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process output. Mre specifically, the Vari abl e Horizon Predictor
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a predlctlve control loop, thereby compensating for
dead time and time variant dynamics.

In the control art, traditional feedback
controllers dominate control practice. Traditional
feedback controllers include linear controllers,
such as the proportional (P) controller, the
proportional-integral (PI) controller, or the
proportional—integral-derivative (PID) controller,
and non-linear controllers, such as the fuzzy logic
(FL) controller.

However, feedback controllers do not
perform well with processes dominated by dead time
and processes having time-~variant dynamics. 1In
addition, feedback controllers do not perform well
with multivariable processes, where interactions
exist between the process variables.

Several predictive control techniques have
been deﬁeloped to address the limitations of
feedback controllers, but none of these techniques
has displaced the feedback controller from its
dominant position.
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- 2- WO 96/12997 SUVMMARY OF THE | NVENTI ON PCT/US9S/13231€
present invention is a Variable Horizon Predictor (VHP) that may be: .
used with any ‘type -of control algorithm conpensates for dead tine 5
and tinme variant dynanmics in process control |oops, and may be used
-With interactive nultivariable processes. The VHP applies a controller
out put signal to a process nodel po.forma prediction vector that

predi cts the process output S|gnal over 10 a prediction horizon. The

prediction is corrected : ATHE el cti on vector to the
process out put signal. A horlzon sel-ector isolates a prediction
subvector of the prediction vector, which "is fed back to an adder to
formthe error signal The ppssent apyﬁm&dOMOlﬁh@ &@nmaﬂleﬂ The subvect or
may conpr i sm@iwﬁnpeaaleksaﬁremf) Ehstphssy ‘Hé Wed w and the
entire predlctlon I rs & peration, the

VHP of t¥Re 0 s%ﬂPLFﬁ3eﬁ?geﬁiFQmaoEPP§6P§Gtﬁ§ §P6V@ﬁ§datlnepwedlctlon

of the dutpuindftime cvaniant| agnandessin proc&%sacb‘#tlﬂoq tl' gased on the
dead tine of a_secgon e of

operati on, ?ﬁ&f%%yo?e ugggsﬂétﬁréEEﬁFaFﬁ§gﬁtPgﬂtﬁyag red to pfOV|de a
25 pred|ct|Rﬂpqa§sgsoomhehﬁHanppmﬁésdapcontsslﬂh&toutpuﬂ ncl udes a nunber

of .predi cti afiggd1 dtéfELgPBceegeﬁod 1 tbeblif %Ub% jegidgl N S mode, an

error vector is . tracting n vector froma
set point Fw¥ﬁﬁ?ﬂ?CFP%ECPB?leFStﬁBecBﬁPPBFFePVQBut signeds oyegi ngl e error

val ue, 1a hera tpredictionesdPizon. CPHebpreafveibadisNtersewRicght €d average
Lo forman py Gddr 5| fhe SHgaloesSh Gbctsd 85 €AD PEoaRR. ¢ o the
PCT/ US95/ 13atput signal. A horlzon selector 1solates a
prediction subvector of the pred1ct1on vector, whlch
is fed back to an adder to form the error signal
15 that is applied to the'contfoller. The subvector 
may comprlse between one element of the predlctlon
vector and the entire predlctlon vector.
In a first mode of operatlon, the VHP of
the'present invention is configured to provlde a
20 prediction of the output of the controlled process
- at a future time based on the dead time of the
.process. _ | _
In a second mode of operation,'the VHP of
the present invention is configufed to proﬁide a
25 prediction vectof:of_the controlled proeess that
includes a number of predictions at different times
in the future. 1In this mode, en error vector is
computed by subtracting the prediction vector from a
set point prediction vector. If the controller o
30 expects a single error value,_then the error vector
can be converted into a weighted average'to'fbrm'ah
error scalar, and the error scalar'can_be applied to
the. controller.



93_

Finally, both of these nodes nay be used

in a multiyari control system wherein the % ocess
fhas nul ti ‘V@ &%J(?Zss i nputs and mul ti pl e.process %u:r §?32
nultivarlable 5 control system a VHP is prOV|ded for each process
output, and a control loop is provided for each process input. The
VHPs. conpensat e for neasured di sturbances, dead tine, tinme variant
dynam cs, and predicted errors_in nelghbor|ng control | oops.
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Figure 1 is adk?éeﬁléaﬂhg%a”h%dp"tfx% Aitlime vari Nty 1 oop 10.
Loop 10 is conprise dbac contro 12 process under
control 14, Ppredicteg,grregss 11‘6neF§@éPH&'é-R‘9c&?F‘lt61q]er OPPS-cpresents any
30 type of f eedback controller known in the art, I ncl udi ng |i near
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0l a0r A onEanRnny, Mok of thesd WU B e uddil

m ni mal dead ti ne.

lnFagmnétivahawbl& F@QG@D@eSGEtsmprO®@§§ln the  having

substantial dgafitkbTRed process has multlg’i'égzi c%éss ihpitdClany agram of a
control | oop havin Pr edi ct,or.

P
Figure 5is amBFB&PlﬁlREP&E?§h8%FE&t§ Ing muddss WAH1QQ%ﬁ3 havi ng t he

Figure 1 is a block diagram of a prior art
process control loop. _
~ Figure 2 shows a response of a process
having minimal dead time.
' ‘Figure 3 shows a response of a process
having substantial dead time. '
Figure 4 is a block diagram of a prior art
control loop having a Smith Predictor.
- Figure 5 is a block diagram showing a
control loop having the Variable Horizon Predictor .
of the present invention.
Figure 6 is a block diagram of a control
loop having a process uhder control that has two
control inputs and two process outputs.

DETAILED DESQBIETION OF THE PREFERRED EMBODIMENTS

Figure 1 is a block diagram of prior art
process control loop 10. Loop 10 is comprised of
feedback controller 12, process under control 14,
and adder 16. Feedback controller 12 represents any
type of feedback controller known in the art,
including linear controllers, such as the
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-4- proportional (P) controller, the proportional - I ntegral (PI)
-control | N0 9P he proportional - i ntegral -derivati ve RCAVUSYS/13221 .
control l er, and nonlinear control lers, such as the fuzzy logic (FL) 5 ~
controller. Feedback controller 12 receives -an error

signal e(t) from adder 16 and processes the error signal using control
paranmeters to formthe control signal u(t). Process 14 receives the
control 10 signal u(t) and exhibits dore type of response that is .
evident in the output signal y(t). The out put signal. y(t) is fed back

to adder 16, prepogtionad (P) comimaldies, fthemprepextiomalt signal r(t) to
produce 4 ROl pFiyO 41)1.¢ [ I e§¥§P ' J1p. difference
bet ween t he égggggglp#gggsgﬁgﬁﬁggpﬁﬁg;éﬂa.ﬁ%%ma(:réﬁﬁ%géﬁgpess out put .
Control | oopiPEerER lrasrdyativen dFFPImGRptrolley  fand RoRLReant
industrial peontsaddersgr such asxald e fURAtMOGIOCERS) 14 conprises a

m Xi ng tgnk ggntrpﬁ L Tust be maintained at a specified tenperature.

In this exanple, _ Sﬁtput signal y(t) represents ~the nmeasured
tenperature of the tanFeedbackecondingller 12 megeives ampexrments the

Jesired {enpgighuicedt)t beon aadetlic dHa Prdiesudd And (dors P! esent s the

25 di fferengé between the set point tenpérature an nmeasur ed

& .
t enper at ur e KAENRReUSIRGr GONETlaParAmEters to Lo tthe #AnErokh device
that appliesshgahlt a(the  Ppridelss 14 receives thélsdrgrdhat in this

hoat ngt0' " siFHRl 1 1Eh. 200 sHBRIT i Rd f HmnndL Ghar |
(t). Figure kssevidenteinethensutputpeigmed y(tor The autmutrol |oop
partaTuch @igB1SEeN UG HBaLh o gAY SIS RIAGE 0 L1 e
represent i ngSubtracted from the set point signal r(t) to produce
the error signal e(t), which represents the
15 difference between the desired process output and
the current process output. o
Control loop 10 may represent one of many
different types of industrial processes. For
example, assume process 14 compriSes a mixing tank
20 that must be maintained at a specified temperature.
In this example, the output signal y(t) represents
the measured temperature of the tank, the set point
~input r(t) represents the desired temperature of the
tank, the error signal e(t) represents the
25 difference between the set point temperature and the
. measured temperature and the control signal u(t) is
'used to control a device that applies heat to the
tank. ' o ' '
Assume that in this example, the device
30 that applies heat to the tank is an electric heating
element that responds'quickly to the control'signall
u(t). Figure 2 shows the response of prOcess 14 for
a control loop having such a device, with curve 18
representing a changé in the set point signal r(t)
35 from SPy to SP; at time k, and curve 20 representing
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-5- response of process 14 at output signal

Because t he ﬂ%/#ng el ement responds quickly to the )"(:t’)c“osﬁﬂ%?’
signal u(t), curve 20 begins to nove toward t he new set point

al rost imedi ately after the set 5 poi nt change.

Now assune that the device that applies ' _heat to the tank is a
boil er that generates steam ith a substantial |ength of pipe
connecti ng a heat exchanger | fhe tank to the boiler, and a

val ve ) a val v d O e t.h ntrol

signal u(t) conPr o% g’&% %‘Ec?%%ae at%lrmﬁ"uit %1@‘“1 %'P@he pi pe.
Figure 3 shOV\sBleneusssMIesee@‘tlp\%@é@em: responds quigmkly dntthg | oop
havi ng such a r r a change
in the set poi %tBREi-Q‘i Qtl?ﬂ%s}l\g{g) r(t“) f_rom StfPé[ée\rf% %t%ongg{efﬁualtrwtl me Kk,
and curve 24 the new sgt,podft: ajposte impediately afteedhe el out put
signal y(t¥. Bpeantechlfgeteam nust travel the | engt h of the pipe
bef ore reachi ng the heat LI VE o Q.dges .not_ begin to

C
nove toward 20 theNﬁgwafgtumﬁo% I{uﬂ:’?ﬁ Qe . af; PR ci“i%s known in
the control arheat tdekliet tamk imna befides tthat generates diieambet ween a

cont ol <2t OnuieR! & BatlskAntiBIshuigert e pig! ddiRAUN e 3

response to the action_in
The domi nant tPﬁﬁhéaﬁﬂ’faﬁF G?leatﬁi"éfc boller, af!ﬂ’eﬁ VAV the tine

required for thﬁvﬂﬁbpbﬂ v&llgr&abos:LtJ.oner ddhﬁr%ﬂ.qfédawttr@%dﬂtﬁm

of o tmto CHLBRAYBHS eontrand ing, b SIG e, REERR SRR ha: (ne
30 process hatheopdpad t FigureFSecdbasis thet relsponse of proceqsar]flbrm wel |
Sonatan o 5ot ECLSHLEY 100, haying ssen AR RO L
of ' f@BHH&chcb’ﬁPFGISIe@lté-nGetaelqh&naeeé-na $he-set ipgint
96/12997 15  signal r(t) from SPy to SP; at tiid/iS%nd 3eddve 24
- representing the response of process 14 at output
signal y(t). Because the steam must travel the
length of the pipe before reaching the heat
exchanger, curve 20 does not begin to move toward
20 the new set point until time d. Time 4 is known in
the control art as "dead time", and refers to a
delay between a control action contained in the

_ ’ signal u(t), and the beginning of a respohse to the
control action in the signal y(t).
25 The dominant time constant of a process is

defined as the time required for the output signal
to reach about 63% of the steady-state output value
of the output signal after application of a unit
step signal to the process input, assuming that the
30 process has no dead time. Feedback controllers
perform well when dead time is relatively small
compared to the dominant time constant of the
process under control. However, the performance of
feedback controllers deteriorates as dead time
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- 6- approaches the dom nant tinme constant of the process.

A nunber _of soI uti ons have been devel oped to conpensate for dead tine.
Typi cal | )w PI7 5 solutions involve the use of a mat henafFTHSFHMR of

t he process to remove dead tine fromthe feedback signal, thereby

i mproving the quality of process . control. One of the nobst successful
solutions to t he probl enms caused by dead tine is the Sm.th 10

Pr edi ct or. Figure 4 is a block diagramof a prior art
control | oop 26 prow ded with a SnitK Pr&dictor. Loop 26 conpri ses

f eedback control | d del
(vi thout deatPpragynes tResa8ainant; miagccapdhat oF it cader o 3. 38

and 40.process. - Feedback controller 28 receives an error

signal e2(t) from adde d %oggigggghgehggeorbeep dei}él dJSi ng

control paraneters to ormtEe cont i ocess 30
recei ves t het@ofPRrpBensate fpyndpad  tjimeas 5'%’6#&3&1}' é'é‘Qﬁethe action of

the SEﬁf&éDhtﬁbﬁgah?Vélirle the asecess aeiilaltbieh%ﬁ((c[ﬁ tmaa&alb ofk of
response is evident, in the out na ac :
control | er a%he]agrgcesgngpereggve % %&g’ EPF"]% g%ﬁ‘ﬁ’aég%cess under
control 30 hsbgmal, thérebgf imptovd.hgohh@o(;uu)nty of process Toget her,

process rmdeéog@rggd_dggg Ef”@herg{ ?le gg%%fﬁi r:l Jl[&dq!o of process

has a Fane which 30
appr oxi mat esthecPpelotens eaufsdcbyf dgad Gﬂmaoeisw)"-he Smil?-@t wi t hout dead
tinme. Ao useshré@ietdr.a variable | abel having a hori zont aI bar (e.q.

