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This paper presents the results of theoretical and experimental
development of a new dc-ac-dc converter for superconducting mag-
net power supplies. The basic operating principles of the circuit
are described followed by a theoretical treatment of the dynamics
and control of the system. The success ful results of the first ex-
perimental operation and control of such a circuit are presented
and discussed.

The One-Phase Inductor-Converter Bridge

In this section we wi.. describe the operation of the one-phase
ICB and analyse its dynamic behavior. A more complete presen-
tation of this subject appears in reference 8.
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introduction

Superconductive magnet coils are being increasingly used for
energy storage and generation of high magnetic fields in research
and industry. Exaiaples of superconductive -energy storage mag-
nets under study or ia operation are Wisconsin Superconductive
Energy Storage coil ' and the Los Alamos National Laboratory ex-
perimental power system stabilizer coil *. Examples for magnetic
field generation are the equilibrium field (EF) coils of Argonne
National Laboratory proposed Toltamok Experimental Power Re-
actor s and the Tevatron magnets of Fermi National Laboratory
accelerator.4

From the electrical terminals, the superconductive coil is a
virtually resistance-free Urge inductor, capable of storing large
amounts of energy. To supply this energy efficiently, the power sup-
ply should also have low losses and be capable of reversable power
control. This is particularly important in repetitively energited
magnets. Solid slate switching power supplies have been utilised
for this purpose in recent years (Figurel (a)). Low conduction
and switching losses at high frequencies and the increasing power
ratings of solid state switches make solid state switching supplies
favorable for superconductive magnet applications onto the future.

Where repetitive bidirectional (two-quadrant) power control
is required, power supply circuits using another superconductive
energy storage coil as a buffer have been suggested ••*•'••. The
main advantage these circuit arrangements (Figurel(b)) is that
high power oscillations, required by the load, are supplied by the
energy storage coil. Thus, a relatively small power generator or
utility link can be used for the initial charging of the storage coil
and also for system loss compensation in a steady state. Two
examples of power supplies with energy storage buffer are the flying
capacitor 6 arrangement and the inductor-converter bridge (ICB).
A study of several of these circuits has been presented in reference
7.

This paper presents the results of theoretical and experimental
work on a new one-phase dual converter for mxgnrt supply which
is in the class of ICB circuits.
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Figure 1 Two power supply arrangements' "' .
for pulsed inductive loads.

Circuit Operation

Figure 2 shows a schematic diagram of the circuit. The load
mangel, L^, and the storage magnet, Lg, are each connected to
a full wave one-phase converter. The ae licet of the two convert-
ers are connected in parallel with the capacitor, C. The switching
sequence on the storage converter is S i i 5 i 4 , 5 i ] S | 3 , S n S t t , etc.
Similar switching sequence and frequency is used on the load con-
verter. However, a leading switching timing of the load converter,
relative to the storage converter, will cause a net energy transfer
from storage to load cot!, and vice versa, the capacitor, C, tem-
porarily stores the energy which is transferred from one coil to the
other in each converter cycle. The switching frequency of the con-
verters ia so high that only an infinitesimal fraction of the system
energy is stored in the ttpadtor at any oce time. Therefore, the
capacitiv« energy storage requirement of the system is very low.

Figure 2 Circuit diagram of The one-phase ICB.

The capacitor also supplies the commutation voltages to the
converters. Commutation between S,S4 and SjS3 conduction pat-
terns on each converter produces an instantaneous double short
circuit across each coil. The impedance of the commutation loops;
e.g., C - S, i - Si j , is kept so low thai, even a small capacitor volt-
age of the correct polarity will drive sufficient commutation current
in the loop. Two such commutation instants occur on each con-
verter, per cycle. Note that a commutation failure is inherently
safe because the double short circuits of the failed converter serve
as safety crowbars across the corresponding coil.
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The circuit usually begins operation with the storage inductor
fully charged and the load inductor uncharged. The capacitor may
be prechargcd, for example to a negative voltage for StSt initial
switching in each converter. Thereafter, proper operation will in-
'"re the availability of the correct commvtation voltage polarities.

Circuit Dynamic Analysis

Figure 3 shows an idealised; model of the one-phase iCB in
which the SCR's are replaced by idea) twitches. Because of high
frequency, the coil currents do not change significantly in a con-
verter cycle of interest and may be represented by constant cur-
rent sources. Is and 1L- The twitching action of the converters
produces square wave at current i"i and ij from the coil currents
Is and II. Each constant current source and its converter may be
replaced by its equivalent ac current source function, •'• and I'J, re-
sulting in the circuit of Figure 4. The capacitor is left unchanged.
An example of i | and ij current waveforms is shown in Figure 7.

Figure 3 Idealized circuit model of the one-phase ICB.

Figure A Equivalent circuit model of the one-phase ICB.

