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' functlons in ncontrol terminology f'nd‘the translator

tionsffﬁEvaluation of the controller uslng the 31mulator

J

prov1des an immediate feedback.mechanism 1n the controller

de51gn._ The step response‘model;used 1n*the controller

design is normally used to 51mulate“the process.{:Lo‘d'

;\disturbances and model process mlsnatch can also bé?.;*lﬁ“

\ investiqatediﬁf

_gniqn's'weregused 1n thé software de51gn to prOVide the”

N

pecessary portabllity needed for 1ndustrial 1mplementation

g 1nterfacﬁ of the on-line control program requires

Ve

;Jmodificatlon if MOCCA 1s installed on a new process control;

ccmputer. R . —-

Evaluation of the control algorithms u51nga51mulated

flprocesses rndicates that MOCCA 1s a robust controller that -

e Py
_:meets industrial ob)ectives.” Industrlal 1mplementation of

,“d currently belng undertaken by two major caﬁadian

E companles, i'quﬁéf',ff”“

generatesithe data required for on-llne control calcula—,{if

Software engineering and management teché.ff'

h'i‘e._only the database and process operator communication |
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?; output weighting matrix
o input weightlng matrlx

outﬁut welghting vectorf ‘Lpf?lﬁ,jf’°““
1nput welghting Vector o

j tlme delay '
“-Q dlsturbance var%able

!

SN A

lfffor process varlables, predlctlon based on past
.flnputs, for. matrlx, pseudo Inverse u‘..‘.. A,

‘_}estlmated values e
| "f.res],duals ’J s | .
, ”'ljvector or matrlx transpose “iff ‘ @;Jeﬁ{f ;'éég
- :‘fffde51red value

‘ ffflltered value ffﬂ'_ L
7 future-value . . . Lo
'"7:;feedforward ‘f'_ ey
‘“*5fmode1 value;TVvlv

'*quprocess value - .
a}fsetpo;nt value o - - L
"fffsteady state value -f:v T




:_controlled., In*most cases the development of~a parametrlc

encountered This“problem can be avoi ed by
S : /. v L. A»




-dable to'meet'servo and regulatory requlrementsfwhfggj

.fensuring“ﬁhﬁ stability’of the chemical process.'

Model predictive control (MPC) is an advancedﬁcontroif igt

;algorithm that,was introduced 1n recent years and has _]f

fenjoyed a considerable amount of success.. The succes"of

iMPc 1s mainly due tofseveral key features thafﬁmeet 'he_i dti

fdesign requirements discussed above;}fg

Ql The multivariahle proce581is'characterized by a set of

dlscrete step:or impulse response coefficient ‘which are.ﬂ

'2{1A "correction term" to accoun”.f r-modelingﬁhrror a;d/or f

”qunmeasured disturbances is udually calculated based on

fpfthe difference between the estimated value;fnd measured"'

b

ﬂ:ﬁﬁp 'nt output ) If the step responses is unknown, then

i th‘_i:s : serr»eqtfon | f-erm- .céh :;'_’P-e-- 9?%&"‘% tsd:fz‘sithsr-’tbif{

:fﬁ;identifying parameters'onfline to permit forecasting of
7}é5future values, or through estimation techniques such as

HI‘EKalman filtering~:7“v=“"‘“- s

t3;ﬂAjP,ed1ctive controlistrategy is used to calculate the [

f'control action which minimizjs a user specified

7perﬁormance index.f‘The optimization is performed over“alg

},4?trajectory (multi-step optimization)






. I v :_.
space approacheé E&edback correction, feedfcrwaud contrl—» .

”examinEs thq differences and similaritie3~of diffefent model

ﬂpredﬁctive control (MPC) schemes._ The overall software

'design is discussed in chapter 81x, using functional |
ispecifications and high level program sttucture diagrams

In'ch’pter Seven, simulation results usLLg’single input‘“

'single‘ utput (SISO) and multi—input\multi-output (MEHO)






;zﬂﬁﬁltimariAbléfOptimalQconstrainodféontrdlfalgorithﬁh(ﬁbcchf;f
- 12“.'_1 In‘tro&uct{onv, i

S

h2MOCCA was developed

"_practical robust mode“based control algor1thm§"

1be applied to m&ltlvarlable industrial servo and regulatory
_,control problems and second, an algorlthm that could be Lrnh

zglmplemen‘Ld effectlvely on an 1ndustr1a1 dlgltal control
3 T, ; 'hbg;.;. F G : ,
“,Comp te ‘ B 5N

S - To be practlcal for 1ndustr1al appllcatlons 1t was.

b A

concluded that the control alg.rlthm should' ’”‘;77f;,-

[ ut111ze easily obtalned anputf:utput 1nformatlon rather
'”‘vthan complrdated or theoretical process models E