G ot oh® S0 By BLof Ch! Qe BPATRRl oF Vel e ™!
PCT/US95/132%mtrcl loop 26 prov1ded with a Smith Predictor.
Loop 26 comprises feedback controller 28, process
under control 30, process model (without dead time)
15 32, dead time delay unit 34, and adders 36, 38, and
40.

Feedback controller 28 receives an error
signal ez(t) from adder 40 and processes the error
signal using control parameters to form the control

20 signal uct). Process 30 receives the control
signal u(t). As a consequence of the action of the
control signai u(t), the process exhibits some type
of*response'that is evident in the output signal’
y(t). Feedback controller 28 has a transfer

25 function chiw), and process under control 30 has a

transfer function Gp(iw)

.Together, process nmodel 32 and dead time
delay unit 34 form a model of process 30. Process-'
model 32 has a transfer functlon G’ P(.w), which

30 approxlmates the process transfer function GP(.w) ’
but without dead time. As used herein, a variable
label having a horizontal bar (e g.r GP(J.O)))
represents a predlctlon of a physical signal, or a

" model that generates a prediction.' | |



7. In a control |oop having a Smth Predictor, the
controlled I's nodel ed as a first order function - ﬁ?ﬂ
ti me. Thergﬁéggﬁﬁ?%e - transfer function Gp(iw is equaIP?%Héﬁg I'r st

5. order function conponent of Gp(iw). In Figure 4, process nodel. 32
al so receives control signal u(t). Accordi ngly, process nodel 32

pr oduces si gnal y(t+d), which is a prediction of the value of signal
y(t) at atime in the future equal to 1h; dead time. 10 The signal y(t+d)
is fed back to adder 40, where it IS subtracted fromthe error signa

el (t) to formthe ror_.si ) Lehyi plied to feedback
controll er 28. . g cé%%?é# gééby ?Y%#S[g g?zgﬁprovided to dead 15
time del ay uniRredicter chthie| @gntrabled jprpcess: ig)modelegdyag &jne interva

equg! todt het cbﬁdst ﬁicmlaéf) ﬁﬁﬁdﬂf@n_ plusg?éﬂﬁtti)ﬁfﬁdi ctit:ﬁfreréfé-,l Ihet t

predi ct ed out put_ si gna ,I'S, subfracte ro e_actual outpu

Si gnal y (iR FER GErnakidh Tophichel s, AL FR 130 (R ERE 20
representsst h‘%fﬂ@?',fﬁﬂc@iéﬂrco%ﬂbﬁeﬁt%ﬂ G?,'Y(ib) .Is1n Fightlt pacted from
the set point signal r(t) at adder 38 fo formthe error signal e 1(t).
| f process nodurocEssimiodehd32i atsocregeives gantral sighah ugggeher, form

a perfect nod r , ' r hgnal eMt) wll
be zero and fggﬁﬁgé é%ﬁf?gﬁféﬁe%% ﬂ???ﬂrggg?ggdgﬁeg é';ngél?!}or_si'gnal equal

to the set poitttdgnafhiehuistmepredichieniefithe YahaecPf BhIpRActice the
nge' will y (t)e\ex a)etméfmtst@@dfﬁb&aendqh_ arrtertﬁégaahdeﬁ’ihh.BOffw N
e -non- zer.. ccordi ng| y= t redict el M nates the effects
of dead f]io(r)re t@% hgel%&?qierx (E'DSJ {%afe;h%a%dg% ?‘r%?%’ﬁeébf h@ﬁﬁﬁ%eé s, but

i ncl udes ide mtibtracted nfxomptine aerror f signak ef ficttaoffomudihe

error. WO 96/ 12997,

. PCT/ US95/ 1322 £¥¥or 51gnal.e2(t), which is suppliqgﬁto feedback

controller 28.
The signal y(t+d) is also provided to dead
15 time delay unit 34, which delays the signal y(t+d)
- by a time interval equal to the dead time to produce
output prediction y(t). The predicted output signal
;Yt) is subtracted from the actual output signal
y(t) by adder 36 to form the signal ey, (t), which

20 represents the modeling error. The signal epy(t) is_

subtracted from the set point signal'r(t) at adder
.. 38 to form the error signal ¢;(t). .. _
' If process model 32 and dead time delay

unit 34, taken together, form a perfect model of

25 process 30, then the model error signal e (t) will

 be zero and feedback controller 28 will receive an
error signal equal to the set point signal minus the

- prediction. However, in practice the model will
never be perfect and the model error signal qw(t)

30 will be non-zero. Accordingly, the Smith Predictor
eliminates the effects of dead time to the extent
that the model matches the process, but includes
dead time when compenséting for the effect of model
error.



The Smith Predictor works well for processes that have a constant dead
ti me and wo9é/1¥9nam cs that are accurately nodeled by a fi ﬂ'&frms9snsz§‘{ der
approxi mati on. However, the Smth Predictor 5 ' is sensitive to process
nodel m smatch. This is a significant problem because many industri al
processes have conplicated dynam cs that are not cl osely approxi mated -
by a first order plus dead tine nodel. In addition, the Smth
Predictor has 10 difficultly coping-wgth | oad di sturbances and i s not
designed to operate with processes having nmultiple i nputs and- out put s.
Many ot her techni ques Mnee_shﬁtn Beedlieget workst @ederdre W th dead tine

dom nant prgﬁﬁééggﬁﬁQSth | hgggcglxgngEgﬁgs%ﬁagl%g%epriﬁgsses wth tinme

vari ant dyn ese ues I nclu orithm c Control
(al so. kTKWW1Q¥94@Rmﬁ|$hé§t@§ﬁ accurakelgonpdedpddbychosdasty J. P.

Ri chal et, A orfélt tapproxindation]esibdevard éhePQﬁQEB Breljdely, 1 edi ctive 20

Heurlstlgz Control: lications to Industfial rocesses, = Automati ca,
Vol . 14° 1978 SERPHyHYRi Eo Process, peded migmagrbe| oThdspyisca R Cutl er
and B. L. sigritfidant i prébyeanbeciasei nafgninaustrdafonput er Cont r ol

Al gorithm" L he . 25__Aner [nstitute of Chem cal
Englneers Ig%ﬁﬁéggééﬁﬁﬁv%ﬁﬁgéﬂfié %Elg¥gam+ﬁ§stﬁ gcﬁﬁﬁqﬂg are general |y
referred tC)Q%PﬁﬁkﬁﬂaFPQQXtmathCbﬂtaofltwﬁcprdendplus deaduitimet hat an

engi neer deygha) an AChidi€ion, tHB!BRTEAI s8basRgel ghothe process under

contr ol G tec ues, success Y addr.ess. many

I|n1ta91ons i fhcu ?PEH?&Y{FhaﬁGa¥ ﬂHﬁFPﬁhﬁPces andeéabagk

control | er s desdhemey tdrﬁﬁéf&f&IWﬁtﬁﬁﬁiocességCﬁﬂbﬂﬁesmﬁQEHbiSS
sophlstlcatggﬂg(gs% : | evel of engineering know edge and

skill ech (2 *had a grow ng inpact on the control WO
96/ 1297 Many other techniques haveThebASdédd2dped

-9-_ to operate with dead time dominant processes,

15 interactive processes, and processes with time
variant dynamics. These techniques include Model
Algorithmic Control (also known as Identification
and Command) disclosed by J. P. Richelet, A. Raﬁlt,
J. L. Testud, and J. Papon in "Model Predictive

20 Heuristic Control: Applications to Industrial
Processes," Automatica, Vol. 14, 1978, and Dynamic
Matrix Control disclosed by C. R. Cutler and B. L.

 Ramaker in "Dynamic Matrix Control - A Computer
Control Algorithm," The National Meeting of the
25 American Institute of'ChemicallEngigeers, Houston,

Texas, April 1979._ These technlques are generally
referred to as Model Predlctlve COntrol (MPC) , and'
requlre that an englneer develop an accurate

_ mathematical model of the process under control.

30 MPC technlques successfully address many of the
limitations of the Smith Predictor and traditional
feedback controllers. -However, implementing MPC
techniques requires sophisticated tools and a high
level of engineering_knowledge and skill. MPC

35 techniques have had a growing impact on the control



i’ndust ry. However, classic |inear feedback control lers, such as the
proportion controller, the proportional-integral IS%I)'%S
gontrol | er%gﬁ?g)lf%g proportional -integral -derivative 5 (PIlJD Chimgell er,

and nonlinear feedback controllers, such as the fuzzy logic (FL)
controller, continue to dom nate cont roI practice. O her
t echni ques that operate w th dead ti me dom nant processes I nteractive

processes, and 10 .processes with tine vgrl ant- dynam cs enpl oy nodel -
based al gorithns. These techni ques includethe Anal ytical Predictor

Algorlthmdlsclo re..n..Sel ect rohl ens in the Desi gn
and I npl er’rél n Offo&q,vg&, Nq@s(sélc (‘E’%{ teedeﬁDPaﬁqi 15 Thesi s, ' :
Depart ment  of cball:roalleﬁsgl isuah g the pﬁgpnmmJSt(ai)e Uni versity, 1969,

Sinplified Mdgbntrol di SHleyan R Arulalan and
P. B. Deshpande |nnr" SlJ'Ep'i"E It%té \bﬁz/g el I%(raé’ | CtIV b%olﬁltr Il & EC

Proc. Des. v°°n§5°1§er1987‘d ihe Propartignaly mll‘&el’iﬂ‘éﬂﬂb‘é%d by
Pradeep B.s  (PephpedercRiess! and h@ﬁl&rﬁaﬁ%&ﬂb&elﬁhal odia, and

Clay W Hansen ' ve Total i t roI Cont i nuous
Processes, " 83885 igﬁgﬁﬂegﬂcﬁ a(gﬁl{il:ll"lg %6‘\9%?{5 ﬂﬁcy (fS}Q)S These techni ques
require 25 accqnarel&arhemm:caﬂuerm@eld@mmaﬂee comtinad! [pgcticepr ocesses,

and the controller tuni n@tﬁ%@%%%hh}gu o'iﬂfpa T r,_q{ Q{{ac%hese
practi cal

t echni ques have not _net accep tance ough t hey
have had atimpséeminantapresessesmpdnteragtive PI'OCGSS%CG? ngly,

there is #0 nfeﬁrbaegbe.e. witho Rl mel v'a'iqléiift][ )ﬂyfr@iul%s?@i{ﬂl%y Stdcdegy that

R 4 e W S AT W N o

mat hemat i cal 3§nampﬂebamf Ptledmutomei\ﬂ.gardﬁhhm@ﬂsuﬁ]qsemrbycmm ate

WO 96/ 12997_ Moo e n "sSelected Probl ms in the q’ilg% 221 |

- 10 - for é sturgances : 5 operate e ectl ve
Implementatlon of Direct D1g1ta1 COntral,“

15. Thesis, Department of Chemical Engineering,

Louisiana State University, 1969, Simplified Model

Predictive Control, Disclosed by G. R. Arulalan and
. P. B. Deshpande in "Simplified Model Predictive

Control," I &§ E C Proc. Des. Dev., 25, 2, 1987, and

20 the Q-PID controller disclosed by Pradeep B.
Deshpande, Russel E. Hannula, Mohan A. Bhalpdia, and
Clay W. Hansen in "Achieve Total Quality Control of

‘ _ - Continuous Processes," Chemical Engineering
P ress, July 1993. These techniques require

25° accurate mathematical models of the controlled
processes, and the controller tuning process is
cumbersome. Therefore these_techniques have not met
with wide practical acceptance, although they have
had a substantial academic impact.

