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ABSTRACT 

An extension of the superconducting energy transfer principle is described 

with particular reference to its possible application to synchrotron 

power supplies. B.Y successively switching in a number of superconducting 

transformers a considerable reduction in the size of the rotating 

transfer coils can be achieved for a given final energy. Advantages and 

disadvantages are summarised, and possible switching methods are discussed. . 

In addition, an alternative hybrid scheme is noted, in which the super

conducting transformers are driven by a conventional power supply. 
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1. INTRODUCTION 


In previous papers(1,2) we considered the possibility of synchrotron magnet power 

supplies based on superconducting energy storage. In particular, a system was 

proposed consisting essentially of three concentric superconducting coils linked 

to the synchrotron magnet via a superconducting transformer; by rotation of one 

coil through approximately 1800 energy could be reversibly transferred to the 

magnet in a single operation. 

In this paper we present a possible extension of this principle, in which the 

energy transfer device oscillates several times through 1800 
, each time being 

switched to a different transformer. For N operations, the synchrotron current 
, . 2 

would be increased by a factor N and the energy transferred by a factor N • 

Thus, for a given magnet stored energy, the energy transfer device itself might 

be made much smaller at the expense of a larger (but static) transformer system 

and the necessity for repeated swi~ching. 

In the following sections we outline briefly the basic principles and theory of 

this arrangement, and make a first attempt to assess the relative merits of the 

two schemes. 

In addition we note the possibility of a hybrid scheme in which superconducting 

transformers are used to extend the energy transfer capability of a conventional· 

power supply. 

2. BASIC PRINCIPLE 

A reminder of the single-transformer arrangement is shown in fig. l(a) .L L L
1 2 3 

are arranged concentrically, and by rotation of L1 relative to L2L3 through 

approximately 1800
, the current in the transformer primary is revel"sed while 

the synchrotron current increases from zero to its maximum value. By reversing 

the direction of rotation the current can again be reduced to zero. 

Although potentially feasible and economic, the idea in this form does require 

the construction of rather large rotating magnet systems. A 1,000 GeV synchrotron, 

for example, might be powered by, Ss\y, 6 such units, each capable of transferring 
8about 10 Joules; with an internal peak magnetic field of ~ 50 kG, each unit 

would require a coil system about 3 metres diameter. This size ,can, of course, be 

reduced by having more units, the diameter being inversely proportional to 

(no. of units)1/3, but a simple Calculation(2) shows that the total cost must 

1. 
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increase by about t~e same factor. Thus to reduce the diameter of a unit to, 

s~, 1 metre we would have to have over 160 units at perhaps thr.ee times the 

cost of the six 3 metre units. 

We are thus led to consider the possibility of devising schemes which allow a 

device of smaller capacity to cycle several times during one machine cycle. 

Elementary notions of 'pumping' flux in increments from a single storage magnet 

to the synchrotron do not satisf.y the requirement of constant total'energy, and 

therefore involve external work. We can, however, achieve constant energy 

multi-stage operation by using a succession of transformers as indicated in 

fig. lb. 

For this example we have arbitrarily assumed four stages, using four separate 

transformers (T1, 2, 3 and 4) each of which can be either switched into the 

~ynchrotron and energy transfer circuits, or else isolated in the persistent 

current mode. With the initial currents as shown the sequence of operations is 

as follows: 

(1) T1 switched in; 180
0 

rotation of L1 increases synchrotron current i4 


from 0 to i /4.
m 

(2) T2 switched in, T1 re-isolated; minus 1800 rotation ofL
1 

increases 


i4 from i /4 to 2 i /4.
m m 

(3) T3 switched in, T2 re-isolatedj 1800 rotation of L1 increases i4 


from 2 i /4 to 3 i /4.
m m 

(4) T4 switched in, T3 re-isolated; minus 1800 rotation of L1 increases i4 


from 3 i /4 to i • 

m m 

(5) Rotation of L1 stopped to produce 'flat top' at i . 
m 

(6) Operations (4), (3), (2), (1) reversed to decrease 14 from im to 

zero in four stages. 


The significant point is that at each changeover the currents in the two transformers 

are exactly matched in value, so that no disturbance occurs; but in the outgoing 

transformer primary and secondary currents are opposed (giving minimum internal 

store~ energy) whereas in the incoming transformer the primary and secondary 

currents are aiding (giving maximum internal stored energy). 

2. 



Thus the effect of.each transformer sUbstitution is to change the sign of 

the primary current, so that each successive 1800 rotation of L1 will produce 

an increment of i4 in the same direction. 

