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ANALYSIS OF THE MULTIPHASE INDUCTOR-CONVERTER BRIDGE*

Mehrdad Ehsanij' Robert L. Kustom, and Raymond E. Fuja

Argonne Naticnal Laboratory

Argonne,

Abstract

Analytical derivations are presented for inductor-
converter bridge (ICB) circuits in which energy is
transferred from a storage inductor to a load
inductor with solid state bridges. These
derivations provide complete analytical circuit
solution in contrast to previously available
numerical (non-analytical) procedures. The
analysis is based on twe parallel methods: (1)
Fourier expansion of the inverter waveforms and
(2) a novel method based on the inherent waveforms
of the 1CB, labeled square functions. Our
analytical values of power flow, inductor
currents, and voltages compare favorably with the
results of a three-phase ICB experiment at Argonne

National Laboratory.

Introduction

The inductor-converter bridge (ICB) is a solid
state dc-ac-dc converter system for reversible
energy transfer between two inductors. This
system is especlally suitable for pulsed power
supply applications greater than several hundred
megawatts and durations from a fraction of &
second to many seconds. Two such applications are
the superconductive equilibrium field coils of the
projected tokamak fusion power reactors and
superconductive magnets to be used in future

particle accelerators.

The ICB system 1s inherently efficient, control-

lable in real time and allows isolation of large

*Work supported by the U.S. Department of Energy.
tAlso at the University of Wisconsin.

Illinois 60439

pulsed reactive loads from the power grid. Thus,
only the average system losses are drawn from the

grid.

Operation of the ICE Circuit

Detailed operation of the ICB may be found in
references 1 and 2. Figure I shows a three-phase
ICB where the storage and the load coil is
represented by Lo and L respectively., At a
typical instant during the energy traunsfer, dc
currents iS and iL will be flowing in the storage
and load coils, respectively. The SCR’s of the
left hand side (storage side) are fired in the
normal Graetz bridge sequence: SLI S5, S11 Span
S5L2 Sue» SL2 Sias Su3 Suar Suy Suss Sip Spse eene
The 5CR’s of the right-hand side (load side)
follow the same sequence but may be out of step
with respect to the storage side. The direction
and the level of power flow is determined by the
relative timing between the source and the load
bridge switching sequences such that a load bridge
lead will cause power flow into the load and vice
versd. The Y-connected capacitors ir “he middle
serve as the intermediate energy store between the
storage and load coils and they provide the
reverse voltages to commutate the inductor
circuits from one SCR to the next., Thus, no

external counterpulse circuit is needed.

Only a very small fraction of each coil energy is
extracted in each bridge cycle. Therefore, by
varying the relative timing between the source and
load switching sequences and/or the frequency of
operation, very fine control over the rate of
energy transfer can be achieved. The functional

dependence of the pouer‘on the relative timing




(relative phase difference; and the frequency will The total instantanenus average power deliveres

be illustrated in the following sections. from the storage coil i¢ m times the ahbove, or

Circuit Analysis Based on Fourier Components

Figure 2 shows an mphase ICE. For this analysis, “pg (v)~ -Z
n

*te SCR's have been replaced by ideal switches.

This idealization implies a lnssless systen and

operation within the successful commutation The effect of the relative phase, :, and tle
bounds., Since each bridge cycle changes the cofl bridge switching frequenry, ., on the power fl-.
energies by a very small amount, the inductor is evident In the above relationship. Note alw
currents are nearly constant in one cycle. that the contributfon of higher harmounics {¢
Viewing such inductor-converter half from the m- attenuated by r_he—l3 term. Figure 6 represents
phase ac lines, one will see an m-phase square the plot of the instantaneous average power ac =
2" function of 2 with the number of phases, =, =

waue current source system, earh phase being

radians displaced from the next and the wave the paraneter. For m = 3, over “9.57 of the rnet
amplitude being equal! to the instantanecus coil power is delivered by the fundamental fregue:: .,
current, Fig. 3. Since the average power is making the m = 3 curve In Fig. 6 almust purels
divided equally between the phases, it mav bhe sinusoidal.

calculated from a one-phase diagram, Fig. 4.

The time funrtinne of average c¢oil currents,
The calculated instantaneous average power froo power, and voltages ma! now be calenuiated, For
the left-hand source (storage) to the right-tand simplicity, let

source {(load) is

| <" r 1z .

