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B, JANIS 

Summary 

This thesis presents the results of 

(a) an experimental verification of esigs: generalised 

analysis of eddy-current coupling performance, 

‘and (b) a comparison of the performance of a coupling fitted with 

a solid iron drum and an iron drum fitted with copper 

endrings as a practical attempt to approximate the 

idealised condition of endrings of negligible resistance, 

For (a), the coupling was comprehensively tested with the 

copper endring drum, Full details of the tests, together with 

their analysis and comparison with Davies! generalised analysis, 

are given, 

An attempt is made to assess the effects of the end-regions 

of the solid iron drum on the coupling's performance, This 

assessment is based on a comparison of test results for the 

endring drum with those for a solidiron drum, Gibbs! analysis 

of the end-region is compared with test results and a simpler 

alternative analysis of the end-region is also presented,
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List of symbols 

flux density, Wb /m* 

peak airgap flux density on load, Wb/m* 

constant, defined in Section 3.9.5 and 
Section 4.5 

diameter of drum at airgap, m 

depth of penetration, m 

electric field intensity, V/m 

peak armature reaction ampere-turns 
per pole, AT/pole 

total airgap ampere-turns per pole, AT/pole 

flux component of F 

slip frequency, Hz 

radial airgap length, m 

magnetising force, AT/m 

peak value of H at drum airgap surface, AT/m 

harmonic order, used as a subscript 

total current per unit circumferential length, A/m 

total current in the end region, A 

current density, A/m 

current Senkity along z-axis, A/m 

peak current density at drum airgap surface, A/m* 

Vee 
elliptic integrals (Section 4. 9) 

constant (equation (1.14, page 16) 

moduli of elliptic integrals (Figure 4.10 and 4.11) 
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drum iron active length, m 

length of copper endring per pole pitch, m 

constant, (Equation 1.14, page 16 ) 

drive motor input speed, r.p.s. 

slip-speed, r.p.m. 

total drum loss, W 

pole pairs 

constant, Section 4.5 

effective resistance of the active region per 
unit depth of drum, 2 

effective resistance of the end region per unit 
depth of drum, Q 

resistance of the active region for depth of 

drum, d, the depth of penetration, Q 

slip, per unit 

torque, Nm 

th ; 
h harmonic torque 

peak torque, Nm 

drum loss per unit area of drum surface, W/m 

fundamental drym loss per unit area of drum 
surface, W/m 

hth harmonic drum loss per unit of drum 
surface, W,/m? 

total drum loss at peak torque, W 

end region loss per pole pitch, W 

peripheral direction in drum 

radial direction in drum 

axial direction in drum 

  

[EES Or | ‘ (m-1) 
2 * depth of penetration 

auxiliary quantity (defined in Section 3, 9,5) 

(v)
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auxiliary quantity (defined in Section 4.4.1, 
page 100) 

auxiliary quantity (defined in Section 3.9.5, 
page 75) 

angle (shown in Figure 4.2, page 81 ), deg. 

angle (shown in Figure 4.2, page 81), deg. 

wave length of drum variation, m (pitch of 
pole pair) 

approximately equal to 1/d, (Section 1.4) 

permeability of free space, H/m 

relative permeability (numeric) 

conductivity, S$/m 

resistivity, Qm 

resistivity of copper, Qm 

resisitivity of drum iron, Qm 

potential function, Section 4,5 

maximum of potential function, Section 4.5 

angle (shown in Figure 4.2, page 81), deg. 

fundamental flux per pole, Wb 

complex variable 

angular velocity, rad/s 

The symbol — (for example, J ) represents a vector quantity. 

Note; In general, M.K.S. units have been used but some 

drawings which are reproductions contain inch units, 

(vi)



CHAPTER 1 The eddy-current coupling 
  

1.1 Principles of operation 
  

In its elementary form, the eddy-current coupling 

consists of a circular ferromagnetic drum, inside which a 

field member is mounted concentrically, The drum and 

field member are supported on individual shafts, and are 

separated from each other by a small radial airgap. The 

arrangement is shown diagrammatically in Figure 1.1. 
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Figure 1.1
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The field member is normally an electromagnet. It is common 

practice to couple the drum to a motor and the field member to 

a load, When the drum rotates relative to an excited field 

member, eddy currents are generated in the drum. The 

losses associated with the eddy currents must be supplied by 

the input, so the basic power balance of the device is 

2mNT = 2aNT(1 -.s) + (drum eddy-current loss) 

where 

4 ul input speed inr.p.s., 

ul x torque in Nm, 

and n it} input speed - output speed 

input speed 
  

Therefore the éddy-current loss in the drum, the slip power, 

is 27NT s. 

For a given coupling, the drum loss is determined by the 

drum frequency and the magnitude of the field current, The 

direction of rotation of the coupling cannot be reversed by re- 

Seay the field current, since the torque is independent of the 

excitation polarity. The coupling is essentially a torque trans- 

mitter. 

  

% 

Drum frequency or slip frequency = PNs, where 
De = pole. pairs
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1.2 Basic design considerations and construction 

The drum has two functions; (a) to provide a path 

for the main magnetic flux, and (b) to generate the slip power. 

The choice of the drum material must therefore be made on a 

compromise between the requirements of the magnetic and 

electric circuits; magnetic efficiency demands high permeability, 

electrical efficiency low resistivity. There is still speculation 

about the significance of hysteretic effects in solid iron devices 

and hence they will not be considered, 

The field member may be one of the following types: 

a) inductor; 
b) Lundell or interdigitated; 
c) salient-pole; 

d) permanent-magnet. 

Figures 1, 2(a) & (b) show the essential features of an 

inductor-type coupling, When the field coilis excited, the 

field member produces a modulated homopolar flux density 

distribution in the airgap as shown in Figure 1. 2(c) & (d). 

Figure 1,3(a) shows the basic features of a Lundell or 

interdigitated coupling. When the field coilis excited, the 

field member produces alternate north and south poles as 

shown in Figure 1, 3(b). When the poles are in circumferential 

alignment, Figure 1, 3(c), the field member is fully interdigitated; 

when they are not it is partially interdigitated, Figure 1, 3(b). 

The fully interdigitated field member produces a heteropolar 

flux density distribution in the airgap; the partially interdigitated



(4) 
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FIGURE 1.2
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one produces a combination of hetero- and homopolar distri- 

butions, Lundell-type field members are used in couplings 

rated up to 100 hp 

Salient pole construction is rare but, if a coupling were 

to be used in a fast response control system, then laminated 

salient poles could be used, 

Permanent-magnet field systems are used for some 

specialised applications, for example, fan drives in cars 

where space is limited, and in applications where construction- 

al simplicity is essential. 

Sliprings can be used to supply the field current to a 

rotating field member but, as these are considered to be a 

source of trouble, the majority of commercial couplings are 

made with stationary field coils, A typical commercial 

arrangement is shown schematically in Figure 1,4. It will 

be seen that there are now two airgaps in the magnetic circuit 

which increases the excitation required. 

A brief discussion of field leakage in Lundell 

type field members is given in Appendix A3, 

Cut-away cross-sectional photograph ofa commercial air- 
ut 

cooled Lundell-type eddy-current coupling with driving motor 

is shown in Plate 1,
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1,3 Performance and applications 

A typical family of torque-speed curves for a 

coupling is shown in Figure 1, 5, 
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A, B, C, D are the coupling torque-speed curves at various 

field currents, The inherent characteristics of the torque- 

speed curves of the coupling are non-linear and are load- 

dependent, For a given load iocise: the output speed can 

be regulated by varying the field current. Conversely, for 

a given field current, the output speed will depend on the load 

torque. On the one hand, if a constant-torque characteristic, 

such as that represented by the line KL, is required over the 

speed range n, ton,, then the excitation must be varied between 
1 2° 

the limits represented by curves A and C to give the required
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constant torque characteristic. On the other hand, if constant 

speed is required over the torque range T, to T,; then the 

excitation must be varied between the limits of curves D andA 

If, however, the coupling is to be used for a drive having 

a load characteristic as represented by the curve E, which is 

typical of a fan drive, then the excitation must be varied between 

the limits of curves A and D, The control is inherently smooth, 

and therefore the coupling is suitable for coilers, conveyors, 

machine-tools, extruders, fans,and pumps, 

1.4 Survey of literature 
  

In the analysis of the performance of the coupling, 

the field member is relatively unimportant since its sole 

function is to produce electromagnetic excitation of the drum 

material, Most of the published analytical work concentrates 

on determining the electromagnetic conditions in the drum, 

However, as with all electromagnetic problems in rotating 

electrical machines, the complex and finite geometry of the 

coupling, together with the non-linear and hysteretic magnetic 

behaviour of iron, render the problem intractable by convention- 

al analytical methods, Staipligving assumptions must there- 

fore be made. 

The common starting point for the more important 

analytical work on the coupling (except Ref. 9) is to consider 

the drum as a plane-faced, semi-infinite conductive slab with
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sinusoidal excitation along its plane face, Figure 1,6 shows 

the idealised problem, 

  

¥ 

semi-infinite slab 
mu and fPconstant 

Cae aa Litas 4s er ee Ze Toma, t a 4 Ze x 

Z 

a cos (wt sue Bae or) 
x 

Figure 1.6 

In the slab, the electric intensity E, the eddy-current 

density gr and the flux density B are related by 

Vx E OB (1s.1) 

u ' Pot. 

and Jee OB (1. 2) 

where g is the conductivity of the drum material, 

The magnetic field intensity H is related to J by 

Ve oe oe (1. 3) 
since the displacement current density, D, in the iron is 

negligible, Assuming that the iron is homogeneous and 

isotropic, and that 

nh pe, (1. 4)
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we have from (1.1) to (1.3) 

i ae 

Vo Sa ee OU St (1.5) 

H, B, andE can also be treated to give governing equations 

similar to (1.5). Since the drum is infinitely long in the z- 

direction, the problem can be treated as quasi-two-dimensional, 

and (1.5) becomes 

oF a Oz 
oa T 

os eda 

    

>2 

a + 9 . 01,0) 
“Ox Oy 

Since the problem is linear and the magnetic excitation is 

sinusoidal, the solution of equation (1.6) can be written 

21x 
L.3:* leer cos (wt - sg “y), (F.7) z 

provided that [22 >> oF fou ) 

where 

Cy
 HH peak value of current density at y = 0 3 

as | Mow fe 

= so, $ 
~ 2rf, 

B 

slip frequency, 

a
 

a
e
 ek 

wave length of the exciting wave 

(2 pole pitches) 

and
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Equation (1.7) shows that the eddy-currents induced in the 

- drum are attenuated and phase-retarded as they penetrate 

the drum. The total current per unit circumferential 

length is 

co 

I. = Hf Pe dy 

c an 1 cos (wt - ome - i (1. 8) 

f2 * 

This is equivalent to a uniform current density of Jm [fe in 

a layer of thickness y = 1/d = 1fx , phase retarded by 45° 

with respect to the actual current density at the surface (y=0). 

