 

of the leakage flux at regions close to the stator core back surface. 

Therefore the axial component of leakage flux density reaches a maximum 

and starts to decrease because the magnetic sources contributions 

become smaller with larger distances. At the centre of the stator core 

back the axial leakage flux is equal to zero.

Figure 5.9 shows the circumferential leakage flux density 

component variation with the distance from the stator core back surface. 

The circumferential component of the leakage flux has a smoother 

variation with the radial distance from the core back surface. This is 

explained by the fact that there is a tendency of the core back 

leakage flux of linking the end regions of the stator where the largest 

sources are located. Although it has been shown before in figure 5.2 

that there is also a circumferential leakage flux that links the core 

back regions. The greatest part of them is due to the surface polarity 

at the core back. The circumferential component also has an initial
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increase due to radial leakage flux component that is diverted to the 

circumferential direction. The circumferential component of leakage 

flux is not equal to zero at the centre of the stator core back.

5.3.3 Effects of the Overhang Current

When the synchronous machine is operating on short circuit 

the overhang current (short circuit current) increases or decreases 

with the field current at constant frequency, as shown before in 

Chapter Two (figure 2.1). The leakage flux increases with the increase 

in the overhang current. That is in agreement with the field equations 

presented in section 4.3.1 of Chapter Four, for the different shapes 

of overhang.

The increase of leakage flux with the overhang current is 

not the same along all the stator length. The leakage flux at the 

stator core back edges have a greater increase than at the centre 

regions of the core back because the edges are closer to the overhang 

sources.

The distributions of magnetic poles at both surfaces at the 

stator core back and the stator core front are increased with the 

increase on the overhang current. Therefore an increase in the explicit 

source causes an increase in the implicit sources, which means greater 

leakage flux. This fact emphasises that the increase in the power 

output of synchronous machines achieved by the increase in the winding 

current can establish larger leakage flux at the stator core back.

Both figure 5.10a and figure 5.10b show the variation of the 

radial leakage flux density against the overhang current during the 

short circuit operation at both the edges and the centre of the stator 

core back. The first figure considers points closer to the stator core 

back surface than the second one. In both figures the effects on the
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leakage flux distribution are more prominent at the edges of the core 

back. Figure 5.11 shows the variation of the axial component against 

the overhang current during short circuit conditions. The 

circumferential leakage flux component has a similar effect at both 

the edges and the centre regions caused by the overhang current. The 

circumferential component is less affected by the variation on the 

overhang current than the other two components.
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Fig. 5.10.b: Variation of the radial leakage flux density against the
short circuit current.
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Fig. 5.11: Variation of the axial leakage flux density against the short 
circuit current.
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CHAPTER SIX

LEAKAGE FLUX AT THE STATOR CORE BACK 

OF THE SYNCHRONOUS MACHINE UNDER OPEN CIRCUIT CONDITIONS

113

6.1 GENERAL

The synchronous machine is operated under open circuit 

conditions when the stator winding terminals are disconnected and 

the field winding excited by a d.c. current with the rotor rotating 

at a constant speed. The stator windings carry no current during 

open circuit operation. Then there is no armature reaction which 

means that it is only necessary to supply a driving torque to overcome 

the opposing torque due to windage and friction in order to generate 

an emf in the stator winding. In open circuit conditions the flux of 

the synchronous machine is determined by the field mmf.^^ Assuming 

that the rotor is driven at a constant angular speed, which means 

constant frequency, the alternating induced emf is proportional to 

the flux linking the stator windings.

The open circuit characteristic gives the relationship 

between the open circuit voltage, at normal speed, and the field 

excitation (figure 2.1). The open circuit operation is used to 

determine both the losses caused by the flux required to produce rated 

open circuit voltage and saturation effects when the machine has 

constant main frequency. The relationship between the open circuit 

voltage and the field current would be a complete straight line if 

there was no saturation effect.

In an ideally designed machine, the flux distribution round

the air gap is sinusoidal, but in practice, it actually has a
81

trapezoidal waveform. Another important fact to be noticed in real 

machines is that the windings are distributed in slots causing
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disturbances in the air gap flux density accentuating its space

harmonics components which impose time harmonics together with the

fundamental in the alternating emf.

In order to simplify the analysis of the leakage flux at

the stator core back the air gap is considered to be crossed by a
82radial flux distributed sinusoidally both in space and time.

6.2 THE CONTRIBUTION OF THE MAGNETIC SOURCES

Since the stator windings carry no current during the open 

circuit operation the overhang source does not have any contribution 

to the core back leakage flux. On the other hand, the bore surface 

polarity source is present because of the air gap magnetic flux crossing 

the core bore. Therefore both the stator and rotor surfaces at the 

core bore are magnetised by the action of the main air gap magnetic 

field. That does not happen when the synchronous machine is operating 

in short circuit conditions, as discussed in Chapter Five. The main 

sources of core back leakage flux during open circuit conditions are: 

bore polarity, polarity on disc surfaces at the core front and polarity 

on the back of the core. All of those sources are implicit and 

interact between themselves. Those sources are shown in figure 3.1.

Both the surfaces at the core front and at the core back are 

under the action of the fringing field caused by the air gap field.

This fringing field can magnetise both the surfaces at the core front 

and the core back. Because the core front surface is closer to the 

core bore than the core back surface, it suffers a larger magnetising 

action from the fringing magnetic field. Therefore the magnetic pole 

distribution at the core front surface is greater than that at the 

stator core back surface. The zone of the core front surface closer 

to the core bore has a larger concentration of magnetic surface polarity.
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The fringing field distribution at the ends of the stator 

core depends on both the shape and dimensions of the core bore. Howe^® 

has studied the effects of various shapes of stator core ends on the 

distribution of the fringing field. The reduction of the magnetic 

surface polarity at the core front is the target. Since the largest 

concentration of magnetic poles occurs at the zone of the core front 

close to the bore, the first aim is to reduce the magnetic surface 

polarity at that place. This has been achieved with the utilisation 

of stator core ends made either stepped or rounded. Both the 

stepped and the rounded stator core ends divert the fringing flux away 

from the stator core zone close to the core bore. Actually those 

special arrangements at the stator core ends impose an increase in 

the flux path length diminishing the magnetising effects of the fringing 

flux close to the core bore region.

Fig. 6.1: Distribution of the fringing field at the 
end region of the stator core

The magnetic surface polarity at the core front can also be 

reduced with the utilisation of either aluminium or copper screens 

placed in front of the clamping plates. The screening plate imposes an 

impermeable barrier to the magnetic field and diverts the field from
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the stator core front surface. Chapter Three presents a further 

discussion on the screening plates. Chapter Eight presents some 

figures which show the effects of the screening plates on the leakage 

fl ux.

Therefore, it can be noticed that either the special 

arrangements on the stator core ends or the magnetic screening plates 

cause an increase in the length of the magnetic flux path diverting 

the flux from the core front surface. This means that the effects of 

the leakage flux are minimised at some regions of the stator core but 

can be increased to other regions. Actually the magnetic flux diverted 

from the core front can reach the stator core back causing an enlarge­

ment in the magnetic surface polarity at the core back. Depending on 

the stator core depth the increase in the surface polarity at the core 

back can reach intensities much higher than those normally expected. 

Therefore the stator core back region can be under effects of larger 

leakage flux. Owing to the positions of the magnetic sources, the 

end zone of the stator core back is likely to have a higher concentration 

of magnetic poles.

The core back surface can also be magnetised by the main 

flux that passes through the stator core reaching the core back 

surface due to finite reluctance of the laminations. The main flux 

that reaches the stator core back is generally small and depends 

basically on both the stator core depth and the circumferential 

permeability of the stator core which is dependent on the size, shape, 

number and distribution of axial ventilating ducts, the size of 

laminations segments, the butt-joints and lapping arrangements, and 

the level of saturation imposed to the stator core. The main flux 

contributes with a circumferential leakage flux in the laminations at 

the stator core back and in an ideal synchronous machine it should
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have a uniform distribution all over the stator core back length.

Fig. 6.2 : Main leakage flux at the stator core back

6.3 LEAKAGE FLUX DISTRIBUTION

The distribution of leakage flux was examined in the space 

surrounding the stator core back surface. The three components: 

axial, radial and circumferential, were investigated. The eddy 

current and the saturation effects on the leakage flux distribution 

are presented. The leakage flux distribution during open circuit 

operation has the same shape as that obtained in short circuit 

conditions.

6.3.1 Variation of the Leakage Flux Along the Stator Core 

Back Length

Also during the open circuit operation the distribution of 

leakage flux along the stator core back length of the synchronous 

machine is not uniform. Because the core back edges are closer to the 

main magnetic sources than the centre region they have a larger 

concentration of leakage flux.
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The variation of the radial component of the leakage flux 

density at the stator core back against the position along the stator 

core length is shown in both figure 6.3a and figure 6.3b. The curves 

presented in both figures were obtained at different distances from 

the stator core back surface. The curve of figure 6.3a has larger 

intensities of leakage flux than those in figure 6.3b. That is 

explained by the fact that the region considered in the first figure is 

closer to the surface of the core back than that of the second figure; 

therefore, in figure 6.3a the plane of the measurements was closer to 

the electromagnetic sources of core back leakage flux. The magnetic 

surface polarity on the core back has the largest contribution to the 

core back leakage flux when the region is close to the surface of the 

core back. The magnetic polarity on disc surfaces at the core front, 

the bore polarity and the overhang current have a more pronounced 

effect at the edges of the stator core back than at the centre region. 