“Pga (t)- =Z hoc (anSa bnl,a - l'nS:n ”nl_.‘a) ko= Lr‘ if - “I)A‘j foin =
n

where the a’s and b’s are the Fourier coefficients
of the storage and load source waveforms as Then from
indicated by the subscripts. For illustration, R E
the Fourier coefficients of the symmetrical “hg (1) = _d_d;LL_i = iTi-';) ,
waveform of Fig. 5 which is for when m {s odd will
be used. .

21s NI » kocigredy o= - i % Ly ig” )

g, ) = Z Y [1 - (-1 ]51n oocos nut
n
ko gy = dit(% b 2)

1
lLa (t) = Zz L [1 - (—l)n]sin '—:;1— cos n (ut+1)

mn
o

Solving these equations with the initial

where o is the angle by which the load bridge conditions

leads the storage bridge. After substitution, the

average power per phase will simplify to <is> |t=o = I0 = initial storage current
=]
<i.> - = o

2Ll 212 s 2 57 ft=o ,
<Pga (t)>= EWE 1 - (-1) (sin —m—) sin na
oo nTn wc
we obrain
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Tae average power will become

L. .
‘PSZ'(L) = /2 ¥ 1 N ié sin K t

L
A Ll

and the average coil voltages from

d-1
v o= a
dt
LS k
Vg S(t) =K1 /——- sin —— t
O\'L 4
L .L.L
\SL

'va(t) =K1, Cos L -t
quL
a4

Circuit Analysis Based on Square Function

Calculations
The preceding Fourier method shows the influence
of harmonics in the system. However, for real

time control, rolving the equations of the form

<p>=Z fn (d)
n

for uis time consuming and possibly inaccurate.
The following technique will provide closed form
equations that are efficiently solved by a

microcomputer in real time control.

The calculations are based on speclally tailored
functions symbolized by Sq (X} and Tr (X), Fig. 7.
These waveforms are inherent in the operation of
the ICB circuits. The Sq function is a good
mathematical representation of the ac phase
currents of the system. The Tr function is the
integral form of Sq and is a good representation
of the capacitor voltages due to the phase
currents. A brief mathematical development of the

Sq and Tr functions is presented in the Appendix.

Figure B shows how a phase current of the
equivalent three-phase ciicuit may be decowposed
into two Sq functions. Thus, the currents iSa and
1La of Fig. 4 may be written as

I

S T
ig, (1) = 5 (Sq (1 + i To) + 5q (1 - '.O)1

—

L 1
i, ()= 7 [Sq (1 + %) + Sq (1)} .

.~

o<t T,0<1T<T,o0<1~1/2

where =  is the relative lag time of the storage

o]
bridge.

These current representations for one perioc are
adequate for instantaneous average power
calculations. The net power out of storage per
phase, results from the interaction of iSa and
Viat the capacitor voltage due to the load phasc
current:

-

1

1 t L T
Via (t) Ef iLa d = 7c [Tr (1 + 6) + Tr (1)
o]

Pl

This power is

pg, (t) =

{ - S N S
1sa Via = ¢ [Sq hrg -1 0T G+

+ Sq (¢ + - 10)-Tr (<) + Sq (z - TD)

I
6
« Tr (1 + %) +5q (= —10)- Tr (1)}

The instantaneous average power per phase is

T 11 T
1 L'S T
> = = = <4
Pgy T f iSa Via dt e j; [Sq (= 6 TO)

T T _
~Tr(1+3)+5q (t+g-1) = Tr (2) +

Sq (1t - To) « Tr (1 + %) + 8q (7 —To)

« Tr (1)) dr.
The four terms in the integrand cre first
transformed to the normalized variable functionms
shown in the Appendix, then each term is evaluated
by using the proper integral identity in the
Appendix. The result is theﬁ‘mu}tiplied by three

for the total three-phase power;
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here v, T 3gp> 1§ the norma ize ag time of

the storage bridge relative to the load bridge and
the frequencv 1s represented by the period T.
This is the closed form of the “p~+ vs 1 curve for
m =3 in Fig. 6. The time functions of the
average coil currents, power and voltages may bc
calculated as before. The only difference being

that K (vo) is in closed form.

Expressing the actual circuit waveforms
analytically, allows other useful calculations
such as the actual capacitor voltages throu,.hout
the transfer cycle, the study of commutation
throughout the cycle, and the actual coil voltages
and instantanecus currents, without resorting to

tiumerical procedures.

