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The ideal squirrel cage motor should have a varying rotor resistance; large at standstill, and 

decreasing as the speed rises. Overseasdesigned high impedance rotors try to fulfil these 

conditions - mostly used are double cage rotors and die cast aluminium rotors. However, in the 

South African coal-mining industry these rotors recorded high rate failures with heavy financial 

losses. As a result, the need for an alternative rotor type that was able to comply with basic 

conditions ignored before appeared on the market: 

Higher reliability with extended life expectancy 

Lower total ownership costs 

Easy re-manufacturing with components available on the market 

Specific performance stability at competitive price 

Over the years, only two principles were tacitly accepted in designing squirrel cage rotors: 

t .  For a single cage rotor, in a circumferential direction around the rotor the squirrel cage bars 

are placed in the same cylindrical shell, with the same shape and same conductivity. 

2. For a double cage rotor, the same rule as above applies; however, in the radial direction, 

the bars have different shapes and typically different conductivities. 

The Invention is based on a new principle, 1.e. "in a circumferential direction around the squirrel 

cage rotor, squirrel cage bars may Rave different conductivities and same shapes, or different 

conductivities and different shapesn. 

Mixed Conductivity Fabricated Rotors (MCFR) are designed and manufactured based on this 

new principle, and are able to withstand the harsh South African mining conditions. 

Since patented, the invention has been materialised in a set of special rotors powering 

continuous miners of a reputable coal-mining house, which was spending about R5 million 

annually on replacing specific imported die cast aluminlum rotors only. 

Fully complying with the above-mentioned basic conditions. the patent offers a large variety of 

technical and economiml advantages, increasing mining processes efficiency beyond 

expectations. 



The thesis describes the MCFR's design adaptability by altering the rotor design lo meet the 

demands of a specific engineen'ng application as a base line of drives design. 

The patent is part of the new South African trend of increasing processes efficiency. It offers 

large possibilities of designing dedicated motors with a positive impact on the South African 

economy. Some socio-economical advantages are worthy of considerable study: 

Being locally manufactured, the MCFR may reduce the caurrtry's economical dependence. 

Requiring no special expertise, the MCFR can be produced in any quantity and size without 

excessive investment. 

The MCFR offers an alternative option (product interchangeability) on the market as well as 

sound campetition (with export potential). 

The patent ensures business susIainability conditions which diffuse financial constraints on 

motor manufacturers and end-users during the re-capitalisation process (very loaded In 

South African economic and industrial environment). 
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Chaplet 1 : Introduction 

CHAPTER I : INTRODUCTION 

This thesis forms part of the South African movement towards the global concept of eficiency. Some 

features of the global approach towards efficiency are highlighted. A particular example of application 

engineering in mining industry reveals hidden economical implications. 

Contributions of this research and invention have formed part of new trends in electric motor 

manufacturing and the repairing industry. 

1.1 The global concept of efficiency 

This millennium is marked by a new trend: EFFICIENCY. 

The new monetary policy promoted by the South African Reserve Bank together with the energy 

and materials crisis in the world has had a huge impact on the South African industry by 

introducing the new concept of efficiency at all horizontal and vertical levels (technical, 

economical, financial, etc.). 

The efficiency concept is present at all levels of industrial activity. This concept is actually driven 

by "energy efficiency" concept as mentioned in the Intergovernmental Panel on Climate 

Change [I], and specifically re-defined by the Federal Energy Management Plan [2]. 

The Johannesburg World Summit on Sustainable Development concluded that changing 

unsustainable patterns of energy use is a key area for global action to ensure the survival of our 

planet. 

Numerous international scientific conferences [3], 141, [5] ,  [6], [7j stressed that energy emciency 

improvements in various industrial processes, residential appliances, heating equipment, and 

lighting can play a key role in assuring a sustainable energy future and socio-economic 

development. and at the same time mitigate climate change. 

1.2 South African industry evolution at the beginning of this 

millennium 

South Africa's real growth rate in value-added manufacturing in the mining industry was 1.4% 

for the period between 1997 and 2002. This figure compares poorly to the average rate of 3.9% 

for developing countries and the average of 5.8% for "transitional economies" [8]. In 2005 the 

Department of Trade and Industry (DTI) revealed that employment in the industry was falling at 

an average of 8.4% a year. 
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'The declining share of manufacturing is perhaps the best evidence that the business- 

economics environment for manufacturing is poor versus the competitors", says Roger Baxter. 

Chief economist of Chamber of Mines in an interview with Mining Weekly (91. 

A potential spanner in the beneficiation wheel is the declining contribution of 

manufacturing to the GDP in South Africa. 

One of the explanations can be the misunderstanding of the gtobal efficiency concept. To 

date, there are not any specific references on this subject. However, focusing on South 

Africa, a short discussion is necessary. 

Global approach towards efficiency 

The global approach towards the efficiency concept rejects the excessive profit taken from a 

specific business. In the author's opinion this concept must also incorporate the following: 

Process eficiency control 

Planning and prediction based on the "critical path" method 

An energy efficiency policy (currently in use) 

Logistics efficiency 

Planning regarding total ownership costs (TOC) 

Co-operation of Unions and employees with management 

Encouraging indigenous participation in the process (R&D, products, software) 

Figure 1.1 illustrates a particular TOC structure as a component of the concept of global 

efficiency. 

Inilial investment (11) ' 

Repair & replacement costs (RRC) 

Figure 1.1 TOC structure of an induction motor driving a particular mining process 

This thesis does not intend to develop this complex subject, but some interesting directions may 

be investigated. 
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Example of efficiency in action 

In the actual economical environment, business sustainability requires high-efficiency 

technological processes. In the case of a specific mining house, overseas mining equipment 

was considered suitable for technological processes in South African mines. In order to 

maximize productivity, performances of continuous miners were increased by 200% to 300% 

(rated monthly). This "improved efficiency" obtained by increasing the speed of the process 

contradicted the concept of global efticiency. 

After a while, it became obvious that overseas-designed electric motors that were used to power 

imported mining machinery were not satisfying the harsh South African requirements. In this 

situation the essentials of application engineering were not taken into account when the 

technical solution was assessed. The results became obvious: high financial losses. 

Figure 1.2 shows specific costs indicators variation function of the process speed "v". 

I IC + MC = indirect + IMMWMCO 

Dowtime Produdion Costs - if 10) v 

1 
L Energy 

Costs L 

Figure 1.2 Evolution of specific costs indicators function of the process speed "v" 

According to the efficiency rule, design, concepts and technical requirements, including drives 

and equipment, are becoming more specific. As a result, the performance requirements of 

electric motors are becoming more detailed too. 

Increasing efficiency of technological processes thus requires so-called "dedicated motors" for 

specific drives! 

New specific trends in the electric motor industry 

During the last decade some new trends have appeared on the market for motor manufacturers, 

repairers and end users: 
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According to new regulations in USA [IO], [ I  I ]  and Europe [12), energy efficiency motors 

(EEM) are currently replacing standard motors (available at reduced prices in South Africa). 

Low cost standard motors produced in "mass production" have restricted access to high 

efficiency drives as a result of restrictive regulations and customer requirements. 

For specific applications even EEM cannot always compete with so-called "dedicated 

motorst'. 

Besides high efficiency, the generation of new-dedicated electric motors requires basic 

conditions ignored before (see also paragraph 1.6). 

Increased efficiency of processes is reflected in the escalation of customers' more specific 

requirements in the motor range from low to medium and high voltage (high power) (131. 

The market is offering technical solutions of "dedicated motors", but at higher prices [14]. 

The demand for "dedicated motors" does not always justify a "mass production" level. 

Business sustainability conditions impose financial constraints on motor manufacturers, 

repairers and end-users during the re-capitalisation process. This process is a characteristic 

of the actual South African economic and industrial environment [ I  51. 

The targets prescribed by the South African Department of Minerals and Energy (DME) in the 

last decade 1161, (171, (181 indicate that new efficiency concepts are now breaking the old rules 

that dictate, "As long the initial investment cost is cheap, i t  is good enough." 

The South African electric motors market industry is still divided into two distinct tiers [ I  91: 

Discerning motor market 

Non-discerning motor market 

Both segments have a place in the electric motor market. 

The "non-discerning market" is price driven and the initial cost is usually the chief driver of the 

purchasing decision. This market segment is not specification driven and its focus is not on total 

cost of ownership (TOC). 

The "discerning market" has made great strides in raising the bar in terms of motor 

specifications. Terms like "high efficiency", "class H insulation", "vacuum impregnation", 

"reliability", "TOC", "class B temperature rise" and "increased degree of protection" are 

frequently mentioned and often specified. 

The impact of the energy efficiency concept on the South African industry is already present in 

the detailed specifications of electric motor performance requirements [20]. 

This market segment has been responsible for driving continuous product development. 

As a result, new trends are present in the South African electric motor industry [21], [22]. 

Designing and manufacturing new "dedicated motors" according to specific processes 

Repairing (re-manufacturing) old motors to meet new specific requirements of the drives 

- 4 -  
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I .6 Designing and manufacturing "dedicated motors" for specific 

applications 

The new trend in designing and manufacturing "dedicated motors" for specific applications has 

to accept basic challenges that were ignored before: 

Higher reliability of motor and components 

Extended warranty period and life expectancy 

Easy maintenance and repair 

Easy re-manufacturing of components 

Lower total ownership costs (TOC) of the motor 

Motor and components available on the market at competitive prices 

The proposed MCFR is part of a new trend of designing and manufacturing dedicated motors 

and may contribute to some general impacts on the South African economy [23]: 

Improving technical and economical performances in mining activities by reducing ageing 

process and down-time production losses 

Increasing life expectancy of specific dedicated motors and reducing TOC 

lncreasing competitiveness of South African products to international standards 

Creating new job opportunities as promoting new technology 

Promoting Reserve Bank policy by reducing the import costs 

Developing possibilities of exporting know-how technologies 

Defusing the incipient energy crisis in the country 

New trends in designing and manufacturing dedicated motors for specific applications are 

related to application engineering, the interdependence being presented in Chapter 2. 

I .7 Repairing (re-manufacturing) old motors to meet new specific 

requirements 

A specific characteristic of our country is that a very large variety of electric motors are running 

in the country's industry, providing little satisfaction when referring to TOC. 

As a result, in the South African industrial environment about 20 to 25% of the repaired squirrel 

cage motors need rotor replacement. 

For old motors with cast aluminium rotors this becomes a "writing-off' problem, especially when 

manufacturers ceased the production of rotors (aluminium cast rotors cannot be repaired) [24]. 

By discarding motors, investment expenses related to the re-capitalisation process may reach 

unacceptable values. Typical situations experienced frequently are presented below. 
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Damaged aluminium cast rotors cannot be repaired. 

Aluminium cast rotors replacement is economically prohibitive when production of these 

specific rotors was ceased. 

A motor's application becomes redundant and i t  cannot be used for other applications 

because of its very specific performances. 

Dedicating motors to specific applications always requires restrictive performances when 

rotors have to be replaced. 

1.8 Contribution of this research 

The thesis presents a new type of rotor known as a "Mixed Conductivity Fabricated Rotor" 

(MCFR). This invention holds patent since 2004. 

It is regarded as an original contribution towards the design and manufacturing of "dedicated 

motors" with reference to low voltage motors, used especially in mining activities. 

Although less spectacular than giant high-voltage motors, tow-voltage motors' total power 

ranges from 60 to 68% of the total motor's power. For example, in 1994, it was estimated that 

the summated ratings of the 20 million motors in the UK approached 100 GW, made up largely 

(65 %) of induction motors rated below 150 kW and of an average rating less than 5 kW [25]. 

The thesis offers alternative methods to the market demand according to new specific trends 

existing in the low-voltage electric motor industry. 

The proposed MCFR can be designed and manufactured at a competitive price, regardless of 

the production volume and can be used to repair old motors according to specific requirements, 

especially when squirrel cage rotors have to be replaced. 

By using the MCFR, the motor speed-torque curve (STC) can be adjusted to drive 

requirements, being a useful tool for application engineering in choosing the right performances 

of squirrel cage motors. 

At least two major advantages in promoting this patent as an alternative method in adjusting the 

motor performances must be highlighted: 

1. For the new motors, the patent offers an alternative method of designing and manufacturing 

new "dedicated motors" by using the MCFR with adjustable performances according to drive 

requirements. 

2. For old motors, the patent offers an alternative method of replacing damaged or obsolete 

rotors by using the MCFR to give old motors a new life extension. 

This proposed technical solution has proven to have some relevant advantages related to the 

manufacturing process, costs and reliability. 
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Design and manufacturing of new custom-made motors and squirrel cage rotors at 

competitive prices to suit specific application requirements. 

The MCFR offers a useful tool in application engineering. 

The MCFR with high-reliability indicators can be manufactured at competitive prices, 

regardless of the production volume (for new or repaired electric motors). 

Increased rotor reliability indicator extends the entire electric motor life span. 

The MCFR prevents an early re-capitalisation process. 

It reduces the total ownership costs of squirrel cage motors. 

For these reasons, the patent has been considered a real contribution towards the global 

efficiency concept. 

The proposed method of manufacturing MCFRs has been registered as a National South 

African patent [26], (271 (see also Annexure 1.1). 

Since priority claimed in 2004, the patent has been manufactured, tested, verified and validated 

by various tests and site measurements. 

1.9 Thesis overview 

The essentials of applications engineering are necessary as an input, emphasising how rotor 

design can change motor characteristics. The most significant design variable of the motors is 

the effective resistance of the rotor cage circuits. 

Chapter 3 presents a comprehensive description of the squirrel cage rotor and its circuits and 

components. This is essential in understanding this complex part of an induction motor. Various 

slot profiles with all related properties are discussed. Presentation of various types of high- 

impedance rotors, focusing on double cage and die cast aluminium rotors, completes the 

bibliographic research. 

Chapter 4 presents shortcomings of high-impedance rotors on the market. Photos support the 

original descriptions of failure mechanisms, including the rubbing process. 

General conclusions regarding economical losses on high-impedance rotors with reference to 

South African operational conditions represent the author's contribution to establish a unitary 

approach in various activities related to mining activities. The need for another type of rotor 

becomes obvious. 

Specific South African conditions in designing dedicated electric motors and identification of the 

"weak points" for a unitary motor model were the base lines in designing the "P" family of 

motors. 

Note 1.1: "Weak points" of complex equipment were the componenls with highest failure intensity 

indicator (2) and major weight in increasing value of motor failure intensify R motor, 
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In this "P" family, the MCFR represents one of the major solutions to improving the efficiency of 

the mining processes with all other consequences already presented above. 

Chapter 5 starts with a short story of a specific motor conversion revealing the need for a Mixed 

Conductivity Fabricated Rotor. Specific die cast aluminium rotors, currently used by a reputable 

mining house, generate annually replacement costs in the range of R5 million. Losses related to 

downtime production and repair activities are not included. 

The invention principle is totally different than that currently on the market and no references 

and similar manufactured types could be found. Specialists and academics attending various 

presentations of the invention, acknowledged the novelty of the invention principle. 

A summary of the invention aspects and a description of the preferred embodiments of the 

patent are provided for two main types: MCFRl and MCFR2. This is followed by a description of 

the basic manufacturing process, operating principles and relevant advantages of the patent. 

Chapter 6 provides a theoretical background justifying why the "deep-bar effect" of various bar 

profiles and sizes was chosen for the MCFR design. The author presents main steps in 

designing the MCFRl for new motors and re-designing an aluminium rotor to become an 

MCFR. A complete design of the MCFRl is described with drawings and photos of different 

stages of the manufacturing process. 

Investigations into the MCFRl's condition after 1.8 years' continuous running underground are 

presented as part of the validation and verification activities. It was confirmed that, as a novel 

rotor solution, the MCFR has a sound design representing a reliable long-term solution. 

Savings obtained by using a specific MCFRl on a 36 kW spinner motor were estimated at 

R150 000 per year, per motor. There are 4 motors of 36 kW on a continuous miner machine, 

while the number of VAMT continuous miners operating in the world total to about 5 550 units. 

The reader can make his own calcuiations in order to obtain a global economical picture. 

Chapter 7 details typical tests performed according to SABS regulations to obtain product 

approval. 

The dynamic response of the rotor during starting conditions was obtained as a result of special 

transient tests. Main parameters of the MCFRl have been assessed confirming the design and 

new principle of invention: 

Assessment of inrush current and modulation of starting current waveform. 

Assessment on possible dips on transient speed-torque curve. 

Assessment on breakdown (pullout) and pull up torque 

Surge factor estimation 

+ Presence of harmonic induction torques and harmonic synchronous torques 
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It was confirmed that the MCFR offers reliable torques with no major parasitic torques during the 

start-up sequence. No parasitic harmonics are present during the steady state or transient state. 

Thermal assessment of the MCFR was another direction of investigating: 

Heat radiation in a radial direction towards stator winding 

Heat transmission in axial directions towards bearings 

Rotor temperature rise on load and per start (in DOL starts from COLD and HOT conditions) 

Investigation of the presence of local thermal vectors on the rotor iron core 

These tests enabled favourable comparison of the product's performance to that of similar 

products on the market. 

The MCFR life span was estimated to be net superior to that of existing rotors on the market. 

On-site validation and verification confirmed the life span estimation and project soundness. 

The patent offers a large variety of technical and economical advantages, which increase the 

mining processes' efficiency beyond expectations. 

The thesis emphasises the MCFR's design adaptability, i.e. the rotor design can be altered to 

meet the demands of a specific engineering application. 

As a fabricated rotor, the MCFR patent has higher reliability indicators compared to existent 

high impedance rotors. 

The performance stability, including the fact that the rotor can keep the starting torque value 

very constant even after the motor has reached its thermal stabilised condition known as "hot 

conditions", represents one of the salient performances of this invention. 

Being materialised in a set of special rotors powering continuous miners of a reputable coal- 

mining house, the MCFR patent represents a breakthrough regarding large manufacturers1 

monopoly in deciding market prices. It will enable medium-sized organisations to become rotor 

and motor manufacturers. Establishing sound competition will offer an alternative option to the 

market. 

The patent is part of the new South African trend of increasing the efficiency of processes. It 

offers the possibility of designing dedicated motors with a positive impact on the South African 

economy. Some socio-economical advantages are worthy of considerable study: 

Being locally manufactured, the MCFR may reduce the country's economical dependence. 

Requiring no special manufacturing expertise, the MCFR can be produced in any quantity 

and size without excessive investment. 

The MCFR offers an alternative option (product interchangeability) on the market and sound 

competition (with export prospective). 
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The patent ensures business sustainability conditions diffusing financial constraints on 

motor manufacturers and end-users during the re-capitalisation process (very significant in 

South African economic and industrial environment). 

The patent and calculations presented in this thesis set up some base lines for some further 

research regarding squirrel cage electric motors. 
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CHAPTER 2: ESSENTIALS OF APPLICATION 

It is obvious that overseasdesigned electric motors powering mining machinery are not satisfying harsh 

South African requirements. 

The problem can be addressed by understanding the essentials of application engineering with reference 

to the special conditions imposed by the South African mining industry. 

The invention is actually a solution to specific apptication engineering problems in South Africa. In 

application engineering consideration must be given to Lhe motor design, the electrical supply, the 

attached mechanical load, and the environment within which the motor operates. The most significant 

design variable in squirrel cage motors is the effective resistance of the rotor cage circuits. This is the 

area on which the invenlion actually focuses. 

2.1 Conversion process in electric motors 

Drives always require mechanical power. There are very diverse industrial needs. 

Squirrel cage induction motors (Sq CEM), as induction machines, convert electric power into 

mechanical power with the ideal being simplicity and reliability. 

The induction machine is the most rugged and the most widely used machine in the industry. 

One simply couples the motor to the load shaft, connects the three motor leads to the terminals 

of a 3-phase power supply and closes the switch. 

At this moment the applied voltage "U" drives an input current "+I" against "Er" (counter 

e.m.f.) to give an electric input power Pe = U . (+I). 

The part "I Er" is converted from the electric input Pe. 

The conversion process means the development of an electromagnetic torque Me which 

drives the motor against the mechanical input torque Mm at the speed Rm to produce the 

negative mechanical input Pm = (- Mm) Rm, corresponding in effect to a positive 

mechanical output Pm. 

But the motor doesn't always come to speed or run efficiently. The reason for this is that too 

often an application design is left unfinished. The application design as such receives careful 

attention while the electric motor to power the application is largely left to chance. 

Typically, the designer's only guidance when selecting a motor, "Be sure to get one large 

enough!" To be on the safe side, the motor is thus oversized, with all the consequences related 



to the initial investment capital and cost of the electricity bill, unless tfw nondiscernlng market is 
price driven arrcl the initial cost is w l l y  the chief drhw of the purchasing decision. 

On the other W, the mt dawerous 4hratjcm c~x;ws when the motor dogs mt Wch 

spedlic load requitemnts. A motor never operates In i ~ i o n !  

To eliminate the gu~sswork involved in motor  an, the following is mmsary: 

Understanding d W-mot# SpmdJorque Cwve (STC) and 
r Haw electric motors react to changes in load demand,,pmef supply, environment, etc. 

To me& the va~Ious starting and running ret@wnmts of a variety of Industrial applimtlons, 
several standards dwigns of squirrel cage motors a n  avallab?e on the market. 

The proper application of etatrial motors requires W m  fundamental appli&on engineering 

knowledge, a wrspiciopc mind, and a lot of wmmm w e .  

2.2 Squirrel cage electric motors in application englneedng 

The principal characteristic d an electric motor is the Speed-Tque Cuwe (STC) [I]. Used in 
application enginserlng, the ST(: .is basically a motor's fingerprint. 

The md-torque characteristics of the most common designs are standadlsed in accordance 
with various criteria. 

A typical example of STC is shown in figure 2,1. 

Torque Tq 1 
keakd W .  Pull*#t Twque) 

wbble (A Tq) Accelera 
toque Full-load TP~W 

f orque 
F - II 7 .  

r 

Ftgute 2.1 Typical exampbe d a speebtorquq cuwe (STC) d an Induction rotor. 



STC has four characteristics that describe motor operation: 

Starting torque (SLTq) is the amount of torqua it takes k start the machine rdathg hom Its 

position of rcst - tha torque needed to break it m y  w h i  is also caled the breakaway 

torque, The diffewnca d w  between motor stafting torque and bad breakaway toque 

mures starting d the appUcatbn. 
Puldup torque (PUT) b the lowest torque &v&ped by the mofw bhrvertn ZERO speed 

and the sped, which cwespmds to the breakdown toque or pullout torque (Nb). 

Breakdown torque or prrll-out torqw (POT) Is tha maximum tarque developed by tRe 
motor during that peripd of acceleration between the speed coffesponding to pull-up torque 

and the full W speed (Nnm). 
Full-bad torque (FLTq) is the o ~ ~ n g  torque, the toque &vetoped at full-load speed 
(Nnom) to produce the nameplate output power of the motor, 

Counter-torque or toad torque curve (LTC) charactwks the loed toque eudutlon d the. 
application. 

In appIIcam enginewing, the STC must always melate with the LTC. 

The differenue between the STC and LTC gives Vw so-called 'Acceleration Toquem (A Tq). 

Acceleration torque value is variable at dl speed functions of applications and motw 
characteristi#. 

A 7p = Motdr'Torque - Load Toque = Tm - TI 

The motor must f~ able to exert emugh toque Tm to overcome the load's ~bcceletating torque 
demand at it1 speeds, otherwise the drlw will not mch full speed but hang up at some 
intermediate rlm until the mcator is Mpped off the the. 

Aecelention torque, together with first derivative of the Tm = f (N] function in tJm (Nb, Ns) 

interval Ifluence8 the energy efficbncy g r m  of the erppliatlon. 

The first-dedvative of the' function Tm = f (N) is elcpnssed as follows: 

One of the carnmon W i n  philasaphies to echieve a "higher effickncy' Is to Increase flux 

density '*W values In ordet to reduce the rotor conductor losses RI? The drawback of thb 
apptcmh is an increase In same values tetatsd to the motor sbRlng process as well as: 

Starting current [locked rotor current) 

Inrush current and modulation of starting cumeat waveform 

Locked totor toque 
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The starting performances of cage indmtion motors are regulated according to standard 

designs designated by adopted standards [2], [3]. 

If the electric design Is not well controlled, the mtor  can become inadequate for a specific 

application, 

When choosing these values, caution must be taken not to enhance the motor 

shortcmings. 

2.3 Shortcomings of squirrel cage motors 

When motors are started direct on line (DOL), high starting currents (characterised by x = surge 

factor of the motor) could cause problems with switchgear. This can lead to a higher rating of 

swilchgear having to be selected for new installations or the replacement of switchgears on 

existing installations. 

In addition, unusual higher starting torques could place increased stress on driven equipment. 

This could lead to premature mechanical load failure. 

Both scenarios have cost implications that need to be included in motor purchasing decisions, 

In choosing the best motor for a job or when sizing a motor for a specific application, we must 

take into consideration that squirrel cage motors have some major shortcomings. 

Relatively high starting current is required to achieve some essential performances 
- Adequate efficiency when running on load 
- Conditions related to pull-out or breakdown torque 

- Acceptable values of starting torque and Pull up torque 

Inability to run efficiently at higher slip (since rotor power losses = slip [pu] x Output power is 

dissipated in rotor heating) 

2.4 Five essentials of application engineering 

When selecting a squirrel cage electric motor design, fwe essentials must be considered [4], as 

shown in figure 2.2. 

Matching the driven machine conditions 

Matching the power supply conditions 

Matching the environmental conditions 

8 Matching the reliability conditions 

Matching the business sustainability conditions 

Only seleche considerations related to technological process improvement will be discussed. 



2.5 Matching the driven machine conditions (load) 

LOAD represents ell the numerical values d the e l W i  and mechanical quantities that signify 

the demand to be made rat a given Instant on a motor by a mechanism (applicstion). 

In matching the motor to a swcifc load, the motor's STC must be considered with torque values 
as the mast required perfommces, 

Required valum of st- torque 

Imposed value of POT or breakdown torque 

Acceptable value of PUT 
Adequate value of FL Tq 

lmpmved affidency of an application is reflected in LTC shape. RegvMng specik values d 

starting toque his shape being influenced by: 

Increased mass inertia (Improved lechoological process) b to be driven 

a Material strength conditions on mechanical drhren components 
Avoiding intermediate starting procsdures, such as clutches, startlng procedure, etc. 

Acwptabk number of DOL startings 
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Function of motor and rotor designs especially, some reduction in life expectancy and reliability 

must be accepted when a motor is used at the upper range of the starting duty. 

Imposed values of pull-out torque are more restricted than before and are related to 

improved application performances. 

Technological process as such 

Material strength of mechanical transmission chain 

Note 2.2: Some standards [5] regulale specific values of starling torque, PUT, and the POT function of 

molor and rotor designs especially. 

2.6 Matching the power supply conditions 

In matching the power supply conditions, low starting current is required the most. This 

condition is related to the motor's influence on the incoming power and electrical distribution [5].  

Switchgears, transmission lines and transformers costs 

Quality of power supply affected by the motor starting procedure 

Quality and conditions of the power supply 

2.7 Matching environmental conditions and reliability indicators 

In matching environmental conditions, the electric design must comply with the required motor 

enclosure (protection) that actually has a great influence on heat transfer conditions. 

Obviously, heat transfer has a big influence on reliability indicators. 

These essentials, together with the two essentials presented previously, are always related to 

the motor manufacturer's and end-user's business sustainability. 

All these conditions are standardised. However, in the South African coal mine industry the real 

conditions do not always match these standards. 

2.8 Specific working conditions in South African coal mine industry 

According to overseas original documentation and machine presentations, specific 

performances of this machinery are rated. For example, a continuous miner powered by a 

270 kW, 1 000 V, 4-poles cutter motor has been designed for a monthly cutting load of 40 000 

tons of coal. 

In South Africa, the same continuous miner is currently cutting a monthly coal load of between 

80 000 and 120 000 tons. 
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The high volume of coal load reduces the centslton price, but electric motors become subjected 

to accelerated degradation, with high failure rates. 

It has been found beyond any doubt that in South African coal mines, electric motors have to 

withstand specific working conditions, which induce severe multiple stresses, for example: 

Frequent stoplstarting 

Unbalanced or reduced voltage (under acceptable conditions) 

Prolonged stall conditions 

Motors operating at large slip values (5 to 10 times bigger than normal), in overload 

conditions, with torque values close to breakdown (pull-out) torque 

Quality of the power supply (unbalanced voltage, dips, sags, transients, voltage and 

frequency variation beyond standard limits, etc.) 

2.9 How rotor design changes motor characteristics 

By altering the stator or rotor design, the STC shape can be tailored to meet the demands 

of a specific application (load). 

Further on in the thesis, we will consider changes of Tm = f (N) by only altering the rotor 

design. 

It must be mentioned that the most significant design variable in these motors is the effective 

resistance of the rotor cage circuits. 