Therefore, because the main electromagnetic sources are closer to the 

edges than to the centre of the stator, the concentration of leakage 

flux at the core back end zone is higher than at the centre region, as 

shown by both figure 6.3a and figure 6.3b. Although figure 6.3b does 

not show the maximum intensity of the core back leakage flux occurring 

at the very end of the stator core back. The maximum intensity of 

leakage flux occurs in the inner regions because the contribution of 

the polarity on the back of the core at the edge region decreases 

sharply with the distance from the core back surface and the other 

main sources' contributions become more effective when more distant 

points are considered. Close to the corner of the stator core back the 

leakage flux tends to bend towards the stator core front region where 

most of the electromagnetic sources of leakage flux are located.

Figure 6.4 shows the variation of the axial leakage flux 

density component along the stator core length. Figure 6.4a shows



Br(mlk
Open Circuit
415V 50Hz 
8 = 340°
r = 1mm

119

120
z(mn

120 -90 -60 -30 0 30 60 90

Fig.6L3.a: Variation of the radial leakage flux density along the stator 
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Fig.6.4.a: Variation of the axial leakage flux density along the stator core back 
length.
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Fig.6.5.a: Variation of the circumferential leakage flux density against the open 
circuit voltage.
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measurements at a plane (r, 8) closer to the surface of the core back 

than figure 6.4b. The axial leakage flux density is also expected to 

have a higher concentration at the edges of the stator core back because 

of the locations of the electromagnetic sources. That is confirmed by 

the curves in both figure 6.4a and figure 6.4b. The axial leakage 

flux component is equal to zero at the centre of the stator core back 

surface.

The circumferential component of the core back leakage 

flux also varies along the stator core length, as shown in figure 6.5a 

and figure 6.5b. Although this variation is smoother than both axial 

and radial component variations. That is explained by the tendency of 

the main electromagnetic sources to bend the core back leakage flux 

towards the stator core front. Therefore most of the core back 

leakage flux leaves the core back surface in the radial direction and 

changes to the axial direction in order to reach the core front region. 

It can also go in the opposite direction leaving the core front and 

reaching the core back. There is also a part of the core back leakage 

flux that circulates in the circumferential direction of the core back, 

as presented in section 5.3. The intensity of the circumferential 

component is also larger at the edges.

6.3.2 Variation of the Leakage Flux With the Distance From the 

Stator Core Back Surface

The radial component of the core back leakage flux decreases 

sharply with the distance from the stator core back surface, as shown 

in both figure 6.6a and figure 6.6b. The regions at the edges show 

a sharper decrease than the region at the centre of the stator core 

back because the surface polarity at the core back at the edges has a 

rating of decrease greater than those of the other main electromagnetic
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sources. That happens because the relative decrease in the distance 

from the core back surface polarity is much bigger than the relative 

decrease in the distances from the other sources. Another reason is 

the fact that the surface polarity at the core back is the smallest 

of the main sources in absolute terms. Therefore at the edges of the 

stator core back the leakage flux is more rapidly changed to the axial 

direction by the action of the electromagnetic sources at the core 

front region of the synchronous machine. At the centre of the stator 

core back the radial leakage flux has a straightforward decrease and 

does not reach negative values because of the largely predominant 

influence of the polarity at the back of the core.

Figure 6.7a and figure 6.7b show the variation of the axial 

leakage flux density with the distance from the stator core back 

surface which is similar to that variation obtained during short 

circuit conditions; in other words, the axial component has an initial 

increase, reaches a maximum value and then decreases with the continuous 

increase in the distance. The axial flux at the centre of the core 

back is equal to zero.

Figure 6.8a and figure 6.8b show the variation of the 

circumferential component of the leakage flux against the radial 

distance from the core back surface which is also similar to that 

obtained when the machine was operating on short circuit.

Both the axial and the circumferential components of the 

leakage flux have a large intensity at the very end of the core back 

away from the surface because of the changing in direction of the 

radial leakage flux that leaves or penetrates the stator core back 

surface.
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Fig. 6.7.a: Variation of the axial leakage flux density against the distance from the 
stator core back surface.
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Fig,6.8.a: Variation of the circumferential leakage flux Hensity against 
the distance from the stator core back surface.
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6.3.3 Variation of the Leakage Flux Along the Circumferential

Direction at the Stator Core Back

The main magnetic field produced in the air gap of the 

synchronous machine varies sinusoidally with the circumferential 

direction around the machine bore. This field also rotates with a 

constant frequency around the core bore. Therefore the main 

electromagnetic sources of an ideal machine produce a constant 

magnetic field component at the points situated at a constant distance 

from the back surface and at a fixed axial position around the core 

back. But, there still is a larger concentration of the leakage planes 

both closer to the surface and at the edge of the core back because 

the main electromagnetic sources are located close to the core back 

edge.

In a real synchronous machine the circumferential 

distribution of core back leakage flux is not the same as an ideal 

machine. That happens because the introduction of the mechanical 

structure and core supports, such as building bars, which have a 

localised effect and disturb the core back leakage flux distribution. 

Manufacturing imperfections, such as non-uniform gaps between 

laminations, can also affect the distribution of core back leakage 

flux introducing regions of larger concentration of leakage flux.

Figure 6.9 shows the variation of the radial component of 

the core back leakage flux around the circumferential direction.

Because the laboratory synchronous machine does not have perfect 

symmetry and due to the existence of mechanical support which clamps 

the stator core laminations, the leakage flux does not have a smooth 

circumferential distribution. The existence of regions of larger 

leakage flux intensities can aggravate the situation, introducing 

points of larger concentration of temperature.



134

Fig. 6.9: Variation of the radial leakage flux density around 
the stator core back
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6.3.4 Eddy Current Effects

In order to study the effects of eddy currents in the 

leakage flux distribution during open circuit conditions, the 

synchronous machine frequency was varied. Unfortunately the range of 

frequency was small due to limitations of the d.c. motor speed, 

mechanical vibrations and the maximum stator winding voltage admissible. 

The normal speed of the synchronous machine is 1500 RPM and the normal 

voltage is 415 volts. The stator core was not fitted with a screening 

plate. Therefore the effects of the eddy current in the distribution 

of leakage flux were not very significant. The eddy current effects 

discussed in Chapter Eight are more significant because of the use of a 

larger range of frequency and the presence of screening plates.

In the synchronous machine operating on open circuit, both 

the axial leakage flux inside the stator core and the radial leakage 

flux at the stator core back were analysed. Figure 6.10 shows the 

variation of the radial component of core back leakage flux density 

against the synchronous machine frequency. Both the centre and the 

end zones of the core back were analysed. The distribution of radial 

leakage flux at the centre region of the core back is not affected by 

the eddy current and the distribution at the end region is just slightly 

affected because of the relative weakness of the eddy current reaction 

imposed on the stator core. Figure 6.13 shows the variation of the 

axial leakage flux inside the stator core due to eddy current effects. 

Both different depths into the stator core and different positions 

relative to the plane of the laminations were considered. The 

locations of the search coils used to measure the axial leakage flux 

inside the stator core are shown in figure 6.12. The axial leakage 

flux inside the core is much larger in the area around the tooth edge 

than in the other areas when the lamination is close to the core end.
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Fig. 6.10: Relative Variation of the radial component of the
core back leakage flux density against the frequency
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Fig.6.13.a : Variation of the axial leakage flux density against frequency.
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For laminations deeper into the core the axial leakage flux has a 

much smoother distribution. Therefore the eddy current induced in 

the plane of the laminations does not have a uniform distribution and 

has the largest intensity in the area close to the tooth edge. The 

axial leakage flux distribution inside the stator core of the 

synchronous machine is modified by the action of the eddy currents.

The eddy current circulating in the plane of the laminations produces 

a magnetic field that opposes the axial leakage flux. Actually the 

eddy current diminishes the quantity of axial leakage flux diverting 

this flux away from the stator core front. The phenomenon of 

diverting axial flux from the core front is of substantial importance 

to the distribution of leakage flux at the stator core back. The eddy 

current circulating in the lamination plane can increase the amount of 

leakage flux at the core back, mainly at the edge areas. That effect 

can become worse with the presence of screening plates at the stator 

core front. The eddy current circulating in the back of the 

laminations has a negligible effect on the core back leakage flux 

distribution because it is resistance limited.^^

6.3.5 Saturation Effects

The synchronous machine has its performance affected by the 

magnetic saturation of its magnetic circuit because of the introduction 

of considerable non-linearities. Both the main and the leakage 

flux can use the same magnetic circuit which could reduce the 

synchronous machine magnetising inductance by a significant increase 

in the armature leakage flux. The permeability at any point of the 

magnetic circuit is a function of the local flux density. A high 

concentration of flux means that the local saturation may become 

important even when the mean flux density is not too big.^^’^^
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In an ideal machine it is expected that all flux densities 

are proportional to the currents producing them. This is disturbed 

in a real one by the presence of non-linearities caused by the action 

of saturation. When the currents increase to high values the leakage 

flux path can become saturated, altering the flux distribution and 

distorting the waveform. The open circuit test of synchronous machines 

shows the saturation effects in introducing non-linearities into the 

mutual flux, as shown in the curve x (figure 2.1).

