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A DECOUPLING CONTROLLER FOR US& WITH A PROCESS
HAVING TWO INFUT VARIARLES AND TWO OUTPUT VARIABLES

ARSIRACT

B decoupling controller for use with a process such as
paper-making having twc input variables such as stock flow
and gteam pressure and two cutput variables such as moisture

ond basis weight. Decoupling is accomplished by the uge of
10 1linked@ internal model controllers where for each individual
ani+ of the linked pairs, a P.I.D. (proporticnal, integral,
derivative) unit includes all of the feedback loop gains and

then the process itself is modeled by a firgst ordery transfer
function and deadtime units with Etwo croge-linked error

15 wmignals fed back. A specific technique of cross-linking the
internal model controllers eliminates cross-coupling batween

the input and output variables.
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PATENT DOCKET NO, A-65703/J0GW

A DECOUPLING CONTROLLER FOR USE WITH A PROCESS
5 HAVING TWO INPUT VARIABLEES AND TWO OUTPUT VARIABLES

INTRODUCT ION

10
The present invention is directed to a decoupling

controller for use with a process having two input variables
and two output variables and, more spacifically, to a paper-
making process where the input variables are dry stock flow
15 and steam pressure to a dryer section and the output

variablaes are bhasisg weight and moisture.

BACKGROUND
In the paper-making process, the procaess itself has long
20 deadtimes ralative to the process time constant. Thie makes
control difficult. There are typically tweo unique deadtimes:

one is fox the time required for a change in basis weight

when the input variable, stock flow, is changad and the other

is the time for wvariation in steam to affect the final
A further difficulty

25 molisture carried by the paper sheet.
in the paper-making process 1s the cross-coupling affect;

that 1s, each input variable affects both ocutput variables.

Hence,

changing the value of the molisture.

Two rather crude technigQues have been utilized for
In a first, a setpoint is changed only mnce
for changes in stock flow
Thig is a much

decoupling.
every five minutes, for example,

35 and once every minute for changes in steam.

longer period of time than the generation of output data by

A-65703/JCW 1

a decoupling controller is desired to regulate the

outputs independently; for example, the operator would like
30 to change the metpoint of the basis weight controller without
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2 sensor which scans across the width of the paper, for
axample, every 40 seconds.

A second proposed decoupling technique ia to provide
absclute decoupling constants between changes in stock flow
and steam pressure. These might be termed "compensating

changes®. However, these are mere guesses and do not
compensate for grade changes oOX speed changes and dc not take
snto account that the coupling effect may be nonlinear. One
other problem with a controller for a paper-making machine
discusaad above, ie the facﬁ that the measurements of ocutputs
cccur either at long intervals or cah Occul asynchronously
due to sheet breaks oOr standardization. In any case, Sscal
measurements (which may take up to 120 seconds) only coccur
every 20 seccnds at best.

NBJECT AND SUMMAK OF INVENTICN
A general object of the present invention 1s to provide

an improved decoupling controllar for use with a process

having two input variables and two output variables.
1 accordance with the above object, there is provided

a decoupling controller for use with a process having two
input variables Ul, U2 and two output variables X1, X2 where
in the process each input variable ariects both output
variables {(that 1s they are coupled), asuch procass having
desired metpoints S1, S2 for the output variables. Such
decoupling controller comprising two pairs of linked internal
model centrollers, each internal model controller (IMC)
including a proportional, integral, derivative (P.I.D.)
valocity unit Cl1, €21, Cl2, and C22 for respectively
receiving from a first pair of differencae junctions total
process error, etl, etz, in a feedback loop for the process
and producing said input variables Ul, U2, which are control
inpute to tha process irgelf, such P.I.D. units taking intoc

account loop, proportional, integral and derivative gaina of
rhe feedback loop for both direct and cross-coupling.

Four first order transfer function anits X111, K12, K21i%,
and K22 receive as inputs Ul, U2, the X111, K22 units

A-65703/TGW v
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providing pradicted values of Xi, X2, the K21, K12 units
providing predicted outputs of XAl, X2 due to cross-coupling.

Means feed back to a palr of second summing junoctions
the cutputs of Kll, K12 and K22, K2l respectively.

5 Means couple the outputs of the second summing
junctions, which arxe total predicted values of X1 and X2

taking into account cross-coupling, to a pair of third

summing junctions, which also receive modeling error signals

repregenting the difference petween the actual X1 and X2

10 values and estimated values Y1 and Y2, from a pair of fifth
junctiona.