'2}_be able tb follow trajectorles generated by hlgher levels

— B

"'dof control e. g optlmlzatlon based ‘on. economlc 5
%_;Spelelcatldns fj[ vis'f- N LT /;¥J

‘h.il_regulate the process desplte measured or: unmeasured
vﬁf,dlsturbances :fl ltd}‘ 5';ffi:'7;jfﬁ':::f et
.ia; handle hard constralnts‘on the process variables :

S;Toptlmlze a user Specifled performance 1ndex and fﬁd' el

' s;fprovlde a means to accommodate practlcal fabtors sgch as“i

5. -

‘-;"transducer and/or sensor fallures. rf
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el e 3;Uw;ﬁ~;”;jﬁi‘fﬂ"f”f717%<f?f,*f“ﬁ'v
Torbeleffectively Smplemented‘on a control computer the

':algorithm should._% el
7jltzbe srmple computationally L '

dé{.not require excessive memory for storage S
f‘3ffbe robust to round-off errors i e.:short word length
~f4;fuse solution techniques that are expliCLt or at least

u;'have guaranteed convergence,:as oppoted to open ended””

";';niterative calculation and ' v | _
bsd‘use established numerical techniqueslthat are documented
1*f;tested and not appllcation specifidf ,ﬁg:j;ffffdaﬂi”f”

}MOCCA meets these and a number of other objectiyes.,,nr A

2‘2 2 ?unctiona1'0verviev of uodel Predictive Control
MOCCA is: a computer based algorithm developed to meet
’fpractical control objectives using effective numerical and
‘dsoftware engineering techniques. As indicated by Figure

T2 1, MOCCA can be subdivided into four main parts~a"”” o
;il model based predictions of the process output trajectory,i
di; supervisory system to generate the desired trajectofy,,r’

Ak)and constraints

feedback correction trajectory,‘v,(k)ﬁor'iegulatory ,Qg

control and model process mismatch and




4 a predictive control algorlthm'that generates the control

ction u(k) whlch mlnimlzes a user spec1f1ed objectlve
R ) : N o

function and meets 1ts constraints.__p‘

RE-

Each of the subdiv151ons w1ll be descrlbed functlonally 1n )

the,ﬁollowlng secigons.-'

R T

IR R

Yo SUPER- | )iconTROL | ACKI] "
R ALGORITHM_”l : ‘PROCESS —

VISORY '

fRE Y Ym(lb :.;_.‘,‘ S Yka) o

ale

: .IFlgure 2 1 Schematlc Re\presentatlon of MOCCA

',2.2;1_xedel‘Based.Predictionsl

: Any type of model can be used for the predictlon step 1n
f]MOCCA prov1ded that the fundamental functlon of modellng is’ Z
_-_Lnsured, i, e. the abillty to predlct what the behavmr of

.cthe modeled process will be when subiected to a known input;i

L



MOCCA uses discrete step response data rather'than a 2
ciparametric,model to predict the cnrrent output, Ym(k) and :
;?the future output trajectory,{ -ﬂﬂ-b.u~n¢ lz“’P,of the R

Jpprocess, whgie P, the prediction horizon, is a user

‘specified design parameter.@ The advantages of using step

°1response data are that the coefficients are easily obtained

:from 1nput/output data, no model structure needs to be o
ffassumed and processes with unusual dynamic behaviors can beu
::modeled easily.. The model formulation can be accomplished
ifby either the direct or the state space approach. “_[‘ Ee
“ : In the direct method using the principles of linear f?ri
} superposition and multiplicative scaling, the process output

3,1s predicted as a function of known past inputs and the step

h“nature of the state space model, model predictions are =

ilgomputationally more efficient.. In addition, state space

Lloutput trajectory) required by the state space model.:,':ﬁh}f

._\l‘,



2 2 2 suporvisogy SYaten

The supervisory portion of HOCCA is used to generate the

,fbappropriate desired trajectory Yd(k) = {ya(k+1),:

igr=1 2...,P} For example it can accept a step setpOint
;jchange from the process operator and generate the signal ‘
fde(k) using filters. It can also be used to settor changel’.
*?the constraints on the process variables.r Higher 1eVe1 -
?ﬁoptimization (e g. optimal setpoint selection in the ;[;”
i;economic sense) can also be 1nc1uded.u The supervisory o
fﬁsystem is optional in the sense that the desired trajectory
lfcould be set equal to the setpoint., A feedback path can ;ifd
Tfalso be incorporated into~the supervisory system as shown by
l;Richalet et al. (1978) (This will be discussed 1n “a] later
;isection of the thesis ) The supervisory system can be used
:fto introduce considerable design flexibility and prov1des a:;
| mean of achieving several practical industrial objectives B
*tHowever, since it can be separated from the main MOCCA
f-controller, it will be considered as a separate problem and
3:will not be fully developed. jftf:‘gl=‘;jf“755;j"' ;
ifz 2.3 roedback Paths and Corroctions St