The saturation causes a decrease in the stator core 

permeability easing the penetration of the magnetic leakage flux 

towards the synchronous machine stator core. Therefore a larger 

distribution of magnetic poles is imposed on the surfaces of the 

stator core because of the presence of larger inducing magnetic fields. 

That means that the intensity of the main electromagnetic polarity 

sources at the surfaces of the stator, such as bore, core front and 

back back, are increased when the synchronous machine is under 

saturation conditions. Therefore the leakage flux at the stator core 

back is increased with the saturation effects. The saturation can 

affect the distribution of either the core back leakage flux or the 

axial leakage flux inside the stator core. The axial leakage flux 

penetrating the stator core front reaches deeper laminations and has 

its amount increased by the saturation due to the decreased stator 

core permeability. The volume polarity source inside the stator core 

is also increased with the saturation and helps to reduce the amount 

of leakage flux penetrating the stator core. The volume polarity 

opposition to the axial leakage flux penetration is treated in detail 

in section 3.6.1.

Saturation can aggravate the existence of hotspots in the 

stator core of synchronous machines because a greater concentration of
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leakage flux is imposed on the regions under more intensive saturation 

effects. The edge of the stator core back is under more severe 

conditions than the centre region because the edge has a larger 

density of leakage flux.

Figure 6.14 shows the variation of radial leakage flux 

density against the open circuit voltage at both the centre and edge 

zone of the core back and for different distances from the core back 

surface. The saturation intensity is increased with the increase of 

open circuit voltage when the synchronous machine has a constant 

frequency. Figure 6.14a shows the curves of the radial component 

closer to the back surface than figure 6.14b. As expected, the curves 

are not linear because of the presence of the saturation effects. The 

curves show that the saturation effect is greater at the edges of the 

stator core back than at the centre regions and the core back leakage 

flux is more intensively increased. That is explained by the fact 

that the surface polarity at the back of the core has a greater 

increase at the edge zone. Both edges of the stator core back have 

different values of leakage flux due to a lack of perfect symmetry of 

the synchronous machine, but both edges are affected in a similar way. 

The centre region of the core back starts to feel the saturation 

effects at higher voltages. Figure 6.14b shows the curves of the 

radial component for a region more distant from the back surface than 

figure 6.14a and also shows the variation of the radial component with 

the saturation at a zone closer to the very end of the core back. It 

is very important to notice that at the edge of the core back, at 

planes distant from the core back surface, the intensity of the radial 

leakage flux initially increases with the voltage, reaches a maximum 

and then decreases. That happens because the action of the saturation 

which rearranges the leakage flux distribution and imposes a higher
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concentration of core back leakage flux at the surface of the stator 

core back. This is also explained by the fact that the saturation 

causes a change in the direction of the radial component into either

axial or circumferential directions, at planes distant from the core

back surface.

The variations of both the axial and circumferential leakage 

flux density components with saturation are shown in figures 6.15 and 

6.17, respectively. The curves show that the saturation effects cause 

an increase in both the axial and the circumferential components, even 

at a zone closer to the very end of the core back. That is in 

agreement with the theory of rearrangement in the distribution of 

leakage flux imposed by the saturation effect which diverts the radial 

component into either the axial or circumferential directions. Both 

the axial and the circumferential components are also more affected by 

the saturation at the edges of the stator core.

At short circuit operation the saturation effects are not 

present since the main flux is very small and the components of the 

core back leakage flux have a linear variation with the field current, 

as shown in section 5.3.3.

6.3.5.A Harmonics in the core back leakage flux due to saturation

Saturation can also cause distortion in the waveforms of

the stator core back leakage flux increasing the magnitude of the 

83*“87odd harmonics. The harmonics can cause losses in both the iron 

core and the copper and their effects can cause undesirable additional 

losses in the solid iron bodies. Therefore it is undesirable to have 

harmonics in the core back leakage flux because of the presence of 

the building bars. It is necessary to avoid harmonics having large 

magnitudes because they could also affect the interlaminar insulation
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by increasing the dielectric stresses since the crest interlamination 

voltage may be higher for a distorted picked wave than for a sinu­

soidal wave with the same RMS value. With synchronous machines 

having building bars insulated from the stator core laminations, 

the presence of harmonics in the core back leakage flux can also 

damage the insulation between the building bars and the stator core 

laminations.

In order to estimate the presence of the harmonics in the 

core back leakage flux an analysis of the waveforms is required.

Figures 6.17, 6.18 and 6.19 show the waveform, the fast Fourier 

transform (FFTA) and the power spectrum density (PSD) of the radial, 

axial and circumferential components, respectively, at both the end 

and the centre regions of the stator core back, for two different 

levels of saturation. The axial component is equal to zero at the 

centre region. The fast Fourier transform (FFTA) gives the 

contributions of the fundamental and the various harmonics to the 

leakage flux amplitude, and the power spectrum density (PSD) gives 

the distribution of the energy density in the magnetic field for the
po

different harmonics. From the figures mentioned above it can be 

noticed that the waveforms of the leakage flux components are more 

distorted when higher levels of saturation are imposed to the synchronous 

machine. The fast Fourier transform shows that the harmonics 

contribution to the leakage flux intensity becomes more accentuated 

when the saturation level is increased. Mainly the third and fifth 

harmonics are substantially increased relative to the fundamental 

when the saturation is more pronounced. The energy density also has 

a larger contribution of the third harmonic when the saturation level 

is higher. Although because the energy density is proportional to the 

square of the flux density the effects of the harmonics in the energy
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density quantity are softened.

Definitions of the abbreviations presented in figures 6.17, 

6.18 and 6.19 are given below.

BR

BZ

B0

OC

CR

ER

(1)

(2)

(3)

- radial component of the core back leakage flux

- axial component of the core back leakage flux

“ circumferential component of the core back leakage 

fl ux.

- open circuit conditions

- centre region of the stator core back

- end region of the stator core back.

300V - open circuit voltage 

415V - open circuit voltage.

leakage flux component waveform 

fast Fourier transform (FFTA) 

power spectrum density (PSD).

Vertical axis: amplitude 

Horizontal axis, figure (1): time

figures (2) and (3): frequency (160Hz per 

division).
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CHAPTER SEVEN

LEAKAGE FLUX AT THE STATOR CORE BACK OF THE

SYNCHRONOUS MACHINE UNDER ON-LOAD CONDITIONS

7.1 GENERAL

When the synchronous machine was operating under on-load 

conditions the rotor winding was excited by a d.c. current, the rotor 

was driven at a constant speed by a d.c. motor and an a.c. current 

was induced in the stator winding (the synchronous laboratory machine 

was operated as a generator).

The synchronous machine field current was varied in such a 

way that the machine operated either at overexcited or at under­

excited conditions. When the machine was overexcited the field current 

was higher than when the machine was underexcited. An overexcited

synchronous machine delivers reactive power and an underexcited one
89consumes reactive power. Actually most of the discussions presented 

are directed to the synchronous machine operating as a generator 

because the largest machines constructed up to now are the synchronous 

generators which are likely to have more accentuated effects caused by 

the core back leakage flux.

Knowledge of the power factor is very important to the 

determination of the distribution of leakage flux in the synchronous 

machine. The effects of different power factors on the heating 

produced at the stator core front have been discussed by several 

authors.An increased effect of the axial leakage 

flux penetrating the stator core front is obtained when the synchronous 

generator is operating at leading power factor. The effects of the 

power factor in the distribution of leakage flux at the stator core 

back are presented in section 7.3.3.



159

7.2 THE CONTRIBUTION OF THE MAGNETIC SOURCES

Neither during short circuit nor during open circuit 

conditions are all of the main electromagnetic sources of core back 

leakage flux present. The magnetic surface polarity at the bore does 

not exist when the synchronous machine is operating in short circuit 

conditions and the overhang current is not present in open circuit 

operation, as discussed in Chapters Five and Six respectively.

However, when the synchronous machine is at on-load conditions, all 

the main electromagnetic sources produce a magnetic field component 

which contributes to the leakage flux at the stator core back. In 

terms of electromagnetic sources the operation on-load condition can 

be considered as if both the short and the open circuit conditions 

were put together.

Richardson®^ shows that the leakage flux at the end region 

of the stator core may be obtained from the vector sum of the leakage 

fluxes due to both the stator and rotor windings. Because we are 

dealing with vector fields, not just the amplitudes of the flux components 

are necessary to calculate the total leakage flux at the core end, but 

also the phase angle between the components is essential. That phase 

angle is determined by the power factor of the synchronous machine.

