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MULT1VARIABLE CURRENT CONTROL FOR ELECTRICALLY 

AND MAGNETICALLY COUPLED SUPERCONDUCTING MAGNETS" 

Earle W. Owen and Daniel W. Shimer, Lawrence Livermore National Laboratory 
P.O. Box 808 

Livermore, C A 9*550 
(415)422-1393 

ABSTRACT 

Superconducting magnet systems under construction 
and projected for the future contain magnets that are 
magnetically coupled and electrically connected with 
shared power supplies. A change in one power supply 
voltage affects all of the magnet currents. A current 
controller for these systems must be designed as a 
multivarlable system. The paper describes a method, 
based on decoupling control, for the rational design 
of these systems. Dynamic decoupling is achieved by 
cross-feedback of the measured currents. A network 
of gains at the input decouples the system statically 
and eliminates the steady-state error. Errors are 
then due to component variations. The method has 
been applied to the magnet system of the MFTF-B, 
at the Lawrence Livermore National Laboratory. 

"Work performed under the auspices of the U. S. 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract number 
W-7405-ENG-48. 

INTRODUCTION 

In the past the design of current control systems 
for superconducting magnets has focused on single 
Isolated coils.' The construction of complex systems 
of superconducting magnets, connected together 
electrically and coupled magnetically, brings nqw 
control problems. An interconnected system cannot 
always be separated into isolated control systems. In 
general the magnets must be treated as a 
multivarlable system. In a multivarlable system a 
change in one of the inputs affects all of the outputs 
and a transient disturbance Is felt throughout the 
system. 

The M F T F - B magnet system, 2 to which the 
method described in this paper has been applied, is a 
good example of fusion magnet systems of the 
future. There are 42 superconducting magnets, all 
coupled to a greater or lesser extent magnetically. 
Eight of the magnets are connected electrically in 
pairs with a common main power supply and a trim 
power supply. This configuration Is used as an 
example In this paper. Twelve of the magnets are 
connected together with a main supply and several 

trim supplies.5 The remaining coils, although linked 
magnetically to the others, have their own supplies. 

It was found that the coils with their own 
supplies can be designed as separate, single variable 
systems. However, when the magnets are connected 
together with common power supplies, the electrical 
coupling cannot be Ignored and the current control 
must be designed for the connected coils as a 
multivariable system. 

A brief description of the coils and the system 
requirements will Indicate the scope of applications 
covered by this paper. The multivariate magnets 
have Inductances below 10 H, cable resistances in the 
milliohm range or below, and magnetic coupling 
coefficients to the nearest magnet that can be as 
high as .8. The power supplies are unfiltered 
thyristor devices, necessitating a filter In the current 
feedback path. Each supply has Its own voltage 
control feedback loop, the currant control Is 
superimposed on this control system. 

The current must be set to an accuracy of 
0.25%, a requirement that puts a bound on the error 
in the current controller. The dynamic response is 
fixed by a settling time requirement. The current 
must settle to one part in 40,000 in five minutes. 

Multivarlable control is a well developed branch 
of automatic control theory. An introduction tD the 
methods can be found In the book by Brogan* while 
Wonham has written an advanced text.* The method 
In this paper is derived from work on decoupling 
control, a subset of multivariable control theory. 
Decoupling control was first described by Falb and 
Wolovich.o A rfafinitive summary is due to N Wolovich.1 

Wonham.' 
A definitive summary is due to Morse and 

As has been mentioned, in a multivariable 
system the inputs and outputs are so coupled that 
each input affects all of the outputs. The 
dependence of each output In all of the inputs may 
apply to the dc steady state as well as to the dynamic 
behavior. A decoupling controller simplifies the 
control of the system so that each input affects only 
a corresponding output. Dynamic decoupling is 
accomplished by means of feedback networks that 
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cause each error signal to depend on all of the 
measured outputs. Static decoupling can be achieved 
by a network of gains that form a modified reference 
input from all of the reference inputs. 

