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S U M M A R Y

The two 40-ton ro to rs  of the C anberra  Homopolar 

G enerator, which a re  independently mounted, tend to run 

at different speeds fo r various reasons.

Satisfactory operation of the generato r demands that 

the speed of the two ro to rs  be synchronized, o r balanced. 

This paper shows how th is aim  was achieved by a sim ple 

but effective servo of the ’’ON-OFF** type. This servo em ­

ploys a con tactor-clu tch  arrangem ent of sim ple design, 

which has an unusual phase advance c h a rac te ris tic .

iii



1 . INTRODUCTION

This paper describes a method of ensuring that the rotors of the Canberra 
Homopolar Generator run at equal or near equal speeds. This is referred to as speed 
balancing.

To understand the mechanism of the control it is  necessary to be fam iliar to 
some extent with the Homopolar Generator itself. A lis t of references to the machine 
is  given at the end of this paper, and a brief description follows.

2. DESCRIPTION OF THE MACHINE

Reference is  made to Figure 1, which is  a photograph of the machine, and to 
Figure 2 which is a basic electrical diagram.

Briefly, the machine is an energy storage device. Two large rotors support­
ed by oil and air bearings are poised in a magnetic field which is produced by a large 
cyclotron-type magnet. These rotors are run up to speed in opposite directions by a 
motoring current supplied from a grid-controlled mercury arc rectifier set. Brushes 
are then pneumatically applied, and a pulse of current is  drawn from the generator, 
the rotors of which slow down as energy is taken. Each rotor is 140 in. in diameter, 
and consists of two d iscs fastened together as shown in the diagram; such a rotor weighs 
about 40 tons. Maximum speed is set at about 900 rpm, and at this speed the energy 
stored in the system  is 500 megajoules. Peak current which may be drawn from the 
generator is about 1. 6 megamps. This last limitation is determined mainly by the 
brushes^ which are applied to take a pulse.

Although the machine is  based on a simple principle, its construction has 
posed many problems which are of great interest. This paper, however, is not con­
cerned with the homopolar generator as such; nevertheless it might be mentioned that 
this machine is by far the largest of its type in the world, and it forms a unique form of 
energy storage. Originally designed^’  ̂ for a proton synchrotron magnet drive, it is  at 
present being used to supply current for a number of experiments, including a high field 
(Bitter) magnet for work on solid state physics.

A user of the homopolar generator may enjoy a wide variety of current pulses 
even for a fixed load, by adjusting the strength of the generator field, by choosing the 
speed at which to take the pulse, and by programming the electrolytic switch; this 
switch can absorb an appreciable part, or even the whole, of the machine energy.
Pulses taken for useful work are rarely taken below 100 rpm, at least in experiments 
carried out so far.

It takes some tim e to achieve rotor speeds of several hundred rpm, since 
the maximum current which may be taken from the mercury arc rectifier set is  limited 
to a maximum of 3, 300 amps. At full field strength (17, 000 gauss) this means an ac­
celeration of about 70 rpm/minute.
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DESCRIPTION OF THE MACHINE 3

_0il t h r u s t  b a a rin j 

—A ir +hr»«+ b(«rir>^

Load

G en era to r F lo o r  Level

Figure 2. B asic e lec trica l d iagram  of the Homopolar G enerator.
P u lse  b rushes a re  shown by a rrow s. The field of the 
genera to r is rev ersib le .
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It is  re levant to m ention one o ther fact which has som e application to the 
text which follows. The m ercu ry  a rc  re c tif ie r  can accept regenera tive  braking c u rre n t 
from  the generator; this c u rre n t is  form ed by the usual m eans of rev e rsin g  the g en era ­
to r  field a t speed and adjusting the phase control of the re c tif ie r . This is a powerful 
form  of braking if a pulse cannot be taken fo r some reason. It is  of course  im portan t 
that speed balance be m aintained on d ecrease  of speed as  well as in c rease , as the logic 
of an experim ent may d icta te  a sequence of pulses at various speeds.

During running, d ifferences in friction, windage, local field strength  all 
cause the ro to rs  to run a t a slightly different speed when pulse speed is attained. Then, 
as the pulse c u rren t is  the sam e fo r both ro to rs , this speed difference w ill be pe rp e tu a­
ted at the speed existing a t the end of the pulse. As the ro to rs  a re  run up to speed again, 
the speed difference becom es la rg e r, because a new increm ent is  added.