In the example given, for the case in which secondary and load inductances are 

equal, the current ratings of the transformer secondaries are in the ratio 

1:2:3:4, and their energy storage capacities in the ratio 1:4:9:16; thus, for 

a given peak energy in the synchrotron magnet, the required capacity of the 

transfer device is reduced by a factor 16 compared with the single stage 

circuit of fig. 1(a). 

This type of sC~3me thus offers two possible advantages 

(I) The lower cost of the energy transfer device more than offsets the extra 


transformer cost, giving lower total cost. 


(II) 	Most of the cost is now in the static transformers - which should be 

relatively simple to construct; the energy transfer device is now much smaller, 

and thus should constitute a less difficult development problem. 

'Following the summary of the basic theory in section 2, we discuss in section 

3 the optimum size and number of transformers and estimate the resulting gains 

in size and cost. The obvious disadvantage is, of course, the switching problem~ 

together with its effect on the synchrotron current waveform. These and other 

practical aspects are discussed in section 4. Finally in section 5 we discuss . 

briefly a possible hybrid scheme, in which superconducting transformers are 

used to extend the energy transfer. ,capability of a conventional power supply. 

2. THEORY 

(a) Basic Relationships 

We use the notation of ref. 3, summarised in fig.1(a). with the abbreviations 

1 - L /L m - L /L x - L ~ . - L ~ . - L ~ . - L ~ .
= TP 3' = TS4 1,= 1 ~1' x2 = 2 ~2' x3 = 3 ~3' x4 = 4 ~4· 

2Consider only the case ~ = and define c • 1/(1 + m). We can then obtain 


the following relationships from the theory in ref. 3:
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Equivalent inductance.Le - ( 1 ) 
of transformer + load -
as 'seen' from L3 

Ratio of changes in rml:l.1. 

i4 and i3 given by: - L'+~ c: 

Ratio of . current transferred to L4 

and (constant) current in L1 (for 

rotation from e to -9 

with k13 (max) :: km) 

Conditions for constant energy: 
(4) 

Energy stored in transformer 

(± sign depends on whether the 

internal fields of i3 and i4 
aid or oppose) 

Separate energy storage 

capacities of L ,L ,L given by:1 2 3 

E', 
- [/+~] ['+c1~ [ , J 

t.(Ax;,)2. 'W\ ..2.c. ~$,,..2.8 

£g - [,:mj [,:~J (6)-4: (6x4)2. 

~ 3 
i(6~)1. - t':~j t:c1 ] 

4. 

http:inductance.Le


From the ·above relationships we now deduce the following:

(a) From (4), to maintain the constant energy condition we have to keep c constant 

(and equal to 1 for maximum energy transfer). Thus the transformer can have 

different values of m provided the ratio ~/(1 + m) is the same for each. 

(b) From (2) the increment of current added to i4 at any stage is independent of 

the initial value of i 
4

, and dependent on the value of m for the transformer in 

circuit. (This is of course physically obvious ~ induced currents cannot depend 

on the d.c. level in the secondary circuit\) 

(c) The energy in the load + transformer is, before transfer 

EA = J.,. 
2

2. 
XII-I + .L [2 I

"n'\1: X 4-1 + l"~ IX:3M i] 
and after transfer (reversal of i3) 

Ea J.. 2.- 2 x1f..3. + I2' [ ~ '"h'\2.x~- 1 f 1x,3MI] (8) 

where x41 and x42 are the initial and final values of x4' and 

maximum value of Ix31(i.e. the value at ± e) 

Since from (2) 

Ix3mI is the 

+ 

we find by straightforward SUbstitution 

(10 ) 

Thus, since the total energy in the whole system remains constant, it follows 

that the initial and final energies in the transfer device are also the same. 

The net effect is, therefore, simply to transfer energy from the transformer to 

the load at each stage. Usually only part of the energy will be transferred, but 

it is evidently possible to choose the transformer parameter m at each stage so 

that the second term in (8) is zero and no energy remains in the transformer. 

From (8) and (9) the appropriate value of m is given by 

+ ( 11 ) 



Although this enables aJ.l the stored energy to be utilised it will be found to 

result in a slower progression of current increments, i.e. more transformers to 

reach a given finaJ. energy, and is thus unlikely to be of interest in practice. 

3. ECONOMICS AND EXAMPLES 

It is shown in ref. (3) that the minimum cost of a superconducting coil system 

(including cryogenics) must increase approximately as (stor~d energy)2/3. In 

fact, for an approximately sphericaJ. volume of field, the cost is in the region 

£E2/ 3 when E is in Joules, and we will assume for simplicity that this is also 

a reasonable indication of the combined cost of the two coupled coils in a 

transformer. 

We thus have to write down the stored energies E of all the coils in the system 

(in terms of the finaJ. energy in the load), and then sum E2/3 to get an estimate 

of· the totaJ. cost. 