Means feed the sgummed cutput of the third pair of

summing juncticons to the first paixr of difference juncticnas,
which have a= the other differance input the setpoints &1,

15 82 to provide the total procesas errol inputs etl and et2 to
c1i, C21 and Clz, Q22

Means take the deadtime of the process into account

(that 1s the lag time betweocen the change of input variables

and output variables), including four deadtime units, D11,

20 D21, and D12, D22, having theixr inputs respectively connected

+o the outputs of K11, K21, K12, and K2z, including a paix
of fourth summing junctions having as outputs the current

egtimated values Y1, Y2 of the X1, X2 output variables, where
one of the pair of fourth summing junctions, sums the outputs
A= of D11, D12 and the other of the pair of summing junctions,

sums the outputs of D22, Dzil.
Means couple the outputs of the Iourth pair of summing

junctions, to the fifth pair of disference junctions to take

+he difference between the actual outputs X1, X2 and the
20 estimated values Y1, Y2, such differences being the modeling

arror signals.
Means feed back the modeling erroxr eignals to the third

pair of summing junctions.

A~-E65703/J0W 3
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4 Iy » RIPTION OF TEE UDRAWINGS

Figure 1 is a simplified bhlock diagram of a paper-making

machine, including the asscocilated control hardware and

software embodying the present invention.

Figure 2 is 3 detailed schematic block dlagram of the
concrol units of Figure 1. |

Figure 3 is a schematic representation of the £our
rransfer functions involved in the present paper-making

DroOCess.

Figure 4 eahows characteristic curves useful 1n

wrderstanding the present invention.
Figure 5 is a schematic block diagram of a prior art

~ontroller as utilized in the present invention.
Figure 6 is a scan data output characteristie useful in

understanding the present invention.
Figure 7 is a phase planes ochart uged in the present

invention.

DETA 2 DESCRIFTION OF FREFERRED EMBODIMENT

Figure 1 illustrates =& typical paper-making machine,
which ineludes an associated control hardware and software
configuration as used ‘in the present invention. Raw paper
stock is supplied to the machine via a stock valve 10 and a
stock line 11 to a head box 12 by a fan pump 13. The pump
and water mixture jets from head boxX 1z through a slice 14
on top of and parallel to wire 16. This forms a wet web 17,
whkich on leaving wire 16 passes through rollers 18, which
remove much of the water £from the web and assentially
converts it to a sheet of wet paper. Thereafter, the paper
sheet passes through a dryer section 19 consisting of several
+ollers to which steam is supplied by steam control valve 20.
cteam heats the rollers and, consequently, evaporatas much

of the water in the paper sheet so that the paper emerging
from the dryer section 19 has the desired moisture contant

(MOI). Thareafter, the paper passes through & calendar stack
22 through scanning sensors 23 and is wound on tha reel 24.

A-65703/JGW 4
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Scanning sensors 23 scan across the width of the paperxr
approximately every 20 meconds end provide a measurement of
the output variables of basis weight (B.W.) and meoisture
(MOI) . In the present invention, either basis weight, dry
weight, or conditioned weight may be used; the latter is
preferred. Conditioned weight is from a practical
standpoint, dry weight where a standard 8 percent moisture
factor is added. The two output variables from the scanning
sensoxs 23 are also designated X1 and X2. The scanned
moisture and bagis weight wvalues are coupled to the digital
computer 26 for processing along with an operator lnput 2S5.
Typically, 1in the crose direction of the paper, 240
measurements are made and these are averaged to provide =2
single "end of scan" measurement, Thig is therefore one of
the measurements made in the machine direction. Both basis
weight and moisture (X1 and X2) are alsc connacted to control
units 30A and 30B in a manner which will be illustrated in
Figure 2. The two control units are actually part of a
single dintarlinked decoupling controller embodying the
present invention as indicated by the é-wire interface 31.
Controller portion 30A has as inputs a getpoint 81 from the
digital computer 26 and X1 and as an output, the centrol
value Ul, which drives the stock valve 10 to provide a dry
stock (fiber) flow rate of Ul. Similarly, controller portion
30B receives the setpeoint 82 (actually, the steam pressure)
from digital computer 26 along with X2 and by its output U2
drives the steam valve 20 to provide a U2 steam input.