The thickness d is the depth of penetration. Figure 1.7 

shows the variation of the amplitude of the current density 

with drum depth. 
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The time-average of the drum loss per unit area of surface 

2M co Ae 

=. ee Ae 
we ae ok XN z rae J,” dxdy dt 

oO oO O° 

2 
Ya 

= che awe ee (i, 9) 

4.o of 

The total drum lossis 

P = «DLW, (1140) 

where D is the diameter of the drum airgap surface, and L 

is the polar axial length (active length). 

The torque is given by 

esa fo (1.11) 

The eddy-current armature reaction is 6 

  cos (wt - 2tyx/r+ w/4.) 

The armature reaction has a peak value 

H 2[2.% T 

  ¥F (1. 12) 

and
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™/4 out of phase with Jm at y = 0. 

The discussion so far has dealt with the analysis of an 

idealised model of the coupling. The efforts of individual 

authors to extend this analysis to actual couplings will now be 

considered. cig work is an excellent example of a judicious 

blend between theoretical and practical design. His conceptual 

model of the problem is shown in Figure 1.8. 

end 
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Figure 1.8 

To allow for the finite axial length, Gibbs introduces the concept 

of end effects, thatis, the effects of the eddy-currents flowing 

in the end regions. He assumes, that these effects are wholly
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outside the influence of the inducing field. This assumption 

ignores the eddy-current induction by pole-end fringing flux. 

He attempts to allow for end effects by increasing the resistivity 

of the drum material by a multipliey which is a function of the 

pole pitch and the active length. He also considers the harmonics 

in the flux density wave but his analysis isbasedon the standstill 

flux density distribution in the airgap, which he tacitly assumes to 

apply at all speeds. While this assumption may be virtually true 

at low speeds in inductor couplings, it is not valid for Lundell 

couplings (Reference 6,8, 12). His theoretical calculations for 

an inductor coupling agree well with test results. 

> 6, 
Davies follows Gibbs! analysis up to the loss equation 

(1.9), and extends the treatment to include the space distribution 

of the eddy-currents and associated magnetising forces. Starting 

with the assumption of constant permeability, Davies derives the 

equation (from Section 3.6, Reference 6). 

? 2 
ge Spa 

(un) m p% 

  

(¥.3 3) 

where A is the peak value of-magnetising force at the drum 

surface, y= 0. Davies found that a log-log plot of any /4 H 

versus H, using values taken from the B-H curve for iron, was 

linear from H = 250 to 250000 At/m. This range of H covers 

the B-H curve above the knee (B > 1.2 Wb/m”), and he suggests 

that this is the region where couplings operate. Over this section 

of the B-H curve, therefore,
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Wu) * Kn (1. 14) 

where K and m are constants, which for wrought iron are 0. 97 

and 0.77 respectively. By substituting (e 14) for du (4 H 

in (1.13) and identifying H with the peak value, Hy at the drum 

airgap surface he obtained 

2 
0.97 H OTe a 8 W (1.75) 

m Pw 

This enabled him to derive equations for torque and armature 

  

reaction, and expressions for peak torque and the speed at peak 

torque. Probably, the most important contribution by this 

author is the derivation of generalised equations for torque, 

flux per pole, and armature reaction, which, as will be shown 

later, provide a sound basis for design studies. These 

equations are given in Appendix Al. 

Davies assumed purely axial eddy-currents and negligible 

end effects which is equivalent to having zero-resistance endrings 

as shown in Figure 1.9, which implies that the ends of the 

active length of the drum are equipotentials, Since the current 

paths are parallel to the z-axis, it follows that the current density, 

J, is constant along any line parallel to this axis and a quasi- 

two-dimensional treatment is justified. 

To allow for end effects in the homogeneous drum which 

was used in the experimental work, Davies introduced two factors 

which he defined as follows.
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Figure 1.9 

"Let ry be the multiplier of Pac to allow for the increased 

voltage which must be generated to circulate Jr through the 

impedance of the end region," 

"Let Fo be the factor by which the total drum loss must be 

divided to obtain the loss in the active region." 

These factors must be evaluated from test results, 

Davies! experimental work was extensive and introduced 

some new magnetic measurement techniques. By analysing 

the airgap flux density waves on load, he showed that, while 

harmonic content varied with slip frequency, ihe harmonic 

torque contribution was negligible.
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Malti et al. : give a three-dimensional analysis of a 

coupling having a drum of finite length and constant permeability. 

The treatment of end effects and harmonics is implicit in their 

analysis which possibly accounts for their good correlation with 

test results at low excitations. 

Gonnen et al. ss deal with the analysis of a coupling 

operating at 1 p.u. slip, i.e. a brake. Their contribution to the 

subject is a method of accounting for the variation of permeability 

within the drum depth. The flux density decreases rapidly 

within the depth (Reference 6), and the permeability correspond- 

ingly increases. The authors represent the drum permeability 
+ Ay 

by the expression u = ue where yu is the permeability at 

the airgap surface (y = 0), and } is approximately equal to 1/d. 

They include harmonics by superposition and show that the harmonic 

torque contribution, based on the field waveform on no load, is 

approximately 40% 

Rudenberg's' work on eddy-current brakes (1906) was 

essentially along the lines discussed earlier, and his analysis 

did not lead to performance equations. Rowenbera’ (1923) 

assumed arbitrary flux and current density distributions within 

the drum, and surprisingly his results compared favourably 

with tests. Seahovs deals with armature reaction in 

couplings. His expression for the armature reaction is similar 

to equation (1.8). He uses synchronous machine two-reaction 

; a 5 vector diagrams to obtain the total excitation. Glazenko
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develops expressions for peak torque and the speed at peak 

torque. He derives expressions for harmonic torque in terms 

of harmonics in the induced eddy-current wave, which he assumes 

to have the same waveform as the inducing m.m.f. wave. His 

calculations include harmonics effects and agree well with his 

test results. 

While not dealing specifically with couplings, the work of 

Angst?” deals with end effects in solid rotor induction motors, 

Angst defines an end effect factor as the ratio of the impedance 

of the solid iron rotor with end effects to that without end effects. 

Constant permeability is assumed in this analysis, and the final 

expression for the end effect factor is complex. The author 

presents results for a rotor with and without copper end rings 

which agree well with his calculated values. The results 

also demonstrate the effectiveness of the copper end rings in 

minimising end-effects. 

1.5 Purpose of this thesis 
  

This thesis presents the results of 

a) an experimental verification of Davies' generalised 

analysis of eddy-current coupling performance - 

and b) a comparison of the performance of a coupling fitted 

with (i) a solid iron drum and (ii) an iron drum with copper 

endrings, the copper endrings being a practical attempt to 

approximate to the idealised condition of endrings of negligible
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: Pree 
resistance assumed by Davies . 

For a), the coupling was comprehensively tested with 

the copper endring drum. Full details of the tests, together 

with their analysis and comparison with Davies' generalised 

analysis is given in Chapter 3. 

In Chapter 4, an attempt is made to assess the effects 

of the end regions of the solid iron drum on the coupling 

performance. This assessment is based on a comparison 

of test results for the endring drum with those obtained by 

Davies® for a solidirondrum. As significant differences 

were found between the performances with the two drums, 

particularly with respect to the torque-speed characteristic, 

it would obviously be of considerable practical value if a 

simple method were available for assessing quantitatively 

the effects of the end regions, Such a simple method appeared 

to be offered by Gibbs» "resistivity multiplier". and the latter 

part of Chapter 4 is devoted to examining the accuracy of 

the multiplier. A simple aiternative method for estimating 

the end region to active region loss ratio is also presented, 

Some tests designed to study the end region field 

distribution are also pre sented in Chapter 4. 

  

* The "resistivity" multiplier is a factor by which the 

resistivity of the drum active region is multiplied to allow 

for end region effects.
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CHAPTER 2 The experimental machine 

2.1 Rotating drum; stationary field 

The experimental Lundell coupling was designed 

by Davies? a cross-section of the arrangement is shown in 

Figure 2.1. The wrought iron drum was mounted on a 

non-magnetic stainless steel backplate on the drive shaft to 

minimise magnetic leakage flux. The backplate carries a 

guide bearing which supports the shaft of the pole member. 

The drum was driven by a variable speed d.c. motor through 

a shaft which was supported in two bearings situated in the 

bearing frame. 

The field member which rotated within the drum is 

separated from it by an airgap of 0.25mm._ The shaft 

carrying the fieldmember was mounted between the guide 

bearing whose outer race rotated with the drum, anda 

plummer block mounted on a steel pillow. Thefield member 

was held stationary while the drum rotated. This was done 

by fixing one end of a torque arm to the outboard end of the 

shaft and the other to a pan of a precision weighing scale. 

Resistance strain gauges were fixed to the top and bottom 

surfaces of the torque arm and connected to form a strain- 

gauge bridge. This bridge was supplied from a stabilised 

d.c. source, The torque on the shaft bent the torque arm 

and an output from the bridge, proportional to the torque, was 

fed to an x-y plotter. The coupling assembly was mounted 

on a substantial baseplate. The plate carrying the bearing
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assembly was welded to the baseplate and the plummer block 

assembly was fixed to the baseplate by screws. The complete 

rig was mechanically very robust. A new drum with copper 

endrings and shaft assembly was made for this project. The 

coupling had a nominal rating of 1 hp. 

The rig was used for the following measurements; 

(a) airgap flux-density distributions at various field currents 

and slip-speeds, 

(b) the field core flux, 

(c) torque- speed curves. 

2.2 Stationary drum; rotating field 
  

Davica: also designe a second model with a station- 

ary drum. The field member which was driven by the d.c. 

motor was common to both rigs. The direct current to the 

field winding was supplied through slip-rings. A cross-section 

of this arrangement is shown in Figure 2, 2. Davies” used this 

rig to measure J at the drum surface and the flux distribution 

in the drum depth in the active region. 

The same rig, with minor modifications, described in 

Section 2.7, was used to investigate the end-region field 

distributions. 

2.3 The field member 

Details of the field member are shown in Figure 2. 3. 

The magnetic circuit design provided ample flux-carrying cross-
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sections to minimise iron saturation. This was essential as 

we were interested in relating torque to the airgap flux and, if 

a large proportion of the field m.m.f. were absorbed in the field 

iron, the airgap relationships would be obscured. 

The pole faces were designed to be approximately square as 

a compromise between short length to minimise pole leakage and 

long poles to reduce endeeffects. 

