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Abstract

The majority of modern day health monitoring systems for polyphase squirrel cage induction 

machines, which employ the motors supply current as the diagnostic parameter, require the motor 

under investigation to be operating under fully loaded, steady state conditions before any useful 

information may be obtained.

The aim of the following research project was to develop a practical and portable monitoring system 

which would allow diagnostic information of both laboratory, and more importantly, industrially 

operated motors, to be obtained via information contained within the motors supply current transient. 

Thus making redundant the constraining operating conditions of previous current monitoring 

diagnostic systems.

Using the induction motors supply current transient, an electrical phenomenon which c.xists for a 

finite period of time during the motors initial acceleration, both historical and modern day signal 

processing techniques were investigated in order to attain their individual suitability for extracting the 

required diagnostic information.

The signal processing techniques employed were further used to investigate the possibility of 

extracting more information from the current transient, in particular, the location of a rotor fault 

within the squirrel cage rotor of the motor under investigation. To support this work a three phase 

Squirrel Cage Induction Motor with inverted geometry was commissioned This motor allowed 

simpler monitoring access to the individual rotor bar currents, without the necessity for intnisivc 

search coil incchanisms to be present between the stationary and rotating circuits. In conjunction with 

these investigations, the laboratory based inverted motor also allowed, due to its inherent design, an 

investigation into the flow of rotor bar currents to be undertaken, particularly when under faulty rotor 

conditions.

Using the findings from the above work a portable motor health monitoring system was successfully 

developed. The system, still in a prototype stage, contains both data acquisition and analysis sections 

and has been proven to give good diagnostic results both in the controlled laboratorx' and more 

variable industrial environments.
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Research Objectives

Industrial operators of polyphase induction machines arc constantly investing in new procedures and 

diagnostic tools which will enable them to reduce their overall running costs and reduce costly 

machine down-times. With this in mind many of these machine operators now' employ Condition 

Monitoring techniques which allow them to monitor the health of their prime movers, thus ensuring 

that they operate safely and in the most economical and cfTiciciit manner.

One such diagnostic technique used by many operators, in particular the electricity generating 

industries, is the monitoring of supply current whilst the machine is operating under fully loaded, 

steady state conditions. This technique has been widely used in industiy for many years. Industrial 

operators ha\c reported, however, that the requirement for a suitably large current flowing within the 

rotor circuit, and that the motor under investigation must be operating under steady state conditions, 

limits the practical situations to which the diagnostic technique may successfully be employed

As a result of these observations, and in particular those from the projects sponsors, the primary 

objective of the research project was agreed to be the development of a portable, stand-alone, ( three 

phase Squirrel Cage Induction Motor supply current transient), diagnostic system based on the health 

of the motor being displayed in an easily interpretable format. The diagnostic system developed would 

be required not only to successfully monitor laboratory based motors, but also the far larger motors, 

both in terms of physical size and parameter ratings, which arc found in many industrial applications

The capability of the developed system to form detailed health histories on motors via 'Finger 

Printing’ methods, and the creation of data knowledge bases was also noted to be advantageous by the 

industrial project sponsors.

As a sub-part to the above objective, various signal processing techniques were investigated in order to 

ascertain the most relevant and suitable for extracting the required diagnostic information from the 

motors supply current transient.

A second, but equally important objective to the project, was the investigation into the detection of 

further information from the motor via its supply current transient. In particular, the possibility of 

obtaining the physical location of any rotor bar fault within the rotor of the machine. It was felt that if 

this were found to be practically possible, it would greatly increase the rate of successful physical 
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location of rotor bar faults when the motor is removed from service, and hence, reduce the length of 

costly machine down-times.

The final objective of the project, inherently linked to the prc-deccssing objectives, was an 

investigation into the nature of rotor bar currents within the induction motor, particularly when the 

motor is operated under fault conditions. In order to implement this investigation an inverted 

geometry induction motor was designed, thus allowing far greater monitoring access to the individual 

rotor bar currents than if the more traditional layout of the motor had been used.
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Chapter 1

The Induction Motor

1.0 A Historical Background

The technique of utilising a rotating magnetic field, in order to develop a torque upon the rotor of a 

machine, was first iincstigatcd by Faraday |1| in his c.xpcrimcnts involving a metallic cube. In his 

investigations Faniday placed a metallic cube in the centre of a rotating magnetic field, and found that 

the cube experienced such forces as to allow it to rotate in the direction of field rotation. The cube’s 

rotation being due to forces developed by the interaction between the induced currents flowing within 

the cube and the moving field. Faraday stated that the cube would rotate regardless of whether the 

rotating field was achieved by rotating electro-magnets, energised via direct currents, or by means of 

alternating currents producing field rotation when suitably displaced in both time and space. The 

currents induced within the metallic cube due to the rotating field, however, were found to be small in 

magnitude, resulting in similar levels of torque being developed upon the cube. This method of 

electro-magnetic induction via rotating magnetic fields forms the basic rudiments of the earliest 

'buluctiitn Motor

Ferraris 12] in 1885 developed a motor which consisted of a solid copper cylinder placed within an 

appropriate stnicturc. This allowed two alternating magnetic fields to interact with one another in 

both space and time at an angle of 90°, thus enabling a rotating magnetic field to pass over the 

cylinder in a similar manner to that of Faraday’s cube. The torque developed by this motor was 

similarly low, due to the hysteresis and eddy currents present within the cylinder, hence, a method of 

increasing the levels of developed torque within such a ‘Hysteresis Motor’ was required.

During this period in history, the Yugoslav, Nicolia Tesla, was also investigating the principle of 

employing rotating magnetic fields to induce currents as a means of developing rotor torque. On 

graduating from 'The Technical Institute of dr az'. Austria. Tesla began his life-long research into 



brushless AC machines at "The Central Telegraph Office" in Budapest, continuing his research when 

he moved to "The Continental Edison Company" in Strasbourg. It was whilst employed here that he 

was encouraged to demonstrate his new theories in America, and thus, in 1884 moved to the USA and 

by 1887 had established "The Tesla Electric Company".

Around 1886 Tesla’s version of Faraday’s cube, which consisted of a mechanism that allowed three 

alternating magnetic fields to interact with one another at 120°, in space and time, was deemed to be a 

more practical form of motor than that developed by Ferraris, and hence, after a lengthy period of 

litigation between the two inventors, Tesla’s patent was upheld by the law courts.

1.1 The Modern Induction Motor and Common

Faults Within

Tesla’s [3] lecture to the American Institute of Electrical Engineers in 1888, entitled, "A New System 

of Alternating Current Motors and Transformers", has long been described as a major milestone 

within electro-mechanical technology and is agreed by many worthy academics to be the true 

beginning of what we now know today as " The Polyphase Induction Motor", Figure [1.1.1].

Figure 11.1.11 The Polyphase Induction Motor.
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The development of the induction motor over the past 100 years has allowed the design of the motor 

to belong to one of two main formats, namely, those with ‘Squirrel Cage’ or 'Wire Wound ’ rotors.

In order to develop appreciable levels of torque from that developed by the Ferraris cylinder, large 

induced currents must be present within a strong magnetic field. To obtain this magnetic field the 

non-magnetic medium which lies within the path of the motors flux must be made as short as 

possible, thus introducing the concept of the cylindrical stator and rotor being separated by a small 

air-gap. If the copper cylinder rotor developed by Ferraris is replaced by numerous copper conductors, 

or 'bars', which arc then sunk into holes around the circumference of the rotor and short-circuited at 

either end by copper rings, known as ‘end-rings’. Figure 11.1.2], far higher levels of rotor torque arc 

produced. This design of rotor was first described and patented by Dobrowolsky |4| in 1889. If the 

copper structure is removed from the rotor, as is undertaken by Armour and Walley (5J using acid to 

remove the iron core, the remaining cage resembles that used to exercise squirrels in the late 18()()’s, 

and hence, the class of induction motor which uses this form of rotor has since been known as the 

'Squirrel Cage Induction Motor', or SCIM In a ‘Wire Wound Induction Motor', the rotor is 

comprised of a three phase star or delta connected wire winding which is terminated by external 

resistance’s via a slip-ring mechanism to the motor supply. Figure [1.1.3]. Commonly, the cage rotor 

is referred to as a 'brushless machine’ and the wound rotor as a 'slip-ring machine’.

The polyphase SCIM is by far the most commonly used AC prime mover in modern industry. 

Whether fed from single or three phase supplies, its relatively simple, rugged construction and overall 

ability to withstand arduous duly with miniinuin attention makes it almost the ‘ideal machine’, and 

ensures its use in a wide variety of industries. Small induction motors may be found in a multitude of 

everyday household appliances, ranging from that of refrigerators through to washing machines. 

Larger SCIM’s arc to be found operated by industry' and arc commonly fed from three phase supplies. 

Uses for such motors may include auxiliary' drives within the electricity generating industries and as 

gas compressors, sea water injection and oil exporting pumps within the oil and gas exploration 

industries

As mentioned previously, a significant reason for the induction motors wide span of operation is the 

high level of robustness, due to the motors inherent design Howeser, as industrial operators of these 

motors, such as, Rankin |6|, Nailcn |7|, Gaydon |8| ct al. and Bonnett [9| ct al. discuss, the SCIM 

when operated under normal steady state conditions is under considerable thermal, electrical and

3



Rotor Bars

Figure 11.1.21 The Squirrel Cage Rotor.

Slip RingsWire Wound Rotor
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mechanical stress. These stresses are particularly prominent when the SCIM is operated under 

abnormal and / or transient conditions. Such transient conditions being a regular feature in certain 

applications, with the resultant stresses leading to potentially catastrophic failures should any 

developing fault not be detected and corrected within time.

From the results of a survey carried out on numerous industrial SCIM operators, Thomson 1101 et al. 

found four main categories of motor faults within an industrial SCIM. These faults arc reported to be: 

Inter-turn winding faults'. Static rotor /stator eccentricity'. Single phasing and Broken rotor bars.

Inter turn winding faults 1111 occur when the insulation of one single turn w ithin a coil of the stator 

winding mechanism suffers breakdown due to either contamination, thermal ageing or vibrational 

stresses. This initial breakdown process causes increased heating within the entire winding, resulting 

in a change in the overall current distribution within the winding, and hence, leads to a complete 

insulation failure within the motor if not delected and repaired.

Static rotor stator eccentricity 112] occurs when the axial centres of both the rotor and stator arc no 

longer in line with each other. This being a result of either axial bearing wear or incorrect alignment 

during the commissioning period. The effect of the eccentricity results in a strong magnetic attraction 

between the stator and rotor at a particular point on the stator circumference, producing a resultant 

force known as 'Unbalanced Magnetic Puli', or UMP. The effects of UMP within the motor arc to 

cause increased amounts of motor vibration, thus placing yet more stress on the SCIM.

Single phasing 113] is found to occur when one of the supply lines to the motor, or a stator winding 

conductor, becomes open circuited. This fault condition is potentially very serious as it results in high 

levels of current flow ing within the motor.

Rankin [6| and Nailcn 17] state that the bars within a SCIM rotor are subjected to high levels of stress 

during normal operation Both mechanical and thermal stresses arc prevalent within the SCIM rotor 

bar, due to the increased levels of current flowing through the rotor circuit under loaded conditions 

and al initial start-up. when the rotor current may be upto 5-6 times the fully loaded value. Typical 

start-up periods may last from between 1-15 seconds depending on the physical size and rating of the 

machine, and as Gaydon [8] ct al. state, it is during these starting periods, which may be frequent in 

the ease of auxiliary motors within power stations, that problems may occur due to the minimal 

cooling and maximum \ibratory forces present. The result of these increased electro-magnetic and 

electro-mechanical stresses is that a rotor bar may physically crack and eventually break due to the 
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overheating, frequently to the order of 200°C in large motors |14|, which occurs around the location 

of the crack, thus causing the bars situated next to it to carry more current which, in time, will cause 

these bars to weaken and latterly fail. Examples of typical rotor faults may be seen within Figure 

[1.1.4] and Figure [1.1.5]. In extreme cases this may eventually cause mechanical failures within the 

rotor, resulting in debris being thrown into the stator windings, increasing the possibility of a 

catastrophic winding failure in addition to potential injury to both personnel and surrounding 

machinery.

Williamson and Smith [15] describe how imbalances and ultimately rotor cage faults occur within the 

cage due to imperfect manufacturing processes. The authors state that many of the cage faults arc 

caused during the manufacture of the rotor through defective casting in the ease of die cast rotors, or 

poor jointing in the case of brazed or welded end-rings. The authors discuss that although these types 

of problems arc relatively simple to detect before installation, the faults arc not easily detected once 

the motor is in operation, and that it is in fact during normal operation when such problems arc 

amplified due to the high levels of clcclro-mcchanical and clcclro-magnctic stresses.

Thomson |1()| ct al. conclude that industrial operators of SCIM's will always strive to minimise the 

costs of their maintenance procedures, time-outs of plant and the general loss of revenue caused b\’ 

such motor faults. Consequently, numerous techniques have been developed over the past years which 

monitor specific motor parameters related to the SCIM and enable the general health of the motor to 

be diagnosed, thus allowing the operator to detect and determine the severity of any machine fault, 

and to plan cost effective maintenance schedules from the diagnostic information obtained.

Many techniques arc in existence for both on-line and off-line health monitoring of SCIM’s, whereby 

unnecessary plant failures and consequential damage together with loss of revenue may be avoided. 

Such techniques being all examples of what has become know n as 'Condition Monitoring
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Figure 11.1.41 Broken Rotor Bar.

Figure |1.1.5| Broken End Ring.
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1.2 Condition Monitoring Techniques

1.2.1 Steady State Monitoring

It can be shown that any specific 'Condition \[onitoring' technique originates from cither one of two 

main categories. Those which arc ’Invasive’ and those which arc ’Non-Invasivc’ in nature. ’Invasive’ 

monitoring insolvcs a motors complete removal from operation and / or disassembling in order to 

position transducers, or to physically carry out an inspection in order to obtain the required health 

information. Bhaltacharyya [16| et al. discuss the \arious physical bench tests which may be 

implemented on a motor in order to determine the condition of both stator and rotor. Two common 

c.xamplcs of these being the 'Growler' and ’Single Phasing' tests.

The 'Growler' lest requires the rotor to be physically removed from the motor and placed onto an iron 

core test-coil arrangement. With the rotor cradled upon the pole-faces of the iron core, a magnetic 

circuit is obtained containing both the iron core and the rotor. When the test-coil arrangement is 

energised a strong magnetic field is transferred through the iron core into the rotor. Using a steel 

component, such as a common workshop hacksaw blade, in parallel across each rotor slot in turn, 

normal rotor bars arc detected by the magnetic field patterns causing the steel blade to vibrate, and 

hence, produce an audible 'growl' as the rotor is turned by hand.

When a broken bar is present within the rotor, due to the change in magnetic field caused by the lack 

of current flowing within the bar, the steel blade is no longer able to lie flat against the rotor surface, 

and in fact will be repelled abo\ c the rotor slot in question.

The 'Grow ler' test is capable of detecting broken bars but docs not have the sensitivity required to 

detect the presence of bar faults in their early stages, such as hairline fractures. It has been found, 

however, that if this bench test is ran over a considerable time period, then due to the increase in rotor 

temperature, hairline fractures arc commonly found to increase in size and will ultimately be detected 

by the technique.

With ’Single Phasing’, a single phase power source is applied to any two of the three phase stator 

windings of the motor. Due to the lack of a three phase signal within these windings, a rotating field 

within the air-gap of the motor is not created, hence, the rotor is unable to rotate by itself. However, 

when the rotor is manually turned slowly, the line current is found to fluctuate as a broken rotor bar 

passes under the winding connected to the power source. This technique, however, has many short­
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comings, not least that the indication of a faulty rotor bar is not always reliable. ‘Single Phasing" has 

also been shown not to possess the required accuracy to indicate hairline fractures within a rotor bar 

as the test is usually run under cold operating conditions.

The ‘Growler" test is carried out on a dismantled motor whereas ‘Single Phasing’ is carried out on an 

assembled but non-opcrational motor. Hence, as Kliman [171 ct al. state, the monitoring technique has 

become invasive in that the motor has had to be removed from normal operation.

As ‘Invasive" monitoring involves the removal from normal operation, and hence, loss of revenue to 

the machine operator, a variety of research projects have been conducted within the area of ‘Non- 

invasive’ monitoring. This category' of monitoring, as the name suggests, allows health information 

on the motor to be obtained whilst the motor is still in operation, and thus, docs not involve any delays 

and loss of revenue to the operator.

Hargis [18] et al. show how due to MMF variations caused by rotor imbalances, a cyclic variation 

within the current produces torque variations which occur al twice motor slip frequency, and hence, 

cause a variation within the speed of the motor. Gaydon [19[ uses this phenomenon to develop a 

monitoring system which via an oscilloscope and simple electronics, monitors the fluctuations of the 

rotational period of the motor using a shaft position detector. Morita [20| uses small search coils 

within the air-gap between the stator and rotor to detect amplitude changes within the harmonic 

components of air-gap flux. Morita states that it is possible to detect broken bars and end-ring faults, 

but the necessity to install search coils limits the ‘non-invasivc’ scenario of the technique. Earlier 

Kliman [ 171 et al. found that if flux were the parameter to be monitored then the external leakage flux 

was a far more practical signal to monitor and still contained the ncccssaiy’ health information 

Penman [21[ et al. show how health information may be obtained from the axial leakage flux 

produced from both the stator and rotor windings as a result of winding currents. Penman discusses 

his monitoring system and concludes that many types of fault may be detected via the amplitude of 

certain frequency components within the flux spectral content. The authors state that although a true 

motor should never produce any axial leakage flux, in practice, minor abnormalities will be present 

within a rotor and stator due to errors within the manufacturing processes. As a result harmonic 

components will be ever present within the leakage flux. The authors indicate, however, that when the 

motor is niii with asymmetries present, far more harmonic components arc present within the axial 

leakage flux. The authors state that it is these higher harmonics which may be related to machine 

abnormalities, with the components having a relatively small magnitude under normal operation but 

becoming increasingly significant with the presence of fault conditions.
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Carr [22] ct al. discuss the stray field monitoring system marketed under the name of 'Motor Watch'. 

Carr states that if the frequency content of flux is analysed between the frequencies of 10 to 1 kHz, 

Supply, Winding, Rotor bar and Mechanical faults may be successfully detected.

Leonard and Thomson |23] show how due to forces proportional to air-gap flux, changes within the 

flux spectrum will be observed within the vibration spectrum of the motor. Leonard discusses how if 

the vibration of the motor is monitored from an optimum sensing point, using an accelerometer 

positioned on the body frame of the motor, unbalanced supplies along with inter-turn winding faults 

may be detected from a frequency analysis of the signal. Thomson [10] cl al. analyse the vibration 

signal around the Principal Slot Harmonics, PSH. The authors conclude that faults such as broken 

bars and high resistance end-rings increase the amplitude of the sidebands around these harmonics 

Thomson 124] cl al. discuss how the vibration signal analysed around the PSH will detect the presence 

of a single broken bar, however, Thomson docs state that the ctTccls of a broken bar and that of high 

resistance end-rings arc similar, and hence, determination between the two faults would be difficult

Cameron |25] ct al. develop an expression for the calculation of the unique frequency components 

within the vibration signal which appear as a result of rotor eccentricity. Cameron analyses the 

vibration signals of several motors around these unique values and concludes that it is possible to 

detect eccentricity from this parameter In particular, static eccentricity may be detected by amplitude 

changes within the vibration PSH and dynamic eccentricity, by the appearance of unique frequency 

components within the vibration and current signals.

Gaylard [26] ct al. analyse the acoustic levels of the motor which occur due to these vibrations In 

particular the authors arc interested in the detection of loose stator windings within the motor. The 

authors describe how by monitoring the acoustic levels emanating from several motors via precision 

sound level metering and the use of neural networks, data was obtained from motors on different 

occasions. On comparing the audio spectra from a motor on different running occasions the authors 

suspected that discernible differences would be present when mechanical faults were present over and 

above that of electrical faults. The authors, however, conclude that no such differences were found 

They also indicate that as this technique can only quantify the condition of the machines winding via 

long term trending and that as the noise from one motor is different from that of another with 

different size or gcomctiv', care should be taken when comparisons arc made with the acoustic spectra 

from separate machines
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Marques Cardoso and Sousa Saraiva [271 use the three phase stator supply currents to detect fault 

information by transforming the three phase currents into a two dimensional system, using the 

transformation technique known as ‘Park's Vectors’. With this transformation, the authors found that 

under normal balanced operating conditions the transformed supply currents, when applied to the 

relevant inputs of an oscilloscope, give the visual representation of a circle centred at the origin. The 

authors found that on the introduction of common motor faults, the original relationship within the 

transformation docs not hold and the shape which is formed on the screen is no longer of circular 

orientation. The authors show that they can successfully detect several common faults when the motor 

is run under no load conditions. Such faults include: open circuit stator, short circuited stator and 

open wound rotor. The authors conclude that using such a transformation technique gives suitable 

results for the detection of a number of motor defects, is a good technique for visual identification, as 

non-technical personnel can interpret the results, and is ‘non-invasivc’ in nature thus permitting the 

detection of faults within operating motors

Alger |281 shows how the air-gap flux within a SCIM is composed of seven principal rotating fields. 

Taking note of these fields, a general equation for the slot harmonics may be derived |24| Using the 

theory stated by Jones [29|, that upper and lower sidebands occur at ±2s around the fundamental, 

where ‘s' represents the slip of the motor, equations may be formed for the slot harmonic frequencies 

for a rotor with asymmetry. Cameron 1251 uses this to develop equations which predict the slot 

harmonics within the current signal that arc representative of eccentricity. Thomson [ 10] ct al. use the 

expressions |28| developed for rotor asymmetry to obtain the motor slot harmonics which arc then 

monitored In conjunction with the slot harmonics, the authors also monitor the supply fundamental 

frequency and report that the amplitude of the sidebands located at ±2s around the fundamental also 

increase with increasing severity of broken bars, sec Appendices 1, 11 and Ill.

Monitoring the SCIM supply current frequency components acts as a window' into the air-gap flux, 

and as is stated by Kliman |3()|, although line current may not contain as much information as the air­

gap flux, it is far more readily accessible. This technique has also been studied by other researchers 

over the years and many case studies have been reported which show its reliability as a successful 

condition monitoring technique |61|311|,32|.

Modern methods of ("fint/ition Afonitorin^ now involve the techniques of neural networks |33| and 

fuzzy logic (34] to create expert systems which give clear and precise diagnoses for the motor under 

investigation. With these techniques faults arc no longer required to be modelled mathematically, as 

the decision on whether a fault has indeed occurred is made through a scries of pattern recognition 
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processes. Before a neural network can be used as a diagnostic tool, however, it must first be trained. 

In order to accomplish this, data must be gathered from a wide range of operating conditions as w ell 

as examples from the particular fault condition to which the network is required to identify.

In all of the above examples the monitoring of motor parameters, be it vibration, axial flux or supply 

current, has been done whilst the machine under investigation is operated under loaded conditions 

during steady state operation.

In some particular cases it may not be possible, nor desirable, for the motor under test to be run under 

loaded conditions for significant periods of time. This being the situation when the motor is operated 

under no load conditions, or has been removed to the workshop environment where loaded conditions 

arc no longer practical nor achievable. Furthermore, in many applications a motor experiences several 

start-ups within the normal duty cycle, hence, research was undertaken to investigate if practical 

diagnostic information could be obtained from the above motor parameters, in particular supply 

current, during the initial transient period of motor operation when the parameters arc at a natural 

increased level in amplitude.

1.2.2 Transient Monitoring

Elder (351 cl al. and Jianguo |,36| ct al. report that they have both successfully located the presence of 

rotor faults within the transient signals obtained from a three phase SCIM. In both cases the frequency 

content of the transient supply current signal to the SCIM was analysed, although work investigating 

the transient vibrational response 1371 has also been carried out.

During the initial acceleration of an induction motor from stand-still to normal operating speeds, a 

large supply current flows for a relatively long period of time, even when the motor is operated under 

no load conditions. This phenomenon happens particularly if the motor is started direct on line, a 

common practice within offshore facilities. Elder 135| cl al. have shown how the sidebands which 

occur at ±2s around the fundamental of the supply frequency, in a steady state analysis of the supply 

current, arc non-stationary in nature during the transient, this being due to the motor slip changing 

from unity to near zero during the start-up period. Figure 11.2.2.11.

Elder employed the speech processing technique of a ’Speech Vocoder’ to filter a wide range of 

frequencies around the fundamental. From the vocoder’s output Elder reports that non-stationary 

frequency components can be observed. Elder |38| ct al. were able to filter around an optimum



frequency and have shown that by measuring the value of the sideband amplitude, it is possible to 

detect the presence of broken rotor bars using the no load supply current transient of the motor.

50 Hz

-50 Hz 150 Hz

Lower Sideband Upper Sideband

0 Hz 100 Hz

s = 0..5

47 Hz 53 Hz

s = 0.03

Figure 11.2.2.11 Non-Stationary Components within Typical Transient Signal.

Static eccentricity was found not to alter the amplitudes of the sidebands significantly along with 

machine temperature. The time at which the sideband passes through the filter however, was found to 

be variable upon the rotor starting position although Elder states that this may be due to the switching 

angle of the supply effecting the result. Jianguo |36| ct al. have also observed the non-stationary 

frequency components within the current transient. Again, the supply current transient is passed 

through a signal processing technique. The authors use what is known as The Wigner Ville 

Distribution to produce a tiinc-frcqucncy representation of the transient signal. Using this technique 

Jianguo ct al. found that the amplitude of the moving components increases with the severity of 

broken rotor bars, but do not give any reasons as to why this should be the case in their publications.



1.3 Frequency Components Indicative of

Broken Squirrel Cage Rotor Bars

Deleroi [39] discusses how when a broken bar exists within a SCIM. an air-gap field curl is produced 

around the bar sending field waves into the air-gap of the motor in both directions from the bar in 

question. The extent to which the effects of this rotor anomaly arc transmitted within the air-gap and 

the degree of any damping obtained arc, as Dcicroi stales, dependant upon the rotor geomctiw'. The 

damping factor is shown to be variable in that it increases w ith motor slip, hence, with a high value of 

damping factor the rotor anomaly becomes particularly localised around the broken bar The 

frequencies of the induced voltages w ithin the stator w inding from this field curl cfTecl arc reported by 

Dcicroi to be defined by cq. (1.3.1).

Fdcicroi = fs ( k / p - s ( k / p ± 1 )) Hz (1.3.1)

Klinian [3()| uses cq. (1.3.1) to construct a prediction of the air-gap flu.x spectrum observed from the 

stator during the steady stale operation for a typical SCIM motor with a single broken bar. The 

amplitude of the components being calculated from the expression given by Dcleroi |4()|. Using this 

prediction Kliman superimposes, as directed by Dcicroi |39|, the spectrum with a prediction of a 

normal stator current spectrum based upon the same SCIM which gave the faulted air-gap flu.x 

spectrum. The resulting spectrum shows how the low harmonics arc swamped by other stator current 

harmonics ;md that it is only higher order harmonics, such as the 7th, 11th and 13th which will be 

due to Dclcroi’s field curl and still be obscntiblc. The examination of higher frequencies within the 

stator current signal of a SCIM should not be detrimental to the gathering of health information on 

the motor, as Kliman |17| ct al. stale that at higher frequencies other faults may be distinguishable 

from that of broken rotor bars.

Elkasabgy |41| ct al. prove the existence of the frequency components given by cq. (1.3,1) during 

steady state operation, by modelling a three phase. 4 pole, 30 hp, SCIM using a Finite Element 

package. With this model they report that when the presence of broken bars arc introduced, an 

anomalously high air-gap field rotates at rotor speed and is localised around the area of the broken 

bars. Their results, obtained by computation, arc further verified by the experimental detection of the 

frequency components via search coils located phvsicallv w ithin the air-gap of the SCIM under lest, as 

previously undertaken by Dcicroi |39|.
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1.4 Induction Motor Simulation Techniques

The simulation of electrical and mechanical parameters within an induction machine has greatly 

improved over the last 10-20 years due to the advent of the digital computer. The computer now 

allows the successful calculation of the differential equations required to describe the general nature of 

the motor. Previously, the majority of calculations had involved the steady state simulation of a motor. 

However, with increasing computing power, motor operation during the starting period, whereupon 

the differential equations describing the nature of the motor become non-linear due 

acceleration, may now be simulated.

to rotor

motor to

The two

Marques Cardoso |27| cl al. discuss the method of transforming three phase parameters of a 

a two dimensional formal by using the transformation technique known as ‘Park's \cctor'. 

dimensions arc known as ‘direct’ and quadrature' and arc used within the equivalent circuit, derixed 

from the sequence components, to determine the differential equations required to define the stator 

parameters |42||4.3|. Vas |44I solves these equations by transferring the three phase components to a 

two phase axes via the 'dq' transformation. Smith 145) ct al. and Lloyd |46| also transform the three 

phase equations to two phase, solving the resulting integral equations via the Runge Kutta method of 

integration De Sarkar |47| ct al. discuss the solution of these differential equations w ithout the use of 

the two phase transformation. The authors solve the im-lransformcd equations via a direct solution 

method and compare the results obtained with those of the two phase solution. The authors report that 

the three phase calculation approach allows a wider class of problem to be handled than the limited 

historical transformation approach. Elder 1351 cl al. initially simulate the transiential period of a three 

phase wire-wound rotor induction motors parameters using the two axis 'dq' approach, but although 

the simulated results were found to be faxourablc, when compared with real motor results, the authors 

find that the method has a number of limitations. The limitations arc stated to be that a balanced 

magnetic circuit is always required within the two phase transformation, and that at least one stator / 

rotor winding must be completely balanced at all times throughout the simulation, therefore limiting 

the full degree of faidt simulation which may be calculated. Elder proceeds to use a similar approach 

to De Sarkar |47| ct al., and successfully introduces the effects of magnetic saturation within the 

simulation. The authors report that on the mathematical introduction of saturation effects, improved 

results within motor parameters were obtained. In both of the aboxc techniques, the Runge Kutta 

method of integration was employed to sol\c the non-linear dilTcrcntial equations in a step by step 

approach.



With the increase in mathematical analysis packages available on larger and ever more powerful 

computers, mathematical techniques such as Finite Differences' and increasingly, ‘Finite Elements' 

are being used in the simulation of induction machines. Isiobashi [48) et al. report on the calculation 

of the flux distribution within the motor using such ‘FE’ techniques. Campbell |49| et al. discuss the 

forces which occur on the end-windings of the induction motor and use ‘FE' techniques to 

successfully calculate the values of these forces. Both Ho |5()| ct al. and Williamson (51) et al. use the 

technique to successfully calculate the voltages and currents present within the induction machine 

during both transient and steady state periods of operation. Both report favourable results, with 

Williamson reporting that a far greater number of fault effects may be successfully modelled using 

this technique than had been previously possible using past techniques.

1.5

1.5.1

Analysis of Squirrel Cage Induction Motor

Rotor Bar Currents

.Access to Rotor Bar Current

Much research has been concentrated upon the subject of SCIM rotor bar currents. In particular the 

currents situated around broken bars and high resistance end-rings arc of great interest. As access to 

the rotor of a SCIM. w hilst the machine is in operation, is physically difficult, many techniques haxc 

been employed to obtain the rotor current signal. Tsiiji |52| uses a twin stator induction motor with 

stators magnetically decoupled to monitor the rotor currents. The stators lie side by side with a 

common squirrel cage rotor. One stator is used in the normal way with the other being used as a 

current transducer Operating the second stator as a transformer, Tsiiji monitors the currents which 

flow in the rotor. Ucnosono |5.3| ct al. investigate the amplitude and frequency content of the 

individual rotor bar currents within the SCIM. The individual rotor bar currents arc obtained bv 

measuring the potential difTcrcncc between two electrodes positioned at the ends of each rotor bar. 

This \oltagc, which is proportional to the rotor bar current at that point on the bar, is brought to the 

outside world via a slip ring mechanism. Yoshida 154] ct al. obtain the rotor current by transforming 

the current to the magnetic field of a.xial direction due to the skew effect. With this set-up the rotor 

current is obtained from an induction motor which has had amorphous ferromagnetic ribbons 

installed in order that the axial fltix can be sensed. The output signal obtained from this 

magnetometer is estimated to correspond to the rotor currctils. Magurcanu |55||57| cl al. discuss a 

method of obtaining the current within the short circuiting rings of the rotor in order to calculate the 

parameters of the induction motor. This method iiixolxcs the setting up of a Hall Effect transducer on 
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the ‘direct’ and ‘quadrature’ axis of the rotor. The resulting voltages being proportional to the ‘direct’ 

and ‘quadrature’ rotor currents within the stator frame. Magurcanu [56] el al. also use this technique 

for the optimum speed control of a SCIM. Monitoring and controlling the rotor current in order to 

control the rotor flux, whilst changing the speed of the motor.

Williamson [58] et al. verify their analysis of rotor bar currents under broken bar and end-ring faults 

by monitoring the currents using an Inverted Gcomctiy Induction Motor. This type of machine has a 

stationary external bar cage and a rotating three phase winding inside the cage. With this set-up fault 

conditions are far easier installed and the monitoring of bar currents is easier. Williamson monitors 

the rotor bar current by placing two electrodes a certain distance apart on the bar under investigation 

in order to monitor the potential difference between the two points. This potential again being 

proportional to the bar current. Kliman [17] ct al. use such an ‘inside out’ motor to investigate the 

accuraev’ of their developed condition monitoring system. Kliman docs not monitor the individual 

rotor bar currents, but uses the motor in order to introduce bar and end-ring fault conditions in a 

simpler fashion than if an original SCIM configuration had been used.

Landy 159] uses the iiwcrlcd machine to obtain rotor bar currents in order to evaluate the torque 

produced within the SCIM In order to avoid interbar currents, straight slots were introduced and all 

rotor bars were insulated. The rotor bar currents arc obtained by placing toroidal coils of wire, known 

as 'Rogowski Coils’, around the bars in question. The resulting voltages from the outputs of such coils 

being proportional to the current flowing through the bars.

As Stoll [60] and Ellison ]61] ct al. state, current transformers arc commonly used to measure 

alternating currents without physically disturbing the conducting circuit. However, CT's arc prone tc 

problems including that of physical size, operation at high frequencies and noise due to sources of 

magnetic fields other than that being monitored. Ellison cl al have found that out of several types of 

current transducer, the Rogowski Coil is the most stable over a wide bandwidth when used in their 

induction motor protection system. Ward |62| ct al. discuss the operation of the Rogowski Coil and 

show that it operates using the principles of Amperes Law to develop a voltage which when integrated 

IS proportional to the current signal that the coil is monitoring. Ward discusses the two main types of 

coil available: the rigid toroidal coil and the long flexible coil. Ward proceeds to discuss how the 

Rogowski Coil gi\’cs a linear output and is not effected by magnetic saturation, a problem which the 

CT is prone to ]63]. The coil can also be used to monitor high frequency signals where upon the 

operation of the coil changes to that of self integrating, should the coil parameters allow the coil 

inductance to be greater than its resistance [64] ]62].
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1.5.2 Rotor Current - Harmonic Content, Distribution and Interbar Currents

Trickey [65| contributes the distortions which occur within the speed and torque curxes of induction 

motors to be present due to a number of reasons. These include: harmonics rotating in the air-gap 

field, synchronous locking of both stator and rotor harmonics and lastly, the effects of slot openings. 

Trickey introduces the concept of each harmonic of the rotating MMF causing a proportional rotating 

flu.x and that the harmonics of these flu.x components singularly act upon the motor, with the 

individual harmonics producing small torques proportional to the fundamental torque. These 

harmonic torques, referred to as ‘Parasitic Torques’, introduce harm to the overall performance of the 

machine but may be eliminated or reduced in magnitude by careful consideration to the design of the 

motor. Trickey suggests that the harmonic MMF will be reduced by producing a rcxolxing field w hich 

is as sinusoidal as possible. Parameters that control the levels of harmonics present w ithin the air-gap. 

and thus, reduce the effects of torque distortions include: increasing the air-gap size in order to reduce 

harmonics, reducing the size of slot openings and increasing the rotor resistance. The latter, Trickey 

states, docs not eliminate the harmonic torque but docs reduce the magnitude of the fundamental 

torque component, and hence, the level of harmonic torques.

Gault 166| states that the current within a three phase SCIM comprises waves of a complicated form 

where three main components arc prominent, these include, slip-frequency components, a component 

due to the non-uniforinity of motor reluctance known as the ‘Tooth’ frequency component and a non- 

sinusoidal distribution of the stator current know n as the ‘Band’ frequency component.

Gault concludes that high frequency components within the rotor bar current may contribute to a high 

portion of the stray load loss in a SCIM. By proper slot design, tooth frequency components may be 

controlled. The band frequency component depending upon the winding and may be decreased by 

considering the levels of winding pitch and number of phases.

Liwschitcz |67| discusses the complete harmonic problem within the induction motor. The author 

states that the overall problem involves seven different topics, three of which include: the harmonics 

of the stator including their amplitudes and speed, the harmonics of the rotor including their 

amplitudes and speed, and the rotor currents produced by the dif'ferent harmonics.

Lee |68| discusses the saturation harmonics which occur within a SCIM. The saturation harmonic 

content, which is odd in order, is high only when the teeth of the motor arc highly saturated and the 

core of the motor is not. Lee states that it is at no load that the majority of harmonics due to saturation 
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occur. Lee also discusses the rotor currents induced by these components, the magnitude of which 

decreases under loaded conditions, since the machine is less saturated and that within a SCIM the 

rotor currents tend to damp out the saturation harmonics.

Lee finally indicates how the torque’s produced by the flux components at certain slips are 

approximately proportional to the square of the amplitude of the flux wave and that the saturation 

harmonics, in the case of the SCIM, produce useful torque’s.

Wallace [69| predicts the harmonic current magnitudes and frequencies by obtaining the machine 

parameters. Using a two axis transformation and the impedance matrix for a particular motor, in 

conjunction with the mutual inductance, the rotor currents arc computed.

Together with the calculation of the rotor bar currents, the impedance matrix method used by Wallace 

is used to calculate the effects of unbalanced windings within the motor. Wallace states that the stator 

imbalance only effects the magnitude of the motor currents, in that it is not harmonic producing, 

although the rotor equations do contain some harmonics.

Binns 170] introduces the concept of the MMF field within the air-gap of the motor being modulated 

by a earner wave. All harmonics which arc present in the stator and the rotor of the induction motor 

are then listed. Binns states that the components due to saturation arc comparatively small in 

magnitude and that other components may occur if the phases of the motor arc not balanced, the 

motor is not symmetrical and as a result of secondary armature reaction.

Binns verifies the theoretical work by proving the existence of the predicted frequency components via 

laboratory experimentation. Binns concludes that all flux and current harmonics will be responsible 

for loss production within the motor and that with regards the stator, the loss making harmonics arc 

the slot ripple components along with certain saturation harmonics, whereas for the rotor, the most 

significant 'losscy’ components arc those of the slot ripple components.

Finally, using an inverted motor to obtain the rotor bar currents, Landy 159) reports that the harmonic 

currents of significance have frequencies corresponding to the fundamental, the primary phase belt 

and the primary slot harmonic MMF’s.

Ucnosono [531 ct al obtain the rotor bar currents and report the results of a harmonic analysis upon 

these currents. The authors conclude that the results of the harmonic analysis show that under light 
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loads the harmonic content of the current is heavier than during heavily loaded conditions. 

Williamson [58] ct al. show that their calculated and experimental results verify that the current from 

a broken bar now flows within the surrounding bars. Smikal [71] discusses how that when under a 

faulted condition, if the bars within the rotor are un-insulated, then when the bars are analysed for the 

lengthways distribution of current, an unequal distribution may be found. This unequal distribution is 

effected by the cross currents corresponding to an axial current displacement. Smikal shows that if 

inter rings arc placed within the rotor they give the characteristics of a deep bar or double cage SCIM 

Kerszenbaum |72| ct al. show via theoretical prediction and through experimental work that large 

inter bar currents flow between the rotor bars if there arc un-insulatcd broken bars present 

Kerszenbaum shows that the magnitude of the current flowing into the broken bar, and hence, the 

inter bar current, is dependant upon the value of slip. It is also shown that the magnitude of the end­

ring impedance has a significant effect upon the size of the inter bar current. Kerszenbaum states that 

the effects of the inter bar currents on the nature of the SCIM include: no reduction of starting torque; 

a reduction in the pull-out torque; the development of vibrations and the possibility of burning within 

the laminations adjacent to the fault.

Walliscr [73| ct al show how the inter bar currents should be taken into consideration when 

monitoring the condition of the SCIM with un-insulatcd rotor bars. An expression for the effect of 

these currents has been developed and may be introduced via the theories given by Delcroi 139). 