This paper takes a known theory, mult ivariate 
control theory, and applies i t to a new application, 
the control of current in magnetically and 
electrically coupled superconducting coils. However, 
the application is not entirely straightforward. 
Decoupling control is only poss.ble for a simplified 
system. A procedure is outlined for designing the 
controller, based on a simplified system and then 
testing the design en a representation closer to the 
actual system. In addition, it is shown how the 
steady state error can be eliminated by the same 
network that statically decouples the system. The 
remaining error, which is due to changes in the 
system components, is calculated as part of the 
design procedure. 

The design procedure outlined provides is 
systematic method of designing the control system. 
The resultant design Is easy to implement, either by 
analog circuits or in a digital controller. 

THE COIL NETWORK 

The MFTF-B coils connected in pairs with a 
main power supply and a trim are used as an 
example. However, the method is applicable to other 
configurations and is used, in fact, in the design of 
the 12 electrically connected MFTF-B magnets. 

The network is shown in Figure 1. The two coils 
in the center share a main and a trim power supply, 
the voltage V2 represents the main supply, V3 the 
trim supply. Two separate colls not connected 
electrically but coupled magnetically are shown. 
These coils represent the most closely coupled 
adjacent magnets. The circuit model includes the 
cable resistances R m j , Rm2< and Rt and the dump 
resistors R d i and R d 2-

A state equation," with the coil currents as the 
state variables is conveniently derived by defining 
loop currents as shown in the figure. Following the 
paths traced out by the coil currents yields the 
following matrix voltage law equation 

L di < R (i + i d ) • W v = O , 
dt 

where L, R. and W are 5 by 5 square matrices as 
defined in the Appendix and i, id, and v are the 
current and voltage vectors. 

Applying the voltage law to the loop around the 
coils and the dump resistors yields 

L d i = R d i d 

dt 
or 

i d = R d - l L d i . 
dt 

Figure 1. Two electrically connected coils sharing 
the same power supplies and two adjacent magnet­
ically coupled coils. 

Substituting this result into the previous 
equation leads to the state equation of the network 

di = - (L • R R d - ' | _ ) - ' R [ - ( I t R R j - > L ) - ' W v 
dt 

= A n I + B nv . 

THE CLOSED LOOP SYSTEM 

The closed loop current control system Is shown 
In Figure 2. The coil current, which is the output, is 
converted into a voltage by a current shunt and 
amplifier. A fi lter then removes some of the power 
supply ripple. The remainder of the feedback path 
consists of a network of gains that allow crossfeed-
back. In the forward path are gain elements, the 
voltage regulated power supplies, and the network 
itself. C r is an open-loop error compensator and 
static decoupler. 

Three parts of the closed loop system, the 
network, the filters, and the voltage regulators 
contain energy storage elements, the remaining 
elements are simple gains. The energy storage 
elements are represented by state variable 
equations. In all , there arc 15 state variables, five 
coil currents i , five filter voltages Vf, and five power 
supply voltages v. 
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Figure 2. A black diagram of the closed loop current 
control system. 
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The state equation for the network has already 
been written. A first order representation is used for 
the filters 

dvf = - Hf Vf t Hf Vj 
dt 

where Hf is a 5 by 5 diagonal matrix which, like the 
the other matrices in this section is written 
out in full in the Appendix. 

The voltage regulators are represented by their 
most signf icant poles 

dv = - G v v + G v v s 

dt 

where G v is a 5 by 5 diagonal matrix. 

The dynamic elaments are linked by the non­
dynamic gains 

v c = H c v f 

v s = G k v B 

v m = G r v r 

and Vj = H s i . 

From the connections shown in Figure 2 

v s = C| (G r v r - G k H c v f . 

Using these last several equations the state 
equations are written in terms of the state variables 
only 

dvf = - HfVf x Hf H s i 
dt 

dv = - G v v - G v Gu H c Vf 4- G v G k G r v r . 

These last two equations and the network 
equation are assembled to form the state equation of 
the closed loop system. It is written below in 
partitioned form 

And finally, it should be noted that the coil 
currents are the output of the system 

output = i . 