Many types of the rotor bars provide a variable rotor resistance function of the motor speed. 

When a motor is connected DOL, at zero speed, the rotor current frequency is 50 Hz. 

After breakaway and running at low speeds, the current frequency values continuously drop 

towards low values before reaching operating speed (at 0.5 to 2 Hz). 

Because of this frequency variation, at starting, the rotor leakage reactance xz = 2 ll f Lz 

records high values at the bottom of the bars where the linking leakage flux is greater (related to 

50 Hz frequency). 

As a result, most of the rotor current flows very near the surface of the rotor (top of the bar). If 

this portion of the bar is very narrow, i t  appears as high resistance during start up (very high 

current density in the top region of the bar). 

This provides a high starting torque and the minimum starting current. 

Calculations made on a 500 kW, 6 600 V motor revealed that at the "zero" moment of motor 

starting, the current density in the top filament of the rotor bar have values in the region of 150 

Afmm2 [6]. 
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Once the motor approaches operating speed, the frequency of the rotor current drops to low 

values (1 to 2 Hz) and the leakage reactance value becomes insignificant. 

Therefore, the rotor current will flow evenly through the rotor bars. 

Rotor bars resistance will determine further the motor efficiency. 

Note 2.3: Motor starting process has special characteristics 171. The entire starting process of an 

induction motor can be divided into specific stages (which are not discussed in this thesis). 

Voltage surge stage 

Inrush current stage 

Locked rotor current stage 

"Synchronisation" stage 

Classic solutions use expensive and sophisticated methods of design and manufacturing. 

For exemplification, the NEMA design class letters A, 8, C, and D will be discussed only [8]. 

According to NEMA standards, these four typical design classes have some salient 

characteristics, which distinguish one from the other. 

Figures 2.3, 2.4, 2.5 and 2.6 show examples of various rotor designs that change according to 

motor mechanical characteristics (STC). 

In these figures some useful design characteristics will be presented that have to be taken into 

consideration in application engineering: 

Rotor slot cross-sections with bars in the slot 

Useful and leakage flux paths 

Typical motor STC for these specific rotor designs 

USE# L x : =  HIGH 
Leakage flux = LOW 

Figure 2.3 Typical STC for a motor with a letter "A" NEMA Class design 
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Useful flux = MEDIUM 
Leakage flux = HlGH 

Figure 2.4 Typical STC for a motor with a letter "0" NEMA Class design 

Figure 2.5 Typical STC for a motor with a letter "C" NEMA Class design 

Vschilkrx=H1W 
Leakage flux = LOW 

Figure 2.6 Typical STC for a motor with a letter "0" NEMA Class design 

Motor characteristics related to various NEMA Class designs are presented in table 2.1. 
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Table 2.1 Comparison performances of motors according to NEMA Design A. 6, C and D 

Design 
CIaw " A  
N m a l  - awW I Design I' 

Class "C" 
High 

Cbss "Dm Claw ''En C l w  VP' 
Very High Normal LQW . 

Starting 

current b .mwr-w 
!!!w!ML 
Law 
High 
Low 
w 
&hce; 

- 
Normal Lbw w rn POT 

1 toraue 
Efficiency 
Full-load slip 

Normal 1 Low I 
Low 
Normal Low 

Rotor circuit High 
leakage 
reactance 
(deep barn, 

Double oerge 

D.cage) 
POT lower Load Torque 

Characteristic 
Low load 
torqw at 
f tart 

Hfsh bad 
torque at start than A. No 

demand for 
St.Tq 

P ~ T  slip I 0.5 oi 
higher 
lntermlttent, Applications Fans, 

Pumps 
General 
purposes 

Design class E and F have been supplementary introduced [9]. 

"Dedicated motors" as defined above are not included in this table. 

A Mixed Conductivity Fabricated Rotor (MCFR) can be designed and easily manufactured to 

match performances of any of the above-mentioned rotors. As a result, the motor's 

characteristics and performances may be changed according to any of the NEMA Class 

designs. 

As a typical feature. MCFR allows re-design of a motor for a given application (frame and stator 

winding specification) by using a cheap and reliable manufactured rotor solution. 
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CHAPTER 3: GENERAL OVERVIEW OF SQUIRREL 
CAGE ROTORS IN INDUCTION 
MOTORS 

A comprehensive description of the squirrel cage rotor and its components was deemed necessary in 

order to understand this complex part of an induction motor. 

1 Short theorelical considerations are essenlial in understanding general overview of the rotors. I 
Various types of high impedance rotors have been presented, focusing on double cage and die cast 

aluminium rotors. 

3.1 Particulars of this specific bibliographic research (overview) 

Before continuing with the discussion, it is important to mention the difficulty of completing the 

present study and literature overview. 

One of the paramount requirements to obtain suitable performances for an induction motor is 

the ability to design specific slot shapes. The slot shape design also influences the 

technological manufacturing process with all the technical improvements (novelties) and related 

economical consequences. That is why the slot profiles and all related information are one of 

the best-kept secrets of the motor manufacturers. 

By protecting their designs, motor manufacturers control the selling of some specific motors by 

contractual conditions (including a confidential agreement between the manufacturer and end- 

user) regarding stripping and repairing. The minimum time duration of these contracts ranges 

from five years and up. As a result, only authorised repair shops are chosen to perform the work 

on the motors, i.e. commissioning, warranties, monitoring, refurbishment, repair, etc. Some 

relevant examples in this regard are: 

In South Africa only Reid 8 Mitchell Pty is the sole representative of General Electric 

regarding motors repairs and restoration. 

Voest Alpine Mining and Tunneling GmbH Austria bought the exclusivity for specific motors 

(used on continuous mining machinery) from Breuer Motoren GmbH Germany; in South 

Africa Femco Mining Motors Pty exclusively repairs the motors. 

Reliance and Harnishphegger Inc. USA allow motor repairs in South Africa to be done only 

by JOY Machinery Pty. 
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SAMINCO, Inc. USA, obtained exclusivity from Transvaal Electric Pty to use specific AC 

traction motors driving coal-mining machinery. 

Another example of protecting intellectual property is the so-called "contract on exclusivity" 

between manufacturer and suppliers regarding deliveries of specific "critical" motor components. 

These contracts ensure manufacturers that the supplier will not sell similar parts of the motor to 

competitors or other motor repairers. As a matter of interest, the following can be mentioned in 

this regard: 

UNllAM Pressing Pty has contract exclusivity and a confidentiality agreement for specific 

laminations with various motors manufacturers, including Transvaal Electric, Alstom, Femco 

Mining, Power Mote, etc. 

DOVAC Engineering Pty signed a confidentiality agreement with Femco Mining Motors for 

specific parts of new types of scrapper winch motors - mostly used in the gold, platinum 

and diamond mining industry. 

Transvaal Electric Pty has contract for exclusivity with Mc. Kechnie Brothers Pty. South 

Africa on delivering specific sizes and conductivities of bronze bars for conveyor motors 

mostly used in the coal-mining industry. 

Morgan Carbon Pty has contract exclusivity with Joy Manufacturing Pty in South Africa for 

various electric motor parts. 

For special JOY Reliance rotors, the bars with specific conductivity are not manufactured in 

South Africa but imported from the USA. 

These examples explain the lack of information on this specific subject. The documentary 

activity, which included gathering information, data collection and understanding related market 

trends, was based on the following: 

Studying classic literature, scientific papers and articles published sporadically 

South African and international standards, catalogues of reputable motor manufacturers 

and official documents issued by DME, SABS and other official bodies 

Training sessions and courses attended at the Witwatersrand University, Electrical 

Engineering Department and Stellenbosch University, Center of Electric Engineering 

Specific projects conducted for various customers over the past 13 years 

Site investigations (including failure investigations reports) and monitoring activity of various 

squirrel cage motors in specific applications in mining and heavy engineering industries 

Consultancy activity for various mining houses and heavy industry groups 

Design and repair activities as designer, technical and project manager in two reputable 

motor manufacturer houses 
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General description of the squirrel cage rotor 

A rotor is a moving part of a motor. It converts electrical power into mechanical power. Among 

their advantages, squirrel cage induction motors have a simple and sturdy, highly reliable rotor 

structure [l], (21, [3], [4]. A large variety of rotor types are available on the market. 

The thermal and mechanical strength of the rotor are often limiting factors due to stresses 

imposed by starting the motor, because start-up cannot be achieved with a controlled starting 

current [5]. A normal running situation can be also detrimental if the design does not match 

customer requirements. Solving this problem would considerably expand the already wide field 

of applications that their inherent advantages have secured for Sq.CEM. However, there are 

some restrictions on the slot profiles imposed by the design and manufacturing capabilities [6]. 

In practice, the rotor consists of a set of uniformly spaced bars {electrical conductive active 

materials) accommodated in the rotor slots (magnetic steel active material) and connected at 

each end to conducting rings. The rotor is a complex component of the motor. It is the result of a 

combination of various disciplines linked in an inter-disciplinary design activity: 

Electromagnetic design 

Mechanical design 

Strength of material and rotor stiffness to electrodynamic forces and unbalanced magnetic 

forces 

Thermo-dynamics and thermal assessment 

Figure 3.1 shows the results when a rotor's electric circuit is designed and manufactured for a 

typical double cage 200 kW cutter motor. 

Figure 3.1 A typical assembly drawing of a double cage rotor 
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Note the shaft diameter in the region of the rotor core. The designer preferred to reduce the 

rotor core back iron in order to increase the rotor stiffness. The air gap between the rotor and 

the stator must be very small in order to obtain the best power factor. The shaft must, therefore, 

by very rigid and be furnished with the highest grade of bearings. Special keys, splines, or 

special joints facilitate torque transmission between the rotor core and the shaft. 

Working under thermal and mechanical stresses, the rotor's technological process requires a 

special mechanic design regarding tolerances and interference fit of the components. 

Mechanical vibration, together with thermal expansion and contraction due to slip-frequency 

currents, are very damaging to a slack bar. 

The connection of the rotor slot bars to their short-circuit rings must be carefully designed, being 

the most likely source of weakness in a cage rotor. Photo 3.1 shows a rotor's electric circuit 

designed and manufactured without proper consideration of such typical thermal and 

mechanical stresses. 

I . .  
r m b h  

Eroded slot (iron core gap to the bar in region of 0.3 mm) 

I 
Cracked joints bebeen shortcircuit ring and rotor bar 

Photo 3.1 Rotor bars separation from Ihe short-circuit ring 

Reliable electrical and mechanical design methods assisted by suitable manufacturing 

processes and adequate machinery have to be used in order to avoid deterioration of electrical 

and mechanical rotor performances, thus preventing early failures 

Short description of the magnetic circuit of the rotor 

A magnetic circuit comprises numerous magnetic steel lamination discs stacked together in the 

form of a cylindrical magnetic path [7]. 
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Rotor slots for electrical bars 

- Clamping devices used for small machines 

\shah bare for the rplined landing area of the shah 

Photo 3.2 Magnetic steel laminations stacked in a rotor core 

Each disc has equispaced perforations in a circle near its edge determined by a slot profile 

specified by the rotor design and manufacturing technology. 

When laminations are stacked, the perforations are aligned in order to create channels or slots 

situated close to the surface of the rotor assembly as shown in photo 3.2. 

A typical manufacturing drawing of a rotor lamination is shown in figure 3.2. 

Figure 3.2 Typical manufacturing drawing of a double cage rotor lamination 

There are five basic elements influencing design and manufacturing rotor cores and packs [8]: 

Component design 

Material 

Pressing and ancillary equipment 

Tooling 

Quality of the product 

Ferromagnetic materials that are used have a high relative permeability because for relative 

small values of magnetic field strength "H", big values of flux density "B" can be obtained [9]. 
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Short description of electric circuit of the rotor 

Bars manufactured of conductor materials are fitted in the rotor slots. Together with short-circuit 

rings, they form the electrical circuit of the rotor. Even though the rotor bars are in direct contact 

with steel laminations, practically all the rotor current flows through the bars and not in the 

laminations, because of conductivity difference. 

The bars are connected by short-circuit rings at each end of the rotor, simulating a squirrel 

cage. Photo 3.3 shows two manufactured "spidern copper rotors. 

In the case of die cast rotors, the bars are aluminium cast. Aluminium cast short-circuit rings 

connect the bars at both ends thus creating a rotor electric circuit. An aluminium squirrel cage is 

shown in photo 3.4 (after steel laminations forming the rotor core have been removed). 

t Radial vmlilalion channels 

- Extractor fan 

Rotor bars overhang 
Shortcircuit rings where bars are 
connected by a special brazing procedure 

- -  

Photo 3.3 Manufactured copper rotors 

Short-circuit ring 

Cast fins incorporated 

- -- - - - - 

Photo 3.4 Cast aluminium squirrel cage profiles 

This cage has a failure because an interbars bridge is positioned on the left-hand side. Cast fins 

at both ends of the rotors are incorporated on the short-circuit rings in order to cool the rotors by 

fanning effect. 

Electrical circuits (bars and short-circuit rings) for the squirrel cage rotor can be made of 

different conductive materials, such as: 
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Copper bars connected with copper short-circuit rings 

Copper alloys, such as stannum copper alloy, zinc copper alloy, nickel copper alloy, silicon 

copper alloy, and arsenical copper. 

Brass alloys bars connected with copper or brass alloy short-circuit rings 

Bronze alloys bars connected with copper, brass or bronze alloys short-circuit rings 

Aluminium alloys bars cast together with short-circuit rings 

Special conductive materials connected with short-circuit rings with material according to 

design requirements 

According to IACS, electrical materials used for electrical circuit for rotors are characterised by 

conductivity measured in % compared to pure electrolytic copper [lo]. 

Conductivities of currently used materials available in RSA for manufacturing rotors' electrical 

circuit [11] are: 

EC = Electrolytic copper has 99.9-97% IACS conductivity, for bars and short-circuit rings 

CC = Cast copper has 90-82% IACS conductivity, for bars and short-circuit rings 

AC = Aluminium cast, has 556Soh IACS conductivity for bars and short-circuit rings 

SC = Siluminium cast has 20-35% IACS conductivity for bars and short-circuit rings 

BA = Brass alloy has 26 or 42% IACS conductivity for bars and short-circuit rings 

BZ = Bronze alloy, has 12, 15 or 16% IACS conductivity for bars and short-circuit rings 

Classification of squirrel cage rotors can be done function of the technological process in 

manufacturing electric circuit. This actually refers to the rotor type and can be obtained by using 

one of the following main procedures: 

Pressing the profiled bars into the slot and then attaching the short-circuit rings (by brazing 

or other thermal procedure) [12], referred to as fabricated rotor 

Casting a specific material into the slots, and at the same time casting the short-circuit 

rings, referred to as a die cast rotor 

3.5 Slot profiles of squirrel cage rotors 

3.5.1 Influence of the rotor slot profiles on motor performances 

Leakage reactance of a motor is function of the slot profile design. The leakage reactance of a 

motor determines the locked-rotor current at full-rated voltage. This reactance is generally 

smaller than the reactance that determines the full load power factor or the breakdown torque. 

Motor designers are permanently wing to bring these extreme values of the reactance together: 

either to reduce the starting current, or to increase the power factor and breakdown torque, 

whichever is preferred [13]. 
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In view of the fact that over 95% of squirrel cage induction motors are started directly on line, 

prediction of the accurate starting parameter is of paramount importance, as is the application 

engineer's understanding of the related phenomena. 

A main cause of reduced reactance at locked rotor, i.e. under DOL starting conditions, is 

magnetic saturation of the stator and rotor tooth tips. This is due to the combined effects of 

zigzag and slot-leakage fluxes. 

Researchers and designers studied the nature and prediction of the DOL starting current of 

Sq.CEM, with particular reference to leakage path saturation, inrush current and other related 

phenomena [ I  41, [ I  51, [ I  61. 

A paper recommended by the AlEE Rotating Machinery Committee and approved by AlEE 

Technical Operation Department presented at the AlEE Full General Meeting, Chicago Oct. 

1960 [17], demonstrated that the reactance saturation factor is sharply reduced if the 

angle between the air gap periphery and the slope of the teeth overhang is small. 

3.5.2 Influence of teeth magnetic saturation on motor performances 

The influence is manifested in the common case of "semi-closed" slots (small opening of the 

rotor slots), "closed" slots or a relativeiy small air gap value. The bridges covering the slots 

partially or totally are rapidly saturated when applied voltage Uk reaches values in a range of 

30% to 50% of rated value Un. At these values the saturated zone extends rapidly starting from 

the teeth lips and extending towards the bottom of teeth. For these type of motors, a "short- 

circuit characteristic" Ik = f (Uk) has a non-linear shape, as shown in figure 3.3 [18]. 

- -  - -- 
"Shortzircuit charaderfstic" , 

Absorbed Line current k = f (Uk) 1 

Power inpul Pk CN 
Torque Tk graph 

0 M Voltage Uk in p.u. 
lk = short~ircuit current and U,, = applied voltage on short-circuit test 

Figure 3.3 Typical short-circuit test characteristic graph (Ik = f(Uk) in p.u.) lot tips 
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The tangent line on the graph Ik = f (Uk) is represented by a straight (green) line T, with a 

slope fixed by the non-saturating portion of the leakage reactance, that cut zero-current axis at 

a voltage U' (point "Mn on the graph), 

U' is the voltage induced by the flux in the saturating portion of the reactance when these paths 

are saturated. This has been experimentally demonstrated by drawing the graph current Ik 

versus applied voltage Uk for an induction motor on locked rotor conditions (201. 

3.5.3 Typical rotor slot profiles used as design base line 

Typical slot profiles are presented in figure 3.4. Other types of slot profiles used for stamping 

laminations for fabricated rotors are shown in figure 3.5. For die cast rotors, other slot types are 

presented in figure 3.6. 

Figure 3.4 Rotor slot profiles used for electromagnetic design purposes 

(Classification according to [21]) 

3.5.4 Special rotor slot profiles used for fabricated rotors 

Besides the typical rotor slots presented in figure 3.4, there are more types, shown in figure 3.5, 

which determine the salient features of the motors as described in table 3.1. These types are 

used in specific conditions and need to be mentioned as variations of high impedance rotors. 

Toshiba Works currently uses rotor slot no. 7 for high power motors. 
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Rotor slot no.7 4 
Rolor slot no.8 Rotor slot no. 9 Rotor slot no. 10 

Figure 3.5 Typical rotor slots used for fabricated rotors (prefabricated rotor bars) 

Rotor slot no. 8 is a "Toshiba" slot type used for high-voltage, high-power and high-speed 

machines. To position the bar in the slot, two tapered wedges are driven into the slot below the 

bar, one from each end of the rotor tightly near the rotor surface. This pushes the bar to the 

rotor surface and tightly clamps it in position. The outer edge is then "swaged" (tight fit and 

bend) to ensure that no movement occurs. 

Rotor slot no. 10 is a "double cage" rotor mostly used by Breuer Motoren GmbH, Germany in 

mining applications. 

3.5.5 Special rotor slot profiles used for die cast rotors 

Initially, die cast rotors were used in manufacturing low-voltage machines with the power 

ranging from fractional up to 160 kW [22]. 

Improved designs and processes enabled motor manufacturers to increase the rated power of 

the motors equipped with die cast aluminum motors [23]. 

Figure 3.6 shows slot profiles for die cast rotors, used by various well-known motor 

manufacturers in a case of high power motors [24]. 

Rotor slot no.11 Rotor slot no.12 Rotor slot no. 13 Rotor slot no. 14 

Figure 3.6 Typical rotor slots used for die cast aluminium rotors 
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In 2005, Alstom launched the LS4 series high efficiency motors (EH. 1) fitted with die cast 

aluminium rotors. This performance was achieved with a relatively low starting current as well 

as with high starting torque values [25]. 

With die cast rotor designs and the manufacturing process being permanently improved, some 

motor manufacturers emerged on the market with medium voltage motors with rated power 

breaking the limit of 1 000 kW [26]. Typical rotor slot, profiles used far these machines are 

shown in figure 3.6. 

When the market validated these designs, the manufacturers restricted or ceased produdion of 

some specific (non-economical) die cast (and fabricated) tow-voltage rotors [27], [28]. 

3.5.6 Properties, applications and features of rotor slots 

Table 3.1 presents the features of rotor slots shown in figure 3.4, figure 3.5, and figure 3.6 in 

conjunction with possible rotor bar materials fitted into the slots. 

No. l a  - deeo bars 

Table 3.1 Rotor slots properties, application and use in mjunction with bars 

-- 

N O . ~  - rectangular 
No.3 - "knife" bars 
T v ~ e  SA 0 

- 

No.4 - "Sash" bar 
No.5 - "Em" bar 

Material 
Copper, Co. alloys 

No.6 - Cast classic 

Motor features 
Function 01 design 

Type 
No. 1 - rectangular 

I No.7 - Triangular 
1 "Toshiba" 

Application 
Widespread load 

Freq, heavy starts 
Heavy inertia load 
Freq. starts, small 
load 
Heavy loads 

1 Normal loads 
Heavy frequent starts 
Widespread 
1-2 MW power 

Relative hiah loraues 1 Comer. Co. allovs 

I 
5 0 0 4  000 kW I Copper, Co. alloys 

standard, 150-500 k~ 
Low starting currents 

Small motor up to 37 kW I Copper 

Copper 
Copper 

No.8 - Triangular and 
tapered wedges - 

No. 10 - Double cage 
"Breuef Germany 

1 4  MW power 
High speed 

Widespread loads 
Heavy frequent starts 
(10-15 starts per 

I 

Good starling conditirxrs I Copper I 
Good starting conditions 
Preventing bar damage 

Good starling conditions Copper, Co. alloys. 
11 0400 kW I Brass I 

Copper, Co. alloys 

[ N0.l I- "Trislot GE" 1 Normal loads I Good starling conditions ( Aluminium cast I 

No.12 - 'Alstom" 
No.13 - "Siemens" 1 Heavy loads 
No.14 - "WEG" 1 Heaw loads 

Heavy loads 
110-1 000 kW 
1 10-1 300 kW 

I 10400 kw- 
110400 kW 

Aluminium cast 
Aluminium cast 

Aluminium cast 
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3.6 Theoretical considerations regarding squirrel cage rotors 

3.6.1 Power flow distribution In the rotor 

Squirrel cage rotors can be differentiated from one another by the functioning of the developed 

torque when performing STC. For a given motor design, the classification is made according to 

the spatial position of the cage and the conductivities into the cylindrical shell, the slot profile of 

the rotor and the material used for the bars and short-circuit rings. Special reference will be 

made to high impedance rotors in this classification 1291. 

For a given main flux and a stator voltage [30]: 

Rotor e.m.f. E'2 and current 112 are settled by the slip, while 

Phase angle cp2 is a function of rz and s x2 and 

The rotor power P2 is then a function of slip, as mechanical power, too. 

From the power PZ dellvered to the rotor (via air gap), the fraction "s" is lost in RI' and the 

reminder fraction "(1 - s)" appears as mechanical power (including friction and windage losses) 

Pl], [32] so that: 

Mechanical power being: P, = (1 - s) P2. 

3.6.2 General expression of torque 
Motor torque is consequently: 

M = P2 1 2 n n, Newton - rn = P2 synchronous Watts 

Note 3.1; Definition of 'synchromos watt' is that torque which, al the synchronous speed of the machine, 

develops a power of 1 Watt. 

The torque is thus directly proportional to the rotor input power, regardless of the speed, and 

therefore to the stator input power (small stator losses were not taken into consideration). 

The motor input is therefore proportional to the torque: a given torque at a low speed requires 

the same input as the same torque at higher speed. 

Although the torque is produced by a series of conductors, each of which carries a pulsating 

current and lies in a pulsating magnetic field, the total torque of a polyphase machine has a 

constant value. This Is because the sum of the phase powers in a balanced polyphase system 

is invariant wlth time [33]. This property was used by the MCFR invention. 



Chapter 3: General Overview olSquirrel Cage Rolors in Induction Motors 

From equation 3.2 results: 

M = P2 = E2 1'2 cos ( ~ 2  synchronous watts per phase 

With: 1'2 = Em2 1 Z'Q = s Et I d r"2 + s2 xY22 and cos q 2  = rm2 / Z'B 

The result: M = [s t2] I [ tZ2 + s2 x ' * ~  ] synchronous Watts per phase (3.3) 

Where 1'2 is rotor equivalent standstill resistance 

xB2 is rotor equivalent standstill reactance 

Let the ratio be a = f2 I xV2 - the quotient of the rotor phase resistance and standstill reactance. 

For a 3-phase machine, the torque Is: 

M = [3 El2 s a ] I [ x.2 (s2 + a*)] = Kt s a 1 [(s2 + a*)] synchronous Watts (3.4) 

Where Kt = 3 El2 / x ' ~  (3.5) 

For constant flux and a given arrangement of rotor winding, Kt is a constant. 

The torquelslip curve depends an slip "s* and ratio a =r2 I xp. 

3.6.3 Torque expression at various speeds (slips) 
At full load (normal), speed (s2 = 0) and toque equation becomes: 

For a given machine, [3 E,* I xV2] I a is a constant, so that the torque is directly proportional to 

motor slip 's". An increase In load torque is developed by a nearly proportional increase in slip, 

giving the machine a speedltorque curve nearly rectilinear in the region of synchronous speed 

and breakdown speed. 

At low speeds and at starting, the motor slip "sW approaches unity. Further, "a" is usually small in 

normal motors, a typical value being a =r2 I x2 = 0.2. The term a2 is then small compared to sZ, 

and can be ignored. 

Thus, at tow speeds, the torque equation becomes: 

For a given machine, [3 E,* I xa2] a is a constant and the torque is inversely proportional to the 

motor slip "s": i.e. the torquelslip curve is a rectangular hyperbola. 

3.6.4 Theoretical shape of torquelslip graph with POT 

Torque calculations [34] for the slip ranges s = 0 to s =I gives the approximate straight-line and 

hyperbolic shapes of the torque (shown in figure 3.7). These were compared to equation 3.4 

results for a case in which a =r2 1 x2 = 0.2. The torque is scaled in terms of constant Kt. 
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- 
w 

Torque x I6 

rn 1 

~ = s l ( l / a /  

I 

lp P.U. . 
0 0.2 0.4 

Figure 3.7 Theoretical torque-slip reiation 

Condition for maximum torque is: [d M i d s] = 0 

Equation 3.4 becomes: 

[(s2 + a71 [ d(s a) 1 d s] - s a [d [(s2 + a2)] I d s] = 0 

Which gives: 

a [[s2 + a')] = 2 sZ a, so that a = 0 or s2 = aZ -+ s = u 

Maximum torque expression is then: 

M , ~ + K ~ U ~ ~ ~ ~ ~ = % K ~ ~ ~ I ~ E ~ ~ I ~ ' ~  

If s = a =r2 I x2, or r2 = s XZ, then the torque attains its greatest value at a slip such that the 

resistance r2 and the actual reactance (s x,) are equal. 

Maximum torque depends on the rotor reactance, but given this, it will be independent of r'2. 

The speed for maximum torque will, however, depend on the ratb a =r rJ2 I x'~. 

Varying r ' ~  will merely change the motor slip (speed) at which maximum torque occurs, not its 

magnitude. 

Comparing equations 3.6 and 3.7, the two curves will cross when 

~ [ 3 E ~ ~ I x ' ~ ] / a =  [ ~ E ~ ~ / x ' ~ ] c I / s  

1.e. when s = a with a maximum torque value according lo 3.8. 

Note 3.2: it must be mentioned,here that torque is also related to rotor sizes as per the well-known output 

coeficient 
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Where: D = rotor outside diameter in m 

L = rotor Iron core length in rn 

N = motor speed in rim 

3.7 Single cage fabricated rotors (homogenaus) 

3.7.1 General description of single cage fabricated rotors 

These rotors are manufactured by using a specific profiled bar as shown In figures 3.4 ant 

The bars are inserted in rotor slots situated in the same cylindrical shell and connected at both 

ends by hhrO short-circuit rings. 

The bars and short-circuit rings of these rotors are made of the same conductive material. 

Typical position of the bars in the rotor slots Is shown in figure 3,8. 

I Rolor bars position In the slot (example) for a i 
i 

i 'fabricated' rotor. Rotor bars are situated in a 
cylindrical shell with wall thickness marked by the 
arrows. Here T-bars with the same profile are cut b 

I size and pressed into the slots. - - 
I . .-... .. ............... - 

I 
................ ...... ' 1. ..............-... -...-- - ....-.-... \ 
: Copper bars fitted in lamination sbts I ; 

Figure 3.8 Partial cross-section of single cage fabricated rotor 

The bars (Sash bars or "Tw bars) are placed in the rotor slot. The bar shape is the same as rotor 

slot no. 4 shown in figure 3.4. 

The "T" bar shape has a mechanical advantage over the parallel-sided deep Bar In that the bar 

shoulders keep the bar tighter in the slots against the centrifugal forces. 