Walliscr slates that the sidebands representative of broken bars will actually get smaller if inter bar 

currents arc present This is due to the decrease in imbalance when inter bar currents arc present, 

hence, the author states that previous current monitoring techniques may have under estimated or not 

detected the fault at all if inter bar currents were not taken into account. Results arc given showing the 

reduction of the sidebands due to inter bar currents. The results being obtained from analysing the 

supply currents around the fundamental and slot harmonics in order to detect any increase in sideband 

amplitude with fault conditions. Walliscr slates that in order to get a more accurate indication of 

broken bars the supply current should be monitored al higher frequencies away from that of the supply 

frequency |17|. Landy [591 ct al discuss how these inter bar currents will produce vibrations within 

the induction motor which may also be analysed in order to obtain the health condition of the machine 

|74|,
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1.6 Conclusions

The polyphase induction motor has been shown to be one of the most commonly used electric motors 

in all areas of modern life, be it within the home or industrial environments. Although inherently 

robust due its simple design, the motor is prevalent to cracked or broken rotor bars which occur due to 

the excessive stresses caused by the large electro-magnetic and electro-mechanical forces present 

during normal operation. As a result of this, many different "Condition \Ionitoring techniques have 

been developed to monitor the health of a motor, thus giving the operator sufficient diagnostic 

information to enable suitable early detection of problems and early planning of cost effective 

maintenance schedules.

Historic fault detection techniques involved the physical iinasion of the motor under investigation in 

order to obtain the health of the motor. Howex er, latterly techniques have been dcx clopcd which allow 

the diagnostic information to be obtained non-invasivcly. The majority of these techniques monitor 

either the a.xial leakage flu.x, the motor frame vibration, developed torque, rotor speed or the supply 

current whilst the motor is operated under fully loaded, steady state conditions. Researchers have now 

found that it is possible to obtain such information during the initial start-up period of the motor.

It has also been shown that researchers have located certain frequency components which rotate with 

the broken rotor bar. Through an improved transient monitoring system and investigations into rotor 

bar currents, it is hoped to be possible, via suitable signal processing techniques, to locate these 

components as a means to obtain a suitable detection on the location of any rotor bar anomaly w ithin 

the rotor of the SCIM.

In conjunction with this an inverted geometrv induction motor will be commissioned in order to 

complement this work and provide an opportunity to investigate the nature of rotor bar currents under 

both normal and faulted conditions.

Before proceeding with this, however. Chapter 2 will discuss in greater detail the relevant theories 

and techniques of monitoring supply current as a means of fault detection within induction motors.



Chapter 2

The Utilisation of Supply Current as

a Condition Monitoring Technique

2.0 Introduction

The following chapter discusses the relevant theories behind the technique of utilising an induction 

motor's supply current to detect faults, including that of rotor bar faults, during both steady and 

transient states of operation. A review of a cross-section of monitoring techniques already in use has 

also been included for completeness.

2.1 Steady State Operation Frequency

Components Indicative of Broken Squirrel

Cage Rotor Bars

of an induction motor al one halfBarton [75| ct al. in their c.xpcrimcntal work on the operation

normal operational speed, stale that when a positive sequence voltage is supplied to the terminals of a 

symmetrical motor, a distributed magnetic field is created within the air-gap. This field is found to 

rotate in a forward nature relative to the motors stator at the synchronous speed of rUj radians ! sec. 

The authors state that this field is also found to rotate forwards relative to the rotor at xtDs radians !

sec, and it is this field which induces positive sequence currents of frequency xf, Hz within the rotor 

conductors. Barton [751 et al. state that if the motor should have any form of rotor imbalance present, 

the flow of positive sequence currents through the rotor will generate negative sequence voltages at 
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similar frequencies to the positive sequence. These \oltagcs are induced into the air-gap and result in 

a negative sequence magnetic field being created. This negative sequence field, the authors stale, is 

found to rotate in a backwards direction relative to the rotor with a similar velocity of sco^ radians / 

sec, resulting in frequency components of ( I-2s )/, Hz being generated within the stator |76]|77|. 

Using separate equivalent circuits for both positive and negative sequence components, the authors 

show that the individual components produce torques which contain two separate components. The 

authors state that these components come from the interaction of the positive sequence MMF with 

negative sequence flux, and negative sequence MMF with positive sequence flux. Alternating torque’s 

result from the interaction between the two torque components, oscillating at the relative slip 

frequency of the components and ultimately producing mechanical vibrations.

Russell |78] ct al. stale that the majority of induction motor analyses have historically been based 

upon traditional equivalent circuit methods. Figure |2.1.11. Russell |78| ct al. state that an alternative 

method to this analysis technique is to use magnetically coupled electric circuits. The authors describe 

how with this technique individual circuits arc capable of relative motion in respect to one another. 

With this technique the authors state that due to the mutual inductances bclwcen the stator and rotor 

being dependant upon rotor position, the resulting differential equations contain time varving 

coefficients, which require axis transformation techniques to express the llu.x linkage equations within 

a reference frame not dependent upon rotor position. Using this technique. Russell |78| et al. solve 

machine equations for the steady state operation of a polyphase motor under various stator - rotor 

conditions.

Figure [2.1.1] Traditional Induction Motor E(|uivalent Circuit ( per phase ).

For a balanced polyphase induction motor the authors formulate expressions to define the currents 

within the rotor. The authors show how the currents contain frequency components of sf, and /jf .s-2 ) 

Hz. As the machine is balanced, the authors state that the // s-2 ) term sums to zero leaving the y/j 
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term present. The expressions for the stator currents are also defined for such a motor. These arc 

shown to contain the frequency' components/iand//1-2s ) Hz. Again, the f/ I-2s ) component sums 

to zero since the motor is balanced leaving the stator current containing only the fundamental 

component.

In order to backup their computational analysis the authors carry out several experimental 

investigations These take the form of monitoring the stator current waveform at various rotor speeds 

in order to obseixc the effects of the variable frequency components. The authors successfully show 

the degradation of the stator waveform at various rotor speeds and postulate that the reasoning behind 

such degradation is due to the above frequency' component.

Williamson and Smith |58| describe the analysis technique of a mesh model of a rotor that employs 

the rotating field theory. The authors state that this is a general approach in that any symmetrical and 

more importantly, asymmetrical arrangement of rotor fault may be modelled.

The authors describe how the balanced positive sequence supply voltages applied to the stator create a 

fonvard rotating field within the air-gap This field induces slip EMF's and therefore slip frequency 

currents within the rotor meshes. The authors state that the air-gap field created by these currents will 

include two components: a fundamentally distributed component rotating at slip speed in the forward 

direction with respect to the rotor, and an equal amplitude component rotating at the same speed in 

the backward direction. The total fundamentally distributed air-gap field being established by the 

ensemble of rotor currents via superposition of the individual components. The authors re-iteratc that 

when the motor is operated under symmetrical conditions, the backwards rotating component cancels 

and how conversely when the motor is operated under asymmetrical conditions the resultant backward 

component is non-zero, a phenomenon further defined within Appendix 1. This field, rotating al slip 

speed backwards with respect to the rotor revolves in a fonvards direction at a speed of (l-2s) times 

the synchronous speed with respect to the stator. The authors further stale, that this field induces the 

EMF’s of frequency I-2s times the fundamental within the stator windings. Interestingly, the authors 

report that between standstill and half speed, the induced EMF’s arc negative sequence components; 

whereas from half speed through to full speed the components arc reported to be positive sequence. 

The effects of this, the authors stale, is that the mains frequency of the original stator supply current 

will be modulated by a variable component of twice slip frequency.
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The results of these investigations arc verified by the authors using a 250 hp, 8 pole machine. The 

authors found that the amplitude of the (l-2s ) fault component falls to zero at a speed of 450 rev ! 

min. which in the experimental set-up represents an operational slip of 0.5.

The authors go on to stale that they would have rescrx'alions using a supply monitoring technique for 

rotor fault detection purposes due to the relative small amplitudes of fault component present when 

compared to the larger supply fundamental component. The authors point out that during their 

investigations under single broken bar conditions, the amplitude of the fault component over the 

entire speed range monitored never exceeded 1% of the supply fundamental, which itself was found to 

vary by less than 1% of its original symmetrical value.

Penman [21| ct al discuss how a similar effect may be observed within the axial leakage flux due to 

the presence of a broken rotor bar. The authors state how due to faults causing torque pulsation's, and 

hence, speed oscillations under faulted conditions, the stator supply current will be modulated. The 

level of modulation, the authors discuss, being at a frequency of radians / see, thus causing the 

supply frequency to produce sidebands separated by 2sf, Hz.

The authors conclude by verifying their theoretical predictions via a series of laboratory tests. Using a 

4 kW SCIM. several faulted conditions were investigated including: stator winding inter-turn short 

circuits, wound rotor short circuits, phase loss, eccentricity, supply phase sequence variation, and 

broken rotor bars. The authors show that by monitoring axial leakage flux during steady state 

operation, it is possible to obscnc significant amplitude changes within the sidebands located al ±2sf, 

around the fundamental supply frequency. In particular, results arc presented which show an 

increased amplitude sideband occurring under the fault condition of 1 broken rotor bar in 32. ( It is 

noted that the increase in amplitude appears to occur mainly within the lower of the two sidebands, 

i.c. the component which occurs at -2s/, Hz from the supply fundamental. However, no explanation is 

given as to the reasoning behind such a phenomenon ).

Hargis 1181 cl al. discuss how the impedance from the stator winding varies with a frequency of Nca, 

when a normal rotor rotates. The authors discuss how if the rotor is irregular for any reason the 

fundamental variation of the impedance becomes 2a)r. It is further shown how, by calculating an 

expression for the rotor MMF and modulating it with an expression describing the impedance 

variations of the motor, MMF components arc generated as shown by eq. (2.2).

(2.2)
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The authors state that it is the second of these terms which results in an EMF within the stator which 

is a direct measure of rotor non-uniformitv'. Hargis (18] et al. state that a cyclic variation within the 

current produces a torque variation at twice slip frequency, see Appendix 11. Due to this variation, a 

speed fluctuation occurs producing a reduction within the magnitude of the f l-2s /(d^ current 

frequency component, and that a new component is found to occur at ( ! * 2s )(t)^ |76||77|, w hich is 

further enhanced by any third time flu.x harmonic present, see Appendix 111. A further discussion of 

how these components interact with one another in order induce other components is summarised 

within Appendix IV.

The authors state that if a pair of rotor bars w ith anomalies should occur w hen spaced by 7i/2 ( elect. ) 

radians apart, then no ( l-2s) component term would occur. But, as the authors state, it is generally 

accepted that most examples of broken bar conditions occur contiguously, due to the increased current 

which flows within the surrounding bars of the original fault, thus increasing the stresses present 

within ncarbv bars.

The authors finish by developing an expression, eq. (2.3). which enables the amount of broken bars to 

be calculated, depending upon the speed of the motor remaining constant and the broken bars being of 

a contiguous nature.

(2.3)

Thomson [321 ct al. verified the operation of this expression and concluded that it under estimates the 

number of broken rotor bars present. In a scries of tests run by the authors, they state that the main 

reasoning behind the downfall of eq. (2.3) is the predictions dependence upon motor load, rotor 

design and general motor operating conditions |79||8()|.

2.2 Steady State Operation Present Non

Invasive Monitoring Techniques

Hargis [18| ct al. discuss the various parameters which may be monitored within an induction motor, 

in particular current, speed and vibration. With respect to current, the authors slate that the 

monitoring of a motors supply current is one of the easiest parameters to obtain. The techniques which 

employ this parameter arc extremely Tion-invasivc’ in nature, as they do not require the actual supply 
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current, since a transformed signal used for current indication within a non-hazardous control room is 

sufficient to obtain the required diagnostic information. The authors discuss how their system 

monitors the steady state supply current by initially recording the signal on a tape recorder, prior to 

analysis via a sufficiently high resolution spectrum analyser. The authors show how by monitoring the 

( I±2s )f, Hz components, the effects of a three broken bar condition and a normal rotor condition 

may be clearly obsened via the amplitude change of the relevant frequency components. The authors 

state, however, that in order for an accurate detection of the motor condition, it is vital that the exact 

slip of the machine is obtained, in this case by monitoring the frequencies al which the principal rotor 

slots occur at, co^ ( N+1) Hz. It is interesting to note that the authors indicate that current monitoring 

may also have an application within mechanical condition monitoring, as load disturbances may be 

quantified from the measurement of the current modulation along with some background knowledge 

to the mechanical parameters of the system.

Finally, the authors conclude that by using their technique there would be no obvious method of 

distinguishing between various possible rotor anomalies, and that current monitoring along with 

speed monitoring, also discussed, may in fact be liable to the under estimation of number of faulty 

rotor bars under certain conditions, and in extreme conditions may fail to detect the presence of any 

fault at all

Steele (311 et al discuss how with vibration monitoring, the transducers require physical access to the 

motor, whereas for supply current monitoring, or any other electrical line quantity, direct access to the 

motor is non-essential. This obviously gives significant advantages for instance, as the authors state, 

within industry' where access is not always readily accessible.

Fhe authors describe their prototype monitoring system which monitors supply voltage, current and 

power via specific electronic instrumentation connected directly to the supply current circuit. The 

signal processing used within the system includes a Fast Fourier Transform spectrum analyser capable 

of monitoring a wide frequency range, the authors quote 0 - 20 kHz. The authors further discuss the 

signal processing technique of obtaining a signal cepstrum This technique, the authors state, should 

be used when the signal contains a large number of harmonics ! sidebands which may be difficult to 

interpret. The authors describe how the production of the ccpstnim is obtained by further processing 

the signal in question. The logarithm of the spectrum being obtained and a Fourier analysis run on the 

results. The cepstnim, the authors state, has the effect of separating the sidebands from the source 

spectrum and difTercntiating between sets of harmonics or sidebands.
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The authors proceed to report on the findings of their monitoring system. They run several tests in the 

detection of numerous faults within various drive units including that of defective lop bearings and 

broken rotor bars.

The authors discuss how in the detection of broken rotor bars, such a fault was simulated by the 

introduction of a drilled hole through the rotor bar / end-ring connection. With this simulated fault, 

the authors monitoring system, it is reported, was able to detect an observable increase within the 

amplitude of certain sidebands of the electrical signals frequency spcctnim. In particular the sidebands 

located at cither side of the fundamental supply frequency by 2sf; Hz.

The authors conclude that this method has been demonstrated to give successful fault diagnostic 

information, but requires further work in order to fully explain the spectrum obtained during fault 

conditions, and to produce a fully commercially viable diagnostic product.

Rankin |6| slates that there arc numerous off-line and on-line testing procedures in existence which 

have well proven track records in the successful detection of motor faults. Such techniques range from 

visual inspection, where the obvious drawbacks of such a technique arc evident, to three phase current 

observations, where fluctuations arc observed within the voltage signal when the motor is operated 

under faulted conditions. Rankin, however, introduces one more, that of phase current analysis, w hich 

the author states has attractive features over techniques already in existence. This technique, as the 

author states, may be achieved from within a motor switch-room without any form of production loss 

or motor downtime, and involves monitoring the supply current sidebands which exist at ±2s around 

the supply fundamental frequency, the amplitudes of which supply the necessary diagnostic 

information |811 Rankin states that combining the results of this current analysis technique, along 

with background knowledge of the materials used w ithin the construction of the motor, it is possible 

to determine the condition of the rotor, and hence, make suitable judgements on the continuation of 

motor operation The author also indicates that it is possible to delect the presence of any air-gap 

eccentricities which may exist within the motor system [251.

Rankin 182) notes that only two quantities afTect the magnitude of the sideband components around 

the fundamental supply frequency. These quantities, the author states, being the number or severity of 

broken bars together with the load present upon the motor, where variations on the load not only alter 

the magnitudes of the components, but also alter the fundamental frequency of the component. It is 

interesting to note that the author concludes that the expression developed by Hargis 118] et al. to 

calculate the severity of broken cage bars present within the rotor, is only applicable when the 
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machine is operated under fully loaded conditions and, as the author states, has extreme limitations 

within the industrial environment as the expression tends to under estimate the severity of rotor faults 

due to the current spectra being a function of the rotor winding fault, mechanical load variations, rotor 

design and in some eases, the actual mechanical load.

Rankin 16] states that this technique has been well proven by testing, at the time of publication, o\ cr 

2,000 motors. The author reports that this technique has been implemented on a software package 

specifically developed to use special routines which diagnose the motor problems on-line. The system, 

which makes use of an expert system, reads the current spectrum produced from a normal high 

resolution spectrum analyser and eliminates any extraneous factors present within the frequency 

spectrum, before forming a concise conclusion on the motors condition.

The author concludes, via two published ease studies, that using the developed monitoring system 

over 20 % of the monitored motors have been found to contain problems related to cracked / broken 

rotor bars, high resistance joints, or air-gap eccentricities.

The author discusses that the creation of an on-line computer based diagnostic system was undertaken 

in order to eliminate previously required manual operations, obtain professional expertise in analysis 

and provide diagnosis reporting facilities. The author describes how the system contains two 

databases, one which allows ancillary information on the motor under investigation to be entered and 

stored, in order for record keeping facilities to be up-kept, and another which allows the spcctnim of 

the motor, obtained from a normal spectrum analyser, to be stored. The system contains a third 

section, the diagnostic section, whereby the information on the condition of the motor is obtained 

from the frequency spectrum via spectral processing at relevant frequencies. Diagnostic algorithms 

have been created within the system which determine the severity of the fault, if any, and allows the 

on-board expert system to interpret the results and present concise recommendations on the condition 

of the motor to the operator in a clear, non-tcchnical format.

Kliman |30| indicates that there may be a real possibility where such a current monitoring system 

with sufficient sensitivity to detect a single broken bar, may actually detect manufacturing and / or 

other asymmetries, thus giving rise to erroneous fault indications. In this case, the author suggests 

that the examination of higher harmonic amplitudes may give rise to such asymmetries being 

eliminated from that of broken bars. The author suggests that the harmonics which should be 

monitored instead of the fundamental component should in fact be those of the 5th, 71h, 11th and 

13th. Any harmonics greater than this being indistinguishable due to their small amplitudes.
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Kliman [30] proceeds to describe the software based monitoring system developed. The system 

samples supply current at the rate of 2 kHz for a period of 30 seconds, before converting the time 

based data into the frequency domain utilising a FFT method. With this system the author monitors 

the frequency components characteristic to rotor anomalies. In order to do this, the values of speed 

and slip arc obtained. This is achieved in this ease by monitoring the axial flux. Since the system uses 

axial leakage flux, the author states that this parameter may be taken as a secondary parameter in the 

event of coming to a conclusion on the condition of a motor, |83][84]. The author also stales that the 

system developed has sufficient software flexibility to allow other motor parameters to be sampled and 

used within the developed fault decision algorithm.

Kliman [30] gives experimental results on the usage of the developed system. Suitable examples arc 

given of the sidebands located at cither side of the fundamental supply frequency, and the sidebands 

around the 13th harmonic thereof, under difTcrent fault conditions.

The author concludes that a prototype non-invasivc software / hardware system has been developed 

which olTcrs sufficient reliability in the detection of the existence of broken / high resistance bars 

within normal steady state operation

Klinian 117] ct al. report further on the use of this prototype system and in particular the detection of 

broken rotor bars. Results arc published which show the developed systems sensitivity to detect minor 

rotor anomalies such as one broken rotor bar. The amplitude change with this fault being particularly 

prominent within the lower sideband around the fundamental harmonic of the supply frequency. A 

further amplitude increase occurring in the ease of two broken bars, etc.

The authors further discuss the decision algorithm which exits within the system and is capable of 

identifying the presence, or absence, of harmonics indicative to rotor anomalies. They slate that there 

arc in fact two parts to this, one which can determine the state of the motor from past monitoring tests 

and secondly, an algorithm which is capable of determining suitable diagnostic information from a 

one-off analysis. The authors discuss that the system developed has been created entirely from 'off the 

shelj’ components, and designed so that the sophisticated data acquisition and signal processing 

within the system is transparent to the user. However, any information displayed on the screen is of 

such a nature that it is entirely legible to computer novices.
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2.3 Transient Operation Frequency

Components Indicative of Broken Squirrel

Cage Rotor Bars

2.3.1 Tran,sicnt versus Steady State Monitoring

It is clear from the on-line monitoring techniques employed during steady state operation, that 

detection of the relevant frequency components, and hence, reliable health diagnosis, may only be 

achieved when substantial levels of current flow both within the stator and rotor circuits of the motor 

under investigation. Such levels of current arc required to produce large enough field aberrations 

within the air-gap in order to successfully detect the rclcxant frequency components from the stator 

winding. As a result, such monitoring techniques arc only suitable when the motor is operated under 

fully loaded conditions, when a larger level of rotor current is present.

There arc certain practical situations, however, as industrial operators have indicated, where such 

physical requirements for reliable diagnosis of a motors condition arc impractical. For instance, when 

the motor has been removed from service and taken to a workshop environment, or where the motor 

has been taken off-line, when fully loaded testing conditions arc no longer practical nor physically 

achievable. Also, there arc many applications which require a motor to undertake numerous start-ups 

with vcr\' little steady state operation within the motors normal duly cycle. It is obviously 

advantageous to the operator if such periods of operation could be monitored in addition to steady 

state operation.

Figure 12.3.2.11 presents a typical three phase supply current transient for a moderately sized 

induction motor started under no load conditions. In this example it may be seen that the increased 

nniplitude continues for a finite time period before decreasing to normal steady state levels. Figure 

12.3.2.2] shows a similar transient obtained from the same motor started under fully loaded 

conditions. Due to the increased torque required to overcome the increased rotor inertia, the increased 

nniplitude within the transient signal is present for a longer period of lime. The plots presented merch 

indicate the increased amplitude which is present throughout the transient period. The levels of 

modulation which may be obserxed throughout both transient signals is due to the motor in question 



having a certain level of rotor bar fault. However, as mentioned, it is only the increased amplitude 

which is of concern at the moment.

2.3,3 Rotor Fault Component.s Present within Transient Signal

The steady slate rotor fault frequency compouciits situated at /j( I±2s ) Hz, have been succcssfulh 

located by researchers to be present w ithin the transient supply current signal of an induction motor 

[35]|36][37J. However, as the researchers indicate, since the value of motor slip is no longer constant, 

due to rotor acceleration between standstill and steady slate speed, the rotor fault components arc non- 

stationary in nature as they are dependent upon motor slip.

Figure [2.3.3.1 ] indicates the relationships with which the rotor fault components have with other 

frequency components present within the transient supply current. All frequency components were 

calculated for dilTcrcnt values of slip using proven expressions. The frequencies were all calculated for 

a three phase, 11 kW, 4 pole, .51 slot squirrel cage rotor. For the rotor fault components, or as they arc 

commonly known, the Upper and Lower sidebands ( USB, LSB ), the formula used to calculate the 

components was that proven by Hargis 118| ct al., eq. (2.3.3.1). eq. (2.3.3.2).

(2,3,3.1)

(2.3.3.2)

The Principal Slot harmonics, (PSH), caused by variations within the reluctance of the air-gap due to 

the presence of conductor slotting within both stator and rotor circuits of the motor, were calculated 

using formulae previously verified by Thomson 1101 ct al., eq. (2.3 3.3).

(2.3,3.3)

The fundamental of the supply frequency was taken to be 50 Hz, although this and other constant 

harmonics, in particular those of the third supply harmonic, were deliberately not indicated within 

Figure 12.3.3.11. they were present in the form of the frequency axes.
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Figure [2.3.2.1] Current Transient - 11 kW Induction Motor No Load Start.

(Same Scales)

Time

Figure [2.3.2.2] Current Transient - 11 k\V Induction Motor Full Load Start.

( Same Seales)
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To enable future investigations, the e.xpression quoted by Dclcroi reported to define the field curl 

associated with a broken cage rotor bar, eq. (1.3.1), was also indicated within the theoretical 

prediction of frequency components within a typical supply current transient. Figure [2.3.3.1|.

Fdeleroi = fs ( k / p - S ( k / p ± 1 )) (2.3.3.4)

Particular note should be t;ikcn on the two sidebands indicated within Figure [2.3.3.1| by LSB and 

USB. These sidebands represent the theoretical locus of rotor fault frequency components defined by 

eq. (2.3.3.1) and eq. (2.3..3.2). It should be noted that in the case of the LSB, it is the absolute value of 

the component which is plotted \crsus slip, and not the actual value. The reason for this being that 

after a slip of 0.5, the LSB component becomes negative, thus indicating that the fault component has 

undergone a phase reversal. From Figure [2.3.3.11 it is observed that the LSB component initially 

starts at 50 Hz at standstill, proceeds to 0 Hz al a slip of 0.5, prior to returning to 50 Hz at near 

sy nchronous speed.

2.4 Transient Operation Present Non-Invasive

Monitoring Techniques

Elder [351 [38J uses the speech phase \ocodcr technique to produce Spectrograms of the supply current 

transient signal of the motor under investigation. With this technique Elder proves that it is possible 

to detect broken cage rotor bars from the amplitude of the non-stationary LSB fault component. The 

technique uses recordings of the transient current obtained via a Store 7 data recorder. This set-up 

enabled laboratory , and to a lesser extent, industrial motors, to be investigated. After recording, data 

is transferred to a mainframe computer from where the vocoder processing technique is applied.

This Icchniquc is obviously extremely number intensive, and thus, requires a mainframe in order to 

handle the data to be processed within such an analysis. Although this technique was successfully 

tested both within laboratory and industrial environments, the necessity for such bulky recording 

equipment to obtain the transient data, followed by the requirement to compute the diagnosis under 

mainframe conditions, presents a practical hindrance and reduces the overall portability of such a 

monitoring Icchniquc.
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2.5 Conclusions

It has been shown, in conjunction with Appendices I - IV, how past researchers have monitored the 

severity of broken cage rotor bars within three phase squirrel cage induction motors, using the 

frequency components eq. (2.3.3.1) present within the supply current. A historical review of the steady 

state theory was presented along with a discussion on the techniques presently employed. It was 

shown that out of the numerous non-invasivc diagnostic techniques in operation, the technique which 

employs supply current, or any electrical parameter, is by far the most favourable due to the inherent 

fle.xibility and that data recordings of these parameters need not be obtained from the physical motor.

It has been indicated by researchers, however, that this technique suffers from two problems. Firstly, 

the results of such an analysis vary with applied load, and secondly, that the technique requires a 

relatively large current to be present before any reliable diagnostic information can be obtained. Due 

to this it was shown that under initial motor acceleration conditions, the supply current c.xpcrienccs a 

finite period of increased amplitude. This increase being anything between 5 - 8 times the steady stale 

value. It was shown, through supply current waveforms, how the increased supply line current during 

this period of acceleration results in an increased level of rotor current flowing through the rotor 

conductors. Using this increased current, past researchers have been able to successfully locate the 

frequency components previously used wiihin steady stale analysis, and use them to determine the 

severity of cage rotor bar faults. These components being non-stationary in nature during this 

transiential period.

The signal processing techniques previously employed, along with recording facilities and 

computational requirements, created a system which enabled successful results to be attained only 

wiihin an academic environment. The set-up. however, represented a non-viablc approach when 

considered within the industrial environment.

In order to make the monitoring technique a more viable industrial concept, all aspects of the 

nionitoring system would ha\c to be reviewed. This involved reviewing the individual sections which 

go to form the data acquisition, data presentation and data processing sections of the system.

As a means to obtain a data processing technique which would be more economic in numerical 

operations, but still resulted in a similar level of accuracy, if not greater, than previous techniques, a 

collection of both historical and modern day signal processing techniques will be further discussed 

Within Chapter 3, in order to obtain the most suited towards this particular practical application.
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Chapter 3

Signal Processing Strategies

3.0 Introduction

Several techniques exist today which allow a signal to be represented within the Time-Frequency 

plane. The following chapter discusses such techniques in order to find the most suitable technique for 

frequency component detection within the previously described practical application. The techniques 

arc investigated initially using synthesised mono-component, multi-component and non-stationary 

signals. Comparison is made on the individual techniques ability on the detection of relevant 

frequency components together with the effects of sample length and windowing technique used 

within the analysis. Finally, the techniques arc investigated on their suitability towards analysing data 

obtained from the practical application.

In order to obserxe whether it would be possible to detect the non-stationary rotor fault components, as 

predicted by Figure |2.3.3.1|, several signal processing techniques that result in the production of a 

signals Time-Frequency representation were investigated as a means to obtain the most clTicicnt 

technique suitable for time-varying signals.

3.1 Short Time Fourier Transforms

The Spectrogram 185| is a popular method of displaying the Time-Frequency representation of a 

signal, a typical example of such a signal which may be analysed using a spectrogram being that of a 

speech signal. The spectrogram displays the Time-Frequency information of the signal by obtaining a 

short time spectrum of the signal \ ia implementation of a Fourier Transform Algorithm (FTA).

If the excitation of the time varying signal under analysis is not to rapid then it may be assumed that 

the signal is stationary over a certain short period of time. Hence, it is possible to carry out a short 
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time spectral analysis on the signal. The number of analyses required depending upon the total length 

of signal sample and the length of time w indow employed in partitioning the signal sample.

As the time window is increased in size it is found that the frequency resolution of the Time- 

Frequency representation is improved. However, as a result of this the time resolution of the display 

reduces. In a similar manner it is found that when the time window is reduced in size the opposite 

occurs.

Due to this trade off between the size of time window employed and the obtained resolution, both of 

time and frequency, it is common practice to utilise two such tests within one complete analysis of a 

signal. The first analysis would be a narrow band analysis where there is good frequency resolution 

but poor time resolution within the Time-Frequency representation. This would then be followed by a 

wide band analysis giving an improxed time resolution but poorer frequency resolution within the 

final Time-Frequency representation.

A Spectrogram is calculated by employing a Fast Fourier Transform (FFT) algorithm, this algorithm 

being the most popular method of obtaining a spectrum from data within a digital computer. The FFT 

being a method of calculating the Discrete Fourier Transform (DFT) defined by eq. (3.1.1).

(3.1.1)

F(k) represents the magnitude of the k'*' spectral point and f(nT) represents the equally spaced samples 

of the analogue time signal f(t). If the sampling of the analogue signal has been carried out under 

Nyquist’s theorem; i.c. the signal has been sampled at a rate of 2f,„ or higher, where f„, is the highest 

frequency component present within the analogue time signal, it may be shown that the magnitude of 

F(k) is similar to the magnitude of the signal obtained at a time t = (N-l)T seconds, when the samples 

of the analogue signal f(t) arc passed through an analogue filter w ith the frequency response H(fo), eq

(3.1.2).

H(<y) = sin(NT/2)(<y - (2;rk / NT)) ! {co - (2k / NT)) (3.1.2)

The filter with this frequency' response has a characteristic similar to that shown in Figure [3.1.11.
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Figure |3.1.1| Filter Frequency Response Characteristic.

The data obtained from eq. (3.1.1) for values of k = 0 through to N - 1. corresponds to the output from 

a bank of filters each with a similar spectrum to that of Figure 13.1.1], where centre frequencies arc 

defined by eq. (3.1.3).

(0 = (2;rk) / (NT) (3.1.3)

On computation of eq. (3.1.1) only one spectral section is obtained. This being the spectrum similar to 

the output from the filter bank al time t = ( N-1 ) T seconds. In order to obtain a short time spectral 

analysis it is necessary to repeat this computation over successive instants of time. To obtain a 

running spectrum of the signal under analysis eq. (3.1.1) must be modified to eq. (3.1.4). In this 

c.xprcssion the first improvement is the addition of the window w(nT). This is done in order to 

improve the overall spectral characteristic when computing the DFT.

FXk) = ' w(nT) f(nT + rMT) / N ) nk

n = 0
(3.1.4)

It should be noted that when eq. (3.1.1) is calculated on a finite amount of data, a lime window is 

imposed onto the signal. This window is Rectangular of width, NT and it is this which results in the 

spectral window shown in Figure 13.1.11. By using another type of window in eq. (3.1.4), it may be 

possible to obtain a far better spectral representation than that obtained from the Rectangular window. 

The second modification, in eq. (3.1.4), is the implementation of scxcral spectral analyses on 

successive parts of the signal under analysis. Eq. (3 1.4) carries out such analyses separated in time by
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MT seconds. This results in the calculation of the Short Time Fourier Transform ( STFT ). with the 

final Spectrogram being obtained from this by taking the square of the magnitude of the calculated 

STFT, as shown in eq. (3.1.5).

(3.1.5)

3.2 The Wigner Distribution

The Wigner Distribution (WD) of a continuous real signal is defined by Claassen and Mccklcnbraukcr 

|86| as that shown in eq. (3.2.1). x(t) represents the continuous real signal under analysis, t represents 

a shift component and x’ indicates the complex conjugate of the signal .x(t).

QO

WD(t,<y) = Jx(t
-00

2) x*(t - T / 2) dr (3.2.1)

WD(n,5) = 2
00

Ef(n
ni = -00

(3.2.2)

The discrete form of eq. (3.2.1) may be obtained from this equation and is again defined by Claassen 

and Mecklcnbraukcr |86| as that shown in eq. (3.2.2). In this e.xprcssion the time index, n. is a 

discrete value with the frequency index, 0, being continuous. From this expression the WD at any 

time, n, depends upon the values f(n).f’(n), f( n+1 ).f'( n-1 ).... where the separation between

individual samples is 2ni, with m = 0,1,2,.3 ....

In reality, although the integral range of eq. (3.2.2) spans from -<x to +«, only a finite data sequence 

"ill be available. Due to this a window is normally placed within the frequency domain with an 

automatic rectangular window being placed within the time domain due to the finite length of 

sequence, thus transforming eq. (3.2.2) to that of eq. (3.2.3). This form of WD is known as the Pseudo 

Wigner Distribution (PWD).

PWD(n,(l) = 2 2^w(rn)f(n + m)w*(-m)f (n - m)
m = “00

(3.2.3)
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The Wigner Distribution and its many variants contain several desirable properties. These properties 

include: the WD of any real or complex function will be real, a time shift in the time signal will result 

in a time shift in the WD and the total energy in the signal is equal to the integral of the WD over the 

whole plane, (t, oi). However, along with these properties, the WD contains one undesirable property 

which limits its practical application. This property is known as the presence of ‘crossterms’. The WD 

of two signals is a bilinear function of the original signals. This means that the sum of the two signals 

is not just the sum of the two WD’s, but a third interference component is produced, eq. (3.2.4) The 

crossterms lie between the two components within the signal and are oscillatory with their frequencies 

increasing with increasing distance in time and frequency between the two original components. The 

crossterms can have peaks of up to twice that of the original components amplitude, and hence, make 

it difficult for component separation when analysing multi-component signals.

Wf + g(t,<y) = Wf(t, (o) + Wg(t, (0) + 2ReWf,g(t,c9) (3.2.4)

The method used to reduce the amplitude of crossterms is to introduce windowing. As with the PWD 

It is possible to window in the frequency direction in order to reduce the size of the crossterms. Types 

of window which give best results in the frequency direction arc the Gaussian and Kaiser windows. 

Windowing may also be achieved within the time direction, although here a compromise must be 

made between crossterm attenuation and time resolution. The windows which give the best results 

within the time direction arc the Rectangular and Gaussian windows.

The above windows all partition the data in one particular direction. Instead of windowing the data 

separately within the frequency direction and then the time direction, it is possible to use a two 

dimensional window, typically of Gaussian form, which results in a smoother version of the WD.

Another method of reducing the interference from which the WD technique suffers from is to convert 

the signal under analysis into its analytic form

When a signal is analysed by the WD method, or by any variant of the technique, interference caused 

by aliasing within the resultant signal is reduced if Nyquists theorem is adhered to when sampling. 

However, regardless of the sampling rale employed there will still be low frequency components 

present within the WD. These components, which have no meaning in the overall frequency scan, arc 

caused by the interaction between the positive and negative frequencies of the signal under 

'nvestigation. The method of reducing the effects of these components is to make use of the Analytic 

' crsion of the signal.
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Consider a signal s(t) sampled at the Nyquist rate. f,. The spectral representation of the signal is 

shown within Figure [3.2.1].

The analytic discrete time signal z(n) has a spectrum similar to that of Figure [3.2.2]. If a further two 

signals. s'(n) = s(n/2) and /.'(n) = /.(n/2) are then sampled at the same sampling rate. f. the resulting 

spectrums arc shown in Figures [3.2.3] and [3.2.41 respectively. From these spectrums it is clear that 

the ma.ximum spectral component of the signal s’(n) is now 2f,„ = f and as the periodicity of the 

spcctnim remains at f, aliasing will occur due to the overlapping between the positive and negative 

frequencies.

However, with the analytic version of the signal. Figure [3.2.31. the maximum spectral component of 

the signal z.'(n) = z(n/2) is also 2f,„ = f, and as the periodicity of the wave is also f, no aliasing occurs. 

Figure [3.2.4].

The WD which analyses the analytic signal instead of the real signal is known as the Wigner Ville 

Distribution (WVD). cq. (.3.2.,5). The signal z(t) representing the analytic equivalent of the signal to 

be analysed. s(t).

► f/f.

Figure |3.2.11 Spectral Representation of Signal s(t).

► f/fs

Figure [3.2.2] Analytic Discrete Spectral Representation of s(t).
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►

Figure [3.2.31 Spectral Representation with Aliasing.

f/t;

►

Figure [3.2.4] Analytic Representation with no Aliasing.

f/fs

30 *

WVI)(t,ffl) = Jz(t + T ! 1)7. (r - T ! 2)e''"^
-oc

dr (3.2.5)

The analytic signal /.(t) may be computed within the time domain via the Hilbert transformation, or 

within the frequency domain by simple multiplication.

Within the time domain the analytic signal is calculated via eq. (3.2.6).

z(t) = s(t) + jH[s(t)] (3.2.6)

Where H|s(l)| represents the Hilbert Transform of the signal s(t). The Hilbert Transform being 

calculated using eq. (3.2.7).

(3.2.7)

The analytic signal z(t). however, has a frequency spectrum dermed by:
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Fa(£0)= 2.F((y) 

= F(0) 

= 0

a

Q)

0)

> 0,

= 0,

< 0;

Hence, the analytic signal can be computed within the frequency domain in addition to the time 

domain. Calculation of the analytic signal in the frequency domain involves the use of the Fourier 

transforms of the signals s(t) and z(t), with the time domain analytic signal being recovered from /.(I) 

via the Inverse Fourier Transform.

If the WD of a signal is assumed to be calculated by eq (3.2.1), then if 0 is made equal to t / 2, the 

following may be assumed.

°° * T a
WD(t,©) = 2 Js(t + & ) s (t - &

-00

(3.2.8)

2FT

If the signal s(t) is assumed to be a band limited signal, s(n). which has been sampled at the Nyquist 

rate resulting in a sequence of duration N, then a direct application of the integral form eq. (3.2.1) to 

discrctisc eq. (3.2.8) is shown in eq. (3.2.9).

2 DFT

The WVD 111 discrete form will therefore be calculated by the following manner.

2 DFT
WVD(t,f) =

m->2k

(3.2.9)

(3.2.10)

The smoothed version of the WVD using windowing techniques, the SWVD, may be calculated by eq 

(T2.11).

SWVD(n,m) = 1 E rn(k) 
k = -L

(3.2.11)
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rn(k) =
2 (3.2.12)

Where rn(k) is referred to as the smoothed complex kernel. This kernel may be shown to be of a 

complex symmetrical nature; i.c. r„(k) = r„(-k). hence, it is only necessary to compute half of the 

sequence as the DFT of a complc.x symmetrical sequence is itself real, thus the DFT of jr„(k) will be 

imaginary. Due to this it is possible to compute two slices of the SWVD using only one DFT 

calculation, combining the two complex kernels into a composite complex kernel, Rn(k), eq. (3.2.13).

(3.2.13)

The two WVD time slices thus come from both the real and imaginery parts of the composite kernel. 

Taking this computation property into consideration, the WD, or any variant of the WD, may be 

computed up to twice as fast as the STFT technique. This being one of the main reasons why the WD 

is used as a signal Time-Frequency representation, although for multi-component signals the 

technique is limited by the presence of crosslerm interference.

3.3 Signal Analysis by Decomposition

One of the first Timc-Frcquciicy representations of a signal was introduced by Gabor |87|. This 

representation of a signal in the Timc-Frcqucncy domain was developed from the theory of quantum 

mechanics and is known as the Gabor Decomposition. In this decomposition, the signal under 

analysis, r(t). is broken down into a two variable function R(t, w) and is achieved by the Gabor 

Decomposition expression of cq. (3.3.1).

2)-l/4 y^(-(t-r)^ / » r(t)dt

-00

(3.3.1) 

On analysis of the above expression it is found that the Time-Frequency representation. R(T,m), may 

be obtained by the convolution of the signal, r(t). with a separate signal, h(l), eq. (3.3.2). The signal, 

b(t), known as a wavelet may be of Gaussian format similar to that obtained from cq. (3..3.3).

45



00

f r (t) h (t - T) d T
-00

(3.3.2)

h(t) = l/2;r e-i" (3.3.3)

A phenomenon of the wavelets similar to that used within the Gabor decomposition, is that the 

envelope of the Gaussian wavelet has a constant time duration regardless of the frequency under 

investigation. This, in some cases, presents a practical limitation in that the analysis of short high 

frequency signals involves wavelets of broad envelope and a large number of cycles. These limitations 

may be overcome by the use of another Time-Frequency technique known as the Wavelet Transform 

The limitation, however, is only applicable for high frequency bursts and after further investigation, 

was not considered to be of importance within the following applications.