2.4 The coupling drive 

The coupling was comprehensively tested over a speed 

range of 0- 1500 r.p.m. (Q- 150 Hz). The coupling drive con- 

sisted of a substantial d.c. motor with manual Ward- Leonard 

speed control. The motor field was separately excited from 

the a.c. mains through a full-wave silicon rectifier. The motor 

armature was fed from a 3-phase full-wave bridge-connected 

rectifier supplied from the mains through a motorised variac 

driven at one revolution per minute, which enabled the motor 

to be run up smoothly. It was later found necessary to interpose 

a transformer between the supply and the variac for finer speed 

control. A precision d.c. tachometer was directly coupled to 

the d.c. motor shaft and its output signal was fed to an x-y plotter 

through a potentiometer. To avoid dangerous speed rises due to 

accidental tripping of the field, the armature and field supplies 

were interlocked, The circuit diagram is shown in Figure 2. 4, 

The rig performed satisfactorily throughout the test programme,
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2.5 Endring drum construction 
  

The active section of the experimental drum was made 

of wrought iron and was machined from the solid to avoid welded 

joints. Copper endrings were brazed to ends of the wrought iron 

section. The mating faces of the wrought iron section and the 

copper rings were machined accurately and brazed by a vacuum 

process. A colour photograph of the drum is shown in Plate a. 

2.6 Search Coils 

2.6.1 Pole face flux distributions 

Figure 2. 5(a) shows the search coil configuration used 

to measure the circumferential distribution, and Figure 2.5{b) shows 

that used for the axial distribution. Ali the search coils were held 

in position by epoxy resin. The leads were twisted together to 

reduce pick-up and connected to a multi-contact rotary switch. 

This search coil arrangement was first used by Davies. 

  

                          

slots 1/64th wide 
; _— x 1/32" deep cut 
I : | axially at intervals 

adjacent pole_ 2 turns/coil; 
0.004" dia. Lewmex 

wire 

: ee 
€- hay aemucicstin ———, 6 fos Boot twisted pair of leads 

" . . 
0.004" dia. Lewmex wire Figure 2.,5fa) °
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slots 1/64" ide x to flux meter 
} 32'deep cut circum- . 5: 
férentially at at ygaual Figure 2. §(b) poate re ie 

, Pole face drum 
search coil 

pole 

search coil 

round pole chemfer 
flux from pole 

chamfer 

‘Figure 2.6 

2.6.2 Pole-chamfer fringing flux   

Figure 2.6 shows the single-turn search coils used 

for the measurement of the pole-chamfer and the corresponding 

pole face fluxes. 

2.6.3 Total pole and core fluxes 

The flux through all the poles (six) of the same polarity 

and the corresponding core fluxes were measured using the search
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coils shown in Figure 2. 7(a) and 2. 7(b) respectively. 

    

  

                                

      

  

(a) ° Search Turns to measure Total Flux from all N poles. (Note that 

end connections are arranged not to link.with dxlal leakage flux). 
In actual machine, there are 12 poles. 

FIELD COIL 

    

   
CIRCULAR COIL TO 
MEASURE TOTAL SS 
AXIAL LEAKAGE COIL TO MEASURE TOTAL. ROTOR 
FLUX CORE FLUX 

(b) | Search coils measuring rotor core flux and axial leakage flux. 

FIGURE 2.7 

2.7 End region investigations 
  

2.7.1 Axial flux density distributions 
  

6 
Davies' solid stationary drum was used for these 

tests. Thirteen 0.635 mm (0.025 in.) diameter holes were 

drilled at 2.54 mm (0.1 in.) centres along an axial line in the
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end region. The 'spongy' nature of the wrought iron made the 

drilling difficult and smaller diameter driil bits: were not suitable. 

The layout of the search coils is shown in Figure 2.8. 

twisted leads to terminals 
§-turn search coils - 0.004" dia. Lewmex : 

wire. Holes 0.025'' dia, drilled at 0.10 Y 

t | eft: centres he oe 

  

drum 

active region 1] 21 5}4 o
 Qo ~~
 wo o
 1q 19 12 

                            

     

   

pole member 

Figure 2.8     

2.7.2 Radial flux density distributions 

Davies® used a precision ground key with axial slots 

to locate the search coils to measure the radial flux-density 

distribution in the active region. This key was located in an 

axial keyway in the drum and extended well into the end region 

and this part of the key was used to place search coils to measure
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the radial flux-density distribution in the end region. Axial 

slots were cut in the key to receive the search wires as shown 

in Figure 2.9. At one end, the search wires were twisted 

and soldered together to form a common electrical connection 

and, at the other end, the wires were taken through a radial 

slot in the key to terminals. Any pair of terminals will form 

a search coil. The search coil layout is shown in Figure 2.10. 

   
     

  

  

   

; | Active Regi 18 e Region 1% 

53" End Region 
3 

2:04" wir x20)" peep 
0:045" O- Dig’ 

  

  
  

- 0-034"   Figure 2,9: 

  

ends twisted together and taken to terminals    
active ; { 

region 

end soldered 

together 

/ . 
A 

airgap surface single turn search 
coils, 0.015" dtd, Fi 

eure 2.20 Lewmex wire
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2.7.3 General precautions 

The fine insulated wires used for the search coils 

required very careful handling and it was necessary to smooth 

all rough edges in slots and holes to avoid damage to the 

insulation. The search coil leads were carefully twisted 

together to minimise stray pick-up. Excessive heating of 

the drum was avoided as this would have damaged the search 

coils. 

ZO Flux measurements 

2.8.1 Field member stationary 

The Norma fluxmeter was used to measure the fluxes 

with the field member stationary. It was possible to use field 

polarity reversal to produce flux changes through the search 

coils under both static and dynamic conditions since the coupling 

torque is independent of field polarity. 

2.8.2 Drum stationary 

The induced voltages in the end-region search coils 

alternate at slip frequency and the waveforms of the induced 

voltages were seen to have a large harmonic content. Flux 

calculations based on measured voltages would therefore have 

been inaccurate. A high gain operational amplifier was used as 

an integrator, the output being fed to an oscilloscope with 

accurate calibration facilities.
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2.9 Torque measurement 

scale pan 

  

  

dh aie eg direction of torque 

  

  

Re eis * 
‘ P } “ 

strain gauges 4 counter balance 

‘shaft 

Figure 2.11 

The torque arm consisted of an 0.47 cm x 1.27 cm 

(3/16 in. x 1/2 in.) mild steel bar. The field-member shaft 

end was slotted to carry the torque arm, which projected an 

equal distance on each side of the shaft axis to provide its own 

counter-balance. One end of the arm was fixed to the pan of 

a precision balance ( a 5 gm) through a pivoted link as shown 

in Figure 2.11.
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Four resistance strain gauges, two on the top side and two 

on the underside of the arm, were fixed with epoxy resin. When 

the torque-arm was bent, the resistance of the top strain gauges 

decreased (due to compression) and that of the bottom gauges 

increased (due to tension). The four gauges were connected 

to form a bridge, Figure 2.12, which was supplied from a 

stabilised d.c. source. 

B ad 

T9 x~y plotter 
  

    

   
(R+6) bottom of arm (R-6) top of arm 

(n-8) top of at 

    

  

To x-y plotter 
  

      Stabilised d.c¢. supply     

    
  

g. change in resistance 

R- normal reocstame of Alvan 
geet: 

FrcuRE ¥.12
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The output from the bridge was fed to an x-y plotter. The 

arrangement is similar to that used in Reference 6, except 

that all the four gauges were active in this bridge. 

2.10 Eddy-current distribution 
  

Eddy-currents on the drum surface obey Ohm's Law 

for fields, E =J, Davies’ describes 'E-probes' fixed to the 
drum inside surface. An E-probe was designed to investigate 

the eddy-current distribution in the end regions, and over the 

back surface of the drum. A cross-section of this probe is 

shown in Figure 2,13. 

The probe consisted of a bakelite ring (1) about 2. 54 cms 

diameter x 2. 54 cms thick. Two concentric holes (2),Q45cm 

centres were drilled to take hypodermic needles (3), Lewmex wires (5), 

0. 038 mm (, 0015') were carefully soldered to the top of the needles 

and were threaded through the central holes in the needles. Two 

springs (4) were placed on top of the needles and held in position 

by screwing the bakelite handle (5) to the base ring. The two 

copper wire leads were soldered on to a screened cable, 

2.11 Equipment calibrations and specifications 
  

250 Torque 

The strain gauge bridge output was fed toad.c. 

millivoltmeter. After first levelling the precision balance, 

the coupling was run through a range of torques. Corresponding
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CROSS SECTION OF 'E' PROBE, 
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readings of the strain gauge output and the balance scale are 

shown in Figure 2. 14. The calibration was checked over a 

period of time, taking precautions to minimise drum heating. 

2.11.2 Flux-meter 

A Hibbert magnetic standard was used to check the 

calibration of the flux-meter, and it was found that the meter 

calibration was within 1% of the standard over the entire scale 

range. When the flux-meter was connected to the search coils, 

it was necessary to add external resistance so that the total 

input resistance could be set to 30 ohms as specified by the 

makers, 

2.11.3 Integrator 

Tektronix type 'O' operational amplifier was used 

as an integrator. The specification of the amplifier is as 

follows. 

Open loop gain 2500 

Input impedance Toms: U1, 0,.2.,..0..5 
(internal values) and 1.0 Meg. Ohm. 

10 p.F. ; 0.0001, 0,001. 

9.01, 0.1 and 1.0 uFat 

— 1%. 

Feedback impedance same values and toler- 

ances as the input 

impedances internally.
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6 
Straingauge output, mv 
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STRAINGAUGE CALIBRATION 
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Figure 2.14
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2.11.4 x-y Plotter 

Brief technical data of the x-y plotter are as follows:- 

Input resistance ‘10 000 Ohm across 

variable attenuator 

Speed 7.5 inches/sec. (max. ) 

Accuracy a o 5% dynamic at 
constant velocity to 

7.0 inches/sec. 

2.11.5 Tachogenerator 

The slip-speed signal was obtained from a direct- 

coupled precision tachogenerator with the following specifications: 

Open circuit output 0,1 volt/r.p,m, 

Maximum speed 4000 r.p.m., 

Maximum current 0.1A, 

As the maximum input to the x-y plotter was in the region of 

100 mV, the tachogenerator output was fed to the plotter through 

a suitable potentiometer, 

2.12 Details of experimental couplings 
  

Drums Solid 

drum material wrought iron 

drum diameter (I.D.) 15,875 cm 

(6. 25 in. ) 

drum thickness 1,27 cm 

0, 5 in.) 

active length of drum 2.54 cm 
(1.0 in. ) 

Copper ring:cross section _ 

End Ring 

wrought iron 

1-5.:0'7 one 

(6.25 ing 

ts 2iecry 

(0, 5. ing) 

2.54 cm 

(1/0 a) 

t. 27- em & 727 cm
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Pole member (common to both drums) 

Type Lundell 

Number of poles (2p) 12 

Pole pitch (/2) ' 4,15 cm (1. 63 in. ) 

Pole face 2.54 cm x 2.875 cm 
(1, 0.16.° x:45125 in.) 