3.7.2 Thermal stress applied to single cages fabricated rotors 
For this specific 'T" bar, during starling procedure, the current is confined chiefly to the upper 

part of the rotor bar. This pad of the conductor has a smaller width (cross-section) than the rest 

of the bar. 

That means that, on the top of the bar, the current density reaches high values (10 to 20 times 

higher than normal) at start or stall conditions [35]. 

As a result, the top of the bar will become hot with a great temperature gradient compared to 

the rest of the bar. 
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Due to thermal conductivity, the heat is dissipated to the lower portion, especially where a 

greater section of copper is used. 

However, during frequent starlings this great thermal gradient imposes a considerable thermal 

stress on the bar overhang, especially where the bar protrudes from the rotor iron core. 

3.7.3 Thermo-mechanical stress applied to single cage fabricated rotors 

Thermo-mechanical stress occurs as a result of short-circuit ring thermal expansion. The 

maximum acceptable temperature rise in rotor components is specified by various standards. A 

maximum value of 350°C has been generally agreed [36]. 

During frequent starlings or prolonged stall conditions, the short-circuit ring temperature will 

increase as a result of the high currents circulation. 

Thermal expansion of the short-circuit rings will occur. 

If the short-circuit rings are brazed at the bottom of the bars, they will create thermo-mechanical 

stress on the brazed joints and the bar overhangs. 

The axial movement of the rotor bar as a result of longitudinal thermal expansion was not taken 

into consideration. 

Let's calculate the short-circuit ring expansion for a temperature rise of only 150°C [37). 

A short-circuit ring has the following characteristics: 

Material copper with coefficient of linear expansion a = 0,0000168 1°C 

Geometric sizes @ 20°C are: OD = 400 mm, ID = 350 mm, width w = 40 mm 

To calculate the final sizes of the outside diameter OTM for a temperature rise A T = 150"C, the 

medium line @ 20°C has a diameter of Dm = 375 mm and circumference is l l  Da = 1 178.6 mm 

Short-circuit ring linear expansion for a temperature rise of 150°C is 

The result is an expansion of the short-circuit ring = 2.97 mm or 1.48 mm per side, i.e. the bar 

overhang has lo be bent for approximately 1.5 rnm when hot, and the retracting and the cycle 

could be repeated until the fatigued material cracks. 

An example of this complex "broken bar" situation is shown in photo 3.5. 
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This will produce a phase shift of the oscillating wave, very noticeable on the top corner of the 

bar overhang free of any supporting points (the short-circuit ring reinforcement is situated far 

from this oscillating point with a lagging phase shift). As a result, these corners will always 

break, as shown in photo 3.5, comment no. 3. To prevent this situation, the top corners of the 

end of the bars are cut off, as shown in photo 3.6. 

3.7.5 Single cage fabricated rotors (non-homogenous) 
These rotors are the same as the previous but the bar's material has a different conductivity 

than the material used for short-circuit rings, 

Joining bars to short-circuit rings is done by using a special brazing procedure, 

The difference in the conductivity of short-circuit ring material helps in adjusting the starting 

torque of the motor rated speed. For example, a lower conductivity of the short-circuit ring will 

not only increase the starting torque, but the motor slip as well, with negative effects on motor 

efficiency. 

The bars are also situated in the same cylindrical shell, as indicated in figure 3.8. 

3.8 Double cage fabricated rotors 

3.8.1 General description of double cage rotor 
Double cage rotors invented by Bouchemt [38], 1391 have different kinds of slotting (dumbbell, 

staggered, trislot). 

The cages are manufactured by using specific profiled bars already prefabricated by another 

supplier (preferably rectangular and round bars), as shown in figure 3.5, slot no. 10. 

Typically, the bars in the starting cage have a different profile and are made of a different 

material than the bars used in the running cage. A typical example Is shown in figure 3.9. 

rass bars brazed on shod-drcuit ring lo fwm a dosed ! I 
. circuit - startir/q caqe 

I - 
...... -... 

Slit forcing main flux embraces running cage 7 
-.-... -- . -.. . 

. " . --., 

Copper bars {low resislanee, brge reactance) connected lo \ 
anolher rinq - runnina cage 

... . . . . . . .  . . .  .... .. .. ... ..... .. . . . - - - - - -, ,-. - - - - - - 
; ............... -. .... ...... -..- 
i . ! . Exampie ol double cage rotor with s ldng cage on cylindrical shell - m. 1 (round bar} and running cage on 
i second cviindrical shell (reclanqufar bar) -.no. 2 - ................. - . - .................................................... -.,"" -..--...-.. -...--. '.-.. 

Figure 3.9 Padial cross-section of a doubte cage fabricated rotor 



These rotors have two different ages: starting cage - no, 1, and running cage - no. 2. These 

cages we installed at different diameters in Mo different cylindrical shells. l3e cagss are 

~MlgCied separately at both ends by different shortcircuit rings as show in photo 3.7. 

,!.- - -  IN, w - 

CopQer fedangular d 
Uw running cage 

3.8.2 Operatfng ptlnclpTes of double cage rotor 
The round bars of the starting cage are plawd on cyfhdrical sbtl no, 1. These bars are made 
of material with a lower perwntage lACS conductivity (h igh  mistance) and brazed on a short- 

circuit dng to form the close circuit of startlng cage. 

The rectangular bars of Ihe running cage we placed ort cylindrical shell no, 2, and are 

canned& to another set of short-circuit rins. 

CIose.to fhe periphery of the mar, stadng cege 1 has a high resistance and a low readam.  

t h e  Inner cage 2 h s  a low resistance, but is: set deeply in skts with a msiderable leakage flux 

because of the " l ~ w - d o r  with a lorig narrow .elit. L&kage slds wrth a lage reactance are 
necessary in the deep slotting to prevent the main flux from mkBsfng the running cage ban. 

Douhte cage comportment during Wing and rwming.of the motor is described in table-3.2. 

The atailing cage (close to the rotor periphery) has a low madam and high resistance, which 
prodwas a considerable R12 loss and comquentty a good starling torque. 
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The running cage (inner cage), set deeply in slots with a considerable leakage flux because of 

the "leakage slotu with a long narrow slit, has a low resistance and large reactance (especially at 

start) causing the rotor current to flow with high resistance mainly in the outer cage. 

At normal speed the reactance of both cages are almost negligible. 

Cages are electromagnetically parallel connected and carry rotor currents in inverse proportions 

to their resistance. So, most of the rotor full load current wilt flow through running cage no.2. 

The shape of the speedltorque curve of a motor with a double cage rotor can be regarded as 

the sum of two STC motors, as shown in figure 3.10: 

a One with a squirrel cage similar to the starting cage, and 

a Another with a squirrel cage similar to the running cage, 

Figure 3.10 Schematic diagram of a torque-slip (STC) curve for a double cage motor 

As a result, the STC of a double cage motor can be modified in order to obtain the desired 

starting torque, within limits, by choosing the suitable parameters involved in the rotor design. 

Resistances of the two cages 

+ Number of slots combination - Breadth of the slat opening's diameter 

Depth of the inner cage [running cage) slots 

Width of the leakage slot 

3.8.3 Specific problems of a double cage rotor 

Sometimes the performances of a double cage fabricated rotor may be compared to that of a 

die cast aluminium rotor. Both of them have some problems. 

r Themmechanical stresses developed in the starting cage (when heavy starting occurs) 

produce frequent cage damage in the joints, especially. 



The additional leakage that takes place in the Inner cage (that is far from stator winding) 

resuits in a drop in the power factor st full load. 
The hlgh resistance of the outer cage increams Ute motor temperature a d  the losses at full 

load. 

1 During fmqumt stadstartings, mdor rmlwre and prdmgd stall wnditlons, the starting cage 

works as a fuse. 

3.9 Skin-effect rotors 

The variation of rotor frequency provides a means of changing the e f k W  rotw resistance, 

s i m  Inductive impedance loses almost all of its reactance at the low fmqumcb (when 

operating at normal stlp) [40]. 

A number of composite conductors have been  el^ using this variable reactam to 
producs a skin effect in the rotor wnductors (bars or short-clrcuit rings). The resuit is greater 

affective rotor nsk tm at low speeds - during starting especialy. 

Walt's composite conductor consists of a central capper rod cwmd in. the skC potlion by a 
sewnle~ steel sheath. A typical empte is &own in photo 3.8. 

The top 'comers of We bars we bsnt 
because d handing 

The .sheath is copper-plated on the outside, care having been taken to ensure that the plating 

overlaps the ends and makes.gcd emtact with the central rod, as shown In figure -3.1 I. Testa 
show that the resistance to alternating .current may reach values 2 k 33 firnes lhat of direct 



turtrmk: &= 2 to 3.5 Rk. PC. This wlII enable a stadhg torque value that is at least equal to full 
load toque. 

At rehting and at low speeds, the skln ehct, aaplsted by a steel dwine,. tends to mfirrer Via 

cuwwt to ths sleeve so that the uniform di~trlbutlon is upset and the e W e  resistance rim 

At normal running slpesd the rotor fi8qumcy Is so law Wst the low resistance rbd carries tfw 

current substantially. 

A eimilar effect is obtained by using Iron-end-rings, preferably sectionalized in order to disipele 

the heat &doped during starting pmws more readily. 

Manufaduring Chis type of rotor requkes 8 very precise ~~ design and exwtiorr. Breaking 

of W steel sheet m y  occur at any stage when inserting so-called composite bars into the mar 
W. If only one slot faifed, fie entire manufacturing process would h to be resWed. 

During rotor life, R was found that pfomaiwe deterlwatbn might likely o a r  If frequent 
starting took place. The explanation lay in the fact that, durlng shrting of the motor, electric 

dii&ar$ea txumci between the sheath and the laminations. These discharges are facilitated 
by small air gaps (related to fitting tolerances of the condudorr in the slots). Thse discharges 

emfed the she- cow of the copper ban Inmeasim further the air gaps. 

As a result, rotor bars vibrations during starling degenerate In rotor broken bar situation. 
Winding overheating because of rotor ~ o m l ; ~ c %  at starting is another side effect. 

3.10 Idle-bar rotors 

Placing ~ . c i r c u l t e d  conductors, or 'idle-bars", In the slot above' a depressed squirrel cage 

produces a I w  darting current at a moderate torque performance [dl], 8s shown in fuure 3.12. 

Plgure 3.12 Cross-9ectim-1 of an idle-bar rotat slot 
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The copper bar (teakage slot) must be wide enough to give a reactance value at full speed Xo, 

corresponding to the desired value of breakdown torque. The remainder of the normal slot width 

may be filled with a steel bar. 

At standstill, the fult-frequency bakage flux (due to the current in the squirrel cage bar) passes 

across both the idle bars inducing opposing eddy currents. These eddy currents will create I2R 

losses, and also a counter mmf opposing the passage of the flux, Thus, the effective resistance 

of the squirrel cage is increased and its reactance is reduced during the starting period 

The performance of this design may be assessed by considering the idle bars to form a short- 

circuited tertiary "3" winding, which is linked by the slot-leakage flux of the squirrel cage. 

Assuming that the leakage flux paths through the idle bars are directly across the slot, the 

separate capper and steel bars may be replaced by a fictitious single idle bar with the @me 

depth, dl and the same width, w, as the air gap (slot width). 

The fictitious bar conductance must be equal to that of the two actual bars In parallel, 

This specific design's shortcoming is the lmseness of the bars as a result of the unequal 

dilatation of the various materials, thus creating an accelerated tendency towards rotor broken 

bars. The design and manufacturing processes require high skills and technology. 

3.1 1 Die cast aluminium rotors 

Just as double cage rotors, die cast rotors are regarded as high impedance rotors. 

When the double-cage construction is used with die cast aluminium or siluminium rotors, the 

starting cage and the running cage have the same material conductivity. 

A wide range of the aluminium alloy's chemical compositions and mechanical and electrical 

properties are regulated by standards [42]. However, as far as the conductivity is concerned, 

the alloys mastjy used in the die cast rotor manufacturing industry have restricted conductivity 

values (as specified in paragraph 3.4) [43]. 

When using a specific Boucherot slot shape during the casting process, the upper and the laver 

parts of the 'dumbbellm slot (shown in figure 3.4) are connected by an aluminium fillet. This fillet, 

situated in the "leakage slot", provides electrical contact between the cages along their length. 

That is why the rotors are sometimes called and classified as "triple cage rotors" [44]. 

However, analysis and experiments both show that the assumption of using separate cages 

may be a reasonable practical approximation [45], (461. 

A typical example of rotor bars with slot shape no. 6 (fgure 3.4) is shown in photo 3.9. 

The bars in a specific squirrel cage are situated in the same cylindrical shell, with the same 

profile and the same conductivity. 



Photo 3.9 Cms-wction of a die cast aluminium rotor 

The following specific shortcomings caw most of the rotor failures. The indirect falluns of the 

motor components are occurring due to electromagnetic, mechanicel and thermal 

interdependence: 

Casting voids 

m Interbars *6'shofi-circuitsW 

Rotor broken bars (hidden defects) 

r Rotdr k ~ k e f l  bars as a result of rotor rubbing against the stator bore 

"W rotor, locally overheated rotor, and rubbing 

a Rotors rubbing, with resulting collateral damage c a s e d  by the rotor rubbing 

Design problems 
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CHAPTER 4: SHORTCOMINGS OF HIGH 
~MPEDANCE ROTORS ON THE 
MARKET 

The presenlalion focuses on the high-impedance rotors mostly used, 1.e. double cage end die cast 

aluminium rotors. Assessment criteria are set up according to some basic conditions. 

Design limits of double a g e  rotors have Initiated a comprehensive description of these rotors' 

shorlcomings. which are discussed in this chapter and illustrated by various photos. 

The economical implications of double cage rotor faitures were analysed for a specific motor fitted with 

double cage rotor. 

Shortcomings of aluminium die cast rotors (wlth relevant photos), including an original description of the 

rubbing process are also presented. 

Costs of a new locally mmutactured cast rotor and costs of an imported cast aluminium rotor give an idea 

of the high restrictive costs of designing and manufacturing aluminium cast rotors in South Africa. This is 

proven by financial losses experienced by a South African mining house in using imporled cast aluminium 

rotors, 

General conclusions regarding economical losses on high impedance dedicated rotors with reference to 

South African cperalional conditions represent h e  author's contribution 10 establish a unitary approach In 

various activities related b mining activities. 

Specific South African conditions in designing dedicated electric motors and identification of the %eak 

points" for a unitary motor model were the base Hnes in designing the "P" family of motors. 

In this "Pa family, the MCFR represents one of the major solutions to improving efftciency of !he mining 

processes, with all other consequences already presented in Chapter 1. 

4.1 Basic conditions enforced on a high impedance rotor 

The rotor is the moving component of the motor, which drives the load. It has to be designed lo 

withstand various permanent or temporary stresses. 

Mechanical (static and dynamic) 

Electrodynamic 

Vibrations 

Thermal 
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Thermo-mechanical 

Load influence 

As described before, the motor's performances are standardised and often the end-user's drive 

must be adjusted to the motor's performances. However, for dedicated motors, the design and 

manufacturing activities must always comply with customer requirements and load 

characteristics, which result in a large variety of motor types. 

High impedance rotors are obtained by increasing the resistance of the rotor's squirrel cage 

bars in these motors. They are thus able to fulfil some basic and contradictory functions: 

Limit the starting (and inrush) current values 

Increase values of the starting torque per Ampere 

Reduce the ~1~ losses in the stator winding during the starting period 

* Withstand prolonged stall conditions 

Allow an unusually high permissible number of starts per hour from "HOT" motor conditions 

Rotors mostly used as high impedance rotors are double cage rotors and die cast aluminium 

rotors. 

As specified in Chapter 1, although welcomed in various applications, they are still not able to 

fulfil all the market demands regarding specific drives (see also paragraph 2.8). Because of this, 

some technological processes are re-adjusted which lower the efficiency, unless motor failures 

with all consequences could be recorded (these characteristic failures related to rotors as initial 

cause will be discussed further). 

As mentioned above, the need for an alternative rotor type (able to fulfil absolute specific and 

contradictory conditions) appeared on the market. 

4.2 Shortcomings of double cage rotors 

4.2.1 Double cage rotors in the mining industry 

The motors powered by double cage rotors have high starting toque values ranging from about 

2.2 to 2.7 p.u. (x FLTq). Starting current values are 6.5 to 8.0 p.u (x FLCrt). 

They are preferred to die cast aluminium rotors because of a much higher reliability, 

performance stability and lifetime. 

Double cage rotors are mostly used in the mining industry for various motors and applications. 

The motor powers range from 70 kW to 350 kW and are manufactured by Breuer (Germany), 

Loher (Germany), Flender (Germany), and Darnel (Poland). 
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The motors are installed on various machines designed and manufactured by Voest Alpine 

Tunneling GmbH Austria (part of Sandvik Corporation) for coal-cutting operations. 

A typical VAMT continuous miner is shown in Annexure 4.1. 

These machines operate all over the world: in Africa (about 140 units), the Australasian 

continent (about 100 units), Europe (about 2 200 units), USA (about 1 200 units), and Russia - 
Asiatic side (about 1 500 to 2 000 units). China also is using this high productivity machinery. 

Note 4.1: Another international company, ElKHOFF GROUP, uses long wall continuous miners powered 

by double cage motors. DBT - Germany and WlRTH - Germany also use double cage rotors. In the 

thesis we will refer to Voesl Alpine Mining and Tunneling. 

However, these manufactured rotors have some limitations caused by motor power, rated 

voltage and geometrical sizes. The calculations are presented in Annexure 4.2. 

Double cage rotor failures presented in the following paragraphs are typical for specific South 

African conditions (already presented in paragraph 2.8). 

4.2.2 General thermal stresses on the double cage rotors 

Photo 4.1 shows a German 315 kW 4-poles rotor that is part of a cutter motor installed on a 

continuous miner. 

This specific rotor shows heavy discoloration on different lamination sectors - proof of unusual 

high values of thermal stress imposed by characteristic South African machine running 

conditions. 

The rotor was manufactured with laminations from different material (coils) with different 

qualities (specific losses in Wattslkg). This is indicated by the various colours on the rotor 

segments at the same rotor temperature estimated in excess of 350°C. 

Photo 4.1 Prolonged and heavy operational thermal stresses on a double cage rotor 
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The slight rubbing seen in the middle of the rotor could be explained by reduction of the air gap 

possibly due to excess heat developing in the motor internal enclosure, together with unusual 

flexing of the rotor shaft. The rotor will be discarded. 

4.2.3 Mechanical and thermal stress on the starting cage 

Because of the load particulars (operation procedure), the rotor is subject to unusual thermal 

stresses. Photo 4.2 shows the end-ring stopper separated from the laminations pack as a result 

of frequent longitudinal dilatations and contractions of the rotor. 

h l  thermal vector manifested by 
heavy condensation in the region 

I 
Reduction of starting cage bars 

I' 
aoss-section as a result of end- 
rhq vibration 

Photo 4.2 End-stopper separation on a double cage rotor 

Vibrations of this loose end-ring during load will cause erosion of the relative tiny brass bars of 

the starting cage. This can be seen very clearly on the right-end side of the cage. Reduction of 

the cross-section of these brass bars will cause a local thermal vector - proven by the specific 

condensation seen on the iron core. 

The cross-section of the starting cage bars cannot be increased without altering motor starting 

performances (function of bars resistance). 

4.2.4 Thermal stresses on the starting cage 

It was found that the use of special laser cut end-rings as lamination stoppers could prevent 

end-ring separation on cyclic rotor longitudinal dilatations and contractions. 

Photo 4.3 shows a special keeper plate end-ring holding laminations in position. The brass bars 

of the starting cage are discolored as a result of prolonged high values of currents circulating in 

the cage. According to tent discoloration, the brass bars were subject to a temperature in 

excess of 500°C. 
The discoloration of the brass bars indicate high starting currents circulation - for a wolonaed wind of time reoealed lreouentlv 

The thermal stress has been partially transmitted by radiation lo adjacent 

Photo 4.3 Thermal stress is present on the starling cage bars as the first phase of deterioration 
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This initial thermal stress will be followed by oxidation and electrolytic activities as a result of salt 

deposits around high temperature spots. 

Photo 4.4 shows advanced thermal stress followed by incipient electrolytic activity in the region 

of the brazed joints. 

Iron core discoloration indicales rotor temperatures in excess 
of 500°C 

Condensation in Ihe region indicates presence of a local 
thermal vector 

Photo 4.4.Electrolytic activities around the brazed joints 

4.2.5 Erosion of brazed joints 

Photo 4.5 shows a classic example of the erosion of brazed joints. The rotor was cleaned 

before the photo was taken. 

The erosion was facilitated by various combined fault conditions present simultaneously in this 

specific situation: 

High resistance on the joints 

Presence of general thermal stress 

Ingress of salty substances 

Prolonged stall and frequent starts conditions of the motor 

Electric discharges (sparking flashes during stall conditions) throughout air gap 

4 Erded brass bars in ,he region of brazed joints 

d Copper shortcircuit ring erosion in the region of brazed 

m join1 of the brass bar 

Photo 4.5 Erosion of starting cage bars is present in the region of brazed joints 

4.2.6 Mechanical stresses on the starting cage generated by motor re-closure 

The specific operational conditions in the South African coal-cutting industry are the chief 

reasons for starting cage failure. 

Photo 4.6 shows severe mechanical distortion of the starling cage as a result of heavy rotor 

accelerations, which occurred during motor re-closure. 
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Photo 4.6 Starting cage distortions occurred as a result of motor rapid reclosures 

Fast switching of the motor circuit itself can cause spectacular damage: twisted shaft, rotors 

loosened on the shafts, bending rotor bars with the separation of short-circuit rings, stator coils 

bending, or machine ripped off its brackets or foundation. These are the results of high transient 

forces - a sudden, drastic twisting action produced by temporary peak currents, which may be 

repeated frequently. 

Short switching times affect phase relationships between residual and line voltages on motor 

circuits. 

During normal running, a steady-state magnetic field rotates at synchronous rim within the 

motor, pulling the rotor after it at a slightly lower speed. If the motor circuit is opened, some 

residual voltage remains within the winding. Magnetic flux in the laminations cannot disappear 

instantly when the winding is de-energized. The coasting rotor cage cuts through this field, 

causing the machine to generate a voltage at its open-circuited terminals that disappears with 

time. The length of that time depends on how quickly the stored electromagnetic energy 

dissipates. 

As explained earlier, the residual voltage comes into line with rotor rim, its frequency gradually 

dropping. The source voltage, however, remains unchanged at its original frequency. When the 

circuit is re-closed, the two voltages (source and residual) are likely to be out of phase with each 

another. 

In fact, the re-closure yanks the remaining magnetic field back into synchronism and with it the 

coasting rotor. That abrupt shock also causes a high current pulse, leading to damaging etectro- 

dynamic forces. 

Actual re-closure torque can be 8 to t o  times locked-torque value, because the temporary motor 

behaviour does not match the starting situation. Even during a normal start, a temporary short- 

time torque of 3 to 5 times the locked-rotor value appears. 
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Photo 4.7 Starting cage regarded as a "weak point" in a double cage rotor 

Typical examples of a starting cage regarded as a "weak point" in South African environments 

(using frequent re-closures!) are shown in photos 4.7 and 4.8. 

This set of long bar extensions were first bent, 
then separated from the shortcircuit ring a 
result of frequent motor reclosures 

Afer separalion, induced voltages in these ! 
broken bars produced heavy discharges to 
short-circuit ring. The end bars are melled. 

The second sel of bars was cut off next to the 
end laminations as a result of cyclic bending 
while Ihe molar was still operated in frequenl 
reclosures and re-slarts. 

Photo 4.8 Double cage rotors are not suitable for specific South African conditions 

4.2.7 Broken rotor bars 

Some failures discussed above are similar to "broken rotor bat" situation, manifested on starting 

cage, especially. There are more specific conditions causing broken bars. 

During a locked-rotor condition, the bar current frequency is 50 Hz and the rotor core is subject 

of same type of iron losses as in the stator core situation. If rotor core laminations are short- 

circuited, because of the local circulation of the eddy-currents, a "hot spot" will be generated in 

this specific area. In stall conditions the temperature of this "hot spot" could reach values closer 

to bar material melting point, Photo 4.9 shows a typical rotor "hot spot" situation. 

It must be mentioned that the starting cage distortion indicates that the specific rotor was also 

subject to frequent motor re-closures. Distorted cages and "hot spots" will produce broken rotor 

bars. 



Chapter 4: Shortcomings of High Impedance Rotors 

The shift angle between copper bars of the 
running cage and brass bars of the starting cage 
indicates slarbng cage distortion as a result of 
motor redosure. 

I 
Rotor direction of roration men reclosure occurred 

Molten brass in the *hot spot" area with an estimated 
temperature in excess of 1 000°C 

Photo 4.9 "Hot spots" with temperatures reaching melting point of the br ass bars 

This motor was sent for rewinding. Winding failure occurred at the end of the slot. As a rule the 

winding failure at the end of the slot is considered a result of poor workmanship. In this case, 

the winding insulation failed because of heat radiated from the rotor "hot spot". Some brass 

drops were found next to the point of winding failure proving that during stall condition, besides 

hot spot radiation, the brass was expelled towards the adjacent point of the stator as a 

disrupting high-voltage electric discharge. 

Note 4.2: In the chemical industry electric disruptive discharges in the motor air gap can cause ignition of 

flammable gases existent in the motor enclosure. 

A classic broken rotor bar situation is shown in photo 4.10. 

c 
Photo 4.10 Brass bars of a starting cage in a "broken bar" situation 

These bars were subject to four combined fault conditions: 

General high temperature generated into the starting cage 

Material expulsion as a result of electric disruptive discharges 

Electro-dynamic and mechanical vibrations 

Possible faulty brass structure in these specific points 

Monitoring the motor on site can facilitate the early detection of broken bars. 
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4.3 Economical implications of double cage rotor failures 

As mentioned before, these motors are used in conditions far above the initial design 

requirements of running the motors in very specific conditions. As a result of financial losses 

recorded by the customer in repairing and refurbishing these motors, the author has given 

special attention to these issues during the last 5 to 6 years. 

Estimations of financial losses have been done on one of the most used 200 kW cutter motor. 

The calculations presented in table 4.1 estimate financial losses, which occur when unplanned 

stoppage takes place. 

Table 4.1 Financial losses estimation for a specific motor fitted with double cage rotor 

1 Item Cost rate Magnitude ( Financial loss (Rand) 1 

1 New motor 1 R400 000 1 I I 

Average production 
Down-time production 

I Re~airer warrantv costs 1 1 R150 000 1 R150 000 1 

R3 000 / hour 
(10-1 5) x R3 000 / hour 

Average repair cost 
New rotor cost 

From previous experience and according to customer planning, the following activities (with time 
duration) take place: 
Spare motor availability = 6 lo 8 hours 
Replacing motor and commissioning = 12 hours 

" Including rotor replacement 
*** Double cage rotor cannot be repaired; shaft replacement average success rate 50% 

18-20 hours' 

R180 000 / motor 
R70 000 / new rotor"' 

Repairer production loss 
TOTAL financial loss 

Conclusion: The financial losses generated by unplanned stoppage as a result of double 

cage rotor failure of a 200 kW motor are estimated at R1,2 million. 

540 000-900 000 

Other indirect losses regarding logistics, marketing and repairer image are not taken into 

consideration. 

Max 60% of new 

R120 000 

4.4 Shortcomings of aluminium die cast rotors 

R240 000" 

R 120 000 
1 020 000-1 510 000 

4.4.1 Characteristic failures of die cast rotors 

In spite of various techniques and advanced methods adopted regarding the quality assurance 

process, a relevant percentage of faulty die cast rotors exist on the market. So-called hidden 

defects occur because of: 

Quality assurance system failure to perform during rotor manufacturing, before motor 

assembly 

Occurrence of non-detectable failures (beyond the sensitivity of existing apparatus) 
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Failure to perform a load test or to detect the faulty rotor during the load test 

Non-consistent site activity for monitoring and detecting rotor failures 

Characteristic failures of aluminium cast rotors can be classified as: 

Voids in the casting 

Interbars "short-circuits" 

Broken bars 

"Bow" rotor, locally overheated rotor, and rubbing 

Cast material 

Design problems 

4.4.2 Casting voids 

Voids in the casting generate local thermal vectors as a result of a reduction of cast material. 

The resistance of the casting will increase in proportion. Photo 4.1 1 shows these characteristic 

defects. 

This specific 350 kW, 6600 V, 4-poles motor has been rewound three times during its warranty 

period. All these times the rotor passed the quality tests performed with various apparatus and 

instruments. 

Only after the last rewind and with the assembled motor, the vibration spectrum was carefully 

noted during the load test. Correct interpretation of the vibration spectrum data revealed the 

rotor failure. 