F igures may perhaps make the situation a little  c le a re r . If in a sequence of 
pu lses the top ro to r is running 10 rpm  fas t at a pulse speed of 600 rpm , then, a fte r the 
pulse is  taken and the bottom  ro to r is say at 220 rpm , the top ro to r w ill s till be ru n ­
ning fast a t about 230 rpm . As the ro to rs  a re  run up to speed again the fac to rs  which 
caused the top ro to r to gain s til l  exist, and at pulse speed the top ro to r w ill now be 
about 20 rpm  fa s te r . The p ro cess  is cum ulative, and the speed d ifference would soon 
becom e so large  that successfu l operation would becom e im possible; it is  obvious that 
som e m echanism  m ust be provided to keep the ro to r speeds as n ear equal as possib le.

It m ust be mentioned that the specifications fo r such a m echanism  can be 
m arkedly different from  accepted speed contro ls. P u lses  a re  ra re ly  taken below 100 
rpm  as mentioned previously , and as it  usually takes many m inutes to run up from  
standstill, the control may act in a fa irly  le isu re ly  m anner. This is  assum ing that 
the speed difference w ill have d isappeared before it is d esired  to take a pulse. In o ther 
w ords, synchronism  at a ll tim es is not essen tia l, and in fact if so desired , would con­
sum e la rg e  amounts of power.

3. THE SPEED BALANCE MECHANISM

As a m easure  of the co rrec tion  required  to m aintain synchronism  o r speed 
balance, a re s is to r  was in se rted  into the main g en era to r c ircu it as shown in Figure 3. 
This res is tan ce  could be switched by con tacto r a c ro ss  e ith e r ro to r  as  desired . The 
ru le  is that fo r both m otoring and regenerating  the re s is tan ce  m ust be switched a c ro ss  
the ro to r that is running fast.

For som e tim e a fte r  a suitable value of re s is tan ce  was found, speed balance 
w as obtained by the tedious p ro cess  of manually switching the re s is tan ce . Balance, o r 
lack of it, was detected by fitting a synchro to each ro to r  and connecting each to a d iffe r­
ential synchro ("hunter"). It is  possible to detect lack of balance by observing the d ig i­
ta l speed indicator fo r each ro to r, but these a re  com plex instrum ents, and in accordance
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Load.

Electrolytic
Sw itch .

/ / 1 /  1 /  /  /  !  7

Ins^ta+ed Bonding.

/ / / / / / / / 7~7~

Figure 3. Simplified e lec trica l d iagram  showing method 
of connecting and switching re s is to r .
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with accepted control technique it w as fe lt that the system  ought to have its  own de tec­
tion system . It would a lso  be difficult to ex trac t the requ ired  inform ation fr o m a digi­
ta l system , com pared w ith the hunter synchro.

A fter som e tim e on manual switching it was decided to make the control au­
tom atic, and th is paper now d esc rib e s  how this was achieved.

Figure 4 is  a sim plified  version  of Figure 3. It can be shown quite easily  
that the braking torque exerted  on a ro to r when the re s is tan ce  is thrown a c ro ss  it is  
approxim ately

K . _E_
R.

w here K. is  a constant. F or a m achine with the p a ram e te rs  of the hom opolar gen era ­
to r

T = 1. 1 E 
R ft. lbs. (1)

These figures a re  given fo r full gen era to r field conditions. It should be noted that this 
torque T is a deviation of to rque from  the steady sta te  value. In o ther w ords devia­
tions of the machine from  steady s ta te  torques and speeds a re  trea ted  in the argum ents 
which follow.

A block d iagram  of the com plete servo  loop is  shown in Figure 5 with the 
co rrec tion  applied to the bottom  ro to r. It is a m athem atical convenience to include 
one ro to r only in the loop. Drawings of the con tacto r-clu tch  device a re  shown in 
F igure 6.

In Figure 5 fo r m athem atical convenience, the con tacto r-clu tch  device is 
divided into two p a rts , nam ely the converter and con tacto r-clu tch  p roper, device. The 
converter is in fact the po in te r attached to the hunter shaft; the con tacto r-clu tch  p roper 
rep re sen ts  the re s t  of the device and w arran ts  som e descrip tion.

When the po in ter attached to the hunter synchro shaft reaches a lim it, it 
ex erts  p re ssu re  on the contact. This contact c lo ses and p ilo ts the contactor (F igure 
3 o r 4) applying appropria te  co rrec tin g  action. The re s is tan ce  of the contact however 
causes the so -called  free  w heeling m echanism  to slip  at a low value of torque. This 
continues until co rrec tio n  of th is type is no longer needed. P re s su re  then ceases on 
the contact, the free  w heel—o r clu tch—becom es in effect solid and the pointer r e ­
v e rse s  into the deadband.