30 Accordingly, there is a need in the
control industry for a control strategy that
compensates for'dead'time, can operate effectively
with a process having complex and time variant
dynamics, does not tequire an exact mathematical

35 model of'the proceés under control, can compensate



mul tivari abl e processes. The Variabl e Hori zon Predictor
(VHP) of wooenibéd present invention fulfills these needs byPClE)F 95ﬁ9£g?i ni ng
Tda any-

t he nodel based prediction abilities of MPC t echni ques

control algorithm Therefore, the VHP of the present invention can be
configured as an add-on unit that can be coupl ed - into a control |oop
having a traditional feedback 10 controller. ' Figure 5is a
bl ock di agram showi ng a control_lgpp.42 provided with a VHP 41 of the
present invention. Control |oop 42 conprises VHP 41, controller 44,

and control | eérpreaasaisturbdhBes?; and! opeiaites *F AtAvelGA Aty ect or
cal cul at or oint unit 59, and VHP prechtion-uﬁ?{ 43. VHP

5 t o s
prediction dﬁ?}éigafbﬁBFEs8§°6F8€8§s nodel 48, - . prediction vector unit
51, and horizon sel ect The Variabdet HofizbnnPriediquordi (MHPON aect or unit 51

20 conpri t dLct | 0 |t _ prediction
correction 3ﬁ$? : ?ééﬁﬁr§§¥§§€§P§dF§?F§§35;ih%%gtﬁégﬁﬁh$p’52, and adder 56..
The sigmal s SPBhENiRg the PPQBEebBS&ﬂePHG@meQMMQ off gnal s, .
conpared  MP¢OtédniqibsWOUR &hgNabRt¥BIMA1gerikamlr €Vious 25 figures.
Those skillqﬂ&in #he ar%hmﬁbh'reﬁoggize ' :tgat-discrete si gnal s can be
converted t o KontTRtdusthe VHE; ghaFRe presenk: iRysHEionyeans hean be
converted tcconfiguiredraseani gddFenunnity thaknicanedekieouplied t he art. .

el ly, Gabdd Sontes) 188HRORhch HaatioPTC ERALPT 2L S

synchronously at tine sl nown-=as rated by
"scan irﬁQﬂWEﬂ%AerEMring each scan, the signals at vari ous

taken based on The sl e ooy Sgeart dpsomaitaflobaidl action Te
PCT/ US95/ 13590 o] p ided wi a VHP_431 0f the _ I n
Figure 5, tipresdrdvrinventiaher sconttde loop sRatemprisest vep | oop 42 at
scan k. Accordi iglnkrolier L48, ShREoNbrb EREESERbS ekl 48 MR OUt PUt Of
15 41 comprises error scalar/ﬁectbr calculator 58, sef
point unit 59, and VHP prediction unit 43. VHP
- prediction unit 43 comprises process model 48,
prediction vector unit 51, and horizon selection'
unit 54. Finally, prediction vector unit 51
20 comprises uncorrected predictipn_vector unit 49, _
prediction correction unit 50, corrected prediction
vector unit 52, and adder 56. The.éignals'shown'in
Figure 5 are depicted as discrete siénals, compared
to the continuous signéls shown in the previous
25 figures. Those skilled in the art.will redognize
that discrete signals can be converted to continuous
signals, and continuous signals can_be converted to
discrete signals using techniques known in the art.
‘Typically, digital_pontrol loops control
30 the process by operating-synchronously:at time slots
known as "scans" that,are_séparated_by'"gcan |
intervals." During each scan, the signals at
various locations of the coﬁtfol loop are saﬁpled}
and a control action is taken based bn.the samples.



6rocess 46 (as neasured during the |ast scan). 5 Bef ore the prediction

I S updat edw&&engé_,gnal represents a prediction of tkﬁ(&l%%&ﬁészﬂf

process 46 scan k - 1. After the prediction is updat

signal Yk represents a prediction of what the output of process 46
will be at the next scan. The 10 .subscript p represents the outer edge of
t he prediction hori zon, which will be described in greater detai
bel ow. . Process 46 receives a control- signal uk from

controller 44 Process 46 is also shownis~ recei ving di sturbance signal

dk, which represents a 4%f§@§g % @?g é&gggggég kTP?ﬁakgn%Istﬁé and

d[err] cause process a respon
out put signal state of control loqne4%|gha#gankkandhqperdﬁnqlr.also

provided to 2Qpdr | I%hgor&% tstdi'ﬁ: Rpses of t he
-process to the signals ugaé§% %%s %%ggrrect réh gﬁﬂitlon vector unit
49 forns an urpxRcass ctb (as mmashnedodurengothg[bast]suan)contalns
predictedg val t p fo 5 rg future scan '
fromtine k out ’t&t? héewee% fétf%% £ %#&g@é?roéh o?f' n? akich is time p.
Adder 56 . omEpEsEntdia goredicoiopudf otheroutpet46f(pkdcasshse t he

predi ct ed out9#;§%¥§£3gnddgenei§€§§ fhe %Fgafg£¥3#°fseﬁ 8£tegreghgt|on

correction un ust’s every el he un orrecfe predi ction
vector based @anﬂi[ﬂgxﬂﬁnrﬁﬁﬁn#$cﬁ predichieoncof whatothecoutpptedi ction

vector [yk.. . YeRliodbllhdShi11 ba'SEohd mERE SEARY PERI Cti on vect or

unit 52.
PCT/ US95A0322 Bubscript p represents the outer edgejof the

Hori zon sel ecigy@iaitt forPhdn®l £81 5 which wﬁfdbétaeecﬁﬂbaacmr [yk+c ...
Yk+n] of predlcth vect or YK...Yk+p], which is then applied to

.error tQﬁtﬁiﬂcRﬁ%?%T 58 I n the si npl est node 5 of

operation of the pr esentprdoess | 96, rédei €t cat €ontrol gigﬂamtgpn subvect or
will be a S|n%l nPredicted

controller 44. Process 46 is also shown
15 receiving disturbance signal d;, which represents a
measurable disturbance. The signals ¥, and dk cause
process 46 to'exhibit a reéponse in the process'
'output signal Vg _
The signals 4 and dk are also provided to
20 process model 48, which contains step responses of
the process to the signals u, and dj. Uncorrected
’ prediction vector unit 49 forms an uncorrected
prediction vector_ﬁa:.‘.;§k+pﬁ that contains
predicted values of the process output signal for
25 every future scan from time k out to'the edge of the-
prediction horizon, which is time p. Adder 56
compares the actual output of process 46 (y;) with
the predicted output (yk ) and generates a
predlctlon error. Prediction correction unit 50
30 adjusts every element of the uncorrected predlctlon
vector based on the prediction error to form the
corrected’prediction Vector [}% yk+p]f which is

stored in corrected prediction vector unit 52.



val ue based on the process dead tinme. This is "represented in Figure 5

by the siwoab/1287d | n anot her node of operation, the serRsbefh21
prediction 10 subvector can conprise the entire prediction vector - or a
subset of the prediction vector. This is ‘represented in Figure 5 by

t he signal [ Yk+c ... yk+m, where 0 < c < m< p. o The
predi ction sel ected by horizon 15 selection unit 54 is provided to error
scal ar/ vector cal culator 58. Setapoint unit 59 nust provide

calculator 58 with a set point prediction vector havi ng the sane-

nunber of elenents as Horizorlismlevtion ursith\Brtgseledte savect or nmay be
generat ed by._.s| : I.ng that the $uture set i.nt. will be the
pEedictioh sulvadidid o, | Lrerédiceign

current set n: o ¢ r kictm ),
Alternativel yectbe S@lyy ... yRqiJ¥, WIHIC i thée 4pThea beo SEAPES -
arbitrarily. npl €, “a control room operator may programa 25

For exa , ]
conputer to PERIBTAVEFEOEsSadculation 58.oin $he simplestyamode| of hours,
i n whi chScasef bperatipnt ©f the pirieseintsdnvhtiorseitHigdlatidg 59) can

provi de a se ¥ L.n iction.,wector tq error _scal ar/vector

cal cul at or 5%r?ﬁéft?§h egg’g'g?:ﬁ'gtra%t"ilé‘i % & SHEG %r(?ﬁ‘%fq he process set
point. Al tevaluevbagedt bp the process deasi driame.r k TiHys aigpl ied to a first
order plus ' f ials t ' _RGi ref ergnce
trajectory pfee%fgtglégﬁgegg’?o?kéﬁ%ﬁ t%h%&r gh%t %gbgﬁgn?dﬁd' B the process
set point franeEmerrmpdecosPpperhtienyl the selected pHedIT U7

PCT/ US9%d 13%dpvector can. c i ’ I on vectiy PO Nt
ref erence traject org predi C?}“Bﬁ;\ﬁgcﬁgf ent:.rtehgtreggig: oS vaecstfﬁfot h change
se

in the set RF it subset ghakther predprtiop vectprer r Fhids vigen scan k and

scan k+p. represented il'F2gugeababiVenkOsigaaqul ator 58 5  subtracts
the predicti Gﬁh‘iubveci-or fromthe set cgoi nt prediction vector to form

the error si ¢ Yktaml i ¥BEERi AUl To<BnErBtler 44. For a single
prediction point basedrre gpaditt¥Bn ekidctea®By?horizon '
15 selection unit 54 is provided to error sdalar/vector
calculator 58. Set point unit 59 must provide
calculator 58 with a set point prediction vector
‘having the same number of elements as the prediction
subvector. This vector may be generated by simply
20 assuming that the future set point will be the
current set point such that '
7k' = ?k +]= -;k+2 =...=r; Alternatively, the set
point prediction vector may be shaped arbitrarily.
For example, a control room operator may program a
25 computer to raise a process set-point slowly over a
period of hours, in which case, the computer
(represented by set point unit 59) can provide a set
point prediction vector to error scalar/vector
calculator 58 that reflects the anticipated chahge
30 in the process set point. . Alternatively, the set
point signal T, may applied to a first order plus
dead time filter to form a set pbint'reference
trajectory prediction_vector sudh'that'a step change
in the process set point from SP; to SP; results in a



to rferr] minus Y[err] For a plurality of prediction 10 poi nts, the
error vect . ek+n] is equal to [r[err] . .. rkt m nus
ky[err].. %Q&E&rfd’ggvrhere 0 < ¢c <m< p. Depending on t he P68 P2t

t he controller may receive the whole error vector, or a wei ght ed
average of the error vector may be fornmed 15 and appried to the
controller, as will be discussed I n greater detail bel ow

In one enbodi nent of the pr esent i nvention, the prediction algorithm
enpl oyed i s that di scl osed by Martr¥¥ Wrari, N L. Richer, and 20
Evanghel os Zafrr ou _i,n out entitled "Mdel Predrctrve Control "
di stributed atS®br ROABE ﬁ&%%@ﬁﬂfe trajge Q’Rm54¥5£+ MEHXonf er ence,

whi ch was hel dthat prad@brtsagosmlddthnm}range Jdmehef sEOoint this
algorithm theg ' f odbhe.prese h esponse
measur ed at thegﬁgggog§°%U§bg t? 4 55&€W§%#F§@ifg%%§?%na ép%T?ed to the
process input and a Enrmriotr sbaﬂathn@hn&pMahainatdﬂusahsturbance i nput .

For the Prgcesg UEQHEts gﬁe ;:g'%d&%ﬁ:&%%s%ubvect%(}efffx]oﬁ Q:ri)[e [sae{te assenbl ed

intoapxl1l na r-x as 3 r],a2, ...ap]T
For the di sturbaibt prpdictiea ¥yestor to ﬁ@;@omhg<ﬂﬂnﬂﬂ(ﬁk§nﬁﬂ-are.

assenbl ed i nt orgap islprov1d@Btbec%%ﬂE@ﬂl@&544. Fd@oagéb}%ﬁgg
PCT/ US95/ 13221 14 - = [d d2,

co.dferr]]T predictionapgint,kasede 25 Aeadd tdmenb faces h%yefmal
included in theg di CEIH'%? |3f requrdfg#j co??urali PEE S {'éﬂiftﬂ: denotes a

transposed natrrx cren represent neasurenents
of hh00utpqintsgnahetekrbrawecmber13%§1§epar 1bgs egutletboop scan
I nterval, mnth-Lhe frrsL-neasur nment — . takes at e first scan after the
application of [fhec Jmth%t%§“§§gH¥k+end°tﬁé+anh'dﬂ%%ﬁ?enent taken at 10

the scan corregpgngi a0mt Q@ phe Pepehding bnOkhkl@ontroller, the
controller may receive the whole error vector, or a
weighted average of the error vector may be formed
15 and applied to the controller, as will be discussed
in greater detail below.