Pole arc/pole pitch 0. 68 

Length/pole pitch 1.63 

Number of turns on field coil 2600 

Slip frequency (Hz) Slip speed in r. p.m. x 10?
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Chapter 3 Tests with endring drum 

3.1 Standstill magnetisation tests 

Dawieer experimental work was on a solid drum, and 

to compare his results directly with those presented here it was 

essential to establish that the initial conditions were the same 

in the two experimental couplings. Since the field member was 

common to both couplings, it was sufficient to establish that 

the standstill magnetic conditions in the airgaps of the two 

experimental couplings were the same, This was done by 

measuring the core flux and the flux through all six poles of 

the same polarity, at different field currents. |The search 

coils described in Section 26-3 were used for these tests. 

The difference between the core flux and the flux through half 

the poles represents the leakage flux discussed in Appendix A, 3, 

The standstill pole and core fluxes for the two couplings 

are given in Tables3.1 and 3, 2. 

Table 3.1 

  

  

| Flux through six poles, m.Wb ' Percentage 

Field Endring Solid drum ditference * 
lcurrent, A drum (from Ref, 6) 
} ; 

PO 2,05 2.0 2,44 
ee 3.8 i Se a 6s 
F220, 8 F448 4,6 Lens | 
| 0.4 ive 1 4.9 5 2.94 
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Table 3.2 

Core flux, mWb | Percentage 

7 a ee one at et ee ee 
Field Endring Solid drum 

current, A. drum (from Ref. 6) 

o, 2 2.75 2.7 1,82 
0,2 a 5.0 1.96 
0.3 6.61 6.5 1, 66 
0.4 7.3 7.2 1,37 

  

* The endring drum results are the base values. 

These tables show that the discrepancies between the two coup- 

lings were sufficiently small to be considered negligible. 

The results of similar flux tests under 'load' conditions 

are given in Figures 3,1 and 3,2, which clearly show the effects 

of eddy-current reaction on the airgap flux. 

3.2 Pole-chamfer fringing flux 
  

The search coils described in Section 2.6.2 were 

used to measure the fringing flux from the pole chamfer and 

the corresponding pole-face flux in the airgap. The fringing 

flux was less than 3% of the pole-face flux, and it was considered 

reasonable. to assume that it would have a negligible effect on 

both the torque and end region-field. 

3.3 Torque-speed curves 
  

Torque-speed curves were obtained by first setting 

the field current to a desired value, and'then increasing the 

slip-speed of the coupling progressively from zero up to a 

maximum, The speed and the torque signals were fed to
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TOTAL AIRGAP FLUX FROM HALF THE ROTOR POLES AS A 

FUNCTION OF FIELD CURRENT, AT VARIOUS SPEEDS 
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the x-y plotter, 

As the drum was cooled naturally it heated up quickly, 

particularly at high slip- speeds. The increase in resistivity 

due to this heating reduced the torque and it was necessary to 

carry out the tests as quickly as possible, Before each run up 

the drum was first cooled by running unexcited until the drum 

outer surface temperature was 30° C. 

The torque-speed curves are shown in Figure 3,3, For 

ease of comparison, two sets of torque-speed curves for the 

solid and endring drums are shown in Figure 3,4, From 

these figures, the following initial conclusions can be drawn. 

(a) The peak torques (T ) of the two couplings are 

the same to within about 5%. 

(b) The speeds at which peak torques occur with the 

solid drum are considerably higher than those with 

the endring drum. 

(c) At lower slip-speeds, the torques with the solid 

drum are much less than those with the endring drum, 

Torque-speed curves are discussed further in Section 3,8 

and 3.9.3. 

3.4 Circumferential pole-face flux distributions on load 

The search coils used for these tests are described 

in Section 2.6.1. For each value of field current and slip- 

speed, the flux linking each search coil on the pole face was 

measured. These fluxes were converted to flux densities
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by dividing each of them by the area of the corresponding search 

coil, 

Since these flux densities represent average values over 

the search coil areas, their distribution across the pole face 

should be represented by a histogram as shown in Figure 3. 5. 

  

      

N 
\ 

\ 

\ 

b 
b. areagabcwarea cdee 

2 +e] a 

é ex 
& See 

ye a 

a er 

    
  

i Pole arc ey 

Figure 3.5 

The actual distribution is smooth, which raises a problem as to 

how to construct a curve which is approximate to the true curve. 

A smooth curve could be constructed by using 'equal-area criteria’, 

that is, determining a point such as C on the curve by making the 

area:cabe equal to the areatcdec. Such a curve is shown dotted
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in Figure 3.5. Alternatively, the average flux densities could 

be plotted in the centres of the search coil spans. Harmonic 

analyses of the load flux-density distributions drawn using both 

these methods showed negligible differences in the harmonic 

content, However, since ores” used the second method, 

it was decided to do the same. 

The load flux-density distributions are shown in Figures 

3. 6(a) to (g). The mean flux densities for each value of field 

current at standstill are also plotted. Tests showed that the 

interpolar flux was negligible and therefore it was assumed that 

the airgap flux was confined to the pole face. The load 

flux-density distributions show clearly the effects of eddy- 

current armature reaction, 

These curves are similar to Figures 12. to 16 of Reference 

6. Those for the endring drum show greater armature reaction, 

which is consistent with the reduction in-end region impedance 

produced by using copper endrings. 

The load flux-density distributions were analysed to obtain 

the fundamental and harmonic components of the airgap flux 

density, the peak eddy-current armature reaction, and the 

displacement of the armature reaction wave with respect to the 

polar axis, The results of this analysis are considered in 

the following sections, 

The tests covered the slip-frequency range 1 - 150 Hz. 

As far as is known, this is the first time that coupling perform- 

ance has been investigated down to 1 Hz. This wide range
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LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE 

AT VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0. 2A ( 260 AT/POLE ), 

LOW FREQUENCY OPERATION, 
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LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE 

AT VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0. 3A ( 390 AT/POLE ), 

LOW FREQUENCY OPERATION, 

(END RING DRUM). 
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LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE 

AT VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0. 4A ( 520 AT/POLE ). 

LOW FREQUENCY OPERATION, (END RING DRUM). 
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LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE AT 

VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0.1A., (130AT/pole) 
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‘LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE 

AT VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0. 2A ( 260 AT/POLE ), 

(END RING DRUM), 
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LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE 

AT VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0. 3A ( 390 AT/POLE), 

(END RING DRUM), 
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LOAD FLUX DENSITY DISTRIBUTION ACROSS POLE FACE 

AT VARIOUS SPEEDS AT CONSTANT EXCITATION, 

FIELD CURRENT 0. 4A ( 520 AT/POLE ). 
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of slip-frequencies enabled the generalised curves of Reference 

12 to be checked not only when the depth of penetration is much 

less than the radial drum thickness ( J2K, > 27/A ), but also 

when it is of comparable magnitude ( [2k > 2n/r). 

3,5 Axial pole-face flux distributions on load 

Using the search coils described in Section 2-6°| tests, 

similar to those described in the previous section, were carried 

out to establish the axial flux-density distributions. While these 

tests showed some axial variation in the flux density, it was 

decided to assume that it was constant as was done in Reference 

6. The results of these tests are presented in Appendix A2, 

3.6 Analysis of the airgap flux-density distributions 

Table 3,3 shows a computer harmonic analysis of the 

airgap flux-density distributions, together with those presented 

in Reference 6, It will be seen that: 

(a) the endring drum is considerably richer in 3rd 

harmonics and, to a lesser extent, in 5th harmonics 

than the solid drum, 

(b) the remaining harmonics are not insignificant, which 

is not surprising since the endring drum produced 

increased armature reaction, 

and (c) the harmonic content increases with slip frequency 

tending to level off at high slip-frequencies.
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Table 3. 3 

Harmonic analysis of airgap flux-density wave on load 

A - Endring drum 

B_ - Solid drum (results from Reference 6) 
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3.7 Fundamental components 
  

ake Since the generalised equations of'Davies were 

derived from a theory based on fundamental sinusoidal variations, 

it is necessary to evaluate the fundamental components of flux 

per pole, armature reaction, and torque, 

3.7.1 Fundamental flux per pole 
  

The variation of the fundamental flux per pole, Pie’ with 

slip- frequency at constant field current is shown in Figure 3,7, 

From these curves, it is difficult to see the effect of armature 

reaction at low frequencies and an improved form of presentation 

is given in Figure 3.8, where an on load, at a given field 

current, is expressed as per unit of the standstill <a at the 

same excitation. The increasing effect of armature reaction 

from 1Hz to 100 Hz is clearly seen from this figure. 

It is of interest to note that the per unit fundamental flux 

per pole was sensibly constant at a given slip- frequency over 

the excitations used in the tests. 

3.7.2 Fundamental armature reaction 
  

The peak values of armature reaction, F were estimated R’ 

from Figures 3, 6(a) to (g) using the method suggested in Section 

6.3 of Reference 6. The results are given in Figure 3.9, and 

discussed in Section 3.9.2 and Section 4. 1. 

337,39 Harmonic torques 

Let the peak surface value of the eddy-current fundamental
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(VARIATION OF FUNDAMENTAL AIRGAP FLUx. (S.¢) WITH 

FREQUENCY AT CONSTANT FIELD CURRENT (ENDRING DRUM) 
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PEAK ARMATURE REACTION WITH ENDRING DRUM AT VARIOUS 

SPEEDS AND FIELD CURRENTS 
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The fundamental drum loss per unit area of the drum 

surface from equation (1.9 ) is 

where 

and 

2 
Ww - Tmt 

: 47 ms 

ae Ss HP ey 

1 2 : 

Ws = 27 fy 3 

f, is the fundamental slip frequency. 

The fundamental flux per pole from equation (8) of Reference 6 is 

therefore 

and 

But 

where 

therefore 

2L J 
m. 

  

  

  

1 Oa? 
AS ea a 

J set Mack (3.1) ml 2; “ : 
2 

v4 o.%. .. 7 1 1 
i trot, 21; 

22 tl G 2 Fac. is De (3. 2) 

B, is the fundamental peak flux density 

1 Bf Sg 
PEW OS ee WwW B 

since © , D, 2p are constants for a given coupling. 