In most practical cases the signals under investigation arc digitised. This therefore results in a change 

of eq. (3.3.2) into the discrete convolution expression of eq. (3.3.4). This expression is now 

rcpresentitivc to the characteristic of a finite impulse response filter, where the sampled points of the 

wavelet used within the decomposition represent the FIR filter coefficients. Eq. (3.3.4) may be 

implemented cither by hardware or. as in the following applications, by software via the process of 

fast convolution.

III

r(n) = Sh (i) r(n - i)
i = -in

(3.3.4)

The decomposition of the signal under analysis may therefore be obtained by convolving the signal 

under investigation, via fast convolution techniques, with a Gaussian shaped wavelet similar to that 

described above The wavelet must have a constant bandwidth and its centre frequency stationed upon 

the current frequency under investigation A large variety of wavelet types may be used within such 

decomposition methods depending on the precise requirements of the application. Wavelets based on 

the Hamming, Hanning and Kaiser windows may all be used within the decomposition, although any 

Gaussian format of wavelet may be employed.
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3.4 The Exponential Distribution

The Time-Frequency representations discussed prc\ iously. the STFT leading to the Spectrogram and 

the various versions of the Wigner Distribution may all be classed as members of a generalised Cohen 

class of Time-Frequency representation, see Appendix V. However, due to the inherent bilinear nature 

of these distributions, it has been shown that interference in the form of crosslcrms will reduce the 

effectiveness of the representations when analysing multi-component signals. The degree of 

interference is, however, related to the type of kernel function used, which in turn, idcntirics the 

nature of the specific distribution.

Another Time-Frequency representation which is a member of the same Cohen class of distributions 

is known as the Exponential Distribution or Choi Williams Distribution |88|. In this form of 

representation the kernel function used takes an exponential nature. The exponential kernel reduces 

crossterm amplitudes whilst still retaining the useful properties of the Time-Frequency distribution

3.4.1 The Choi - Williams Distribution

The generalised Cohen distribution expression is shown in eq. (3.4.1.1).

(3.4.1.1)

The Exponential Distribution (ED) uses a kernel where cs is a scaling factor. Substituting the kernel 

into the Generalised Expression results in the continuous form of the Exponential Distribution.

Ef(t, ry) =

(3.4.1.2)
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As with the WD version of the generalised class a discrete version of eq. (3.4.1.2) may be obtained. 

Firstly, the generalised equation must be discrctised.

(3.4.1.3)

Where n. t and p arc all discrete values with and 0 being continuous variables. Substituting the ED 

kernel into eq. (3.4.1.3) results in the definition of the ED for discrete tunc signals.

(3.4.1.4)

As the real signals arc of a finite length it is necessary to use windowing techniques. Using the 

windows Wx(r) and Wm(h) the expression for the Exponential Distribution for discrete signals 

becomes that shown in eq. (3.4.1.5).

Ef(n,k) =

2 2
r=-oo

00

E
WM(/z ) 1! /cre^

. f(n + /z + r )f * (zz + /z - r)

(3.4.1.5) 

Il has been found that the length and shape of w indow', Wn, determines the frequency resolution of the 

ED, whilst the length of the window, Wm determines the time resolution of the auto components. 

Therefore, the size of the w indow', Wn, determines a trade off between the high frequency resolution 

of the components and the smoothing of the crossterms.

The ED analyses the signal once the signal has been converted to its analytic equivalent, thus 

removing any potential aliasing difficulties. Eq. (3.4 1,5) shows the expression used to calculate the 
Ed. From this it may be seen that the ED can be calculated using a Fast Fourier Transform, where ‘n’ 

represents the time index and ‘k’ the frequency index.
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3.5 Encoding of Signal Processing Strategies

3.5.1 Software Development Environment

The iincstigations into which signal processing technique, and variants thereof, that would result in 

the most suitable Time-Frequency representation of the previously discussed practical application, 

were undertaken by encoding the techniques within the mathematical package. Matlab Ver. 4.0 [97]. 

This software package, which is windows based, enables the required encoding neccssar\- for all three 

techniques to be entered and stored wiihin user defined files, known as Tn files', along with easy 

access to graphics packages required for displaying the computed Time-Frequency results, together 

with built in mathematical libraries resulting in easier overall implementation of the individual 

techniques.

3.5.2 The Spectrogram

From eq. (3.1.5) the Speetrogram is calculated by obtaining the square of the numerical scries. F(k). 

The series F(k) represents the Short Time Fourier Transform of the data and may be computed by 

employing a spectral window and an FFT algorithm, cq. (.3.1.4). The data flow diagram shown within 

Figure 13.5.2.1] presents the basic processes required to be encoded in order that a Spectrogram may 

be computed.

3.5.3 The Analytic Signal

As a method of removing low frequency components present within a computed Wigner Distribution, 

the analytic version of the signal to be analysed is used, sec Section (3.2). The analytic version of a 

signal may be computed cither within the time or frequency domains. As defined within cq. (.3.2.6) 

and cq. (3.2.7) the technique used to obtain the analytic version of a signal within the time domain 

niakcs use of the Hilbert Transform. Computation of the analytic signal within the frequency domain, 

however, requires only multiplication. The data flow diagram within Figure [3.5.3.1] presents 

basic procedure required to be encoded in order to calculate the analytic version of the signal.

the

3.5.4 The Wigner Ville Distribution

The distribution whieh employs the analytic version of the signal to be analysed is known as 

Wigner Ville Distribution, eq. (.3.2.10). The version of this distribution employed throughout 

the

the
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pending investigations was that of The Smoothed Wigner Ville Distribution, eq. (3.2.11) and eq. 

(3.2.12), where upon several different spectral windows were employed. The data flow diagram of 

Figure [3.5.4.1] presents the basic procedures required to be encoded in order that the SWVD of the 

signal may be computed.

3.5.5 Wavelet Decomposition

The Wavelet Decomposition method of producing a Tirnc-Frcqucncy representation of a signal 

requires the signal under investigation to be decomposed using a specific wavelet. The data flow 

diagram of Figure [3.5.5.1] shows how the wavelet was created using the Matlab software. This 

wasclct was then used within the Wavelet Decomposition procedure described within Figure (3.5 5.2]

3.5.6 Choi - William.s Distribution

The investigations towards the suitability of the Choi-Williams distribution as a method for both 

frequency component tracking within multi-component signals and, more importantly, as a technique 

to reduce the levels of crossterm interference, were carried out. The data diagram in Figure [3.5.6.1| 

shows the integral processes of the Choi - Williams in file developed utilising the Matlab package. 

The code developed allowed full access to the individual parameters within the distribution technique, 

thus allowing a full investigation on the effects of vary ing these parameters.
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3.6

3.6.1

Evaluation of Signal Processing Techniques

using Synthesised Test Data

Description of Synthesised Test Data

Initial investigations into the suitability of the individual signal processing techniques were carried 

out within the Matlab environment using several synthesised signals. The investigations were 

undertaken in order to evaluate the individual techniques responses to signals containing varying 

categories of frequency component. The synthesised signals used within the investigations comprised 

of four mono-component, four multi-component and a single synthetic non-stationary signal. The 

latter signal being a synthesised representation of the practical signals used within later 

investigations. Details of the individual test signals arc listed within Table |3.6.1], all signals were 

sampled al 1 kHz.

3.6,2 The Spectrogram

3.6.2.1 Mono-Component Signals (Hamming Window)

Using synthesised signals the suitability of the STFT and Spectrogram techniques for frequency 

component detection were investigated. The effects on the techniques using dilTcrcnt sample lengths 

and window types were also investigated.

Using a sample length, N, of 128 samples, a Hamming window of length, 2N. and a separation 

distance between each spectral estimation, MT, of ,32 samples, test signal No. 1 was analysed. With 

this sample size and the sample rate of 1 kHz, the frequency resolution of the Time-Frequency 

analysis may be computed via eq. (3.6.2.1.1).

I res — fs / N (3.6.2.1.1)

The result of the Spectrogram analysis upon test signal No. 1 may be seen in Figure 13.6.2.1.1]. From 

this analysis a continuous peak located at the third frequency band can be observed. From eq.

(3.6.2.1.1) the frequency resolution is 7.8125 Ilz, hence, the frequency of the signal under analysis is 

determined to be three times the resolution, i.c. test signal No. 1.
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f(t)

1 f(t) = (10.Sin(27t.(23.4375 Hz).t))

2 f(t) = (l().Sin(27t.(15.625 Hz).t))

3 f(t) = (10.Sin(27i.(7.8125 Hz).t) +

10.Sin(27i.(23.4375 Hz).t))

4 f(t) = (l().Sin(27T.(7.81255 Hz).t) +

l().Sin(27i.(15.625 Hz).t) +

l().Sin(27i.(23.4375 Hz).l))

.5 f(t) = (l().Sin(27r.(7.8125 Hz).l) + 

non-stationan sinusoid varying from

10 Hz to 100 Hz.

6 f(t) = (10.Sin(27i.(78.125 Hz).t))

7 f(t) = (l().Sint27t.(78.125 Hz).l) +

l().Sin(27t.(234.375 Hz).t))

8 f(t) = (l().Sin(27i.(21.« Hz).t))

9 f(t) = (l().Sin(27i.(21.0 Hz).t) +

l().Sin(27r.(42.0 Hz).t))

Table [3.6.1] Description of Synthesised Test Data.

UlK (,S)

l-requoicy (Hz>

Figure |3.6.2.1.1] Spectrogram of

Test Signal No. 1 (N = 128).

Figure ]3.6.2.1.2] Spectrogram of

Test Signal No. 1 (N = 64).

The effects of decreasing the sample size within the analysis were investigated. The sample length. N. 

was shortened to 64 and the same test signal was used in a similar analysis to that of the above. The 

separation between the individual STFT’s and the type of spectral w indow used remained the same.
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The result of this analysis. Figure [3.6.2.1.2], shows that as the sample length is decreased from that 

of the previous analysis, the frequency resolution of the analysis reduces. With the sample length, N. 

now reduced to 64. the resolution follows from cq. (3.6.2.1.1) to be 15.625 Hz. This results in test 

signal No. 1 being indicated by the analysis at frequency band 1.5, Figure [3.6.2.1.2].

Test signal No. 2 was then analysed using the Spectrogram. Using similar parameters the test signal 

may be obserxed at frequency band 1. thus indicating the frequency component of 15.625 Hz. Figure 

13.6.2.1.3].

The effects of increasing the sample length of the Spectrogram to N = 256 were found to increase the 

resolution of the frequency a.xis. From cq. (3.6.2.1.1) the frequency resolution is computed to be 

3.90625 Hz. On analysing test signal No. 1 a peak is found to occur at frequency band 6. Thus 

indicating the correct frequency component of the test signal. Figure [3.6.2.1.4].

Figure [3.6.2.1.3| Spectrogram of

Test Signal No. 2 (N = 64).

Figure [3.6.2.1.4] Spectrogram of

Test Signal No. 1 (N = 256).

On comparing the Spectrogram results up to this point in time, it was noted that if the frequency 

resolution of the technique was varied, by changing the sample length, the time resolution of the 

technique varied in the opposite direction.

Investigations then proceeded onto the effects of altering the time period between successive spectral 

analyses, i.c. the value. M. in cq. (3.1.4) was varied.

‘M' up lo this point had been chosen randomly as 32. Changing this to 64 and analysing test signal 

No. 1 results in the frequency resolution given by cq. (3.6.2.1.1) as 7.8125 Hz. The cflcct of the 

increase in time between the individual spectral analyses may be seen to be a greater time resolution 

occurring in Figure 13.6,2,1.41 with a poorer time resolution occurring within Figure [3.6.2.1.5]. This
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clearly shows that with a smaller value of ‘M’, and hence, a smaller time period between the 

individual spectral analyses, the resolution of the analysis along the lime axis is improved.

Hamming Window

Figure 13.6.2.2.11 Example of Hamming

Window used in Spectrogram.

Figure [3.6.2.I.5| Spectrogram

Fest Signal No. I (M = 64).

w(t) = 0.54 + 0.46 cos
T

(-T < t < T; 0 elsewhere)

3.6.2.2 Mono-Component Signals (Kaiser Window)

Tlic cITccts of employing different windows were next investigated. As mentioned previously, the 

spectral window which had been used was the Hamming window. Figure 13.6.2.2.1]. Another type of 

window commonly used within these analyses is that of the Kaiser window. Figure |3.6.2.2.2|.

There arc many dilTcrcnt sariations of spectral windows, the majority of these present to the designer 

a particular trade-off between the width of the main spectral lobe and the side lobe levels. An 

exception to this is that of the Kaiser w indow. The major contribution of J.F. Kaiser was to suggest a 

w indow function that allowed the designer to adjust the level of trade-off between lobes.

Hsing lest signal No. 1, an analysis was run using such a window. The sample length. N. was chosen 

to be 128 and the time between successive spectral analyses, M, chosen to be 32. The result of the 

analysis is an increase within the sensitivity of the frequency axis. Figure |3.6.2.2.3].
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Figure |3.6.2.2.3] Spectrogram of

Test Signal No. 1 ( Kaiser Window ).

Figure [3,6.2.2.21 Example of Kaiser

Window used within Spectrogram.

w(n) = Io ( I - (n / ni)“ ) /

( -m < n < m ); 0 elsewhere

3.6.2.3 Multi-Component Signals (Hamming Window)

riic Spectrogram technique was next investigated using synthetic signals containing more than one 

frequency component. Inituilly, test signal No. .3 was analysed. This signal contains two separate 

frequency components, and hence, is an example of a multi-component signal Using parameters. N = 

128, M = .32 and a Hamming window, an analysis was executed upon the multi-component signal. 

The result of the analysis clearly showed two peaks at frequency levels 1 and 3, thus indicating the 

presence of two individual frequency components. As the resolution of the frequency axis is 7.8125 

Hz. eq. (.3.6.2.1.1), the peaks indicate the frequency components of 7.8125 Hz and 23.437.5 Hz. i c. 

test signal No. .3.

The effect of using a Kaiser window upon the analysis of the above multi-component signal was 

investigated Again, this has similar effects to that of the Kaiser window upon a mono-component 

signal, in that it was found to increase the sensitivity of the frequency axis within the Time-Frequency 

representation.

Figure [.3.6.2.3.11 shows the results of the Spectrogram analysis upon test signal No. 4 with similar 

frequency resolution to the above. This synthesised signal contains three independent frequency levels 

of 7.8125 Hz. 15.625 Hz and 23.4375 Hz. which may be identified from the analysis. Figure 

|.3.6.2.,3.1|.
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1

Frequency (Hz.)

Figure [3.6.2.3.11 Spectrogram of

Test Signal No. 4.

3.6.2.4 Non-Stationarj Signals (llaniniing Window)

In order to investigate the individual techniques ability to analyse non-stationary signals, a 

synthesised sinusoidal signal which varied in frequency from 10 to 100 Hz was employed. Such a test 

signal may be seen in Figure 13.6.2.4.11. In addition to the non-stationary component, a component of 

2.8125 Hz was also introduced into the test signal, thus producing the test signal shown within Figure 

|.3.6.2.4.2|, test signal No. .3.

When used to locate the synthesised non-stationary components within test signal No. 5. the results of 

the Spectrogram technique were found to be very successful. Figure |.3.6.2.4.31. this analysis, a 

synthesised sample of length, N = 128 samples and a time period of 16 ms between each individual 

sample length was used. This results, due to cq. (.3.6.2.1.1), in a frequency resolution of 7.8125 Hz 

being obtained. From the results of the analysis, it is clear that such a technique is capable to 

distinguish between both the stationary and non-stationary components present within this particular 

test signal.
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Figure [3.6.2.4.11 Non - stationary test component. 

(Same Scales)

Figure |3.6.2.4.2| Non - stationary test signal No. 5. 

(Same Scales)
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Spectrogram - Stationary & Non-Stationary Test Signal

Time (s)

Figure |3.6.2.4.3| \ Spectrogram representation of Test Signal No. 5.
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3.6.3 The Wigner Ville Distribution

3.6.3.1 Mono-Component Signals

Using the basic Wigner Ville Distribution, eq. (3.1.16). the mono-component sinusoidal test signal

No. 6 which has a frequency of 78.125 l/z was analysed. The test signal, sampled at the rate, f„ of 1 

kHz. has a sample length. N = 128 samples. The result of the WVD analysis being shown in Figure

Frequency (Hz) Frequencv (Hz)

AF =AF = 3.90625 Hz

Figure [3.6.3.1.1] Wigner Ville Figure 13.6.3.2.1] Wigner Ville

Distribution of Multi-Component

Signal No. 7.

Distribution of Mono-Component

Signal No. 6.

From the Time-Frequency representation of the synthetic lest signal, a frequency peak is clearly 

indicated al frequency band 20. As the frequency resolution of the WVD analysis is gi\cn by eq.

(3.6.2.1.1),  it follows that on placing the parameters of the above analysis into the expression a 

frequency resolution of 3.90625 IIz is obtained. This frequency resolution results in test signal No. 6 

being indicated at frequency band 20, Figure |.3.6.3.1.11. It is interesting to note from the investigation 

that component interference may be seen within the analysis around the frequency axis of the mono­

component Time-Frequency distribution.

Frcs = fs/2N (3.6.3.1.1)

3.6.3.2 Multi-Component Signals

The multi-component test signal No. 7 was analysed using the WVD method of eq. (3.1.6). This 

sinusoidal test signal comprises of two independent frequency components, namely, 78.125 llz and 

234.375 IIz. The results of the WVD analysis arc shown in Figure 13.6.3.2.11.
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As the sample rate and length of the sampled data sequence had not been changed from the previous 

mono-component analysis, the frequency resolution, eq. (3.6.3.1.1), remained the same to that of the 

prex ious analysis. With this frequency resolution. 3.90625 Hz. the Time-Frequency representation of 

the test signal. Figure [3.6.3.2.11, clearly indicates two frequency components at frequency bands 20 

and 60. These bands correctly indicate the two frequency components of 78.125 Hz and 234.375 Hz 

within the multi-component test signal No. 7.

There is. however, a third frequency component indicated within Figure |3.6.3.2.1|. This frequency 

component is located midway between the two signal components at frequency band 40. This is an 

c.xample of crossterm interference, with which this Titnc-Frcqucncy technique, due to its bilinear 

nature, is particularly prone to when analysing multi-component signals.

3.6.4 The Smoothed Wigner Ville Distribution

3.6.4.1 Mono-Component Signals

The single frequency component test signal No. 6 was atialyscd using the smoothed version of the 

WVD, eq. (3.1.2). In this version of the Wigner Distribution, windows arc employed both in the 

frequency and time directions. Initially, the frequency window was chosen to have a length of 128 

samples and the time window a length of 32 samples. The Kaiser type of window was employed in 

both frequency and time directions. The result of such an analysis on test signal No. 6 being shown 

within Figure 13.6.4.1.11.

Again the single frequency component present in the signal is indicated at frequency band 20. due to 

the frequency resolution being .3.90625 Hz. eq. (3.6.3.1.1).

The result of using such a time window of 32 samples is to reduce the resolution of the time analysis.

Reducing the time resolution thus allows more of the signal to be represented within the analysis.
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AF = 3.90625 Hz AF = 3.90625 Hz

Figure 13.6.4.2.1] Smoothed Wigner

Ville Distribution of Test Signal No. 7.

Figure [3.6.4.1.1] Smoothed Wigner

Ville Distribution of Test Signal No. 6.

3.6.4.2 Multi-Component Signals

Figure [3.6.4.2.1] shows the result of using the smoothed technique f^n multi-component test signal 

No. 7. The sample lengths and types of windows used were similar to the above investigation. From 

Figure [3 6.4.2.1] it is clear that the two components within the test signal arc correctly indicated, 

frequency bands 20 and 60. However, the crossterm interference situated midway between the signal 

components is still present.

In order to observe the effects of reducing the sizes of windows employed, the multi-component lest 

signal was now analysed using a frequency window of sample length 128 and a time window of 16 

samples.

The result of this analysis may be seen in Figure ]3.6.4.2.2]. With the reduction in time window 

length to 16 samples. Figure [3.6.4.2.2], the time resolution of the Time-Frequency representation 

increases slightly. As the frequency window length remains at 128 samples, due to cq. (3.6.3.1.1), the 

frequency resolution remains at 3.90625 Hz, hence, the frequency components within the test signal 

arc indicated al frequency bands 20 and 60.

The analysis was then changed so that both time and frequency windows were of length 64 samples. 

Due to cq. (3.6.3.1.1), as the frequency window sample length has changed, the resulting frequency 

resolution of the distribution alters. Using these new parameters, the frequency resolution becomes 

7.8125 Hz. Since the sample length of the time window is increased the time resolution decreases 

considerably. The resulting Time-Frequency distribution, which still has considerable crossterm 

interference, may be observed within Figure [3.6.4.2.3],
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Figure [3.6.4.2.41 shows the result of returning the frequency window length to 128, and changing the 

parameters of the Kaiser window used within the frequency direction. The Kaiser window has been 

made less selective in the frequency direction, hence, from the representation in Figure 13.6.4.2.41. the 

frequencies at w hich the signal components and crossterm interference occur at arc less defined.

AF = 7.8125 Hz

Figure [3.6.4.2.2| Smoothed Wigner

Ville Distribution, N = 128.

Figure [3.6.4.2.3[ Smoothed Wigner

Ville Distribution, N = 64.

Frequency (Hz)

Figure [3.6.4.2.4| Smoothed Wigner

Ville Distribution, N = 128.

3.6.4.3 Non-Stationary Signals (Kaiser Window)

Using a Kaiser window of 256 samples in the frequency direction, from eq. (,3.6.3.1.1), the frequency 

resolution obtained within the SWVD analysis is 1.953 Hz. In conjunction with a Rectangular window 

of 64 samples, test signal No. 5 was analysed with the result being shown in Figure [.3.6.4 3.11. The 

stationary and non-stationary constituent components may clearly be seen. The crossterm interference 

is located midway between the components, and hence, cannot be obsciwed w ithin this analysis.
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SWVD - Stationsry & Non-Stationary T©st Signa!

Fiuiire 13.6.4.3.11 A Smoothed Wijjner Ville Distribution of l est Siunal No. 5.
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3.6.5 Wavelet Decomposition

3.6.5.1 Mono-Component Signals

The Wavelet Decomposition method was initially tested using mono-component test signal No. 8. 

From Table 13.6.11 this signal comprises of a single 21 Hz frequency component. Utilising a Gaussian 

wavelet similar to that shown in Figure [3.1.11 in order to convolve the test signal over the frequency 

range of 1 to 50 Hz. produces the Time-Frequency representation of the test signal shown in Figure 

[3.6.5.1.11.

Frequency (Hz)

Figure 13.6.5.2.11 Wavelet

Decomposition of Test Signal No. 9.

Figure 13.6.5.1.11 Wavelet

Decomposition of Test Signal No. 8.

From Figure |3.6.5.1.11. a peak is found to occur at frequency band 21. As the resolution of the 

distribution is I Hz, the resulting peak within the distribution correctly indicates the test frequency 

component of 21 Hz. It is noted that some interference may still be seen al the start of the analysis. 

This howes er is not in the same scale to that of previous techniques.

3.6.5.2 Multi-Component Signals

The sinusoidal multi-component test signal No. 9, Table [3.6.11. which contains two independent 

frequency components, 21 Hz and 42 Hz. was ne.xt iincstigalcd using the Wavelet Decomposition 

technique. Again, the analysis was c.xccutcd over the frequency range of 1 to ,50 Hz.

The result of this distribution is shown in Figure J.3.6.5.2.11. From this analysis two peaks may clearly 

be seen al frequency bands 21 and 42, thus indicating the presence of two frequency^ components 

within the signal, these components being 21 and 42 Hz.
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The effects of vary ing the wavelet bandwidth used within the Wavelet Decomposition technique was 

next investigated. The above test was re-nin with the resulting Time-Frequency representation of the 

same test signal being presented within Figure [3.6 5.2.2].

Frequency (Hz)

Figure 13.6.5.2.21 Wavelet Decomposition of Test Signal No. 9.

Figure (3.6.5.2.21 shows an increased selectivity within the frequency axis of the Time-Frequency 

representation. Thus, the reduction of the bandwidth of the wavelet used to decompose the signal 

under analysis improves the selectivity of the overall analysis. Again. Figure [3.6.5.2.2] shows two 

peaks at the correct frequency locations, thus correctly indicating the test frequency components of 21 

and 42 Hz.

On analysing test signal No. 5 with the Wavelet Deconiposition method over the frequency range of 1 

to 50 Hz. results in the Time-Frequency representation presented within Figure [3.6.5..3.11.
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Wavelet Decomposition - Stationap/& Non-StationarvTest Siqnal

rigiiitt jJ.u.S.S.i i A VViiveiei DrvtiiiipoMiKiri of Trsi SigtiMi r'Jo. 5.
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3.6.6 The Exponential Distribution

This version of the Wigner Ville Distribution was investigated as it had been reported that it 

possessed certain crosstcrni interference reduction properties [88|. As the WVD technique had 

generated large crossterm interference components when analysing multi-componcnt signals, only 

such multi-componcnt synthesised sinusoidal signals were used within the following investigations. 

This test signal consisted of only two frequency components, namely 78.125 Hz and 234.375 Hz.

Initial investigations using the exponential constant ct = KT’’ analysed the test signal whilst employing 

a frequency Kaiser window of length 64 samples and a Rectangular time window of length 64 

samples. Figure [3.6.6.11.

Frequency (llz)

T

AF = 7.812.5 Hz

Figure [3.6.6.11 Exponential

Distribution of Multi-Component

Test Signal.

Figure [3.6.6.21 Exponential

Distribution of Test Multi-Component

Signal.

Using the above parameters and eq. (3.6.3.1.1) the frequency resolution of the distribution is 

computed to be 7.8125 Hz. From the result of this analysis peaks arc found to occur in the frequency 

direction at frequency bands 10 and .30. thus representing the test frequency components of 78.125 Hz 

and 234.375 Hz. Due to the fact that the windows base relatively small sample lengths, the resolutions 

obtained within both directions arc large.

Changing the sample length of the frequency window to 128 results in a change w ithin the frequency 

resolution eq. (.3.6.3.1.1) of the analysis. All other parameters of the Exponential Distribution 

remained unchanged except that the shape of the Kaiser window was altered so that the window 

became less frequency selective. Figure 13.6.6.21.
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The effects on the analysis of increasing the frequency window length was to increase the frequency 

resolution of the distribution. The effect of making the Kaiser window less frequency selective was to 

introduce noise components around the areas of the peaks and crossterm interference components 

likewise.

Reducing the sample length of the time window to 32 samples increases the time resolution of the 

resulting distribution. With all other parameters remaining the same as above the effects of increasing 

the time resolution may be obserxed within the distribution presented in Figure [3.6.6.31.

• Frequency (Hz)

AF = 3.90625 Hz

Frequency (Hz)

AF = 3.90625 Hz

Figure [3.6.6.31 Exponential

Distribution of Multi-Component

Test Signal.

Figure [3.6.6.4] Exponential

Distribution of Multi-Component

Test Signal.

Crossterm interference upto this point in time was still in c.xistcncc, as can be seen from the results of 

the individual distributions. The constant, 'a', within the definition of the Exponential Distribution 

was varied in order to investigate its effects on the overall distribution. On changing the value of ‘a’ 

to that of 1.0, using the same types of windows both in the time and frequency directions, along with 

similar window lengths, the test signal was re-analysed resulting in the Choi-Williams distribution 

shown in Figure 13.6.6.41.

From the results of this particular investigation. Figure 13.6.6.4], it may be observed that in this ease 

no considerable alterations were observed in the amplitudes of crossterm interference.

Using similar values of w indow length and the same type of window as above, the frequency w indow 

was made more frcqtiency selective. The test analysis was re-run using these new parameters and a 

new value of'n'. Figure |3.6.6.5].
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The results of changing these parameters arc to make the frequency peaks w hich occur al bands 20 

and 60 more prominent. This effect is advantageous to any Time-Frequency representation, however, 

as may be obserx ed within the individual investigations of the technique, the effects were also present 

within the crossterms as well.

Frequency (Hz)

AF = 3.90365 Hz

Figure [3.6.6.51 Exponential Distribution

of Multi-Component Test Signal.
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3.7 Evaluation of Signal Processing Techniques with

Real Motor Data

As a means to determine the suitability of the individual signal processing techniques, each technique 

was investigated by analysing a real supply current transient from a three phase SCIM. The results of 

which arc reported below.

A 0.5s sample of the supply current transient signal was obtained from the laboratory- SCIM described 

further in section 4.3.1. The test-rig was nm under both full and no load conditions with 10 broken 

bars present within the cage rotor and was analysed using the three individual signal processing 

techniques.

A fault condition of 10 broken bars, situated w ithin a group on the rotor bar, was representative of an 

extreme fault condition used initially to obscnc if the fault conditions could be detected by the 

individual analysis methods. A more typical level of fault severity, .3 broken bars, was analysed later 

by the technique found to be the most suitable.

The methodology of determining which of the spectral techniques would be best suited for the 

detection of the rotor bar fault frequency components, eq. (2.3.3.1) and eq. (2.3.3.2). would be to 

obtain an analysis from a transient signal and observe which of the indiv idual techniques best detected 

the locus of the Lower Sideband. Figure 12.3.3.11.

The most favourable Time-Frequency representation using the Spectrogram technique was achieved 

by employing a 512 sample Hamming window on a full load transient signal. Since the data was 

sampled at a rate of 2 kHz, from eq. (3.6.2.1.1), the frequency resolution of the Spectrogram was 

7.8125 llz. The results shown in Figure |3.7.11 clearly show the non-stalionary Lower Sideband 

components within the transient.

A further analysis over the frequency range 0 to 117 Hz is shown within Figure |3.7.2]. In this 

analysis the massive 50 Hz component, representative of the supply fundamental frequency, may 

clearly be observed along with the non-slationary Lower Sideband of the rotor fault component.
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Spectrogram - No Load Transient 10 Broken Bars

Figure 13.7.11 A Spectrogram of a No Load Transient Current Signal

with 10 broken Rotor Bars.
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A similar analysis was re-run upon a no-load transient obtained from the same test-rig. Again, under 

similar fault conditions, the supply fundamental of 50 Hz may clearly be obsers ed together w ith the 

increased amplitude of the Lower Sideband. Figure [3.7.3 J.

AF = 7.8125 Hz

No lyoad Transient

10 Broken Bars

Frequency (Hz)

IS)

(■>

Full Load Transient

10 Broken Bars

Frequency (Hz)

Figure 13.7.2] Spectrogram of Full Load

Transient with 10 Broken Rotor Bars.

Figure [3.7.3] Spectrogram of No Load

Transient with 10 broken bars present.

Figure j.3.7.41 shows the results of the Smoothed Wigner Ville Distribution analysis on the same 

current transient. The frequency w indow used within this analysis was of the Kaiser l\ pc. length 256 

samples, and the time window was of the Rectangular type, length 64 samples. These types and 

lengths of w indows were found to give the best results for tracking the non-stationary components. As 

a result of eq. (3.6.3.1.1) the frequency resolution of the SWVD analysis was .L9 ffz. Again, the non- 

slationap,- components within the transient signal can be observed, although the components within 

this technique arc no longer as evident as they had been with the Spectrogram.

Figure |3.7.5| shows the result of analysing the transient signal using the Wavelet Decomposition 

method. In this analysis a Gaussian wavelet of bandwidth I Hz. was convolved with the transient 

signal under investigation, in order to obtain the signal decomposition. Since the wavelet assumes the 

frequency of the investigation a frequency resolution of 1 Hz was obtained.

From the results of the three Time-Frequency representations it was clear that all three successfully 

detected the non-stationarv' components within the transient current signal. The poorest of the three 

investigated analyses was found to be the WVD. Although a number of crossterm interference 

suppression techniques were investigated within the analysis, including the SWVD and the 

Exponential Distribution, the presence of interference components hindered the successful detection of 

the non-stationary fault components.
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Smoothed Wigner Ville Distribution - No Load Transient 10 Broken Bars

Time (s)

Non-S tationaiy 
Components

Figure |3.7.4| A Smoothed Wigner Ville Distribution of a No Load

Transient Current Signal with 10 Broken Kotor Bars.
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Wavelet Decomposition - No Load Transient 10 Broken Bars

Non-Stationar}^
Components

Time (s)

Figure |3.7.5| A Wavelet Deeumpusition of a No Load Transient Current Signal

with 10 Broken Rotor Bars.
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The next most successful technique was found to be the Spectrogram. Using this technique the non- 

stationary fault components were clearly located although the technique was found to suffer from a 

resolution problem, in that when the time resolution of the analysis was increased the frequency 

resolution was found to automatically reduce, and \ icc versa. This however, may be soh ed if two tests 

arc done on the signal. The first having a high time resolution followed by a second with a high 

frequency resolution. This however, increases the amount of computations required to calculate a 

suitable analysis, and hence, indicates a numerically un-cconomic process.

The Time-Frequency representation technique which was found to give the best results when applied 

to 'actual' data obtained from the test-rig was found to be the Decomposition via a wavelet. In this 

technique the non-stationary fault components arc clearly obscnablc within the frequency direction. 

Consequently, it was this technique which would be used within future investigations, sec Chapters 4. 

6. 7 and 8.

^•7.1 Rotor Fault Component Detection using Wavelet Decomposition

The analysis shown in Figure [3.7. Ll| was obtained by computing the Wavelet Decomposition of the 

transient current data from the test-rig. The rig in this example was fitted with a 51 bar squirrel cage 

rotor which contains 3 broken bars. The bars again being located within a group.

The results of the analysis clearly show the non-slationary components travelling from 50 Hz at motor 

start up to 50 Hz. during steady state operation.

Comparison of this analysis with the result of another obtained from the same motor but this time 

With a fault free condition. Figure |3.7.L2|. results in an obvious reduction in the amplitudes of the 

occurring sidebands.

Tignre J3.7.1.3| clearly showing the increased amplitude within the non-stalionary Lower Sidebands 

under the 10 broken bar fault condition.

It is this difference within the Lower Sideband amplitude which has been shown by researchers to be 

proportional to the degree of cage rotor bar fault severity 135||36|[381.
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3 Broken Rotor Bars

Frequency

No Load Transient

Time

Figure |3.7.1.1] A Wavelet Decomposition of a No Load Transient

with 3 Broken Rotor Bars, AF = 1 Hz.
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0 Broken Bars

Frequency

Nd Load Transient

Figure 13.7.1.2] A Wavelet Decomposition of a No Load Transient

with 0 Broken Rotor Bars, AF = 1 Hz.
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Fijjurc [3.7.1.31 A Wavelet Decomposition of a No Load Transient 

with 10 Broken Rotor Bars.
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3.8 Conclusions

Several signal processing techniques which result in the Time-Frequency representation of a signal 

were investigated as to their suitability for detecting non-stationary frequency components from the 

practical application previously discussed.

The Spectrogram formed via the calculation of the Short Time Fourier Transform (STFT) ga\c 

reasonable results. The technique allows average resolution control both in the time and frequency 

directions, and when used to locate the Lower Sidebands wiihin a no load transient was \cry 

successful. Figure (3.7.11, 

flic Wigner Distribution (WD) and several of its variants were then iiwcstigalcd. This technique gi\cs 

good control of frequency and time resolutions, however, its main disadvantage is the presence of 

crossterms w hen a multi-component signal is analysed. Several methods of crossterm reduction were 

investigated including that of the Exponential Distribution. These reduction techniques, however, did 

not successfully eliminate the presence of the crossterms within the Time-Frequency representation, 

so that upon tracking the Lower Sidebands within a no load transient. Figure |3.7.4], the results were 

not vciy^ informative.

Although the WD may be calculated in half the number of calculations of w hich it takes to obtain an 

STFT, the end results of the STFT were found to be far more useful w ithin this application than that 

of the WD.

Signal analysis by means of Decomposition was then investigated. In this technique excellent time 

:ind frequency resolutions arc obtained, there arc no problems with interference such as crossterms, 

and the Lower Sidebands were successfully tracked within the no load transient, yielding the 

extremely clear Time-Frequency representation of Figure (3.7.51.

0” summarising the results of the above investigations, the Decomposition technique of signal 

analysis was found, in this application, to give by far the best results when detecting the Lower 
Sidebands within the transient signal. It is for this reason that it was this technique which was used 

"ithin the developed portable transient monitoring system. Chapter 4, and in further investigations 

Chapters 6, 7 and 8. The STFT and Spectrogram techniques being used as secondary analysis 

techniques.
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Chapter 4

Transient Monitoring Diagnostic Tool
( The Current Analysis Program )

4.0 Introduction

From Chapter 2 it was shown that faults within rotor bars cause unique frequency components to 

at ( I±2s )J\ Hz. The following chapter discusses the portable transient monitoring systemoccur

developed using the signal processing technique of Wavelet Decomposition, sec Chapter .3, to enable 

diagnostic information to be obtained from the motor supply current. Results arc presented which 

verify that the developed monitoring system can successfully detect various severities of cage rotor bar 

fault both within laboratorv and industrially based motors.

4.1 Monitoring System (Hardware)

The initial transient monitoring research was conducted on laboratory based machines |35||38||89|, it 

was obviously desirable that the theories previously developed should be tested within an industrial 

environment. Previous transient monitoring systems had initially required a mainframe in order to 

compute the relevant signal processing, with the techniques latterly being transferred to a desktop PC. 

It was felt that the improvements within available computing power and the readily available modern 

day signal processing accessories, both in hardware and software, would now permit a more useful, 

portable instnimcntation system to be developed. A system which would then allow the diagnostic 

technique to be fully tested within an industrial environment.
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4.1.1 The PC

As a means of centralising the control required to acquire the ncccssarx' data; miming the relevant 

analysis signal processing software together with storing the required data and results, it was obvious 

that some form of processor control was in order. A 486 based PC w as the best available at the time of 

development. Sufficient RAM was required in order to allow the data signals to be analysed using the 

relevant signal processing technique, hence, a 33 MHz, 4MByte RAM, Toshiba DX64()() [98| along 

with a National Instruments, Lab PC+ data acquisition card [99|, attached to the PC’s ISA adapter 

were employed.

4.1.2 The Data Acquisition Card

The data acquisition card used to sample the supply current was the National Instruments Lab PC+. 

This is a multi-function card which may be used for analog, digital and timing operations w hen used 

in conjunction with a controlling PC. The Lab PC+ card contains a 12 bit. successive approximation 

ADC, and may achiexe coiwcrsion rates of upto 75 kHz on the 8 analog inputs which may be 

configured as either 8 single ended inputs or. as used in this ease, 4 differential inputs.

The Lab PC+ also contains a 12 bit DAC with several \ oltagc outputs, 24 lines of TTL compatible 

digital 1 / O, and six 16 bit counter / timer channels which all may be used in future developments.

For data acquisition purposes the Lab PC+ card was configured initially to have a single, bi-polar, 

differential input. This meant that the signal to be fed into the channel had to be within the voltage 

limits of ±5 V. Configuration being achieved via jumpers prior to the card being fitted.

4.1.3 Three Phase Synchronous Sampling

Initially, data acquisition was designed to only capture a single phase of data, however, later xersions 

of the monitoring system sampled all three phases of the SClMs supply current, but with the 

knowledge that a slight time difference existed between the individual phase samples. This being due 

to the acquisition card not supporting any form of synchronous sampling facilities.

Future investigations, however, hinted that there would be a requirement for all three data phases to 

be sampled simultaneously, and hence, a sample and hold facility was developed as a part of the 

overall monitoring systems data acquisition capability.
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The synchronous sampling of all three supply lines was achieved via the portable PC, in conjunction 

with the LAB Windows ‘Lab PC +’ data acquisition card and some developed hardware.

The synchronous data sampling hardware arrangement may be seen in Figure [4.1.3.1]. For reference 

purposes the synchronous sampling of data was achieved by the S/H facility shown within Figure 

[4.1.3.2].

In order to obtain synchronicity within data sampling, an e.xtcrnal clock pulse was required to supply 

the conversion signal, EXTCONV, needed by the acquisition card. Figure 14.1.3.2] also shows the 

Schmitt clock circuitry used to obtain this conversion pulse.

DATA ACQUISITION

DATA

ACQ
TRANSDUCERS

SCIM

a o

SCIM

S/H
CARD

CARD

CARD

CLOCK

JTT

CLOCK

DATA STORAGE

□--------
a----o

Figure [4.1.3.1] Synchronous Data Sampling Hardware Arrangement.
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Figure 14.1.3.21 Developed S/H Facility.

EXTCONV

FF1

FF2

S/H

CONVERT

Figure 14.1.3.3] Synchronised Data Acquisition Timing Diagram.
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The EXl'CONVsignal shown within Figure 14.1.3.3] has a frequency of 8 kHz. From Figure [4.1.3.1 ] 

It may be seen that this external conversion signal is fed directly into the acquisition card. Four 

channels arc sampled altogether, ti, resulting in cxcry fourth channel being sampled at a rate of 2 

kHz. Four channels being sampled due to a restriction within the acquisition card. The K\TCO\'l ’ 

signal is also used as a trigger for the S/H circuit, t2. The S/H circuit required a signal which was one 

quarter of the frequency of the l-JCrCONV signal, hence, as may be seen from Figure [4.1.3.21, the 

signal was passed through a series of flip-flops in order to divide the pulse to the required rate.