In one embodiment of the present
invention, the prediction algorithm employed is that
disclosed by Manfred Morari, N. L. Richer, and

20 Evanghelos Zafiriou in a handout entitled "Model
Predictive Control" distributed at Workshop Number 4

’ . of the American Control Conference, which was held

in Chicago, Illinois in June of 1992. 1In this
algorithm, the dynamics of the process are modeled

25 by the response measured at the process output for a
unit stép signal applied to the process input and a
unit step signal applied to the disturbance input.
For the process'input, the step response
‘coefficients are assembled into a P % 1 matrix as

30 follows: o '

A=(a,a...a) |

For the disturbance input, the step
response coefficients are assembled intocapx1:
matrix as follows:



desired prediction horizon. |f an analytical process nodel is

avai | abl ayoséireepeffici ents may be cal cul ated. The coePCramsesiizziare
stored in process nodel- 48. 15 When the vari abl e horizon
predi ctor of the present invention is initiated, the prediction

vector Y[err] is initiated by setting all predictions contained in the
vector to the current state of the process output signal. |In other
words: 20 After every | eopsscan, the prediction ~vector is
updat ed by shifting the vector one step’ into the future, and adjusting
the vector to take Di #t[ ?ount control ler action that occurred in
25 the last |oop scat

grban es geaiured in the Iast scan. In

matrix notation, this %€E+Eb?gg nipggsure BEUEBRDCeS BaY; be  yhere [err]
and is the chaﬂgmded inethenpre@ichpon, oﬁfthequirepnoc&he at scan k-1,

[err] 2894
PCT/ US95/ 13 Zsﬂper@zg:%t '9'9 denotes a transposed matfgx and the and is the

observed® chaiyividuat G‘Pﬁfﬁiﬁaﬁé‘ésl rebresent measurements[ @fr], and Mis a
P X p MatrixKddutphttSighsl taken ates!he&reameebgarla%tea bye future and

copi €s {Lgrpgm,w,%m [REeSS10" wRRR' khe" 8 st meapObegiaty! © fO7 P =
0 0100 taken at the first scan &ftep th@ appllcatlon of the
00001 unit step signal and the pth measurement taken at
10 the scan correspondlng to the outer 1limit of the
desired prediction horizon. If an analytical
process model is available, the coefficients may be
calculated. The coefficients are stored in process
model 48. . :
15 When the variable horlzon predlctor of the
present invention is initiated, the predlctlon .
vector YO is initiated by setting all predictions

contained in the vector to tne current state of the
process output signal. In other words:
20 Yo=0p-- Ypal' =03 - - Yo"

After every loop scan, the prediction
vector is updated by shifting-the'vector one step
into the future, and adjusting the vector to take
into account the controller action that occurred in

25 the last loop scan and disturbances measured in the
last scan. In matrix notation, this is represented
as follows: ' '

e _ ?k* = MYk-l* + Aauk_l + Dadk-]_":
where

30 | S ] = Up] - U2
and 1s the change in the control 1nput of the
process at scan k-1,

8.1 = 1" %2



00001 I f the neasured variable of the process represents

an i ntegrap| jon, then the last two digits of t I of
the matri stélgqﬂﬁéybe -2, i nstead of . . hﬁcg’aggsﬂf’?ﬁr t he
prediction |10 vector has been updated, it is stored in uncorrected
prediction vector unit 49. : Next, the prediction vector is
corrected by predi ction correction unit 50 to conpensate for

nodel ing errors and unneasured (or unne §urable) 15 di sturbances. The
correction is perfornmed by sinply addrng a_quantity based on the dif
ference (Yk - red ) t [ QLI ctor as
ol Lows:  and'1d)eié ovepryed Grafaf TR cfe {2%1?*5%%‘2—% Ffipde”

where Yk is tiat @san vedl prardsd bsitaup ¥tpswabrkxabbat sRyftsvykhes t he
prediction of OEES ts TR I FispxlI-:
unity vector. échfE\;\?ej\%r, FSVQ&E&}_J Jr'rlg%/ogﬁg% Bét%r?#?%r&?gﬁgﬁ g@'la first order
1 ow pass - into |the wectohepositypen of Jjlt eFer kexample for pré)

to prevent. the prediction, cqrrection from changing 25 - too nmuch from
scan to séan. es'Af%ﬁ nﬁ%"’%&io’rST S corrected by prediction
correction unit 50, it is stored in coryected prediction vector unit
52. Hori zon sel ection unit 5@ 3el®c@sOthe prediction WO

96/ 12997 : 01 / US95/ 13221 :

- 16 - subvector fromthe pregiction vect or between tines k and
p and provides the prediction subve®t & @ olePrpr scal ar/ vect or

cal cul ator 58. When Jugipgg ¢ he YHP of the present 5

invention in its sinplest node of 08erat'q@, hpri zon selection unit 54
will be configured to provide a Qiﬁgl ﬁr diction point in the future
related to the dead time of process 46. It has been found that

If the measured variable of the process represents
an integrating action, then the last two digits of
the last row of the matrix should be | . . . -1 2],
 instead of | . . . 0 1|. After the prediction
10 vector has been updated, it is stored in uncorrected
prediction vector unit 49. |
_ Next, the prediction vector is corrected by
prediction correction unit 50 to compensate for
modeling errors and unmeasured (or unmeasurable)
15 disturbances. The correction is performed by simply
’ adding a quantity based on the difference (yk's;k) to

each element of the prediction vector as follows:
Yy = ¥ + FOpg - ip,
where Y is the observed.process output at scan k and
20 '3} is the prediction of the process output at scan

k. Typically, F is p x 1 unity vector. However, F
may also be a filter (such as a first order low-pass
filter or other types of filters known in the art)

. to prevent the prediction correction from changing

25 too much from scan to scan. After the vector is

corrected by prediction correction unit 50, it is
stored in corrected prediction vector unit 52.
Horizon selection unit 54 selects the prediction



selection of a prediction a little farther in the 10 future than the dead

time pro sitive control of the process, while selectlon of a
predicti \OQHB%’I%Z gnificantly farther in the future than d &I TYSOLS :
and close to where the process step response reaches steady state
provi des very stable and robust 15 control of the process.

I n anot her node of operation, the predi ction subvector [Y[err]...
Y[err]] is used. If the VHP of the present invention is being
configured to operated with a clasE d'feedback controller then 20 the

controll er inpu error vec
be forned an¢ nPoand previdesathe predigtion Mv&rct@a'nttﬁeerrorf ormed by

conputing a & Dk eawi-aaslaﬁlaebt»ow% 25 ek = a[err] + a[err]... +
aferr] wher e err e values of a deterntne to mhat

ext ent predi cted eVR8R EFéﬁganeoVH?thsGB@eEFGPEEFe represented in
the err® scihventidheinfitst sifiplestcnopet ofdoperatiion, ell'fdiflidxpm a

~ weighted av e vect or n pl scalar error to
a claserg d%acku%%gt?g_Pg;1i§8t§°8gﬁggfgaat§ %?’3%' 2 f eedback
control | oopsirmbe apipeéuctmnepomntr 3h tbepfasurehirelagieduitat &hecont r ol

noves based fdbf SHhé ESE 96442 b
PCT/ US95/ 13551 Oﬁrocess Y@, 96112434 een ;ound that or edi ct ed

val ues, ther®iection @f i dgPreddcting andittle SP6$P6€ #ﬂr§hﬁobust control
of the 3@ ocefsture than the deadntisfldi providek 2eREdtdve lddntadi Me-

brovi ded to Fhe T s et Fel TR He PR SEARCRERALELIRRL || Tcel et the
pr oper %ﬁqnnﬁz¢anthﬁsédrtherhennbheufuﬂuﬂeaﬂhannﬂeaaomlme, exanpl e, - -
in the exanpfy UESSSES WOVE thbepLodEsE step response reaches |
steady state, provides very stable and robust
. 15 control of the process.

control | er wg$$¥gg§%rlk?ghytﬁépgggﬁﬁ £188 Gecto %; #EQ; atﬂébe]] must -

In another mode of operation, the

' prediction subvector [Ypi-:-..Yg4m] iS used. If
the VHP of the present invention is being configured
to operated with a classic. feedback controlier, then

20 the controller will most likely expect a single

" error signal at the controller input. Therefore,
the error vector ['?k-l-c . ?k+m] must be formed
into an error scalar. The error scalar can be
formed by computing a weighted average as follows:

25 e = °‘k+cek+c + optct] ek+c+] oot °‘k+mek+m’
where

Qe + Ofpet] + ...+ Qam = 1.
The values of a determine to what extent
predicted error elements of the subvector are
30 represented in the error scalar. The effect of
computing a Sca;ar.error from a weighted average of
the error vectdr, and applying the scalar error to a
classic feedback controller is to convert a classic
feedback control loop into a predictive control loop
35 that calculates control moves based on a series of



fime was caused by steam flowi ng through a pipe, 10 - assume that the steam
i s alternatywhWehsgyi ded by one of two boilers, with eac*i’cqﬂtb@?ﬁszzl
goupled to the process by. a different |ength of pi pe 'S

exanpl e, horizon selection uni't 54 woul d be configured to sel ect the
prediction based on the 15 boiler that was coupled to the process.

It is contenplated that the VHP of the present invention wll typically
‘be used with a feedback controller_ sych as a P, PI, PID or FL
controller. In such a configuration, a feedback 20 controller tuned to

provide integr Ty t nt r ol
action and no %e&qﬁe:avﬁvuﬁlorﬁﬁeoﬁ@a coupﬁﬁcf‘fo t he ﬁ%@o?&?he
present invent PGﬁ’Vlﬁ’ﬁI JANe Fop dhe iRROCesS. 5 gorithm This
assertion is justified _burﬁiddjgﬁrm dqrﬁ - pﬁ&&egmmdgwttwr es soI ution
of the nmod rnedi ctive .cont rol .t echni e, drscl et

al. results i n%argd‘ﬁg %I ari\}:é“‘?ec t [‘::eqrr]bCL %?'I %&é’ mﬁﬁ 0 wher e
rjerr] is & ped&hﬂyﬁmmawqanmbdIpzaxﬁdad to rive horianﬁrSé&&ctlon

rlerr] = 429 e bnson 46 i wil) Wefdds 'ehd, w{y matrix on

control noves such err err .rferr]],

WO 96/ 12997 predlctlon based on the measured dqqgn

- 18 - Mekamphe, num%eofemﬁlré)lm%@dalawﬁ edméré hgeaa  future
(wth the pena#tx natrrx havbpqwg cal ar lLlue of ru for "one nove
- ahead" control 5, Cguse %ﬁFﬁb QRED & RAWFch is equa

to the 510 st assnnep&ha& thet mte&mjlmlﬂmm fparovicded rinw cone
:aheed" controlh %L%rhblhir%n W@%ﬂ'égyﬁ'ﬂgif@?xéghﬂ¥@3 to tndhe predlctlon_
hori zon such tprocess by a different length of pipe. In this
example, horizon selection unit 54 would be
configured to select the prediction based on the
15 boiler that was coupled to the process.
_ It is contemplated that the VHP of the
present invention will typically be used with a
feedback controller, such as a P, PI, PID, or FL
controller. In such a configuration, a feedback
20 controller tuned to provide integral control action
(with minimal proportional control action and no .
derivative control) and coupled to the VHP of the
’. - present invention implements a simplified predictive
- algorithm. This assertion is justified by
25 considering that the least squares solution of the
model predictive control technique disclosed by
Morari et al. results in a cbntrbl move vector Sﬁk

as follows:
55y = STOYTIYs + rvTry ! sSTOYTYE,,
30 where IY is a penaity matrix on the output erfor
such that: o
IY = diag [TYy, ..., I‘Yp],
I' is a penalty matrix on control moves such that:

.ru = dlag [ru]_’ c sy rum]s



Ek = [e[err]..., e[err]] , and the superscript "T" denotes a

t ranspos lo¥- 10 . When used to cal cul ate " ead"
cont rol ﬁggg@ﬁ%%?g., m= 1), the denom nator of the equaFEBﬁJng [err]

beconmes a scal ar equal to ATr[err]Tr[err]A + ruTr[err] and the
nuner at or becones ATr[err]Tr[err]E[ferr]. It can easily be seen that
a "one nove 15 - ahead" predictive control algorithm provides wei ght.ed
i ntegral control over the entire pregiféipn hori zon. Every predicted
error for every future | oop scan accounted for in every cal cul ated

control - movey é”nﬁﬂi‘:@%ab‘% ROBHroL HOVRRCtalidatdy ) &t ON

mul tiplied tlnes t ggro late step response coeffrcien
The equati on FFHFedéVF shgﬁepﬁﬁﬁﬂ mag¥dx having @& saalare furt her
sinplified byatdaéi sengUbasgdnefeamove ahieBareclitirol) hhqsflatwe as

follows: 25 . [err] whi ch can be srnpllfled

[err] ¥harerocess dynamic matpdx; |(whdchadeoeguag tto Kher] is a
predictige CQﬂépOi'éonﬂaénvEetor a d(i%&hl’s%'ed'_f AdovieS £35 0GR oy edi ct ed
process error 2 ge tant at + i in the future. To

i mpl enent th‘?%e%%nt?BT‘ 593 i ﬁm"ﬁsPﬂge&'r&ra%’Gr" veakemmveR 97

PCT/ US95/ 1322 e prediction horizon such that: 19~ feedback
controller that has b caupled -to t VHP . of the present invention,

the feedback controllefk = kkgarnsﬁb+ tr FB“k[err] and horizon sel ection

unit 54 is the §@§e£§c§2b€C“Ta Eéﬁ@t@h'ﬁ”t%hn%ﬁ%@eh hatr;g? In.
anot her_ enbodi nent™ of - a-palr VHPs are used
in a priftess contVBFnlBﬁﬁdh§9| leuﬂPGEe Q“\ﬁl mevendhead'lt s and

two outputs eokredinovésd(ayga,pai & o) ,CltheSdenominator of the
equation for dup becomes a scalar egual to
ATOYTIYA + rUTHY ang the numerator becomes
AFEWTPYEk. It can.eESily be,seen that ~a "one move.
15 ahead" predictive control algorithm provides '
weighted integral control over the entire prediction
horizon. Every predicted error for every future
loop scan is accounted for in every calculated
control move, with an adeguate penalty on each error
20 prediction multiplied times the appropriate step
response coefficient. _
The equation.that.defines_the control move
duy can be further:simplified by defining based on a

single point in the future as-foilows:

25 oy = @Yy / 2TV + TV,
. which can be simplified to:
- Suy = Kieg+is
where

Kj = 5/ @7 + @197,

30 Accordingly, K is a predictive controller gain for
control that is based on a predicted process error
at a time instant at k¥ + i in the future. To
implement this control algorithm using a classic



féedback controllers, wth each feedback controller 10 having a single

error inp single control -~ ... output. A process havi LOput s
and two Oﬂfvﬂkgu&f is known in the art as a 2 x 2 process.ﬂ‘g”.hg&“km
one predictive nultivariable strategy known in the art defines
controller noves for a 2 x 15 2 process as foll ows: [err] . where
[err] is the change in the control signal supplied to the first input
of the process, [err] is t-he change n_the control signal supplied to
t he second i.nput of the process, } “is the predicted 20 process

error of the Tadandn Est i dla é%kbe?n fotp1b8IED be!Phepr odi ct ed

process error rocess out err] is the

gai n of tIRf fhesipresent| invention; ﬁh@hf¢%@h%%k contreller fijrst
predi cted progRss: &fd Tet Ké& K] drd ik % fdiectidd i€ Sda caitrol ler

output with respect to second predicted process error, Klerr] is
t he gain of Seﬁﬂﬁ?sﬁﬁiﬂﬁt(innrﬁﬂiQ#lQMtyutSQamrkrts@ect to the first

predi ct edsprocess error ,x%?gr.dﬁxé@eem&mém of [ ife SGF@EEneONt rol I er

out put with r?;PeCt to the 30 second éwe di ct ed_process error, WO
96/ 12997 vention, a pair of VHPS aresedop |3 process
- 20 - control IReseharindaa groces@ivith the imphvs dand

C e LBl b e Goprratiaa dur » SELE ok Hidpede " L15°
[err] and eaclfeedbackneantrolleémns mwitlpl éach bfeedbagiarcontyal hexr However ,
classic 10 having a single error input and a single control

output. A process having two inputs and two outputs

is known in the art as a 2 x 2 process.

One predictive multivariable strategy
xnown in the art defines controller moves for a 2 X
15 2 process as follows:

du,
Su,

Kll K12
K K

elk+i

14

€24

where du; is the change in the control signal
suéplied to the first input of the process, 6u2 is
the change in the control signal supplied to the
’ . second input of the process, el ; is the predicted
20 process error of the first process output at scan k
+ i, Z?k+j is the predicted process error of the
second process output at scan k + j, E&] is the gain
of the first controller output with respect to the
first predicted process error, K;; is the gain of.
25 the first éontroller output with respect to the
second predicted'procéss error, Kp; is the gain of
_thé second controller output with respect to the
first predicted process error, Ky is the gain of

the second controller output with respect to the
30 second predicted process error, .



f eedback controllers typically have only one input.
accor danggy dikhéyst he present invention, 10 two classic fe rollers
128 t%%gs@ﬁ%

coupled with two VHP prediction units and two | oop in

conpensators inplement the 2 x 2 control algorithm descri bed above. By -
rearranging the right side of - each of the above equations, it can be
seen that: 15 [err] [err] Accordingly, the
first classic feedback controller . sps.configured to have a gain Klerr]
and the second cl assic feedback c8ntroller is configured to have a 20

gain Klerr], with eactpdasitarehOMibovt ShatfEL] VERE #laiviafbhor Signa

based ‘on the predlcte error nelr g ting | cop™ i
scal i ng facgntrol § ?ﬂﬁa%ﬁﬁxﬂ%t%ﬁﬂ%ﬁVéf in.the feedback

controller's own | 00p.3u25= Kyrel .F%@ agb! ock di agram of a
control systen160 h VI %umﬁ ol kgi and 63 and 2 x 2 process
62. Control |oop 63 e'sK z +j controller 64 VHP

predi ct gon | 90p, 6 onpri ses
pr oce33562 H%O %%nt %%ﬁ? pr_g‘?#‘gfggl UI’II%EJ?%n éﬁdbaﬁﬁ rs 76
and 78. Al s@ni Wmqu%,ccﬂﬁkr.q angs tedp 50 asudl caph inputt enstt i on

on Tho " B pl L B ue%?%@%é% L EPEEL, Slabpator Co el

96/ 12997 feedback controllers typically have@mnlpoand 32aput .

- 21 - : 82, whic ? d¥ﬁ% | 61
based on t he error mlilﬂgoa?e% 'ﬁ‘}%ﬂ%& pre |ct%éﬁn|§ tonprises a
processOnod&Wo classig fHgadhack [ﬁQRﬁﬁﬂllﬁFﬁwﬁﬁQﬂl%ﬁlv thrtWection 5

correcti on VHPt pred@ictdioer uiitl GridtweClesp UWhteractiohori zon sel ection
Vector uni  CpensdtesEe BleiSe the P 3F'2, EintiE AFGRETERR Or edi ot 1 on
described above. By rearranging the right side of
each of the above equations, it can be seen that:
15 bup = Kyj (elpyi + Kpp/Kyje2y,p, and
| Suz = Kpp (Kpy/Kpp)elpyi + €2p4p-
Accordingly, the first classic feedback controller
is configured to have a gain KQJ and the second
classic feedback controller is configured to have a
20 gain sz,,with_each_feedback controller receiving'eh

error signal based on the predicted error in the
nelghborlng loop multiplied times a scaling factor
plus the predlcted error in the feedback
controller S own loop. ' :

25 Flgure 6 is a block dlagram of a control
system 60 having control loops 61 and 63 and 2 x 2
process 62. Control loop 63 comprises process 62,
controller 64, VHP prediction unit 68, and adders 72
and 74.' Control loop 61 comprises process 62, '

30 controller 66, VHP prediction unit 70, and adders 76
and 78. Also included in control system 60 is loop
interaction compensator 80, which provides
additional compensation in loop 63 based on the
error in loop 61, and loop interaction.compensator

I'plied tines a

L



Vector unit 52, horizon selection unit 54, and adder 10 56 in'Figure 5.

For sinpli %‘Bxsltﬁgdure 6 depicts VHP prediction unit 68}’8‘&@%5591%;(1 to

provide a iction for a single time point at scan k+ VHP
prediction unit- 70 configured.to provide a prediction for a single
time point at scan k+i 15 However, VHP prediction units 68 and 70 may al so
be configured to provide prediction vectors which are subtract ed
fromset point vectors to formerror vectors that may be formed into
scal ars by conputing wei ght ed aver &ges, as di scussed above with

f 20 E VHP di ct
umit S % ahei vhPEh pRoyider, adpibionar, SonbRRBrdom dlabdnl T o "
fromcontrol | e63% Baseﬂd056theeepeor|ualipoan63- Ea@hsNHFbance signal [err]

uhich repr eseffedi SEASH" HLE Zom rﬂgatsuabs%eessmsaa&ocess model of each
VHP prediction unit contalns at | east "three step responses of the

process, with WnePFEected predigrien VeCtPEpPéééntPﬁ&dﬂﬁglP@Sponse of the
out put theag IScorrec‘bﬁbﬁguﬁiedl ebetebteihpredicriod oectorunmiti,or a 30

unit step sig lied.to.the fikst c ecand step
esponse repr RETAY SRLeFELgE uni, BhA°&AAEkiPkben ag.pRoReR |
predicted by tmedelri8, ungoxdectednpuadictionavestorsuadtsidg@nal applied to
e Second PraRSEILERUL, cBPfleBtiBh n3koBo] CERRRERLAR prificRIEA N0 the

response of tHe output that 1s
pCT/U595/13221yector unit 52, horizon selectiopjounit 54,p8nHg26A8Fi ct ed by

‘the VHP meedi Q*.sorhtmiéui—ersa ForUsihpiiepts sFigheece aeplices to the
DrOCeSS o 1 o VLA Le b pf e hofl Y8048 bRl e the
"prediction for a single time point at scan k+j and
VHP prediction unit 70 configured to provide a
prediction for a single time poinf at scan k+i .
15 However, VHP prediction units 68 and 70 may also be
| configured to provide prediction vectors which are
subtracted from set point vectors to form error
vectors that may be formed into scalars by computing
weighted averages, as discussed above with reference

l-r

20 to Figure 5.
_  In Figure 6, each VHP prediction unit is
configured to receive the control signals u2, and ul

. from controllers 64 and 66, respectively, and
disturbance signal d;, which represents a measurable

25 disturbance. The process model of each VHP
predictidn unit contains at least three step
responses of the process, with a first step response
representing the response of the output that is

. being predicted by the VHP prediction unit for a

30 unit step signal applied to the first process input,
a second step response representing the response of
the output that is being predicted by the VHP
prediction unit for a unit step signal applied to
the secdnd process input, and a third step response

35 representing the response of the output that is '



and is the change in the first control input of the . process at scan
k-1, [ergwoognaee@dnd i s the change in the second control 'in@Tlﬁ%?sh.h»fn
process at scan k-1, [err] and is the observed change int '

di sturbance signal 15 at scan k-1, and Al and A2 are vectors storing step
response coefficients nmeasured at the output with respect to the first
and second process inputs, respectively, and Dis a vector storing step
response coefficients neasured at the g %Qut with 20 respect to a :
di st ur bance. In Figure 6, "VHP prediction unit 68 receives

oot reg't.i[e?ngei’{ i’fset&u“%fm%.E’ﬁﬁfvﬁ%’wmﬁﬁﬁ undd, 269 6. @ edi cti on
p y é{%}: %?%’b‘?%t?ﬁ[‘lfb?&tﬁ% Bﬁ?p5$°§F§ﬁal [eEr] at future

signal [err] YHi

scan k chord:jmgtmy;,t ire sequati¢mrgives. pbovedﬁdrtupddtleng 72,
where it is ﬁgﬂﬁ t :‘g.f to formerror
~prediction signal® [err tfirﬁf”ﬁ mcf’d’ifie& %I{# pred| ction unit receives
control $Signals [err] =aNﬂYk|J1[e+r41Mpm tA2oudy et Dy p.nd 66,
respectivel Yy %h di sturbance signal dk, and provides a prediction
signal [err] \ﬁmc S a:supredl ction of the output signal Yl[err] at
future scan k +i. Predidefjgresilgnpt ul WO 96/ 12997
PCT/ US95/ 13221 k2 Pth kf2 gl {__ﬁrr] i's
provided to gﬁgeﬁ%é;hWQ? jn the ’s{ﬁ)?r%%‘?w} W‘é‘ét B signal sP1
to form erroprocesspadlisaaroksignal el[err]. Error

predictiygn signal el[ery S appl led to |l oop i nteract I on
conpensator 80 to form F‘bk'l ab%] §2k
and is the change in the second control input of the

process at scan k-l,
Odpp=dp -y, - |
and is the observed change in the disturbance signal
15 at scan kél,'and Ai_and A2 are vectors storing step
response coefficients measured at the output with
_respectito the first,and'second:p:ocess inputs,
respectively, and D is-a vectof stoting step
‘response coefficients measured at the output with
20 respect to a disturbance.
In Figure 6, VHP predlctlon unit 68

receives _control signals u2;, and ul; from controllers
64 and 66, respectively, and disturbance signal dk'
and provides a prediction signal ?2,‘,”, which is a
25 prediction of the output s;gnal y2k at future scan k
+ j. Prediction signal y2k+] is provided to adder
72, where it is subtracted from set point s1gnal SP,
to 'for.m error prediction signal ?Zk + Similarly,
VHP 70 prediction unit receives’ control signals u2k
30 and qu from tmntrollérs 64 Iand'_'66, r'espect_ivelly, and
disturbance signal dk' and provides a predict_ion
signal. 7Ik+i' which is a prediction of the.output

signal yl, at future scan k +i. Prediction signal



éonpensated error signal (Klerr] / Klerr]), which in turn is applied to
adder 74 where it is added to error. prediction signal e2ferr] to form
. conposite WO 9644209, prediction signal e2[err] Accordingly, %%ﬁ‘ﬁ ite
error prediction signal e2[err] is equal to “(Klerr]/Klerr])el[err] +
e2[err]. Wien conposite error signal - e2'[err]. is applied to controller
64, the resulting change in the controller output signal is: [err] 15
which is the equation that was derived above from .. the control matrix.

Li kewi se, error prediction signal e2[eTrd3i3 applied to | oop

I nteraction cospensator 82 58 fo%n1 cogpensated errqr. signal (K[err]
e2k+ /K[ err]) ?tkniichSi REo¥ided, ko; 8ddRp| /84 WBE&JF #8 where it is added
to  error pgfdtehctedsicron stit] point &ilgal Pesi E8rm er2biOr
prediction signal el'[err] Accordingly, conposite error prediction
signal el'[errpredickion sdgnal eldgfigrr]/Klerr])e2[err] + el[err]. Wen

conposite error signal 2 'lerrds N te-contral Ler, 66, the |
resul ting ‘change in ?Eﬁ?#bk §§#F§§°ﬁgglqﬁ§%jeji+l igﬁsfb al so derived
above fronstheappliiedl toalloop interaction compenmsatiru®Orto Bddm vari abl e
predictive 30 _control.of. a_2 x 2.proge | s=realized, by .coupljng t wo
VHP predi ot onCHRPEBSAKEY, R5T5051RAY Kot éfi+i / Kag opfiiR AR

PCT/ US95/ 13221turn is applied to adder 74 where it} is added aypensators of
the present invention t | assi c .f eedback cqntrollers.