.
ce

The feedback path consists of two parts, a filter and a

”fdisturbance predictor.l The feedback path corrects for the
feffects of unmeasured disturbances d(k) and model process

f;mismatch.. It will be shown in a later section, that the



A




2 z'i,rrodictivo'contro *Algorithl

The predictiv control algorithm is used to generate an'

incremental control,action, du(k at each control interval,ﬂj;
:?k, such that the estimated process output Y(k)follows the
tdesired trajectory Yd(k) and does not violate any of the

1;user specified constraints If the process representation

<Qis accurate,'then the actual prooess output~trajectory'will-"

;:equal the desired trajectory,v ';servo control is perfect o

.iThe incremental action, Au(k)is*summed to produce G(k) ,,,ffg

,before being‘siﬁ“ to'the.process;- The predictive controller}

f}is designed basedaon an user specified performance index,;,,?
:fconstraint;T\weightinq and available process control s
lcomputer power‘. The solution techniques (algorithms) w111

f*be discussed in later sections._"






IOUTPUT y(Kk), - 'f'f ff

Flgure 3 1 Process Response for a Umt Step 1n Input

;Then for a unlt step change in 1nput at tlme k-l the

L‘process response can be written as.L'

jy,*.(;i'k’ﬁ:..l.lzk) “a, -, 21;;_..'N’:;f S ey

SRR

‘ "an l> N

where ym is the model output R

ai are the step response coefflcients




'_.:‘.'.jincluding /time k—-l.,, m wx:l{ting equation“(:i-l)_,. - the

zero at the normal steady states. 'I'he 'Btepc ;-aspens




A D T e L e e T
';'u€k53=4'="' | |

-

o

2(k)= 0*x<k) | et

y(k)

N

Flgure 3 2 Pr1nc1ple of Multlpllcatlve Scallng
‘ Note that in Figure 3.2, the response to a step inputn :::"f.
' iwith magnitude two is twice the magnitude of the unit ;;5ff' 
i?change.. If the unit curve is diséretized into a set offtff;
;ﬁnumbers then the output reeponse to an input step of

vamagnitude M is obtained by multiplyin@ this set of

'5fnumbers by M.f The.principle of linear superposition 1sf‘;”fﬁ
ffillustrated in Figure 3 3 where the responses of the v

T;Putput yariable to a unit ohange in two different inputf:_‘ﬁf

&






ym(klk) Qtdu(k-‘) Pty : L
If the input is changed at eve;!.PreVi°“s time o

, v'.interval, k-i i*l, 2, I , ‘@ by Au(k z) where o

[

A== uk - uCk-i-1) ::vztsrsgt-;;;t;- o,
'_‘»:»'Lthen assuming linear superposition, the total change ‘ln .

the output at ﬁ:une k as a result o’f changes in input up

:,.to and including tixne (k-l) is given bY the sumﬁation
S o, : L \w
) bf the ‘t hand side of equation (3-3) T

C R

S gl T T T fr~;4f;1;$i*;.(s;sy}
ym(klk)‘.’ Za A“(’C 1)+a.. ZIAU(k J) ST l
. : S : ':V"' * ', \ o

a O .

- This follows since, by assumption, , the output at any
: ‘tlme interval k is a function onf.‘(y of changes 1n ’?nﬁht
A ':over tl-‘e past N intervals. since, (-°°) -0 by

- ‘assumption, equation (3-—5) can be rewritten as'__-;j'”'

o !

LT :“x),_-‘ 3 'a.,zuck;;;');4;.1;5(;:;N;;liy Rt







1ewh§féfthe‘matrix,Azz

D)
. '-",‘.'
.'_.!4_. o

?;y5(k+kik+P5;’

far 0 0 o0

e "ym(k+ 'll k.‘.l)‘ -y;‘(k+l ' k)" co : ~-',‘: ‘ L

oW k2 |

yalk+216)]

| yL(e+PIR) [
| dulkes 1y
AL

; Q' : N

is given by: .
' /

vt Qpeuet fpen

duCe+M-1)]

il;-(3;8¥iff:

- The e_)ant':ibution; due to past changes {y(k+(ik).i=1.2..7) is .

.‘givéh'by:"fAv-"

S L yne2i0) |

e v . -

L Tynks116y]
~a,|

; _V"‘ (k+ Pl/c)- ':.-.

i (k_N) |

Luge-wer-1if)

< - | du(kEN+2) £



R F
_where’ thematrlx Ay is givenby: .