Similarly, for any harmonic h 

OR te ay (3. 4) 
De a ai at
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where Wi is the drum loss per unit area of the 

drum surface due to the 5 harmonic, 

Peo Bho 
AX = , 
ms o 

  

Wy 28 fe 

fh = hf. 

and By is the hth harmonic peak flux density. 

Therefore 

2 WY ot wel Sn a ea 
W a& 2 

1 h (w, B,) 

=: (Py : Cy 
(st) ee ie (3. 5) 

1 h 

If Mn is assumed constant then - 

Oe wi 1a 
: 

Caan Mi h 

and W 7 B : 

Z or we ee s (3.6) W, Beth ee 

Airgap flux density harmonics, being space harmonics, travel 

at the same speed n as the fundamental. The total torque, T, 

developed by the coupling is related, therefore, to the harmonic
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losses and torques by 

2r-ne. 2 mDL ZW, = 2nn ZT, (3.7) 

The harmonic torques calculated from equation (3, 6) are 

given in Table 3.4. It will be seen from this table that the 

total harmonic torque content over the test range varies from 

around 8% at 10 Hz to around 35% at 150 Hz. Only a limited 

comparison with the harmonic torque content in the solid drum 

was possible, and this is shown in Table 3.0. However, it 

will be noted that the endring drum is considerably richer in 

3rd harmonic torque. 

3.8 Fundamental torque-speed curves 
  

The fundamental torque at each slip-speed was obtained 

by subtracting the total harmonic torque, calculated using equation 

(3.7), from the measured gross torque. Typical fundamental 

torque-speed curves for the solid and endring drums are shown 

in Figure 3, 10}. Apart from the obvious fact that the fundamental 

torque is less than the gross torque, the curves show that the 

speed at which the peak fundamental torque occurs is less than 

the speed at which peak gross torque occurs. 

3.9 Generalised curves 

Saul 2 : : 
Davies derived generalised equations for torque, 

fundamental flux per pole, armature reaction, and drum loss 

which are reproduced in Appendix A.1. The correlations of
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able 3,4 

Harmonic torques, endring drum 

  

    
  

      
  

  

  

  

  

Field : Slip Harmonic torque, per cent 
current, . frequency (T, = 100) 

A Hz “s - ~ 7 

gig gets Fin Tyg yn Oe 
i | 

0.1 10 (199) 9258. 1.°52.0;16 0; 43° 0,93:0/04 Il. 7,06 
0.2 et 13.3 3.0 1,37 0,27 0.43 0,280.07 || 8.72 
0.3 es 3.1 3,0. 1. 39-0. 220,43: .0,28:0;07* || 8,52 
0.4 1 13s. > 25841 87. 0.21 0,49 0:28 0n04 | 8,23 

| ' 
0.1 20 f 3. 9: 3,25: 1.83.0; 38 0:6. "0, 33/0, 07 <1) 10,31 
0.3 ioral (6.3 4.0 2,18 0,48 0.68 0.4 0,12 |] 14.16 
0.4 ome 15.2 3.5 1.67 0,400.6 0.4 0,12 |) 11.89 

{ ‘ 
0,1 | 40 16.7 4.3 2.3 0.65 0.77 0.470.16 || 15.35 
0.2 Poe i 7.9 5,15 3.0 0,97 0.98 0.620,26 || 18,88 
0.3 ‘eee 1O;G: “ost ouss). “teOyet 1 0771"0, 21.41 27.94 
0.4 | a {9,8 4,8 2,75 0,85 0.88 0.47 0,26 | 19,81 

0.1 | 100 11.0 6.1 3.9 1.33 1.20 0.8 0.37 | 24,70 
0.3 too ale HS, 1). 829i 2058..2,08-31,75. 1, 1° 0758 ol. 47 
0.4 bos 5.4: 8,3) -2, 562.08 1,6" -0:930.49 -1191. 00 

{ 

0.1 : 150 tS. 8 a2 4,9 2.08 1,73. 14.23:0,.58" 1191-69 
0,2 an 15.5 7.2 5.0 2.2 1.73 1,340.75 1133.72 
0.3 pcan 16,8 9,1 6.0 2.8 2,38 1.730,93 || 39,74 
0.4 La 17.4 9.1 4,9: 2,08 1.6 1,0°0,43 | 36.51 

| } | 

Table 3.5 

Comparison of harmonic torques, endring and solid drums 

A - -Endring drum 
B_ - Solid drum (results from Reference 6) 

has 7 
‘Field Slip Harmonic torques, per cent 
‘Current, Frequency, 7 7 

bk A. Hz T, %. pote 

| 
0.1 20 3.9 $726) 4 VAG A 

M1 2. 36 4,2 6.56 B 

it 40 6.7 4.3 11 0).2 7A 

i. 2.66 4.65 7231" 2B 

" 100 11.0 6.1 et A 

tt 7.8 7.8 15,63; 28 

0,2 10 3.0 6.345. A 

a 1, 4.0 5592 3B 

i. 40 7.9 | 5.15 19,05: A 

v 5. 6.0 11.9 B             
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the results of the preceding sections with the generalised 

equations, for m= 0.77 , are discussed in the following ’ 

four sections. 

3.9.1 Fundamental flux per pole 

The theoretical generalised curve. from Figure 5 of 

Reference 12 is compared with test results from Figures 3.7 

and 3.10 in Figure 3.11. Apart from the extreme high- 

frequency range, nowhere does the deviation from the general- 

ised flux curve exceed 10%. This degree of deviation is 

adequate for practical design studies, 

3.9.2 Armature reaction 

The theoretical generalised curve from Figure 5 of 

Reference 12 is compard with test results from Figure 3.9 

and 3.10 in Figure 3.12. For n/n 70. 25, the maximum 

deviation from the generalised curve is less than 10%, and 

in fact at the upper frequency end the correlation is almost 

exact, Therefore, over this range, the generalised curve 

would be adequate for design studies. 

For n/n < 0.25, the deviation increases from - 10% 

to - 45% at n/n. = 0.04. (See Section 3. 9,5). 

  

* 
This is the value of 'm' for wrought iron in Davies! 

relation wy! H=KH.
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3.9.3 Torque 

The theoretical generalised curve from Figure 3 of Reference 

12 is compared with test results from Figure 3,10 in Figure 3,13. 

For n/n..7 0.2, the maximum deviation from the generalised 

curve is less than 10%. The generalised torque speed curve 

over this range, which represents an operating range from 5 to 

100 Hz, would be suitable for design studies. As with the 

armature reaction, the deviation increases with decreasing 

frequency to around - 45% at n/n, = 0. OF. 

3.9.4 Drum loss 

The theoretical drum loss curve from Figure 4 of Reference 

12 is compared with test results in Figure 3.14. The deviation 

is less than 9% for n/n? 0.2 but increases to - 50% at n/n, = 0.08, 

3.9.5 Commentson generalised curves 

The largest deviations occur at the low slip-frequency end 

(below 5 Hz). At low frequencies, the approximation 

[24> 27/A (Section 3.2, Reference 6), which leads to equation 

  

: Z (MGT ee x 
Neg aoe? 

is not valid. Without this approximation, equation (9) of 

Reference 6 is 2 

Jim (4, 1) 
W me
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GENERALISED DRUM LOSS CURVE (m=0.77) - COMPARISON WITH ENDRING 
DRUM TEST RESULTS 

: Percentage 
: deviation ' wo
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‘ x
 

' w
 

wo
 

' uo 

uo
 

~
 

uo
 

  

  
e
e
 

a
 

theoretical curve 

test 0. 2A excitation 

test 0.3A excitation   0.01 0.1 1.0 10 
FIGURE 3.14 m
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where 

and 

Let 

then B Q x 

  

Values of & at low frequencies, in Table 3.6, are obtained from 

measured values of the depth of penetration (d=1/y,) from 

Table III of Reference 8 assuming that dk 1/ fo 

‘Table 3.6 

  

Slip frequency, 10 5 

  

  

  

4 3 2 il 

Hz 

depth of 

penetration, d, | 5.3 C48 SB EST So O99 Ss 17, BE AAG 26 

mm : 

S 1245-36240 oO Sle 285 1,24 

Cc 15,0403 208. 11 1.14 22 145 
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The low-frequency drum loss can be written 
2 

J 
m 

Ne ete oa ae 
The torque is proportional to the drum loss, so to a first 

approximation low-frequency torque 

ge = ae (4. 3) 

where XY is the torque calculated on the assumption that 

[269 2nfA. . The square-dotted curve in Figure 

3.15 shows T, pio. at the low-frequency end, It will be seen 

that there is now better correlation with test results, 

Adderley's work and subsequent work in the Electrical 

Machines Centre indicates that the surface flux density in solid 

iron subjected to normal travelling wave excitations is in the 

region of 1Wb/m?, which lends support to Davies!" suggestion 

that, over a wide frequency-range, the drum is not working in 

magnetic saturation. Therefore, it would appear that the 

substantial deviations at low frequencies, i.e. n/n< Ope hy 

cannot be attributed to saturation effects. In fact, it seems 

possible that better correlation will have to await a theoretical 

solution which  ye.eees Would include yu as a variable 

throughout, instead of making the substitution for u at the 

end ut?
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The frequency range where the deviation is high (Figures 

3.12 to 3.14) is not important from a design point of view. 

For the normal working range of couplings, n/n 1 Ane 

deviation is less than 10%. The generalised curves therefore 

provide a sound basis for design studies of couplings, and 

may find applications in kindred problems with solid iron, for 

example, negative-sequence losses in rotors of turbo- generators, 

18 
and pole-face losses in solid-pole synchronous machines ,
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Chapter 4 End effects 

4.1 Comparison of endring and solid-drum test results 

End effects in solid-drum couplings were discussed 

briefly in Section 1, 5, The end-region currents, which are 

generated in the active region, distribu te themselves 

" ..... to give minimum resistance loss"! (ibbes 

Gibbs also pointed out that the end-region currents flow 

not only along the inner surface of the drum projecting 

beyond the pole edges, but also along its radial side faces 

and outer surface as indicated in Figure 4.1. Tests using 

drum outer surface 

ate 

a , 

idealised eddy current 
path 

drum radial 

side face 

  

    

  

  

jwt——___. . length (z) —   ag     
FIGURE 4.1
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the E-probe described in Section 2,10 showed the presence of 

currents in the regions suggested by Gibbs, but a more refined 

technique would be required to demarcate the active and end 

region current distribution. 

The enderegion currents in the solid drum produce two 

effects not present in a drum without end effects: 

a) increased drum loss without increased tovine. # 

and b) increased 'drum impedance’, 

The additional drum loss in the end-regions can be considered 

as equivalent to an increase in the drum resistivity (Reference 

3) with a consequent reduction in the torque. The increase in 

drum impedance due to the end-regions reduces the magnitude 

of the eddy currents for a given excitation and slip-speed, that 

is the eddy-current armature reaction is reduced (see below). 