. pecer_
The VHP of t heSEFSTcRTAAGEROPOR ITRP L& 4/ EROEBFRICPBPRSISR: 1 ol | er

enpl oyi ng any eppbiOpredictibfOSighal @X)eYer accbraingdyt,enpl ated that the
VHP of the present invention™wll be*particuarly beneficial when
used by cb@trofompgsater errorcprediction s&mm&hﬂ&Zﬁ@mslhaﬁnwglctassic

l'inear or nonlhﬂﬁ%&zyﬁik+ii-?7k+j; When composite error signal

'?2}+i is applied to controller 64, the resulting
change in the controller output signal is:

Sup = Kpp ((Kyp/Kppelypi + €244,

15 which is the equation that was derived above fronm
the control matrix. '

Likewise, error prediction signal iﬁ%+j is
applied to loop interaction compensator 82 to form
;ompenséted error signal a&22ﬁk+j /EQIL which in

20 turn is applied to adder 76 where it is added to

’, error prediction signal ?1k+i to form composite

error prediction signal el’%,; Accordingly,
composite error prediction signal ?7%+i is equal to
K;5/Kg 1)?2k+j + -e-]k+i' " When composite error signal

25 el’,,; is applied to controller 66, the resulting
change in control action is: '
| Sup = Kpp (RKpp/Kip)e2pij + elpyid
which is also derived above from the control matrix.

In conclusion, multivariable predictive

30 control of a 2 x 2 process is realized by coupling
two VHP prediction units and two loop interaction



f eedback controllers into predictive control |oops, 10 thereby

conpensawgigs/f20¢7 dead tinme, tinme variant dynam cs, angcivesssmses

di sturbances. Many conpani es have a large investnment in distributed
control systens havi ng cl assic feedback controllers. In addi tion,
control engineers are famliar wi.th 15 f eedback controllers, and have

ext ensi ve experience . configuring and tuning control |oops controlled
by f eedback controllers. The VHPQf 4 he present i nvention
preserves such investnents and experience, whi | e enhancing the quality

of process Cc&ﬁpéhsafﬁks of the presanﬁ fin¥entiedetof aopaqiat iogn, the VHP of
t he present %i] nthg ébco flg roli rovide a © prediction of the

out put of th oM F ot £ 3? cger ®%f-a future tinme based on the dead
tinme of the pr oceEse VHRrefythedpresenty nnwes&monpmewlbenas t hat 25
addr essed bkdd@&dﬂw £’r89h€£8116£-98i:bwg‘mg anffouBKeko1un! i ke the Snith

Predlctor resent Tnvention is not limted to a first

. order ?PW1rmﬁ?HﬁNFrvcbﬁ éﬁsFP?tPHEGPESﬁaFBth§he VHEf f ect s of

measur ed dl ﬁmrﬂwmséﬁo ifeerntfionrwillit benpagtdcallaewy dynanic sel ection
of predlctl of o ergélon t he

W o T RneeAdT vhen weed by contPel, SR58B¢RFR, EpecaRUREY 00 o,
vect or of tfnpnnrnlcﬂ¢qmbphtmﬁng chass86 lihearudesnanddankar predictions at

different sGdbapack ti
PCT/ US95/ 13251 ac é%hé%%ﬂ%&?g into predlc ive Sgntrol looPs In this

node, a9 enﬁﬁeﬁﬁﬁﬁ(ﬁ°¢2§%§#ﬁ&ﬁ%df9§ dead. EHBFraE%PﬁgVPHéaﬁFedlction vect or

froma set @yrdmics, é)ﬁ&dh&és@f'edeﬁiéturbinéés.COHhh9| befnpameet s a
single error_signal,_then, the erroy vect verted into an
P%‘sﬁg

error scal a (ﬂnﬁﬂHQ?mf%yeStme i YRt as§€§938§d ﬁﬁﬂt g scal ar error can
be appmyateustHEwImgncIissﬁc ﬁeedbdchgbgntrollers. “In node of

Operarton ! iadd i dH, 'dendtSP Whgi AUEPL! BPe £ami§RR¥UhEn? Ol assic feedback
15 %eedback controllers, and have extensive experience

configuring and tuning control 1oops controlled by
feedback controllers., The VHP of the present
invention preserves such investments and experlence,
while enhanclng the quality of process control.

20 In a flrst mode of operatlon, the VHP of
the present invention is conflgured to provide a
predlctlon of the output of the controlled process
at a future time based on the dead t1me of the
process, thereby addresslng the same problem as that

25 addressed by the Smith Predictor algorithm.
However, unlike the Smith Predictor, the VHP of the
present invention is not limited to a first order
plus dead time model, can easily incorporate the
effects of measured disturbances into the

30 prediction, and'allows dynamic'selection of
prediction time. .

In a second mode of operatlon, the VHP of
the present 1nventlon is conflgured to provide a
prediction vector of_the controlled_process that

35 includes a number predictions at different saan'



10 predictive control |oop that conputes controller actions based on

a range Ofv‘%?ﬂiz%-} ons, which tends to produce nore Staﬁé@g%ﬁﬂbmt

“control . Finally, both of these nodes may be in.a
mul tivariable control system as shown in 15 Figure 6. Therefore, the
VHP of the present I nvention provides multivariable processes with
conpensati on for neasured disturbances, dead tine, time variant

dynam cs, as well as conpensation for o5 LBrrors i.n neighboring | oops. 20
Al t hough the present invention has been - described with reference to

preferred enbo giﬁggts, 1 thlgog‘ggefagh Qr?%rl Qretctﬂ;% é‘ts \gl ##g%?og% ze that

changes may b e intornian epar t he
spirit and scopebbrachingsthei prediction vector ﬁED@6ﬁ1§0$7p°lnt

PCT/ US95/ 13221predjction vector. If the cont#®ller expdfk S CLAIMED IS
1. A variable horLzon red| ctor contr | oop (42)

havi ng- a pr oce3¥PghBePrLor S&SHFFOIt%&ﬁ)tgﬁdegrBEnFFﬁFPErCFEM € wherein the
5 controlser ééﬁ&ehﬁedalﬁﬁbtaﬁlberoeuspaua&oby compntdngdang a control

o g1el and 2 RRIGALLS e, s Ehel BEPNSTBeRURCERR g 001 200 e

vari abl e, mﬁthappblgdotesthenpqntcompevd tbcphedinglwonunothaﬁ output to
receive-the C%&Q'of' Sﬁ *:ati‘BH the VﬁPpBQC?ﬁE BreReht! QhvnRiicH N9 a

process out put representative-o process. vari.able, the
vari abl e hor|z%%n$F€HFc?oF1€§ﬁﬁF|§Fﬁ3ba°k °°ntr°& &PSEe§§tﬁbéel (48)
havi ng- a Twdel pre@ittive control 1oepunhad tompltesogbhtiriodlegut put to

providing a moieriond B8ea’Ch & FRAGR of prRAichicRE ) HEGRE SONFOl
to produce more stable and robust control.
Finally, both of these modes may be used
in a multivariable control system, as shown in
15 Figure 6. Therefore, the VHP of the present
invention provides multivariable processes with
compensation for measured disturbénces, dead time,
time variant dynamics, as well as compensation for
errors in neighboring loops. ' .

20 : Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognize that

’ changes may be made in form and detail without
departing from the spirit and scope of the

25 invention.



signal; 20 a prediction vector unit (51) having a 4

pr edi ctwoedgmtyor out put-for provi.ding a PrEeingdokQshay ect or

and a nodel - -response i nput coupl ed to the nodel response

out put : of the process nodel (48) to receive the 25 -
nodel response signal, wherein the prediction vector :
conpri ses predicted - future val ues oLuu put -~ ___

si gnal ; a horizon sel ectionzgnit (54) ha WWHMWWIWHM C
predlctlon subvect or output for providing la del écte :
subvect or WHAThZESpCEATMBEDOIIS: ~vector and prediction . :
vect or-i nput coupled to the prediction vector output of the

predi ction vector unit to receive the WO 96/ 12997

PCT/ US95/ 13221 1. A variable horizon predlctor;mul) for use )

pred'Ct'OnlﬁeﬁtébntﬁﬁirQbﬁptWﬁzhoﬂeyyhg a process und&€! ection units
sel ects a gregl &I su vector: ron1thed5;ed|ct|on vector;

and r(f‘él) ang & Fentralien (44 roMiERgimAReg 5

an err®sr scgn'ai'omﬂleput(uouphsdat ednitroller output foxcontroller input and-a

subvect or ?Edlngnltc ntrol s&%%@ﬁ?gﬂ: J'S%ﬁ%ﬂ%f%“é” O%% ut of the

hori zon s 1 ONn O recel v wher ei n the
error Vect@prmecelvuzg an ec'a'loc'ulsa-malpr@d@c@learpmess s(@m)al based

on a set pRa8taspgBaksaNdnplat Eb%d'c%tdt‘i-'%llm subvector. . __
2. The varlablg hori zon: bredlctor (41) of 92 pﬁ%ﬁ?ﬁ%.mhereln t he

process no¥e¥iphide, i NiFRdthe, Procegss dnpn counkad tbrthacei ving a e
di st wbanceostgodler outpapr eectreced ve -¢he womaen igighdcesnd 46) and the

model respg ”Sﬁoéégga qu:EuQa%%g' %r%?u%rintghe proceds'sStol{zrtbartce stgnal ..
signal representative-of the'process verlable, the o
variable horizon predictor- ebmprising; _
a process model (48) having a- model 1nput
15 coupled to the controller output to
" . receive the control 31gna1 and a model'
response output fo: prov1d1ng a model
response signal based onpthe control
signal; _ - |
20 a prediction vector un1t (51) hav1ng a
predlctzon vector output- for prov1ding a
predlctlon vector and a model ‘response
input coupled to the model response output
of the process model (48) to recelye the
25 model response signal, wherein the
prediction vector comprises predicted ' . - -
future values of the process output
signal; T
a horizon selection unit (54) having a
30 g prediction subvector output for providing
' a selected subvector of the prediction
vector-and prediction vector- input coupled
- to the prediction vector output of- the
prediction vector unit to receive the



! . . . \_"~—— —_ . . . .
3. The variable horizon predictor (41) of 20—-=<claim 1l wherein prediction

vector unigoGotlesy C"”p“S?ZU*ﬂl"llﬂllH!ﬂH; JijF ccponse” SEAEAHERLT

t he nodel response output, formng‘nt? uncorrected prediction

vector based on the . nodel response signal and a prior
corrected prediction vector, and providing an uncorrected
predi ction vector at an upncorrected prediction vector

out put; 30 a prediction correcfigﬂ unit (50) for receiving

t he uncorrected predictigQn yvegtor at_ an . . ect ed

predi ction vector i nput ,poreallccélon ‘}e&orc’orwré% ?Jhrglg Eth% 'E%‘g]g#é%ct ed

predi ction WO 9@Fellzgtt7ion units selects a prediction

PCT/ US95/ 13221 subvector frqm-tqe predict#éh vector; and =
vect or based on the process output sign and, providing a

ignal, ~..
corrected predicti&p €rror scalar/v%é&ﬂ?NCQQCQQQERFeﬁﬁﬁﬁjEﬂ¥&ﬁ%tion vect or
output; asd 5 a s ldrasdre G iyl dutputy asdupledito (fiwe for

receiving the corrected prediction vector. at corrected
predi ction vector inputg%ﬁ%réi;er_inp“ttﬂﬂﬁuﬁrﬁf?Yﬁ?Eﬁ#cﬂngﬁhrected
prediction coupdEid rtas tthee ubveadtom matput tef] e -

predi ction vector unit &égkigﬁrgéfgéﬁﬁﬁ?lﬁﬁif to redfivEdgg prediction

vector, and providing _ ) Iction vector at the

predi ction subMaqtar owhareinihe eFnde YRAL i on

vector igothe correct ed qaRAIIGEECH pisduies anlerror sidghal Ydwegariable
hori zon predictor (41) of cl ai.mt3 Wherei' n .t ei_ﬁgredl ction, correction
unit (50) has a pr &R & 85T KIGT isyR2L A b"{t & RERALTT P

subvector.