Digital computer 26 has as other feedbacke the steam
pressure line 31 from drxryer section 19 and also flow meter
27 and a consistency meter 32, which determine the pounds per
ninute of 'dry stock £low.

Referring to Figure 2, the decoupling ocontroller
portions 30A and 30B are chown in greater detail and

egpecially how they are interlinked. The paper-making
process, fully illustrated in Figure 1 ig shown twice, both
at 32A and 32B, as being driven by the input wvariables Ul

A-65703/dGNW 5
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(stock flow) and U2 {steam) and having the outputs X1 (basin
weight) and X2 (meoisture).

The real process, illustrated in Fig. 3, is represented

by four unknown transfer functione P.,, Py, Pa, and P,,. The

5 Pp-type functions, with the 11 and 22 supscripts represent the

direct transfer functione of stock to basis weight and steam

+o moisture: the other cross-coupling subscripts 21 and 12,

relace to how moisture is affected by changing stock and how

hasis weight is affected by a change ln steam. The P

-0 functions can be represented by the agsociated Laplace
rranaform where the theta superscript is a deadtime funstioen
or delay function and the remaindaer is a time constant and
gain, or rather a first order rransfer functlion K.

Figure 4 illustratea the dalay or deadtime of the

15 process. Assuming a time, t,, when a change is made fox
stock, there is a delay until bagis weight reaches a constant
value; and the same is true for the change in steam for
moisture. In the background of the invention, prior attempts
at dacoupling were discussed.

20 With regard to the present invention and referring to
Figure 5, it has been found that when a priloxr art type=
imternal model controller (IMC), as shown in Figure %, for
a single locp only and for gynchronous measurements in time,
is adapted to a mulci-variable aystem, it will accommodate

o  deadtime, asynchronous behavior, and when two pairs of IMC’'s
are linked, as is illustrated in Figure 2, provide very
affective decoupling. However, first referring to Flgure B,
to serve as a background for the total decoupling controller
of TFigure 2, the internal model controller has a setpolnt

30 input S and & process atl 3§ and an output variable X. A
difference -junction 37 provides a total error signal, et, TO
a con-roller C, 40, which then provides an input control
signal U to the process 36. This input ceontrol signal,
however, also drives a simulated model of process 36, which

3§ is charactexrized by the Laplace Transform (see Figure 3) of
2 K function 38 and a D function 39 as illustrated by the

accompanying formulas. This process model provides an

A~657Q3 /JQW &
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estimated X value at 41, which at the difference junction 42
is compared to the actual X value to generate a feedback
error aignal on line 43. However, this error signal is not
coupled back to the I1nput until it is summed at a Junction
44 with the raw output of the K model 38 (that is before a

deadtime 18 taken into account). Then on line 46 and
junction 37, a difference i1s taken with the setpoint, 8, to
provide the total error, et. The unit 40 is actually a

proportional, integral, derivative (P.I.D.) type controller
which is illustrated by the following equation which produces
an output U in response tO a total error input, et:

C e y(s) =K, (K + K;/8 + K;8)

IS constants are:

K, = loop gain

K. = proportional gain (generally approx. less 1)

K;/8 = integral gain (this is an acceleration factor
which is about 0,5) and s is the Laplace
operator,

K,sa = Ks is derivative gain which is in the range of

0.3 to 0.8 and & is the Laplace operator.

Thus, in summary the internal model controller models
the process 36 by the use o0f the filrst order tranefar
function K (unit 38) with a deadtime D (unit 39). In
general, this internal model controller (IMC) is for e single

loop only and not £for asynchronous use. For use in the
chamical industyy see the 1980 paper by Moriarty entitled,
"a Robugst Controllex'. It is quite apparent, from

examination of Figure 5, if there is a deadtime equal to 0,
that is D = 0, then it becomes a standard proportional
intagral derivative (P.I.D.) controller. The locop gain, K,
ig not normally part of a standard IMC. In the present
invention, it has been discovered that if K, is made the

A-68703/JGW 7
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reciprocal of the medel gain, K (unit 38), the above eguation

pecomas non-dimensional to allow the loop to be easily pre-
runed. The value of the constants are balieved ideal to pre-
tune for a typical paper making machine. They were derived
by trial and error.