As the PJCrCONV signal is external to the acquisition card, it was required to be generated from an 

external clock source. Several clock pulse generators were investigated in order to find the most 

suitable in terms of accuracy and stability. These investigations included that of the common 555 

astablc multi-vibrator. The 555 was found to be very susceptive to noise howc\cr, hence, the clock 

source used within the developed system was that of a schmitl trigger based circuit similar to that 

presented in Figure ]4.1.3.2]. Figure [4.1.3.2] also shows the ‘D’ type flip-flops used to scale the clock 

pulse to the required frequency for the S/H circuit.

The S/H board developed therefore contains three parallel S/H IC's, each being fed form separate 

dilTercntial amplifiers. Alongside the S/H part of the board there is a clock generator together with the 

necessary clock conditioning circuitry, the board being powered by both DC +5V and ±15V sources 

obtained from the regulation circuit developed, Figure [4.1.3.4].

Figure |4.1.3,41 Developed DC Power Circuit.
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4.1.4 Current Transducers

The current transducers used within the monitoring system were Hall Effect transducers together with 

their associated conditioning circuitry. These transducers utilise the ‘Hall Effect’ principle to produce 

a variable voltage signal proportional to the alternating current signal within the conductor placed 

through the centre of the transducer. Figure [4.1.4.1]. The Hall effect being chosen due to its linear 

properties within the range of currents under consideration. Three such transducers were employed to 

monitor the supply lines each giving a FSD of ±5V for a current range of lOOA.

Figure [4.1.4.1] shows the developed portable monitoring system indicating the four main constituent 

parts of the system.

Hall Effect 
Transducers

Toshiba Portable PC

Figure [4.1.4.11 Portable Monitoring System.

Sample aiidifelcl 
-CtNuitiV
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4.2 Monitoring System (Software)

4.2.1 De.scription of Main Program Tasks

The software supplied with the data acquisition card was Nl-DAQ. Ver. 2.0. It was possible to 

program the card to acquire data using this software, but it must be written at a \cry low level, as Nl- 

DAQ allows access by the programmer to the registers within the acquisition card, hence, the 

individual registers of the card must be programmed in a sequential manner. In order to program at a 

higher level the software package LabWindows Ver. 3.0 |100| was required. This software package is 

produced by National Instnimcnts as a program development environment for data acquisition and 

control applications when using such cards as the Lab PC +. LabWindows provides an environment 

for the development of structured software languages such as ‘C and more simple languages such as 

BASIC. The environment also gives the programmer access to an extensive range of pre-written 

libraries for data acquisition, instnimcnt control, data analysis; including signal processing libraries, 

and graphical data presentation.

The Current Analysis- Program, or CAPro. dc\eloped using Turbo C Ver 3.0 |101| in conjunction 

with Lahll'indow.s Acquisition. Adxanccd Analysis and Graphical Presentation libraries, contains fi\c 

main functions in order to diagnose the motor’s health condition. The package has been written in a 

windows environment in order to be as user friendly as possible, and hence, may be operated \ia 

keystrokes, or after the installation of the rclcx ant driver. \'ia a standard IBM mouse.

The fi\c main software areas within the monitoring system which is menu driven and operated from a 

general main menu bar arc listed within Figure |4.2.1.11.

Acquisition of Data.

Pre-Processing of Data Ready Dor Analysts.

Analystnf^ Captured Pre-Processed Data.

Display Record Results in a Non-Technical Porniat.

-•Iccc.M to I’aranieters Required within Analysis / Data Acquisition.

Figure 14.2.1.1| Five Main Functions of Current Analysis Program.
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4.2.1.1 Three ! Single Phase Synchronous Data Acquisition

The signals to be sampled arc firstly pre-conditioned so that they fall within the range limits of ±5 V 

at the input of the LAB PC+ acquisition card. This is in order that the data acquisition card is not 

damaged, although it docs have an input protection for voltages upto 45 V.

Sampling is initiated via keyboard control and may be carried out on a single named phase, or three 

phases simultaneously. Sampling is executed at a rate of 4 kHz for both single and three phase 

sampling, resulting in a sample intenal of 250 ps between indix idual samples. Sampling continues 

until the total number of samples has been acquired. This has a default value of 5s of data, but may be 

altered by the operator to a maximum of 60s. This increased amount of data storage making use of a 

facility within the acquisition card known as double buffering.

The technique of double buncring allows the data buffer used to handle incoming data to be 

configured as a circular buffer. The Nl-DAQ software di\idcs this buffer into two separate sections 

which handle the flow of incoming data separately, so that when data is being written to one half of 

the buffer, the remaining half is stored within the defined formal of file. The double buffering 

operation, developed by National Instruments, is shown graphically within Figure 14.2.1.1.1].

Once the required data has been obtained, it is stored within a text / binary file. A text file is used 

rather than a binary file as it may be necessary to transfer the sampled data to different computer 

systems for further analysis. Although text files require more memory space than similar files stored 

in binary format. Figure |4.2.1.1.2] summarises the operations available within the data acquisition 

section of the developed monitoring system.

Three Phase Data Acquisition

Single Phase Data Acquisition

Sample Length Selection

Acquired Data Saved in User Defined Piles

Displays Acquired Data

Figure 14.2.1.1.2] Summary of Data Acquisition within CAPro.
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Incoming
Data

»>

1 Circular Buffer ▼ ▼

DATA

DATA

DA

(a) (b)

» » »>

▼ ▼ ▼

DA DATA DATA DA

DATA DATA

(c) (d)
Figure 14.2.1.1.1| Double Buffering Data Storage.

4.2.1.2 Data Prc-I’rotcssitig! Analysis

The data is sampled at 4 kHz by the data acquisition section. Prior to the data being passed to the 

analysis part of the developed package, it has any DC offset removed. Once this offset has been 

removed, the data is decimated by a factor of two. It is only after these two pre-processing operations 

have been completed that the data is then ready for analysis.

As the PC docs not contain enough memory to compute the entire Time-Frequency representation of 

the current transient, the analysis which takes place within the developed package is that of the 

limited analysis technique |35||.38]. In this analysis, only a single frequency slice of the entire Timc- 

Trequency representation is used to determine the health of the motor. This obviously reduces the 

number of calculations required to dcri\c a suitable diagnosis and will also ease the interpretation of 

the final diagnosis. The frequency value used to centre the frequency slice will be 21 Hz, see Section 

(■^•3), a historic value successfully used within Elder’s system 1891.

94



Using the LabWindows software advanced analysis libraries, the data is filtered by a bandpass filter 

with a bandwidth of 1 Hz and a centre frequency of 21 Hz in order to decompose the data, by 

convok ing it with the filter wavelet generated w ith the aid of the LabWindow s softw are.

The decomposed data is finally rectified and passed through a lo\s’ pass filter, again using the 

LabWindows libraries. The low pass filter being a Butterworth filter with a cut off frequency of 6 Hz.

Figure |4.2.L2.11 sunimarises the individual processes available within the data pre-processing / 

analysing section of the monitoring system.

Process Binary ' Text Data Piles

Process Sintile / Three Phase Data 

l•'ull Analysis of Data

Part Analysis of Data

Figure |4.2,1.2.11 Summary of Data Pre-Processing! Analysis.

4.2,1.3 Display Diagnostic Information

With this facility the operator may display onto the screen cither the captured transient current 

waveform, or the results of the analysis on the captured data. The user can dictate how many data 

points arc to be displayed on the screen and break the displaying of the completed analysis into three 

integral stages. These stages being the full analysis, the analysis before low pass filtering and finally, 
•I'c analysed wave before rectification.

A facility is also provided which allows the data to be saved in order that the results of the analysis 

may be recorded for future use.
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4.2.1.4 Parameter Modification

As the monitoring system is still theoretically a prototype, it was often necessars’ to vary certain 

parameters within the system during an analysis. It was also felt that the operator may in certain cases 

be required to adjust certain parameters whilst running the system, therefore, a parameter 

modification section was dc\ clopcd within the controlling software which allows the operator of the 

system to alter various values within the acquisition, analysis and display features from that of the 

pre-programmed default values.

Figure (4.2.1.4.1| lists a summary of the parameters which may be altered by the operator of the 

system.

Offset into Data Idle

Bandwidth of Bandpass Idlter

Sample frequency

Low Bass Idlter Order

No. of Points Displayed

Figure |4.2.1.4.1| Summary of Parameters.
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4.2.2 Software Design

The following section describes the stnicturcd analysis process employed within the design of the 

monitoring software. Such techniques arc commonly used within the design of real time programs and 

the following essential models / data flow diagrams arc commonly used within Real Time Stnicturcd 

Analysis tools such as Cardtools, Cradle, Teamwork and Yourdon.

Figure 14.2.2.1| show s a glossary of common terms used w ithin these design techniques.

Data Transform ( A Process )

A Data Store

A Data Flow

Terminator
( Completed Process )

Figure 14.2.2.11 Glossary of Essential Model Terms.

The main task required of the monitoring program. Figure |4.2.2.2|, was to obtain a sampled current 

transient from the SCIM, execute a Wavelet Decomposition upon the stored data, and rcco''d the 

relexant results of the analysis for future purposes.

As a means to do this, three main function areas were identified which would enable such an analysis 

10 be undertaken. Figure [4 2 2.31 highlights these areas to be data acquisition, data analysis and 

parameter variation.

The first function task of data acquisition' was further broken-down into the individual tasks required 

to be encoded in order to allow successful data sampling. From Figure |4.2.2.4| it may be shown that 

fhc data acquisition function allows both three and single phase sampling to be undertaken. Figure 

1'^'2.2.5] shows the essential model required to analyse the transients once they base been successfully 

recorded. It should be noted that the analysis software was written in order to analyse data which had 
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been stored both in binary' and text format. Figure [4.2 2.6] shows the various parameters which the 

operator of the monitoring program is capable of altering whilst running the software.

Figure [4.2.2.71 <ind Figure [4.2.2.S] show the low level processes of encoding required within the 

acquisition card in order to achieve both single and three phase data sampling.

Data

Figure [4.2.2.21 Essential Model of Monitoring Program Main Task.
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Figure 14.2.2.3] Main Task Functions svithin ‘Capro’.
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Select 
FUciiaiue

Sefccl Sample i
Length i

'W

Acquire

Initialise 
Assoctalcd 

Timingw

Motor Transient Data

I Terminate Single Phase 
Acquisition

Figure [4.2.2.71 Essential Model for Single Phase Acquisition.
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Figure 14.2.2.8] Essential Model for Three Phase Acquisition.
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4.2.3 Essential Model

The essential model of the monitoring software shown in Figure [4.2.3.1| was used in the 

development of the monitoring system. The model, commonly referred to as the 'football field'. shows 

the main data flows between the individual functions which make up the entire monitoring program. 

For completeness the names of variables passed between the functions should be listed, but it was felt 

that this level of information could be omitted here, the essential model being reported as a means to 

give a general feeling for the software developed. A glossary of the individual functions is listed 

within Section (4.2.4).
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‘^•2.4 Essential Model - Function List

(1) - CaproO;
(2) - ConfirrnPopUpO;
(3) - LoadMenuBar();
(4) - GetUserEventO;
(5) - MessagePopUpO;
(6) - Enter_Oirset();
(2) - UnLoadPanelO;
(8) - LoadPanelO;
(9) - DisplayPanelO;
(10) - SetlnpulModeO;
(11) -GetCtrIVaI();
(12) - Sclcct_Band\vidth();
(13) - Sclcct_Samplc();
(14) -Cut_Ofr();
(15) - Enlcr_Point_No();
(16) - Sclcct_Ordcr();
(12) - UnLoadMcnuBar();
(18) - Proccss DataO;
(111) - Proccss_Binaiy_Data();
(20) - FilcSclcctPopUpO;
(21) - ProniptPopUpO;
(22) - AscDccO;
(23) - FcloscO;
(24) - FgctcO;
(25) - Fopcn();
(26) - FvvritcO;
(27) - FrcadO;
(28) - Fscck();
(20) - ConfinnPopUpO;
(20) - Load_l_Phasc();
(21) - ClcarGraphicsScrccn();
(22) - SclAclivcPanclO;
(23) - LoadDalaO;

(.34) - Plot_Data();
(35) - Delete_Plols();
(36) - FileSelectPopUpO;
(37) - Rcad_Data();
(38) - Scan DataO;
(39) - DisplayO;
(40) - ProinptPopUpO;
(41) - RectifyO;
(42) - Data_Acquisition();
(43) - Acquirc_Menu();
(44) - Acquire_Panel();
(45) - Samplc_Lcngth();
(46) - Ph_Grab_Data();
(47) - Grab_3_Phasc_Data();
(48) - Al ConfigurcO;
(49) - AI_Mu.\_Conrig();
(50) - DAQ ConfigO;
(51) - DAQ_Tngger_Coiifig();
(52) - DAQ_DB_Half_Rcady();
(53) - DAQ_DB_Transfer();
(54) - DAQ_DB_Config();
(55) - DAQ_Ratc();
(56) - DAQ_Vscale();
(57) - DAQ StartO;
(58) - DAQ cIcarO;
(59) - Ph_Display_Array();
(60) - CloscIntcrfaceManagcrO;
(61) - Lab_Scan_Start();
(62) - Tiincout_Config();
(63) - Wiiid_BPF();
(64) - CxvO;
(65) - PlolvO;

108



4.3 Monitoring Results

■♦•3.1 Description of Laboratory Test-Rig

The laboratory’ test-rig on which all tests were carried out is shown in Figure [4.3.1.1). The motor is a 

three phase 11 kW, 51 rotor bar, Squirrel Cage Induction Motor. The machine which is star / delta 

started may either be nm in motor or generator mode but for the means of this project was operated in 

motor mode only. As may be seen from Figure (4.3.1.11 the induction motor is loaded via a 

dynamometer which may be varied to give different levels of loading. The test-rig was designed prior 

to its use within this project, hence, all relevant parameters were al easy access to the operator. These 

parameters include: line and phase currents ! voltages, accessible from a wiring panel situated in front 

of the motor. Figure (4.3.1.11, rotor speed, via a tachometer and vibration, obtained from a suitable 

sensor but used within this project.

A wide range of squirrel cage rotors were available with differing degrees of fault severity, ranging 

from fault free rotors to those with a complete group of ten broken bars present. Bars with cracked 

end-rings were also asailablc along with a rotor which had the facility of making and breaking two 

bars, thus creating a rotor which could represent both fault free and two broken rotor bar conditions. 

All rotors could be inserted into the test-rig with varying degrees of eccentricity if so desired, although 

in the case of this project all rotors were inserted with 0% stator / dynamic eccentricity, or as near 0% 

as is practically possible.
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Figure |4.3.l.l| Laboratory Test Rig.



4.3.2 Laboratory Results

The following section summarises the laboratory results obtained from the developed transient 

monitoring system. All tests were carried out upon the test-rig described in Section (4..3.1). under 

various Squirrel Cage rotor bar fault conditions that included: zero, two, three and ten broken rotor 

bars. All tests were completed under both full and no load start-ups. It should be noted that the rotors 

which contained three and ten broken bars had had their bars drilled out in order to simulate the fault 

condition, whereas the rotor which contained the two bar fault had been designed so that the fault 

could be removed if required. This was achieved by insulating out of the circuit two bars within the 

rotor as a means to simulate the bar fault. Removing this insulation thus allowed the bars to be 

brought back into circuit and therefore simulate a rotor with zero bar faults. All rotor bar faults were 

of a contiguous nature throughout laboratory testing.

The transducers used throughout the testing were Hall ElTccl transducers which had a FSD of ±1()()A 

-> ± 5V. This therefore results in a conversion factor within the following figures of IV -> 20A. See 

Section (4.1.4) for further details.

The monitoring system developed allowed data to be sampled synchronously both under single phase 

and three phase formats. Figure [4.3.2.1.1J and Figure [4.3.2.1.2| show two such common c.xamples 

of the data sampling capability within the monitoring system. Figure [4.3.2.1.1] represents the 

successful completion of a three phase data sample. Due to the limited RAM available onboard the 

PC, the amount of data capable of being captured is less than that of a single phase of data. It should 

be noted that the amplitude of the data within phase ‘A’ is approximately half of the other phases. 

This was due to a transducer problem and was later rectified. Figure [4.3.2.1.2[ shows the results of a 

single phase data capture. The signals displayed arc all examples of a no load, three broken bar 

transient.



Figure [4.3.2.1.11 No Load 3 Broken Bar, 3 Phase Sample.

Figure [4.3.2.1.2] No Load 3 Broken Bar, Single Phase Sample.
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4.3.2.2 Full Load, Zero Broken Rotor Bars

Figure [4.3.2.2.1| shows the transient signal obtained from the test-rig under full load, zero broken 

bar conditions. From this it may be observed that an initial transient peak of 80A,pk) is achieved for 

60()ms before reducing to the full load steady state level of 25A(pkt.

Figure |4.3.2.2.2| presents the results of the full analysis carried out upon the above transient. From 

this plot there are three main areas to observe. These areas being the initial surge of energy at the start 

of the plot and the locations within the plot marked (a) and (b). It is at these points, as will be 

obsened in later results, that the sidebands indicative to rotor faults will be present. However, as can 

clearly be observed within Figure [4.3.2.2.21 no ‘peaks’ arc present, hence, this plot is clear evidence 

of the rotor being fault free. Figure |4.3.2.2.3| presents the result of the same analysis al a stage prior 

to final filtering. It was envisaged that this part analysis may be of some use during the development 

of the monitoring tool. From the part analysis, it may be easily observed that after the initial energy 

surge no further peaks of energy arc present within the analysis.

4.3.2.3 Full Load, Two Broken Rotor Bars

Figure 14.3.2.3.11 presents the single phase sample of a starling transient obtained by monitoring the 

test-rig under a full load, two broken bar transient condition. From this it may be obsened that an 

initial transient of 74Apki is obtained for appro.ximalcly 600ms, prior to the transient reducing to the 

full load steady slate level of 24A,pk).

Figure |4.3.2.3.2| clearly shows the result of the full analysis completed upon the above transient. 

Again the initial energy surge is present within the plot, but more importantly, two definite peaks can 

now be observed located at (a) and (b). It is these peaks which arc indicative of the rotor fault 

sidebands passing through the monitoring systems filtering process. Figure (4.3.2.3.3] shows the part 

analysis and it is in this plot that interestingly the peak situated at (a) may be observed to be smaller 

in amplitude than the peak situated al (b).

Comparing Figure 14.3.2,3.21 to Figure |4.3,2.2.2| shows the clear difference within peak amplitudes 

and thus the indication of the two rotor fault levels.
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Data Acquisition! Analyse Data Parameters Info! Return!

Figure |4.3.2.2.1] Full Load 0 Broken Bars, Single Phase Sample. 

( At = 20 ms, AAinpl = 20 A )

Data Acquisition! Analyse Data Parameters Info! Return!

Figure [4.3.2.2.2] Full Load (I Broken Bars, Full Analysis.

(a) (b)

▼ ▼
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Analyse Data Parameters Info! Return!

Figure [4.3.2.2.31 Full Load 0 Broken Bars, Scan ! Rectify Part Analysis.

Figure [4.3.2.3.11 Full Load 2 Broken Bars, Single Phase Sample.

Data Acquisition! Analyse Data Parameters Info! Return!

( At = 20 ms, AAmpI = 20 A )



Data Acquisition? Analyse Data Paraneters Info? Return?

-

__ Lx
(a; (b)

Figure [4.3.2.3.2| Full Load 2 Broken Bars, Full Analysis.

Data Acquisition? Analyse Data Paraneters Info! Return?

Clear

Tine / flnplitude

QB!
Figure [4.3.2.3.31 Full Load 2 Broken Bars, Scan ! Rectify Part Analysis.
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Figure [4.3.2.4.11 No Load 3 Broken Bars, Single Phase Sample.

( At = 10 ms, AAnipl = 20 A )

Data Acquisition! Analyse Data Parameters Info! Return!

Figure [4.3.2.4.21 No Load 3 Broken Bars, Full Analysis.
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Figure 14.3.2.4.31 No Load 3 Broken Bars, Scan ! Rectify Part Analysis.

4.3.2.4 No Load, Three Broken Rotor Bars

Figurc 14.3.2.4.11 shows a typical transient obtained from the test-rig under no load, three broken bar 

conditions. Again a peak current of 78A,pk, is obtained for approximately 3()0ms before reducing to 

ll'c no load steady state level of 5A,pki.

Figure 14.3.2.4.21 shows the results of a full analysis upon the no load transient. Looking al the peaks 

indicated by (a) and (b), it is clear to observe the sidebands obtained under this fault condition. Again 

it may be observed that the peak marked (b) is larger than that marked (a), with Figure |4.,3.2.4.3| 

verifying this.

4.3.2.5 No Load, Ten Broken Rotor Bars

Figure 14.3.2.5.11 shows the single phase transient obtained from the test-rig under the c.xaggcratcd 

test fault condition of no load, ten broken bars. From this an initial peak transient of 7()Aipk, is 

obsened for approximately 3()()ms prior to reduction to the no load steady state level of 5A^pki-
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Figure |4.3.2.5.1| No Load 10 Broken Bars, Single Phase Sample. 

( At = 10 ms, AAnipl = 20 A )

Data Acquisition! Analyse Data Paraneters Info! Return!

Figure |4.3.2.5.2| No Load 10 Broken Bars, Full Analysis.
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Data Acquisition? Analyse Data Paraneters Info? Return?
Tine / Anplitude

Figure 14.3.2.5.3] No Load 10 Broken Bars, Scan ! Rectify Part Analysis.

Figure 14.3.2.5.2] shows the results of the full analysis coniplcted upon the transient signal. From this 

it may be clearly observed that both the amplitudes of (a) and (b) have dramatically increased in 

anipliiudc as the level of rotor fault has increased. However, the relationship of (a) remaining smaller 

in amplitude than (b) is maintained throughout this level of rotor fault. Figure ]4.3.2.5.3] confirms the 

increased amplitude of (b) under these fault conditions.

4.3.2.6 Sideband Amplitude Levels versus Rotor Fault Level

Figures ]4.3.2.6.1] through to Figure ]4.3.2.6.4] report on the results obtained from the monitoring 

system. In particular the amplitudes of the three main peaks within a scries of full and part analyses 

under several rotor bar fault conditions. These peaks include the initial surge, the sideband marked (a) 

and finally, the sideband marked (b). Figure ]4.3.2.6.1] to Figure ]4.3.2.6.2] show that during both 

Full and no load starts the initial energy surge at no point indicates any correlation to the level of rotor 

bar fault present. The amplitudes of these peaks occurring purely at random. The sidebands marked 

(a), however, in both full and no load starts may be observed to indicate a level of proportionality to 

the level of fault. The sidebands marked (b) in both instances has a much higher level and shows 

similar levels of proportionality to the level of fault. Figure ]4,3.2.6.3 ] to Figure 14.3.2.6.4] show close 

correlation to the above findings with the fault amplitudes generally being slightly higher.
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Figure [4.3.2.6.11 Full Analysis Peak Amplitudes - Full Load.

NI.IOBB(a)

NI..3BB(a)

■ NLlOBB(b)

— NI.3BB(b)

NL10BB(I.S.)

NI3BB (I.S.)

Figure |4.3.2.6.2| Full Analysis Peak Amplitudes - No Load.
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Figure |4.3.2.6.4| Part Analysis Peak Amplitudes - No Load.
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The data presented in Tables [4.3.2.6.1] through to Table |4.3.2.6.4| summarises the average fault 

component levels for the various fault conditions. From these results it may be obserxed that as the 

level of rotor fault increases a similar increase is found within the amplitude of the monitoring system 

output.

This phenomenon is found to be present both within the full and no load analyses. One point to note, 

however, is the large increase throughout all tests in the fault level between two and three bar 

conditions when compared with three and ten. Although there is an increase, thus indicating a 

difference in fault level, there docs not seem to be any linearity between the fault levels. This, 

however, must be as a result of the rotor used. As mentioned previously, the two broken rotor bar used 

throughout was not faulted in a similar manner to the other rotors. Due to the above results it must be 

assumed that this method did not allow a good fault condition to be simulated, in that current within 

the form of leakage or interbar currents was able to flow within the broken bars. Therefore, in order 

for any linearity work to be completed all rotor bars should have been faulted in a similar manner

No. of Broken Rotor Bars Average dB Level Difference

10 -10.38 *

3 -20.34 9.96

2 -42.24 21.9

Table 14.3.2.6.1] Full Analysis, Full Load.

No. of Broken Rotor Bars Average dB Level Difference

10 -14.50 *

3 -25.24 10.74

Table |4.3.2.6.2] Full Analysis, No Load.

No. of Broken Rotor Bars Average dB Level Difference

10 -4.71 *

3 -16.99 12.28

2 -37.95 20.96

Table [4.3.2.6.3] Part Analysis, Full Load.
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No. of Broken Rotor Bars Average dB Level Difference

10

3

-10.61 *

-21.64 11.03

4.3.3 Industrial Verification of Monitoring Technique

As a means of verifying the laboratory based results of the monitoring softw are, an industrial \ isit w as 

arranged in collaboration with the projects sponsoring establishment. This enabled monitoring of 

industrial sized machines to be undertaken, with the results indicating as to the portability of 

transferring the laboratory based theories behind the technique into the industrial environment.

4.3.3.1 Description of Testing Procedure

The following tests took place at one of the sponsoring establishments power stations. The motors 

monitored were two 11 kV, 5 MW pumps of which one was suspected to contain a rotor based 

problem.

The individual pumps were physically housed within a separate pump house. However, it was possible 

for the monitoring to be successfully completed w ithin the switch-gear rooms of the individual motors. 

Here access was available to the three phase supply conductors to the motors, thus indicating the 

overall portability of the current based monitoring system in not requiring actual physical contact to 

the motor under investigation. Machine data for the two motors investigated is given within Table

14,3.3.1.1 J.

All three phases of the supply were monitored simultaneously using both Rogow ski Coils and Current 

Transformers with load burdens acting as current transducers. Using both a Racal Store 7 data 

recorder, and the sampling facility within the monitoring software, ( it was imperative to record the 

transient first time due to the operational limitations imposed. These limitations resulted from a motor 

of such physical size taking a finite period of time to come to rest, thus allowing only a few starts to be 

undertaken in the allocated recording time ), several transients from both motors under investigation 

were acquired and analysed using the monitoring package. The results of which arc presented within 

Ihc following case studies.



Machine Nameplate Data

Manufacturer GEC

5MW 240 Rotor Bars

,36 Pole 164 RPM

Full Load Current 124 A

Typical Transient Data

Initial Peak Current 1600 A (pk)

Transient Current 600 A (pk)

Duration 5 - 6 see.

Table [4.3.3.1.11 Machine and Transient Data.

T3.3.2 Case Study No. 1

For motor 1 the red phase was used for analysis purposes. The motor was still coupled to the pump, 

and hence, was not c.xactly under a no load condition. This, however, was out with our control in this 

investigation. Using the simplified version of the analysis technique, the transient was found to give 

results as shown in Figure [4.3..3.2.11. On comparing this result with previous laboratory results, the 

initial peak was interpreted as being due to the transient switching process. After this initial peak no 

subsequent peaks occur within the waveform. From laboratory results this waveform implies that the 

motor contains a rclativclv hcalthv rotor.

In order to confirm the validity of these results, a steady state current analysis was completed upon the 

motor using the industrially accepted steady state monitoring technique, ‘Motormonitor’. The results 

of this for the above motor yielded a broken bar factor of 0.14. This would suggest a healthy rotor. 

The above tests were then repeated on the motor with the suspected rotor fault. The results of which 

are presented within Case Study No. 2.
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4.3.J.3 Case Study No. 2

As before, the red phase was used for the analysis. The simplified analysis technique was again run on 

the motor, the results of which are presented within Figure [4.3..3..3.1], Comparing the analyses of the 

identical pump motors. Figure [4.3.3.2.11 and Figure |4.3.3.3.1|. it can clearly be obserxed that two 

peaks, formed from the energy of the non-stationary sidebands, arc present within the second analysis. 

This would suggest that motor 2 is suffering from a rotor circuit problem.

Verification of this technique using 'Motormonitor’ resulted in the motor returning an increased 

broken bar factor of 1.1.

4.3.3.4 Case Study Deduction

Comparing the two sets of results from the two identical motors suggests that the motor monitored 

within Case Study No. 2 docs exhibit characteristics of broken rotor bars. The transient monitoring 

technique is still in development, hence, no absolute number of broken bars can be suggested at 

present, as the results purely indicate the presence of faults. Quantification of this indication being an 

area for future work.

The presence of fatilts within the motor of Case Study No. 2 was verified by running the steady state 

analysis package, 'Motormonitor’. Using this technique indicated the presence of a rotor bar fault in 

that the motor of Case Study No. 2 reported a far higher broken bar factor. This indication, which 

'Motormonitor’ uses to predict the severity of rotor faults, is approx. 700% higher than the motor 

within Case Study No. 1. It is interesting to note that the amplitude change of the transient system 

between the two case studies also results in an approx. 700% increase in the case of the faulted cage 

rotor.

These tests were carried out under scmi-loadcd conditions, as circumstances beyond our control 

prevented the tests to be run during precise no-load operation. This therefore denied any trials of the 

technique on no-load, one of the main attractions to the transient monitoring technique. Previous 

experience has shown that similar diagnoses may be obtained under loaded and non-loadcd 

conditions, although the signal processing may be more complc.x in the latter due to the shorter 

transient.
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Figure 14,3.3.3.1 ] Red Phase Transient and Result of Analysis.
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From these results and those of ’Motormonitor’, the operators of the motor highlighted within Case 

Study No. 2 removed it from operation for a detailed physical investigation. The results of these 

investigations concluded that there were two rotor problems within the rotor cage. Figure [4.3.3.4.11 

and Figure [4.3.3.4.2| show the faults detected from the physical investigation of the rotor within Case 

Study No. 2.

Figure [4.3.34.1 ] shows signs of the rotor bar brazing melting al the junctions between several rotor 

bars and the end-ring, see indicator. This melting was thought to have occurred due to excess heat 

during the brazing process.

Figure [4.3.3.4.2] however, shows a more scries form of rotor fault. Again a brazing fault has caused 

tears to occur within joints between various bars and the end-ring, sec indicator.

The above tests therefore successfully verified that it was possible to transfer the transient monitoring 

technique from the laboratory' environment into the industrial. However, in order to further verify this 

technique, more industrial tests arc obviously required in order to further develop the technique as a 

viable monitoring system

Finally, an interesting problem occurred within the monitoring software acquisition section. The 

digital signals required to control the acquisition circuitry arc obtained from a clock circuit which is 

ultimately powered from the mains supply. Section (4.1.3). Unfortunately, when a motor of this size, 5 

MW, is started the mains borne electromagnetic disturbance is substantial, hence, the generated pulses 

arc corrupted for a finite period of time. This period is long enough for the acquisition software to 

detect an error within the sampling pulse and terminate the entire acquisition section. In order to 

solve this problem, it is envisaged that two methods may be employed in the future. The first of these 

methods which may reduce the noise problem would be to design a filter system which would smooth 

out the disturbance within the digital signal. Secondly, as the disturbance is transmitted within the 

mains signal, it may be possible to power the clock circuitry from a power source which is not 

dependant upon the mains supply. One such source being that of a DC batters' system.
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Figure 14.3.3.4.11 Rotor Brazing Melting - Case Study No. 2.

Figure 14.3.3.4.2] Rotor Brazing Tears - Case Study No. 2.
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4.4 Conclusions

A new portable machine condition monitoring system which enables the operator of an induction 

motor to acquire the supply line current transient, process and analyse the data and finally store the 

results has been developed. The chapter discusses in detail the integral parts behind the monitoring 

system including the hardware, software and necessary transducer aspects.

Results of the monitoring system, which makes use of a Toshiba DX640() in conjunction with a menu 

driven acquisition and processing program developed using LabWindows, arc presented to verify the 

ability of the technique to indicate squirrel cage rotor bar faults both within laboratory and industrial 

environments. The results show that within the laboratory the monitoring system may be successfully 

used to indicate various levels of rotor fault. The work carried out within an industrs' ern ironment 

successfully Ncrifics that such a technique can indeed be transferred from laboratory to industrial 

applications.

Future dc\clopmcnts of this monitoring system should incorporate a method whereby a set limit of 

fault would trigger an automatic warning to the operator, in a similar manner to that available within 

the steady state package known as ■Molormonitor' |9()|. Before work on this can be started, howe\er. 

further research is required on the reasoning behind such amplitude changes within the Lower 

Sideband due to cage rotor bar faults. Chapter 5 discusses work carried out within one aspect of this 

research area.



Chapter 5

Analysis of Transient Fault

Component Amplitudes

5.0 Introduction

From the full transient analysis obtained from a three phase induction motor with a typical rotor bar 

fault. Figure 1,3.7.1..3|, it was obserxed that the fault component, as it varies in frequency docs not 

remain at a constant amplitude. As may be seen in Figure |3.7.1.3| and other examples of the full 

transient analysis, the amplitude of the fault component, in particular the Lower Sideband, comes to a 

very evident peak w ithin the latter half of the frequency variation.

It was felt ncccssap. to investigate the cause of this peak within the sideband energy, since this may 

have significance in establishing an accurate monitoring strategy. The cause is not, however, 

immediately obvious. The analysis of the induction motor during a starting transient is complex and it 

IS ncccssarv to revert to a numerical analysis of the motor in question. As a means to investigate the 

reasoning the induction motor simulation program, developed by Elder |35||38|. was employed. This 

simulation allows various parameters within a motor to be varied independently, in order to observe 

the effects that the individual parameters have on the overall motor simulation.
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5.1 Review of Simulation Technique Employed

The simulation technique employed in the following investigations was developed from that of Elder 

[891. In the simulation the three phase differential equations defining motor operation are transformed 

from a rotating reference frame into a two phase stationary system. This transformation converts the 

rotating three phase current quantities of the motor into stationary two phase orthogonal currents for 

both the stator / rotor, and allows the operator to calculate the dcri\ative equations by means of 

numerical calculation. Several methods of numerical integration were used by Elder, with the Runge 

Kutta technique being found to be the most suitable.

Using the two phase model. Elder found that it was possible to successfully simulate the presence of 

rotor imbalances within the three phase machine by replacing the rotor resistance with three 

individual phase resistances.

Elder found that reasonable results were obtained using this model when non-linearities such as: 

mutual inductance saturation, leakage inductance saturation and skin effect were included. The 

model, howcN'cr, was found to have limiting constraints in that it was not possible to simulate a motor 

fed from a harmonic filled supply, and that during any one simulation either the stator or rotor had to 

remain balanced at all times. Elder notes that the stationary two phase model became unstable when 

used with reference frames other than that of the stator, although Elder suspected that the method of 

integration used within these reference frames was incorrect.

In order to improve the resolution and oxcrall accuracy. Elder developed a three phase simulation. 

Variables related to parameters within the real motor were not required to undergo any form of 

transformation when applied to the model, thus reducing the risk of data corruption during the 

transformation process. Saturation could be applied within individual circuits, and winding 

imbalances were placed wiihin the stator! rotor circuits along with the implementation of any supply­

voltage harmonics.

Elder reasoned that the three phase model dc\ clopcd could be an initial step on the c.xpansion of the 

niodel to physically represent individual rotor bars, although for a true representation of .31 rotor bars, 

3s Elder points out, the matrix geometry would require far greater computing power than that 

currently available.
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Although the theory behind the simulation technique used within the following investigations is well 

reported within Elder |89|, it is ncccssaiv’ for completeness at this moment that a recap of the relevant 

theories is given, the background theory relevant to the derivation of the three phase simulation model 

being presented in Appendix VI.

Elder |89] uses the above three phase model in conjunction with real motor parameters obtained from 

a laboratory wire-wound rotor machine. Initial investigations follow closely to the results obtained 

from the two phase model, and bare a close resemblance to the real machine once leakage saturation, 

implemented on a per phase basis, was taken into consideration Elder states that, as with the two 

phase model, an unavoidable experimental error in obtaining vital motor parameters, such as leakage 

inductance, was thought to account for the majority of discrepancies between the real and simulated 

data.

Upon steady state operation the model’s response was found to be similar to that of the real machine, 

in that the frequency of sidebands at particular steady state rotor speeds gave exact correlation 

between simulated and real data. However, differences between the absolute magnitudes of the 

sidebands were noted and were thought to be due to an over simplification within the three phase 

model, or an omission of some interaction occurring within the real machine.

The simulation under transient conditions was found to closely follow that of the real motor, although 

again there were discrepancies found between the actual amplitudes of the Lower Sideband within the 

simulation and that of the real motor. The Lower Sideband has, however, better correlation between 

the real and simulated conditions within the transient condition, and both were found to have a 

similar characteristic shape.

The three phase models simulation of the Upper Sideband or USB, under various levels of rotor 

imbalance was next investigated. The simulated USB results correlate closely to that of the real data 

obtained from the laboratory test-rig, and that the enhancement of the upper sideband, on the 

mathematical implementation of leakage saturation, agreed with the predicted responses already 

obtained from steady state theory.

The enhancement of the USB during the steady state period was less, however, than that obsciv ed 

during the simulated starting transient. This, it is thought, is due to the large levels of current which 

now during the transient condition, thus effecting the magnitudes of the harmonics produced by the 

leakage inductance characteristics.
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One of the main advantages to this simulation technique over that of the two phase model, was the 

ability to vary the individual supply voltages within the simulation. This allows the simulation of 

supply voltages with harmonics and would thus allow the simulation of an induction motor fed from 

an inverter source. On the simulation of a supply heavily containing third harmonics, howc\ er. Elder 

reports that little change was found within the model’s response.

On varying the switching angle of the supply voltage to the simulation results in little variation within 

the simulated parameters, in addition, on varying the starting position of the rotor within the 

simulation, the results were completely independent. Elder docs state, however, that this was in 

contradiction to experimental observations, in that there was a suggestion that the initial starting 

position of the rotor did have an influence on the timing at which the LSB reaches the maximum 

within the transient analysis.

Elder |89| finally reports on how this three phase simulation was altered in order to simulate the 

effects of a three phase cage Squirrel Cage motor. Assuming a single bar per phase, the model 

simulates the presence of the rotor bars by first partitioning the end-rings into as many sections as 

there were rotor bars. The resistance of the two end-ring sections, for a particular bar. being 

transformed and appended to the resistances for the bar. The transformation is required to take into 

account the differences between bar current and the end-ring current. On completion of this the whole 

rotor is suitably represented by rotor bars which now contain a portion of the end-ring resistance. The 

rotor resistance within the model is further transformed to take into account parameters such as stator 

winding factor, total number of bars and the number of scries turns per phase. Elder states, however, 

that the three phase model shows good agreement for general trends and spectral content generated by 

imbalances.

However, reservations were reported by Elder on the methods whereby the model represented broken 

bars within the cage rotor circuit. Due to these reservations on the cage motor simulations 

authenticity, and that it had been previously shown that the sideband peaks were also found to occur 

within the wire wound simulation, it was this model which would be used within the following 

investigations.
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5.2 Investigation into Sideband Amplitudes

5.2.1 Review of Transient Monitoring

Figure [3.7.1.2] displays the result of monitoring the supply current transient obtained from a no-load 

start of the laboratory test-rig with zero broken cage rotor bars.

To interpret this plot it is necessary to imagine each line as the output from a scries of fdters, each 

assigned to filter a specific frequency between the values of 0 and 50 Hz. The output from the 50 Hz 

filter being situated towards the rear of the plot within Figure [3.7.1.2], and similarly the output from 

the 0 Hz filter being situated at the front. Comparing this plot with that shown in Figure ]3.7 1.3], 

obtained from analysing the same test-rig on no-load with ten broken cage rotor bars present, it may 

be clearly seen that there is a difference in amplitude between the two plots. In Figure ]3.7.1.3], the 

non-stationaiy- ±2sf fault component of the Lower Sideband, discussed previously, may be seen as time 

increases, to travel from 50 to 0 Hz as the speed of the motor nears that of half speed, followed by the 

same components returning to 50 Hz as the speed of the motor nears that of steady state speed. The 

increased amplitude of these components, in particular the components returning from 0 to 50 Hz. 

indicating the presence and severity of broken bars within the machine. Figure ]5.2.1.1] displays the 

result of a similar analysis on data obtained via the three phase simulation model.

From this analysis it may be seen that there is a close similarity between the plots within Figure 

13.7.1.3] and Figure ]5.2.1.1]. thus providing csidcncc on the close correlation between the real and 

simulated currents.

^•2.2 Sideband Amplitude Phenomenon

On comparing the results of both the simulated and real data analyses it was observed that the 

aniplitudes of the non-stalionary sidebands were non-constant, in that they come to an evident peak 

when the components return from 0 to 50 Hz. This noticeable peak occurs around the midway point 

"ithin the transient when the motor is between half and full speed. Elder had previously found that 

this peak, for the laboratory based test-rig, occurred al the frequency of 21 Hz. Fault severity within a 

rotor thus being determined from the amplitude of the sidebands of a filter centred at this frequency 

alone.



Figure [5.2.1.1| Transient Analysis of Simulated Current with Rotor Imbalance, AF = 1 Hz.

From the transient analysis shown in Figure [3.7.1.3|. obtained from the test-rig under a ten broken 

cage rotor bar fault condition, the magnitude of the (I-2s )j, component is found to be non-linear. The 

sideband locus of the ( l-2s )J's frequency component within the transient at various frequency values. 