Consider the simplest case of the load current· incl"eased in N equal increments 

(Ax4) by means of N transformers each with the same value of m, and with c = 1. 

We then find, from the formulae listed in section 2:

Max energy of q th transformer ( 13) J [ J 
ET(ct) = W\ [ ct - I + ';:J i:. (A 'X".)'J. 

Final energy in load (14) 

Substituting from (14) in (12) and (13) we obtain for the energies of all the 

coils in the system: 

[ '+""J [-' -' _/J f~:, [ <t - I
M C';..'q.. 

Energy transfer device (3 coils) N transformers, q = 1, 2... N 
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From this expression it is immediately evident that the total transformer 

storage increases with N, but the required energy rating of the transfer device 

decreases as 1/N2• It is this substantial decrease in size of the rotating 

system which constitutes the main practical advantage. To see what typical 
2

economic gain might result, consider the case m = 1, k = 0.66. Then, inm 
terms of E4 we have the following results for various values of N:

Energy transfer 2j 2/30 2/3\N TotalTransformer energies E (q)/ELE2/y'E42/ 3coils, E/E4 ~ (q) E4T 4 
---_. 


, 4.71.011 3, 1, ~ 3.7 

1.4 2.92 3/4, 1/4, 1/8 1.5 1/4, 1 

1/9, 4/9, 1 1.8 2.70.93/9, 1/9, 1/183 

2.82.21/16,4/16,9/16, 10.64 3/1.6, 1/16, 1/32 

3.43. 11/36,4/36,9/36,15/36,25/36, 10.36 3/36, 1/36, 1/72 

There is thus a potential overall economic gain, which could be somewhat greater 

than these figures indicate because of the fact that the transformers - simple 

optimised bifilar coils with few practical constraints - should be less expensive 

for a given stored energy than the type of coils required in the transfer device. 

In addition we note that since the energy transfer coils are now a relatively 

small percen~age of the total cost, they can be subdivided into still smaller 

units without significantly increasing the overall cost. 

Similar calculations could be carried out for other values of m, or for transformer 

sequences in which m is allowed to vary, yielding possibly somewhat more economic 

arrangements, but such an exercise would be largely academic at this stage in view 

of the approximations and other practical considerations involved. 

4. SOME PRACTICAL ASPECTS 

(a) Switching 

In the above discussion we have assumed the ability to switch rapidly and reliably 

from one transformer to the next without significant losses or disturbance of the 

synchrotron current waveform. We now consider what this means in practice. 

7. 



Fig. 2 shows the switches required for the 4-transformer example. One side of each 

primary is connected to a common line, and two switches enable the coil to be 

either shorted or connected to the return line; the secondaries are connected 

similarly. The changeovers are then achieved by means of the 'make before break' 

sequence summarised in fig. 2; and are initiated when the currents in the two 

coils are exactly equal so 	that no voltage is developed during the opening of a 

switch. During the cycle the switches have to carry up to typically 5000A when 

closed, and withstand typiCally 5000V when open. Assuming we must limit the total 

energy dissipated in the switches to, s~, 10% of the synchrotron magnet losses 

(i.e. 	about 10% x 10-4 = 10-5 of the transferred energy) this implies a closed 

6 6
resistance of less than 10- ohms and an open resistance of greater than 10 ohms 

and preferably an order of magnitude better than this. 

So this seems irmnediately to rule out superconducting switches, because of the 

proh~bitive cost of obtaining the high normal state resistance. A range of' 

conventional techniques - low pressure, sol~d state, or mechanical switches 

are available but have the 	practical and economic disadvantage that a large number 

of current leads have to be brought out to room 'temperature. The best solution 

suggested so far appears to be the mechanical switch operating in liquid helium; 

contact resistance measurements carried out by Wilson(:)and Zar(~) indicate that 

r~sistances better than 10-6 ohms can certainly be achieved with reasonable 

pressures, and this can probably be improved to <10-7 ohms with further develop

ment. 

(b) Mat ching. 

There are at least two obvious alternative w~s of ensuring equality of currents 

.at changeover: (1) one m~ simply operate the switches (and programme the rotation 

of L1) from a logical control unit in response to accurate measurements of currents 

in the various circuits; or (ii) one mBf attempt automatic operation by means of, 

for example, double-wound superconducting relays designed to change over as soon 

as the currents in the two 	windings become equal and opposite. 

In choosing between these and other alternatives, it is evident that a vital 

consideration will be the overall reliability of the system - involving, for a 

large synchrotron, perhaps 	100-200 individual switches, each operating ~ 107 

times per year. 

