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SUMMARY 

Small a.c. commutator motors as used in domestic appliances 
inherently generate unacceptably high levels of Radio Frequency 
Interference (RFI) and thus require suppression. The factors 
affecting the generation of RFI in the motor design parameters and 
the influence of mechanical variations in the motor assembly have 
been studied by experimental means. The relative importance of 
various factors, in terms of the interference level which they 
generate is established by isolation of the individual RFI sources 
so far as is practicable. In addition a case-study of the 
manufacture of domestic appliance motors at Hoover plc (the 
industrial sponsors of this thesis) was carried out in order to 
identify the causes of motor to motor variability in RFI levels from 
mass produced motors. 

It has been found that commutation even without the influence of the 
short circuited coil parameters generates high RFI levels. The 
additional influence of the short circuited coil parameters is to 
further increase RFI. It is shown that the construction of the 
armature and field can be engineered to reduce overall RFI levels 
from small motors. 

The contact stability of the brushes has been isolated as a major 
factor in influencing RFI levels. The allowable mechanical 
tolerances in the motor construction to minimise brush vibration and 
thus reduce RFI have been determined and these are compared with 
those used in manufacture at Hoover plc. It has been found that 
motor to motor variability in RFI levels results from manufacturing 
tolerances achieved on the shop floor. Recommendations for the 
reduction of this variability are stated. It is concluded that 
improvement of brush stability by appropriate mechanical design 
improves commutation which in turn; reduces overall RFI levels, 
reduces suppression cost, minimuses motor to motor variations in RFI 
levels and reduces brush wear. 

KEYWORDS commutator motors, RFI, radio frequency interference, 
case-study, commutation.
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CHAPTER 1 

INTRODUCTION 

Small a.c. commutator motors for domestic applicances have evolved 

over the years to a design which is considered suitable for the 

application, and also for mass manufacture at reasonable cost. 

These designs have been a compromise between performance, size and 

cost - but the motors inherently generate unacceptable levels of 

electromagnetic interference (EMI) and thus require suppression. 

The study in this thesis concentrates on the radio frequency region 

of the electromagnetic spectrum, ranging from 150 kHz to 300 MHz. 

Interference in this region is commonly called radio frequency 

interference (RFI) or radio noise, in earlier works it has also been 

referred to as electrical noise and radio influence voltage (RIV).[1] 

This chapter serves as a general introduction to the problems caused 

by EMI, dsescribing the nature of electrical interference and the 

methods by which it is transmitted to the environment. The 

continuing changes in regulations concerning the control of EMI and 

the present limits applying to electric motors are considered and 

finally in section 1.6 the needs for RFI investigations in motor 

design are discussed. 

1.1 Problems caused by EMI 

Electromagnetic interference can impair the functioning of 

electrical equipment, White [2] describes EMI as a form of 

‘environmental pollution' capable of polluting the frequency 

spectrum from DC to about 40 GHz.
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Most people are familiar with some common effects of EMI pollution; 

the ignition of an automobile idling outside the house can cause 

interference to a television picture by developing intermittent dash 

lines or bars, or even cause complete flipping (loss of synchronism) 

of the picture. A domestic appliance like an electric drill or a 

vacuum cleaner operating in the house (or a neighbours house) can 

result in buzzing or crackling noise on radio reception, causing 

distress to the listener. These situations can be of considerable 

nuisance, and thus EMI has a direct bearing on the enjoyment by 

millions of viewers and listeners to both radio and television 

broadcasting. The 'nuisance' of EMI cannot be taken too lightly, as 

is clear when we consider the result of EMI pollution in other 

areas, such as communications, defence and medical equipment. 

Reduction of EMI is an important factor in the provision of 

intelligible telephonic communication and can be critical in 

connection with vital radio services such as those employed on ships 

and aircraft. For example, EMI can result in a jammed radio signal 

causing navigational errors in an aeroplane with catastrophic 

results. 

EMI can result in the malfunctions of all types of electrical 

equipment affecting the lives of many people, e.g. burglar alarms 

and fire alarm systems also medical equipment such as heart 

pace-makers, dialysis machines, life support systems to name but a 

few. The corruption of signals to a radio scanner satellite 

tracking devices or digital systems such as computer equipment 

controlling the firing sequence of a nuclear war-head missile could
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affect the lives of many millions of people. It becomes apparent 

that EMI resulting in spectrum pollution is more than just an 

engineering problem, the abatement of interference has also major 

social and economic considerations. 

1.2 The Nature of Electrical Interference 

A single electrical pulse (transient) occuring in the time domain 

produces a continuous energy spectrum throughout a specific 

bandwidth in the frequency domain. The repetition of such a pulse 

in regular sequence produces phase cancellations in the time domain, 

which in turn gives rise to spectral lines occuring in the frequency 

domain. [5] In Figure 1.1, a geometrical interpretation of the 

planes of spectral energy appearing in the frequency and time 

domains is given. This illustrates the spectral planes produced by 

very narrow repetitive pulses. 

When these discrete frequency components can be resolved within the 

bandwidth of the measuring equipment, then the effective energy 

distribution is defined as 'narrowband' noise (or ‘coherent’ 

noise). Conversley when these discrete frequency components cannot 

be resolved within the energy distribution it is defined as 

‘broadband’ noise (also known as 'continuous' noise and 

"non-coherent' noise). This latter class of impulsive interference 

is the type produced by commutator motors. 

Any waveform can be described as a function of either the time 

domain or the frequency domain by using Fourier Transforms.[6] 

Equations defining the Fourier Transform and their associated 

properties are given in Appendix A3.
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EMI is caused by both natural and man-made noise, some of the common 

sources are listed in Figure 1.2. Natural noise includes 

atmospheric noise and precipitation static as well as 

extra-terrestial emmissions originating from the sun. Man-made 

interference noise can be divided into four classes as listed 

below;[7] 

(a) interference from other radio systems operating on the same 

frequency channel, (eliminiated by careful frequency 

assignment or time sharing between co-channel stations). 

(b) interference caused by spurious out-of-hand radiation 

produced by both radio receivers and transmitters. 

(c) interference caused by electrical equipment in which r.f. 

energy is deliberately generated for heating purposes. 

(da) interference from electrical equipment of many different 

kinds in which r.f. energy is an unwanted by-product in the 

normal functioning of the apparatus. 

RFI produced by small commutator motors in domestic appliances, 

which are the subject of this thesis, fall into this latter category 

of man-made noise. 

Theoretically all systems of varying charges and currents mediates a 

certain ammount of energy.[8] In many cases in actual practice the 

radiation can be ignored, for example radiation from a 50 Hz power 

transmission line exists in theory, but the radiated power is so 

small that it can hardly be detected. In the case of high. frequency



transmissions e.g. from waveguides, the power is transmitted in the 

radiated wave but the currents in the walls of the waveguide are 

negligible. Interference covering the RFI spectrum band starts from 

only 150kHz where electrical power is transmitted by conduction, up 

to 300 MHz where much of the power exists in the radiated waves. 

Thus for the purposes of measurement the RFI spectrum is divided 

into a low frequency region from 150kHz to 30 MHz where conducted 

RFI is measured across a standard mains terminal impedance, and a 

high frequency region from 30 MHz to 300 MHz where radiated 

interference power is measured.[9] 

Radio frequency interference is generated mainly where sharp or 

steep changes in currents or voltages occur i.e. when radio 

frequency harmonics are generated. The ammount of interference 

caused to a receiver is governed by the degree of coupling between 

the interference source and the receiver, the rate and amplitude of 

the current or voltage change, and also the bandwidth of the 

receiver. 

1.3 Interference Generating Mechanisms 

The basic interference generating mechanisms which produce EMI 

current components in electrical circuits have been summarized by 

Hall and Quelch [10] as follows; 

(a) variation of circuit parameters 

(b) variation of stored energy 

(c) voltage transients
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In addition to these there is also, 

(da) 

1.3.1 

i) 

ii) 

electrical arcing. [11] 

Variation of Circuit Parameters (Figure 1.3) 

Resistance 

Rapid variation of resistance can affect surges and dips in 

current which produces EMI current components. The brush to 

commutator contact in a motor is a typical example of this 

type of variation and even a simple switch can be considered 

as a variation of resistance i.e. from zero resistance when 

the switch is closed to infinite resistance when the switch 

is opened. 

Inductance 

For an inductor (L) the induced e.m.f. 'e' is in part a 

function of the rate of change of Inductance. 

e = - d(Li)/dt (1.1) 

Thus a variation in Inductance, due to non-linearity of the 

magnetic circuit or varying air gap due to rotation of a 

slotted armature, gives rise to an induced e.m.f. which in 

turn can cause a current change leading to EMI.



iii) Capacitance 

The generation of current 'i' in a capacitor (C) is in part a 

function of the rate of change of capacitance. 

i = d(Cv)/dt (1.2) 

Any variation of capacitance which can result from the 

movement of two conducting planes can generate EMI. 

1.3.2 Variation of stored energy by switching 

Electromagnetic energy can either be stored in an inductive or 

capacatative circuit, a transient change of energy due to switch 

operation causes interference currents to flow. These may be 

directly or inductively coupled to a nearby circuit or a receiver. 

Figure 1.4 which shows two circuits which are mutually coupled. 

Stored energy is suddenly released in circuit 'a' when the switch is 

closed. The electromagnetic field about 'a' changes correspondingly 

and sets the tuned circuit 'b' into oscillation. The degree of 

excitation depends on the degree of coupling between 'a' and 'b', as 

well as the rate and amplitude of the change in 'a' and the 

bandwidth of 'b'. An example of this type of interference is the 

sudden short-circuit applied to an armature coil at the start of 

commutation. 

1.3.3 Voltage Transients 

A rapid change of voltage applied to a circuit produces a 

corresponding change of current thus generating interference. The
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mechanism is the same as 1.3.2. 

In a capacatative circuit the rate of change of voltage directly 

generates RFI currents as indicated by equation 1.2. In an 

inductive circuit the rate of change in current induces an e.m.f. 

which itself can cause a rapid change in current leading to RFI (see 

equation 1.1). 

Voltage transients can occur in a periodic manner with electronic 

circuits or by a commutator. 

1.3.4 Electrical Arcing 

The formation and cessation of arcs can be considered as an 

impulsive type disturbance to a circuit and may cause considerable 

RFI. The arc itself radiates energy rich in harmonics, becoming 

another source of interference. 

1.4 Interference from Domestic Appliances 

A.C. Commutator Motors (also known as Universal Motors and A.C. 

Series Motors) are used extensively in small domestic appliances. 

In this thesis the term 'motor' will refer to this type of motor. 

Their applications include vacuum cleaners, food mixers, washing 

machines, sewing machines, law mowers, spin dryers, hair dryers, 

hand drills, carving knives and coffee grinders. These motors have 

ideal characteristics for these applications - a high starting 

torque, wide speed range and a good power to weight ratio, and it is 

unlikely that any other motor will replace the A.C. Commutator motor 

for many years to come.[12] The current world production of these
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motors is around 200 million per year (not including The Peoples 

Republic of China), of this about 70 million are made in the 

European Economic Community (EEC) and 10 million in the U.K. 

The operation of these motors give rise to EMI as described in 

section 1.3. It is found that the interference is more pronounced 

at some frequencies than others. This is due in part to the 

intensity of certain harmonics in the frequency domain of the 

complex waveforms involved and also due to the attenuation of 

certain harmonics caused by the interaction of the complex 

inductance and capacitance components present in the motor. 

Figure 1.5 shows the high frequency equivalent circuit of an A.C. 

commutator motor presented by Livshits [14] (the components of the 

circuits are more fully described in section 4.2.2). The stray 

capacitances of the windings have the effect of 'tuning' the 

interference at certain frequencies which gives the appliance an 

interference-frequency characteristic which is far from simple to 

interpret. In addition the overall extent of the frequency range of 

the interference is governed largely by these stray components. [15] 

The mains lead connecting the appliance to the electrical supply may 

be regarded as a transmission line along which radio frequency 

currents are propogated with increasing attenuation depending on the 

physical constauts of the conductors. The motor itself can be 

regarded as a radio frequency generator which produces r.f. voltages 

(a) between its terminals termed the ‘symmetrical’ component of 

interference and (b) between each terminal and its frame known as 

the ‘asymmetrical’ component. The symmetrical and asymmetrical 

component voltages produce currents in the conductors which circulate
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as shown in Figure 1.6. It can be seen that the symmetrical 

interference produces currents which at any instant are flowing 

outward in one conductor and returning via the other; the 

asymmetrical interference flows outwards through both conductors in 

parallel and returns by way of earth or through the capacitive 

coupling. 

Stephens [15] suggested that the symmetrical interference currents 

do not produce a radiated field, but are propogated along the 

conductors, and being mainly responsible for the interference in the 

mains supply. The asymmetrical current path resembles that of an 

aerial and thus propogates 'Radiated Interference’. Radiation of 

this type can produce an interference at the receiver aerial. 

Radiated Interference can also induce interfering currents in other 

conductors, not necessarily connected to the electrical supply e.g. 

telephone wires, metal gas and water pipes, metal gutters or steel 

frames in buildings. These currents will produce further radiation 

fields which can affect a receiver. This last mode of propogation 

is referred to as 'Re-radiated Interference’. Figure 1.7 

illustrates all three modes of interference propogation. 

1.5 Development of RFI Regulations 

The abatement of interference was on a purely voluntary basis in the 

United Kingdom until the passing of the Wireless Telegraphy Act 

1949. [17] Regulations made under this Act prescribed requirements 

for limits of RFI from various electrical apparatus, but they 

applied chiefly to the users of such equipment. Committees set up 

by the Institution of Electrical Engineers (IEE) and the British
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Standards Institution co-ordinated work carried out by broadcasting 

organisations and representatives of the electrical and radio 

industry in the study of RFI problems. The advice and guidance 

provided by this effort led to the production of relevant British 

Standards on the measurement of RFI (BS 727) [18] and limits of RFI 

(BS 800). [19] 

The introduction of regulations encouraged manufacturers to use 

suppressor equipment for appliances during manufacture, the main 

attraction being able to advertise their products as ‘complying to 

British Standards'. The effect of the regulations contributed to a 

fall in complaints to the Post Office of interference from a peak of 

170,000 in 1955 to around 40,000 per year at present. [20] Figure 

1.8 shows the rise and fall of interference complaints received by 

the Post Office since 1949. 

Internationally, RFI regulations differed from country to country, 

and these differences represented a barrier to trade of electrical 

equipment. Thus the U.K. participated in the work of the 

International Special Committee on Radio Interference (C.1.S.P.R.) 

which operates under the aegis of the International Electrotechnical 

Commission (I.E.C.). The aims of C.1.S.P.R. are the establishment 

of internationally agreed methods of measurement and limits of RFI. 

It is interesting to note that in most cases U.K. regulations have 

been in line with the recommendations of C.1.S.P.R. 

With the advent of the European Economic Community (EEC), all member 

nations were subject to EEC Directives to harmonize technical 

requirements concerning RFI. EEC Directive 76/889/EEC [22] relating
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to “electrical household appliances, portable tools and similar 

equipment" was agreed and adopted in November 1976. In August 

1978, this Directive became enforceable by Law within the U.K. 

The Directive sets out regulations stipulating the requirements on 

manufacturers (as well as others) to ensure that their equipment 

complies with RFI limits. The statutory requirement for domestic 

appliances is that equipment then shall be within the maxima of 

terminal voltage and interference power set out in BS 800: 1977 - 

since it is recognised that in volume production it is possible that 

a few appliances may fall outside the limits, and the Law allows 

statistical monitoring checks to be applied ensuring 80% of the 

production shall meet the limits with 80% confidence. [21] 

Figure 1.9 shows the limits of conducted (curve 'a') and radiated 

(curve 'b') RFI from domestic appliances producing continuous 

interference in normal operation. Curve 'c' indicates the limits on 

conducted RFI using an alternative method of measurement as detailed 

in EEC Directive 82/499/EEC. [23] RFI measurement techniques and 

equipment are described in section 4.4. In this thesis the term 

“C1SPR/EEC limits” shall refer to the RFI limits relating to 

domestic appliances producing continuous interference in normal 

operation in EEC Directive 76/889/EEC and BS800: 1977. 

The effect of the Law is such that if the Secretary of State is of 

the opinion that apparatus does not comply with the regulations then 

he may serve notice on any person or company who has manufactured, 

assembled or imported it in the course of business, prohibiting him 

from placing it in the U.K. market. Figure 1.10 shows the national 

and international organisation for the control and abatement of
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radio interference. 

1.6 Motor Design and RFI 

The level of radio frequency interference produced by a motor, 

determines how 'electromagnetically compatible’ it is with the 

environment. The mechanisms by which RFI is generated and 

propagated by motors have been stated but very little additional 

literature on the subject is available. Thus the motor designer has 

no definite guide lines on how to achieve a compromise between the 

electromechanical performance and electromagnetic compatibility 

(EMC). The introduction of legislation to limit the levels of RFI 

from motors have made the solution of this problem a statutory 

requirement. 

It has long since been known that the major source of interference 

is the commutation process. [71] Satisfactory improvement of 

commutation can be obtained in large motors with compoles and 

compensating windings but for small motors this is impracticable. 

The designer requires to know how changes in the commutation process 

will effect the level of RFI ultimately produced so that he may 

adjust the motor parameters to suit. 

The design philosophy for commutator motors is well established and 

can be found in a number of standard text books. [24, 25, 26] The 

starting point generally used for the dimensioning of all commutator 

machines (including small commutator motors) is Esson's formula (see 

Appendix A4), but Schuisky [28] found this formula not directly 

applicable for small motors rated below 4kW. Investigations into 

the performance of small motors by Puchstein and Kimberley [27] led
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to practical design recommendations for of use by designers. These 

recommendations include acceptable values p.f., overall efficiency, 

specific magnetic and electric loading in air gap flux density and 

the armature. 

Hoover plc, a major manufacturer of small commutator motors and 

domestic appliances, have adapted their design philosophy broadly 

around the recommendations of Puchstein and Kimberley. The motor 

design methods at Hoover plc, were studied to find out whether any 

special design procedures were adopted to minimise RFI but it was 

found that Hoover substantially used the standard design methods in 

common with other motor manufacturers. 

The four stages of motor design are as follows: 

(a) Description; describing performance of the machine as a 

function of the frequency, input voltage, motor speed and 

load. 

(b) Detail design: choosing the main dimensions and the 

electrical winding and magnetic circuit design, this stage is 

influenced by progress in materials technology and the 

designers experience. 

(c) Dimensioning; choosing the final values of parameters so 

that the design satisfies the performance specification. 

(d) Test and Optimisation: Full prototype performance tests 

which may result in minor modification to design.
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It was found that at Hoover the problem of RFI was considered only 

at the final stages of testing. At this point very little design 

modification would be possible to reduce RFI if it was found to be 

above the CISPR/EEC limits. 

RFI suppression has thus been affected by fitting external r.f. 

filter networks to the mains terminals of the motor. This has for a 

long time proved to be satisfactory, since although RFI regulations 

did exist, motor manufacturers had no legal obligation to comply 

with them. The implementation of the EEC Directives and subsequent 

statutory regulations has led industry to re-appraise the design 

philosophy and costs with regard to RFI suppression. At Hoover plc 

it was found that in the case of some of their appliances the cost 

of suppression is a considerable proportion of the motor cost. 

Clearly a new and better solution to the problem has to be found. 

Senior technical management at Hoover plc recognised that the answer 

to minimise RFI lay not in designing sophisticated and expensive 

r.f. filter circuits, but to design the motor itself so that it 

generates lower RFI. It was realised that the investigations could 

best be carried out as a university project. The University of 

Aston have been successfully operating an Interdisciplinary Higher 

Degrees Scheme for some years and this scheme caters for 

multidisciplinary industrial projects, the supervision being 

provided both by Industry and the urversity. Such projects are 

funded by Science and Engineering Research Council (SERC) and the 

decision was taken to carry out a detailed practical study of the 

effect of motor design parameters on the levels of RFI generation.
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CHAPTER 2 

THE PROJECT PROPOSAL - BACKGROUND AND OUTLINE 

This chapter presents an introduction to the Hoover company and its 

Engineering department at 'Headquarters' in Perivale, London. A 

study of Hoover's experience of RFI work, suppression methods and 

their costs are presented. In section 2.6 the original project 

proposal is presented and discusses the events which led to the 

revised work represented in this thesis. 

2.1 Hoover ple 

Hoover plc is the most widely known manufacturer of vacuum cleaners 

in the world and the worlds largest manufacturer concentrating 

solely on domestic appliances. The company began in 1908 in North 

Canton (then Berlin), Ohio, where the American Hoover Company was 

founded and the Hoover Worldwide Corporation is situated today. 

The first British Hoover factory was built at Perivale, Middlesex in 

1932; continuing demand for Hoover products in the U.K. and Europe, 

led the company to open new factories in Merthyr Tydfil, 

Mid-Glamorgan (1948), for the production of washing machines and 

Cambuslang, Lanarkshire (1946) to share the manufacture of small 

commutator motors and suction cleaners with the Perivale factory. 

The product range sold in the U.K. includes vacuum cleaners, floor 

polishers, shampoo polishers, washing machines, tumble and spin 

dryers, refrigerators, freezers, electric irons and recently home 

security systems such as fire alarms and burglar alarms.
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The total market of vacuum cleaners in the U.K. is presently around 

2 million a year, of which Hoover holds nearly 50% of the upright 

cleaner market and 18% of the suction cleaner market. Similarly, in 

the total washing machine sales of approximately 1.5 million per 

year, Hoover holds over 25% of the market. Exports from the U.K. 

make up almost 30% of the output of the British factories, which 

comprises some 60% of Britains total export of vacuum cleaners. 

During the course of this project, in October 1981, a decision to 

close the Perivale factory and transfer its work to the Cambuslang 

site was taken. (The effects of this move on the project are 

discussed in section 2.7). Perivale remains the Headquarters of the 

British Hoover organisation and the centre of Hoover engineering and 

design in the U.K. 

Merthyr Tydfil is the production centre for Hoover washing machines, 

spin dryers and tumble dryers, with about 2,000 employees, it is the 

biggest factory of its kind in Britain. 

Cambuslang, with some 1700 employees, is now the sole factory 

producing Hoover commutator motors and floor care products. Nearly 

26 million Hoover vacuum cleaners have been made here since 

production started in 1946. 

2.2 Engineering at Hoover 

The manufacturing centres at Merthyr Tydfil and Cambuslang have 

their own Engineering departments and these are chiefly responsible 

for the smooth running of the respective factories supplying 

Engineering support for production. Engineering of new products 

their research and design is undertaken at Perivale, Engineering
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Headquarters. This department has approximately 100 employees and 

is divided into six major sections as follows: 

(a) Research and Development 

(b) Industrial Design 

(c) Motor and Controls laboratory 

(d) Floor care laboratory 

(e) Major appliance (white goods) laboratory 

(£) Model shop 

The Research and Development section is set up primarily to innovate 

mew products and new product features. Once an idea is seen to have 

a marketable potential, it is passed on to the laboratories for 

further work. Industrial design employs designers and draughtsmen, 

producing designs for Hoover products, making them smart in 

appearance and easy to manufacture and assemble - incorporating new 

and eye-catching features that help sell the products in the market 

place. 

The floor care and major appliance laboratories put new appliances 

through rigorous scientific tests to assess their performance and 

durability. Years of normal household use being compressed into 

days by non-stop operation. They test new materials and 

manufacturing methods for suitability. The motor and controls 

laboratory headed by Mr. R. Binnie (Industrial Supervisor to this
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project) carries out the design and test of motors and controls as 

used in Hoover appliances. The majority of test work presented in 

this thesis concentrated in this laboratory and is thus described in 

further details below (2.2.1). 

Finally, the model shop serves all the other engineering sections, 

employing a number of highly skilled technicians to make prototype 

parts and models for use in the laboratories. 

2.2.1 The Motor and Control Laboratory 

The motor and controls laboratory is made up of the following 

sections: 

(a) motors 

(b) controls 

(c) electronics 

The motors section leader Mr. J. Harrington, is the Chief Motor 

designer at Hoover and has a staff of five engineers, involved in 

design and test of proto-type motor designs. Once the proto-type 

and pre-production motors have proved successful in laboratory 

conditions, the motors are fitted into appliances which undergo 

further tests both in the laboratory and in the field. When finally 

the motor goes into full production at Cambuslang, engineering 

responsibility is passed onto the resident engineering section at 

the production site - but the motor laboratory is still consulted on
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any design change or modifications. 

The section leader of the controls and electronics section is Mr. N. 

Hamilton, these sections with approximately seven engineers are 

responsible for mechanical and electronic control systems as used in 

cleaners and washing machines made by Hoover. They design 

specifications for control devices manufactured by outside 

suppliers, then carry out their own performance tests in the 

laboratory. The electronics section, is also involved in the design 

or burglar and fire alarm systems. 

RFI testing is technically under the control section, but for 

practical purposes, its work remains as an indepedent function in 

the motor and controls laboratory. There is one full time engineer 

responsible for RFI testing and design of suppression networks for 

all Hoover products. Personnel from the motor and controls 

laboratory are encouraged to join National and International 

Standard making Groups concerned with standards for the design and 

manufacture of electrical equipment and make the case for the 

particular requirement of the domestic appliance industry. 

2.3 RFI Work at Hoover 

The motor and controls laboratory at Engineering Headquarters, have 

carried out RFI test work since the mid 1940's, archived test 

records of RFI measurements date back to early 1947 - two years 

before the passing of the Wireless Telegraphy Act in 1949. This 

shows the concern and commitment of Hoover for the reduction of RFI, 

over the years. For many years they have funded independent RFI 

research carried out by the Electrical Research Association (ERA), 

this work has contributed chiefly in the area of RFI suppression
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network design, as well as work into the generation and propogation 

of RFI. But the results have had minimal effect on commutator motor 

design practice at Hoover. As mentioned earlier, it was the premise 

of this thesis, that technical management at Hoover decided to study 

reduction of RFI in motor design and manufacture itself. 

Before the introduction of legislation on RFI limits in 1977, the 

function of RFI testing was mainly to specify suppression networks 

in new products at the pre-production stage of manufacture - this 

usually involved a great deal of trial and error to find optimum 

values of suppression components. Here the experience of the RFI 

engineer proved invaluable. However unsatisfactory this method may 

appear, it remains still the accepted practice throughout the 

industry. 

RFI suppression has thus developed into more of an ‘art' than a 

science. Once the new appliance went into full production, with no 

RFI test being carried out on the production floor, the motor 

section would carry out RFI checks as part of its normal reliability 

monitoring on one or two production samples per month. If these 

tests revealed that RFI levels exceeded the limits, the RFI engineer 

would be expected to carry out a thorough investigation of the 

offending appliance. Records show that in these cases the cause of 

high RFI levels was usually found to be due to a manufacturing fault 

in the motor. Among the faults recorded, are sticking brushes, 

loose brush boxes, high commutator bars, defective bearings and out 

of balance armatures. In the normal course of events, the fault 

would be reported back to the Quality Control staff on the shop 

floor. If no obvious fault could be found in the appliance and 

further tests on additional samples showed similar high results, the
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RFI engineer would modify the suppression circuit. At this time 

there was virtually no feedback to the RFI engineer as to the 

quality of RFI performance of the appliance in service. 

Legislation on interference, specifies that for series production 

line equipment, 80% of the production must meet the RFI limits with 

80% confidence. This made it necessary for daily RFI tests to be 

carried out on the shop floor, thus the emergence of 'RFI test' 

sections in the Quality Control departments in the different 

factories. 

Today, the function of RFI testing at Headquarters is primarily to 

specify suppression networks on proto-type, pre-production and first 

production samples of new products. Once in full production, there 

is very little feedback to the motor and control laboratory. Daily 

checking being carried out by the RFI testers in Quality Control. 

The only cases where the RFI engineer at Headquarters would be 

involved in production, would be RFI problems referred back by 

Quality Control, or if the motor section was reviewing an existing 

motor design for material or component changes. 

Another aspect of RFI testing work, is to prepare data on appliance 

samples for 'Approvals tests'; when a product is launched in a new 

country, it is still necessary to satisfy the Approval Boards of 

that country that RFI limits are being met. 

The direct responsibility for ensuring products conform to RFI 

regulations once the product is in full production is with Quality 

Control. A clause in the regulations requires that RFI test records 

must be made available on request, should any complaints of RFI from
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Hoover appliances be required to be investigated. If Quality 

Control discover that appliances fall outside the limits, they would 

normally refer to the problem to the resident motor engineers —- this 

is based on past experience of RFI testing at Headquarters, that the 

problem is more than likely a manufacturing fault. These Motor 

Engineers would investigate the problem and either deal with it 

themselves, but, if problems persist, Headquarters would be 

consulted. 

2.4 RFI Suppression Components 

There are two methods used extensively in the commutator motor 

industry to suppress RFI. One is to shunt the RFI away from the 

supply by means of a parallel capacitor, the other is to create a 

high impedance series path for the radio frequency currents using an 

inductor. Bond, [30] considers both these methods have their 

drawbacks; by providing a low impedance path with a shunt 

capacitor, high frequency currents are increased which could result 

in greater radiation. High frequency current in an inductor can 

give rise to magnetic fields and induce radio frequency voltages in 

nearby circuits. Thus, the use of these components can rarely 

eliminate RFI and careful design is necessary to ensure suppression 

performance across the RFI frequency band is achieved. 

In any design, there may be a single component or a combination of 

components arranged in several circuit configurations to achieve the 

required level of suppression. A number of references [31, 32, 33] 

discuss the principles of filter design for RFI, but, coupled with 

this it is found that experience usually suggests the best form of 

suppression for a particular apparatus followed by empirical and
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heuristic methods for determining the optimum value of components.[7] 

2.4.1 Capacitors 

Figure 2.1 shows the equivalent circuit of a capacitor over a wide 

frequency range. It can be seen, that the inductance of the leads 

of a capacitor play a considerable part in determining the self 

resonant frequency of a capacitor and thus its overall performance. 

Below the resonant frequency the impedance of the capacitor 

gradually decreases with increase in frequency; above the resonant 

frequency, the capacitor behaves as an inductor and is therefore 

useless as a shunting component. Thus the requirement for 

capacitors used as RFI suppression components, is that the self 

inductance of the capacitor leads is as low as possible. Owing to 

the voltage ratings that are necessary on household appliance motors 

the capacitors tend to be bulky. Standard wound paper and foil type 

capacitors rely on dimensioning and terminal tab location for 

adequate control of self inductance. Figure 2.2 shows the typical 

effect of lead length upon capacitor impedance. 

Ceramic capacitors, by virtue of their small dimensions have a much 

higher self resonant frequency hence good for suppression work, but, 

their performance deteriorates rapidly at high temperature and their 

use in RFI suppression is limited. Other types of capacitor designs 

which have evolved specifically for suppression of RFI in motors 

are; the ‘feed through' or 'bushing' capacitor which reduce the self 

inductance by minimising lead effects and electrode inductance. 

Refinements in some types by inclusion of lossy ferrite materials, 

have been found to improve high frequency performance. Figure 

2.3(a) shows the comparative effectiveness of a feed through
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capacitor with an ordinary stud-type. The ‘delta' capacitor now a 

standard suppression component, is an arrangement of a shunt 

capacitor between live and neutral together with a capacitor from 

each line to ground. This incorporates the necessary elements for 

suppression by means of shunting, as well as saving material and 

space as indicated in Figure 2.3(b) and 2.3(c). 

2.4.2 Inductors 

Figure 2.4, shows the equivalent circuit of an inductor over a wide 

frequency band, the inductor exhibits inductance, resistance, 

capacitance between turns and capacitance between turns and ground. 

The distributed capacitance of an inductor acts as a lumped shunt 

capacitance, resulting in parallel resonance at high frequencies, 

beyond which an inductor can appear purely capacitative thus 

becoming totally unsuitable as a series component for the reduction 

of RFI currents. Figure 2.5 shows the typical frequency response 

of an inductor; it can be seen that its impedence peaks around the 

resonant frequency: thus the application of inductors in RFI work 

on commutator motors has developed for reduction of troublesome 

peaks of interference by selecting an inductor whose response will 

affect a reduction in that frequency region. 

Inductors may be divided into two broad groups - single inductors 

and double inductors. An example of a single inductor is a 'T.V. 

choke', this type of inductor is used in domestic appliances to 

reduce interference in the television frequency bands. Double 

inductors are generally used for low frequency work, using a closed 

magnetic circuit to increase inductance. However, the core 

materials saturate at low flux densities - this is overcome by
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putting two windings on the same core, thus providing inductance in 

both live and neutral lines. 

2.5 Economic Consideration 

Suppression methods have changed little since the early days, 

relying heavily on the RFI engineers experience in dealing with 

similar appliances in the past, followed by trial and error of 

component values to select the optimum suppression circuit. 

Suppressing a motor is not a difficult task, the ‘art' of 

suppression however, lies in affecting ‘economic suppression’. It 

is quite easy to over-suppress a motor - but the economics of motor 

production - as with all mass produced articles, is an extremely 

important factor in choosing the amount of suppression to be 

applied. The variability in the level of RFI generated from mass 

produced motors, as experienced at Hoover, further compounds the 

problem. The RFI engineer has to specify a single suppression 

network that ensures that all motor production achieves the 

specified RFI limits, allowing for the variability in RFI 

generated. Conflict arises in considering how much variability 

should be allowed for; Figure 2.6 shows the maximum and minimum RFI 

levels measured from samples of production suction cleaner fitted 

with suppression, it can be seen that the variability in RFI is such 

that at high frequencies the CISPR/EEC limits may be exceeded. 

In the early 1960's, an increasing Hoover product range led to the 

manufacture of many different designs of small motors; each motor 

design is fitted with a suppression network considered suitable for 

that product. The first phase of a “cost saving” exercise in the
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early 70's led to the 'rationalisation' of suppression components. 

It was thought that one or two components should be specified to 

cover the whole range of small motors - thus simplifying RFI work 

and cutting the costs by reducing the range of components being 

purchased. The choice of the ‘rationalised components' was one that 

would suppress the majority of motor designs to below the limits - 

any which fell outside the limits were either fitted with extra 

components or 'tolerated', since the RFI limits were not at this 

time enforcible by Law. This did not cause undue worry, since the 

number of complaints from Hoover appliances were rare. 

The overall result of this approach was that many of the motor 

designs were over suppressed, although this did not concern the 

company too much at the time. Subsequent rising prices, increasing 

competition in the market place and the enforcement of RFI 

regulations, culminated in reviewing costs of RFI suppression once 

more. Now all the products had to conform to regulations, such that 

many of the motors had to have extra suppression components to cope 

with the variability of RFI generation in a particular model. 

Steadily the use of the rationalised components deteriorated and 

today all products are fitted with individually designed suppression 

circuits. 

A study was made of costs of suppression from data dating back to 

1974, made available by Hoover Costing and Purchasing Departments at 

Perivale. It was noted that before 1976 the majority of suppression 

components were bought from sources in Britain (Plessey) or West 

Germany (Funkton). The British components being in general slightly 

cheaper. From 1975 to 1977, prices of these components increased by 

almost 40% and this co-incided with the time when Hoover were
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already reviewing all costs and looking for alternative sources for 

suppression components. It was found that similar components from 

Eastern Europe and Scandinavia could be as much as 50% cheaper than 

in Britain or West Germany. Thus since 1976, to the present, the 

majority of capacitors and inductors have been bought from 

Yugoslavia (Iskra) and Sweden (Rifa). Figure 2.7 shows a comparison 

of prices of similar 0.1 pF capacitors as used on vacuum cleaner 

motors by Hoover. 

The 'cost' of suppression as seen by Hoover is a combination of the 

actual price of the component, the price of any additional brackets 

or screws necessary to fix the components in place and two 

additional costs called 'fixed burden' and ‘variable burden'. Fixed 

burden is a proportion of the fixed company overheads attributed to 

any manufacturing process. Variable burden relates to the time 

taken to complete the operation. 

The result of this more frugal sourcing policy adopted by the 

Purchasing Department has not necessarily meant a reduction in costs 

of fitting suppression networks on motors. The studies show that 

the ratio of costs of fitting suppression to the total cost of motor 

manufacture have remained either fairly stable or show a slow 

increase over the past ten years. Figure 2.8 shows percentage cost 

of suppression to the cost of manufacture of the 'MCO4' model motor 

as used in the Hoover Junior. Nine different motor designs were 

examined, the suppression costs ranged from the lowest at 6.3% of 

the overall cost to the highest at 22.3%, the overall average being 

13%. In 1981 this represented a total of 2.7 million assorted 

suppression components at a cost of almost one million pounds.



38 

Even after considerable savings by alternative sourcing of 

components the high 'on-cost' of suppression networks led Senior 

Technical Management at Engineering Headquarters to consider that 

suppression could only be effectively reduced if the motors could be 

designed to minimise RFI generation. 

2.6 The Project Proposal 

The previous sections of this chapter gave a background to the 

Hoover company, its experiences with RFI and the underlying causes 

which led to this project. As a summary it can be stated that small 

motors generate unacceptable level of RFI and to suppress this RFI 

to below the CISPR/EEC limits Hoover added external suppression 

circuits. The increasing relative costs of fitting suppression 

circuits to the overall costs of manufacturing motors, led the 

company to re-appraise its motor design philosophy. Their answer 

was to try to reduce the level of RFI inherently generated by the 

motor. Previous published work and past Hoover RFI records 

suggested that factors influencing the generation of RFI in motors 

fall into 3 categories. 

(a) motor design features 

(b) variations arising from the manufacturing process 

(c) variations in the characteristics of the materials used. 

The original proposals by Hoover, as discussed by the Supervisory 

Team on this project was to investigate the factors influencing 

RFI, the intent being to determine which are the most important
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factors contributing to RFI and thus evolve generalised 

recommendations that could be of use at the detail design stage of 

motor design. “It would be expected that the design improvements 

which lend to lesser generation of interference would bring (as a 

spin off) increased motor component life, it would reduce the 

variability between individual motors and would in turn reduce the 

variation in interference generated, and permit more economic 

designs for the suppression networks”. [146] Additionally, it was 

also proposed to study the design of suppression circuits for 

specified performance for a minimum cost. 

From the outset, Hoover made it clear that they were in search of 

‘practical knowledge’ that could readily be acted upon and 

implemented in an industrial environment. This ‘practical 

knowledge' thus emphasized the need for a practical approach to the 

project. The original project proposal embraced many areas of work 

which the Supervisory Team considered could not be adequately 

covered in a three year research programme. It was thus decided to 

omit the following; 

a) Suppression network design and its optimisation 

b) The influence on RFI due to variations in the characteristics 

of the materials used in motor manufacture. 

The project was under regular review by the Supervisory Team and in 

many cases, the emphasis or direction of the work was changed in the 

light of events or results obtained. The final outline for work 

presented in this thesis can be summarised as follows:
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(a) To study the factors affecting the generation and propogation 

of RFI in the motor design parameters. 

(b) To study the influence on RFI levels due to mechanical 

variations arising from the manufacturing processes. 

(c) To carry out a case study of the manufacture of a specific 

motor — to find the sources of variability in RFI levels from 

mass produced motors, to make appropriate recommendations 

such as reduce this variability and to see if a cost saving 

in suppression could be affected. 

The scope of the work undertaken and the practical approach adopted 

is discussed more fully in Chapter 5. The construction and 

operation of small a.c. commutator motors is described in Chapter 3, 

with particular emphasis on commutation. The influence of 

mechanical variations on commutation is studied in Section 3.8. A 

literature review on the subject of RFI is presented in chapter 4; 

firstly with a brief introduction on general man-made noise sources, 

followed by a review of relevant work on RFI from small motors. The 

work presented in Chapters 3 and 4 provides a background for the 

studies undertaken and presented in the subsequent chapters. 

2.7 Practical aspects of Industry based research 

The IHD concept at Aston is to undertake industrial projects of an 

interdisciplinary nature suitable for research work with practical 

approach. [34, 35] The project, provides the collaborating
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organisation, the use of University facilities to research and solve 

problems in a manner which may not be otherwise possible. The 

project proposal by Hoover, fell broadly within this concept, its 

interdisciplinary nature combining motor design and RFI work in the 

Electrical department and manufacturing technology in the Production 

department. 

Hoover offered research facilities in the form of test equipment and 

laboratory work space at its motor and controls laboratory in 

Engineering Headquarters. In the RFI test area, Hoover provided the 

necessary RFI measurement equipment and also a permanent RFI 'cage' 

to carry out RFI test work. The 'cage' is a specially constructed 

screened room of approximately 3 metres square, it had a filtered 

electrical supply such that no conducted interference from outside 

sources can corrupt test measurements. The walls of the 'cage' are 

made of steel mesh, this protects the room from any external 

radiated interference. The motor laboratory too, was well equipped 

with test apparatus. 

The project having full support of the Engineering Director and with 

Mr. R. Binnie, Chief Engineer of motor and controls as ‘industrial 

supervisor’, was helped considerably in promoting the cause of the 

project within Hoover's organisation. So much so, that other 

departments in engineering and also production staff co-operated 

well with all aspects of the work. The model shop for example, was 

used extensively in the making of a test rig and for modification of 

motor parts to enable many design and manufacturing variations to be 

tested. At the beginning of the project the Perivale factory was in 

operation manufacturing motors and vacuum cleaners in the same 

building as the Engineering department - this proved to be of great
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value for learning production methods and observing practical 

problems in the manufacturing process. They also supplied motor 

parts for the test work. Without this supply, much of the work 

presented in this thesis would not have been possible - since the 

cost of manufacturing one-off parts in the model shop, was high. To 

make a special armature in the model shop, could cost almost £100, 

whereas by obtaining an armature from the production area and then 

modifying it to suit in the model shop, greatly reduced costs. It 

seemed natural at the early stages that the ‘case-study’ of the 

influence on RFI levels due to manufacturing variations proposed for 

the project, would be carried out in the Perivale factory. But the 

subsequent closure of the Perivale factory and transfer of its work 

and equipment to Cambuslang in 1981, followed by redundancies at 

Hoover Headquarters, led to a number of unforeseen problems. 

Experimental work on the project, was disrupted for a short while 

due to lack of parts - but this was eventually offset by obtaining 

parts from Cambuslang once the transfer of production was 

completed. It became inevitable that any 'case study' of 

manufacturing variations would be undertaken at Cambuslang, but was 

delayed considerably; firstly because the Cambuslang factory itself 

was being re-organised and needed time to return to full production 

with the extra work from Perivale, secondly by industrial disputes. 

It was well into the final year of the project when conditions at 

Cambuslang allowed the case-study to commence.
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CHAPTER 3 

SMALL A.C. COMMUTATOR MOTORS 

This chapter presents a review of design and operational details of 

small a.c. commutator motors as used in domestic appliances. The 

main source of information for section 3.1 and 3.2, are Puchstien 

and Kimberley, [27] Garik and Whipple, [24] Say, [26] Taylor, [25] 

Knights [12] and Dijken. [28] Due to the lack of published material 

on these motors, work by Puchstein and Kimberley and Taylor is still 

the major source of reference of small a.c. motor design practice. 

Dijken considers the optimization of small motor design, he 

identified the critical design parameters to be (a) the effective 

rotor diameter (b) the relative stack length and (c) the ratio of 

the flux carrying width of the rotor teeth to the effective rotor 

diameter. A comparison of two motors one using the optimized method 

and the other conventional design practices showed that the cost of 

manufacturing the optimised motor was lower by nearly 8%. The 

inductance of the rotor coils was also reduced enabling improved 

commutation, less brush wear and longer motor life. 

Section 3.3 to 3.6 discuss the theories of commutation in a.c. 

motors. Many of the ideas on commutation have evolved from work 

carried out on d.c. machines, but a number of references are 

identified which deal specifically with commutation in a.c. motors. 

Commutation is the reversal of current in a coil by means of a 

short-circuiting brush. In d.c. motors this reversal is opposed by 

an e.m.f., due to coil inductance resulting from its leakage flux. 

In an a.c. motor commutation it is further complicated by other
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e.m.f.s. being induced in the short-circuited coil due to its 

rotation and also due to it being linked with the alternating 

components of the air-gap flux. 

The brush-commutator contact and the factors that can affect it are 

studied in Section 3.7 and 3.8. Finally, in Section 3.9 a 

discussion on commutation is presented. 

3.1 General Construction 

Reversing the polarity of the supply on an ordinary d.c. series 

motor does not affect the direction of torque, thus such a motor can 

operate from an a.c. supply. However its operation at mains 

frequency would be unsatisfactory on account of high iron loss 

caused by the alternating flux in the solid poles and yoke. For 

motor outputs less than about 500 watts satisfactory operation can 

be obtained if the poles are laminated. 

The earliest mention of the fact that a d.c. motor would, if its 

field system were laminated, operate on alternating current was made 

by Alexander Siemens in 1884 at a meeting of the Society of 

Telegraph Engineers. [25] A number of different types of 

single-phase motors were devised, but only a few have become 

commercially satisfactory. One of the most successful has been the* 

small bi-polar a.c. series commutator motor, without compensation 

coils or commutating poles, has been in commercial use in domestic 

appliances since about 1905. [27] (These motors are still commonly 

referred to as ‘fractional horse-power' commutator motors and 

‘universal’ motors). Designs of series motors commonly used in 

domestic appliances can be generalised as having the following
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features: [28] 

(a) 

(b) 

(c) 

(a) 

(e) 

Suitable for both a.c. and d.c. input voltage of about 

100-240V. 

7 - 16 rotor slots 

Output powers from 20 to 750W 

Speed range from 2000 to 20,000 r/min. 

Operating life not generally exceeding 1500 hours. 

A market study, [12] showed that U.K. production of small commutator 

motors can be split into four power rating groups: 

0 - 95W - electric shavers, sewing machines 

95 - 190W - small vacuum cleaners, food mixers 

190 - 750W = washing machines, power tools, vacuum cleaners, 

garden equipment 

Motors of 190W to 750W, generally account for approximately 78% of 

the total production. The estimated world production of these 

motors for the 1980s is approximately 235 million units per year, of 

which almost 13 million are manufactured in the U.K. 

Figure 3.1, shows the connections of a series motor, the field 

winding is connected in series with the armature by means of
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diametrically opposite brushes on a commutator. The field winding 

is in the direct axis which produces the excitation flux, Md, the 

armature winding in the quadrature axis produces a quadrature flux, 

Ba. 

The field system is of a salient pole type construction, this 

causes the space distribution of flux to deviate considerably from a 

sine wave. This has little effect on the motor behaviour since 

rotor torque and e.m.f. are dependent on the total flux and not on 

the distribution. 

As mentioned earlier, the field stack is made up of laminations 

which may either be rivited or welded together. Figure 3.2, shows 

the two most common stator configurations. Figure 3.2(a), shows the 

U-type lamination profile, the windings are usually wound as a 

single coil on a bobbin or former, as indicated. The flux paths, 

through the air-gap at A are longer than those passing at B, so that 

the line C D is not a line of magnetic symmetry. The air-gap flux 

is concentrated at B and E, thus the neutral zone can vary 

considerably from the horizontal centre line. This profile is 

popular due to ease of winding, since the coils can be wound 

directly onto the stator due to the open end of the stack. 

Figure 3.2(b), shows the 0-type lamination profile, the flux paths 

here are symmetrical. The stator winding is split into two separate 

coils, and each mounted at the neck of the pole shoe as indicated. 

It can be made with pre-wound coils or coils may be directly wound 

on the stator, but generally requires specialised winding equipment 

to form the coil loops. The exact dimensions of the two profiles 

vary considerably in different motors. Figure 3.3, shows a range of
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stator variations that have been observed in small series motors. 

The armature is composed of a solid steel shaft, rotor laminations, 

a commutator and windings. The rotor laminations and commutator are 

pressed directly onto the shaft, relying on the tightness of the 

fits to maintain their positions. 

As with the stator laminations, the rotor slots too, vary 

considerably in slot profile. Figure 3.4, shows a selection of 

rotor profiles commonly used. Dijken's computer program optimized 

the shape of motor laminations for cost and performance. Figure 

3.5, shows the result of his work, the stator uses an optimum amount 

of iron and copper (field windings) to produce the machine 

excitation. The rotor teeth and slot profile is optimized to reduce 

the inductance of the rotor coils and thus improve commutation (see 

section 3.3). 

Armature windings are wound in a number of coils which are 

distributed around the armature in the rotor slots. The coils 

consist of many turns of thin insulated copper wire that can fill up 

almost any shape of rotor slot, (e.g. 20 - 40 turns in a 200W 

commutator motor). In each slot there can be either 2 or 3 coil 

sides, Figure 3.6, shows an example of a 12 slot rotor, indicating 

how slot 6 would be filled with two coil sides in position. 

The coil ends are brought out and connected to a commutator segment, 

the commutator riser may either be slotted or hooked to enable easy 

fixing. Four different methods of connection have been used; 

soldering, brazing, arc welding and hot staking - this latter being 

the most common. The coils are connected such that they form a
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series closed loop around the commutator. Virtually, all small 

commutator motors use 'moulded' commutators. The commutator 

segments being moulded into an insulating resin are insulated from 

each other by the resin or intersegment mica wafers, this is 

normally undercut below the surface of the copper face. Naturally, 

the number of segments is equal to the number of coils on the 

armature and these have been found to range from 6 to 32 on small 

motors. Figure 3.7, shows two typical commutator arrangements. 

The commutator surface is machined to give a smooth finish, enabling 

the brushes to make an intimate contact during operation. A few 

additional features common to the armature of small motors are; 

(a) the practice to either tie down the windings to the shaft or 

varnish the windings to stop the centrifugal forces throwing 

them out of the slots. 

(b) insulating paper inserts between the rotor laminations and 

the winding or epoxy coating of the rotor lamination in case 

the windings short circuit through the rotor. 

The operating life of small motors varies from as little as 100 

hours on coffee grinders, to about 1500 hours on vacuum cleaners. 

The operating life is determined by the brush life, which in turn, 

is a function of brush wear and the quality of commutation. New 

brush shapes, styles and grades of carbon are constantly being 

developed to meet modern application requirements and increasingly 

demanding specifications. Good brush design and selection of the 

appropriate brush grade are critical factors in machine design, in 

small motors they normally span either one or two segments on the
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commutator. The whole range of brush grades can be classified into 

the following groups. [13] 

(a) Natural graphite grades; Have good lubrication properties. 

Used where high speeds are encountered or where silent 

running is important. 

(b) Resin bonded grades; Based on natural graphite, but have a 

resin bond. This type of bond produces a high electrical 

resistance for good commutating ability. Current loading is 

limited. 

(c) Hard carbon grades; Mechanically robust and long wearing, 

but limited to low and medium surface speeds and moderate 

current densities. 

(d) Electrographite grades; Most widely used class of material. 

They have the characteristic high thermal and electrical 

conductivity of graphite and also are very resistant to 

burning. Capable of carrying heavy overloads and cause 

little commutator wear. 

(e) Metal-impregnated graphite and metal graphite grades; High 

current densities and low contact voltage. 

As mentioned above the brush must maintain an intimate electrical 

contact with the commutator surface, thus the design of the 

brush-holder and its spring assembly, require considerable 

attention. Figure 3.8, shows four of the most common methods of 

mounting brushes used in small motors. The springs used are of the
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helical compression type, these are relatively cheap to manufacture 

but spring pressure decreases as the brush wears and this can cause 

brush instability. Springs have been made of phosphor-bronze wire 

but these tend to fatigue at continuous operation of temperatures 

around 120°C. In some motors spring temperatures can exceed 

150°C in normal operation. [36] At Hoover, tests on beryllium 

copper wire have shown considerable benefits as have copper clad 

steel wires. In large motors brush gear has been designed using 

constant force springs, [37] but their application in small motors 

has been minimal. 

3.2 Vector Diagram (Figure 3.9) 

The main current I, is the vector sum of the magnetizing current 

I, and an iron loss component 1,5 which leads the magnetizing 

current by 90°. The air-gap flux produced by Im thus lags the 

main current by the angle of hysteretic advance, ¥ and has two 

components, #, the exciting flux and @ the quadrature flux. a id q 

4, sets up an e.m.f. in the stator winding which lags the flux by 

90° and is given by, 

Eead 2.71.£.T8. 4B (3.1) 

where Ts is equal to the number of turns of the field coil. 

The stator current also sets up a leakage flux which gives rise to 

an e.m.f. which is conveniently treated as a leakage reactance drop 

of 1x, leading the current by 90°.
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4, sets up a transformer e.m.f. in the armature 

Faq = 2.71.£. (Ta/p). 5, (3.2) 

Ta being the total turns on the armature and p the number of pole 

pairs. The rotation of the armature in the flux 4, sets up a 

rotational e.m.f. between the brushes; 

Faq = 2.11 £,.(Ta/p). Bs (353) 

where f, is the rotation frequency. This e.m.f. has its peak 

value at the same moment as the peak value of Jf. a but lags it by 

180°. 

The applied voltage has to overcome all these e.m.f.'s and also the 

resistance Ir which is in phase with the main current. 

The coils short-circuited by the brushes are linked with J fg» and 

are rotating in 5,» therefore, have e.m.f.'s induced in them, 

these are described later (section 3.4); these e.m.f.'s cause a 

circulating current i, which lags by a considerable angle behind 

the fluxes as shown, thus a further component of main current, a 

is necessary to neutralize the resulting m.m.f. (Figure 3.9, shows 

the vector diagram of the components described above with the 

air-gap flux as reference). 

The power factor of the motor, cosh, is inevitably less than unity, 

but the effect of the iron loss and brush circulating current, is to 

improve it slightly at the expense of efficiency.
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3+2.1 Performance of Small a.c. Commutator Motors 

The behaviour of the small a.c. commutator motor is similar to that 

of the series d.c. motor i.e. 

(a) motor torque; To If « ec 

(b) motor output = Input - Copper losses - Iron losses - friction 

& windage 

(c) motor speed; no 1/f 

The losses and inefficiency introduced by the alternating supply 

means performance on a.c. is inferior to that on d.c. supplies. 

Figure 3.10 shows the speed-torque curve of a small commutator motor 

on d.c. supply and a 50Hz main supply. The peak flux on a.c. is {2 

x d.c. flux, the peak a.c. rotational e.m.f. Fad’ is /2 ides 

rotational e.m.f. (i.e. /2 x E,_). Since both e.m.f.'s are de 

Proportional to speed the relation between a.c. speed ae and d.c. 

speed Nac can be written. 

Fad! Fac £ a.c./N d.c. 3.4) 

On a d.c. motor Bac = V- Ir, from the vector diagram of the a.c. 

motor (Figure 3.9) 

Fad = V cosf - Ir (3.5) 

so that,
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Noe Ne [Cos f - Ir/V]/[1 - Ir/v] (3.6) 

The full load value of Ir/V is generally between 0.1 and 0.15 so 

that is this is neglected, the speed ratio becomes; 

x 
Net ate. Cos B (3.7) 

Figure 3.11 shows a set of performance curves for a 150 W motor on a 

250V, 50Hz a.c. supply, the shape of the curves can be assumed to be 

general for most motors of this type as used in domestic appliances. 

3.3 The Commutation Process 

Figure 3.12, shows three positions of the rotor of a commutator 

machine with 6 armature coils. Concentrating on coil 1; in Figure 

3.12(a) this coil is in the right hand circuit, Figure 3.12(b) it is 

short circuited by the upper brush and 3.12(c) it is in the left 

hand circuit. The direction of current through the coil changes 

correspondingly as it moves in this way. Figure 3.13(a), shows an 

idealised view how the current in coil 1 changes as it moves round 

the armature if the supply current is constant. In single phase 

machines, the time of commutation being small compared to that of 

the cycle of the alternating current, there may be several current 

changes within one cycle (Figure 3.13(b)). It can be seen that the 

magnitude of the current change varies, depending on the moment in 

the cycle at which it occurs, from a value of twice the maximum 

current to zero. 

The time of commutation is from the instant brush A just short 

circuits segments 1 and 2 to when brush A just leaves the surface of
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segment 1. If the peripheral speed of the commutator is Wes the 

thickness of the brush ty and the thickness of the insulation 

separation between the segment re then the time of commutator 

a can be expressed as 

T, = (ty - t,)/ve G5) 

In Figure 3.13, the change in current is shown as a linear function 

of time. Garik and Whipple [24] and others [41] showed that even if 

all e.m.f. effects in the short circuited coil are disregarded, 

linear commutation is impossible. Figure 3.14 represents the 

position of brush and commutator bars at a time t seconds after the 

short circuit begins, the following relations may be obtained; 

doen inet (3.9) 

Lie (3.10) 

A, TA, t/t, (3.11) 

Ao = AL (I, - 80/7, (3.12) 

where A, - contact surface area of brush 

A, - contact surface area of brush with commutator bar 1 

A) ~ contact surface area of brush with commutator bar 2 

If R, is the contact resistance between brush and commutator then, 

R, (A,/A)) is the contact resistance between brush and bar 1 

and R, (A, /Ag) is the contact resistance between brush and bar 

2.
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In accordance with the assumption that no e.m.f.'s are present in 

the short circuit paths, applying Kirchhoffs law to the circuit 

gives; 

1 Ry + 49Ry + A2Rp Ab - 4] Rp Ab - 4yR, = 0, 
2p Ay (3.13) 

letting k = QR, + 2R,.)/Rb therefore, the short circuit current i 

is a function of time t - given by; 

die i5.7o (To. 2b) 
  

2 (3.14) 
T, + k.t (1, -t) 

The general shape of the current change given by this result is 

sketched in Figure 3.15. As can be seen even in this simple case of 

resistance commutation, linear current change cannot be obtained. 

If the resistances R, and R, are assumed, to be zero, i.e. k = 0 

then the current change is given by; 

deeritg Gi 2c) (3.15) 
Te 

this is the equation of a straight line between + i, and - in> 

thus the required condition for linear commutation - but the 

assumptions are not valid for this to be true. In reality however, 

the short circuited coils is subjected to the influence of the 

following e.m.f.'s. 

(a) Transformer e.m.f.; e,, lagging the flux By by 90°. 

(b) Rotational e.m.f.; e in phase with Bs, ‘ rot?
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(c) Reactance e.m.f., e,, in phase with the current. 

They can either contribute to delay the current change (Figure 

3.16a) or over commutate the current (Figure 3.16b), the result is 

that as the brush leaves segment 1 at the end of the time of 

commutation, commutation is incomplete. The additional current must 

change rapidly to i> the reactance voltage which is proportional 

to the rate of change of current increases to oppose the current 

change creating an arc from the trailing edge of the brush to the 

commutator segment. The arc completes the brush segment circuit 

allowing the current reversal in the coil to be completed. 

3.4 Brush E.M.F.'s 

As mentioned above the e.m.f. set up in the coils short-circuited by 

the brushes is made up of a reactance e.m.f., a rotational e.m.f. 

and a transformer e.m.f. This e.m.f. appears between the heel and 

toe of the brush as is discussed further below. 

3.4.1 Reactance e.m.f. 

Reactance voltage, e. generated in the short-circuited coil, is a 

function of the total inductance of the coil and the rate of change 

of current in it i.e. 

<7 L di/dt (3.16) 

The total inductance is the sum of the inductance of the short 

circuited coil and the sum of the mutual inductance of the coil with 

other adjacent coils. Inductance is defined by the flux linkages
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i.e. the product of the flux and the number of turns linked with 

it. The definition of inductance is based on the concept of 

specific permeance which is the number of flux linkages per unit 

length of coil section consisting of one turn, through which a 

current of 1A is flowing. 

The flux linked with the coil undergoing commutation is shown in 

Figure 3.17. It may generally be divided into three parts; 

(a) the slot; consisting of flux lines, flowing across the slot 

from one side to the other, this flux section is distributed 

along the total active length of the coil section i.e. 21, 

having a slot permeance /. a 

(b) the tooth; consisting of flux lines closing between the heads 

of adjacent teeth, this part is also distributed along the 

length 21, having a tooth permeance of AY 

(c) the end windings; consisting of flux lines closing around the 

coil end winding, portions along the length 21, ‘ad and has 

an endwinding permeance of A. ents 

The total number of flux linkages of the coil section is; 

‘ 
21 A, +21 N,+2lend Nend=21 A (3.17) 

‘ 
where / is the equivalent specific permeance of the coil section. 

In the general case a coil consists W of turns, the flux linkages 

increase by we therefore total inductance (L) is;
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Le2wWin (3.18) 

The permeance NK is classically defined as function of the coil, 

slot and tooth dimensions, so it would appear that for any armature 

coil its inductance remains constant, and this result has been given 

in a number of text books. [42, 43] But this result fails to take 

into account the effect of eddy currents induced in the motor 

laminations. If a magnetic material is excited by an alternating 

current, eddy currents are induced in it, which affects the 

hysteresis loop of the material. The tendency of the induced 

currents is to prevent the flux from changing. Where the flux is 

increasing with time, the eddy currents tend to decrease the flux, 

and the flux decreases with time, the eddy currents tend to prevent 

this decrease. [44] Thus the hysteresis loop of the material is 

effectively increased as shown in Figure 3.18. The size of the 

dynamic loop is affected by the frequency of magnetization since the 

eddy currents are a function of frequency. The overall effects of a 

larger hysteresis loop is that the flux produced by an alternating 

current will be lower than that produced by a steady current of the 

same value - this in turn means that the flux linkages will be 

decreased, thus the coil inductance is also decreased. Dijken, 

showed the decrease in coil inductance with increasing supply 

frequency experimentally, and this is discussed further in section 

3.9. 

3.4.2 Rotational e.m.f. 

The rotational e.m.f., et generated in the short circuited coil 

attributed to the machine flux, is generated in the commutation
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zone, since the field free zone has zero width and does not coincide 

with the commutation zone because of the armature reaction m.m.f. 

The flux within this zone B, is alternating but stationary in 

space, the short circuited coil always occupies the same position 

relative to the flux, thus 

Cot ~ T!-f,- Te. #,. sin(wt) (3.19) 
To: 

Armature reaction distorts the field flux in the air-gap as shown in 

Figure 3.19, the result is that the true magnetic neutral zone in 

the motor is at angle & away from the physical neutral position. 

3.4.3 Transformer e.m.f. 

The third of the e.m.f.'s that may be induced in the coils 

undergoing commutation is due to their being linked with an 

alternating flux by the relation; 

e, = 7, ag/at (3.20) 

If the air-gap flux is assumed to be; f = 810 (wt) therefore; 

e. 5 Tl wf, cos(wt) (3621) 

= 27 £. T, ff, cos(wt) (3.22) 

3.5 Voltage Equation of the Short-circuited coil 

Figure 3.20, summarises the voltage and current components on the 

short circuited coil undergoing commutation. From above if the
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main current is; 

i= 1, sin@wt) (3.23) 

then the rotation e.m.f.; 

erot = Brot Sin (wt) (3.24) 

and the transformer e.m.f.; 

e, = By cos(wt) (3.25) 

Mohr, [45] considered the influences of these two e.m.f.'s to be 

components of a single circuit e.m.f., e, 

where; e = E_. Sin (wt +p) (3.26) 

and, (3.27) 

(3.28) 

  

This e.m.f. lags the main current by the angle Y see Figure 

3.20(b). Figure 3.21, shows the circuit diagram of the short 

circuited coil with all the circuit components represented as lumped 

parameters. 

Applying Kirchhoffs law to this circuit gives; 

iy (rj(t) + Ry) - igRg - L di +e - ip (Ry + rp(t)) =0 
dt (3.29)
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In practive RY is negligible and combining the two brush contact 

voltages drops to a single voltage, UL the equation simplifies as 

shown below; 

ig kg +Ldit+e+Up,p=0 (3.30) 
dt 

3.6 Improvement of Commutation 

The most widely used method of improving commutation in large 

machines is by the introduction of compoles or interpoles, first 

suggested by Metre in 1885. [43] These poles are arranged between 

the main poles to induce voltage eeoaine the reactance e.m.f. in 

the short-circuited coil. In small machines however this method is 

impractical due to both space and cost considerations. 

In small motors a commutating field necessary to establish an e.m.f. 

to balance the reactance e.m.f. is created by means of shifting the 

brushes off the geometrical neutral axis. The true neutral axis in 

the motor is an angle © away from the geometrical neutral against 

the direction of rotation due to Armature reaction. To create a 

suitable e.m.f., the brushes must be shifted such that, the short 

circuited coils are under the influence of the main pole as shown in 

Figure 3.22. To satisfy this requirement it is necessary to shift 

the brushes further than the physical neutral by an additional angle 

of ¥. 

The main disadvantage of creating a commutating field in this 

manner, is that the angle of brush shift is dependent on the load 

rrent. Thus in small motors, the brushes are normally placed in 

middle position corresponding to some average load.
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3.7 The brush - commutator contact 

The sliding brush-commutator contact creates a black film on the 

copper segments of the commutator. Davies, [46] describes the film 

as stratified with layers of graphite flakes overlaying one of 

cuperous oxide. Analysis shows that film is a complex mixture of 

water vapour, oxygen and numerous organic and inorganic compounds 

that permit sliding without excessive brush wear. 

In the sliding contact at any instant only about 0.1% of the 

apparent brush area, actually makes up the electrical contact. 

Shobert [38] showed by experiment that there are only between five 

and twenty separate, simultaneously conducting areas for each brush 

within the mechanical contact surface. The spots are fine, highly 

conducting bridges formed by the process called ‘fritting'. Two 

types of 'fritting' are defined. 

(a) ‘A' fritting; An avalanche breakdown of the surface film that 

occurs when the voltage gradient between the brush and 

commutator reaches approximately 10° V/n. 

(b) 'B' fritting; Starts from an initially conducting spot which 

widens, thought to be due to electrostatic and electro- 

magnetic forces on the film. 

Their number and cross-selectional area being dictated by an 

equilibrium between, on the one hand, the tendency of the brush and 

collector surfaces to oxidise and on the other for fritting to occur 

under the applied electric field and the cleaning action or abrasion 

of the brush against the commutator. In addition, there is a thin
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layer of moisture and oxide between the sliding surfaces through 

which current passes, by means of the tunnel effect, and which 

generally has ohmic resistance characteristics. 

Brush polarity effects have been observed on slip rings. [39] Under 

the anode brush, the graphite film develops more uniformly; 

oxidation is inhibited by the direction of the current and fritting 

takes place at a lower temperature. Under the cathode brush, 

oxidation is enhanced, but less graphite is deposited and fritting 

must take place at a higher voltage, there is more disturbance of 

the conducting region thus increasing brush wear. 

In a.c. commutator motors, the brush polarity is constantly 

changing. Watson [47] discussed that, conducting spots that occur 

at the anodic brush cease to conduct almost immediately the polarity 

is reversed, but remain as load bearing points. Thus, it is 

expected that brush wear would be increased due to increased 

fritting activity and the constant changing polarity. 

3.7.1 Factors Affecting the brush-commutator contact 

Reference 48, lists the following factors that can effect the brush- 

commutator contact; 

(a) Temperature 

(b) Brush pressure 

(ce) Speed
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(4) Environment 

(e) Mechanical factors 

of these the latter, mechanical factors is the most significant and 

is discussed in detail in section 3.8. 

Temperature rise can affect the contact resistance as well as the 

coefficient of friction of the sliding contact. The same is true of 

brush pressure. High commutator speeds reduce friction but can 

affect an increase in the contact voltage drop, the causes are 

thought to be; 

(a) Aerodynamic ~- a boundary layer of air is formed between the 

brush and commutator. 

(b) Mechanical - increasing the rate of production of wear 

particals effectively increasing the distance between the 

brush and commutator. 

Shobert describes brush wear tests in different environments, the 

absence of water or oxygen suppresses oxidation and increasing brush 

wear. Active gases such as sulphur dioxide and chlorine causes the 

voltage drop to become unstable causing increased arcing. The most 

successful environments including the normal air/humidity were found 

to be organic vapours and inert gases like Nitrogen in the presence 

of water vapour.
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3.8 Effect of Vibration on Commutation 

Vibration affecting commutation in motors can result from 

(a) Natural oscillation of the brush-commutator assembly. 

(b) External vibration. 

(c) Motor vibration. 

(a) Commutator irregularities. 

These are discussed below: 

3.8.1 Natural Oscillation of brush commutator assembly 

Every brush makes movements and oscillations relative to the brush 

holder, if the magnitude of this vibration is small it has 

practically no effect on the current transfer. However, excessive 

movements can lead to an adverse effect on the contact resistance of 

the sliding contact. 