Figure [5,2.2.1 ], provides a good example of the locus which occurs within all transient analyses be 

they obtained from severely faulted, minimally faulted, no load or full load analyses. From the locus it 

may be obserxed that the energy of the sideband is found to peak over the region between 0 and 50 Hz 

after passing through half speed, s = 0.5, when returning towards steady state frequencies, s = 0.01.

Magnitude

Freq (Hz)

Figure [5.2.2.11 Sideband Locus of (l-2s)f. Broken Bar Component.
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Investigations were then initiated into obtaining a reasoning behind such peaks within the sideband 

amplitude. It was felt that the phenomenon would be due to a complex interaction between some or all 

of the motor parameters during the transient period. Examples of the parameters being investigated 

included the decreasing line current in conjunction with the simultaneously increasing torque / speed. 

Investigations were carried out making use of the previously mentioned three phase simulation model, 

as a means to isolate any parameters within the motor w hich may behave in such a mannerism.

5.2.3 Investigation of Machine Parameters via Simulation

The three phase simulation was used to determine the cause of the sideband peaks. Using this 

simulation it was possible to vary the individual parameters of the motor in order to observe if this 

caused any variation within the amplitude of the sidebands after execution of the transient analysis 

technique upon the simulated currents.

Initially the rotor electrical angle of the simulation was varied from 0° to 180°, in steps of 4.5°. A 60% 

rotor imbalance was introduced in one of the simulated rotor windings, and the transient analysis was 

re-run on the simulated current signals with no significant changes to the amplitudes of the sidebands 

being observed.

The individual parameters of the induction motor were varied in order to see if variations of the motor 

parameters would alter the amplitude of the fault sidebands. The parameters of the machine which 

could be varied via the three phase simulation program were: the stator / stator mutual inductance, the 

rotor ! rotor mutual inductance, the stator self inductance, the rotor self inductance and the stator !

rotor mutual inductance. Some of these values were found to be extremely sensitive, and resulted in a 

corrupted simulation ifvaried out with very tight limits. However, all values were \aricd, a little, and 

the transient analysis re-run upon the simulated no-load current outputs. The results of which show 

that the vary ing of motor parameters within the simulation had very' little effect upon the amplitudes 

of the fault sidebands.

The main result of motor parameter variation was found to be a difference w ithin the timing al which 

Ihe fault sidebands passed through the filters, and the length of time that which the sidebands took to 

pass through the filters. Full load simulations were also carried out with similar results being 

observed.
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5.2.4 Investigation of Transient Current via Simulation

The three phase wound rotor machine simulation was further investigated in order to see if it were 

possible to obtain the conditions which produce the sideband peaks from within the simulation itself. 

These investigations took the form of breaking down the simulation code and observing certain 

variables from within the code itself, during parameter variation, and re-running the transient analysis 

technique upon these variables in a quest to obtain some form of correlation for the reasoning behind 

the amplitude peaks.

From investigations on the simulation code, it was found that the simulated currents were formed 

from the sum of six diffcrentlv calculated values. These six sub-currents were each individuallv 

analysed using the transient analysis to find that three of the sub-currents, once analysed, contained 

moving frequency components similar to those within the analysis of the main current component 

Again the parameters of the induction machine were varied whilst running the transient analysis on 

the sub-currents, with similar results to the previous variations, in that no sizeable changes in 

sideband amplitudes were observed.

One of the above sub-currents was further broken down to find that this component was formed, in the 

case of the simulator code, by the multiplication of two further components. One of these components 

being derived from the inverted impedance matrix, used in the calculation of the differential equations 

employed to simulate the effects of the induction motor, and the other being calculated from the 

supply voltage fed to the stator. A transient analysis on each of these components individually shows 

that the travelling fault sideband, from .SO to 0 Hz and back to 50 Hz. is produced from one 

component travelling from 0 to 50 Hz and another separate component travelling from 50 to 0 Hz 

over the complete transient period.

Ou searching where these two components came from within the simulator code it was found that, as 

prc\ iously mentioned, one came from the calculation of the supply \oltagc and the other from the 

impedance matrix. It was also found that this latter component could be further traced back, within 

the code, to the changing rotor electrical angle of the simulated machine. The rotor angle changing 

due to the increase in speed during the motors initial acceleration period.

The diagrams within Figures |5.2.4.1| through to Figure |5.2.4.5| suiiuuarise the investigations using 

the three phase simulation model. These investigations led only to an explanation on how the



simulator obtained the changing frequency component. It did not in any way give an indication as to 

the reasoning behind such peaks within the amplitude of the Lower Sideband.
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Figure |5.2.4.1| Results of Variation of Motor Parameters.
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5.2.5 Location of Peak Amplitude

The location of the peak amplitude xvithin the transient analysis xvith respect to other motor 

parameters xxas nc.xt inxestigated, again making full use of the three phase motor simulation. Figure 

[5.2.5,1 [ slioxvs the occurrence of the peak sideband amplitude for scx eral imbalance conditions ox er 

three different load torques. The results clearly shoxv, as expected, that xvhen the load torque of the 

simulated motor is increased, the lime at xvhich the peak value of the sideband occurs al increases. It 

can also be obserxed that, regardless of the load torque simulated, as the percentage of imbalance 

within the rotor increases, the time at xvhich the peak of the sideband occurs reduces.

Figures [5.2.5.21 through to Figure [5.2.5.4[ report the speeds at which the rotor achieves before the 

sideband peak value occurs. Again, three load torques are analysed for different percentages of rotor 

imbalance. 11 should be noted that the value of steady state speed which is attained for the respeelixe 

load torque and level of imbalance has also been indicated. From these results it is obserxed that the 

level of speed at which the peak sideband amplitude occurs reduces as the level of load torque is 

increased. Oxer the total range of imbalances the value of speed remains fairly constant. It max be 

observed from the results that there is some correlation bctxvccn the xalucs xvhich the sideband peaks 

and the steady stale speed, for example, xvithin Figure (5.2.5.4[, as the steady state speed dips at the 

imbalance x alucs of 30 and 40%, the xaliic of rotor speed at xvhich the sideband peaks also dips.

Figure [5.2.5.51 through to Figure [5.2.5.7[ show the level of steady state rotor angle together with 

rotor angle at the point in time whieh the sideband peak occurs, again, for several load torques and 

rotor imbalances. From the results it may be observed that as the steady state value increases over 

scx'cral rotor imbalances, the level of rotor angle at which the peak amplitude occurs at within the 

sideband remains level. This being repeated ox er the entire range of load torques.
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Figure 15.2.5.81 and Figure |5.2.5.9] report the percentage rotor angle and speed al which the lower 

sideband peak occurs at. These tests have been earned out over the load torque range of 20 to 40 Nm 

and cover a rotor resistance imbalance of 10 to 100%.

Tables |5.2.5.1| to Table 15.2.5.3] report the nature of the motor torque when the lower sideband 

peaks. It should be noted that the majority of peaks do occur when the torque is at a maximum, 

although several results do indicate that this is not the complete story.

Further investigations using the simulation program involved taking note on whether component 

values within the simulation code were at a peak value when the peak of the sideband occurred A 

summary of these investigations is listed within Table |5.2.5.4] to Table |5.2.5.5|, along with a 

similar investigation into when maximum power output was obtained within the simulation. Table 

|5.2.5.6|.

From the results it may be observed that at low values of load torque, the majority of rotor imbalances 

have sideband peak values occurring whilst torque is al a maximum. However, as the load torque 

value increases, it is only the lower percentages of rotor imbalances which give peak values al a torque 

maximum
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For higher values of rotor imbalance the peak of the sideband amplitude occurs at an earlier point in 

time The peak can be seen to occur approximately 8% faster with a 100% rotor imbalance than that 

with a 10% imbalance, over all torques. This reduction within the time at which the peak occurs is, 

however, non-linear over the remaining imbalances. It may be seen that as the load torque is increased 

the change wiihin time docs have an increasing linearity.

The speed at which the pe;ik occurs remains fairly constant throughout the range of rotor imbalances 

even though the value of steady state speed is reducing. At high values of load torque it is noticed that 

as the steady state value of speed is dropping, as rotor imbalance is increasing, the speed at which the 

peak in the sideband occurs at is increasing.

As the speed remains fairly constant but the time at which the peak occurs is reducing, then the 

overall effect of adding an imbalance into the rotor must be to increase the torque achieved by the 

rotor.

The rotor angle at which the peak value of the sideband occurs al remains constant throughout the 

entire range of rotor imbalances and load torques.

From these results it is not possible to state that the maximum of the sideband amplitude, within the 

transient analysis of the starting current, occurs due to any one specific parameter. The above findings 

may only be used as clues to further investigations which may take place in the future.
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Load Imbalance Torque at Max.

(Nm) when Peak Occurs

20 10 YES

20 20 YES

20 30 YES

20 40 YES

20 50 YES

20 60 YES

20 70 YES

20 80 YES

20 90 NO

20 100 YES

Table |5.2.5.1| Peak occurs at Max. Torque.

Torque at Max.Load

(Nm)

Imbalance

when Peak Occurs

30 10 YES

30 20 YES

30 30 YES

30 40 YES

30 50 YES

30 60 YES

30 70 NO

30 80 YES

30 90 NO

30 100 NO

Table 15.2.5.2] Peak occurs at Max. Torque.
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Load Imbalance Torque at Max.

(Nml when Peak Occurs

40 10 YES

40 20 YES

40 30 YES

40 40 YES

40 50 YES

40 60 NO

40 70 NO

40 80 NO

40 90 NO

40 100 NO

Table [5.2.5.31 Peak occurs at Max. Torque.

152



Imbal

Ie Fb Fc1bIa Ic

40 100 Zero Zero Max No Zero Max Max Max Max

40 90 Zero Min Zero Zero Min No No Zero Zero

40 80 Max Zero Min Max Zero Min Zero Min Min

40 70 No Max Zero No Max Zero Min No Zero

40 60 No Zero Min No No Zero Zero Zero No

30 100 Zero Max Zero No Min Zero Min Zero No

30 90 Zero No Min Zero No No Min Zero Min

30 80 Min Zero Zero Max No No Zero Zero Min

30 70 Max Zero No No Max Zero Zero Min No

30 60 Zero Zero Max Zero No No Max Max Max

20 100 Zero No Max No No No Max Zero Max

20 90 Zero No Min Max Zero Min Min Min Min

20 80 No Max No No No No No Min No

20 70 No Min No No No Zero No Max Max

20 60 Zero No No No No No Max No No

10 100 Min No No No No No No No No

10 90 Min No No No No No No No Zero

10 80 Min No No No No No No No Zero

10 70 No Max Zero No No No No Zero No

10 60 Zero No Max No No No Max Max Max

Tabic [5.2.5.41 Component Value at Max ! Min when Sideband Peak Occurs.
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Max/Min

Imbalance

Table 15.2.5.51 Peak Sideband Occurs at Max/Min of Fxl61.

40 100 No

40 90 Yes

40 80 No

40 70 Yes

40 60 Yes

30 100 No

30 90 No

30 80 No

30 70 No

30 60 Yes

20 100 No

20 90 No

20 80 No

20 70 No

20 60 No

10 100 No

10 90 No

10 80 No

10 70 Yes

10 60 No
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Imbalance

Output Power Max.

30 100 No

30 90 No

30 80 No

30 70 No

30 60 No

20 100 No

20 90 No

20 80 No

20 70 No

20 60 No

10 100 No

10 90 No

10 80 No

10 70 No

10 60 No

Table (5.2.5.6| Peak Sideband Amplitude Occurs at Maximum Power Output.
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5.3 Conclusions

Observations from the latter half of the Lower Sideband within a full analysis, see Chapter 4. 

indicated that the sideband amplitude did not remain constant whilst travelling towards the steady 

state frequency of 50 Hz. The amplitude coming to a prominent peak midway between 0 Hz. and the 

fundamental frequency. This chapter reports on the investigations, using a field theory model of an 

induction motor, into obtaining a reasoning behind such a phenomenon.

Various parameters within the model were varied accordingly to observe the elTccts that each had on a 

full analysis of the simulated supply current. Parameters varied included: rotor angle, supply angle 

and rotor imbalance. Various inductances within the model were altered as well, the results of these 

variations, however, did not indicate any reasoning behind such peaks within the Lower Sidebands.

The model was then interrogated and the various parameter and inductances were again varied whilst 

monitoring individual software variables' within the code of the model. This, however, did not show 

any evidence towards the peaks and was thus abandoned.

Investigations using the model were then carried out on the nature of the motors physically 

measurable parameters when the sideband peak occurred. As one of the "gut feelings' towards such 

peaks was that the phenomenon occurred due to a relationship between increasing torque and 

decreasing current within the motor, particular interest was paid to both current and torque values. 

Again, howexer, no concise reasoning as to the cause of these peaks was obtained.

This phenomenon is now currently being looked at by another researcher employing a more accurate 

model of an induction motor within a finite clement environment.

Chapter 6 will now introduce, in some detail, the theory and methodology used for obtaining the 

location of broken rotor bars from within cage rotors.



Chapter 6

The Physical Location of Rotor Bar

Faults

6.0 Introduction

Previous chapters have indicated that it is possible to determine both the presence and scxcrity of 

common cage rotor bar faults, such as broken rotor bars, by means of monitoring the supply current 

transient of the motor under investigation. Using the monitoring system developed in Chapter 4. the 

operator may confidently detect whether the rotor bar has merely cracked due to the various stresses 

and strains present within the motor, or if in fact it has completely fractured, an altogether more 

serious fault situation. ( sec Chapter I ). In addition to this, the results obtained from the monitoring 

system may be used, over a period of time, to create a data-base containing historic health conditions 

of the prime mover.

As indicated within Chapter 1. the major loss of revenue for operators occurs at any point in time at 

which the motor is non-opcrational. It therefore makes economic sense for operators to strive to 

reduce the downtime, whilst faults arc physically located and repaired, to a minimum. Operators ha\'c 

indicated that any further diagnostic methods which may be used within the workshop environment, 

or othcnvisc, as a means to aid physical location of rotor bar faults would be advantageous, since not 

ever)- rotor bar fault will be a complete fracture, and hence, may not be easily identified. The majority 

of bar problems that arc sought within the workshop will in fact be bar cracks, which by their very 

nature arc c.xtrcmely elusive to locate physically. As mentioned previously, techniques such as the 

‘Growler’ and ‘Single Phasing’ tests are available to enable the location of faults to be achieved, but 

due to their nature are no longer practical when dealing with physically large machines.



The work discussed within the following chapters investigates the possibility of creating a monitoring 

system which would not only determine the presence and severity of any rotor bar faults, but also 

indicate to some extent, the physical location of the faulty bar.

6.1 Rotor Fault Location Theories

When a rotor cage is completely symmetrical the rotor current pattern may be assumed to be 

fundamentally distributed. However, should the cage obtain some form of asymmetry then additional 

space harmonics arc produced. If the stator windings arc assumed to be ideal, the rotor fields which 

influence the stator will be those which have the same pole numbers as the stator. Two fields arc 

produced, the first being the normal forward rotating component which induces mains frequency 

EMF's within the stator and is the rotor driven field present when the cage is symmetrical, the second 

being the component which rotates backwards at slip speed with respect to the rotor and originates 

from the cage asymmetry, see Appcndi.x 1. From standstill to half speed these components form a 

negative sequence set whilst from half speed to synchronous they arc positive in nature.

Dclcroi [391 states that when a fault occurs, the distortion to the overall symmetry on the rotor may be 

assumed to produce a fault current within the rotor bar which contains the asymmetrical component, 

over and above the current which would flow under normal symmetrical conditions.

The magnetic field within the air-gap under these fault conditions may be obtained by calculating the 

field caused only by this additional fault current. The field around the broken bar has a fundamental 

component which is always two-pole and due to the abrupt nature of its radial components is rich in 

harmonics. The anomaly rotates at the mechanical frequency of the rotor since it is attached to the 

rotor bar, the rotating components pulsating at slip frequency. From a rotating observer the 

fundamental may be resolved into two oppositely directed travelling waves of two-pole wavelength 

and frequency.

Dclcroi |39| shows how the ratio of the fault current within the two neighbouring meshes to the rotor 

bar which contains the asymmetry is equal to a constant value. This value, given the symbol d’, is 

cotnplc.x in nature and is independent to the number of rotor bars present within the rotor. This ratio 

has also been proven to occur within the air-gap flux density surrounding the bars in question, 

resulting in the amplitude of the flu.x density wave being damped in a bi-directional step-wise manner 

with increasing distance from the bar which contains the asymmetry.
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6.1.1 Relationship Between Complex Damping Factor and Motor Slip

In order to derive the compic.x damping factor present within the fault current and air-gap flu.x 

density, it was necessary to derive expressions for the individual rotor bar currents surrounding the 

bar which contains the asymmetry. From such an expression it would then be possible to indicate the 

relationship between the localisation of the effect around the broken bar with a variable motor slip. In 

order to accomplish this the equivalent circuit for the Squirrel Cage rotor was created.

From the general equivalent circuit of the induction motor. Figure [2.1.1], three separate reactance 

components arc included: X), X2, and X„„ together with the associated phase resistances. The 

component X,„ represents what is known as the magnetising reactance, whereas X) and X: arc x iewed 

as the overall leakage reactances due to all other elements of flux produced by the respective 

windings. The leakage reactance components may be further sub-divided [28] into eight distinct 

reactance components: (a) The Primary Slot Reactance, (b) The Secondary Slot Reactance, (c) The 

Zig-Zag Leakage Reactance, (d) The Reactance due to the effects of Rotor Skew , (c) The Belt Leakage 

Reactance, (f) The Coil End Leakage Reactance, (g) The Incremental Reactance and (h) The 

Peripheral Leakage Reactance. It is. however, beyond the scope of this report to further discuss these 

inductances. It was deemed necessary, however, that any equivalent circuit of the rotor meshes should 

take into account the majority of the above parameters.

The circuit shown within Figure (6.1.1.1 ] represents the individual rotor meshes which form the 

bar cage rotor. If the rotor is undamaged the circuit will be perfectly symmetrical, and hence, all Nr 

rotor bars, end-ring resistances and leakage reactances together with the air-gap field inductance, will 

be equal. Should the rotor contain an asymmetry; such as a broken bar, then as previously indicated a 

fault current is considered to exist within the broken bar similar to that shown in Figure |6.1.1.21.

The fault current flowing within the rotor bar containing the asymmetry may be thought of as 

generating a field curl around the area of the damaged bar. This field component is transmitted in 

both radial directions into free field waves which arc damped after a relatively small fraction of the 

rotor circumference by the compic.x damping factor. This damping makes the field effect extremely 

localised around the area of asymmetry .

The field curl generated by the asymmetry’ induces small voltages within the stator winding. These 

voltages contain a fundamental frequency component along with many other high frequency
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components. These frequency components give rise to oscillatory torques which make the motor nin 

less smoothly, and hence, cause mechanical vibrations to occur.

= R,, + js XbZ] — R,. + js Xc
Figure |6.1.I.I| Equivalent Circuit For Squirrel Cage Rotor,

As a means to describe the effects of the broken bar within the rotor, the stator current is assumed to 

be imposed, hence there is no reaction upon or from the stator current distribution. A further 

assumption to be made during the calculation is that Superposition or Norton's theorem, which states 

that the overall performance of the motor may be determined by investigating the effect of the 

anomaly separately, and then adding the indi\ idual results of the effects to the steady state reaction of 

the undamaged motor, will be employed in the formulation of the expressions describing the current 

flowing cither side of the rotor bar containing the asymmetry. Thus, the theorem may be executed if 

tile current within the rotor bar is assumed to consist of the current flowing in the rotor under normal 

conditions plus, a fault current of equal magnitude flowing in the opposite direction.

Figure |6.1.1.21 shows a modified example of the rotor equivalent circuit shown in Figure |6.1.1.11. In 

this circuit the fault current. IkbuH, caused by the introduction of the broken bar is shown to produce 

two mesh currents, namely Iri = 1/2 haul, and Irn = - 1/2 hauii- Since both mesh currents arc equal in 

magnitude, only one side of the broken bar circuit need be analysed. Figure |6.1.1.3|.

Using the simplified circuit shown within Figure [6.1.1.3 j, current equations may be formed utilising 

Mesh Analysis methods in conjunction with Kirchhoff s voltage laws. This results in a total of Nr 

equations describing the loop currents within each of the individual rotor meshes.

The rotor loop current will cause flux to cross the air-gap through the loop, returning with even 

distribution around the remainder of the air-gap periphery Each rotor loop within the rotor mesh will 

therefore be consequently inductix cly coupled with every other loop via this rotor air-gap flux. O\ cr
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Figure [6.1.1.21 Model of a Broken Rotor Bar.

Figure [6.1.1.3] Simplified Mesh Circuit.

immediateand above this, each loop within the rotor mesh model will be coupled to its two 

neighbouring meshes by virtue of the resistance, R|„ and slot leakage reactance. Xb. of the rotor bars 

as shown by Figure (6.1.1.11. Thus the total impedance of a rotor loop will be as shown in eq.

(6.1.1.3).

(6.1.1.1)

(6.1.1.2)

(6.1.1.3)

Impedance

I
Mutual

Reactance
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For purpose of c.xplanation the rotor under analysis should be considered to contain six meshes. Thus, 

using KVL around all six meshes results in the expressions shown in eq. (6.1.1.4).

0 — I2Z2 + BZi + I2Z2 + I2Z1 - I3Z2 - I1Z2
(6.1.1.4)

(1 ~ I6Z2 + IrtZj + I6Z2 + leZ] - I5Z2
Rc-arranging,

V — Z] (Il + I|) + Z2 (Il -12)
() = Z1

0 = Z1 (I3 + I3) + 7.2 (I3 + I3 -I4 -12) (6.1.1..S)

Thus,

() = Z|
() = Z| (I5+ I5) + (I5 + I5 - U - I4)

V = Zi (21,) + Z2(I, -I2)
() = Zi (212)+Z2 (-11 +2I2-I3)
() = Zi (213) +Z2 (-I2 + 2I3-I4) (6.1.1.6)

0 = Zi (2I.() + 7^ (-I3 + 2I4 - I5)
0 = Z,
0 = Z, (216) + Z2 (-I5 + 21fi)

Dividing by Z2,

0 = Z1/Z2 (21,) + (-I2 + 2I3 -14) (6.1.1.7)

0 = Z,/Z2 (2I5) + (-I4 + 2I5 - Ifi)

Grouping the circuit parameters into the complc.x group defined by A = Z1/Z2, results in a component 

dependent upon the slip of the motor.
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V/Z. = 211 A -t-1, - b

0 = 2I2 A + 2I2 -11 -13

(6.1.1.8)

The individual expressions within eq. (6.1.1.8) have the same form and contain the same number of 

parameters, hence, the equations may be re-written in matrix form, eq. (6.1.1.9).

’(1 + 2A)-I -1 0 0 0 0 "11“ "V/Z2"

-1 (2 + 2A) -I ■ 0 0 0 I2 0

0 -1 (2 + 2A) -1 0 0 1.3 0

0 0 -1 (2 + 2A) -1 0 l4 0

0 0 0 -1 (2 + 2A) -1 l5 0

0 0 0 0 -1 (2 + 2A) l6 0

(6.1.1.9)

The above matrix may be used to solve the equations for I, through to U, as is done later in order to 

show that the mesh current is independent to the number of rotor bars present within the rotor, and 

that the ratio of the current within two neighbouring meshes is equal to the complex damping factor, 

‘d’.

On solving the above matri.x it may be shown that the current contains two components. One 

component increasing with increasing mesh number, the other decreasing. When this is considered in 

terms of air-gap flux, and that of a cylindrical rotor, the rotor asymmetry produces two field waves 

which travel in opposite directions away from the position of the actual rotor asymmetry with their 

amplitudes decreasing in a step wise manner, Figure |6.1.1.4).

It is interesting to note that the impedance matrix formed within eq. (6.1 .1.9) by the use of the rotor 

equivalent circuit, forms an integral part of the general matrix expression used to describe the entire 

induction machine. This expression, eq. (6.1 1.10), developed by Williamson [581 ct al. includes all 

parameters required to successfully model the three phase induction motor. This expression includes a 

mains frequency stator current component. If, a ( l-2s ) times mains frequency component, U, a 

circulating end-ring current component, h along with the individual Nb rotor loop currents used
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within eq. (6.1.1.9). The voltage vector on the left-hand side of eq. (6.1.1.10) contains a single non­

zero component, thus reflecting the assumption that the c.xcitation comes from a balanced three phase

source.

’ Zff 0 Zfl Zf2 ........ ....... ZfNb 0 ’ If ■ " V’

0 Zbb Zbl Zb2 ........ ...... ZbNb 0 Ib 0

Zlf Zlb Zll Z12 ........ ....... ZlNb Zlc II 0

Z2f Z2b Z21 Z22 ........ ...... Z2Nb Z2c I2

=

0

ZNbf ZNbb ZNbl ZNb2 ..... .....  ZNbNb ZNbc iNb 0

0 0 Zcl Zc2 ...... .... ZcNb Zee Ic 0

(6.1.1.10)
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6.1.2 Locus of Complex Damping Factor

Using values of the motor parameters obtained previously by Elder [89], and from expressions dcrix cd 

by Alger |28|, it was possible to calculate the value of damping factor for the test-rig motor in 

question. Calculating the expressions for any two successive mesh currents, using the matrix within 

eq. (6.1.2.11). it was possible to calculate the respective loop currents, and hence, the complex 

damping factor for various levels of slip, eq. (6.1.2.1). Approximate values were felt to be adequate, 

since al this point in time it was only the general trend of complex damping factor which w as required 

and not actual levels. The parameter values used arc listed within Table [6.1.2.11. Using these values 

and the expressions quoted within eq. (6.1.2.1). the cfTcct of the damping factor when slip is varied 

may be seen in Figure [6.1.2.11.

Figure 16.1.2.2] shows the locus of the complex damping factor ‘d’ for various lewis of motor slip, 

’s'. Deleroi reports that when the value of‘s’ is small, the amplitudes of both ‘d‘ and the phase angle 

between the additional currents in the neighbouring meshes, ‘O’ arc small. This results in the rotor 

anomaly spreading along way over the circumference of the rotor. With higher values of slip, then as 

may be obserxed from the diagram, the damping factor ‘d’ increases resulting in the rotor anomaly 

becoming more prominent around the rotor bar containing the asymmetry, as it quickly decreases in 

amplitude with increasing distance from the asymmetry’, Figure 16.1.2.3] and Figure [6.1.2.4|. The 

extent to which the effects of the anomaly are transmitted within the air-gap and the degree of 

damping obtained arc dependant, Dclcroi suggests, upon the geometrx' of the rotor w ith the excitation 

of the anomaly being dependant upon the slip of the rotor. The field produced from the asymmetrx' 

therefore revolves w ith the rotor slipping with respect to the main air-gap field

This additional air-gap field produced by the rotor asymmetry induces voltages within the stator 

windings of the SCIM, which contain a fundamental frequency a long with many other high 

frequency components. Dclcroi states that the voltages induced will contain frequencies which may be 

determined by Fourier analysis and can be described by eq. (2 3.3.4).

Thus. when a rotor contains an asymmetry there will be frequency components present within the 

supply current signal of the SCIM, which may indicate the location of the asymmetry upon the rotor. 

If these components could be successfully detected, it is theoretically possible to determine the
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Rotor Bar Resistance Rb I3m£2

Bar Leakage Reactance Xb 0.06Q

End Ring Resistance Re 4mQ

End Ring Reactance Xe 0.0150

Rotor Mutual Reactance X, 40

Table |6.1.2.1] Approximate Motor Parameters.

Complex Damping Factor

Figure [6.1.2.11 Effect on damping Factor with Varying Slip.

location of the rotor bar fault from the time at which the component takes to occur within the 

transient. However, due to the damping of the rotor anomaly being dependent upon motor slip, there 

will come a point w ithin the transient at which the components will no longer be localised around the 

bar fault.

During the transient, as discussed in Chapter 2, the frequency components are non-stationary in 

nature. If however, one single particular frequency component is considered within the complete
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Figure [6.1.2.21 Locus of Complex Damping Factor with varying Slip.

Figure 16.1.2.4] Envelope of Rotor Anomaly. Large Value of ‘d’.
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transient, then depending upon the location of the faulty bar at the start of the transient, the frequency 

component should occur at different time periods within the transient.

It is interesting to note that eq. (2.3 3.4) represents the frequency' components present due to rotor 

asymmetries, see Appendix I. This may be observed more clearly when eq. (2.3.3 4) is expanded for 

various harmonic values. Table [6.1.2.11, with the calculated expressions matching those defined 

within Table [A.1.1|.

It therefore follows that Dclcroi is staling that it is the Lower Sideband components, LSB, which will 

be indicative, for a finite period of time, to the location of rotor bar faults. In conjunction with this and 

work carried out by Kliman [3()|, sec Chapter 1, the most suitable fault component harmonics for 

possible fault location would become the 7th, 11th and 13th Any other harmonics being submerged 

by other components due to the small levels of amplitude present.

Fdclcro, = ( k/p - s ( k/p ± I )) 

= k/p - sk/p ± s

= k/p - sk/p - s

For the fundamental component, k = p:

p/p - sp/p + s

1 - s + s

1 -2s

Harmonic UpperLower

3 3p ( 3-4s ) ( 3-2s )

5 5p ( 5-6S) ( 5-4s )

7 7p ( 7-8s) ( 7-6s )

Table |6.1.2.1| Harmonics of Deleroi Rotor Fault Components.

169



6.2 Theoretical Prediction of Rotor Bar Fault

Location Technique

In order to obtain information on the physical location of the rotor bar fault, the problem was initially 

split into two separate problem areas. Firstly, the detection of the frequency components which would 

yield suitable location information and secondly, to form a methodology where from the location of 

the broken rotor bars could be obtained from these components.

6.2.1 Detection of Location Frequency Components

The frequency components used within the location work arc defined by cq. (2..3.,3.4). Initially a 

spectral search was made upon the steady state supply current to the test-rig in order to see if it were 

possible to observe the components at known frequencies. This was completed successfully and is 

reported within Chapter 7.

As the current transient signal contains many harmonic frequencies, both in time and space, it was 

necessary to obtain some idea of where the fault location frequencies would be in conjunction with the 

various other frequency components present within the transient signal. A prediction of these 

harmonic frequencies within a transient was developed using proven e.xprcssions, sec section (2.3.3). 

From this prediction. Figure |2.3.3.11, it was found that the optimum search area for the detection of 

the fault location components would be as indicated, i.c. when the slip of the motor was less than 0.4 

and at frequencies greater than 100 Hz. It would be at this point within the transient that the relevant 

fault location components would be out-with the effects of the larger frequency components present 

such as the Principal Slot Harmonics and Upper Sidebands.

6.2.2 Methodology behind Broken Bar Location Detection

The location of broken bars within a rotor of a SCIM is dependent upon the successful detection of the 

frequency components defined by cq. (2.3.3.4). The technique used to detect the location of a bar fault 

from these components would theoretically require some form of reference point, from where the 

distance to the faulty bar could then be computed, together with a transducer positioned within the air­

gap to detect fault components. A transducer like this would obviously be invasive to the motor in 

question, hence, the use of the motor stator windings as search transducers within the motor was 

investigated.
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On considering the two pole set-up shown within Figure [6.2.2.1 ](a), during the acceleration period of 

the motor, the location frequency component is assumed to occur when the bar is opposite ‘A’. This is 

detected by filtering all three phases of the supply current for one particular frequency. Figure 

[6.2.2. l](a). This component occurs al a particular time which is easily converted into a distance 

travelled by a point on the rotor. This is done by extracting slip versus time data, and hence, 

acceleration data from a plot of the LSB locus during a complete transient analysis similar to Figure 

[3.7.1.31.

In order to locate the stator winding which would be used as the reference location, all three phases of 

supply current would be monitored for the particular location frequency, Figure [6.2.2.1 ](b). The 

phase which gives the largest fillcrcd output being an indication as to the reference phase, however, as 

is shown in Figure [6.2.2.1 |(b), an example of a typical four pole machine, on using the abosc 

technique would result in four possible locations being obtained. This, however, was still felt to be 

useful in at the very least, if successful, would indicate to the operator four possible areas within the 

rotor in which to concentrate the physical search for rotor faults.

-0

-0

Figure |6.2.2.11 Fault Position Methodology.
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6.3 Conclusions

Frequency components reported to be indicative of a squirrel cage rotor bar fault have been discussed 

in some detail. During this discussion it has transpired that the components in question were in fact 

the LSB’s used previously to indicate the presence of rotor bar faults, see Chapter 4. Howexer, from 

previous researchers, it was reported that it is the higher harmonics of these components which would 

be of use w ith regards to fault location purposes.

The fault components arc reported to be indicative to the bar fault due to a damping effect which is 

prominent during the initial acceleration period from start-up. This damping factor has been shown, 

with the aid of equivalent circuit methods, to vary with differing levels of motor slip. The larger the 

slip, the larger the level of damping which occurs upon the magnetic field around the bar fault.

Finally, a non-invasi\e methodology of using the fault components, once successfully detected, to 

obtain fault position information has been discussed. The method incorporates the stator winding as a 

form of search coil and uses this in conjunction with the motor's acceleration data, to compute the 

approximate location of the bar fault. Information which could not be easily obtained from a steady 

state analysis of the signal due to the small values of slip present. The acceleration data required for 

such a technique being available from a complete analysis of the fundamental LSB within the 

transient signal. Results using the above theories will now be presented within Chapter 7.
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Chapter 7

Results of Location Work

7.0 Introduction

The results presented within the following chapter were obtained using the theory and methodologies 

presented within Chapter 6. They arc presented in a logical progression reflecting the thinking 

processes behind each problem as it presented itself.

7.1 Correlation of Supply Current Signals

The fault frequency components within the transient current signal will be varying in frequency 

throughout the transient period. If one particular fault component is considered, then depending upon 

the physical location of the broken bar when the motor is started, the frequency components will occur 

at different instances in time within the transient signal. As a means to determine this time difference 

when a rotor with a broken rotor bar is started at different locations, initial investigations invoked 

filtering the transient signals at a particular fault frequency and correlating the signals with similarly 

filtered signals from other transients obtained with the rotor at different locations upon start-up. In 

conjunction with these correlation investigations, the various timings of the peaks which occur w ithin 

the filtered signals were noted in order to observe if they too showed any relationship to the location of 

the faulted bar upon start-up. All three synchronously sampled phases were analysed.



7.1,1 Correlation Results

Initially the filter frequency of 21 Hz was chosen as the investigation frequency. This frequency was 

chosen as it had previously been proven to be an excellent indicator to the presence of rotor bar faults, 

see Chapter 4, and was also a frequency defined by Deleroi in eq. (2.3.3.4).

A transient was sampled from the test-rig which had a fault condition of ten contiguous broken rotor 

bars. The transient was obtained when the broken bars within the rotor were positioned at a twelve 

o’clock reference start-up position. This sample was filtered at 21 Hz and correlated with similarly 

filtered transients obtained from start-ups where broken bars were in different locations upon start-up.

fhese timings of peaks within the filtered outputs are shown within Figure [7.1.1] and Figure [7.1.2], 

together with the correlation between the reference transient and other transients, shown within 

Figure [7.1.3]. Figure [7.1.4] and Figure [7.1.5] show ten samples of the transient with broken bars at 

the reference position on start-up. These samples were obtained in order to observe the average 

change which the timings undergo from sample to sample.

Position of fault

Figure |7.1.11 Time to First Peak, F = 21 Hz.



Position of Fault

Figure |7.1.2| Time to Second Peak, F = 21 Hz.

Figure |7.1.3| Correlation Shift, F = 21 Hz.
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Tabic 17.1.21 A Change.

Phase A Phase B Phase C

r 0.019 1 0.01 1 0.003

Table [7.1.11 A Change.

Phase A Phase B Phase C

r~ 0.01 1 0.007 1 0.006 1

Figure [7.1.61 to Figure [7.1.7| show results obtained from similar tests using a filter frequency of 75 

Hz. with Figure |7.1.8] presenting results from the correlation of data.

Figure |7.1.9| to Figure |7.1.1()| present the results from filtering at a frequency of 100 Hz. Figure 

[7.1.11] showing the correlation results.

The bandwidth of the software filter was then reduced in order to make the filter more frequency 

selective. A selection of results obtained with this filter is shown within Figure |7.1.12| through to 

Figure [7.1.141.

7.1.2 Correlation Results - Conclusions

From rcsidts obtained within Section (7.1.1), the timings of the individual peaks wiihin the filtered 

outputs of the transient signals show no connection between their occurrence and the position of the 

broken rotor bars upon start-up. The obscivcd changes between the times obtained at different bar 

fault positions all being within the A change value obsciwed for ten samples at one location. Table 

|7.1.11 to Table |7.1.2|.

No relevant information could similarly be obtained from the correlations of the filtered data with 

filtered data obtained from the reference rotor bar fault location.

The lack of satisfactory results indicates that the fault frequency components arc far smaller in 

amplitude than at first anticipated. It therefore became necessary^ to find a means of amplifying these 

components over and above the larger components present within the transient signal. The following 

section describes the selcctisc filtering employed to undertake this task.
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Figure |7.1.6| Time to First Peak, 75 Hz.
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Position of Fault

Figure |7.1.7| Time to Second Peak, 75 Hz.
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Position of Fault

Figure |7.1.8] Correlation Shift, 75 Hz.
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Figure |7.1.IO| Time to Second Peak, 100 Hz.
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Figure [7.1.111 Correlation Shift, 100 Hz.
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1,2 Pre-Filtering of Supply Current Signal

From the prediction of frequency components present within a typical transient current signal. Figure 

[2.3.3.1 ]. it may be observed that in a relatively short period of time the slot harmonics travel well 

away from the fault frequency components. From this prediction it is observed that at lower values of 

slip and at frequencies greater than 100 Hz, the fault frequency components may be distinguishable 

from other frequency components. Since the large supply fundamental frequency component. 50 Hz. 

dominated the dynamic range of the data acquisition ADC, it was decided to pre-filter the transient 

signal prior to any analysis.

From ihc predicted data the pre-filter required was designed to be a high pass filter with a cut-ofT 

frequency higher than 100 Hz. Since the main operation of the filter would be to attenuate the large 

fundamental component, the designed filter would require a steep roll-off, together with a linear phase 

response over the frequency range of interest in order to minimise signal distortion.

Several types of filters were tested in order to observe their individual properties and to observe which 

would be the most favourable for this application. Due to the trade-off between roll-off and phase 

linearity, the pre-filter most suited to the requirements was found to be a four pole Bessel filter. The 

cut-off was designed to be 159 Hz with the amplitude response of the filter. Figure [7.2.11, show ing 

that the filter reduces the fundamental frequency component by 26.6 dB. The phase response of the 

filter. Figure (7.2.21, was also found to be reasonably linear, being similar to a six pole Bessel phase 

response but slightly more linear.
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7.3 Detection of Positional Components under Steady

State Conditions

Figure |7.3,11 Steady State Monitoring Set-up.

Initial c.xpcrimcnts to detect the positional components within the supply line current were carried out 

under steady state conditions. Using a Brucl & Kj;er two channel spcctnim analyser, the three 

individual phases of the motor supply current were monitored as shown in Figure (7.3.1 (.

via a

fault

Using cq. (1.3.1) the positional frequency components for the laboratory test-rig. running at a slip of 

0.042 were computed. The slip of 0.042 representing a rotor speed of 1439 RPM, measured 

cogged wheel tachometer arrangement as shown within Figure (7.3.21. Tl'c computed 

frequencies being listed within Table (7.3.11.

TabicUsing the Brucl & Kjier analyser in ZOOM mode, the frequency components listed within

17.3.11 were investigated in order to observe if these components did in fact c.xist within the current 

signal under steady state conditions.

The rotor had zero broken bars throughout these initial investigations. The results of a ZOOM 

spectrum analysis around the Sth and 7th harmonics arc shown within Figure |7.3.3| to Figure 17.3.4]

185



Figure 17.3.21 Analogue Magnetic Pick-up Tachometer.

Frequency (Hz) Frequency (Hz)

1 21.85 26.05

3 69.75 73.95

4 93.70 93.70

5 117.65 121.85

7 165.55 169.75

11 261.35 265.55

13 309.25 313.45

Table [7.3.11 Predicted Positional Frequency Components.
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respectixely. From these results it is clearly observed that with this level of fault condition there is 

very little spectral content around the predicted frequency values.

A similar test was re-run using the same rotor, this time with a fault condition of two broken rotor 

bars Again, the motor was run at full load, giving a slip of 0.042. The current signal was analysed 

after pre-fdtering around the fault frequency components. The results of the ZOOM spcctnims upon 

the 5th and 7th harmonics may be seen in Figure 17.3.51 and Figure (7.3.61 respectively. Table |7.3.31 

shows the dB levels of the components under this fault condition. From these results it is clear that 

with the introduction of the fault condition, frequency components do become more prominent around 

the predicted frequency values.

[ 1 INPUT
PWB esods
LIN

/I.oov“ 
+ 200Hz

W12 AUTO SPEC Ct LA
"IQ.fldD

X: le.OOHz
Y;

Figure 17.3.3] Zoom Spectrum Sth Harmonic - Zero Broken Bars.
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+ aooHz 
£80

WJ£ AUTO spec CH.A 
y: "la.Bdtt
X: ea.DOHz
SETUP W3

Figure |7.3.4| Zoom Spectrum 7th Harmonic - Zero Broken Bars.