8. 
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Fig.2. TYPICAL SWITCHING ARRANGEMENT 
Pr~mary switching sequence: 

Start with P12 P21 P closed; P P P P42 open31 P41 11 22 32 

1st changeover: close P P then open P P
11 22 12 21 
2nd changeover: close P P then open P P21 32 22 31 
nth changeover: close PnlP(n+1)2 then open Pn2 P(n+1)1 

For secondaries replace P by S. For current fall, reverse sequence. 



Another question relating to the changeover problem is : what happens if the 

secondary circuits are not matched at exactly the same moment as the primary 

currents? There are, for example, small losses in each circuit (superconductor 

ac losses, joint resistances, etc.) these can be made up by m~ans of continuously 

operating flux pumps, so that we can arrange that there are no progressive 

changes in the current levels, but there m~ be nevertheless slight short term 

fluctuations about the ideal theoretical current values. 

Thus equality oof currents could occur in the primaries slightly earlier than in 

the secondaries or vice versa. What happens in these two cases is shown in fig. 3, 
in which the time difference between primary and secondary changeovers has been 

exaggerated. 

(1) If the secondary currents become equal first, at t 1 , the load is switched 

to the secondary of the second transformer and thus, between t1 and t 2 , i4 is 

unaffected by changes in i3 and remains constant. ~t t2 the primary currents 

become equal, the changeover is completed, the rotation of L1 is reversed, and i4 

again begins to increase. 

(2) If the primary currents meet first, at t 1, the changeover of the primaries 

again isolates the load from any further changes, but the continuing increase 

ofoli301 causes the new secondary to decrease its current until at t2 it equals 

the load current. The changeover is then completed, the rotation of Ll is reversed, 

and i4 again begins to increase. 

Thus in each case (provided the rotation of L1 is not reversed until both primary . 

and secondary changeovers are complete) the net effect is to introduce a small 

interval (t2 - t ) in which i4 remains constant, but the cycle is otherwise1
unaffected. By continuous control of flux pump power, the interval (t - t )2 1
could be prevented from increasing progressively, and probably held to a value 

less than the switching time (< 0.1 sec.?) 

(c) Effect on synChrotron waveform 

One possible objection to the multi-stage scheme is that it is necessary to reduce 

di/dt to zero at each changeover,giving possible difficulties in r.f. programming, 

passage through resonances, etc. In addition to being required for switching, such 

an interruption of the current rise is in any case an inevitable consequence of 

the reversal of rotation (or of the passage through 900 if it is suggested that L1 

should rotate continuously.) 

9. 
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It is possible in principle, by using additional subsidiary energy transfer 

circuits (conventional or superconducting) to contrive arrangements in,which 

the changeover occurs at non-zero di/dt, so that there is no significant 

interruption of the current rise. However this would involve an undesirable 

increase in complexity of the system, and it appears preferable to accept 

the small platforms in the current waveform. 

(d) Transformers 

It will be noted that the turns ratio n = (LTS/LTP)~ has not entered into the 

theory of this system; as explained in ref. 3, this affects the ratio of peak 

operating currents in primary and secondary but not the transferred energy. 

In general it will probably be simplest to adopt n = 1, particularlY,as an 

interleaved or bifilar winding will be necessary to achieve a value of ~ 

close to 1. Assuming the transformers have to be located in reasonably close 

proximity we have the problem of avoiding mutual coupling; this can be achieved 

by using a toroidal configuration (e.g. pancakes stacked in a circle), or perhaps 

sufficiently well by two adjacent opposing solenoidal transformers, c6~ected in 
I I 

series. It is shown in ref. 3 that the toroid~ arrangement should not be 

significantly more expensive than the optimum sphere or solenoid. 

Iron shielding might also be considered but would, of course, introduce 

significant non-linearity if located close to the windings. 

5. A HYBRID SCHEME: - CONVENTIONAL POWER SUPPLY PLUS SUPERCONDUCTING TRANSFORMERS 

It was shown. in section 3 that all of the energy is initially stored in the 

transformers and the rotating device can be regarded simply as a means of transferring 

the energy from the transformers to the load. It can easily be shown from the basic 

theory that during rotation from + e to 0 a quantity of energy E4/2N2 is absorbed 

into L2 which is then returned to the transformer and load during rotation from 

o to -9 • Thus we could equally well replace the rotating system by a conventional 

power supply of the same energy transfer capability. Thus supposing there exists 

a conventional synchrotron power supply capable of a mean energy transfer rate of 

up to Ec Joules in T seconds;. then by N current reversals in N superconducting 

transformers, exactly as in fig. l(b), an energy 2N2 E can be transferred in 
c 

2NT seconds - so that the mean rate of energy transfer has been effectively increased 

by a factor N. Even if not considered desirable as a final operational system, 

this arrangement might be att!8ctive as part of a progressive development 

programme, or as a 'fall-back' option in the event of delays in development of the 
superconducting transfer system. 

10. 
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