Grossman [49] considered that in the general case, the brush- 

commutator assembly represents a consecutive linkage of elastic 

components with coefficient of elasticity of K> K> K and 

K, namely the spring, pressure bar, brush and contact layer 

respectively, such that the system coefficient of elasticity k is 

defined as; 

(3.31) 
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The elasticity of the contact layer is described as a function of 

current density, rotational speed and the type of brush. Maslov 

[50] stated that the natural frequency of the spring-brush-contact 

layer oscillatory system is given by 

We =e, an k,)/M,. (3.32) 

Ot = Mass of brush) 

From theoretical and experimental studies, they presented the 

following conclusions :- 

(a) 

(b) 

(c) 

When induced vibration frequencies approach the natural 

oscillation frequency of the brush, they increase brush 

displacement relative to the commutator and reduce the 

contact pressure. When the induced vibration frequencies 

coincide with the natural frequency of the brush a contact 

break is possible. 

The natural oscillation frequency of the brush is a function 

of the contact layer rigidity, as well as of the spring 

rigidity. However, in existing types of brush-gear the 

rigidity of the contact layer has a decisive effect on the 

natural frequency of the brush, and the rigidity of the 

springs can be discounted. 

Decreasing contact rigidity reduces the likelihood of a break 

in contact. However, the natural frequency of the brush, is 

reduced at the same time, which may cause the induced 

vibration frequency to coincide with the natural brush
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frequency, in which case a break in contact is possible even 

if contact rigidity is very low. 

(da) When the brush is vibrating, the rigidity of the contact 

layer varies within a fixed range, the limits of which are 

not affected, either by the brush pressure or by a reduction 

in the brush contact area. 

Vibration reduces the arc of brush contact and hence also reduces 

the commutating period. Ichnki [51] stated that the most 

influential factor in commutation is the contact stability of the 

brushes. Unstable brush contacts result in a stepped reversal of 

current that can cause severe arcing. 

Friction of the sliding contact can induce brush vibration, the 

coefficient of friction is dependant on temperature and at high 

values has been observed to be responsible for brush chatter. This 

can be detected either by the brush emitting a whistling sound or by 

a glazed surface on the commutator. [37] 

Volkman [52] concluded that there were basically three types of 

friction induced vibrations; 

(a) Brush whistling or squealing which has a pure tone in the 

range of 2 to 5 kHz but this need not interrupt the 

electrical contact. 

(b) Brush bounce or chatter from the impact force of the friction 

giving rise to considerable arcing. The vibration frequency 

generally in the order of 20 - 100 Hz.
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(c) The vibration of the entire brush assembly, this occurs due 

to insufficient rigidity. Vibrations are again of the order 

of 100 Hz and have been observed to be responsible for severe 

arcing. 

Other causes of brush assembly vibration have been attributed to 

excessive clearance between brush and holder, brush holder too far 

from the commutator or brushes too long and commutator 

irregularities (these are discussed in section 3.8.4). 

3.8.2 External Vibration 

Nellin [53] subjected several small motors to external vibrations at 

frequencies ranging from 50 to 1000 Hz, and observed their effect on 

commutation by measuring the degree of sparking produced. Test 

results (Figure 3.23) are presented for the following cases; 

(a) the plane of vibration parallel to the brush axis. 

(b) the plane of vibration perpendicular to the brush axis. 

A sharp increase in sparking occurred at frequencies which coincided 

with the natural frequency of the armature (typically 100 - 400 

Hz). As can be seen vibration parallel to the brush axis produced 

severe arcing near these frequencies and is attributed to relatively 

large changes in contact pressure. 

3.8.3 Motor Vibrations 

Hancock [54] describes motor vibrations being mainly due to
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(a) the motor bearings 

(b) rotor unbalance. 

Bearings are considered to be the major cause of mechanical 

imperfection which distrubs the brush contact and degrades the 

quality of commutation. In ball and roller bearings the clearances 

between the balls or rollers and races can be large, any 

imperfection of these parts can excite motor vibrations. Dirty ball 

bearings have also been observed causing roughness in running 

producing increased sparking. Hancock stated that in machines with 

well fitted journal bearings these imperfections are generally 

smaller and the continuous film of lubricant provides better damping 

of disturbance. 

The modes of rotor unbalance are defined as (a) static unbalance and 

(b) dynamic unbalance. [55] 

Static unbalance is caused by the centre of gravity of the rotor not 

lying on the rotation axis. Centrifugal acceleration of this 

unbalance cause a nett radial force acting on the rotor, the 

magnitude of the force F is given by; 

F = M.E.ut (3.33) 

Where M is the mass of the rotor,w its rotation speed and E the 

excentricity or radial distance from the centre of gravity from the 

axis of rotation. Figure 3.24(a), shows the mode of vibration 

caused by static unbalance forces.
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Dynamic unbalance is created when the axis of rotation and the 

principle internal axis do not coincide, even if the rotor is 

statically balance, the distribution of the rotor mass may such 

that, vibration due to dynamic unbalance is affected as shown in 

Figure 3.24(b). 

The causes of motor unbalance are; 

Dissymmetry 

Non homogenous material 

Shaft distortion at operating speeds 

Eccentricity 

Misaligned bearings 

Shifting of mass due to deformation at speed (e.g. 

winding lifting) 

Aerodynamic unbalance caused by turbulence 

Figure 3.25, shows the limiting curve for maximum unbalance as a 

function of speed for small motors. [56] Under this curve the 

brush-commutator contact is stable whereas above the curve, the 

probability of contact separation and the resulting sparking is 

high. Weinart, [56] recommended that for mass produced armatures 

the maximum permissible value of rotor excentricity, should be 50% 

of that shown on the curve to allow for a known safety factor. 

3.8.4 Commutator Irregularities 

Commutators by the nature of their construction are a source of 

mechanical disturbance to the brush contact. The commutator 

segments separated by the intersegment insulation, incur regular
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impacts on the brush face as the commutator revolves. The 

rotational stresses enevitabily leads to variations in shape with 

increasing speed. 

If a step is produced by an irreversible movement of a commutator 

segment, the brushes can ride completely clear of the surface after 

the step has passed until the brush spring moves the brush back into 

contact with the commutator. The magnitude of these effects are 

very small, in terms of machine dimensions, but, they may be 

sufficient to introduce a serious barrier to the transfer of 

current. [54] 

Thermal forces too, can cause variation in commutator profile due to 

the different coefficient of expansion of the various materials used 

in its construction. The major commutator effects studied in the 

literature were as follows; 

(a) commutator eccentricity 

(b) surface finish 

(c) variation in bar to bar heights. 

Figure 3.26, shows a commutator of excentricity, (Ry - R), with 

a brush of mass M and spring force F. Shobert [39] used the 

following equation; 

speed, n = 30 2F r/min (3.34) 
Tt M(R] — Rp) 

to calculate the critical speed at which the effective force between
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the brush and commutator becomes zero. He stated that this 

expression should not be used as a direct measure of permitted 

eccentricities, since the condition for zero force should never be 

allowed and require a safety margin of about 5 to avoid uneven 

filming and commutator burning. At low speeds the brush is able to 

‘ride’ the commutator eccentricity without affecting the contact too 

badly. Table 3.1, shows the values of n calculated for a small a.c. 

motor brush of mass 3.1g and spring force 200 g. 

Knights [57] reported on results obtained on various small motors 

observing the commutator profile, brush life and quality of 

commutation. For eccentricities of 0.0051 mm the commutators showed 

no evidence of burning and brush life was normal, with higher 

eccentricities i.e. 0.025 mm and 0.051 mm, burning of the commutator 

was evident and brush life reduced by half. In some cases he 

reported that tests had to be stopped due to excessive brush burning. 

Bates, [58] states that the initial finish of the commutator surface 

is known to have considerable effect on the performance of the 

brushes. Diamond tipped cutting tools although giving a good visual 

finish, leave mica insulation almost 0.005 mm proud on flush 

intersegmental insulation commutators. In this case it is reckoned 

that tungsten carbide tools give better results. Stability of the 

cutting tool is also essential, a vibrating tool can lead to 'flats' 

on the commutator surface, these give rise to destructive sparking 

and can also damage brush holders by vibration. 

Variation in bar to bar heights is one of the most common mechanical 

causes of increased brush wear and increased sparking. Weinart [56]



  

  

Commutator Eccentricity Ry - R, r/min for zero force 

0.0025 mm 219,000 

0.025 mm 69,600 

0.25 mm 21,900     

Critical speeds of eccentric commutator for zero 

brush spring force 

Table 3.1 

6L
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found that the maximum smooth repetitive impact was about 10 

microns, the optimum value near 5 microns. Carson [60] carried out 

tests on small motors with bar to bar variations of less than 

2.5x107-mm. The resulting erosions of the commutator segments was 

found to be due to excessive arcing, this erosion was found to shift 

around the commutator in the direction of rotation. The maximum 

allowable bar to bar height, such that the brush will follow the 

commutator profile by just touching each other is defined as, h, 

where; 

h=  Fg/2m(nc)* (3.35) 

where n speed in r/sec and C the number of commutator bars. 

Friction between brush and brush holder and the need for more than a 

momentary contact means that the maximum height will be less than 

that calculated by the expression. 

3.8.5 Measurement of Brush Vibration 

Brush vibration has been measured by means of small accelerometres 

or strain gauges inside or on the surface of a brush. [59] Clauss 

and Vogelsberg [60] used piezo-electric record player pickups 

attached to the brush, with the output from the crystal displayed on 

an oscilloscope. These methods although suitable for large machines 

where the mass of the brush is large relative to the transducer is 

unsatisfactory for small motors, where the brush weight is only of 

the order of a few grams. In this case, the brush behaviour can be 

significantly affected by the additional weight. 

Ryan and Summers [61] described a method using microwaves and
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microwave components for observing irregularities on the commutator 

surface and state that this method can be used for measurement of 

brush vibration. But laboratory tests during the project, found 

that although this method could possibly be applied to measure brush 

vibration in large motors where the brush dimensions are of the 

order of the waveguide tube cross-section, for small brushes again 

this methods is unsuitable. 

Knights [62] carried out brush vibration measurements on a washing 

machine motor by an optical method. The test-rig arrangement is 

shown in Figure 3.27. A hole drilled through the brush and brushbox 

is used as light-shutter sandwiched between rigidly mounted bulb 

(light source) and phototransistor. The vibrating brush causes 

variation of the light falling on the phototransistor which is 

detected on an oscilloscope. Laboratory tests again showed this 

method to be unsatisfactory, (a) because of the limited access to 

the brush and difficulty of installing the test arrangement with 

suitable rigidity and (b) since the RFI produced by the motor 

disturbed the vibration signal such that at high motor speeds, the 

required signal was totally obscured by the electrical noise. 

The particular problems associated with observing brush movements in 

small motors can be summarised as follows; 

(a) limited access to the brush 

(b) high potentials on the brush during operation 

(c) hostile local environment i.e. RFI, brush dust 

(d) small size and weight of the brushes.
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During the course of this project a new method of measuring brush 

vibration was developed and used in the test work, which 

satisfactorily overcomes the problems listed above. The design and 

principle of operation of this method is described in Appendix A5. 

3.9 Discussion on Commutation 

The theory of commutation gives little information as to the 

‘quality’ of commutation. Quality is a measure of the level of 

sparking seen at the trailing edge of the brush during commutation. 

In practice quality is assessed by visual observation and classified 

as shown in Table 3.2. 

Opinion as to which electromagnetic sources contribute most to 

sparking have changed over the years. [43] First it was thought 

that sparking was due to excessive current density under the brush, 

but tests proved that no arcing was visible even for current 

densities of 255 Alen per brush and up to 350 - 400 hous under 

the trailing edge of the brush. 

Another suggestion that failed critical examination, was that the 

existing switching voltage between the brush edge and commutator 

trailing bar was sufficient to create sparking. Today, it is widely 

accepted that sparking originates when the coil short circuited by 

the brush at the moment of interruption, stores sufficient amounts 

of electromagnetic energy Tigi where 1, is the 

uncommutated current when the short circuit is opened. It is 

suggested that this energy should not exceed 50 W/cm length of brush.
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Binder [63], showed that arcing occurs on a given brush if the 

product 'LIn' exceeds a limiting value, (where L is the leakage 

inductance, I the brush current and n the speed). This relation 

implies that the detaching contact can only withstand a voltage 

impulse of a limited intensity without drawing an arc. 

  

Degree of 
sparking 
(class of 
commuta— 

tion)   
Degree of sparking 

  
Condition of commutator 

and brushes 

  

  

ily, 

11/2 

Absence of sparking (dark 
commutation) 

Slight pin-point sparking 
under a small part of the 
brush 

Slight sparking under major 
part of the brush 

Sparking under entire edge 
of the brush 

Allowed only for short-time 
intermittent-duty loads and 
overloads. 

Heavy sparking under entire 
edge of the brush with large 
and flying sparks. 

Allowed only momentarily, 
with on-line starting or 
reversing, if the commutator 
and brushes afterwards are in 
condition allowing further 
operation. 

No blackening of commutator 

or deposite on brushes 

Black traces appear on 
commutator, easily removed 
by rubbing the commutator 
surface with petrol; 
deposits appear on brushes. 

Black traces which cannot 
be wiped off with petrol; 

deposits on brushes. 

Considerable blackening of 
commutator that cannot be 
wiped clean with petrol; 
burning and destruction of 
brushes, 

  

Classification of the Quality of Commutation 
  

Table 3.2 
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He discussed that the electrical breaking processes is determined by 

the brush contact resistance Ry which depends on time, the 

leakage inductance, L, and the remaining circuit resistance r. If 

the contact resistance R is very rapidly taken up to infinity 

from its initial value, practically the whole flux g = LI is applied 

as a voltage impulse across R,. However, the circuit has an 

electric time constant L/(R, +r), if the breaking process is 

carried out slowly, the current will have decayed exponentially from 

its original value I before R takes large values and so no arc is 

drawn. He stated that somewhere between these extremes there is a 

limit at which 'just' no arc is set up any longer. 

Dikin-Zanger [64] of the Hoover company in the early 1960's 

commented that the design of current reversal in small commutator 

machines is usually determined by considerations of brush life, 

since the brush life requirement is of the order of only a few 

hundred hours. Current reversal characteristics in such machines 

are pushed to the limit with the bulk of the reversal being 

completed by a trailing arc. He suggested that the arc is thus not 

an undesirable side effect. This attitude has however, changed and 

the reduction of arcing is a requirement in motor design. 

A number of authors have made recommendations to improve 

commutation; Mohr, [65] presented graphical methods to calculate the 

sparking free load and speed limits of series motors, using their 

brush contact drop curve, parameters of the motor and working 

conditions. He stated that some of the assumptions made in 

classical commutator theory are quite impermisible for a.c. 

commutation. The use of the maximum rms values of voltage and 

current rather than the actual value of induced voltage and current
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which occurs when the trailing edge of the brush is stressed to its 

maximum. The point in the periodic current and voltage cycle in 

which commutation is most difficult, is not necessarily at the 

maximum current and voltage values, but at a point called the 

‘critical point' which coincides with the point at which the 

resultant circulating voltage 'e' is a maximum. He examined the 

conditions at the brush under the most unfavourable conditions and 

derived curves for spark-free commutation. 

Weinart [56] examined the influence of the ratio of armature and 

field coils on commutation, by experimental studies he determined a 

factor X’ expressed in terms of e, the transformer voltage, e, 
t F 

field voltage and C the number of commutator segments, i.e. 

’ 
co e, Cle, (3.36) 

and stated that for good commutation X’< 1. 

Gray, [66] examined the brush current density for different ratios 

of the time of commutation Tc to electrical time constant of the 

short-circuited coil L/R, +1; neglecting r (i.e. small compared 

to the resistance of the brush/commutator contact), curves were 

presented of the ratio T/ GR) against brush tip 

density/average brush density, see Figure 3.28. 

He suggested for values of Tc/ (L/R,) less than 1 the current 

density in the brush tip becomes infinite, and due to concentration 

of energy, sparking takes place, thus the criteria for commutation, 

is that Te/(L/R,) is greater than 1.
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In an a.c. motor the voltage generated in the short-circuited coil 

opposing the change in current, Vr, is a vectorial sum of all the 

voltages generated in the coil, i.e. 

a 2 (3.37) Vr =/( tee + ee 

Sources vary considerably on the limiting value of Vr between the 

trailing brush edge and the commutator segment that causes 

sparking. Values range from 2.5 volts, to 25 volts. [67] This 

variation is mainly due to the range of motors considered and the 

variety of brushes. For example, Binder [63] showed the variation 

of limit of Vr for grades of brush with different metallic content, 

(Figure 3.29). Dijken [29] and others [68] estimated that for small 

motors using electrographite brushes, the Vr limit is 12 volts. The 

Hoover design practice is to aim for an upper limit of Vr of 

approximately 10 volts. But designs where their calculated value of 

Vr is less than 10 volts, they still find sparking a problem. This 

leads to doubt about the calculated value of Vr; Coot and ee 

have been measured to show reasonable accuracy with design 

estimates, thus the value of + the reactance voltage is in 

doubt. The value of c commonly used in calculations to estimate 

Ve is the average reactance voltage (RV) as defined by Gray [66] 

i.e. 

RV = L.21/T, (3.38) 

But this value of reactance voltage is infact irrelevant since at no 

time during the commutator period, is this value applicable. It 

assumes a linear change of current from + I to - I in time Tc which 

has been shown above to be impossible. There follows a study of the
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parameters in this calculation. 

(a) Effective Coil reactance (L) 

The classical method for calculating the inductance of the 

rotor coils is given in section 3.4.1. The commutating coil 

is magnetically coupled with other rotor and stator coils and 

eddy current paths. Dijken [29] explains that the frequency 

influence on coil inductance shown in Figure 3.30, is due to 

these eddy currents. It is therefore, unclear as to what 

value of inductance should be taken into account during 

commutation. By experimental means Dijken obtained values 

for the active inductance which must be reckoned with at the 

end of commutation during sparking, 'L ', (The method comm 
' fee ‘ used to measure oy eam is described in chapter 5). 

Tests were carried out on small series motor rotor coils 

situated on the armature. His results showed that the actual 

"L. ‘was dependent on the precise brush positions. ‘comm 

Figure 4.31, shows the different positions selected and the 

' values measured. It can be seen that the value of Dae 

varies between 312pH to 1920pH. In a motor, any jumping or 

movement of brushes would means that the pee for any 

coil, can be different. 

: : ' Comparing the measured and theoretical values of ane 

for the 'normal' commutation condition as shown in Figure 

' te 3.31(£). The measured value of ome is 336pH but the 

calculated value of inductance for the coil is 1750pH showing 

the wide discrepency that could occur in the calculation for
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e. using Grays formula. 

Change in Current 

Grays formula used 21 as the change in current i.e. the full 

change from +I to-I. In practice, at the end of 

commutation, the current will have reduced from + I by the 

electric time constant of the coil i.e. L/(R, +r). But 

the contribution of 'e' the resultant of rotational and 

transformer voltages in the commutating coil which is out of 

phase with the main current by y can at some time be aiding 

the change in current and at others, oppose the change as 

indicated in Figure 6.43. Thus at any time, the final value 

of current in the coil that has to be commutated at the break 

of contact, is dependent on e.m.f. prevailing at that 

instant. Thus in estimating the reactance voltage it is 

reasonable to consider the 'worst case' of a current change 

of 21. 

The Time of Commutation 

Kostenko and Pietrovsky, [43] in a review of work on 

commutation, reported that Shefner had shown experimentally 

that the real time of commutation is much less than the 

calculated period Tc. A crude estimate of the vime taken for 

commutation to complete after the contact break, is the 

duration of the arc itself. 

The duration dependent on a number of factors i.e. the 

magnitude of the current, the speed of rotation and the
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electromagnetic energy to be dissipated. Dijken estimates 

the duration of an arc t of lenth 0.4 mm as seen in small 

series motors at 18000 r/min to be the order of 14 psec. 

Whereas the value of Tc for this motor is 270psec i.e. Te is 

approximately equal to 20t,. 

A comparison value of RV with the true reactance voltage 

en which can be expressed as; 

er = Loomm ¥ 21 (3.39) 
ty 

It appears that *, is approximately four times greater than 

RV. Puchstein and Kimberley [27] appear to be aware of the 

limitation in using RV to estimate the true reactance voltage 

e and recommend that RV be multiplied by a ‘weighting 

factor' of between 2.5 and 3.5, but they do not state any 

reason for this. From the discussion presented here, it 

appears that the higher weighting factor is more appropriate.
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Series motor connections 

Fig. 3.1 
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Common stator configurations 

Fig. 3.2 
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motors 

Fig. 3.3
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Optimised shape of motor laminations (from Dijken 

Fig. 3.5



  

Example of 12 slot rotor wound with 2 coil 

sides per slot 

Fig. 3.6 
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Two typical commutator assemblies 

Fig. 3.7
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CHAPTER 4 

RESEARCH LITERATURE REVIEW ON RFI 

Much of the basic theory of electromagnetic radiation was worked out 

before 1900, and experiments had already demonstrated the validity 

of the work. The theory first appeared, in its fully developed 

form, in 1873 by Maxwell (1831-79) in his treatise of “Electricity 

and Magnetism". It was a corollary of Maxwell's theory that 

electromagnetic 'waves' should be generated by an electrical 

disturbance. [69] Hertz (1857-94) verified this prediction by 

experiment, demonstrated the existance of the radiation (1887) and 

determined many of its characteristics. [70] 

The commutator switching action in d.c. machines was soon recognised 

as a source of electromagnetic radiation in the form of interference 

on telephone lines [71] and telegraph lines. [72] With the advent 

of broadcasting, the problem of radio frequency interference (RFI) 

from commutator motors became apparent. Early investigations were 

carried out by the General Post Office and in 1922, the Electrical 

Research Association (ERA) became actively interested in the study 

of interference. [73] 

Most developed countries had a radio-telegraphy capability by the 

early 1930's. The main areas of work on RFI at this time, was the 

protection of sound broadcasting in the long and medium wavebands 

and methods of measurement of the complex and irregular waveforms 

being encountered. [74] 

This chapter reviews literature on the subject of RFI; section 4.1
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firstly examines some of the common sources of man-made noise other 

than motors. Section 4.2 reviews work on RFI from motors which form 

the background for the study presented in this thesis. RFI 

detection and measurement techniques are studied in Section 4.3 and 

4.4. Finally, in section 4.5 a discussion on the approach to the 

study outlined in the project proposal (section 2.4) is presented. 

4.1 Man-made RFI Sources 

In section 1.2 it was stated that RFI can originate from both 

natural and man-made sources. This thesis is concerned with RFI 

from motors, which comes under the category of man-made noise 

emitted from apparatus as an unwanted by-product of their normal 

operation. This section examines a number of other electrical 

devices which also fall in this category and typical RFI levels are 

presented. The devices considered are; 

a) Electrical Welding and cutting equipment 

b) Electrical power lines 

ce) Ignition systems 

d) Flourescent light 

e) Switching devices 

Thomas [75] considered that each of these devices had a distinct 

“spectrum signature". Spectrum signatures are defined as a summary 

and presentation of data showing all radio frequency energy
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radiations of electrical equipment. Meyers [76] and others [3, 77] 

compiled a number of spectrum signatures for a wide variety of 

apparatus from both previously published and unpublished material, 

many of the examples given below are taken from these references. 

The units of RFI measurement are dependent on the type of 

measurement equipment used. In interference reports, very often 

inadequate information regarding the units specified on graphical 

presentations is supplied, thus, making any meaningful comparision 

of RFI levels very difficult. Measurement techniques and equipment 

is presented in section 4.3 and 4.4. 

4.1.1 Electric Welding and Cutting Equipment 

Welding of metallic parts is commonly accomplished in industrial 

production by means of either r.f. stabilised arc welders, or, 

resistance welders. Each device generates intense heat in the work 

by the passage of large electric currents through the weld point. 

In an r.f. stabilised arc welder, the electrodes do not make 

physical contact with the work piece. A high frequency current 

_ Signal is added to either a direct or mains frequency high power 

source of welding current which ionises a gaseous plasma between the 

electrodes and weld. The high electrical conductivity plasma 

provides a low impedence path for flow of the weld current. A 

spark-gap oscillator is used to produce the high frequency current 

component and the interference spectrum generated by the spark is 

superimposed upon the primary welding current. Fig.4.1, shows 

examples of a number of published r.f. stabilised arc welder 

radiated noise spectra. [78] 

Electric resistance welders produce the necessary current density in
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the work piece by applying pressure to the electrodes that is 

sufficient to puncture the surface of the work piece, thereby 

admitting mains short circuit currents exceeding 10kA. Electrode 

diameter, pressure, current density are increased proportionally 

with the work metal thickness. Fig. 4.2, shows the radiated noise 

spectra for resistance welders at various distances from the 

source.[76, 78] 

Metal cutting is performed by electrical discharge type apparatus. 

The work piece being electrically connected as an anode, and the 

cutting tool becomes the cathode, the two being separated by a 

narrow gap. High peak pulse discharge currents supplied to the 

anode, erode metal particles from the work-piece. Both the 

work-piece and the electrode are submerged in a circulating 

di-electric fluid which help sweep away the waste material. The 

average power rating of electric discharge cutting machine is 1-2 kW 

with pulse rates of approximately 3 kHz, the resulting noise spectra 

is shown in Fig. 4.3. [78] 

4.1.2 Electrical Power Lines 

Electrical power transmission lines have been found to produce 

electrical interference from mains frequencies up to the MHz 

frequency range. Fig. 4.4, shows the radiated typical noise 

spectrum from a transmission line. The RFI is attributed to a) Gap 

discharge radio noise and b) Line conductor corona discharge. [79] 

Gap discharge radio noise is produced by a rapid flow of electric 

current in the air-gap existing between two points of unequal 

potential occurring on electric power equipment. If the potential 

gradient is sufficiently great, in-elastic collisions occur between
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charge carriers and neutral molecules of the air-gap, resulting in 

the production of additional ions and electrons which separate into 

opposite charged clouds. 

An excess of electrons creates an avalanche chain reaction in a 

current surge across the air-gap - radiation from this surge is 

observed as RFI and gas expansion produced by localized air heating 

produces an accompanying audible noise. 

Corona discharge requires only a single charged object at 

sufficiently high potential, either positive or negative. As the 

potential increases, high mobility electrons in the vicinity are 

accelerated by the local electric field, which again by collisions 

with the air-gap molecules produce an excess of electrons. Onset of 

charge avalanching, coincides with corona-threshold attainment and 

initiation of both radio noise and visible spectrum emissions. 

4.1.3 Ignition Systems 

Many papers are available on the subject of automotive ignition 

noise, studies vary considerably on the method of RFI measurements. 

[82, 83, 84] Fig. 4.5 shows the typical RFI spectrums observed. 

The ignition system generates impulsive noise, the ignition circuit 

consists of a battery, induction coil, breaker points, by-pass 

capacitor, distributor and spark plugs. 

Fig. 4.6, shows the event sequence (listed below) in the circuit 

producting RFI. 

a) (Steady state) with the breaker points closed, no RFI
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produced. 

b) Breaker-points open, the distributor gaps are excited 

by an inductive surge in induction coil and the spark 

plug gaps are ignited - RFI generated. 

c) Breaker points again closing, the distributor and 

spark plug arcs are extinguished, the by-pass 

capacitor discharges through the breaker points — RFI 

generated. 

The induction coil can produce voltage spikes exceeding 12 kV, 

creating current peaks of over 200 A. [80] 

4.1.4 Flourescent Lights 

Flourescent lights are typically designed with tungsten wire 

electrodes, separated by a length of a light glass column filled 

with a gas mixture containing argon or mercury. RFI emission is 

generated with the establishment of an alternating current electric 

discharge produced by pulses of high potential current from the 

electrodes. Pulsed current flow in the ionised gas column generates 

interference noise originating from the high current density region 

of the electrodes and which may be augmented in hot cathode tubes by 

random or impulsive emissions from material defects occurring on the 

electrode heaters. Fig. 4.7, shows a typical RFI spectrum measured 

from a domestic flourescent tube. [3]
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4.1.5 Switching Devices 

Switching of electrical current causes RFI, the switch may be either 

a simple key-switch or a solid state switching device, the level of 

interference is dependent on the magnitude and rate of current 

change as mentioned in section 1.2. 

Howell, [85] presented a detailed study of the mechanisms which 

generate noise in mechanical switches and Fig.4.8, shows the noise 

spectrum of these type of switches for different voltage and current 

supplies. 

The Silicon Controlled Rectifier (SCR) and related bi-directional 

solid state switching devices, are widely used in power control. 

The noise sources in the semiconductor devices are well covered in 

the literature, [86] i.e. Johnson noise, shot noise and flicker 

noise. Hall and Palmer, [87] related these sources to SCR operation 

and stated that the noise produced is due to the following: 

a) The generation and recombination of minority carriers in the 

device blocking state generating noise, owing to their 

passage across a reverse biased p-n junction. This carrier 

flow constitutes the leakage current. 

b) The continuous generation and recombination of carriers 

during conduction and switch on. 

c) The avalanche multiplication of carriers during the turn-on 

process.
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d) The re-combination of carriers during turn-off. 

e) Other causes about which little is known, which may be a 

function of the electrical operating conditions. 

They observed noise generated by SCR control and summarized that the 

harmonics present in the waveform of the output voltage, are those 

as obtained by Fourier analysis of the waveform and constitutes a 

series of spectral lines of decreasing amplitude as the order of 

harmonic increases. Fig. 4.9, shows the theoretical spectrum of a 

number of voltage pulses of different shapes and repitition rates. 

In addition to these predicted spectral lines. Hall and Palmer 

noticed the existence of random signals between the harmonic lines 

at the higher frequencies resulting from the influence of cycle to 

cycle variation in a.c. supply voltage amplitude and period. They 

established that the most significant effect which produces noise is 

the random variation in the timing of the a.c. mains period (called 

time jitter). 

Hall and Quelch [10] showed the increase in RFI from a hand-held 

drill motor, when fitted with SCR control as shown in Fig. 4.10. 

References 88, 89, 90, present numerous examples of RFI measurements 

with control devices switching current in both resistive and complex 

loads. 

4.2 RFI from Small Commutator Motors 

This section reviews the available literature on RFI from a.c. 

commutator motors, as very few published papers that deal directly 

with the subject were found, papers which deal with some aspects
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(i.e. d.c. machines) have been included. The work is presented as 

follows; 

a) 

b) 

c) 

a) 

Factors affecting the generation of RFI 

Factors affecting the propogation of RFI 

Prediction of RFI 

Suppression methods 

4.2.1 Factors affecting the Generation of RFI 

At the first conference on 'Radio Interference Reduction' held by 

the Armour Research Foundation (1954), Short [91] summarized the 

sources of noise to be found in commutator motors as the following; 

a) 

b) 

Noise due to commutation: caused by the current switching 

action of the commutator is always present, and need not 

necessarily be accompanied by sparking. [15] 

Noise due to arcing at the end of Comutation: The impluse 

type disturbance of the spark is rich in harmonics, the 

conducting leads act as a antenna causing radiation to occur 

over a wide frequency range. If the gap breaks down 

extremely rapidly, a frequency response up to the VHF band 

can be generated. [92] Additional frequencies known as the 

gyro and plasma frequencies are also generated. These do not 

represent RFI when considered alone, but German [11] 

suggested that it is possible when connected to an antenna
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system, the gyro and plasma ‘generators’ may radiate enough 

energy to become a source of RFI. 

Noise due to Arc conduction between commutator and brush; 
  

current between the brush and commutator segments is carried 

by a group of parallel arcs that bridge a gaseous layer 

present between the brush and the bar. These arcs are 

continually forming and stopping, each time a new bar comes 

under the brush a new group of arcs must be established. 

This action results in an RFI noise source that is envelope 

modulated by the commutator frequency. Motter [1] called 

this, ‘surface noise', and suggested that these transients 

are of a random nature, he showed that surface noise is 

present on slip ring motors as well as commutator motors, and 

produced curves showing the relative level of the two 

(Fig.4.11). Many factors affect the amplitude of the 

transients i.e. amplitude of current through brush face, 

brush material, brush pressure, commutator speed. Fig. 4.11, 

also shows that were attempts were made to improve 

commutation by means of laminated brushes, a lower level of 

RFI was generated. 

Armature Core and Shaft Noise; Changes in current produced 

by commutation currents induce voltages in the shaft and 

armature core; these effects also transfer to the core 

through the high capacitance between the windings and the 

laminations. Short considered the entire machine structure 

as a cavity resonator, possibly becoming a very highly 

Tesonant circuit at certain frequencies. This noise would be 

of a narrow band nature and may be reduced by grounding the
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shaft. 

Motter [93] observed that RFI generation could be reduced in d.c. 

motors by the improvement of commutation. This was affected by 

a) The use of laminated brushes to aid the reversal of current 

and 

b) by shifting the brushes with respect to the magnetic neutral. 

The laminated brushes used on the test machine were made of four 

laminations of equal size but different resistivities the 

laminations were insulated from each other to reduce circulating 

current across the brush face. He concluded that for a given 

machine design, there is a finite laminated brush design to provide 

optimum performance by this method. Fig. 4.12, shows a comparison 

of test results with normal brush and with laminated brushes. By 

shifting the brushes from the magnetic netral he found that there is 

an optimum brush position where the RFI generated is a minimum, 

either side of which RFI is increased as commutation deteriorates. 

Nelson and Diehl [94] further examined the brush operation 

with respect to RFI, their findings listed below state that 

brush polarity, brush-commutator contact, rotational speed 

and brush stability, have significant influence on RFI. 

a) Brush polarity; tests on d.c. equipment showed that the 

interference level at the cathode brush is always higher than 

at the anode, this has been explained by the conduction
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characteristic of the copper oxide film on the commutator 

surface. Approximately ten times as much RFI generated at 

the cathode interface as at the anode. Experiments with 

chromium plated ring surfaces showed that the interferance of 

the cathode brush can be reduced, indicating that the 

influence of RFI at the brushes can be attributed partly to 

copper slip rings and commutation (See fig. 4.13). 

Variations of the sliding contact resistance; RFI generally 

decreases with contact resistance and for a given type of 

brush composition the contact resistance generally decreases 

with the specific resistance of the material. Significantly 

lower brush resistance result in a corresponding reduction in 

brush temperature, which in turn decreases the level of RFI 

by retarding the rate of oxidation at the contact surface. 

High brush current densities tend to hasten the formation of 

the oxide film on the sliding metal surface and coupled with 

the current switching was shows to increase RFI as shown. 

Random variations in contact resistance due to irregularities 

in the oxide film were found to give rise to increased RFI. 

Brush stability; too low brush pressure results in high RFI 

from brush variation and chatter disturbing the electrical 

contact and is able to cause severe arcing. Too high 

pressures increase RFI levels because of rapid and 

non-uniform brush wear. Fig. 4.14, shown RFI measurements on 

slip ring contacts with varying brush pressure. Reference 

95, reports similar findings on a.c. commutation and states 

that an optimum brush pressure can be selected form minimum
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radio interference. Nelson and Diehl stated that contact 

resistance variation resulting from brush bounce and chatter 

far over-shadow, the normal variations due to commutation 

surface film. Brush stability can also be increased with 

good brush holder design and they observed that in many cases 

the workmanship on brush holders is not nearly as good as 

that applied to other parts of the equipment. 

Rotational speed; Noise levels increase as speed of rotation 

increases especially in commutator motors. This is thought 

to be due to increased current switching repetition rate. 

Hall and Quelch, [10] however, produced data (Fig.4.15) 

showing that RFI levels tend to level off beyond 

approximately 15,000 r/min, but the reason for this is not 

explained. 

Schobert [40] reported work by Coquillette and others showing a 

series of tests on brush materials, ring materials and machines for 

which the conducted RFI spectra had been recorded, the main theme 

showing higher RFI at the cathode brush. Fig. 4.16 shows RFI levels 

on the 'Negative and Positive’ conductor of universal motor on a.c. 

supply - but no explanation for the difference in RFI levels between 

the two is given. 

Some additional sources of interference considered to be present in 

the brush - commutator circuit are listed below;
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Interference from thermoelectric voltage generation increases 

with increased current density in the contact areas. As the 

current density is increased, more heat is generated in the 

contact resistance and the temperature of the brush surface 

and the commutator surface increases. This heat is generated 

in the small actual conducting surfaces which carry the 

current from the brush to the commutator, The magnitude of 

this interference is increased as the current density 

increases. 

Thermal agitation is provided by current flow through a brush 

material and varies with brush temperature. Usually this 

effect is so small it is considered negligible. 

Material transfer takes place when the arc, carrying current 

between the brush and the commutator, developes a temperature 

sufficient to melt microscopic metallic areas of the 

commutator. The metallic material may or may not be 

deposited on the brush face. The presence of this material, 

either on the face of the brush or in the space between the 

brush and the commutator, causes still greater irregularities 

in the contact areas and is conducive to an increase in 

interference. Loosened bits of brush material can also cause 

irregular contact areas. 

In the early 1970's, ERA [96] attempted to correlate the r.f. 

voltages generated by a.c. commutator motors with their physical and 

dynamic properties. Information was collected on a number of 

motors, but results proved unsatisfactory for any relationships to 

be established. A steady reduction in r.f. voltage was however
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noticed during the continuous running of a motor, [97] but no 

correlation of RFI and motor parameters during continuous running 

emerged. It became evident that statistical investigations on RFI 

would not yield significant results. 

A further study [98] into the properties of commutator motors was 

undertaken, the waveforms of interference voltage at the supply 

terminals were interpreted as consisting of three components:- 

a) The voltage at the motor terminals due to the commutating 

current. 

b) Emf's due to fluctuation in magnetic flux, caused by rotor 

slots passing the pole faces. 

c) The voltage due to sparking at the brushes. 

On testing motors generating excessive levels of RFI, examination of 

the machanical construction of the brush holders revealed that they 

were insecurely mounted in the main body of the motor, and the 

Teport concludes "All efforts to reduce sparking due to electrical 

effects would be wasted unless a stable mechanical design could be 

ensured”. 

Attempts were made to reduce RFI generated by fluctuations in 

magnetic flux caused by slotting of the armature by using "skewed" 

slots. [99] But comparisons made with normal slots showed no 

appreciable difference. 

Comparison between 12 bar and 24 bar commutators [95] showed that
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the 24 bar produces a lower level of RFI see Fig. 4.17. This 

difference is attributed to the reduction of stored energy in the 

commutating coil that would occur for the higher number of 

commutator segments, where the inductance of the coil is thought to 

be less. No measurement of inductance was demonstrated, so this 

result is not considered to be conclusive. Significant increases in 

RFI levels were obtained with increase in motor loading and armature 

‘out of balance’ tests as shown in Fig. 4.18. From these results it 

seems that an improvement in mechanical stability would reduce the 

inherent level of RFI. 

Extensive studies have been taken by the ERA into the variation of 

RFI with different brush grades and brush lubrication. [100, 101, 

102] Although improvements can be made with correct selection of 

brush grade and lubricant, the mechanical stability of the brush 

arrangement is still considered to be an over-riding factor. 

Hall and Quelch [10] carried out a detailed study into the 

mechanisms affecting the generation of RFI in motors (listed in 

Section 1.3). They attempted to determine the importance of these 

mechanisms, in terms of the interference level which they generate 

and by isolating the individual RFI sources so far as is 

practicable, they established RFI levels by practical measurements. 

They concluded that the commutator brush contact variation and the 

commutation of the armature coils, are the main sources of RFI. 

Their work is discussed further in section 4.5. 

4.2.2 Factors Affecting the Propogation of RFI 

A commutator motor may be regarded as a radio frequency generator,
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which produces r.f. voltages between its terminals and also between 

each terminal and frame. The r.f.voltages between the terminals of 

the appliance is termed the symmetric mode of interference, the r.f. 

voltages between each terminal and frame are termed the asymmetric 

mode. These symmetrical and asymmetrical voltages produce r.f. 

currents in the supply wires. Most interference sources can be 

associated with both modes, and either mode may predominate in any 

particular frequency. This is in part, due to the nature of the 

generating voltages involved, but, chiefly as a result of inductance 

and stray capacitance present in the machine structure and supply 

wiring. These stray impedences have the effect of tuning the 

interference giving rise to resonant peaks and troughs of the 

interference spectrum. 

Livshits, [14] formulated a high frequency equivalent circuit of a 

symmetrical series wound motor as shown in Fig.4.19. The 

commutating contacts between the brushes and commutator bars are 

considered as the interference generators. The circuit impedences 

are composed of: 

a) the inductance a. resistance (r,) and self interturn 

capacitance (c,) of the field windings. 

b) The inductance (L,,)» resistance (r,,) and self interturn 

capacitance c,. of the armature. 

c) the stray capacitance between the field winding and the motor 

frame C.. 
e 

d) the stray capacitance between the armature winding and motor
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frame C_. 
‘ar 

In Fig. 4.19(b), the field winding and armature winding impedences 

are combined into a common circuit with parameters Ly Cy and 

Ty. Livshits considered that the capacitance Ce may be neglected 

as it is fairly small. Thus the impedance between the external 

terminals of the motor A, B and the frame F is termed the 

asymmetrical internal impedance, Z,_ and that between terminal A ia 

and B is termed the symmetrical internal impedance, 
245° 

In order to assess the magnitude and nature of the internal 

impedences Livshits tested a number of domestic appliance motors. 

The measurements showed that the internal impedences of a commutator 

motor when it is on operation are very little different from their 

values in the absence of current, when not in operation. Fig. 4.20. 

shows the frequency dependence of Z is measured on two vacuum 

cleaner motors. 

Conducted interference generated by an electrical device (i.e. in 

the low frequency range) is assessed by the interference voltage on 

the load (See section 4.4.1). Under practical conditions the high 

frequency load of the interference source is the supply circuit 

itself. The magnitude and nature of the high freuquency impedence 

of the supply circuit depends on factors such as the type of cable, 

the layout, its length, the number of branchings, the nature of the 

load and the presence of nearby conducting masses. It has been 

shown that over the frequency range, the supply circuit load can 

vary from a few ohms to the kilo-ohm ranges in a complex manner. 

References (92) and (103) show impedence measurements of field and 

armature windings for a number of appliances (Fig.4.21).
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In 1972 a similar equivalent circuit was postulated by the ERA [92] 

as shown in Fig. 4.22(a). All the windings of the motor are shown 

to have interturn and interlayer capacitance and stray capacitance 

to the field laminations, which in turn has a stray capacitance to 

earth (or direct connection if the stack is earthed). It was 

concluded that the impedance measurements provide useful information 

on the r.f. performance of the motor and also provide an explanation 

for anomalous behaviour observed in the frequency spectrum. 

Similar tests [104] were made on motors at frequencies above 10MHz. 

The symmetric impedences were found to consist of the 

self-capacitance and core loss of the armature and field windings, 

the asymmetric impedences consisted of the stray capacitance of 

field windings to earth. 

A number of papers 105, 106, dealing with propogation from 

commutator motors were produced by the ERA in the mid 1970's. 

Investigations show that they stray capacitances present in small 

motors play a significant role in controlling the level of 

interference voltage measured at the mains terminals. The confining 

of interference currents to within the motor itself, is carried out 

to a certain extent already, and could possibly be improved much 

further by more thoughtful design. In general, stray capacitances 

in series with r.f. current paths should be minimized (thereby 

giving a high impedence to the r.f. current flow). Where the 

current can be diverted away from the mains terminal this 

capacitance should be maximized (thus giving a low impedence to the 

r.f. current flow). Extensive measurements of r.f. currents were 

made around the motor to find the flow paths. This resulted in a 

detailed equivalent circuit, showing actual stray capacitance values



127 

(Fig. 4.22(b)). 

Reference 107 proposes that suppresion measures are only effective 

if the filter components are installed to attenuate the dominant 

mode of r.f. current. Equally the impedance of the source is an 

important factor and can affect the performance of the suppressor. 

Measurement of the relative magnitudes of the two current modes 

provides valuable information and a comparison of both currents 

results in a more complete understanding of the overall situation. 

Hall and Quelch [10] postulated an extremely detailed h.f. 

equivalent circuit of a commutator motor shown in Fig. 4.23. The 

circuit parameters are as follows; 

a) Four components of the model that represent the metal parts 

(excluding windings), which with earth, are shown in heavy 

lines; 

(4) the rotor lamination stack 

(4i) the rotor shaft 

(441) the gearbox 

(iv) the stator lamination stack 

b) The fixed capacitances - with parallel resistors to allow for 

loosiness represent the capacitances of the insulation 

between the winding and metal parts, or between the metal 

parts themselves;
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(v) Rotor winding to rotor lamination stack Ces 

(vi) Rotor winding to rotor shaft Oreae 

(viii) Stator winding to stator lamination stack, Coal 
3 

(xi) Stator lamination stack to gearbox, Weg 

Other fixed capacitances, discrete components within the 

suppressor, or the mains isolating network and the artificial 

hand used for test purposes. 

The variable capacitances are: 

(x) Rotor lamination stack to stator with air dielectric, 

Ct which varies periodically with rotation due to 

slotting; 

(xi) Rotor shaft to gearbox with gearbox lubricant 

dielectric, C. eeth? which varies with rotor angle in 

a rather random way. 

The randomly variable bearing resistance RB carts ng 

and brush contact resistances are shown. 

Two stator windings are represented with transformer coupling 

to the rotor winding with further crossed-coil transformer 

coupling to allow for the rotationally induced e.m.f's. Each 

stator winding has an associated d.c. resistance Rac and 

leakage inductance Ly which are assumed constant. The
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magnetic properties of the iron path are accounted for by 

non-linear inductor Ly in parallel with a non-linear 

resistor ot In parallel further is linear inductance L, 

representing that due to the airgap. Ly and R vary 

throughout the operating cycle in a manner governed by the 

hysteresis loop. 

e) The rotor winding of the test machine comprises 24 coils 

wound to form a closed loop, the rotor current flowing 

between the brushes in two parallel paths. Each brush shorts 

one or two rotor coils, depending on rotor angle. A pair of 

coils is shown 'shorted' by the contact resistance of each 

brush, each coil having an impedence Ze The remaining ten 

coils in each armature path have impedance 10 Z- 

Measurements were made of the circuit parameters, but the complexity 

of the circuit made it difficult for any analytical assessment of 

the RFI mechanisms and accordingly they adopted an experimental 

approach to measure the relative importance of the interference 

sources and propogation modes. 

4.2.3 Prediction of RFI 

Motter [1] calculated the harmonic components of a rectangular wave 

using Fourier Analysis and compared them with those measured from 

RFI sources as shown in Fig. 4.24. He discussed that it is 

convenient to describe the nature of RFI in terms of this analogy 

and observed that increasing either the repetition rate or the 

voltage of the rectangular wave, increases the harmonic amplitude in 

direct proportion. This inferred that by knowing the amplitude and
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repetition rate of an interfering source, the RFI spectra of that 

source could be obtained by Fourier Analysis as in the case of the 

rectangular wave. It was recognised that in practical cases, the 

slower rise and fall time of the impulse noise would lead to lower 

harmonic amplitude than those predicted by this simple technique. 

Andone [108] presented a simple graphical technique to predict the 

levels of RFI for various pulse shapes. He utilized the properties 

of the Fourier transform to developed a piece-wise solution for the 

harmonic analysis of complex waveform shapes. Thus by solving the 

Fourier Integral for various frequency ranges is is possible to 

sketch its spectrum envelope across the frequency band, Fig. 4.25 

shows a number of pulses and their associated RFI spectrum envelopes. 

The use of this type of RFI prediction techniques is of limited use 

for predicting RFI from electric motors, even if the true pulse 

shapes could be estimated, the solutions obtained neglect the 

effects of the high frequency circuit parameters and their tuning 

effects across the frequency range. An attempt to allow for the 

attenuating effects of leads and source shielding was considered in 

a prediction technique proposed by Babcock and Sagasta. [109] They 

documented both conducted and radiated measured RFI levels for many 

voltage steps and pulses of varying rise times and different lead 

lengths. The final data presents a set of charts that can be used 

to calculate the level of RFI generated from a known pulse shape 

Fig. 4.26. Additional correction charts were included to allow for 

different configurations of lead wires. 

Holownia [110] utilized state-space analysis techniques for the 

prediction of RFI from electrical networks. From the equivalent 

circuit of the noise source and with the generating sources
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represented by ideal electric switches the noise spectrum can be 

calculated. The network is characterised by the state of the 

switches at any instant. The state can be defined by means of a 

network state vector, considered in the n-dimentional space of 

network switches, where n is the number of switches in the network. 

The full cycle of the switch operation is characterised by four 

states, (Fig. 4.27). The stationary states (where the switch is 

either open or closed) are denoted by c., such that: 

Coy = C(x,) = €(00), steady state switch open 

Coo = (x4) = (11), steady state switch closed 

A change of switch state causes generation of transient pulses 

corresponding to a generation state co : 

cer = C(x, ) = C(01), switch closing 

Coo = C(x, ) =  C(10), switch opening. 

In general, if the circuit contains n independent switches, then the 

  

total number of states of the network, C (x, Ys Z «esses N), to be 

taken into account in the analysis is: 

c = 4 (4.1) 

with Cs Ge tC (4.2) 

and C= gn (4.3)



132 

then cs 4m — 2” (4.4) 

with every different stationary state of the equivalent circuit 

there corresponds a different configuration of the network (i.e. 

different number of nodes and branches) and different values of node 

voltages and branch currents. Thus different generation states of 

the network are accompanied by the generation of different RFI 

spectra. 

For the determination of the spectrum amplitude of impulses produced 

in the generation states, c.. it is necessary firstly to carry out 

a 'steady-state' analysis. This is to determine the values of 

current flowing through closed switches and voltages across open 

switches for all stationary states c., of the circuit. 

These values are easily calculated by application of normal circuit 

laws and circuit analysis techniques. 

In the analysis of the generation of interference caused by a change 

in the networks stationary state Ce to the state ae, asa 
as 

result of the operation of the switches, all of the switches whose 

operation causes a change in network state are substituted by 

“spectral density sources” equivalent to the voltage or current step 

change invoked. Again by the application of normal circuit analysis 

techniques the resulting spectrum amplitude at any network node can 

be calculated. 

Holownia showed that the spectrum amplitude obtained from the 

calculation could be converted to interference levels indicated by 

CISPR type Quasi-peak receivers. Ref. 111, ultilises the above
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method of analysis to predict the level of RFI produced from a 

greatly simplified equivalent circuit of an electric motor and its 

high frequency load (the supply circuit). It is stated that 

considerable progress in the solution of electromagnetic problems 

may be achieved by a more accurate identifiction of the equivalent 

circuit within the high frequency range. The calculated results 

obtained by applying the prediction technique, compared favourably 

with RFI levels obtained by measurement. 

4.2.4 Suppression of RFI 

The common RFI suppression components and suppression techniques 

have already been presented in section 2.4. In practice, 

suppression network synthesis utilises empirical and heuristic 

techniques to find the optimum circuit parameters. This section 

reviews some papers published on the subject of aiding the analysis 

and synthesis of suppression networks. Suppression networks are a 

form of low pass filters i.e. are able to pass the main supply 

current of 50 Hz but, impede the flow of RFI currents. 

A number of text books consider practical filter network design 

methods. Reference (4, 112, 16) present RFI suppression circuit 

configurations for use on motors in various applications. Filter 

performance is assessed by the amount of RFI attenuation by the 

network. Attenuation, A, expressed in decibels (dB) is derived in 

the following manner; 

A (dB) = 10 log 10 PP. (4.5) 

Where P, is the power delivered to the load before the insertion
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of the filter and, Ps the power delivered to the load after the 

insertion of the filter. Since the load impedence remains 

un-changed then; 

A (dB) = 10 log 49 V,/V, (4.6) 

os voltage across the load before the insertion of the filter 

and Va = voltage across the load after the insertion of the filter. 

This is termed the ‘insertion loss' of the filter. References 113, 

114 examine a number of common suppression filter circuits to 

measure their insertion loss and thus the effectiveness of the 

suppression. 

Ref. 115, summarised the information required for the optimisation 

of suppression components as follows; 

a) Identification of the source; in a large system the specific 

source of noise may not be obvious and suppression at the 

source may be preferable to a filter at the mains input to 

the device. 

b) Required attenuation: from a measurement of radio 

interference by the specified method the extent by which the 

interference exceeds the limit is determined and the required 

insertion loss, including factors allowing for production 

spreads, can be derived for all frequencies. 

co) Mode of propogation: there are basically two modes of



135 

Propogation, symmetric mode and asymmetric mode of which are 

of direct concern. Most interference sources can be 

attributed with both modes and either mode may predominate in 

particular frequency ranges. For many appliances, the 

symmetric mode tends to be dominant over the frequency range 

150 kHz to 1 MHz. The importance of knowledge of the mode of 

Propogation is that certain suppression components will only 

be effective for one mode and where limitations of 

suppression capacitance exist for example, more complex 

filters may be specified without the necessity for a 

prolonged series of tests. 

d) Source impedance; A knowledge of source impedance is useful 

in that it allows calculations of insertion loss to be made, 

which provide prediction of the effectiveness of simple 

filters. It also determines the way in which complex LC 

filters should be installed and provides explanations for the 

interactions that sometimes occur between suppression 

components and the source usually due to series resonance. 

Fig. 4.28, shows a simplified equivalent circuit of the motor and 

the mains supply. The motor is represented by e and ey the 

interference voltage sources, a and zo the symmetric 

impedance, 2, the assymmetric impedance. The mains circuit 

becomes the high frequency load of the RFI currents and is 

represented as a V-net-work of Zn source impedance. From this 

simple diagram the symmetric (1) and asymmetric currents (1) 

can be estimated i.e.
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Ig = ej(1 + 22/223) + e2(1 + 24/223) (4.7) 

21 22/23 + Z1 + Z2 

where 2] = Z'; + Zp, and Zj = Z'9 + Z 

Ig = ey 24/23 + eg 22/23 (4.8) 

Z1 22/23 + 21 + 22 

For high values of 25, the symmetric current reduces to 

I, = Ce, + en / (2, + Z)) which is the simple series 

current. The ratio of symmetric and asymmetric currents depends to 

a large extent on the ratio of impedence Z1/Z3 and 22/23 

Reference (115), uses this simple approach to calculate the response 

of different filter components for various combinations of 

interference source and impedences giving rise to the different 

modes of RFI current flow. 

Shifman [33] presented a set of nomographs to obtain the insertion 

loss characteristics for any one, two or three element RFI filter 

configurations. He critisised the design equations for filters 

found in various textbooks since in practice the circuits 

synthesised from these equations rarely work satisfactorily. RFI 

filters are often subjected to current or voltage levels which make 

the element values determined by the handbook equations 

impractically large. For instance, the two element Butterworth 

filter with a cutoff frequency of 10 kHz calls for a capacitance of 

0.45pF and an inductance of 1.13pH. 

The design of such an inductor presents no problem if it is required 

to carry only 10 or 20 mA. However, if it must carry 20 amperes
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without saturating or overheating, it may become too bulky to be 

practical. It would be prefereable to use a different set of 

element values and still obtain the desired amount of insertion loss 

at frequencies above cutoff. Shifman states that this is possible; 

however, the equations which describe the insertion loss response of 

such modified or 'non-ideal' filters are not available in any 

readily usable form. 

He developed a graphical method for the analysis and synthesis of 

RFI filters. By using standard charts and curves presented in the 

text the user is able to calculate suppression component values for 

a required degree of insertion loss. Cowdell [32] presented a 

graphical aid for the design of by-pass and feedthrough capacitor 

filters (the type commonly used on motors, see section 2-4). By 

studying the practical response of various designs of capacitors, he 

constructed a series of normalised performance charts and graphs. 

From the data the user is able to select the appropriate suppression 

capacitors. 

4.3 RFI Detection Methods 

The mechanism of RFI propogation is a complex mixture of conduction 

and radiation. In general, at the lower broadcast frequencies 

(i.e. 30 MHz) conduction is more important whereas at higher 

frequencies are conducted signals are substantially attenuated by 

supply wiring and radiation becomes more predominant. RFI measuring 

receivers have developed in a way bearing closely upon the method of 

Propogation and the type of reception being protected, Fig. 4.29 

shows the typical block diagram of a RFI measuring receiver. The 

broadband noise from commutator motors is a combination of impulse
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and random noise. [116] The approaches to measure broadband noise 

has led to the development of a number of different types of RFI 

receiver detector circuits i.e. 

i) Quasi - Peak detection 

ii) Peak detection 

iii) R.M.S. detection 

For the measurement of predominantly random noise sources, it has 

been necessary to develop statistical methods of evaluating the 

noise, i.e. 

iv) Amplitude Probability Distribution (APD) 

v) Noise Amplitude Distribution (NAD) 

As mentioned earlier, most developed countries had a radio- 

telegraphy capability by the early 1930's, at this time it was only 

necessary to protect amplitude modulated sound broadcasting in the 

long and medium wavebands. The early interference measuring 

receivers used bandwidths of the order of 10 MHz, similar to the 

radio sets of the period. Subjective tests were made to determine 

the relation between the response of the measuring receivers and the 

‘annoyance' caused by different types of electrical interference. [117] 

The Quasi-Peak receiver was found to give good agreement between 

measurement and subjective assessment of the effects of impulsive 

interference. Quasi-Peak pulse response is dependent on repetition
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frequency and the peak value of the input pulse. (See section 

4.3.1). 

RFI measuring equipment incorporating this type of detector are in 

use in most European countries, having been adopted by CISPR and 

British Standards Institution as the current measurement standard. 

Naturally, the RFI limits are specified, based in this type of 

measuring set. A number of papers 74, 118, 119, have been published 

correlating Quasi-Peak measurements with other types of detectors. 

The peak detector (interference measuring equipment which responds 

only to the maximum amplitude of any complex waveform) is in use 

throughout the U.S.A. These receivers provide no additional 

information concerning the type of interference being measured and 

have not specified pulse response. Results of peak measurements are 

usually quoted in terms of unit bandwidth hence although it is not 

necessary to specify the bandwidth, the actual value must be known 

throughout the frequency range. Average detectors are often fitted 

to peak measuring sets as an addition facility to measure carrier 

wave or modulated signals. 

In Sweden, the r.m.s. detector is perferred, this has a response 

proportional to the square root of the bandwidth and the square root 

of the pulse repetition frequency. It is considered to give a 

better correlation between subjective annoyance and response to 

interference from power lines and other interference of high pulse 

repetition frequency. 

The statistical methods of noise evaluation (APD and NAD) have been 

used extensively in work on transmission lines [79] and ignition
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systems [83, 120], but as yet, these have not been applied to 

commutator motors. 

4.3.1 Quasi-Peak Detection 

The accepted definition of a Quasi-Peak measuring set, is one in 

which the detector indicates a fraction of the peak value and this 

fraction approaches unity as the pulse repetition frequency 

increases. [117] The response of any detection circuit is dependent 

on the receiver bandwidth and hence the bandwidth characteristics of 

the Quasi-Peak receiver are also specified. For measuring sets in 

the low frequency range from 0.15 - 30 MHz, the receiver bandwidth 

as specified by CISPR and BSI is 9 kHz and for the high frequency 

range from 30 - 1000 MHz the bandwidth used us 120 kHz. 

Fig. 4.30, shows a simplified Quasi-Peak detector circuit. Rc is 

the circuit charging resistor giving a charging time constant Tc of 

Roc and Ry the capacitor discharge resistor giving a discharge 

time constant Td = Ro. The choice of Tc and Td to give the best 

correlation between subjective annoyance and pulse response, has in 

the past, varied from country to country. The present EEC standards 

conform to values recommended by CISPR and BSI as follows; 

a) In the frequency range 0.15 - 30 MHz 

Tc = lmsec. Td = 160 msec. 

b) In the frequency range 30 - 1000 MHz 

Tc = 1 msec. Td = 550 msec
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The response of the Quasi~Peak detector has been studied extensively 

both experimentally and theoretically 121, 122, 118. The general 

form of the pulse response curve is given in Fig. 4.31. Here the 

Quasi-Peak response Vqp is in terms of percentage of peak Vp i.e. P 

= 100 Vap/Vp is plotted against factor “, 

  

where a= 2 i 
4 Ta 

and N = pulse repetition frequency 

B = receiver bandwidth 

A theoretical derivation of this function is given by Haber. [118] 

Frick [123] calculated the response of a Quasi-Peak detector Yop? 

to a train of rectangular pulses of amplitude A, duration d and 

period T where d« K.& T and T << Td as; 

ve =a/(l+ TR,/dR4) (4.9) 

In this case, since the peak value yD = A, therefore 

P= 100. (1+ TR,/dR,) (4.10) 

but this is only valid if a) the pulse repetition rate is constant 

and b) the pulse train is uniform in amplitude and waveform. Haber 

[118], considers the case for periodic pulses with random amplitudes 

for the case of broadband type noise. 

Jackson [74] discussed that the response can be shown to be related 

to the subjective annoyance caused in sound and vision reception but 

may not be entirely adequate in relation to the error rate in
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digital transmission systems. Hsu [121] also critises the use of 

Quasi-Peak readings in relation to communication systems. As a 

summary, the output meter of a measuring set having a Quasi-Peak 

detector depends on; 

a) the bandwidth of the receiver 

b) the time constant of the detector 

c) the repetition frequency of the pulses. 

4.3.2 Peak Detection 

Jackson [74] describes two forms of peak detection in common use; 

a) the direct reading peak meter 

b) the slide-back voltmeter 

The direct reading peak meter is similar in design to the Quasi—Peak 

meter, except that the charge time constant is very much shorter 

typically Tc = 10psec., and the discharge time constant is much 

longer almost approaching 1 second. The pulse response may be 

evaluated by the same methods as the Quasi-Peak instrument and the 

values of time constant quoted yield a flat response over a wide 

range of pulse repetition frequencies. 

The slide-back voltmeter functions by balancing the interference 

waveform against a known d.c. reference and is inherently capable of 

indicating the true peak of any waveform irrespective of pulse
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repetition frequency. 

4.3.3 Statistical Methods of RFI Evaluation [81] 

Random noise consists of frequency components which are random in 

amplitude and phase, the energy unlike broadband impulse noise, is 

not distributed in planes of spectral response, but, distributed 

randomly in the time and frequency spectrums. The nature of this 

type of noise has led to the development of statistical techniques 

in order to evaluate it. 

The Amplitude Probability Distribution (APD) method, assumes that 

the radio noise signal X (t) observed at the output of a 

receiver-antenna circuit, tuned to a carrier frequency = has a 

temporal representation; 

X(t) = V(t) Cos (a,t + M(t) (4.11) 

Where both the voltage-envelope amplitude V(t) and the carrier 

phase, 0(t) are time dependent variables. The cumulative 

probability that the instantaneous value of the envelope V(t) 

exceeds a specified value V during the measurement period T is 

designated the Amplitude Probability Distribution. The APD for the 

noise envelope voltage is written as an integral of the envelope 

density function, p(V); 

00 

APD = | p(V).av (4.12) 

v(t)
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Fig 4.32, shows the block diagram for an instrumentation system for 

obtaining pulse amplitude density data of ignition system noise. 

The measured noise is plotted in terms of the percentage 

measurements exceeding a specific noise level at preset frequency 

(see example Fig. 4.33) and this curve represents the APD of that 

noise source. 

Hsu et al [120] compared ignition system APD with standard 

statistical distribution functions (i.e. log-normal distribution, 

Rayleigh distribution, Weibull distribution) to find which if any, 

represents the APD of the system tested, they concluded that the 

Weibull distribution provided the best fit. 

Noise Amplitude Distribution (NAD) is an impulse counting technique 

and plots the measured interference at a preset frequency against 

the average number of noise pulses per second received. Fig. 4.34 

shows an NAD counting arrangement presented by Oranc. [83] Fig.4.35 

shows an example of measurements made using this technique of 

traffic noise. 

4.4 RFI Measuring Techniques 

RFI measuring techniques currently employed are as follows: 

a) Measurement of conducted RFI in the low frequency range, 0.15 

- 30 MHz 

b) Measurement of radiated RFI in the high frequency range, 30 - 

300 MHz
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4.4.1 Measurement of Conducted RFI 

In the frequency range 0.15 - 30 MHz radio frequency terminal 

voltage measurements are made across resistive impedences of 1505. 

connected in a V-network between live and earth and between neutral 

and earth, The technique is standard and is specified in B.S. 727 

[18] and CISPR [124] documents. 

The V-network is incorporated in an ‘artificial mains network' (also 

called isolating unit, line impedence stabilising unit). The 

purpose of the artificial mains network is to enable r.f. voltage 

measurements to be made under controlled, repeatable conditions, 

providing sufficient isolation (from the mains) and to ensure that 

the impedence is unaffected by variations in mains impedence. 

Isolation is important to ensure that extraneous interference 

already present on the mains is adequately reduced in the measuring 

circuit to make errors negligible. [125] 

The value of 150 ohms was selected as the mean value of a large 

number of measurements of impedences of domestic appliances. 

However recently is has been observed that the average mains 

impedance in the U.K. is better represented by a 25 pa inductance in 

parallel with a 50M resistance. Other countries show higher 

values, and as such a compromise of 50 pH in parallel with 50S. has 

been accepted as an alternative artificial mains network based on 

world-wide measurements of mains impedence. [126] At present, the 

EEC and BSI allow the use of both this new artificial mains network 

and the standard 150M artificial mains network.
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4.4.2 Measurement of Radiated RFI 

In the frequency range above 30 MHz propogation of interference is a 

complex combination of conduction and radiation. For many years 

r.f. terminal voltage measurements were made in this Tange using a 

modified artificial mains network and supplemented where necessary 

by radiated field measurements. Terminal voltage measurements, 

however, did not give good correlation with the disturbances 

produced by an appliance under practical conditions, whereas 

measurements of radiated field strength do provide a good 

correlation but, require considerable laboratory space free from 

reflecting objects and free from extraneous interference. [127] 

In the mid 1960's comparisons were made between various detection 

methods of measuring RFI in the VHF range, [128] the methods were; 

a) Field strength measurements. 

b) Field strength measurements by means of substitution. 

c) Earth-current measurements by means of substitution. 

d) Terminal voltage measurements. 

An important step was taken when it was observed that the majority 

of interference produced by an appliance is radiated from the first 

few meters of the mains cable. [129] From this, Larrson of the 

Swedish Telecommunication Administration Laboratory, developed a 

method that could be used in an average sized laboratory 

subsequently called the ‘Swedish Method' of measuring field
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strength. Coaxial Filters were slid over the mains cable to a 

position where a receiving dipole (placed several meters away from 

the source) detected a maximum field strength (Fig. 4.36). The 

interference capability of the source is defined in terms of the 

equivalent power which would have to be fed into a half wave dipole 

located in the same place in order to obtain the same reading. 

Meyer 130, 131, replaced the co-axial filters with a ferrite tube, 

the major portion of the radiated interference is obsorbed by the 

ferrite material. Under these conditions, the input interference 

current is in direct proportion to the power obsorbed. This was 

developed by the Swiss Post Office and became known as the 

‘absorbing clamp' method. In 1967, CISPR adopted this method as a 

standard for VHF interference measurements. 

With the ‘absorbing clamp' method, the mains supply lead to an 

appliance , is loaded by a substantial amount of ferrite material, 

sufficient to provide a resistive termination to the interference in 

the frequency range. The interference is measured by a ferrite 

cored current transformer installed between the appliance and the 

load. The current transformer and ferrite load are constructed 

together in the form of a clamp or tube and the position on the 

mains lead is adjusted for maximum interference (generally obtained 

at or near quarter wave-length separation between clamp and 

appliance). (Fig. 4.37). 

Fromy [132] proved mathematically that the maximum power that a 

given source can feed to a wire-type aerial can be expressed, as a 

first approximation by the same form equation as that giving the 

maximum power absorbed by the clamp.
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Numerous comparative tests for the measurement of interference 

capability carried out in Switzerland, Sweden, U.K. and the 

Netherlands have shown good correlation between the results obtained 

with this method and field strength measurements. [133, 134,135, 136] 

4.5 Discussion 

Information on the subject of RFI from motors gathered in the 

Engineering Department at Hoover in the past had been of only 

limited practical use; infact, very little of it dealt with the kind 

of problems encountered by them in design and manufacture. Thus the 

first action taken on the project was to carry out a comprehesive 

literature review as presented in the earlier chapters and in 

particular section 4.2. This work provided a good background into 

the subject of RFI and and the present 'state of the art' as regards 

interference from small electric motors. From this study, possible 

avenues for research into the problems outlined by Hoover steadily 

emerged. 

Broadly speaking the research for this project followed three 

distinct paths as the final project proposals described in section 

2.6 i.e. 

a) To study the factors affecting the generation and propogation 

of RFI in the motor design parameters 

b) To study the influence on RFI levels due mechanical 

variations arising from the manufacturing processes. 

c) A case-study to determine the sources of RFI variability from
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mass produced motors. 