The average power from one source to the other, in Figure
4, may be calculated over one cycle. However,since 'i and ij are
square waves the calculation may be done on their Fourier compo-
nents. This calculation is shown in reference 9 and the resulting
expressioi. is

(1)

whrrc < p s > is average storage coil output power over one cycle,
/ , and IL are the average coil currents over the same cycle, w is
ihc angular frequency of the converters, and tf is the load converter
advance angle. A closed form for < ps > m a y Ue derived .f , , , , ,
an.l ,.( , r , expressed in terms of a new set of orthogonal switching
functions". The result is

< Ps £* <•-'/.) (2)

a Plot of < Ps > vs. the control angle. 0, ,, shown in Figure 5.
<«• that the instantaneous power can Ix- controlled from lero to

•is -Maximum value as 4 is var.rd from irro to 9L

THIS REPORT IS ILLEGIBLE TO A DEGREE
THAT PRECLUDES SATISFACTORY REPRODUCTION

Figure 5 Average power vs. control angle in one-phase ICB

Since the ideal 1CB is lossless, the instantaneous coil currents,
averaged over a cycle, >s=Is »nd *L=IL, £»» be derived from dif-
ferential equations based on conservation of power:

storage output power =< p s > = - — / - i s i | J , (3)

load input power = < ps >= — I - i i « J . ) . (4)

ls(0) = /„ = initial storage current. (5)

£i. — |i=o = 0 = initial load voltage (6)
at

substituting for < ps > from eq. (2), and solving the differential
equations, the coil current expressions aa a function of tine are

t.

• t ( 0 = /„ sin /f
K

 t I, (8)

where
k={^ - i'/ifJ/uC. (9)

The instantaneous coil power, averaged over a cycle (ps = < ps >),
is found by substituting equations (7) and (8) in eq. (2):

2k
(10)

The instantaneous coil voltages, averaged over a cycle, vs and v,
are found from v = Ldi/dt. The results are

("I

(12)
y/LsLL'

Kquations (7). (8). (,<,). ( , , , a n d ( 1 2 ) i n d i c a t f l h f , r f f

control anRlr, o . on t h , dynam.c behavior of the circuit
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I..Mil Current Couli..!

The one-pha-M' K"ll is n.n <>nl\ iril<nd<<] f<n charging and dis-
charging of a load tnaguri hut ,I]M. lor teal time control of On-
load mangclic ficUl UAM-«1 OH ̂ n ariulrar) reference signal l*'>r
load mangelic field control a bang-IWIIR OI maximum effort control
strategy has been OrviM d̂ winch itrm MI-V a limr optimal respond*"
lo step reference changes Tins mi< roci>m|>ut<r luscd algorithm
acquires the present value ul I.M.I lurrrnl. i|.('»). reference cur-
rrnt i,(l4) and control angle e('«) If 'i.('t)- '«('*). • next value
of control angel, 4iU . i) f«' maximum |K>wer lo llie load is issued.
Conversely, i» i|.(f») > i«(lj ) a n<»t valur of control angle for maxi-
mum power from the load is issu«l Tlie control angle is unchanged
if • /.(•*) = '«('»)• The control angle for maximum positive and
negative power can be obtained by differentiating eq. (2). These
values which are also evident from Figure (i, are G> 90° for posi-
tive power to the load and 0 -90° for negative power. Equation
(2) shows thai converter frequency, u.1 , can also control the load
power. However, w is usually based on other design constraints
and will not be considered for control in this paper.

The above control strategy operates the load converter at ei-
ther 90° lead or lag, relative to the storage converter, at all limes.

Methods of Phase Shi-ting

Bang-Bang control strategy requires frequent 180° phase shift-
ing between 90° and - 90". Phase shifts are implemented by short-
ening or lengthening the switching lime intervals on one or bot'h
converters of the 1CH. Such switching interval perturbations can
introduce bias voltages on the capacitor which can result in com-
mutation or over voltage failures A systematic method of phase
shifting without producing any voltage bias is described below.

To cause a load converter lead, relative to the storage converter
of the ICB, its switching intervals arc temporarily shortened. This
temporary alteration of the switching is called a transient swilch-
ing sequence and is then follower! by the equal interval switching
sequence. The shortest piia.se .shifting transient switching sequence
which will not introduce a capacitor voluagc bias is a three-step
sequence. If the steady stale switching interval on each converter
is At , the three transient intervals. Al,, A(, and Al s are derived
from

•-V '-•.-

At, A, ^*.
2

A « 2 ; A , - ^ - « ,
7

At, At,

(13)

(IS)

• • { •• I • - ' • - •

I 1 I 1 1 I 1 I

U i :

v

Figure 6 Transient switching s» ^u.-iur lui phase

shifting of i, = 0° ~« - 9 0 ° wticn i,.us - 1

•. •. ^ •« »A. «. \ , v

A A A A A A A
V V V v V V V

A A A A f\ f\ r-

igure 7 A 180° phase shift in two 90° segments (-90* — 0 • 90°).