The specific application required 4 to 6 startsihour. During the start-up period, the "hot spots" of 

the short-circuit ring radiated heat towards the diamond bar winding. A "fire circle" generated by 

the short-circuit ring was superimposed on the winding overhangs already thermally stressed 

during motor start-up. This produced accelerated ageing of the winding insulation, until a weak 

spot was found to discharge the stress. 

The cast voids marked with black circles and grouped together on Ihe I/ side of Ihe short-circuil ring produce an artificial resislance increase of 
45%. 
This are will act as a -hot spar radialing heat circularly lowards winding 
overhang and producing a very intensive ageing effect on the winding 
insulation. 
Price of one set coils of diamond windings for this lype of motor = 
R58 000. 

Photo 4.1 1 Casting voids on a short-circuit ring of an MV die cast mtor 
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After the rotor short-circuit ring was cut off, some data and calculations were available: 

Rotor short-circuit ring rated cross-section 

Average cross-section area of voids 

Normal half ring aluminium volume 

Actual aluminium volume in half of the ring 

Volumic resistance increasing due to voids 

Estimated extra temperature rise in the voids area 

4.4.3 lnterbars "short-circuits" 

The bridges created by the cast aluminium between the rotor slots are known as interbars 

"short-circuits". Photo 4.12 shows such a hidden defect at the bottom bars. 

Photo 4.12 lnterbars "short-circuits" on an aluminium cast rotor 

In the photo 4.12 there are about I 3  to 15 slots (out of a total number of 44 rotor slots) short- 

circuited by the interbars bridges. These bridges connected electrically about 25 % of the total 

number of the bars. 

On a growler test (performed at 50 Hz), the magnetic flux lines do not penetrate deeply into the 

rotor iron core, so the rotor will pass the tests. 

Starting performances were satisfactory due to the fact that there were no failures on the 

rounded topside of the bars (starting cage), Due to lack of rotor bars, the motor performed a 

higher slip, but still in standard tolerances. The winding ran hotter and the motor was rewound 

several times. 

The failure was discovered when customer decided to discard the motor because of frequent 

uneconomical repair costs and down-time production as a result of unplanned motor stoppage. 

When the rotor was cut off, interbars bridges were found. 
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4.4.4 Rotor broken bars (hidden defects) 

Even a thermo-graphic picture of a hot rotor may not reveal these "hidden defects". 

These specific failures may occur during different phases in the rotor lifetime. 

Photo 4.13 shows such hidden defects that weren't detected for about 1.5 years of the rotor 

lifetime. This is called "partial rotor broken barsn. 

fhe shining side of the bar 
tgpresents the bar connection 
U the shortcircuit ring 

leakage sloP 

The dark side of the bar 
p f i l es  have no aluminium 
cast and represent -partial 
rotor broken b a i  

Photo 4.13 "Partial rotor broken bars" on a short-circuit ring of a die cast aluminium rotor 

The rotor passed the manufacturer quality assurance system and also the motor repairer 

specific rotor tests. The motor was rewound twice in 1.5 years; the warranty was rejected as the 

winding showed overload conditions. It was found that the motor tripped on thermistors overload 

and the mine by-passed these electronics. 

Using a magnifying glass, minuscule holes were found at the bar joints to the short-circuit rings. 

These indicated the possibility of hidden defects. Tested at vibrations when rings are excited by 

knocks, hidden defects existence was confirmed. 

This type of failure will persist until the rotor structure deteriorates further in such way that the 

rotor is regarded as the main reason for collateral damage on the motor. 

The failure can advance to such an extent that it reaches the situation shown in photo 4.14 

where the rotor broken bar can be seen. 

Initially the casting did not ensure a complete connection (bonds) between the short-circuit ring 

and rotor bars. This is one of the characteristic hidden defects that are difficult to detect using 

existing techniques. 

During work time, cyclic thermal stresses acted bi-directionally moving the short-circuit ring 

axially and weakening the structure of the bonds. As a result, the gap between the short-circuit 
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ring and rotor iron core increased, this being further detrimental to the electrical connection of 

the casting between the bars and the short-circuit ring, 

When the weakening bonds of the bars to short-circuit rings were destroyed, the rotor revealed 

a broken bar failure. 

The expelled shod-circuit ring from he  rotor core 
resulted in a gap through which a paper of 0.4 mm 
thick could be passed. 

The limits of the gap created between Ihe expelled 
shortcircuit ring and rotor iron core 

Photo 4.14 Short-circuit ring expelled from the rotor body causing a rotor broken bar situation 

4.4.5 Rotor broken bars as a result of rotor rubbing against stator 

The rotor rubbing against the rotor bore leads to complete damage of the rotor, winding 

deterioration and further possible damage to the stator core. It in fact leads to the complete 

destruct~on of the electromagnetic part of the motor. Photo 4.15 shows a rotor broken bar 

situation after rubbing process against stator bore. 

The rubbing circular line marks the rotor bar shifting, 
thus leading to a -rotor broken b a i  situation 

I Rotor discoloration indicates an artificial overload 

Photo 4.f5 A'rotbr broken bar" situation as a result of rotor rubbing against the stator bore 

The bars are still connected via a smaller than normal rotor bar cross-section area. 

This will result in the rotor overheating locally with heat radiation onto the stator bore. The 

insulation ageing consequences have already been discussed. 

4.4.6 "Bow" rotor, locally overheated rotor 

Even though the rotor is centered in the stator (shaft is in perfect concentricity to stator ID)? it 

may be not perfectly round. This can occur as a result of a local thermal vector developed 

leading to active material leaking from the rotor slots, as shown in photo 4.16. 
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This is an INDICATION OF POTENTIAL ROTOR FAILURE! 
Slot lines appear on some rotors Mile other rotors do nol have these 
If the slot lines appear in some areas on these later types of the 
rotors, this is proof of a local thermal veclor. Aluminium comes out of 
the slots. 

Photo 4.16 Incipient rotor failure as the aluminium tends to leak from the slots 

Presence of a local thermal vector is a good indication of uneven heating of the rotor, which 

may be caused by: 

Rotor (partial) broken bar 

Previous old rubbing 

Casting problems as voids, interbars bridges or variation in material composition 

A rotor concentricity check in "cold" and possible "hot" conditions is mandatory. Uneven heating 

of the rotor always causes rotor rubbing, as shown in photo 4.17. 

I 
This vhole rubbing area is due to a -bow rotor" initiated by a 

In a "bow rotor" caused by local thermal vectors, active material leaks into the motor air gap 

unevenly. The failure is further extended to rotor rubbing against the stator. 

The best prevention of a "bow rotor" is a careful investigation of the rotor "hot spots" by using a 

classic core test (SA8S 0242) or simulating rotor thermal conditions on load, as shown in figure 

4.1. 

Figure 4.1 Simulating rotor load thermal condjtions in order to detect a local thermal vector 
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Many times a shaft is bent because of rotor distortion as a result of uneven local thermal vectors 

on the load and the heat being transferred to the shaft, as shown in ngure 4.2. 

Figure 4.2 Sketch of heat flux transferred unevenly from the rotor to the shaft and to the winding 

Thermo-mechanical distortions will vary with temperature, load or other conditions and the 

vibrations will vary accordingly (often as an unbalanced rotor!). 

The non-linear forces caused by the shaft (rotor) run out are the same as those for radial 

misalignment. This will cause a significant amount of unbalance. 

The motor vibration spectrum will be a combination of spectrums similar to radial misalignment 

and an unbalanced rotor. 

On load, these "hot spots" generate so-called "fire circles" thermally stressing the stator core 

and winding insulation on a specific circumference, 

Note 4.3: Many repairers will "repair" a discolored rotor by "skimming a face''. Rotor discoloration may 

fist be an indication of motor overload, and this must be addressed first. Sometimes the rotor 

discoloration may be due to air gap harmonics developed in a smaller than normal air gap. 

4.4.7 The die cast aluminium rotors rubbing process 

Die cast aluminium rotor rubbing represents the end of the rotor life. If rubbing starts, this is an 

indication of the rotor developing a local thermal vector. 
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Initially, the vector will develop a local "hot spot". The aluminium will expand unevenly producing 

permanent micro-fractures of the internal structure. 

After a number of cycles the micro-fractures will develop further as cracks that will affect the 

cast material integrity. Now, the "hot spotJ' temperature will modify the local rotor OD 

consistently. A "bow rotor" situation and a "high spot" will be present in the area. 

The combined effect of thermal stress and vibrations will produce an emission of aluminium 

particles from fractures and cracks in the surrounding air gap area. 

The rotor now rotates in this "cloud of aluminium particles" present in the air gap, 

Continuous friction between this "cloud of aluminium particles" and the high spot will result in a 

further increase of the "high spot" temperature, thus causing the spot to become hotter, Internal 

structure damage by cracks and fractures will be accelerated. 

As a result of increased electrical resistance in the area and friction to the particles in the area, 

the local temperature will increase beyond 400 to 500°C. 

The 'hotlhigh spot" sizes will increase further, until the high spot sizes will become comparable 

with air gap sizes. This is the moment when the rubbing process between the rotor and stator 

bore is ready to start. 

4.4.8 Consequences and collateral damages of the rotor rubbing 

The rubbing process will escalate in a snowball effect with collateral damages, as shown in 

photo 4.1 8. 

- lrilerlurns shortcircuit developed in 2 coils ol the group of 4 

Photo 4.18 Collateral damage of an aluminium rotor rubbing against the stator bore 

Complete rotor failure (aluminium out of the slot) 

Winding contamination and winding failure in the slot (as interturns short-circuit) 

Stator core failure as a result of aluminium penetration by rubbing within laminations 

Stator iron core failure as a result of burnt out iron in the slot, where the interturns short- 

circuit may be locally developed 
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4.4.9 Cast material composi t ion 

Cast material composition not complying with design requirements is another reason for rotor 

failure. If the chemical composition of cast material is not controlled properly, there are major 

consequences related to the five essentials of application engineering. 

Motor performance alterations due to material conductivity result in thermo-mechanical 

stress of the rotor electric circuit, as shown in photo 4.19. 

Photo 4.19 Degradation of the electric circuit of the die cast aluminium rotor 

Cast material corrosion due to material composition in a hostile environment, as shown 

in photo 4.20, will also result in the deterioration of rotor performance. 

Photo 4.20 Corrosion of rotor electric circuit cast material 

4.4.10 Rotor design problems 

The rotor design is very important in matching the load requirements (essential one). 

An unusual small air gap value will lead to rotor overheating due to air-gap harmonics. The 

expansion of die cast aluminium rotors may lead to rotor rubbing if a local thermal vector is 

present. That is why many motor manufacturers using die cast aluminium rotors indicate air gap 

values in "cold" and "hot" situations. 

Another "weak pointw* of the die cast aluminium rotor is "the leakage slot" between the upper 

and bottom bar, as indicated in photo 4.13. Due to the casting process, this slit always contains 

cast aluminium. There is another probability of casting non-compliance. When the rotor 

accelerates from standstill to a rated speed, the bar currents circulate through "the leakage slot". 

Because of this slit-reduced size, the current density reaches very high values. The appearance 



Chapter 4: Shortcomings of High Impedance Rotors 

of local thermal vectors in these leakage slots overheats the cast pushing the aluminium out of 

the slot by thermal expansion. 

A die cast aluminium rotor designed for a specific application is always a sensitive compromise 

between performance and manufacturing costs. 

4.5 Manufacturing costs or outsourcing (imported rotor) cost of a 

dedicated die cast aluminium rotor 

4.5.1 Cost of a locally manufactured die cast aluminium rotor for a mega cutter 
motor 

A medium-sized South African motor manufacturer decided to challenge Joy Harnishphegger 

USA in manufacturing the mega cutter 170 kW, 950 Volts, 4-poles motor locally. The motor 

requires a high starting torque, i.e. high impedance rotor. Initially i t  was decided to manufacture 

by reverse engineering a die cast aluminium rotor. Having no facilities for die cast rotors, an 

enquiry was submitted to a reputable South African die cast rotor manufacturer. 

An example of the manufacturing cost structure (excluding VAT) for a new 170 kW, 4-poles, 

cutter motor using die cast aluminium rotor is presented in Annexure 4.3. 

The following briefly presents the answer given by the reputable manufacturer to this enquiry: 

Tooling: Laminations slot & crop punch and die R7 000 

Die cast tooling R128 000 

Die cast rotor as such (including the gross margins) R15000each 

Payment: in full with order for tooling and cash on delivery for rotor 

Delivery time is 13 to 17 weeks from the date of order, which is totally unacceptable for the 

customer. The rotor slot design costs are not included. 

The rotor cost is about 11 % of the tooling costs. 

Recapitulation of the costs indicates a total cost of R150 000 for the rotor. 

The price of a new imported motor was at that time R220 000. 

These prices, related to the market demand volume, are not acceptable. The repairer must be a 

big organization with expertise in this field, able to absorb the R&D costs. 

Conclusion: Because of the restrictive rotor price, the project failed. 

The market requires another type of rotor with similar performances but with higher reliability 

indicators - longer lifetime and, if possible, cheaper than imported rotors. 



Chapter 4: Shortcomings of High Impedance Rotors 

4.5.2 Cost of a frequent imported die cast aluminium rotor 

Voest Alpine Mining and Tunneling, South Africa are using continuous miners powered by 4 

(four) 36 kW, 1 000 V, 4-poles motors (gathering arms and conveyors). They are performing a 

very high starting torque (2.5 to 2.8 p.u. x FLTq). 

Overseas manufacturers, such as Loher, Germany and Darnel, Poland, supply these motors 

and rotors. 

Due to very high and complex thermal and mechanical stresses (specific South African 

conditions), the rotors age and deteriorate at a rate of 1.25 to 2 years. 

Continuous miners operating in Soulh Africa only = 80 

Total of 36 kW on the machinery = 320 

Stock 20% = 64 

Total replacement @ 1.8 years average rotor life = 350 

Total annually replacement of the rotors = 190 rotors 

Estimated annual cost o f  the replaced rotors = R5 million 

Calculations are based on imported rotor costs paid in RSA at Jo-burg custom: R26 000 for a 

Damel 36 kW or R 22,000 for a Loher 30 kW. 

The price structure for this imported rotor estimated according to international rates and related 

to market indicators is presented in table 4.2. 

Table 4.2 Price structure lor a 36 kW imported die cast aluminium rotor 

1 1  

13 

12 

14 

15 

Total rotor cost 
Gross margin to exporter 
Rotor price before custom 
Customs paid by importer 
Total cosl paid by importer 

13 800 

9 000 

22 800 

3 200 

26 000 

100% 

65.2 % Net Profit 
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Conclusion: The exporter profit is 65.2%! lncluding customs duty, Ihe user is paying nearly 

double the rotor! An indigene rotor with similar performances is required. 

The patent is offering such rotor as MCFR, with higher reliability indicators (longer 

lifetime) and cheaper than imported rotors. 

4.6 Estimations of economical implications of die cast aluminium 

rotor failures 

As discussed before, the die cast aluminium rotors are sometimes used in specific applications 

far above the initial design requirements. As a result, performance deterioration and rotor 

failures generate financial losses recorded by the customer in down-time production, importing 

rotors, repairing and refurbishing motors. 

Estimations of financial losses have been done on a 36 kW gathering arm (spinner) motor and 

conveyor motors. These motors run with die cast aluminium rotors. They power Voest Alpine 

Mining and Tunneling continuous miners. 

The calculations presented in table 4.3 estimate financial losses, which occur when unplanned 

stoppage takes place. 

Table 4.3 Financial losses estimation for a specific motor fitted with die cast aluminium rotor 

Item 

Average production 
Down time ~roduction 
New motor 
Average repair cost 
New rotor cost 

I TOTAL financial loss 1 I 1 285 000-480 000 1 

Cost rate 

R3 000 / hour 
11 0-1 5 )  x R3 000 1 hour 

Repairer warranty costs 
Repairer production loss 

From previous experience and according to customer planning, the following activities (with time 
duration) take place: 
Spare motor availability = 3 to 5 hours 
Replacing motor and commissioning = 4 hours 
Including rotor replacement @ success rate of 50% 

Imported cast rotor price was ranging R22 00GR26 000 

R65 000 
R45 000 1 motor 

R24 000 1 new rotor"' 

Conclusion: The financial losses generated by unplanned stoppage as a result of die cast 

aluminium rotor failure of a 36 kW motor are estimated at R382 500. 

Magnitude 

7-9 hours* 

R20 000 
R10 000 

Other indirect losses regarding logistics, marketing and repairer image are not taken into 

consideration. 

Financial loss 
(Rand) 

210 OOC-405 000 

Max 70% of new 

R20 000 
R10 000 

R45 000" 
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4.7 General conclusions regarding economical losses 

Following are general conclusions regarding economical losses on high impedance dedicated 

rotors with reference to South African operational conditions. 

As a result of failure investigations and motor testing activities, it became obvious that the 

original design did not match the five stringent South African essentials of application 

engineering (presented in Chapter 2). 

The financial losses generated by unplanned stoppage as a result of double cage rotor 

failure of a 200 kW motor are estimated at R1, 2 million (paragraph 4.3). 

In the South African industrial environment 20% to 25% of the repaired squirrel cage electric 

motors require rotor replacement. 

For old squirrel cage aluminium rotors, replacement becomes a problem, especially when 

manufacturers ceased rotor production (motors could be scrapped). 

When no spare rotors are available on the market, rotors re-design or re-manufacturing in 

reduced quantities is prohibited because of the price per rotor. 

Re-manufacturing cost of a die cast aluminium rotor represents 6 5 7 0 %  of the price of a 

new imported motor (paragraph 4.5.1). 

A rotor importer pays double the rotor price. The exporter profit is around 65%1 

A reputable mining house annually pays only in South Africa R5 million for replacement 

of 36 kW die cast aluminium rotors (paragraph 4.5.2). 

The financial losses generated by unplanned stoppage as a result of die cast aluminium 

rotor failure of a 36 kW motor are estimated at R382 500 (paragraph 4.6). 

The total ownership costs of a motor are influenced by some economical components: 

High cost of the new rotors for replacement 

Down-time production, as a result of unplanned motor failure 

Motor repair activities 

Logistic activities 

4.8 Common characteristics of "P" family of motors 

The author has been investigating numerous causes of Voest Alpine South Africa motor failures 

for more than a decade. 

These dedicated electric motors have been designed and manufactured in Europe. However, it 

was found that the motors couldn't withstand the harsh South African mining conditions, 

contravening to some of the essentials of application engineering. 

- 70 - 
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The approach was to identify the motor's "weak points" and to define a specific South African 

model suitable for indigenous conditions. 

By designing these electric motors according to specific conditions, the " P  VOEST family was 

born. 

Table 4.4 indicates the common characteristics of the new manufactured "P" motors. 

Table 4.4 Idenlificalion of VAMT motors "weak points" 

No. "P" family "P" Properties 
Rotors Copper bars Low thermal level, 

fitted in one Starting torque 
cylindrical shell according to IEC 
Bars in one 600034 tolerances I 

Rotors 

Existent fleet 
Starting cage: 

"Fuse" effect 
Distortions (re-closure) 

Bearings 

Aluminium with rapid 

C3. subject to heat transfer 
from rotor via shaft 

cylindrical shell 
Copper or MCFR 

I presentations 
Clearance and type according to load, less 
sensitive to heat transfer from rotor's shaft 

Water jacket 

schedule 
See separate 

Frame & 
metallic 
structure 

- 

Sealing 
Winding 

P norn = 1 Barr, 
High hydrodynamic 
resistance 

Composite, an isotropic, a = f 
(E) at the top limit, remnant 
distorlions 

Longitudinal ribs 

~p - ~ 

Seal on spigot can be shaved 
C 220, Mush 

P norn = 0.5 Barr, 
High efficiency (85Oh) 
Blockages & bypass free 

Voltage supply 1 950 V &15% I Withstands low voltages ) 1 000 Volts 210% 

By applying statistic-probabilistic methods as "Fault tree method" and "Policy on motor repair 

documents", the following "weak points" of Voest Alpine motors have been identified: 

Fabricated, forged, stress-relieved 
Isotropic, Weld ability, 
o = f (E) in linear range, misalignment free 
2" seal working on compression 

Rotors 

Bearings, lubrication and sealing 

Water jacket 

Frame and metallic structures 

Windings 

Rated voltage supply 

Round wire 
trending to 
diamond coils 

The rotor failures were classified as one of the first reasons for motor failures being highlighted 

in bold letters. Bearing failures was the next reason (influenced by the rotor condition. 

Inverter grade, tapped 
coils, re-design to 
diamond coils 

A new family of " P  motors was designed and manufactured with new rotor designs being part 

thereof. 

In the invention of the Mixed Conductivity Fabricated Rotor, special reference to has to be made 

to replacing die cast aluminium rotors. 



Chapter 4: Shortcomings of High Impedance Rotors 

In this "P" family, the MCFR represents one of the major solutions in improving the 

efficiency of the mining process with all other consequences already presented in 

Chapter 1. 
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CHAPTER 5: A NOVEL SOLUTION: MIXED 
CONDUCTIVITV FABRICATED 
ROTOR 

This chapter presents a new type of rotor, the Mixed Conductivity Fabricated Rotor - MCFR [I), [2]. 

A chain of events resulted in the need for an MCFR. Financial losses experienced by the South African 

mining industry by using only double cage and aluminium rotors represent the biggest podion of the 

production costs (see also paragraph 4.7). 

The invention principle of the MCFR is totally different than lhat which currently exists on the market and 

no references and similar manufactured types could be found. After exhaustive bibliographical research, 

the author found no bibliographical reference to another principle used in designing and manufacturing 

rotors [3] to [7]. 

South African and foreign motor manufacturer specialists and academics attending the author's 

presentations 181, [9] acknowledged the novelty of the invention principle (also see Annexure 5.1). 

The answers and other comments received resulting from articles published in specialised magazines 

[lo], [I 11, [I21 also confirmed the MCFR as a novelty. 

It was theoretically demonstrated that the resistance variation with frequency function of bar conductivity 

and/or bar profile is the solution to achieve the invention. Based on theoretical results. the MCFR design 

uses a "deep bar effect" of various bar conductivities, profiles and sizes. 

Calculations on resistancelreactance ratio are confirmed by experimental results. 

A summary of the invention aspects and description of preferred embodiments of the patent was done for 

two main types, the MCFRl and MCFR2, followed by a description of the basic technological 

manufacturing process, the operating principle and mathematical equations applied to the MCFRl 

design. 

According to various customers, the MCFR has definite advantages during operalional processes. 

5.1 Previous trials in replacing GAM and CM on VAMT machinery 

As an alternative to Joy Mining Machinery monopoly in South Africa, Voest Alpine Mining and 

Tunneling (VAMT), GmbH Austria, started mining operations in our country in 1988. 

VAMT effectively penetrated the South African market by using overseas designed high- 

efficiency continuous miners. Typically, VAMT continuous miners (see Annexure 4.1) are 

equipped with the following motors: 
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Cutter motor (200 kW, 270 kW or 315 kW) 

Hydraulic pump motors (50 kW or 132 kW) 

Gathering arm motors (GAM) - (2 x 36 kW), and conveyor motors (CM) - (2 x 36 kW), each 

group of two motors working in tandem. Requiring very high starting torque, these motors 

use high impedance rotors, i.e. die cast aluminium rotors. 

Loher - Germany, initially supplied GAM and CM for VAMT continuous miners as 30 kW 

motors. 

Because of the dramatic productivity increase in the South African mining industry, GAM and 

CM become overloaded and Loher decided to upgrade the existing motor (referred to as 

"spinner") from 30 kW to 36 kW. 

The following changes had to be made on the 30 kW Loher motor in order to upgrade the motor 

power "P": 

Reduce the number of turns "T" in the stator winding according to: 

Pnow TZnew = Pord T ~ ~ I ~  (5.1) 

Change the motor thermal protection. 

Increase the motor air gap size from 0.6 mm to 0.7 mm to avoid increasing additional stray 

losses activity on the rotor surface. 

The overall sizes, core length, rotor and bearings of the motor were kept the same because of 

the space restrictions on the continuous miner. 

It was clear that, according to equation 3.9, the motor output coefficient G =  WID' L n was 

increased by 120% As a result, motor performances have been changed with some important 

consequences: 

Motor temperature rise increased with winding burning more frequentjy. 

Motor rated speed dropped about 20 rlm (rotor was overloaded). 

The rotor temperature rise as well as its heat flux radiation increased. 

Bearing temperature rise increased (heat flux transfer from the rotor was shown in figure 

4.2) generating more than expected mechanical failures. 

Loher released some rotors with half key only, resulting in "rotor twisting", especially during 

starting (increasing rate failures). 

Increased financial losses related to TOC (repairing activities and down-time production costs) 

jeopardised Voest's position in the South African market (in competing with JOY Mining 

Machinery). 

In the last attempt to adjust the existing Loher motor to the special South African conditions, 

VAMT Austria made some additional technical decisions: 



To further increase the air gap sizes to 0.8 mm (decreasing motor stray losses and trying to 

reduce rotor to stator rubbing probability and improving starting torque) 

To change thermal motor protection: replace winding thermistors - from 160% to 140% 

Special heat treatment for rotors 

Because of the unchanged high rate of rotors failures, for more than a decade, VAMT tried to 

find an alternative to replacing GAM and CM (30136 kW) Loher-manufactured motors. 

Custom Electric Motors design: During 1992 to1996, GAM and CM with copper rotors were 

used. Custom Electric Motors (former Cullinan) designed a copper rotor with the same outside 

diameter as original, which was able to keep the existing Loher stator in place. The rotor was 

used with the same Loher stator and winding specification. 

The rotor performances were different than the original Loher changing STC motor 

performances as shown in figure 5.1. 

Torque Ipu] 

Full load torque 

Figure 5.1 Speed-Torque curves of 36 kW, fitted with an aluminium and a copper rotor 

Some comments can be made regarding the graph shown in figure 5.1. 

Copper rotor motors do not have enough starting torque, but have a higher rated speed. 

The motors could not work in tandem if one was fitted with aluminium and one with copper. 

Motors fitted with a copper rotor lagged at starting and lead on load. 

This combination increased the failure rate of the motors. 

TECO design: During 1994 to 1996 Transvaal Electric (TECO) designed a complete spinner 

motor fitted with a double cage rotor with a similar STC performance as the Loher motor. The 

technical solution was abandoned for various reasons: 

Overall sizes of motors were bigger than the Loher to accommodate the space on the 

continuous miner. 

Replacement of the complete Loher motor was required. 
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Starting cage of the rotor was proven to be a ,'weak point" of the rotor (breaking on starting 

and stall conditions as shown in paragraph 4.2). 

Manufacturing price was restrictive. 

DAME1 design: In the late 1990s, Voest started importing a very cheap 36 kW motor from 

Damel (Poland). When the rotor lost its performance, it would be possible to discard the entire 

motor. 

The Damel motor also performed better than the Loher. However, the Damel motors have some 

shortcomings related to the die cast aluminium rotor (as shown in paragraph 4.4). 

Because of the way it is manufactured, the aluminium rotor has a higher failure rate (voids. 

interbars bridges in casting, other hidden defects characteristic to cast rotors). 

A hot aluminium rotor transfers heat to the bearings via the shaft (see figure 4.2). 

The casing structure does not allow rewind activity inside the casing, pressing out rewind 

and then and pressing in the stator core generating additional costs, stator damages, 

electromagnetic misalignment, etc. 

By entering the European Community, Damel motors from Poland became more expensive 

(in line with the Occidental market), i.e, for aluminium rotors only, the price increasing to 

R26 000. 

Financial losses still occur as a result of rotors failures presented in paragraph 4.5.2 and 

paragraph 4.6. 

Luck & King design: In the last 3 to 4 years VAMT has experienced heavy financial losses 

related to the failure rate of 36 kW aluminium rotors. Strict dependence on only one motor 

supplier deciding unilaterally on price, i.e. DAMEL, was a concern, too. Another South African 

electric motor manufacturer proposed a special brass rotor. 

Luck & King introduced brass bars with a specific conductivity by using the same Damel rotor 

iron core from existing die cast aluminium rotors. Bars joints to short-circuit endrings were done 

by a partial brazing procedure. 

The technological process was, however, detrimental to the rotor shape and performances as 

shown in photo 5.1. 

. m m 0 q  r.orangLS shape a ~ d  is know as the so- 
ou*uM 

a -I uectors become present producing 
mnn&har)aslBy*. 
. Joints of the bars to short-circuit rings may have various contact 
resistances. 

Slot openings are different, prod~ang local variations on the rotor 
' 8 a k a e  reactance 

Photo 5.1 Brass rotor specially manufactured for the VAMT 36 kW spinner motor 

- 76- 
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+ Overall sizes were modified unequally, the rotor changing shape (known as "bow" rotor). 

Slot "openings" become unequal, producing a variation of rotor reactances. 

On load, the rotor was proven to heat up unequally (as a result of local thermal vectors 

developing in some pads of the rotor) producing rotor rubbing against the stator. 