(The scope of the case-study (c) and the research methods adopted 

are detailed in Chapter 7). 

In approaching the work for (a) it was initially thought that an 

analytical technique to predict the level of RFI from motors might 

be developed in order to calculate the interference due to different 

motor design parameters. Holownia [111] showed that his RFI 

prediction method from high frequency equivalant circuits could be 

applied to small motors and he presented results obtained from 

calculations which compared favourably with those measured in 

practice. He added, that better the conformity of the results could 

be obtained if a more representative equivalent circuit could be 

defined. 

Hall and Quelch [10] postulated an equivalent circuit for a series 

motor incorporating the interference generating mechanism within the 

system. This they felt would only be representative up to a 

frequency of 1 MH 5 above this frequency the equivalent circuit 

would be greatly complicated by the fact that each parameter is 

"frequency dependent". 

To apply Holownia's technique to this circuit, although not 

impossible, is extremely difficult and it was felt that the 

equivalent circuit would not reflect the subtle design changes and 

variations that required investigation. A further concern was that 

Holownia had used as his 'source' of interference, a simple on/off 

switch - this is too great a simplification of the commutation 

process which involves a complete reversal of current and is very
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difficult to model. As a result it was decided that although an 

analytical techniques had originally seemed possible, more detailed 

investigation showed that this was impractical. Accordingly, an 

experimental approach was decided on. 

Hall and Quelch had presented a systematic test procedure for 

determining the different interference sources. The technique was 

to isolate the sources as far as possible and to measure the levels 

of RFI produced. To facilitate this, their test machine was 

specially mounted to give ready access for changing internal 

components. It was driven separately through a resilient rubber 

coupling by a similar drill motor. The physical isolation of the 

interference sources being affected by building up the machine in 

stages as follows: 

i) The commutator brushes were removed and the two stator coils 

connected in series, thus eliminating the RFI generated by 

the rotor winding and commutator. This left only the 

interference mechanism incorporating the variation of the 

parameters of the field system, the stator stack to rotor 

stack capacitance and the gearbox to rotor shaft capacitance, 

together with their associated interference current paths. 

ii) The additional influence of the commutator and brush contact 

resistance was assessed by using an unwound armature with 

opposite commutator segments shorted to provide a current 

path between the brushes. The effects of the e.m.f. induced 

in the armature coils by transformer action with the field 

coils and of coil commtation were therefore absent:
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iii) The armature winding was included, connected to the 

commutator in the usual way; 

iv) Thyristor control was introduced. 

By this method they were able to assess the relative importance of 

the interference mechanism for a particular design of drill motor. 

It seemed reasonable therefore, to adapt Hall and Quelch's method 

and extend it to analyse the effect on RFI of a number of different 

possible design configurations as required in (a). The major 

problem with the test procedure was reported to be the 

non-repeatability of some of the test results. This was due to the 

fact that when the machine was taken apart and re-assembled it 

proved difficult to re-establish the same test conditions. 

Close examination of Hall and Quelch's test method both in the 

laboratory during appraisal tests and from subsequent discussions 

revealed a number of faults in their procedure. Firstly, the use of 

the drive drill motor coupled to the test machine. It was found 

that the drive motor is capable of corrupting RFI measurements from 

the test machine, more so with increase in drive speed. Even with 

the use of extra filters and shielding techniques, the close 

proximity of the drive and the test machine rendered all attempts to 

be futile. Thus a number of the results and conclusions arrived at 

by Hall and Quelch are in doubt, this is further discussed in 

Chapter 6. 

The second area of criticism is in their tests to assess the 

influence of the commutator-brush contact resistance. Figure 4.38 

shows the arrangement described, it can be seen that as the
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commutator revolves and the trailing edge of the brush leaves a 

segment, contact through the short circuited path is instantly 

broken - in practice this is found to be accompanied by an arc. 

Thus any RFI measurements of this arrangement to assess the 

influence of the commutator - brush contact are clouded by the RFI 

generated from the arcing. Additionally, the arrangement is not 

valid since commutation is defined as reversal of current between 

the two adjacent commutator segments, not as in this case where the 

current is switched between opposite segments. Therefore it was 

decided to construct a multi-purpose test rig for the experimental 

work which effectively overcame the problems and faults identified 

above. The criteria applied to the design was as follows; 

i) Rigidity of the motor test rig. 

ii) Easy interchangability of the components. 

iii) Easy accessability of the components. 

iv) Easy measurement of critical dimensions. 

v) To allow the simulation of manufacturing variations. 

Adequate rigidity of the motor test rig was essential and this was 

obtained by using a strong aluminium frame. 

The design was such that components could be readily changed with a 

minimum of dismantling of the framework. Easy measurement of 

critical dimensions was essential so that each component would be 

placed in exactly the required position. This would ensure the 

repeatability of the results. 

In addition it was planned to use this rig to simulate mechanical 

variations resulting from the manufacturing process, thus
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implementing the experimental work for (b). This was achieved by 

designing the rig to allow the relative movement of parts of the 

motor. To overcome the problem of corruption of RFI measurements, 

due to an external motor drive source as observed in Hall and 

Quelch's arrangement, it was planned to rotate the rotor shaft by 

directing compressed air onto a fan fitted on the end of the shaft. 

Results obtained with this arrangement proved successful both in 

noise free drive and good speed control. The final motor test rig 

construction details and the programme of experimental tests to 

cover the planned area of study are described in Chapter 5.
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CHAPTER 5 

TEST EQUIPMENT AND EXPERIMENTAL PROCEDURE 

This chapter describes the test equipment and the experimental 

procedures adopted to investigate the electrical and mechanical 

factors contributing RFI in small motors. The majority of the 

experimental work was carried out at Hoover Engineering Department, 

in Perivale. To carry out the test work it was decided that a 

multi-purpose motor test rig should be constructed as discussed in 

section 4.5. A motor test rig was thus designed, the details of 

which are described in section 5.1 aad 5.2. The programme for the 

test work is presented in section 5.3. In planning the programme, 

it became apparent that the work could be split into four main 

topics, i.e. to study the levels of RFI generated by: 

i) the commutator switching action, 

ii) the influence of the parameters of the short circuited 

coil undergoing commutation, 

iii) the influence of the physical components of armature 

and field, 

and iv) the influence of mechanical variations in the motor 

construction. 

Topics (i), (ii) and (iii) form the basis of the investigation into 

the physical design of the motor. Topic (iv), covers the 

investigation into the influence on RFI levels due to mechanical
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variations arising from the manufacturing processes. It was planned 

to use these results to ascertain an acceptable limit for various 

construction tolerances, thus providing guide lines for the 

case-study to indentify the sources of high RFI levels in mass 

production. The case-study is presented in Chapter 7. 

5.1 Motor test-rig design 

Hoover made available a range of motor laminations to provide the 

basis for test-rig design, these were studied with a view to 

construct a rig that would offer the possibility of incorporating a 

number of design variations. As a result the test rig was based on 

a motor designed for use in the Hoover ‘Junior' type vacuum cleaner 

(Model MC14). The motor being of a series field type construction, 

designed to run off a 240V, 50Hz mains supply with an output power 

of approximately 200W at 13000 r/min. A major consideration 

favouring this motor, included not only the design variation common 

to the standard model described below, but that this motor being in 

current production at the Perivale factory (subsequently moved to 

Cambuslang, Scotland) ensured an adequate supply of motor parts from 

the shop floor. This being especially important during the study of 

RFI generated due to the influence of mechanical variations, as 

these tests required a number of motor components from the factory 

(the details of which are described in section 5.4.4). 

The standard MC14 design has a U-type field construction connected 

in series with an armature winding distributed in 12 rotor slots 

around a 24 segment commutator. The following armature design 

variations were available as direct replacement in the standard 

motor frame,
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a) with armature windings distributed in 7 rotor slots around a 

21 segment commutator. 

b) with armature windings distributed in 11 rotor slots around a 

22 segment commutator. 

For simplicity, the armatures shall be referred to by their slot to 

commutator segment ratio i.e. 

i) 12/24 

ii) 7/21 

442) 11/22 

The replacement armatures produced the same output performance as 

the standard 12/24 armature, the 7/21 having been used in an earlier 

design of the Hoover 'Junior'. The 11/22 armature was an early 

prototype armature construction that was never used in production, 

but a number of these armatures were constructed by the Model Shop 

at Perivale and made available for use on the test rig. 

In addition to the standard U-type field construction, Hoover made 

available a prototype 0-type stator lamination. This lamination had 

the same bore diameter as the standard U-type lamination, thus an 

0-type field system was constructed having the same stack length as 

the standard and fitted with field coils to give an equivalent motor 

performance when fitted in the test rig. The test rig was designed 

such that it could accommodate both these types of field 

configuration. 

The criteria applied to the mechanical design of the test rig has
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been discussed in section 4.5. With these considerations detailed 

design drawings of the test rig components were produced and copies 

of these are presented in Appendix Al. The test rig components were 

made to high precision by technicians in the Model Shop and 

construction details of the test rig assembly are given below. 

(Photographs of the test rig assembly are presented in Appendix A6). 

5.2 Construction Details 

This section describes in the main components of the test rig as 

shown in the general layout diagram Fig. Al.l1. Modifications to the 

test rig for the various experiments and the special features of its 

use are described in later sections. The components are as follows:- 

a) test rig framework 

b) brush box assembly 

c) field assemblies 

d) rotors 

e) rotor drive arrangement 

£) rig loading arrangement 

5.2.1 Test rig framework 

The test rig framework consists of two vertical end plates screwed 

in position onto a flat baseplate as indicated in Fig. 5.1. The
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components were machined from Aluminium stock material. To give the 

framework additional strength and ensure that the endplates remain 

equi-spaced, struts A and B were fitted between the inside faces of 

the vertical plates. 

The end plates each house a motor bearing, the drive end bearing 

being a ball and race type with a sintered sleeve type bearing at 

the non-drive end. The distance between the plates corresponds to 

the position of the bearings on the rotor shaft when the armature is 

in position. To fit the armature without dismantling the main 

framework, the non-drive end bearing could be removed from the rear 

of the test rig by means of a detachable disc at the centre of the 

non-drive end plate as indicated in Fig. 5.2. The area of the disc 

was such that a fully wound armature could be 'threaded' into the 

test rig through the hole. The rotor shaft thus threads through the 

drive end bearing and is located in position on the bearing journal 

by means of a locating shoulder on the shaft, (see Fig. 5.3). The 

sintered sleeve bearing supports the weight of the armature and also 

aligns the rotor shaft in the test rig. 

5.2.1.1 Baseplate, (Fig. Al.5) 

The baseplate supports the vertical end plates as mentioned above. 

A recess cut parallel to the end plates as indicated in Fig. 5.4, is 

used to locate the field assembly described in Section 5.2.3. The 

depth of the recess ensures that the quadrature field axis coincides 

with the horizontal axis of the rotor stack. A fixed 'stop' (Fig. 

Al.15), positioned in the recess maintains the direct field axis 

coincident with the vertical rotor axis.
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5.2.1.2 Drive end plate,( Fig. Al.4) 

The drive end plate houses a ball and race bearing pressed into a 

hole on the inside face of the plate and secured by a clamping disc 

(Fig. Al.12). A circular recess concentric with the bearing locates 

the brush box assembly described in section 5.2.2. 

5.2.1.3 Non-drive end plate, (Figs. Al.3 and Al.7) 

The non-drive end plate as mentioned above has a detachable central 

disc which houses a sintered sleeve bearing. The sleeve bearing 

alignment is such that it lies directly opposite the ball and race 

bearing in the drive-end plate. The sintered sleeve is mounted in a 

bearing cup as used in the standard MC14 motor assembly. 

The complete bearing assembly is fitted into a hole on the inside 

face of the detachable disc and secured in position in two 'finger' 

clamps (Fig. Al.14). 

5.2.1.4 Spacing struts, (Fig. Al.8(a)) 

The spacing struts are used to ensure that the vertical end plates 

maintain a constant separation at all times and minimise plate 

flexture during motor operation. 

5.2.2 Brush box assembly 

The brush box assembly locates into a circular recess in the drive 

end plate and is held in place by a 'ring' clamp (Fig. Al.6) which 

screws onto the face of the plate, pressing the brush box assembly
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into the recess. The circular assembly profile allows the brush 

boxes to be rotated a full 360° and clamps in at any desired 

angle. The assembly has the following components: 

i) insulating back plate 

ii) two insulating brush box holder blocks 

iii) two brush box holders 

5.2.2.1 Insulating back plate, (Fig. Al.9) 

The insulating back plate is machined from a resin bonded fibre 

material. As mentioned above the back plate locates in a circular 

recess in the drive end plate. Two dove-tail grooves are cut across 

the back plate, these grooves are used to locate the brush box 

holder blocks directly opposite to each other, such that the brush 

boxes are located 180° apart. The grooves allow the brush boxes 

to be moved above the below the quadrature axis without altering the 

angular position of the assembly. Once the desired brush box 

position is obtained it is secured by means of a screw from the rear 

of the back plate. 

5+2.2.2 Insulating Brush box holder blocks, (Fig. Al.10) 

These are machined from a resin bonded fibre material. The brush 

box holder blocks slide in the dove-tail groove of the insulating 

back plate and their primary function is to act as spacers from the 

back plate such that the brush boxes fitted in a groove on the 

surface of the block are able to position over the commutator 

surface.
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5.2.2.3 Brush boxes, (Fig. 5.5) 

The brush boxes are constructed from brass sheet to a design used in 

the standard MC14 motor. The basic design was reinforced by brazing 

the open edge of the brush box. The back of the box is open such 

that the brushes and brush retaining springs could be inserted with 

minimal dismantling of the rig. In order to secure the brush/spring 

assembly in the holder a brass plate is secured into a flange at 

the back of the brush box as shown in Fig. 5.5 The brush box 

locates in a groove in the holder blocks described above and is 

fixed by means of a clamping plate (Fig. Al.13) screwed onto the 

holder block. 

5-2.3 Field Assembly 

There are two field systems common to the test rig; a U-type field 

lamination stack as used in the standard MC14 and an O-type field 

lamination stack especially constructed for use in the test rig. 

The O-type stack is equal in stack length and wound to give equal 

performance as the U-type field. Each field stack is clamped in an 

insulating cradle as shown in Fig. 5.6. The cradle ensured that the 

field iron is insulated from the rig framework and the bottom half 

of the cradle acts as a spacer of suitable height such that the 

horizontal axis of the field coincides with that of the armature 

stack. The field assembly is located in the framework by a recess 

in the baseplate and is secured in position by two clamps (Fig. 

Al.16) screwed into the baseplate pressing the cradle down as shown 

in Fig. 5.7.
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5.2.3.1 U-type Field system, (Plate A6.6) 

The U-type field stack is made up of laminations (Losil) which are 

rivitted together and the field coils wound on a plastic bobbin. 

5.2.3.2 O-type Field System, (Plate A6.11) 

The O-type field stack is made in the same fashion as the U-type 

stack, but with the laminations being welded together and the field 

coils wound in two equal halves at the neck of the pole shoes. A 

paper insert between the coils and the stack ensured suitable 

insulation. 

5.2.3.3 U-type field assembly cradle 

The U-type field assembly cradle is composed of a bottom half 

section Fig. Al.17, to support the field stack in position and 

locate it correctly in the test rig framework. The field stack is 

secured in position by means of an upper clamping half section 

Fig. Al.18(a), which is screwed into two vertical posts either side 

of the stack, as indicated in Fig. 5.6. The cradle sections are 

machined from resin bonded fibre, thus also insulating the field 

stack from the framework. 

5.2.3.4 O-type Field assembly cradle 

The O-type field assembly cradle is of similar design to that of the 

U-type field cradle (described above) being composed of a bottom 

half section Fig. Al.19, and upper clamping half section Fig.
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Al.18(b). 

5.2.4 The rotors 

As mentioned earlier there are three armature designs common to the 

test rig i.e. 

12/24 

7/21 

and 11/22 armatures 

All the armatures being constructed on a standard rotor shaft as 

shown in Fig. 5.3. For the various experiments it was necessary to 

modify the basic armature such that isolation of the interference 

sources could be affected. Thus a number of special rotors were 

made and these are described in detail in the appropriate experiment 

description in section 5.3. 

5.2.5 The rotor drive arrangement 

For test conditions where it was necessary to drive the rotor shaft 

by external means a 'fan-air' drive arrangement was used. 

A small metal fan was mounted on the drive-end of the rotor shaft 

and secured into position by means of a nut as shown in Fig. 5.8. 

The fan blades profile being such that the shaft is able to turn 

easily when the jet of compressed air is directed onto them. 

Fig. 5.9, shows the drive arrangement. The nose of the air pipe is 

drawn to a narrow tip so that the compressed air could be directed 

Precisely onto the fan blades. The volume of compressed air is 

controlled by a small tap at the end of the air-pipe. It must be 

noted that in order to obtain good speed control, it was necessary 

to ensure that the air-pipe was rigidly mounted being unaffected by
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external vibration. 

Smooth speed control was obtained from approximately 500 r/min to 

25,000 r/min, the high speed being limited only by the pressure of 

compressed air available from the air supply. At speeds below 500 

r/min, bearing friction and the mass of the armature made smooth 

speed control difficult. 

5.2.6 The rig loading arrangement 

For the test conditions where the test rig is driven as an 

independent motor, the rotor shaft is loaded by means of a 

mechanical-brake arrangement as shown in Fig. 5.10. A small 

pulley-wheel is mounted onto the drive end of the shaft and secured 

by means of a nut as indicated. The brake was made by passing a 

leather strap under the wheel and connecting each end to a pair of 

spring balances mounted on an external frame. The brake was applied 

to the rotor shaft by tightening the wing-nuts A and B until the 

desired shaft speed was obtained. 

fo Programme for Experimental Study 

Electrical and Mechanical factors affecting the levels of 

interference in the motor were investigated by isolating them in the 

test rig as far as is practicable. In many cases this involved 

modifications to the rotor circuit or field components for which the 

test rig 'frame-work' served as the basic construction on which all 

the tests were performed. The experimental test programme was as 

follows:
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5.3.1 RFI caused by the commutator switching action 

To study the effects of current reversal during commutation without 

the additional effects of armature windings, a number of rotor 

shafts were prepared with only the commutators fitted in place (Fig. 

5.11). The segments of the commutator were connected together with 

shorting links between the adjacent segments forming a closed ring 

as shown. The rotors were built into the test-rig framework with 

brushes fitted in place on the commutator surface in the normal 

manner. The test arrangement is shown in Fig. 5.12; current in the 

commutator links was limited by a pair of series resistors in the 

mains circuit, the total resistance of which was equal to the 

resistance of the field winding which these resistors replaced. 

The fan-air drive arrangement described in section 5.2.5 was used to 

rotate the commutator at various speeds. In operation, current is 

conducted through the shorting links as shown in Fig. (5.11)(b) the 

commutator current switching action is the same as that in a normal 

motor. In this case it is possible to observe the levels of RFI 

generated without any additional affects of the emfs induced in 

armature circuit. 

Commutators with 21, 22 and 24 segments were prepared for this test 

programme, in addition a rotor fitted with a copper slipring in 

place of the commutator was also tested. Measurements were made of 

conducted and radiated RFI and also of brush movement, the results 

of which are presented in section 6.1.
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5.3.2 RFI caused by the variation of the short-circuited coil 

parameters 

To study the effects of variations in the parameters of the coil 

undergoing commutation, i.e. coil resistance, inductance and induced 

voltage generated in the coil, it was necessary to have a means by 

which the effect of each parameter could be measured independently. 

This would be impossible with a normally wound armature, therefore, 

a “commutation model” was constructed. This model was first 

suggested by Konstannov [137] and subsequently used to study 

commutation by Mohr [45] and Binder [63]. Current direction is 

reversed by means of a commutator, through a circuit branch 

representing an armature coil. The branch is made up of the circuit 

elements of an ordinary coil and each element can be varied. Figure 

5.13 shows a circuit diagram of the model. 

The rotating part is composed of a 24 segment commutator and two 

slip rings fitted onto a standard rotor shaft as shown in Fig. 

5.14. The segments of the commutator were collected into two groups 

(even and odd) and each group was connected to a slip ring. The 

shaft was assembled in the test rig framework and rotated using the 

fan-air drive arrangement described in section 5.2.5. A special 

brush box assembly (Fig. 5.15) had to be constructed to support 

brushes B and C to make contact with the slip rings, this assembly 

was clamped in the test rig framework in the baseplate recess cut 

for the field assembly. 

The model of the armature circuit consists of a variable resistor, 

R in series with a variable inductor, Ly» and a voltage 

source, e, variable in phase and magnitude, representing the induced
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transformer and rotational voltages generated in the short-circuited 

coil and connected across the slip rings, all in parallel with two 

resistances, R.» representing the two halves of the armature 

winding. The series resistors, Res Trepresents the resistance of 

the field coils. 

The thickness of brush A making contact with the commutator was less 

than the width of one commutator segment. In the normal operation 

of the model, current is supplied to the system through brush A; 

when this brush contacts segment 1 only, current is fed to the 

circuit via brush B. As the commutator is rotated, segments 1 and 2 

become shorted by brush A and the current in the branch representing 

the armature coil begins to commutate. With further rotation, 

commutation is completed as brush A leaves segment 1 on to segment 2 

only, and current is fed to the circuit via brush C. In this manner 

current in the armature model is continually reversed in direction 

by the action of the commutator. 

The test results showing the effect on conducted and radiated RFI 

due to the variation of the circuit parameters are given in section 

6.2. The circuit components are described below. 

5.3.2.1 Resistors Ry» R, and Re 

The resistances used in the circuit were standard wirewound 

resistors. The resistance wire being wound on a fibreglass core and 

protected by a ceramic body. These resistors are small in size, 

approximately 5 cm in length yet capable of dissipating up to 11 

watts. They were mounted between fixed terminal posts such that 

variation of resistance was achieved by replacing resistors rather
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than a potentiometer type arrangement. The ranges of values for the 

resistors were as follows 

R,3 variable from 0.1 to 202 

R,3 variable from1N to 1002 

Res 259 fixed 

5.3.2.2 Inductance L, 

The inductance of armature coils used in small motors vary from a 

few pH to approximately 1lmH. But since standard inductances (i.e. 

decade box type) in this range are only capable of conducting a few 

mA, it was necessary to construct suitable inductors for the circuit 

model. The core was made of a mild steel ring with an outside 

diameter of 8cm, a cross-sectional area of ae bane and an air gap 

of 3mm. ‘Two inductors were made in this way, one ring was wound 

with 100 turns of copper wire the other with only 10 turns. The 

coils were tapped at various points such that they could be 

connected in series, to give a variable inductance from SpH to 1.3mH. 

5.3.2.3 Variable voltage source 'e' 

A voltage source, variable in magnitude and phase was obtained from 

a phase shifting transformer, the output of which was fed through a 

variac, as shown in Fig. 5.16. The inductance of the secondary of 

the variac was high (approxmately 10 mH), such that its inclusion in 

the circuit model would have adversely affected the performance of 

the model. Thus the voltage was fed to the circuit via a suitable
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transformer whose secondary coil had an inductance of only 230 Nes 

and resistance 0.1749. The output voltage was controlled from the 

variac and could be varied from zero to 8V max. By means of a 

control wheel on the phase-shifting transformer, the phase and the 

output voltage could be varied from zero to 271%. 

5.3.3 RFI due to the influence of physical components of the 

armature and field 

It was planned to build up the test rig introducing the different 

motor components in stages to measure their effect on RFI. In this 

way physical isolation of the interference sources could be 

affected, thus allowing an assessment of their relative importance 

in relation to the overall RFI levels from the complete test rig. 

The test programme was as follows: 

a) Measurement of RFI levels from the field coils, 

4) without the field lamination stack 

ii) with the field lamination stack (complete field system) 

iii) complete field system with an unwound rotor in the 

air-gap. 

b) Measurement of RFI levels across the motor brushes with, 

i) fully wound armature (field system removed) 

ii) fully wound armature and complete field system 

(complete motor) with different field profiles and 

winding configurations 

iii) complete motor with different armature profiles and
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winding configurations 

iv) complete motor with varying motor loads. 

Measurements were taken of conducted and radiated RFI; assymetric 

and symmetric interference currents; armature and field impedences; 

active inductance Ly '. The results of these tests are given 

in section 6.3. 

5.3.4 RFI due to the influence of mechanical variations in the 

motor assembly. 

To assess the effect on RFI due to mechanical variations in the 

motor assembly, the programme of tests described below were carried 

out. The test rig was built up as a complete motor using standard 

MC14 components, i.e. fitted with the standard U-type field assembly 

and using 12/24 type armatures. The motor was energised from a 240V 

supply via a standard 150 ohm artificial mains V-network and shaft 

load provided by the pulley type arrangement described in section 

5.2.6. 

5.3.4.1 Static armature out-of-balance 

Static out-of-balance was introduced to a balanced 12/24 armature by 

adding weights to the rotor stack. Balancing putty was set onto the 

left and right hand planes of the rotor stack as shown in Fig. 

5.17. In this manner, weights were added to increase static 

armature out-of-balance from zero to 3.0 gem (30 x 107 kgm).
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5.3.4.2 Dynamic armature out-of-balance 

The preparation was similar to that described above, in this case, 

the putty weights were added such that the static out-of-balance 

remained zero, yet dynamic out-of-balance was steadily increased. 

This was done by setting the balancing putty to opposite points on 

the left and right hand planes of the rotor stack as shown in Fig. 

5.18. In this manner, weights were added to increase dynamic 

out-of-balance from zero to 2.0 gem (20 x 10° kgm). 

5.3.4.3 Brush Pressure 

The brush spring was of a simple helical compression type and the 

brush spring force was easily changed by varying the uncompressed 

length. In this manner the overall brush pressure onto the 

commutator surface was increased. Spring force was varied from 40g 

to 150g. 

5.3.4.4 Brush alignment along quadrature axis 

Alignment of the commutator and brush horizontal axis was altered by 

moving the insulating brush box holder blocks (section 5.2.2.2) 

along the dovetail groove in the insulating backplate (section 

5.2.2.1) as shown in Fig. 5.19. Tests were carried out with 

increasing brush misalignment of up to 0.5 mm, firstly against and 

then in the same direction of commutator rotation. 

5.3.4.5 Proud commutator segments 

A number of finished armatures were selected at random from the shop
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floor. The commutator bar to bar heights of these armatures were 

measured from this it was possible to select armatures for tests 

with increasing bar to bar height variation in the range from zero 

toW.5x 1079 mm. 

5.3.4.6 Commutator eccentricity 

The commutator surface was turned in a lathe such that the surface 

profile is concentric with the bearing journals. Thus to introduce 

commutator eccentricities, the commutators on a number of armatures 

selected at random from the shop floor, were machined in the tool 

room to have eccentricities in the range from zero to 80 x 1073 

mm. The armatures were then balanced to eliminate the influence of 

out of balance forces created by the eccentricity. These armatures 

were then fitted in the turn to the test rig and measurements of RFI 

were made. 

5.3.4.7 Commutator surface finish 

The commutator surface finish is controlled by the depth and speed 

of the finishing cut. Armatures from the shop floor were machined 

in the tool room to give different commutator surface finishes, the 

finishes range from 0.1 x 107°m Centre Line Average (CLA) to 5 x 

th CLA. The armatures were fitted in turn into the test rig 

and measuremerts of RFI were made. 

5.3.4.8 Commutator insulation depth 

The 24 segment commutator being a 'bought in item', the slots were 

already cut to size, leaving little scope for variation. Thus the
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commutators on a number of 7/21 armatures were machined in the tool 

room to obtain a range of different insulation depths. The slot 

depth was increased from zero (i.e. flush insulation) to a depth of 

2mm. The armatures were fitted in turn into the test rig and RFI 

measurements were made. 

5.3.4.9 Brush box clearances 

Clearance between the inside of the brush box and the brush is 

necessary to allow the brush to slide freely in the brush box. A 

number of brush boxes were made in the tool room to give an 

increasing clearance. 

a) in the direction tangential to commutator rotation, 

(Fig. 5.20(a)). 

and b) in the direction axial to commutator rotation, (Fig. 

5.20(b)). 

The clearances were increased up to 0.2 mm. Pairs of brush boxes 

with the same clearances were fitted in turn into the brush box 

holder assembly of the test-rig. 

5.3.4.10 Brush overhang length, (Fig. 5.21) 

The brush box could be slided towards and away from the commutator 

surface without affecting the brush box alignment by means of a slot 

in the brush box holder blocks. This movement allows the variations 

of the brush overhang length from the end of the brush box. Thus 

RFI measurements were made on the test rig for
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brush overhang lengths varying from 0.5mm to 3mm. 

5.3.4.11 Bearing alignment 

The test rig framework was constructed such that the bearings in the 

two end—plates were aligned both vertically and horizontally. 

Vertical misalignment was introduced by placing steel shims under 

the non-drive end plate as shown in Fig. 5.22. To facilitate 

horizontal misalignment, slots were cut in the framework baseplate 

such that the vertical plate could be shifted in position as shown 

in Fig. 5.23. In this manner bearing misalignments in the range 

zero to 0.2 mm were affected in both the directions indicated. 

5.3.4.12 Air-gap 

In the normal case the air-gap between the rotor and field stack is 

the same at both pole faces. The air-gap in the test rig was varied 

by adjusting the position of the field stack cradle relative to the 

armature. The air gap was varied in the direct axis by inserting 

steel shims under the field stack cradle as shown in Fig. 5.24. 

Variation of the air gap in the Quadrature axis was affected by 

inserting steel shims between the 'fixed stop’ (fitted on the 

framework baseplate) and the field stack cradle as shown in Fig. 

5.25. In this manner the air-gap was varied such that 

a) the air-gap at the upper pole-face is increasing as 

the air-gap at the lower pole face decreases, Fig. 

5.26(a). 

and b) a non-uniform airgap is present at both pole-faces,
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Fig. 5.26(b). 

5.3-4.13 Angular brush shift 

The angle of brush shift was adjusted by rotating the brush box 

assembly relative to the armature in the test rig framework, as 

described in section 5.5.2. The neutral brush axis was found by 

applying a small alternating signal to the field coils and rotating 

the brush assembly until a maximum signal level was detected across 

the brushes by means of an oscilloscope. From this neutral position 

RFI results were taken as the brush axis was shifted against the 

direction of rotation. 

5.3.4.14 Bearing Journal diameter 

The bearing journals on a number of armatures obtained from the shop 

floor were precision ground in the tool room. The bearing journal 

diameters were decreased thus increasing the clearance between the 

bearing journal and bearing sleeve from an interference fit to a 

clearance of 0.016 mm. The armatures were fitted in turn into the 

test-rig and measurements of RFI were made on each. 

5.4 Instrumentation and Measurements 

This section details the instrumentation and measurement techniques 

employed to carry out the test programme outlined in the previous 

section.
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5.4.1 RFI 

Measurements of RFI levels were made using the standard equipment 

and techniques as described in BS 800 [19] and BS 727. [18] i.e. 

a) Methods of Measurement of terminal voltages in the 

frequency range 0.15 - 30 MHz 

and b) Methods of Measurement of interference power in the 

frequency range 30-300 MHz. 

For these tests a mains supply lead of 10m was connected to the 

supply terminals of the test rig. 

5.4.1.1 Measurement of terminal voltage, (Fig. 5.27) 

The test rig is connected to a variable mains supply through a mains 

isolation network as shown. The isolation unit was a 'Schwarzbeck' 

standard artificial mains V-network of 150. (model NNB M8 112). 

RFI measurements were made across the mains network as indicated 

using a 'Schwarzbeck' low frequency CISPR type Measuring Set (Model 

FSME 1515), this incorporated an r.f. receiver, Quasi-peak type 

detector circuit and an interference display meter. The two units 

are shown in Fig. 5.28. A selector switch on the isolation unit 

enabled RFI measurements to be made across Line and Earth or Neutral 

and Earth as required. 

Tests were carried out in a screened room to eliminate external 

corruption of RFI measurements. The rig was placed on a wooden 

table satisfying the requirements of the British Standard. The
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mains lead was bundled and placed at a distance of at least 80 cm 

away from the measuring equipment. It was noticed that movement of 

the bundle could affect the results obtained, thus, during all 

testing it was ensured handling of the mains cable was kept to a 

minimum. 

The receiver of the measuring set was tuned manually. Once the 

desired frequency was achieved, firstly it was nmecessry to calibrate 

the equipment, this being done by switching the set to 'Calibrate' 

mode and the calibration carried out automatically within the set. 

On completion of calibration the set is switched to 'Read' mode and 

the apparatus is ready to measure. With the test rig running, 

readings were taken by adjusting attenuators in the measuring set to 

give a null meter indication and the interference level being read 

from the attenuator scale in dB relative to ipv. The procedure was 

repeated for each different frequency selected. The British 

Standard indicate the preferred frequencies that RFI readings should 

be taken i.e. 0.15, 0.16, 0.24, 0.55, 1.0, 1.4, 2.0, 3.5, 6, 10, 22 

and 30 MHz. In addition, the frequency vTange is scanned to observe 

and record any peaks or troughs of RFI levels not evident from the 

preferred frequency readings. 

5.4.1.2 Measurement of radiated power, (Fig. 5.29) 

The test rig is connected to the mains supply through a variac, the 

connecting mains lead being stretched out in a straight line along a 

wooden bench as shown. A ferrite clamp (MDS20) is fitted around the 

mains lead, the clamp as mentioned in section 4.4.2 comprises of: 

a) a number of ferrite rings surrounding the mains lead
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which serve both to absorb the power produced by the 

source and to isolate the source from the supply mains 

as far as high frequencies are concerned. 

b) a h.f. coupling transformer whose output voltage is 

proportional to the h.f. current in the mains lead. 

and c) a number of ferrite rings designed to prevent unwanted 

currents flowing in the surface of the co-axial cable 

connecting the transformer to the measuring receiver. 

The ferrite rings of part (a) and (c) are split into half rings, 

each half being fitted into the jaws of the clamp. This enables the 

mains lead to be passed through the tunnel of rings without the plug 

having to be removed and re-fitted. 

The measuring receiver used was a 'Schwarzbeck' high frequency CISPR 

type measuring set (Model VUME 1520 A). The set incorporates a high 

frequency receiver, Quasi-peak type detector circuit and 

interference display meter. The measurement techniques were as 

follows; the measuring receiver was tuned manually to the desired 

frequency and with the test rig in operation, the measuring set is 

firstly calibrated in a similar manner as described in Section 

5.4.1.1. When calibration is complete the clamp is shifted along 

the cable until a maximum deflection is obtained on the display 

meter. Readings were taken with clamp left in position, by 

adjusting attenuators in the measuring set to give a null indication 

on the display meter. The interference level being read from the 

attenuator scale in dB relative to ipv. The clamp is supplied with 

a calibration curve which has to be applied to the meter reading in
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dB ey) in order to obtain the available power at the source 

expressed in dB relative to 1 pW. 

The procedure is repeated for each different frequency selected. 

The British Standard indicates the preferred frequencies the RFI 

readings should be taken i.e. 30, 45, 65, 90, 150, 180, 220 and 300 

MHz. Scanning of the frequency range for peaks and troughs of RFI 

levels is very difficult as the clamp position is frequency 

dependent, but where possible this was done. 

5.4.2 R.F. impedance 

The r.f. impedance measurements of various components of the test 

rig were made using a radio frequency admittance bridge (Wayne Kerr 

Model B801) in conjunction with a general purpose bridge source 

(Wayne Kerr Model SR 268). A simplified diagram of the bridge 

circuit is shown in Fig. 5.30, with the ‘unknown’ impedance 

connected across terminals A and B. 

With the source set to the frequency of measurement required, the 

bridge is firstly balanced with the main controls set to zero and 

the test components not connected to the terminals. This reduces 

the effect of stray components in the test circuit to a minimum. 

With the test component connected, the bridge is then re-balanced 

using the main controls. Once the bridge is balanced the dials give 

a direct reading of the r.f. impedance in terms of the equivalent 

parallel components of conductance and capacitance. (Inductance 

readings being given in terms of equivalent negative capacitance). 

The procedure was repeated across the frequency band with sufficient 

readings taken such that an impedance curve could be drawn.
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5.4.3 Interference currents 

The Asymmetric and Symmetric interference currents conducted in the 

mains lead were evaluated from measurements made using probes fitted 

around the mains lead as shown in Fig. 5.31. This is a comparison 

method to observe interference currents, the details of which have 

been described in Reference 138. The test rig is connected to the 

variable mains supply through the standard mains 150NV network. 

The probe is a ferrite ring cored current transformer, the output of 

which is connected to a 'Schwarzbeck' low frequency CISPR type RFI 

measuring set (Model FSME 1515). 

Probe A is shown connected such that the in-phase current i.e. twice 

the asymmetric current (21a) is measured, and probe B such that the 

current in one lead is reversed and the total current measured is 

twice the effective symmetric component (2Is). The interference 

level displayed on the measuring set is in dB relative to 1 pv. In 

order to evaluate the interference currents, the test rig was 

replaced by a h.f. signal generator and connected as shown in Fig. 

5.32. With the signal generator tuned to the same frequency as the 

measuring receiver the output voltage, Vo, of the signal generator 

was increased until the interference level indicated by the 

measuring set corresponds to that measured from the test rig. 

The interference current I can then be evaluated from; 

21 = Vo/150 (5.1) 

therefore the interference current in dB relative to 1pA can be 

expressed; I dB (pA) = Vo dB (pV) - 20 log 300 G22)
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Interference current measurements were made in the screened room, 

with the test arrangement positioned as described in section 

5.4.1.1. The measuring set was tuned and calibrated at the desired 

frequency, and with the rig running, the attenuators in the 

measuring set were adjusted to give a null meter indication. At 

this point, the mains supply was switched off and the test rig 

removed by disconnecting the mains lead connections at the rig, thus 

the mains lead and the probes are not disturbed in any way. As 

mentioned above, the rig was replaced by a h.f. signal generator 

which is tuned to the same frequency as that of the measuring 

receiver. The signal generator output voltage Vo was increased by a 

dial on the generator set (scaled in dB (pv) ) until the reading on 

the measuring set again shows a null indication. At this point, Vo 

was recorded and subsequently converted to interference current in 

dB relative to ipa. The procedure was repeated for a number of 

frequencies across the low frequency band for both asymmetric and 

symmetric current readings. 

5.4.4 Active inductance 

The active inductance 'L coun ‘ of an armature coil is defined as 

the value of inductance which must be reckoned with at the end of 

commutation during sparking. The method employed to measure ae 

described below was originally presented by Dijken [28] (See section 

3.9). 

The armature used for the measurement is indicated in Fig. 5.33. 

The armature coils 1 and 7 are shown commutating the main current 

from zero to 1, and I, respectively.
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In section 3.5 it was shown that the voltage equation of a coil 

undergoing commutation can be written: 

ik, + Idi/dt +e +0, = 0 (3.30) 

L is defined as the active inductance of the coil oma? and if 

the supply current is constant and the rotor is kept stationery then 

‘e' can be eliminated. Further, if the brush is replaced by a 

soldered contact, U, is effectively zero, ‘thus the voltage 

equation simplifies to: 

iB, + Idi/dt = 0 (5.3) 

Considering coil 1, during sparking i, varies from an initial 

value (assumed zero) to I, now i, satisfies the equation: 

ik, + Ldi/dt <-U (5.4) 
spark = 

where U park is the voltage drop in the spark. Dijken estimated 

that U is approximately 12 volts, if then the spark is 
spark 

simulated by a Zener diode of Zener voltage vy and assuming 

if, is negligible then: 

Loom tt,/at ee O (5.5) 

The time interval during which i, increases from zero to I> is 

denoted by tl the spark decay time. Giving, 

di/dt - I/t, (5.6)



206 

therefore; Loo = vt /t, (5.7) 

A schematic circuit for measurement of the active inductance is 

shown in Fig. 5.34. The coils 1-12 correspond to the rotor coils 

1-12 in Fig. 5.33. 

Commutation is simulated in coils 1 and 7, with the aid of 

transistors Ty, Tos Ty and Ty. Since the rotor is 

stationary the position of coil 7 remains the same, so it can be 

connected electrically below coil 12; this simplifies the switching 

of the four transistors. When T4 is conducting and T3 is cut off, 

coil 1 is short circuited. When T3 is conducting and T4 is cut off, 

qq passes through coil 1 and part of this current will temporarily 

pass through the zener diode. T and T, are switched 

periodically, by means of a square wave voltage and vu, and i, 

displayed on an oscilloscope. The time interval t, is read off 

the time base of the oscilloscope trace. Similarly when transistor 

Ty is conducting, Tt is cut off, so I, passes through coil 7. 

The base of Ty) is connected to the base Ty, and the base of T, 

to that of T3, such that simultaneous commutation of coils 1 and 7 

could be simulated. Zener diodes of US = 12 volt were used and 

with the supply current adjusted by a potentiometer in the supply 

line, the active inductance thus being calculated from the 

expression above. 

The various possible ways of short circuiting the rotor coil, 

depending on the position of the brushes as shown in Fig. 4.31 is 

simulated by connecting shorting links between the appropriate 

commutator segments where the brush is shown to be covering more
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than one segment. The method was adapted to measure the active 

inductance of the different armature designs used in the test 

programme. 

5.4.5 Brush Vibration 

The problems of measurement of brush movement in small commutator 

motors have been discussed in section 3.8.5. A number of the 

established techniques described were tried and rejected for various 

Teasons and attempts were made to develop a suitable method to 

observe brush movement. The technique finally used turned out to be 

novel in concept involving the use of microwaves and waveguide 

components. The theory and operation of this new method of 

vibration measurement is described in Appendix A5. 

5.4.6 Sparking at the trailing edge of the brushes 

A visual assessment of the sparking at the trailing edge of each 

brush was made using an illustrated chart for reference. The 

quality of sparking was thus classified using Table 3.2. 

5.4.7 Speed 

The test rig rotor speed was measured with a photo-electric digital 

tachometer. ‘the tachometer was mounuted so that its light beam was 

directed at the drive end shaft on which was fixed a strip of 

reflective tape. Each time the light beam was reflected to the 

tachometer, pulse was given. The digital display of the tachometer 

indicated shaft speed in r/min.
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5.4.8 Armature Out-of-balance 

Armature out-of-balance was measured using a Jackson and Bradwell 

Balancing Machine. The balancing machine consists of a spring 

suspended cradle for the armature, the armature being supported at 

the bearing journals in V-blocks. The armature is rotated by means 

of a pulley type drive, a light elastic pulley belt is passed over 

the rotor lamination stack and driven by a pulley wheel located 

under the cradle as shown in Fig. 5.35. As the armature is rotated, 

electro-mechanical sensors connected to the cradle detect vibrations 

caused by unbalances in the armature construction. The output of 

the sensors is indicated on an analog meter type display. The 

meter indication is calibrated to read armature unbalance in gem and 

can be switched to read either dynamic out-of-balance on the left 

and right hand planes of the rotor lamination stack or give a simple 

indication of static out-of-balance. 

5.4.9 Brush spring force 

The brush spring force was measured using a push-on type spring 

balance calibrated to indicate spring weight in grams. The spring 

balance piston was pressed directly onto the brush thus retaining 

the spring at the back of the brush box, enabling the spring balance 

to measure the reaction force of the brush spring arrangement in 

situ as shown in Fig. 5.36. 

5.4.10 Commutator profile 

Commutator bar to bar heights and overall eccentricity measurements 

were made using a precision dial gauge arrangement as shown in
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Fig. 5.37. The armature was rotated slowly by hand and commutator 

profile measurements were taken from the dial gauge meter indication. 

5.4.11 Commutator surface finish 

Commutator surface finish was measured using a Taylor—Hobson 

"Surtonic' roughness measuring system. Fig. 5.38, shows a block 

schematic diagram of the measuring equipment. The drive unit 

traverses the pick-up and stylus along the commutator segment 

surface. The stylus moves vertically as it rides over the surface 

irregularities and in the pick-up this movement is converted to a 

corresponding electrical signal. The signal is filtered and 

amplified before being displayed as a rectified-meter indication. 

The roughness reading is given as a centre line average, (CLA), 

height of the roughness irregularities. The CLA measurement is 

defined as the average value of the departure, both up and down, 

from its centre line, throughout the sampling length. 

5.4.12 Test Rig Dimensions 

All test-rig dimensions were measured using standard tool room 

metrology equipment, i.e. height gauges, depth gauges, slip gauges, 

micrometers, etc. Using this equipment, brush alignment; bearing 

alignment; angular brush shift; brush box clearance; brush 

overhang and bearing journals were adjusted and measured to an 

accuracy greater than 2.5 x 1074 mn.
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CHAPTER 6 

TEST RESULTS AND DISCUSSION 

This chapter presents the results of the experimental study detailed 

in the previous chapter and the various points emerging from the 

results are discussed. The general test conditions were those as 

outlined in the 'Programme for Experimental Study', section 5.3, and 

measurements were made using the instrumentation and techniques 

described in section 5.4. The results of the measurements are 

tabulated in Appendix A2, for clarity data in this chapter is 

presented in graphical form. The graphs are constructed by firstly, 

plotting the actual test measurement points and then connecting the 

points by a series of straight lines, this is to represent the 

continuous nature of the interference spectrum across the frequency 

band. The frequency band of interest extends from 150 kHz to 300 

MHz, for measurement purposes the band is divided into a) the low 

frequency region from 150 kHz to 30 MHz where the conducted RFI is 

measured in dB relative to 1 PY, and b) the high frequency region 

from 30 MHz to 300 MHz, where the radiated RFI is measured in dB 

relative to 1 pW. Thus in actual fact, the complete frequency band 

has to be represented by two graphs - one for each region. Again 

for clarity it proved more convenient to draw the two graphs 

adjacent to each other as shown in Figure 6.1. 

The test results are detailed in the subsequent sections. 

6.1 RFI caused by the Commutator Switching Action 

It was intended to observe the levels of RFI generated by



2234 

commutation without the influence of the e.m.f.'s generated in the 

armature coils. The test arrangement employed to do this is 

described in section 5.3.1. With the commutator rotated using the 

fan-air drive, RFI levels generated from the test rig were recorded 

at various speeds and brush current densities. 

Tables A2.1 to A2.12 present the results obtained for increasing 

speed at 0.25, 1, 1.5, 2, 2.5 and 3 amps, using the 24 segment 

commutator. Similar measurements were made using the 22 and 21 

segment commutators and these results are presented in Tables A2.13 

to A2.24 and Tables A2.25 to A2.36 respectively. 

Figs. 6.2 and 6.3, show sketches of the interference spectrums 

obtained at various speeds using the 24 segment commutator at 1.5A 

and 2.5A respectively. It can be seen that although the overall 

level of the RFI measured varies, the shape of the interference 

spectrum remains fairly consistent; the conducted RFI falls 

steadily by approximately 30 - 50 dB from 150 kHz to a minimum 

between 1 and 2 MHz, beyond which the RFI increases slightly with 

occasional peaks of interference up to 30 MHz. 

The radiated RFI falls steadily by approximately 10 - 15 dB from 30 

MHz to 300 MHz, showing only small variations of interference in the 

h.f. hand. The shape of the interference spectrum is governed 

predominantly by the stray capacitances and inductances in the test 

set-up. As discussed in section 1.4, these have the effect of 

‘tuning’ the interference giving rise to the peaks and troughs of 

interference throughout the frequency band. The shape of the 

interference spectrum from the 24 segment commutator shown in Fig. 

6.2 was also found to be common to the 22 and 21 segment commutators
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as indicated in Fig.6.4 and Fig.6.5, thus can be considered as the 

‘characteristics' shape of the test set-up. 

The factors affecting the generation of RFI at the commutator was 

summarised by Short [91] as; 

(a) Noise due to current switching 

(b) Noise due to arcing at the end of commutation 

(ce) Noise due to arc conduction between the sliding copper and 

carbon contact, ‘surface noise’. 

(a) and (b) are inherent in commutation, but Motter [1], showed that 

surface noise (c) was also present on slip rings, where commutation 

is absent. Thus, in order to assess the influence of surface noise 

in relation to the RFI generated by the switching action of the 

commutator in the test set-up; RFI measurements were made using a 

rotating slip ring brush contact in the test-rig. The test results 

are presented in Table A2.37 to A2.40. 

The main features of the test results are discussed below. 

6.1.1 Speed Influence 

Fig. 6.6, shows the influence of increasing speed on RFI levels 

generated using the 24 segment commutator at 1.5A. There is a sharp 

rise in interference from standstill to approximately 5000 - 6000 

r/min, at this point the rise in interference levels off rapidly, 

such that beyond approximately 8000 r/min the levels of RFI remain
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fairly constant. At 20,000 r/min the levels of RFI can again be 

seen to rise rapidly, during testing, it was observed that this rise 

was accompanied by severe arcing at the brush contact. With further 

increase in speed the arcing worsened to produce ringfire. It was 

apparent that this latter increase in RFI was due to noise generated 

by arcing resulting from the instability of the commutator/brush 

contact at high speeds. The noise due to arcing overshadows the 

noise due to current commutation, which appears to have levelled off 

at around 8000 r/min. 

Tests carried out on the 22 and 21 segment commutators showed no 

stability problems and as can be seen in Fig.6.7 and Fig.6.8 showing 

the speed influence on RFI for the 22 and 21 commutators 

respectively; there is no sudden increase in RFI at high speeds as 

observed in Fig.6.6. Figs.6.7 and 6.8 are similar in shape, there 

is an initial rapid rise in RFI from standstill to around 8000 

r/min, at which point the rise in RFI levels off such that beyond 

approximately 10,000 r/min the RFI remains fairly constant. 

Disregarding the effect of contact instability in Fig.6.6 at 

present, it can be seen that the speed influence on RFI levels for 

the three commutators show a similar trend, the only difference 

being the initial rate of rise of RFI from standstill. The shape of 

these curves can be explained by examining the response of the RFI 

measuring set Fig. 4.31 shows the pulse response curve of the 

Quasi-peak, measuring receiver, for pulse repitition frequencies 

(PRF's) greater that approximately 5kHz the pulse response curve is 

almost flat, such that the output of the Quasi-peak detector becomes 

relatively independent of the PRF.
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It would be expected that the levelling off of RFI at around 5000 — 

6000 r/min on the 24 segment commutator as shown in Fig.6.6, would 

correspond to a PRF around this frequency. The simple calculation 

shown below shows that this is in fact true; 

Impulsive noise is generated as current is switched by the rotating 

commutator, for each revolution of the 24 segment commutator, there 

are 24 switchings at each brush, thus a total of 48 RFI pulses per 

revolution. 

Therefore at 6000 r/min 

PRF = (6000/60) x 48 kHz 

= 4,8 kHz 

Similar calculations for the 22 and 21 segment commutator show that 

the levelling off of RFI in Figs.6.7 and 6.8, also correspond to 

PRF's of this order. 

The shaft speed of motors used in household appliances varies from 

between 10,000 to 20,000 r/min, it can be seen from these results 

that, due to the pulse response characteristic of the RFI measuring 

set, RFI levels due to the commutating current in this speed range 

remain relatively independent of speed. 

In Fig.6.9, the CISPR/EEC limits to RFI levels from motors is 

superimposed onto the interference spectrum of the 24 segment 

commutator at 16,000 r/min (curve (a) ). It can be seen that even 

without the influence of armature coils the commutating current
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generates high levels of RFI. At low frequencies (below 500 kHz) 

the RFI levels fall outside the statutory limits. The excessive 

arcing due to brush instability at high speeds on the 24 segment 

commutator generates additional RFI which exceeds the limits over 

much of the frequency band (curve (b) ). Thus it can be seen that 

the commutator action itself is capable of generating unacceptable 

levels of RFI. The commutator is an inherent feature of this type 

of motor and thus high levels of RFI can be expected from its 

operation. By adequate mechanical design however the additional RFI 

due to arcing caused by brush instability can be prevented. 

In the design of the test rig, attention was given to the 

possibility of brush instability and thus the brush box assembly was 

mounted rigidly to overcome these problems. It can be assumed 

therefore, that the brush instability observed using the 24 segment 

commutator resulted from irregularities of the commutator (this is 

supported by the fact that no instability problems were observed on 

using the 22 and 21 segment commutators at high speeds). Tests were 

carried out to measure the brush movement on the three commutators 

and the results are presented in Fig.6.10. Curves (b) and (c) of 

the 22 and 21 segment commutator respectively, show the maximum 

brush movement increased from approximately 0.025 mm to 0.075 mm 

across the speed range without causing any contact problems. Curve 

(a) of the maximum brush movement of the 24 segment commutator shows 

that in the region where heavy sparking was observed, the brush 

movement increases rapidly to around 0.15 mn. 

As described in section 4.2.1, the normal conduction between the 

commutator and brush is by a series of conducting arcs at the brush 

surface. When the contact separation is increased many of the
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conducting arcs are broken such that conduction is maintained only 

by one or two arcs. With greater separation as in the case of the 

excessive brush movements on the 24 segment commutator, the arcs are 

drawn until the electric field intensity is reduced sufficiently for 

the arcs to break momentarily thus breaking the actual commutator- 

brush contact resulting in the high levels of RFI observed in 

Fig.6.2. Further tests on the variation of RFI due to commutator 

irregularities, are presented in section 6.4. 

6.1.2 Influence of current 

The brushes used were capable of conducting currents up to 

approximately 2.5A, but tests were carried out increasing the 

current from 0.25A up to 4A to observe the effects on RFI at the 

high current densities as well as in the normal operating region of 

between 1 and 2A. Fig.6.11, shows the influence of increasing brush 

current on RFI levels generated using the 24 segment commutator at 

14,000 r/min. 

The RFI levels remain nominally constant across the frequency range, 

varying only by approximately 2dB from 0.25A up to 2.5A. At higher 

currents there is a significant rise in RFI, during testing this 

increase was noted to have been accompanied by arcing and occasional 

streamers at the brushes. It was evident that the excessive heat 

generated at the brushes at the higher currents caused contact 

bursting, resulting in arcing at the face of the brushes. The 

streamers were particles of white hot brush material thrown out from 

under the brushes by the rotation of the commutator. These effects 

cause excessive brushwear and irregular contact areas, which along 

with the noise generated by the arcing, is condusive to an increase
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in the levels of RFI observed in Fig.6.11 [94]. 

The main feature of interest in Fig.6.1l1, is in the normal brush 

operating region below 2A, the RFI levels are unaffected by changes 

in the brush current. The results indicate that the magnitude of 

current switched at the commutator does not influence the levels of 

RFI produced. Similar results were obtained on the 22 and 21 

segment commutators as shown in Fig.6.12 and 6.13, respectively. 

Quelch and Hall [10], concluded from their tests that it is the 

variation of brush contact resistance during commutation that is of 

importance, and it appears that it is this variation rather than the 

magnitude of the switching current which leads to high levels of RFI 

at the commutator. It is true that contact resistance is dependent 

on the brush current, but the test results show that this variation 

seems to have little affect on the ultimate levels of RFI obtained. 

RFI levels were observed as the brush current was reduced from 

0.25A, it was found that the RFI levels remain fairly constant at 

the high levels shown in Fig. 6.11, falling rapidly only when the 

current is reduced to a few mA. An interesting observation made was 

that even when no current was supplied to the test rig, rotation of 

the commutator caused low levels of RFI to be generated. No report 

of this phenomena has been found in the literature, it is of 

interest since it shows that the brush-commutator arrangement is in 

fact itself a generator of RFI - albeit very small. 

Measurements were made of this interference for increasing 

commutator speeds and the results are presented in Tables A2.41 to 

A2.46.
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Fig.6.14, shows the interference spectrum generated by rotation of 

24 segment commutator with zero current at various speeds. It can 

be seen that the RFI is rapidly attenuated in the low frequency band 

below 1MHz. At around 150kHz though, the RFI levels are 

significant, the RFI levels increase with speed, rising to over 25 

dB at 22,000 r/min. Fig.6.15, shows the influence of speed on the 

RFI levels at various frequencies, the main observation is that the 

increase in RFI is almost linear with speed above 2000 r/min, such 

that with further increases in speed above 22,000 r/min, it would be 

expected that the levels of RFI in the low frequency region would 

become even higher. 

A number of possible explanations as to the source thus this RFI are 

listed below, but it was decided that since the levels of RFI 

generated were low, no further detailed study to verify the 

explanations were carried out. The work is thus suggested as an 

area requiring further study in chapter 8. 

The RFI could be generated by:- 

(a) static electricity produced by ‘contact charging’ [139]. 

(b) thermelectric p.d. generated by friction at the sliding 

contact [94]. 

(c) The copper-moisture - air carbon contact resulting in the 

conditions required to produce a crude metal-air battery.[140] 

Note: These are tenous hypothesis for an unexpected observation and 

require further detailed study for verification or otherwise
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of the source. 

6.1.3 Surface Noise 

As mentioned earlier part of the noise generated at the commutator 

is a result of normal arc conduction noise. This noise is equally 

present on slip ring contacts as on the commutator; thus tests were 

carried out on the test-rig using a slip ring in place of the 

commutator to observe, the amount of interference contributed by 

surface noise to the overall levels of RFI measured from the 

commutator. 

Fig. 6.16 shows, the interference spectrums obtained using the slip 

ring with increasing speed at 1.5A. It can be seen that the RFI 

produced by surface noise is much less than that obtained on the 

commutator as seen in Fig. 6.2. Fig. 6.17, show the RFI spectrums 

for the slip ring and 24 segment commutator at 18000 r/min, it can 

be seen that surface noise is as much as 30 dB below the commutator 

RFI across the frequency band. Motter [1] considered that the 

factors affecting the amplitude of surface noise transients 

included, the brush material, brush pressure, rotation speed and 

brush current. The influence of slip ring speed is shown in Fig. 

6.18, it can be seen that the RFI levels rise steadily as the 

rotation speed is increased. At the slip ring-brush contact there 

1s a continuous formation and cessation of the conducting arcs 

during rotation, with increasing speed the rate at which this 

happens is also increased thus resulting in higher levels of RFI.
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Fig. 6.19, shows the influence of brush current on surface noise, 

the RFI levels can be seen to increase with higher brush current, it 

is likely that the higher currents produce a greater number of 

conducting arcs which generate larger current disturbances during 

the process of arc formation and cessation again resulting in higher 

levels of RFI. 

6.1.4 Summary of test results 

(a) 

(b) 

(c) 

(da) 

Commutation even without the influence of the short circuited 

coil parameters and the presence of the armature and field 

components can generate RFI levels which exceed the CISPR/EEC 

limits in the low frequency region. 

Surface noise generated between the rotating copper 

commutator and carbon brush face contributes as much as 20-30 

dB RFI in the low frequency region to the overall RFI 

measured from commutation. 

At commutation pulse repitition frequencies of greater than 

around 5kHz the measured RFI levels remain relatively 

constant. Thus for small motors normally operating at speeds 

greater than 10000 r/min the measured RFI levels are 

independent of the number of commutator segments. 

Variation of brush current densities in the normal operating 

region of small motors has no observable influence on 

measured RFI levels from the commutator. However, at high 

current densities RFI levels are increased due to excessive 

heat generated at the brush face causing contact bursting and
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arcing resulting in increased brush wear and damage to the 

commutator surface. 

(e) Low levels of RFI are generated from the rotating brush- 

commutator contact even when there is no external current 

source connected. These RFI components increase with speed 

but are attenuated above around 1 MHz. 

6.2 RFI Caused by the Variation of the Short-circuited coil 

Parameters 

In section 6.1, the RFI generated by the commutator switching action 

was observed, in this section the additional influence on RFI levels 

due to the parameters of the short circuited coil are examined. The 

test arrangement employed to observe this influence is described in 

section 5.3.2. Current in a circuit branch BC, representing the 

armature coil, is commutated by means of a commutator and slip rings 

arrangement as shown in Figure 5.13. The short-circuited coil 

parameters include: 

a) coil resistance, (Rs) 

b) coil inductance, (Ls) 

and ce) a circuit e.m.f. composed of the transformer e.m.f. 

and rotational e.m.f. generated in the coil during the 

time of commutation, (e). 

With the commutator rotated using the fan-air drive, these 

parameters were introduced to branch BC in turn and varied to
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observe their influence on RFI. Measurements of RFI were taken at 

5000, 10,000, 15,000 and 20,000 r/min for brush current of 0.5, 1.5 

and 2.5A respectively. Details of the test condition and the 

results obtained are presented in the sections below. In section 

6.1 it was found that RFI levels from the commutator without the 

influence of the armature coil parameters in this current range and 

at speeds above 10,000 r/min remain relatively constant. Thus any 

significant changes in RFI levels observed during the variation of 

branch BC could be related to the appropriate parameters under test. 

The surface noise generated at the slip ring pair, is small in 

comparison with the noise generated at the commutator as shown in 

section 6.1.3, thus their effects can be neglected in tests 

presented in this section. 

6.2.1 Resistance Commutation 

The inductance elements of the circuit branch BC, were removed 

leaving only a resistive commutation circuit. The resistance was 

increased in stages from zero to 20M, RFI measurements were recorded 

and the results are presented in Tables A2.47 to A2.70. Figs. 6.20 

to 6.23 show the interference spectrums obtained for increasing 

resistance at 5000, 10000, 15000 and 20000 r/min using 1.5A brush 

current. 

It is evident from the sprectra obtained that RFI levels rise with 

increasing resistance. At the low speed (Fig. 6.20), below 52 

where sparking at the brushes was minimal, it can be seen that the 

increases in RFI levels are greatest in the low frequency region at 

150 MHz but the levels reduce steadily as the frequency is 

increased, such that above 3.5MHz, there is a variation of less than
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2 dB in overall RFI levels extending into the h.f. region to 300 

MHz. Further increases in resistance were accompanied by an 

increase in sparking at the brushes, this contributed to an increase 

in RFI particularly at frequencies above 1 vz, with the greatest 

rises appearing around 10 MHz, but in the h.f. region the RFI levels 

continue to rise, becoming very erratic and difficult to measure. 

Fig. 6.24, shows the manner in which RFI increases at various 

frequencies across the r.f. band with increasing resistance at 5000 

r/min. RFI rises steadily with small increases in resistance but 

levels off at around 6{.. In the h.f. region at 90 and 300 MHz, 

there is a negligible change in RFI levels at these low resistance 

values and appear only to rise with the onset of sparking at the 

higher resistance. Similar observations can be made from the 

interference spectra obtained at the higher speeds; the influence 

of resistance variation is to increase RFI levels in the low 

frequency region - but the increases are attenuated as the frequency 

increases above around 3.5 MHz. With the onset of heavy sparking at 

the brushes at the higher resistance values, there is a further 

increase in RFI levels, but this increase appears to be most 

affected in the r.f. band above 1 MHz extending through to the h.f. 

power measurement region from 30 to 300 MHz. The manner in which 

RFI levels increase at various frequencies due to the influence of 

resistance commutation at the higher speeds is shown in Fig. 6.25 to 

6.27. 

The effect of variation of brush current showed an increase in 

overall RFI levels by approximately 6 dB from 0.5A to 2.5A, at the 

lower speed, although at the higher speeds this increase was greatly 

reduced to within 2 dB.
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The influence of varying resistance on RFI levels can be explained 

in terms of the noise generated due to current reversal during 

commutation and also the noise generated by the sparking at the 

brushes as commutation is completed. The theory of resistance 

commutation was described in Section 3.3, it was discussed that 

linear current reversal can only be obtained if the resistance of 

the short circuited coil is zero. As resistance is increased the 

reversal of current is distorted as shown in Fig. 3.15. The rate of 

current reversal is a maximum at the beginning and end of 

commutation. Increasing the resistance leads to condition where the 

current is switched in two abrupt steps at the beginning and end of 

commutation. 

Andone and others [108, 76] show that the more abrupt the changes in 

current, the greater the components of RFI generated. Their results 

also predict that the RFI components are greatest in the low 

frequency region and become attenuated at the higher frequencies. 

These features were observed in the interference spectra obtained 

from the test measurements described above; the increasing 

resistance causing an increasing distortion in current reversal 

which in turn increases the levels of RFI measured. 

It becomes apparent that the increases in RFI levels observed in the 

h.f. region as the resistance values were increased above 62, 

cannot be explained from Andone's results - but the observations 

made during testing, infer that these latter increases were due to 

noise generated in the sparking - which itself is caused by the 

abrupt changes in current. 

In practice, armature coil resistance in small motors is less than
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0.5 , thus it can be seen from the results, increases in RFI 

levels due to armature resistance in the normal operating region are 

only of the order of 2-3 dB in the low frequency region below 3.5 

MHz. The case for resistance commutation is purely hypothetical, 

since coil inductance will always be present, test results presented 

in the following sections study the case for delayed commutation. 

6.2.2 The Influence of Coil Inductance 

Tests were carried out to observe the influence on RFI levels due to 

inductance in the commutating branch BC. Firstly, with the fixed 

resistor removed, inductance was introduced by connecting variable 

inductors in the circuit. Design details of the inductors are given 

in section 5.3.2.2. The resistance of the inductance coils was 

measured to be less than 0.159, with all the coils in circuit. RFI 

measurements were recorded as the branch inductance was increased up 

to 1.3 mH, the results are presented in Tables A2.71 to A2.88. The 

tests were subsequently repeated with the addition of small fixed 

resistances in series with the inductor. Table A2.89 to A2.100, 

show the results obtained using fixed series resistances of 0.25 and 

0.5%. The values of resistance were limited to these values since 

these were considered to be the typical order of magnitude expected 

for armature coils in the motors. Figs. 6.28 to 6.31, show sketches 

of the interference spectrums obtained using a brush current of 1.5A 

at 5000, 10,000, 15,000 and 20,000 r/min respectively. At 5000 

r/min, (Fig. 6.28) it can be seen that even for inductance of only a 

few Pa, the RFI levels increase significantly. At 25 pH, the 

greatest increase in RFI levels is below 10 MHz, increasing by 

approximately 10 dB at 1.4 MHz.
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Above 10 MHz, in the high frequency region the increases in RFI 

levels are small. Intermittent pin-point sparking was evident at 

the trailing edge of the commutating brush. Increasing the 

inductance to around 500 pH, caused further increases in RFI levels 

but the shape of the interference spectrum, remains consistent. The 

degree of sparking also worsened with heavy sparking across the full 

width of brushes. For higher values of inductance the RFI levels 

remained fairly constant below around 6 MHz, but above this 

frequency the RFI levels continued to increase, becoming very 

erractic. At 10,000 r/min, (Fig. 6.29), again at low values of 

inductance the greatest increase in RFI levels was in the region 

below 10 MHz and this trend continued up to around 250 pH. At the 

higher inductances, the RFI levels continue to increase above around 

6 MHz, whereas at the low frequencies, this rise is greatly 

reduced. At higher speeds it was observed that increases in RFI 

levels occur at inductances of only 10 PH, and rise further as the 

sparking worsens considerably with inductance. The greatest 

increase in RFI occur in the h.f. region where the RFI measurements 

became more difficult to measure due to the erratic nature of the 

readings obtained. 

The influence of armature coil inductance is to delay the 

commutating current such that at the end of the time of commutation, 

current reversal is incomplete. The uncommutated current must fall 

rapidly to zero, but the change of current is opposed by a reactance 

voltage (i.e. Ldi/dt). if the reactance voltage is great enough 

(= 12V Ref: Dijken [28]), an arc is drawn between the leading 

commutator segment and the trailing edge of the brush as the current 

declines. In section 6.2.1, it was discussed that rapid changes in
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current, such as those experienced at the end of commutation, 

generate RFI components and have been referred to as the “noise of 

commutation". These RFI components are greatest in the low 

frequency region, decreasing steadily at higher frequencies. Thus 

the increases in RFI levels in the low frequency range observed in 

the test results is due to the increasing "noise of commutation”, 

resulting from the influence of inductance on the commutating 

current. The effect of the sparking is to cause further RFI 

components referred to as the “noise of arcing". It is apparent 

from the test results that the RFI components of this latter noise 

are dominant in the high frequency region above around 6 MHz. The 

range of inductance used in these tests are typical of the values 

measured on small motors. It is clear that armature coil inductance 

causes significant increases in the RFI levels generated at the 

commutator, the following sections discuss the various influences 

observed. 

6.2.2.1 Influence of speed 

Fig. 6.32, shows the manner in which RFI levels increase at various 

frequencies as the inductance is increased at 5000 r/min. As 

observed from the interference spectrums above, at 0.15 MHz and 1 

MHz RFI levels rise rapidly initially but become steady at around 

500 pH. At the high frequencies, the RFI levels continue to rise 

although the rate of rise is reduced. Figs. 6.33, 6.34 and 6.35, 

show similar curves at 10,000, 15,000 and 20,000 r/min. It is 

evident that the initial rate of rise of interference increases with 

speed. Thus at high speed small values of inductance in the 

commutating circuit can cause significant increases in RFI.