Proper commutation voltage polarity on the capacitor also
depends on the control angle, <&. The one-phase ICB will fail to
commulale if operated beyond the safe control angle thresholds
shown in Figure 8. This figure shows that the safe thresholds are
4 = ±90° at the beginning of the transfer, i t / i j - 0 and increases
lo ±180° at i"i./is - 1, t h o decreases back lo 90"- as the entire
energy is transferred to the load is/«i_ — 0 Therefore, bang-
bang control strategy, which operates within 90c < cJ < 9Q1-. will
always commutale successfully.

where Att is the limr shifl corresponding to o degrees of con-
verter phase shifl. Figure 0 shows typical waveforms of a three-step
switching sequence which delays Ihr load converter by 90'. The
180° phase shifts, required by tfic bang-bang control algorithm, can
also be implemented in llir.-,- iransirnt intervals However, in our
experiments the I8OC sliifis were done in two consecutive three
step sequences. This provided additional margin of commutation
voltages on the cepacitor. Figure 7 shows the graphical derivation
of capacitor waveform during A typical 180° shifl when is < tL.

11, / . I

Figure 8 I'lot of Siife control phase thresholds
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Several c ircuit l e s t s at constant ron lro! angles e s tab l i shed tin-

[>t.t' Vitality of Ihr one-phase* ICH r o n c r p l and also the s o u n d n e s s

• •I the e x p e r i m e n t a l circuit des ign Figure 'J shows the load coi l

<iifrrnl% t h r o u g h one c o m p l e t e energy t r a i l e r from L s lu Lt

Note t h a t the fal l ing 15 and t h e rising 1^ follow equal ions (7) a n d

(8), respectively. Only the first quarter cycle of these equations are
valid in d e s c r i b i n g the coil currents . T h e filial load o i l 1 urri-iit is

s o m e w h a t smal l er than the initial s torage current because ol -,j s u m

lnss,-s w h i c h w e n - iml minimized in these ti-sls. A s , f i , s ..f IHIIK

I'.IIIR f i i i i trol e x p e r i m e n t s were c o n d u c t e d Ki verily I In I m n - i c n l

^wtt«liiiig lecliiii<|ui-s. T h e s y s t e m In-haved 111 ac*ordanrr wi th 1 In-

l»rrd« t ion . All e x a m p l e uf the ca | iaritor vo l iage dur ing a p l i a T

-Infl of 6 9 0 to 90 ' is shown in Figure 10 T ins wave l . i rm is

In lie ro in jwret l wi th vr in Figure 7 w h k h was drawn for lh<- s a m e

ii • 1 , slate.

r iRure 9 Coil current waveforms through
a full energy transfer at 6 - 60°.

F i g u r e 10 C a p a r i l o f > . , l u K , <luni ,K

1 O '.Ml' • 'HI pi , . , - . -lnfi

I I , , - i ' x , i i - r i m e n t . s w i t h I I I , - . m , p i , . , . , K i t . • i . , M , * ' , ,

, i n m i i s .1 p r a c t i c a l a l t e r n a n t . - l , . i - . u | « ( , I , , , I , I , J . I M

s u p , i l v T h e I I I I ^ I i m p o r t a n t a d v n H I . I R I - , . l I I n - m i m i

( , 1 , 1 , 1 V o l t t > p o | o g \ . 1 1 1 , 1 i t s K . l l l f l ( . , , , , , . , . . . I I n I I , . ,

t i n - . i r . m l h . , s l . u . r - u , | . l , , i , f . 1 . . . . . . . i . i I

i I , . . : • ; ,

' ' I

f..mp|.xil> aiidreliahilitt |Hiinl of ni-w this can mean small.; m,,,,

her of VHUI.IK-IV. R.,t,- drives, and similar switching and p n m d , , , ,

anxiliar\ 1 ,|Ui|.m. Ml Fr<un Ihe ontrol IHII.-II of vieu I he one -iiha-i

l<;ii lias a ')inar> switching |>atlern on -ach convener win, \, ... t|,,

simpl«~-l pallern to implement liv sofl'vare or disrrele .-let 1 [,,„,,.

Kurlherinoie^he phas<- shifting transient switch in g sei|ucnie-. ,.( i|,.

<inephas.- ICIt are simpler than the three-phase ICIl'1 | | , , . , „ , ,

alwi simplifv the control software and electronics

Another characteristic of the onepha.se ICU is its ronvertet

switch uli lnalion (actor of SO % per cycle This factor for I In

lliree-phase iCH is .'t.'l "4 • This can translate into a reduction in

llie total nuinlier of S(;U's needed hy the one-phase | ( ;n m high

current application*-

Finally, the experiments on the one-phase ICH proved tlu~

circuit to Ix- remarkalily resilient to capacitor voltage errors ami

commutation failures This circuit, augmented liy the roliusl iMiip

dang (ontrfil strategy, makes an attractive design option for r*r-pc-i-

itivelv piiisrd large magnet power supplies.
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