Test results of F,, Pie’ and the phase angle G for the 

solid and endring drums are compared in Tables 4.1(A) and (B), 

4,2 and 4, 3(A) and (B) respectively. @ is the angle between 

the zero of the armature reaction wave and the maximum of the 

fundamental resultant flux density in the airgap (see Figure 4, 2); 

it is analogous to the 'power factor angle' in synchronous 

machines (see vector diagram in Section 10.2 of Reference 6), 

F_, and G@ were determined from the test results as explained 
R 

in Sections 6.3 and 6.4 of Reference 6,
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| 1, Standstill flux density (ABCDIF) 

| be 2 9 Bae ‘ 2. Resultant flux density (ABC'D'EF) 

| 

3. Fundamental resultant flux density 

  

  

      
i. 2S ame 

  
ee 3 | 

|F ri ' 

8 A E eX 

é acess, pda ain prin etenninas aib 

phase angles: between polar axis and zero of armature reaction 

GQ between peak of resultant fundamental flux and zero 

of arn ature reaction 

ie shift of fundamertal due to armature reaction, see nection 

r 6.4, Referens. 6. ‘ 

Figure 4,2 

Table 4.1 shows clearly the increased armature reaction 

with the endring drum. This increase was particularly marked 

up to 40 Hz, but thereafter there appears to be a tendency to 

level off (see also Figure 3.7). The ratio Fp(endringy F, (solid)
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is not constant, being over 1.5 up to 20Hz and much less in 

the 40 - 50 Hz range. 

The variation in the airgap flux with excitation and slip- 

frequency for the two drums is shown in Table 4,2. It will 

be seen from this table that, as discussed in Section 3.7.1, 

for a given excitation a decreases with increasing slip- 

frequency. For the endring drum the ratio (P.)1 S0H2(G, )10Hz 

is about 0.3; for the solid drum the corresponding ratio is 

about 0.5. It will also be seen from Table 4, 2 that for each 

excitation the ratio G, (endring/G. . (solid) follows practically 

the same pattern over the slip-frequency range, varying from 

about 90% at 10 Hz to around 60% at 150 Hz. 

The larger 'drum impedance!’ of the solid drum is clearly 

demonstrated by the results in Table 4. 3(A) where G for the 

solid drum is appreciably greater than for the endring drum, 

The measured values of G are considerably less than the 

theoretical value of 45° obtained when the permeability is 

assumed constant. Some support as to the correctness of 

the order of magnitude of the measured values of @ is to be 

found in the work of McConnell! ® and Sharow McConnell 

et al. showed that, for a rectangular magnetisation curve, 

that is, iron always fully saturated, G approached 26. 

Sharov's measured values of @ for a solid rotor induction 

motor were approximately 45° for 'weak fields! and 31° for 

'strong fields’.
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Table 4.1(A) Comparison of FR between the endring and 

solid drum couplings 

  

  

  

  
  

  

Field Slip Fp: AT/pole 
current, frequency, I x | Ratio 

A Hz endring drum: solid drum oy 

(Ase Fo (B) 
0.1 10 56 | 36 1.55 

20 81 ! 54 1.50 
40 101 | 80 Li27 

100 122 ! 99 1,24 
150. 130 ge 03 1. 26 

0.2 10 140 90 1.56 
20 200 124 1.61 
40 238 161 1, 28 

100 | 275 215 1; 27 
150 285 225 1. 26 

0.3 10 | 187 124 1.51 
20 br +2986 176 1:51 
40: | 330 245 1.34 

100 7 380 307 1, 24 
150 390 328 138   
  

* from Reference 6 

Table 4. 1(B) 

  

[ Field current, 

A : 

Slip frequency, | FY, AT/pole 
Hz i (endring drum) 
  

  

0.2 

0.3 

0.4   

JI 
P
w
r
 

I 
P
w
r
 

JI 
P
w
r
 

23 

27 

81 
i 

37 

70 

115 

168 

36 

67 

103 

190       
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Table 4.2 Comparison of Pe. between the endring and solid 

drum couplings 

  

  

  

  

Field |: Slip Qa, mWb 
current frequency endring drum solid drum*! ratio, 

A be Be (A) (B) (A) 7() 

0454 10 0, 282 0, 309-1. 02915 
Leen 20 0, 232 0. 288 0.805 
pe ‘0,177 0, 254 0,70 
| 100 0.121 | 0,18 0.671 

| ' 150 0.094 0.15 0.625 
| i { 

0.2 10 P\ Og481 0.535 0. 90 
oe he? @. 868 0,49 0.75 
40 0, 284 0.41 0.692 

100 0.180 | 0, 28. 0, 642 
| 150 0.148 0, 245 0,605 

| 6.3 10 0. 64 0.72 0.89 
Ls 920 0.50 0.65 0.77 

ao ea Ba 0.53 0. 70 
100 i 0; 286 0.385 0. 64 
150 FO, 206 0, 33 0.625 

0.4 10 | 18 | 0.80 0. 90 
20 ' = 0, 605 0.73 0.83 

| 40 a a5 0.59 0. 736 
| 100 L 02°30 0.45 0.667 
! 150 oc aeet | 0,40 0.675 

* from Reference 6.
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Table 4,3(A) Phase angle of G for endring and solid drum couplings 

  

  

  

    

  

  

Field current, Slip frequency, Phase angle G, deg. + 
A Hz endring drum { solid drum» 

0.1 10 29.3 34,9 
20 29.5 38, 2 
40 30.1 43.4 

100 30.0 40.3 
i 150 29.1 38.7 

3 1 

0.2 10 25 35.4 
20 29.9 38.9 
40 29.0 39.2 

i 100 28.0 Be” So, 
‘ 150 | 27.3 | 37.5 | i 

0.3 10 14,3 ee 
20 21.0 I $0.8 

“J 40 23.3 Le Sarg 
et 100 23.7 fee 

150 24.7 best T8 

O54: s: 10 16 | 22.3 
| 20 20.3 ee, 4 

40 24.8 | $4.5 
100 40,2 noes es 
150 | 24.8 | 37.9 

| |   
  

Table 4, 3(B) 

  

Field current, Slip frequency, | Phase angle Gg, deg. 

wA Hz i (endring drum) 
  

18 

18,4 

18.8 

21 

26.5 

0,2 

N
P
 
O
D
 

eR 

16. 3 

16.6 

17.0 j 

18.0 | 

19.4 | 

0.4   

NJ 
P
W
D
 

        
{ The phase angles are corrected,for phase shift on load 

as described in Section 6.4 of Reference 6, See also 

Figure 4,2 

* From Reference 6,
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From simple circuit concepts, one might expect that, for 

a given excitation, G would increase with slip-frequency because 

of increasing drum reactance. However, the corresponding 

increase in drum resistance due to the increased skin effect 

attenuates the increase which would be produced in G by the 

increase in 'drum reactance! alone, 

Table 4. 3(B) shows @ for slip frequencies less than 10Hz, 

It will be noted that, even over this frequency range, Q is not 

insignificant, which means that as far as solid iron is concerned 

a frequency of even 1Hz is not a low frequency, 

4,2 End-region tests 

The search coils described in Sections 2,7.1 and 

2.7.2 were used to investigate the axial and radial distributions 

of the flux density in the end regions of the solid-drum coupling, 

The excitation and speed ranges were 0.1 to 0.4A and 100 - 

1000 r.p.m., 

Age Axial distributions 

Figure 4,3 shows typical oscillograms obtained with 

the axial distribution search coils shown in Figure 2.8. That 

there is little distortion in the waveform was confirmed by 

the oscillogram of the integrated signals which approximated 

closely to sinusoidal. Figure 4.4 shows a typical log-linear 

plot of the maximum average flux densities through the twelve 

search coils at 10 Hz and 100 Hz for a field excitation of 0.3 A.



axial search coils 
Waveforms of induced voltage in the 

for search coils) 
in the end-region (see Figure 2.8 

PEEEF 
a avy ater 
A ea AY 
a 
ae 

  

15 

Search coil No. 6, Frequency 100 Hz, excitation 0.1A 

5 mvV/cm, 2 ms/cm 

WV ELI 
Thee 

Ave Ge Ae 
eg 
(ae 

  

Search coil No. 12, Frequency 100 Hz, excitation 0.1A 

1 mV/em, 2 ms/cm
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END~REGION AXIAL FLUX DENSITY DISTRIBUTION (SOLID DRUM) 

FIELD CURRENT 0.3A 

(See Figure 2.8 for Search Coils) 

Oy? 

ae 

0.0 
“e = 
2 0.0 

z 
of 
w 

$ 
ete. 0.0 

3 
fa 

0.0 

6.35 8.89 11.43 13597 16.52   
Agial distance, mm FIGURE 4.4 P 

; N
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Similarly-shaped graphs were obtained for the range of 

excitations 0.1 to 0.4A. The linearity of the graphs shows 

that the axial decrement is exponential. 

The flux in the end-region is due primarily to the end 

region currents (see Section 3. 2). The eddy currents at 

100 Hz are greater than at 10 Hz for the same excitation, but 

the results show that the flux densities are greater at 10 Hz 

than at 100 Hz. The cause of this reduction in the flux 

density may be explained as follows: 

To fulfil the continuity condition Y.J = 0, the eddy 

currents generated in the active region must flow in closed 

circuits, which they do by utilising the end-regions, The 

whole drum-current configuration moves in synchronism 

with the field member, and relative to the drum. The 

end-region currents are therefore self-induciive. The 

associated skin effect in the end-regions, which becomes 

more pronounced with increasing slip-frequency, results 

in a reduction in end-region flux densities at high slip- 

frequencies compared with those at low frequencies. 
. 

4,2,2 Phase angle 

The phase angle between the fluxes through pairs 

of search coils was measured by displaying the integrated 

induced voltage signals from the search coils on an oscillo- 

scope. These oscillograms showed negligible phase-shift 

between the fluxes through any‘pair of search coils, A



(90) 

End Region Axial Field 

Oscillograms showing that there is practically no phase 

angle between the flux waves linking the axial search coils 

(Figure 2.8) - Induced voltage waves integrated. 
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Flux waves in axial coils 2 and 4, Frequency 40 Hz, 

excitation 0,2A. 10 msec/cm, 0.2 V/cm 

Figure 4.5
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typical oscillogram is shown in Figure 4,5. Apart from the 

obvious fact that the end-region field rotates synchronously 

with the field member the results give general support to 

Gibbs” model of the end region field distribution. 