251 

In section 6.1.1, it was found that without the influence of 

armature coil parameters, RFI generated at the commutator remains 

fairly constant at high speeds. Thus the speed influence observed 

from the test results, can be attributed to the inductance of the 

commutating circuit and its effect on the commutating current. The 

rate of current decay during commutation is predominantly governed 

by the ratio (L/R,). During commutation, the current falls 

exponentially at this decay rate until the time of commutation 

elapses. The reversal of the remaining uncommutated current IQ» 

causes the increases in the levels of RFI indicated in Figs. 6.28 to 

6.31. The time of commutation is inversely proportional to the 

rotational speed of the commutator; thus as the speed increases the 

time of commutation T, is reduced. This decrease in TY means 

that at the end of commutation, the amount of uncommutated current, 

Ic, increases. The increase of Ic at higher speeds explains the 

speed influence on the RFI levels evident from the test results. 

The higher the value of Ic, the more abrupt the final change in 

current at the end of commutation, as discussed above this causes an 

increase in RFI components due to the “noise of commutation". If 

the reversal of Ic results in sparking this further increases RFI 

due to the “noise of arcing”. 

6.2.2.2 Influence of current 

Figs. 6.36, 6.37 and 6.38, show the interference spectrums obtained 

at 15000 r/min, for increasing brush currents at 50 pH, 100 pH and 

500 pH respectively. At low inductance RFI levels remain relatively 

unaffected by increases in brush current, but at 100 pH, it can be 

seen that RFI increases in the frequency region above 6 MHz at the 

higher brush currents. It was observed that the degree of sparking
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is also worsened at the high brush currents. Similar results were 

observed at 500 pH where again the RFI levels above around 6 MHz are 

increased at the higher brush currents. 

The current influence on RFI levels can again be explained by the 

commutating current; Fig. 6.39 shows the commutation of currents 

da, and lay, where Ia, is greater than Ia. The rate of 1 

decay eGuide is the same, thus at time Ty the currents have 

fallen to Ie, and Icey respectively. Although the ratio of 

Ja,/Ic, and Iay/Icy are the same. It can be seen that 

Ic, » 18 obviously greater than Ic It is thus apparent that 1° 

increase in brush current results in an increase in the amount of 

uncommutated current at the end of the time of commutation. As 

described in section 6.2.2.1, the high uncommutated current results 

in increased brush sparking and also higher RFI levels. Nelson and 

Deihl [94] commented that as brush current density is raised, more 

heat is generated at the brush-copper contact, this hastens the 

formation of the oxide film on the commutator which can alter the 

brush contact resistance. The variation of brush contact resistance 

can affect the “surface noise” generated at the commutator and also 

the current decay time constant GAR, which in turn directly 

affects the “noise of commutation”. 

6.2.2.3 Influence of series coil resistance 

The results presented in Tables A2.89 and A2.100, show that there is 

minimimal influence on RFI levels due to the addition of small 

resistors in series with the variable inductors in branch BC. The 

series resistance Rs has negligible effect on the decay time 

constant and hence negligible effect on commutation and RFI.
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6.2.3 RFI Caused by the Influence of Transformer e.m.f.'s and 

Rotational e.m.f.'s generated in the commutating coil 

In Section 4.4, it was discussed that during commutation, the short 

circuited coil is subjected to influence of a transformer e.m.f., 

e, and a rotational e.m.f., ot? generated within it. These 

e.m.f.'s can be considered to be components of a single 'circuit' 

e.m.f., e, where; 

e = Enax Sin (wt + YW) (3.26) 

2 2 Eoaxe econ ee) (3.27) 

es 
and y tan EL Et (3.28) 

The circuit e.m.f. is alternating at the main current frequency, but 

lagging behind it by an angle Y. Depending on the magnitude of the 

two e.m.f.s, ce. and es y, can lag from 0° to 90°, behind 
ot? 

the main current. 

Tests were carried out to observe the influence of the combined 

circuit e.m.f. on RFI levels due to commutation. A voltage variable 

in magnitude and phase, was injected into the commutating branch BC 

by means of a transformer arrangement described in section 5.3.2.3. 

Firstly, with the series elements in branch BC removed, such that 

the branch impedance comprised only of the inductance and resistance 

of the transformer coil, (these were 230 pH and 0.132 respectively). 

Measurements of RFI were recorded at 15,000 r/min using brush 

current of 1.5A for increasing circuit e.m.f.'s up to 8V (peak).
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The results obtained are presented in Tables A2.101 to A2.103, for 

phase shifts (YW) of 0°; 45° and 90°, respectively. The 

tests were subsequently repeated after adding the variable inductors 

in the commutating branch and adjusting them to give total 

inductances of 500 pH and 1 mH. The results obtained are presented 

in Tables A2.104 to A2.109. 

Figs. 6.40, 6.41 and 6.42, show sketches of the interference 

spectrum obtained with the different inductances at W = 45°. At 

230 BH, (Fig. 6.40) circuit e.m.f.s. of less than approximately 4V 

have minimal affect on the RFI levels measured. Further increase in 

voltage tend to increase the RFI levels across the frequency band 

and as the voltage exceeds 6V, the RFI levels rise significantly in 

the high frequency region. This latter increase in RFI was observed 

to be accompanied by severe arcing at the brushes. Similar results 

were obtained at the higher inductances as indicated in Figs. 6.41 

and 6.42. 

Figure 6.43, indicates the influence of the combined transformer and 

rotational e.m.f.s. on the reversing current, which is continually 

changing as the commutator rotates. At any instant if the circuit 

e.m.f. is opposing the direction of commutation, then the reversing 

current is delayed, as it is with the reactance e.m.f., thus as the 

end of the time of commutation the reversal of the uncommutated 

current contributes to increases in the levels of RFI. If the 

circuit e.m.f. is such, that it is in the same direction as the 

reversing current, then commutation can actually be improved as the 

current generated by the circuit e.m.f. assists the reversal of 

current. This case would obviously contribute to 'reduce' RFI. If, 

however, in this latter case the circuit e.m.f. is too large, the
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reversing current is over-commutated such that at the end of the 

time of commutation, the reversal of the over-commutated current can 

again cause increases in RFI levels. 

It is apparent from the test results that there is a minimum 

"threshold voltage', at which commutation is not adversely affected 

by the circuit e.m.f. and the RFI levels remain unaffected. Above 

this threshold voltage (round 4V), commutation is worsened, 

resulting in increased sparking and higher levels of RFI. At the 

onset of arcing at the brushes, the additional “noise of arcing” 

generated causes further RFI increases in the the h.f. region. The 

influence of variations in phase shift ¥ and the magnitude of brush 

current are discussed below. 

6.2.3.1 Phase Shift (Y ) Influence 

With increasing phase shift the peaks of the circuit e.m.f. coincide 

with the zero crossing of the main current, as shown in Fig. 6.43 

this has an adverse effect on commutation in this region. Fig. 6.44 

shows the interference spectrums obtained using a branch inductance 

of 230 pH, with an injected circuit e.m.f. of 4V at 0% 45° and 

90°. It can be seen from the curves that RFI levels increase with 

phase shift as expected. At Y= 90°, it was observed that 

sparking at the brushes was also worsened, becoming heavier. This 

is also evident from the RFI spectra showing the greatest increases 

in RFI levels in the h.f. region. 

In small motors the phase shift results from the transformer e.m.f. 

component of the circuit e.m.f; this lags the main current and the 

rotational e.m.f. by 90°. It is evident from the results that the 

transformer e.m.f. must be minimised to reduce increases in RFI
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levels and brush sparking. 

6.2.3.2 Current Influence 

RFI measurements were recorded at brush currents of 0.5A and 2.5A as 

the circuit e.m.f. was increased with the phase shift set at 

Y= 45°, using a branch inductance of 230 pH. The results 

obtained are presented in Tables A2.109 to A2.111. Figs. 6.45 and 

6.46 show sketches of the interference spectrums obtained. At 0.5A 

(Fig. 6.45), it can be seen that RFI levels begin to show an 

increase as the circuit e.m.f. is increased to only 2V, (in the test 

results shown earlier in Fig. 6.40, where a brush current of 1.5A 

was used, RFI levels remained relatively unaffected until the 

circuit e.m.f. was increased to 4V). At the higher brush current of 

2.5A (Fig. 6.46), RFI levels are similar to those obtained at 1.5A, 

until the circuit e.m.f. is increased to around 6V where it can be 

seen there is a greater increase in RFI levels in the h.f. region. 

It is clear from Fig. 6.43, that if the circulating current produced 

by the circuit e.m.f. is larger than the commutating current, the 

reversal of current can be so adversely affected that commutation 

can only be completed by severe sparking at the brushes - it is 

essential therefore, to minimise the magnitude of the circuit e.m.f. 

Puchstien & Kimberley [27] summarised the findings of other authors 

as to the permissible levels of transformer voltages in the short 

circuited coil to give an acceptable quality of commutation in 

various motors and generators. The values range from 2V to 6.9V 

depending on the size of motor tested. From the results it appears 

that for small motors there is a threshold voltage of around 4V
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below which the circuit e.m.f. has minimal effect. 

6.2.4 Summary of test results 

(a) 

(b) 

Distortion of current by resistance commutation increases 

overall RFI levels, however the values of coil resistance 

normally measured on small motors (less than 1 ohm) would 

only cause increases of the order of 2-3 dB in the low 

frequency region. 

The influence of reactance voltage (Idi/dt) generated by the 

commutating current in the presence of coil inductance is to 

increase RFI as follows: 

i) 

ii) 

the reactance voltage delays the commutating current 

such that there is an abrupt change in current at the 

end of commutation. This distortion of the 

commutating current leads to increased RFI components 

in the low frequency region, attenuating as the 

frequency is increased. 

arcing at the end of commutation as the stored 

inductive energy (1/2 1?) is dissipated generates 

further RFI components and these have been found to 

predominate in the region above 10 MHz extending 

across the high frequency region. 

The magnitude of reactance voltage is dependent both on 

rotational speed and the magnitude of the switching current, 

thus an increase in either parameter further increases the
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overall RFI levels. 

Ce) The influence of the circulating current generated by the 

transformer and rotational voltages generated in the 

commutating coil is to periodically overcommutate and 

undercommutate the switching current. As above the resulting 

distortion of current and arcing generate RFI components 

which increase the overall RFI levels. 

6.3 RFI due to the influence of the physical components of the 

armature and field 

Commutation and the influence of the parameters of the short 

circuited coil have been isolated and the measurements of RFI 

obtained have been detailed in the previous sections. This section 

presents the results of RFI measurements associated with the 

armature and field components of small motors. Section 5.3.3 

details the tests carried out to determine the levels of RFI 

generated by the various motor components. 

The technique used was to build the test rig up in stages, measuring 

RFI levels at the addition of each component, such that the 

influence of that component on the overall RFI levels could be 

assessed. Measurements were recorded for the following test 

arrangements :— 

a) Field windings only (section 6.3.1) 

b) Field winding and field lamination stack (section 6.3.2)
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c) Complete field system and unwound armature in the field air 

gap (section 6.3.3) 

a) Fully wound armature with field system removed (section 6.3.4) 

e) Complete motor; fully wound armature and complete field 

system (section 6.3.5) 

For arrangements (c) and (d) it was necessary to rotate the armature 

externally by means of the fan-air drive described in section 

5.2.5. The various components made available by Hoover ple for 

these tests include: 

i) a single coil U-type field system 

ii) a twin coil O-type field system 

iii) 12/24 armature (i.e. armature windings distributed in 12 

slots around a 24 segment commutator). 

iv) 7/21 armature 

v) 11/22 armature 

Test conditions and the components used are detailed with the 

results in the subsections below. 

6.3.1 Field Windings only 

The standard Hoover U-type field windings consist of a plastic
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bobbin wound with 670 turns of 0.4 mm gauge copper wire. These 

windings were excited at various currents via the artificial mains 

network as indicated in Fig. 5.27. No detectable levels of RFI were 

observed either by conducted interference or radiated power 

measurements. 

6.3.2 Field Windings and Field lamination stack 

Tables A2.112 to A2.114, show the RFI levels obtained from the 

U-type and 0-type field arrangements at excitation currents of 0.5, 

1, 1.5 and 2A. Fig. 6.47, shows sketches of the interference 

spectrums obtained from the U-type field. At 0.5A the levels of RFI 

observed were negligible, but as the current was increased then it 

can be seen that the measured RFI at 0.15 MHz increases to a maximum 

of approximately 6dB at 2A. The RFI is rapidly attenuated at higher 

frequencies such that beyond around 0.25 MHz the levels cannot be 

detected. In the previous section, it was found that exciting field 

windings alone does not produce RFI, thus it is clear that the 

interference is caused by the magnetisation of the field 

laminations. When a steel sheet is magnetised an elongation takes 

place in the direction of magnetisation called 'magnetostriction'’. [141] 

Excitation of an alternating magnetomotive force caused by 

elongations to be translated into periodic vibrations usually 

recognised as an audible 'hum' from the field stack. 

Magnetostriction causes the field to appear as a periodically 

varying load to the mains supply generating the low frequency RFI 

components as observed above in the test results. It was considered 

that if the field vibration was increased, the RFI levels would also 

increase, this was confirmed by exciting a field with ‘loose’
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fitting laminations, the measured results are sketched in Fig. 

6.48. It can be seen that higher RFI levels are obtained as 

expected and it was also noted that the audible noise from the field 

was also increased. 

6.3.3 RFI caused by the influence of rotor slots 

The U-type field arrangements was mounted in position in the test 

rig and unwound armature rotors with 7, 11 and 12 slots were then 

assembled in the air gap in turn. Measurements of RFI were recorded 

across the field windings at increasing excitation currents with:- 

(a) the rotors at standstill 

(b) the rotors rotated (using the fan-air drive arrangement). 

The test measurements are presented in Tables A2.115 to A2.124, the 

main features of the results are discussed below. 

6.3.3.1 Rotor at standstill 

The introduction of the rotors to the air gap caused a noticeable 

increase in audible magnetostriction noise from the test rig. 

Observation of the measured RFI levels showed an increase of over 

three times the levels detected on the field alone. Fig. 6.49, 

shows a sketch of the interference spectrums obtained using the 12 

slot rotor. It was noticed that the RFI measured with the rotor 

tooth under the centre of the pole was approximately 5dB higher than 

those measured with the slot under the centre of the pole. Wainart, [56]
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showed that the magnetic flux increases by approximately 15% with 

the tooth under the centre of the pole, causing a greater amplitude 

of magnetrostriction of the rotor laminations and thus a higher 

level of generated RFI. With loose fitting armature laminations 

again the magnetrostriction noise was found to increase further 

causing RFI levels to rise by as much as 20 - 25dB at the lower 

frequencies. In all cases, however, the levels are attenuated to 

zero at frequencies of above approx. 0.5 MHz. Measurements on the 7 

and 11 slot rotors showed similar results although no influence of 

the slot number was evident. 

6.3.3.2 Rotor at speed 

Measurements of RFI levels were recorded with the rotors at 5000, 

10000 and 20000 r/min and the field windings excited at 1.5A; the 

results are presented in Tables A2.122 to A2.124. It can be seen 

from the results that there is no detectable speed influence on the 

measurements. Rotating the unwound armatures by means of the 

fan-air drive caused the RFI levels to settle approximately mid-way 

between the maximum and minimum values observed at the two extreme 

stationary rotor positions discussed above. At the higher speed it 

was noted that the RFI even shows a slight decrease across the 

frequency range. The observations are in direct contradiction to 

the results presented by Quelch and Hall [10] for similar tests 

carried out on their test rig arrangement. 

Although no information was given as to the number of slots on their 

rotor arrangement, their results show an increase with speed of up 

to 60 dB at 40,000 r/min with hardly any attenuation with frequency 

up to 1MHz, which led them to postulate that the interference was
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due to the mechanism of periodically varying capacitance between the 

metal parts of the machine caused by slot rotation. All three 

rotors tested above do not support the conclusions of Hall and 

Quelch with no significant difference in the RFI measured for each 

slot configuration. 

It is felt that Hall and Quelch's conclusions result from the fact 

that they used a commutator motor to drive their test rig and the 

interference transmitted by this motor far out weighed the RFI 

generated within the test rig. The increase in RFI with speed, is 

probably the result of increased arcing at the brushes of the drive 

machine. 

6.3.4 Wound armature with the field removed. 

A 12/24 wound armature was fitted into the test rig with the field 

system removed. The windings were energised from the supply via 

brushes fitted in the normal position and the shaft rotated by means 

of fan-air drive. RFI measurements were recorded from the test rig 

at speeds of 5000, 10000, 13000 and 20000 r/min at 1.5A, the results 

are presented in Table A2.125. 

Shaft rotation causes commutation of the main current in the 

armature windings, thus RFI is generated both due to the switching 

current and the resulting sparking at the trailing edges of the 

brushes. The quality of commutation is determined by the active 

inductance of the short circuited armature windings. The influence 

of transformer and rotational voltages in the commutating coil are 

absent since these are a function of the air gap flux, which has 

been eliminated by the removal of the field. Fig. 6.50, shows a
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sketch of the interference spectrums obtained. It can be seen that 

the shape of the spectrums is similar to those obtained from the 

commutation studies described in section 5.2. 

The overall levels of RFI are as much as 30dB greater then the 

statutory CISPR/EEC limits at the higher speeds confirming earlier 

results that commutation is the major source of RFI in small 

motors. The speed and current influence of inductance commutation 

has been discussed in the earlier sections, the main point of 

interest observed during testing was that the RFI detector 

indication was very erratic, making precise measurements of RFI 

levels difficult. This type of erratic indication had been observed 

in the high frequency region in earlier tests where heavy sparking 

or arcing were particularly dominant. But in these tests, the 

erratic indication extended into the low frequency region even at 

0.15 MHz, where the levels were varying by up to 5dB. In the 

earlier commutation studies, the parameters of the short circuited 

coil had been simulated by fixed circuit parameters. It was 

considered that the erratic variation of RFI levels could be 

associated with the variation parameters of the commutating coils by 

rotation. Dijken [28] showed that the active inductance, Lc omm of 

the coils undergoing commutation was dependant on the precise brush 

contact at any instant, as this would affect the magnetic coupling 

of the armature coils. Armature rotation causes the brush contact 

to continually change thus the active inductance that the switching 

current must overcome at the end of commutation is also a variable. 

Measurements of ea were taken at various brush positions on the 

12/24 armature as indicated in Fig. 6.51, it can be seen that the 

value of Ee ores ranges between 124»H and 379 pH.
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From the RFI measurements presented in section 6.2.2 it can be seen 

that a variation of active inductance of this order can cause the 

RFI levels to change by approximately 10 - 15dB across the frequency 

spectrum. Thus the erratic RFI indication from the commutating 

armature is explained - the variation of active inductance of the 

commutating coils with rotation causes the generated RFI to deviate 

between the maximum and minimum levels determined by the maximum and 

minimum value of active inductance. The variation in RFI levels 

indicated by the Quasi-peak type detector are lower than the 

variation estimated from the interference spectrums shown in Fig. 

6.31 since the detector output is a function not only of the 

amplitude of interference, but also its shape and repitition rate as 

described in section 4.3.1. 

Further RFI tests to assess the influence of different armature 

designs is presented in section 6.3.5.3. 

6.3.5 Fully wound armature and field systems (complete motor). 

Test work described in this section was carried out in order to 

examine the levels of RFI produced due to different armature and 

field configurations. By connecting the armature and field windings 

in series via the brushes the test rig was driven as an independent 

motor, with motor load applied using the pony-brake arrangement 

described in section 5.2.6. As mentioned earlier, the test rig was 

designed to accommodate a U-type or O-type field stack and the 

choice of three different armature designs (i.e. 7/21, 11/22 and 

12/24). The designs of these components was such that any 

combination of field and armature would give almost identical motor 

performance. The influence of the different components on the
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levels of RFI produced, was assessed from tests using the following 

test rig configurations:— 

i) the field connected as a single lumped winding in series with 

a 12/24 armature. 

ii) the field connected as a split winding connected in series 

either side of a 12/24 armature. 

iii) configuration (i) with the 7/21 and 11/22 armatures. 

The test rig was energised from a 240V, supply via a standard 150 

artificial mains terminating impedance. Motor load was adjusted to 

give a rated speed of 13000 r/min. 

With this armature and field arrangement, all the interference 

generating sources isolated in the previous tests each make their 

contribution to the total RFI produced by the motor. The ultimate 

level of RFI detected by the measuring apparatus is subject to 

considerable modification as a result of the effects of stray 

capacitances and inductances which are present in the motor 

structure. These parameters may either attenuate interference 

currents by presenting a high impedance to their flow, or cause high 

peaks of interference where the interaction of capacitance and 

inductance gives rise to resonance conditions. The RFI measurements 

from the tests are presented in the subsequent sections. To explain 

the results it became necessary to make further measurements of 

various motor r.f. impedances and the asymmetric and symmetric RFI 

currents.
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RFI current paths within the motor can only be effectively shown 

using a representative r.f. equivalent circuit of the motor and its 

associated wiring. Thus the use of simple r.f. models of the test 

rig arrangements have been made in order to discuss the essential 

features of the results obtained. 

6.3.5.1 Field connected as a single lumped winding. 

In this case, the field windings were lumped onto one side of the 

armature as indicated in Fig. 6.52(a). This is the normal 

connection arrangement for the U-type field system, but may equally 

well be used on the 0-type field - connecting the two coil halves in 

series as shown in Fig. 6.52(b). RFI measurements were recorded 

using both field arrangements with:— 

(a) the field windings connected to the line side of the mains 

supply (test rig frame connected to earth). 

(b) the field windings connected to the neutral side of the mains 

supply (test rig frame connected to earth). 

(ec) repeat (a) with the earth connection removed. 

(d) repeat (a) with the earth connected to the field laminations. 

The results are presented in Tables A2.126 to A2.135. Fig. 6.53 

shows a sketch of the interference spectrums obtained across line 

and earth (L-E) and across neutral and earth (N-E) using the U-type 

field system in arrangement (a). It can be seen that in the low 

frequency region, that the overall RFI levels are higher across N-E,
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but this level is still approximately 5 - 10dB lower in the low 

frequency region and almost 20 dB lower in the high frequency region 

than that measured on the 12/24 armature with the field removed in 

section 5.3.4 as indicated in Fig. 6.50. Thus the influence of the 

field is to reduce the measured RFI levels from the test rig, this 

reduction is primarily due to the field windings impeding the flow 

of interference currents generated at the motor brushes and is 

discussed further below. Another factor in reducing RFI levels with 

this arrangement, is the position of the brushes relative to the 

main flux; the armatures had been wound on conventional winding 

machines in the Hoover factory, the windings were displaced such 

that a brush shift of approximately 25° is introduced when the 

brush axis is coincident with the quadrature axis. The brush shift 

improves commutation and its influence of RFI levels is examined 

later in section 6.4.13. 

As mentioned above, with the field connected to the line side of the 

mains supply, the conducted interference measured across L-E is 

approximately 10 dB lower than that measured across N-E. Changing 

the field connections to the neutral side of the mains supply 

(arrangement (b)), also results in changing of the two RFI levels. 

In this case, the conducted interference measured across N-E is 

approximately 10dB lower than that measured across L-E (see Fig. 

6.54). The shape of the interference spectrum in both cases is 

unchanged and the radiated interference spectrum remains unaffected 

by any change in field connections. These results can be explained 

with reference to the simplified r.f. equivalent circuit of 

arrangement (a) shown in Fig. 6.55. Neglecting the impedance of the 

mains cable, the only impedance to the flow of interference currents 

along the neutral lead is the r.f. armature impedance and the 150 2
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terminal mains impedance, whereas the impedance to the interference 

currents along the line connection includes the r.f. impedance of 

the field windings. Fig. 6.56(a) shows the measured r.f. impedance 

across the U-type field windings. Below 1MHz the impedance varies 

between 10 and 20k, at the higher frequencies the field windings 

appeared as a 60 pF capacitance as the impedance decreases steadily 

with frequency. This impedance has been attributed to the reactance 

of the interturn and interlayer self capacitance of the windings. 

It is clear that the r.f. impedance of the field is large in 

comparison with the 150Mof the terminating mains network and is 

thus responsible for the difference in RFI levels measured at the 

line and neutral. 

A further reduction in the RFI measured on the side at which the 

field is connected is caused by the diversion of the interference 

currents from the mains lead by the stray capacitance of the 

windings to the field lamination stack. Fig. 6.56(b) shows the 

measured r.f. impedance between the windings of the U-type field and 

the field lamination stack, it can be seen that although this 

impedance is higher than that of the windings, it is of comparable 

magnitude and thus offers an alternative path for the interference 

currents to flow. Fig. 6.57, shows the measured levels of RFI using 

the 0-type field there is a difference of around 5 - 10dB between 

the conducted interference levels across L-E and N-E, but it was 

noted that the levels of RFI at both sides was lower than that seen 

in Fig. 6.54. Thus it was expected that the two half coils 

connected in series on the 0-type field would exhibit a higher r.f. 

impedance than that observed from the single U-type field winding. 

This was confirmed by measurement as indicated in Fig. 6.58. 

Reference (103) states that mutual coupling between coils via the
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laminations is negligible, hence it was considered that the higher 

impedance results from the physical separation of the two coils 

causing a reduction in the total self capacitance of the windings. 

If we consider C to be the self capacitance of the single U-type 

field winding and C' to be the self capacitance of each of the half 

coils on the 0-type field. It is obvious that C' is less than C 

because each half coils has less interturn and interlayer self 

capacitance. Connection of the two half coils in series results in 

the total self capacitance of the windings to be halved i.e. C'/2. 

The lower self capacitance and hence higher series r.f. impedance of 

the field windings is desirable for the suppression of RFI. As 

shown above, in the case of the twin coil 0-type field, there is a 

reduction in self capacitance by virtue of the series connection of 

the two half coils. Single (U-type field) winding self capacitance 

may be reduced by sectionalising the coils, thus reducing both their 

inherent interturn and interlayer self capacitance. 

Measurements were further made of the asymmetric and symmetric 

interference current components for the two field systems, the 

results are shown in Figs. 6.59 and 6.60. The symmetric 

interference (Fig. 6.59) from the series twin coils is lower than 

that measured from the single coil, but the asymmetric components 

(Fig. 6.60) remains unaffected by the different fields. Thus it is 

likely that the reduction in RFI levels seen in Fig. 6.57 using the 

O-type field arrangement is due to a reduction in symmetric 

interference currents due to an increase in the field impedance 

discussed above. The lack of change in the asymmetric current 

suggests that most of this current flows via the neutral to earth 

(being unaffected by the change in field which is connected to the
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line side of the mains supply). 

With arrangement (c), RFI measurements were repeated with the earth 

connection removed from the motor frame, thus removing the 

electrical connection allowing the asymmetric interference current 

to flow. Fig. 6.61, shows the measured RFI levels from the U-type 

field with this arrangement. It can be seen that the RFI levels at 

the line and neutral are the same and in fact 2-3dB lower than 

measured on the line in arrangement (a). Measurements of the 

asymmetric and symmetric currents for this case are shown in Fig. 

6.62. The symmetric interference current is at the same level as 

detected in arrangement (a), but the asymmetric interference current 

is reduced as expected by the removal of the earth connection. The 

asymmetric interference is not totally eliminated since at radio 

frequencies, these currents are able to flow via the stray 

capacitance between the motor frame and field laminations to earth, 

although the very high impedance ensures that they are minimal. It 

also becomes apparent that the difference in RFI observed across L-E 

and N-E in the earlier tests was due to the asymmetric current 

component, the reduction of which causes the RFI at the two lines to 

be the same. 

Finally, RFI measurements were taken with the test-rig connected as 

in arrangement (d) with the earth lead connected to the field 

laminations. Fig. 6.63, shows the interference spectrum obtained, 

the RFI levels as expected increase due to the low impedance path 

provided for the asymmetric currents to flow via the field 

lamination stack. But it is interesting to note that these RFI 

levels are lower than those obtained with the earth connected to the 

test rig frame, indicating that the majority of asymmetric currents
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flow via the armature laminations thus it is important to ensure 

there exists a high impedance between the armature windings and the 

armature laminations. The influence of this impedance is discussed 

in detail in section 6.3.5.3. 

6.3.5.2 Field connected as a split winding either side of the 

armature 

Fig. 6.64, shows a sketch of the field and armature connections, 

this is the normal configuration for the O-type field system. A 

special U-type field stack was wound with two coil halves such that 

it too could be connected in the split winding configuration for 

comparative tests. RFI measurements were recorded using both field 

arrangements both with and without the earth connection to the test 

rig frame, the results are presented in Tables A2.136 and A2.137. 

Fig. 6.65, shows a sketch of the interference spectrum obtained 

using the 0-type field system. The conducted interference at the 

line and neutral were virtually identical and the removal of the 

earth connection too, had negligible effect on the measured RFI 

levels. The main feature of these test results, is that with the 

split winding arrangement, overall RFI levels from the test rig are 

attenuated over much of frequency range to well below the CISPR/EEC 

limits. Fig. 6.65 shows a comparison with RFI levels obtained using 

the lumped winding configuration described in the previous section. 

It can be seen that the split winding reduces RFI levels by as much 

as 20dB in the low frequency region. At 0.15 MHz the interference 

is high, almost at the same level as that with the lumped winding; 

but as the frequency increases there is a rapid fall in interference 

by approximately 20dB up to 1 MHz. The downward trend continues at
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the higher frequencies but the fall in RFI is greatly reduced. A 

number of small peaks and troughs of interference can be seen at the 

higher frequencies, suggesting resonances of the stray capacitances 

and inductances within the test rig but even these do not cause the 

RFI level to exceed the CISPR/EEC limits. A similar large reduction 

in RFI was obtained using the special split winding wound on the 

U-type field stack as shown in Fig. 6.66. In this case, there is a 

much more rapid fall in interference in the frequency region below 1 

MHz, but at the higher frequencies, the resonance peaks of 

interference are much more pronounced causing very little further 

reduction in RFI up to 30 MHz. In the high frequency region, there 

is very little reduction in RFI from that obtained using the lumped 

winding and the levels fall outside the CISPR/EEC limit up to around 

100 MHz. 

Figs. 6.67 and 6.68, show the measured levels of asymmetric and 

symmetric interference currents for both field arrangements. In 

both cases it can be seen that the asymmetric interference (Fig. 

6.68) is very low, thus the balanced winding configuration causes 

the interference currents returning to earth to be minimised. This 

result also accounts for a negligible change in RFI observed with 

the removal of the earth connection. The symmetric interference 

currents (Fig. 6.67) are also much lower than those obtained on the 

lumped winding, it is this reduction which explains the lower levels 

uf RFI obtained with the split balanced winding. Since the armature 

and motor supply have remained unchanged, it can be assumed that the 

amount of interference generated at the brushes is unchanged. Thus, 

the reduction in the symmetrical currents can only have been brought 

about by the winding configuration causing a short circuiting of the 

interference from the mains terminals. Measurements were made of
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the r.f. impedance between the two coils of both the field 

arrangements the results are shown in Fig. 6.69 a & b. In Fig. 6.69 

(a) it can be seen that there is a large stray capacitance between 

the coils of the O-type field of the order approximately 800 pF. At 

radio frequencies this stray capacitance acts as a low impedances 

path to the symmetric interference currents - effectively removing 

this interference from the mains cable and thus reducing the overall 

measured levels of RFI. Fig. 6.70, shows a sketch of the r.f. 

equivalent circuit of the split winding arrangement indicating how 

the RFI generated in the motor is contained by the stray capacitance 

between the balanced windings. The r.f. impedance measured across 

the split coils wound on the U-type field stack is much higher than 

that on the twin coil field and also appears to increase at higher 

frequencies (see Fig. 6.69 (b)) thus accounting for the lack of RFI 

reduction obtained at the higher frequencies with this field stack. 

From these results it appears that the physical separation of the 

split coils on the 0-type field contribute to reduce RFI levels by 

having a higher parallel stray capacitance whose value appears to be 

relatively constant over the radio frequency range. 

6.3.5.3 The influence of Armature variations 

It was intended to examine the levels of RFI obtained from the three 

different armature designs (i.e. 7/21, 11/22 and 12/24) in order to 

assess the influence of their design configurations. The test rig 

was fitted with the U-type field and measurements of RFI were 

recorded using each armature in turn; the results obtained are 

presented in Table A2.138. Fig. 6.71, shows the interference 

spectrums obtained from the three armatures. Below 0.5 MHz the RFI 

levels are very similar (within 1-2 dB) but at the higher
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frequencies the armatures each exhibit different spectrum levels. 

The interference from the 11/22 armature exhibited the highest 

overall RFI levels; falling by only 10dB up to around 10 MHz, but 

then decreasing by a further 15 dB up to 30 MHz. The RFI levels are 

again higher than the other armatures in the h.f. region but 

attenuate rapidly above 65 MHz. The interference from the 12/24 

armature is approximately 5-6 dB lower than the 11/22 armature in 

the region between 1 MHz and 10MHz, but at higher frequencies up to 

30 MHz the difference decreases to only approximately 3-4 dB and the 

shape of the interference spectrum becomes almost identical. In the 

h.f. region, resonance peaks and troughs cause the RFI levels to 

deviate by over 10 dB from the 11/22 spectrum and beyond 150 MHz the 

RFI attenuates rapidly to very low values of only 22 dB at 300 MHz. 

Finally, the 7/21 armature, in this case, the measured interference 

levels were slightly higher than the 12/24 at frequencies below 1 

MHz, but at higher frequencies in the conducted interference region 

the RFI levels falls to lower than those exhibited by either of the 

other armatures. The interference falls steadily by approximately 

25 dB up to 30 MHz being over 10 dB lower than the 11/22 armature 

between 2 MHz and 10 MHz. In the h.f. region up to 200 MHz, again 

the interference from the 7/21 armature is lower than the other 

armatures and the levels lie below the CISPR/EEC limits throughout 

the h.f. region. Above 200 MHz the interference from the 12/24 

armature attenuates much more rapidly than the 7/21 armature. To 

determine the factors contributing to the differences in RFI levels 

of the three armatures it was decided to examine the various 

differences in their design and construction:— 

(a) The number of commutator segments. 

The interference spectrums do not show any trend of depending
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on the number of commutator segments. In section 6.1.1 it 

was found that at speeds greater than around 10000 r/min the 

commutation pulse repitition frequency (p.r.f.) from 21, 22 

and 24 segment commutators has no significant effect on 

measured RFI levels. 

The number of rotor slots. 

Again the test results do not show any trend of depending on 

the number of rotor slots. In section 6.3.3.2, it was found 

that the variation of rotor slotting had no detectable 

influence on measured RFI levels. 

Active inductance of the short circuit coils L oun? 

The active inductance of the armature coils can vary 

significantly depending on the precise brush contact at the 

point of commutation. Dijken [28] showed that there was also 

a considerable difference in active inductance between the 

armature coils wound at the bottom of the rotor slot and 

those at the top. Table 6.1, shows the maximum and minmimum 

values of ae recorded on each armature for coils wound 

at the bottom and top of the rotor slot. 

The 11/22 and 12/24 armatures have two coil sides per slot 

whereas the 7/21 has three coil sides per slot. From the 

measurements of Loomm for each armature it is apparent that 

there is only a 10 - 15% difference between the top and 

bottom coils of the 11/22 and 12/24 armatures. But the coils 

in the 7/21 armature show a much wider variation; the top 

coils have values of inductance lower than both the other



  

  

Armature 

12/24 Top Coil 

12/24 Bottom Coil 

11/22 Top Coil 

41/22 Bottom Coil 

7/21 Top Coil 

1/21 Bottom Coil 

Max. L 

330 

379 

396 

460 

324 

470 

(pi) comm Min. Lo oom (pH ) 

112 

124 

115 

127 

76 

130 

  

Measured values of active inductance a for top and 

bottom armature coils 

Table 6.1 
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armatures, conversely the bottom coil has values of 

inductance far higher than the other armatures. Dijken, 

states that this variation in inductance explains why in 

small motors the commutator segments of the coils which are 

wound first often look worse than those wound last. 

The wide variation in the values of one obtained, makes 

it difficult to relate these values to the levels of RFI 

obtained. Suffice to say from the test results presented in 

section 6.2.2, that it is essential that coil inductance be 

kept to a minimum to reduce RFI. 

It is likely that the differences in the interference 

spectrum is due in part to the different active inductances 

of the three armatures. This is not considered as the only 

factor contributing to the differences - increasing 

inductance of the short circuited coil was found to increase 

the measured RFI levels, but in most cases the overall shape 

of the interference spectrums remains unchanged. In Fig. 

6.71, it can be seen that as well as the RFI levels being 

different for each armature, so also is the shape of overall 

interference spectrums - and this cannot be explained by 

increasing active inductance alone. 

Transformer voltage generated in the short circuited coil. 

The transformer voltage generated in the short circuited coil 

undergoing commutation was measured on each armature, the 

results are presented in Table 6.2. Although the values can 

be seen to be much higher than those recommended in section



  

  

Armature Transformer Voltage 

11/24 9.24 V 

41/22 10.47 V 

7/21 9.88 V     

Measured short-circuited coil transformer 

voltage on test armatures 

  

Table 6.2 
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6.2.3 there is no trend emergency relating to the 

interference spectrums. 

Symmetric interference currents. 

Fig. 6.72, shows the measured levels of symmetric 

interference currents generated from the test rig with the 

different armatures; again there is no significant 

difference in the levels to explain the differences in the 

measured RFI levels. 

Asymmetric interference currents. 

Fig. 6.73, shows the measured levels of asymmetric 

interference currents generated from the test rig with the 

different armatures. The variation of these currents follow 

closely with the variation in RFI levels in the conducted 

interference region. Thus it becomes apparent that the major 

factor resulting in the differences in the three interference 

spectrums is the r.f. impedance of the armature windings to 

the armature laminations - since it is this impedance which 

contributes to a variation in the asymmetric impedance of the 

test rig. These impedances were ultimately measured and the 

results obtained from the three armatures are presented in 

Fig. 6.74. The impedances appear as stray capacitances 

between the windings and the rotor lamination stack. On the 

11/22 armature the stray capacitance is of the order of 200 

pF which at high frequencies results in a low impedance path 

for the asymmetric currents to flow. On examination it was 

found that the 11/22 armature coils had been wound directly
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on to the armature laminations, the only insulation being 

provided by the laquer insulation on the copper windings. 

The 12/24 and 7/21 armatures exhibit stray capacitances of 

approximately 150 pF and 95 pF respectively. The 7/21 

armature was constructed with a cardboard slot insulation 

between the windings and laminations, it appears that this 

has a major influence on the reduction of the armature stray 

capacitance thus effectively causing a high asymmetric 

impedance reducing the RFI levels below those measured from 

the other two armatures. The 12/24 armature was coated with 

plastic epoxy insulation, this too is effective, but from the 

results obtained, it can be seen not to be as effective as 

the cardboard insulation. 

6.3.5.3.1 Influence of armature turns per coil 

During the development stage of motor design it is often necessary 

to change the number of armature turns per coil in order to obtain a 

specific motor performance. It was decided to observe how RFI 

levels would be affected by small changes in the armature windings. 

To this end, a number of 12/24 and 7/21 armatures were constructed 

with different turns per coil (T/C). The standard 12/24 armature 

had 40 T/C and armatures with 36 T/C and 34 T/C were constructed. 

Similarly the standard 7/21 armature had 39 T/C and armatures with 

41 T/C and 43 T/C were constructed. 

The armatures were fitted in turn into the test rig and with the 

pulley load adjusted to give a motor speed of 13000 r/min, 

measurements of RFI levels were recorded. The results obtained are 

presented in Tables A2.139 to A2.140.
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Figures 6.75 and 6.76, show the interference spectrums obtained for 

the different armatures. It can be seen that there is a general 

trend for the RFI levels to increase with the larger number of 

armature turns. No detailed comparison of the tests is possible 

since by changing the armature turns, the motor performance is also 

altered. The main factors affected by changing the number of turns 

per coil i.e. coil inductance and transformer voltage, have both 

been shown in earlier tests to influence the RFI levels obtained. 

Transformer voltage is proportional to the number of turns per coil 

and the coil inductance is proportional to the square of the number 

of turns per coil - thus both factors are increased with increase in 

turns per coil leading to the higher RFI indicated in the test 

results. 

Table 6.3, show the maximum and minimum values of a Gan and the 

transformer voltages measured from each armature. 

6.3.5.4 Influence of varying motor load 

RFI levels generated by commutation have been found to increase both 

with speed and supply current. The effect of varying motor load on 

the speed-current characteristics of the test rig are shown in Fig. 

6.77. Increasing motor load gives rise to increasing supply current 

but decreases the motor speed. The influence of varying motor load 

on RFI levels is difficult to predict, since although the increasing 

current would tend to increase RFI - the decreasing speed would tend 

to reduce RFI. Measurements of RFI levels were thus recorded with 

the motor load adjusted to give speeds of 10000, 13000, 16000 and 

20000 r/min. The results are presented in Tables A2.141. Fig. 

6.78, shows a sketch of the interference spectrums obtained at the



  

  

Armature 

12/24 

12/24 

12/24 

7a 

7/21 

War 

Turns/coil 

ho 

36 

3h 

4S 

ha 

39 

379 

29 

277 

568 

517 

470 

L 
‘comm 

pH 

Min. L 
comm 

124 pM 

103 

1 

159 

445 

1400 

Transformer Voltage 

9.24 V 

9.07 V 

8.50 V 

10.71 V 

10.27 V 

9.88 V   
  

Measured short-circuited coil active inductance and transformer voltage 

on test armatures 

Table 6.3 
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different speeds. At 10000 r/min and 13000 r/min the RFI levels 

were unaffected, at 16000 r/min there is a 2-3 dB increase in h.f. 

region and in the conducted interference region above 10 MHz. 

Finally, at 20000 r/min the overall RFI levels increases by a 

further 1 or 2 dB across the frequency spectrum. It was noted that 

at the higher speeds the degree of sparking at the brushes worsened 

and it is likely it was this increase which produced the higher 

levels of RFI. Thus from these results it appears that varying 

motor load on small motors does not significantly effect RFI 

levels. The overall effect of the increasing current but reducing 

speed is to maintain the measured RFI levels relatively constant. 

6.3.6 Summary of test results 

(a) Magneto-striction of the armature and field laminations 

causes low levels of RFI to be generated. 

(b) RFI levels measured with the rotor tooth at the centre of the 

pole face are approximately 5 dB higher than those with the 

rotor slot in the same position. 

(c) There is no observable influence of slot number or slot 

rotation on measured RFI levels. 

(d) Field windings aid the suppression of RFI generated at the 

brushes by presenting a high impedance path to the flow of 

interference currents and thus reduce the overall RFI levels 

measured from the motor. The h.f. impedance of the windings 

can be increased by sectionalising the windings in order to 

reduce the inter-layer capacitance.
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Stray capacitance between the field windings and the field 

laminations provide a path for the interference currents to 

be diverted away from the motor terminals and thus reduces 

measured RFI levels. 

A symmetrical split field winding configuration impedes the 

flow of both the asymmetrical and symmetrical interference 

currents such that, RFI levels above around 1 MHz are 

suppressed to below the CISPR/EEC limits without the aia of 

external suppression components. 

The single coil field arrangement although reducing the 

symmetric interference currents only has minimal effect on 

asymmetric currents. 

Asymmetrical interference currents flow via the stray 

capacitance between the armature windings and the armature 

laminations. 

The earth connection to the motor frame provides a low 

impedance path to the flow of asymmetric interference 

currents. 

Variation of motor load has negligible effect on measured RFI 

levels due to the speed-current characteristic of small 

motors.
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6.4 RFI Due to the Influence of Mechanical Variations in the 

Motor Assembly 

Commutation has been shown to be a major factor in the generation of 

RFI from small motors. In chapter 3, it was discussed that the 

quality of commutation can be affected both by electrical and 

mechanical factors in the motor construction. Electrical influences 

on commutation and the resultant levels of RFI generated have been 

studied in Section 6.2 and 6.3. The tests presented in this section 

investigate the influence of mechanical variations on RFI levels. 

In the main mechanical variations in the motor assembly directly 

affect the quality of commutation. The purpose of these tests, was 

two-fold; firstly to observe the influence of various mechanical 

variations and determine the limits on these variations such that 

RFI is not significantly affected, secondly, to compare the limits 

observed with the mechanical tolerances being allowed in the 

manufacture of a specific motor - this latter work is presented as 

part of a case-study in Chapter 7. Test conditions and the 

mechanical variations introduced to the test rig, are detailed in 

section 5.3.4, the results obtained from these tests and details of 

the points emerging are discussed in the subsections below. 

The experiments required that RFI measurements be recorded from a 

number of specially prepared armatures. The armatures were fitted 

in turn into the test rig, the design which allowed the armature to 

be replaced by simply unscrewing a detachable central disc in the 

non-drive end-plate as described in Section 5.2.1.3. In this way, 

the different armatures could be introduced with negligible 

disturbance to the test set-up. This was essential to ensure 

repeatability of the test measurements and also in making valid
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comparisons between RFI levels from different armatures. In each 

case, the rig was fitted with a new set of brushes and adequate 

brush bedding time was allowed before measurements were recorded. 

In some cases, the mechanical variation introduced impaired the 

quality of commutation so much as to make it impractical for the 

motor to be run for long periods without severe burning or arcing at 

the brushes - in these cases, the supply voltage was reduced to 

achieve a condition where the armature could rotate reasonably 

satisfactorily to allow some sort of brush bedding to develop. 

6.4.1 Static Armature out-of-balance 

Tables A2.142 to A2.145, show the influence of increasing static 

armature out-of-balance on the measured RFI levels at 13000 and 

18000 r/min. Fig. 6.79, shows a sketch of some of the interference 

spectrums observed at 18000 r/min, it can be seen that the overall 

RFI levels increase as the out-of-balance is increased. In section 

3.8, it was discussed that out-of-balance causes vibrations of the 

armature which affects brush stability. Brush instability impairs 

the quality of commutation leading to increased sparking and arcing 

at the brushes, this has been shown to increase RFI levels between 1 

MHz and 30 MHz in the conducted interference region and also cause 

increases throughout the radiated interference h.f. region. The 

test results reflect the worsening brush sparking as the out-of- 

balance is increased, Fig. 6.80 shows a graph of the manner in which 

the interference levels, are influenced by the unbalance at various 

frequencies in the r.f. spectrum. It can be seen that for 

out-of-balance of less than 0.4 gem there is negligible change in 

RFI levels, but with further increases in out-of-balance the RFI 

levels began to increase significantly at the higher frequencies.
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It was also noted that brush sparking worsened considerably at 

out-of-balances above 1.5 gcm increasing from a few intermittent 

sparks at around 0.4 gcm to heavy continuous sparking at values 

greater than 1.5 gem. At the slower speed, RFI levels are 

unaffected for out-of-balances up to around 0.6 gem but at the 

higher speed they increase with brush sparking as the out-of-balance 

is increased. The out-of-balance centrifugal forces, are 

proportional to the square of the rotational speed of the armature 

thus explaining the speed influence observed on the measured RFI 

levels. 

In determining a limit for the allowable static armature 

out-of-balance, from the results it appears that values up to around 

0.5 gem at 18000 r/min would be permissible. This would ensure that 

both sparking and RFI levels are kept to a minimum. Out-of-balance 

is also undesirable due to its long-term affects on the motor. The 

continual armature vibration can damage the motor bearings leading 

to further vibrations and even complete failure of the motor. 

6.4.2 Dynamic Armature out-of-balance 

As with static out-of-balance, dynamic out-of-balance also causes 

vibration of the armature shaft, the mode of vibration is shown in 

Fig. 3.24 (b). Measurements of the RFI levels were recorded with 

increasing dynamic out-of-balances at 13000 and 18000 r/min, the 

results are presented in Tables A2.146 to A2.149. Fig. 6.81, shows 

a sketch of some of the interference spectrums observed at 18000 

r/min. As in the previous case, RFI levels increase as the 

out-of-balance is increased and is accompanied by worsening sparking 

at the brushes. It can be seen that a dynamic out-of-balance of
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only 0.3 gcm can cause RFI levels in the h.f. region to increase, 

(whereas static unbalance of this value had no observable affect). 

Fig. 6.82, shows a graph of the manner which the RFI levels vary 

with dynamic armature out-of-balance. Again the speed influence is 

evident with RFI levels unaffected until dynamic out-of-balance is 

increased to above 0.4 gem at 13000 r/min. From these results it is 

clear that dynamic out-of-balance is much more harmful to motor 

operation than the effects of static out-of-balance and should be 

limited to around 0.3 gem. 

6.4.3 Brush Pressure 

Measurements of RFI levels were recorded with varying brush pressure 

the results are presented in Tables A2.150 and A2.151. Fig. 6.83, 

shows a sketch of the interference spectrums it can be seen that the 

highest RFI levels were measured at the lower spring load. The 

pressure exerted by this low spring load was clearly insufficient to 

damp out brush vibrations and chatter caused by the commutator 

rotation. The high levels of RFI were accompanied by severe arcing 

at the brushes which on later examination, showed evidence of 

burning at the trailing edge. The resulting commutator surface film 

was also very poor appearing highly glazed in parts and in other 

areas showing signs of exposed bare copper. At the trailing edge of 

the segments, there were heavy deposits of carbon and a number of 

segments showed signs of wear due to heavy arcing and burning. Both 

the increased arcing and the irregular brush commutator contact 

caused by vibration and brush wear are condusive to the increased 

RFI levels observed. Measurements of maximum brush movement at 40 g 

spring load revealed brush movements in excess of 0.3 mm, 

brush-commutator separations of this order leads to a complete
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contact break thus it is likely that much of the arcing at the 

brushes is due to transient spikes of the mains supply caused by the 

contact break. 

As the spring load was increased, the arcing ceased and the overall 

RFI levels reduced to a minimum at spring loads of between 90 g and 

110 g. At these loads, there was a general improvement in the 

quality of commutation (only intermittent light sparking) and also 

in the appearance of the resulting commutator film. Maximum brush 

movements of only 0.05mm, were detected. Further increases in 

spring load up to 150 g again caused an increase in the RFI levels 

as indicated in Fig. 6.83. The sparking at the brushes became heavy 

and continuous and the commutator film dull and powdery. Excessive 

brush pressure is known to increase the rate of brush wear. As the 

brush material wears away, there is an increase in the rate of 

formation and cessation of contact arcs at the face of the brush 

causing an increase in RFI levels. The increased pressure also 

generates friction excited vibration at the brush commutator 

interface which again impairs the quality of commutation and hence a 

factor in causing the increasing RFI levels. Measurement of the 

maximum brush movement at 150 g, spring load, confirmed this showing 

that the brush movement had increased to almost 0.15mm. Fig. 6.84, 

shows a graph of the manner in which RFI levels vary with increasing 

spring load at various frequencies, from these results, the upper 

and lower limits on spring load for minimum RFI can be determined to 

be 110 g and 90 g respectively. A source of concern in specifying 

limits on spring loads, is that coil type springs as used in small 

motors are found to ‘age' relatively quickly. Work carried out by 

Kitter [142] showed that phosphor bronze springs lose as much as 54% 

of their spring load during running. It can be seen from the
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results above, that low spring loads can cause motor failures. 

Beryillium copper springs, showed a loss in spring loads of 39% 

whereas copper coated steel spring, faired the best showing a fall 

of only around 25%. Spring load also decreases with brush wear as 

the spring gradually decompresses. In large machines, constant 

force spring arrangements are common place, but they are not 

generally used in small motors. 

6.4.4 Brush Alignment along the Quadrature Axis 

The brushes were misaligned vertically above and below the 

quadrature axis as indicated in Fig. 5.19. Above the quadrature 

axis, the brush movement was against the direction of rotation and 

conversley below the quadrature axis the brush movement was with the 

direction of rotation. The results of the RFI measurements recorded 

are presented in Tables A2.152 and A2.153. Fig 6.85, shows a sketch 

of the interference spectrums obtained as the brush was misaligned 

against the direction of rotation. For brush movements of up to 

around 0.125mm, there was no detectable influence on the RFI 

levels. Examining the brush face, showed that the brushes were able 

to re-align themselves in the brush box to keep an intimate contact 

with the commutator surface. Further movements against rotation led 

to a deterioration of brush sparking and thus affecting an increase 

in the overall RFI levels. The brush face was found to have only 

bedded in an area less than the width of one commutator segment. 

This would not only affect brush stability, but in section 6.3.4, it 

was shown that if the brush spans less than one commutator segment 

the active inductance om of the short circuited coil can 

increase by a factor of four or five thus increasing the measured 

levels of RFI. The manner in which the RFI levels increase is shown 

in Fig. 6.86.



292 

Fig. 6.87, shows sketches of the interference spectrums obtained as 

the brushes were moved in the same direction of rotation. It is 

evident from the spectrums that RFI is much more adversely affected 

by this movement. For brush movements of up to around 0.075mm, the 

RFI levels were unaffected and thus it appears that the brush was 

able to re-align itself in the brush box as before. With further 

brush movement the regular commutator impacts on the trailing edge 

of the brush cause it to bounce and chatter resulting in severe 

brush arcing. The RFI levels increase because of this and it was 

noticed that the RFI detector readings became erratic and difficult 

to measure especially in the h.f. region. For brush movements 

greater than 0.375mm brush bedding was almost impossible due to the 

excessive brush chatter even at slow motor speeds. Examination of 

the brushes showed signs of burning and chipping due to the 

repetitive commutator impacts at the trailing edge. Fig. 6.88, 

shows the manner in which the RFI levels increase as the brush is 

misaligned in the direction of rotation at various frequencies. 

From the results presented, it is evident that the tolerance on 

brush alignment should not exceed 0.125mm against and 0.075mm in the 

same direction of shaft rotation. 

6.4.5 Proud Commutator Segments 

Table A2.154 and A2.155 show the results of RFI measurements 

recorded on a number of armatures with different heights of proud 

commutator segments at 13000 and 18000 r/min. Fig. 6.89 shows a 

sketch of the interference spectrums obtained at 18000 r/min. Proud 

segments of up to 3.75 x 107 7am produced RFI levels within 1 or 

2dB across the r.f. spectrum. But at 5 x 10"“um the RFI levels
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rise by almost 10 dB above 10 MHz. It was noted that brush sparking 

had deteriorated considerably. Examination of the commutator showed 

that the proud commutator segment had heavy black deposits on the 

surface. Tests on further armatures with higher proud segments up 

to 12.5 x 107?am led to much higher levels of RFI being generated 

by flash over and ring fire at the brushes. The proud segments 

showed signs of erosion and melting at the trailing edge. Further 

tests at high speed were abandoned due to the danger of damaging the 

test rig. 

Tests carried out at 13000 r/min showed that proud segment of less 

than 7.5 x 107 7am; could be tolerated without significantly 

affecting the RFI levels, but as at the higher speed, armatures with 

proud segments greater than 15.0 x 107-mm, caused severe arcing 

and ring fire that RFI levels increased by over 15-20 dB in the h.f. 

region; becoming difficult to measure because of their erratic 

nature. Measurements were also made of brush movement for each of 

the armatures tested; Fig. 6.90, shows a graph of the maximum brush 

movement with increasing height of proud commutator segment. Where 

the proud segments is less than 3.75 x 10s an the maximum brush 

movement is around 0.05mm, but the higher proud segments cause the 

maximum brush movement to increase to 0.4mm, it is likely that the 

impact of the proud segment causes the brush to be knocked away from 

the commutator causing a contact break resulting in the heavy arcing 

and high RFI levels observed. Proud commutator segments is one of 

the most common causes of increased brush wear and increased 

sparking, the maximum allowable difference between adjacent segments 

is such that the brush can follow the commutator profile without 

breaking electrical contact with the segments.
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In chapter 3, an approximate expression to calculate the maximum 

allowable difference between two adjacent segments was stated as; 

h = Fg / 2m (nc)? (3.35) 

Inserting the approximate values from the test rig, gives the 

theoretical value of h to be approximately 2.5 x 107-ma; the test 

Tesults reveal however, that values up to around 3.75 x 102mm 

could be tolerated on the test rig without significantly influencing 

RFI levels. 

6.4.6 Commutator Eccentricity 

Tables A2.156 and A2.157, show the influence of increasing 

commutator eccentricity on the measured RFI levels at 13000 and 

18000 r/min. Fig. 6.91, shows a sketch of some of the interference 

spectrums obtained at 18000 r/min. At this speed commutator 

eccentricities of up to 0.02mm had negligible affect on the RFI 

levels observed. It appears that the brushes are able to ride the 

commutator profile without any adverse effects on commutation. With 

further increases, in the eccentricity, the brush sparking worsened 

causing the RFI levels to increase. Examination of the brushes at 

0.05mm eccentricity showed signs of increased wear and burning at 

the trailing edge. The commutator surface appeared uneven, showing 

patches of dark powdery film on the high eccentric side and almost 

bare copper on the other. Fig. 6.92, shows a graph of the variation 

of RFI levels with increasing commutator eccentricities at 18000 

r/min. At the slower speed, eccentricities of up to 0.05mm had 

little effect on RFI; thus the speed influence on the effects of 

commutator eccentricity as predicted by Shobert (see section 3.8.4)
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is evident. 

Knights [57] reported that the accuracy of commutator contour 

profile had considerable influence on brush life and final 

commutator conditions. Brush life tests on small motors had 

indicated that commutators should be finished to a tolerance not 

exceeding 0.0127mm maximum eccentricity. It can be seen that this 

value is almost half the value suggested by the RFI tests above. 

The discrepancy is explained by the fact that the armatures prepared 

for the RFI tests had been individually balanced to eliminate the 

effect of out-of-balance forces created by the commutator 

eccentricity and thus, a limit of approximately 0.02mm is not 

excessive. 

6.4.7 Commutator Surface Finish 

Surface finish is controlled by the depth and speed of the finishing 

cut as the commutator is machined down to size. Surfaces of less 

than 0.4 x 107m CLA appear as a 'wet' mirror finish, the normal 

bright copper finish is obtained from around 0.5 x 107m CLA to 

me CLA. Surfaces greater than 2 x 107m CLA appear 1.5: x 10 

grooved and have burrs at the edge of the copper segments. RFI 

measurements were recorded on armatures with different surface 

finishes and the results are presented in Table A2.158. 

There was no discernable difference in RFI levels for surface 

finishes below 1 x 107°» CLA but it was noted that brush bedding 

on the ‘wet' mirror finishes, took much longer to establish. It is 

-6 
likely that the slightly abrasive finishes above 0.4 x 10 m CLA 

actually aid brush bedding. The final commutator film for these
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armatures appeared smooth and even around the surface, brush 

sparking was also light and intermittent. Fig. 6.93, shows a sketch 

of the interference spectrums obtained from armatures with surface 

finishes above 1.5 x 107°m CLA. It can be seen that the RFI 

levels increase as the commutator surface is made more abrasive. 

The increased contact friction, can lead to brush vibrations as 

discussed in section 3.8. It was noted that brush sparking also 

became successively heavier and the commutator film became less even. 

The trailing edge of the commutator segments appeared blackened 

whereas the remaining surface only exhibited light patches of 

55 CLA, the brush surface blackening. For finishes above 2 x 10 

became heavily scored and also showed signs of burning at its 

trailing edge, resulting from arcing. The arcing is likely to be 

due to the chipping and melting of burrs on the commutator segments 

which not only led to increased levels of RFI, but also caused 

severe damage to the brushes. At these rough finishes, a commutator 

film cannot be formed since the ‘screw thread' type action of the 

surface causes all the deposited brush material to be forced away 

from under the brush by rotation. Fig. 6.94 shows the manner in 

which the varying commutator surface finishes cause RFI levels to 

increase at various frequencies. From the RFI results, it appears 

that the upper limit on commutator surface finish, is around 1 x 

107°n CLA and due to the brush bedding difficulties encountered 

with the 'wet' mirror surface finishes, it is recommended that a 

lower limit of 0.5 x 107m CLA be also applicable. 

6.4.8 Commutator Insulation Depth 

A number of 7/21 armatures were tested with increasing depths of 

under-cut commutator insulation, but no influence on the measured RFI
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levels was detected. There was however, an increase in RFI levels 

of between 5-10 dB from an armature with the insulation machined 

flush with the commutator segments. The test results are presented 

in Table A2.159 and the interference spectrums obtained are shown in 

Fig. 6.95. Brush wear is greatly increased by flush insulation; 

with continuous running the commutator segments wear faster than the 

insulation, thus it stands proud preventing an intimate 

brush-commutator contact. This leads to more rapid brush wear and 

increased arcing as brush stability is impaired. Bates [58] 

suggests that diamond tipped cutting tools of the type used for 

commutator finishing, although giving excellent visual finish to the 

segments leave flush intersegment insulation almost 5 x 10° “mm 

proud on small motors. From the test results, it is clear that 

under-cut insulation is desirable for the reduction of RFI, however, 

the depth of undercut appears insignificant. 

6.4.9 Brush Box Clearances 

Tables A2.160 and A2.161, show the influence on RFI levels of 

varying brush box clearances in the direction tangential to 

commutator rotation as indicated in Fig. 5.2.2(a). Fig. 6.96, shows 

a sketch of the interference spectrums obtained at clearances of 

0.Olmm, 0.1mm and 0.2mm. At the very narrow clearances of 0.0lmm 

and 0.02mm high RFI levels were recorded across the r.f. spectrum 

resulting from heavy arcing at the brushes. The cause of this was 

found to be that the brushes were 'sticking' in the holders, 

possibly due to loose brush material fouling their movement. As the 

clearance was increased, to between 0.05mm and 0.1mm, the RFI levels 

reduced to a minimum level as the quality of commutation was 

improved. Further increases in clearance cause the RFI levels to
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increase as indicated by the interference spectrum in Fig. 6.96. 

Measurements of brush movement showed that the increased brush box 

clearance leads to a decrease in brush stability with maximum brush 

movements increasing from 0.06mm at 0.05mm clearance to almost 

0.25mm at 0.2mm clearance. Fig. 6.97, shows the manner in which RFI 

levels increase with variation of brush box clearance in the 

direction tangential to rotation. Tests carried out with varying 

brush box clearances in the direction axial to commutator rotation 

as indicated in Fig. 5.2.2(b), showed no influence of the measured 

RFI levels for clearances up to 0.2mm. Although as above, very 

narrow clearances (less than 0.02mm) again caused sticking of the 

brushes and thus higher RFI levels were observed. Clearance between 

brush and brush box is necessary to allow the brush to slide freely 

in order to follow the exact commutator profile as it rotates. From 

the results above, it can be seen that too small a clearance can 

cause the brush to 'stick' and momentarily break contact with the 

commutator causing arcing. Clearances of the order of 0.05mm to 

0.1mm, as well as allowing the brush free movement also restrain its 

mechanical vibrations to a satisfactory level thus keeping RFI to a 

minimum. 

6.4.10 Brush Overhang Length 

The influence of increasing brush overhang length on measured RFI 

levels is presented in Table A2.162. Fig. 6.98, shows a sketch of 

some of the interference spectrums observed at 18000 r/min. There 

is no significant influence on RFI levels for brush overhang lengths 

of up to lmm. Further increases in overhang cause the RFI levels to 

increase as the stability of the brush contact becomes impaired.
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The brush box is unable to restrain brush vibrations caused by the 

regular impacts of the rotating commutator segments. The high 

tangential forces imparted to the brush face, can also twist the 

brush in such a manner as to inhibit the radial sliding motion 

necessary for the brush to follow the commutator profile. Tests 

were abandoned with the brush overhang lengths of 4mm where during 

the period allowed for brush bedding it was found that one of the 

brushes was broken by the excessive vibrations. The effect of 

varying brush overhang length on measured RFI levels at various 

frequencies is shown in Fig. 6.99. It appears from the results, 

that satisfactory RFI levels can be maintained with the brush 

overhang length limited to lmm. Observations at Hoover in the past, 

have shown that too a short brush overhang length can also be a 

cause of motor failure. Heat generated at the trailing edge of the 

brush by the excessive sparking, has been known to melt the lip of 

the brush boxes resulting ultimately in motor failure. Although 

this fault has actually been compounded by other motor problems 

giving rise to the excessive arcing in the first place, it is felt 

that a minimum brush overhang length of 0.5mm would be appropriate. 

6.4.11 Bearing Alignment 

Tables A2.163 and A2.164 shows the influence of vertical (direct 

axis) and horizontal (quadrature axis) bearing misalignment on 

measured RFI levels at 18000 r/min. In both cases, it was found 

that there was no significant influence on RFI levels for bearing 

misalignments up to around 0.125mm. Further misalignments however, 

caused the twisting of the end bearings such that armature shaft 

could not rotate freely. Running the motor at vertical 

misalignments of 0.2mm caused increased arcing at the brushes and
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the measured RFI levels obtained can be seen from the sketches of 

the interference spectrum in Fig. 6.100. Tests on horizontal 

misalignment at 0.2mm caused the drive-end bearing to fail during 

testing and thus further tests on bearing misalignment were 

abandoned. The maximum permissible bearing misalignment is 

dependant both on the compliance of the end bearings and the 

distance between their centres; thus it is obvious that the 

tolerable limits for misalignment of approximately 0.125mm observed 

from the RFI test results would only be applicable to motors of 

similar design and dimensions. 

6.4.12 Air-gap 

In large machines asymmetric variation of the air-gap is known to 

cause vibrations due to the unbalanced magnetic pull experienced on 

the armature. It had been thought that similar forces in small 

motors may affect commutation and thus have an influence on the 

measured RFI levels but, asymmetric variation of the air gap both in 

the direct and quadrature axis had no detectable influence on the 

measured levels of RFI both at 13000 and 18000 r/min. 

6.4.13 Angular Brush Shift 

With brushes adjusted to the magnetic neutral axis, the influence of 

angular brush shift against the direction of rotation was examined. 

Tables A2.165 and A2.167, shows the measured levels of RFI for 

increasing brush shift at 13000 r/min. The results show a steady 

reduction in overall RFI levels as the brush shift is increased up 

to minimum at around 20°, With further brush shifts the RFI 

levels begin to increase once more. The manner in which the RFI
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levels vary with brush shift can be clearly seen in Fig. 6.101. In 

section 3.6, the use of angular brush shift to improve commutation 

was discussed. From the results above it can be seen that the 

steady improvement in the quality of commutation with brush shift, 

causes a reduction in RFI of as much as 10 - 15 dB from the neutral 

axis. As the brush shift becomes excessive, and commutation is 

again impaired and the RFI levels again tend to increase. The use 

of RFI levels to determine the correct brush shift was first 

suggested by Motter [93]. From Fig. 6.101, it can be seen that 

limits on the position for minimum brush shifts are only of the 

order of around 2 degrees. 

6.4.14 Bearing Journal Diameter 

The nominal drive-end bearing journal diameter for an interference 

fit in the bearing race was 8.987mm. A number of armatures were 

machined with successively smaller bearing journal diameters to 

determine the influence of increasing bearing journal clearance on 

RFI levels - the measurements recorded from the different armatures 

are presented in Table A2.168. Fig. 6.102, shows a sketch of some 

of the interference spectrums obtained. It can be seen that for 

bearing clearances up to 0.008mm, the RFI levels are unaffected, but 

at higher clearances the RFI levels are increased. For clearances 

in excess of 0.014mm, it was noted that the audible shaft noise was 

increased and brush sparking became worsened with intermittent 

arcing also evident. The under-size bearing journals cause 

vibration of the armature due to movement of the centre of rotation 

as indicated in Fig. 6.103. As seen in earlier tests, armature 

vibrations impair the quality of commutation which results in the 

higher levels of RFI observed.
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Motor life tests carried out by Radia [143] show that armature 

vibrations caused by under-size bearing journals, invariably lead to 

motor failure within 100 hours of continuous running. Subsequent 

examination of the bearing journal and the bearing race showed 

evidence of fretting at both surfaces caused by movement of the 

journal within the race during rotation. Further tests were 

recorded for increasing bearing journal clearances at the non-drive 

end and again it was observed that RFI levels are increased for 

clearances in excess of 0.008mm. 

6.4.15 Summary of test results 

Mechanical variations in the motor assembly can impair brush 

stability such that the quality of commutation is deterred. As a 

result of poor commutation RFI levels from the motor are increased. 

Brush stability is influenced by the following mechanical factors in 

the motor assembly; 

i) armature out-of-balance 

ii) commutator profile 

iii) commutator surface finish 

iv) brush box construction 

v) brush box alignment 

vi) bearing alignment 

vii) spring pressure 

viii) bearing journal - race clearance 

The maximum allowable tolerances of the mechanical variations 

introduced to the test rig in order to minimise increases in RFI 

levels are summarized in Table 6.4.