(IBFrequency (Hz)

117.65 -85.5

121.85 -85.6

165.55 -85.4

169.75 -87.,3

Table 17.3.2| (IB Levels at Predicted Frequencies - Zxro Broken Bars.

dBFrequency (Hz)

117.65 -10.1

121.85 -63.5

165.55 -63.3

169.75 -65.9

Table [7.3.3) dB Levels at Predicted Frcqucncic.s - Two Broken Bars.
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24.00Hz + eOOHz
Y: 
X:SETUP MS

Figure |7.3.5| Zoom Spectrum Sth - Two Broken Bars.

Harmonic No. (IB

5 14.8

1 22.1

II 0.3

13 0.3

Table [7.3.4| dB Level Increase with Fault Condition.
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[ 1 INPUT
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X: 6^1.00112 + 200Hz
SETUP WS

Figure 17.3.6| Zoom Spectrum 7th - Two Broken Bars.

Table [7.3.41 shows the increase in dB levels of the rotor fault frequency components as a result of the 

introduction of broken rotor bars during steady state operation. From Table 17.3.4] it is clear that the 

magnitude of the 7th harmonic shows the greatest increase with the presence of broken rotor bars.

The results of these investigations and others using different harmonics of the rotor fault components 

confirm the theory that with an unfaultcd rotor the components arc not visible within the steady state 

spcctnmi of the supply current. With the introduction of two broken bars the components can clearly 

be observed, however. It was found that certain harmonics of the components were more responsive to 

the introduction of faults than others. In particular the 7th harmonic was found to show the greatest 

change in magnitude with the fault condition of two broken bars, whereas with a rotor containing a 

group of ten broken bars, the 5th harmonic was found to be the most sensitive.

The steady state investigations of these frequency components clearly verifies that fault frequency 

components do exist when the rotor contains an asymmetry.
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7.4 Location of Stator Coil Slots within SCIM

As the individual phase coils were to be used as a reference location for the rotor bar position, the 

location of the individual coils were required to be found. A winding diagram for the test-rig was not 

available however, hence the following tests were carried out in order to determine the locations of the 

individual coils within the stator core.

The three phase. 11 kW. 51 slot rotor was initially remoxed from the test-rig in order to gain access to 

the stator coils. Using a Gauss meter background readings of the flu.x lex els surrounding the .36 

windings of the stator were initially obtained. These ambient readings being presented within Figure 
17.4.11.

A small AC current was passed through one particular coil of the 'A' phase winding. Figure 17.4.21. 

The value of current being 1.8 A. The voltage which drove this current was 20 V obtained from a .3 A 

Variac. The readings obtained from the Gauss meter arc listed in Figure |7.4..3|. The coil which was 

first iiwcstigated here was the first coil within Ihc red phase winding, namely coil si - cl.

Ambient Flux Levels
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Figure 17.4.11 Ambient Flux Levels.
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Figure 17.4.2] Simple AC Search Circuit.

Gauss Gauss

Coil SI. El (Yellow)

Slot No.

Figure 17.4.3] Gauss Meter

13 17 21 25 29 3.3

Figure [7.4.4] Gauss Meter

Readings, Coil SI - El / Yellows.

Actual Gauss Level

Gauss

Coil SI. El (Blue)

Figure [7.4.5] Gauss Meter Figure |7.4.6| Actual Gauss Level
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Actual Gauss Level Actual Gauss Level

Gauss
Level

Gauss

Figure 17.4.7] Actual Gauss Level 

Readings - Coil SI, El I Yellow.

Figure |7.4.8| Actual Gauss Level

Readings - Coil SI, El / Blue.

Similarly results were obtained from coils in both Yellow and Blue windings. Results of which arc 

shown in Figure 17.4.4] to Figure 17.4.5]. Finally, the results presented within Figure ]7 4 6] through 

to Figure 17.4.8] show adjusted results after compenstation for ambient readings and an increased 

scale within the Gauss meter. From these results. Figure 17.4.3] through to Figure 17.4.8]. the 

following approximation. Figure ]7.4.9], may be made on the stator winding layout for the SCIM test­

rig-
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Figure |7.4.9| Laboratory Based SCIM Stator Winding Layout.
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7.5 Location of Fault Positional Components

In order to identify the fault location frequency components within the supply current transient signal 

the frequency range of the decomposition analysis, see Chapter 4, was altered to span the region 90 to 

140 Hz. The result of the analysis is shown in Figure 17.5.1). From the prediction of the fault location 

frequency components. Figure 12.3.3.11, it may be observed that the main component to be obscrxablc 

in this range is the Upper Sideband. From the results of the scan it may be seen that this is in fact 

true, with frequency components clearly being observed moving back within frequency, i.c. 

component ‘A’.

Shifting the frequency range of the analysis to that of 125 to 175 Hz, Figure |7.5.2], results in a scan 

which clearly shows two main frequency components. Component "A" travels back within frequency 

and is therefore a harmonic of the Upper Sideband and component 'B’. is a group of frequencies 

which contains either the 11th or 13th harmonics of the fault positional component. This assumption 

being made due to the fact that the component is in the correct location at the correct time for these 

components to be in existence.

Figure 17.5.31 shows the result of a further analysis, this time with a frequency range of 170 to 270 

Hz. In this analysis there arc three points to note. Firstly component ‘A’, from Figure 12.3.3.1] the 

prediction suggests that this component is the group of frequencies which contain the mixture of the 

11th and 13th harmonics of the fault positional component. This being the same group as component 

'B' within Figure 17.5.2]. Secondly, component ‘B’ of Figure 17.5.3], from Figure 12.3.3.1] the 

prediction suggests that this is the group of frequencies which contains the 13th harmonic of the 

positional fault component. Finally, component ‘C’ which from Figure 17.5.3] can be seen to be 

stationary. This component, situated at 250 Hz, represents a harmonic of the fundamental supply 

frequency.

In the abo\'c analvscs there has been no mention of the Principal Slot Harmonics which from the 

prediction. Figure 12.3.3.1], may be seen to obtain high values of frequency within a relatively short 

period of time at the onset of the transient.

An analysis was executed around the range of 185 to 235 Hz. The result of the analysis may be seen in 

Figure [7.5.4]. Only a small section at the start of the transient has actually been analysed so that the 

larger components which occur later within the transient do not smother the smaller Principal Slot

195



H
3 o
CZ)

90
Freq (Hz)

140

Figure [7.5,11 Contour Plot of Transient Decomposition, 90 - 140 Hz.
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Figure [7.5.2] Contour Plot of Transient Decomposition, 125 - 17.5 Hz.
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Harmonics. Figure [7,5.4| shows the travelling frequency component which tends to peak at various 

intervals throughout the transient.

The prc-filtcrcd supply current signal from the laboratory test-rig with a two broken bar rotor, 

previously analysed within steady state, then had its transient signal analysed. This analysis was 

completed over the frequency range 170 to 270 Hz. and may be seen in Figure |7.5.51.

From the prediction within Figure |2..3.,3.1| the components which should be present within this 

analysis arc the group of frequencies which contain the 13th harmonic of the fault location frequency 

components and the 150 Hz harmonic of the fundamental supply frequency. From Figure 17,5.5) these 

components ‘A’ and ‘B’ respectively may clearly be observed.

In order to verify that the components being detected in the above analyses were related to the fault 

location components, and not the Principal Slot Harmonics, which from the prediction within Figure 

[2.3.3.11 could be the case, an analysis was completed upon a full load transient from the same test-rig 

as above with a fault condition of ten broken bars present within the rotor. Figure 17.5.6). If the 

components prc\ iously located were the Principal Slot Harmonics then they would be present within 

the time-frequency analysis of a transient from the motor with a zero broken bar condition. Figure 
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|7.5.7|. A comparison between the two analysis results clearly shows the lack of components within 

the fault free condition, thus pro\ ing that the components delected under the fault condition were not 

related to the Principal Slot Harmonics.

Figure [7.5.4| Contour Plot of Transient Decomposition, 185 - 235 Hz.

Figure [7.5.5] Contour Plot of Transient Decomposition, 17(1 - 27(1 Hz.



Full Load Transient 0 Broken Bars

Frequency (Hz)

Figure |7.5.7| Transient Decomposition, 0 Broken Rotor Bars.

Full Load Transient 10 Broken Bars
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7.6 Detection of Fault Location Frequency

Components

As a means to isolate the fault components which are indicative of cage rotor faults a series of tests 

were undertaken in order to obtain any correlation between the location of the cage rotor fault and the 

occurrence of peaks within a signal filtered at specific fault frequencies. The tests involved the 

recording of peak times within the filtered transient for varying locations of rotor fault upon start-up. 

The location of the cage rotor fault was varied at start-up in order to allow the fault to be in different 

locations when the relevant fault frequency occurred, thus simulating a cage rotor with varying fault 

location. After plotting the various limings of the relevant peaks within the filtered signals, 

investigations proceeded to detect the areas within the transients where cither the 5th, 7th, 11th or 

13th harmonic of the fault component could be sufficiently separated in terms of original start-up 

position. All transient signals were prc-filtcrcd and synchronised. All tests were carried out under full 

load, ten broken bar conditions in order to amplify any fault effect to a ma.xinuim.

7.6.1 Sth Harmonic

If the frequencies which make up the 5th harmonic of the fault frequency component arc considered. 

Figure [7.6.1.1| through to Figure 17.6.1.6|, then it may be obsciwed that a form of separation may be 

obtained between the fault locations, particularly within Figure |7.6.1.2| ( 90 Hz ), Figure [7.6.1..3) 

( 9.5 Hz ), Figure [7.6.1.4] ( 110 Hz.), Figure [7.6.1.5| ( 116.3 Hz ) and Figure [7.6.1.5| ( 121.3 Hz ). 

Figure [7.6.1.7| shows the timing order of the fault locations from the above filter outputs. This was 

plotted as a means of detecting some form of relationship between the peak occurrence within the 
transient and fault location upon start-up.

7.6.2 7tli Harmonic

Figure [7.6.2.1 [ through to Figure [7.6,2.6[ summarises the results obtained by filtering for the 7th 

harmonic components. From these results it may be observed that Figure [7,6.2.1 [ ( 96..3 Hz ). Figure 

[7.6.2.2[ ( 1.30 Hz. ), Figure [7.6.2..3[ (131..3 Hz ), Figure [7,6.2.41 ( 150 Hz ), Figure [7.6.2.5[ 

( 16.3.8 Hz. ) and Figure [7.6.2.6| ( 168.8 Hz ) show significant signs of separation between fault 

locations. Figure [7.6.2.7[ reports the order at which the fault locations arc found to occur. From this 

it may be obscived that the majority of filter frequencies have a certain order with the best coming 

from the filter frequencies of 130 and 1,31..3 Hz.
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7.6.3 11th Harmonic

Similar tests were carried out upon the 1 llh harmonic frequencies. Figure 17.6.3.11 through to Figure 

(7.6.3.6|. Out of the frequency’ values tested separation was found to be present within Figure 17.6.3.11 

( 145 Hz. ), Figure 17.6.3.2] ( 18,5 Hz. ), Figure (7.6.3.31 ( 210 Hz ). Figure ]7.6..3.6] ( 258 Hz. ) and 

Figure [7.6.3.6] ( 263.8 Hz ). The orders of occurrence may be seen in Figure 17.6.3.7].

7.6.4 13th Harmonic

With the 13th harmonic. Figure (7.6.4.11 through to Figure ]7.6.4.6], separation may be obscrecd 

within Figure (7.6.4.l| ( 17,5 Hz. ). Figure |7.6.4.3| ( 250 Hz ). Figure (7.6.4.41 ( 270 Hz ), Figure 

17.6.4.51 ( 306..3 Hz.) and Figure |7.6.4.6| ( 311..3 Hz ). Figure |7.6.4.7| shows the occurrence of these 

components.



FLIOBBOI FLI0BB02 FLIOBBOI FI.10BB04 FL10BB06

--------- FL10BB04 FI-10BB06

Figure 17.6.1.11 55 Hz Filter Output Figure |7.6.1.2| 90 Hz Filter Output

Timing (5th). Timing (5th).

FLIOBBOI — FLIOBBOI --------- FL10BB02

FL10BB06FL10BB04 FL10BB06

FL10BB02

FL10BB04

Figure |7.6.l.3| 95 Hz Filter Output Figure |7.6.l.4| 110 Hz Filter Output

Timing (5th). Timing (5th).

FLIOBBOI FLIOBBOI FLI0BB02
FLI0BB06 FLI0BB04

FL10BB02

FLI0BB04 FLI0BB06

Figure |7.6.1.5| 116.3 Hz Filter Output Figure [7.6.1.6| 121.3 Hz Filter Output

riming (5th). Timing (5th).
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FL10BBI2 FLIOBBOI FL1OBBO2

FLIOBBOI FL10BB02

--------- FL10BB04 -FL10BB06

FLIOBB 12

FI,10BB04---------FL10BB06

Figure |7.6.2.I| 96.3 Hz Filter Output Figure |7.6.2.2| 130 Hz Filter Output

Timing (7th). Timing (7th).

FL10BB12

FL10BB04 FL10BB06

FLIOBBOI --------- FL10BB02
FL10BB02

--------- FI.I0BB04----------FL10BB06

FLIOBBOI

Figure |7.6.2.3| 131.3 Hz Filter Output Figure |7.6.2.4| 150 Hz Filter Output

Timing (7th). Timing (7th).

FL10BB02

FLI0BB04 — FL10BB06
FLIOBBOI FL10BB02

FL1OBBO4

FLIOBBOI

Figure 17.6.2.5] 163.8 Hz Filter Output 
Timing (7th).

FL10BB06

Figure |7.6.2.6| 168.8 Hz Filter Output 
Timing (7th).
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FLIOBBOI FL10BB02FLIOBBOI

FL10BB06FI.10BB04

FL10BB02

Figure 17.6.3.1| 145 Hz Filter Output

FLIOBB04---------FLI0BB06

Figure |7.6.3.2| 185 Hz Filter Output

Timing (11 th). Timing (11th).

FLI0HB02FLIOBBOI--------- FLIOBBOI

FL10BB06

FL10BB02

Figure 17.6.3.31 210 Hz Filter Output

FL10BB04 --------- FL10BB06 --------- FL10BB04

Figure |7.6.3.4I 230 Hz Filter Output

Timing (11th). Timing (11th).

FL10BB02--------- FLIOBBOI---------- FLI0BB02
FLI0BB04--------- FL10BB06--------- FLI0BB04----------FLI0BB06

FLIOBBOI

Figure |7.6.3.5| 258.8 Hz Filter Output Figure |7.6.3.6| 263.8 Hz Filter Output

Timing (11th). Timing (11th).
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FLIOBBOI FLI0BB02 FLIOBBO) FL10BB02

--------- FI.10BB04 FL10BB06 --------- FL10BB04 FLI0BB06

Figure |7.6.4.2| 215 Hz Filter OutputFigure |7.6.4.l| 175 Hz Filler Output

Timing (13th). Timing (13th).

FLIOBBOI FL10BB02

Figure 17.6.4.31 250 Hz Filter Output

FLIOBBOI ---------FLI0BB02

FLI0BB04---------FLI0BB06 FLI0BB04---------FLI0BB06

Figure [7.6.4.41 270 Hz Filter Output

Timing (13th). Timing (13th).

FL10BB02FL10BB02FLIOBBOI

FL10BB06FLI0BB04

--------- FLIOBBOI

Figure 17.6.4.61 311.3 Hz Filter OutputFigure 17.6.4.41 306.3 Hz Filter Output

--------- FL10BB04---------- FL10BB06

Timing (13th). Timing (13th).
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riming Occurrence

Figure |7.6.1.7| Fault Frequency Occurrence, Sth Harmonics.

096.3 Hz ■ 130 Hz 0131.3 Hz 0150 Hz ■163.8 Hz 0168.8 Hz

Timing (kurrence

Figure |7.6.2.7| Fault Frequency Occurrence, 7th Harmonics.

O 145 Hz ■185 Hz 0210 Hz 0258.8 Hz ■263.8 Hz

Timing (kurrence

Figure |7.6.3.7| Fault Frequency Occurrence, 11th Harmonics.
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riming Ocurrence

Figure |7.6.4.7| Fault Frequency Occurrence, 13th Harmonics.

7.6.5 Single Scan Analysis Peak Timings

Using a single scan analysis including a low pass filter on the output, ( see Chapter 4 ), various fault 

frequency components were further tested for correlation between fault location and time of 

occurrence within the transient. It had been noted, as in previous chapters, that the majority of 

analysis results contain two or three main peaks within the filtered output. A series of tests was 

undertaken to find if the timings of these peaks differed for various fault locations within the cage 

rotor. Again the variation of fault position was simulated using different start-up locations for cage 

faults. All tests were carried out upon pre-filtered transients obtained from the test-rig with a ten 

broken rotor bar fault condition. In conjunction to these tests, the timings of the individual peaks for 

various fault locations was noted as a means of observing any relationships present.

Figure [7.6.5.1] ( 70 Hz ), Figure [7.6.5.3] (100 Hz ), Figure [7.6.5.5] ( 120 Hz ) and Figure [7.6.5.7] 

( 210 Hz ) show the timings of the peaks within the single scan analysis for the frequencies quoted. 

From these results it may be seen that there is a separation between the various fault locations upon 

start up only within the timings of the third and sometimes fourth peaks within the analyses. The first 

and second peaks almost occurring simultaneously together. This is interesting as it has been 

previously observed that it is the third peak which was the most observable for detecting fault severity.

Figure [7.6.5.2], Figure [7.6.5.4], Figure [7.6.5.6] and Figure [7.6.5.8] show in a clear format the time 

differences between the occurrences of the peaks within the analysis for various fault start-up 

locations. For the first and second peaks the timings are all random in nature, thus giving no 

indication as to the location of the rotor cage fault. On looking al the third peak in particular, then at
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first glance no obvious relationship may be observed. However, on closer inspection it may be 

observed that certain ‘quarters’ of the plots bear some form of relationship. In that at certain sections 

the timings follow a linear relationship to the fault start location.

Figure [7.6.5.9j shows in greater detail the occurrence of the fault location peaks for various 

frequency components tested. It may be observed from the plot that the frequency components which 

indicate the closest indication to any form of relationship due to the cage fault start location are 120 

and 210 Hz.

A correlation between the filter outputs of the single scan analysis was undertaken, the analysis of the 

transient from the fault start location ‘12’ being used as the reference signal. Figure [7.6.5.10] (a) and

(b) report the results of these correlations. It is interesting to note that from this plot four main peaks 

may be observed both within the correlations for first and second peaks. Figure [7.6.5.10] (a), but not 

within the correlation results obtained from the third peak, Figure [7.6.5.10] (b).

Start Loc. 12

Start Ixx:. 6

Start Loc. 1 —A— Start l.oc. 2

Start Ixx;. 7 ———Start Lot Ji

Start Loc. 3 —JK— Start Loc. 4

Start Ix)c. 9 4B-' Start Ixx:. 10

Start Loc. 5

Start Ixk:. 11

Figure ]7.6.5.1[ Full Load 10 Broken Bars, 70 Hz.
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Fault Start Loc. I Fauh Start I xx. 1 Fauh Start Ixx;. 3Fault Start I xk. 12

Fault Start Fix;. 5 Fault Start Ixx;. 6 Fault Start Ixx;. 7Fault Start Ixx; 4

F ault Start Location

Figure |7.6.5.2| Full Load 10 Broken Bars, 70 Hz.

Fauh Start I xx;. X Fauh Start Ixx;. 10 Fauh Start Ixx:. 11

Figure |7.6.5.3| Full Load 10 Broken Bars, 100 Hz.
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f ault Start Location

Figure |7.6.5.6| Full Load 10 Broken Bars, 120 Hz.

Fault Start I zx;, 2 —H— FauK Start I xx;. 3Fault Start Ltx;. IFault Start Ixx;. 12

Fault Start Ltx;. 5 Fault Start I xk. 6 Fault Start Ixx;. 7

Fault Start Ixx;. 8 Fault Start Ltx;. 9 Fault Start Ixx;. 10 Fault Start Ixx;. 11

Figure |7.6.5.7| Full Load 10 Broken Bars, 210 Hz.
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Fault Start Location

Figure |7.6.5.8| Full Load 10 Broken Bars, 210 Hz.

Figure |7.6.5.9| Order of Fault Location Components.
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--------Correlation ( 70 Hz ) — - — - Correlation ( 100 Hz ) 

------Correlation ( 210 Hz) — - - — Correlation ( 120 Hz )

Figure |7.6.5.IO| (a) Correlation.

--------Correlation ( 70 Hz) — - — - Correlation ( 100 Hz ) — - - — Correlation (210 Hz )

Fault Start Location

Figure |7.6.5.10| (b) Correlation.
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7.7 Obtaining Acceleration Information From

Fault Detection Plots

Upon the successful detection of the frequency components indicative of cage rotor faults, it was 

necessary' to use the timings at which these components occur to determine the location of rotor fault. 

Many algorithms were investigated as to the capability in obtaining this information The best 

technique, however, was felt to simply obtain the rotors acceleration. If the start and reference 

locations arc known, then from the methodology described within Section (6.2), the acceleration 

information may be used to calculate the distance travelled by the fault. As a means to obtain this 

information a form of rotor speed log was required. This may be implemented by using an 

accelerometer to record the speed of the rotor via a marked indicator upon the rotor. However, such an 

approach was not required as from Figure |3.7.1.3). the fault detection plot, the Lower Sideband 

whose amplitude was shown to determine the severity of rotor fault may be observed, see chapter .3. 

As this diagram plots the locus of the motor slip dependent frequency components, it is possible to use 

this data to obtain the required rotor acceleration data. An example of this process which has been 

developed in software within the Matlab environment is shown within Figure ]7.7.1| through to 

Figure 17.7.21.

Figure 17.7.11 plots the various frequency components within the LSB which arc found to occur at 

various motor slips for difTcring start locations of rotor fault. Figure 17 7.2) converts this data to slip 

versus time diagrams where upon it may be shown that the differing start locations give similar plots.

From the obtained time versus slip diagrams the acceleration of a particular rotor may be obtained 

From Figure 17.7.1] and Figure |7.7.2| it may be obscivcd that there arc slight differences within the 

individual slip versus time plots for different start-up locations. Therefore, in order to obtain an 

accurate recording of acceleration it would be advisable to obtain an average of these acceleration 

plots. From this acceleration information it is possible to calculate the distance covered by any point 

on the rotor over a certain time period. It is interesting to note that there seem to be two main 

acceleration rates within the complete acceleration transient. Figure 17.7.2]. The first, from the initial 

slip of unity accelerates at a constant rate until approximately a slip of 0.4 is obtained, where upon a 

sudden increase in acceleration is obsened. The reason for this may be c.xplaincd when the torque 

\crsus speed characteristic of any typical induction motor is considered. From such a diagram it is 

clear that two main areas exist, and hence, it follows that this same characteristic will be transferred 

from the torque to the acceleration characteristic.
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Fault suit Loe. 12(50-0Hz) Fault SUrt I^. 12(0-50 Hz)

—M— Fault suit IxK. 4 ( 0 - 50 Hz ) —Fault SUrt Ixx;. 2 ( 50 - 0 Hz)

Fault Start Loe. 4 ( 50 - 0 Hz )

Fault Start loe. ( 0 - 50 Hz)

Frequency (I Iz)

Figure |7.7.l | LSB Frequency v’s Slip - Various Rotor Start-up Locations.

— - Fault Start Ltx:. 12 — -------- Fault Start Loe. 4 — - - — Fault Start Loe. 2

0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05 0
Slip

Figure |7.7.2| LSB Slip v’s Time - Various Rotor Start-up Locations on Start-up.
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7.8 Conclusions

Supply current transients obtained from normal starts of the laboratory test-rig were filtered at various 

frequencies. These frequencies being calculated from expressions previously shown to be 

representative of cage rotor faults. Using the filtered output from various starts w ith the location of the 

cage fault at different positions, thus simulating vary ing positions of cage fault, the timings of the 

peaks present within the filtered outputs were noted. Correlations of the filtered transients with a 

known reference transient were also obtained in order to find any relationship between the occurrence 

of the fault location frequency component and the location of the fault upon start-up. Results from 

these investigations showed that the timings of the first peaks to occur within the filtered outputs were 

extremely random. However, the timings to the second peaks within the filtered outputs at higher 

frequencies, and over all three phases, did indicate some form of relationship. In particular the 

limings to the second peak of the 100 Hz filter output at locations 12-3, 3-6, 6-10 and 10-12.

The transient data was then prc-filtcrcd prior to sampling in order to attempt to reduce the amplitude 

of the significantly larger fundamental component, and in order to allow the smaller amplitude fault 

location frequency components to be enhanced w ithin the ADC of the sampling card.

A satisfactory search was made w ithin the steady state period to observe if the fault location frequency 

components did exist at the predicted frequency values.

A similar set of tests were carried out within the transient signal. Groups of non-stationary frequency 

coinponents were located which in conjunction with the predicted frequency values in Chapter 2, 

proved that frequency components were in existence within the transient signal at the predicted areas.

In order to attempt to utilise the stator windings as search coils it was necessary to physically locate 

the w indings. Since no winding diagram for the test-rig used was available, a series of tests involving 

a flu.x meter were carried out in order to successfully locate the individual coils which make up the 

windings.

Investigations using the prc-riltered transient data were next carried out. These investigations took a 

similar form to those with the normal transients, in that timings of the peaks of filtered transients 

were noted against \arying cage fault start locations. Findings from these results showed that at some 

frequency values it was possible to observe a relationship between the liming of the fault component 

and the location of the cage fault upon start-up. However, the findings were found to be variable w ith 
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filter frequency chosen. The timings of the peaks within single scan analyses of the transients, see 

Chapter 4, also showed a slight relationship between occurrence and position of fault, although this 

was very slight and could only be observed with lower frequency values, higher frequency values 

showing a more random displacement of timings.

From the results of these various investigations it became obvious that some fault frequency 

components were more representative to fault location detection than others. Although the majority of 

harmonic components and slip values investigated gave results which were too randomised in order to 

obtain any sensible information, a few components did give results which suggested some form of 

correlation between the frequency component occurrence and fault location. It was felt that these 

components would therefore warrant further investigation using a technique of signal processing 

which was more selective than that used in the above investigations.

One of the reasons as to the problems being found isolating the frequency components within the 

transient signal was that during the transient, other frequency components present within the signal 

were swamping the fault location components As a means to reduce this. Chapter 8 discusses work 

carried out on an iincrtcd geometry three phase induction motor. This approach was taken in order to 

investigate the rotor currents for the suitably transformed fault location frequency components. It was 

regarded that these components, situated on the rotor side, would be larger since they would not have 

been attenuated by the air-gap of the motor

Finally, in order to obtain acceleration information upon the rotor from the transient which is being 

investigated, software was written which obtains the necessary information from a full analysis of the 

relevant transient. It was noted that when this is done there arc two distinct parts within the 

acceleration plot. The first from high slip to approximately 0.4 slip which accelerates fairly slowly 

followed by a second from 0.4 onwards which accelerates rapidly until steady state speed is achicxcd
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Chapter 8

The Inverted Geometry Induction

Motor

8.0 Introduction

Investigations up to this point in lime had concentrated upon the analysis of stator phase current, thus 

conforming to the general requirement of non-invasivc monitoring strategy. However, in order to 

facilitate the location of rotor faults it was decided that a studx and analysis of actual rotor bar 

currents would be useful. 11 was also felt desirable to study the rotor bar current distribution 

particularly under normal and faulted operating conditions.

As discussed within the review of rotor bar current analysis techniques, several methods of obtaining 

rotor bar currents have been tried and tested by past researchers. The oxerriding problem that all ha\c 

had to overcome being the obvious difficulties in obtaining access to the bar currents.

After investigating the possibility of several rotor current acquisition techniques, an experimental

Inverted Geometrx' Induction Motor (IGM). was commissioned to aid the investigations.

In the IGM. Figure |8.1.1|. motor operation is similar to that of the normal construction of induction 

motor except that it is the three phase supply winding of the motor which rotates, thus leaving the 

cage located on the outside of the machine, stationary, in order to provide access to the individual 

bars.



8.1 Construction of Inverted Geometry

Induction Machine Test-Rig

The IGM, Figure |8. l lj, was constructed by the technical staff within the University from a three 

phase, 7.5 kW, 4 pole Wire Wound Induction Motor and a three phase, 11 kW, .36 rotor, 4 pole 

Squirrel Cage Induction Motor.

As a means of avoiding confusion, the stator of the IGM will be referred to as the primary and 

conversely, the cage rotor of the IGM as the secondary' within this publication.

The secondary of the IGM, Figure ]8.1,2|, was constructed from the stator of the original wire wound 

motor. On removing the distributed three phase winding from the stator, 36 copper rotor bars 

manufactured specially. Figure 18.1.3], were placed into the individual slots of the stator, each bar 

being secured via a nut / bolt arrangement to a copper end ring al cither end of the secondary. Figure 

18.1.4]. The rotor bars, prior to being placed into the slots were fully insulated from the laminations of 

the secondary, in order to reduce the effects of inlcrbar currents which arc prominent when such a 

motor is operated under faulted conditions ]74 ].

The primary of the IGM was constructed from the original wire wound rotor. This consisted of a 

double layer star connected winding within 24 slots. The slip-ring lucchanisin previously used to 

connect the external resistances of the motor to the wire wound rotor were used to feed the three phase 

supply to the primary' star connected winding.

During the initial investigations the motor was fed via a 25A Variac. Initially the experimental rig 

was not connected to any load although later investigations were carried out in conjunction with a DC 

generator acting as a load.

The experimental rig also contained a tachometer consisting of a 60 tooth cogged wheel and analog 

magnetic pick-up device. Figure ]7,3.2]. A cooling fan was also included on the experimental rig in 

order to maintain some form of temperature control within the motor.



Figure |8.I.I|(a) The Experimental Inverted Geometry induction Motor.

Cooling Fan
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Figure 18.1.21 IGM Secondary Arrangement.
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Figure [8.1.31 Copper Rotor Bar.

Figure 18.1.4] End-ring Arrangement.
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8.2 IGM - Method of Operation

The method of operation for the IGM is not dissimilar to that of the conventional induction motor. A 

balanced three phase supply is fed to the primary’ three phase winding which is displaced electrically 

and mechanically by 27i/3 radians. The supply, in conjunction with the physical set-up. creates a 

rotating magnetic field around the 

[8.2.11.

stationary' primary winding in the direction indicated by Figure

Secondary 
Conductors

Figure |8.2.1] Induced Rotation within IGM.

A current is now induced in the conductors forming the secondary of the IGM. As the rotation of the 

magnetic field is clockwise, the secondary conductors travel in an anti-clockwise direction with 

respect to the rotating field. This develops a current which flows in the direction indicated in Figure 

18,2.11 due to Fleming’s Right Hand Rule, FRHR.

riie secondary conductors arc now current carry ing conductors in the presence of a magnetic field. As 

a result these conductors experience a force determined by F = Bli. This force, in the direction 

indicated by Figure |8.2.2|, is similar to that of the normal induction machine in that the rotor bars 

arc placed under a force which would make the rotor rotate in the direction of the rotating magnetic 

field. However, within the IGM the bars which form the secondary cannot move as they arc housed 

within the main body of the motor. Due to Newton's third law of motion which states that c\cry force 

has an equal and opposite reaction force, it follows that the force acting upon the secondary bars acts 
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to move the primaiy conductors away, as it is this structure which is free to rotate in the opposite 
direction to that of the rotating magnetic field.

tth’rinian'
Fsecondary

® Synch

Figure [8.2.21 Direction of IGM Primary Rotation.
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8.3 Determination of Rated Supply to IGM

The calculation of required supply voltage and current necessary for efficient operation of the IGM 

with minimal saturation effects, proved to be a rather more protracted task than initially anticipated

As the primary of the IGM had been constructed from a previously used D160M three phase slip-ring 

motor, data associated with the motor was researched and reported wiihin Table [8.3.1]. Using this 

data in conjunction with several motor design appro.ximations it was possible to calculate the supply 

voltage and current for the IGM.

Elder [89] had used this motor and carried out both no load and blocked rotor tests upon the slip-ring 

test-rig. From these tests the equivalent circuit parameters of Table [8.3.2] were obtained for both 

stator, and more importantly in this case, rotor of the slip-ring motor for the ratings used by Elder.

ValueCategory

Pole 4

kW 7.5

RPM 1430

Winding ( Rotor) Pitch 1-6

Winding ( Rotor) Pitch Factor 0.966

Winding ( Rotor) Distribution Factor 0.966

Rotor Resistance (per phase) 0.32

Skew 0.5

Winding ( Stator) Pilch Factor 0.960

Winding ( Stator) Distribution Factor 0.966

Table [8.3.1] Slip-ring Motor Data.

As a means to calculate the rated supply it was necessary’ to calculate the number of turns within the 

primary winding of the IGM. Elder [89] had measured, w ith some difficulty due to the slip rings, both 

the stator and rotor resistances of the slip-ring motor to be 1.34 and 0.32 Q respectively. From these 

values and that of the equivalent resistance. Table ]8.3.2], the referred rotor resistance can be 

calculated to be 1.81 <2. In order to calculate the non-referred rotor resistance cq. (8.3.1) must be 

used. In this equation Elder used Nsr* = 6. With this value of stator to rotor turns ratio, the non­
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referred rotor resistance can be calculated to be 0.3 O. A value which successfully verifies that 

measured by Elder.

ValueParameter

R, 609.3 Q
Ic 0.41 A

k 2.15 A

x„, J 116.7 0
Zph 7.6 O

K., 3.15 n

Xe., J 6.92 O

Table [8.3.2] Slip-Ring Motor Equivalent Circuit Data.

(8.3.1)

Sarma [94] defines the turns ratio, Nsr^, to be that shown in cq. (8.3.2). Using the winding factors 

reported for both the slip-ring motors stator and rotor within Table [8.3.1[, the number of turns within 

the rotor winding can be calculated to be 53 per phase.

(8.3.2)

From the results of the slip-ring motors blocked rotor test, Table [8.3.2], the stator current may be 

calculated to be 10 A. This value, which represents the current within the stator winding, may be used 

along with the calculated number of windings within the rotor to compute the equivalent circuits rotor 

current per phase. Thus, the rotor current of the slip-ring motor during operation at rated values was 

computed to be 24 A. Similarly, the rated speed together with developed torque under these load 

conditions for the slip-ring motor, may be calculated to be 149.7 rad/s and 50 Nm respectively.

As a means of verifying these values, Table [8.3.1] indicates that the full load mechanical output 

power of the slip-ring motor is 7.5 kW. If it is assumed that no mechanical losses take place within 

the system, then it may be taken that the power developed within the rotor will also equal 7.5 kW. If 

for practical purposes a full load slip of 5% is assumed, then using cq. (8.3.3), the rotor current can be 

calculated to be 19.8 A, a value similar to that previously calculated.
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Pm = Pc = Cl) T = 3. R2 / s (8.3.3.)

Using the calculated value of turns and rated load current for the slip-ring rotor, it was then possible 

to calculate the required ratings for the same rotor within the IGM test-rig.

The slip-ring motor used by Elder had a diameter of 163.8 mm and a length of 146.05 mm. Using this 

data in conjunction with the average flu.x density within the air-gap being reported to be 0.6 T, eq.

(8.3.4) was used to calculate the flu.x per pole to be 0.0115 Wb.

B = 2p4>/7tDl (8.3.4)

Using this value of flux per pole together with the motor dimensions of the IGM test-rig, Table

[8.3.3],  results in an average air-gap flux density of 0.36 T. With the motor design expression shown 

in eq. (8.3.5), the full load power developed by such a motor with the dimensions given in Table 

[8.3.31 may be calculated to be 13.7 kW. This results in a full load torque of 91.8 Nm being developed 

by the motor and together with the data calculated for the wire wound rotor, when in slip-ring motor 

mode, results in an IGM primary current at full load of 21.2 A. A value of the same order as the slip­

ring motors full load rotor current.

Parameter Value

R2 0.218 0

J ~ 3 A / mm’

Diameter 210 mm

Length 189 mm

Air-gap Length 2 mm

Rotor Slot Pitch 17 mm

Rotor Bar Width 6 mm

Rotor Bar Height 18.5 mm

Table [8.3.3] IGM Test-rig Data.

P = o\T = B An’ D^ln” (8.3.5)

A Tinsley Micro Ohincter (Type 5878) was used to measure the values of rotor bar resistance. Table

[8.3.3].  Meter probes were connected to each end of the rotor bar using the nuts used to secure the 
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end-ring. A torque wrench was to be used so that all connections would have an equal torque level 

However, such a tool could not be used due to lack of physical access, therefore each nut had to be 

tightened equally by hand. Each reading for individual bars then required the leads to have good 

contact with the bar in question together with the meter being zeroed on each measurement. Results 

from the individual measurements are shown in Figure |8.3.1|, the value within Table |8.3.3|

representing a per phase value.

Rotor Bar Resistance

Figure 18.3.11 Inverted Geometry Machines Rotor Bar Resistance’s.

Finally, using eq. (8.3.6) it was possible to use the above data to equate the RMS supply voltage for 

the IGM at the rated level of current. This value, when the primary taken to be star connected, results 

in a phase supply line voltage of 225 V (rms). Thus, the rated supply voltage to the IGM tcst-rig to 

ensure efficient, non-saturated operation will be 320 V.

(8.3.6)
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8.4 Physical Tests to Determine Inverted Geometry

Machine Parameters

As a means to determine the equivalent circuit parameters of the IGM, a series of tests were conducted 

including light load and blocked rotor tests. The following section presents the results of these tests in 

addition to other investigatory tests run upon the IGM.

8.4.1 Light Load Test

In this test the motor was supplied at rated line volts and frequency. No mechanical load was 

connected to the motor whilst input power, line volts, and line current were measured. The results of 

these tests arc presented along with relevant calculated equivalent circuit parameters in Table

Table 18.4.1.11 No Load Data for IGM.

Vph Irnw Power R< L 1„, x„,

(V) (A) (W) (Q) (A) (A) (O)

230 8.0 120.0 440.0 0.52 7.98 28.8

8.4.2 Blocked Rotor Test

In this test the primary of the motor was restricted from rotating using a locking arm. With this in 

position a small three phase voltage was applied to the IGM at rated frequency until calculated rated 

load current was flowing. From Section (8.3) it was calculated that the rated current to the IGM was 

in the order of 20 A. However, due to instnimcnt limitations when carrying out the blocked rotor test, 

this level of current could not be achieved. A scries of blocked rotor tests w ere carried out over a scries 

of input voltages. Figure |8.4.2.l|. From this, the equivalent impedance could be calculated over the 

measured range. Figure |8.4.2.2|. From this plot it was observed that the impedance, equivalent 

resistance and equivalent inductance were constant over the supply range. Hence, a projected value 

was obtained for power at the rated current value from which the parameters within Table |8.4.2.1] 

were calculated.
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Blocked Rotor Data
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^ph Vph Power Zph R(q Xeq

(A) (V) (W) (ii) (O) (O)

20.0 54.0 220.0 2.65 0.9 2.5

Table [8.4.2.11 Blocked Rotor Data.

8.4.3 Measurement of IGM Primary Winding Resistance

In order to measure the resistance of the star connected primary winding a DC meter was used to 

obtain the resistance between the individual phase windings. It was found that the resistance recorded 

varied with rotor position, hence several readings were taken and a mean value obtained.

The resistance of the individual slip-rings were then measured. Table [8.4.3.11. and subtracted from 

the original measured resistance value, giving the average phase resistance as is shown in Table 

[8.4.3.2|. When divided by two, due to the star configuration of the primary winding, the per phase 

values arc computed to be that shown in Table [8.4.3.3[. thus giving an average per phase resistance

of 0.29 <2.

Blue! Yellow Blue! Red Yellow ! Red

( in ohms)

Table [8.4.3.1| Average Phase Resistance.

Blue! Yellow Blue! Red Yellow t Red

Table |8.4.3.2| Updated Phase Resistance.

Blue! Yellow Blue! Red Yellow / Red

(in ohms)

Table |8.4.3.3| Average Resistance per Phase.
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8.4.4 Verification of Non Saturation Motor Operation

As a means to verify that the calculated supply voltage and current was not within the saturated area 

of motor operation, the following tests were implemented. Results were obtained from the IGM 

running under no load conditions, since al this point in time no loading capability was available. 

Parameters recorded over a wide range of supply voltage included the line current and primary speed. 

All tests were completed over all three supply phases with results being presented from the red phase 

alone.

No Load Red Phase

— Isupply (mis) — -S- - Isupply (scope pk)

Vsupply (nils)

Figure |8.4.4.1| Is.,,pis versus V,«pp,y.