2. The variable horizon predictor (41) of
claim 1 wherein the process model (48) includes a
15 disturbance input for receiving a_disturbance signal
representing a diéturbancé to process (46) and the
model response signal is based also on the
disturbance signal{

3. The variable horizon predictor (41) of
20 claim 1 wherein prediction vector unit (51)
' comprises: N | |
an uncorrected prediction vector unit (49) for
receiving the model response signal from
 the model response output, forming an

25 ' uncorrected prediction vector based on the
model response signal and a prior
corrected prediction vector, and providing
an uncorrected prediction vector at an
uncorrected prediction vector output;

30 a prediction correction unit (50) for receiving
the uncorrected prediction vector at an
uncorrected prediction vector input,
correcting the uncorrected prediction



vector unit (51) further conprises:

an adder (56) having a first

i nput  t hayyodién ﬁ t reee1—ves—t—hé—p+'—eee—ss—out put si gn %l. 95/1 322
a

second input t
t he uncorrected prediction

t he

provi des a prediction error signal
bet ween t he
prediction,

' dicti 30 . t
prediction error vector baéégngn(%hér§%55 s orQQ%E?éigﬁglon uni

(50).

recel ves an ﬂﬁ(‘:orrect ed pre I on

IR, ;oo

_ ) representing a difference
process out gyt _ signal and the uncorrected
with the prediction. error signal -coupled to the

process out

5. e variabl e hori zon claim4

wherein the pred|ctlonQﬂﬂwﬂﬁﬂwiﬁ§Qﬁ1q qexyec ted Presigtiong7

- PCT/ US95/ 13221 vector at a corrected predid®ion vectogdds the
predi ction error si gnalo\}ltt&‘%{ edi %ed future val ues stored in the

uncorrected prediction

to formthe corrected prediction vector.

6. The ®ariable nomozmeqmaajlnneﬂic(tzu:gn ofector unit n(32wheoxrin the error

an

conpri ses:

signal provided by theype e ﬁrﬂgortl.&pqg l.lé/cﬁféd)r dfé‘iféﬁ”véé@%ﬁcorrp“ ses
| ct

error vector, an _ e varlabl orlzon pre

1) further
ﬁﬁqﬁﬁ GARThVeckE HPWE, out put 10

that provides the set M@ditﬁﬁqwﬁﬂe1prﬁdrfcorrected predléfiéﬁ
scal ar/ vector cal cul ator

58 S _a oint vector, wherein
the prediction Yecke? %ﬁf\?&t’d’r tl’t%é’%"@rﬁﬁﬁe‘?ﬁgvector and the
error vd@tor each stor prediediiomivectalrS unit (49) withintlee of predicted

and the error corrected predittdldH WeAldY, GE YA8Piairg) forms

val ues,

t he

15

20

25

30

the prediction vector at the prediction
vector output, wherein the prediction
vector is the corrected prediction vector.

-4, The variable horizon predictor (41) of.
claim 3 wherein the prediction'corteCtion unit (50)
has a prediction error input, and the prediction |
vector unit (51) further comprises:

an adder (56) having a first input that
rece;ves the process output signal, a
‘'second input that receives an uncorrected
prediction from the uncorrected prediction
vector corresponding in time with the
process output signal, and an output that
provides a prediction error signal
representing a difference between the
process output'signél and the uncorrected
prediction, with the prediction error
signal coupled to the prediction error
input of the prediction correction unit
(50).

5. The variable-horizon-predigtof (41) of
claim 4 wherein the prediction correction unit (50)



error vector by cal cul ati ng dlfferences bet ween

correspondin
subvect or a2NH %

g predlcted val ues

0

provi ded by the
singl e scal ar val ue,

COHDFISGS

that provi des the set point signal to Thé
scal ar/ vector
the prediction

cull (58) conprises

error

Saete A el dlcfiof error mioval toiSrefietearFitoka h

stored in the predlctlon

vari abl e hori zon p?edl ctor (41) oﬂm" m',mﬂnmr Qmer ein -t he ;rg': :??j‘g'

error scal ar/vector. ca _
and the variabl e horizon 25 predictor (41) f
a set poiat unit (59% haV|ng a:set poi nt out put

a
urt her

wher ei n

store an equi vatadnies stimredfiprehe atrecorrected predictiahueectend t he

error scalar/v

WD 96/ 12997

- 30 -

95/ 13221
val ue by cal culating a wei ghted average of

ms the single scalar

et%t Form the corrected a[!)fé'éfé‘efoﬂ 5@%’%

the differences betWﬁen(Eﬁéf¥%¥lﬁhiﬁlhor1zon predlctoﬁr?ﬂiytSE val ues

stored in the predlctl

vector.

bvect or an

provided to a kanﬂ&ﬁuﬂcaiuﬁ/védtﬁrlaantulatorcommy|commrlses an
a prediction v n - signal, the
prediction 10 W Q?ES&_%IQ c%bd fhlé ‘ﬁagrjéa}f'o} ‘?Pﬁ&gf %r%ﬁ#%

store preduct|dﬂﬁ)oﬁuthexxnnmpxmqns S|gnal and

calculating the errgy sSé
and a set _point vector

pr ed’rl’taf‘? REOBkdes she p%ﬂ"ntP%J-@‘haﬁFlgnal to the

store

15

20

25

30

7.

set poi nt

4 Vherein fhe BTTRR 1AL BroRided ghy Chan:

is'
form ng

t hat

avl n

tJ 'Bﬂiﬁ@stﬁﬁ@ n(?h hav:m% 2 a? oﬁ?@ d?ﬁ{:n% n?

error scalar/vector calculator (58) as a
set point vector, wherein the prediction
subvector, the set point vector, and the
error vector each store an equivalent

number of predicted values, and the error

' scalar/vector calculator (58) forms the

error vector by calculating differences
between'cprresponding predicted values
stored in the prediction subvector and the
set point vector. | '

' The variable horizon predictor (41) of

claim 1 wherein the error signal provided by the
error scalar/vector calculator (58) comprises a

single scalar value, and the variable horizon
predictor (41) further comprises:
a set point unit (59) having a set point output

that provides the set point signal to the
error scalar/vector‘calculafor (58) as a
set point vector, wherein the predictidn
subvector and the set point vector each
store an equivalent number of predicted
values, and the error scalar/vector
calculator (58) forms the single scalar

vect or
s that



9. The nethod of claim8 wherein formng a 'prediction vect or based

on a contw@bd/gieeput put si gnal conpriSes: R% %{}?EOCGSS
nmodel response vector based l the controller P %lgnal
and a process MMM ™ spaing the precicion
vect or based on the ¢ proeess nbdel response vector and the 25
predi ction vector. 10. The nmethod of claim9 and further

conpri si ng: initializing LhggpLediction vector. 11
The net hod of claim10 wherein 30 |n|t|aI|2|ng the prediction vector

conpri ses: - VO 9¢ahifP by calculating a weighted average of .
PCT/ US95/ 13221 31 setting

el ements of the predlﬁﬂqn?%ﬂﬁﬁqﬁnQ?F between correspepding val ues based on
the process output  predicted varnq;métored in the p2édictiiennet hod of

claim9 wherein the pIRgRESE ut step response
vect or havi ng el enent's that represerg)% ? r@go‘ﬁ% %’f t he process
out put signal to a unit step signal -applied at an i nput of the

processs and form,ng A Wdﬁ)cf@rmlng dif HXE gL Eogpri ses: 10
detecting as control —controll er output

gnal -
signal ; and? S°Proviae d PpEﬁéaEQQKHﬁﬁﬂFFQ*lQWK}QHHRH step response

vect or by thempnmSnnq.S|gnal change to - forn1the process
model response VeGifing a prediction vector based on a
' .controlle: output sxgnal,_the pred1¢tion'
10 vector having a plurality éf_elements that
store predictions of a pfodess'dutput
signal; and _
calculating the.error signal based on the
prediction vector and aISet point vector
15 having a plurality of elements that store
' predictions of a set poiht'signal.

9. The method of claim 8 wherein forming a
'-predlctlon vector based on a controller output
signal comprises:

20 forming a process model feSponse vector based
on the controller output signal and a
process model; and | ”. |

updating the predlctlon vector based on the
_ process model response vector and the
25 prediction vector. | |

10. The method of claim 9 and further
comprising: |
initializing the prediction vector.

11. The method of claim 10 whérein_
30 initializing the prediction vector comprises:



15 . 13. The nethod of claim9 wherein the pIuraIity of el enents

of the prediction vector I ncl udes a first elenent, and ating the
predicti on“(fé%‘i”&?”conpri ses: ‘“l “lul“n“ ”U“Lgach pred| ctr%’rlfv 56‘3%6 in

t he 20 prediction Jul 5 nt to cause

each prediction to represent a predict i oh at a scan one scan
closer to a next scan; and . addi ng the process

nodel response vector to the 25 . prediction vector
14. The method of claim8 and further™ 31 'conprising

Tonal. a0 Cbgktihy ETkRenbR°BE Zhel HEeRiGHIPD YoREORE g - Lhe

predlctlon vector conprlsastial valueg aaseagen the process output

PCT/ US95/ 13221 . .. 32 -
calculating a prediction é?PPerence bet ween a real magnitude
of the process out put signal and a predlcted magni t ude of
the pn OCGQﬁeOhléﬂhdebﬁn%haiﬁnd wherein thedjpddddus el enents

of the predictio x ? on the re%gg on dlfference
16. The et hod"%fe |8PHPESsﬁﬁePB|ﬁnBHFu§ PRgresP°“§Pe%§i .
predi cti on vecébement$srthat: represent aatéspgnsbeoﬁrthecpmume&sfference to

each 10 output €5£4RAL €6 LNGnREedkeh’ 89gK8a4! Qbplied at an
input of the process, and forming a process model
response vector comprises:
10 detecting a control signal change in the
controller output signal; and
multiplying elements of the input step response

vector by the control signal change to
_form the process model response vector.

15 - 13. The method of claim 9 wherein the
plurality of elements of the prediction vector
includes a first element, and updating the

- prediction vector conmprises:
shifting each prediction stored in the
20  prediction vector by one element to cause
’_ each prediction to represeﬁt a prediction
at a scan one scan closer to a next scan;
and . .
adding the process model response vector to the
25 ' prediction vector.

14. The method of claim 8 and further
comprising: | '

correcting the prediction vector based on the
process output signal. '

30 15." The method of claim 14 wherein correcting
the prediction vector comprises:



17. The method of claim 15 wherein adjustlng el enents of the
predi cti owowsake conprlses ca|CU|at|ng a filterger é@§§ﬁ §ion

di fference i on_difference an
previ ous prediction differ enzl |“Hm il" |!G J!.IL addi ng the filtered

prediction difference to | ement of the prediction

_vector. 18. The nethod of cIa|n18 wherein cal culating . t he
error signal based on the prediction.vgegtar 20 conpri ses: '
selecting a prediction subvector fromthe - prediction vector;-
andd bcm(ﬁdkﬁulutiﬂgiéﬁﬁﬁudittﬁﬁﬁ ®o6E6r€Ack "Between a

redi ction subvector set..no
EQ The met hod of clalggfﬁpﬁh #?é&ﬂ%gtFH@ %?°°esﬁr%ﬁ§8?€on subvect or
conpri ses: seignahand & emh‘edl@teémimdérom the

predi ction vector base (3¥} t he process.

- 33 - 20. %¥ﬁg=neth §*£E%£§ §g W%ereln cal cul ati ng t he
error signal base@dIVSHOG @IAmANtS, ok the predicbioniwestor

subtracting each el enejasda tdif i PrddFeidn difference.Vector froma

correspondlng elenent of the set point vector to forman
error vector, - wherein the error vector conprises the
error signal. 16. The Methbd oftdlalinils wherdimbedPustingcul ating 10

the error S'Gﬂéhe“%%e@foQh&h%ﬂ@&%@é%dﬁ”bé@%gfncompr1ses.

adding the prediction dlfference to each
10 element of the predlctlon vector.

17. The method of cla;m 15 whereln adjustlng
elements of the prediction vector comprlses-
' calculating a filtered predictlon difference
based on the prediction difference and
15 - y prevzous prediction dlfferences, and
adding the filtered prediction difference to .
each element of the prediction vector._-

18. The method of claim 8 wherein caiculating
the error signal based on the prediction vector
20 comprises: ,
selecting a prediction subvector from the
prediction vector; and .
calculating the error signal based on the
prediction subvector and the set point
25 vector. ' :

19. The method of claim 18 wherein selectlng a
predlctlon subvector comprises:
selecting a prediction subvector from the
prediction vector based on a dead time of
30 the process.



éonprises: subt r acttng—each-elenent of the prediction
vector froma correspondin set poi nt vector

g el nt of the . |
to forman@ifgffector: 15 jmlﬂl[ﬂllﬂllmmlll 2 corresponsl b et en

factor to forma _ pIuraIftysof*meighted predi ctions, and
summ ng the wei ghted predictions to form 20 ' an error scalar
wherein the error scal ar conprises the error signal.