The leading power factor gives a greater intensity of core end leakage 

flux because the leakage flux component due to both the stator and 

rotor windings assist one another. However, at lagging power factor 

the leakage flux components due to both the stator and rotor windings 

are in anti-phase and are actually subtracting one another. A larger 

leakage flux at the core end produces larger magnetisation effects on 

the surfaces of the stator core. Therefore the magnetic surface 

polarities at both the core front and the core back are increased at 

leading power factor.



160

The bore polarity in an ideal machine is expected to have a 

uniform distribution of magnetic poles in the axial direction but, in 

practice the end of the bore has a larger concentration of magnetic 

poles. The magnetic surface polarity at the core front has a bigger 

intensity at the region close to the bore. The stator core back 

magnetic surface polarity has a greater intensity at the edge of the 

core back. Therefore the concentration of magnetic poles at the core 

surface can be more accentuated when the machine is operating at leading 

power factor and the contribution of the electromagnetic sources to the 

core back leakage flux can be increased. Actually a larger interaction 

between the electromagnetic sources is expected during the operation 

at leading power factor.

7.3 LEAKAGE FLUX DISTRIBUTION

The distribution of leakage flux around the stator core back 

surface was examined in terms of the axial, radial and circumferential 

components. The effects of the power factor on the leakage flux 

distribution are also presented.

7.3.1 Variation of the Leakage FlUx Along the Stator Core

Back Length

The results obtained when the synchronous machine was operating 

on-load come to confirm the shape of the distribution of the leakage 

flux along the stator core back length. Therefore, also on load 

conditions, the edge of the core back has a larger concentration of 

leakage flux than the centre region. The reason for that is the same 

as that presented in both short and open circuit operation: the edge is 

closer to the main electromagnetic sources than the centre of the core 

back. Although now both the overhang current and the bore polarity 

sources exist together.
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Fig. 7.2: Variation of the radial leakage flux density along the stator core 
back length.
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Fig. 7.3: Variation of the circumferential leakage flux density along the 
stator core back length.



Fig. 7.4: Variation of the axial leakage flux deisnty along the stator 
core back length.
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Figure 7.2 shows the variation of the radial component of 

core back leakage flux density along the core back length at both 

lagging and leading power factors. The curves at both power factors 

confirm the existence of a higher intensity of radial leakage flux at 

the edges of the core back. Figure 7.3 shows the variation of the 

axial component of the axial leakage flux density along the core back 

length for operations at lagging and leading power factors. The axial 

leakage flux at the centre of the core back is equal to zero. The 

axial leakage flux increases towards the edges of the stator core back 

at both power factors. The circumferential component of leakage flux 

density also varies along the stator core length, as shown by the curves 

in figure 7.4, at botn lagging and leading power factors. Although 

the curves shown in figure 7.4 are flatter than those obtained for 

both the axial and radial components. The highest intensity of 

circumferential leakage flux also localises at the edge of the core 

back but the circumferential component at the centre region is different 

of zero. Further discussions about the distribution of the leakage 

flux along the core back length are presented in Chapters Five and Six.

7*3.2 Variation of the Leakage Flux With the Distance From the

Stator Core Back Surface

The distribution of the core back leakage flux in the radial 

direction varies at the different planes (z, 6) over the stator core 

back region. The sharpest variation of core back leakage flux occurs 

at the edge of the stator core back and the greatest intensity of core 

back leakage flux is at the end surface of the core back.

The variation of the radial component of leakage flux 

against the distance from the stator core back surface is shown in 

figure 7.5. Several curves are shown at different axial positions
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along the stator core back. The curves show that the radial leakage 

flux varies in a similar way to that obtained during both short and 

open circuit conditions, i.e. it has an initial decrease, changes 

direction, reaches a minimum and tends to zero when planes more distant 

from the back surface are considered. The several curves also show 

that the plane where the radial component changes direction is not 

the same for the different axial positions along the core back. 

Actually, when the distance from the core back surface is increased 

the direction of the radial component is first changed at the edge and 

successively towards the inner axial positions with the continuous 

increase in the distance. That phenomenon is due to the fact that the 

electromagnetic sources are closer to the edges and because the field 

components due to the main sources do not have the same direction, as 

shown in figure 3.1. In the air region of the core back both the 

overhang current and the surface polarity at the back of the core 

produce field components in the opposite direction of the field 

components produced by both the bore and core front polarities. The 

intensity of the field component varies inversely with the square of 

the distance between the source which produced the field and the point 

where the magnetic field is analysed. At the core back surface the 

polarity at the back of the core source produces the largest field 

component. Local effects are generally due to local sources. However, 

the intensity of the field component due to the polarity at the back 

of the core has a much larger decrease than the intensities of the 

components due to both the bore and core front polarity sources when 

the distance from the core back surface is continuously increased. 

Therefore, there is a distance from the core back surface where the 

field component due to both the polarity at the back of the core and 

the overhang current is smaller than the field component due to both
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the bore and core front polarities. Then the total field changes 

the direction. Because the inner axial positions along the core back 

length have a larger influence from the polarity at the back of the 

core it is necessary to reach more distant planes in order to have a 

change in the radial leakage flux. Actually towards the centre of the 

core back the stator iron behaves as a screening body to the magnetic 

fields due to the core front region. With further increase in the 

distance the total leakage flux decreases because all the source 

contributions decrease. The curves in figure 7,5 show that the change 

of direction in the radial leakage flux at the core back first occurs 

at the axial position z = 120mm and then successively at z = 115, 

z = 105, z = 90 and z = 30mm.

Figure 7,6 shows the variation of the axial component of the 

leakage flux density against the distance from the core back surface 

at different axial positions along the stator core back. Again, as 

obtained during both the short and the open circuit, the axial leakage 

flux first increases, reaches a maximum and then decreases. That is 

explained by the changing of direction of radial leakage flux to the 

axial direction which causes an increase in the axial component of 

leakage flux. As discussed in sections 5.3 and 6.3, the leakage flux 

in the surface of the core back is predominantly in the radial 

direction. However, increasing the distance from the core back surface 

the axial component is initially increased up to a maximum value and 

then decreases with the continuous growth in the distance. The 

different axial positions along the stator core back do not reach the 

maximum at the same distance. A position closer to the edge of the 

core back reaches the maximum intensity at planes closer to the back 

surface than a position more distant from the edge, because both the bore 

and the core front polarities have an increased effect at the edge and
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bend the core back leakage flux towards the stator front region.

Figure 7.7 shows the variation of the circumferential 

leakage flux density against the distance from the surface of the 

stator core back. This component also has curves similar to those 

obtained during both short and open circuit conditions. The 

circumferential leakage flux also shows an initial increase of 

magnitude due to the change of radial core back leakage flux into the 

circumferential direction. At the edge zone of the core back most of 

the leakage flux is changed to the axial direction due to the influence 

of the main sources at the core front region. Although at the centre 

region of the stator core back length a larger relative proportion of 

radial leakage flux is bent to the circumferential direction because 

of the weaker effects of the core front main sources. At the centre 

region the polarity at the back of the core has a more predominant 

effect. Further discussions are presented in both sections 5.3 and 

6.3.

7.3.3 Power Factor Effects

The power factor can be defined either as leading or lagging 

depending on the stator current leading or lagging the voltage in 

the stator, respectively. For the synchronous machine operating as a 

generator, which is the case of the laboratory synchronous machine 

used in this thesis, the leading power factor defines the underexcited 

operation of the synchronous machine and the lagging power factor 

defines the overexcited operation. The opposite occurs if the machine 

is operated as a synchronous motor. The field current in the rotor 

winding is larger at overexcited conditions than at underexcited 

conditions. The synchronous machine delivers or consumes reactive 

power if it is operated overexcited or underexcited respectively.
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90

The power factor plays an important role in the determination

of leakage flux at the stator core end of the synchronous machine.

Several authors have studied the effects of the power factor in the
13core end leakage flux. Ashworth and Hammond show the variation of

the core end leakage flux components with the power factor. Richardson

shows that the power factor modifies the temperature at the stator core

front with either magnetic or non-magnetic end-rings, at various stator
91currents and at different hydrogen pressures. Mason et al. show the

variation of the core end-ring temperature with the power factor for
22

both cases of magnetic and non-magnetic end-bell. Hawley et al.

present the variation of the stator end region temperature with the

power factor. Stoll and Hammond^^ show the variation of the clamping-

plate loss due to the power factor. Winchester^ discusses the variation

92of the end tooth temperature with the power factor. Estcourt et al. 

present the variation of the core front temperature with the power 

factor. There is a unanimous conclusion that the leakage flux at the 

stator core end causes a more severe effect when the synchronous 

generator is operating at leading power factor.

The leakage flux at the stator core back also varies with 

the power factor. The intensity of core back leakage flux is increased 

when the synchronous machine has a leading power factor. That is 

explained by the fact that the contributions of the main electromagnetic 

sources to the core back leakage flux are greater at leading power 

factor. It might seem strange that the main sources components are 

greater at leading power factor, when the field is underexcited.