4.2.3 Radial distributions 
  

Figures 4, 6(A) and (B) show oscillograms with the 

radial distribution search coils shown in Figures 2.9. and 2,10, 

It will be seen that the e.m.f. waveform for the search coil 

nearest the drum surface, Figure 4,6(A), has a larger harmonic 

content than that for the coil in the middle of the drum depth. 

The reduction in the harmonic content in the latter is due to 

the rapid attenuation of the harmonics within the drum depth, 

Typical log-linear plots of the maximum average flux density 

through the search coils at 10, 40 and 100 Hz are shown in 

Figure 4. 7. The decrements are very similar to those in 

the active region (see Figures 34 to 37, Reference 6). The 

flux density at 10 Hz is greater than at higher frequencies 

for the reasons discussed in 4.2.1. 

4.3 Effects of drum overhang 

A test was carried out to investigate whether different 

lengths of drum overhang affected the coupling's performance, 

Torque- speed curves were taken at a given value of field 

current with the field member in each of three different axial 

positions within the drum and the results are shown in Figure 

4.8. It will be seen that even when the pole-face edge is in



Waveforms of induced voltage in the radial search coils in 

the end region (See Figures 2.9 and 2.10 for search coils) 

  

Search coils formed by wires 2 and 3, Figure 2.10. Frequency 

40 Hz, excitation 0.3A. ; 

  

») 

Figure 4.6 Search coils formediby wires 6 and 7, Figure 2.10. Frequency 

40 Hz, excitation 0. 3A.
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‘END-REGION FLUX DENSITY DISTRIBUTION 

FIELD CURRENT 0.3A 

(SOLID: DRUM) 

(See Figures2.9 and 2.10 for search coils) 
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circumferential alignment with the drum radial face (position 

2in Figure 4.8), the torque-speed curve is almost identical 

to that with the field member in position 1, which has nearly 

identical drum overhangs on either side of the field member, 

It is fairly obvious from the configuration of position 2 that, 

at the open end of the drum, the return paths of the currents 

from the active region are forced to flow along the radial 

side faces of the drum, and possibly, to a limited extent over 

the drum outer surface. One might reasonably expect that 

the greater constraint on the end-region currents at the open 

end of the drum in position 2 would produce increased end- 

region losses with a consequent decrease in torque. A 

small but measurable reduction in torque in position 2 com- 

pared with the other two positions can be clearly seen in 

Figure 4.8 which is consistent with the foregoing argument. 

4,4 End region losses 

It has been pointed out in Section 4.1 that the losses 

in the end-region result in 'lost torque’. Therefore, itis 

important for the designer to be able to estimate this as 

accurately as possible, Unfortunately, without simplifying 

assumptions, the end region is analytically intractable for 

basically the same reasons as the active region. Only 

Gibbs” appears to have published an analytical treatment 

of the end-region in eddy-current couplings.
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4.4.1 Gibbs! analysis 

Gibbs® assumed the current in the end region to be 

resistance-limited and to have a two-dimensional distribution 

as shown in Figure 4.9, (but see Section 4.1). 

eddy currents in the 
| ha oe 

16 en Ni ) oF end region 

x Auer om : A / oo 

Ny x | / J Pee ee ‘ / / “ overhang drum surface 

    

WL \ 
A Boe b 4 

active drum surface 

FIGURE 4.9 

Since the excitation in the active region was by discrete 

poles, and the drum overhang was finite, the idealised 

representation of the problem in the z-plane is shown in 

Figure 4.10. The figure shows two electrodes AB and CD 

corresponding to two consecutive poles, applied to a conductor 

bounded in all directions, that is ADEFA in Figure 4.10, and 

DE represents the drum overhang. Using Schwarz- Christoffel 

transformations, Gibbs obtained the final electrode configuration
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shown in Figure 4. 117 from which he obtained the required 

effective resistance of the end region per unit depth of the 

drum as 

p 2K 
Ko 

R = : ) (4. 1) 

he 

where K and K' are elliptic integrals . 

  

st 

are given in full in Reference 30. 

f overleaf 

* These integrals and the detailed mathematical manipulations
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W= -k o We=k 

Xx -plane 

FIGURE 4.11 

Figure 4,12 is drawn from data given in Table 14 of 

Reference 30. This figure shows the relation between 

i cS 
R./P and the ratio gs = Ob 

overhang, and OD is half the pole pitch (see Figure 4. 9} 4-10) 

» where DE is the drum © 

Gibbs shows that, when DE (the drum overhang) tends 

to an infinite length, Re/P —> 2.00. It will be seen from 

Figure 4.12 that, for DE/OD >1.2. the overhang may be 

considered to be infinite. 

Consider the idealised current flow in the active 

and end-regions shown in Figure 4.13. The resistance 
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FIGURE 4.13 

of the current path in the active region for unit depth of 

drum is taken to be 

eae Pee 
R. = aa 4%) (4, 2) 

where Y = eT (see Figure 4, 9) 

Therefore 

a ote Ki
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For the experimental coupling 

<3 
gs 6 Mon, = S0t xi = p22 

2.08 x 10 

es 0. 08, 

Pea Bee 40 Me. 

Gs 2.54x Vice 

2K 
and /K' = 2.05 (from Figure 4,12), 

Substitution of these values in equation (4.3) gives: 

NejRee = 1414 (4. 5) 

4,4,2 Experimental ratio of end-region loss to active region 
  

loss 
  

Assume initially that the copper endring 

losses are negligible compared with the corresponding loss 

in the solid drum (see Section 4, 4, 3). Then, from Figures 

4.14 and 4.15, which show the variation of the fundamental 

torque with fundamental flux at constant speed for the two drums, 

we can obtain the torque for the two couplings at given values 

of fe and slip- speed.



(102) 

Let .. = the torque of the endring drum at slip-speed 

n and fundamental flux, G__, 
ac 

T, = the torque of the solid drum at the same slip- 

speed and fundamental flux. 

Then 2z nT, and 27 nT, are the total losses in the endring and 

solid drums. Therefore 

Qa Ars - 27 nT, = loss in the endregion of the solid drum, 

The reduction in torque in the solid drum can be due only to the 

additional end-region losses. 

Therefore 

end region loss . 4nTe - 2mnTs 

active-region loss 2a nT, 

ae 
emer (4. 6) 

s 

The loss ratios obtained from Figures 4,14 and 4,15 are given 

in Table 4, 4. The average loss ratio is 1,48 with maximum 

deviations from this value of +12,9% and -9.5%,. 

From Gibbs' analysis, we have 
: 2 

end region loss te ko ee . : 
Bade resiens an. en 1,14 (see equation (4,5) ) 

7h 

where IJ is the effective current.
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VARIATION OF FUNDAMENTAL TORQUE WITH FUNDAMENTAL 

FLUX AT CONSTANT SPEED - ENDRING DRUM 
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VARIATION OF FUNDEMENTAL TORQUE WITH FUNDAMENTAL 

FLUX AT CONSTANT SPEED - SOLID DRUM - TEST RESULTS 

FROM REFERENCE 6. 
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Table 4.4 End region loss to active region loss ratio 

  

  

  

| eee Pac Des es T,, Nm Fens, bape 

| mWb | | S..j. 

1002 et Ae 10 0 66 1,42 1, 246 
| 0,4 Be a eee | 1, 282 

| | 0.5 B58. 4 aah be | 1,264 

| | 0.6 9.2 tees fee. hae is 
| | | | | 
| st BORN 0. 4 6:4 a ie | 1, 465 
| 0:5 oh 50.9 ti Aa 1.65 1.45 

| G6: Ag tet 6-4 fog 1,344 

| 1000 Oop AME ee, | Rae 1,388 
0.3 13 ee ee | 4,29 

| od 128 ee ep 1, 26 1,106 

| renee | 
* : (T. . Te) Be 

Bxperimental <7 eget cee 

Gibbs s.¢
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The ratio of the experimental loss ratio to Gibbs' ratio is 

given in the last column of Table 4.4. It will be seen that 

the experimental ratio exceeds Gibbs' ratio of 1,14 by 

between 10% and 46% which is surprisingly good correlation 

when one considers the initial assumptions in Gibbs' analysis. 

A further contributory factor to the deviations from Gibbs' 

ratio may possibly be the tacit assumption that the two drum 

overhangs were identical, when in fact the experimental 

drum was open-ended at one end and fixed to a mild steel ring 

at the other (see Figure A2-2 andplate 2 ). 

It would appear that equation (4.1) in conjunction with 

Figure 4,12 would be of considerable value in practical design 

work, 

4.4.3 Copper endrings loss to active region loss ratio 

The following analysis shows that the end-region 

loss is negligible with copper endrings, Assume that, 

a) the currents in the active region are axial; 

b) the currents in the active region are 

confined to the depth of penetration; 

c) the end region currents are confined to 

the copper rings. 

The idealised problem is shown in Figure 4.16. The 

current distribution in half a pole-pitch ( Dd /4) is considered,
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2 
Iron drum active region loss = I R. (4. 7) 

where I is the equivalent current (equation 1-8) , 

L 

Be hoe 
x 

P; is the resistivity of iron, 

Ll, is,the active length | 

and A; = dr/4, area of cross-section of the current 

path in iron. 

Therefore ae 

Iron drum active region loss = Pi EL /dr (4. 8)
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The loss in the copper endrings 

  

iy 2 
= r Cc . (I/.) ) (4, 9) 

c A 

where . is the resistivity of of copper, 

oes Als ) 

A. is the area of cross-section of the copper endring 

and (1/2) is the average current in the copper endring. 

Hence 

loss in copper endrings = ice: ia A.d 1 copper. ee fake? tbe et 
loss in drum active iron c Fi 

Substitution of 

pe 11.2x10°° gmat 20° c 

atte = ie? Qm at 20° C 
Po 

Le 4 x Ree 

© 
L a Aunt © AG m 

A = 20 aban lem, Cfordane 
-4 

Aspe gras Tet x 10 4 

in equation (4.10) shows that 

loss in copper endrings a 0.022 (at 20° C). 

loss in drum active iron 

The temperature coefficient of resistance of copper is
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only 0.7 that of wrought iron at 20°*e: Taking this into 

account at a maximum drum working temperature of 200° ae 

the loss ratio reduces to 0.008. Therefore, the assumption 

of negligible copper endring losses is valid, 

4.5 An alternative analysis of the end region 
  

The following treatment of the end region, which 

is simpler thar Gibbs'® has been found to give good correlation 3 

with experimental results. 

Figure 4.17 shows the alternative model of the end region. 

It represents the end region as a thin conductive sheet of finite 

width, along one edge of which there is a sinusoidal potential 

distribution. For analytical simplicity, it will be assumed 

as did Gaba’. that the current flow is resistance-limited. 