Referring back tc Figure 2, this illustrates the
decoupling controller of the present invention, which in
effect lncorporates four internal model controllers which are
1inked together. The C-type unit 40 of rlgure 3, designated
40', has two pairs of linked F. .D. units €11, €21, Cl2, and
25 The numerical designations, of course, conform tc the
transfer functions illustrated in Figure 3. Thus, Cll and
c2% are the direct model of the process change for driving
Ul and U2, respectively, and than for the other two, C21
ralates to S1, X2, and C12 to 82, X1. In other words, these
p T.D. unitce are cross-coupled to produce at the additive
junctions 51 and 52, the Ul and U2 control values to the
process 35A, 36B. In order to provida fast response, the
umits 40’ are of the P.I.D. velocity type to ellminate "reset
windup?®.

IRaset Windup" occurs in a feechack control system which
integrates error. But when the gystem variable 1is
constrained at a 100% value (and thus the seLpoint cannot be
achieved) an intcelerable error is built up by integration.
Thie cannot happen with the present P.1.D. unitc since che
velocity term, "K. et", has no integral. The operation Of
unite 40’ is determined by the following equation which, of
course is a form of its basic equation given above:

sC (5) =8U (8) =K, (K 5 +K,+Kds?) et (s)

or in time domain;

2
et o%e,
BU=KL (Kp—gt—.at +Klet+Kd Btz .Et)

(where 6 is the difference operator)

A-65703/0GW 2]
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As discussed in combination with F:i.éure 5, the unitas 40°
take 1into account loop gain, preperticnal gain, integral
gain, and derivative gains involved in the feadback laops
illustrated in Figure 2.

5 Next, the K11, K21, and K12, K22 units, aleo degigmated
48’, recelve as respective inputs Ul, U2. The K12 and K21
units provide predicted cutputs of Xl, X2 due to crogs-
coupling. These cutputs, in manner somewhat similar to
Figure 5, are crosg-coupled back to Junctions 2a and 2b and

10 summed with the K11 and K22 ocutputs. Thus, the output of the
second summing injunction pair, 2a and 2b, is actually the
total predicted wvalue of X1 and X2 (taking into account
cross-coupling, but without deadtime). Thess are designatad
YPl and yp2. These outpute of the 2a and 2b junctione are

15 then connected to a third pair of junctions, 3a and 3b, whiech
also receive on the lines 53 and 54 modeling error signals
reprasenting the difference between the actual X1 and ¥3
values and the estimated values, Y1 and Y2, Finally, the
cutpute of the Junctions 3a and 2d are fed back to the firet

20 pair of difference junctione 1a and 1b to provide the total
procgegs error, etl and et2.

Deadtime 1is taken in acoournt by the D units 39° which
recelve the outputs of the respective X units. The deadtime
is, of course, the lag time between the change of input.

25 variables and output variables. The deadtime units D11, D21
and D12, D22 have their inputs regpectively connected to the
ocutputs of Kli, K21 and K12, K22. A current egtimate Y1, Y2
o the X1 and X2 output variables ig provided at the summing

‘ junctions 4a and 4b; junction 4a sums D1l and the crosa-
. 30 coupled D12 and junction 4b sums D22 and the cross-coupled
| D21.

| And then lastly, the junctiens 5a, Sb take the
i difference between the actual outputs X1 and X2 and the

estimated values Y1 and Y2 to provide the modeling error
? 3% wsignal on lineas 53 and 54.

Thus, in a robust and elegant mamner, the intermal model
controller of Figure S has been converted by the specific

A-65703/IGW 9
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interlinking as shown in Figure 2 to compensate for deadtime
and provide for instant response to setpoint changes and at
the gsame time to effectively decouple weight £rom moisture.

To estimate valuas £for the XK and D units, 38’ and 3%/,
bump tests are used along with the kncwledge and experience
of an operator of the process.

The above process model with four transfer funcotions
also accommodates uee in a wide variety of processes 1in
addition to paper machines, such as in the petrochemioal,
mining, waste water treatwent and foed precessing industries.
Typically, in these cases, the gas or liguid stream ia
sampled isockinetically with the sample drawn to a chemical
analyzer, such as a gas or liquid chromatograph resulting in
a time lag.

In order to execute the above equations asynchronously,
the differential eguations are solved analytically. For

example:

- (8) = in Laplace ie

u Te +1

-51—’5 -=--J-'-x+Ku in time.
dt T

Selving for x, given u = constant over a short period.