Although it must be recalled that the main electromagnetic sources are 

located at the end of the machine where the magnetising effect of the 

core end leakage flux is increased at leading power factor, as discussed 

in section 7.2.
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Fig. 7.8: Variation of the radial leakage flux density against the
power factor.
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Fig. 7.9: Variation of the axial leakage flux density against
the power factor.
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F1g„ 7.10: Variation of the circumferential leakage flux density against
the power factor.
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The variations of the radial, axial and circumferential 

components of leakage flux at the stator core back with the power 

factor are shown in figure 7.8, figure 7.9 and figure 7.10 respectively. 

All the three components are increased when the synchronous machine is 

operating at leading power factor. A larger increment in the leakage 

flux is shown to occur at the edge of the stator core back.

7.3.3.A Harmonics in the core back leakage flux due to the power

factor

The harmonics content in the leakage flux at the stator core 

back varies with the power factor. The magnitude of the odd harmonics 

is increased when the synchronous machine is operating at leading 

power factor. That is explained by the fact that the stator core is 

under more severe saturation conditions at leading power factor because 

of the greater leakage flux at the core end. The saturation causes 

distortion in the core back leakage flux waveforms producing larger 

odd harmonics, as discussed in section 6.3.5.A.

Figures 7.11 to 7.15 show the waveform, the fast Fourier 

transform and the power spectrum density for the radial, axial and 

circumferential components of leakage flux at both the edge and centre 

of the core back at both leading and lagging power factors. Those 

figures show that the components waveforms have a larger harmonic 

content at leading power factor, either at the centre or the edge of 

the core back. However, the increase in the odd harmonics magnitudes 

is more pronounced at the edge of the core back. The graphs of the 

fast Fourier transform show an increase in the relative amplitudes 

of the odd harmonics obtained at leading power factor. Mainly both 

the third and the fifth harmonics show an increase in their amplitudes 

relative to the amplitude of the fundamental at leading power factor.
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The graphs of the power spectrum density show that the third harmonic 

of the energy density in the magnetic field is increased at leading 

power factor.

Definitions of the abbreviations presented in figures 7.11

to 7.15.

BR

BZ

B8

LO

CR

ER

IND

CAP

(1)

(2)

(3)

radial component of the core back leakage flux

axial component of the core back leakage flux 

circumferential component of the core back leakage flux.

on-load conditions

centre region of the stator core back 

end region of the stator core back.

- leading power factor

- lagging power factor.

- Leakage flux component waveform

- Fast Fourier transform (FFTA)

- Power spectrum density (PSD).

Vertical axis: amplitudes

Horizontal axis, figure (1): time

figures (3) and (3): frequency (160Hz per division)
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CHAPTER EIGHT

EFFECTS OF DESIGN PARTICULARITIES ON THE 

DISTRIBUTION OF LEAKAGE FLUX AT THE STATOR CORE BACK 

OF THE SYNCHRONOUS MACHINE

8.1 GENERAL

The discussion presented in this chapter has as its main 

target to bring some light to the understanding of the effects of 

different design particularities on the distribution of core back 

leakage flux. The laboratory model presented in Chapter Two, in 

figure 2.6, was constructed in such a way that the effects of design 

particularities such as relative position between the rolling direction 

of the laminations, depth of the stator core, overhang length, air gap 

length, relative positions between both the stator and rotor cores, 

screening plates at the core front were investigated. Therefore, the 

discussion presented in this chapter is of particular importance to 

synchronous machine designers because the behaviour of the core back 

leakage flux is analysed for different geometries and dimensions of 

the synchronous machine.

The distribution of leakage flux at different radial, axial 

and circumferential positions along the stator core back is presented. 

Both the radial, axial and circumferential components of core back 

leakage flux were measured. Two different depths of stator core* 45mm 

and 70mm, and two different rotor diameters, 140mm and 225mm were 

utilised. The distribution of core back leakage flux was investigated 

for different combinations of those stator and rotor cores such as:

a) both smaller stator and rotor cores

b) both larger stator and rotor cores

c) smaller stator and larger rotor cores
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The distribution of leakage flux was also investigated for the cases

d)

e)

f)

smaller stator core without rotor 

without the stator core and smaller rotor core 

without both the stator and rotor cores (without 

any iron at all).

The stator winding has a diamond shape in order to enable the removal 

of the stator core laminations and also in order to make possible the 

variation of the length of the overhang. Two different of

screening plate, 45mm and 70mm, were used in the stator core front 

when the eddy current effect was analysed. The effects of the overhang 

current in the distribution of leakage flux were also investigated.

The measurements were carried out with the stator core 

laminations packed in a randomised way. However, when the effect of 

rolling direction was investigated the stator core was built up with 

the laminations rolling direction aligned. The laminations were 

composed by one entire annular disc.

8.2 LEAKAGE FLUX DISTRIBUTION

^•2.1 Variation of the Leakage Flux Along the Stator Core 

Back Length

The distribution of the leakage flux along the stator core

back of the model with stationary rotor is similar to the distribution 

obtained in the synchronous machine operating either on open and short 

circuits or on-load conditions. The edge of the stator core back has 

a larger concentration of leakage flux than the centre region. The 

reason for the higher intensity of leakage flux is also because of the 

positions of the main sources relative to the core back, as discussed
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Fig. 8.1.a: Variation of the leakage flux density components along the
stator core back length.



Fig. 8.1.b: Variation of the leakage flux density along the stator core 
back length.



Fig. S.loC: ?engt^ leakage flux density along the stator
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Fig. 8.1.d: Variation of the leakage flux density components along the
stator core back length.
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in detail in sections 5.3, 6.3 and 7.3. All the different combinations 

of stator and rotor cores show a larger concentration of leakage flux 

at the edge of the stator core back.

The variations of the radial, axial and circumferential 

components of the leakage flux along the stator core back, for 

different pairs of stator and rotor cores, are shown in figure

8.1 (a, b, c, d). The utilisation of different pairs of stator and 

rotor cores produces a modification in the intensities of the main 

electromagnetic sources located on the surfaces of the core. But it 

was not possible to isolate the surface polarities at the bore, stator 

front and stator core surfaces because they are implicit sources and 

interact with one another and also depend on the explicit overhang 

current source. In all the arrangements made in both the stator and 

rotor cores the overhang current was kept constant. Therefore, it is 

important to notice from figures 8.1 (a, b, c, d) that however the 

diameters of both stator and rotor cores were modified the core back 

leakage flux components are larger at the edge of the core back of 

the model.

8.2.2 Variation of the Leakage Flux With the Distance From the

Stator Core Back Surface

The leakage flux varies with the distance from the surface of 

the stator core back of the model with stationary rotor in a similar 

way to the variation obtained in the laboratory synchronous machine 

operating either on short and open circuits or on-load.

The variations of the radial, axial and circumferential 

components of leakage flux against the radial distance from the core 

back surface are shown in figures 8.2, 8.3 and 8.4, respectively.

Those figures show the variation of the intensity of the leakage flux
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components at different positions along the stator core back. Also, 

different combinations of the larger and smaller cores of both the 

stator and rotor bodies are given in the figures mentioned before. 

Figures 8.5, 8.6 and 8.7 show the variation of the phase angle of 

the radial, axial and circumferential components, respectively; also 

at different positions along the core back and for different stator 

and rotor cores.

Further discussion about the variation of the leakage flux 

components with the distance from the back surface is given in sections 

5.3,2, 6.3.2 and 7.3.2. The contributions of the main electromagnetic 

sources are also discussed. Figures 8.5, 8.6 and 8.7 confirm the 

theory of the sources contribution to the core back leakage flux. The 

phase angles of both the axial and circumferential components do not 

have a change of sign which means that both the axial and the 

circumferential components do not change direction. On the other hand, 

the phase angles of the radial leakage flux change sign which explains 

the reversal of direction in the radial component with the variation 

of the distance from the stator core back. The radial component phase 

angles have a reversal of sign at different distances from the core 

back surface for different axial positions along the stator core length. 

The phase angle of the radial component at a position closer to the 

edge of the core back changes the sign at a shorter distance from the 

surface of the core back than the phase angle at a position closer to 

the centre region. That means that the radial leakage flux changes its 

direction at a shorter distance from the edge surface of the core back. 

As explained in section 7.3.2 the change of sign in the radial component 

direction occurs at the distance where the field component due to both 

the bore and core front surface polarities is greater than that due to 

both the core back surface polarity and overhang current.



Fig. 8.2.a: Variation of the radial leakage flux density against the distance 
from the stator core back surface.



Fig. 8.2.b: Variation of the radial leakage flux density against the 
distance from the stator core back surface.





Fig. 8.2.d: Variation of the radial leakage flux against the distance from 
the stator core back surface.



Fig. 8.3.a; Variation of the axial leakage flux density against the distance 
from the stator core back surface.
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Fig. 8.3.b: Variation of the axial leakage flux density against 
the distance from the stator core back surface.