THE STEADY STATE ERROR 
The accuracy to which the current can be set in 

the dc steady state, after the transients have died 
away, is one Df the system requirements. An 
important contributor to the error is the steady state 
error of the closed loop system. All closed loop 
systems without an integrator in the loop have a 
steady state error for a constant input. A difference 
between the output and the reference input is 
required in order to maintain the control effort. 

l h e steady state error can be derived from the 
state equation by setting the derivatives to zero. In 
the dc steady state all the transients have died away 
and the state variables are constant. For the 
network state equations 

Rl + WV = 0 . 

Upper case letters are used to denote the dc steady 
state values of the variables. 

The filters and voltage regulators become unity 
gains, causing the closed loop system to degenerate 
into the block diagram shown in Figure 3. F rom this 
figure, 

V = G k ( G r V r - H C H S I ) . 

Substituting in the network equation and rearranging 
yields 

(2) 1 = (GkHcHs-W-'RJ-'GkGrVr • 

' ^H ^ H^^gH °t HHNeiwK^ 

M J ^ Z H O Z H ' 
Figure 5. A block diagram of the closed loop systsm 
for the dc steady state. 1 his diagram also represents 
the simplified system. 



In general this expression is not amenable to 
algebraic analysis. However, for the network shown 
in Figure 1, the mutual coupling between the 
electrically connected coils and the other two coils is 
zero in the dc steady state. Therefore, the above 
equation degenerates into three uncoupled equations, 
a coupled pair for the connected coils and two single 
equations for the isolated coils. 

For the coupled coils the steady state error in 
the two currents is interdependent. That is, the error 
in one of the cunants depends not only on the setting 
of that current but on the other current as well. 
Algebraic and numerical investigation shows that the 
error caused by I5 on I2 has the opposite sense to the 
error caused by I2 on I3. The magnitudes of the 
errors depend on a ratio of the cable resistances and 
gains and are not in general equal. But, as is the case 
in single variable systems, the steady state error is 
reduced by increasing the gain. 

The steady state error can be thought of as a 
calibration error that can be removed by adjusting 
the calibration. The adjustment is made by changing 
the value of the reference input by means of a gain. 
This is one of the functions of G r , the open loop gain 
element at the input. The other function of G r is to 
decouple the currents statically. Without C r a 
change in one reference input affects both dc 
currents. G r causes each of the inputs to affect only 
one current. 

DYNAMIC DECOUPLING 

Although G r decouples the steady state currents 
the system remains coupled dynamically, l h a t is, a 
change in one of the reference Inputs causes a 
transient in all of the currents. 

In addition, without a systematic method the 
design of a mult ivariate feedback system is difficult. 
Decoupling control provides such a technique. 

it is neither possible, nor necessary to decouple 
all of the system modes. The dynamic behavior of 
the system is dominated by the natural frequencies of 
the coil network. The time constants of the circuit 
are orders of magnitude slower than the time 
constants of the voltage regulators and the filters. 
F urthermore. only the coil network contributes to the 
dynamic coupling of the system. Therefore, i t is 
reasonable to base the control system design on the 
circuit alone. 

Replacing the filters and the voltage regulators 
by unity gain reduces the block diagram to that 
shown in Figure 3. There is only one state variable, 
the coll current, which is also the output. 

The state equation Is 

di = 
dt 

A n i t B n v 

The desired dc steady state relationship between 
the reference input and the current is 

l = DV r 

where D 

The value of G r that decouples the static system and 
eliminates the steady-state error Is found by 
comparing this equation with the equation for the 
steady state closed loop behavior. Equation 2. To 
achieve the goal let 

D = ( G k H c H s - W - l R ) - l G k G r . 

This equation can be salved for G r , 

G r = ( H c H s - G k - l w - l R ) D . (3) 

G r perfectly eliminates the error only if the 
system values used to calculate G r are exactly the 
same as the actual values. If the values are not 
known exactly, or if they change, there is an error. 
The main contributors to this error are the cable 
resistances, which depend on temperature. The error 
can be calculated If the temperature range of the 
cables Is known. Like the classic steady state error, 
this error Is reduced by increasing the loop gain. 

and v = G k ( G r v r - H C H S i) . 

From these two equations the state equation of 
the simplified closed loop system is written. 

di = ( A n - B n G k H c H s ) i t B n C k G r v r 

dt 

= A s U B s v r . 