It was su rp ris in g  a t f i r s t—at le a s t to the au thor—that th is device has the un­
expected property  of giving a phase advance which theore tically  can be as la rge  as 90°.
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r e p  RCTCR.

d i f f e r e n t i a l  s y n c h r o

BOTTOM RCT:R
synchro

supply
f r c k i

M.A.R

Figure 4. Diagram illustrating connection of synchros 
to rotors.
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R o to r

D el a y

Hu n  i c

Block diaRrarn c i  Servo loop.

F ig u re  5. B lock  d ia g ra m  of s e rv o  loop.
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This is easily  seen if la rg e  ra tio s  of driving wave am plitude to deadband a re  considered 
(F igure 7a Case Three). The am plitude and phase plot of the contactor is  shown in F ig­
u re  7b. It w ill be seen  la te r  how th is p roperty  of phase advance stab ilizes the closed 
loop.

F irs t, the loop from  A to B in that d irec tion  w ill be examined. The t r e a t ­
m ent is, of course , the usual one which appears in books on servo-m echanism s. All 
units a re  B ritish .

1. Delay
g

This is  the tra n sp o rt delay of the con tacto rs switching the co rrec tin g  
re s is to r  and is given by

- S  Te

w here t is  estim ated  to be about 0 .1  second:the delay is therefo re

- 0 . Is . e i no units
L

2. R otor

This tra n s fe r  function is  given by

0) (S )  =  _ g _

T (s) P s

w here oj = angular velocity of deviation from  steady state  
T = torque deviation 
g = accel. due to gravity  
P = p o la r m oment of in e rtia  of ro to r

Inserting  values,

u> (s) _ 32. 2
T (s) ~ 1 ,540,000s

,0000209 
s.

3. H unter

T ran sfe r function is 1 say

units rad ians 
ft. lbs. secs

no units
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WAVEFORMS ON CONTACTOR-C U lT C H  DEVICE .

NO OUTPUT

c l o c k w i s e 'V/, C O N T A C T O R

A n t i - c l o c k w i s e m O P E R A T I O N

C A S€ THREE

CLOCKWISE 7/ 77/ C6KITRCTOR

ANTI-CLOCKWISE 7/ / / OPERATION

Figure 7 (a). Waveforms in contactor-clutch operation.
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U a)

/ \  -  A m p l i tu de  of input s\cjnc\\. 
d -  Hcv\f d e a d b a n d .

NOT E

F ig u r e  7 (b). A m p li tu d e  and  p h a se  p lo t of c o n ta c to r  - 
c lu tc h  o p e ra t io n .
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4. C onverter

This is  ju s t a po in ter on a shaft and therefo re  if d is the d istance 
the tip m oves, d = rO, o r in tra n s fe r  function form ,

d(s) r  <o M
S.

If r  = 2 in. (F igure 6)

d(s) 2_
CO (s) S

ms. secsunits----- ------radians

The com plete tra n s fe r  function A-B can now be w ritten

- 0 . Is  .0000209 2e x --------------- x —s S I units ins. 
ft. Ibs.

w riting j to fo r s (for steady sta te  frequency response)

inverting th is

-0. 1 j to . 0000418 
= -e  x ------- ö----

to z

2 0. l j  co
- (o e

.0000418 ( 2 )

The modulus of (2)
2

_ (0

“ .0000418 (3)

the argum ent of (2) = t t +  0. lco (4 )

The contactor B-A is now considered: 

th is c h a rac te ris tic  is  given by

units ft. lbs. 
ins.

w here T = runaway (deviation) torque given in equation (1), page 6. 
d = half deadband on con tacto r-clu tch  ^

f (A) = com plex function of am plitude fo r contactor-clu tch
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substituting expression for T from  (1) and if d = 1/2 in. say, the ex p re s­
sion now is

960 f (A) (5)

The c h a rac te ris tic s  of both (2) and (5) above a re  plotted on po lar graph paper,
F igure 8. It appears that for the conditions stated  the closed loop is stable, as the 
describ ing  function of the contactor is on the left as the o ther plojms tra v e rsed  in the 
d irec tion  of increasing  frequency. This c r ite r io n  is  well known.

It is  possible however that the system  could be underdamped.

In all the previous m athem atical argum ents sev era l sim plifications have 
been made. For example, the tra n s fe r  c h a rac te ris tic  of the hunter synchro has been 
sim plified, and dynamic lag in the con tacto rs has been ignored. There a re  o ther s im ­
plifications, but they can safely be accepted when generato r p a ram e te rs  a re  considered.