  

  

Mechanical Variation 

Static armature out-of-balance 

Dynamic armature out-of-balance 

Spring Load 

Brush misalignment(with rotation) 

Brush misalignment(against rotation) 

Proud commutator segment 

Commutator eccentricity 

Commutator surface finish 

Brush box clearance 

Brush overhang length 

Bearing misalignment 

Angular brush shift (from nominal) 

Bearing journal (diameter) 

Allowable tolerance (from test work) 

0.5 gem 

0.3 gem 

110g, 90g (min) 

0.125 mm 

0.075 mm 

3 3.75 x 10 “mm 

0.02 mm 

1.0 x 1078 m CLA, 0.5 x 107° m (min) 

0.1 mm, 0.02 mm (min) 

0.5 mm to 1.0 mm 

0.125 mm 

2° 

0.008 mm   
  

Summary of allowable mechanical tolerances on test rig assembly for minimum RFI 

Table 6.4 

£0
€
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RFI caused by the commutator switching action: 

Measured RFI levels from a 24 segment commutator 

at 1.5A su ply current with varying shaft speed. 
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RFI caused by the commutator switching action: 
Measured RFI levels from a 24 segment commutator 

at 2.54 supply current with varying shaft speed. 
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RFI caused by the commutator switching action: 

Measured RFI levels from a 22 segment commutator 

at 1.54 supply current with varying shaft speed. 
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RFI caused by the commutator switching action: 

Measured RFI levels from a 21 segment commutator 

at 1.54 supply current with varying shaft speed. 
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Effect of speed variation on measured RFI levels 

from a 24 segment commutator at 1.54 supply current. 
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Effect of speed variation on measured RFI levels 

from a 22 segment commutator at 1.5A supply current. 
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Effect of speed variation on measured 2FI levels 

from a 21 segment commutator at 1.5A supply current. 
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Comparison of measured RFI levels with the EEC limits 

from a 24 segment commutator (1.54 supply current) at 

(a) 16000 r/min and (b) 22000 r/min. 
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24 segment commutator, 

22 segment commutator, 

21 segment commutator. 
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Effect of current variation on measured RFI levels 

from a 24 segment commutator at 14000 r/min. 
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Effect of current variation on measured RFI levels 

£ rom a 22 segment commutator at 14000 r/min. 
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Effect of current variation on measured XFI levels 

from a 21 segment commutator at 14000 r/min. 
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RFI caused by the commutator switehing action: 

Measured RFI levels from a 24 segment commutator 

at zero supply current with varying shaft speed. 
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Effect of speed variation on measured RFI levels 

from a 24 segment commutator at zero supply current. 
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Measured RFI levels from a copper slip ring at 

1.54 supply current with varying shaft speed. 
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Comparison of measured RFI levels from a copper slip 
ring and a 24 segment commutator rctating at 18000 

r/min and 1.54 supply current. 
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Effect of speed variation cn measured RFI levels 

from a copper slip ring at 1.54 supply current 
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Effect of current variation on measured RFI leveis 

from a copper slip ring at 780CO r/min. 
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RFI caused by the variation of the short circuited coil 
Parameters: 

Measured RFI levels with varying resistance, 8 
© =0 ) at 5000 r/min and 1.5 A supply current® 

» (L, = 0, 
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RFI caused by the variation of the short circuited coil 

parameters: 

Measure RFI levels with varying resistance, R,, (L, = 0 
@=0 ) at 10000 r/min and 1.5 A supply current. 
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RFI caused by the variation of the short circuited 
coil parameters: 

Measured RFI levels varying resistance, Ro (Ly =0,@=0 ) 

at 15000 r/min and 1.5 A supply current. 
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RFI caused by the variation of the short circuited 

coil parameters; 

Measured RFI levels with varying resistance, R,, (L, = 0 
© = 0 ) at 20000 r/min and 1.5 A supply current. 
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Bffect of varying resistance, R,, on measured 
RFI levels at 5000 r/min. 
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Effect of varying resistance, R,, on measured 
RFI levels at 10000 r/min. 
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sffect of varying resistance, R., on measured 

RFI levels at 15000 r/min. 
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sffect of varying resistance, Roy on measured 

RFI levels at 2000 r/min. 
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RFI caused by the variation of the short circuited 

coil parameters: 

Measured RFI levels with varying inductance L., (R,= 0.15, 

@=0 ) at 5000 r/min and 1.5 A cupply current. 
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RFI caused by the variation of the short circuited 

coil parameters: 

Measured RFI levels with varying inductance, L., 
(R,= 0.15, = 0 ) at 10000 r/min and 1.5 A supply current. 
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RFI caused by the variation of the short circuited coil 

Parameters: 

Measured RFI levels with varying inductance, Ly (RS 

@=0 ) at 15000 r/min and 1.5 A supply current. 
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RFI caused by the variation of the short circuited coil 
parameters: 

Measured RFI levels with varying inductance, L., (R, = 0.15 SL, 
@=0 ) at 20000 r/min and 1.5 A supply current. 
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Sffect of varying inductance, L,, on measured 

RFI levels at 5000 r/min. 
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Sffect of varying inductance, L., on measured 
RFI levels at 10000 r/min. 
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Effect of varying inductance, Ley on measured 

RFI levels at 15000 r/min. 
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Effect of varying inductance, L,, on measured 

RFI levels at 20000 r/min. 
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RFI caused by the variation of the short circuited coil 

parameters: 

Measured RFI levels with varying supply current and L, = 50 mH 

Q = 0.159 ,@=0 ) at 15000 r/min. 
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RFI caused by the variation of the short circuited coil 

parameters: - 
Measured RFI levels with varying supply current and 1, = 100 pa 

© ) at 15000 r/min. (RU= 0.150, e& 

(ed )aP 
wired 

T
O
N
T
U
T
A
N
I
N
T
 

G
T
L
Y
I
G
V
Y
 

 
 

A
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
  

          
 
 

110 

g 
R 

a 

(A®)EP 
MOVITIOA 

SONILAUEINI 
(MLONCNOD 

10 

10 0.1 

FREQUENCY (iz) 

RFI levels at 0.5 A 

15 A 

2.54 

 
 

Fig. 6.37



CO
ND

UC
TE

D 
IN
TE
RF
ER
EN
CE
 

VO
LT

AG
E 

dB
(u

V)
 

110 

10 

341 

RFI caused by the variation of the short circuited coil 

Parameters: 

Measured RFI levels with varying supply current and L, = 500 pH 
(R= 0.15, e=0 ) at 20000 r/min. 
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RFI caused by the variation of the short circuited coil 

Parameters: 

Measured RFI levels with varying circuit e.m.f., (e), at 

W = 45° with Ly = 230pH, R, = 0.174 SLat 15000 r/min and 1.5 A 

supply current. 
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344 

RFL caused by the variation of the short circuited coil 
parameters: 

Measured RFI levels with varying circuit e.m.f., (e) at 

Y= 45 with L = 500mM, R, = 0.32 Lat 15000 r/min and 1.5 A 

supply current. 

  

  

  
  

  

  
  

  

R
A
D
I
A
T
E
D
 

IN
TH

h 

  

    10 

                                  

  

  

FREQUENCY (MHz) 

—_) RFI levels at e = 0 

cea " av 
=- " ay 

" ev 
" Vv 

  

Fig. 6.41



C
O
N
D
U
C
T
E
D
 

I
N
T
E
R
F
E
R
E
N
C
E
 

V
O
L
T
A
G
E
 

dB
(u
V)
 

345 

RFI caused by the variation of the short circuited coil 
parameters: 
Measured RFI levels with varying circuit e.m.f., (e), at 
Y = 45° with L = 1000pH, R,= 0.32 SL at 15000 r/min at 
125 A supply current. 
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(b) Circulating current component at go° lag with 

main current 

   (c) Resultant commutating current; 

Influence of circulating current on commutation 

Fig. 6.43
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RFI caused by the variation of the short circuited coil 

parameters: 

Measured RFI levels with varying phase angle, , at e = 4V 

with L, = 230pH, R= 0.174 Sat 15000 r/min and 1.5 A supply 

current. 
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RFI caused by the variation of the short circuited coil 

parameters: 

Measured RFI levels with varying circuit e.m.f., (e) at 

= 45°, with Ly = 230pH, R, = 0.174 SLat 15000 r/min and 

0.5 A supply current. 
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RFI caused by the variation of the short circuited coil 

Parameters: 

Measured RFI levels with varying circuit e.m.f., (e) at 

Y = 45°, with L, = 230MM, R, = 0.174 Lat 15000 r/min and 
2.5 A supply current. 
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RFI due to the influence of the physical components of 

the armature and field: 

Measured RFI levels from the U-type field system at 1, 

1.5 and 3 Amps. 
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RFI due to the influence of the physical components of the 

351 

armature and field: 

Measured RFI levels from the U-type field system with 'loose' 

fitting laminations at 0.5, 1, 1.5 and 2A. 
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RFI due to the influence of the physical components of the 

armature and field: 

Measured RFI levels from the U-type field with stationary unwound 

42 slot armature at 0.5, 1, 1.5 and 2A. 
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RFI due to the influence of the physical components of the 

553 

armature and field: 

Measured RFI levels from 12/24 armature (field system removed) 

at 1.5A supply current with varying speed. 

  

  
  

  

  

  

                                            

110 

Ny 
90 

~N 

2 

20 T 
MN 

~ — 

aD J 

| 
| | 

_ Le 
0.1 4 10 wd 100 

FREQUENCY (MHz) 

= RFI levels at 5000 r/min 
pe " 10000 r/min 
e " 13000 r/min 
—— " 20000 r/min 

  

6.50 

NC
E 

PO
WE

R 
dB
 

(p
W)
 

R
A
D
I
A
T
E
D
 

I
N
T
E
R
F
E
R
E



354 

Measured values of active Inductance, Lom with 

varying brush positions on the 12/24 armature. 
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Test rig connection for single winding (a) U-type field using 

(b) O-type field. 
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Fig. 6.52
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356 

RFI due to the influence of the physical components of the 
armature and field: 
Measured RFI levels with the field windings connected to the 
line side of the mains supply using a 12/24 armature and U-type 

field. 
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RFI due to the influence of the physical components of the 

armature and field: 
Measured RFI levels with the field windings connected to the 

neutral side of the mains supply using a !2/24 armature and 
U-type field. 
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R.F. Impedance of the U-type field; 
(a) across the windings 
(b) between windings and lamination stack. 
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360 

RFI due to the influence of the physical components of 
the armature and Field: 

Measured RFI levels with field windings connected to the line 

side of mains supply using a 12/24 armature and O-type field. 
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R.F. Impedence of the O-type field windings. 
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362 

Comparison of measured symmetric interference currents from 
the test-rig fitted with (a) U-type field and (b) O-type 

field. 
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363 

Comparison of measured asymmetric interference currents 
from the test-rig fitted with (a) U-type field and 
(b) O-type field. 
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RFI due to the influence of the physical components of the 

armature and field: 

Measured RFI levels with the field windings connected to the line 

side of the mains supply using a 12/24 armature and U-type field 

with the earth connection removed. 
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Measured asymmetric and symmetric interference currents 

from the test-rig fitted with 12/24 armature and U-type 

field with the earth connection removed. 
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RFI due to the influence of the physical components of the 

armature and field: 

Measured RFI levels with the field windings connected to the line 

side of the mains supply using a 12/24 armature and U-type field 

with the earth connected to the field lamination stack. 
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367 

Field connected as a split winding either side of 

the armature. 

Fig 6.64



ND
UC

TE
D 

IN
TE
RF
ER
EN
CE
 

VO
LT

AG
E 

4B
(u

V)
 

cc
 

100 

80 

20 

368 

RFI due to the influence of the physical components of the 
armature and field: 

Comparison of measured RFI levels using the 12/24 armature 
and O-type field with the windings connected (a) to one side of 

the armature and (b) in the split winding configuration. 
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RFI due to the influence of the physical components of the 
armature and field: 

Comparison of measured RFI levels using a 12/24 armature and 
U-type field with the windings connected (a) to one side of 
the armature and (b) in the split winding configuration. 
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370 

Comparison of measured symmetric interference currents 
from the test-rig fitted with (a) U-type field and 

(b) O-type field in the split winding configuration. 
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371 

Comparison of measured asymmetric interference 
currents from the test-rig fitted with (a) U-type 
field and (b) O-type field in the split winding 
configuration. 
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Measured R.F. impedence between split windings of 

(a) the O-type field and (b) the U-type field. 
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RFI due to the influence of the physical components of the 

armature and field: 

Comparison of measured RFI levels obtained using a U-type field 
with different armature configurations. 
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Measured symmetric interference currents from the test-rig 

with different armature configurations. 
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Measured asymmetric interference currents from the test- 

rig with different armature configurations. 
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377 

Measured R.F. impedence between armature windings and 

laminations using (a) 7/21 armature, (b) 12/24 armature 

and (c) 11/22 armature. 
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RFI due to the influence of the physical components of the 
armature and field: 

Measured RFI levels with varying armature turns per coil using 
12/24 armature and U-type field. 
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RFI due to the influence of the physical components of the 

armature and fields 

Measured RFI levels with varying armature turns per coil using 

7/21 armature and U-type field. 
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RFI due to the influence of the physical components of the 

armature and field: 

Measured RFI levels with varying motor load using 12/24 armature 

and U-type field. 
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Effect of varying arnature static out-of-balence on 

measured RFI levels at 1£000 r/min. 
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motor a 

 
 

mechanical variations RFI due to the influence of 

y: 

Measured RFI levels with varying arnature dynamic out-of-balance 

at 18000 r/min. 
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Effect of varying armature dynamic out-of-balance 
I levels at 18000 r/min. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 
Measured RFI levels with varying spring load at 18000 r/min. 
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Effect of varying spring load on measured RFI at 

18000 r/min. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 
Measured RFI levels with varying brush alignment along the quadrature 

axis against the direction of rotation. 
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Effect of varying brush alignment along the quadrature 

axis against the direction of rotation on measured 

RFI levels. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 
Measured RFI levels with varying brush alignment along the 

quadrature axis with the direction of rotation. 
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Effect of varying brush alignment along the quadrature 
axis with the direction of rotation. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 

Measured RFI levels with varying heights of proud commutator 
segments at 18000 r/min. 
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RFI due to the influence of mechanicai variations in the motor 

assembly: 

Measured RFI levels with varying commutator eccentricity at 

18000 r/min. 
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Effect of varying commutator eccentricity on measured 

RFI levels at 18000 r/min. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 

Measured RFI levels with varying commutator surface finishes. 
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Effect of varying commutator surface finish on 

measured RFI levels. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 

Measured RFI levels with (a) under commutator insulation and 

(>) flush commutator insulation. 

120 

(a4)qP 
UaAOd 

TONTMGGNALNI 
aanviava 

 
 

 
 

 
 

  
 
 

 
 

 
 

  
  

  
 
 

 
 

        
 
 

100 

3 
8 

2 

20 

(An)aP 
SOVUIOA 

FONTHATUTINI 
caLoNGNOD 

100 0.1 

FREQUENCY (MHz) 

Fig. 6.95



399 

RFI due to the influence of mechanical variations in the motor 

assembly: 

Measured RFI levels with varying brush box and brush clearance in 

the direction tangential to commutator rotation. 
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Effect of varying brush box and brush clearance on 

measured RFI levels. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 
Measured RFI levels with varying brush overhang length at 

18000 r/min. 
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Effect of varying brush overhang length on measured 
RFI levels. 
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RFI due to the influence of mechanical variations in the uotor 

assembly: 

Measured RFI levels with varying bearing misalignment at 

18000 r/min.   
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Effect of varying angular brush shift on measured 
RFI levels at 13000 r/min. 
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RFI due to the influence of mechanical variations in the motor 

assembly: 

Measured RFI levels with varying bearing journal diameter. 
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CHAPTER 7 

CASE STUDY TO DETERMINE THE SOURCES OF VARIABILITY IN RFI LEVELS 

FROM MASS PRODUCED MOTORS 

RFI suppression networks specified for fitting to mass produced 

motors must ensure that all motor production is capable of 

conforming to the CISPR/EEC limits. Variability in the levels of 

RFI generated from these motors, as experienced at Hoover plc, has 

meant that suppression is often unnecessarily costly due to 

allownces made to ensure that even motors generating abnormally high 

RFI levels are adequately suppressed. The case study presented in 

this chapter was carried out to determine the sources of variability 

in RFI levels from mass produced motors manufactured at the Hoover 

Cambuslang factory. It was hoped that once the sources were 

identified, recommendations to minimise or eliminate their influence 

could be proposed. This would reduce motor to motor RFI variability 

and also result in more cost effective suppressor network designs. 

In the previous chapter, it was shown that mechanical variations in 

the motor affect the quality of commutation and thus influences the 

RFI levels generated. The allowable variations determined from the 

test work, were compared with those found to be used in manufacture 

and the observations are discussed in section 7.2. Higgs [144] 

discussed that manufacturing problems fell into two categories, (a) 

‘subjective’ (or indirect) problems and (b) ‘objective’ (or direct) 

problems. 

"Subjective' problems are those associated with the fundamental 

manufacturing concepts, although these are difficult to quantify 

their influences are no less important than ‘objective’ problems
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which are generally associated with technical or engineering 

problems known to exist on the shop floor. Objective and Subjective 

problems, identified by the case study at the Cambuslang factory 

together with appropriate recommendations for improvements are 

presented in section 7.5 and 7.6, respectively. 

Finally in section 7.7 it is demonstrated that reduction of motor 

variability minimises the variation of RFI levels and allows cheaper 

suppression networks to be used. 

7.1 Background to case study 

The case study was undertaken at the Hoover Cambuslang factory 

during spring 1983, the timing is significant since during 1982 the 

company had undergone a major re-organisation of its U.K. 

operations. As a result of this, Cambuslang became the centre for 

all motor production. In addition new products were launched onto 

the market and also new automated manufacturing techniques had been 

introduced on the shop floor. In line with the general industrial 

recession of the period Cambuslang had suffered redundancies in 

order to affect a 'slimming down' of the work force. 

These changes had naturally caused major disruptions at the 

Cambuslang factory during 1982. In carrying out the cast study, it 

was thus recognised that (a) operators may be unfamiliar with new 

manufacturing processes, and (b) 'job loading’ throughout the 

factory departments would be increased. Both of these factors 

contribute to the subjective problems of the factory; the influence 

of (a) would no doubt decrease with time but (b) required careful 

management to ensure that production remained unaffected and is
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discussed later in section 7.6. ‘Teething problems’ with the new 

automated manufacturing equipment were also found to contribute to 

various assembly difficulties but these were not recorded, as these 

were considered as only short term problems which would be rectified 

by production staff in the near future. 

The case study considers a manufacturing area at the Cambuslang 

factory which produces small motors for domestic up-right vacuum 

cleaners. Two motor designs were manufactured in this area i.e. the 

"MC14' and 'EURO', these were studied in parallel since most of 

their tooling was common. Some machines were alternated to produce 

parts for the different motors depending on production quota 

requirements. MC14 components had been used in the test rig for 

much of the test work described in chapter 6, this motor had 

originally been made at the Perivale factory but was moved to 

Cambuslang during the re-organisation period. The motor has a 

U-type field system and 12/24 type armature. 

The EURO was part of the new product range launched in 1983, this 

motor has an 0-type field system and 12/24 type armature. Both 

motors were of similar rating and suppressed using a parallel 0.1pF 

capacitor and two in line 6pH inductors. Photographs of the MC14 

and EURO motor components are presented in Appendix A6. Figs. 7.1 

and 7.2 show the maximum and minimum RFI levels recorded for the 

MC14 and EURO motors from a selection of production vacuum 

cleaners. In both cases it was noted that the mean RFI levels 

recorded were within the CISPR/EEC limits. In the low frequency 

Tegion the spread of RFI levels from both motors are within the 

limits, but in the high frequency region particularly around 30 MHz 

to 90 MHz the variation of RFI levels is such that some motors fall
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outside the limits. There is a variability of over 30dB in some 

regions of the spectrum. Of the motors which exhibited the highest 

RFI levels it was noted that sparking at the brushes was 

considerably worse than those motors with the lowest recorded RFI 

levels. 

7.2 Manufacturing Tolerances 

In section 6.4 the influence on RFI levels due to mechanical 

variations in the motor structure were examined. In most cases it 

was observed that it was possible to define an allowable tolerance 

of the mechanical variation within which RFI levels remained 

unaffected. Examination of Hoover RFI records showed that 

variability of RFI levels measured from the production motors such 

as shown in Fig. 7.1 and 7.2 was caused by a mechanical 

innaccuracies in the motor assembly. Thus the first task undertaken 

in the case study was to compare the tolerances specified for the 

manufacture of motor components and their assembly with those 

determined from the test results. The intention being to see if the 

manufacturing tolerances were suitable in the light of the test 

Tesults; if not, whether it was feasible to recommend tighter 

manufacturing tolerances with the existing tooling or to see if 

there was a better production method available. Table 7.1 shows the 

summary of the tolerances specified for the manufacture of the MC14 

and EURO motors and those obtained from the test work. 

It can be seen that in most cases the tolerances specified for 

manufacture are in close agreement with the values determined from 

the test rig suggesting that their influence on RFI variability is 

minimal. The notable exceptions are discussed below:



  

  

Mechanical variation 

Static armature out-of-balance 

Dynamic armature out-of-balance 

Spring Load 

Brush misalignment (with rotation) 

Brush misalignment (against rotation) 

Proud commutator segment 

Commutator eccentricity 

Commutator surface finish 

Brush box clearance 

Brush overhang length 

Bearing misalignment 

Angular brush shift 

Bearing journal   

Manufacturing tolerance 

MC14 EURO 

0.432 gom iS 

o 0.22 gcm 

713-938 13 - 93 € 

- 0.095 mm 

- 0.095 mm 

3.8 x 1079 3.8 x 1073 

0.01 mm 0.01 mm 

0.8 x 108m cha 0.8 x 107omCLA 

0.05 - 0.26 mm 0.05 - 0.26 mm 

2.1 mm 4.1 - 2.5 mm 

0.1 mm 0.1 mm 

x * 
0.008 mm 0.006 - 0.008 mm   

Allowable tolerance 

(from test work) 

0.5 gem 

0.3 gem 

90 g - 110 g 

0.125 mm 

0.075 mm 

3.75 x 1072nm 

0.02 mm 

O5-12x 107° cha 

0.1 mm 

0.5 - 1 mm 

0.125 mm 

2° 

0.008 mm   
  

Comp: arison of specified manufacturing tolerances on MC14 and EURO motor assemblies with test results 

Table 7.1 

a
l
y



(a) 

(b) 

(c) 
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Spring load 

The nominal spring load specified for both motors is 

approximately 10g lower than that shown to be required from 

the test results. Increase of spring load could easily be 

implemented by increasing the length of helical coil springs 

~ a change of this type could easily be accommodated with the 

existing spring forming tools used at Cambuslang. 

Brush box/brush clearance 

The maximum brush box/brush clearance determined from 

manufacturing drawings is over twice the value found to be 

acceptable on the test rig. Clearances of this magnitude 

caused brush vibrations increasing RFI levels by almost 10-15 

dB in the high frequency region. Brush box fabrications were 

bought in from outside suppliers and thus a reduction in 

clearance could be affected by transmitting tighter 

tolerances to the source manufacturers. 

Brush overhang length 

Brush overhang length is determined by the position of the 

brush box relative to the commutator surface, in both motors 

it was found that the brush overhang length was almost double 

the limiting value determined on the test rig. Reduction of 

this length would require either altering the position of the 

brush boxes nearer to the commutator, or by increasing the 

overall brush box length.
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(d) Angular brush shift 

Brush shift is introduced to the motors by positioning the 

commutator with the appropriate angular shift on the armature 

shaft relative to the brush axis. The figure of 3° for the 

manufacturing tolerance of the brush shift quoted in Table 

7.1 was found to have been used in manufacture in the absence 

of any tolerance specified on motor assembly drawings. The 

reduction of this tolerance to the value suggested could be 

implemented by existing manufacturing equipment without 

difficulty. 

Manufacturing tolerances specified for armature out-of-balance, 

brush alignment, bearing alignment, shaft journal diameters and the 

commutator variations appear suitable with respect to their 

influence on RFI levels. However, examination of motors known to 

generate high RFI levels showed that in many cases the actual 

variation of these parameters were outside the specified 

manufacturing tolerances. RFI measurements were recorded from 

motors taken from different production batches over a period of six 

weeks. It was observed that causes of high RFI levels could be 

classified in two broad categories. Firstly, where the cause was 

other than due to excessive mechanical variations for example 

varnish or swarf in the commutator slots, absence of grease in 

bearings, broken brushes. The incidence of these problems were low, 

motors in this category would normally have been rejected for high 

brush arcing during a final test stage where the motor performance 

is checked. Production records showed that the incidence of such 

rejections was less than 2% of the total production. The second 

category which was of direct interest to the case-study was where
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the cause of high RFI levels was due to deviation from the specified 

manufacturing tolerances. Production records showed that the 

incidence of such motors rejected at the final stage was on average 

10%, but had been known to increase above 20% in exceptional 

circumstances. However, it was found that in many cases such motors 

were acceptable in terms of electrical performance and could only be 

identified as not meeting specifications from RFI tests. In order 

to demonstrate that the high RFI levels observed were due to poor 

manufacture, a number of motors which had originally generated high 

RFI levels were stripped and re-assembled with the defects 

rectified. In all cases the subsequent RFI levels recorded were 

lower than seen previously. Figs 7.3, 7.4 and 7.5, show examples of 

the 'before' and ‘after’ RFI levels measurements recorded on EURO 

motors. The maximum mechanical variations recorded for each of the 

parameters is shown in Table 7.2. 

From these preliminary observations, it was clear that the source of 

RFI variability was the mechanical variations in the motor 

assemblies being achieved on the shop floor. As discussed above in 

many cases the variations achieved were in excess of the specified 

manufacturing tolerances, thus it was planned to follow the 

production of the MC14 and EURO motors on the shop floor, in order 

to identify the problem areas. Higgs [144] discussed that problems 

arising on the shop floor could be loosely classified as follows: 

(a) Inadequate or poor facilities 

The facilities include machines, tooling, gauges as well as 

the working environment. Tooling and gauges may be old or 

poor quality and suffer from lack of maintenance.



  

  

Mechanical Variation Measured Mechanical Variations (MAX 

Static armature out-of-balance 2.5 gom 

Dynamic armature out-of-balance 1.4 gcm 

Spring Load 50 g - 180 g 

Brush misalignment (with rotation) 0.25 mm 

Brush misalignment (against rotation) 0.25 mm 

Proud commutator segment 15: x 4073 mn 

Commutator eccentricity 0.04 mm 

Commutator surface finish 3% 4076 m CLA 

Brush box clearance 0.4 mm, (0,01 mm MIN) 

Brush overhang length 2.5 mm 

Bearing misalignment 0.3 mm 

Angular brush shift 62 

Bearing journal 0.015 mm   
  

Summary of maximum mechanical variations recorded from production motors 

Table 7.2 

Ol
y



(b) 

(c) 

(a) 
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Inadequate or poor design, process and material specifications 

Motor design and manufacturing process need to be adequately 

specified in order to reduce complexity of both manufacture 

and assembly. Materials should be robust to withstand both 

normal motor requirements and also capable of withstanding 

manufacturing handling and assembly techniques. Higgs states 

that problems can creep in if unforseen differences occur 

between presumed similar products and processes. Production 

may alter design/process specifications in order to alleviate 

localised problems without appreciating problems being caused 

in other manufacturing areas. 

Human error 

Failures occur even when equipment and specifications are 

adequate because of human errors. Poor batch identification 

and quality control results in mistakes going un-noticed and 

only the final symptoms of the error being observed. 

Non-adherence to specified procedures 

Higgs states that nearly all manufacturing activities suffer 

from some operator ‘modification’ and only intimate knowledge 

of the daily shop floor situation could reveal them. Poor 

supervision and quality control make the situation worse as 

many improper practices can go unchecked. This type of abuse 

can never be fully quantified because operators, unions and 

even supervisors are reluctant to acknowledge that such abuse 

exists.
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Information for the case study was gathered by observation of 

operators at work; by discussions with operators, foremen, quality 

inspectors and line management; and by examination of various 

production records. The main problem with case studies of this type, 

where an outside researcher enters a production environment is 

ensuring that practices are not 'modified' for the researchers 

benefit or otherwise. The researcher is often treated with caution 

as in some quarters he can be viewed as a management 'spy'. 

Time was therefore spent in gaining confidence of shop floor 

personnel in order to obtain useful information. In the event it 

was surprising how keen and forthcoming the various people were. It 

was recognised that some information would have to be disregarded 

due to distortion of facts thus it was ensured that only sound 

corroborated evidence was recorded. The following sections describe 

the structure of the manufacturing area and the objective and 

subjective problems identified within it are discussed. Where 

possible recommendations are proposed to alleviate the problem areas 

and thus affect a reduction in the variability of RFI levels from 

the MC14 and EURO motors. 

7.3 Factory Structure 

The overall factory structure for the production and assembly of the 

MC14 and EURO motors can be split into three manufacturing areas, 

i.e. 

1) prime areas 

2) sub-assembly areas
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3) final assembly and electrical test area 

There are three 'prime' areas of manufacture which supply parts to 

the sub-assembly and final assembly areas, they include (a) a 

plastic moulding shop which produces motor cases and fans (b) a 

machining shop for turning and grinding armature shafts and (c) a 

press shop which produces the motor laminations. Additionally, 

"goods inward' can also be considered a prime area for all bought in 

items including wire, bearings, brush boxes, brushes, suppression 

components and screw fittings. These parts are stocked and supplied 

to the factory as required. Components from the prime areas are 

transported to sub-assembly points for the next stage of the 

production. The main sub-assembly areas are (a) armature 

manufacture, (b) field manufacture and (c) brush box and spring 

manufacture. 

The armature and field sub-assemblies are manufactured using 

semi-automatic production equipment and involve minimal operator 

handling. The finished sub-assemblies are transferred to the final 

assembly and electrical test area. Here the components are fitted 

into the moulded motor cases along with the various bought in items 

and the motor assembly is completed ready for electrical test. 

Motors are run for a short period to allow adequate brush bedding 

before each motor is individually checked for performance and 

quality of commutation. The motors are then transported to a 

‘finished products’ areas (not examined in the case study) where 

they are fitted into vacuum cleaner bodies and a selection of these 

undergo RFI testing. 

In each production area there are a number of full time employees
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working in two eight hour shifts. The employees include: 

(a) production work force i.e. operators 

(b) local production foremen, responsible for operator 

supervision and the operators achieving production quotas 

(c) local machine setters responsible for setting tools and 

machinery. 

In parallel with the production staff there are the quality control 

and quality assurance departments and a maintenance department. 

Quality control is divided into a number of groups which include a 

quality foreman and 2-3 quality engineers/inspectors. Only two 

groups are of interest to this study; one covering the MC14 and 

EURO assembly areas and a second covering plastic moulding and shaft 

machining areas. Quality assurance covers the inspection of the 

goods inward and finished products areas and is also responsible for 

the final RFI testing function. The maintenance department have a 

group of staff responsible for maintaining and refurbishing 

electrical and mechanical equipment covering the whole factory area. 

7.4 General quality monitoring 

Each operator is responsible for the quality control of his/her own 

manufacturing operation. In some cases, this may involve only a 

visual inspection, in others they are supplied with appropriate 

gauges to ensure that components conform to specified manufacturing 

tolerances. The quality engineers/inspectors carry out random 

checks on the production line to ensure quality is maintained. 

Finally, the quality inspectors carry out a rigorous quality audit
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on batches of finished components. If the audit check reveals poor 

overall quality, he reports this to the quality foreman who has the 

right to scrap any item or production batches failing the audit 

check. Naturally as in any manufacturing environment this can lead 

to conflict with the local production foreman who is responsible for 

production quotas being achieved. Thus, if large quantities of 

production are in question the final responsibility lies with the 

Quality Superintendent and the Production Manager. 

If component quality is poor, there are two possible communication 

paths by which the machine setter can be summoned, i.e. 

(a) If the fault is detected by the operator - he reports it to 

the local foreman, who can decide whether it is a tool 

setting problem and call the machine setter but if the 

problem is more difficult to fathom he may call the quality 

engineer. 

(b) If the fault is detected by the quality engineer/inspector 

(through their random production checks) he can call the 

machine setter himself and inform the local foreman of his 

actions. 

tee Objective Manufacturing problems 

This section describes some of the manufacturing problems observed 

in the different production areas. The production areas studied 

include the following: 

a) plastic moulding shop (7.5.1)
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b) machining shop (7.5.2) 

ce) press shop (7.5.3) 

d) armature manufacture (7.5.4) 

e) wound field assembly (7.5.5) 

f£) brush box and spring manufacture (7.5.6) 

g) final assembly and electrical test (7.5.7) 

In each case, there is a brief description of the manufacturing 

Processes and techniques used to monitor production quality. The 

problems observed are discussed and where possible the sources are 

identified and appropriate recommendations to minimise or eliminate 

their influence are proposed. 

7.5.1 Plastic moulding shop 

Motor casings and dirt collecting fans are manufactured in the 

plastic moulding shop. The accuracy of the casing mouldings is an 

important feature in the final motor assembly; recesses and slots 

in the mouldings ensure motor components are located in the correct 

positions affecting the alignment of the bearings, brush boxes and 

field assembly. Examination of motors producing high RFI levels had 

in a number of instances been found due to poor bearing and brush 

box alignment. The dirt collecting fans were fitted on the armature 

shaft, these had been found to affect armature out-of-balance.
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7.5.1.1 Method of manufacture 

All plastic mouldings are made using fully automatic plastic 

moulding machines. In the machine plastic resin is heated to a 

molten state which is then injected under pressure into a cavity 

moulding tool. The plastic is allowed to cool before the moulding 

is ejected from the cavity, the tool retracts, allowing the 

mouldings to be removed. The machines typically have three cavities 

working simultaneously. Tool cycle times, temperatures and speeds 

have to be set by a machine setter. The machine operator has to 

remove the new mouldings from the tool when it opens and close it 

again for the next cycle to begin. The mouldings are placed in 

omni-crates standing next to the moulding machines. Plastic resin 

is introduced to the machines at regular intervals via a hopper at 

the top of the machine by a labourer. Removal of plastic flash and 

drilling/tapping of holes in the mouldings are carried out in a 

second operation in an adjoining area. 

7.5.1.2 Production monitoring 

The operator carries out a visual check on the mouldings inspecting 

for burning or other surface defect on the plastic. There were no 

gauging facilities for the operator to carry out any dimensional 

checks on the mouldings, this was left to quality inspectors who 

were provided with gauges to check field and bearing alignments on 

the motor casings. This check should be performed during regular 

patrol checks and at a final audit inspection on production 

batches. In the case of the dirt collecting fan mouldings, quality 

inspectors were provided with a balancing machine to check for fan 

out-of-balance.
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7.5.1.3 Objective problems 

Production monitoring in the plastic moulding area, was found to be 

negligible and moulding quality relied heavily on the machine 

setters ability to produce components without any visual defects. 

The gauges provided to the quality inspectors to check bearing and 

field alignment on the motor cases, were not being used either to 

monitor production or to check components after tool changes or 

changes to machine cycle times and temperature settings. The normal 

practice was to ensure the mouldings were visually free from defects 

but this meant that small distortions in the mouldings were left 

undetected only to cause assembly problems later in manufacture or 

cause the motor to generate high RFI levels observed earlier. 

A similar lack of monitoring on the fan mouldings meant that 

moulding assymetries causing out-of-balances on the armature were 

not detected. Subsequent measurements showed that fans fitted onto 

balanced armatures could increase their rotating out-of-balance to 

over five times the maximum allowable out-of-balance specified for 

the armature. 

Further specific moulding problems are detailed below: 

a) inadequate or poor facilities 

i) tooling; examination of the MC14 mouldings showed that 

there was a thickness error in the field location 

region causing poor field alignment with respect to 

the armature. Although variation of air gap was found 

not to influence RFI levels (see section 6.4.12), this
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fault had caused a number of problems in the final 

assembly area. It was found that in some cases, field 

alignment was so bad such that the armature fouled on 

the pole face. In many instances this would prevent 

the armature turning, where however, only slight 

interference existed it was possible for the motor to 

turn but the intermittent contact causing arcing at 

the brushes leading to high RFI levels. 

Moulding errors could be caused by inaccurate tool 

dimensions or by the use of old and worn tools, the 

fault could only be cleared either by re-grinding the 

existing moulding tools to the correct dimensions or 

by replacing them with new tools. 

Inspection of motor cases with excessive bearing 

misalignments showed them to have been moulded in the 

same tool cavity. Since moulding distortion takes 

place during cooling, to an experienced machine 

setter, it was clear that this tool was running too 

hot. The fault could be cleared by adjustments of the 

moulding cycle time and temperature settings to ensure 

adequate cooling of the mould before the tool was 

opened. Increasing cycle times appeared unpopular 

with the operators since this would reduce their 

production rates. Another cause of moulding 

distortion was the stacking of the hot moulds one on 

top of another in the omni-crates. The moulds at the 

bottom of the crates would retain their heat for a 

long time allowing distortions to develop. This could



426 

be improved by the use of 'cooling platens’; as the 

hot mouldings are removed from the tool, they should 

be placed on platens which are formed to the shape of 

the mould and thus as the mould cools its shape cannot 

distort. Once the mouldings have cooled sufficiently 

only then can they be stacked as before. 

ii) gauging; as described above gauges were provided to 

check for bearing and field alignment - although not 

used it must be stated that facilities for checking 

these dimensions on the mouldings were available. But 

notably, the absence of any gauge to monitor alignment 

of the brush box region was of concern. In section 

6.4.4 it was shown that brush misalignment increases 

RFI levels due to sparking caused by excessive brush 

vibration. The EURO motor has the brush box located 

in a slot in the casing moulding. Accuracy of the 

brush box alignment and brush clearance is dependent 

on the slot position and dimensions, thus, any 

moulding distortion in this region would impair RFI 

levels from the motor. It can be summarised from 

these observations that quality control of moulding 

needs to be greatly improved in order to reduce the 

resultant variability of RFI levels from the motors. 

b) Inadequate or poor design 

The design of the EURO motor fan, although excellent for 

collecting dirt in the cleaner, was found to cause
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significant variability in RFI levels due to the out-of- 

balance it introduced to the armature. Even when the fans 

were found to be well balanced, subsequent fitting to a 

balanced armature could cause armature out-of-balance to be 

greater than the specified manufacturing tolerance. This 

problem was not evident on the MC14 armature. The difference 

can be explained from the methods used to fit the fans on the 

armature shaft. The MC14 fan has a hole at its centre and 

locates on a journal on the armature shaft and is fixed in 

position by a nut as shown in Fig. 7.6(a). The centre of the 

EURO motor fan is drilled and tapped and the fan is screwed 

directly onto a threaded portion of the armature shaft as 

shown in Fig. 7.6(b). The threaded fitting meant that the 

EURO fan cannot be located squarely on the shaft causing 

unbalance as the armature rotates. Measurements of 

out-of-balance carried out by Hoover engineers, showed that 

even small variation loosening or tightening of the fan cause 

the out-of-balance to increase in magnitude and shift in 

position on the armature. 

The fitting technique used for the MC14 is much better, the 

machined locating journal ensures that the fan is always 

positioned squarely on the shaft. It is recommended that a 

similar design be applied to the EURO dirt collecting fan. 

Operator malpractices 

Operators were paid on a 'piece work' system, this was their 

incentive for achieving high production rates. It was 

demonstrated that some operators reduce the machine cycle
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time and temperature settings in order to increase the rate 

of moulding production. As mentioned earlier this causes the 

mouldings to leave the tool without adequate cooling time and 

the moulds distort as they cool in the omni-crates. 

Malpractices such as these can go unchecked for long periods 

without suitable quality control. 

The machine temperature and cycle time setting switches were 

situated in a metal box at the side of the machine, this box 

should be kept locked at all times but instances of broken 

locks and box lids were seen. 

7.5.2 Machining shop 

The machining shop area produces armature shafts for the MC14 and 

EURO motors. The accuracy of the shaft dimensions is important both 

in terms of motor assembly and the resultant RFI levels produced by 

the motor. The armature sub-assembly being semi-automatic relies 

principly on the accuracy of shoulders and steps along the shaft 

length for correct positioning of the commutator and laminations. 

For example, inaccurate positioning of the commutator can cause the 

brushes to locate on either an unmachined part of the commutator or 

partially off the commutator surface. In Section 6.4.14, it was 

discussed that undersize bearing journal diameters cause armature 

vibrations producing high RFI levels and also reduce motor life. In 

addition to this, locating journals for the commutator and armature 

laminations are equally as important; undersize journals can cause 

loose laminations and oversize journals can lead to stress fractures 

in the body of the commutator.
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7.5.2.1 Methods of manufacture 

The armature shafts are made from lengths of round mild steel bar 

which undergo the following operations; 

Ss) 

ii) 

Rough turning 

The stock bar is turned in an automatic feed type 

multispindle turning machine. The bars are loaded by the 

operator into a barrel at the rear of the machine, the 

machine automatically pulls the bar into the cutting area 

where cutting tools descend onto the bar, cut to the rough 

turning dimensions before the shaft is parted off from the 

vest of the material falling into a basket below. The 

machine is then ready to pull the remaining bar to cut the 

next shaft. All cutting tools are set by a machine setter 

and the cutting process involves minimal operator 

intervention. 

Grinding and knurling 

The rough turned shafts are loaded by an operator into a 

‘cascade magazine’ which feeds one shaft at a time onto 

centreless grinding wheels to complete a first grinding 

operation. Dwell angle and time of the grinding wheels is 

set by a machine setter. As the dwell cycle is completed, 

the operator removes the shaft from the grinding wheels. 

From here, shafts are loaded into a hydraulic lettering press 

to form grooves and knurls on the shaft where necessary and 

then returned to the grinding machines to grind the shaft



430 

bearing journals to their finished dimensions. Finally, the 

shafts are individually staked in a staking press to form 

notches in the shaft body to locate the armature laminations. 

As with all machines used for shaft manufacture the grinding 

and knurling tools are set by a machine tool setter. 

7.5.2.2 Production monitoring 

At each machining stage, the operators are supplied with electronic 

gO, no-go type gauges to check all key journal diameters on the 

shaft. The requirement is for the operator to do a one in ten item 

check on shafts produced. Quality inspectors carry out random 

checks on the shop floor and also a final audit inspection on 

finished batches. 

7.5.2.3 Objective problems 

It was reported that shafts were arriving in the assembly area with 

both undersize and oversize journal diameters and also with 

incorrect journal lengths causing problems in particular in the 

semi-automatic armature assembly area. Observation of working 

practices in the machining area, showed that operators could be 

running two to three machines at a time, thus inadequate monitoring 

checks were being carried out. The major problems however, were due 

to poor machine tool settings. Tool settings were being done using 

‘make shift' length gauges which were found to be out by as much as 

0.5 m. It was discovered that correct gauges had been supplied to 

the setters but these were allegedly lost.
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The electronic go, no-go gauges used to check the finished shaft 

diameters were demonstrated to be wholly unsuitable for mass 

production monitoring. The gauges were easily knocked out of true 

by rough or continuous handling and were considered unreliable by 

operators and setters alike. Thus some operators did not bother to 

use the gauges and others would occassionally accept shafts which 

had been indicated as faulty, assuming that the gauge was at fault 

instead. The following two specific problems were observed in the 

grinding operation area; 

(a) inadequate or poor facilities 

Electronic go, no-go gauges were provided to monitor shaft 

journal diameters - their use and reliability has been 

discussed above. These gauges were designed to check 

diameters at one point on the journal, thus problems such as 

journal lobing or tapering could not be discovered. Journal 

tapering could explain how poor shafts are allowed to be 

accepted by the gauges. Although the shaft may be correct at 

the monitoring point its size is incorrect at any appreciable 

distance away from that point. This is of particular concern 

for diameters locating the commutator and laminations, e.g. 

at one end of the shaft the laminations may fit correctly, 

but, at the other extreme end, they could be loose causing 

subsequent assembly problems. Journal lobing is more 

difficult to monitor; at all points the shaft diameter may be 

correct but the overall journal contour of a lobed shaft is 

not round as shown in Figure 7.7. 

It was observed that lobing of bearing journals gave rise to
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proud commutator segments monitored in the armature assembly 

area. The commutators are machined by supporting the 

armature in V-blocks at the bearing journals, thus the 

resultant commutator profile is governed by the profile of 

the journals. Figure 7.8, shows examples of commutator 

profiles resulting from lobed bearing journals. Proud 

commutator segments have been shown to have considerable 

influence on RFI levels and need to be minimised to the 

specified manufacturing tolerance. 

Lobing and tapering of shaft journals are both functions of 

poor tool settings. Dall [147] describes how lobing can be 

effectively reduced in centreless grinding by correct setting 

of the grinding wheel dwell angle. Gauges for checking both 

parameters should be made available to the operators such 

that faulty shafts may be detected at the earliest 

opportunity. 

Operator malpractice 

The grinding operation is slow and open to operator abuse to 

increase production rates, it has been noted that certain 

operators decrease the grinding wheel dwell time, this does 

not only lead to oversize shafts but also increases the 

incidence of lobing. The action of centreless grinding is 

such that the work piece will only be truly round when the 

complete dwell cycle is performed.
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7.5.3 Press Shop Area 

The field lamination stacks and armature laminations are 

manufactured in the press shop area. Loose laminations on the field 

and armature were shown to increase RFI levels in the low frequency 

region below around 1 MHz (see section 6.3), thus it is important to 

ensure the quality control of lamination dimensions and their fixing 

procedures. 

7.5.3.1 Method of manufacture 

Strips of sheet steel material are introduced by an operator to a 

press which pierces and blanks out the armature and field 

laminations in one operation. The presses have a carbide cutting 

tool and is able to produce around 400 laminations/minute. The 

stampings fall into chutes, one collecting armature lamination and 

the other, the field lamination, The armature laminations are 

stored for use in the armature sub-assembly area. The field 

laminations are transferred to the field-stack assembly area. Here 

the MC14 laminations are placed in a riveting fixture and stacks of 

approximately 40 laminations are riveted together, these are then 

drilled and tapped with fixing holes and placed in omni-crates for 

later use. EURO field laminations were welded together in a welding 

fixture and the finished stacks were again stacked in omni-crates. 

7.5.3.2 Production monitoring 

The lamination presses being virtually fully automatic required no 

operator check. Quality inspectors were provided with plug-gauges 

to check the bore of the field laminations at regular intervals.
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The finished field stacks were again checked with plug gauges to 

ensure no laminations fitted proud in the stack, here the operators 

were expected to carry out a one in ten gauge check on the stacks 

produced. 

7.5.3.3 Objective problems 

No specific manufacturing problems were found in the press shop 

area, the presses were new and produced laminations free from edge 

burrs and of consistent good quality. In the field stack assembly 

area, there were instances of loose field laminations caused by poor 

riveting and welding, however, these were few and the stacks were 

usually rejected by the operators. 

7.5.4 Armature Manufacture 

The armatures were manufactured using a semi-automatic production 

line, here the armature shafts manufactured in the machining area 

are fitted with armature laminations, commutators and the armature 

windings to produce a complete armature assembly. The main 

intention for studying this production line was to find the source 

of problems which had been observed to influence RFI levels e.g. 

commutator profile, commutator finish and armature out-of-balance. 

A number of operational problems associated with the automation 

equipment were observed, e.g. in the areas of epoxy coating of 

armature laminations, varnishing of windings, staking of windings - 

but these were not recorded; (a) because it was recognised that this 

was a new process to the factory and both production engineers and 

operators needed a longer period to become familiar with its 

operation, (b) although problems such as varnish in the commutator
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slots had been found to be causing high RFI levels, these problems 

could not be quantified within 'manufacturing tolerances’. 

7.5.4.1 Method of manufacture 

The operations of the mechanised manufacturing process are listed 

below, after the first operation the armatures are automatically 

conveyed to and from the various machines; 

(bd An operator locates an armature shaft and armature 

laminations on an assembly tool, a press is activated to 

force the laminations on to the shaft to complete the 

armature line assembly. The core is removed from the 

assembly tool and placed on an automatic conveyor. 

(2) The armature core is degreased. 

(3) The armature core is epoxy coated - this is an automatic 

cycle comprising of induction pre-heating of the core, spray 

coating and post curing. 

(4) A commutator is pressed into position on the shaft. 

(5) The armature is wound and the connections to the commutator 

hot staked. 

(6) The armature is automatically checked for cross connections, 

turns count, wire insulation, earths, open circuit and high 

resistance.
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(7) Varnish is drip fed onto the windings and cured. 

(8) The commutator is rough turned with the armature supported in 

V-blocks at the bearing journals. 

(9) The armature is balanced by a polar milling operation. 

(10) The commutator is machined to its final diameter. 

(11) Electrical checks on windings are repeated (as operation 6). 

(12) An operator removes the armature from the conveyor and places 

it in a transport tray. 

7.5.4.2 Production monitoring 

During the period of the case study, due to continuous process 

operational problems, armatures were being removed from the 

automatic line for visual checking after almost every operation. 

But it was proposed that once the operational problems are cleared, 

there would only be a final visual check on the completed armature 

as the operator places it in the transport tray. Quality control, 

however, would be required to do ramdom checks on armature out-of- 

balance, commutator profile and commutator finish. 

7.5.4.3 Objective problems 

The majority of process problems were caused by poor quality 

armature shafts. The automatic equipment relied on good quality 

shafts particularly in relation to dimensions of shoulders and steps
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along the shaft which were used to position the armature components 

as discussed in section 7.5.2. As discussed earlier, tapering of 

shaft diameters led to instances of loose armature laminations and 

lobing of bearing journals had been observed to cause proud 

commutator segments after the commutator had been machined. Further 

problems of the armature assembly found to have been caused within 

the automatic process line are detailed below. 

(a) Inadequate or poor facilities 

i) maintenance; although the process line was relatively 

new, there were already signs of lack of maintenance 

appearing in particular with the tool for commutator 

machining. For the cutting operation the armature was 

supported in V-blocks at the bearing journals and 

rotated by means of a belt drive on the surface of the 

armature laminations. The belt was seen to be badly 

frayed and on occassion 'catching' on the armature 

laminations causing the armature to jump during the 

machining operation. 

Periodic jumping or movement of the armature could 

lead to excessively proud commutator segments. The 

V-blocks were found to be worn and damaged with dirt 

collected at the bottom of the V, this again would 

aggravate the turning operation, causing commutator 

eccentricity. Finally, automatic brushes which clear 

swarf from the commutator area after the cutting 

operation were so badly worn that they were almost 

useless in operation. It is clear that regular



ii) 

438 

maintenance of tooling is essential for manufacturing 

tolerances in this area to be achieved. 

tooling; finished commutators were observed to have 

burrs on the edges of the segments, the cause of this 

is discussed below. Burrs can cause excessive brush 

arcing, damaging both the brush and commutator surface 

and thus need to be removed in the interest of motor 

life and the reduction of RFI from the motor. Removal 

of burrs could easily be achieved by the use of a 

broaching tool to clear out the intersegment slot 

area. Discussion with production engineers revealed 

that such a broach had been used at the Perivale 

factory but, in the subsequent transfer to Cambuslang 

this tooling had been lost. 

(b) Inadequate or poor design and process specifications 

ED) armature out-of-balance; in section 7.2, it was shown 

that the armature out-of-balance achieved by 

production, was outside the specified manufacturing 

tolerances. Examination of balancing tolerances used 

in manufacture found them to be acceptable but the 

cause for excessive out-of-balance can be identified 

from the process sequence. The armatures are balanced 

after the first rough machining operation on the 

commutator, but after balancing, the commutators were 

again machined to their final dimensions. 

It had no doubt been thought that the finishing cut on
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the commutator would be light and thus have minimal 

affect on armature balance. But in the event, it was 

observed that this finishing cut was causing the 

armature out-of-balance to increase such that in some 

cases the specified manufacturing tolerances were 

exceeded. Closer examination of the commutator 

machining showed that the final cut was almost as deep 

as the initial rough cut. However, this problem could 

be alleviated by balancing the armature after the 

final machining operation on the commutator. 

Proud commutator segments; proud commutator segments 

are caused due to lobing of the bearing journal 

affecting the profile of the commutator during 

rotation. This affect could be minimised if instead 

of rotating the armature in V-blocks, the bearing 

journals were supported in half-moon type U-blocks. 

This would not require any large scale change in to 

implement, but the main requirement would be to ensure 

that the U-block did not collect dirt or swarf by a 

regular tool cleaning operation. 

Commutator positioning; the angular position of the 

commutator relative to the armature windings affects 

the eventual brush shift of the motor. In section 

7.2, it was stated that no drawing tolerance on 

angular brush shift was specified and that production 

had been using a nominal tolerance of around 3°. 

From the RFI results, it was shown that the position
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for minimum RFI levels only had a tolerance of around 

ae beyond this RFI levels would increase. Thus it 

was recommended that this figure be implemented in the 

process specifications. 

Non adherance to specified procedure 

The finish on the commutator surface has been shown to 

influence RFI levels from the motor, the specified 

manufacturing tolerance of 0.8 x 10m CLA surface finish 

was found to be acceptable with reference to the experimental 

results. However, the surface finish obtained on the shop 

floor was found to be poor, with finishes in excess of 1.5 x 

10 n CLA common place, of even greater concern was that 

burrs were evident on the edge commutator segments. Poor 

facilities resulted from incorrect setting of the commutator 

cutting tool, i.e. the speed and depth of the tool was 

incorrect. It was observed that the machine setter was 

setting the tool by eye, although gauging facilities were 

available. There was no observable difference in the 

settings used for the rough cut and finishing cut operations 

on the commutator. The finish cut should have been made 

using a diamond tipped tool, whereas it was found that an 

ordinary carbide tool was being used. The carbide tools 

cannot produce the quality finish required on the commutator 

surface. 

Quality inspectors although aware that armatures with 

excessive out-of-balance, proud commutator segments and poor 

commutator surface, were being produced, allowed the
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situation to persist by not rejecting the armatures. 

Recognition of these faults would no doubt have caused the 

majority of armatures to be rejected which would have caused 

a major bottle neck in motor production. Thus the need to 

maintain production quotas meant that in many causes quality 

control became a secondary consideration. 

7.5.5 Wound field assembly 

As with the armature assembly, the wound field assembly was also 

manufactured on a semi-automatic process line. Here field 

lamination stacks were fitted with plastic insulating bobbins by 

operators and then located on an automatic conveyor to be wound, 

terminated and electrically tested. No specific operational 

problems were observed in this area. 

7.5.6 Brush box and spring production 

Clearance between the brush the brush box and also the spring load 

have been shown to influence RFI levels. The production variation 

of both of these parameters had been found to be in excess of the 

specified manufacturing tolerances and thus a source of variability 

in the RFI levels observed from motors. 

7.5.6.1 Method of manufacture 

Reels of preformed brush boxes were brought in from outside 

suppliers. The reels are loaded by an operator onto a cutting 

machine to separate the individual brush boxes. These are then
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loaded into another fixture to crimp connect a wire onto the body of 

the brush as shown in Plate A6.7. The brush boxes are then ready 

for transfer to the final assembly area. The brush springs are 

coiled on a hand operated former from a reel of wire. The springs 

are automatically cut to length on the former and again then 

transferred to the final assembly area. 

7.5.6.2 Production monitoring 

Production monitoring of both these operations is minimal, with 

operators looking for visual defects only. No checking on brush box 

dimensions is done since they should have already been monitored by 

the ‘goods inwards' inspection area responsible for checking bought 

in items. Quality inspectors carry out random checks on brush 

spring load and the crimped connection on the brush box body. 

7.5.6.3 Objective Problems 

The bought in brush boxes being of a closed construction, were found 

to be of acceptable quality, but the EURO brush boxes which have an 

open cross section, were found to be arriving distorted as indicated 

in Figure 7.9(a). Thus the eventual brush box/brush clearance in 

the final motor assembly would be affected. Observation of brush 

boxes after the crimping operation showed that the boxes were 

"bowed' along their length (see Figure 7.9(b)), this had been known 

to restrict brush movement causing ‘brush sticking', causing arcing 

during motor operation leading to increased RFI levels. Further 

brush box distortions were found to occur due to general operator 

handling. All these problems appear to be due to an inadequate 

thickness specification of the boxes. Materials should be such that
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the components not only perform adequately in the motor, but also be 

able to withstand manufacturing and assembly techniques. The brush 

boxes clearly do not satisfy this latter requirement and thus a 

thicker brass material needs to be used. At present a 0.41 mm 

thickness is used, it is felt that this needs to be increased to a 

least 0.8mm in order for the higher tolerances recommended in 

section 6.4.9, can be implemented. Additional operational problems 

appear to be due to bad tool setting of the brush box cutting 

fixture and the spring coil winding machine. 

Bad tool setting on the cutting fixture leaves a burr on the lip of 

the front end of the brush box (see Figure 7.9(c)), this burr has 

been observed to interfere with brush movement causing sparking. On 

the spring former tool, it was observed that poor settings result in 

variable lengths of brush springs being manufactured such that at 

the normal compressed spring length in the brush boxes, the spring 

load can fall outside the specified manufacturing tolerances. In 

section 7.2, it was discussed that the specified manufacturing 

tolerance for spring load was approximately 10g lower than that 

necessary for the reduction of RFI from the motor. Inspection of 

the method of spring manufacture showed that there would be no 

implementation problems for manufacturing longer spring coils to 

produce the higher spring load, but, spring quality needs to be 

assured in order that RFI variability is minimised. 

7.5.7 Final Assembly and Electrical Test Area 

Motor components manufactured in the areas described above, are 

transported to the final assembly area along with various bought in 

items including bearings, suppression components and fixing screws.
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The assembly is completed on an operator flow line and the finished 

motors are loaded on to a 'Run-in-Rack'. Here the motors are 

connected to a power supply terminal and allowed to run for 

approximately 40 minutes in order to bed the brushes. 

The Run-in-Rack is fitted to an automatic conveyor which transports 

the energised motors to the electrical test area. The motors are 

then individually checked for electrical performance (i.e. input 

watts at rated supply voltage) and the quality of commutation is 

observed. 

The various assembly problems arising due to faults on individual 

components have been discussed in the earlier sections. The final 

motor assembly operations themselves are relatively problem free, 

the main area for concern was the final assembly of the brush boxes 

and this is discussed below. Examination of the Run-in-Rack showed 

that poor electrical connections on the conveyor resulted in almost 

20% of the motors either failing to run or running intermittently. 

This was found to result from inadequate maintenance of the power 

supply terminals some of which were loose or broken. Motors with 

manufacturing problems resulting in poor performance were rejected 

in the test area. However, very few motors were rejected for poor 

quality of commutation, it was observed that only motors exhibiting 

severe arcing at the brushes were rejected. The failure of this 

subjective testing on commutation was recognised by production 

engineers and during the course of the study, efforts were being 

made to install an electronic light detecting device to determine 

the quality of sparking.
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7.5.7.1 Objective problems 

Poor design of the EURO motor brush box assembly and fitting 

resulted in a number of problems that can influence the generation 

of high RFI levels from the motor. The brush box assembly locates 

in a square hole in the moulded plastic motor casing. The design 

was such that the brush box is located in the hole and restrained 

only by an interference fit of the brush box within the hole. This 

is wholly inadequate since the rigidity of the brush box is 

essential to minimise brush vibrations and variability of RFI 

levels. The inadequacy of this method of assembly are compounded by 

component problems already discussed i.e. (a) distortion of the 

brush boxes by operator handling and the crimping operation 

described in section 7.5.6.4, (b) lack of gauging facilities in the 

moulding shop to regularly check the dimensions of the brush box 

hole produced and distortions of casing mouldings as described in 

section 7.5.1.3. Further evidence of brush box distortion due to 

operator handling in the final assembly area were observed; a number 

of operators physically squeezed the brush boxes in order to insert 

them into the hole, this not only led to loose brush boxes, but also 

sticking brushes inside the boxes. With the existing design on the 

EURO motor assembly, there seemed no obvious way to overcome this 

problem, however, by using a thicker brass brush box fabrication (as 

recommended in section 7.5.6.3 to overcome brush distortion) it is 

possible that the boxes could be screw clamped in the moulded hole 

as shown in Figure 7.10. 

7.6 Subjective Manufacturing Problems 

The concept.of operators being responsible for ensuring the quality
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of their own manufacturing operation shows a progressive management 

attitude by not treating manufacture and quality control as two 

separate functions. However, it is necessary to ensure that factory 

conditions and facilities would allow such a manufacturing concept 

to be effective in maintaining good quality control. Preliminary 

observations of mechanical variations achieved on the shop floor, 

indicated that adequate quality control was not being achieved. In 

the previous section manufacturing problems causing these variations 

observed on the shop floor, were described - this section takes a 

more global look at the manufacturing environment to determine the 

suitability of the present quality control procedures. The areas 

examined were production monitoring and fault prevention. 

(a) Production monitoring 

The operators are paid on a 'piece-work' system and are paid 

the same rate whether the components they produce are good or 

defective. If the operator reports a problem in his 

manufacturing operation, it is likely that his work will be 

stopped until repair work is carried out and tool settings 

are rechecked. 

During this time, the operator is paid a 'down-time' rate 

which probably lower than the rate he would have achieved had 

he continued working producing defective components. Thus it 

is clear that high-lighting a manufacturing problem is 

against the operators own interests. It was observed that 

many operators make their own value judgment as to how 

serious a particular defect is and whether attention to it 

should be brought or not. To guard against cases of
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operators by-passing the system, quality engineers/inspectors 

are supposed to carry out random quality checks on the shop 

floor. However, during the course of the case study it was 

noted that much of the quality engineers day was taken up 

with specific day to day production problems such that the 

random checking function was not always carried out. It is 

likely that this has come about due to a combination of 

increased job loading with the reorganisation of motor 

production and reduction in manpower resulting from the 

‘slimming down' of work force in 1982. The result of this, 

is that operator malpractices go undetected and enevitably 

increase once the operators realise how vulnerable the system 

is. 

The local foremen who are charged with the responsibility for 

ensuring their production area achieves the production quotas 

are also known to make value judgements on the usability of 

faulty components - undermining the quality control concept. 

Numerous instances were reported and observed of where 

batches of rejected components had found their way back into 

the production area. This practice was particularly 

prevailent during the night shift where only token quality 

control staff are employed. 

Poor quality is often detected at the final audit stage on 

production batches before they are moved on to the next 

production area. Few quality inspectors meant that audit 

inspections had become less frequent allowing production 

batches to mount up. By this time, the numbers of faulty 

components became so large such that rejection of batches
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would cause a bottle neck in production. Inevitable pressure 

from the production department usually resulted in the faulty 

components being used, unless evidence of nonusability could 

be provided. In these discussions, less tangible quantities 

such as commutation and RFI levels became secondary 

considerations. 

Fault prevention 

Prevention of component faults can only be affected by 

accurate tool settings and regular machine maintenance to 

ensure that settings have not been erroded. Many of the 

objective problems identified in section 7.5 were found to be 

caused by poor tool settings. 

This raises the questions as to the ability of the staff 

appointed as machine setters. The position of machine setter 

is obtained by promotion from the shop floor and is always 

offered to members of staff with the longest company 

service. This criteria seems wholly unsuitable as the 

aptitude of the personnel to undertake such a responsible 

manufacturing function is not considered. Thus it has 

transpired that the majority of machine setters lack the 

skills necessary to use tool setting equipment, gauges and to 

read production drawings - and have little appreciation of 

manufacturing tolerances and their significance to motor 

production. Legitimate cases of where staff having been 

employed to carry out labouring work on the shop floor, had 

found themselves in line for promotion to be a machine setter 

on equipment such as the programmable multispindle turning
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machine were reported. No training courses are available for 

the newly promoted machine setting staff. The major 

criticism of both the machine setting and maintenance 

functions is their ad-hoc usage in the manufacturing system. 

Machine setters are only summoned by the foremen or quality 

inspectors when a tooling problem has been identified. 

Similarly, maintenance staff are only called when a machine 

is found to be faulty or needing repair. Thus the system 

relies on the existance of poor quality before aay action is 

taken. Machine setters did not carry out any preventative 

checking in order to find potential trouble spots, no regular 

refurbishing of cutting tools and no records as to where and 

when tool settings or tool changes had been carried out. 

Records of tool changes could help predict how often a tool 

needs to be changed in order to prevent problems before they 

occur. Records of tool settings could help determine the 

maximum allowable interval between tool setting checks on 

different machines. 

Similar criticisms can be made of the maintenance procedures; 

no planned maintenance refurbishing or preventation 

maintenance checks were carried out. And again the lack of 

maintenance records results in any machine 'history' being 

known. The present attitude of 'no need to change anything 

if everything is working well', is too short sighted and 

again relies on machine breakdowns before any action is taken. 

From the subjective manufacturing problems described above, it can 

be summarised that in order for the quality control techniques
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employed at the Cambuslang factory to be successful, the following 

changes need to be employed: 

(a) 

(b) 

(c) 

(4) 

(e) 

(£) 

(g) 

(h) 

increase frequency of random quality checks on production by 

quality inspectors in order that they can be used as a 

deterent to 'cheating' by operators (this would probably mean 

increasing the number of quality control staff) 

ensure all machine tool setters have suitable skills and 

motivation 

introduce a training course/programme for all new machine 

setters 

introduce preventative tool setting checks 

maintain records of where, when and why tool settings are 

changed 

determine tool wear data in order that tools may be 

changed/refurbished on a regular basis - before failures occur 

introduce preventative machine maintenance checks 

maintain maintenance records of individual machines. 

7.7 Reduction of variability in RFI levels 

EURO motors were fitted with RFI suppression networks comprising of 

a parallel 0. 1pF capacitor and two in line series 6pH inductors. 

The capacitors adequately suppressed the motor in the low frequency
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region but the inductors were found necessary in order to suppress 

RFI levels in the high frequency region. Figure 7.11, shows RFI 

levels measured from a EURO motor constructed to the allowable 

tolerances determined on the test rig. It can be seen that even 

without any suppression fitted, RFI levels from the motor above 1MHz 

lie satisfactorily below the CISPR/EEC limits even in the high 

frequency region. 

Fitting the 0.1pF capacitor alone reduces RFI levels to below the 

limits throughout the spectrum. Finally, the addition of the 

inductors results in RFI levels being further reduced by 

approximately 5 - 10 dB in the high frequency region. These results 

suggest that by ensuring that the recommended manufacturing 

tolerances are adhered to, the EURO motor could be adequately 

suppressed using only the 0.1pF capacitor. This would represent a 

cost saving both of the inductors and their extra fitting costs 

totalling between 16p to 20p per motor. However, the major problem 

with EURO motor assembly as discussed in section 7.5.7.1, is the 

brush box fitting, this would have to be improved so that loose 

brush boxes did not influence high RFI levels. Figure 7.12, shows 

the maximum and minimum RFI levels recorded from twenty EURO motors 

monitored to have acceptable mechanical variations and fitted with 

the standard suppression network. It can be seen that the spread of 

RFI levels of around 10 - 15 dB is almost half that shown in Figure 

7.2 of EURO motor samples from the shop floor. The brush boxes of 

the twenty motors were subsequently glued to the motor cases in 

order to improve brush stability and the RFI tests repeated; the 

maximum and minimum levels recorded are shown in Figure 7.13. The 

combination of improved brush stability and acceptable manufacturing 

tolerances results in a spread in RFI levels of approximately 5 dB
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across the spectrum range. Removal of the 6pH inductors from the 

suppression circuit affected an increase in overall RFI levels of 

approximately 5 dB in the high frequency region but again the spread 

in RFI levels remains relatively unaffected, (see Figure 7.14). 

From these results, it is clear that by careful mechanical design to 

improve brush stability and with manufacture controlled in order to 

achieve the specified mechanical variations in the motor assembly, 

the resultant improvement in quality of commutation leads to; 

(a) lower overall RFI levels 

(b) reduction in motor to motor RFI variability 

(c) the design of cheaper suppression networks resulting from (a) 

and (b). 