The simplified equation has a nonslngular B s 

matrix that is amenable to the design of a decoupling 
feedback system. Dynamic decoupling is obtained if 

P = A „ - B n C k H c H s . 

where P is a diagonal matrix with the diagonal 
elements equal to the desired poles of the closed loop 
system. The feedback gains that decouple the system 
and cause the system to have the desired pales are 
obtained by solving for H c 

H c = G C l B n > ( A n - P ) H s W 
In general the equation is intractable to 

algebraic solution and H c must be evaluated 
numerically. 

THE DESICN PROCEDURE 

The design procedure can be summarized briefly. 
The desired closed loop poles are chosen, and using 
the simplified system H c , the feedback matrix and 
then G r the input decoupling matrix are calculated. 



The designs are tested by calculating the closed loop 
poles and error of the full scale system when this 
system contains the calculated values of G r and H c . 

The poles are chosen from a range extending 
from the dominant open loop poles to poles two or 
three orders of magnitude faster. If all of the coils 
have the same required dynamic response, the desired 
poles, for each design, are equal. 

The dynamic decoupling matrix H c is calculated 
for the simplified system from Equation 4. In making 
this calculation the gains G|< can be set at a nominal 
value. The product G|<HC determines the loop gain, 
consequently the contribution of each factor can be 
arbitrarily assigned. 

After H c has been calculated G r can be 
calculated from Equation 3. 

Each design resulting from a choice of P is 
evaluated by calculating the dynamic response and 
error of the full scale system containing the voltage 
regulators and the filters. The poles of the full scale 
closed loop system are found by substituting the 
calculated values of H 0 in the A matrix of Equation 1, 
and finding its characteristic values. 

The steady state error caused by changes in the 
system parameters is calculated from Equation 2. the 
equation relating the steady state current to the 
reference inputs. The value of G r , calculated using 
nominal values of the system parameters is used in 
this equation. If the same values are used in the 
remaining matrices of Equation 2. the steady state 
error is zero. The error due to component changes is 
investigated by using the range of parameter values 
in the other matrices while holding C r at the nominal 
value. In general, one component dominates the 
error, consequently the calculations can be confined 
to the range of this component. 

The calculations can be made by means of a 
digital computer. In our work, the entire design 
procedure is combined in a single program, with the 
desired poles, system components, and variation of 
the components as the input and the closed loop poles 
and error of the full scale system as the output. 

A final step in the design procedure is to simu­
late the network and closed loop control system using 
a computer network and system simulation code. 
Simulation provides an independent check on the de­
sign, and allows the inclusion of nonlinear or other 
properties not encompassed by the design method. 
The designer can also view the system's time behavior 
and test operating modes before the system is built. 

THE RESUL TS 

The first step in the design procedure, choosing 
the desired pales of the closed loop system, indirectly 
specifies the loop gain. As the speed of the desired 
poles increases, the values of H c increase, increasing 
the loop gain. 

The decoupling feedback gains H c are calculated 
for a simplified system and then tested in the full 
scale system that more closely resembles the actual 
system. When the desired poles are slow the polos of 
both systems are similar. As the desired poles are 
speeded up, but are still overdamped, the poles of the 
full scale system become oscillatory and finally 
unstable. However, and this is an important point, 
the poles of the full scale system remain grouped 
together. 

At low gains the dynamics of the voltage 
regulator and filter, which are not accounted for in 
the simplified system, are dominated by the network 
poles. At high gains the slowest of these poles 
contribute to the response. 

The decoupled designs were compared with 
systems without crossfeedback gains designed by trial 
and error methods. All of the designs studied had a 
dominant closed loop pole and other lesser pales as 
contrasted with the grouped poles of the decoupled 
design. The result is that far a given dynamic 
response, as measured by the dominant pole, a high 
gain, and lesser error, can be achieved using 
decoupling feedback. 

CONCLUSIONS 

A method of designing the current control 
systems for magnetically coupled and electrically 
connected superconducting magnets has been 
presented. The method, based on a simplified 
decoupling control, rationalizes the design procedure 
and produces a superior system. The controller, 
which consists of gain elements is easily implement­
ed. Using the method it has been possible to meet 
the design requirements of the MFTF-B magnets. 
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