Comparison with Test Results

A model three~phase ICB has been built and tested
at Argonne National Laboratory. This system uses
two identical superconducting coils capable of

storing 125 kJ at 250 ¢, as the storage and load
inductors. Other system pa.ameters are:

Lg =L, = 4H, 1, = 1004

C=10%F, a=090°

w = 4084 rad/s

The system equations are derived from substitution
of these parameters and m = 3 into the time

functions shown in the Fourler analysis section:

<ig> (t) = 100 cos 0.5609 t
<ip> (t) = 100 sin 0.5609 t
vg> (t) = 224.4 sin 0.5609 t v

<vp > (t) = 224.4 cos 0.56N09 t v
“pg” (t) = 11218 sin 1.1218 1 W

A plot of these equations appears in Fig. 9.

Figurce 10 shows the average coil voltages and
currents obtained experimentally. Good agree=s-:

exists between the analytical and the experimernta.
results. Note, hovever, that the experimental

initial sturage current is somewhat higher th ..
the final load current. This is due to the losees
in the system which 1s neglected in this apalysic,
but may be incorporated in Ehe differential

equations leading to the average time functiois.

Conclusions
The behavior of the multiphase inductor~converter
bridges have been studied by two aralytical

technigues, The conventional Fourier techni

produces the average circuit power, currents, &
voltages as a function of time. It also shows tou
effect of the existing harmonics in the circ.i-
behavior. The square function technigue i<
particularly devised for the ICk and other S =
circuits in which rectangular waveforms appear.
The identities defined on the special functinm:
Sq (X) and Tr (X) operate directlyv on the circ..-
waveforms. Thus, much more information about
instantaneous behavior of the circuit is availatl.

for analysis, system design, and the developmen:

of real time control algorithms. Preliminary
tests with open loop microcomputer control have
been conducted with satisfactory results. The
development of an optimal closed loop contre!l

algorithm is currently in progress.

Appendix

The Sq function is defined as the sum of unit ste;
functions as follows,

Sg ('v+‘vo)éu (¥) =2 u (Y—%"'\'o)"':

u(w-1+yo)-U('v°-l),

0sy = % , 0 <y s 1.
o]



The Tr function is defined as the integral value

t
of the Sq functions, Tr (¢ +t ) =j. Sq (- + ¢t ) d-, Ju_—
o o T
o 0= tys o3
N f e . =t . = o
Tr (y+3o) =f Sq (: + 'o) ar where » _T_and o T *
o

Substitutian of . and , in the above integral

- ,u(-.)-z<.-%+.>

e will give
T G I T 2N FURU B
2 o o ¥
Tr (t+t )=7] Sq (7 + ) dF
O (o]
u('-—l+‘10)—(v—l)u(‘.-l)
The following integral 1s extensively used in =T [Ir (+ + wo)] =tw (ty)y -2
calculating the average power flow in the circults -
(t - I t ) U(t - LA
nf interest. Therefore, it will be stated as an 2 o 2
Sdentite ich " ; v ifi
identity which maw be directly verified, 42 (L - T+ to) w(t -~ T+ :O’
2 - (t -T)u (t -T).
- 2.0 =y by
] 1 1 172 2
For time base calculations, these functions mar be
[Sq ¢+ =+ ,]) . 5
0 ~ ZWE, E used,
Ir (. + )] 4, 2 ,
) 2.2 - 4 19 + . Reference«
5 1. R. L. Kustom et al., "The Use of Multiphase
+ 2.5, - . ;
2 1~ o Inductor-Converter Bridges as Activelw
) ) Controlled Power Supplies for Tokamax Coile,"”
bo-t 20 U R Argonne National Laboratory Repart
ANL'FPP/TM-78 (April 11, 1977;.
The following identities will alsc be of jus H. A. Peterson et al., "Superconductive

considerable value Inductor-Converter Units for Pulsed Power

Loads," Proceedings of International

S (= 5)) = - Sq [ +{1/2-4)], Conference on Energy Storage, Compression and
Switching, Asti~Torino, Italy (November
1 .
Tr (~ - vo) = = Tr [y + (]/Z-WO)], oLt 1974).

3. M. Ehsani, R. L. Kustom, "Analysis of the

which may be verified by direct substitution. Multiphase Inductor~Converter Bridge,"

Note that by using these identities, we can easily Argonne National Laboratory Report
evaluate the above Integral for anv combination of ANL/FPP/TM-114 {(August 1978).
leading and lagging functions. 4, M. Ehsani, R. L. Kustom, "Square Function

Analysis of the Inductor-Converter Bridge,”
The 2bove Sg and Tr functions have been defined Argonane National Laboratory Report
For periods other than ANL/FPP/TM-118 (March 1979).
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for a period equal to 1.

1, the argument should be multiplied by the 5.
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