+ Motor performances were changed resulting in the performance not complying with 

accepted tolerances: much higher starting torque and slip than original motors. 

5.2 Defining requirements for a new model of a specific type of rotor 

The author decided to challenge the VAMT request. 

Based on facts presented in Chapter 4, some conditions in defining a new type of rotor have to 

be  mentioned. A proposed complex model was created initially, as presented in table 5.A. 

Table 5.1 Conditions imposed on a new rotor replacing die cast imported aluminium rotors 

Existing conditions 
Die cast aluminium rotors 

Imported product 
High price 8 price fluctuation of 
exchange rate 
Rotor manufacturing becomes a 
monopoly of the big organisations, 
deciding market prices. too 
Huge investments for cast process 
machinery are required 
Special quality assurance system 
required 
Even on series production, it needs 
a load test of every motor to prove 
rotor quality 
It needs the market to demand 
high quantities to become 
economically viable 
Special training and expertise of 
the personnel required 
Consistent performances required 

Has 'weak points" ' 
Rapid performances degradation 

Note 5.1: ' "Weak points" mentioned in table 5.1 are componenis with highest failure intensily indicators 

(A) and major weight in increasing value of motor failure intensity A ,,,,,. 

New proposals 
Fabricated rotors 

Life time is 1.25 to 2 years 
Non-reparable 
Hidden defects 
Shaft replacement success rate of 
50% 

Comments, notes 
Only a new principle can be 
a ~ ~ l i e d  

Locally manufactured 
Use indigenous components 

Medium-sized organisations 
may be able to become rotor 
and motor manufacturers. 
No special investments 
processes required 
Normal quality assurance 
system 
Load test only for prototype 
No hidden defects on the 
product 
Can be produced in any 
quantities without excessive 
financial expenses 
Normal expertise required 

Same performances as 
original 
Homogenous reliability 
Performance stability 

Reduceeconomicdependence 
Cornpetilive price. Low cost 
presented in Annexure 6.1. 

Offer an alternative option to the 
market by presenting sound 
competition 
Ensure no price monopoly of a 
specific manufacturer or supplier 
Advantage of a fabricated rotor 

Advantage of a fabricated rotor 

Mass production to be replaced 
with custom made 

Enables job creation 

Offers interchangeability with 
existing products 
Eliminating "weak points" 
Ensure planned stoppage. Cut 
down-time production losses 

Minimum 10 years 
Repair possibilities 
No hidden defects 
100% success rate on shaft 
replacement 

Ensure business sustainability 
Ownership reduced costs 
Easy quality inspection 
Easy maintenance and repair 
activity on refurbishment 



Existing principles in building rotors 

A common characteristic in all existing rotors is that the bars in a specific squirrel cage are 

situated in the same cylindrical shell and have the same profile and the same conductivity. At 

present, the following principles are applied when constructing rotors: 

Principle 1: For a single cage rotor bar configuration as shown in figure 5.2, for both the 

fabricated and the cast rotor moving around the rotor in the circumferential direction indicated 

by the red dashed arrow, the rotor bars have the same shape and conductivity. 

. . .  . . . . . .  . . . . . .  

Figure 5.2 Illustration to classic principle no. 1 of the rotor construction 

Principle 2: For a double cage rotor bar configuration as shown in figure 5.3, moving around 

the rotor in a circumferential direction, indicated by the red, dashed arrow, the rotor bars have 

the same shape and conductivity. However, in the radial direction, indicated by the solid, red 

arrow, the bars have different shapes and typically different conductivities too. 

Figure 5.3 Illustration to classic principle no. 2 of the rotor construction 



Chapter 5: A Novel Salution: Mixed M u d v i t y  Fabricated Rotor 

Conslruclions with deep bars, i.e. rectangular or flat bars, taper bars or sash bars (named T 

bars), had an increase of effective resistance due to eddy currents. In deep bars, development 

of eddy loss in bars is proportional to the fourth power of the bar depth, with a considerable 

increase in resistance being reached at starting when the rotor frequency was high (as 

presented in paragraph 5.6). 

However, the increased slot leakage (an essential factor in the loss of eddy current) adversely 

affects the power factor and efficiency (lower than that of plain cage). 

It would, however, be desirable to be able to provide fabricated rotors with circumferentially 

different conductivities and/or different profiles. 

5.4 Summary of the invention aspects 

5.4.1 Main principle of the invention 

In broad terms, the present invention provides a rotor for accommodating a plurality of 

fabricated rotor bars. This plurality of rotor bars together is defining a rotor having 

circumferentially different conductivities. In addition, the rotor bars in the rotor can have the 

same or different profiles. The invention provides this type of mixed conductivity fabricated rotor. 

5.4.2 First aspect of the  invention 

A rotor is provided with a number of circumferentially spaced slots for receiving rotor bars, 

wherein circumferentially spaced rotor bars have different conductivities. Preferably, the rotor 

bars in the rotor have similar cross-sectional profiles. 

Alternatively, the rotor bars in the rotor may have different cross-sectional profiles. 

Typically, adjacent rotor bars or another periodic combination of rotor bars have different 

conductivities. Conveniently, the circumferentially spaced rotor bars comprise at least two 

different conductivities. 

5.4.3 Second aspect of the invent ion 

A rotor is provided with a number of circumferentially spaced slots for receiving rotor bars, 

wherein circumferentially spaced rotor bars have different profiles. Preferably, the rotor bars in 

the rotor have different conductivities. 

Typically, adjacent rotor bars or another periodic combination of rotor bars have different 

conductivities. Conveniently, the circumferentially spaced rotor bars comprise at least two 

different conductivities. 
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5.4.4 Third aspect of the invention 

A kit of the parts for the rotor is provided. the rotor having a number of circumferentially spaced 

slots for receiving bars, and the kit comprising a number of rotor bars with different 

conductivities. 

5.4.5 Fourth aspect of the invention 

A kit of the parts for a rotor is provided, the rotor having a number of circumferentially spaced 

slots for receiving rotor bars, and the kit comprising a number of rotor bars with different profiles. 

5.5 Description of preferred versions of the patent 

Currently, adjacent, circumferential rotor bars situated in the same cylindrical shell of the rotor 

have different conductivities; typically at least two conductivities. In addition, the rotor bars can 

have either the same or different profiles. 

5.5.1 Description of the first version - MCFR 1 

In the MCFR 1 the MCFR has rotor bars with the same profile, but with different conductivities, 

resulting in a rotor with circumferentially varying rotor bars. 

The fitted bars in the rotor slots have the same shape, but are manufactured from materials with 

different conductivities. 

The bars are fitted either alternatively or in any other periodic combination, for example one bar 

of material with conductivity c l ,  one bar of material with conductivity c2, one bar of material with 

conductivity c3, etc., or: a number of bars with conductivity c l  and then a number of bars with 

conductivity c2, etc., repeating the sequence periodically. 

In this version, there are two, three or more cages in the same cylindrical shell of the rotor with 

the same bar profile, but with different conductivities. 

Typically, the bar with the highest conductivity would be used for the "running" cage, as 

described above in the double cage rotor; bars with the lowest conductivity would be used for 

the "starting" cage, and other, intermediate conductivities will be used in the intermediate period 

between starting and running. 

The simplest version of the MCFR 1 has bars with the same shape but two different 

conductivities fitted in an alternative sequence, as shown in figure 5.4. 
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Brass 

I 
?outside diameter 

Figure 5.4 Schematic diagram of one of the simplest versions of the MCFRl 

This will create a "mixed conductivity" accepted by the stator as an average conductivity of 

copper and brass bars. 

5.5.2 Description of the second version - MCFR 2 

In the MCFR 2, the embodied rotor bars have different profiles and different conductivities. 

Thus, in this version, in the same cylindrical shell slots are stamped alternatively or periodically 

with different profiles in which bars with different conductivities are fitted. There are also two or 

more cages in the same cylindrical shell with different slot profiles and different conductivities. 

5.6 Mathematical expressions of flux density and current density 

variation in "deep bars" 

The ideal motor should have a varying secondary (rotor) resistance, which is large at standstill, 

and decreases as the speed rises [ I  31, 

The MCFR was designed to perform such resistance variations. Standard components are used 

with preference for deep and narrow bars with various conductivities. 

If a squirrel cage bar is made very deep and narrow, as shown in figure 5.5, the bar current will 

have different densities. function of induced voltage frequency, at different bar levels [3], [14]. 

The main flux path that saturates is the tooth-tip slot leakage, particularly in the case of semi- 

closed slots and open slots with magnetic wedges [15] (see also paragraph 3.5.2). 

Differential leakage flux is a higher space harmonic flux that does not involve torque, producing 

flux linkages and therefore contributes to the overall leakage flux [16]. In a cage rotor, the 

currents can balance the stator currents at every point without restrain, so that differential 

leakage vanishes except for those space harmonics whose wavelength is comparable with the 

slot-pitch [4]. This property was used by the MCFR invention. Most sources define belt leakage 

and zigzag leakage as the main differential leakage components, but it is important to 

appreciate that zigzag leakage is effectively of the same frequency as the fundamental [17]. 
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In a rough calculation we assumed that the current in the bar was producing a leakage flux 

considered to have a path straight across the slot and around the iron at the bottom of the slot. 

Rotor oulside diameter 

External (mulual) flux line 

6 = rms current density @ height 'y' in Nm2 

- -  
4 * ?- 

rn 
rn 
a 

6 @ y height up 

d 
I I 

--- Drop voltage dong the bar al height 'y' 

I 4 
Vt = 8 p Wtshn] (5.1) 

Y # t 
1 Path of a line of slot leakage flux at 'y* 

'is 

height 

Figure 5.5 Cross-section of a deep bar linked by a leakage flux 

The flux, at height "y", only links the lower part of the conductor and contributes to the induction 

of that part only. It is obvious that such a flux has a lower density than in the tooth lips area, as 

only a fraction (yld) of the current is available to provide the mmf necessary for this flux. 

Consider the following: 

d =depth of the bar in meters 

w = width of the slot in meters 

r = ratio of the bar width to the slot width 

f = frequency in Hertz 

p = resistance of the bar material in Ohm - meters 

I, = 4 2 1 sin 2 ll f t = total current in the bar in A 

y = distance up from the bottom of the bar in meters 

B = rms flux density across the slot at height "y", in Weberslm2 [Tesla] 

po = 4 ll (lp7) permeability of free space in Hlm 

6 = rms current density at height "y" in Amperedm2 

Rdc = p h d  Ohmdmeter of axial length 

E = Induced voltage in Voltslmeters of bar axial length 
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In this specific case, the current density at the height y is the net voltage (impressed voltage V 

minus induced voltage E) divided by bar resistance: 

or: 

The rms voltage induced by rms flux linking the bar filament at the height y can be calculated by 

supposing a sinusoidal variation of this flux 0: 

According to Lenz's law (as shown in figure 5.6) 

E = - [ d @ / d l I = - 2 f l f c o s 2 f l f I = 2 f l f s i n [ 2 f l f t - f l Q ]  

E = - j Z n f @  

Figure 5.6 Phasor diagram of the mutual flux and induced voltage 

The flux linking the bar is: 

Y 
Where, the rms flux density 8 across the slot at the height y is: 

Introducing equation 5.4 in equation 5.3, the result is: 

Y 
The first derivative of equation 5.2.a gives: 
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By using the relation between induced voltage E and flux density 8 according to equation 5.6, 

the result is: 

The first derivative of equation 5.5 with respect to "y" is: 

The second derivative of equation 5.8 is: 

d 2 8 / d f = [ 4 n r l t 0 ' ] . [ d 6 1 d y ]  

By substituting d 6 1 d y from equation 5.7, the expression of flux density along the slot is: 

Where a Z = [ 4 n Z r f ] l p 1 0 7  

The general solution of equation 5.9 is: 

B = P c o s h ( l + j ) a y + Q s i n h ( l  + j )  a y  

The constants P and Q in equation 5.10 will be determined from the limit conditions [18]. 

When y = 0 (at the bottom of the slot), there is no flux density linking the bar, so B = 0 

The result is P = 0 

When y = d (at the top of the slot), according to 8 = 4 l l  I I w 1 07, where: 

Q = [4 n I i w  10')l [sinh (1 + j)a dl 

The general solution of flux density variation along the slot in a "deep bar" is: 

8y substituting equation 5.1 1 in equation 5.7: d 6 / d y = j Z n f B i p  

The result: 
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Integrating in both members of the equation: 

The general solution of current density variation along the slot in a "deep bar" is: 

According to equation 5.12, the current density in a "deep bar" is function of: 

Frequency of induced voltage (current), f in Hz 

Bar resistance, p in Ohm - m 

Bar depth, d, in m 

Distance up from the bottom of the bar, y in m 

Average bar current, I in A 

Ratio of the bar width to slot width, r (0.91 to 0.925); if r < 0.91, there is a "slack" rotor bar. 

The current density given by equation 5.12 may be regarded as the superposition on the 

uniform (average) current density of a circulating current flowing: 

Additively along the top of the bar 

Subtractive along the bottom of the bar, in such a way that it opposes the cross slot-leakage 

flux 

At full frequency, the current will be crowded toward the top of the bar, increasing the effective 

resistance. 

At full speed, when the slip frequency is very low, the current will be uniformly distributed, giving 

low resistance. 

This could be explained by the fact that the bottom filament of the bar is linked by all the slot 

leakage flux, whereas the top filament of the bar is linked only by external (mutual) flux. 

The additional reactance of the bottom filament causes its current to be smaller and lagging 

more in time phase than the current in the top filament of the bar. 

Equation 5.12 resembles in form the well-known formulae of transmission-line propagation from 

top to the bottom of the slot [19]. 

It is possible to build up a formula for the circulating current in the bar by successive 

approximations. 

Step 1: Assume the circulating current is limited solely by bar resistance, i.e. i t  is too small to 

reduce the flux crossing the slot significantly. 



Chapter 5: A Novel Solution: Mixed Conductivity Fabricated Rotor 

Step 2: Calculate the cross flux that would be produced by the circulating current (acting alone) 

calculated in step 1. As a result, a corresponding additional amount of circulating current will be 

determined. 

This process leads to an infinite series of terms, from which the additional RI' loss, reduced 

reactance, etc., can be obtained [5]. 

A general solution for the effects of the eddy currents on !312 loss and reactance can be 

obtained more directly. 

We may assume that the total voltage drop along the bar is a sum of the voltages due to the RI 

drop and to the linkages produced by the cross-slot flux. 

The real component of this total voltage drop along the bar will give the effective resistance of 

the bar on alternating currents. 

The imaginary (j) component of the total voltage drop will give the effective reactance. 

As confirmation of the assumptions and previous calculations, let us calculate the RI drop 

voltage along the bar at any height "y": V, = 6 p in Volts/m (equation 5.1 in figure 5.5). 

The average drop over the entire bar is: 

By introducing equation 5.12 into equation 5.13, the expression of average drop voltage along 

the rotor bar is as would be expected: 

P 
DC bar resistance in Ohmllength unit: Rdc = ----------- 

rwd 

According to equation 5.2.a in which equation 5.3 has been introduced, the total voltage applied 

to the bar at the height "y" is: 
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Introducing in equation 5.4 (relation between the flux linking a circuit and flux density) 

the general solution of flux density as presented in equation 5.1 I ,  the total rms flux crossing the 

slot above the height y, and, therefore linking the current below y is: 

Q =  J ------ dy 
y w l o 7  sinh (1 + j) a d 

Substituting equations 5.12 (current density) and 5.17 (flux) in equation 5.16: 

In the second member of the equation two substitutions can be done: 

a 2 p  4 n 2 f  
2 1 1 + j) = 1 + j) and 7 ----- - ------ 

r 1 o7 
These relations allowed the cancellation of terms containing cosh (1 + j) a y 

The result: j 2 l l  f (4 f l  I) cosh (1 + j) a d 
v = ---------------------------------------- 

( I  + j) a w lo7sinh (1 + j) a d 

Using substitutions according to equations 5.15 (Rdc) and 5.18, it results expression of the 

total voltage applied to one rotor bar: 

The real portion of equation 5.19 represents the active drop voltage, and therefore the active 

loss component of the voltage is: 

a d [sinh 2 a d + sin 2 a d] 
VreaI = I Rdc --------------------------------- 

cash 2 a d -cos 2 a d 
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The imaginary "j" part of equation 5.19, representing the reactive component of voltage is: 

Consider the product (a d) 4 . 5  (most probably for low conductivities and low 

frequencies). 

Equation 5.20 will be approximated as [20]: 

Equation 5.21 will be approximated as: 

Consider the product (a d) >2 (most probably for high frequencies, as 50 to 40 Hz, 

regardless of conductivity values). 

Equation 5.20 will be approximated as: 

Equation 5.21 will be calculated as: 

The last two equations prove that at frequency values of 40 to 50 Hz, the resistance and 

reactance of deep bar approach the equality. 

This is due to the general law of "skin effect": the redistribution of current in a deep bar forced by 

eddy currents causes R to approach equality with X asymptotically as the frequency increases. 

The increase in starting resistance is caused by the reactive voltage that forces the current into 

a higher-resistance path when the frequency is high. 

When the rotor speeds up and the secondary frequency decreases, this voltage declines, and 

the current assumes its normal path of lower resistance and higher inductance. 

In the MCFR, the voltages decline in inverse ratio to the resistance of the bars. This was 

obtained by computer simulation [21] and was experimentally confirmed by monitoring the 

rotor's reactance and resistance ratio evolution during the starting period for a 36 kW - MCFRl. 

Two sets (identical profile and equal number) of standard bars were fitted into the rotor (copper 

with conductivity c l =  100 % IACS and brass with conductivity C2 = 27 % IACS). It result a 

resistance ratio RbrlRco = 3.77, for an equivalent conductivity of 63.5% IACS with 50150 bars 

weight contribution (NI=N2). The bar length ratio is RL = 1.12, as presented in figure 5.7. From 

this graph it results the currents distribution between the bars with different conductivities fitted 

in MCFRl type. 
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I Ratio of bar resistances RbrlRco and bars reactances XbrlYeo 

0.0 0.2 0.4 0.6 6.8 1.0 pu 

Figure 5.7 MCFRl reactance and resistance ratio evolution during motor starting 

Various authors indicate practical relations to estimate bar current I necessary to be introduced 

in equations 5.12 and 5.19 to 5.25. 

An estimation proposed the bar current calculation as "phase" current of the rotor [22]: 

Where: = Motor rated current 

2 2  = Rotor bars number 

KW1 = Stator winding factor 

TI = Stator turns per phase in series 

N I = 3-phases of the stator 

KI = 0.8125 (cos q )  + 0.2031 25 

KI is a factor with an estimated value function of the motor power factor. It takes into 

consideration the influence of the magnetization current of the motor because the stator and the 

rotor ampere-turns are perfectly equal. 

Another bar current estimation was proposed by considering motor shaft mechanical power 

P ~ o m  1231: 

Where K,,, = 1 .08...1 . I 4  is a coefficient taking in account all the approximations, function of the 

motor rated power (for medium and large machines K,ot = 1 . l )  

The rotor e.m.f E2=4.44Kw2sfT2@ 

Where: TP = Rotor bars number 

Kw2 = 1 (for squirrel cage rotors) 

@ = Mutual flux of the machine 

s = slip 

f = frequency 



5.7 The MCFR's operating principle 

The explanation is based on the supposition that deep rectangular bars are used (as shown in 

figure 5.4). The preference for standardised "deep bars" types and standard materials has been 

justified by the required rotor, motor performances and cost price, especially 

At starting and very low speeds, because of the skin effect, the current in the rotor bars is 

confined to the top of the bars, and distributed between the high conductivity and low 

conductivity bars in proportion to the conductivity of these bars (see equation 5.12 of current 

distribution in a deep bar). As a result, high currents are expected on the high conductivity bars, 

thereby increasing their temperatures and their resistance in order to reach the resistances of 

the low conductivity bars. 

All rotor bars will perform high resistances and at the high frequencies the rotor will be regarded 

as a high impedance rotor type, with a very solid Wading cage" (made of rectangular bars). 

The high conductivity bars are more thermally stressed, with their temperature increasing at a 

much higher rate than the temperature of the lower conductivity bars. Their resistance tends to 

reach the low conductivity bars' resistance during motor's stall conditions 

Taking this principle into consideration, adjustable starting torque and starting current values 

can be obtained in relation to the conductivity ratio of the bars. 

At the normal running speed, the rotor current frequency is low and, in accordance with Ohm's 

law, the bars will carry the rotor current. 

The rotor behaviour therefore simulates an arrangement in which high conductivity bars "short- 

circuit1' the !ow conductivity bars. 

At low frequencies, the rotor will be regarded as an energy efficiency rotor type. 

The high conductivity bars tend to raise asymptotically their temperature faster, in order to reach 

the resistances of the low conductivity bars (tending to equalize brass bars resistance). This is 

depending by general thermal constant of the rotor, When bars resistances are equalised, the 

rotor presents a balanced electric circuit (when the motor is rated continuous - S,). If the motor 

runs intermittently, the electric circuit of the rotor will still have bars of different resistances. 

Thus, by using different bar conductivities, shapes and lengths, the starting torque, pull-up 

torque, pull-out (breakdown) torque and full-load torque (in conjunction with corresponding 

speeds) can be adjusted to meet load requirements. 

Consider again two sets of standard bars (copper with conductivity c l =  100 % IACS and brass 

with conductivity C2 = 27 % IACS) with resistance ratio Rbrl Rco = Rp = 3.77 fitted into MCFR1 

as mentioned in figure 5.7. The copper bars number is equal to brass bars number (Nl = NZ). 

The bars length ratio is RL = 1.1 2. 
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During the starting period (higher frequencies), the current distribution in the rotor bars will be 

influenced by the leakage reactance. 

At full speed, current distribution in the rotor bars will be in inverse proportion to the bar 

resistances and in various cross-sections. That means: 

During starting period, brass bars will have a major contribution towards rising the starting 

torque due to I2R losses; 

At full load, the rotor currents will circulate mainly through copper bars in order to bring their 

resistance value closer to that of brass bars (distribution in inverse proportion to bar 

resislances), while the ratio of the current values in brass bars will be estimated as: 

1: ('/a [ c l  + c2] x Rp x RL) 

When the motor re-starts, the brass bars will be available again at a lower temperature (low 

values of I2R losses during full load). As a result, the rotor comportment will be close to a 

denominated "cold rotor" situation. 

That is why this rotor can keep the starting torque very constant even after the motor 

reaches its thermal stabilised "HOT" condition! 

5.8 Mathematical equations of the MCFRI model 

5.8.1 Slip equation 

It has been found that the full load speed of an MCFRI is closer to the speed of a normal 

copper rotor and, as a result, efficiency is slightry higher than expected for this type of 

"composite" rotor. 

However, the root average rule on slips applies. 

s2 mch = Seopper X %ass 

Where: 

S,,,, = MCFR slip [rlrn] 

S,,,,, = Copper rotor slip [rim] 

Sbrass = Brass rotor slip 

For example [ I  11: 

For copper bars, the rotor configuration Nnorn = 1490 rim, S,,,,= 10 [rim] 

For a brass bars, the rotor configuration Nnom =I462 rlrn, Sbrass = 38 [rim] 

By applying equation 5.28, the result is Smcfr = 19.5 [rlrn] 

The MCFR version presented above will have Nnom = 1480.5 rim 
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5.8.2 Starting torque equation 

The starting torque value on the MCFR configuration (St. Tq.) can be calculated as: 

In this specific case 

St. Tq. = [St.Tq. co + St.Tq. br] 12  

Where: 

St.Tq.co = starting torque in a copper rotor configuration 

St.Tq.br =starting torque in a brass rotor configuration 

5.8.3 Starting current equation 

The starting current for this configuration can be calculated as an average of the starting 

currents of a copper rotor and a brass rotor respectively: 

St.Crt = [Z (St.Crt.i x Ni)] I Z Ni (5.30) 

In this specific case 11 11, with N1 = N2 and RL = 1.12, the values are: 

Starting current for a brass rotor is 6.60 x lnom 

Starting current for a copper rotor is 8.20 x Inom 

According to equation 5.30, starting current for a MCFRl will result 7.40 x Inom 

5.8.4 Breakdown torque (POT) and slip value equations 

The breakdown torque or pull-out torque (POT) value is related to the rotor design. For example 

[ l l ] ,  by using deep trapezoidal bars configuration in a specific position and slot profile, POT 

values are above 3.05 pu x FLTq. 

The slip value where the pull-out torque occurs can be calculated according to equation 5.28 as 

well: 

POT for a brass rotor = 3.1 pu @ 0.213 slip value 

POT for a copper rotor = 3.1 pu @ 0.045 slip value 

POT for an MCFR = 3.1 pu @ 0.098 slip value 

5.8.5 Run up time equation 

Motor run up time (Rut) on the MCFRl configuration is approximately the arithmetic average of 

the run up time values of a brass and a copper rotor, respectively. 

Rufrncfr = [RuLpper + Rbrassl 1 2 (5.31) 

Where: 

Rufrncfr = motor run up time in an MCFRl configuration 

- 92 - 
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Ru&~p, = motor run up time in a copper rotor configuration 

Rbrass = motor run up time in a brass rotor configuration 

5.8.6 Maximum stall time equat ion 

Duration of the maximum stall time (Mst) is an average value between the stall time of a copper 

rotor and a brass rotor, respectively. 

M s h r  = Duration of motor stall time in the MCFRI 

Msbwr  = Duration of motor stall time in a copper rotor 

Msfb- = Duration of motor stall time in a brass rotor 

5.8.7 Rotor bars temperature r ise during starting, equat ion 

During the starling time period, the bars temperature rise Tb for the MCFR1 NI=N2, Rp = 
3.77, RL = 1 . I 2  [ I  I j can be calculated as: 

1 1 1 - ---- - -.-- + ----- 
Tb Tco Tbr 

Where: 

Tco = Temperature rise of rotor bars when copper rotor bars are fitted only 

Tbr = Temperature rise of rotor bars when brass rotor bars are fitted only 
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CHAPTER 6: DESIGN AND MANUFACTURING 
PROCESS OF THE MCFR 

The design and manufacturing process of the MCFR is based on a registered patent 111, [2]. 

Over the years, a 36 kW spinner motor used by Voest Alpine Mining and Tunneling was a challenge for 

various manufacturers. Only in South Africa VAMT spent R5 million annually in periodically (1.5 to 2 

years) replacing die cast aluminium rotors for this specific motor. 

Main steps in designing the MCFR1 for new motors and re-designing an aluminium rotor to become an 

MCFR1 are based on theoretical notes presented in Chapter 5. A complete design of the MCFR1 is 

presented with drawings and photos taken during the manufacturing process. 

Investigations regarding the MCFRl's condition after 1.8 years' continuous running underground are pad 

of the project-design validation and verification. It was confirmed that, as a novel rotor solution, the MCFR 

has a sound design, representing a reliable long-term solution. 

6.1 Basic conditions and inputs for new the design 

For more than a decade, a specific motor used in the coal-mining industry was a challenge for 

repairers, manufacturers and mines, mainly because of the rotor's reliability and performance in 

harsh mining conditions (quality of power supply, user's unusual operating conditions, etc.). 

One of the general requirements was that a new locally designed motor was to have equal or 

better performances under starting conditions than the original motor. 

The design and manufacturing of the MCFR1 is based on a customer's request to replace an 

imported aluminium rotor with a local, more reliable fabricated rotor, for a 36 kW, 1000 V, 4- 

poles gathering arm motor (GAM) and conveyor motor (CM) powering the continuous miner in 

the coal-mining industry. 

A new 36 kW spinner motor, the MCFR1, was designed that challenged the price as well (see 

Annexure 6.1). 

Spinner motors work in tandem, for example, if a motor with a copper rotor is fitted with a motor 

with an aluminium rotor. there will always be a shift on either the starting or the running 

conditions, as presented in figure 5.1. 

Eventually, one of the motors will burn out, depending on the predominant working conditions 

(continuous running or frequent starting) imposed by the operator. 
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Keeping the motor performance in as close range as possible to that of the original aluminium 

rotor is a very important condition for this specific application, 

An electric squirrel cage motor design program was used for electromagnetic design 

calculations [3]. The program enabled simulating the various states of the motor: 

No load, cold and hot 

Normal running conditions on various loads 

Starting conditions on saturated and unsaturated voitages 

Temperature rise assessment on the motor's active materials 

The electric motor's geometrical sizes were kept the same (stator outside and inside diameter, 

core length, air gap, stator and rotor slot combination). 

The design competed successfully against five other different rotor manufacturers using various 

materials for the rotor bars. 

Aluminium rotor, manufactured by Loher, Germany as shown in photo 6.q 

Aluminium rotor, manufactured by DAMEL, Poland, as shown in photo 6.2 

Photo 6.1 Rotor manufactured by Loher (Flender), Germany 

Photo 6.2 Rotor manufactured by DAMEL, Poland 

Copper rotor, manufactured by Custom Electric Motors (Cullinan Electric) 

Double cage rotor, manufactured by TECO 

Brass cage rotor, manufactured by Luck 8 King, South Africa, as shown in photo 6.3 
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Photo 6.3 Rotor manufactured by Luck & King, RSA 

The design approach in manufacturing the MCFRl was to obtain a complete spinner motor 

fitted with an MCFR1. The project serial number was FMM 0072 [4]. 