Figure [8,4.4.11 shows the curreiil taken by the supply for various supply voltages. The indicator on 

the plot shows the rated supply voltage. It is interesting to note that at this point the current taken by 

the supply changes from being a steadily increasing linear component, to a component which 

dramatically increases. It is at this point that saturation within the IGM system takes place, thus the 

rated supply is on the edge of the saturation limit. Figure 18.4.4.2) presents the primary speed 

characteristic for the IGM test-rig. From this it may be observed that the rated voltage occurs within 

the steady state period of motor operation.
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Figure 18.5.4.3] Vs„ppiy versus IGM Primary Speed.
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8.5 IGM - DC Generator Load

Initial investigations on the IGM were carried out with the IGM run under no load conditions. 

However, in order that significant currents could flow within the secondary bars, thus allowing 

significant levels of slip to be developed, it became necessary to load the IGM test-rig with a DC 

generator - resistive load set-up.

Figure [8.5.1] shows the DC generator employed to load the IGM test-rig with Table [8.5.1] listing 

the relevant machine data. From the data presented it may be observed that there was an overkill in 

the power rating of the machine used. This however, was unavoidable due to the lack of available 

equipment.

Figure |8.5.l | DC Generator.
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FRAME 160 K TYPE DC MOTOR BULL ELECTRIC DC

SER. NO. 033507 WDG SHUNT MACHINE

OUTPUT 4.3 kW RPM 3500 EXCT’N 240 VOLTS

VOLTS 240 V RATING CONT. AMPS 2.94

AMPS 198 A Q 20° C 60.0

Tabic [8.5.11 DC Machine Nameplate Data.

Figure |8.5.2| DC Generator Set-up.

DC generator set-up in conjunction with the IGM test-rig. FromFigure [8.5.2] shows the

characteristics obtained from the load set-up, and due to limitations in the rating of the DC supply 

used to energise the field winding, all loaded IGM investigations were undertaken at the settings 

reported within Table [8.5.2|. This allowed a slip of 0.0,3 to be developed, thus creating some form of 

mechanical load for the IGM, and hence, larger secondary currents to flow.

Table [8.5.2] DC Generator Operating Parameters.
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8.6 Rotor Bar Current - Harmonic Content

The magnetic field within a SCIM forms a three phase dimensional quantity which may be described 

in terms of both electric and magnetic circuit parts. The former describes such effects as EMF's. 

currents and voltages, the latter describing the MMF's, flu.x and reluctance of the SCIM. The losses, 

forces and torques developed within such a motor arc found to be dependent upon these quantities 

with particular dependence upon current and flu.x densities. The performance of the complete motor is 

therefore highly dependent upon the distribution of the flu.x density component within the air-gap.

The flu.x density within the air-gap of an induction motor is a function of both time and space, 

i.c. b = b(0, 1). In a perfect motor the variation is taken to be of a perfectly sinusoidal nature in both 

time and space. However, in most practical motors it is never possible to achieve such flux densities 

within the air-gap. Due to slotting which occurs both within the stator and rotor, winding layouts, 

supplies and many other effects, the distribution and magnitude of flux density within an air-gap will 

be contaminated by many harmonics of both space and time. Thus, as the stator current within the 

winding alternates, the MMF of the current is found to consist of a family of rotating waves, each 

harmonic being associated with a pole number appropriate to its specific harmonic order.

The air-gap MMF produced by positive sequence currents rotates in a manner which is opposite to 

that of negative sequence air-gap MMF components. Under balanced conditions the fundamental. 7th 

and 1.3th arc of positive sequence, the 3rd, 9th and 15th arc of zero sequence and the 3th. 1 llh and 

17111 arc of iicgatixc sequence.

These harmonic fluxes, besides causing harmonics within the induced EMF’s, produce secondary 

effects within the energy conversion process. As torque is developed when a stator flu.x component 

within the air-gap of the motor interacts with a rotor component, should the waves have similar 

number of poles and a suitable space phase displacement, then it follows that harmonic flu.x 

components will develop torque components. These components, known as parasitic torques, arc 

ultimately responsible for machine vibration and extraneous noise, and can. in extreme circumstances, 

cause the motor to crawl, or cog, at speeds well be low that of the desired synchronous speed, or in the 

worst case, stop the motor from starling at all by causing the rotor to lock steady at standstill. This has 

been reported to frequently happen, should the rotor current due to the stator slot MMF harmonics 

produce waxes w hich have the same order as the principal phase bell harmonic.
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Two mam parasitic torques arc found to occur within the air-gap of the SCIM, these being 

Asynchronous and Synchronous torques. Asynchronous torques occur when the stator MMF harmonic 

induces a secondary current which has the same order. The torque produced which is harmonically 

related to those created by the fundamental, has more poles than that of the fundamental, and lienee, a 

lower synchronous speed resulting in slowing the motor down, the braking affect being similar to that 

of the backwards rotating component at all forward speeds. Synchronous torques are produced w hen 

any two separate harmonics which have the same number of poles react to form a torque. As the 

harmonic components have a similar number of poles, it follows that when the speeds coincide the 

fields synchronise and a locking, or Synchronous Torque is obtained producing a form of pulsating 

torque ripple during steady state periods of operation.

8.6.1 Harmonics Present within Rotor Bar Current

The harmonics present within rotor bar currents were grouped into sections by Binns |7()]. Frequency 

components present within the bar currents include those due to slip frequency components, stator 

MMF components and slot ripple frequencies together with additional harmonics from both saturation 

and multiple armature reaction, if present.

Components associated with stator MMF have been dermed by Binns to occur at both eq. (8.6.1.1), 

where *m' represents the harmonic index which may have values 7, 13, 19, 25......and eq. (8.6.1.2),

where ‘nf can assume 5, 11, 17, 23......

(8.6.1.1)

(8.6.1.2)

Slot ripple harmonics arc given by eq. (8.6.1.3). It is stated that high order harmonics arc quite small 

in amplitude, (they may be neglected after values of I > 4 ), and that the most troublesome harmonics 

in existence arc those due to belt or phase group harmonics which occur at 2Qi ± 1, where Qi 

represents the number of phases on the stator, thus for a three phase motor the harmonics. 

Ill = 6 ± 1 = 5, 7 ... shall be the worst.

(8.6.1.3)

Components may occur due to the cfTccls of saturation, but arc reported by Binns to be small 

compared to the slip frequency components which also occur at that given by eq. (8.6.1.4). where k'
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skf. (8.6.1.4)

represents the harmonic index, 1,3,5,. The saturation harmonics are only found to occur at odd 

harmonic orders.

The results of the investigations carried out upon the three phase Inverted Gcomctr>’ Squirrel Cage 

Induction Motor arc presented within Section (8.8).
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8.7 Rotor Bar Transducer Calibration and

Formation

access to the individual rotor bar currents within the IGM. a

transducer was required which would distinguish between the currents within the bar being monitored 

from that of bars nearby. The device used would require to be free from any saturation effects and be 

capable of monitoring fast rising transients. The device chosen, after researching many such dcx iccs 

including that of CT's and potential dividers, was that of the Rogowski Coil. This transducer is simple 

in nature, is free from saturation problems and operates only from an alternating current normal to the 

transducer, sec Chapter 1. The Rogowski Coil used in the investigations, the worm coil, has also been 

well documented for this practical application.

The Rogowski Coil used to obtain the rotor bar currents was initially developed from a worm coil of 

120 turns of 0.25mm enamelled copper wire. In order to ascertain the output achievable from this 

prototype, the coil was wrapped singularly around a test rotor bar similar in all respects to that within 

the IGM. Using the test circuit. Figure 18.7.1.11, various tests were undertaken in order to observe the 

output and allow the determination of calibration procedures. From Figure |8.7.1.11 it may be seen 

that the output of the coil was attached across a load resistor prior to being low-pass filtered.
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Using the test circuit within Figure [8 7.1.2], the supply was varied in steps of 0.1 A between 0 and 

2A. This enabled the output of the coil to be obtained along w ith a projection for higher input currents 

to be achieved from the obtained results. Figure [8.7.1.3] shows the values obtained for this coil and

clearly shows the linear nature of its response.

Rotor

Figure [8.7.1.21 Test Circuit.

Rogowski Coil

□ V out (RMS)

Figure |8.7.1.3] Rogowski Coil Data.
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8.7.2 Formation of Coil Former

From the results of the above calibration tests a series of new coils were constnictcd. Each coil was 

wound with 100 turns using a wrapping machine, thus enabling a more compact and efficient 

transducer to be constructed.

In order to improve the mechanical strength, the individual coils were wound initially, upon a Teflon 

former similar to that in Figure [8.7.2.1]. With this mechanism the rotor bar can pass through a 

central tunnel within the teflon former and the Rogowski Coil can pass around the bar at the required 

normal angle to the bar via the grooved trough. This set-up gave full mechanical protection to the coil 

as the vulnerable lower parts of the coil were now fully protected by the former.

Channel for Rogowski Coil 
'Worm'

2 5 Ill in

Sccondarx

Figure |8.7.2.1] Rogowski ‘Worm’ Coil Former.

Calibration tests similar to those previously described were carried out. this time with the coil located 

in-situc upon the IGM. As in previous tests the supply was varied between 0 and 2A in steps of 0.1 A, 

resulting in the output presented within Figure 18.7.2.2].



Rogowski Coil - Teflon Former

1 (RMS)

Figure |8.7.2.2] Rogowski Coil Output - Teflon Former.

These results confirmed that the introduction of the former had not altered the output of transducer. It 

was decided however, to use plastic formers of similar dimensions and shape on the IGM; a plastic 

former being easier and less time consuming to produce.

Nineteen such plastic formers were produced and wound with the Rogowski Coil. As only 18 of these 

coils would be required within the IGM, further calibration tests were carried out in order to obtain 

the 18 best coils which were then placed onto the rotor bars within the IGM, Figure 18,7.2.3].

8.7.3 Transfer of Transduccr Signal

Noise in the form of interference, be it coupled to the circuit electro-statically, electro-magnetically or 

magnetically creates distortion in the original signal so that it no longer represents that being 

monitored. However, with the use of suitable circuit layout and constniction techniques, interference 

may be reduced to insignificant levels.

As the environment around and particularly within the IGM is a highly electro-rnagnctically 

contaminated area, it was imperative that signals from the individual Rogowski Coils were protected. 

A stator mounted interface panel was designed to bring the two ends of each transducer to an 

appropriate set of co-a.\ial connectors.
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Figure |8.7.2.3| Rogowski ‘Worm’ Coils in Position within IGIM.

This was done in such a way as to allow electrical contact between the body of the panel and test-rig 

but insulating the co-axial connectors in order to preserve the guard screen of the cabling. Initially a 

50Q cable was used to connect the transducers to the appropriate output. This however, was found not 

to protect the signals within the IGM, therefore, twin core screened cabling was used for all 

connections within the motor. T his allowed the guard screen to be brought into the IGM itself, thus 

giving the signal some form of protection within the IGM. The cabling may be seen in Figure 

[8.7.2.3J and the interface panel itself is shown in Figure [8.7.3.1 [.

8.7.4 Rogowski Coil Integration

The output of the Rogowski Coil is defined by Amperes law, therefore, in order to obtain true 

representation of the rotor bar current, it was necessary to integrate the coil output. In order that the 

integrator does not degrade the signal being monitored it was necessary to design a circuit which 

would successfully integrate over the frequency range 0.1 to 100 kHz.

As a means of obtaining such a frequency range a compound integrator similar to that shown in

Figure [8.7.4.1 ] was used. This form of integrator has an extended operating bandwidth obtained by
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combining one integrator with another which has a continuating characteristic. This is achieved by 

making use of both passive and active integrators.

Figure [8.7.3.11 Rogowski Coil Interface Panel.

In addition to the integrator, the co-axial cabling connecting the coil to the integrating system must be 

treated as part of the entire system. The cable is terminated by its characteristic impedance, 50 or 

75Q. The resulting circuit having a frequency characteristic similar to that shown in Figure [8.7.4.2],

Figure |8.7.4.2| Compound Integrator

Characteristic.
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8.8 Results of IGM Investigations

8.8.1 Initial IGM Starting Problems

The starting procedure for the IGM test-rig imolvcd supplying the rig from a 15A, 0 - 400V variac. 

From standstill the supply voltage would be increased until rated supply voltage and primary speed 

was achieved. Although this was in the main a satisfactory process, it was noted that on numerous 

occasions the IGM’s primary would rotate slightly before coming to a complete standstill c\cn if the 

supply was removed and re-applied. On achieving this stationary state the primary winding was 

obserxed to pulsate slightly. When in this condition, with the IGM acting as a transformer, supply 

current would rise rapidly due to the lack of opposition caused by the stationary primary not 

generating any back EMF. However, if the rotor was physically moved to a new location just a few 

degrees, the motor would begin correct starting. A series of exploratory tests were completed in order 

to observe any clues as to the reasoning behind such a phenomenon.

As a means to observe the amplitudes of the phase supply currents during non-starting, all three 

supply lines were monitored using CT’s. CT's were used since the Hall effect transducers available 

had too small a range for monitoring the transient obtained.

The motor was run at three individual times within the steady state condition. With the variac set al 

lOOV. the phase voltages and currents were monitored in order to observe any imbalances within the 

supply to the IGM.

From the results presented within Table |8.8.1.1| through to Table |8.8.1.3] it may be seen that in 

phase B the current is approx. 0.5 A less than the other phases. This value represents an imbalance of 

around 14% of the normal steady state value.

Vry= 105.0 Iy = 3.5

Vby = 102.5 In =2.9

Vrb = 102.5 1r = 3.0
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Vry= 100.0 Iy = 3.3

Vby = 100.0 1b = 2.8

Vrb = 99.0 Ir = 2.9

Tabic 18.8.1.2] IGM Test No. 2.

Table 18.8.1.3] IGM Test No. 3.

Vry= 100.0 Iy = 3.5

Vby = 100.0 Ib = 2.75

Vrb = 99.0 Ir = 2.8

The location of the IGM primary upon start-up was investigated to sec if it was possible to obtain 

some form of correlation between start-up position of the primary and the IGM locking.

Using a reference point on the IGM primary, the motor was put through a series of tests noting 

whether or not the particular start position was found to lock. The results of which arc reported within 

Table 18.8.1.4].

From Table [8.8.1.4] it may be observed that there was no obvious pattern to emerge from the tests. In 

fact out of the twelve primary starting locations it was found to lock at least once under all twelve 

This therefore being an indication to the fact that there is no positional factor to this particular 

problem.

The supply currents to the IGM were monitored in order to observe any vast changes within phase 

displacement between the individual currents. Figure ]8.8.1.1] and Figure [8.8.1.2] show' the results of 

these tests under both normal steady state and locked fault conditions. In conclusion from this test it 

may observed, as previously indicated, that under normal steady state conditions the IGM supply is 

unbalanced, be this from the supply or due to the slip-ring / primary winding set-up. Howc\'cr, when 

the primary is in a locked state the backward component is seen to increase slightly.
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Primary

Location

1 N N Y Y - - -
2 Y Y Y N - - -

3 N N Y Y - - -

4 N Y Y Y - - -

5 N Y N Y - - -

6 Y Y Y y Y Y N

7 N Y Y N - - -

8 Y Y N N - - -

9 Y Y Y N - - -
10 Y Y Y Y N - -
i 1 Y Y Y N - - -

12 Y N Y Y - - -

Figure 18.8.1.1] Fonvard and Backward Components, Normal Steady State Condition.

(a)

Figure [8.8.1.2] Fonvard and Backward Components, Locked Primary Condition.
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It was felt that the results from the above tests did not show' conclusively any reasoning as to the 

locking phenomenon. It was felt that perhaps the IGM was suffering from cogging torques. By means 

of estimating whether or not an induction motor will be prone to such parasitic torques previous 

researchers had investigated many primary' to secondary slot ratios. From these investigations Heller 

and Hamata [95] produced a table whereby a list of preferred primary to secondary’ slot ratios for 

various pole-pairs are listed. This is presented in Table [8,8.1.5] and may be used for small to middle 

sized squirrel cage motors. The values of slots in round brackets are, because of large synchronous 

parasitic torques within the braking region, not recommended for reversible drives; the values of slots 

in square brackets being used only when the rotor slots arc skewed by one slot pitch.

From Table [8.8.1.5] it may be observed that the IGM primary' to secondary' slot ratio of 24:36 for a 

two pole-pair motor is not recommended. Although the converse ratio, i.c. the original SCIM, is 

recommended although only when the rotor slots have been skewed by a satisfactory’ level.

Pole-PairZ2

24 (16),[201,(1221),(28),1301 I

30 (16),1201,(22),1261,1341,136|

36 1241,26,1281,30,

(1321),42,(44),146|

2

48 (32),34,1361,38,1401,

(1441),(56),58,1601

36 24,1261,1461 3

54 38,40,1441,1641,66,1681

48 34,1621 4

72 50,52,54,1561,58,86,88,1901

Table I8.8.1.5I Preferred Primary - Secondary Slot No’s.

The following is a comparison of the IGM to SCIM primary to secondary slot ratios and their effects 

upon the generation of both asynchronous and synchronous torques within the air-gap of the motor.

Asynchronous torques may be limited due to the stator step and slot harmonics [95], The rotor slots 

are therefore suggested to be kept within the range of Z2 < 1.25 Zj. From the IGM primary to 

secondary ratio it may be obserxed that this relationship is not obtained, although for the converse, i.c. 

the SCIM slot ratio, it docs hold.
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Also, it has been found to be advantageous if the number of rotor slots is kept smaller than that of 

stator slots. When the primary to secondary ratio is considered it follows that the SCIM relationship 

holds, the IGM ratio failing to agree with the relationship. Heller and Hamata [95] also state that it 

has been found that the influence of asynchronous torques is higher the lower the number of primary­

slots and that a smooth torque curve is difficult to obtain when a four pole machine contains 24 

primary slots.

As a means to avoid synchronous torques which may occur at standstill causing the motor to lock, it 

has been found that the primary slots must not equal Z2 = 6pc, where ‘c’ represents the harmonic 

indc.x.

It has also been found that synchronous torques will occur within the motoring region should the rotor 

slots agree with Z2 = 6pc + 2p, with large torque values occurring, with the risk of causing locking to 

occur at standstill, should the rotor slots equal Z2 = Zj - 4p.

With reference to the asynchronous torques, the primary to secondary slot ratio for the IGM represents 

the worst case scenario with all 'niles of thumb’ failing for the ease of the IGM. Synchronous torques 

arc similar in fate, although it is noted that Z2 = 6pc will fail for both the SCIM and IGM ratios.

In conclusion the ratio of primary to secondary slots used when the test-rig was operated in the SCIM 

format agrees with most rules developed by [95|. However, when these arc reversed, in the case of the 

IGM format, the majority of the nilcs and Table [8.8,1.6] point to an incorrect ratio with regards to 

efficient motor operation.

Further investigations were planned, including the removal of secondary bars in order to improve the 

primary to secondary ratio. However, before that could be completed a dilTcrcnt varaic was used to 

supply the test-rig. On using this variac no further starling problems have yet been obtained.
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8.8.2 Rotor Bar Currents under Normal and Faulted Conditions

With the monitoring techniques previously discussed, it was possible to obtain the rotor bar currents 

located at either side of a broken bar within the IGM. In order to simulate such a fault condition, one

secondary’ bar of the IGM was removed from the secondary cage. Typical examples of rotor bar 

currents are presented within Figure [8.8.2.1 ] to Figure [S.8.2.31.
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Figure [8.8.2.1] Typical Rotor Bar Current

No Load, No Fault, 5V t DIV, 2nis! DIV. No Load, 1 Broken Bar, 2V t DIV, 1ms ! DIV.

Figure 18.8.2.3| Typical Rotor Bar Current

No Load, 1 Broken Bar, 2V! DIV, lOms / DIV.
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Paterson [96] had previously simulated the cfFccts of both normal and faulted operating conditions 

upon rotor bar currents within a SCIM using a FE package. With this simulation Paterson was able to 

obtain the difference within rotor bar current densities of each cage bar within the SCIM under both 
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one and zero broken bar conditions. The results showed that the re-distribution of bar current, within 

bars situated around the broken bar, did not follow an even distribution. In particular it seems that the 

re-distribution of current density within the bars is biased to one side of the faulted bar.

figure 18.S.2.41 shows the results obtained from the IGM for the difference between both maximum 

and minimum values of rotor bar current, under both normal and one broken bar conditions. Two 

conclusions may be made from these results. They are that under broken bar conditions a general 

increase in current is observed within all bars situated around the faulty bar and secondly, that in a 

similar fashion to the simulated results obtained by Paterson, the re-distribution seems to be more 

heavily located in one area of the cage. This area being the area of cage situated further away from the 

faulted bar when taken in context to the direction of primary rotation.

□ Max Rotor Bar Current ■ Min. Rotor Bar Current

2 .

1.5 ■

I ■
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Figure |8.8.2.4| Difference in Rotor Bar Currents between 0 and 1 Broken Bars, No Load.

( Broken Bar Situated between Rotor Bar No. 25 and 27 )

figure 18.8.2.5J shows similar results for both normal and broken bar conditions during semi loaded, s 

= 0.03, conditions. Conclusions from the results presented in Figure [8.8.2.5] are similar to those in 

Figure [8.8.2.4] with the greater change in bar current amplitudes being observed with the minimum 

values, i.e. that a general increase in current takes place in the bars surrounding the broken bar, bars 



25 and 27, and that a heavier dissipation in bar current seems to take place at one side of the broken 

bar, bar 27 onwards.

□ Max. Rotor Bar Current ■ Min. Rotor Bar Current

Figure [8.8.2.5[ Difference in Rotor Bar Currents between 0 and I Broken Bars, Loaded.

( Broken Bar Situated between Rotor Bar No. 25 and 27 )

8.8.3 Typical Rotor Bar Current Frequency Spectrum

Figure [8.8.3.1] through to Figure [8.8.3.3] show typical examples of the frequency content within 

the rotor bar current of the IGM. The spectra shown within this section were all obtained from rotor 

bar No. 21 under loaded ( s = 0.03 ), no broken bar conditions. Figure [8.8.3.1], 0-6 Hz, clearly 

shows the first few slip frequency components present within the bar current. Since the level of slip is 

small, then it follows that these components are quite closely situated beside one another. Figure

[8.8.3.2],  0 - 200 Hz, clearly shows the harmonic components of the slip frequencies and saturation 

components, with Figure [8.8.3.3J, 0 - 3.2 kHz, presenting the slot ripple components with the 4th 

order harmonics still being of an appreciable magnitude. The frequency components caused due to the 

applied stator MMF may also be observed, the amplitude of these possibly being due to the slot ripple 

components occurring at similar frequencies.
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t .11 (

Figure 18.8.3.2| Zoom Spectrum Coil No. 21.

The slot ripple harmonic components stand out clearly within Figure |8.8.3.3|, with the 4th order 

components. (1= 4), still being of an appreciable level. The phase belt components, m = 5. 7, 11. 13 ... 

may also be observed. The high amplitude of these components possibly being due to the slot ripple 

components coinciding with the phase belt components.
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iu = { 5 / 7 11 / 13

ni = { 511 1 5/711/13 }1= 1

ni = { 11/13 5/7 1 5/7 11/13

ni = { 11/13 5/7 1 5/7 11/13 }1 = 3

ni={ 11/13 5/7 I 5/711/13 }1 = 4
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8.8.4 Effects on Rotor Bar Current Frequency Content due to Single Broken Rotor Bar.

An investigation was carried out into the effects upon frequency content of the rotor bar currents due 

to broken bar conditions. A single broken bar condition was implemented upon the IGM test-rig, with 

the frequency content of the rotor bar current being monitored during both no load and loaded 

conditions. The frequency components monitored included the slip frequency, the applied stator MMF 

and the slot ripple components. Six bars in total were investigated with three cither side of the bar to 

be broken, i.e. between bar No’s 25 and 27.

Figure [8.8.4.1] and Figure [8.8.4.2] show the effects of introducing the single broken rotor bar fault 

upon the frequency content of the surrounding rotor bar currents. It is interesting to note that in rotor 

bar No.’s 27 to 31, a greater change within the entire range of monitored frequencies is observed.

Figure [8.8.4.2] also clearly shows a change with the introduction of the bar fault, but does not show 

the increased frequency levels within bar No.’s 27 through to 31.

□ Fundamental OSrd ■5th QVtli Dllth DI3th

Rotor Bar No.

Figure |8.8.4.1| Slip Frequencies - dB change with 1 Broken Cage Kotor Bar, No Load.
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□ Fundamental OSrd O5th O7th DI 1th QlJth

Figure |8.8.4.2| Slip Frequencies - dB change with 1 Broken Cage Rotor Bar, Loaded.

Figure [8.8.4.3] and Figure [8.8.4.4] show the results of monitoring the frequency components due to 

applied stator MMF for the same two load conditions. In both cases the levels of frequency component 

were found to reduce with the introduction of the rotor bar fault. In the case of the no load 

investigation. Figure [8.8.4.3], the reduction of the dB level is constant apart from that around rotor 

bar No.’s 25 and 27, where a slight increase in the frequency level is found to occur. With the loaded 

investigation. Figure [8.8.4.4], all components are found to decrease, in particular the harmonics 1 = 

2, 1 = 3 ( m = 11, 13) and 1 = 4 (m = 5, 7). The remaining harmonics decreasing in a reduced but 

constant manner.

Figure [8.8.4.5] and Figure [8.8.4.6] report the results of monitoring the slot ripple components under 

both no load and loaded conditions. From the results obtained from the no load investigation, it may 

be observed that the components remain constant on the introduction of the rotor bar fault, 

particularly from rotor bar No. 27 onwards. However, from rotor bar No. 25 to No. 21, the increased 

frequency level may be observed to reduce the further away from the rotor bar fault the frequency 

content is monitored from.
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□ m = 11 Om = 13 □ 1 = 2, m = 5 nm = 7

□ m= 11 ■ m= 13 nm= 17 □ 1 = 3. m = 5 Bm = 1 ■ m = 11 ■ m= 13

Dm- 17 ■ 1 = 4. m = 5 Bm = 7 □ m=l 1 □ m= 13 □ m= 17

Figure |8.8.4.3| Applied Stator IMMF Components - No Load.

□ m - 13 ■ m = 11□ I = I. m = 5 ■ m ■ l = 2.ni = .5 nm = 7 Om = 13

Bm = 13Bl = 3, m = 5 Bm □ m= 11 Bl = 4, m = 5 Bm= 11Bm = 7 Bm = 13

□ m = 11

Figure |8.8.4.4| Applied Stator MMF Components - Loaded.
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Om = 11□ m = 7□ I = I. m= 1 ■m= 5
■ m = 7■ in= 13■ m= II□ m = 7
□ m = 13□ m = 7■ m = 5■ 1 = 4. m = I■ m=I3

□ I = 2, m = I ■tn = 5

■ in 11

■ill

Rotor Bar No.

Figure |8.8.4.5| Rotor Bar Slot Ripple Frequency Content - No Load.

BI = 0. 1 ■ 5 □ 7 □ II ■ 13 □ 1. 1. 1 ns □ 7 ■ II ■ 13

□ 1 = 2, 1 H5 ■ 7 ■ II ■ 13 ■ 1-3. 1 □ s □ 7 □ II □ 13

Ol = 4. 1 □ 5 07 □ II ■ 13

Rotor Bar No,

Figure 18.8.4.6] Rotor Bar Slot Ripple Frequency Content - Loaded.
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From the results of the loaded investigations. Figure [8 8.4.6], it may be observed that a general 

increase in the slot ripple components is present with the introduction of the rotor bar fault, with a 

slight increase in this change being situated around the areas of rotor bar No.’s 27 and 29.

Within Section (8.8.2) it was shown that upon the introduction of a single rotor bar fault, an overall 

increase in bar current was observed with an increase bias seeming to take place on one side of the 

broken bar. On investigating the frequency content of these rotor bar currents it was found that under 

loaded conditions, an expected increase in the level of slip frequency components took place. The 

increase however, suggests that a greater increase in bias takes place on the other side of the bar fault 

from that detected by monitoring current magnitude. The frequency components due to the applied 

stator MMF were found to decrease in level upon the introduction of the rotor bar fault. The decrease 

in frequency level however, was not constant through the entire harmonic range monitored. On 

monitoring the slot ripple harmonic components, a general increase in frequency level was found to 

exist, with the increased frequency component level bias, this time, agreeing in favour with the results 

obtained from that of the monitored current magnitude data.
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8.8.5 Rotor Bar Current Transient Analysis

Rotor Bar Current Transient
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Figure 18.8.5.1| Typical Rotor Bar Current Transient, 1 Broken Bar,

Reduced Voltage Start, IV = 0.8 A.

Figure |8.8.5.11 presents approximately 2 seconds of a typical example of a no load rotor bar transient. 

Several transients were obtained from a series of reduced voltage starts with the IGM under a fault 

condition of one broken cage rotor bar. From a series of such transients obtained from several bars 

around the broken bar, an investigation was carried out into the detection of the timings of the fault 

location frequency components once suitably referred to the stationary rotor frame of reference. As it 

was impossible to monitor the rotor bar currents and detect location information from the currents, the 

investigation concentrated in determining any correlation between the occurrence of the fault 

frequency components and location of the bar under investigation from the broken cage rotor bar. The 

fault frequencies to be investigated arc shown in Table [8.8.5.11. These frequencies alt represent the 

fault frequency components for a slip of 0.4. This value of slip w as chosen as lower slips w ould not be 

valid due to the fault location field clTcct only being present at large slips, sec Chapter 6.
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Harmonic Frequency (Hz)

Fundamental 20

5th 100

7th 140

11th 220

13th 260

Table |8.8.5.1| Fault Frequency Components.

Figure [8.8.5.2] presents the results obtained from monitoring the frequencies shown in Table 

[8.8.5.1], The results of the timings at which these frequency components occur at during the 

transient are presented for six rotor bar transients around the broken rotor bar. The broken bar being 

situated between rotor bar No.’s 25 and 27.

Figure (8.8.5.2| Timings of Fault Frequency Components within 

Rotor Bar Current Transient.

From Figure [8.8.5.2] it can be observed that the frequencies which show some form of relationship 

between occurrence of frequency component and the location of the rotor bar are 100 Hz, 220 Hz and 

260 Hz.
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In order to see if the fault frequency components under investigation occurred at constant times within 

the transient signals which had all been synchronised, a series of tests were carried out upon one bar. 

The fault components were monitored within the rotor bar current transient obtained from rotor bar 

No. 21. The results of this are presented within the Figure [8.8.5.3J. From Figure 18.8.5.31 it can be 

observed that the fault frequency which gives the most constant result is that of 220 Hz.

Figure |8.8.5.3| Fault Component Occurrence within Four samples

from Rotor Current No. 21.
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8.9 Conclusions

The inverted geometry three phase squirrel cage induction motor (IGM), used throughout these 

investigations was initially discussed in detail. Along with a description of the basic operation and 

construction of the test-rig used, the Rogowski Coil current transducers used to obtain the rotor bar 

current signals from the stationary' cage rotor bars are described.

Motor parameters were obtained which allowed the rated supply current and voltage levels to be 

calculated. The test-rig was then operated in conjunction with a DC generator load as a means to 

produce a greater level of slip, and hence, easier detection of the slip frequency components which arc 

present w ithin the rotor bar currents.

Results arc presented which show the effects of the introduction of a single broken bar on both the 

magnitude and frequency levels of the rotor bar currents. The results of the magnitude investigations 

show an overall increase in bar current around the faulty bar. However, a heavier bias is suggested at 

one side of the faulty bar. This effect is further verified by one set of frequency investigations. Further 

analysis of such effects was deemed best undertaken within a synchronised environment. Thus, the 

acquisition set-up previously developed, see Chapter 4, was altered in order to achieve this. Such a 

set-up was designed to allow all 18 rotor bar currents to be sampled in a synchronous fashion. In order 

to achieve this the hardware set-up described within Appcndi.x VIII was designed.

Finally, results arc presented with regards to the detection of the fault location frequency components 

within the transient signal of a rotor bar current. It had been previously thought that such components 

would be easier to locate on the rotor side, rather than the stator side due to the lack of attenuation 

caused by the air-gap when these components arc monitored from the stator side. Using a reduced 

\oltagc start, in order to keep the signal levels within the range required by the acquisition circuitry, 

several fault location frequencies were monitored. The results presented show that it is the higher 

harmonics of the fault location frequency components which show any form of correlation with 

regards to the location of the faulty bar and the time of occurrence.
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Chapter 9

Project Conclusions and Future

Work

This project started with a general overview of a typical induction motor. Through a brief resume of 

three phase induction motor theory together with a brief description of the various formats of motor 

available, the reader was introduced to the most commonly used industrial prime mover. A discussion 

was presented on common faults found to occur within the three phase Squirrel Cage Induction Motor 

(SCIM), followed by a resume of historical methods detecting these faults.

From results of a survey completed by past researchers at The Robert Gordon University 110]. and 

from discussions with industrial operators, one of the most common faults to occur within such 

motors, due to the general operation of the motor, was identified to be cracked or broken cage rotor 

bars. These faults, if left undetected, may cause further stress problems to occur within other areas of 

the cage rotor, which may result in parts of the motor cage breaking off, due to the centrifugal forces 

present, causing harm to both operating personnel and other machinery.

A more in-depth discussion of relevant theories was presented with regards to the latest steady state 

and transient health monitoring techniques used within the area of machine Condition Monitoring 

Particular emphasis was placed upon techniques which employ the supply line current parameter, of 

the motor under investigation, as the main parameter of interrogation.

In conjunction with past theories and theories previously not connected with Condition Monitoring, 

frequency components were identified which theoretically will not only indicate the presence of only 

SCIM broken bar faults, but also indicate the location upon the cage rotor of such a fault.

As a means to locate these non-stationary frequency components within the supply current transient 

signal of the SCIM, several signal processing techniques that result in the formation of a signals time­
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frequency plane were investigated. The signal processing strategies included w'ithin the investigations 

were the STFT, the Wigner Ville Decomposition and Wavelet Decomposition, together with 

interference reducing variations of the latter two.

Using various test signals, both synthesised and actual signals obtained from a SCIM laboratory test­

rig, the individual signal processing methods were investigated as to their individual ability to detect 

the non-stationary components representative of bar faults. From the investigations reported it was 

shown that for this particular practical application the latter of the techniques was found to respond 

the best.

Using this signal processing strategy, a portable supply current transient, machine health monitoring 

system has been successfully developed and tested. The system which at the moment comprises of a 

portable PC, thus allowing data sampling to take place on-site, together with assorted data acquisition 

circuitry and transducers, allows the operator to acquire, analyse and record the results of a motor 

supply current health investigation.

The system is shown to give favourable results under both laboratory and industrial conditions, with 

two case studies being reported that present to the reader results obtained from both faulted and fault 

free industrially sized three phase, 5 MW, SCIM’s.

Upon monitoring the non-stationary frequency components representative of cage rotor bar faults, it 

had been noticed by previous researchers, and again verified by the time-frequency representations 

obtained from the chosen signal processing strategy, that as the rotor fault components move through 

the frequency domain the amplitude of the components came to a pronounced peak midway between a 

slip of 0.5 and zero.

Investigations using a unified theory three phase induction motor simulation were carried out as a 

means to obtain a reason behind such a phenomenon. The investigations carried out upon the 

simulation comprised mainly of monitoring the response of varying several parameters within the 

simulation. The timings and occurrences of any peaks which may occur within the chosen parameters 

were noted. However, on completing an extensive scries of tests, no precise conclusions behind this 

interesting phenomenon could be made.

Results were then presented on the work carried out towards the objective of locating the frequency 

components shown to be indicative to the location of cage rotor bar faults. It was shown that frequency 
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components were found to exist at the predicted frequencies during steady state motor operation 

although, from various filtering and correlation results presented there is still no clear indication as to 

the observability of the frequency components during the transient period of the supply current signal.

In conjunction with this work, a methodology was created which would allow the detection of the 

rotor fault location to be pin-pointed to an area within four locations, ( should the motor under 

investigation be a two pole-pair machine ). The methodology requires the detection of the fault 

location frequency’ components together with acceleration information of the motor under 

investigation during the transient run-up to steady stale speed.

These investigations were extended to include results obtained from an inverted geometry squirrel 

cage induction motor. The idea behind such a move being that it would be possible to analyse the 

rotor bar currents for these particular fault location frequency components, which by their very nature 

arc small in amplitude, before being further attenuated by the air-gap. Results presented do show that 

al some frequency values, some form of correlation between the location of the fault and the time of 

frequency component occurrence docs exist.

A secondary' objective from the inverted SCIM was to investigate the rotor bar currents under both 

faulted and fault free conditions. From the results presented, both of rotor bar current magnitude and 

frequency level, it is clear that the bars situated at cither side of the broken bar do undergo an increase 

of current. However, from particularly the frequency component investigations it is clear that not all 

frequency components increase with the introduction of the fault condition. Also, the results seem to 

suggest a bias in the amount of increase due to rotor bar fault upon one side of the faulty bar location.

Future areas of further work may be summarised into four areas, these being improvements made to 

the Transient Monitoring System; Fault Location; IGM Investigations; and Sideband Amplitude

Determination.

One such future development has already been undertaken and is now in a prototype stage. This 

involves using the transient monitoring system to create a ‘finger-printing’ device. A further 

discussion of this is presented within Section (9.1).

As discussed within Chapter 4 the hardware within the instrumentation of the transient monitoring 

system must be improved in order to solve the problems caused by the large power glitches when used 

within an industrial environment. Other long term improvements which should be made to the system 
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are an improved man-machine interface, the calculation of some form of broken bar level, as in the 

case of 'Motormonitor’, and the introduction of a modem facility in order to facilitate the transfer of 

industrial machine data from the industrial site to the University.

The results presented within Chapter 7 and Chapter 8 do suggest that at some frequency levels some 

form of correlation does e.xist between the occurrence of fault frequency components and the location 

of the broken cage rotor bar. In order to take this further it would be best to continue using such a 

signal processing technique as was implemented within this project, but with a more selective formal 

of wavelet, also some form of band filtering would be useful since it would no longer be required to 

monitor such a wide frequency range, all further investigations taking place at one of the frequency 

components indicated by Chapter 7.

In addition to fault location work, Chapter 8 also presented investigations from the IGM. As 

previously mentioned any further work, in order to obtain more af'curatc results, would be best 

undertaken using the synchronised acquisition methods designed and reported within Appendix VIII 

It IS felt that the test-rig still has a lot of research potential, as other common cage faults may be 

investigated from the rotor side.

Finally, with regards to the reasoning behind the amplitude of the Lower Sideband components. 

Chapter 5, and ultimately to use any conclusions from this work to obtain a form of broken bar factor 

within the transient monitoring system, it is felt that any further analysis using the induction motor 

model employed within this project would not produce any further relevant information. Work has 

been started, by other researchers within the department, using Finite Element techniques and it is 

hoped that this form of technology will give further indications as to the reasoning behind this 

phenomenon

To sunnnarisc the main research objectives of this project a technique of monitoring the supply 

current of a three phase squirrel cage induction motor has been successfully transferred from the 

mainframe to the portable computer. Using various hardware and software techniques a monitoring 

system, which is still in a development stage in order to fine tunc it to the operators wishes, was 

produced. The system which initially was developed in the laboratory was successfully tested with 

industrially sized motors. In conjunction with this work, investigations were undertaken to locate 

frequency' components which were thought to be indicative to the location of a cage rotor bar fault. 

The results of these investigations resulted in the conclusion that although the majority of frequency 
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components tested gave random results, some frequency components did give some form of 

information and would therefore warrant further investigations.

9.1 Prototype ^finger-printing^ Exercise

A future development feature within the monitoring system has been developed latterly. This is a 

facility known as ‘finger-printing’, whereby the condition of the motor under investigation is 

monitored and recorded at a certain point in time, commonly on the installation of the motor. This 

signal would then be kept as a signature signal for that particular motor. At regular inten als further 

analyses would be taken from the motor under similar operating conditions to that of the original. The 

signals then being compared with the signature in order to observe any problem situation occurring.

This is a typical monitoring technique in a wide range of systems from modern day militaiy sonar 

ship identification systems to motor monitoring systems, as any differences, or similarities, which may 

occur arc easily detected w hen the two signals arc compared with one another.

The ‘finger-printing’ facility has been developed to be used in conjunction with the results obtained 

from the transient monitoring system. The facility, whose essential model is shown within Figure 

19.11. allows the difference between any two synchronised transient analyses, along with the cross 

correlation of the same analyses, to be computed.

Using the results obtained from the industrial verification Case Studies, Section (4..3.3), as the source 

of signature and latest monitored data signals, the results presented in Figures [9.2] through to Figure 

19.41 show successfully how such a system could be operated.
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Essential Model - Function List

1 - F_print();
2 -ComfirmPopupO;
3 - LoadMenuBarO;
4 - GetUserEventO;
5 - Load Signalurc FilcO;
6 - CallocO;
7 - Load DataO;
8 - MessagePopupO;

- Load_new_file();
10 - Calc_Diff();

11 - Corrcl_data();
12 - Frec();
13 - UnloadMenuBarO;
14 - DisplayO;
15 - ClosclnterfaccManagerO;
16 - FilcScIcctPopupO;
17 - Savc_Data();
18 - Fopcn();
19 - Fwritc();
20 - FcloscO;

7.1 - RxyO;
22 - FreadO;
23 - LoadPancl();
24 - DisplayPanclO;
25 - SetActivePancl();
26 - GetCtrlValO;
71 - SctInpulModcO;
28 - Delelcplots(),
29 - UnloadPanel();
30 - PlotyO;

(c)

Figure |9.1| Essential Model for ‘finger-printing’ Software.