As discussed above, improvements such as this on the EURO motor 

could reduce suppression costs of between 16p to 20p per motor, 

representing an annual saving of around £100,000. It is likely that 

similar improvements on other motors produced at Cambuslang could 

affect a substantial saving in overall suppression costs. As a 

spin-off, the reduction in brush sparking can reduce brush wear and 

thus increase motor life.
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Fig. 7.9
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

The factors affecting the generation of RFI in the motor design 

parameters and the influence of mechanical variations in the motor 

assembly have been studied by experimental means. The experimental 

work was carried out on a motor test-rig, the results from the 

test-rig can be considered typical for small motors as used in 

domestic appliances. Section 8.1 summarises the main conclusions 

from the investigation and where possible recommendations for the 

reduction of RFI are suggested. In addition a case-study of the 

manufacture of small motors at the Hoover plc Cambuslang factory has 

been carried out in order to identify the causes of motor to motor 

variability in RFI levels from mass produced motors. The 

conclusions and recommendations resulting from the case-study are 

presented in section 8.2. Finally in section 8.3 there is a list of 

areas in the subject of RFI from small motors which would benefit 

from further work. 

8.1 Conclusions from experimental investigations 

The experimental investigations examined the generation and 

propogation of RFI from the following areas; 

i) the commutator switching action. 

ii) the variation of the short circuited coil parameters. 

iii) the influence of the physical components of the armature and 

field. 

iv) the influence of mechanical variations of the motor assembly.
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The conclusions are as follows:- 

8.1.1 

(a) 

(b) 

(c) 

(a) 

RFI caused by the commutator switching action 

Commutation even without the influence of the short circuited 

coil parameters and the presence of the armature and field 

components can generate RFI levels which exceed the CISPR/EEC 

limits in the low frequency region. As the commutator is an 

essential component of small motors, it can be considered 

that these RFI components are an inherent feature of this 

type of motor. 

Surface noise generated between the rotating copper 

commutator and carbon brush face contributes as much as 

20-30 dB RFI in the low frequency region to the overall RFI 

measured from commutation. Work carried out by the ERA [100] 

showed that the choice of correct carbon brush grade and 

lubricant can greatly reduce surface noise and thus reduce 

overall RFI levels. Nelson and Diehl [94] indicated that 

chromium plated commutator segments can also reduce surface 

noise, however this latter observation is not considered to 

be a practical recommendation for mass produced motors. 

At commutation pulse repitition frequencies of greater than 

around 5kHz the measured RFI levels remain relatively 

constant. Thus for small motors normally operating at speeds 

greater than 10000 r/min the measured RFI levels are 

independent of the number of commutator segments. 

Variation of brush current densities in the normal operating
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region of small motors has no observable influence on 

measured RFI levels from the commutator. However, at high 

current densities RFI levels are increased due to excessive 

heat generated at the brush face causing contact fritting and 

arcing resulting in increased brush wear and damage to the 

commutator surface. Most brush manufacturers recommend 

maximum current densities of approximately 12 A/cm? for 

electrographite brushes. 

Low levels of RFI are generated from the rotating 

brush-commutator contact even when there is no external 

current source connected. These RFI components increase with 

speed but are attenuated above around 1 MHz. 

RFI caused by the variation of the short circuited coil 

parameters 

Distortion of current by resistance commutation increases 

overall RFI levels, however the values of coil resistance 

normally measured on small motors (less than 1$.) would only 

cause increases of the order of 2-3dB in the low frequency 

region. 

The influence of reactance voltage (Ldi/dt) generated by the 

commutating current in the presence of coil inductance is to 

increase RFI as follows: 

i) the reactance voltage delays the commutating current 

such that there is an abrupt change in current at the 

end of commutation. This distortion of the
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commutating current leads to increased RFI components 

in the low frequency region, attenuating as the 

frequency is increased. 

ii) arcing at the end of commutation as the stored 

inductive energy (1/2 ee) is dissipated generates 

further RFI components and these have been found to 

predominate in the region above 10MHz extending across 

the high frequency region. 

The magnitude of reactance voltage is dependent both on 

rotational speed and the magnitude of the switching current, 

thus an increase in either parameter further increases the 

overall RFI levels. Coil inductance can be minimised by 

reducing the specific permeance of the coil (see equation 

3.18). This can be achieved by using short pitched coils, 

reducing the length of end windings and optimisation of the 

slot profile. Further recommendations are suggested in 

section 8.1.3. 

The influence of the circulating current generated by the 

transformer and rotational voltages generated in the 

commutating coil is to periodically overcommutate and 

undercommutate the switching current. As above the resulting 

distortion of current and arcing generate RFI components 

which increase the overall RFI levels. 

Rotational voltage can be adjusted to aid commutation and 

thus reduce RFI by introducing a brush shift against the 

direction of rotation (see section 8.1.4). Transformer
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voltage however can only be reduced by minimising the Turns 

per coil of the armature windings. The test results indicate 

that the maximum allowable emf in the coil undergoing 

commutation in small motors is around 4V. 

RFI due to the influence of the physical components of the 

armature and field. 

Magneto-striction of the armature and field laminations 

causes RFI components to be generated, these components are 

attenuated with frequency and are not detected above around 

1MHz. However at around 0.15MHz RFI levels up to 30 dB were 

observed and even higher in the case of loose or damaged 

laminations. 

RFI levels measured with the rotor tooth at the centre of the 

pole face are approximately 5 dB higher than those with the 

rotor slot in the same position. 

There is no observable influence of slot number or slot 

rotation on measured RFI levels. 

Field windings aid the suppression of RFI generated at the 

brushes by presenting a high impedance path to the flow of 

interference currents and thus reduce the overall RFI levels 

measured from the motor. (Field winding impedance is 

attributed to the reactance of the inter-turn and inter-layer 

self capacitances of the windings). The h.f. impedance of 

the windings can be increased by sectionalising the windings 

in order to reduce the inter-layer capacitance.
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Stray capacitance between the field windings and the field 

laminations provide a path for the interference currents to 

be diverted away from the motor terminals and thus reduces 

measured RFI levels. 

A symmetrical split field winding configuration is preferred, 

as it impedes the flow of both the asymmetrical and 

symmetrical interference currents such that, RFI levels above 

around 1 MHz are suppressed to below the CISPR/EEC limits 

without the aid of external suppression components. 

The single coil field arrangement although reducing the 

symmetric interference currents only has minimal effect on 

asymmetric currents and as such is not as effective as the 

split winding arrangement. 

The number of armature turns per coil should be minimised in 

order to reduce the active inductance (Le omm of the 

commutating coil. As a consequence of obeervaticne above 

i.e. the number of commutator segments and rotor slots have 

no observable influence on RFI at normal operating speeds; it 

can be concluded that the number of armature coils should be 

increased to reduce the reactance voltage generated in the 

commutating coil, and these coils should be distributed in as 

many rotor slots as is practicable in order to reduce the 

number of coils per slot. Ref. (145) reported results 

comparing an armature winding distributed in 12 rotor slots 

and two coils per slot with those distributed in 24 rotor 

slots and single coil per slot; the latter winding 

distribution showed a reduction in measured RFI levels of
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almost 15 dB across the whole frequency band. 

Stray capacitance between the armature windings and the 

armature laminations should be minimised by suitable choice 

of insulating material at the bottom of the rotor slots in 

order to reduce the flow of asymmetrical interference 

currents. 

Both brushes should span at least two commutator segments 

during commutation; this has been shown to minimise the 

active inductance of the commutating coil. 

Variation of motor load has negligible effect on measured RFI 

levels due to the speed-current characteristic of small 

motors. 

Where possible the earth connection to the motor frame should 

be removed since it offers a low impedance path to the flow 

of asymmetric interference currents. Small motors in 

domestic appliances are usually of the double insulated type 

and do not require an earth connection. 

RFI due to the influence of mechanical variations in the 

motor assembly 

One of the most influential factors in RFI generation from 

commutation is the contact stability of the brushes. Brushes 

make movements and oscillations relative to the brush box; if 

the magnitude of this vibration is small it has practically 

no effect on commutation and RFI. However excessive brush
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movements have an adverse effect on commutation and can 

increase RFI levels by over 30 dB across the frequency band. 

The increased RFI components result from; 

i) stepped current reversal resulting from the unstable 

sliding contact. 

ii) increased arcing at the brushes 

iii) increased brush wear 

Brush movements greater than around 0.075mm can cause 

instantaneous contact break resulting in severe arcing at the 

brush face, damaging both the brushes and the commutator 

surface. 

Brush stability is influenced by the following mechanical 

factors in the motor assembly: 

i) armature out-of-balance 

ii) commutator profile 

iii) commutator surface finish 

iv) brush box construction 

v) brush box alignment 

vi) bearing alignment 

vii) spring pressure 

viii) bearing journal - race clearance 

The maximum allowable tolerances of mechanical variations 

introduced to the test-rig in order to minimise increases in 

RFI levels due to brush instability are as follows:-
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static armature out-of-balance, 0.5 gem max. 

dynamic armature out-of-balance, 0.2 to 0.3 gem max. 

brush spring load, 90g to 110g 

brush mis-alignment along quadrature axis, 

0.125mm max. against rotation 

0.075mm max. with rotation 

proud commutator segments, 3.75 x 1073um max. 

commutator eccentricity, 0.02mm max. 

“6 om CLA min. commutator surface finish, 0.5 x 10 

andlx One CLA max. 

brush box clearances, 0.02mm min. and 0.05 to 0.1mm 

max. 

brush overhang length, 0.5mm min. and 1mm max. 

bearing mis-alignment, 0.125mm max. 

bearing journal-race clearance, 8 x 1073nm max. 

Angular brush shift should be introduced to improve 

commutation and thus reduce RFI. The maximum allowable 

variation of brush shift around its optimum position is 

approx. 42°. 

Undercut intersegmental insulation on the commutator reduces 

RFI levels by as much as 10-15 dB in comparison with flush 

insulation. 

Asymmetric variation of air-gap has no observable influence 

on measured RFI levels.
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Conclusions from case-study 

The conclusions from the case-study into motor manufacture at the 

Hoover plc Cambuslang factory are as follows:- 

(a) 

(b) 

(c) 

(da) 

Motor to motor variations in RFI levels from mass produced 

motors result from mechanical variations in the motor 

assemblies. 

Improvement of brush stability by appropriate mechanical 

design improves commutation which in turn; 

i) reduces overall RFI levels 

ii) reduces suppression costs 

iii) minimises motor to motor variations in RFI levels 

iv) reduces brush wear (and thus increases motor life). 

The manufacturing tolerances specified for motor components 

and their assemblies at Cambuslang are suitable to minimise 

motor to motor variations in RFI levels. 

Deviations from the specified manufacturing tolerances of 

motor components and assemblies result from: 

i) lack of preventative maintenance on tooling and 

machines. 

ii) poor tool settings 

iii) poor gauging facilities 

iv) operator/tool setter malpractices
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inadequate brush box material specifications 

inadequate brush box fitting in the EURO motor casing 

incorrect armature manufacturing sequence (i.e. 

armature balancing should be the final operation in 

the armature assembly sequence). 

unsuitable dirt fan fitting on the EURO armature shaft 

(causing armature unbalance). 

Poor tool settings and gauging facilities result in the 

following:- 

9) defective moulded motor cases 

ii) unsymmetrical dirt fan mouldings 

iii) undersize, tapered and/or lobed journals on the 

armature shafts 

iv) incorrect positioning of datum steps along the 

armature shaft length 

v) poor commutator surface finish 

vi) burrs on commutator segment edges 

vii) proud commutator segments 

viii) commutator eccentricity 

ix) variable brush spring pressure 

x) unbalanced armatures 

The quality control of motor components and motor assemblies 

at Cambuslang can be improved by implementing the following 

recommendations: 

i) increase the frequency of random quality checks on 

production by quality inspectors in order that they



8.3 

419 

can be used as a deterent to 'cheating' by the 

operators. 

ii) ensure all machine tool setters are qualified 

tradesmen. 

iii) introduce a training course/programme for all new 

machine setters. 

iv) introduce preventative tool setting checks 

v) maintain records of where, when and why tool settings 

changed. 

vi) determine tool wear data in order tools may be 

changed/refurbished on a regular basis - before 

failures. 

vii) introduce preventative maintenance checks. 

viii) maintain maintenance records of individual machines. 

Recommendations for future work 

Recommendations for future investigations into RFI from small motors 

which would complement the work presented in this thesis and also 

benefit the general subject of RFI suppression are listed below 

a) 

  

The influence of motor orientation and wiring in appliances 

During experimental investigations it was noted that movement 

of motor position and its associated wiring could influence 

measured RFI levels. Similar observations have been made at 

Hoover plc, finding that motor orientation in an appliance 

has a bearing on the ultimate electromagnetic compatability 

of the appliance. Interference sources within the motor are 

unaltered by such movements thus it is clear that propogation
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of RFI is affected. Studies are necessary to determine the 

relevant factors influencing this variation of RFI in order 

to develop generalised rules for motor positioning and wiring 

layout for maximum attenuation of RFI within the appliance 

structure. 

The influence of variations in the characteristics of the 

materials used in motor manufacture ee Sn motor manutacture 

This investigation was originally proposed by Hoover ple for 

inclusion in this thesis, however the work had to be omitted 

in preference to the work presented. The intent would be to 

observe the influence of variations in the characteristics of 

motor construction materials and also the use of alternative 

materials. 

The influence of brush grade, laminated brushes, carbon fibre 

brushes and brush lubrication 

A number of references have indicated that choice of correct 

brush type and brush librication can reduce RFI levels from 

motors. The subject however requires detailed study such 

that the advantages and disadvantages of the various 

alternatives can be assessed. 

Prediction of RFI from small motors 

Holownia [110] demonstrated that circuit analysis techniques 

could be applied to an equivalent circuit of the motor in
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order to predict the measured RFI levels. The prediction can 

be improved by more detailed identification of the r.f. 

equivalent circuit of the motor. The parameters of the 

equivalent circuit are frequency dependant, thus it would be 

necessary to model the various parameters to be 

representative across the r.f. band. Further work is also 

required in order to model commutation. In addition to 

predicting RFI levels, the technique can be applied in order 

to obtain a better understanding of the modes of RFI 

propogation and to identify the significant parameters of the 

ref. circuit. 

Determination of the mechanism of RFI generation at the 

brush-commutator contact at zero current 

During RFI investigation it was observed that low levels of 

RFI were generated from the rotating brush-commutator contact 

when the circuit was not externally energised. In section 

6.1.2 tenuous explanations for this phenomenon were proposed, 

however further study is necessary in order to accertain the 

true nature of this noise. 

RFI suppression network design and optimisation 

Suppression network synthesis for small motors utilises 

empirical and heuristic methods to find optimum circuit 

parameters. A number of references examining suppression 

techniques have been reviewed in Chapter 4. However the 

application of these techniques needs to be demonstrated in 

order to gain wider acceptance in industry. It is considered
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that the prediction technique mentioned in above (d) should 

be applied to determine the effectiveness of various 

suppression network designs and for the development of an 

optimisation procedure.
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Test-rig general layout 1 (Front elevation - secticn c/t) 

Fig. A1.1(a)
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Test-rig general layout 2 (Plan view) 

Fig. A1.1(d) 
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Test-rig general layout 3 (Section A-A) 

Fig. A1.2(a)
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Section 8-8 

Test-rig general layout 4 (Section B-B) 

Pig. 1.2(b)
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® TABLE A2.1 

TITLE: RFT CAUSED BY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM 8 24 SEGMENT COMMUTATOR 
AT 9. 25A SUPPLY CURRENT WITH VARYING SHAFT SPEED 

  

x 
TEST VARIABLE: SPEED (r/min) 
* 

   

  

a: TEST NUMBER « 1: ' 
* aeeo | 2000 | 

ryman | 
i 

bs 
12808 

* 
FREQUENCY 
x 
8.158 MHz 

N
R
H
N
 

3: dBC pW 

'      
« TABLE a2. 2 
x 
TITLE: RFT CAUSED BY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM a 24 SEGMENT COMMUTATOR 
AT 8.258 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

* 
« 
TEST VARIABLE: SPEED (r/min) 
2 
TEST NUMBER « 7 ‘ar 1% ee eee 
x 14@@@ | 16988 | 1gea@ | 2ga0@ | 22000 | 
* r/min ! 1 ' ‘ ' 
* , t ‘ ' ' 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: GBC uv) 

2.150 MHz 78.5 731 9 938 
a. 160 79.5 72 1 9 ‘og 1 
3.240 79.5 ye ies CT ae 
2. 550 $5.5 so! 78 ‘ea 
1, 008 44.5 45 163 fae 

45} al Yaa) 
BF = 4 68. 4 sey 
a9 ij} 7m fret 
490168 72 
4600 oy 72 
Ce se, 
33} 8g 7 
49 162 1 BO! 

  

RFI RAOIATED POWER MEASUREMENTS: 8( pu) 

  

' 138 | oz 16s 
97.5 148 (87 1'6r | 
37.5 ' 48 ! $8 1 6n ' 

1 136 (S82 1s8 ) 
127.5 128 | 46 48 
12755 128 143 1474 

' 129 6} a2 per oy 
' 126 tee kas 4 
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* TABLE 42.3 
* 
TITLE: RFT CAUSED SY THE COMMUTATOR suITCHING acTION: MEASURED RFT LEVELS FROM A 24 SEGNENT COMMUTATOR AT 1.@@ SUPPLY CURRENT UITH VARYING SHAFT SPEED   

= 
TEST VARIABLE: SPEED ( r/min) 
* 

       

     
   

  

   
TEST NUMBER © 1; 3 3s ‘ * = 200@ | 3ee@ | sea * © rvman | ' ' 
: . ' ' 1 
FREQUENCY RFI CONDUCTED VOLTAGE mea! x * ' ‘ ' 
@158 MHz of 53 ‘ 
@. 138 x ' si 
2. 248 . ' sf ' 2 ' ' ' ' 

* t 1430) aes 1 aa 2 is ae aaron ® ' AML jek ‘ 
® 147 1 aes + ' x 1b 255 tat ,.8 * ' 147 1 aes 8 x 1 147 ays x ‘ (as lary x ‘ aa aa : ‘ ‘ ' \ 
x MEASUREMENTS: d8( pu) ' x 1 1 ' ' 
x : '3e ‘7 x { ‘me ‘Jes ) « ' "ae ot 136 4 * ' 33.5 345 1 x ' 137s 1 ie ot x4 ' 265 4 igen) x4 ' Wig ak heh ilies! 23 ' 1m 4 Nga 
a1 ' 133 a5 

* TABLE az. 2 

TITLE: RFT CAUSED SY THE COMMUTATOR SWITCHING ACTION: MEASURED RFT LEVELS FROM 8 24 SEGMENT COMMUTATOR AT 1.@® SUPPLY CURRENT UITH VARYING SHAFT SPEED « 
® 
TEST VARIABLE: SPEED (r/min) 

   

     
TEST NUMBER « 7; ' le eee eee eae ' * = 14900 | | 19@@@  2g@e@ | 22908 | ' x © r/min * ' ' , ' i 
x x ' : ‘ i 
FREQUENCY * RFT CONOUCTED VOLTAGE MEASUREMENTS: &Cuv) ® . ' ‘ : ' : 
@1S8 he 871} 7s rn Pa ' 2. 138 x eee ' (93 ‘ 
2.208 x Poe ‘ass | a8 ' 

a. 350 x 18 bas var. 4 ' 1, 2@8 * saat i 1. 4@8 . 43 $1 335 ‘ x (as ' 1a ' . iiggenn ‘es 17s 4 ' x saz 1 ‘74 ‘ 
x a ee 18750072 ' 
x 48.5 ' 173 ' ® ‘ast ‘ 17 ‘ . i | ' ot ‘ ® ' : ‘ ' : 
* RFT RADIATED POWER MEASUREMENTS: d8¢ ou) ‘ 

<7 | 38 'a2s « 
"377 + t oLs ' 
<7 1 ons | 
23600) a ' 87 1 ' sas ' ro) ta ' 
<355 7 ‘a7 ' 
i a ‘ast ‘ 
ame 4 ‘3a :    



508 

* TABLE Az. 5 

TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM A 24 SEGMENT COMMUTATOR 
AT 1,58 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

* 

TEST VARIABLE: SPEED (r/min) 
TEST NUMBER © 1: Br 1a: 1a ts hide A 
x 2908 | 4e0@ | sage | sa0@ | 19000 | 12900 | 
* rman | ' ' ' ' ' 
* ' 1 ' ‘ 1 1 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: d&( uy) =! 

8.150 MHz car ee ach 17S 1 zs 
166 178 § ‘mt ‘7a 
163! 665 1 700 ' 78.5 
14ans 149 3 34 54.5 
1 at ar ' 44.5 | 34 
‘28 0) 38 ' 4a 42 
13 pans 4 43.5 1 44 
137 1 4a.5 4 47 aa 
136! ' 46 47 
\4aas ' 46 a6 
1a! ' a7 48 
‘3a ' a7 47.5 
13! ' aa aa     ' ' 

RFI RADIATED POWER MEASUREMENTS: dB( pu) 

B
R
K
 

1s 1 Ss Woz 37.5 | 36.5 
122 1 32.5 tse 37 37 

ae FS 4a? 7 7 
149 1 se Nas 34 34 
tetas 23. be, aris 1 27, 
ide 33 hay 7 28 
tte £82 836 26.5 1 26.5 
deta eth) teas 24 24 
se42s Sst has 5. 25:5    

« TABLE A2.6 
* 
TITLE: RFI CAUSED 8Y THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFT LEVELS FROM A 24 SEGMENT COMMUTATOR 
AT 1.5 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

* 
x 
TEST VARIABLE: SPEED (r/min) 

      

  

TEST NUMBER « 7 la: foe geet aaa ' 
* a1 ‘ 16800 | 18a¢@ | 2eae0 | 22000 | ' 
x = r/min | ‘ ' ' t ‘ 
® * ' 1 ' 1 1 ' 
FREQUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: dBCuy) =| « * ' 1 1 ' 1 ‘ 

« 17.5 1 msl ga ' 
* ‘ma 193 1 
* '7a.5 + too 
® Set ar 
x 1 43,5 1 47,5 1 ' 
* tas 15 1 
* 'as 1 a7. Ss o169 ' ' 
x Cn) 17 1 ' 
147.5 1! 47 | 672004 1 
£46001 46.5 | (gs. 4 ' 
248.5 1 49,5 ' 17 ' 
"47.5 148 | (7 8 ' 
245° 0145 ~~ iS tart 
* ' ' ' ' 
= RFI RADIATED POWER MEASUREMENTS: dB( pu) ' 
x 1 , ' ' ' ' 
23% 1 37.5 | 5 ' ' 
e375 138 ' ‘ 
« ‘38 ' ' 
* ras oo: .s ' 1 
* 123 : ' ' 
* 12e 1 ' ' 
* ia7 ot ‘ ' 
‘ ime ' ‘ 
® (23/5: 1 i      
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« TABLE 42.7 

TETLE: RFT CAUSED SY THE COMMUTATOR SUITCHING acTION: MEASURED RFT LEVELS FROM a 24 SEGMENT COmmUTATOR ST 2.@@ SUPPLY CURRENT WITH VARYING SHAFT SPEED . 

TEST VARIABLE: SPEED (r/min) 

4 TEST NUMBER © 1: s 1 * ‘ g9@@ | leeee © 1 

  

« 
FREQUENCY 

8.156 mz 79 7. 71. 
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& a     
* TABLE a2. a 
TITLE: RET CAUSED 8Y THE COMMUTATOR SWITCHING AacTION: MEASURED RFI LEVELS FROM A 24 SEGMENT COMMUTATOR AT 2.0 SUPPLY CURRENT WITH VARYING SHAFT SPEED * 
x 
TEST VARIALE; SPEED (r/min) « 
TEST NUMBER « 7: a 6 ‘ 18: 14008 | isaa@ | 1ge¢@ | 29008 © 22080 | 

‘ ids r 
remain! ' ' ' « ' ' FREQUENCY RFT CONDUCTED VOLTAGE MEASUREMENTS: 46 uv) 

ae    at 
oa 
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e
e
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‘38 | 42 
3° 2 \ 

si 6st : 1S 99 i 
ae | eee ‘ 

6 aas 4g 5 , 
a3 a 

at aa ‘ 
7 aes ' 

 



  

x TABLE 82.9 
x 
TITLE: RFI CAUSED SY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM A 24 SEGMENT COMMUTATOR 
AT 2.58 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

* 
* 
TEST VARIABLE: SPEED ( ¢/min) 

3 a 5 

     
TEST NUMBER * 1 nS ' ‘ Hi 1 6s 
* x 2900 | 308 | se0@ | saea | iaaea | 12000 
x x r/min! ' ' ' ' 
* 2 ' ‘ ' ' ' 

4 RFI CONDUCTED VOLTAGE MEASUREMENTS: dE uv) 
x ' ' ' 1 ' 
eee 1.5 178 17a Pak 4 ahs 
25300 ' 66 69.5 1 78 7S 71 
x ' ' 169 149 1 78 
x ' ' 156, ( MacSiciss 
x ‘ ' ' tags | aa 
x ' ' ' (420 a2 
* ' ' ' 44.5) 46 
* 1 ' ' ay bar 
= ' : ' $a7 8 a7.s 
* ' ' ‘ 1 a7 1 a7. 
x ' : ' 147.5 5 47.5 
* : ' 1 } aga | 48.5 
* ' : ' 1as 1 4s 
x ' 1 : ' 
* a Si 4B pu) 
* ' ' ' 
* ' ‘3801 ae 
2 ' 3a! 38 
* ' {37 1325 
x ' (335 1 36 
x ' ta 
“5 ' 138) 38.8 
a4 ee Bae 
4S eG ee i gene 

re) 4st (3 has 

« TABLE a2, 18 
x 
TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM A 24 SEGMENT COMMUTATOR 
AT 2,5A SUPPLY CURRENT UITH VARYING SHAFT SPEED 

* 
« 
TEST VARIABLE: SPEED (r/min) 
* 

    

          

TEST NUMBER x (em Veer ant 
* * | 18908 | 1s@ee | 2¢00@ | 22080 | 
* * r/min | ' ' ‘ ' 
x x 1 ' ' 1 
FREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: BC uv) 
x x ' : ' ’ ' 
@ise mdz 572 | 173 vee nee ft 
a. 188 271 1 ‘7s ee Ree at 

. 240 47105) '7a.5 | 87 189? 
aoe! ‘40.5 ' 88 182 ee Wears Kasia ee 
2435! tay pede er 
«43.5 1 147.5 1467 178! 
x49 ise ts tga 0) 
xag5 ! iso yay Pee 0) 
147 1 faa 169} 7a 
xa9.5 | 156 172 176 
248.5 | (5601469) 172 
20 1465 152 1465 14a | 
* ' ' \ ' ' 

RFT RADIATED POWER MEASUREMENTS: d&( pu) 
* ' ' ’ Y ‘ 
x ' (ap 1 sy) eg 
« ' tar} 6a! a 
x ' Var ay as 
* ' ‘41 156) ' 4a 
x ' 1328 147.5 152 1 * ' 132 1481s 
x ' Pst ase “a dy oo 
x ' 29) tans fas 
‘ ' ‘> 13a 142 ot 

x 
*
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TABLE 42.11 

« 
x 
TEST VARIABLE: SPEED (r/min) 

TEST NUMBER « 1: ' 
x Qeee | 

rymain | 
seee * 1 

FREQUENCY 

@.15@ MHz ' 

    

u 3 ‘ 
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R
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. TABLE 4: 

  

TITLE: RFI CAUSED @Y THE COMMUTATOR SWITCHING acTTOl 

3 
a 

RFT CONDUCTED VOLTAsE 

  

  

e325 

7 
a) 

‘48 

RFT RADIATED POWER MEASUREMENTS: 

  

TITLE. AFT CAUSED SY THE COMMUTATOR SWITCHING ACTION: MEASURED RFT LEVELS FROM a 
AT 3,@@ SUPPLY CURRENT WITH U@RYING SHAFT SPEED 

dB pd) 

  

  

4 SEGMENT COMMUTATOR 

a \e a: 
a22 | Bee =| igeee | i200 

MEASUREMENTS: ue uv) 

  

MEASURED RFI LEVELS FROM A 24 SEGMENT COMMUTATOR 
AT 3.@A SUPPLY CURRENT WITH VARYING SHAFT SPEED * 

x 
TEST VARIABLE: SPEED (r/min) 
x 
TEST NUMBER x 7; Sas ' 
* 149@@ | 1se00 

ss + 36 
3a as.= | 
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R
R
R
    

o ae 
18@8@ | 29800 
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aa 
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a4 
38 
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se 
36 
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94.5 
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ae 
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36 oa 

RFI CONDUCTED VOLTAGE MEASUREMENTS: BC uv) 
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x TABLE AZ. 13 

TITLE: RFI CAUSED EY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFT LEVELS FROM & 22 SEGMENT COMMUTATOR 
AT @.25A SUPPLY CURRENT WITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED (r/min) 
: 

      
TEST NUMBER * La ' 
* * | geee + 
x x ' ' 
* * ' 1 
FREQUENCY x MEASUREMENTS: d8( uy) 
« ® ' ' ’ 
2.158 MHz x ' 168 171 
@. 160 * ' (ah ye 8 

24s | 'e2 625 | 
$25 4 oe) S75 7 
sie! i i | 
aig i ro 
fia 146 a 
wees! 145 1:49 | 
e185! lay ay 
$22 0 (dt ABE 8 
sias5 | fap} ay 
a ‘sa! sas! 
eis as} aes 
* 1 : \ : ' 
& RFI RADIATED POWER MEASUREMENTS: 8 pW) 
* 1 ' 1 ' ‘ 
«8 ' 136 tse | 
13 ' 12 1 2s 1 
£75 124 12} 
“7 ' 13300133 
eles, | ‘2m tas} 
x3 ' ae Lat 

> 1 ta of 32 
x- ' a7 1 aes) t 

3 z- : 1160 6 oe 
* 
* 
* 

x 
« TABLE Az. 14 
x 
TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM A 22 SEGMENT COMMUTATOR 
AT @, 25 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

* 
* 
TEST VARIABLE: SPEED (r/min) 
* 

    TEST NUMBER «© 
* * 
x x 
* * 
FREQUENCY x 
x 2 
@250 mz £7100 1 71.5 1 71.5 17S 172 1 
2. 160 4780001785 | vas ' vas 171 
3.240 6350163 1 63S 1 6st owt 

a. ssa 15 187.8 157.5 158 (sa + 
1. 380 i ee ee 
1. 498 4200143 4143 1) 4a 14a 1 

2. 98@ a i 
3. 500 a ie (S08 0st ise} 
5. 30 a4 158 ‘se }sa 183 | 
18. 88 Roa) es FSi st A sis 4 

13,80 eae 5 ‘$0! sa5 | 50 | 
22.40 #5800151) 6545 152 sas | 
38.98 4460014700 1 48 apt ae 
* x ‘ ' ' ' ' 
« RFI RADIATED POWER MEASUREMENTS: d6( pu) 
x : ' ' ’ ' ‘ 
30.98 x 13 a Vat. ' 
40.08 x (Sa St rss : 
46. 38 « 139) bet acae ' 
45.00 * {28 f e.5) 129 4 ‘ 
98. 20 x 12 126 128} ' 

150.0 * Cay ag) ag OG ' 
180.0 * fae a ee : 
220.0 x Veh et as as ‘ 
300.8 « Cae iets Wek | a '    
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TABLE     
TITLE: RFI CAUSED SY THE COMMUTATOR SWITCHING ACTION: MEASURED RFT LEVELS FROM A 22 SEGMENT COMMUTATOR AT L.@A SUPPLY CURRENT WITH VARYING SHAFT SPEED 

TEST VARIACLE: SPEED (r/min) 

3 4 ‘ 
see@ | ageo + 

TEST NUMBER «© M 2 1    remain 

RFI CONDUCTED VOLTAGE MEASUREMENTS: ae uv) FREQUENCY 
x 
8.158 mz ' Ses Fas) ZA 2. 140 vom 71 a. 248 ' 33 63. ' 7 7 

  

OWER MEASUREMENTS: 

  

RM
A 

E 
RR
R      

x TABLE 82. 16 

  

* 
TILTE: RFI CAUSED GY THE COMMUTATOR SUITCHING acTrO! MEASURED RFT LEVELS FROM A 22 SEGMENT COMMUTATOR AT 2. @8 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED (r/min) * 

  

TEST NUMBER « 7) 3: o 1B: 1 ‘ « tsa@@ | ise@e | isee@ 29900 | 32e0e | x rman § ‘ * ' ) FREGUENCY RFT CONOUCTED VOLTAGE MEASUREMENTS; a6( uv) 
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ao o    
  

eva ' 12008 
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* TABLE A2. 17 

TITLE: RFI CAUSED GY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM a 22 SEGMENT COMMUTATOR 
AT 1, 5A SUPPLY CURRENT WITH VARYING SHAFT SPEED 

® 
x 
TEST VARIABLE: SPEED (r/mini 

TEST NUMBER ta ‘ 
x 

    
x 12 a : 3: 1 6: 1 
x 2900 | 4900 | s00@ | saae + igeee  i2000 : 

x x r/min | ' ' 1 ' ' 
x a ' ' ' ' ‘ ' 
FREQUENCY  % RFI CONDUCTED VOLTAGE MEASUREMENTS: dC uy) =| 
* x ' 1 ' ' . ' 
Q.150 MHz «42.5 | 60 {S95 § Ties 1 24 ' 
2. 160 "4201 59 (680! 785 1 78 
2.240 aS 'es 963 16s | 

R271 43 ‘Sf isa 1 58.5) |} 
xt ves 141.5 1 455 1 46.5 1 
x10 001 33 tan ‘az 14st 
zis} 38 1471} 478 ag ' 
£25 133 149 tap isa 
x1? | 30 er es ' 
won 151.5 147.5 151.5 | 55 
e419 39 ‘ap! 48} aes 
221325 oon 13% 4) 4.5) 1 
Bie | 1 27 145 145 145 1 
* ' 1 ' ‘ ' 
4 RFT RADIATED POWER MEASUREMENTS: 46 pl) 1 
* ‘ , 1 ‘ 1 ' 
«9 {1SS NS AES 1 Sh 1 gus EF 
7S tag. et ge fae tse 
eS 112 36 Jos 1 28 1 oe) 
7 (ag we 428 eet et 
65 612.0 1 ts 1 oI 124 41 3s 
a4 ig Viger ee) Be, ee 
«- 17 Pas. 9s tae 1 oe) 
*- 5 fis "ay ee hab ' 
x: i) 1S $165 128 | tes | 

* TABLE Az. 18 
x 
TITLE: RFI CAUSED SY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM A 22 SEGMENT COMMUTATOR 
AT 1, 5a SUPPLY CURRENT WITH VARYING SHAFT SPEED 

« 
® 
TEST VARIABLE: SPEED (r/min) 
* 

  

TEST NUMBER x 7 $e: 9 4 tee ate : 
* x 14990 | 1sa@@ | isee@ | 22000 | 22000 | ‘ 
x x r/min | ' ' ' ' ' 
x « ' ' ' : ' ‘ 
FREQUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: eC uy) =| x x ’ Hi ’ 1 ' 
Qis0 MWe £720 172 «172 17S ' ' 
a, 140 471 172 171 17s ‘ 
2. 240 xed 1 641 Oa et ' ' 
a, S50 <8 159 1585 159 | ‘ ' 

1. 88 47 167 «01 a7) 1 aS ! ' 
443.5 (4a 14a 145) ' ' 
2405 149 149 1495 1 ' ' 
451° 15 1 $s tet ' ' 
re ee ee ' ' 
4505/51 1515 ' 525 ! ' ' 
448.5 1305 ! 50 (51! : ' 
xSP 182° 1 Sis 152) ' ' 

er ne ' ' ' 
x ' ' ' ' ‘ ' 
X RFT RADIATED POWER MEASUREMENTS: d8( ou) 
x 1 ' ' \ i 
e31 132 132 1325 1355 | ' 
4305 831 1 Sts 1 ' ' 
soy) '38 0 1315} ' ' 
esp). wae eae: ie 4 ' ' 
£26 14.5 128.5 3 ' ' 

6 f24 as” ' ' 
$25 SRS 1g ' ' 
420.5 (22 (215 + ' ' 
23 “Wai.s. 432 4 ' ‘   
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TITLE: RFI CAUSED &Y THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM @ 22 SEGMENT COMMUTATOR 
AT 2.@A SUPPLY CURRENT WITH VARYING SHAFT SPEED . 

TEST VARIABLE: SPEED (r/min) 

    

       

  

TEST NUMBER « ' 14 cH « * ' 1 aa u 
x * ‘ ‘ 1 ' 
FREQUENCY < RFT CONDUCTED VOLTAGE MEASUREMENTS: 

@158 mz x ‘6g! a9. 
2. 160 x ‘a7 } 48 

x 1 $7 
* s Vers 
x $3600 8 az : 3a} at 
x 3a! a7. 
* 143) 49s 
* taz a9 
x 142) ag 
« 143.5) 48,5 
x aS ists 
« (37.5 | 46 

«RFT RAOIATED POWER MEASUREMENT: 

218 114 + ' 
2? ‘330 ‘ 
28,5 A315) 4 ‘ 
<3 series’ ‘ 
27 Kis S 19298) 4 
as ‘ae 
x: 8 ' 119.5 “= ie 1 ‘ 

= 1s ' 

* TABLE a2. 20 

    

TITLE: RFI CAUSED SY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM A 22 SEGMENT COMMUTATOR 
AT 2.88 SUPPLY CURRENT WITH VARYING SHAFT SPEED. 

x 

TEST VARIABLE: SPEED (r/min) 
* 

o 1a: + TEST NUMBER « 7 
* \geee 20000 

a: ' 
149@@ | ieee © 

  

   
   

tt: 
220i 

« rymin | 
* ' ' ‘ 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS. 

72) SPR Sot Te 7 rs 
Bes} wae! 
28 5    

A
R
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3B uy)
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. TABLE a2. 21 

TITLE: RFI CAUSED GY THE COMMUTATOR SWITCHING ACTION: MEASURED RFI LEVELS FROM A 22 SEGMENT COMMUTATOR AT 2. 5A SUPPLY CURRENT WITH VARYING SHAFT SPEED * 
x 
TEST VARIABLE: SPEED ( r/min) 
* 
TEST NUMBER = 1 
* 2e0a | seaa | ieeae | i200 * r/min | ' ' 
x ' ' ' 
FREQUENCY RFI CONDUCTED EASUREMENTS: dB uv) x 1 ' 1 
8.150 MHz 4a 172 72 

43 171 71,    
Mi 

1 
ie} 29 
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R
N
R
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RFT RADIATED POWER MEASUREMENTS:    Glee tiS 0s segs) Ts 
95 14@ Lae | 
° {42s 4! 2: ! 
@S-'i2) | 2a oy 
7 fins 1295) 1 
5 fat ot de 
eS 19 ass 
S ‘7 {i 4 
= 16 han + 

« 
x TABLE Az. 22 
* 
TITLE: RFI CAUSED 8Y THE COMMUTATOR SWITCHING ACTION: 

MREASURED RFI LEVELS FROM A 22 SEGMENT COMMUTATOR 
AT 2.58 SUPPLY CURRENT UITH VARYING SHAFT SPEED 

« 

TEST VARIABLE: SPEED ( r/min) 
* 

    

  

TEST NUMBER « 7: ' Lo Hag: bat ' 
x * 14988 | 16900 | 18@@@ | 290@@ | 22800 | 
* r/min! 1 ‘ ' ' 
* * ' ' ' 1 , 
FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: 6 uv) 
« * ' ‘ 1 ' 1 
@is@ MHz 92725 (1725 172 173 17s 1 
2. 168 eos 72 NaS: Pee ees 
9.240 eos) '465.5 ' 65 165 165 ' 
2. S30 259 159 F Ses ae 1 ox , 

1. 800 R42 1 47 FOS ae 1 eS I 
1. 408 44a 06145 4145) 1 48} 48.5 

2. 208 "49.5 '58 | 58,5 1 51 ' 
meee tere (eee Sai 
© 31 SL) Oy Sina (se 2) 
= 5i St St sus 4 
247 158 's6 J-se.5 1 
eS se es USS 
249001649) a9 aes 
* ' 1 1 1 
= RFI RAOIATED POWER MEASUREMENTS: 
* ' 1 ' ' 
«31 (32 933 934 1345 1 
230 8 fai se oss 4 
#278 1:58) 1 31 Hane ye + 
#29,5 1 St ay eae 13s 1 
x2 12 Ae) sees ee 
$25.8 tga yee 17.8) dice | 1 
was 16 BR 8 ‘2 1 * 133 126 + Vag  ¢ 
* ee ‘a3    
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. TABLE 82. 27 
TITLE: RET CAUSED GY THE COMMUTATOR SWITCHING ACTION: MEASURED RFI LEVELS FROM @ 22 SEGMENT COMMUTATOR AT 3.@@ SUPPLY CURRENT WITH VARYING SHAFT SPEED ® 
« 
TEST VARIAGLE: SPEED (r/min) 
x 
TEST NUMBER 4 
® ageo 

  

FREGUENCY 
x MEASUREMENTS: g8( uv) 

  

MEASUREMENTS: a8( pu) 

. 
* 
* 

* 
« 
« 

« 
* 
« 
* 
® 

« 

® 
* 1 

* ' 
x a3 
* , 

* 
« 
*        

« TABLE a2. 24 

TITLE: RFT CAUSED SY THE COMMUTATOR SWITCHING ACTION: MEASURED RFT LEVELS FROM | 22 SEGMENT COMMUTATOR @T 5.@a SUPPLY CURRENT WITH UARYING SHAFT SPEED 

  

« 
x 
TEST VARIABLE: SPEED (r/min) 

  

TEST NUMBER « 7 va ‘te: ' ' « 1gae@ | 1see0 | ' 2eee@ | 22900 © tomin | i { ‘ 1 ' 

  

FREQUENCY 
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« TABLE Az. 25 
x 
TITLE: RFI CAUSED GY THE COMMUTATOR SWITCHING ACTION: MEASURED RFI LEVELS FROM a 21 SEGMENT COMMUTATOR AT @, 258 SUPPLY CURRENT UITH VARYING SHAFT SPEED 
x 
TEST VARIABLE: SPEED (r/min) 
* 

  

    
TEST NUMBER « 1 ' 1 ba s peas ' x x 2000 | eae | aaee@ | 1ae80 | zeae | x © r/min | ' ' ' ' * * ‘ ' \ ‘ ' ' FREQUENCY & RFI CONDUCTED VOLTAGE MEASUREMENTS: aeiuy) + x * : ' ' : 
158 wz 240.5 158 | ‘7s 1 ' #48 SZ ty tye 4 mss. 0 ats i ees ees | Ue. is $485 '49 + 75 1 ae 1480) aes | 07 ‘48s 1 '3e oo) ge} £eS 1 365 '3e5 4 416 1285 1 hap fap am 1g: Laz arg 4 438 ge 460 bay: MSR: BS8S a7 tars ee 147 1 a7 4 Ayes Ao ' Vi aepealtias: © My x ' ' 1 , 1 

* RFI RADIATED POWER MEASUREMENTS: 8 pu) ' * 1 ' ‘ ' If ' 
A2S5° 135 !22 tas 1 1320041 aS has 123 6st 31 x1 Yas) 2 TSP ee it hess $425 118 1 25 1 1 ans + x: 19) {as Se 1 eee ze 19 ae ag 2 ' *- AS GR Nae ‘241 - 47: 3a ie 8 a2} xe tas 6 as og awe x 

* 
x 

x 
x TABLE a2. 26 
x 
TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: MEASURED RFT LEVELS FROM A 21 SEGMENT COMMUTATOR 81 9.25a SUPPLY CURRENT WITH VARYING SHAFT SPEED * 
x 
TEST VARIABLE: SPEED (r/min) 

    

TEST NUMBER « 7; ' a: 19 Paget aty 4 ' * * 1498 | 16900 | 18900 | 2900 | 22000 | ' * «r/min! ' ' ' ' ' * * : ' ‘ ' ' \ FREQUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: guy) + + . ' ‘ : : ' 8.158 MHz « 73. 7ay cae Fare 2. 148 e728 7s 7g Sg 17a ' 2, 248 57.5 '5a 5 1585} Sec ¢ ' 9. 350 x (435 149 «s@ isa : ‘ 2.888 . {405 142 aig rar 1 1, 4a0 x 139 aes 19s 1 48 ' 2, a@0 x 3p) aes ge 7 1 sey 1 ' 3. 508 B45 142 0 ats 142 1 a3 ' 5. 888 * ‘47.5 ! 48° 148 + aa 1 ' 19. a8 "47.5 147.8 147 1 47.5 1 47 1 ' x ee ' x (4a 1485 149 149 1 ' x 47 447 1 a7.5 1 a8 ' x ' 1 ' : \ ' * RFT RADIATED POWER MEASUREMENTS: d&¢ pu) ' * ' ' ' ; ' ‘ 
S32) NSS Says 4 3; as ‘ ASC St SIS sa) te £285 129 1290 fat bf Sis 4 ‘ e280 a9) foes tr 1 Ss ' ee a ey ' 22 WSSeUT] ag E eae; wal Sa ay og ' 22a 1 34 oe ea see i) ' S25) 923 1 a3 1 oe of ay ' #215 (2S | 22 633 138 1 ' 
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. TABLE a2. 27 

TITLE: RFT CAUSED BY THE COMMUTATOR SWITCHING ACTION: MEASURED RFI LEVELS FROM & 21 SEGMENT COMMUTATOR AT 3.98 SUPPLY CURRENT UITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED ( r/min) 

TEST NUMBER « 1 
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       24 ‘ 
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TITLE: RFI CAUSED ©Y THE COMMUTATOR SWITCHING ACTION: MEASURED AFI LEVELS FROM 8 21 SEGMENT COMMUTATOR AT 1.@@ SUPPLY CURRENT WITH VARYING SHAFT SPEED * 
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® TABLE az 29 

TITLE: RFI CAUSED EY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM 4 21 SEGMENT COMMUTATOR 
AT 1.5 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED (r/min) 
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¥ TABLE a2. 30 
« 
TITLE: RFT CAUSED GY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM 8 21 SEGMENT COMMUTATOR 
AT 1.SA SUPPLY CURRENT WITH VARYING SHAFT SPEED 

* 
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. TAGLE 42. 51 

TITLE: RFT CAUSED SY THE COMMUTATOR SWITCHING acTTON: MEASURED RFT LEVELS FROM A 21 SEGMENT COMMUTATOR aT 2, @@ SUPPLY CURRENT WITH U@RYING SHAFT SPEED 

  

TEST VARIABLE: SPEED ( r/min) 
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« TABLE a2. 33 

TITLE: RFT CAUSED SY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM A 21 SEGMENT COMMUTATOR 
AT 2.5 SUPPLY CURRENT WITH VARYING SHAFT SPEED 
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* TABLE 82.34 

TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFT LEVELS FROM A 21 SEGMENT COMMUTATOR 
AT 2.58 SUPPLY CURRENT WITH VARYING SHAFT SPEED 
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TABLE 42, 35 

TITLE: RET CAUSED ey THE COMMUTATOR SUITCHING ACTION: MEASURED RFT LEVELS FROM 8 21 SEGMENT COMMUTATOR AT 3. @8 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

  

TEST VARIABLE: SPEED (r/min) 
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* TABLE a2. 36 
TITLE: RFT CAUSED SY THE COMMUTATOR SWITCHING ACTION: MEASURED AFT LEVELS FROM 4 21 SEGMENT COMMUTATOR AT 3.@@ SUPPLY CURRENT WITH UA@RYING SHAFT SPEED 
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* TABLE A2. 37 

TITLE: RFI CAUSED SY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFT LEVELS FROM A COPPER SLIF RING 
AT 1.50 SUPPLY CURRENT WITH VARYING SHAFT SPEED 

x 
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TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: 

» MEASURED RFT LEVELS FROM A COPPER SLIF RING 
AT 1.SA SUPPLY CURRENT WITH VARYING SHAFT SPEED 
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TITLE: RFI CAUSED 2Y THE COMMUTATOR SWITCHING acTTON MEASURED RFT LEVELS FROM 4 COPPER GLIr SING AT 188@@ r/min WITH VARYING SUPPLY CURRENT 
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« TABLE 4: 

  

at 

TITLE: RFT CAUSED &Y THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM 4 24 SEGMENT COMMUTATOR 
AT ZERO SUPPLY CURRENT UITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED (r/min) 
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x TABLE 42. 42 
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« TABLE a2. 33 

TITLE: RFT CAUSED GY THE COMMUTATOR SWITCHING ACTION: MEASURED RFT LEVELS FROM A 22 SEGMENT COMMUTATOR @T ZERO SUPPLY CURRENT WITH VARYING SHAFT SPEED 
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TITLE: RFT CAUSED SY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS =ROM 4 22 SEGMENT COMMUTATOR 
AT ZERO SUPPLY CURRENT WITH VARYING SHAFT SPEED 
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* TABLE €2. 45 

TITLE: RFI CAUSED EY THE COMMUTATOR SWITCHING ACTION: 
MEASURED RFI LEVELS FROM A 21 SEGMENT COMMUTATOR 
AT ZERO SUPPLY CURRENT WITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED ( r/min) 
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* TABLE a2, 46 
x 
TITLE: RFI CAUSED BY THE COMMUTATOR SWITCHING ACTION: 

MEASURED RFI LEVELS FROM 4 21 SEGMENT COMMUTATOR 
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* raeLs 42, 47 

TITLE. SFT CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) aT S@@@ ~/nin AND @.SA SUPPLY CURRENT (Ls=@, eng) 

TEST VARIABLE: RESISTANCE (Ones) 
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TITLE: RFT CAUSED 2Y THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
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* TABLE a2. 49 
* 
TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (RS) AT S@@@ r/min 
AND 1.58 SUPPLY CURRENT (Ls=@, ema) 
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* TABLE a2. Se 

TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) AT 30@@ r/min 
AND 1,5A SUPPLY CURRENT (Ls=B, ema) 

x 
TEST VARIABLE: RESISTANCE (Ohms) 
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« TABLE 92, 51 

PARAMETERS: 
MEASURED RFT LEVELS WITH 
ANO 2.5 SUPPLY CURRENT (Ls=@, ema) 

TEST VARIABLE: RESISTANCE : Ohms) 
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* TABLE a2. s: a 

PARAMETERS: 
BEG SURED RFT LEVELS UTTH VARYING RESISTANCE (Re) aT S800 r/min AN 2.5A SUPPLY CURRENT (Lsa@, en) 

TEST VARIABLE: RESISTANCE (Ohms) « 
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* TABLE 42. 5: 

TITLE: RFI CAUSED EY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) AT 1488 r/min AND @.58 SUPPLY CURRENT (Ls=@, ema)   

* 
TEST VARIAGLE: RESISTANCE (Ohms) 
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x TABLE a2, 54 

TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) aT 10008 r/min 
AND @.5A SUPPLY CURRENT (Ls=a, e=a) 

« 
TEST VARIABLE: RESISTANCE (Ohms) 
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. TABLE 42, 55 

TITLE. RFI CAUSED EY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) aT 18@@@ -/min 
AT 1.58 SUPPLY CURRENT (Ls=9, e=@) 

« 
TEST VARIABLE: RESISTANCE (Ohms 
« 
TEST NUMEER « 3 
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« TABLE Az. 36 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) aT 1@@@@ r/min AND 1. 5A SUPPLY CURRENT ( (ss, e=@) 

* 
TEST VaRIAGLE: 
* 
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x TAELE 42. 57 

TITLE: RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUIT COIL PARAMETERS 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) AT 19800 r/min ANO 2.5A SUPPLY CURRENT (Ls=9, e=9) 

  

* 
TEST VARIABLE: RESISTANCE (Ohms) 
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x 

x TABLE 82. 58 
* 
TITLE; RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) AT 1888 r/min 
ANO 2.5A SUPPLY CURRENT (Ls=8, e=@) 

* 
TEST VARIABLE: RESISTANCE (Ohms) 
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. TABLE 32 5 

TITLE: RFT CAUSED 2Y THE VARIATION OF THE SHORT-CIRCUITED Corl PARAMETERS 
MEASURED AFI WSVELS WITH VARYING RESISTANCE “#8. aT 24908 ¢/min ANO a. 5a SUPPLY CURRENT (Ls80, e=9) 

  

TEST VARIABLE, RESISTANCE (Ohms) 
« 
TEST NUMEER « 
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* TABLE a2. @ 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED AFT LEVELS ITH VARYING RESISTANCE (Rs) AT 12008 r/min 
ANO @. SA SUPPLY CURRENT (Ls=@, ema) 

* 
TEST VARIABLE: RESISTANCE ‘Ohms: 
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« TABLE & 

  

at 
TITLE: RFI CAUSED 2Y THE VARIATION OF THE SHORT-CIRCUITED COrL PARAMETERS: 

MEASURED RFT LEVELS WITH VARYING RESISTANCE (R's) AT 15080 r/min AND 1.58 SUPPLY CURRENT (Lsmu, e=8) 

TEST VARIABLE: RESISTANCE (Ohms) 
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> TABLE A2. 52 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) AT 1508 r/min 
AND 1.5A SUPPLY CURRENT (Ls=9, e=@) 

* 
TEST VARIABLE: RESISTANCE (Ohms) 
. 
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. bls 4203 

  

RFI ZAUSED 3Y THE VARIATION OF “HE SHORT. HakaMETERS: 
MEASURED RFI LEVELS UITH VARYING RESISTANCE “Kas ST :S@e@ r/min AND 2.5a SUPPLY CURRENT ‘Usa. eng) 

  

TROUTTED core 

TEST VARIAGLE: RESISTANCE (Onns 
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« TABLE 42. 04 

TITLE: RFI CAUSED SY THE VARIATION OF CHE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFT LEVELS UITH VARYING RESISTANCE (Rs) aT 1S@@@ -/min AND 3.5A SUPPLY CURRENT (Lsma, ema) 

TEST VARIAGLE: SESISTANCE (Ohms) * 
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TABLE 82, 65 

ITLE: RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) AT 29000 r/min 
ANO @.5A SUPPLY CURRENT (Ls=, e=@) 

TEST VARIAGLE: RESISTANCE (Ohms? 
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. TABLE a2, 46 

TITLE: RFI CAUSED EY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) AT 28088 r/min 
AND @.5A SUPPLY CURRENT (Ls=@, e=@) 

* 
TEST VARIAGLE: RESISTANCE (Ohms) 
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  . FABLE 42, 97   

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COrL PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) 3 2a@@@ ~/min AND 1. 5A SUPPLY CURRENT ‘Ls=a. eng) 

  

TEST VARIABLE: RESISTANCE : Ohne» 

fest NUMBER « 

  

Pan 

ns ih 3 3 yee «ERG a2 iS NBO Sail a0 x x Ohms ‘ ’ ‘ 
FREGUENCY © RFT CONDUCTED VOLTAGE MEASUREMENTS: G8( uv) 

« a as 
* ' aa 
a7 a= 
« 73 
« ' 1a 
x “4 a) « ‘ 41s * \ ‘a 
x s) 33 « ' ot x s) $5 3 « = 7 x 
« 

x 
« 
« 

* 
x 
x 
*      

* TABLE 92, 48 

TITLE: RFT CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) aT 2 
AND 1.58 SUPPLY CURRENT (Lsm@, e=@) 

  

88 r/min 

  

« 
TEST VARIABLE: RESISTANCE (Ohms > 

    TEST NUMBER © 7: ' 19 18: $8 ce 
* se ‘ae ' ee | ise | tae . Ohes + ‘ ‘ . 
FREQUENCY RFI CONOUCTED VOLTAGE MEASUREMENTS: Ge uv) 
x : 

oa oa 1 eels ar “7 = 
oo 93,5 9 9s 2 or 
ag} 93 oS 1 93 24 
ae a4 36 38 38 
71 7? 79.5 5 a3 35 
7 7a 77 7° 33 
6 1 7H a zs an 

496) a7 $8 1 72 30 
1 33 $4! a7 mt 7 
‘es 9 45 47 38 as 

1 3a Ss 28 38 7 
33 as a4 30 3 ' 
59.5 + 62 a3 8S 28 

s 
ss

s 
Ba
u 

AA
R 

N 
N
M
R
A
 

R
R
A
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TABLE 42. 09 

ITLE; RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED corL PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING RESISTANCE (Rs) af 29008 r/min AND 2.5 SUPPLY CURRENT (Lsa4, ea@) 

TEST VARIABLE: RESISTANCE (Ohms ) 
* 
TEST NUMEER « 1 vai 3% a 's 
x x ZERO 12 '@5 (10 1 2e 
x Ohms | ' ' 
« ' ' ‘ ‘ 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: 
* ' , . ' 
@.15@ MHz 7 1775 178 + ans | 93 
2. 168 785 77 1775 | Bt ' e2 
a. 248 73 1748 «01 75.5 1 79 ‘aL 

Ca es © 92 
59.5 ' 59.5 | 61.5 | 66 48 
$801 58.5 1 415 149 | 6s 
39.5 | 68 1 162.5 | 64 
4e 4a 6a.5 | ot ‘62 
7 a7 S09 f SiS at 

2 2 42.5 1 63 63 
63 63 63 63.5 1) 64 

61.5 1 61.5 | 62 62 
6 $6.5 | 56.5 | 57 37 

1 

R
A
M
E
N
 

= 

RFI RADIATED POWER MEASUREMENTS: d&\ pu 

' 1 1 
46} 46 46,5 1 47 a7 
451 48.5) 46 46 46.5 
ag} aa a4 a5 | as 
42,5 1 43 a3 43.5 1 4a 
att at ay 1 az} a2 
391 39.5 1395 1 398 | a8 
365 1 37 S77 > 4 oe 
36! 36 3o0 1} 360 1 7 

4 33 33.5 ga) 13s:    
* 
« TABLE A2. 70 
* 
TITLE: RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING RESISTANCE (Rs) AT 20008 r/min 
AND 2.50 SUPPLY CURRENT (Ls=8, e=@) 

* 
TEST VARIABLE: RESISTANCE (Ghas 

  

* 
TEST NUMBER « 7 Lo Page 4 des 1 aes 
* * 8 1 8@ 1188 1 15.8 | 28 
* Ohns ' 
« ' ‘ 1 ' , 
FREQUENCY RFT CONDUCTED VOLTAGE MEASUREMENTS: d6( uv) , 
« 1 rf ' : : 1 
9.158 Hz MW 19S Fes 87 61 9G 1 ge t 

ga 19 | eH 96 ON 87.8 1 97.5 
a7 198194 SS OS 
ae | at \ as 138 1 
7401 76 8 79 eo ‘ 
781715 176 1 79 ‘ 
69 1 78 Th $72.8) ¥ ' 
eee IN Ala od Behe ie ' 

a2,5 | 6% | 38 4 ' 
64 | 64.5 ' 48 1 67.5 ' 1 
45 4 OL 1 68 Var one ' 

1o3 1 645 1 6H ' 
S65) 4a § as bp ee :    RFI RADIATED POWER MEASUREMENTS 

A
R
N
E
 
R
R
R
 

AR
N B a 

30. 88 S01 sa se 16a! 0a 
4a. 00 s@ 0's} sas Bee ce ieka cart 
46.28 a sz 395 3 
45.00 as 1 a7 lt apt 13a ose! 
98, 88 440} 48,5 | a9 ' ‘$201 54 : 
150.8 43145) 1 art so ose ft 
138.9 4a! a2 as 149} 58 ' 
228.8 39} at aa ‘445 $48 7 
300. # wy 48 a2 1 43.5 1 a6 a? 
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« FABLE 92.71 

TTLE: RFT CAUSED @Y THE VARIATION UF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INOUCTANCE (Ls) aT S@@Q r/min AND @. 5A SUPPLY CURRENT (Re=RL=9. 15, ema) 

TEST VARIABLE; INDUCTANCE (un) 

4, TEST NUMBER « 3 ‘9 « 22 250 | See} tage 

      
* ' ‘ ‘ 
FREQUENCY MEASUREMENTS: 46 uv) ' * 1 i 

' gr ' is ¢ ‘se aa ‘ ee 81.5 ' 173 74 ‘ art 71 
‘ | 88 39 s ' ‘eas a7 is ions} 36 ss ‘a 4 3 set ‘360 oa Pde ams 1 Sa $4 mF ' 48 aL 139 (ast 59 

  

RFT RAOIATED POWER MEASUREMENTS: 

  

     25 1321 at ‘ 
343 ‘32 1am 
= 513% 1 
s2 3a je 
38 "se 0) 3 
19 SI eSB! oat 
is Waa) Sse 
1s “os, 1 Sa 
13 1 iss 

« 

« TABLE 42. 72 
« 
TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFI LEVELS WITH VARYING INOUCTANCE (Ls) aT S@@@ r/min AND i. SA SUPPLY CURRENT (Rs@RL=9, 1s, e=@) 

TEST VARIABLE: INOUCTANCE © uM) 
2 

    

   

TEST NUMEER « i: 2 13 : ‘ + a 17 . 2S u4' Se: tee: ‘ | (ee = :308 . « ' , ‘ 1 

FREQUENCY « AFI CONDUCTED VOLTAGE MEASUREMENTS: 48( uv) x x : ' ‘ 
@.150 mee 71 75 79 (ah ge at a5. 

< 78. 7as + 7 at 2 34 js 
‘ 74.5) 78.5 9 88S | BLS 1 aD 
. a P35 (RS es « o7.f oP 78.50 71.5 « ‘66.5 | 37.5 | 98 39 « 44.5 46.5 + 47.5 ' 68 
. 835 0 65.51 a7 
x ms oa 0S 
x $8.5. | 92 
x 1S oa 
« 1385) $8.5 $55 
x 3 a7 53 38 
x MEASUREMENTS; de( ou) ' 

* fax) a sa sa 
. at 45 6 ag: Sa 
x 14a 145 148 + 39 
x yo at as s 
' | 3e 30 aa ag 
. 36 38 az as 
« 3a ay 4200 as x 30 S34 38 3a . 7 38 33 7   
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* TABLE a2. 73 

  

RFT CAUSED RY THE VARIATION OF THE SHORT- ct oe (ORT-CIRCUITED COIL 
MEASURED RFI LEVELS WITH VARYING INOUCTANCE (Ls) AT S0@0 +/nin 
AND 2.58 SUPPLY CURRENT (Rs*RL=4. 15, e=@) areas 

TEST VARIABLE: INOUCTANCE (UH) 
* 

  

TEST NUMEER * “St is Mgr 17 
‘ i a 1) 198@ ' 1300 
q : ; : i i ' { 
FREQUENCY £ RFI CONDUCTED VOLTAGE MEASUREMENTS: BC uy) | 

x : : ’ 1 : ' 
@is@ mdz «72001 75.5 179.5 1 a2 | 
@. 160 a71  '75 | 78 \ans 
240 Heo 492 1a tm 

a. 550 oS ' 6a 1 785 17a 
x S 1395 6465 tea ft 
x5 1G 4 ae oR 
a5 187.5 162 165 + 
x5 560 162 14a 3 
ASS Sd 1 SR tas, 
4480 1 Si 1 s7is ae) 
446 149 isa ise i 
237 641 148 452 1 
e31001330 141 faa 
* 1 , ! ‘ 
% RFT RADIATED POU! si $s 
x ' " ' : 
x a) ' ' 
* iis} ' 1 5 
* a5 4 ' ' 
* 1 oy ' ' 
* rans ‘ ' 
x iis 1 , 1 
t ‘i ' ' 
x isa | 4 ' ' 
* ie 4 ' '      

* 
* TABLE a2. 74 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Ls) AT 18800 r/min 
AND 2. 5A SUPPLY CURRENT (Re=RL=@. 15, e=@) 

* 
TEST VARIABLE: INDUCTANCE (UH > 
* 

   

  

TEST NUMBER « 3: ' vs ta 1s: 1 6: “7 
* x : ‘ee | 230 «| Sea | 18a | 1300 
* * 1 1 ' ' ‘ ' 
* k ' ' ' ' 
FREQUENCY  « RFI CONOUCTED VOLTAGE MEASUREMENTS: BC uy) ' 

£82 #1855 ' 92 | 95 197 199 99.5 
#81 (85 | 9.5 1945 19.5 | 98 | 99 
e785 '83 '@9 '92 194 1 95 26 
e73 $78 ' 83 | 86 (ee | 87 1 a9 
278 173 |'88 ‘92 '@3 '84 | 845 
woe o17t 79 $88 182 183 | BS 
267) 1 685 1 77 79S 4 at fe2 | 83 
2660 1 69 «1 74,5 ' 78 188 | Bt | a2 
ROS 1 4%5 172 $75 177.8 179 8 BL 
2640016601 7@ 1 7h 174 177 1 OLS 
462 1635 1468 869 1780 1 7H 1 7e 
236001 St ob 63 BROT tS 
e490 0152 #159 §6@ 865 1! 78 } 78 
* 1 ' t ' ‘ ' 

* % RFT RADIATED POWER MEASUREMENTS: dB( pul) 1 

38.00 x 43.5 1 fs 160.5 | 62 47 
4a. ae «42 133 | 545 1 60) 1 4s 1 47 
46. 08 x at sa 53 se! at | 66 
65. 88 * 728 \ 48 so: 5a Ct 7! 88 
90, 30 x36 ag 1 47.5 1 51 $400} $8.5 
1s0.@ x38 1 az} 45 a9 Si iss 
180.9 133 gz) as! a7 a9) 58 
228.8 at 3 t6 1 aS} G8 a7 
308.8 227 1335 '345 $48 1 43 4s 
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. rable AZ. oS 

FITLE: RFT CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS 
MEASURED AFI LEVELS YITH VARYING INDUCTANCE (5) aT 109@@ -/min 
AND 1. 5A SUPPLY CURRENT ‘Re=RLsh. 15, e=@) 

TEST VARIAGLE: INOUCTANCE (ul > 

Test NUMBER «2 133 4 5 a 7 
e2Sun' sa: " 3s see twee 1308 : * 1 ' ‘ i ‘ i 

* . 1 ' , it , 
FREQUENCY RFT CONOUCTED VOLTAGE MEASUREMENTS: Gi uv) 

@.158 wz © a2} a6 S 1985.5 + 97.5 +) 995 + 100 8. 168 = 81.5 a5 ost oF 30 99.5 FY 79 3198 4.5 666 1 98S 223.5 4 }S (aS 88.5 895 | ay. S 7 ' a2.3 | 34 as as 208.5 | 71.5 {885 ‘925 (3.5 1 3s 267.5 4 ‘aa 4 62 aks 83 s40 | ‘73 1 ar Ste a, 5 
- 65:5 4 So) 765 179 i ge ‘2 
vast (ye Noes, 2 4 7 a3 262} KP Fa kk BL 25 ' Sie fee 1 738 
as@0} S25 gt ar 0 72 77 
2 1 ' 1 1 i 
= RFI RADIATED POWER Ts ‘ 
* ' 7 ' ' 
saa 13 1 69 242! 54 58 at , wae 38 
«3a 39) 2 
«36 » a7 1 98 
235: ag ga 
cia: az Vea 
xh ‘38 149 

an 36 ay    
* FABLE a2. 76 
= 
TITLE: 

PARAMETERS 

  

SFT CAUSED 2Y THE VARIATION OF THE SHORT-CIRCUITED COIL 
NEASURED RFI LEVELS UITH vaRYING ENOUGTANGE (Ls aT 1 AND 2.58 SUPPLY CURRENT (Rs=RL=3, iS, 

  

TEST vaRtasLe: INOUCTANCE (un > 

Test NUMBER xt; 1 3y ' 3: + 7: 225 ut! » 08 ' 50a} 208 308 
x x 

“RFT CONDUCTED VOLTAGE MEASUREMENTS: 360 uv) 
a Se 36 93 3% 28 208 108, = «32 36 22 35 e735 30 30 5 
£725 | 30 38 32 24.5 96 a7 
“74 78 36 a7 39 38 2@ «79 73.5 | 88 ses! 8s ss «39 7 78 81 83! aa 34.5 «38 78 77 5 98 a as | as «30 eS ee 1 ee rae) Wamsmnes foe 1 68 75 78 ei oo a3) | ae «38 a6 73 7S 8 77 aL 8s © 825 9 685 1 785 1 72 za 7%) a2 * 36 ga} sa a 7 79.3 « ot 33 o? 7S re 

x POWER 

. 7 27 % x 1 3s 36 

. ‘33 so : si 38 3 ‘ Se.5 « ' 33 « Sis : t ae} Sis « ' a7 
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TABLE 82.77 

da
me
 

ITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED GET LEVELS UITH YARYING INDUGTANCE (Ls) AT 18800 r/m20 
AND @.5A SUPPLY CURRENT (Rs=RL=a. 25,   

TEST VARIABLE: INDUCTANCE ( ut) 

      

TEST NUMBER x 1: is 1a La cs &: ' 
x 419uH 25 | 5a | 19a | 25a | sae 

FREQUENCY & RFT CONDUCTED VOLTAGE MEASUREMENTS: deCuy) =! 
. * ' 1 t 1 ' 
@.150 MHz ot 193.5 | 96 oes § 
2. 148 x S193 (ies tk oR 
@. 248 « ton 193 1% 3 
3.550 * ‘a7 'a9 ta + 
1.308 x Sq | a6 a 
1. 300 x ,es 184 ' 645 

2. 988 x 5 '@is 183 | 85 ' 
3.500 « S179 | eas | 225 
4.900 * eet fe | teeg ' 
10,98 * 173 77 18 ft 
13,08 * 179 17S 1 oe ! 
22. a8 * “S178 tes far ft 
38.00 * 667 8 7 176 ' 
* « 1 ' ' ( 
® * MEASUREMENTS: d8< pu) ' 

x S162 143s tap ¢ 
« 16s ' 635 | 68 | 
* 5 '630 167 
x 1 '$8 1 ot. 
x ' (55 14a 1 
x 5 52 1 Sa ' 
« ‘ 1 st ss} 
® ' 47 sagt 
* = 4 145 1 445 ¢ 

* 

x TABLE 42,78 
« 
TITLE; RFI CAUSED EY THE VARIATION OF THE SHORT-CIRCUITED COTL 

PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Ls) AT 15908 r/min 
AND 9.58 SUPPLY CURRENT (Rs=RL=@, 15, e=a) 

* 
TEST VARIABLE: INDUCTANCE (UH) 

TEST NUMEER x 7:00! 8 ' ' ' ' 
x «1908 | 1308 | ' ' ' ' 
* xu! 1 ' ' ‘ 
x x ' \ ' \ ' ' 
FREQUENCY € RFI CONDUCTED VOLTAGE MEASUREMENTS: GBC uy) =! 
« x ' ) 1 ' ' ' 

isa mz © 99.5 | 198 ' ' ' 
199 6 9S ‘ 
496.5 198 | ' ' ' ‘ 
Sao Ke Ns ' ' ' 
ree} a9 lt ' 1 : 
136 ay ' ' ' ' 
285 18! ' : ' ' 
ees o'aa + ‘ ‘ ' 
faz} a3} ‘ ‘ ' \ 
xais '@s ' \ ' ' 
«a. iea | \ ' 1 ' 
4880083) ' ' ' ' 
seo | a%5 1 ‘ ‘ ' ' 
x RFI RADIATED POWER MEASUREMENTS: dE pil) ' 
* 1 : ’ ’ ' ‘ 
a72 17: ‘ : ' ’ ‘ 
2715 176} : ' ‘ : 
a7 Sss: ' ' ' 
oa | 665 ' : ' ' 
e615 1485 | ' : 
25st ’ ' ' ' 
2540'S ‘ ' ‘ ' ' 
458.5 552 1 ' ‘ ' ' 
247° 148 ' ' ' ' 
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TITLE: RFT causeD = 
PARAMETERS 
MEASURED RF] LEVELS UITH VARYING INDUCTANCE Ls) aT :S0@@ ~/nin AND 1. 5A SUPPLY CURRENT ‘Re=Lsaa, 

  

THE VARIATION OF THE SHORT-CIRCUITED COLL 

  

TEST VARIAGLE: INOUCTANCE © uh) 

    
RFI RADIATED POWER MEASUREMENTS: 

TEST NUMBER « 1 nee 3 a: s a 
x sieun) 35) 3@ 19@ | 38a soe 

FREQUENCY + LONOUCTED VOLTAGE MEASUREMENTS. GEC wv) 
Bmmz  « ' 65 a 1 me 4 9g 

* ' 2a eS ars 
« “63.5 9) 98 at. x Be 1 94S 
« as | a7 
* ‘ 2 34.5 
« ‘a 1 as 
« Se es ‘ 
« Sige ise | 4 ' « ‘ 73.5 0 78 ' 
« 7a 75 sii 
« Sy ese whe | 
« , oat 
« ' 1 46 68 g 4 

* 
* 

« 

x 

  

48 Ss ot 1 63 
a7 S400} oe) 
as ee sy 4h 
a2 a 1 34 Se 
a3 aes sa 
aa) a7 a9 =) 
38 aa az a9 
7? fas fas 36, ' 
3a aa a2 aa 

  

« TABLE Az, 90 
’ 
TITLE: AFT CAUSED BY THE YARIATION OF THE 3HORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFI LEVELS UITH VARYING INOUCTANCE Ls) aT (3880 r/min 
AND i.5@ SUPPLY CURRENT ‘Re=@RL=@. 15, 22a)   

TEST VARIAGLE: INOUCTANCE « un) 

  

TEST NEMEER « 7 a i 
« « 199@ © 1308 
« «un ' 
« « 
FREQUENCY « AFI CONDUCTED VOLTAGE MEASUREMENTS. 36¢ uy) 

«198 | tar z 
98 ae 

«97 38 
.92 | ons 
«98.5 | a9 
#O7 1 Bre 4 ‘ i 
205.5 1 96,5 
#845 0 gs i 
«3a | as 
«93 at 
2825 (so i 
2at5 | 38.5 
<8} as 

. 