-k
x(t,)+(l-e 7Y Ru (1)

X(t)= e

v3l ot

So, given the measurement at t = t_ ; x(t,); the future
values of x can be computed ueing Eqg. (1) a8 long as u is
constant beginning at t,. To find yp(t), simply delay x(t)
by the time delay. Thus, the foregoing demonstrates how to
execute the equations asynchronocusly.

Executing the controller at randem intervals is ideal
for paper machine control gystems since the end of scan
measurements are at random times. Also, singce the P.I.D.

A-65703 /09GN 10
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unit 40’ is of the velocity form, no movement of the inputs

to the process are possible betwsen scan intervals. The
controller does not have to be programmed explicitly teo
handle scanner standardizations cr sheet breaks.

The F.I.D. units 40° are preferably implemented in the

velocity mode to eliminate 'reset wind-up". However,
depending on the process other Lype modes might be used.

Figure 6 illustrates typical data received in the
machine direction of either basis weight or moisture. Five
data points ara illustrated. The use of a sliding least
squares method of polynomial filters provides a single best
estimated value of X1 or X2, aa well as dx/dt and dx*/dt®
which, of course, relate to velocity and acceleration.

In order to provida a well-tuned feedback system, the
loop gain, K,, (see Figure 5) of the controller units 40’ is
set as the inverse of the related K functione of the K11,
K12, K21, and K22 modeling units,

In addition, the K11 first order transfer function 1is

adjusted for an increase in the paper machines’ speed (or
trim)., Here, with & speed increase the loop gain, X,, of the
P.I.D. is decreased since it is the inverse of Kil. This is
computed by the fcllowing fibar kalance equation:

Dyy * Kyy = Dy * 8% L

where
D.. - input fiber rate, g/sec,
D, - cutput dry weight scan average, g/m?,
K., - process gain,
S - speed of paper, m/min,

t - trim of paper, m

Figure 7 sheows a method of displaying the two dependent

variables such as basis weight and moisture. In the case of
a paper machine, the display includes the last 2C values of
weight and moisture displayed on an XY chart with connacting

. 14nes between the data points. The chart is known as a phase

A-65703/JGW 11
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planes chart in control theory and is used to analyze regions
cf stzbility and performance under transient conditions.
Thug, as shown by the straight line 61, this is a perfect
trangition between an original setpoint and a new setpoint.
However, the dashed line 62 illustrates a somewhat imperfect
transition which, howaver, presents to the c¢perator a
possibility of improving by tuning the feedback system, the
trangition.

Thus, an improved decoupling contreller for use with a
procesg having twe input variables and two output variables

has been provided.

A-65703/JGNW 12
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS

1. A decoupling controller for use with a proceas having
twe input variables Ul, U2 and twe output variables X1, X2
S5 where in the process each input variable affects both output
variables (that is they are coupled), such process having
desired getpoints S1, 82 for said cutput wvariables such
decoupling contreoller compriging:
two pairs cf linked internal model controllers,
10 each internal meodel controllar (IMC) including a
proporticnal, integral, derivative (P.I.D.) velocity unit
Cil, €21, Cl2, and C22 for respectively racaiving from a
first pair of difference junctions total process error, etil,
et2, in a feedback loop for the process and producing inputs
15 Ul, U2, which are control inputs to the process itself, such
P.I.D. units taking inte account loop, proportiocnal,
integral, and derivative gains of the feedback locp for both
direct and cross-coupling;
four first order transfer function units K11, K12,
<0 KZl, and K22 for receiving as inputs Ul, U2, said Kill, EKa2
units providing predicted values of X1, X2, said K21, K12
units providing predicted outputs of X1, X2 due to crose-
coupling; .
means for feeding back to a pair of second summing
25 Junctions the outputs of K11, K12 and K22, K21 regpectively;
means Ior coupling the outputs of psaid second
summing junctions, which are total predicted values of X1 and
£2 taking into account crose-coupling, to a pair of third
summing junctions, which also receive modeling error signals
30 representing the difference between the actual X1 and X2
valuas and estimated values Y1 and Y2, from a pair of fifth
junctions;
means for feeding the summed output c¢f gaid third
pair of summing junctiona te saild first palr of difference
5 Junctions, which have as the other difference input the
setpoints S1, 82 to provide said total process error inputs
etl and et2 to C11, C21 and C12, (22:

A-63703/JGW 183
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means for taking the deadtime of sald proceas into
account (that is the lag time between the change of input |

variables and output variables), including four deadtime
units, D11, D21, and D12, D22, having their 1inputs

5 respectively connected to the ocutputs of Kll, Kai, K12, and f

K22, including & pair of fourth summing 3junctions having as

cutpute said current estimated values Y1, Y2 cof the X1, X2

cutput variables, where one of the pair of fourth summing

junctions, sums the outputs of D11, Dild and the other of the
10 palr of summing junctions, sums the outputs of D22, D21;

meane for coupling the outputs of sald fourth pair
of summing junctions, tc & f£ifth palr of difference junctions
+o take the difference between the actual outputs X1, X2 and
rhe estimated wvaluees Y1, Y2, such differences being said

15 modeling error signals;
and means for feeding back said modeling error

signals to said third pair of summing junctions.

2. 2 decoupling controller as in claim 1 where said Cll
»0 wnit velates to 81, X1; €21 te B1, X2; C22 to S2, Xz2; and Cl2
o 82. Xi; and where the summed outputs of Cil and Cl2
provide Ul and the summed cutputs of ¢22 and (€21 provide U2.

3. A decoupling controller as in claim 1 where sald Process

25 is a paper making machine having as input variables dry stock
flow (Ul) and steam pressure (U2) and ae cutput variables

basis weight (X1) and moisture (X2).

4. A decoupling controller as 1in cla:im 3 where measuremnent
30 of said output variables occur asynchronously or betwesan long

intervals.

5. A dacoupling controller as in claim 4 where a plurality

of said measurements are made over sald paper in a machine
25 d&iraotion and including polynomial filtering means for such

measurements to produce a best estimate of valua.

A-65703/JGW 14
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5. A decoupling controller as in claim 5 where said paper
ig gcanned in a cross-direction to provide a plurality of

measurements of X1, X2 including means for averaging to
provide an end of scan measurement which conetitutas one of

5 said plurality of measurements in such machine direction.

7, A decoupling controller as in claim 6 where sald
polynomial filtering also provides first and second
derivativas related to velocity and acceleration.

%0
6. & deocoupling controller as in claim 1 where sald loop
gain of said internal model controllers is the invaerse of a
related K12, K12, K21, and K22 unit.

15 9. A decoupling controller as in claim 3 where said Kll,

the process gain for stock, is increased for an incraase in
the paper machine speed and said loop gain of the P.1.D. unit

ig decreased.

20 10. A decoupling controller as in claim 9 where said gain
changes are computed in the following fiber balance equation:

25 where

D,. - input fiber xate

D, - output fiber rate
K, - process gain

a0 8 -~ gpeed of paper
t - trim of paper

11. & decoupling controller ag in <claim 3 where bump tests
are used tc estimate gainse for said K and D units.
a5
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12. A decoupling controller as in claim 3 including means
for plotting a phase planaes chart using said basis weight and
moisture outputs as graph ordinates,

13. A decoupling controller ag in claim 3 where £for a
typical paper-making machine, said proporticnal gain is
approximately less than one, said integral gain is about 0.5,

and saild derivative gain is approximately in the range of 0.3

to 0.8.

14. A decoupling controller for use with a process having
two input varizbles Ul, U2 and two output variables X1, X2
where in the process each input variable affects both output
variables (that is they are coupled), such procegs having
degired setpointe 81, 82 for said output variables such
decoupling controller compriaing:

two pairs of linked internal model controllers, each
internal model controller (IMC) including a proportional,
integral, derivative (?.I.D.) velocity unit Cl11, C21, Cl1z2,
and C22 for respectively receiving from a first pair of
difference -junctions total process error, etl, et2, in a
feedback loop for the process and producing inputs Ul, U2,
which are control inputs to the process itself, such P.I.D,
units taking into account loop, proportional, integral, and
derivative gains of the feedback loop for both direct and
cross-coupling;

said Cl1 and C21 units receiving etl and saicd ClZ and
C22 units receiving et2;

said IMC ineluding means for generating s=aid total
process error, etl, et2 including medeling maang for said

process for ganerating curxent estimated values cf X1, Xa
which are compared tc actual mezsurement values of X1, X2,
the difference being compared with Sl1, 52 to provide etl,
etl; ‘

said maans for linking said IMC including summing the

outputs of Cll and C22 and summing the outpute of C22 and
Cal.
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