6.2 Initial data required for the MCFR 

The optimum MCFRl can be obtained by a number of iterations. 

Initial data is introduced based on a resistance evaluation of rotor bars that is determined by: 

Bars length (L) 

Cross-section and profiles of the rotor bars 

Material conductivities 

The bars length (L) is determined by: 

Core length related to output power coefficient G = kWID2Ln where D = air gap diameter, L 

= core length, n = motor speed. 

Overhang of rotor bars (used for fine adjustments of starting and running conditions) 

Specific motor requirements (speed torque curve of existing rotor to be replaced) 

The cross-sectional area and profiles of rotors bars and short-circuit rings necessary to 

obtain acceptable performances of the motor in different states are determined by: 

Required motor performances (speed-torque curve) including starting, running, pull-out 

torque and pull-in torque 

Motor's specific magnetic and electrical loading 

Motor and rotor temperature rises 

Current densities in rotor bars and short-circuit rings 

Material conductivities are decided by a number of iterations starting from high conductivity 

(IACS 99%) to the lowest conductivity (IACS 7%) corresponding to IS0 normalised values. 
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The concept of the rotor bar average conductivity Cav,b indicator was introduced as a result of 

the mixed conductivities number as an integer divider number of rotor bars number as 

presented in table 6.1. 

Table 6.1 Initial estimations of Cav.b used in new design situations 

~ o . 1  Bars profile I Conductivities I C.av.b = 

i Different 1 different I = [Cl x S1 + C2 x S2] 12 where SltS2) = cross-section of bar 
no. 1 12) 

1 

2 

First assessment of  the existing rotors must be referred to: slots number (NRolor), aluminium rotor 

bars cross-section or profile (S,,) and conductivity, motor duty and special customer 

requirements. 

Same 
Same 

4 

6.3 Main steps in designing the MCFR 

Suppose a die cast aluminium rotor with 38 slots with a slot shape as no. 6 (shown in figure 3.4 

and figure 6.1) to be replaced with a MCFR having new bars made of brassicopper or other 

materials, with a rectangular shape (using "deep-bar" effect). 

2 different 
N different 

Different 

The following main steps in designing the MCFRI must be considered: 

= [CI + C2) 12Twhere ~ l ( ~ 2 )  = conductivity of bar no. 1 (2 )  
= I 1 Ci I I N ,  where i = 1. ..N and Ci is conductivity of bar "i" 

Step 1: Determine the number of bars of the aluminium rotor: NRolor = 38. The rotor slots 

number is divisible by 1, 2, and 19. Number 1 cannot be considered because there's no sense 

in replacing (it seeing that it is a classic replacement already on the market). 

N different 

Number 2 is to be considered. There will thus be two different conductivities in the new MCFR: 

C1 and C2. 

- , ,  

= [Z (Ci x Si)] I N ,  where i = 1 ... N and Ci is conductivity of bar "i" 
Si is cross-section of bar "i" 

Step 2: Determine the old bar conductivity of the aluminium rotor C,, by direct measurement or 

by analyzing material composition. 

Step 3: Determine the new bar width W: 

Where i = 1 to 4, the different widths of the original aluminium bar shape, and N = 4 

Step 4: Determine the new bar depth from using the cross-section equation and ratio conditions 

of deep bar sizes: 

where Snew is the cross-section of the new bar, W is the bar width and D is the bar depth. 



Chapter 6: Design and  Manufacturing of Process of Ihe hiCFR 

Step 5: Determine the new bar conductivities using equation 6.3 derived from table 6.1: 

[CI + C2) I 2  = C,, (6.3) 

For the first iteration C1 = Ccopper existing on the market. 

For example if Gal = 63% IACS is given, and choose Ccopper = C1 = 99% (existing on the 

market). 

According to equation 6.3, Cbrass = C2 = 27% (existing on the market). 

Conclusion: When replacing a 38-bars die cast aluminium rotor of 63 % IACS conductivity, with 

a MCFR rotor with two set of bars, there will be a combination of two conductivities: brass bars 

27% lACS conductivity, 19 OH and copper bars 99% IACS conductivity, 19 off. 

However, based on current densities and flux densities conditions, i t  was decided that the new 

designed motor, FMM 0072, would have a rotor slot number = 58 slots. 

As a result, in designing the MCFRI a combination of two conductivities was chosen: brass bars 

27% IACS conductivity, 29 off, and copper bars 99% IACS conductivity, 29 off. These bars will 

be alternatively inserted into the rotor (as shown in figure 5.4 and photo 6.5). This will create a 

"mixed conductivity" accepted by the stator as an average conductivity. 

The new bars may be a rectangular with the width W according to equation 6.1 and depth D 

according to equation 6.2. The simplest 3 x 25 mm rectangular bars available on the market 

were used for the MCFRI - as per rotor slot profile no. 1, shown in figure 3.4. 

Evaluation of the effects of the eddy currents on Joule loss and reactance of the "deep bars" 

were discussed in paragraph 5.6. 

Step 6: The diameter of the short-circuit rings is decided by: 

Bars depth D 
lshc (calculaled by program) 

Cross-section Sshc to achieve a required current density = ---------------------------- 
Sshc 

From experience and recommendations in literature [5], (61, for the first iteration, current density 

in the short-circuit rings = 0.75 x current density in the bars. 

Step 7: Verification of thermal elongation applies for different types of material used to 

manufacture the rotor bars: 

Where: 

L is bar length @ final temperature T 

Lo is the bar length @ ambient temperature To 
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u is the elongation coefficient 

A T = T - T o  

The difference in the elongation of the different conductivity bars can be calculated: 

A L = L copper - L brass 

A condition for a unique short-circuit ring is that A L is smaller than 0.1-0.2 mm 

Step 8: Verification of resistance variation: 

R = R o [ I  + S A T ]  

This applies for different types of material, say, copper and brass, where 

R = p l / s  

R = bar resistance at temperature T 

Ro = bar resistance at temperature To 

p = material resistivity 

1 = bar length 

s = bar cross-section 

6 = coefficient of resistance variation with temperature 

By running the entire motor design on a computer for old and new designs, the following results 

have parameters have to be monitored for the different states of the motor: 

Torque, speed and current 

Magnetic and electric loadings 

Motor and rotor temperature rise 

Thermal elongation of the rotor bars and conductivity variation with temperature 

Motor efficiencies and power factors 

Performance deviation on specified ranges 

The slot opening and lips will be an adjusted in further iterations, function of the required motor 

performance and strength of material (withstanding to centrifugal forces). 

6.4 Main steps in re-designing an aluminium rotor 

Based on previous experience, an aluminium rotor has been redesigned [7] to create an 

MCFR1. 
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The customer regarded replacing the rotor with a manufactured rotor (with identical 

performances) as a cheap technical, reliable and economical solution. 

New, fabricated rotors must run in existing stators with no alteration of rated motor 

performances. 

The cost of the new rotor must compare to the up-dated price of cast aluminium rotors. 

New rotors must have an extended life expectancy with no alteration of the major 

performances. 

In addressing these requirements, it was found that the main problems reside in adjusting the 

motor breakdown torque (POT) and DOL starting performances to the given rated values. 

Calculations followed compulsory steps: 

Step 1: The reference data was obtained by simulating, on computer, the running condition of 

old squirrel cage motors fitted with aluminium cast rotors [3]. 

Step 2: Keeping the same slot combinations (60150) and using standard copper bars (100% 

IACS conductivity), the program must simulate the motor systems with different fabricated rotor 

slot profiles (and position) until the optimum solution is found (as shown in figure 6.1). Motor 

pull-out torque is decided during this process. 

8.0 

fabricated rotor 44 
Same bar 

Rolor OD 

4.0 v 
w 

Blue: Aluminium rotor slot profile 
Green: Fabricated bar rotor slot profile 

Figure 6.1 Initial cast aluminium and fabricated bar rotor slot profiles 

Step 3: The rotor core slots number Nr and profiles have to be designed according to general 

conditions and specific customer enquiries. 

The proposed MCFRI type to be used must have the following characteristics: 

Number of bars with different conductivities (NI/N2/N31.), 1 Ni = Nr = 50 bars 

Ratio of conductivities Rp (p l l  p2) 

Ratio of homogenous groups bars length RL (LllL2) 

Short-circuit rings sizes (2 x 700 sq.mm) and conductivities based on current densities. 
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Step 4: By using different ratios of NUN2 = constant, the conductivity ratio Rp  can vary in 

steps, according to values already on the market. 

Step 5: The rotor bars length ratio RL  is used for fine adjustment of rated speed. 

Equations 6.1 to 6.6 shall apply. 

It is obvious that steps 3, 4 and 5 will be repeated in different sequences in a continuous step- 

by-step iteration process to reach the optimum solution. 

Step 6: The running conditions of the motor will be simulated with different MCFRls until the 

perfect match to the required motor performances is achieved. By concept, the MCFR altows a 

large range of alterations to motor performance. 

For this specific application, an MCFRI type was chosen in three repetitions with equivalent 

conductivities of 85%, 71% and 63% IACS. In Annexure 6.2 comparative rated values and other 

calculated values for major steps taken during rotor re-design are presented: 

No.1 = initial aluminium cast rotor 

No.2 = fabricated rotor with embedded standard copper bar (100% IACS conductivity); 

design chosen on pull-out torque conditions 

No. 3a = MCFR equivalent conductivity of 85% 

No. 3b = MCFR equivalent conductivity of 71 % 

No. 3c = MCFR equivalent conductivity of 63% - final 

The comparative table presented in Annexure 6.2 indicates that only electric motors fitted with 

an MCFRI performs just as well when compared to the performance of the original cast 

aluminium rotor (speed, efficiency, power factor and starting conditions). 

6.5 MCFRI design for a new 36 kW spinner motor 

6.5.1 Stator lamination design 

The stator lamination design is shown in figure 6.2. 

The bottom slot profile is characteristic for high-torque motors. It also represents a balance 

between magnetic loading and electric loading. 

Tolerances on stator OD sizes are essential in order to ensure good heat transfer from the 

stator core to the water jacket. 
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Figure 6.2 Stator lamination design for 36 kW spinner motor 

6.5.2 Rotor lamination design 

The rotor lamination design for the MCFR1 is shown in figure 6.3. 

The preference for "deep bars" has been theoretically justified in Chapter 5. 

Throughout the electric design, the production of eddy currents is only encouraged partially in 

deep solid bars with width = rw, and depth = d situated in the same cylindrical shell. The bars 

participate with different torques function of their conductivities and motor states [8]. 

Figure 6.3 Design of the rotor lamination for a 36 kW spinner motor fitted with the MCFRI 

Although current distribution in the bars can be described by the classic hyperbolic functions of 

(MI x d) and bars conductivities as per equation 5.12, there is a difference when compared to 

classic rotors: the torque contribution of the bars in different motor states is different in the 

principal functioning of their conductivity (as presented in paragraph 5.7). This is advantageous 

when starting from HOT conditions as was described in paragraph 5.7. 



Chapter 6: Design and Manufacluring of Process of lhe MCFR 

The slot tolerances are essential in avoiding a "slack bar situation. It has a major influence on 

flux density (equation 5.1 1) and current density (equation 5.12) as presented before. 

For a slot width w = 3.25 to 3.30 mm with a bar width of 3.00 mm, it results r = 0.91 to 0.923 

(see also equation 5.12). The marginal value of r = 0.91 has been chosen based on: 

Punch and die tolerances influencing the tooling costs 

Artisans and operators medium qualification influencing the labour costs 

6.5.3 Manufacturing of the magnetic circuit 

The rotor laminations are stacked onto the shaft in a pack, as shown in photo 6.4. 

Stacked laminations 

Lasercul compression ring 

Nondrive bearing journal on the shaft - Circlip fitted in the special groove 

Rotor key 

Photo 6.4 Rotor iron core pack build-up on the shaft for the MCFRI, 36 kW spinner motor 

Laminations are compressed (by 30 tons press) on the shalt at the required core length. 

Stacking factor = 0.93 to 0.95. 

Compression rings with profiled laser cut teeth are fitted at the both sides of the core pack in 

order to prevent lamination splitting. A circlip fitted in a groove holds all the packs in position. 

6.5.4 Manufacturing of the electric circuit 

The manufacturing instructions for the MCFRl electric circuit are presented graphically in figure 

7,4. Low conductivity bars (Icb) BA can be shorter and high conductivity bars (hcb) EC can be 

longer. If the bars are cut off the other way around, then the DOL starting torque will reach 

maximum values because the equivalent bar resistances will have the maximum value. 

The bars are fitted into the rotor core before starting the brazing process. For the MCFR1, 36 

kW motor, the bars sequence is shown in photo 6.5. 
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Because the bar materials are different (different thermal expansion), the short-circuit rings will 

be different - one at the bottom of the bars (for low conductivity bars) and one at the end of the 

bars (for high conductivity bars) or vice versa, 

The bars to be connected to the lower short-circuit ring (under the bars), i.e,, low conductivity 

bars are fitted first in slots with uneven numbers, with a suitable projection per side in order to 

ensure the brazing process. 

High conductivity bars have to be fitted in slots with even numbers, with a projection longer 

than that of the low conductivity bars. 

Bars with the same conductivity must be connected to different short-circuit rings because of 

different thermal expansion calculated according to equation 6.4. 

- - - - - 

Figure 6.4 Manufacturing instructions for the electric circuit of the MCFRI 

The material and conductivities for short-circuit rings could be different, or the same as the 

conductivity of the bars. This is decided by the motor required performances. 

The short-circuit rings with a cross-section area for an acceptable current density have to have 

an outside diameter 0.5 mm smaller than the distance between the opposite bottom slots. This 

is required by the thermal radiation towards winding overhang and assembly of the rotor in the 

stator bore conditions, 
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The short-circuit rings can be copper or any other material (according to the required rotor 

performance) and the cross-section profile has to be with a circular slot k 0.5 mm per side wider 

than the width of the copper bars and 3 to 5 mm deep. This is to enable good conditions of the 

brazing bath joining the rotor bars. 

At the both ends, the short-circuit ring (copper or same brass material as Icb) has to be brazed 

to the low conductivity bars. Brazing has to be done with the rotor axle in a horizontal position 

using suitable brazing rods (according to the material to be brazed). The brazing joint cross- 

area has to be at least equal to the brass cross-section area (in order to eliminate hot 

connections). Brazing has to be done with the rotor axle in vertical position in order to create a 

brazing bath in the short-circuit ring slot. Brazing quality is enhanced when the components are 

pie-heated to 80 to 120°C using a second torch. An alternative brazing process is the special 

induction brazing technique. 

1 3 x 25 mrn2 (nith -deepbar effect") copper ' bars, 99% IACS conductivity, 29 off 

I 3 x 25 mm2 (with deep-bar effect-) brass 
bars, 27% IACS conductivity, 29 off 

Photo 6.5 Sequence of different bar conductivities fitted in an MCFRI 

Because of a very low rotor temperature rise, the short-circuit ring pair is unique, as shown in 

photo 6.6. This ring connects all the bars, regardless of the conductivity. 

This rotor performs a very low temperature rise (Trot, = 100 "C) and, as a result, there is no 

difference between the thermal elongations of the bars. Coefficients of linear expansion are: 

For copper ac, = 0.0000168 [1I0C] 

For brass as, = 0.0000185 [I/%] 
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Photo 6.6 The MCFRl fitted with a unique short-circuit ring 

(The photo was rotated 90 degrees) 

The initial length of the rotor bar, Lo = 280 mm. According to equation 6.4, the thermal 

elongation for T,, = 100°C will be: 

For copper bars: L - Lo = 0.420 mm 

For brass bars: L - Lo = 0.462 mm 

That means, because of the low level of thermo-mechanical stress during the working 

micro-fractures in the brazing area are not possible. 

6.5.5 Completing manufacturing process 

A complete MCFRl assembly drawing is shown in figure 6.5. 

process, 

Figure 6.5 Assembly drawing of the MCFRf 
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Photo 6.7 shows a complete MCFR1 manufactured according to the technological instructions 

presented above. 

The performance of this rotor is the same as that of an aluminium die cast rotor, 

Investigations on the MCFR after 1.8 years' continuous running 

underground 

Photos 6.8 shows a 36 kW motor fitted with an MCFRl returned after 1.8 years of running 

underground. 

Photo 6.8 A spinner motor fitted w~th an MCFR returned after 1,8 years running underground 

The dark mark represents the mixture of the coal duff and water accumulated at the lowest level 

(the motor is fitted in a position rotated 35 degrees from its normal vertical plan). The top of the 

drive end shield is free of coal duff. 
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Photo 6.9 shows the same MCFRl after 1.8 years of running underground. The rust on the rotor 

iron core is due to water ingress. 

b 
Photo 6.9 The MCFRl after 1.8 years of running underground 

After inspection of the rotor, no signs of overloading, hot spots or discoloration areas were 

found, indicating no presence of local thermal vector on the rotor magnetic circuit. 

The absence of any local thermal stress on the rotor iron core proved that no harmonics 

activities were present during the motor life. 

The absence of any rotor core discoloration proved that the flux density values have been in 

accordance with design and patent calculations. 

The rotor bars and short-circuit rings performed no discoloration, proving that the current 

densities values have been in accordance with design and patent calculations. 

The rotor bars and short-circuit rings present no distortions proving that the rotor was able to 

withstand harsh South African specific conditions. 

No oxidation or micro-fractures were found on the joints of the rotor bars to the short-circuit 

rings proving the design resilience to the thenno-mechanical stresses. 

When the motor was dismantled, an amount of 0.25 to 0.3 litres of water emerged from it. 

However, from the rusted watermarks found on the end shields (as shown in photo 6.10), it was 

obvious that there was more water than that in the motor. 

The water leaking from water jacket was excluded based on results of the test performed (40 

bars, 1 minute indicates no pressure decay). 

Water penetration via motor spigots was also excluded seeing that inspection of the rubber 

compression '0"-ring revealed no damages. 

Further investigations revealed the following situations: 

The motor was not stored properly at ground level (not under cover, e.g. a roof) and after 

preliminary inspection, at receiving, the box connection lid was left open. 
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The waiting period before being assembled on the continuous miner was about 10 to 15 

days. 

During this time period rainwater penetrated the motor enclosure via the power leads 

orifice. 

The first watermark with higher level indicates the amount of rainwater that penetrated 

the motor enclosure when the motor was stored on the pallet in a vertical position; the 

amount has been estimated at 0.5 litres of water. 

After being fitted on a continuous miner, the motor ran underground with this amount of 

water previously collected. The second watermark in photo 6.10 indicates the typical 

position of the motor on the machine. 

The amount of water was reduced by evaporation. However, during the working period 

the water penetrated through a 0 . 2 4 3  mm gap between the bearing cap spigot and 

shaft contaminating the bearing grease. 

When the contaminated bearing grease ceased its greasing function, the bearing 

temperature increased beyond the acceptable values of temperature-sensor. 

The bearing temperature sensor fitted onto the bearing house tripped the protection and 

the motor stopped. 

First: Watermark impressed during motor storage when Ihe 
motor was not stored under a roof and h e  box connection lid 
was left open. 

Second: Watermark impressed on the end shield when motor 
-was fitted onto conlinuous miner. The water has no substantial 

mark due to motor workinq conditions. 

Photo 6.10 Water ingress into the motor during storage 

Photo 6.1 1 shows the rusted watermarks inside the motor enclosure. These rusted watermarks 

prove the initial existence of water (before the motor was commissioned) confirming the 

investigations. 

This investigation was part of the validation and verification regarding the FMM0072 project and 

confirmation of the MCFR patent. 
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L 
Photo 6.11 The stator was rusted due to water in the motor enclosure 

Advantages of the MCFR 

During manufacturing and operational processes and as a result of extensive experience in 

dealing with various customers, some relevant advantages of the MCFR have been claimed: 

Improved rotor capability and ability to withstand higher thermal, electro-dynamic and 

mechanical stresses (frequent starting, overload, re-closure, prolonged stall conditions, 

misalignment, vibrations, rubbing, etc.), when compared to other high impedance rotors. 

As a result of the design, the proposed new MCFR patent has higher reliability indicators 

compared to aluminium rotors and double cage rotors: 
- Preservation of motor performances, with reference to alteration or rapid deterioration of 

performance during its life time 
-- Elimination of the starting cage as a "weak point" 
- Increase in the general life span of the motor 

Adjustable running characteristics, including power factor, speed and efficiency. 

Adjustable starting characteristics, including starting torque and starting current. 

Adjustable pull-up and breakdown (pull-out) torque. 

The current MCFR can be designed and manufactured to keep the same characteristics as 

the original motor with an aluminium rotor (i.e. starting current, starting torque, breakdown 

torque, speed, temperature rise, etc.). 

Lower investment expenses related to the re-capitalisation process resulting from the fact 

that the entire old motor had to be discarded in some of the following situations: 
- Their damaged rotors cannot be replaced if rotor production is ceased (cast aluminium 

especially). 
.. Restrictive prices when new rotors (especially when imported) are purchased. 
- Motors dedicated to a specific application always require the same performance when 

rotors have to be replaced. 
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- Motor's application becomes redundant and the motor cannot be used for another 

application because of its very specific performances. 

Using standard tooling, materials and bar profiles, the MCFR can be manufactured without 

major supplementary expenses. In particular, the manufacturing cost is relatively low, 

regardless of the production volume. 

In the double cage MCFR, the running cage, using high conductivity bars, does not need to 

be placed deep into the rotor as with conventional double cage rotors, and the resulting 

motor using the current MCFR has a slightly improved power factor. 

The starting cage of a double cage rotor has been proven to be a ''weak point" of the rotor. 

In the current MCFR, low conductivity bars with the same mechanical strength as the 

running cage and which can cope better with very frequent starts, re-closure, reverse and 

prolonged stall conditions are used. 

The design of the current invention provides easy visual inspection for detecting cracks 

andlor broken rotor bars. 

The current invention offers low ownership expenses. 

- Relaxed maintenance plan because of increased rotor's MTBF 

- Lower cost to repair the rotor or replace bars because the rotor iron core and short- 

circuit rings are saved (rotor can be repaired) 

- Reduced down-time production costs 

Finally, the current invention is able to provide higher or at least equal starting torque values 

when hot, which is contrary to the behaviour of existing motors (the heating process developed 

during motor running only selectively increases the bars' resistivity, thereby improving motor 

starting torque from HOT. 
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CHAPTER 7: EXPERIMENTAL RESULTS, 
VALIDATION AND VERIFICATION 

Typical tests according to SABS regulations were performed to obtain product approval. 

Special tests performed on the MCFR portrayed the performances of the rotor during starling conditions. 

The following main parameters of the MCFRl were assessed. confirming the design and new principle of 

invention: 

Assessment of inrush current 

Assessment of possible dips on transient speed-torque curve 

Assessment of breakdown (pull-out) torque 

Assessment of estimation of the surge factor 

Presence of harmonic induction torques and harmonic synchronous torques 

Thermal assessment of the MCFR formed another parl of the investigations: 

Heat radiation on the radial direction towards stator winding 

Heat transmission on the axial directions towards bearings 

Rotor temperature rise on load and per start (in DOL, starling from HOT conditions). 

The presence of local thermal vedors on the rotor iron core and rotor core discoloration 

These tests enabled comparing the product's performance to that of similar products on the market. 

It was confirmed that the MCFR offers reliable torques with no major parasilic torques during the start-up 

sequence. No parasitic harmonics are present during steady stale or transient conditions. 

Based on this experimental data, the MCFR life span has been estimated to be net superior to existing 

rotors on the market. 

On-site validation and verification confirmed Ihe life span estimation and project soundness. 

Economical assessments related to savings obtained by using the MCFR were estimated at R150 000 

per year, per 36 kW spinner motor. On a continuous miner machine there are 4 (four) 36 kW motors, 

while the number of VAMT continuous miners operating in the world are: 

In Africa: about 140 machines (80 in RSA) 

In Europe: about 2 200 machines 

In the USA: about 1 200 machines 

In Russia and Australasian regions: about 2 000 machines 
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Test conditions 

Tests were performed in FEMCO's test bay. A functional block diagram is shown in figure 7.1. 

I Computerised data acquisition system VAUI multi-points recorders 1 
I I 

Legend for data transmission lines: 

1. Motor speed 

2. Motor oulput (shafl) torque 

3. Temperature sensors on windings, bearings, casing, water, ambienl including transmission lines 

4. Motor vibrations 

5. Hydraulic parameters (pressure, flow) 

6. Electrical parameters of the supply (voltages, currents, power factor, inpul power) 

Figure 7.A Functional block diagram of the testing bay 

A calibrated Schenk dynamometer with a computerised acquisition data system was used to 

confirm the motor performances and the new-patented design of the rotor. 

The test procedure was done according to the following standards: 

IEEE Std 11 2 - 1996: Standard Test Procedure for Polyphase Induction Motors 

SANS IEC 60034 - 2001 : Rotating electrical machines 

SABS 1804-2 - 1998: Low voltage, three-phase standard motors 

SABS IEC 60079-1 - 2001: Electrical apparatus for explosive gas atmospheres 

SABS 1561 - 1998: Rewinding and refurbishing of rotating electric machines 

DIN 57 530 - 1994: Specification for rotating electrical machines - Methods for determining 

losses and efficiency, VDE Verlag GmbH, Berlin 1997 

VDE 530 - 2003: Bestimmungen fur umlaufende elektrische Maschinen, VDE Verlag, 

GmbH Berlin 

SABS, Test House: Test Reports procedure 

Note 7.1: Estimated uncertainty of calculations: f 0.75% for a confidence level of max. 95%. 

Note 7.2: Voest Alpine Mining and Tunneling and Anglo Americans Field Services representatives have 

witnessed the tests. 
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Note 7.3: Performed tests were intended to confirm spinner motor performances by using the MCFR 

patent, according to application and cusiomer requirements, 

Note 7.4: Test results were presented to Voest Alpine Mining and Tunneling GmbH Austria, Herr 

Gerhardt Neuper - Technical Director. 

A 3 0  picture of the spinner motor is shown in figure 7.2. 

Figure 7.2 3D picture of a spinner motor used for confirmation of MCFRl performances 

Typical tests performed for SABS approval 

Comprehensive tests according to standards (11 to [6] were done on the newly designed spinner 

motor fitted with the MCFR. 

These tests were required to confirm the motor and rotor rated performances in order to obtain 

SABS approval. The tests performed were: 

No load test cold 

Locked rotor cold 

Temperature rise test at rated power and 1 00% voltage with vibrations assessment 

Temperature rise test at rated power and 90% voltage with vibrations assessment 

Temperature rise test at rated power and 110% voltage with vibrations assessment 

Locked rotor hot 

Stall test - breakdown torque 

Winding insulation assessment in hot conditions 

No load test HOT 

Vibrations assessment and shafi rotation free 

Calculation of losses separation @ full load and rated voltage 

Temperature rise tests were performed at various voltages until all motor components reached 

complete stabilised temperatures. 
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Conditions during load tests were: water flow = 10 litreslminute and test site altitude = 1 350 m 

A locked rotor test was done as discussed in paragraph 3.5.2. 

Other special tests were performed to confirm the rotor design as well. 