« 

* 
. 
* 

* 

«   
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x TABLE 42.81 

TITLE: RFT CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Ls) aT 15888 r/min ANO 2. 5A SUPPLY CURRENT (RS=RL=@, 15, e=a) 

TEST VARIAGLE: TNOUCTANCE ( ul > 

    

rest NUMBER © 1, "2 ' La is 1 6: 
e18ud1 354 ' 198 + 25a | sae: 

FREQUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: ¥B( uv) ‘ . * ' ' : ' ' ‘ 
@.15@ WHz  * a1 ees Lies 19a 1 96 as 
2. 168 *o@ 185 198 | 9¢ 1985 198 3 
a. 248 "78 | 88 | 885 1! 92 194 1 97 
a. 550 S7A 179 fae ery Be Ot ts 
1 £72 | 765 feh5 165 1 67 16a 1 
1 x71 174° 1 @@° 1 a3 1 as lf ay 

#49 173 129 1 Gy) BSS 7} ase 
a67 173) 177 1 ee tf os tes 
£665 172 '76 ' 685 182 1 eq + 
e650 001785 175 179 1 a8 tax 1 
e641 69 175 1 7 tet est 
#620 | 66 81 69 1 73 77.8 8 eet 
257) 1 61 1665 ' 78 175 1 at ' 
* 1 ' ' ' ' : 
* RFI RADIATED POWER MEASUREMENTS; a&¢ pW) ' 
* t ' ' 7 1 ‘ 
a a 
260 158 4} 4t 14665 1 47) te 8 
245.5 1 's9 163 1 67) 8 ay d 
cay FS ss ‘sa! ees fest 
e430) (49 '53 156 %'58 163 1 
24g 147) ag 1g; 156 1 $7.5 4 
23800 1445 147 155 15a 156) 
e370} as" 1 435 148) tse lt st 
«3a 139 § 42 1468 f aB lf get 

* 
, TABLE az. a2 
a 
TITLE: RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RET LEVELS WITH YARYING INOUCTANCE (Ls) AT 18800 r/min 
AND 2.58 SUPPLY CURRENT (Re=RL=a. 15. 

  

* 
TEST VARIABLE: INDUCTANCE ( uH) 
* 
TEST NUMBER 7; 0) 8: ' ‘ 4 : 
* «1908 | 1300 | ' ' : ' * Soran ' ' ' ! ' 
* 2 ' ' ‘ ‘ ' ' 
FREQUENCY 4 RFI CONDUCTED VOLTAGE MEASUREMENTS: GBCuy) = 

@15@ MHz x 198 | tal | ' : ! ' 
@. 160 299 | tart 1 ‘ ' 
248 497.5 | 98 1 ' ' ' 

3. 358 eeo0 fos) OL ' \ ' 1. 2ee8 re ' ' ‘ : 
1. aaa *97,.5 (a8 | ' : 
2.900 486.5 's7 ' ' ' ' 

3. sae a ' ' ' ‘ 
4.808 eas 0} 87.5 | ' ' ' ' 
19. 00 ses a3 ' t ' ' 
13.00 x85.5 ) a9 | ' ! ' ' 
22. 2@ a ' ' ' ' 
30. 08 Ka3.5 (64.5 1 ' : ' ' 
x x \ ' ' \ ‘ ' 
x RFI RADIATED POWER MEASUREMENTS: dE pu) ' 
* x 1 ' ' : ‘ ‘ 
32. 20 476.5 1 80.5 | ' ' : : 
40. 98 sos ' ‘ ' ! ' 
44. 88 £73} ' ' ' ' ' 35.90 267 ' ‘ ‘ ‘ ' 
98. 38 eas! ' ' : ‘ ' 
158.3 x59} ' ‘ ' ‘ i 
188.2 ese ’ ' ' ' 
228.8 254} ' ‘ ' ‘ ‘ 
308.9 eu! ' ' ' ' ' 
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. TABLE 32.33 

TITLE. RFT CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COLL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INDUCTANCE (Us) aT 29988 ~/nin 
AND @.58 SUPPLY CURRENT (Rs=RL=g. 15, omy) 

TEST VARIABLE: INOUCTANCE / ui) 

2 3 a: 5 TEST NUMBER 

    

sSuH | ie \ sa) ige soe « x ’ ' ' ‘ ‘ 
« « ' ' ‘ : ‘ 
FREQUENCY * RFT CONDUCTED VOLTAGE MEASUREMENTS: eC uy) 

aca mH « Le 97 sau 
3, 168 * ‘ 97 ve a 
3.240 « 36 28 
2. 350 x ' 1931 96 

280 « ' ot 93 
1, 408 x 198 an 
2 908 x ‘eB mt 

3. 508 x ‘ ' ga ay 
4. 208 x ' ass 1 97 
1@.9@ x =a \ aa st 

* i rn 
* ‘ ga aliga 
x : (Fe ae 
x ' 

« 

« 

x 

“ 
x 
x 

  

' 65 38 ‘73 14S 64a 1 78 
‘34 ' 96 Fe, et 

ee ee) 
Ss + 2 \ 33 B 
34 ss 3 ¥ 

ae ae ' 30 
i Pr 

  

« TABLE 82, a@ 

TITLE: RFT CAUSED @Y THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING [NDUCTANCE (Ls) ar 22008 ~/nin 
AND 8.58 SUPPLY CURRENT (RseRL=@. 15, ema) 

. 
TEST VARIAGLE: INDUCTANCE ( uH) 
* 

    

      

TEST NUMBER « 7 a: ‘ ‘ ‘ 
* « 198@ | 1300 | ‘ 
* oun! i 
* * ‘ ‘ ‘ ‘ 
FREQUENCY 4 RFI CONDUCTED VOLTAGE MEASUREMENTS: 3B( uv) 

158 MHz «191 1e2 ' 
188 x 198 tas! 
238 230 tae 

197 a7 5 
295 3% ‘ , 
«94 3s ' 
«92 os ' 
298 we iy ' 
see 6 a9 
x 36 38 
«a6 | 39 ' ' 
«3 st , 
«a3 37 

4 RFT RADIATED POWER MEASUREMENTS. BK pu) 

2785 103} ' ' 
s78 tat! ‘ , 
5079) PR! ' 
2685 6 7e | u é : : 
445 68 , : 
= 38 ast 
<7 39 , 
«54 = 
<3 6S ¢ a‘
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‘ FABLE a2. a5 

TITLE: RFI CAUSED 8Y THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INDUCTANCE (Ls) Ar 20008 r/min 
AND 1. 5A SUPPLY CURRENT (RS=RL=0. 15, e=a) 

* 
TEST VARIAGLE: INDUCTANCE ( ui) 
x 

  

    
TEST NUMBER x 1: 12 13: va: is 1b: ' 
« xSud '1@ 125 | sa: 190: Soe 

¥ RFI CONDUCTED VOLTAGE MEASUREMENTS: deC Uy) =| ; : i ' ' ‘ ' 
ee 187) 193 196 Ot 7s 1 89 
261.5 $87 195 195 897 199 tl 
x ' "9S 1948 196 1 985 1 
x ' ' at CEP me me! 
x ' ‘ a9 194.5 1 e351 
* ' ' 198.5 1 99.5 1 925 5 
x ' ' ‘es o1e9 ton 1 
* ' ' {ee | sas ' 99 | 
x ' : ‘es 1 865 | Bas | 
* ' ' tal nes Gr 4 
* 1 ' ‘79 1 eis 1 a6 | 
x ' ' 174 179 «1 ga} 
« ' ' (725 078 it et 
x ' ' ' : ' 
* OWER MEASUREMENTS: dB pul) ! 
s ' ‘ " ' 1 
2560 ' 685 ' 64 § 6 17a } ' 
#5 Cy ee ee ' 
HS5 486 es ES es ' 
ee a) ' 
aay Sk ss; sre ie ' 
A a ey ' 
maa) 47) 1 s@ sz 4 ss lt ' 
#430001 43001 470 1 ae Bet ' 
2370 1942 145 1 47 Fae! ' 

. 
x TABLE 82. 86 
* 
TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INDUCTANCE (Ls) AT 20@@@ r/min 
AND 1, 5A SUPPLY CURRENT (RS=RL=@, 15, e=@) 

x 
TEST VARIABLE: INDUCTANCE (uH > 
* 
TEST NUMBER x 7 1g: ‘ 
* x 198@ | 1300 | ' ‘ ! 

   
* eu! ' ' ' ' 

FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: BC uy) =! 
« ® : 1 ' : ' ' 
Q.150 MHz 101,5 ' 102.5! ' ‘ ' ‘ 
2. 168 x 181 1 ' ' ' ' 
248 «99 ' ' , ‘ ' 

3. 550 x 97 ' ‘ ' 1 
1. 288 195 ' ' 1 1 1 
1.400 x 94 ' , ' , 1 
2.908 4 92.5 ' ' ' 1 ' 
3. 500 291 ‘ ' ! , ' 
3. 208 x 89.5 ‘ : ' ‘ ' 
18. a8 s 38.5 1 ' ' ' ' 
13.08 x ag 1 1 ' ' ' 
22. a@ x a6 ' ' : ' ' 
38.08 * 85.5 ' ' ' ‘ ' 
x * ' 1 ' 1 ' ' 
« = RFI RADIATED POWER MEASUREMENTS: dB« pW) 
* * 1 1 ' 1 ' ' 
30, 88 e902 | 34 | ' ‘ ' 
49. ao sea o'a3 ' ‘ ' 1 
46. 28 27s bre ' ' ‘ ‘ 
45.00 271 174 4 ' ' ' ' 
99, 28 x 67 way 8 ' ' ' ' 
158.8 Oe cea ' ' ‘ ' 
188, 8 2590 168)! ‘ 1 , 
220.8 en ' 1 é i 

300.0 2520 'sa 1 ' , ' '
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TAGLE 82, 97 

TITLE: RFI CAUSED 8Y THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED AFI LEVELS WITH VARYING INOUCTANCE (Ls) AT 200 
ANO 2.58 SUPPLY CURRENT ‘Re=RLaw. 15, em) 

  

symun 

TEST VARIABLE: INOUCTANCE (UH) 

    

TEST NUMBER « 1 2 ha 3: a: * sSum tie: 138: 19a | see: : . ‘ i ‘ ' ‘ 

FREGUENCY * RFT CONDUCTED VOLTAGE MEASUREMENTS: a&( uv) x x ’ 1 
Qisd wz £82 B81 93S 1 6 et os 
2. 168 e621 87 1 930 1 8st 7 noe 
2. 248 279) @S.5 $92 1 9a oes 1 99 

276 ss} 8g V1.5 1 98) | 8G 276 181 1 88) 0} 98 988 94 
<720 0:79 1) as ae ee 
e760 ae tees a 
2780 01 7&5 181 1 89.5 + 9a fos 
a a a 6198 
veg 1730 tet st as lt et e680 0171 577 (ats ae feet 
2650188 8720 8 76 a2 ks 
"63 $6 0178 #175 | as) ast 

< RFI RADIATED POWER MEASUREMENTS: a6( ou) ' 
x i ' ' , ' ‘ 
EST! 610 6&5) be 7: ‘ee i 
* 56 oe 645 1 68 8 721 78 
x54 | 58 63 47 7A RN 
25 as es 162 $668 89 
#50 82 156 18H es tee 
saa) 49 53 Ba) ye Uap 
245001470 1g: ESNet Sma SE 
<4 a3} ae sh 3 Ss 
a4 ‘az 1 46 4 sa sa 1 

* TABLE a2. 98   

TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INDUCTANCE (Ls) ST 20080 r/min 
ANO 2.58 SUPPLY CURRENT (Rs=RL=a, 15, e=@) 

« 
TEST VARIABLE: INOUCTANCE (uH) © 

TEST NUMBER * 7) er 
. see@ | 1308 ‘ ' 
« us 

FREQUENCY RFT CONDUCTED VGLTAGE MEASUREMENTS: G@¢ uv) 

rez 183 
tat) test 
39 1a1 
97.5 99 
26 7 
ea 96 ' 

‘ 
ae
 

RFI RADIATED aBC oud >    
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. TABLE A2, a9 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Le) aT SeQ@ ¢/min 
AND 1. 5A SUPPLY CURRENT (Rs=@.3 Ohns, 

  

TEST VARIAGLE: INOUCTANCE (UH? 

  

   

TEST NUMBER * 1 2: 3 ba: is 1 6 7 
« 225 uH | Se} 100 2500 | «S@@ | 1a@@ | 1300 : 7 ‘ ‘ ' 1 ‘ ' 
* * : ' 1 ‘ 1 i 
FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: dB uv) 1 
« . ‘ t : 1 ' : 
Qis@ MHz £71 175 179 | ez: ea :es | 86 
a. 168 “71 1.75 1 7a ft at ‘es | 96 6! as 
a. 240 268 171! 179 ar 192 }:82 
a. 550 eat ' 6a ‘73 174 8 78 76 

1. 208 a7 01391 648 1 69 oh 172 
1. 408 ASS (8 ' ‘67 ' 68 } 68! 8g 
2. 988 asa ‘ 165 167 1 68 | 48 
3, see 23300136 | 6G 1 46 1 46! 7 
4. 988 eS bese an (6a |) 6s 36 
19.98 247.5 150 | 150 bez 4 OF a7: 
13.90 245.5 48 | 156 6 68 0 63! 86 
22.00 37 | 1 St 156 1 59 1 43 
30. ae SSS 1 38, Uses ay) Sx er 1 oe 
* * 1 ' ' 1 ' ‘ 
* 4 RFI RADIATED POWER MEASUREMENTS: dB( pW) 
* x ' ' 1 ' ' ' 
30. 28 * a8 83s 44s Nae 1 se isa 
4a. 90 * 1280134 141 145 148 1 36 
46. 28 * (38 132 94@ 148 1 48 1152 

3s. a x $es Sn sy fa aS Sg 
« 12a '3@ 0136 148 1 aa | 48 

58.0 « 12e 8 3t 96 Jae fag tas 
tee. 3 * 14g, 26 9) Sa) oF 1 ge Nas 
228.0 * 146 135 138 133 136 | 38 
308.3 * ig 1 2: 2 138 1 SS) ea? 
* 
* 
* 

* TABLE A2. 90 

FETLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
NEASURED BEX LEVELS METH VARYING INDUCTANCE (Ls) AT 1888 r/Han 
AND 1.58 SUPPLY CURRENT (Rs=8.3 Onms, 294 

  

* 
TEST VARIABLE: INDUCTANCE (UH) 
« 

    

TEST NUMBER « 1: 12: ' tay is 16 a 
* 425 un | 5a! ‘25@ | See | 19@@ | 1308 x ® 1 1 i 1 ' 1 
x ‘ 1 ‘ ‘ ' ' 1 
FREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: 48( uy) ' 

* ' ‘ t ; 1 : 
ea2 186 461 93) 1 96} 98) 108 1a 
262 §86 '92 195 197 1 90 190 
«79 1 33 89 1921 9S 8H 8, 
«740 | 78 |} 84 | a7 139} a9 39 
x70 1 73 se o'83 184 'as | 3s 
«59 720179} an 183 | 84 | Ba 
268) 1760 4 ' 77 188 '@2 183 1 83 
£66 167 '75 178 !'er 162 | 8 
26600168 | 78 01:77 1 79 1 a2 
564 66! 7h 731 76 179 | as 
e621 6@ 569) 1 78 00 1 720 177 wt 
286 558 163 $64 1 68 173) 7B 
2580153) ' 68 at Vay 172 oF 

* RFI RADIATED POWER MEASUREMENTS: d&( pW) ' 
« * ' : : 1 ' ' 
3a, 28 sag 146 's5 187 1 62 1 4a! 88 
48.08 26200148 154 155 1 4 ia) 68 
46, 88 eat 1 4a 082 1 Se 1 68 1 es! a8 
45.28 538 $480 1 49) St 1s tsa 1 6 
99. 28 2360 148 | 47 149 ' 53 ' 55} 68 
150.8 2350 '38 #'44 146 | 5a S21 38 
188.0 43400136 1 a3 1 gt ag 380} 8 
220.9 431 013300136 '37 1 4a 1 ae 
308.8 e280 0138 136 1 Sas 142 14s! a7
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  Take 32. 71   

TITLE: RFT CAUSED 3Y THE VARIATION OF THE SHORT-CIRCUITED cOTL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING [NOUCTANCE <Ls) aT 15@@@ r/min 
ANO 1.5A SUPPLY CURRENT (Rs=@.5 Ohms, em@) 

* 
TEST VARIABLE. TNOUCTANCE | uH) 

TEST NUMBER © 1 ‘ 
« u 

    

& i Re
 

  

      
= : 

FREQUENCY  « RFT CONOUCTED VOLTAGE MEASUREMENTS, GBC uy) = * 

<1 NS toes: 19a 9) 88 
«38 ase ex} es 28 
<78 sa} ee 92 94 97 
“74 79 85 
222 17) 8S 
«70 74} a ‘ 
. 3 1 
* 7S 8 oF A 
* 17 76 1 
= 7a 78 
. 149 a ' 

oa * ‘aa 48 ‘ 
32. x ‘an oe ' 
% m4 ‘ 1 ' 
* * RFI RADIATED POWER , 
* * ' " ' 
3 ag 1 an 

38 247 48 
a 245 39 . 
85. i; 34 , 
98, aay 1s ‘ 
18 sag) 149 ' 
1 <3) + 47 1 
2 7! 1a 

301 «3a a2 ' 

« 

« FABLE a. 92 

TITLE: RFI CAUSED 8Y THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Ls) AT 15800 r/min 
ANO i.5& SUPPLY CURRENT (Rs=d.3 Ohms, e=@) 

TEST VARIABLE: INOUCTANCE : uh) 
* 

  

. « ' ' 

FREQUENCY « RFI CONOUCTED VOLTAGE MEASUREMENTS: 4&( uv) 

3.158 He « 188 rer 
2. 148 «39 108 

. 348 < 97 38 
2. 350 «92 93 

«391 a9 
«37 a8 ‘ 
« 36 a7 ' 
ses as: ‘ t 
«34 1) as ’ t ‘ 

as | 86 ‘ ' ' ! 
2830 0} ' ‘ i ' 
2 62 36 ‘ ‘ ' 
se: (65 : 
x 1 ‘ ‘ 
4 REI RADIATED POWER MEASUREMENTS: uB« ow? ' 
: ‘ : \ 
274 1 79 ' ' 
273 | 7 3 : ‘ ‘ ' 
ee tae ' ‘ : 
565 137 ' ' 
5631 66 ' ‘ " ‘ 
<7} a0 ‘ 
= So ‘se ‘ 
2321 56 ' 
<4a9 1 i t ' 
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* TABLE A2, 93 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COTL 
PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INOUCTANCE (Ls) AT 2008 r/min 
AND 1.58 SUPPLY CURRENT (Rs=@.3 Ohms, e=@) 

* 
TEST VARIABLE: INOUCTANCE ( uH) 

    
TEST NUMBER « 1 2: HS ta is Te ‘ 
x xSuh !1@ 125 !' 38 | 19a ! sae | 
z - ‘ ‘ ' ‘ \ 

FREQUENCY * RFI CONOUCTED VOLTAGE MEASUREMENTS: d&(uy) = 
x ‘ \ ' 1 ’ ' ' 

Ce dae 
Seo ey Lis eR er eg 6 tl 
477) (85 192 194 (96 199 4 
e750) 182 189 191 $94 196 3 
x73 '@1 186 '@9 192 194 | 
27200179 185 '89 19) 893} 
«72 '78 %|'@3 .'88 ‘+89 +92 |! 
e782 '76 ‘a1 '98 !'89 ' 99 | 
26901750179) 1 eS ay lt et 
eae 17s 78 FL ser 
2a (ize 477 V9) ee Wie 
445 3668 ze. ze fae) east 
oo es Ye 23) N78 es at 
x \ ' : ‘ ' , 
4 RFI RAOIATED POWER MEASUREMENTS: dB( pW) ' 
: ' ' i ' ' ' 
* tor 14a ot ‘7a '7s 3 
* 16g 1 4a ‘7a 7a 
x ‘sa 16st foe Syze 4 
x ie ,s7 142 '7@ 1 
x en set (oa 665 
* rn 156 14a 
x ‘a7 o1se } tas ee = 
x 4as01 a7 ea 
« haz fast a 

* 
x TABLE a2, 94 
x 
TITLE: RFI CAUSED 8Y THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Ls) AT 2000@ r/min 
AND 1.5A SUPPLY CURRENT (Rs=@.3 Ohms, #=3) 

x 
TEST VARIABLE: INDUCTANCE ( uH? 
x 
TEST NUMBER « 7 ar ' 
* 19e@ | 1300 | ' ' ' 
* GH) 1 ' : ' 
x ' ' ‘ 1 1 ‘ 
FREQUENCY RFT CONOUCTED VOLTAGE MEASUREMENTS: dECuY) =| 
® ‘ : ni 1 ' 
2.150 MHz 101.5) 182.5! i 1 ' 
a. 168 wat} 1@2 ' 1 fk 
a. 248 99} tor ' ' ' 

o7 | 98 ' 1 
S| ‘ ' ‘ 
og! 8s ' 
931 88 ' ' 
oy 1 92 ' ‘ 
a9} 9h ' ‘ 

a9 1 1 
as! 8 ' ; 
S| 98 ' ' 
86} 8g ‘ 

RFT RADIATED POWER MEASUREMENTS: dB¢ pl) 

@ & 

se} aa ' ' 
ao | 83 ' ! 
7 1 79 ' ' 
Zu icra \ ‘ 
671 89 ' t 
42 16a ' ' 
9 oo ' ' 3. OUf se ' ' 1 : 

ise | | ‘ ' 
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TTLE: RFT CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING [NOUCTANCE (is) ar S@@@ r/min AND 1. SA SUPPLY CURRENT (Rs=@.65 Ohms, e=9) 

TEST VARIABLE: INOUCTANCE ( un) 
« 
TEST NUMBER © 
«    
   

' 13e8 

FREQUENCY 

13. 8 ess + as as 
at (88.5) 85 

79 83.5 | a2 
ia “WES Tet ors ! "495 4 71 73.5 ' 'a7 6 4% 3 1) ass 1 By ‘ eRe ‘69.5 | 68 ' 18S 1 67-5 1 67.9 | a7 ' $l 4 658 165 a7. ' '59 14635 1 63s a7 ' 31 87,5 S143 | 66 Ge: a7 a 3 1 39 43 S133 ws 1 a7 7 28 

RFT RAOIATED POWER MEASUREMENTS: dE pw) 

SH
RM
 
R
R
R
 

K 
K
E
R
      12 iS a3 ory 4 

‘39 34 1 at as 
‘3s ' 32 ' 36 as ¢ ' 
‘23 ‘3. ‘7 a1 t ‘ 

h omh | 38 ' 3 \ 48 ' 
2 tot ' 36 ' 38 y ’ 

‘48 a) 34 ime <2 ' + 
ie est Se Seo} ; 

mee Sess ey ae i 

« 
* TABLE a2. 96 
TITLE: RFT CAUSED 8Y THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFT LEVELS WITH VARYING INDUCTANCE (Ls) AT 198@@ e/min ANO 1,5A SUPPLY CURRENT (Rs=3.65 Ohms, esa) 
TEST VARIAGLE: INDUCTANCE ( UH) 

  

   
TEST NUMBER « 1: "3 a si 1 a: “7 x = 25 un: tee 28a See 1a0@ 1308 
x ‘ \ ‘ , i 
EREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: Ek uv) * « " @.15@ Hee a7.s | 93 97.5 1 99.5 + 180 188 @. iat x 87.5 93,5 | os 7 29} 1a8 x 33 ao 9s | 9s 97.5 + 97 x 79.8 9835 1 87 39 39 39 x ' gis 1 az eS 85 as « ‘73.5 1 79 et as ass as. s ® “IS 97 4 aS esse es es x 7s 179s ) ot gs, S 1 as . (48S 1 7s ae” 78 gs 4 gs * (428 07t 1 73 tS 178 as a6 i Se 2 a1 « (995 165 oS 1 ons © 7: 76 « ae: totes § 42 BT GTR NFP ® \ 

« a8¢ pu) ' 
« $3.5) 68.5 | 69 * ai 1 45.5 | 48 x $1.5 | $8 : 5 1 9S | 62 . art 1 38 « 5800} 53.5 | 56 * 48 {52 . 4a as . 42 a7     
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TABLE Az. 97 

TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED corL PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING INDUCTANCE (Ls) AT 15@@@ r/min 
AND 1. 5A SUPPLY CURRENT (Rs=9. 65 Ohms, #=9) 

* 
TEST VARIABLE: INDUCTANCE (UH) 
* 

    

     
   

TEST NUMBER kt: + sa ws tae ‘ 
x 210 uH | 25 '1e@ 4: 35a) sae: ‘ : : ‘ ' ‘ ' 
x * ' ' ‘ ' ‘ 
FREQUENCY « RFI CONDUCTED MEASUREMENTS: d&Cuy) + 
x x ' ' ' ’ : 
@.15@ MHz £81 | Bs 1955 1 97.5 199.5 3 
@. 161 * ' as Nese 199.5 4 
a. 240 x 135.5 1935 ' 98.8 897 1 
@. ssa * 179 ‘er tor 

1. a@@ x SIRs es oo: 47.5 ) as ! 
1, 30a * 173.5 \ea ot ‘a7 
2.288 cn, 1s3.5 1 tes} 

3. 508 267 173 1 1gi.5 1 83.5 1 5.5 | 
5, 888 EOS 472 1773 1 PS 1 aL. Hes 1 
18.98 46500) 715 ' 75.5 197.5 1795 1 ans! 
13.28 R655 169 $7355 '75 1775 1 a1 3 
22.48 $i 1655 106985 4 7a fee Nee 4 
38, 08 7 16 1 O75 1 a9s 5 79 ut 

x ' 1 ' ' ' 1 
# RFI RADIATED POWER MEASUREMENTS: 46\ pul? ' 
* ' ' , 1 ' ' 
e490 155 | CAS ands) Stat 
£4 135.9 168 1 463-165 C725 1 
#45 153.5 1 $61 48g) eet 
e420 138° (S85 8S ee as 
263° 149 1 535 155.5 1 S75 16i 1 
449147 Si sa aes F 
«38 144} (49 S35 1 sss | 
ey ee § 4 14g 1 sa 
«14 ¢ i i 

x 

* TABLE A2. 98 

TITLE: RFI CAUSED @Y THE VARIATION OF THE SHORT-CIRCUITED COIL 
PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (Ls) AT 150 
AND 1.58 SUPPLY CURRENT (Rs=8.465 , o=@) 

  

r/min 
* 
TEST VARIABLE: INOUCTANCE (UH) 
* 
TEST NUMBER 
x 

ta ' ‘ ' 
19@@ | 1380 | ' q x wr 1 ' ' 

* ' 1 ' 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: 96% uv) ‘ 
x 1 1 ' ' ' 
2,158 MHz 108 ' ' ' ' 
@. 161 9 ' 1 ‘ 1 
2. 240 Sree ' ' ' ‘ 
a. 550 93,5 1 1 ' ' 1 
1,288 at ' 1 ' ' 
1. 400 a ' ' ' ' 
2. 80a 87.5 ' ' ‘ : 
3. 500 sd ' ' ' 
4.398 8.5) 7 ' 1 : 
10,28 ‘ ' ' 
13.90 a ” ' 

  

RFI RADIATED POWER MEASUREMENTS: d&\ ou) 

73.5 1 79 ' ' 
73 79.5 : ' 
74 75 ' 
6s 49 ' ‘ 

e 
aa
au
 

a a 
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, TABLE a2. 92 

TTLE. RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COLL PARAMETERS 
MEASURED RFT LEVELS WITH VARYING INOUCTANCE (La) aT 2e@n@ -/nin AND 1.SA SUPPLY CURRENT 'Re=9.45 Ohns, end 

  

TEST VARIABLE: INOUCTANCE | un) 

    

  

    

TEST NUMBER = 1: ee ts ' . ‘ , * aS (te 13s. 4 ‘tee see 
x a ' ' : , FREQUENCY * RFT CONOUCTED VOLTAGE MEASUREMENTS. g8C uy) 
@.iSe me 563.5 187 891 93 1 87.5 | os 1 99 @. 141 s83.5 (87 81 93 1 9s 1 oF toe ' 248 ero es ees V gses) Wor: Kew ' a. ssa S750 BS 1 ap ot (98S) aS. 1. a8 2S St 'e7.5 1 ‘93.5 s 9ss + 1. 498 $755 ‘79 1 ee 4 » et 93 ‘ 

R75 79S 1-03 ¢ Fgee N-eareel iy #715 1 77,5 1 a1 ' 89 buen ss $49 we gg a7. a ' 2605 173 1S ft oe egy a saz 171 yay ‘@3.5 ) 97.5 46s 01 8.5 1 735 + 2 1 gas, 263.5 | 67.8 | 71.5 1 17903 1 @3 ' a ' ' 1 ' 1 ' 
* RFI RAOIATED POWER MEASUREMENTS: ' 
"97.5 | 61 1 68.5 | 47.5 1 ' #8500 1 61.5 1 85.5 14s) ' ' #33 ' 595 163 14s ‘ ce eS amin Pe Sar) ' ' ey 8 Se eS ' ' ‘ e475 49 | 53.5 Ss + ‘eis 1 sae 1 art Sg renee ‘a7 ' eas bee ae Uae 3 ' 308.0 23% 5 4B fag gr 4 a) ' 

* 

« TABLE Az. 100 
TITLE: RFT CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFT LEVELS WITH VARYING INDUCTANCE (Ls) ar 200@@ ~/min AND i.5A SUPPLY CURRENT (Ks=8. 65 Ohms, emg) 
  

TEST VARIABLE: INOUCTANCE ( un) * 
TEST NUMBER « 7. ta ‘ i 
* seee  t3ue ' ) ‘ 
® ue 

FREQUENCY RFT CONOUCTED VOLTAGE MEASUREMENTS: uEC uv) 

   
RFT RADIATED POWER MEASUREMENTS: gB( ow) 
a1.5 | 5.5 ‘ ' ‘   
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* FABLE Az. 1a1 
TITLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFI LEVELS WITH VARYING CIRCUIT VOLTAGE (e) aT 1S900 r/min, 1. SA SUPPLY CURRENT AND FHI=@ (Ls=23@uH, Rs=0. 17 Ghms )   

* 
TEST VARIABLE: VOLTAGE ‘e (U) ® 

    
RFI RADIATED POWER MEASUREMENTS: 

' 

1 

TEST NUMBER #1: 1 2 3 (eae eS a rm x x2 <2 es 4 16 18 ‘ 
* ‘ ' : ' t FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: ae wv) x : ’ " " 1 ' 9.150 MHz x 95,5 196 199) 193s aes a. 168 «94.5 ' 198: 1a aa. a. 240 x93 ' 196.5 ) 182 + 193 a. x 38 !92 9a lies 1 x 86 ' ‘se : i x34 ' :a7 ' x as : 1s ' 

x a1 ‘gs2 | a2 ‘ «79 ' ee | Ba. ' 177 ‘77.5 | 78 ' 275 175 17s ‘ 
x73 173 1 74 ' 
£715 N72 t 7 
x ' 
* 
* 
x 
: 
x 
x 
« 
* 
x 
x    65 16S 1 65.5 |) 66 

64 1 645 1 65 4S 
63.5 16a | 6a) 4s 
st 'sa 0! S85 1 59 
SS 156 156 1 97 

PSs ts; 1 sa 
S2oo1s2  is2 1 s3 
a7 1 47 a7 a 
485-1 45.5 1 46 | 46.5 | * 

* 
* 

* TABLE a2. 102 
x 
TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING CIRCUIT VOLTAGE (2) AT 15000 
r/min, 1.58 SUPPLY CURRENT AND PHI=45 (Ls=23QuH, Rs=@, 17 Ohms) 

  

  

x 
TEST VARIABLE: VOLTAGE ‘e (U) 
* 
TEST NUMEER « 1: oy 13 fa: ‘s 1a: ' 
* xaoo12 13 le a a 1 
« * ‘ ‘ ' ' ' ' 
* * ' 1 1 t ' 1 
FREQUENCY « RFI CONOUCTED VOLTAGE MEASUREMENTS: dE uv) ' 
* * ' : \ ' ' ' 
B1S@ MHz £955 196 81 97° | 108) | 1as | ae 
2. 160 290.5 195 196 199 | 105 | 196 | 
248 #9300199 01 9S) 98s 183 est 

a, 350 see 689) ' 9@ 1 93 oe et 
1. 088 "86 | 84.5 | a7 ye ee ives. 

e840 585 186 4 ' a8 192 1 93 
e830 1835 184 186 +98 1 985 | 
eel) a1.5 182 18s 1 a7 tap! 
279 188° | 88)! Ba ies (ew | Aa ee fe Fe as ies 4 £78) 7H 1 781 ae ar 1 a6 ! 
R73 1735 174 178 178 res 1 

7i5) Noe 7s 72 74 1 8s : 
: : ‘ 1 1 1 ' 
* RFI RADIATED POWER MEASUREMENTS: dB\ pu) ' 

* 66 1 66 1 67 oF as 1 et 
* 65 165 166 149 178 | 
x 64 1 64.5 1 655 1 a! 78 
* 3900159) ' oe 1 63 8 
* 3 0} S68 + Ss 16a | 66 ' 
* 5400154 sa! ak ' 
« 2 (SRS 1 SSS sy 1 Sy ' 
x 480024 48 ae 54 ‘ 
x 46001 46 a 49) 52 :   
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TABLE 42. 1a3 
TILE: FFT CAUSED FY THE VARIATION OF THE SHORT-CIRCUITED corL PARAMETER: 

MEASURED RET LEVELS UITH VARYING CIRCUIT VOLTAGE (e) ar ieee rymin . 4.58 SUPPLY CURRENT AND PHI=90 (Lsei30uN, Rene, I> aeee 

    

« 
TEST VARIABLE: VOLTAGE “e cu) 

TEST NUMBER < 1; nt 13 x a ‘Ry 43 ' 

  

FREQUENCY RFI CONOUCTED voLTaGE     

   

  

2.150 me 
a. 148 
348 
s0 
aoe 
300 
300 

5, 308 
18.08 

  

8.5 

Y
p
r
r
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s
 

    

« FABLE 62. 194 
x 
TITLE: RFT CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFT LEVELS WITH VARYING CIRCUIT VOLTAGE (2) aT :seae remin . 1,58 SUPPLY CURRENT ANO PHI=9 (Ls=S00un, Rs=a. 32 Ones) « 
TEST VARIAGLE: CIRCUIT VOLTAGE “e 1 U) « 
TEST NUMBER « 1: ' 
* a 

  

ay ' 
a Le v3 ' 

   
FREQUENCY RFT CONOUCTED VOLTAGE MEASUREMENTS: a8¢ uv) ‘ 
2.158 mz ot ‘oes ) tet (aes : a, 148 a7. s 78 rai Ba, s 3. 244 %6.5 55 1 97 99.5 | 103 4. 338 a1 ' Vs 1 93 a7 38 as BS es ‘ a7 39 92 ' 

es a7} 8g ' as OO ot RB fl a (eas a6 i 81.5 | gt.5 ,as a4 ‘ ' 162.5 1 oe ' 7 a1 83.5 ' 78.5 1 s'3e fat ' 
MEASUREMENTS: 

ae
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* FABLE Az. 18S, 
* 
TITLE: RFT CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED CorL PARAMETERS: 

MEASURED RFI LEVELS WITH VARYING CIRCUIT VOLTAGE (e) aT 1s0a0 r/min , 1. 5A SUPPLY CURRENT AND PHI=45 (Ls=S@QuH, Rs=@.32 Ones ) x 
TEST VARIAGLE: VOLTAGE ‘e «u) 
* 
TEST NUMEER * 
x on

 ia 
4 ou

 3 
13 ‘ 

  

& 
8 

  

   
x * ' ' , ' ' x x ' ' ' , ‘ : 
FREQUENCY x RFT CONDUCTED VOLTAGE MEASUREMENTS: a uv) x * ' ' ' ' ‘ ‘ 
@1s0 wHe £98) 2' 98 1 99 | 1am) eet ae 2. 140 497.5 197.5 | 98.5 | 101) 195 | 18 a. 240 496.5 197 197.5 | 108 «| 18a} ays a ai 191.8 192 | 9s 198 1198 1 x88 o1a8  ' a9 191 19 19g 1 287) ' 87 +88 '9@ +93 195 1 #85 1 885 186 1 a8 1985 192 xe¢ o}e4 o1es +86 ‘88 198 1 

#83 183 '84 +88 !'86 a9 1 
#41.5 82) 183 184 :@5 ‘ar + 
eet 1815 !82 ‘683 185 1a 1 “79 :79 } aa) fe. 183 147 4 4785 179 179.5 ' 88 ‘'a@2 1a7 1 x ' ' : ' ' 1 
* RFI RADIATED POWER MEASUREMENTS: BC pu) ' 
x ' ' ’ 1 ' 1 
x 17s (72 es 17s tee ¢ * 1 See) 
« 169) eee | ars 7a 
* 143 164 1 6S 8 a7 get 
* (ons 162 163 148 tar 1 x ee se SBR ba * 1s ves Se 1 58) fee 4 x {s@ 152 152 184 15s 1 . fee; Vee Se ise es 

* 
* TABLE a2. 186 

TITLE: RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETER: 
MEASURED RFT LEVELS WITH VARYING CIRCUIT VOLTAGE (e) aT 15080 ymin , 1. 5A SUPPLY CURRENT AND FHI=9@ (Ls=SQQuH, Ks". 32 Ohms) 

    

* 
TEST VARIABLE: VOLTAGE ‘e (VU) 
x 
TEST NUMBER 8 1:00) 2:00 1 3: ba ‘os: 1 a: ' * 13 <2y 43 1a is ta ' * « ' ' ' 1 ' ' 
x * ‘ 1 ' ' ' ' 
FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: E(u) =| * x ' i ' 1 1 \ 
@158 mHz © 98} 98 1 98} es tay te a. 168 897 0597.5 | 98 1 184 «| 186 «| 1e9 a, 249 96001 97 1 97,5 | 192 1 185 | 19a a, 50 wot 692 192 197 | 1a + a2: 1.900 x88: 88) ae 1 93 8 ae 4. 49@ ey) es 18 192 1s lle 
2, 208 ee 1855 (96 198 #193 194 1 
3. 500 saa 'e5 165 187 #198 +192 1 
6. 898 ¥83 0! 64 0 345 186 1 8 flog 
18.90 281.5 (92 1625 !985 186 ‘a8 | 43, 38 x81 of @i5 182 184 187 1 @9 1 22. a8 wire eye "i968, figs ay ae 1 
30.88 R7eS 07s te ies jes fee ¢ 
: * ' : \ 1 ( : 
x * RFI RADIATED FOWER MEASUREMENTS: UE« pu) ' x * ' ‘ fi ’ ‘ ‘ 
38. 08 #71 '75 172 ' 78 1ea 1e2 1 40, 0@ s7a00'78 178 $77 178 1 e8 | 
46.08 ea9 169) 1 88S 7S te ft et 
65. 88 ees 163001630 Ft et et 
98.00 fer 162 162 985 5 47 149 
158,@ aSS 15S 196 148 163 165 | 18@.0 25a 'S5  'se 168 162 1 228.@ *50 158 158) tS: (35 5 58. 
308.3 wap 064800148 Slt ss sat
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TABLE 82. 107 

TTLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED cOrL PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING CIRCUIT VOLTAGE (e) ar sage r/min. 1.98 SUPPLY CURRENT AND PHI=Q (Lsmig@@uH, Ks=@, 32 Ghee?     

TEST VARIABLE: VOLTAGE “2 uy) 
« 
TEST NUMGER © 
* 

  

a 1 

    

FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: ueCuy) | 
2.150 He 12@ | 188 a 99} 88 eas) 4 184 187.5 « °7 7 78} ae | 18s 1a7 yo iie2 Of eas 1 ae ee ee e8.5 ' 885 ' ao 191 198 1 owe \ 37 a7 eft a 

'855 ' 96 | a7 98} os $@4.5 1 @5 (a6 + 
‘ea 1 es ass 
'as  o'@e «@s ¢ 

a2.5 ' 825 ' 83 1 8s 
.Sa.s 1 es nes 6 
eft at 1a, 5) 4 

RFI RADIATED POWER MEASUREMENTS. 

‘ya    

       
TABLE az. 188 

TTLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING CIRCUIT VOLTAGE (e) aT :sa0@ r/man . 1.58 SUPPLY CURRENT AND PHI=45 (Us*i@@QuH, Rsm@. 32 Ohms) 

  

« 
TEST VARIAGLE: VOLTABE 2’ (> 

* TEST NUMBER = 
« a 

  

3 é é : § 2 : < 5 5 : : : a
 a s 5 2 5 a 3 Re
 & 2 & & : 

228 
13s 
708 
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ot 
ot ' 
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a9.5 
ag 
ee 
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7a} 7 i 
73 73 ' 
mi We 
ae 

ao oe + 
7 17 
sé 016 
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x TABLE 92. 109 

TITLE: RFI CAUSED RY THE VARIATION OF THE SHORT-CIRCUITED corL PARAMETERS: 
MEASURED RFT LEVELS WITH VARYING CIRCUIT VOLTAGE (e) aT 15000 r/min, 1.SA SUPPLY CURRENT AND PHI=99 (L3=1000uH, Rs=0.32 Ohns) 

  
  

* 
TEST VARIABLE; VOLTAGE “e” (Vy) 
x 
TEST NUMBER « 1: 
® a : 

3 a 
3 4 ow

 (ay ' ‘ a 
ho ' 8 

x 1 ' 1 

  

« * ' 1 1 ' : ‘ FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: ue uv) + 
@15@ mHz © 108) 1e@ |} te.) a6) 198 tas 
9. 160 499199) 99.5 1 185 te) ia 

a. 248 497 197 198} 183 | 186 | tops 2.550 #92 192 #193 #198 '10@ '1e2 | 
1. a8 2885 189 | 98 ' 94 '98 + 198 + 

1 e670} a7) 1 87.5 1 9s 1 8S Ut Ft 
2. 285.5 186 | 87 |! 98 | 94 195 5 384.5 185 ' 86 198 | 91 1931 

eea 134 184 | a7 ag ! 
sas 1 ass ' a6) 166 1 a6 fl 
e825 ' 83  ' 83 1487 147 1a ' 
aa1.5 'e2 162 '86 '86 %:a9 1 
eet lies) 4 a eae lay es} 
* ' ' 1 ' 1 ' 
4 RFI RADIATED POWER MEASUREMENTS: dé pu) ' 
* 1 ‘ 1 1 ' 1 
x74 174 175 179 + ea ser 1 ze Ps) 7s Pee fee ey 4 
SA PE 17s ay eet 
e65 0'65 18 47 1 Bt ae Het 
26300163 1635 166 8168 1 7a 1 
aS7 NSF SF Nae ok gw 
#3600156 '56 168 161 16a ff 
ES2 8S2 153 bss 1ss ts7 1 
wap) 01490 18 4%. 1 S301 SS SSC 

* 

* TABLE a2, 110 
x 
TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL 

PARAMETERS: 
MEASURED RFI LEVELS WITH VARYING CIRCUIT VOLTAGE (@) AT 151 
r/min, @.5A SUPPLY CURRENT AND PHI=45 (Ls=23uH, Ks=2, 32 

  

* 
TEST VARIABLE: VOLTAGE ‘e (UV) 
. 

  

TEST NUMBER # 1:0 12:0 1 3: a ss , La: 
x xo ‘Ww 12 3 ta ' '8 
x x ' ' ' ‘ ' ' 
x « ' \ 1 t t ' 
FREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: d&(uV) = 
* ‘ ‘ 1 , 1 1 ' 
O158 MHz £95 1 95 1 97 1 98} pe te te 
a. 168 494.5 1/945 196 197 199 | 19a} tes 
248 #92 192 #'94 #4! 95 197 } 102 1 106 

a, 550 *e8 o'a8 198 '91 !93 196 |! 98 
1. 388, *8S  o'85 ' 87 187.5 199 194 | 96 

1. 400 ees 'e4 1855 '86 !88 191 | 93 
2, 008 e@3 o'83 185 186 187 1989 1 91 
3. sea se@ fst 18s 163 '85 +7 | 88 
4. 208 #7800178 #179 ' 88 '@1 {94 | 86 

18. a0 2760 176 178 179 179 1 got Bs 
13.38 R740 178 176 177 178 +89 1 83 
22.08 aoe re a ee ee re i ae 
38.08 eae 178) Fiza me eet aa. * 5 ‘ \ ‘ ‘ ' ' 
x Xx RFI RAOIATED POWER MEASUREMENTS; dB ow) ' 
. : 1 ' 1 ; ' ‘ 
38, 98 x63 16s ‘7a 1 77 
4a, a@ «62 14a (48 | 76 
46. 20 * 62 ! 64 167.5 | 74 
65. aa #3 1 68 16a) 86 
92. 28 «54 1 36 16a! 68 
150.8 “ss 1 34 fsa} 61 
188.2 x31 is 37 59 
228.8 «38 "31 ($201) 5a 
308.8 #43 147 6491 St   
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   . TSBLE 35, 
TITLE: RFT CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED core 

     

PARAMETERS: 
MEASURED RFT LEVELS UITH vaRYING GIRCurT vou rage (e) ar :saaa r/min SA SUPPLY CURRENT ANO PHTaas (Lsm330uN, Rs=@, 52 Ohow 

TEST V@RIAGLE. VOLTAGE “e (Vv) * 
TEST NUMBER « 1 eee 's 7 « a tte mip 4 8 

  

64 i® ‘ 
‘3 ' 6 ‘ 

RFT CONDUCTED voLTaGE MEASUREMENTS: au) 
8 960} 96S 1 97 ee tes 9 9S aS 1 ef 88s + tes 3a 94.5 1 9S 3.5 + 98: 193 se 8.5 1 89 | og 34 39 BFF eS 1 eet 8p + 96 as eS} as.5 | a6 38 23 a3 9300 83.5 get ge a a2 a o'e2 (425 | aa a9 a2} ett ates + a2 + gg a8 ee eee Veh gs as 79 179 1 79.5 + 88 at \ 86 ar aS 77 1 781 78s gw 7S 197s ye Rl op a4 

RFI RAOIATED POWER MEASUREMENTS: 46¢ ow) 
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2 s      ay 1 oy art as 78 $61 661 6 8 Narr, a 16s ast ass ‘7s oe 6h tf Bk at \ 48 x 7 8% 1 se | a6 S41 se Ss 3e 3S 6 ss 1 ga 138 13 Sat st ' 3a 471 a7 a8 se 

« TABLE az, 112 
TITLE: REI QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: MEASURED RFT LEVELS FROM THE U-TYPE =TELO SYSTEM WITH VARYING EXCITATION CURRENT 
TEST VARIABLE: CURRENT (a) 
TEST NUMEER « + 
x a 

    

RFT CONDUCTED VOLTAGE MEASUREMENTS; 8x uv) 
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. TABLE a2. 113 
* 
TITLE: RFT OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF THE ARMATURE AND FIELD: 

MEASURED RFI LEVELS FROM THE O-TYPE FIELD SYSTEM WITH VARYING EXCITATION CURRENT 
* 
TEST VARIABLE: CURRENT (A) 
* 

  

   
TEST NUMEER #1; 0 | 2: oy vas ' ' ' * Oca 118 1is the 1 1 ' ® * ' ' ' ' ' x x ‘ ' ' ‘ ' ‘ FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: ak uy) | 5 4 : ' t ‘ ‘ 2.100 Hz «a5 115 1 4 ta ‘ ' ‘ 4. 128 23, ha 13.8 16 ' ' ' 

2. as 13 +4 d ' ' se hes th 1g : \ ' 7 Ae the Last ' ' x= te i= fas ' ' ¥= as Hes yes ' ' ' 
a: B ie 1 ' ' ‘ a: Na ae es ' ' ‘ xe ie a i se ' ' ' ee ie hee wn ‘ ' ' as 7 is es ' 1 ' 

* 
x TABLE a2. 114 
x 
TITLE: RFT QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE ANO FIELD: 

MEASURED RFI LEVELS FROM THE U-TYPE FIELD SYSTEM WITH VARYING EXCITATION CURRENT (FIELD CORE WITH LOOSE LAMINATION) x 
TEST VARIABLE: CURRENT (A) 
* 
TEST NUMBER x 1; 2: 
* 1. 

    

#050 tia | ' 1 x x ' ' 1 ' « * ' 1 ' i FREQUENCY * RFI CONDUCTED U1 seu) x * ' ' 1 1 ' #108 135 18 ‘iat ‘ ' as wis 168 fast ! ! $8,285 13 16 14a: ' ' a- 1@s ths tas 1 ' ' se Hes a ta ' : ' x: te me is ' ‘ ' me t= = a= ' 1 ' 
*- bs es t= ' ' : 
*- ae hes ie ' ' ' xe i as ins ' ' ‘ ‘- i ee res ‘ ' 1 <= ig ia ie ' ' 1 

x TABLE Az. 115 
® 
TITLE: RFT OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE ANO FIELO: 

MEASURED RFT LEVELS FROM THE U-TYPE FIELD AND STATIONARY UNWOUND 22 SLOT ARMATURE WITH VARYING EXCITATION CURRENT (ROTOR SLOT ON OTRECT axts) 
® 
TEST VARIABLE: CURRENT (A) 
* 

  

   
TEST NUMBER x 1: 32s Hes ‘ ‘ ‘ « ea5A 'Le 'is 3 ' ‘ ' : . 1 , ' : 1 ' x * ' ' ' 1 ' ' FREQUENCY x RFI CONOUCTED VOLTAGE MEASUREMENTS: dei uy) + * * ' 1 ' i 1 ' Q.10@ mz «a5 11a | 135 ' @, 128 23s be 1 ‘330 ' ' 8.150 3 ia t ot ‘ : a. eu 's ' Tate it ' y a. ze. ta ' {oe ' f a. =: ra 1 hag : : a. x - ‘as: a : 3. 308 «- re ' 1s2 | ' 2.358 a- ie ' 12 , 1 ' 
2. 480 xe ire ' nie ‘ 1 ‘ 
2. 500 “- i ' is ‘ 2 A 
a. 558 x: he ' se ; i : 
1. wae a= = ' ts ( ‘ ' * 

«
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« TABLE 42. 145 

TETLE: RFT QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE mOTOK 
ASSEMBLY 
MEASURED RFI LEVELS WITH VARYING ARMATURE STATIC QUT-OF-asaLANCe 
AT 18@@@ r/min 

TEST VARIABLE: QUT-OF-EALANCE (gem) 

TEST NUMBER = 7: te: 
Se 

« ' ' 
2 , ' ' t 
FREQUENCY VOLTAGE MEASUREMENTS: uBi uv) 

‘19@ ez ‘ 
‘99 tg. ‘ 
‘9a tae. 
697 1 99. 
a ' 

8.158 MHz 
2, 188 

2 

  

RFI RAOIATED POWER MEASUREMEN 

  

RM
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R
E
R
R
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    1 O45) Vas 3 
$625 1 63 
"613 1 67 
163! 66 " 

as 1 an 1 
(sas 458 + 
‘se o1s5 4 ‘ 
‘as tay ot 
‘a ofan: “ 

> TABLE AZ. 196 

TITLE: RFI OUE TO THE CNFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY: 
MEASURED RFT LEVELS UITH VARYING DYNAMIC ARMATURE QUT-OF-SaLANCE AT 13088 r/min 

« 
TEST VARIAGLE: OUT-OF-GALANCE ( gem) 

  

TEST NUMBER « 1: ' 3 
x a1 @2 '@s tae 

ae) i Hi 

RFT 2ONOUCTED VOLTAGE MEASUREMENTS: 

    
935 1 93 ' 

i925 1-93, 
Ca 
ae 39 

1 @S.5 1 8s. 
2 | a 

van) ge 7985 | 88 
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Nee 1 78 
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7a tt 
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x TABLE A2, 116 
TITLE: RFI QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF 

THE ARMATURE ANO FIELD 
MEASURED RFI LEVELS FROM THE U-TYPE FIELD AND STATIONARY UNUOUND 
12 SLOT ARMATURE WITH VARYING EXCITATION CURRENT (ROTOR TOOTH ON 
OTRECT axIs) =r 

TEST VARIABLE: CURRENT (A) 
x 

         
TEST NUMBER x 1: 1 St 0 ia ' ' ‘ 
® $058 $2.8 bis rae | ‘ ‘ ; ie ' , 1 ' ' ‘ 

FREQUENCY % RFI CONDUCTED VOLTAGE MEASUREMENTS: a&uv) a ; ' , ' , ' 1 
188 MHz 7 142) ge! gas ‘ i 
128 SS) faa) Giese oy ' ' 

158 aS Cie) Bes set 1 ‘ 
188 «3 i nag 426 ' 1 

#465 His 0-25 ' ' 
a1 ' 19 tay ‘ ' 
a: 1 7 1 ay ' 1 
2: ' 4 aed} 1 ' 
i ‘ me: iss 0 ' ' 
2: ' ogee tae. 1 1 ' 
xe ' Hes isis ¢ ‘ ' 
2: 1 os 1as 1 ' ' 
a: ' we (= ' ' ' 

x TABLE A2. 117 

TITLE: RFI OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD; 
MEASURED RFI LEVELS FROM THE U-TYPE FIELO AND STATIONARY UNWOUNO 11 SLOT ARMATURE WITH VARYING EXCITATION CURRENT (ROTOR SLOT ON OTRECT axIs) 

x 
TEST VARIABLE: CURRENT (Aa) 
x 

    

TEST NUMBER * 1 ton tay ' ‘ ‘ ' * S058 'Le tis 4 ' ' ‘ x ‘ \ 1 ' 1 ' ' 
x x ' 1 ' 1 ' ' 
FREQUENCY * RFT CONOUCTED VOLTAGE MEASUREMENTS: dB uv) * * \ ' ‘ ' ' ' 
@.10@ MHz x 5 BESS ieee tat ‘ ' 8, 128 #45 118 124 3a 1 ! ' @. 150 a3 19 Pat egies ' ' 2, 188 eetes tn (is West ' ' a1 's $ AG i ate on | ' ' AOS TSS tee Nis ' ‘ = re 14 1@ \ 1 ‘ 

x- i= 1as 17 ' ‘ ‘ 
x- a tie fis) ¢ ' ' 
x- ine Re we ' : ' 
x i= re A ' ' ' 
x Ne ie jae ' ' ' 
* ia oe te ' 1 1 

x 
* 

* TABLE 42. 118 
TITLE: RFI OUE TO INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: 

MEASURED RFT LEVELS FROM THE U-TYPE FIELD AND STATIONARY UNWOUND At SLOT ARMATURE WITH VARYING EXCITATION CURRENT (ROTOR TOOTH ON DIRECT axrs) 

TEST VARIABLE: CURRENT (A) 
* 

    

TEST NUMBER x 1 a ' ' ' ' ‘ * 405A ' he + '2@ 5 ' x * ' ' ' ‘ ' ' x * 1 ' ' ' i ; FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS; GEC uv) | * * ' ' 1 ' 1 a. £85) 946 | 325 043 y ' ' at «3 1s el Tyge NG ' ' a. a7 t05 1 20 be. | ‘ ' a “4 tam aes ag ' ‘ a x2 19 48, 0 tiger ' a. x1 17 1a ge; ' ' a. sas 14 19 a3 4 ' 
a. x- reas fearse Mig ' ' a. xe tas 4 16 ' , 2. xis ce tas 1g ' ' ' a. eos pee: iy 13 ‘ ‘ ' a. xe VS oe Es ‘ ' ' 1. 4m Ws {= ne ' 
x 
x
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. ABLE 5, 

  

TITLE: RFI QUE TO THE INFLUENCE OF THE =HYSICAL COMPONENTS oF THE ARMATURE 4NO FTELO 
MEASURED RFT LSVELS FROM THE U-TYPE =ZELD AND STATTONARY UNWOUND 7 SLOT ARMATURE 4ITH VARYING EXCITATION CURRENT (ROTOR SLOT ON OIRECT axrs) 

: 
TEST VARIABLE: CURRENT (a) 

  

    
TEST NUMBER © t 3 Var x 24.58 Ls 28 : « « ' ‘ i 
FREQUENCY = RFT CONOUCTED VOLTAGE MEASUREMENTS: agiyu) * « ' ' ' ' ' ' « ha hier ' 1 ' . IG ziSie taege ae ' ' ' . ‘6 7 ' ' x La 2 , * 3 ? \ . i 

« ess ila: ’ \ ' - Ms as ' ‘ .- a i ‘ ' ‘ es rs hie , ' ' 

ae a ts ' ' ‘ i iS ‘is ee: ' ' ' 
x 
« 

* TABLE a2. 120 

  

* 
TITLE: RFT OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: 

MEASURED RFT LEVELS FROM THE U-TYPE FIELD ANO STATIONARY UNUOUND 2 acOT ARMATURE ITH VARYING EXCITATION CURRENT ‘ROTOR TOOTH ON OIRECT axIs) 
® 
TEST VARIABLE: CURRENT (a> 
* 

  

TEST NUMBER = 1: ES th ta ' i « GSA the tas 13 t ‘ ‘ a ' ' ‘ ‘ ' ' 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: aBCuy) * ' ' 1 ' 

a3 1 ‘ 
1 ths ‘ ' 

Ss :18 ' ' 
: : 

A
R
O
R
A
 

   
TABLE 42, 121 

TTLE: SFI QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE ANO FTELD: MEASURED RFT LEVELS FROM THE U-TYPE FIELO ANO STATIONARY UNUOUND 32 SLOW ARMATURE UITH VARYING EXCITATION CURRENT (ROTOR TOOTH ON OIRECT AXIS AND LOOSE ARMATURE LAMINATIONS ) 
TEST VARIABLE: CURRENT (a) 
* 

  

    
TEST NUMBER « 12 3 ¢ ' « 2450 | Le 5S ‘ i ‘ * ' 1 ‘ ‘ ‘ ' * ' é ' * RFT CONDUCTED ¢ ‘ 

22 3g , ' , eur 136 ' ' “7 13 ‘ ' fas 19 ‘ ‘ ' ee Lb ‘ : eas if 4 : = 3 ' ' =. ‘ ' ‘ aie ius ‘ ' 1 «- as 1 ' ' z= ia i ‘ 

 



« TABLE A2. 122 

TITLE: RFT QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF THE ARMATURE NO FIELD: 
MEASURED RFT LEVELS FROM THE U-TYPE FIELD aNO UNUOUND 12 SLOT ARMATURE AT 1,5A EXCITATION CURRENT WITH VARYING SHAFT SPEED 

TEST VARIABLE: SPEED (r/min) 

TEST NUMBER x 1: a h ‘ 
x 5oe8 | iaee8 | 2000 | ‘ 

    

* * r/min ‘ ' * * ‘ 1 ‘ ' 1 ' FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: ae uv) + x * ' ' 1 | i i 
@.10@ wHz £270 | (27 ' ' ' ' @. 120 ayes as ' ' ' ' 
a. 158 « 122 ' ‘ : ' 
2.180 * 1145 ' ' , ' 8. 208 « 1 13 ‘ ' ' ' 2. 228 x tas ' ' 1 1 
8.2 * es ! ' ‘ ‘ 
a. * 12s ' ' ‘ , a, * my ' ' ' ‘ 
a. * 'as 1 ' ' : 
a. « gas ' ' ' i 
a x ie ' ' ' ‘ 

1. 00 «- LS we 1 ' ' ' 
« 
x 
« 

* TABLE 42. 123 
* 
TITLE: RFI OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELO: 

MEASURED RFI LEVELS FROM THE U-TYPE FIELD AND UNWOUND 11 SLOT ARMATURE AT 1.5 EXCITATION CURRENT WITH VARYING SHAFT SPEED « 
TEST VARIABLE: SPEED (r/min) 
* 

  

   
TEST NUMBER « 1 12: 3 ‘ , ' ' 2 * et ' 1 ' ‘ ' 
« * ‘ ' ' ‘ 1 : 
* * 1 ' ' ' 
FREQUENCY «© MEASUREMENTS: dBCuy> =| * « ' ' ‘ ' 
2.188 MHz x ‘ ' ' ' 
2, 128 * ' : 1 ' a, 158 * ' ' ' ' a. 188 * 1 ' ' ! * ' ' ' * ' ' ' 

® ' ' ' 
* ' ' 1 
* ‘ ' ' 
* 1 : ' 
* ' ' ‘ 
x ' ' ' 
Be i i ' 1 " ' 

* 
x 
® 

* 
* TABLE a2, 124 

RFT DUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: 
MEASURED RFT LEVELS FROM THE U-TYPE FIELO aND UNWOUND 7 SLOT ARMATURE AT 1.5a EXCITATION CURRENT WITH VARYING SHAFT SPEED 

  

* 
TEST VARIABLE: SPEED (r/min) 
* 
TEST NUMBER 1 ' : ' 

FREQUENCY MEASUREMENTS: aB( uv) 
9.198 MHz 
@. 128 
a.150 
2. 180 
a. 200 
a. 220 

  

as
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. TACLE a2. 12s 

TITLE: 
THE ARMATURE ano FIELO: 
MEASURED AFT LEVELS FROM & 12/24 aRMaTURE 

RFT OUE TO THE [INFLUENCE OF THE PHYSICAL COMPONENTS OF A 
(PTELO SYSTEN REMOVED) AT 1. Sa SUPPLY CURRENT UITH VARYING SPEED 

TEST VARIABLE: SPEED (r/min) 

TEST NUMBER « 1 ys ) ' ‘ \ * = Seee | ieeee | i3a0e | 2 ' ' ‘ « = r/min | ' ' ‘ ' ‘ * 5 ‘ ' ' ' i ‘ FREGUENCY « RFI CONOUCTED VOLTAGE MEASUREMENTS: aecuv) 
287) 697) 1 oe os , . 28600 1965 197 Fog ' ' £625 (935 | 96.5 | 98.5 ‘ ' 276 | aa: 92 os ‘ £73 1860 1} aa) 93.5 + ‘ ' 278.5 ' a2 ' 96 ‘ons : ' ' £69)! aL 8a. 1 92 ' t ¥66 00178 1 eas i 99: ' ' e640 177 1 a tae ' ‘ 46200178 'aas 136 | ‘ 6000172) 6 7%5 1 a5: ' ' 
es 1665 177 1 get ' ' 
555505655 576 1 an | ' ' « ' ' : 1 ' ' = RFT RADIATED POWER MEASUREMENTS: G€( ou) ' 
#4000168} 78 Hes ' ' e471 Sf 145 178 ' ‘ 
#6 157.5 148 ‘ i ' 
«44 a as ' ' ‘ 
ea Ue tar ‘ ' ' sais | 48.5 | $3 ' ' ' =4a 1 a7 gg ' ' ' 

360 1 445 641 1 S55 ' ' 2 sts 4 \ 48 ns ' '    
« TABLE 82, 125 

    

TITLE: RFT OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE AND U-TYPE FIELD CONNECTED 9S 4 SINGLE LUMPED UINOING x 

TEST VARIABLE: FIELO 
« 3 

WINDINGS CONNECTED TO THE LINE SIDE OF MAINS SUPPLY (TEST RIG FRAME ZARTHED TEST NUMBER « 1: 1 3s ‘ , « RFI @ | RFT a) u : « ts ee ' 

FREQUENCY RFI CONOUCTED VOLTAGE MEASUREMENTS: GECuy) = 

82 
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x TABLE a2. 127 

TITLE: RFT OUE TO THE [NFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE AND U-TYPE FIELD CONNECTED AS A SINGLE LUMPED WINDING « 

TEST VARIAGLE: FIELD WINDINGS CONNECTED TO THE NEUTRAL SIDE OF MAINS « SUPPLY (TEST RIG FRAME EARTHED ) 

RFI @ ' RFI @ ' ' 
TEST NUMBER x 
« 
x 

FREQUENCY 

LE NE ' ' 

RFI CONDUCTED VOLTAGE MEASUREMENTS: dx uv) 
8.158 mhz : ' ' 

92! als ' 1 

    

RFI RADIATED POWER MEASUREMENTS: dB\ pW 

' 1 

R
R
M
 
R
H
R
 

RA
R 

3 

   3} 8 ' ' 
Stat St ' ' 
3) Sa ' : 
so} 5a ' ' 
43,5 1 43.5 ' ' 
43.5 | 43.5 ' ' 
a5) 415 ' ' ' 

2 32 ' ' ' 
3 133 ‘ ' ' 

® 

* 
x TABLE a2. 128 
* 
TITLE: RFI CAUSED SY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 

MEASURED RFT LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE 
AND U-TYPE FIELD CONNECTED AS A SINGLE LUMPED WINDING 

* 
TEST VARIAGLE:FIELD WINDINGS CONNECTED TO THE LINE SIDE OF MAINS * SUPPLY AND EARTH CONNECTION REMOVED. 
TEST NUMBER « i: a ' ' , 
* A RFI @ RFT @ | ' ' ' x Rie ime ft ‘ ‘ ' ‘ 
x ? ' 1 ‘ ' ' ' 
FREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: uB(uv) = 
x * ' 1 1 i ' ' 
@1s@ MHz «at | as | ' ' , ' 
3. 168 1810 iat | ' ' ' ' 
a. 248 oo re ' 1 1 
a. 5se HTS § 77S) # ' : \ ' 
1. 208 ae ys ' ' ‘ 
1, 400 471 tm i ' ‘ ‘ 
2, a@8 269.5 | 705 | ' ' ' ' 
3. sae x68 14a)! ' ' ' ‘ 
6, 808 269 168 ' ' ' : 
18.98 £795 179 1 ' ' 1 

13, 08 #68) 47) ' ‘ ' ' 
22.00 eer fal ' ' ‘ ' 
30.08 RS? 1 85.5 ‘ ' ' 1 : * ' ' ‘ ‘ ' : «RFI RADIATED POWER MEASUREMENTS: a&« pu) ' * * ‘ ' ' ’ ' ' 
38.98 449.5 1 49.5 5 ' ' 1 
aa. 08 x55 150.5 | : ' ' ' 
46. 28 2S; ae ‘ ' ' ' 
65. ae a5e toga ie ' ‘ : ' 
98. 38 ©4545 1 ' ' ' 
158.8 2450 14s (+ ' ' ' ' 
188.0 24L5 1 4i5 ! ' ' ' ' 

220.0 e330 igs) ' ' ‘ 
308.0 free |) 28.5 ' ' ‘ '
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. TABLE a2, 129 
TETLE: RFI CAUSED GY THE VARIATION OF THE SHORT-CIRCUITED corL PARAMETERS; 

MEASURED RFI LEVELS FROM TEST RIG FITTED WITH i2/24 aRMaTURE AND U-TYPE FTELD CONNECTED AS A SINGLE LUMPED UINOING 
TEST VARIABLE: FTELO WINOINGS CONNECTED TO THE LINE SIDE OF aaINS * SUPPLY ANO EARTH CONNECTED TO FIELD LAMINATIONS a ‘ . ‘ i 

  

TEST NUMBER 
* 

  

REL @ | RFT + 1 ' ’ . Get me ' ' A 
FREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: ae uv 
2. 158 me , ' 

a. 