Fig. 8.3.C: Variation of the axial leakage flux density against the 
distance from the stator core back surface.
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Fig. 8.3.d. Variation of the axial leakage flux against the distance from
the stator core back surface.
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Fig. 8.4.a: Variation of the circumferential leakage fulx density against
the distance from the stator core back surface.



0 5
w

55 105 r(mm)

Fig. 8.4.b: Variation of the circumferential leakage flux density against
the distance from the stator core back surface.



Fig. 8.4.c: Variation of the circumferential leakage flux density 
against the distance from the stator core back surface.
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Fig. 8.4.d: Variation of the circumfernetial leakage flux density
against the distance from the stator core back surface.



Fig. 8.5.8: Variation of the radial component phase angle against the 
distance from the stator core back surface.



Fig. 8.5.b; Variation of the radial component phase angle against 
the distance from the stator core back surface.



Fig. 8.5.C: Variation of the radial component phase angle against the 
distance from the stator core back surface.



Fig. 8.5.d: Variation of the radial component phase angle against 
the distance from the stator core back surface.
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Fig. 8.6: Variation of the axial component phase angle against the distance
from the stator core back surface.
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8.2.3 Variation of the Leakage Flux Around the Circumferential

Direction of the Stator Core Back

The model with the stationary rotor was constructed in such 

a way that the stator core had a good circumferential uniformity.

However, the uniformity was not absolute; it was much better than that 

presented by the laboratory synchronous machine.

The supporting structure, such as clamping plates and 

building bars, was not constructed of magnetic material. This was not 

possible to have in the synchronous machine because of the higher 

vibrations and mechanical forces involved. The laminations were stacked 

in a randomised way with respect to the rolling direction. There 

were no butt-joints present.

Figure 8.8 shows the relative variations of the radial, 

axial and circumferential components of core back leakage flux around 

the circumferential direction at different positions along the core 

length. There is a smooth variation of the three components around 

the core back. There is no pronounced difference between the intensities 

of the leakage flux. This has not been obtained in the synchronous 

machine because of lack of circumferential uniformity, as shown in 

figure 6.9.

Figure 8.9 shows the variation of the phase angle of the 

radial, axial and circumferential components of core back leakage flux 

around the circumferential direction. As expected, opposite positions 

in the core back have a difference of the phase angle equal to 180°.

The curve is similar to that when just the stator winding is present 

(without any iron at all).

Figure 8.10 shows the relative variations of the magnetic 

flux density components against the circumferential position around 

the stator winding when no iron is present. There is also no pronounced
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difference between the leakage flux intensities, as expected.

8.2.4 Effects of the Laminations Rolling Direction

The stator cores of synchronous machines are built up from 

non-oriented silicon steel laminations insulated from one another 

and rigidly stacked together. The big cores have laminations composed 

of segments. The core laminations are normally obtained from cold- 

rolled silicon steel sheet because it has a good magnetic quality and
fi 7

uniformity, producing small core losses. Although the silicon steel 

sheet is non-oriented, it also does not have a uniform circumferential 

permeability because it also has anisotropic magnetic properties. 

Therefore, the non-oriented sheet also has a permeability in the rolling 

direction greater than in the direction perpendicular to the rolling 

direction. This means that the magnetisation is easier in the rolling 

direction than in the direction perpendicular to it.

The construction of the stator core with the laminations 

aligned according to their rolling direction can cause zones of higher 

concentration of leakage flux around the stator core back. The radial 

leakage flux impinging on the core back seeks zones of higher 

permeabilities. Therefore more radial leakage flux impinges on the 

core back in the direction parallel to the rolling direction because 

that direction has the highest permeability. Less radial leakage flux 

impinges on the core back in the direction perpendicular to the rolling 

direction. This phenomenon produces an increase in the magnetic 

surface polarity of the back of the core along the rolling direction. 

Once again, a position closer to the edge of the core back is more 

affected by the aligned rolling direction than a position closer to the 

centre which means that the relative increase in the leakage flux is 

greater at the back edge. The axial leakage flux penetrating the stator
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core is also increased if the laminations are aligned.The randomised 

arrangement of the laminations avoids the higher concentration of 

leakage flux caused by the alignment. The reluctance of the stator 

core back surface does not vary greatly along the circumferential 

direction when the laminations are randomised.

Figure 8.11 shows the relative variation of the radial 

leakage flux density along the circumferential direction of the stator 

core back with the rolling direction aligned. The variation is not 

smooth and there is a peak of radial flux in the direction parallel to 

the rolling direction. The radial leakage flux impinging the core back 

in the direction perpendicular to the rolling direction is smaller.

Figure 8.8 also shows that variation with the randomised arrangement 

of the laminations. The variation is smoother and there is no pronounced 

peak of radial flux along the circumferential direction. The discussion 

presented by Heck®^ confirms that the flux adopts a preferential way

towards the rolling direction,

8.2.5 Effects of the Air Gap Length

A variation of the air gap length produces a variation in 

the magnetic surface polarity at the bore if the excitation current is 

kept constant. The bore magnetic surface polarity is decreased with 

the reduction in the length of the air gap for a fixed excitation.

Comparing the results in figure 8.1 for the cases (a) (both 

smaller stator and rotor cores) and (c) (smaller stator and larger 

rotor cores), it can be noticed that the radial, axial and 

circumferential components of core back leakage flux are reduced when 

the air gap length is increased with the utilisation of the rotor with 

smaller diameter. Those components of leakage flux are further reduced 

when the rotor is not used. However, it must be borne in mind that the
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utilisation of different rotor diameters is made in order to vary the 

magnetic surface polarity at the bore. If the length of the air gap is 

shortened with a constant flux density in the air gap the magnetic 

surface polarity at the bore is increased. The shortening of the air 

gap length produces a decrease in the fringing flux, as discussed by 

Howe.®® A constant flux density in the air gap is obtained with an 

increase in the excitation current when the air gap length is shortened.

Therefore if the air gap flux density is constant and the 

length of the air gap is increased the leakage flux at the stator core 

back is increased because of the increase in the fringing flux. The 

increased fringing flux produces a larger distribution of magnetic 

poles in both the core front and core back. Then the magnetic surface 

polarities at both the core front and core back are increased. Although 

the strongest fringing field occurs close to the bore region the core 

back can also be affected by the fringing flux when flux diverters such 

as screening plates and stepping of the corners of the core bore are 

utilised.

8.2.6 Effects of the Stator Core Depth

The stator core depth is determined by the diameter of the 

laminations. The distribution of leakage flux at the stator core back 

of the synchronous machine varies with the depth of the stator core.

The intensity of the core back leakage flux is diminished when a deeper 

stator core is used. The magnetic surface polarity at the back of the 

core decreases because it is less affected by the magnetising leakage 

flux due to the other main electromagnetic sources when the core depth 

is increased. The relative distance from both the core bore and the 

overhang current sources is increased with respect to the core back 

surface when deeper cores are used. The distribution of magnetic poles
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at the region of the core front close to the core back is also diminished 

with the increase in the depth of the stator core. The intensity of 

main flux that reaches the core back surface is also decreased at 

deeper stator cores.

Figures 8.1 (a, b, c, d) show that both the radial, axial and 

circumferential components of leakage flux at the stator core back 

have smaller intensities when the stator core depth is greater. The 

presence of a larger quantity of electromagnetic material in the radial 

direction produces a decrease in the length of the leakage flux path, 

and less leakage flux reaches the back region of the stator core.

A limiting case of diminishing the depth of the stator core 

was obtained with the removal of the stator laminations. The 

variations of the radial, axial and circumferential components of the 

flux produced by the excited stator winding with the smaller rotor core 

and in the complete absence of iron are shown from figures 8.13 to 8.18. 

Comparing this limiting case when the stator core is absent with those when 

the stator core is present it can be observed that the flux components 

are more spread in the first case. Therefore,a region in the core back 

of the machine with the stator laminations fitted in has a smaller flux 

intensity than in the case where the laminations are removed. This is 

explained by the fact that the stator iron furnishes a path of smaller 

reluctance to the magnetic flux concentrating a much greater quantity 

of magnetic flux inside the stator core. Hammond,Hague,and 

Carter^^ describe the effects of the iron in the rearrangement of the 

magnetic flux distribution.

Figure 8.26 (I, II and III) shows the intensity of the total 

leakage flux density for the cases with both the larger stator core and 

the small stator core and with no iron at all. The results show that 

the intensities of the total core back leakage flux are smallest when



the larger stator core is used. If a region at the core back is fixed, 

the total leakage flux when the stator core is removed is shown as 

case V (no iron at all).

The fact that the core back leakage flux is smaller when the 

stator core is deeper suggests that a stepped core back edge could 

diminish the concentration of leakage flux at the edge of the core 

back. The first lamination at the core end would have a larger diameter. 