7.2.1 No Load test cold 

Volts IV] = 1000,3 

Current [A] I1 = 15.4; 12 = 15.8; 13 = 16.l(av. = 15.77) 

Input power [kW] = 2.26 

Line resistance [Ohms] = 0.94710.94810.949 

Ambient T I  [Celsius] = 22 

Copper losses [kW] = 0.353 

7.2.2 Locked rotor test cold 

Volts IV] = 200 350 500 

Current [A] = 41.9 76.1 110 

Input power [kW] = 6.58 21.4 46.2 

Power factor = 0.453 0.464 0.485 

Torque [Nm] = 21 69 151 

DOL Starting current [A] = 226 (7.7 x FLCrt) 

DOL Starting torque [Nm] = 636 (2.7 x FLTq) 

7.2.3 Temperature rise test at rated power and 100 Oh voltage 

Average voltage IV] = 999 

Current [A] I1 = 29.1; 12 = 29.3; 13 = 29.5 

Input power [kW] = 41.9 

Power factor = 0.826 

Torque [Nm] = 237 

Speed [rpm] = 1 457 

Output power @ Dyna [kW] = 36.16 

Efficiency [%I = 86.3 % 
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Vibrations measurements in mmlsec rms: 

Axial Vertical Horizontal 

Drive end bearing 0.6 1.2 1.3 

Non Drive bearing 0.6 1.1 1.1 

Line resistance of stator winding: 

Cold [Ohms] = 0.948 

Hot [Ohms] = 1.24 

Winding temperature, cold [degrees] = 22 

Average temperature of cooling medium [degrees] = 13.5 

Temperature rise of stator winding = 87.5 degrees 

Specified maximum temperature rise for H class = 125 degrees 

Stabilised temperatures recorded at the end of the test: 

Temperature water inlet [degrees] = 13.5 

Temperature water outlet [degrees] = 19 

Ambient air [degrees] = 25 

Winding temperature in the overhang [degrees] = 11 7 

Drive end bearing temperature [degrees] = 70 

Non-drive bearing temperature [degrees] = 65 

Frame average temperature [degreesj = 49 (maximum 74 degrees) 

Test duration = 3.75 hours 

7.2.4 Temperature rise test at rated power and 90% voltage 

Average voltage M 

Current (A] 

Input power [kW] 

Power factor 

Torque [Nm] 

Speed [rpm] 

Output power @ Dyna [kW] 

Efficiency [%] 
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Vibrations measurements in mmlsec rms: 

Axial Vertical Horizontal 

Drive end bearing 0.6 1.2 1.3 

Non Drive bearing 0.6 1.1 1.1 

Line resistance of stator winding: 

Cold [Ohms] = 0.948 

Hot [Ohms] = 1.29 

Winding temperature, cold [degrees] = 22 

Average temperature of cooling medium [degrees] = 12 

Temperature rise of stator winding = 102.5 degrees 

Specified maximum Temperature rise for H class = 125 degrees 

Stabilised temperatures recorded at the end of the test: 

Temperature water inlet [degrees] = 12 

Temperature water outlet [degrees] = 18 

Ambient air [degrees] = 26 

Winding temperature in the overhang [degrees] = 127 

Drive end bearing temperature [degrees] = 74 

Non-drive bearing temperature [degrees] = 75 

Frame average temperature [degrees] = 50 (maximum 75 degrees) 

Test duration = 1 hour (after temperature rise test 3.75 h) 

7.2.5 Temperature rise test at rated power and 110% voltage 

Average voltage [V] 

Current [A] 

Input power [kWj 

Power factor 

Torque [Nm] 

Speed [rpm] 

Output power @ Dyna [kW] 

Efficiency [%I 
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Vibrations measurements in mmlsec rms: 

Axial Vertical Horizontal 

Drive end bearing 0.6 1.3 1.3 

Non-drive bearing 0.6 1.1 1.2 

Line resistance of stator winding: 

Cold [Ohms] = 0.948 

Hot [Ohms] = 1.33 

Winding temperature, cold [degrees] = 22 

Average temperature of cooling medium [degrees] = 12 

Temperature rise of stator winding = 11 3 degrees 

Specified maximum temperature rise for H class = 125 degrees 

Stabilized temperatures recorded at the end of  the test: 

Temperature water inlet [degrees] = 12 

Temperature water outlet [degrees] = 19 

Ambient air [degrees] = 27 

Winding temperature in the overhang [degrees] = 137 

Drive end bearing temperature [degrees] = 77 

Non-drive bearing temperature [degrees] = 79 

Frame average temperature [degrees] = 60 (maximum 79 degrees) 

Test duration = 1.45 h (after load test at 90 % voltage) 

7.2.6 Locked rotor test in HOT conditions 

Locked rotor test (unsaturated at reduced voltage): 

Volts [V) = 200 350 500 

Current [A] = 38.4 68.7 100 

Input power [kW] = 6.7 21.9 46.9 

Power factor = 0.503 0.526 0.541 

Torque [Nm] = 19 70 1 60 

DOL starting current [A] = 205 (7 x FLCrt) 

DOL starting torque [Nmj = 670 (2.83 FLTq) 
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7.2.7 Stall test - breakdown torque (pull-out torque) 

Pull-out torque (POT) @ test voltage Rated voltage converted 

Voltage = 495 V I 000 V 

Current = 71 Amps 

lnput power = 34.5 kW 

Output (Dyna) = 23.5 kW 

Torque = 196 Nm 

Speed = I 146 rpm 

I 50 Amps 

141 kW 

96 kW 

800 Nm (3.385 x FLTq) 

I I46 rpm 

7.2.8 Winding insulation assessment in hot conditions 

Test voltage of 1 000 V DC was applied between winding terminals and earth. 

Winding average temperature, 70 degrees. lnsulation resistance values were converted at 40°C 

lnsulation resistance @ o seconds 20 MOhms 

lnsulation resistance @ 1 minute 30 MOhms 

lnsulation resistance @ 3 minutes 50 MOhms 

lnsulation resistance @ 10 minutes 60 MOhms 

Dielectric absorption DA = 1.66 

Polarization index PI = 2.0 

7.2.9 No load test - HOT 

Volts [V] 

Currents [Amps] 

lnput power [kWj 

Power factor 

Line resistance of stator winding @ ambient 

Stator copper losses at no-load [kW] 

Iron, friction, windage losses [kW] 

Friction, windage losses [kWj 

Iron losses [kW] 

= I001 

11 =14.6; 12 = 14.9; 13 = 15.3 

= 2.12 

= 0.081 

= 1-24 Ohms 

= 0.413 

= 1.710 

= 0.410 

= 1.300 
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7.2.1 0 Vibrations assessment 

Vibrations measurements on no load hot conditions in mmlsec rms: 

Axial Vertical Horizontal 

Drive end bearing 0.4 0.7 0.8 

Non-drive bearing 0.4 0.7 0.8 

Shaft rotation free = 45 seconds 

The motor vibration state differences between no load (hot conditions) and load in rnmlsec rms 

are as follows: 

Axial: from 0.4 to 0.6 mmlsec = 0.2 mmlsec 

Vertical: from 0.7 to 1.2 mmlsec = 0.5 mm/sec 

Horizontal: from 0.8 to 1.3 mmlsec = 0.5 mm/sec 

These vibration levels differences of maximum 0.5-mm/sec rms and vibrations level on a load of 

maximum 1.3 mmlsec rms are far below the standard acceptance (71 of 2.5 mm/sec rms proving 

that no parasitic harmonics or torques are present during no load or full load states of the motor. 

7.2.11 Losses separation calculation at full load and rated voltage 

Input power 41.9 = kW 

Stator copper losses = 1.6 kW 

Iron losses = 1.3 kW 

Stray losses = 0.18 kW 

Air gap power = 38.82 kW 

Rotor losses =1.13 kW 

Friction, windage losses = 0.41 kW 

Output power = 37.29 kW 

Calculated efficiency @ 1000 V, 36 kW = 89% 

7.2.12 Calculation of stator and rotor temperature rises 

Based on experimental results, real output power was calculated from dynamometer test 

measurements. As a result, the following temperature rises are calculated: 

Corrected temperature rise @ 100% voltage = 81.5 degrees 

Corrected temperature rise @ 90% voltage = 95.5 degrees 

Corrected temperature rise @ 110% voltage = 106 degrees 
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Rotor temperature rise per one DOL start = 12 degrees Celsius 

Winding temperature rise per one DOL start = I 4  degrees Celsius 

Permissible number of stop-start DOL from HOT = 8 (eight) in row 

7.3 Declared nameplate rated values 

The nameplate details have to be declared in order to allow comparison of the motor to other 

similar motors. 

Motor power 

Duty cycle 

Insulation class 

Temperature rise 

Voltagelfrequency 

Current 

Power factor 

Speed 

Nominal torque 

Pull-out torque 

Efficiency 

Rotor type 

Moment of inertia 

Type of protection 

Flameproof enclosure 

Flameproof approval 

Cooling 

36 kW 

S1 (continuous running) 

H 

80 "C 

1000 V150 Hz 

28.5 Amps 

0.83 

1460 rpm 

237 Nm 

800 Nm 

89 Oh 

Mixed Conductivity Fabricated Rotor type 1 

0.16 kgm2 

IP 65 

Ex d I 1 50°C 

IA SABS Ml04-I 94 

Water-cooled 

7.4 Comparison of performance to products on the market 

Basic performances were taken into consideration in comparing performances of different 36 

kW spinner motors manufactured over the years (as presented in paragraph 5.1). 

Full-load (rated) torque 

Full-load (rated) speed 
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Starting torque 

Breakdown torque 

Starting current 

Rotor temperature rise on continuous running 

Winding temperature rise on continuous running 

Bearings temperature rise on continuous running 

Allowed DOL starts from HOT conditions (rotor temperature rise per start) 

Estimated rotor life span 

Table 7.1 Comparison of performances of various spinner motors 

Performances 

Efficiency [%I 
St. Tq. [Nm] 
Start. torque 

Loher die cast 
~luminium 

rotor 

"Pn 
mdes 
wlth 

[P-u-] 
Pull-out torque 

89 
235.5 
2.3-2;8 

speed [rpml 
Temp. rise 

3 M  

wind. ["C] 

TECO, 
Double 

cage rotor 

-a 
d 

:- 

87 
238.75 
2.4-2.8 

75-45 

DEJNDE Srg. 
ternp.riserC] 
Rotor 

( L ~ i n g )  
1.04 

I (Overheating) I 

construction 
Rotor temp. 

Conclusion: Table 7.1 reveals net superiority of the MCFR patent and design. 

Culflnen El. 
q p r  rotor 

88 

235,s- 
Z & a  

100-1 15 
1 (Overheat) I 

4340 

P W t  

rise ["C] 
DOL starts hot 
Est. rotor life 
span (MTBF] 
Est. motor life 

Special tests performed in DOL starting conditions 

Luck & King 
brass rotor 

m. 

MCFR 1 
l#-160 

7.5.1 Recording starting current in DOL conditions 

The motor was connected DOL and the saturated stator current transient evolution was 

recorded during a time period of 0.5 seconds. 

90 
232.3 
2.1-2.3 

-105 

65175 

Aluminium 

8 [.e&ht) 
24 y- 

10 years 

[Lsgaing) 
28 

30 kW design 
245-265 

02 
242.1 
3.2-3.4 

85-90 

45160' 

m. 

1-2 
i. 1-1 <4 yeam 

1.5-2 years 

88.5 
235 
2.6-2.8 

(Leading) 
4.5 

2m-m 

3.4 

[Lagging) 
11C-125 

48/50 

Copper 

8.J 
3.84- 

3-4 years 

80-100 

rotor 
180-200 

75175 

Brass rotor 

2-3 
8-1 0 years 

5-8 years 

Unknown 

Mubk 

28C-320 
cage r o b  
180-XH) 

1 (one) 
5-7 years ' 

Unknown 

3-4 
Unknown 

Unknown 
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lnrush current and saturated starting current increase will enable the investigation of motor 

performances when fitted with the MCFR. The oscillogram is shown in figure 7.3. 

Figure 7.3 Oscillogram of DOL starting current for a 36 kW fitted with MCFR 

Vertical scale: 1 division = 280 Amps 

Time is measured on horizontal scale in seconds: 1 division = 0.05 seconds 

From the oscillogram it results that: 

Starting current I,, = 200 Amps rms 

Inrush current Ipk = 440 A 

The inrush current decay period is A bk = 0.05 seconds 

lnrush current is the current that is required in the motor electromagnetic circuit to restore it to 

the state in which the e.m.f across the coil terminals is proportional to the time derivative of the 

flux linked by the coil (Faraday's !aw), 

7.5.2 Assessment of the inrush current 

Due to the relatively large air gap, the ratio of inrush current to rated current is significantly lower 

than that experienced with low-leakage transformers. Because of relatively high leakage 

reactance of this specific design, the peak current value is limited to 420 Amps. The relation to 

saturated starling current I,,,, = 220 Amps rms is: 

Ipk = 1.91 X . I ~ ~ . ~ ~  
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Equation 7.1 and A tPk = 0.05 seconds indicate that according to standards [6], [8], [9], the 

inrush current of this specific design does not affect power system components and 

protection equipment (there will be no spurious tripping of protection devices). 

7.5.3 Assessment of possible dips on transient speed-torque curve 

A DC component of 140 A is present in the measured current during starting. 

The current "swinging" characteristic is due to the DC current component that is induced in the 

rotor cage by the currents flowing in the stator winding. The oscillation is a function of the 

interaction between the two currents as the motor accelerates. 

Noticeably (close to the zero-speed point on the graph), there is no reduction or variations in the 

slope of current oscillations when DC offset occurs. 

That means no "dip" in the transient speed-torque curve (as shown in figure 7.3.) occurs 

for this specific design. 

Note 7.5: This mentioned torque "dip" is only relevant to transient speed-torque curves derived from low- 

inertia starts on slrong supplies at the rated motor voliage. Should a motor happen to "crawl" due this 

torque dip, it would recover quickly as soon as the transient condition subsides. Despite the dip being a 

transient effect, as well as the fact that its magnitude is ditlicult to predicl very accurately, the 

phenomenon afecls the acceleration lime and il should lherefore be laken inlo account during run-up 

time calculations, particularly where a critical application is concerned [lo]. 

7.5.4 Assessment on breakdown (pull-out) torque 

The same transient phenomena that affect the current and the torque during the initial part of 

the start have an associated effect on the dynamic torque during the remainder of the DOL 

start. 

Since there are distinct time-constants limiting the rate at which the flux in any part of the motor 

may change (or reach a particular steady state), there is a corresponding delay before the motor 

pull-out torque (POT) reaches its steady-state value. 

If the run-up time of the motor is suficiently long, then the relevant DOL speed-torque curve will 

be very similar to the steady-state characteristic. On the other hand, if the run-up time is 

relatively quick, the difference between the dynamic and steady state pull-out torque 

characteristics will be different (as shown in paragraph 3.6.4). This effect should also be taken 

into account when calculating the starting time for a critical low-inertia application with an 

expected run-up time that is short enough to warrant assuming transient conditions [ I  I ] .  

In this specific design the pull-out torque (POT) reaches the value after a 0.5 second 

interval, meaning that dynamic (transient) POT reaches the steady state calculated value. 
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7.5.5 Estimation of surge factor 

Instantaneous peak inrush current indicates a DC component of 140 Amps. 

The ratio between total asymmetrical current lPk = 420 A and starting current, peak value lSt = 

220 d2 = 310 A is: 

According to Underwriters Laboratories, UL Specification 845, February 1995: 

It results in a very good value of surge factor x = 0.97 < 1.25 

The value of the surge factor x =1.25 is stipulated by UL Specification 845 - Table 26.2, as a 

function of the DOL starting power factor. In this case the power factor = 0.55 

Other authors [a], [lo] indicate a maximum surge factor value of x = 1.40 t o  1.56 

That means the MCFR offers a good value of surge factor, as referred to  in  paragraph 2.6. 

7.5.6 Estimation of harmonic induction torques and  harmonic synchronous 
torques 

The oscillogram depicts a modulation of starting current. The modulation has the following data: 

Amplitude A = [660 - 5501 1 2 = 55 A 

Wave length A = 0.14 sec, indicating the seventh harmonic n = 7 

Total periods number = 2 

This means that during the start-up period, two torque oscillations will occur in the interval of 

0.05 to 0.35 seconds, as shown in figure 7.3. 

Using the relationship between starting current 1st = 7.7 pu and starting torque Mst = 2.7 pu, we 

can calculate the amplitude of these oscillations. 

(55 A 1 310A) x (2.7 pu 17.7 pu) = 0.0584 (7.3) 

That means the parasitic torque values are maximum * 5.84% of the actual dynamic torque 

values recorded during starting. 

Taking into account the maximum run-up time period T, = 1 sec and the motor speed torque 

curve (presented in Annexure 7.1), it results that the parasitic torques of the 7h harmonic are 

imposed on the speed torque curve in a range of 75 rlm to 450 rlm speed. The speed-torque 

curves of the motor and the load (countertorque) are shown in figure 7.4 (informative and not to 

scale). 

The minimum value of acceleration torques A Tq = Tqd - TI = 680 Nm - 330 Nm = 350 Nm 

excludes any possibility of a 'crawling" situation of the application. There is no pull-up torque. A 

reserve value of starting torque D T = F.L.Tq = 235 Nm ensures a very good and reliable 
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starting. High breakdown torque (POT = 800 Nm) excludes any appearance of the stall 

conditions. 

--- 

Maximum limit of lhe Counterlorque, 
load loraue evolulibn TI = Q (Ni 

150 I 
I F I I I I J 7 1  1 7  

0 150 300 450 600 750 900 1050 1200 1350 1500 rim 

Figure 7.4 Speed-torque curve of the 36 kW prototype (informative and not to scale) 

(For reference see also figure 2 ,  t )  

For this speed range, the counter-torque maximum values are in the range of 320 to 400 Nm. 

The parasitic torques will have the deep momentary torque Tqd = 680 Nm and the top 

momentary torque of Tq, = 730 Nm. However, both values are below 10% of the actual 

momentary torques as accepted by standards and literature [6], [8], [9], [lo]. 

The momentary torque is also 140% to 150% bigger than actual torques developed by 

aluminium cast rotors [12]. 

This means that the MCFR ofhxs a reliable torque with no major parasitic torques during 

the start-up sequence. 

Thermal assessment of the MCFR 

7.6.1 Directions of investigations 

A complete thermal assessment can be done for the MCFR using the following data: 

Experimental results obtained from dynamometer temperature rise tests 

Investigations were made on a returned motor after running on the application for 1.8 years 

The assessment is based on possible directions of heat transfer from the rotor, discussed in 

paragraph 4.4.6 and shown in figure 4.2. The following investigations will be made: 
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Radial direction towards stator winding 

Axial directions towards bearings 

Rotor temperature rise on load and DOL per start 

Investigations of the presence of local thermal vectors on the rotor iron core and rotor core 

discoloration 

7.6.2 Assessment on heat radiated on radial direct ion 

As discussed in paragraph 4.4.6 and shown in figure 4.2, an overheated rotor should radiate 

heat towards the winding. 

As a result, the stator winding temperature rise will increase artificially beyond the 

electromagnetic design estimations. 

From tests performed on a dynamometer, comparative results of various windings temperature 

rise are available in table 7.2. 

Table 7.2 Comparison of windings temperature rise 

Performances "P" series 
with MCFRl 

Loher alum. 
rotor 

These results confirm that the MCFR does not radiate heat towards the stator winding. 

100-115 
(Overheating) 

7.6.3 Assessment on heat transferred in axial direct ions 

DAMEL 
alum. rotor 

As discussed in paragraph 4.4.6 and shown in figure 4.2, an overheated rotor should transfer 

90-1 05 

heat by conductivity through the shaft towards the bearings. As a result, the bearing 

Cullinan 
El. copper 

rotor 

temperature rise will increase arlificially beyond the estimated calculations. 

85-90 

From tests performed on a dynamometer, comparative results of the temperature rise of the 

Luck & 
King 
brass 
rotor 

bearings are available in table 7.3. 

TECO, 
dbl. cage 

rotor 
- - 

110-125 

- 

80-100 

These results confirm that the MCFR does not transfer heat by conductivity via the shaft 

towards the bearings. 

Table 7.3 Comparison of the temperature rise of bearings 

TECO, 
dbl. cage 

rotor 

Unknown 

Performances 

DElNDE Brg. 
Temp.rise["C] 

"P" series 
with MCFRl 

45/40 

Loher alum. 
rotor 

65 175 

Luck & 
King 
brass 
rotor 

75/75 

DAMEL 
alum. rotor 

4 5/60 

Cullinan 
El. copper 

rotor 

48/50 
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7.6.4 Assessment on  rotor temperature rise o n  load and per DOL start 

Direct measurements performed on the rotors at the end of the temperature rise test allowed 

assessment of the MCFR performance in comparison with other rotors. 

The low temperature of the rotor enables the rotor to support numerous DOL starts from hot 

conditions. 

Experimental results and estimations made over the years made it possible to compare MCFR 

performances with other rotors, as shown in table 7.4. 

These results confirm that the MCFR has a low thermal heat level and no parasitic 

harmonics are present during load or starting procedures. 

Table 7.4 Rotor temperature rise and DOL starts 

7.6.5 Investigations o f  the existence o f  local thermal vectors 

This investigation was carried out directly on the MCFR after temperature rise tests. Visual 

inspection revealed no discoloration resulting from parasitic harmonics. 

Performances 

Rotor temp. 
rise ["C] 
DOL starts hot 

Thermal vectors were detected by investigating rotor "hot spots" [13]. The method of simulating 

rotor load thermal conditions were described in paragraph 4.4.6 and shown in figure 4.1. 

Rotor concentricity in hot conditions was also verified. 

The maximum runqut values at 10O0C were 0.025 mm. The standard acceptance conditions 

[14] are maximum 0.08 mm. 

TECO, 
dbl. cage 

rotor 

180-200 

3-4 

"P" series 
with MCFR1 

1 50-1 60 

8 (eight) 

This measurement confirmed that no local thermal vectors were present on the rotor iron core. 

The same set of tests and inspections were carried out on the MCFR that worked for 1.8 years 

on the underground application as well. Photo 7.1 shows the rotor condition (after rust was 

removed). 

Luck & 
King 
brass 
rotor 

280-320 

1 (one) 

Loher alum. 
rotor 

245265 

1-2 

DAMEL 
alum. rotor 

21 &220 

2-3 

Cullinan 
El. copper 

rotor 

180-200 

2-3 
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Photo 7.1 The MCFR iron core in excellent condition after running on load for 1.8 years 

Conclusion: The tests and inspections performed on the MCFR revealed no presence of local 

thermal vectors on the rotor iron core andlor rotor core discoloration. 

These measurements confirmed again that the MCFR does not generate parasitic harmonics 

or torques during the rotor-working period. 

7.6.6 Estimations regarding the MCFR life span 

From the above experimental results it has been demonstrated that MCFR performances are 

similar or superior to that of an aluminium cast rotor. 

By design, the MCFR inherited the features of a fabricated rotor with all the related features, as 

presented in Chapter 5. 

At the low thermal level at which i t  works, the absence of parasitic torques and harmonics 

indicate a longer life than similar rotors on the market. 

Comparison of the rotor life span is presented in table 7.5. The data confirms that the MCFR is 

a reliable and economical design. 

Table 7.5 Estimations of rotor and motor life span 

Performances 

€st. rotor life 
span (MTBF) 
Est. motor life 

TKO,  
dbl.cags 

rotor 

Unknown 

Unkr#Rnm 

DAMEL 
alum, MOT 

1.8-2 years 

3-4 years 

"P" series 
with MCFR1 

20 years 

10 years 

Loher alum. 
rotor 

1.1-1.4 
years 
1.5-2 years 

Cufllnan 
El.copplcr 

rotor 

8-40 years 

E-8 ymrs 

Luck& 
Kkrg 
braso 
rotw 

5-7 yews 

Unkntr~vn 
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7.7 Technical and economical assessments during validation and 

verification activity 

Estimations on the economic and technical impact of replacing the aluminium rotor with an 

MCFR were done with reference to the above case study. 

Based on the motor's MTBF and rotor life span estimations, specific technical and economical 

events were predicted for a period of 15 years (as presented in table 7.6). 

Table 7.6 Comparison of specific technical and economical performances 

ItemlMotor 
Windina tern~erature rise 
DEiNDE bearing temp. rise 
Rotor temperature rise 
Windina ex~ected life time 

I Loadioverload efficiency 188%/87% 1 89% I 89% 

Alum rotor 
97°C 

Bearings expected life time 
Working load hoursiyear 
Overload hoursivear 

As discussed in paragraph 4.6, down-time production of 7 to 9 hours is the necessary time to 

replace a failed 36 kW motor (in the case of an unplanned failure). 

MCFR 
80°C 

45°C 160°C 
21 0°C 
9 months 

Not taken into account are costs savings related to: 

30°C 145°C 
155°C 
18 months 

8 months 
4000 h 
1500 h 

Logistic activities 

Motor's components ageing process as a result of repair activities 

15 months 
4000 h 
1500 h 

Table 7.7 Predicted events on 36 kW spinner motors for a projected 15-year period 

Number of rotor replacements 
Down-time production total 
Rotor life s ~ a n  lmonthsl 

MCFR 
7 

Item 
Number of motor failures 

Motor MTBF [months] 
Motor cast 
Rotor cost 

However, it was noted that in both situations (aluminium and MCFR) unplanned motor failure 

occurred before the planned replacement, in spite of the fact that the MCFR had proven its 

extended life span (this enables the end-user to repair the product based on a maintenance 

plan). 

Aluminium Rotor 
13 
8 
104 hours 
18 

Motor repair cost 
Av. production loss cosUhour 

Year 2005 prices and an electricity cost of 0.15 RIkWh were considered constant for the entire 

one-year assessment period. 

None 
56 hours 
200 (estimated) 

13 (unplanned.) 
R55 000 
R26 000 

Min.24 (estimated) 
R60 000 
R20 000 

R45 000 
R35 000 

R25 000 
R35 000 
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Based on specific technical and economical comparison performances and predicted events in 

a projected 15-year period, economical indicators and savings are presented in table 7.8. 

These estimations based on experimental data obtained from tests carried out as part of 

validation and verifications prove the economical impact of using the MCFR in a specific 

application only. 

Table 7.8 Comparison of economical indicators and savings obtained per 36 kW spinner motor 
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Electricity Cost on Overload [R] 
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CHAPTER 8: CONCLUSIONS AND 

8.1 Conclusions 

In the South African coal-mining industry, overseasdesigned high-impedance double cage and 

die cast aluminium rotors record high rate failures with heavy related financial losses. 

As a result, the need for an alternative rotor type appeared on the market which was able to 

comply with specific basic South African conditions ignored previously. 

The problem was addressed by understanding the essentials of application engineering with 

reference to special conditions imposed by the South African mining industry. 

The invention is actually a solution to specific application engineering problems with the motor 

design in South Africa. 

The most significant design variable in squirrel cage motors is the effective resistance of the 

rotor cage circuits, which was actually the focus of the invention. 

Mixed Conductivity Fabricated Rotors (MCFR) are designed and manufactured based on a new 

principle and are able to withstand harsh South African mining conditions. 

The patent offers a large variety of technical and economical advantages, increasing the mining 

processes efficiency beyond expectations (see also table 7.8). 

This thesis emphasises the MCFR's design adaptability, i.e. altering the rotor design to meet the 

demands of a specific engineering application as a base line of drives design. 

By design, as fabricated rotor, the MCFR patent has high reliability indicators compared to 

those of die cast aluminium rotors. 

Performance stability, including the fact that the rotor can keep the starting torque value very 

constant even after motor has reached its thermal stabilised condition, i.e. "hot condition", 

represents one of the salient performances of invention. 

The invention was materialised initially in a set of special rotors powering continuous miners of a 

reputable coal-mining house. This mining house was spending about R5 million annually in 

replacing imported 36 kW aluminium rotors only. tosses related to down-time production and 

repair activities are not included. 

Table 8.1 presents projected savings on total ownership costs obtained by VAMT when using 

the MCFR as replacement of die cast aluminium rotors as a result of: 

Relaxing the maintenance plan (increased rotor's MTBF) - reduced repair costs 
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Preservation of motor performance, with reference to performance alteration 

Increasing general life span of the motor 

Lower cost of rotor repair or replacement 

Reduced downtime production costs 

Table 8.1 Comparison of economical indicators and savings obtained per 36 kW spinner motor (15-year 
projection) 

Down-time costs [R] 
Motor repair costs [R] 
Initial capital [R] I per motor 

SavinglR] 
6 000 
4 650 

208 000 

TOTAL SAVING [Rand] 
Savings bv usina MCFR onlv IR1 

These estimations are based on experimental data obtained from tests carried out as part of 

MCFR 
360 000 
135 000 

None 

Item 
Electricity costs on load[R] 
Electricity cost on overload [R] 
Variable capital (rotors) [R] 

3 640 000 
285 000 
60 000 

2 270 650 
2 258 000 

I Annually savings per rotor [Rand] I 

validation and verification activities. The estimations prove the economical impact of using the 

MCFR in a specific application only. 

Aluminium Rotor 
368 200 
139 650 
208 000 

150 000 [ 

MCFRs represent a viable solution of reducing investments related to the re-capitafisation 

1 680 000 
175 000 
60 000 

process because old motors have to be discarded in one of the following situations: 

1 960 000 
90 000 

nil 

Their damaged rotors cannot be replaced if rotor production ceased (die cast aluminium, 

especially) 

Restrictive prices when a new rotor (especially when imported) has to be purchased 

Motors dedicated to a specific application always require the same performances when 

rotors have to be replaced 

The motor's application becomes redundant and it cannot be used for another application 

because of its very specific performances. 

The MCFR patent represents a breakthrough regarding the monopoly of the large 

manufacturers in deciding market prices. It will enable medium-sized organisations to become 

rotor and motor manufacturers. Sound competition will offer the market an alternative option. 

The patent is part of the new South African trend of increasing the efficiency of processes. It 

offers the possibility of designing dedicated motors with a positive impact on the South African 

economy. Some socio-economical advantages are worthy of considerable study. 

Being locally manufactured, the MCFR may reduce the country's economical dependence. 