  

    

POWER MEASUREMENTS: 48¢ pw) 

    

. fABLE 82. 130 

TITLE: RFT QUE TO THE (NFLUENCE OF THE ®HYSICAL COMPONENTS oF THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE ANO O-TYPE FIELD CONNECTED 93 4 SINGLE LUMPED UINOING « 

TEST VARIABLE: FIELO WINDING CONNECTED TO THE LINE SIDE UF MAINS x SUPPLY (TEST RIG FRAME EARTHED) 

    

TEST NUMBER xt; ) 3: ‘ ' : ERT @ | RFT @ ' " : ‘ « «+E NE ; 
FREGUENCY x RFT CONDUCTED VOLTAGE MEASUREMENTS: gB(uy) = ® : ' 

« 99.5 , : ' San oe 
® as! 
« ah é « 7! 
« ‘7 4 ' 0 i . 17% : 
* 78.5 era t $42.5, 173 ' 
8425 ' 78 + ' ‘ : ae ‘ ' ' « ‘99 ‘ ' ' 
{ RFT RAOIATED POWER MEASUREMENTS: a&¢ ou) ' 
ae ‘st ' i a t ' 1 £5t5 1515 1 ' ' oo a ’ ‘ «4g ag ' ' ‘ ; «4a ae ‘ 
«4a | ag , 
“77 z ' ( 233 Bo ' : 
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FABLE a2, 131 

RFI QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF 
THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE 
ANO O-TYPE FIELD CONNECTED AS A SINGLE LUMFED WINDING 

x 
TEST VARIABLE: FIELD WINDING CONNECTED TO THE NEUTRAL SIDE OF MAINS x 
TEST NUMBER © 1) Vet ' ‘ ' 
x RFI@ | RFT: 1 ‘ 
* LE INE ' ' ' * ' ' ' ‘ ' 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: a8 uv) * 1 ' , ' i 

TITLE: 

  

SUPPLY (TEST RIG FRAME EARTHED 

! 

‘ ' ' 

MEASUREMENTS: dB( pl) 

' 1 ' 

' ' ' 

  

TABLE a2. 132 

RFI QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF 
THE ARMATURE AND FIELO: 
MEASURED RFI LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE 
AND O-TYPE FIELO CONNECTED AS A SINGLE LUMPED WINDING 

* 
TEST VARIABLE: FIELD WINDINGS CONNECTED TO THE LINE SIDE OF MAINS 

TEST NUMBER x 1; 12 " 

* 
FREQUENCY 
x 

  

SUPPLY AND EARTH CONNECTION REMOVED 

REL @ | RET @ | ' ' ' 
L-E EY : ' ' 

RFT CONDUCTED VOLTAGE MEASUREMENTS: dB¢ uv) 
a1.5 ‘ens + ' ' ' 
a1! at ' ‘ ' 
72 1 79.8 | 1 ‘ ' 
7 17s ‘ 1 ' 
45 18st : ' 
65.5 1 68.5 1 ' ' ' 
671 pt ' ' 
6s! 63 ' ' 
68} 68s ' ' 
631 63.5 ' ' 

ie: ' 1 
7) 1S 1 ‘ ‘i 
ss Sas 1 

aa! ae 
49} ag 
58.5 | 5. 
a7 | a7 

RFI RAOIATED FOWER MEASUREMENTS: 46 pW) 

Ce 1 
42:42 ' 
we 639 4 
3303s lt 3 O33 e

n
 

tp
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me
 

ci
ne
 

e
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. TABLE Az. 133 

TITLE: RFI OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF THE ARMATURE AND FTELD: 
MEASURED RFT LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE ANO O-TYPE FIELO CONNECTED AS & SINGLE LUMPED WINDING 

  

FIELD WINOINGS CONNECTED TO THE LINE SIDE OF maINS SUPPLY AND EaRTH CONNECTED TO FIELD LAaMINATIONS TEST NUMBER = 1: 12 ' , ‘ : x REL @ ' RFT ey : 1 ‘ 

TEST vartaelt 

  

* we NE ' ‘ ' 
FREGUENCY RFT CONOUCTED VOLTAGE NEASUREWENTS; deiuv) 

‘ass ‘ ' ‘ ' 
‘ass 1 ; ' : teas: \ ' ' —y ' ' ' ’ se) Nor OS ' ' ‘ ‘ Ss ‘tm | ' ' \ ' é 1 ' ‘ \ a et ' ' , ott eet ‘ ' 6 fae ' ' ' 
a ’ ‘ ' so o6s lt ‘ ’ ' 3 fat 1 1 ' 

RFI CONOUCTED POWER MEASUREMENTS: GBC pu) ‘ 

Stois 3 ‘ { 
4 148 Ct ' ‘ 
aa tga ' ' ' 

e 

  

= TABLE Az. 134 

TITLE: RFT CAUSED &Y THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFT LEVELS FROM TEST RIG FITTED WITH 11/22 ARMATURE AND U-TYPE FIELD CONNECTED AS 8 SINGLE LUMPED WINDING * 

TEST VARIABLE: FTELD WINOINGS CONNECTED TO THE LINE SIDE OF mAINS x SUPPLY (TEST RIG FRAME EARTHED) TEST NUMBER « : ‘ : ‘ 
« REI a | RFT @ | ' ' ' 

  

« le we ' ' ‘ 
FREQUENCY RFT CONDUCTED VOLTAGE MEASUREMENTS: uB(uy) + x . , " 
3.150 He ea ‘ ’ a. 160 3.5 , a. 240 32 i 

  

~ o 
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* TABLE 42.135 

TITLE: RFI CAUSED BY THE VARIATION OF THE SHORT-CIRCUITED COIL PARAMETERS: 
MEASURED RFI LEVELS FROM TEST RIG FITTED UITH 7/21 ARMATURE AND U-TYPE FIELD CONNECTED AS A SINGLE LUMPED WINDING « 

TEST VARIAGLE: FIELO WINDINGS CONNECTED TO THE LINE SIDE OF MAINS * SUPPLY (TEST RIG FRAME EARTHED) TEST NUMBER x 1: ' ' i ' ' x RFI @ | RFI @ | 1 ‘ '     * a ' ' ' 
* ' ‘ ' i i 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS; a&x uv) * 1 ' ' " : 
158 MH 83.5 | 94 ' ' i 

a3.5 | 93.5 ! ‘ ' 
az 93 ' ' t 

ai 1 on ' ' 1 
79 | a7 ' ‘ ‘ 
TES BS ' ' ' 
67.5 1 77 ' ' ' 
64001 73S 1 ' 
44! 74 ‘ ' 
441 49s ' ! 
5 149 ' ' 

1 6a ' ' 
st 139 ' 1 

> 

K
R
M
 
R
R
R
 

@ ee a 

' 1 ' 
RFI RADIATED POWER MEASUREMENTS: dB\ pW 

4a tag ' ' i 
45 1 as ' 1 ' 
44.5 | 44.5 b ' ‘ 
4a ag ' ' ' 
43.5 | 43,5 ' ' ' 
wm 139 ' ' 1 

5 17s ' 1 ' 
a 1 34 ' ' ' 
2} 32 ' ‘ ' 

x 
- 
« 

x TABLE a2. 136 

TITLE: RFI QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF 
THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE 
AND U-TYPE FIELD CONNECTED AS A SPLIT WINDING (a) WITH TEST RIG. 

* EARTHED . (b) NOT EARTHED 
TEST VARIABLE: (4),(b) 
« 

  

RFI RADIATED POWER MEASUREMENTS: dE< pW) 

TEST NUMBER  1:(a) | 2: 1 3itb) ) ain) + ‘ ' 
* «RFI @ | Ri C RET @ RFT @ ' ' 
x eLE tN PLE NE ‘ ' 
« « 1 ' ' t ' , 
FREQUENCY © RFI CONDUCTED VOLTAGE MEASUREMENTS: dC uy) = | 
= * ‘ ' : ' 1 1 
Q.158 mhz x at ‘an 1985 | eas | : 
2. 168 xag 305 ' 38 | a9 | i y 
a. 24 £660 166 165 1655 ° c 

268001595 1 68 159.5 1 i 
e520 1920 151 11 ' ' , 
x 56 as ess) ‘ ' 
eo ‘59 get ' ' 

ssa! i ‘ ' 
254.5 5 1340} sag 1 ' ' 

Ce as sa} 58 ' ‘ 
a3 ' 15a) Sa ' ‘ 
237) 156} 56 ' ' 
x 
« 
* 

* 
« 
* 
« 
* 
* 

* 

  

4a 1 a7 a7 ' ‘ 
a5 | vay tay i : 
su ‘sa sa ' ' 
$3.5 | Vet 1 Bt ‘ ' a ‘a7 ar ' ' 
a3 Ct ee ' 1 
a ae} ae ' ' 
a ‘41 141 ot ' ' 
23 ¥ 24 124 r ¥ + 

 



* TABLE a2. 137 

TITLE: RFT OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF THE ARMATURE AND FIELO: 
MEASURED RFT LEVELS FROM TEST RIG FITTED WITH 12/24 ARMATURE ANO O-TYPE FIELD CONNECTED AS A SPLIT WINDING (a) WITH TEST NIG 

  

      

« EARTHED . (>) NOT EARTHED TEST VARIABLE: (4),(0) 
* 
TEST NUMBER © 1: (4) 22) 3:00) | 4:0b> , x RFT @ | REL @ | RET @ RFT ' 

    
RFI RAOIATED POWER 

« ee a sn 
FREQUENCY RFT CONDUCTED VOLTAGE MEASURMENTS: eC uv) ‘ 
9.150 me a1 at ' 130 : 

177 ‘ 4 q 

ag 38 i 
a7 46 ‘ 

a9 a9 1 
a9 39 ' 
a9 48 ‘    a1 a 

hs Ss: 40 
17 

35 | 34 t a2 1 ae ! 33 | 38 
34 133 : 36 38 EY 7 18 t 

  

» FABLE a2. 138 
TTTLE: RET QUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF THE ARMATURE AND FIELD: GQNPARISON OF MEASURED RFI LEVELS OBTAINED USING « U-rYPE FTELD ITH OIFFERENT ARMATURE CONFIGURATIONS 

ARMATURE (ROTOR SLOTS/COMMUTATOR SEGMENTS )   TEST VARIABLE. 

Li: ’ , B/2@ 1 tay22' 7ven + : ' y 

TEST NUMBER « 
« 

  

FREGUENCY RET CONDUCTED VOLTAGE MEASUREMENTS: a6¢ uv) , « 1 ' 2.158 mn oot 1 
S\niesis) ‘ 

.S 193 1 , ' 5 49 ' 
Ss. a7 .    y 

  

1b ose 4 
RFI RAOTATED POWER MEASUREMENTS, a8 ou) 

  

Saas + ' 1 ‘ 

4“ 
$ a   
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. TABLE AZ. 139 

TITLE; RFI OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS oF 
THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS WITH VARYING ARMATURE TURNS PER COTL 
USING A U-TYPE FIELD AND 12/24 ARMATURES 

* 
TEST VARIABLE: ARMATURE TURNS/COIL (T/C) 
* 

   

  

TEST NUMBER * ' 13: ' ' ' ' : : ‘ 14a) ff ' ‘ ' 
a * ' ' ' ’ ' : 
x x ' ‘ ' ' ' ‘ 
FREQUENCY * RFI CONDUCTED VOLTAGE MEASUREMENTS: ae uy) = . x : 1 ' ' ' ' 
@ise mz £94 ' 92 192 | ' ' ' 
@. 148 493 $95 (92 1 ' ' ' 
2. 248 e985 ' 98 | 91s : ' ' 

as5 186) 'a9 ' ' ! 
$82 fee es t ' ' 
20000 61810 6} 825 | ' ' ' 
179 a. faz! ! ' ' 
277.5 '79 1 eas ! ' ' ' 
$76 8277.5 (7a \ ' ' 
276 '78 188 t ' ' 
$75. A7eS Noe) t ’ ' ' 
#63 0165 ' 68)! { ' ' 
$4t5 (Nee 3 6s 4 ! ! ' 
x ' ' 1 1 ' ' 

RFI RADIATED POWER MEASUREMENTS: dB( pu) ' 
x ' 1 ' ' ‘ ' 
246 149) so ! 1 ' 
Rae) Se ey ! ' ! 
e499 'Si5 153 | ' ' ( 
4465 '5@ 15a! ' ' ' 
e415 1/435 (4a | ' ' ' 
242 1445 1455 ' ' ' 
£38 a fat ' ' ' 
$e: fS2 esa) i 4 : t 
Re) 488 yas ' ' ' 

* 
x TABLE A2. 146 
x 
TITLE: RFI OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS OF 

THE ARMATURE AND FIELD: 
MEASURED RFI LEVELS WITH VARYING ARMATURE TURNS PER COIL 
USING A U-TYPE FIELD AND 7/21 ARMATURES 

* 
TEST VARIABLE: ARMATURE TURNS/COIL (T/C) 
* 

  

TEST NUMBER € 1; 00 | 21 Sit ' : . 
x 237014 tas ' , x ave | : ‘ ' ' ' 
‘ % ' ‘ ' ' ' ' 
FREGUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS: dB¢uy) =| x * ' ' " \ ' 
Q.158 MHz «9a 1 98 He ' ' i 
2. 160 49a 19a 1 He y ‘ 
248 4935 193.5 | 94,5 | i } ' 

2. 550 AGL 4 PES) ez 1 k : 
xe7  'a75 '9@ ! ' i f eee ' : 
x79 to7.e ees 8 ' ! ' 
74 (75) 17a 1 ' ' 

745 5:76 477 3 ' ' , 
270172 tat ' : ' 
272 #172 17354 : ' ' 
26400166! 785 1 ‘ ' ' 
259) 1625 166} ' ' ' - ‘ : ‘ i ' ' 

x x RFI RADIATED POWER MEASUREMENTS: 6K pli) ' 
: : ' \ ' t ' ' 
30, 08 24a 147) 1 ag ' ' ‘ 
4a, ae a en) ' ' ! 
46, 28 xag00 145.5 1 aa ' ' : 

45.08 #4300 148.5 147 ¢ ' ' 1 
98. 28 2430 1435 (455 } ' ) 
150. MSP ye aay ’ ! ! 
180.8 ee he ee ' ’ t 
228.8 23S PSA 1a ' : ! 
328.8 e932 Ve 1 Se ' : '
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« TABLE 2. 141   

TITLE: RFI OUE TO THE INFLUENCE OF THE PHYSICAL COMPONENTS uF THE ARMATURE ANO FIELD: 
MEASURED RFT LEVELS UITH VARYING MOTOR LOAO USING a U=ryPE FIELD AND & 12/24 ARMATURE 

TEST VARIABLE: SPEED (r/min) 

TEST NUMBER © 2 a 
t eae0 + ' 

3: 
' Leeee 3 

    

RFT CONDUCTED VOLTAGE MEASUREMENTS: dec uv) 
928 92 on 93 ' 
Ge eS ies 3 ' 

Os ee 93 1 
9a 98 at ' 
Sf es es} aes ' 

as 1830} BS! BS ' 
a 'es 163 1 ans : ‘ 
St tas teh Cf est 
785 ' 785 179.5 ' a1 + 
se 3@ lt at ‘a2. 

: 78 ai 1a. 1 
ce) 71 V7S08 
a 1 8s $6) 8 

RFT RAOLATED POWER MEASUREMENTS: GEC ow 

  

A
R
E
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R
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R
R
R
 

3    ' se s3o0tse 
‘Si Sy ses y 
os so ' 
' 30 a3, tse 

aa a7 tat ' 
1435 147 1 ae : 

at aa faa ' 
38 ar " 
ee aa ' 

* TABLE a2, 142 

TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY: 
MEASURED RFT LEVELS UITH VARYING ARMATURE STATIC OUT-OF-GaLANCE AT 13088 r/min 

TEST VARIABLE: OUT-OF-8ALANCE (gen) * 
TEST NUMBER « 1: 1 ay 3 ba is 1 as x wero} 83 1 Oe ak 

SFI CONOUCTED VOLTAGE MEASUREMENTS: 38( uv) 

  

oS 8 aS Nese ay 
aa 31938 
ot oS ' 
as Ue ‘ 4 ‘as a1 ‘@he * y 

a1 ' ar ' 7 5) 38 ‘ 7% | te ' 7 4 2178 ' 
175 § 78.5 

73 om ry 
ot ots 1 62 

  

RFT RADTATED POWER MEASUREMENTS: 
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® TABLE 42. 143 

TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY: 
MEASURED RFT LEVELS WITH VARYING ARMATURE STATIC QUT-OF-aLaNCE AT 13808 r/min 

* 
TEST VARIABLE: OUT-OF-SALANCE (gen) 

    

RFI RADIATED POWER MEASUREMENTS: d8( pu) 

' 
' 

TEST NUMBER & 7: ‘a: ' ‘ae: 5 ' ' 
x LS se 4 ‘3a 4} ' ‘ 
‘ gen ' ' ‘ ' ' 
* ' ‘ ' ' ; ‘ 
FREQUENCY RFI CONDUCTED VOLTAGE MEASUREMENTS; aecuy) + 

3.158 MHz 95 1 96 7 199 ' ' 
a. tee 94.501 95 97 1 99 ' ' 

oa! 8s 95 1 98 ' ' 
92 93 rr ; : 
7 89 sa ' ' 
a5! a7 ag} ae ' ' 
aa a5 187 1 ag ' 1 

a6 a6.5 ' 88 | a9 ' 1 
80 3 se} ag ' 1 

as 86 a7 | 98 ' ' 
a3 85 86 ' ' 

76 81.5 1! a3 | 84.5 ' 1 
78 75 781 aa ' 1 

R
A
N
K
 
N
R
 

so 163 4 ' 
ee 16300 ‘ 

53.5! 16st : 
sy ‘es ‘ 
St jag 4 ' 
49.5 | 138 4 ' 
a} se ' 
Beat 145 0 1 
af ' 1a '     

¥ TABLE Az. 144 
« 
TITLE: RFI QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY: 

MEASURED RFT LEVELS WITH VARYING ARMATURE STATIC OUT-OF-GaLANCE AT 18008 r/min 
* 
TEST VARIABLE: QUT-OF-ZALANCE ( gen) 
x 

1 3 
RO} a2 

TEST NUMBER x 1; 
® zes a4 

  

4 5 ' 
@e 148 | * ' 

     

   

    

gen ‘ ' 
x ‘ ' ' ' 
FREQUENCY RFT CONDUCTED VOLTAGE MEASUREMENTS: gB( uy) = + 
x i 1 1 Hi " ‘ 
2.150 mhz 93.5 1935 | 93.5 1 ' : 

92.5 | 925 1935 6 ' : 
ee ee at ee Se : 
9@ elt oe 1 
a6 a6 a6! 3 
83 1 83.5 | as.5 | 1 
83 o'es ' 835 |! i 
a} at gts ' 
7.5 '78 1 7a ‘ 
e@ aa et : 

‘7a 178! ' 
72 7t 74 ' 
6 4s as 4 ‘ 

  

3,5 1 34. 
5 ‘sa 

sk 
46.5 1 45 + 
46001 4s 
a 
‘33 

2% 
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. FABLE Az, 147 

TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN Ty ASSEMBLY: Se MEASURED RFT LEVELS WITH VARYING DYNAMIC ARMATURE QUT-GF-saLaNcE aT 13008 r/min 

  

TEST VARIABLE: QUT-OF-SALANCE ( gem? 

  

       
TEST NUMBER = 7; He o . ' ' 
. aaa be # ts « ' ‘ 
« egcen ' ' ' ' ‘ 
FREQUENCY RFI CONOUCTED VOLTAGE MEASUREMENTS: vecuv) | x « ' ‘ ' ' ' 
@150 MHz « a ee ' \ 

‘96 197.5 ' te 1 ‘ ' 
« oes ir Geen. ce ; 
. i ; j 
x $99 1 ot 83 ' ' 
x oe 9 ‘ i 
* | a7 a ota: ' ' 
x Wer ae oP aru ‘ ‘ 
« ‘eo +368 faz ' ‘ 
* ' 87: a9 oie ail ' ' 
« ‘aS ey tap ' : 
* {ato o+e2 1ee 1 ' ' 
x ake ' ’ : ‘ ' ' ' 
. MEASUREMENTS: BC pu) ' 

x ‘6s | 1 \ 
« Sia ' 1 
: [Re ot ' 
x 7 ' 
« zim ' ' 
. vga 4 : ' 
« 5 ' ‘ 
- 7 ' 1 
« \ ae ' 

« 

x TABLE a2, 148 

   

x 
TITLE: RFT QUE 

ASSEMBLY: 
MEASURED RFI LEVELS UITH VARYING DYNAMIC ARMATURE OUT-OF-SALANCE 
AT 18008 r/min 

THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 

x 
TEST VARIABLE: OUT-OF-BALANCE ¢ gen) 

ah at ' 
a3 ae 

gen ' \ ’ 
RFT CONDUCTED VOLTAGE MEASUREMENTS; d6( uv) 

TEST NUMBER « 1: ' eo 
« Be     
FREQUENCY 

m1 97 
os 94.5 «1 OF 

34 os 

2.158 MHz 

a i 
w 2 a 

‘7.5    
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* TABLE A2. 149 

TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMELY 
MEASURED RFI LEVELS UITH VARYING DYNAMIC ARMATURE OUT-OF-aaLaNce 
AT 18888 r/min 

* 
TEST VARIABLE: OUT-OF-EALANCE (gen) * 

  

TEST NUMBER * 7. ‘a tor Ste: 4 ' ' 
* 36.9) Ve Fis Fae 4 ‘ ‘ 
« sen! ‘ ' , ' ' 
x s ' 1 ‘ ‘ 1 ' 
FREQUENCY © RFI CONDUCTED VOLTAGE MEASUREMENTS: 46x pu) ' . 5 1 ' : . 
2.158 MHz os 99! ‘ter 6 1e2 
a. 140 2985! 1198! tas) 
2. 240 naz 1985 | yer 
2. 550 a9! | 98 98.5 | 

590.5 | 193 1) 95.5 1 
seo! i nl | iggy 
298! lon re) 
sao)! ‘a9 1 ans 
sar! ‘es of ens ! 
298.5! £92) vgs ot 
27,5 | 198 Fer} 
sas! fas 5 a6} 
see! !ea oes 3 
x ' 1 
% RFI RADIATED POWER MEASUREMENTS: a6< ou 
* 1 ' 1 1 
* 
* 
* 
x 
* 
* 
* 
* 
* 

  

ee 
6366 Ft et 
430167} 6s foe 
62 | 635 ' 6a 1 oS | 
21 oS} oe oS 
sto} ez) fez est 
7 (58 isa {$85 ) ' 
420} 4a 1 a7 tf ae ' 
37} ag a at 

* 

* 
® TABLE #2. 150 

TITLE: RFI QUE TO THE [NFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 
ASSEMELY: 
MEASURED RFI LEVELS WITH VARYING SPRING LOAD AT 1880 r/min 

* 
TEST VARIABLE: SPRING LOAD (g) 
x 

  

TEST NUMBER « 1: ' ih ia ¥ Sy to t 
« 2409 ' 50 | Si 170 (eo 1 9@ 3 x ' 1 ' ' ' , 

FREQUENCY RFI CONOUCTED VOLTAGE MEASUREMENTS: deCuY) = | 
* ' ' , ' ‘ 
@. 150 MHz 12S es 19901 me mes 
3.168 185 1101 1 98 41 95 193.5 1 92 

tas 9990 1 ete St ek 
194019900} pa 93 8D et 
tal 196 192 187 1 86 ast 
12) 197 ee St Bt 
i0l aes3 105 [48 es 463 1 
re aes | 

sa} ey) fet fee te lt rt 
99) 930 8 aa! Ba as} aes 
Go st 1 aa 8s ai 1 7e 
es a7, eet 7 7 tas 1 
ay (62 (176.5 ) 48.5 1 gas 1 as | 
RFI RADIATED POWER MEASUREMENTS: dex pu) 

A
R
R
A
N
 

  

79 178 1 66 et ses tse 
7% 17% 1's sy sey ' 
7S 7e tak Ct ss 345 156 | 
7B 168 1 68 8 gg lt ss gs ' 
7% 168 $358 1:53 1 48 a7 
7 166 We 1 St ‘491 et 
68! at SS oof 47) 14s th ast 
62 'SS 146 139 136 #134 ft
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. TABLE 42.151 
TITLE. RET QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE motor ASSEneLY 

"MEASURED RFT LEVELS UITH VARYING SPRING LOAD AT 1g@@@ r/min 

TEST VARIABLE: SPRING LOAD ¢q) « 
TEST NUMBER « 7 ha sos ‘ x 1a@9) ta + 1:      

SRS 1 86 egret oye 193 ge yt ‘92 2a mS SPR PST Nem eee ‘88 01 8S et ts 18s + a7 8 foe 135 5 rr 183.5 | ag 3 be 179 aL 83 ag 1 as: a6 yf | 
‘is ag + ge tgs, 77 79.5 (gp 147 178 rae tm 

POWER MEASUREMENTS: 

sas 

        
. TABLE az. 152 « 
TETLE: SET OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE HOTOR ASSEMeLY: 

MEASURED RFT LEVELS WITH VARYING ERUSH ALIGNMENT ALONG THE GUAORATURE SXIS AGAINST THE DIRECTION OF ROTATION 
TEST VARIABLE: SRUSH MISALIGNMENT (nm) * 

  3 ‘a : 
4.125 8.200 | 3.280: 

  

TEST NUMBER « 1. ‘ 
« zero + 

  

    373 

  

    . x ‘ ' ' ‘ 
« x ' ‘ 
EREGUENCY —* RFT CONDUCTED VOLTAGE MEASUREMENTS: a6( uv) x « 1 ' 1 @150 He 2 93 9g 33 24 24.5 | 97 S925, 9935 + Snrs, 5 8s, 34 38 «92 33 33 33 o3 % “39 a9 a 3 aL 2a cae (Sila ea a7 3a.5 x 84 | gp . 86 a . 6360 aes « a a6 * a3 ae x a1 a4.s . re) « 78 78 

. 

.    
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® FABLE 42. 123 
TTLE: RET OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE mOTOR ASSEMBLY 

MEASURED RFT LEVELS WITH VARYING ERUSH ALIGNMENT ALONG THE QUADRATURE AXIS WITH THE OIRECTION OF ROTATION * 
TEST VARIABLE: ERUSH MISALIGNMENT (am) 

    

    

TEST NUMBER « 1: ' ' ' 2 ® = ZERO | ' '@.375 | a.see * = 1 ‘ ' 1 x x ‘ 1 ‘ ' ' FREQUENCY © VOLTAGE MEASUREMENTS: dE( uv) ' 
2.158 wHz $94 ' 93 toss 198! 103 au x 19s 1 965 tos 97 6: 193 2. 240 ® 93 eee Stes) Jiicem 4 cay @. ssa * 199.5 1 99 1 9 195 1 99.5 1. . ‘a7 ed £) ® ' 94.5 186 !a7 + ' * 184.5 196 | 87.5 1 ' * 83 Bs tee) ' * ' 238 as tes 1 ' * ! 82 a 1 . ‘38 a 068 ez 4 * 17% 1% ize 4 

« 169 #174 17 4 . ' ' ' ! « POWER MEASUREMENTS: d&¢ pw) : , t i ' * 156 1 S78 0 sis | * 'ss 157.5 'se 5 * !56 186 1s7 4 * $$4 $535 156 1 * 149 132 i sas ¢ * 147.5 148 149 1 * 145 147 fF aps * 138 '4@ 143: * 3S ofse 13 i     
* TABLE a2. 154 « 
TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY: 

MEASURED RFI LEVELS WITH VARYING HEIGHTS OF PROUD COMMUTATOR SEGMENTS AT 13008 P/min 

  

TEST VARIABLE: PROUD COMMUTATOR HEIGHT (mm #€-3) ® 

     

  

TEST NUMBER x i; | ' Ste Nee et « e125 1 ‘ 17.58 !' 1@@ |) * * E-3 mt ' \ €-3 + Es 1 x x ' : ) 1 ‘ ' FREQUENCY # RFI CONOUCTED VOLTAGE MEASUREMENTS: Buy) x x ' ' , ' ‘ ' 
3.158 MHz a 92 98 + 93 1935 ' 97 ' 98 ' 181 8.168 291.5 | 92 192.5 1 93 1 96 58: ' 198 3, 249 ef ot 1 92 a ae | ERA 9 a. 550 xep fee 1 ae 198 88st op 1. 0@e 496.50) 65 5 86) ' 87 1 85 1 98 | 94 se. @2 41 @25 '83 | 88 1a9 1 92 © a1 ‘er 1 a2 ' a3 1 Be \ 87 192 

278.5 ' 79 | 3@ 1 er ' a7 | $8 1 94 ATS ieee, ee Ge fps) Re ae Dos 
277.5 6 78 4 ae ' 86 ' 86 1 87 £m 47600578 5 785 ' 795 1 ea 1 as) Be *78  ' 78 1 72 72” 1 gg} get a7 4615 1620 $68 1 6a 7s et ge i ‘ i ' ' ' x RFT RADIATED POWER MEASUREMENTS: dB< pul) ' : ' i ' \ ' ‘ 
2500 'se 's2 sz} ge 1s 
* 58 138.5 ' S2 's3 ' 6L + ' 65 
e515 ! 51.5 | $2 1 S2 | 68 f 1 68 ea ass | gi {St tsa 4s 445 146 147 tang tet 1 6h z 1450146 + ag) isa 1 97 x 41 4 ast gt 38 * 31 ' 33 ‘33 | 3a ' ‘99 * ce s7 Use aes et    
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‘ TSLE ad. 19g 
TITLE: RFE QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY 

MEASURED RFT LEVELS WITH VARYING HEIGHTS OF PROUD cOMMUTATOR SEGMENTS AT 18088 r/min 

TEST VARIAGLE; *ROUD COMMUTATOR HEIGHT (an x€-3) 

          
TEST NUMBER BL: ) 2 "Si ‘er x 23 ' 250 1 375 ‘7.38 | tae « <E-S mm! E31 EL Ses) ees « * ‘ ' \ 1 
FREQUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: aE uv) 

293 19 ‘ten ) fez . 1935) ! at! tans « 193 ‘rer ‘ge ' 1 99 
1 a6 97.5 1 98 

as 197 
a ' 95 iar ‘ + 95 
"7.3! ‘ "93 

ga.5 | ' ‘94 
179 8 19S 194 1 mes 4 ' 19a os Sete ' ‘9a 1 9 

RFT RAOIATED POWER MEASUREMENTS: GBC pu) ' 
jesse os 62168 ve an 
S35 + 45 | 66 ' 68) 78 
sas Si as 6s ast 78 (3 sh ob 183 ost a $46.5 ' 47 ' 48 + 61s | a! be 46 ae so} az 63 85 '4R5 1435 15s 17 1 Se as f 36 3k SS ee er 4 gg 3 Bt 4 ergs) sz 

« TAGLE a2. 158 

TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VeRIATIONS IN THE MOTOR ASSEMELY: 
MEASURED RFT LEVELS WITH VARYING CONMUTATOR ECCENTRICITY 
aT 13888 r/min 

« 
TEST VARIAGLE: COMMUTATOR ECCENTRICITY (am) 

    

TEST NUMBER ©; 00 12: 3: as s a: z « < ERO 301° 8s | age | 88s | 8s O28 « « ' ' i ‘ ’ 

FREQUENCY € RFT CONOUCTED VOLTAGE MEASUREMENTS: GBC uv) 
3.158 MHe ons s ' 94 9s 
a. tae « 92 1 93 34.5 
248 « ets 23 oa 

« \ ag. 3 a ot « aac + 88 © 2 ‘3a a7 x 2 85 38 
x 79 Sieg as 
. ‘73.8 a2 as * 7a.s a 
. 77 SHS Sh liniay, 
« | 7a.2 “E74 Ba 
« $3 173 ga 
. MEASUREMENTS ‘ 
« ' = 28 . ' 36 t at 
. * 3 1 3@ 
. ' 3} SB z ‘ Sh 2h oes . xi 1 sa 
« 46 s . a St 
x vy) 48    
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* TABLE a2, 157 
TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE wOTOR ASSEMBLY: 

MEASURED RFI LEVELS WITH VARYING COMMUTATOR ECCENTRICITY AT 18088 r/min 

TEST VARIABLE: COMMUTATOR ECCENTRICITY (nm) . 
  TEST NUMBER « 1; 

* 

   
12 13 { S ' by ‘ «ZERO | 2.01 | @.02 ' 243 ' @a4 | 26 | 2.28 ® « tam ' ‘ ' ' * * ' 1 1 1 ' 1 FREQUENCY 4 RFI CONDUCTED VOLTAGE MEASUREMENTS: geCuy) + * z : r 1 , , ! 

@15@ wz «92 1 92! 92 95 1 96 2. 168 E95 1 915 1 9 1931 97 2.240 £91.5 1-915 1 92, 193 ons @. ssa «a9 89) | a9 192 94 
1. 008 465 61 85} 85. a9 5 92 283) | 83! as Star ua e330 | 83)! a3 -S 1 87.5 1 91 

saio' at! at ‘ast ge 277.5 177.5 1 78 S '3a | gas eee | 68! gas 'aas 1 92 278 4! 78 | 78 124° 1 98s 27000178 | 70 a9 ae e631 63) 1 43 17S 4 a7 * ‘ ' ‘ ‘ 
«RFI RADIATED POWER dB pu) ' * ' ' ' 
£535 ' 53.5 1 53,5 se! 6a 25400154) 1 54 ($7 | ass aS5 155 1 55 159.5 ) 63.5 mst 1 Sf Fost Se 1 aL £4600) 465 | a6, sos: 39 #46005 46! 4g 'St 1 58 2430001 43.5 1 43.5 4a 0} 57 2360 136) 1 368 ae 1 53 207 1 Alans fans 1 St 

* 
* 

« TABLE 42. 158 
TITLE: RET OUE TO THE [NFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY 

MEASURED RFT LEVELS WITH VARYING COMMUTATOR SURFACE FINISHES 
. 
TEST VARIABLE: SURFACE FINISH (mmaE-5 CLA) x 

  

TEST NUMBER #1; 01 2: ig 4% ts ee ' * *@1 ' a6 LS 128 13.8 30} x MonmsE-s! Ema | Ee) ES) Ee Ee x «CLA ' ' ' 1 ' FREQUENCY © RFI CONDUCTED VOLTAGE MEASUREMENTS: a&CuJ) = + * . ' ’ ' : ' ‘ 
@.15@ MHz x93 9s 1 9a 8 et 7S 1 98.5 a. 168 492 1025 194 198.5 1 98 oo 

a. 240 e915 192° 193 1 os) 6 8 foe 
2. 558 *88  ' 68.5 | 98 192 1 96 97.5 1 1, ee #85 +a 197.5 198 ' 925 194 | 
1. 408 fem :e2 165 188 '92 tes i 
2. a8@ 2825 'a2s (95 | 87.5 198 tos 
3. 508 ser o'6: 183 '86 191 1 9a 
5. a8 277.5 1! 78 ‘ea ‘82 +@8 19% | 18. 8 479.5 179.5 181 184 +99 1 97 5 13.00 “7800: 78 1 a8 +} as 1 ae Ot ge 22.08 WLP ze CS | re es ee 3a. a8 #6300163 167) 1 72 te lt ot 
x x ' ' ' * «RFI RADIATED 42 pul) ' x « ' : ' 
3. 98 #520182) 154 | S65 lee 
42. 30 £52. 1925 158 1 36 teat 
46, 8 53.5 '54 1545 1 56 Vase 
45. 2@ xS@0'5@ 182 1 sq Yer 92.30 4600146001 a7 SQ 1373 158.8 244.5 545 1 45.5 + 49 1sa.5 4 
180.0 i 1a} 220. #3600136 01370 at 1 a9 30e.@ $2 Ne 13h oe ‘aa 

 



583 

  

* TABLE 

TITLE: RFI QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE moTOR 
ASSEMELT: 
MEASURED RFI LEVELS WITH VARYING OEPTH OF COMMUTATOR INSULATION 
UNDERCUT 

TEST VARIAGLE: UNOERCUT DEPTH INSULATION (am) 

  

RFI RADIATED FOWER MEASUREMENTS: aBC pu) 

TEST NUMBER = 1: et ta ta ‘ ‘ ‘ 
« 27eRO '@S ita 1s | ' ' 
« ACFLUSHD! am ' ' ' ' 

FREQUENCY RFI CONOUCTED VOLTAGE MEASUREMENTS: ysCuy) + 

97 1 98 ge 1 ' 
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eas io 31 ‘ ‘ ' 
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'e2 ch ' ' 
1m 4 tm 4 ‘ ' 
‘734 adie ' ‘i 
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east Ka boa ' ' 
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A
N
A
 

   i Ce a ' 
(45 :as tas ' 

aa 1 ae fae 
‘aac (ae | ae ' 
,ay tas) fag : 
4g a aa ' 
ie 4 sa te t 

oe as YBa SD { 
wget gh ' 

x 

x TABLE Az. 16a 

TITLE: RFT OUE TO THE (NFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 
ASSEMBLY: 
MEASURED RFI LEVELS WITH VARYING SRUSH/SRUSH GOX CLEARANCE IN 
THE OTRECTION TANGENTIAL TO COMMUTATOR ROTATION 

TEST VARIABLE: ERUSH/ERUSH EOX CLEARANCE (an) 

i ‘ “3: ta 
a.a1e ‘@ese | @a7s 

TEST NUMBER « 

    
RFI CONDUCTED VOLTAGE MEASUREMENTS: d6¢ uv) 

ses 93 193 tex 
9.5 5 Hees | 93S 30 93 : ene | 
38 7 (ens § ars 

5 (aac 'aas 1 as 
so az a2 
a) eo! ‘go 
ON a ' 8.5 
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a 7a 78.5 1 7a.8 
eas ' ‘ez 4 ‘az 

  

RFT RADIATED FOWER MEASUREMENTS. 46¢ ou) 
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6 OS ee eee ' 
2 ot is ‘sr ' 
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Ze a2 
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‘ FABLE AZ. 161 

TITLE: RFI OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 
ASSEMBLY 
MEASURED RFT LEVELS WITH VARYING BRUSH/ERUSH BOX CLEARANCE IN 
THE DIRECTION TANGENTIAL TO COMMUTATOR ROTATION 

« 
TEST VARIABLE: SRUSH/ERUSH OX CLEARANCE (an) 

    

TEST NUMBER #7; 00 1 8: 1 or ' ' ' 
x 40,158! 8.175 | 3,200! ‘ ' ‘ 
« <n ' ' ' ' ‘ : 2 ' : ‘ ‘ ' \ 
FREQUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: d&C uy) r ‘ : ’ ' : ' ‘ 
@1SemHe £95 196 1 9H | ' ' ' 
@. 1a 498 195) 1 98.5 | ' ‘ ' a. 240 494.5 195 695 ' ' ' 
a. 550 487 198 191! ' ' ‘ 
1. 98@ 287) 188 1 @%.5 | ' ' ' 1) 490 x85 1865 187 | ' ‘ ' aaa $.0¢ (es tise 1 ! ‘ 3 sea waz o1a@ tes | ! 1 ! 
4.308 xe@ oi} a1 o1az ! ' ' ' 
10. ae 262 1835 194 | { 1 ! 

i ee \ ' ' 
B78 176 A ‘ ' ' 
x78 0172 175 3 ! ' ' 
: ‘ i ‘ ' ' ' 
* RFI RADIATED POWER MEASUREMENTS: dB( ou) ' 
1 i 1 ' ' ' ' 
ao |) Se se i ! ' ! Ss 135 a7 ! ‘ ' 
e55 1% 156 | ' ! ' 
2535 156 450. 3 ' ' ! 
«SL t s2 '535 ! : ! 
a re ee ' \ t 
44500146 146)! 1 ! ! 
17 (40 138) | ' ‘ ! 
mag 1 38 Hse 4 ' : ! 

  

« 
« TABLE A2. 162 
* 
TITLE: RFI OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMELY: 

MEASURED RFI LEVELS WITH VARYING SRUSH OVERHANG LENGTH AT iga00 r/min 
« 
TEST VARIABLE: BRUSH OVERHANG (mm) 
* 

    

RFI RADIATED FOWER MEASUREMENTS 

TEST NUMBER * 1: 62 tm ta 1g: 16 ' * $45 ie Fis jae Vas (se | « tom! 1 ' ' ' ' 
* * ' ' ' ' ' ' 
FREQUENCY & RFI CONDUCTED VOLTAGE MEASUREMENTS: GBC uv) 1 
* * ' ' 1 ' ' i 

e921 eas tes 1 ' 
e915 1 (9a 19s)? 
2905 1 1932) Vige 1 
sao) 1991 LS 
eee (a7 | eas + 
aes peso art 
a2: ‘ea of} ast 
est: fez o'@3s + 
eave ‘ea .' as 
sea) {a2 }ae 4 
"78 1} 78 79} 88 
S71 7s 1 78 Fe 
£65 1655 168 | 73 
* 
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x 
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x 
* 
® 

22    1525 $54 1 56 
183.5 455 155 
194 158 456 Ct 
tose 18h 's35 5 
14600149 1 Sis 
$46 148 1 age 1 
145 3 ae f aes 
137.5 $48 14a 4 
13g) thas 11 as) 
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: FABLE 

  

tes 

TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE mTOR ASSEMELY 
MEASURED RFI LEVELS UTTH VARYING BEARING MISALIGNMENT aLONG OTRECT axis 

TEST VARIAGLE: SEARING MISALIGNMENT (1m) 
2 tia a ns 
@e75 | aie) 8.125 | aise | 

TEST NUMBER = 1: 
® ZERO 
* 

  

a : ' 
FREQUENCY RFI CONOUCTED VOLTAGE *EASUREMENTS; a6 uv? 

158 MMe 
188 

  

   
. TABLE AZ. 164 

TITLE: RFI QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR ASSEMBLY: 
MEASURED AFI LEVELS WITH VARYING BEARING MISALIGNMENT ALONG QUADRATURE axis 

TEST VARIABLE: SEARING MISALIGNMENT (am) 
* 
TEST NUMBER « 1: 2 ‘ 
* a.a75 | G18 | 

  

3 va Si 
@ 125 a1s@' 4,200 ' 

  

« 7 

SREGUENCY « RFI CONDUCTED VOLTAGE MEASUREMENTS: SECUY) =| 
9.158 mne 93,5 6 97 | maTOR ! ' 
a. tea 193 95.5 ¢ Fath 
@. 289 92 oa 

6495 1 92 
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162 | 86 ' 
‘sz 1a ' a ‘ i 
1791 78 , ; 

38 as ' ' 
7 a1.s ' 

= 7s! 74 ' 
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* TABLE A2. 165 

TITLE: RFT QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE moTOR 
ASSEMBLY: 
MEASURED RFI LEVELS UITH VARYING ANGULAR BRUSH SHIFT ( AGAINST 
THE DIRECTION OF ROTATION FROM MAGNETIC NEUTRAL AXIS) 

TEST VARIABLE: ERUSH SHIFT ( DEGREES ) 
* 
TEST NUMBER #1; | 2: 3: var 's: 4 
x 2066! 2 14 ‘6 i) ' 
x * ' ' ' ' 1 
é % ‘ ' ' ' ' 
FREQUENCY « RFT CONDUCTED VOLTAGE MEASUREMENTS: 6 uv) 

@.159 mz «104 | 184 | 183 | 182 | 1a1.s ! 
8, 168 z1es ' 1030) 1ez2 | 181. | eet 

. 248 xis2' 182 1 tet | 1a1 | ee 
2108 | 108 199 #199 198} 
im Ves lee ye) (a7. 8 
#98 97 er 197 ee 4 
PST GA eta) HOS eT 
gop Shel es es ee 
£9) 895 $98 893 195 1 
296 196 195 1 9%5 198 
£95 ' 96 196 19 193 1 
ae6 165  'e2 '9@ !78 ! 

70S [pres tie 17 best 
* 1 ' \ 1 

RFI RADIATED POWER s: > 
« ' ' 1 
x 7a ' 
x 1 7@ ‘ 
« \ 68 ' 
« 1 43 1 
* 141 ' 
x 1 at ' 
x \ 58 ' 
. yy ' 
. 148 '      

: TABLE 42.186 
TITLE: RET OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 

MEASURED. RFT LEVELS UITH VARYING ANGULAR BRUSH SHIFT (AGAINST THE DIRECTION OF ROTATION *RON MAGNETIC. NEUTRAL AXIS) 
TEST UaRIAGLE:ERUSH SHIFT (OEGREES » 
* 
TEST NUMBER « 7: ' 
*     i i age ras: ft t 

x 120661 14 + (78 61 ge 1 
* * ' ‘ ' ' ' ' 
* . ' 1 ' 1 ' ' 
FREQUENCY % RFI CONDUCTED VOLTAGE MEASUREMENTS: dB¢ uv) =| 
* ‘ ' 1 1 | 1 : 
9.150 MHz £181 | 99 1 960 1 98S 1 92 1D 
@. 148 21000 | 98 4 '9S 193 191 1 9S 
3. 248 #99 #197 194 492 198 toa 1 
a. 350 x96 96 #192 189 (87 sar 1 

1. 388 £9 195 'e8 '86 '84 ‘8a 1 
1. 400 295 195 (as (e2 '8@ ‘oa ! 
2, 008 298 3} 98 '@s 162 'a@1 ! aL , 
3. 50a 29900) ae 4 o: 831 at a 

5, 380 eer tar op ze ive 78 76 
1a. 20 498 188 | as 1 as 179 1794 
13.90 S90) 386 fez 578 17% IF ft 
22 ae 425 eh ee ee 
3a. 28 #72 1705 (69 § 66 163 1 65 | x * 1 ‘ ' ‘ ' ' 
« % RFI RAOIATED POWER MEASUREMENTS: dE< pl) , 
* * 1 ' , 1 ‘ ' 
30. 28 aS? 956 155 ' S45 152 1 ' 
4a. 90 a4@ 1:58 'S3 132° 152 155 
46. 08 #4) 085 USS 4 es tse! t 
65.08 ee ‘ 
98. 88 25200149 1 4 061 4g 1 aa! ' 
158.@ S101 480 (Of 450 ght ‘ 
188.3 248 #147 #+'44 +43 ‘iar ! , 
220.8 2400061600 (8 39 at et ' 

308.0 #3200130 9 1 29 ans 126 8 v 

 



  

« TABLE 42. 167 

TETLE: RFI QUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 
ASSEMBLY: 
MEASURED RFT LEVELS UITH VARYING ANGULAR BRUSH SHIFT ( AGAINST 
THE OIRECTION OF ROTATION FROM MAGNETIC NEUTRAL AxIS) 

TEST VARIAGLE: ERUSH SHIFT ( DEGREES > 
« 

  

TEST NUMBER = 1 oe eeteey ee 5 , 
* 2606 25 9: 38} et ‘ : 
x * ‘ ' ' ' ‘ ‘ 

FREQUENCY RFT CONDUCTED VOLTAGE MEASUREMENTS: d&( uy) ' 

* « ' ‘ ' " ‘ 
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86 ae a ae ‘ 
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eh 38 os! 
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we 
ast 
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x 
* TABLE 42, 168 
* 
TITLE: RFT OUE TO THE INFLUENCE OF MECHANICAL VARIATIONS IN THE MOTOR 

ASSEMBLY: 
MEASURED RFI LEVELS WITH VARYING SEARING JOURNAL DIAMETER 

TEST VARIABLE: BEARING JOURNAL (an) 
x 

      
TEST NUMBER « 1: ay 1H 6a os 3 ay 
x = 9,987 | 3.985 | 3.981 | 8,979 | 8,975 | 8.973 | 8.971 
x iva eat ‘ ' ' ' 
* x ' ' : , ' ‘ 

a RET CONDUCTED VOLTAGE MEASUREMENTS: G&(uy) | 

<92 0! 72} 98 
a 6S i S 1 9nS + 92 
aus | eo 
«38 a 
aos .5 1 9SS 1 8H 
©8325 | ‘es ae tl 
262.5 ° s 12s sas 
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APPENDIX A3 

PROPERTIES OF THE FOURIER TRANSFORM 

( reproduced from EVANS 5 ) 

    

Coherent or impuise noi 
analysed using the Fourier Transtorm 
8y means of the Fourier Transform @ function can be 
described in two ways; in the time-domain end in 
the frequency-domain. The equations defining the 
Fourier transform are given 

o. 
Fw) = Live Tot ip eostl) 

ond t= TF Hoel au wD 

  

      

2. The Symmetry Proverty is exoressed by 
  

St) —e2 -w) (3) 
and 

2. The Seating Property is expressed by 

fay ———+ F(2) 8) 
The Scaling Property shews that cameression in 

the time domain is equivalent te an expansion in 
the frequency damain and this phenomenon enables 
us to define the level of Sroadband noise in terms 
of voltage and bandwidth. This is illustrated in 

  

Transformation catween the two domains can be pares 
freely mede and can be denoted by double arrow 

tres 9 —e Fe) 9) 

) re es 

Ir 

T v2 1) ie or = Tee ee a = |E PART ae 
(a) (a) 

  

indicates that Fu) is the direct Fourier transform of 
and thar f(t) is the inverse Fourier transform of 

Aw). 
Certain oroperties of the Fourier Transform are of 
particular interest to us.in the ineasurement of im= 
pulse noise. 

|. 4 gare function, which may be represented by a 
pulse of unit height and width can be translated 
into a Samoling Function of the form 

  

  

    

The Symmetry Proserry shows that the Fourier trans= 
form of a gate function is @ samoling function, 
whereas the Fourier transform of a sampling function 
is a gete function. 

It should aiso be nored thar the Fourier transform of 
a Goussian reseanse is cnother Gaussian response. 
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APPENDIX A4 

ESSON'S FORMULA 

( reproduced from DIJKEN ee ) 

The internal power (P) of a D.C, commutator motor can be described 

by Esson's formula ; 

2 
3 ai P=% n i, 88 

k 
Kole car 

where S = specific load in amperes per radian 

B = air gap flux density 

d_ = rotor diameter 

1_ = length of rotor stack 

n = rotor speed 

= relative pole arc ratio 

= Carter factor



590 
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THE USE OF THE MICROWAVES IN OBSERVING BRUSH 

MOVEMENT IN FRACTIONAL HORSEPOWER COMMUTATOR MOTORS 
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THE USE OF MICROWAVES IN OBSERVING BRUSH MOVEMENT IN FRACTIONAL 
HORSEPOWER COMMUTATOR MOTORS 

T.S. BILKHU, B. JAMES, D.S. PALMER 

Summary 

The theory and operation of a method using microwave and waveguide 
components to observe single axis vibrations/ movements of less 
than 3 mm is presented. The technique was developed to measure the 
movement of carbon brushes in small a.c. commutator motors. 
Previous methods used to observe this movement are reviewed and the 
particular problems associated with observing brush movements are 
discussed. The method used to calibrate the apparatus is described 
and a discussion on the advantages and limitations of the measurement 
technique are presented. 

1 INTRODUCTION 

The operating life of small a.c. commutator motors ( often called 
fractional horsepower commutator motors ) of the type used in 
domestic appliances is determined by their brush life. Brush life 
in turn is a function of the rate of brush wear and the quality 
of commutation, both of which have been shown to be affected by 
brush movement during motor operation.! 

Brushes supply current to the rotating armature via a sliding 
commutator contact, they are supported in rigid brush holders which 
are mounted on the motor framework. Fig. 1.1 shows an example of 
a brush mounting arrangement commonly used in small motors. The 
brush is able to slide radially in the holder and is restrained on 
the commutator surface by a helical coil spring. The spring force 
is such that the brush may ride over small irregularities on the 
commutator surface and still maintain an effective electrical 
contact. However, during motor operation, mechanical factors can 
cause vibrations which result in excessive brush movement. These 
mechanical factors include; 

i) friction induced vibration at the brush/commutator contact 
ii) impact of the commutator segments 

iii) commutator eccentricity 
iv) misalignment of the brush holder 
v) unbalance of the motor 

vi) width of insulation between commutator segments 
vii) vibration of the drive shaft 

viii) malfunction of the bearings = 

The brush movement becomes a complex function of the oscillation 
frequencies generated by the mechanical disturbance involved. In 
most small motors a combination of these factors are always present. 
Excessive brush movement increases both the mechanical and electrical 
wear of the brush; 

Mechanical wear is due to the rubbing action of the sliding contact. 
In normal conditions the sliding contact produces a smooth black film 
on the commutator surface which greatly reduces the sliding friction
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but excessive brush movement deteriorates the smooth surface into an abrasive film which greatly increases the mechanical wear. 

Electrical wear results from sparking at the brush contact and is increased by heavy sparking at the brush edge caused by brush instability deteriorating the commutation process. In many cases heavy sparking also damages the surface film, thus creating further mechanical wear, The measurement of brush movement during motor operation is difficult, a number of techniques have been used in large machines but they are not readily applicable to small motors. The problems experienced and some of the general techniques and some of the general techniques used in the Past are discussed below. 

1.1 Limited access to the brushes 

The brush being enclosed in the brush holder makes acess to observe 
brush movement difficult. The holder itself is usually compactly 
constructed in the motor framework and only the rear of the brush 
holder is accessable from outside - this only to allow replacement 
of the brush without dismantling the complete motor. Ryan and Summers? 
described a method using microwaves and waveguide equipment to measure commutator irregularities and suggested that they could be applied 
to measure brush movements. Their test arrangement required the 
vibrating surface to be in close proximty ( less than 3 mm ) to an 
open end of a waveguide section. In a small motor this arrangement 
would be virtually impossible to configure since the brush is deep 
inside the holder and too far from the waveguide to have any effect. 
However in a large motor where the brush holder dimensions approach 
those of the open end of the waveguide itself, it is possible thac 
the brush holder could form part of the waveguide section to enable 
the technique to be applied. 

1.2 Small size of brushes 

In small motors the brush weight is often less than 1 g to 2 g. Thus 
the use of accelerometers or strain Gauges attached to the body of 
the brush as recommended by Lewis and Walkden® for use in large 
machines cannot be applied to small machines. It is important to ensure that the dynamic behaviour of the brush is not significantly 
altered by the additional mass of the transducers themselves 

1.3 Mains potentials 

The brush is connected to the mains supply and during operation conducts current in the range 0.5 A to around 2.5 A. Any brush contact device developed to measure movement must be able to withstand both 
the mains potentials and high temperatures existing at the brush surface. 

1.4 Radio frequency interference ( RFI ) 

The commutating current in the armature coils and the resulting arcing at the trailing edge of the brush generates RFI.® RFI corruption of 
Measurement equipment and its associated wiring is one of the most significant peo ene in measuring brush movement. Reduction of RFI
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can only be achieved with adequate shielding and r.f. filter cicuits in the measurement circuitry, but in this case since the source of RFI is the commutating brush itself, it becomes impossible to shield the transducer from the RFI. Clauss and Vogelsberg 7 detected brush movement by attaching a piezo-electric record player pick-up to the brush surface. Although they make no mention of RFI problems, it is apparent that the pick-up would be corrupted by their test arrangement. Knights® carried out brush vibration tests on a washing machine motor using an optical technique. The test rig arrangement is shown in Fig. 1.2.A4:hole drilled through the brush and brush holder is used as a light shutter sandwiched between a rigidly mounted bulb ( light source ) and photo-transistor. The brush movement causing variation of the light falling on the photo-transistor, the output of which was detected on an oscilloscope. Even after attention was given to the problem of RFI, it was found that RFI still accounted for as much as ten per cent of the detected signal. 

2 PRINCIPLE OF OPERATION 

Fig. 2.1 illustrates the basic principles involved and the components 
used to measure radial brush movement. A thin metallic probe connected to the back of the brush extends into a rectangular waveguide through a slot in the broad face. The waveguide is energised by a microwave 
oscillator at end A and a crystal detector is mounted on the opposite end ( B ) where the waveguide is terminated by a reflexionless load. The dimensions of the waveguide are such that the oscillator gives rise to a transverse electric field in the intervening space. 

An obstacle in the waveguide ( such as the probe ) disturbs the flow of energy along the waveguide, the new field created resolves into 
the following components; 

i) the original transverse electric field 
ii) scattered waves from the probe whicu Propogate themselves 

toward the load and also back to the source osciliator iii) a series of ‘evanescent’ modes 

Evanescent modes have frequencies which are below the cut-off frequency of the waveguide. This means that they are unable to propogate them- selves along the waveguide and are rapidly attenuated. They create a ‘reservoir’ in the vicinity of the obstacle into which energy is absorbed during one half cycle. Thus the obstacle fulfils the 
function of a reactance in storing energy. This stored energy is partly in the electric and partly the magnetic fields of the evanesent modes. If the storage field is predominantly electric the obstacle behaves as a capacitance, conversely if the storage field is predominantly magnetic the obstacle behaves as an inductance. Resonance occurs when the energies stored in the electric and magnetic fields are equal. 

Obstacles in a waveguide, provided they do not take up any appreciable distance along it's length, can thus be represented as lumped shunt impedences in a transmission line equivalent circuit of the microwave system. Huxley! showed that the admittance, y, of such an obstacle can be expressed; 

¥ 2 = --2h/ (1 + bh)
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where h is the scattering coefficient of the obstacle dependent on 
its dimensions and positioning. It follows that the admittance 
of the probe is dependent on its dimensions and the depth to which 
it is inserted into the waveguide. No adequate theoretical 
treatment has been given to the susceptance of probes extending 
Part way into waveguides, but their behaviour has been determined 
from experimental work. 

As the probe is introduced into the waveguide, it behaves as a shunt 
Capacitance, its susceptance increases with the depth of insertion. 
However, as the distance of insertion becomes an appreciable function 
of the microwave wavelength, A, the probe acts as an inductance 
and capacitance in series shunted across the waveguide. When the 
length of the probe is approximately one quarter wavelength( 4/4), 
resonance occurs and the susceptance tends to infinity. With still 
greater distance of insertion the susceptance becomes negative and 
the probe appears as a shunt inductance. Fig. 2.2 shows the variation 
of susceptance with increasing depth of a 0.5 mm probe in a 
waveguide of cross section 2.54 cm x 1.27 cm operated at a wavelength 
of 3.25 cm. Similar results are obtained with probes of different 
thicknesses.’ Schelkunoff ' discussed that at the neighbourhood of 
resonance, the susceptance depends critically on the probe dimensions 
and the oscillation frequency. He also calculated the inductance 
of a thin wire positioned across the waveguide and verified his 
calculated value with that obtained by experiment. 

As a result of this brief review of the characteristics of a 
transverse probe in the waveguide, the operation of the apparatus 
in Fig. 2.1 may be understood. The movement of the probe acts as 4 
varying shunt reactance in the waveguide. The transmission line 
representation of the system (Fig. 2.3) shows that variation of the 
probe reactance,Zp, gives rise to a variation of the voltage measured 
at the reflectionless load,Z). 

3 TEST EQUIPMENT AND CALIBRATION 

Tests were carried out using an 'X-band' waveguide of length 25cm 
and cross section 2.54 cm x 1.27 cm. A slot was cut in the broad 
face of the waveguide as shown in Fig. 2.1. A bar and post waveguide 
transformer fitted to end A was excited by a sweep oscillator 
tuned to approximately 10.4 GHz creating a transverse electric 
field of wavelength*= 3 cm. The crystal detector, fitted at end B 
is mounted in a reflesionless load, the output of which is observed 
on an oscilloscope. 

Steel probes of various thicknesses were introduced into the 
waveguide through the slot. The probes were made of high tensile 
steel as used in hyperdermic needles, making them light-weight 
and of high stiffness. Fig. 3.1 shows the detector output obtained 
using a probe, of 0.6 mm for increasing probe depths at different 
positions along the slot. The greatest output deflection occurs 
for increasing probe depths at a position coinciding with the peak 
of the transverse field. Fig.3.2 shows the decrease in output 
voltage for increasing probe depth set at a position for maximum 
deflection. It can be seen that as the susceptance of the probe 
increases up to approximately 4mm probe depth, no significant 
change in output voltage is obtained. In the region from 4mm to 8mm 
the susceptance rises sharply creating an almost linear change at
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the output. at a probe depth of between 8.5 mm to 9 mm,probe resonance 
occurs and the incident electric wave is virtually completely 
reflected thus producing a minimum voltage detection at the 
terminating load. Beyond this, as the susceptance of the probe 
becomes negative giving the appearance of a shunt inductance in the 
waveguide, there is a small rise in output voltage as the probe 
touches the bottom face of the waveguide. 

From these test results it became apparent that the linear change 
of output between 4 mm and 8 mm probe depth could be readily 
calibrated to measure small movements of the probe as could be 
expected from the brush motor operation. Fig 3.3, shows the apparatus 
used to calibrate the probe-waveguide system. The probe is shown 
located into the back of a carbon brush which was glued to an 
accelerometer mounted on a vibration exciter. Probe displacement 
amplitude and frequency was controlled by a signal generator 
connected to the exciter. Tests were carried out with the probe inserted 
into the waveguide to a depth of 6 mm i.e. at the linear portion 
of the detector output curve (Fig. 3.2), and then excited to give 
small displacements around the stationary position. Fig. 3.4 presents 
the results obtained of detector output with increasing probe 
movements for a number of different probe thicknesses. It was also 
observed that the detector output is independent of the probe 
displacement frequency. The linear response observed indicates 
that the detector output voltage can be calibrated directly to 
measure actual probe movements provided the deflection is along 
the axis of the probe and within approximately 3mm peak to peak. 

4 DISCUSSION ON OPERATION 

Fig. 4.1, shows the arrangement to measure radial movements of the 
left hand brush on a test rig motor using the techniques described 
above. The waveguide system being clamped to the motor framework in 
a position such that the slot in the broad face of the waveguide 
is in line with the back of the brush holder. A small hole drilled 
in the back of the brush holder allows the probe implanted in the back 
of the brush to be threaded through the helical coil spring and out 
into the waveguide. This arrangement effectively overcomes the problem 
of limited access to the vibrating brush surface. 

The position of the slot is adjusted such that the probe gives a 
maximum detector output deflection, the depth of the probe in the 
stationary state is 6mm as discussed above. Since the brush and probe 
are at mains potential during operation, to avoid the probe touching 
the walls of the waveguide a small plastic ferrule was inserted 
into the waveguide slot as indicated. 

The probe represented an increase in brush mass, of approximately 
3 per cent, but the effect of this would be small considering the 
brush and brush spring as a complete system. RFI from the motor had 
no measurable effect on the detector output, even though the equipment 
is in close proximity to the noise source. The high cut-off frequency 
(approximately 10 GHz) of the waveguide ensured that no RFI component 
can corrupt the electric field in the waveguide. Co-axial cables 
from the detector to the oscilloscope ensured that there is no RFI 
pick-up in the connecting equipment. 

Measurements of peak to peak brush movements were taken from the 
oscilloscope trace of the detector output voltage for a number of
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different mechanical conditions of the motor test rig. The movements 
were found rarely to exceed 0.25 mm and could be measured to a high 
degree of resolution from the oscilloscope trace. The technique 
proved satisfactory to measure brush movements for motor speeds 
greater than 1000 r/min. Below these speeds, readings were distorted 
due to excessive brush rocking and brush chatter. 

The technique has also proved successful in observing vibrations of 
light rods in small scale model structure. In this case, it was found 
that conventional accelerometers attached to the rods could change 
their natural frequency. It was found that the probe should be kept 
as short as possible to minimise vibration flextures within the probe 
itself. The high tensile steel probes used in the test procedure, 
proved satisfactory and their flextures were virtually negligible 
in comparision to the vibrations observed. 

5 CONCLUSIONS 

The technique of using microwaves and waveguide components for 
measuring brush movement proved satisfactory, overcoming the major 
problems associated with measurement of brush movement i.e. 

i) Limited access to the brushes 
ii) Small size of brushes 

iii) Mains potentials 
iv) Radio frequency interference (RFI) 

With reasonable care the method can be readily adapted to measure 
most types of single axis vibrations of less than 3 mm peak to peak. 
The apparatus described was capable of giving a measurement 
resolution of apprximately lpV detector output equivalent to 5 x 1079m 
probe movement independent of displacement frequency. 
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Fig. 2.3 Transmission line equivalent circuit of the microwave 
system 

  

  

  
  

Pig. 3.1. Variation of detector output with depth of probe 
insertion along the waveguide slot
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Plate A6.1 Test rig assembly (with field removed) 

  Plate A6.2 Test rig (plan view)
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Plate A6.3 U-type field assembly 

  Plate A6.4 Hoover MC14 motor
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Plate A6.5 MC14 armature assembly 

  
Plate A6.6 U-type field
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Plate A6.7 MC14 brush assembly 

  Plate A6.8 MC14 dirt fan
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Plate A6.9 Hoover EURO motor 

  
Plate A6.10 EURO armature assembly
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Plate A6,11 EURO O-type field 

  Plate A6.12 EURO brush assembly
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Plate A6.13 EURO dirt fan
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