The extension of the stepped region would be small compared with the 

stator length. However, the stator core with stepped back edge would 

have a more difficult construction.
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Fig. 8.12: Stator core back with stepped edge

8.2.7 Effects of the Stator Core Length

The increase in the length of the stator core increases the 

relative concentration of leakage flux at the edge of the stator core 

back with respect to the centre region, i.e. the ratio between the 

leakage flux at the core back edge and the core back centre rises with 

the utilisation of longer stator core. That is explained by the fact 

that the distance between the core centre region and the main electro­

magnetic sources increases with the increase in the stator core length.
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Fig. 8.13,a: Variation of the radial flux density along the stator winding
length (for different distance from the surface).
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Fig. 8.l3.b: Variation of the radial flux density along the stator winding
lingth (for different distance from the surface).
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Fig. 8.14.a: Variation of the axial flux density along the stator winding
length (for different distance from the surface).
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Fig. 8.14.b: Variation of the axial flux density along the stator winding
length (for different distances from the surface.)
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Fig. 8.15.b: Variation of the curcumferential flux density along the stator
winding length (for different distance from the surface).
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Fig. 8.16.a: Variation of the radial component of the flux density against 
the distance from the stator windina surface.
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Fig. 8.17.b: Variation of the axial flux density against the distance
from the stator winding surface.
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Fig. 8.18.a: Variation of the circumferential flux density against the
distance from the stator winding surface.



229

Fig. 8J8.b: Variation of the circumferential flux density against the
distance from the stator winding surface.
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The main electromagnetic sources are located at the end region of the 

synchronous machine, as described in figure 3.1. The presence of 

radial ventilating ducts in the core back can cause a redistribution 

in the core back leakage flux along the stator length.

8.2.8 Effects of the Relative Positions Between the Stator and

Rotor Cores

The change in the relative position between both the stator 

and rotor cores affects the distribution of leakage flux at the stator 

core back. When the stator core extends beyond the rotor core the 

core back leakage flux is decreased. Actually the surface polarities 

at both the core front and core back decrease when the rotor is 

shortened with respect to the stator core. Howe^® examines the effect 

of shortening the rotor on the leakage flux impinging the stator core 

front. He emphasises the fact that the core front leakage flux is 

diminished when the rotor is shorter than the stator core.

Figures 8.19 and 8.20 show the variation of the core back 

leakage flux with the relative position between both the stator and 

rotor cores. The three components of core back leakage flux are 

decreased when the stator core is extended further beyond the rotor 

core. The positive distances plotted in the horizontal axis mean that 

the rotor extends beyond the stator core and the negative distances 

the opposite.

The results obtained in both figure 8.19 and figure 8.20 

suggest that a shortening of the rotor with respect to the stator core

is beneficial in reducing the effects of the leakage flux at the stator 

core back of the synchronous machine.
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Fig. 8.19.a: Variation of the radial leakage flux density with the
relative position between both the stator and rotor cores.
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Fig. 8.19.b: Variation of the radial leakage flux density with the
relative position between both the stator and rotor cores.
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8.2,9 Effects of the Overhang Length

The overhang effects in the distribution of the leakage 

flux at the stator core back are discussed in further detail in 

section 3.2. The equations of the leakage flux components due to the 

different shapes of overhang are shown in section 4.3.1. Results 

obtained in the model with stationary rotor are shown in figure 8.21 

and figure 8.22. Those results show that the core back leakage flux 

increases with the length of the overhang. When the overhang length is 

increased the leakage flux path length is also increased and a larger 

quantity of leakage flux reaches the core back region. Therefore the 

magnetic surface polarity at the stator core back is increased. Also 

the distribution of magnetic poles at the edge of the core front surface 

is affected by the change in the overhang length. The edge zone of 

the core back suffers a more accentuated effect from the leakage flux 

than the centre when the overhang length is prolonged.

8.2.10 Effects of the Overhang Current

The variation of the core back leakage flux components with 

the variation in the overhang current is shown in figure 8.23, The 

results were obtained on the model with stationary rotor and are in 

agreement with those results obtained in the laboratory synchronous 

machine operating on short circuit conditions shown in Chapter Five. 

Neither model was operating under saturation conditions. Therefore 

the leakage flux components increase linearly with the current in the 

overhang, as shown in figure 8.23. The sharpest increase in the core 

back leakage flux is obtained at the edge of the stator core back.

The increase in the overhang current causes an increase in the magnetic 

polarities at both the bore, core front and core back surfaces. 

Unfortunately it was not possible to isolate the overhang current from



Fig. 8.21.a: Variation of the radial leakage flux density against 
the overhang length.
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Fig. 8.21.b: Variation of the radial leakage flux density against the 
overhang length.
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Fig. 8.22: Variation of the axial and circumferential components of leakage 
flux density against the overhang length.
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Fig. 8.23.a: Variation of the radial leakage flux density against 
the stator current.
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Fig, 8.23.b: Variation of the axial leakage flux density against 
the stator current.
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Fig. 8.23.C: Variation of the circumferential leakage flux density 
against the stator current.



the other sources. Both sections 3.2 and 4.3.A give theoretical 

support to the conclusions drawn from the experimental results.
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8.2.11 Effects of Eddy Current and Screening Plate

The leakage flux impinging on the surfaces of the stator 

core of the synchronous machine induces eddy currents. The eddy 

current can be induced in the plane of laminations, back of the core, 

building bars, end plates and screening plates. The eddy current can 

produce local effects increasing the temperature. Further discussions 

about the eddy currents are presented in section 3.6.2. In this 

section attention is directed to eddy currents induced in the screening 

plate at the stator core front.

With the increase in the rated power output of synchronous 

machines the effects of the leakage flux penetrating the stator core 

front have been increased. Higher temperatures have been observed in 

the core front region due to the circulation of larger eddy currents 

induced by larger axial leakage flux impinging on the core front 

surface. In order to reduce the troublesome effects of the leakage 

flux, screening plates of low resistivity material have been mounted at 

the core front of the synchronous machine. These screening plates are 

generally made of either copper or aluminium.

The axial leakage flux induces eddy currents in the screening 

plate. The eddy current circulating in the screening plates produces 

a reaction field that opposes the penetration of the inducing field.

The strength of the reaction field is dependent on the screening plate 

thickness since both the frequency and the resistivity are already 

fixed. If the thickness is greater than the skin depth the screening 

plate is seen by the axial leakage flux as a region of zero permeability 

and infinite conductivity. Therefore, the axial leakage flux is forced
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to avoid the core front and is diverted to another direction. Close 

to the screening plate the leakage flux changes from the axial to the 

radial direction, i.e. the leakage flux adopts a direction parallel to 

the screening plate.

It is suggested that the existence of a screening plate at 

the core front of a synchronous machine can increase the leakage flux 

at the back of the stator core. The leakage flux diverted from the 

axial to the radial direction can cause a higher concentration of core 

back leakage flux mainly at the edge of the stator core back. The 

increase of core back leakage flux can induce higher eddy currents at 

the core back region leading to the establishment of high concentration 

of temperature.

The effect of the screening plate eddy current on the 

distribution of core back leakage flux was investigated in the model 

with a stationary rotor. The frequency of the stator winding current 

was varied. The winding current amplitude was kept constant by an 

appropriate adjustment in the applied stator voltage. The stator 

voltage needed to be increased when the frequency was increased because 

of the increase in the reactance of the stator winding in order to 

keep the current amplitude constant. Two different diameters of 

screening plate were used.

Figure 8.24 and figure 8.25 show the variation 

of the radial component of core back leakage flux against 

the frequency for the cases of smaller and larger screening plates at 

the core front, respectively. The larger laminations were used in 

both cases. The core back leakage flux density increases with the 

frequency for both cases. However, when the larger screening plate was 

used the leakage flux at the core back was greater than when the 

smaller one was used. Both screening plates produce a larger
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concentration of leakage flux at the edges of the stator core back. 

However, when the smaller screening plate was used a greater 

concentration was also caused at the edge of the core front because 

not the complete face of the core was covered by the smaller screening 

plate.

The eddy current circulating in the screening plate causes 

a concentration of leakage flux in the region close to the screening 

plate edge. This conclusion suggests that the screening plate should 

not terminate at the core front but should be extended along the 

stator core back in order to avoid an increase in the leakage flux at 

the edge of the core back.

The amplitudes of the total leakage flux density at the air 

region around the stator core were obtained for the different 

arrangements of the model with the stationary rotor:

I

II

III

IV

V

larger stator core with larger screening plate 

larger stator core with smaller screening plate 

larger stator core without screening plate 

smaller stator core without screening plate 

stator winding only (no iron and no screening plate),

In arrangements I, II, III and IV, the larger rotor was 

used. Arrangement V did not have any iron at all, or screening

plate.

Figure 8.26 shows the amplitudes of the total leakage flux 

density around the stator core for the different cases (I, II, III, IV 

and V). The results show that the screening plate at the core front 

causes an increase in the total leakage flux at the stator core back.
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8.2.12 Display of the 3--D Leakage Flux Density at the Core Back

The amplitudes and the phase angles of the radial, axial 

and circumferential components of the leakage flux density were 

measured in the air region for the different arrangements of the model 

with the stationary rotor, as described in section 8.2.10.