22. The nethod of claim8 wherein form A3 & predi ction vector based on
a controller output signal conprisei;_ZS : formng_a process node
response vector bastd- The method of,glaim 8 WheEPLBr CBACHLATIPGhal, a

di sturbance sithelerrod signalecbaseddeh; the prediction veedor

updating the lciion, vector based.on the 30 _ process node
-response vect gé&%%\%{%%% prediction vector. WO

96/ 12997 subfr LN/ each jelement of the prediction - 34

-5 23. The meybetor| trbitl & erPb8pShaihECebieRtSor thedel
conprises an input step response vector haV|n3 el enents that represent
a response of the proces¥et PolRpt:BeFter ghal LPEM aRNPFTYcpeStqRal appl i ed

at an 5 input of the yeresn the ertbst vebBotecohppiseapenee vect or
havi ng el ement s t hat reg&gg&ptsf fponse of t he process out put signal
to a unit step disturbanT %é% Ted to the process, and formng a
process nodel response vector conprises: 10 detecting a control

signal change in thg,. ope methods?§081£9ﬁl@rgﬂgfgfﬂ ééﬂﬁﬁhéti&gctor

mul tiplying elements of the I nput p response_ . by
the contifl sitdifuerIRMJEigRal based on the predighlPRpliectRtinge vect or

comprises: _
subtracting each element of the prediction
vector from a corresponding element of the
N set point vector to form an error vector;
15 ' and . | '
multiplying each element of the error vector by
a corresponding Weighting factor to form a
plurality of weighted predictions, and
summing the weighted predictions to form
20 ' an error scalar, wherein the error scalar
comprises the error'signal._

22. The method of claim 8 wherein forming a
prediction vector based on a controller output
signal comprises: _

25 - forming a process model response vector based
on the controller output signal,'a
disturbance_signal,_and a process model;
and | '

updating the prediction vector based on the

30 ' process model response vector and the
prediction vector.



; mul tiplying el enents of

D

15 detecting a di sturbance—chang
- the di st uybaggmest ep re

' onse vector by the i e
change. to for-n““]ﬂ”ﬂ ul Emﬁnmwge vect or; %ﬁwﬁgf
addi ng the input change vector,te i di st ur bance change

(7]

vector to formthe process nodel response vector.
24. An apparatus for controlling a process (62) having p process
i nputs and g process outputs, whesgin p > 2 and g > 2, in cooperation

with p 25 feedback controllers (64 and 66), with each feedback

control | er having2an efny ndthdd B ALANIP Yfdrein tietPrbeloat provides
a control si%ga to one ,of the tg EroceSS i nputs -such at each of the

| . .
p process Bl FPRRrd 888, At dNRY ARIRANSR YRELORNRAEINT g 30 set
poi nt si gnal elemensotihddd ridpatesemtr as rexpdmse of athe IEP6Esest a desired:

. prodi cii eaﬁ*@??%ot@%“%%dtfo%fq%‘éﬁ P Biond ISP 48 AR T v

g prediction:un _ ) . o uni t having p
predi cti®n i ABARE the\progessognd a distunk@nassssiem2Xdsponse

- 35 - vector haviagd el eiieddis" itiHat Hdprdsdrt é)rféféﬁg% %f
predicted future

rediction o ut signhal representing a Lo -
\F/)al ue of a pﬁ%geggoﬁgﬁﬁufm%%u% signal to § it Atep GLFUXPANGe process
outputs is &pplied to ther piociess, \sind foasting ediprdcusd Model

coupled to ' C | er Ut g set  point error adders
(72 and 78)?r§§%ﬁH§8t9Q%E8& %om%g&%%sﬁoint adder having a first input

coupl edlo detectingaapcenitrolosigmaiuchainge gimeditet i on 10

unit, a second input cgphtdeiter! Sutsu® . a set point

si gnal corresponding to.the r Butpt éaggfggess out put predicted by the
predi ction multiplying; elemgats, ofuth® input S8R &esnanss ror

si gnal representative'végaoéibyetneceontrol'signal change to
- form an input change vector;
15 detecting a disturbahcé_change;_
multiplying elements of the disturbance step
response vector by the disturbance change
_ to form a disturbance_changé vector; and
adding the input change vectof to the
20 . disturbance change vectof_to form the
prbcess-model'reSponse vector.

24. An apparatus for controlling a~process
(62) having p process inputs and g process oﬁtputs,
wherein p 2 2 and ¢ 2 2, in cooperation with p
25 feedback controllers (64 and 66), with each feedback
controller havinglan_grror_input and a controller
output_that provides a contrbl signél to one of the -
P process inputs such that each of the P process
inputs is coupled to a controller output, wherein g
30 -set point signals are provided that coffespond to
and represent a desired output for each of the q
process outputs, the apparatus comprising:
q prédiction units (68 and 70), each _
prediction unit having p prediction inputs



15 - between the predrttron*output—srgﬂal and t he

and B2)| e A5Plsg nteraction lgiﬁlllHMH! MJ ra"“"” v Ry R PRt

for receiving an error an output for providing a

scal ed error-signal; and conposite error adders (74 and 76) ,
each conposite error adder having a first input

configured to receive a unique-.error 25 signal, q - 1
interaction inputs, with ei%h i nteraction input configured to
recei ve a unique scal ed error Qﬂﬂ qggo ite error
out put coupled to a %'d) :y ?11 utR?ﬁn; %ﬁoprov |%g a 30

conposite error S|gnal1wpnﬁﬁﬂ¢ﬁmﬂnrQﬂﬂnﬂt signal repre5¢nmnng a
25. The apparatus of cl aigRedi M Fut ¥ value BLE Prétesdi dy '&ﬁ@ta”d 70)

I ncl udes an i nput coupled to the process output corres ondlng to the
WO 96/ 12997 uch that each of the g mqq_mggxg s is

- 36 - 5 process out patediicged, it eath Prédictieti Dipeon uni t,
and the prediction unit rrects . th gnal based on
t he process out put %% 21 dst % um.qdo ﬁéﬂ%%%p%‘ﬁ% of claim 24
wher ei n each pgedlseth mm ter(xm' a!dﬂe]fs (T lan 78 dieach sete

i nput for receiving a di o fﬂg@%ﬁd@%&‘ urbance to
the process (62), and {ﬁﬁ pre |ct|on output si gnha egiﬁéprediction

10 unit (68 and 70) are%%@rﬂ%%rﬂ“ﬁﬂub%aﬂ Predickipnt he
di stur bange signal. unit, a second input configured to receive

a set point signal corresponding to the
process output predicted by the prediction
unit, and an output that provides an error
| signal representative of a difference
15 between the predlctlon output signal and
“the set point signal;
P X (g - 1) loop interaction compensators (80
"and 82), each loop interaction compensator
. ~ having an input'for receiving an error
20 _ signal and an output for prov1ding a
scaled error signal; and
p composite error adders (74 and 76) , each
’ ' _ composite error adder having a first input
configured to receive a unique error
25 signal, g - 1 interaction inputs, with
' each interaction input configured to
receive a unique scaled error signal, and
a composite error output coupled to a
controller input, for providing a
30 | composite error signal to each controller
input.

25. The apparatus of claim 24 wherein each
prediction unit (68 and 70) includes an input
coupled to the process output corresponding to the



27. A-method of formng a conposite erraor signal that is provided to a

.first como 94712097 | nput of a first feedback controll erpcmmsggigjzlt he
first 15 feedback control Jmmmmu“ﬁ m‘mnt st control signal to a
first process input of a pr first control 'signa
affecting a first process - * dutput S|gnal and a second process out put
si gnal of the process, and a second feedback controller 20 suppl i es
a second control signal to a second -prygess i nput of the process, with
t he second control signal al so affecting the first process output

signal and process eatput pignaispretilctedi yalthef predimtdeess, the
nmet hod conprﬁﬁ%gg agé th erégagagg ﬁn&krﬁerE@@ CE&EP based on the first

and second contr bl redlctlon
representat|E@8610§l¢nteu§PUt signal basedv@ﬂu@hefPFW@&HS%QMtEﬂUtess out put

'si gnal ; nalformng a second prediction based on the first 30

and second con ?rol signal s, the second  prediction
representative of a future -~ value of the second process

out put B gnal ; 26. VﬂaGGéﬁﬁ&ﬂitus of claim 24 wherein each

PCT/ US95/ 13 ' cal cul ati ng
a first err §$ﬁ%%}°%ag ﬁt ﬁﬁ?hand 70) 1nc1udes ;ngﬁtﬁﬁ§|Q: lon and a

first set innEUt for rece1V1ngsagdasturbance Slgvaﬂculatlng a second error

Signal basedrggrdbénting a disturpah@eoed Eh@db%b%%sart%za} sqgNd set point

si gnal ; cond error signal

scal i ng facfEﬁetEFgghﬁﬁgpg gﬁﬁ“?cﬁi@ﬂals of each Predéﬁﬁ&°35|gnal and 10
addi ng gthe aacimd(ssaaml B0) OAréi paskdt ont the control signalld rst error
signal to pr nposite error signal.

267 he. vl i End Gisturbance siopaltT o

27. A method of forming é composite error
signal that is provided to a first cbntroller input
of a first feedback controller, wherein the first

15 feedback controller supplies a first control signal
to a first procéss inpﬁt of a process, with the '
first cbntrol_signal affecting a first process
6utput signal and a second process oﬁtput signal of
the process, and a second.feedback controller

20 supplies a second control signal to a second process
input of the process, with the second_control signal
also affecting the first process output signal and
the second process output signal of the process, the

- method compr1s1ng- |

25 forming a first predlct1on based on the first

and second qontrol_s;gnals, the first

prediction representative of a future

value of the first process output signal;
forming a second prediétion based on the first

30 and second control signals, the second

prediction representative of a future
. value of the second process pﬁtput signal;



prediction and the second prediction are each also 15 based on a
disturbanc ? that represents a di st urbance to the @

29. A netho 0 orntng a conpo nal that is prOV|d #t o a
first controller input of a ﬂ ﬂlammmugnt roller, wherein the
first 20 f eedback controller supplades arfi#st* control S|gna to a
first process input of a_process wth the first control signal
affecting a first process out put si and a second process out put

si gnal of the process, and a secon& eedback controller 25 suppl i es
a second control si eco o] p e¢RLOCess, W th
t he second control %ﬁ%%y#gifné g Egrg?fgggar s%ﬂnhg HLFgérégegg out put
signal and t he secoﬁﬁrﬁtdnésélgﬁtpntasﬂgﬂafleﬁttHetppeéa§s t he

met hod conprising: 30 51 naiorntng a first prediction vector based on the
first and second control nal s, first prediction
vector having a pl qq&at ng avﬁ?@%ﬁ§29§7°r signal based on the

PCT/ US95/ 83221 second prediction and a-88econd set point of

el enents that store pr edéféd ol of the : : first process output
si gnal ; form ng setond prediction vector based on the

first and second comltiplyime thetsecond error signalebynd prediction
vector having a scaling pfé'éé‘&ft‘MoO%oﬂneHEEEéoﬁBa&ciiQfle

predi ctions of the second process out put Sl gha
calculating a first errcﬁrﬁ%ﬁtiﬁgﬁééedaﬁﬂ the 10 first
prfadl ft i @o vect or auad Ing ithé §§éo?)d scaled errorpeighayeebo'che g
cal cul ating a second err ased o secon
predi ction vector and a %e%%ﬁaé’g%?r s‘lgnaf £° prod?)%?nr'hsect or; 15
mul tiplyi ng each el ementcaripesittecexror signal.

28. The method of claim 27 wherein the first
prediction and the second prediction are each also
15 based on a disturbance signal that repfesents a
disturbance to the process. |

29. A method of forming a composite error
‘'signal that is provided to a first controller input
of a first feedbaék controller, wherein the first
20 feedback controller'supplies a first control signal
’ to a first process input of a process, with the
first control signal affecting a first process
output signal and a second process output signal of
the process, and a second feedback controller
25 supplies a second control signal to a second process
input of the process, with the second control éignal
also affecting the first process output signal and
the secand'process output signal of the process, the
method comprising: ' o
30 forming a firSt”prediction vector based on the
first and second control signals, the
first prediction vector'having a plurality



prediction vector by a scaling factor to produce a second
scal ed eypYg1yest or ; adding el enents of the firsicgodesfzagctor to

rorma composi te - TINKEANFMIPHRIN ana  *°*° *Fo7hi ng™ihe *°

conposite error signal fromthe ¢° conposite error vector.
30. The nethod of claim?29 wherein formng the 25  conposite error signal
fromthe conposite error vect or .cqgplj ses conputing a wei ghted average

of all

el enents of the conposite error vector. 31. The

et hod of claim 29 whegei @1ébénts€hat stefédbﬁéaﬂatiaﬁbobfa%ﬁet he second
prediction vector 30 ﬁ€ e each al so base isturbance si gnal that

represents a di sturba
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forming a second prediction vector based on the
first and second control signals, the
second prediction vector having a
plurality of elements that store
predictlons of the second process output
signal;

calculating a first error vector based on the
first prediction vector ond a first set
point vector; ' |

calculating a second error vector based on the
second predlctlon vector and a second set
point vector; . _

multiplying each element of the eecond_
prediction vector by a scaling factor to
produce a second_ecaled error vector;

adding elements of the first error vector to
corresponding elements of the second
scaled error vector to form a composite
error vector; and | | _

forming the comp051te error signal from the
composite error vector.

30. The method of claim 29 wherein forming the
composite error signal from the composite error
vector comprises computing'a.weighted_average of all
elements of the composite error vector.

31. The method of claim 29 wherein the flrst
prediction vector and the second predlctlon vector
are each also based on a disturbance signal that
represents a disturbance to the process.