Figure |9.2| Hypothetical Motor Signature to he compared with Latest Analyses.

271



/I
/ 

/

Figure [9.3] Latest Hypothetical Analysis from motor under investigation.

Figure [9.4] Hypothetical Difference indicating Fault Presence.
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Appendix I

Frequency Components Present due

to Rotor Asymmetries

A.I.l Introduction

From the poll of three phase SCIM operators carried out by Thomson |1()| cl al., it was reported that 

one of the most frequent faults to occur within a cage induction motor was the general wear and tear 

of rotor bars leading to actual breakages. These breakages, as previously described, being due to the 

high levels of both mechanical and clcctro-mcchanical stress present within the rotor bars of the 

motor. In particular, from an clcctro-mcchanical point of view, the levels of current which flow in the 

bars is particularly high, both during the transient period of the motor when accelerating from 

standstill to operating velocity and during fully loaded steady slate operation.

A.1.2 Fault Components

I'hc currents which flow during steady slate operation may be modelled as the set of loop currents T

....lj.,„ where n is the number of meshes present within the rotor cage. Figure | A.l. 1).r-U'

In the event of a bar breaking, ignoring the effects of interbar currents, then it is no longer possible for 

the rotor current to flow along the relevant bar. This effect may be modelled by two additional equal 

loop currents flowing within the adjacent bars in an opposite manner to the normal currents. Figure 

IA.1.21.



A magnetic field is created around the adjacent bars to the broken bar which is produced iroin the two 

additional fault currents. Figure [ A.1.3].

If this additional field is now considered within the rotor frame of reference, then at any instant in 

lime, the flu.x emitted by the current component leaves the rotor core between the two conductors and 

returns via the air-gap circumference as shown in Figure [A.1.4].

The effect of the stator rotating magnetic field passing the rotor conductors is to induce currents 

within the rotor conductors which have the frequency Hz. As these currents are sinusoidal in 

distribution, the field waveform shown in Figure | A.1.4] pulsates at slip frequency. The effect of this 

can be seen in Figure |A.1.5| where al difTcrent instants in time the level of generated MMF is 

different. However, it should be noted that al all instants in time the magnetic system must be 

A-I-ii



equalised, as all flu.x that leaves the rotor must re-enter the core at some point. Hence, the areas above 

and below the x-axis within Figure [A.1.4] and Figure [A.l.5] must equal one another.

Figure [A.1.3] Additional Magnetic Field Component Due to Rotor Fault.

The waveforms show the distribution of the fault component air-gap field around the circumference of 

the air-gap. The distribution can be seen to form an approximate square wave, where the wave may be 

broken down into its Fourier scries by computing a Fourier analysis upon the waveform. A Fourier 

scries is defined by eq. (A.l. 1).
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Figure |A.I.5| MMF Due to Fault Component.

(A.I.l)



The waveform shown in Figure [A. 1.6] is an example of an even function as it is symmetrical around 

the Y - axis. Due to this the sine terms within the Fourier scries can be shown to cancel as Bn = 0.

Also, as the MMF which leaves the rotor between the two conductors will return to the rotor at some 

point within the circumference of the rotor, the waveform above the X - axis will equal that below. 

Due to this the D.C. level of the wave in Figure [A.1.6], and hence, that of the MMF due to the faulty 

bar, will equate to zero. Hence, the term 1 / 2 Aq = 0. The field within the air-gap will therefore be 

represented by the Fourier scries shown in eq. (A.I.2).

(A.L2)

As ‘0‘ indicates the position around the circumference of the air-gap with reference to the rotor frame 

of reference, the scries shown in eq. (A.I.2) represents the spacial breakdown of the field due to the 

fault condition.

As the rotating magnetic field due to the stator is constantly passing the rotor conductors at a velocity 

of SCI), the spacial representation of the field pulsates at slip frequency. In order to include this within 

the Fourier scries representation eq. (A. 1.2) is multiplied, or modulated, by the pulsating term

cos SO), t.

F(<9,t) =
00

y. An COS sruvt cos n(9
11 = 1

(A.I.3)

Eq (A.1.3) gives the Fourier scries for the field component introduced by the fault condition within 

the rotor. This expression is, however, with respect to the rotor reference location. This point is 

obviously rotating, hence, in order to express the effect in terms of a stationary frame of reference, the 

stator reference frame, the expression must be transformed. This can be done by substituting the rotor 

angle 0 with its equivalent within the stator reference frame, eq. (A.1.4).

6 — i9 - M r t (A.1.4)

Substituting eq. (A.1.4) into eq. (A.1.3).
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00

F(^, t) = E An cos (sc9 s t) cos (n(^ - <y r t))
n = 1

(0 r = (1 - s) / p (69 S t)

(A. 1.6)

(A.L7)

As cq. (A.1.6) includes a mechanical angle term, the transformation eq. (A.I.7) is required in order 

that the Fourier scries can be completely expressed in terms of electrical degrees. The effect of the 

fault condition is therefore to introduce a field term within the stator winding which contains a 

Fourier scries of the form shown in cq. (A.1.8).

00

F((9, t) = E An cos (s69 s t) cos (n(,9 - (1-s) / p (69 s t)))
n = 1
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A.1.3 Conclusions

For a "p' pole-pair machine, the harmonics are identified by the fundamental n = p, 3rd harmonic n = 

3p. 5th harmonic n = 5p, etc. Considering a 2 pole-pair machine, (p = 2). the expression for the 

fundamental component is computed using cq. (A.1.8). It is shown in eq. (A.1.9) that this scries 

equates to two components. One component which represents the original fundamental, and a second 

which is (1 -2s) limes the fundamental frequency.

(A. 1.9)

Similarly, Ihc 3rd, 5lh and 7th harmonics arc listed within Table |A.1.1|.

Sideband 1Harmonic No. n Sideband 2

.3 6 (3-4s)o\l (3-2s)co,t

5 10 (5-6s)(jy,t (5-4s)mst

7 14 (7-8s)mst (7-6s)ci),t

Table |A.1.1] Harmonics of Rotor Fault Component.
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Appendix II

Frequency Components Present due

to the Effects of Torque Variations

A.ILl Torque Variation

It has been shown in Appendix 1 that when a rotor contains an asymmetrx frequency components will 

be generated at ( I-2s )Js Hz. The following shows how these components will cause the speed of the 

motor to x aiy along with inducing components to occur at (I ■ 2s )j, Hz.

If the current density of the fault component for a two pole motor is considered to rotate at ( I-2s )f, 

Hz, the expression which defines the density may be written as that in eq. (A.ll.l.l).

1/'-"” = Jr''-=”cos 1 ( l-2s)mst-20 -<x | (A.ll.l.l)

(A.II.1.2)

The main air-gap field of the motor can be considered to be eq. (A.II. 1.2), hence, any torque ripple 

obtained bv the interaction of the above two components can be obtained from eq. (A.II. 1.3).

(A.1L1.3) 

Using the trigonometric identity defined by eq. (A ll. 1.4), eq. (A.11.1.3) may be reduced to that shown 

in eq. (A.11.1.5).
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(A.IL1.4)cos(A). cos(B) = 1/2 1 cos (A+B) + cos (A-B) ]

= 1/2 cos 1 (1 -2s) CDS t - 20 - a + ms t - 20 - (3 1

+ 1/2 cos I ( 1 -2s) o)S t - 20 - a - ( ms t - 20 - (1 ) ]

(A. II, 1.5)

This results in an expression being formed for the torque dex clopcd by the / I-2s ) fault component, 

eq (A.11.1.6).

(A. II. 1.6)

From eq. (A. 11.1.6) the torque due to the fault component contains a term which is independent of any 

spacial positioning and is comprised of a frequency component which is 2s times the fundamental of 

the supply. It is this component of torque which causes a 2s oscillation within the overall torque of the 

motor.

A.n.2 Production of ( l+2s ) component due to

Torque Ripple

Considering the 2s torque ripple caused by the fault component, it is then possible to calculate the 

effects which this has upon the speed of the rotor.

D d(.iR,ppie! dt = T„, (A.II.2.1)

( Assuming D is the inertia of the rotor and that a constant load torque is applied )
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d®Ripple / dt - Trot ! D 

fflRipple = J Trot / D dt

= T/D J cos ( 2s&)s t + a - p ) dt

= T/2Dsm5 sin ( 2sco31 + a - (3) (A.IL2.2)

The mean rotor speed may now be considered to comprise of the average rotor speed along with the 

effects of the speed ripple, eq. (A.II.2.2). The complete rotor speed expression being shown in eq. 

(A.II.2.3).

(Br - ( 1 -s ) ro, / 2 + 8 / s sin ( 2s(B5 t + a - p ) (A.II.2.3)

The rotor main field may now be expressed within the rotor reference frame. Where 0‘ and P‘ 

represent the rotor reference frame.

br = B, cos ( scBs t - 20‘ - P‘ ) (A.n.2.4)

In order for the above to be considered in the stationary stator reference frame, a conversion of the 

form of eq. (A.II.2.5) is used resulting in eq. (A.II.2.6).

33stator bRotor T f dt
IlRotor ~ Il.Stator “ f ^It

bRolor = O.Stator ' f ( 1'S ) Ol, / 2 + 6 / S Sill ( 2SC0, t + (X - p ) dt

ORotor = Ostaior'( 1-s ) t / 2 - 8 / 2s^ w, COS ( 2scir, t + <x - p )

(A.II.2.5)

Ilstator and ORotor ,

= B, cos

= Br cos

= Br COS (A.II.2.6)

Using Euler’s identity, o'” = cos 0 + j sin 0, and only considering the real part, it is possible to express 

eq. (A.II.2.6) in terms of exponentials.
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(A.IL2.7)

If the series c" = 1 + x / 1! + ! 2\ + x’ / 3! + ..... is considered to the
^(5 / =2 CIS cos (231.51 +ex-p)) maybe re-written as cq. (A.II.2.8).

first harmonic.

1 + jS / S‘ <Bs cos ( 2S(Bs t + (X - P ) (A.II.2.8)

Replacing cq. (A.II.2.8) into the rotor field expression, cq. (A.ll.2.7), and taking

Euler’s identity results in cq. (A.11.2.10) being obtained.

the converse of

=> Br |{ cos ( G), t - 20 - p‘ ) + j sin (g), t - 20 - P‘) }.

{ 1 + jS / s^ G), cos ( 2sg), t + (X - P ) } I (A.II.2.9)

=> Br I cos (Cl), 1 - 20 - P') + j sin (m, t - 20 - P‘)

+ j8 / s^ Cl), cos ( 2sci), t + ex - p ) cos ( G), t - 20 - P‘ )

+ / s^ Q), sin (g), 1 - 20 - p‘) cos ( 2sg)s t + ex - p ) |

=> Br I cos (G), t - 20 - P‘ ) - 6 / s^ G), sin (g), t - 20 - P‘) cos ( 2sg)s 1 + a - p ) 

+ J { sin (g), t - 20 - P‘) + 5 / s^ g), cos ( 2s&), t + ex - p ) cos ( g), t - 20 - P‘ ) }|

(A.n.2.i«)

Considering again only the real part of cq. (A.II.2.10), and making use of the trigonometric identity,

cq. (A II.2.11), results in cq. (A.II.2.12) being formed

sin A cos B = 1/2 { sin ( A+B ) + sin ( A-B ) }

=> Br I cos (Cl), t - 2Q - P‘ ) - S / s^ (I), sin (m, 1 - 20 - P‘) cos ( 2so), 1 + a - p )|

=> Br ( cos ( G), t - 20 - P‘ ) - 8 / 2s^ G), { sin (g), t - 20 - P‘+ 2sg), t + a - p )

+ sin ( G), t - 20 - P‘- 2sg), t - a + p ) }]

=> Br I COS ( G), t - 20 - P‘ ) - 5 / 2s^ G), { sin (( l+2s )g), t - 20 + ex - ( p‘+p ))

+ sm {{ l-2s )g), t - 20 - (X + ( P-P')) }[

(A.IL2.11)

(A.II.2.12)
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(A.IL2.13)

From cq. (A.II.2.13) it can be seen that the effect of a speed ripple caused by the 2s torque oscillation 

which in turn is caused by the presence of the ( l-2s )f, fault component, is to create a component 

within the air-gap field which contains both a ( I-2s )f, component in addition to a new component at 

(I • 2s )J,. Thus, the oscillations due to a rotor anomaly will cause additional ( I-2s) components to 

occur and a new set of components at (I (2s) to be present.
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Appendix III

Modulation due to Fault Component

Third Harmonic

Hargis [IS] ct al. slate that due to third harmonic components within the stator caused by saturation 

effects or supply imbalances, a component will be generated at ( 1 --2s )f, Hz which enhances the 

frequency components already in existence should the rotor contain any form of asymmetry.

If the rotor contains an asymmetry, then from Appendix I it was shown that frequency components 

will occur at ( l-2s )f, Hz. The third harmonic of this fault component will therefore occur at 

eq. (A.lII.l).

(1 - 2S3 )f, (A.III.l)

Where S3 = ( - ci\ ) / 3m„

= 1
(A.in.2)

Replacing eq (A.HI.2) in eq. (A.111. 1),

= 1



(A.III.3)

In conclusion, third harmonics present within the supply voltage will cause a modulation of the supply 

component, which ultimately enhances the frequency components occuring at (I ^2s)f„ cq. (A.III.3).
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Appendix IV

Fault Frequency Component

Induction and Interaction

When a balanced three phase supply is placed onto the terminals of a three phase stator winding, a 

rotational field rotates at the angular velocity of m, radians / sec. This field, which has a frequency of

Hz, similar to the source creating it, induces EMF’s within the rotor circuit al a frequency of, 

■vA'j Hz, Figure | A.IV. 11. Should an asymmetry be present within the rotor, the currents which arc then 

present cause two counter rotating magnetic fields to be present. These fields, in turn induce 

frequencies at ±s{'\ Hz. The positive rotating component interacts with the stator field. 

Figure | A 1 V.21, whereas the negative component induces EMF’s within the stator with the frequency 

of ( l-2x ) !•', Hz. These EMF’s now interact with the rotor currents of frequency Hz, 

Figure |A.IV.2|. The iiitcraclion between the ( l-2s )}<', Hz currents and the fundamental magnetic 

field can be shown via simple mathematical relationships to produce an oscillatory torque which has 

an oscillation frequency of 2.s Hz, Figure |A.IV.2|. The oscillation within the torque, and hence, the 

speed of the rotor, causes both a reaction current al a frequency of (I-2s )l-\ Hz and a new component 

to occur at a frequency of ( I t 2s)l'\ Hz. The currents which now flow within the stator circuit at a 

frequency off/* 2s )!■} Hz consequently produce a rotating magnetic field which rotates at 3sP\ Hz 

with respect to the rotor, Figure 1 A.1V.31. If a similar procedure is repealed with a broken bar present 

within the rotor, the currents which arc generated by the corresponding EMF’s will produce two 

rotating fields, this lime al frequencies of ±3sF’, Hz. Again, the * 3sl’\ component will react with the 

originator. Figure [A.IV.2]. Similarly, the ( I-4sHz component will now result in a torque ripple 

which as is shown within Figure |A.IV.2| oscillates at 4sF'' Hz, thus producing a ( 1 f4s )!•} Hz 

component back within the stator.
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In conclusion, a rotor which contains an asymmctiy^ will produce f 7 - 2s )Fs H?. components within 

the stator circuit. The resulting 2sl'\ Hz oscillations within the torque will then cause a further 

7 l-2s Hz and a new ( l+2s )P} Hz component to be present within the stator winding. The 

resultant (I-2s Hz component being a combination of effects from both the rotor asy mmetry and 

the resulting torque ripple. Finally, due to interactions, similar reactions will take place thus 

producing further harmonic components w ithin the air-gap of the motor w hich w ill cither improsc or 

hinder the operation of the induction motor.

F, = N, p; Now, I-', = ( 01 - ) p

Fr = Nr p; = ( soi, ) p

= s N, pS = ( (!1, - fj'r ) / (■’■’s;

sm, = 01, - 01,;'s = sF,.

sFs = - If. or 01 (w.r.t.r) = 0), - 01,

= Fs - ( FJ I-s ))

= -sF,.

Figure [A.IV.l] Supply Frequency with respect to Rotor.

Figure 1A.IV.2I Frequency Components Present due to Rotor Asymmetry.
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Stator Frequency = ( l+2s ) f, 

co (w.r.t.r) = tils - fl), 

= ( l+2s)F,-(FJ 1-s))

= 3sF,

Fit»urc [A.IV.3] Production of 3sf Component from Fault Component.
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Appendix V

The Generalised Expression

The Wigner Distribution is not the only Tinic-Frcqucncy representation available. As mentioned 

previously another Time-Frequency representation is that of the Short Time Fourier Transform, 

STFT. As will be shown there is a link between the STFT and the WD through a generalised 

expression which links the Time-Frequency distributions.

The generalised class of Time-Frequency signal representations was introduced by Cohen |91|. eq 

(A.V.l).

cr(t.w, («) =

(A.V.l)

Where <I’ is an arbitrary kernel function which determines the particular representation of the class.

Introducing the functions (^f<t,x) = f(l + x / 2)f"(t - x / 2) and = F(m + ^ / 2)F (m - ^ / 2) the WD

can be rc-written as that in eq. (A.V.2).
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00 *

WD(t,ry) = f x(t + t / 2) x (t - r / 2) dr
-aa

00

< f(t,r )dr
-CQ

(A.V.2)

This may also be expressed within the frequency domain as that shown in cq. (A V.3).

00
WD(ffl,t) = 1 / 27r jF(ty + ^ / 2)F*((y - ^/2)e-'^‘d^

“00

(A.V.3)

Another form of Time-Frequency representation is the Ambiguity Function, eq. (A.V 4)

(A.V.4)

Using the above definitions, cq. (A.V.4) may be defined in time and frequency as follows.

00

Af(^, r) =
-00

(A.V.5)
00

Je r/(^, co) drz?
-00

From these expressions it is clear that the Wigner Distribution and the Ambiguity Function arc related 

by a two dimensional Fourier Transform. Using this definition of Ambiguity Function within the 

Generalised Equation, cq. (A.V. 1) may be written as cq. (A.V.6).
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(A.V.6)

Alternatively using the definition of the Wigner Distribution, Cf may be written as:

00 00

Cf(t,ry, O) = I / 2;7' J (t-r, ry - <^)Wf(r, )drdi^
-00 -00

(A.V.7)

00 00

(t,ty ) = 1 / 2;r J ‘ r)d^ dr
-00 -00

(A.V.8)

If the WD kernel = 1, then this will lead to the WD via cq. (A.V I). Similarly, the AF kernel to 

depend upon t and ro, then using cq. (A. V. 1) the AF, cq. (A. V.4), may be obtained.

By definition a Spectrogram is obtained from the Short Time Fourier Transform, STFT. The STFT is 

calculated via cq. (A.V.9).

00

Ft(ry) = f(r) h(r - t) dr
-00

(A.V.9)

T ire Spectrogram of the signal under analysis, S(t.m), is obtained by taking the magnitude squared of 

the obtained STFT, for all values of t

S(t,<y) = I F(fj) |2 (A.V.IO)

As the WD law 2.39 |86| states,

(A.V.II)

The definition of the STFT, eq. (A. V. 10), can therefore be re-written taking account of this WD law.

cq. (A.V.12).
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00

S(t, (y) = JWf(r,(y)dr
-00

(A.V. 12)

As the Spectrogram in reality will make use of windows in order to obtain finite data lengths, the WD 

of a windowed signal will be given by eq. (A.V. 13).

00 00

S(t, (o) = 1 / In J f Wf (r, n )Wh (r - t, a - n) dr dn
-00 -00

(A.V. 13) 

This equation is obviously of the same nature to the generalised Time-Frequency e.xpression 

developed by Cohen, eq. (A.V. 1). In fact eq. (A.V. 13) may be obtained from the General Equation if 

the following kernel is used in eq. (A.V. 1).

^?s(r, = Wh(-r, (A.V. 14)

Therefore the Spectrogram of a signal is a special representation of the Generalised Equation, eq. 

(A.V. 1), generated by the use of a kernel which is in fact a Wigner Distribution.
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Appendix VI

Three Phase Simulation Model

A.VI.l Background Theory

The three phase simulation. De Sarkar |47|, represents a far more computationally intensive 

technique than that of the previous two phase simulation. The basic form of the program is the direct 

solution of the three phase induction motor equations which describe the nature of the \oltagcs 

induced within the individual windings of the motor.

Taking eq. (A.VI.l), commonly known as Maxwell's circuit equation, and applying it to each 

indixidual phase within a three phase induction motor. Figure |A VI.1|, results in the six equations 

defined by eq. (A.VI.2).

(A.VI.l)

The resulting matrix of equations may further be expressed in terms of the individual w inding flux 

linkages. Neglecting any core losses, saturation effects, and space harmonics, the \'oltagc balanced 

equations for the three phase wire-wound rotor induction motor arc given by eq. (A.VI..3), with eq. 

(A. VI.4) defining the expressions in terms of matrix algebra.

A-VI-i



4-

^sa
◄-------- ►

>

Figure lA.VI.il Three Phase Induetiuii Motor Simulation Model.

el = Rill + p[Lllil + M12i2

e2 = Rill + p[L21i 1 + M22i2

e3 = Ri31 + p[L31il + M32i2

e4 = Ri41 + p[L41il + M42i2

e5 = Ki 51 + p[ L51 i 1 + M52i2

e6 = Ri61 + p[L61il + M62i2

+

+

+

+

+

M13i3 . . . M16i6]

M23i3 . . . M26i6]

M33i.3 . . . M36i6]

M43i3 . . . M46i6]

M53i3 . . . M56i6]

M63i3 . . . M66i6]

(A.VI.2)

el = esa = pvArt + Rsisa

e2 = esb = py/sb + Rsisb

e3 = esc = p^zve + Rsisc

e4 = era = pi//?-fl + Rrira

e5 = erb = p^/rh + Rrirb

e6 = ere = p^/rc + Rrirc

(A.VI.3)
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[e] = p [(/] + [Rji] (A.VI.4)

Re-arranging eq. (A.VI.4) in order to obtain an expression for flux linkage, results in eq. (A.VI.5). By 

taking the general expression for flux linkage, eq. (A.VI.6), and solving for the phase current results 

in eq. (A.VI.7), where the flu.x linkages arc defined by eq. (A.VI.8) and arc equated from eq. (A.VI.5). 

The phase currents being defined by eq. (A.VI.9) and the inductance matrix by eq. (A.VI. 10).

(A.V1.5)

(A.VI.6)

(A.VI.7)

M = (A.VI.8)

Pl - [isa, isb, isc, ira, irb, irc]^ (A.VI.9)

Lss Mss Mss Msr COS ) Msr COS ((? ) Msr COS {d )

Mss Lss Mss Msr cos {p} Msr cos {6 } Msr cos (^)
Mss Mss Lss Msr cos {(j) ) Msr cos {p} Msr cos (0)

MsrCOS ((?) Msr cos (p) Msr COS ) Lrr Mrr Mrr
Msr cos {(j)) Msr cos {O') Msr COS {p ) Mrr Lrr Mrr
Msr COS {p) Msr cos ) Msr cos {6 } Mrr Mrr Lrr

(A.VI.IO)

where.

(}) = 0 + 27t / .3 and p = 0 - 2?! / .3

The calculated values of phase current arc used w ithin the simulation to obtain predicted values of the 

electrical torque, eq. (A.VI. 11).
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Tc = -polepairs Msr

(A.VI.11)

'PS*The depcndeiiec of M„, within the inductance matrix, |L| eq. (A VI. 10), upon the value of rotor 

electrical angle, 0, is unlike any of the previous two phase simulations, where the two axes 

transformed equations have their dependence on 0 changed to a dependence on rotor speed, 61,. Due to 

this, the inductance matrix must be solved via a step by step approach, and hence, requires the level of 

rotor electrical angle to be calculated at each step.

Such a value is obtained by the integration of the general speed equation, cq. (A. VI. 12). On separating 

this 2nd order differential c.xprcssion into its two first order components, cq. (A VI. 1.3) and cq. 

(A. VI. 14). the resulting expression, cq. (A.VI. 15), represents that which is required to obtain the level 

of rotor electrical angle.

d m + (A.VI.12)

dry Ill

dt
J (Tc - Till - 3(fy ill)) (A. VI. 13)

d6^ni
--------- = (t) m

dt
(A.VI.14)

0 Ill = S ! polepairs (A.VI.15)
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A.VL2 Conclusion

Since the equations used within the three phase simulation which describe the induction motor are 

dependent upon rotor electrical angle and time, then it follows that during the transient period in 

which the simuiauon is to be operated, the expressions become non-linear difTercntial expressions.

The solution of these expressions is obtained by a suitable step by step mathematical approach which 

contains a sufficiently small step length. Two general methods of this type of solution arc firstly, a 

multi-step method whereby values of previously calculated ordinates arc required further to the 

calculation of further ordinates and secondly, a one step method whereby the values of previously 

calculated ordinates arc not required within the calculation of further ordinates.

The Runge Kutta method, employed as the integration method by Elder |89] within the simulation 

belongs to the latter classification. The consideration between the selection of the individual 

numerical techniques being the overall numerical stability achieved by the technique, the simplicity of 

the respective algorithm, and finally the nature of the problem to be solved.
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Appendix VII

The Rogowski Coil

A.VII.l Introduction

The Rogowski Coil was first used by Chattock |92| in 1887 when a long flexible coil of conducting 

wire was used as a magnetic potentiometer in order to make magnetic reluctance measurements. This 

technique was further investigated by Rogowski and Stcinhaus [93] in the early 19()()’s.

The Rogowski Coil operates using a simple principle whereby an air-cored uniformly wound coil is 

placed around a conductor in a toroidal fashion. The magnetic field emanating from the current 

within the conductor induces a voltage via Faraday’s Law which is then proportional to the currents 

rate of change.

A.VII.2 Review of Current Transducers

A current signal may be obtained from an electrical system by one of three main techniques. These 

methods being that of a Potentiometer, Current Transformer or Rogowski Coil. Although the Current 

Transformer (CT) has been well documented to be a successful current transducer it has been found to 

contain certain properties and restrictions which limit the number of applications to which such a 

device can be employed. Limitations with which the Rogowski Coil, as will be discussed, arc not 

applicable.

The Rogowski Coil consists of a toroidal wound coil of wire which contains no iron core within the 

device. Due to the lack of a high permeability iron core the coil is no longer open to saturation 

problems which arc ever present within the CT set-up. In a CT the saturation which is caused via the 

iron core causes the output of the sccondaiv' winding to fall to such levels as gross inaccuracies in the 
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current ratio become probable. In order for the CT to overcome the possibility of saturating when 

monitoring the current signal, the iron core within the CT must be designed so that it is of sufficiently 

high quality and large proportions, thus rendering the CT far to bulk)' in terms of physical size, 

weight and overall expenditure.

As the Rogowski Coil draws no output current it is possible to design a coil which is manufactured 

with thin core wire, therefore making the Rogowski Coil a light weight and compact transducer The 

Rogowski Coil is also a more practically orientated current transducer than that of a potentiometer 

system or CT, in that it may be fitted to a system after the systems installation The worm coil being a 

typical example of this form of portable Rogowski Coil. This leads to easy use within on-site 

measurements where temporary' fittings of transducers arc required. A CT is more suited to fitting on 

a permanent basis although portable CT’s have been used in the past. These CT’s, however, require a 

split core set-up and as any amount of air-gap within the CT’s iron path severely reduces the output of 

the device, accurately machined core faces arc required along with some form of locking clamp 

mechanism This obviously increases the overall cost of the device and although there is a split within 

the core the devices arc still cumbersome to install.

Another limitation of the CT is that in order to obtain a flexible ratio of primary to secondary currents 

a tap must be introduced into the secondary circuit of the transducer. The Rogowski Coil ratio, 

however, depends upon the number of times that the coil is wound around the required conductor 

With this property it is possible to monitor conductors which arc of different dimensions without the 

necessity of splitting the monitoring device.

The Rogowski Coil is found to have a wider operating bandwidth and a greater accuracy than the CT, 

thus allowing currents ranging from milli-amps to millions of amps to be monitored. The coil gives a 

low harmonic distortion to the monitored signal and has a good phase integrity. For calibration 

purposes, as the coil produces a linear output it is possible to calibrate the transducer once the device 

has been installed. The device is found to be damage free from almost any overload and is capable of 

measuring fast rising transients.
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A.VIL3 Rogowski Coils - Industrial Applications

Some typical industrial applications of various forms of Rogowski Coils are as slip current measuring 

devices within wound rotor induction motors, current detectors on generator main output connectors, 

the monitoring and testing of uninteruptablc power supplies, partial discharge measurements and the 

detection of spurious currents within transformer pipework.

A.VIL4 Physical Description

A Rogowski Coil may be generally classified into one of two basic formats. Those being a rigid 

toroidal coil which arc more suited to permanent monitoring applications and those with a flexible 

worm coil which due to their nature arc perfect in design for semi-permanent and portable 

applications.

A.VII.4.1 The Rigid Toroidal Coil

The rigid toroidal coil is formed by winding the transducer coil on a non-ferrous rigid former. This 

results in a monitoring device which is both very stable and accurate, but is less versatile than the 

worm coil format. As mentioned this form of coil is best suited to applications whereby a high degree 

of performance is involved.

A.VII.4.2 The Flexible Worm Coil

This form of Rogowski Coil is formed by wrapping a thin coil of wire around the current earning 

conductor in a normal fashion. The coil may be wrapped around the conductor any amount of times as 

the sensitivity of the overall transducer will increase with the number of times with which the coil is 

w rapped around the conductor. The main advantage of this coil is that it is able to fit a conductor of 

\ irtually any dimension or shape and may be easily used when access to conductors is restricted.

In general, both formats of Rogowski Coil should have their coils positioned at an angle which is 

normal to the current carrying conductor, thus reducing the sensitivity with which the coil may ha\c 

to any external sources of magnetic fields. Should external magnetic fields be a problem then metal 

shields may be placed around the coils to reduce the effects on the induced voltage from interfering 

conductors.
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A.VIL5 Theory of Operation

The operation of the Rogowski Coil relies upon the coil sensing the magnetic field w hich is emitted 

from a current carrying conductor. The mathematical relationship which defines the theoretical 

operation of the coil is know n as Ampere's Law; however, any derivation of this law is outwith the 

scope of this thesis.
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Appendix VIII

Rotor Bar Current Acquisition

A.Vni.l Introduction

In order to investigate the nature of the rotor bar currents, both in terms of frequency content and 

amplitude when under normal and faulted periods of operation, it was necessary to develop an 

acquisition system which would enable the digitisation of 18 out 

currents. Using a Rogowski worm coil Ihc method of obtaining the 

main avenues of development. The first. Single Bar Acquisition,

developed for acquiring data within the f/1/V« health monitoring system. The main difference 

between the two being a change in current - voltage transducer. The second acquisition method 

iinolvcd a more complicated set-up. In this system an acquisition system which allowed synchronous 

Multi Bar Acquisition was developed.

of the 36 individual rotor bar

rotor bar currents followed two

was similar to that prexiously

A.Vni.2 Single Bar Acquisition

As a means to obtain a single rotor bar current, a signal conditioning circuit in conjunction with the 

individual 18 transducers \ ia the interface panel was developed. Since the Rogowski coils give a 

\oltagc dependent upon the alternating current flowing through the rotor bars at the terminals of the 

coil, a conditioning circuit which has the capability of obtaining a differential voltage was required. 

Utilising an instrumentation amplifier along with signal protection techniques, the signal 

conditioning circuit shown in Figure |A.V111.2.1| along with acquisition software developed via 

LabWindows was developed.
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Since the pick-up transducer and necessary transferring cabling pass through areas which arc highly 

contaminated with EMC, i.e. the inside of the IGM and within the general area of the laboratory 

environment, it was felt that some form of signal protection would be required for the conditioning 

circuitrv as the amplitude of the signal, prior to any form of conditioning, w ould be small and prone to 

anv distortion.

Rogowski

Rotor Bar

Figure |A.VIII.2.1 ] Single Current Aequisition Conditioning Set-up.

Several techniques involving signal protection techniques were investigated, including the careful 

choice of earth connections and use of different forms of cabling between the machine interface panel 

and conditioning circuitry’ aswcll as within the IGM itself.

The technique, however, which was found to reduce the effects of interference the most in this 

application can be seen in Figure | A.V111.2.2|. Here the use of twin core screened cable feeds the 

signal into a high precision instrumentation amplifier which produces and amplifies the necessary 

differential signal. The circuitry, the screened cores and the circuitry container arc all protected via a 

guard voltage. This produces an easier path for noise interference to travel to ground and reduces the 

effects of capacitance between the signal wire and the signal screen causing stray paths to occur. The 

guard voltage is supplied via the instrumentation amplifier used.

The circuit shown in Figure | A. VI 112.31 shows the complete circuit including guard voltage for the 

single bar acquisition set-up. Figure (A.VIII.2.4| shows the hardware required for successful 

acquisition of single bar currents. The acquisition software required was dc\clopcd from that 

previously used by the CAPro monitoring system, sec Chapter 4.
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Figure A.Vni.2.21 Guard Voltage Technique.

Figure (A.VIII.2.3| Complete Single Bar Current Acquisition Circuitry.
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Figure |A.VIII.2.4| Single Bar Acquisition Set-up.

A.Vin.3 Multi Bar Acquisition

Only 18 out of the 36 rotor bar currents would be digitised so as to reduce the problems associated 

with physical space within the IGM. The first basic acquisition system to be developed allowed the 

currents picked up by individual Rogowski worm coils to be fed to analog multiplexers which, via a 

control section, act like a switch accessing the individual 18 rotor currents in turn and passing the 

associated voltages to an instrumentation amplifier which derives a differential voltage for the 

particular worm coil, amplifies it, and passes it onto the P.C. via a LabWindows acquisition card.

This method of acquisition however did not allow synchronous acquisition to be achieved. In order for 

this to occur the addition of sample and hold IC’s was required to allow the rotor bar currents to be 

frozen in time, thus allowing the P.C. to store synchronised data following a suitable choice of sample 

rate. The introduction of the S/H capability within the acquisition system therefore resulted in another 

section to be controlled via the control section.

Results using this acquisition circuit however were not satisfactory'. The levels of current being used 

as test signals were not picked up sufficiently outwith background noise levels. In order to introduce a 
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certain amount of amplification before the analog nuiltiple.xcr. the instrumentation amplifier was 

brought to the input side of the analog switch, this signifies a marked increase in the amount of 

components required within the design but was deemed necessary to allow the extra amplification 

required, thus allowing the S/H and multiplexer a decent voltage to work with rather than the low 

levels currently used within the previous designs.

Figure (A.Vni.3.1| shows all 18 Rogowski worm coils connected to their respcctixe S/H and lA 

circuits. The diagram shows how the formation of the 18 to I analog switch mechanism was 

developed using standard 8 dual channel devices.

In order for the system to operate correctly a substantial level of control was required. The controlling 

signals arc generated from digital clocks and undertake many controlling operations such as liming, 

counting and handshaking.

Figure I A. VIII.3.2I summarises the individual subsections of the main control section. In all there arc 

seven such subsections each of which arc discussed within the following sections.

Figure I A. VIII. J.21 Sub-sections within Control Section.
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Figure |A.Vni.3.11 Multi Bar Acquisition Set-up.
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A.VIII.3.1 Mux. 1, Mux. 2, Mux. 3 and Mux. 4

These are the four analog multiplexers used within the design of the acquisition system. In order to 

control these switches four signals were required to be sent to the individual ic. these signals being an 

Enable and three Address lines.

Three 8 .x dual channel switches are used to access the 18 individual rotor bar currents. The outputs of 

these three switches arc brought to a single differential output via the fourth switch as can be seen in 

Figure fA.VIIl.3.1.1).

A.VIII.3.2 Sub-Controllcr 1 (Counter 1)

This is the control circuit which allows the first two analog multiplexers. Mux. 1 and Mux. 2. to 

access all 8 of their differential channels in a sequential order. This control circuit has three outputs, 

the address lines that count from 0 through to 7. and one input, a signal sent from the master control 

circuit to this sub-circuit indicating that counting should proceed.

A.VIII.3.3 Suh-Controller 2 (Counter 2)

This control circuit docs a similar task as to Counter I in that it controls the third remaining analog 

multiplexer. Mux. 3. As 18 rotor bar currents arc digitised then only 2 dual channels arc required in 

this switch. The control circuit therefore only requires to count from 0 to 1. The circuit contains two 

output lines: the address lines and one input line, the line indicating that counting should proceed.

A.VIII.3.4 Suh-Controller 3 (PC)

As the PC acquisition circuit is similar to that used in the CAPro system only one input is required, 

the Exteonv signal. This signal indicates to the PC that a conversion of current data should be 

executed, and is required to be supplied from an external source. The master control circuit is 

therefore required to generate this signal.

A.VIII.3.5 Master Controller

The Master controller dictates to the three other sub-controllers when, and when not. to operate. The

Master controller also has a task of operating the fourth analog imiltiple.xer. Mux. 4. This being the 
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final step in multiplexing the 18 analog inputs down to one singular input, which is then placed into 

the input of the LabWindows acquisition card within the PC.

A.VIIL4 Control System - Timing

In order for this control section to operate correctly, the design must be made around a series of 

synchronised timings and handshaking events. Figure | A. VIII.4.11 shows the timing required prior to 

correct operation of the control section. Tabic (A.VIII.4.1) presents a glossary of the signals used 

within the control section.

A.VIILS Master Controller

Figure |A.VII1.5.11 through to Figure [A.VIII.5.5) show the finished circuits of the developed multi­

bar acquisition system. It should be noted that the 18 individual instrumentation amplifiers are similar 

to that used within the single bar acquisition. The clock circuitry is also similar, in that a schmitt 

trigger set-up is used, the din'crence between the two applications being a faster clocking rate within 

the multi bar acquisition.

The software developed to acquire the data from the output of Mux. 4 was developed from that of the 

acquisition software within the CAPro monitoring system. The program dc\elopcd enables the 

operator to acquire both single and multi-bar data, the operator being only required to select the 

appropriate clock timing for the required application. The essential model for this software is shown 

in Figure | A. V1II.5.6| (a), (b) and (c).
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Figure lA.VIII.3.1.11 Multi Bar Acquisition Set-up.
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Figure IA.VIII.4.11 Multi Bar Acquisition Timing.
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Clock:

S/H:

Signal developed from a schmitt trigger circuit which is used to 

generate the pulse which is used to synchronise all operations within the 

multi bar current acquisition system.

A pulse generated from Exteonv’ and used to trigger Sample and Hold IC

Mux. 3,

Mux. 2, Mux. 1: Enable signals for the analog switch multiplexers.

Countcrl,

Counter: Enable signals for counter circuits.

A2, Al, AO: Address lines for Counter 1.

Al’,AO’: Address lines for Counter.

ExtConv :

Convert:

Signal required by LabWindows acquisition board to begin conversion.

Conversion undertaken on falling edge.

Table | A.VII.4.11 Glos.sary of Timing Signals.

Figure (A.V1II.5.11 Clock Circuitry - Single and Multi Bar Acquisition.
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Figure [A.Vlll.5.6] (a) Rotor Bar Current Acquisition Essential Model.
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Figure [A.Vni.5.6| (b) Rotor Bar Current Aequisition Essential Model.
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1 - Rotor 0; 19 - GctCtrlVal (); Screen ();

2 - ConfirmPopUp (); 20 - Grab_Tri_Data (); 37 - Fread ();

3 - LoadMenuBar (); 21 -Calloc 0; 38 - DAQ Vscale O',

4 - GetUserEvent (); 22 - Fopen ();

5 - SelcctDataFilc ();

6 - MessagePopUp (),

7 - FilcSclcctPopUp 0,

23 - Al Configurc ():

24 - DAQ Config ();

25 - DAQ_Triggcr_

39 - DAQ DB Halfready:

40 - DAQ_DB_Transfcr ().

41 - Display Currents ();

42 - Display_Rangc ();

8 - Sample (); Config 0; 43 - SetAclivePanel (),

9 - UnLoadMcnuBar (); 26 - DAQ DB Config (); 44 - ScllnpulMode ();

10 - Data_Acquisition ();

11 - Rotor Current

Selection ();

12 - Singlc Acquirc ();

13 - LoadPancl ();

27 - Timcout Confiig ();

28 - DAQ Ratc ();

29 - DAQ Start ();

30 - DAQ Check ();

45 - Load_Single_Currcnts;

46 - Fscck 0;

47 - DclctcPlots ();

14 - DisplayPancl ();

15 - UnLoadPancl (),

16 - Grab Data ();

17 - Tri Acquirc ();

18 - Sample Length ();

31 -DAQ Clear 0;

32 - Fwritc ();

33 - Fclosc 0;

34 - Free ();

35 - Conversion ();

36 - ClcarGrapliics

48 - Ploty 0;

49 - Display_Rangc_2 ();

50 - Display_Rangc_3 ();

51 - Load_Singlc_Samp_

Currents ();

52 - Entcr OlTscl (),

53 - Closcintcrfacc

Manager ();

Figure IA.VIII.5.61 (c)

Essential Model Glossary.
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