Baden Fuller and dos Santos^^ have designed the program 

which plots a vector field in space. Both the leakage flux components 

intensities and positions are computed. Tavner^^ has modified this 

program in order to add the phase angles to both the intensities and 

positions in the input data. The modified program is more suitable to 

the necessities of our specific problem. The program plots the total 

leakage flux density at various points in a chosen plane. The total 

leakage flux density is represented by arrows which give the direction 

and the relative amplitude of the flux density. The relative 

amplitude is given by the length of the arrow base. The greatest 

amplitude is made equal to unity. However, because of the tremendous 

difference between the amplitudes at certain positions over the air 

region, it was necessary to adopt logarithmic scale for the amplitudes 

at different radial positions. That scaling factor makes the reading 

of the magnitudes of the leakage flux density at different positions 

difficult. However, the greatest interest in using this powerful 

method of plotting the leakage flux density is directed towards the 

analysis in the change of direction of the leakage flux density over 

the air region. Figure 8.27 shows the effect of different diameters 

of screening plates and core depth in the distribution of core back 

leakage flux. The influence of the iron in the field produced by the 

stator winding can also be seen. Figure 8.26 helps to overcome the 

difficulties presented in reading the logarithmic scale used in 

figure 8.27.
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8.3 ELECTROMAGNETIC STRESS OF THE STATOR CORE BACK FIELD

The concept of electromagnetic stress has been invented to 

account for the manner in which forces are transmitted in magnetic 

materials.The electromagnetic stress is actually defined as the 

ratio force per unit area. The electromagnetic stress is manifested 

at the iron/air boundary of the stator core back because of the large 

variation in the permeability at that boundary. The iron permeability 

is much larger than the permeability in the air. The magnetic flux 

density between air and the stator core back surface is everywhere 

normal to the iron/air boundary in the air region ").

The electromagnetic stress of the core back magnetic field 

is given by:

a = 1 H.B 
2

but at the air region the relationship between B and H is linear:

B = UqH

Therefore

a = 1
2 °

or 0 =
1 o2

2y,

The relationship between the force and the stress is given by:

dF = ads

The force on the stator core back can, therefore, be 

determined by integrating the electromagnetic stress over the core 

back surface, using the magnetic flux density in the air region of 

the stator core back. The electromagnetic stress of the core back
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magnetic field is in such a direction that it attempts to pull the 

stator core back into the air region. The figures given in section 

6.3.5.A show the power spectrum density (PSD) of the core back leakage 

flux components. The amplitudes of the harmonics content are 

porportional to the square of the magnetic flux density. Therefore 

the power spectrum density figures can also be used to identify the 

harmonics contribution to the electromagnetic stress. When the 

saturation in the stator core is increased the magnitudes of the odd 

harmonics in the electromagnetic stress are also increased. The higher 

the level of saturation, the higher is the magnitude of the third 

harmonic content in the electromagnetic stress of the magnetic field 

at the stator core back.
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CHAPTER NINE

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

In view of the constant increase in the size of the 

synchronous machine and due to recent observations at power stations 

of the damage of stator cores, a need has arisen to analyse the 

distribution of leakage flux density at the stator core back. The 

core back leakage flux may cause large circulating currents in the 

building bars of the synchronous machine which can lead to damage of 

the stator laminations in contact with the building bars. In order to 

minimise the effects of these circulating currents, the stator core is 

built up with just one building bar in contact with the laminations to 

provide the stator core earthing and all the others are insulated from 

the laminations.

The distribution of leakage flux at the stator core back 

varies lengthwise along the core back. The radial, axial and 

circumferential components of leakage flux have higher intensities at 

the edge of the core back. That is explained by the fact that the main 

electromagnetic sources are placed closer to the core back edge. The 

main electromagnetic sources of core back leakage flux are: polarity 

on disc surfaces at the core front, polarity on the back of the core, 

bore polarity and overhang current. The magnetic polarity on the core 

back surface has the largest contribution to the leakage flux at the 

core back surface. The intensity of the core back leakage flux 

decreases with the distance from the surface of the stator core.

The shape of the core back leakage flux distribution does not 

depend on the operational conditions of the synchronous machine, i.e. 

either during short and open circuit or on-load conditions the largest 

concentration of leakage flux is at the edge of the core back surface. 

However, the intensities of the leakage flux at the stator core back
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depends on a large number of variables, including the geometry of the 

stator core and its supporting structure, the geometry of the overhang, 

the distribution of eddy currents, levels of saturation in the stator 

core, the overhang current and the power factor. These variables 

produce a larger effect in the leakage flux at the edge of the stator 

core back. Both the building bars and the radial ventilating ducts can 

affect the distribution of core back leakage flux introducing areas of 

higher concentration of leakage flux. However, the effects of both the 

building bars and the radial ventilating ducts are localised and they 

affect just the distribution of core back leakage flux in the 

surrounding areas.

The increase in the overhang current increases the intensity 

of leakage flux at the stator core back. Therefore it is expected that 

the effects of core back leakage flux are amplified on large synchronous 

machines.

When the synchronous machine is operating under saturating 

conditions the core back leakage flux is increased. The waveforms of 

the core back leakage flux are distorted by the saturation effects and 

the magnitudes of odd harmonics are increased. The increase in the odd 

harmonic magnitude can cause increased losses in the building bars and 

can also damage both the insulation between adjacent laminations and 

the insulation between the insulated building bars and the laminations. 

This causes the establishment of circulating currents which can produce 

spots of high temperature at the stator core.

The power factor also affects the leakage flux at the stator 

core back. A synchronous generator operating at leading power factor 

has a larger leakage flux at the core back than at lagging power factor. 

Intuitively one might expect that the core back leakage flux should be 

stronger at lagging power factor when the field current is larger.
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However, it must be remembered that the resultant vector field is 

obtained as the vector sum of the stator and rotor field components 

which are arithmetically subtracted one from the other producing less 

leakage flux at a lagging power factor.

The stator core geometry also plays an important role in 

the distribution of leakage flux at the core back. The depth of the 

stator core changes the magnitude of the core back leakage flux. A 

deeper stator core has a smaller core back leakage flux because the 

distance between the main electromagnetic sources and the core back is 

increased. Also less magnetising leakage flux reaches the core back. 

The latter effect causes the magnetic polarity at the core bac^ surface 

to be diminished. This suggests that an inwards stepping of the core 

back edge attenuates the concentration of leakage flux at the edge. 

However, the stator core back with stepped edges would have 

difficulties in construction. An increase in the core length produces 

a decrease in the leakage flux at the centre of the core back because 

the main electromagnetic sources located at the stator end are more 

distant when longer cores are used. A shorter air gap with constant 

air gap flux decreases the leakage flux at the core back because the 

magnetising fringing flux is diminished.

The relative position between both the stator and the rotor 

cores is also important in the distribution of core back leakage flux. 

Results obtained in this research suggest that a shortening in the 

rotor with respect to the stator core diminishes the leakage flux at 

the core back. This is because the rotor shortening diminishes the 

magnetising axial leakage flux at the core front. The increase in the 

length of the overhang increases the core back leakage flux because of 

the increase in the length of the leakage flux path.

Synchronous machines having the stator core laminations
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aligned with respect to the rolling direction can have increased 

intensity of leakage flux impinging the stator core back at a direction 

parallel to the rolling direction of the laminations. The aligned 

rolling direction can therefore establish areas of higher concentration 

of leakage flux around the circumferential position of the core back.

The eddy current circulating in the screening plate can 

produce a reaction field that is strong enough to divert the axial 

leakage flux at the core front to the back of the stator core. That 

effect increases the concentration of leakage flux at the edge of the 

stator core back. This suggests that a screening plate extended over 

the core back edge can diminish the concentration of leakage flux at 

the core back edge.

The determination of the leakage flux density in the air 

region at the stator core back is important for two main reasons: 

firstly, it helps to estimate the leakage flux inside the stator core 

back and secondly, it can be used to determine the effects of the 

leakage flux penetrating the building bars. The use of the boundary 

conditions at the core back surface enables the establishment of the 

leakage flux density inside the core back given the leakage flux at 

the air region. The core back leakage flux density also helps in 

obtaining the electromagnetic stress of the core back magnetic field. 

The concept of electromagnetic stress has been invented to account for 

the manner in which forces are transmitted in magnetic materials. The 

integration of the electromagnetic stress over the core back surface 

gives the force pulling the stator core back into the air region. 

Considering that the effects of the core back leakage flux in the 

reliability of the stator core back of large synchronous machines have 

become more accentuated, further attention should be given to the 

analysis of this leakage flux. It is suggested that an investigation
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be made of the effects of both the radial ventilating ducts and the 

butt-joints in the distribution of leakage flux at the stator core 

back. The construction of a copper cage to act as part of the stator 

core structure is also suggested in order to investigate the effects 

of the induced current flowing in the structure due to the leakage 

flux at the core back. The investigation of the leakage flux at the 

stator core back when the synchronous machine is operating under 

transient conditions is also important to the stator core reliability 

since the effects of the core back leakage flux are expected to be 

much greater during the transients.
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