} ‘ 

N 

  

endere gion 

¥ 
3 > 

7 y x 
activeeregion 

| G = Gm cos 27x/N 

  ay 7 

Figure 4.17 
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Since the conductive sheet is thin, we may assume a quasi-two- 

dimensional di stribution| 

2 
V o.., =< 0 (4.11) 

The suitable general form for G is. 

9g 
where C and p are constants to be determined from the 

C cosh pz cos px, (4.12) 

boundary conditions. The required solution of (4.11) is. 

an 27x 
— L 

< 

Gg = (9, eosh 2nd/ A ))cosh x (z - d) cos = 

(4.13) 

The loss per pole pitch is. 

2 ae 
2 

we | [ fe }3|  dxdz 

ae, Tue 

° Zi 2 

i { (J... + a) dxdz, 
x Z 

Oo Oo 
(4.14) 

ul 

ate ee 
x fF Ox ? where
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Is and a = - 
Z O

l
e
 

og
 

N 

After substituting for J, and se from (4.13), integrating and 

simplifying we obtain 

Wo = (7h / 2p) tanh 2rd/x (4.15) 

The total’ current in the strip is 

d 

me
 u : dz 

x = r/4, 

(P,,/ P ) tanh 27d/r . (4.16) 

The strip equivalent resistance per pole-pitch is- 

R 2 
e w,/I 4 

(7/2) coth 2rd/p (4.17) 

The corresponding resistance of the active-region is (in 
° 3 

conformity with Gibbs ) 

Ro Bar Ls A : (4. 18) 

and the end region to active region loss ratio is. 

2 2 E 
Tw Re fae RO Oe A /8L) coth 2rd/A> (4.19)
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Substituting A= 8,3 %10°" m, 

2554 x io m, 

2.54 x fase m, and d 

in (4. 19) we obtain for the experimental solid-drum coupling 

end region loss 
; : 1,336 

active region loss 

u 

The experimental loss ratios are compared with this alternative 

factor and that of Gibbs in Table 4.5 

It will be seen from this table that the deviation of the 

alternative method varies from -5% to 25%. 

  

  

  

TABLE 4, 5 

Slip- speed Gin | Experimental | Experimental 
r.p.m. m. Wb Alternative Gibbs 

F108 0.3 1,07 |g aae 
| 0.4 1.09 i} ade ene | 

0.5 1.08 | 1, 264 | 
0.6 12a) i175 

| 200 0.4 1.25 Baste 7. 
faye 5 1.25 1,45 

| 0.6 4545 1, 344 

| 1000 0.2 1,18 | 1, 388 
0.3 1.10 | 1,29 
0.4 bes te |e 1106 
  

a
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In the practical coupling, the end region is indeterminate 

(Section 4.1), The graph coth 27d/X against d/A shown in 

Figure 4,18 clearly indicates that for values of d/A > 0.2 

the end region may be assumed to extend to infinity which 

corresponds to a similar condition in Gibbs' analysis. 

4.6 Conclusions and suggestions for further work 

The generalised curves derived by Davies” have 

been shown to be within the limits of accuracy required for 

design studies of couplings over the range of 0.2 n/ns 4. 

This demonstrates that, even when faced with the analytical 

intractability of solid iron, a judicious blend of theory and 

practice, as used by Gibbs and Davies, can yield results of 

practical usefulness, 

Below n/n = 0.2, that is in the low-frequency operating 

range, the performance of the coupling requires further investi- 

gation since the assumption.] 20% 5>27/A is not valid in 

this frequency range. 

That the end-effects in a solid iron drum have a pronounced 

effect on the torque- speed characteristic has been demonstrated, 

It has been shown that there is little difference in the magnitude 

of the peak torque developed by the same coupling fitted with 

either a solid-iron drum or an endring drum. However, the 

  

See Section 1,4
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speed at which the peak torque is developed with the solid- 

iron drum is appreciably greater than with the endring drum 

(of the order of 100% greater). Since the only constructional 

difference between the two coupling configurations was in the 

end regions, one may reasonably attribute the difference in 

the torque-speed characteristics to end-effects, 

The pronounced effect on the torque- speed characteristic 

of the end regions makes it essential to be able to assess their 

effects as accurately as possible. Both equations for the 

resistance ratios (equation (4.3) and equation 4.19) are simple 

to apply and either would be adequate for preliminary design 

studies. At this stage, it would seem that accurate prediction 

of the coupling performance must await more detailed investi- 

gations of the end region.
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Appendices 

Appendix A.1 Generalised Equations 
  

The generalised equations for the coupling derived 

’ > 

by Davies are given below. 

Al-1 Fundamental flux per pole 
  

  

  

    

  

(2m-1)/ 
e ar 2m 

Pe - Ko me ni /4m (A1-1) 

- 1/4 m 
where K = (uu) Heh. 

1/4m 1/m 
Kk, = 1,87 (K/,) ; 

/ git _2/2m 

Mi ee eat 
. 4m D 2m 

and for m = 0.77 

po: 35 

Fes : 3" 0. 825" (A1-2) 

Al-2 Peak armature reaction 

° Le p2 Fr ° 1 -" /2m ‘ 1/4m 

Ky Pp Ko M
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and form =0.77 

2 0,855 x 10° 0.65 0.325 
ere es 
2.86 p 

(A1-4) 

A1l-3 Peak torque (T_) and speed at peak torque (nm) 

  

2 
F 

T = —s—— (A1-5) 
+ m Cif, (2 C,) 

where 3 = - the total airgap m.m.f., At, 

C, att ky MS 

S = reluctance, At/Wh, 

ae 
Gy ag oe 

pe Mv 

1 
k z 

4 ky ky 

C. = -2 cos & 

and $ is the angle between armature reaction and 
main flux 

C ‘es 

2 <a (2m-2) De (2) i | (A1-6) 

and for m = 0.77 

2:22.08 

rn 0.925 3.08 
F D 

g 

where ke is a constant.
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Al1-4 Generalised torque- speed 

T/T re: +t an 
3 1 + C,Q +Q 

where 1-m/m 1/2m 

ee Ata le aja 

and for m= 0,77 

(Tia 3 (n/n) 65 

  

  

T/T : 
eB 2 Ah 
2.7.0 0.3 0.65 0.6 

+ : : : +. 3 1 C,(T/T,) {aya + (T/T) ee 3 

m 

(A1-8) 

A1l-5 Generalised fundamental flux per pole 

(24+ 0C.) Q 0.35 

2 3 0.325 
(Pig dac* tot a ty 

m 1 Cet (A1-9) 

where (Fn) is the fundamental flux at peak-torque 
ac 

A1l-6 Generalised armature reaction 

(2.4-€,) QqQ 0's ) 1 | ie 0, 325 
R/F 2 m 

rn erica A1-10) 

where FRm is the armature reaction at peak-torque.
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Al-7 Generalised drum loss 
  

(2 + C) Q(n/n,) 
    A1-44) 

  

w/W_ = = 
Le CIR FQ: 

where Wy is the drum loss at peak-torque.
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A.2 Axial airgap flux density distributions 

A, 2.1-° Dest weenie 

The search coils described in Section 2.6.1 were 

used to measure axial flux-density distributions on load. 

Typical distributions are shown in Figure A. 2-1 from which 

it will be seen that the axial distribution is not constant as 

was assumed for analytical simplicity (see Section 3.5). 

A.2.2 Reasons for variation in axial distributions 
  

To simplify analysis of solid iron problems, it is 

usual to assume that the eddy currents in the active region are 

solely axial. An examination of the dynamic flux-density 

distribution across the pole-face (Figure A. 2-1) reveals that 

this assumption is not valid, even when the iron drum is provided 

with copper endrings, The depression in the axial flux-density 

distribution curve would appear to imply that there are closed eddy- . 

current paths within the active region, Figure A2-1 shows that the 

maximum depression is displaced towards the open end of the 

drum and moves closer to it with increasing frequency. The 

reason for this is probably the inductive imbalance between the 

two end regions (see Figure A2-2),
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FLUX DENSITY DISTRIBUTION ALONG POLE FACE (AXIAL) UNDER 

LOAD FOR VARIOUS SPEEDS AT CONSTANT EXCITATION (See Figure 2. 5(b) 
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wrought iron drum 
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A.3 Field member leakage flux 

The leakage flux paths in a partially interdigitated field 

member are shown in Figure A3-1, The pole edge component of 

the leakage flux will increase with the degree of interdigitation. 

Search coils shown in Figure 2.7(a) and (b), page 30, were used to 

measure the flux through all the poles (six) of the same polarity and 

the corresponding core fluxes; the total leakage flux being the 

difference between the core and pole fluxes, 

  

(effective flux)    
  

  

  Pig 
  

  
  

  

  

  

  
  

field 

core flux ° coil 
v       

Figure A3-1 

Av 3-1 Test-results 

Test results of the total leakage flux are given in Table 

-A3-1. It will be seen that at standstill the leakage flux is about
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30% of the total core flux, The percentage leakage flux increases 

on load since the armature reaction reduces the effective flux, with 

a corresponding reduction in any saturation which may be present 

in the core. The effect of this reduced saturation in the core is 

equivalent to a reduction in the reluctances of the leakage paths of 

the fluxes Wo and Ps (see Figure A3-1),
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TABLE A3-1 

Field member leakage flux (end ring-drum) 
  

Standstill 
Field Total Pole face Leakage Leakage flux, 

current flux flux — flux” per cent of 
A m Wb m Wb m Wb total flux 

Oct 255 2.0 0.8 2869 

0.2 Seek 3e9 D2, 23D 

03 6.6 415 ea 85 28 

0.4 CoO 52D 235 32 

10 Hz (100 r.p.m.) 

  

  

al 2s Wer 0.6 26 

0.2 4,15 2:5 185 3200 

05.3 Bat 3209 22abD 38 

0.4 6,8 4.15 22.65 39 

20 Hz (200 r.p.m. ) 

OF 2:0 1.4 0.6 30 

0.2 Shire 223 1.4 38 

O03 5.0 2.9 251 42 

0.4 6.0 3.4 2.6 43.3 

40 Hz (400 r.p,m.) 

0.1 16.5 tes) 06:55 oc 

0,.2 SPer- 158 14 44 

Old 4,45 2.25 2.24 49,5 

0.4 baad 220 ae uki Oe 

100 Hz (1000 r.p.m.) , 

vd) al 1.4 0.8 0.6 43 

Os2 2.6 T3 P53 50 

0.3 3465 136 2.05 56.5 

0.4 4-5 1 05 2Hit5 61 

150 Hz (1500 r.p.m.) 

0-1 1:2 0.65 0.55 46 

052 2:3) 1.0 1.3 56 

05:3 Seo ie Sack 64 

* For half the poles (six)