Requiring no special expertise, the MCFR can be produced in any quantity and size without 

excessive investment. 
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The MCFR offers the market an alternative option (product interchangeability) and sound 

competition (with export potential). 

The patent ensures business sustainability conditions, which diffuse financial constraints on 

motor manufacturers and end-users during the re-capitalisation process (very actual in 

South African economic and industrial environment). 

8.2 Recommendations 

The invention represents part of the concept of global efficiency by creating new business 

opportunities. A technical-economical analysis should be welcomed when studying further the 

patent integration in this global concept. 

A very interesting path for further investigations is the medium voltage motors population where 

the invention may offer large possibilities to improve performances (speed-torque curve) at 

reduced ownership costs. 

The invention offers large possibilities of substituting slip ring motors with more rugged squirrel 

cage rotors, at the same torques performances. 

Supplementary studies and calculations have been done in this thesis regarding heat transfer 

from the rotor by radiation and conduction. These represent a starting point in designing TE 

flameproof motors where the heat evacuation determines the motor's flameproof status. These 

flameproof motors are largely used on JOY mining machinery. 

The patent and calculations presented in this thesis set up some base lines for some further 

researches regarding squirrel cage electric motors: 

Deep-bar cages machines 

Parallel cages machines 

High-torque cages in replacing slip-ring induction motors 

Skewed MCFRs slots. 

MCFRs comportment in re-closure conditions 

Unbalanced magnetic pull 

MCFR in a double cage configuration 

Mathematic models and equivalent circuits 

Monitoring squirrel cage MCFR 

Investigation and study of broken bars phenomenon 

Global concept of efficiency 
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ANNUURE I .I : MCFR PATENT FORMS 

REPUBLIC OF SOUTH AFRICA 
PATENTS ACT. 1978 

APPLICATION FOR A PATE 

OFFICIAL APPLICATION NO. 

I 
FULL W E I S )  OF APPLICANT(S) 

7t ( FEMCO MINING MOTORS (PTYj LTD 1 
ADL)RESS(ESJ OF #LICANT(S) 

I 33 PET PRETORIUS STREET. INDUSTRIAL AREA. ORITS. PRETORIA. 0250. GAUTENG. SOUTH AFRICA 
- - -  - 

TITLE OF INVENTION 

55 h4lXED CONDUCTIVITY FABRICATED ROTOR I 
THE A P P L ! W  CLAIMS PRIORITY AS SET O U T  ON THE ACCOI.!PANYIKG FORM P.2, ThE EARLIEST PRlOAlTY CUUM IS, 

COLWRY: 2.4 NUMBER: 200418886 DATE: 30AUG2004 1 

74 AWRESS FOR SERVICE: S m  a RSHER I 

--- . .-.... " ..--.-- 
SPOOR a FISHER 

PATENT AlTORNEYS FOA THE A P n l W ( S )  I REGISTW OF PATENTS I 
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FORM P 
I I REPUBLIC OF SOUTH MRICA REGISTER OF PATENTS PATENTS ACT. 1978 

OFFICIAL APPLlCATlON 

21 01 

71 F E M C O  MINING MOTORS (PTY) LTD I I 

INTERNATIONAL CLASSIFICATION 

5 i H02K 

LODGING DATE: PROVISIONAL 

n 

- - - 

ASSIGNEE(S) I I DATE REGISTERED 

ACCEPTANCE DATE 

47 

FULL NAME(S) OF APPLICANT(SyPATENTEE(S) 

I 
I 

LODGING DATE: COWLETE 

23 9 SEP 2005 

1 

GRANTED DATE 

I 

APPLICANTS SUBSTtTU'TED: DATE REGISTERED 

FULL NAME(S) OF tNVENTOR(S) 1 

54 MIXED CONDUCTIVITY FABRICATED ROTOR I I 

72 

PRIORITY CIAJMED 

N.B. Use lnlmalional 
abbreviation foe w n i q  
(see SChcduIe 4) 

I 

ADDRESS OF APPLICANT(S)PATENTEE(S) 

PITIS, CONSTANTIN D A N U T  

1 33 P E T  PRETORIUS STREET. INDUSTRIAL AREA. BRITS. PRETORIA. 0250. GAUTENG, SOUTH AFRICA 

TITLE OF INVENTION 

SPOOR & FISHER 1 P A 1  3781 8RA 

COUNTRY 

- - -  

PATENT OF ADDITION NO. I DATE OF ANY CHANGE 
i I 

33 ZA 

NUMBER DATE 

31 

61 

FRESH APPLICATION BASED ON 

32 2004/6886 

DATE OF ANY CHANGE 

30 A U G  2004 
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SPOOR & F I S H E R  
U & A W P L I m T - J  

Femco Mining Motors (Pty) Ltd 
P 0 Box2218 
Brits 
0250 

Attention: k:r B Penzhom 

Ymr Ret 
&I Ref: PAl3781B'ZA 
Dl*: 20 September 2005 

Dear Sirs 

South Africa - National phase palent application 
Applicant : Femco Mining Motors (Pty) Ltd 
Inventor : Pitis. Constantin Danul 
Tille : Mixed Conductivity Fabricated Rotor 
Number : 2QQ5107280 
Filing Date : 9 September X1Q5 
National phase entry date: 9 September 2005 

We confirm the Instructins to file this application and now endose the following: 

1. The ofIicial filing receipt lor the application; 

2. A memorandum explaining the consequences of the filing of the application and advising on 
further steps lo be taken. 

We draw your attention to the fact that Ihe following doarmenrs are outstanding: 

Dec!aration and Power of Attarney form P.3. This 'document must be filed at the 
Patent Ofice within six months of the naticnal phase entry date given above. 

Deed of Assignment of Invention. This dmument must be filed at the Patent Ofice 
vhthin twelve monlhs of the national phase entry dale given above. bul preferab:~ 
rcilhin six months in order to avoid unnecessary msts. 



Annexure 4.1: Typical Conlinuaus Miner 

132 k'nr pump motor r 

Graphic picture of a typical coal cutter continuous miner 

The machine rated values are 40 000 tons coal per month. Currently, in South Africa, this 

machine is cutting 80 000 to 120 000 tons coal per month. 

Voest Alpine Mining and Tunneling GmbH Austria has about 5 550 operating units. 



Annexure 4.2: Design Limits of Double Cage Rotors 

Bottom limit of  the double cage rotor design 

For the double cage design, an outside diameter of 200 mm can be considered the bottom limit. 

It will be very difficult for the designer to fit the bars because of the restriction imposed by the 

materials and electromagnetic design. 

Minimum sizes are required for the running cage bars. 

Minimum sizes are imposed by the teeth width (at least 5 mm) in order to withstand 

handling during rotor manufacturing and other mechanical stresses. 

Acceptable values of flux density in the teeth at the bottom of the slot. 

An example is a 4-poles rotor with an outside diameter of D = 200 mm. 

A core length of L = 250 mm is the closest corresponding figure to the proposed sizes of a 4- 

poles motor. 

If the motor is water-cooled, then, according to equation 3.9, an output coefficient 

G = 3.0 kWim3. rim, will give a motor power of about 0.22 x 0.25 x 1500 x 3.0 = 50 kW. 

For this type of motor, a minimum of 44 rotor slots is recommended. According to figure 4.1, the 

bottom slot will have a maximum diameter of 169 mm (imposed by the bars minimum 

requirements for material strength). 

That means the tooth width at the bottom of the slot wt will be in the region of wt = 7 mm, which 

is still acceptable for an electromagnetic design. 

-y+-- Outside rotor diameter D = 200 mm 

~ o t t b m  slot diameter = 169 mm 

Figure 4.1 Sketch of a minimum design required by double cage slot arrangement for an outside rotor 
diameter D = 200 mm 

This example is confirmed by the double cage motor sizes existent on the market, 

- 142 - 



knnexure 4.2: Design Limirs of Double Cage Rolors 

Upper limit of  double cage rotor design 

Above specific diameter sizes, for a specific voltage of 1000 V, the motor power will increase 

beyond the starling cage capability in order to cope with the absorbed starting current. 

Let's consider a 400 kW, 1000 Volts, 290 Amps, 4-poles, water-cooled motor. 

According to equation 3.9, for an output coefficient G = 3.5 kWlm3. rlm and 1500 rlm, it result in 

the product: 

If L = 0.65 m, the result is a motor with an air gap diameter, or rotor outside diameter, 

D = 342 mm. 

Conductor per slots number = 12 for a 2 I1 A winding internal connection, 48 slots, half basket. 

It results in stator turns in series per phase TI = 48. 

For U, = I000 V the e m f  per phase in one rotor bar UZ0 = 11.4 Volts. 

For a rotor bar number Z2 = 44 bars, from it results in a bar current of I, = 880 Amps. 

Taking a current density of 4.5 A/mm2 into account, it results in a running bar cross-section ot 

196 mm2. From the design, the stator starling current can be approximated as 1st. = 7.0 p.u x 

Inom = 2030 Amps, while the bar current in the starling cage I,,, = 690 Amps. For a current 

density of 5 A/mm2, the result is a round bar of 13.25 mm diameter, say, 14 mm (a possible 

standard size). The rotor slot configuration for this 400 kW motor is presented in figure 4.2. 

The bottom slot will have a diameter of 278 mm. The tooth width at the bottom of the slot, w,, 

will be in a region of w, = 5.8 mm. This is a bottom limit of the tooth width, because of the high 

values of flux density at the bottom of the slot, 

Outside diameter D = 342 mm 

?: Bottpm slot diameter = 278 mm 

Figure 4.2 Sketch of a rotor slot of a double cage rotor for upper limit of 400 kW, 1 000 V, 4 poles, water- 
cooled motor 



Annexure 4.2: Design Limits of Double Cage Rotors 

The tooth width, wt =5.8, represents a bottom limit of lamination tooth stamping from a 

mechanical strength point of view. 

Note: The tooth bottom size width can be increased if the motor core length "L" could be shotiened and 

diameter 0" increased. But, taking into account the special application being used (continuous miner 

cutter motor always requires small diameters), this oplion will be unacceplable because of the general 

outline diame/er of the motor. 

Comparison of Cutter Motors - Basic Design Calculations 

Item motor type 
Motor power kW 
Core length, mm 
Stator core OD, mm 
Airgap diameter D, mm 
Ratio D I OD 
Winding Internal connection 
Conductorlslot 
Pro~osed connection 
Converted conductor/slot 
Condlstot accordina to PT' = const 

Out~ut  coefficient G = KW / D* L n 
Rated current. A 
Startinn current, A 
St. current. p.u 

3.09 1 3.5 I Minimum 3.5 1 

920 1 1300 1 2100 very high I 



Annexure 4.3: Quotalion of a New Die Cast Aluminium Rotor 

This quotation indicates a total cost of R150 000 for the rotor. 

iat time the price of a new imported motor was R220 000. 



Annexure 5, l :  MCFR Presentation to the South African RMWG 

ANNEXURE 5.1 : MCFR PRESENTATION T 0 THE 
SOUTH AFRICAN ROTATING 
MACHINES WORKING GROUP 

TI-E ROTATING M-ACHINES WORKING GROUP 

NOTICE OF MEETING 
From: Mark/Pamela [catspen@mweb.co.za] 
Sent: Tuesday, May 10,2005 6:45 A M  
To: Thys Botha; Mark Abbott; Willie Cronje; Uresh Naidoo; Tony Phillips; Steve Marshall; Shenvin 
Jerrier; Ron Scollay; Peter Heim; Paddy Bateman; Nic Grobler; Mo Ahmed; Mike Case; Meyer Naude; 
Martin Scholk; Martin Kamper; Mark Spencer; Mark Peters; Mac Hipner; Klaus Kuhn; Johan Nell; Jan 
de Kock; james@fsatie.techpta.ac.m; James Cowling; J Gieras; lain Grayer; Herman van der Menve; 
Greg Diana; Geoff Howell; Gavin Garland; Frikkie van der Menve; Flip van Vuuren; Ernie Muller; 
DuToit Grobler; Dries Wolmarans; Clinton Jones; Chris Tute; At Greyling; Andy McCutcheon; Andre 
Maritz; Alan Mitchell ; Alan Meyer; Alan Lotter; A. Smith; Vits Maharaj; Rob Melaia; Peter Warner; 
Pearlie John; Mitch McAllister; Mark McNally; Mario Kuisis; Johan de Lange; Jerry Walker; Henry du 
Preez; Henk de Swart; Grant Muller; Gerard Donachie; George Jeans; Derek Wood; Dave Braude; Dan 
Pitis; Charles Morton; Anesh Surendra; Andrzej Tomzynski; Antonio Teixeira; Gary Danes 
Subject: Fw: Rotating Machines Working Group. 

Regards, 
Mark. 

- - 
b - . ;- . .- . .  . . ,  t - . . 

To: Thvs Botha : Mark Abbott : ~~e Cronie=%ny P~ t l i os  : sieve ~arshaf l  ; Sherwin 
Jerrier ; Ron Scollav ; Peter Heim ; Paddv Bateman ; Nic Grobler ; Mo Ahmed ; Mike Case ; Mever Naude 
; Martin Schollz ; Martin Kamaer ; Mark Spencer ; Mark Peters ; Mac Hi~ner ; Klaus Kuhn ; Johan Nell ; 
Jan de Kock ; iames@fsatie.techata.ac,za ; James Cowlins ; J Gieras ; lain Graver ; Herman van der 
Merwe ; Greq Diana ; Geoff Howell ; Gavin Garland ; Frikkie van der Mewe ; Flip van Vuuren ; Ernie - 
Muller ; DuToit Grobler ; Dries Wolmarans ; Clinton Jones ; Chris Tute ; At Grevlina ; Andv McCutcheon ; 
Andre Marilz ; Alan Mitchell ; Alan Mever ; Alan Lotter ; A. Smith ; Vits Maharaj ; Rob Melaia ; Peter 
Warner ; Pearlie John ; Mitch McAllister ; Mark McNallv ; Mario Kuisis ; Johan de Lame ; Jerrv Walker ; 
Henrv du Preez ; Henk de Swart ; Grant Muller ; Gerard Donachie ; Georae Jeans ; Derek Wood ; & y ~  
Braude ; Dan ; Charles Morton ; Anesh Surendra ; Andrzei Tomzvnski ; Antonio Teixeira ; @gy 
Danes 
Sent: Sunday. May 08,2005 7:32 AM 
Subject: Rotating Machines Working Group. 

Dear Members, 
The Notice of Meeting and the Agenda are attached for Ihe next meeting. Note the slightly earlier 

starting time. 
I hope most of you will attend to ensure a good meeting. 

Regards, 
Mark Spencer 

Chairman, Rotating Machines Working Group. 

The next meeting of the RMWG wi l l  take place on Wednesday 15 June at Armcoil Africa, 127 Main 

Reef Road, corner o f  Serfontein Road, Technikon, Roodepoon. (Telephone No. 01 1 474-955 1) 



Annexure 5.1: MCFR Presentation to the South Akican RMWG 

The Meeting will start at 14:OO and not 14: 15 in order to give us more 
time for business. 

There will be three presentations: 

I. Predictive diagnostics for MV & LV machines by Mario 
Kuisis of Martec, 

2. Sasol's history of large motors by Andre Maritz of Sasol 
3. Mixed conductivity fabricated rotors by Dan Pitis of 

FEMCO. 

AGENDA 

I .  Opening 
2. Welcome 
3. Apologies 
4. Acceptance of minutes of the last meeting 
5. Matters arising 
6. Presentations: 

1.  Predictive Diagnostics for MV & LV Machines by Mario Kuisis 
2. Sasol's history of large machines by Andre Maritz 
3. Motor rotors with mixed coriductivity metal bars by Dan Pitis 

7. Activity Reports/R&D 
8. Section Feedback 

Machine insulation Assessment 
1ECJCigre 
Motor Specification Guide 

9. Membership 
10. ActivityJpresentation s~lggestions for the next meeting 
1 1. Chairman of the Group 
12. General 
13. Next meeting date and venue 
14. Closure. 



knnexure 6.1 : MCFR Enquiries 

ANNEXURE 6.1 : MCFR ENQUIRIES 

A Member of the Pasdec Group 

1 7m July 2004 
Internal Memo: Kevin Pather 
Copy: C.D.Pilis - Project Manager 

Tinus Boshoff - Accounting Manager 

Bruno Penzhorn - Business Deveio~ment manqer 

Request for prototypes manufacture 

1. Mixed Conductivity Fabricated rotor replacement for Damel die cast aluminium rotors - 
36 kW spinner motors 

Since 2004, FEMCO's 36 kW "P" spinner motor FMM 0072 fitted with MCFR patent is competing with 
Damel motors fitted with aluminium rotors. 
The aluminium Damel rotors proved lo have a limited life span. 
Voest Alpine has therefore requested Femco to design and manufacture a MCFR-patent rotor to replace 
spare rotor imports from overseas. In this way Femco wiH be able to participate in this South African and 
overseas market. 
Estimated material and labour cost per MCFR = R14 000. 
Estimated South African market: 200 motors in the first year. 
Estimated World market: 3000.. ,4000 motors 

Approved. 

Kevin Pather 
DIRECTOR 



Annexure 6.1: MCFR Enguiries 

Sent: Tuesday, December 14,2004 2:07 PM 
Subject: Fw: Pragmatic Solution 1 Proposal for 36 kW Motors 

Kevin. 
Voest had a solid brass bar rotor build by Luck & King. 
The tests were not satisfactory but we need lo prevent them developing ties with third pariies. 

Our proposal would also make sense for us given our market for 36 kW "P" motors for price fluctuation 
reasons. 
8runo. 

Cc: Ossie Carstens ; Peter Dresen - Voest Alpine 
Sent: Tuesday, December 14,2004 2:01 PM 
Subject: Pragmatic Solution I Proposal for 36 kW Motors with MCFR patent. 

Dear George. 

The 36 kW spinner motors that you purchase from Damel are fitted with aluminium rotors. 
These rotors are subject lo failure if the aluminium injection I casting has not been done been properly. 
As you know, Femco has developed its own 36 kW spinner motor No FMM 0072 with a patented mixed- 
conductivity fabricated rotor. 
This special rotor has the same torque characteristics as both the Loher and Damel motors with their 
aluminium rotors and will be able lo run in tandem with either of them. 
Given the current strength of the Rand and the attractive pricing from Damel in Poland. we have to be 
pragmatic and accept that our prices are not always competitive (given market fluctuation) and that it is 
unlikely that you will be able to order Femco motors permanently, in the foreseeable future. 

Recently Peter requested at the Technical Committee that Femco test a 'brass bar' rotor that you had 
subcontracted to a third parly in South Africa. It does not appear that this combination will give you the 
desired results. 

Therefore, we propose that we investigate fitting the Dame1 motor with the Femco mixed-conductivity 
fabricated rotor on failure of its original aluminium rotor. 

If you team agrees, we can pick this up in Ihe Anglo Americans Technical Committee and come forward 
with a formal proposal. 

Kind regards. 
Bruno. 



Annexure 6.2: Design llewtions 

Item / steps 1 :48: 
Rated values 

Nnom [dm]" 

Torque nom fNml 3222 3206 
- - 

lnom [A] 

Temperature rise [C] 
E f k  0 [%] 

Power factor 

10 [A1 

Rotor Ring  rise T 4 1  1 1  

- - 

Po [ k w  

Starting conditions 

St.Tq [Nm] 

St.Crt. [A] 

Run up time s 

Wind.Trise[CJ 

Rotor Bars Trise 

1 Stall time [sJ 117.2 129 

-- 

51.8 

100 

95.5 

0.877 

18.24 

52.0 

95.8 

0.876 

19.2 
- - 

10.1 
"+ 

7024 

380 

9.6 

18 

84 

Comparing new design (3c) - Fig. 3 to the initial (1) or to a classic copper rotor replacement (2). some 
0bse~ations can be done: 
* Rated speed value deviation from original is only 3 rim, while a copper rotor (2) has a deviation 

of 8 rlm. 
It Motor temperature rise was kept the same, with prospective of improving motor' internal 

ventilation by using at least one rotor radial vent; fanning effect on the rotor bars overhang should 
be considered, too. 

+ Motor efficiency with MCFRl dropped 0.2%, but the application do not require continuous running 
regime, but frequent heavy starts. 

"+ Starling perlormances confirms the motor capability to replace the existing one: 
- Starting torque. starling current, run-up time and winding temperature rise per start values 

- - 

10.6 

5451 

422 

10.7 

28 

64 

P.O.T. [kNm] 

@ speed (dm] 

are the same or very close to the initial (1); 

- Rotor bars and short-circuit rings temperature rises per starl are slightly higher but proved 

9.8 

1393 

their withstanding to thermal stress to be better than original: 

9.97 

1432 

- Stall time above 10 seconds is controlled by protection, 



Annexure 6.2: Design Ileralions 

1 .u U.W U.W U.4U U.LU 
Speed Torque curves for a specilic application where Aluminium rotors have been replaced with MCFR? 

LEGEND 
- Black lines = Load Counter-torque domain 
- B t u ~  Itm = Aluminium cast rotor initial performances 
-- QlOd-= Pedormances degradation evolution of a cast rotor 
- C I ~ f i t  blue T r  = Oe-gradated performances to the extend motor beyond minimum requirements. 
- GTwn lines = Performances of a motor w~th rotor replaced by a MCFRl type 
- Thr Q ~ M  figures are for starting current scale in [pu] 
-. 7lw bi- figures are for torque curve scale in [pu] 

PuYout brQm (POT) value has been improved and this is one of the initial conditions taken into 
conaideratia? when designed; however, reduced POT speed value is still in the requirements range. POT 
speed W#s# wilt be detrimental to starting performances. 



Annexure 7.1: MCFR Design foc the 36 kW Spinner Motor 

ANNEXURE 7.1 : MCFR? DESIGN FOR THE 36 KW 

1 CUSTOMER: Voest Alpine, MCFR 
1 

1 DATE: Oct .2003  1 
1 ORDER NO.: 1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 FRAME 1 ENCLOSURE 1 KW 1 POLES 1 VOLTS 1 AMPS 1 PH 1 HZ 1 
1 E 200 1 Flproof 1 36 1 4  1 1000 1 27 .7  1 3 1 50 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 EFFCY 1 P.FACT 1 SPEED 1 INSUL CLASS 1 WND SPECIFICATION 1 
1 9 1  % 1 0 . 8 5  1 1461  RPM 1 H 1 MCFR P a t e n t  1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

* * *  STATOR AND ROTOR SLOT CONFIGURATIONS ***  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

STATOR 1 
- - - - - - - - - -  1 

SLOTS = 4 8 . 0  1 
S/P/P = 4 . 0  1 
WND TYPE = MUSH 1 
WND CONN = STAR 1 
PARALLEL CCT = 2 . 0  1 
COIL PITCH = 1 1 . 0  1 
COND/SLOT = 3 2 . 0  1 
IRON GRADE = . 0  1 
STACKING FACTOR = . 9 4 1  
NO.ST.DUCTS = . O  1 
WIDTH ST.DUCT= . O  1 
KW/ (DDLN) = 2  - 8 4  1 
GCL = 2 5 0 . 0 0  1 

1 
ROTOR 1 

- - - - - -  - - -  1 
SLOTS = 5 8 . 0  1 
WND TYPE = CU CAGE 1 
SKEW = . O  (ST. SLOT) 1 
IRON GRADE = . 0  1 
STACKING FACT = . 9 0  1 

1 
1 
1 
1 
1 
1 
1 

VENTILATION: AXIAL 

2 4 . 0 0  
W1/3 = 6.45 . 

6 . 0 0  . - - - - - - -  - -  
\ / TH= 2 . 5 0  

. . . . . . . . . . . . . . . . . . . . . . .  1 l..,.........,BD= . 5 0  
1 8 4 . 0 0  3 . 2 0  

SSP = 1 2 . 0 4  GAP = - 8 0  
RSP = 9 . 8 8  

1 . 8 0  
. . . * . . . . . , . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . , . . .  

1 8 2 . 4 0  1 1  1 . 5 0  
. . l  1. .  - - - - - - - -  
1 1 
1 1 
1 1 2 6 . 8 0  
1 3 . 2 5  1 

W2/3 = 4 . 6 9  1 1 
1 1 
1 . . . . . . . 1  - - - - - - - - - -  

3 1 . 9 0  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * . . . . . . . . . . . . . . . . . .  

6 5 - 0 0  
HOLE SHAPE = CIRCULAR 
NO.ROT.VENTS = 2 . 0  DIAMETER = 2 . 0 0  

***  MAGNETIC CIRCUIT * * *  
. . . . . . . . . . . . . . . . . . . . . . . .  

FLUX/POLE = .021399 DISPERSION COEFF = - 0 6 8  B(AV) = , 5 9 2 3  



Annexure 7.1: MCFR Design for the 36 kW Spinner Motor 

ST CORE RT CORE ST TEETH RT TEETH GAP 
B(60) 1.4694 1.6842 .7267 
B (MAX) 1.7512 1.4824 1.8221 2.0883 ,9011 
A - TURNS 133.76 16 -43 53.13 195. 71 579.22 

TOTAL A-TURNS = 978.26 MAGCURRENT/PH= 14.50 X M =  39.81 

* * *  NO LOAD LOSSES * * *  

ST TOOTH ST CORE SURFACE LOSS (Iff2) *R 
133.18 335.36 325.29 366.83 

TOTAL NO LOAD LOSSES = 1435.65 

SC/ PHASE 
RC/PHASE 
SLIP 
RPM 
FW+IRON LOSS 
S cu LOSS 
R CU LOSS 
STRAY L.LOSS 
TOTAL LOSS 
EFFICIENCY 
POWER FACTOR 

* * *  EQUIVALENT CIRCUIT (FULL LOAD) * * *  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PER UNIT QUANTITIES ACTUAL VALUES (OHMS) 

Xl = .057 R1 = -0278 Rl(HOT)= .5813 R2(HOT)= .6160 
X2 = .0682 R2 = .0294 XS = .6485 XS = 1.0186 
BM = .5256 GM = .0166 XEW = .4290 XEW = ,2867 
BASE OHMS = 20.9221 XZZ = .I408 XZZ = .I408 
TRANSFORM RATIO = 12.57 XSK = .0000 XSK = -0000 

BR PERM = .I562 BR PERM = .a333 
SL PERM = 1.5764 SL PERM = 2.6564 

ACTUAL BAR RESIST = .010916 RING RESIST = .000775 

STATOR 
- - - - - - - - - -  

FLCD (A/MM2) = 5.856 
AWPMM = 36.663 
EDDY CUR LOSS = .OOO 
CARTERS COEFF = 1.168 
SPACE FACTOR = .488 
PITCH FACTOR = .9914 
DISTRIB FACT = ,9577 
SLOT/ P/P - - 4.00 
TOT LAM WT(KG) = 51.63 
COND./PHASE = 512.00 
CU WT (KG) APPROX- 15.269 
WIRE SIZE (MM)= 1.00 BY 1.00 

2.00 BY 1.00 

ROTOR 
- - - - - - - - -  

BARCD(A/MM~) = 3.811 
RING CD(A/MM2)= 2.199 
CART COEFF = 1.072 
TO LAM WT(KG)= 30.776 
BAR RESISTIVITY= .38E-07 
BAR LENGTH (MM) = 2 90.00 
TOT BAR WT(KG)= 11.101 
ENDR AREA(MM2)= 600.000 
ENDR MEAN DIA(MM) = 155.000 
ENDRR WT(KG) = 5.142 

ENDR RESISTIVITY= .17E-07 
BAR DIMENS: BUW- 3.00 BUD= 25.00 

TOW= -00 TOD= .00 

RECOMMENDED MIN GAP LENGTH = .70 MM 
UMP = 255.90 KG 



Annexure 7.1: MCFR Design for he 36 kW Spinner Motor 

* * *  STARTING CHARACTERISTICS ***  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

UNSATURATED STARTING AT VOLTS = 1.0 PU 

SLIP TORQUE ST .AMPS P.F. X 1 

SLIP 

1.00 
.90 
-80 
-70 
-60 
.50 
.40 
.30 
.20 
.10 
.08 
.06 
-04 
-02 

PULL OUT TORQUE = 4.05 PU AT SLIP = -233 

SATURATED STARTING AT VOLTS = 1-00 PU 

TORQ 

3.22 
3.33 
3.45 
3.61 
3.80 
4.03 
4.27 
4.43 
4.27 
3.10 
2.66 
2.13 
1.50 
.79 

ST-AMP P.F. TIME L.T. 

CAWS STOPPED AS NO MORE ACCELERATING TORQUE IS AVAILABLE. 

RUN UP TIME = 1.82 SEC 
LOAD + MOTOR INERTIACONST = 3.00 (NOTE: THIS IS HNOT 2H) 
TEMP RISE DURING STARTING (DEG C): STATOR tSND = 12.71 

ROT. BAR = 16.04 
ROT. RINGS = 2.48 

MAX STALL TIME = 16.6 SEC (LIMITED BY BAR TEMP) 