4. PERFORMANCE

The autom atic control described  has been insta lled  and has worked very  well 
over a period of months. In p rac tice , a speed difference soon develops when the ro to rs  
d ep art from  standstill. This will p e rs is t  fo r some tim e on run up, until the control 
s ta r ts  to "bite", when both ro to rs  a re  gradually  brought into synchronism . Once syn­
chronism  has been achieved, speed difference w ill not generally  exceed 0. 6 rpm  even 
fo r a prolonged program m e of pulses; th is is so even for a wide varie ty  of speeds and 
field streng ths. The only tim e a prolonged speed difference can occur at speeds over 
100 rpm  say, is when for some reason  the genera to r field is  turned off and the machine 
co asts . D ifferent friction  and windage soon cause the speeds to diverge, but once field 
is  re s to red  the control will gradually regain  command.

The describ ing function plot of the contactor in Figure 8 was calculated  fo r 
maxim um  field and speed conditions. Any diminution of these quantities would cause 
the describ ing  function to move to the right. F ears  that in fact the system  may be 
underdam ped have not been sustained, in that excessive operation of the m ain con tac­
to rs  does not occur. While the theory  undoubtedly shows underdam ping, contactor 
operation occurs only about once every th re e  m inutes or so; th is is not a very arduous 
duty.

It has been suggested that a re s is tan ce  could be perm anently  fixed a c ro ss  
one ro to r causing an unbalance. C orrection  would then have to be applied to the o ther 
ro to r only. While th is is feasible, the fixed re s is tan ce  would have to ex ert a consid ­
e rab le  and probably into lerable drag. This is because in the uncorrected  condition it 
is  im possible to say which ro to r will run fast on a p a rtic u la r  day. C ro ss-o v e r som e­
tim es occurs on run up; one ro to r may run fast up to say 75 rpm  and then the o ther 
ro to r  w ill overtake it. On another day th is situation may be reversed .
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p £ w 'it

C V\a\oC f  I ■=,+ ic

N 0 T E : -  » 0  

"U J = A n c ^ o l c u  f r e c ^ o e n t ' j .

Figure 8. Describing function plot,
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One other p rac tica l point may be of in te re st. In p rac tice  it was found that 
a sm all h y s te res is  was n ecessa ry  in the con tacto r-clu tch  to prevent the la rge  con tac­
to rs  chattering when the co rrec tio n  signal hovered about the edge of the deadband. 
This is not unusual in servos of the "O N -O FF" type. H y steresis  affects the c h a rac ­
te r is t ic s  of Figure 7b and the describ ing  function plot in Figure 8, but the a lte ra tion  
is  not shown plotted.

5. IMPROVEMENTS, FUTURE WORK

Some a lternative  schem es have been suggested fo r speed balancing, includ­
ing among other things, injection of d. c. c u rren ts  into the ro to rs . The aim  of these 
schem es is mainly to produce a co n tac to r-less  servo.

While th is aim  is  a ttrac tiv e , the p re sen t schem e has the g rea t advantage of 
being extrem ely  sim ple, and so m aintenance p resen ts  alm ost no problem . It appears 
though, that it would be useful to vary  the controlling re s is tan ce  throughout the speed 
range so that it changes from  one value to a higher value as the speed is  increased . 
This change need not be smooth, and it could be a sim ple change from  one value to 
another.

By this m eans speed balance could be achieved at low er speeds; this is 
d esirab le  if these speeds a re  ev er to be used. Signals a re  made to appear when ro to r 
speeds reach  100 rpm ; these w ere introduced for o ther reasons than the servo, but 
could well be used to switch the re s is tan ce  to a higher value as the machine speeds up.

This im provem ent could easily  be made without detracting  from  the s im p li­
city  of the servo as it now stands.

6. CONCLUSION

The speed balance control described  in tn is paper is very  sim ple fo r the ta sk  
it p e rfo rm s. The nature and sca le  of the problem  seem ed at the beginning to indicate 
tha t som e powerful m eans would be needed to achieve balance and m aintain it under a 
wide range of conditions, and it s till seem s rem arkab le  to those concerned with the 
p roblem  that it can be done so sim ply.

It is  in teresting  to spend a little  tim e on try ing to devise a contactor o r 
deadband m echanism  which would duplicate the perform ance of the con tac to r-clu tch  
described  in th is paper, but accept e lec trica l instead of position signals. F irs t  
thoughts indicate that any c irc u it which is  likely to do this seem s m ore com plicated 
than the usual sim ple and widely used phase-advance c ircu it, and so would not be w orth 
constructing , but th is may not be so. It is , of course, possib le  that the con tac to r- 
clutch device as it stands may be of som e use in o ther servos. Some tim e may well 
be spent on profitable speculation.
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