. aN aN AR a, oo e
T B Gy Aoy e e @l T -

Equatlon (3-9) represents the future output prediction_r.?,]ﬁp
based on known information.. Equation (3-5) is used to-d;;af'”

dfpredictrthe process output at time k andﬁequation (3-8)
ttlS ‘used in the desxgn_of the predictive controller.a:jJ
flThe exten51on of SISO to MIMO system is discussed next
-3 2 2 thension to quo Procossoa

The multivarlable model can be derived by simple

Etextension of the SISO case. Consider a r x s system where:r_f

;'1s the number of output varxables_andfs,is the number of

input‘varlables (s Zr for the system to be output

f-controllable) The multivariable model may belhhitten as an

Tfextenszon of the single variable,case usingrpartitionedyrl

j:vectors and matrices.; The current model output equation

(3-6) may be written as- s




where Nln is the number of step response coeffiCients for ldf
o 'ﬂ; each input/output pair.g There are; r*s values of Nln.gT
:ha,are the step response coefficients for each __i :
”Ainput7output variable pair (including the steady state';
;f;fcoefficient ass) | There are r*s sets of step |
response data._)"a hti‘sgnji;hiic75_:f'j_“"
‘: Similarly equations (3-8) and (3-9) ‘can be extended to S
- include.MIMO processes. After defining y and Auas vectors,
equation (3 8) become8°h: i*g’_“i 1: ‘ﬂ'y:fi 3 R .

D

{ZY (k+¢|k+¢)) {ylln-(k-»qk)}— o
(y (k*'llk*l)} {y?;(k+l|k)) S

B -

(Au (k+]-1)} e

o ,{A_U--(k,-kj—l)}_‘%"l e
"-';Ai «‘ R S

Lo

Llawcesg-n)]
where l-l,..Pl. 1= 1;.r,r e
e l=1,...,s‘
'_:f:f;ipl,_i—l,...,r is the prediction horizon for each -

[

- Output variable
.QJM1: 1=1,...,s is the control horizon foﬁ‘each lnput *_ZF
fvariable y ' B : N S

and the A2 matrix is given by



LT """1'2' ST TL I
Lo 2l 22 . -' 2. ; = T a T
. A A.z e . A2 . ~ T‘ ."v o .‘

"“'jv»vhere, A;’..i 'lr /;1 sisthe Aéi matrixforéachinpu‘t/ output
. instead of extending equation (3'-—9) to its multivari-
able equivalent a more convenient (and efficient {or ‘ 3
:i;".lmplementation) way is to write the umo system as r MISO

. ."_.'v .

Z[azln

{ym(k“'llk)
i 4/ A=l

c T




R
E -3 z 3 Bquivalcnt uocca uodcl

a-;-.

;3 2 3 1 Impulse Responso uodcl

From equation (3-7), the model predlction can be

TN SR S TN
rewrltten as.;fi.iuf . B
) PAEaE

t e

yalkrikF O =Y duK i [y e dauCkri-N=1)

l?éb;acihg'szkibfsg(k)fuffel).ihttheietoﬁe_eguatieh Yigiasg;tf
| Ym(k+l|k*l) [E:a,[u(k+l-]) u(k+z— -1)]} - '.:';. o
e R €k
» ) R +a.'u(k+l—m._..l) - Lo

'Expandlng and collectlng all the simllar terms in equatlon o

,}(3 13) Ylelds' | Eji‘rf= o ’f~;*.? uj_:pfri \tHj f"“‘
ym(k+¢[k+z) a u(k+z—1)+(‘” a )u(k+c-2)+:{:'t? ;f;fif;:
P #ay-ay. n)uckﬂ-N) ey
- t‘;(a _aN)u(k+z- ;-1)

"The 1mpulse and step response coefficients are. related by






Flgure 3 4; Input Slgnal Represented by Sum of Pulses
. 'In the 1imit as Ar approached zero, these pulses become o
‘_ 'impulses which have a strength of Ai u(Mr) (i e. area of the
»_v’pulse) at time """ = The output response of the linear ?}
ul‘Ystem can now be calculated. When only the impulse at time v

;“Mr is considerﬂd the output response is given by.._;‘

yd(km) Ar*u. A*t)h(t kA'r) (3 17)
- :Which is the syste impulse response multiplied by the

N impulse strength. . By the use of the superposition

B ——

'.v‘tprj.nciple, the total response due to u(r) 1s obtained by

'f,adding up the responses due to each of the impulses fro

(t) A‘r-»O i u(k:AT)h(t kAT)A'r R e Py I
y N")w k--}{ s . ‘ L SIS

Sdy e i

: 3‘(‘)'] u(r)h(t r)dw ﬁ



fo if the impulse function is applied at t-o.i ﬁ&ﬁaﬁiég

1fintegra1s.~ Equatioﬁ (3-21) rqpresents”the Laplace real

7convolution theorem'




e,U) h +h,h— +h, A

:;f?] 92(1) ‘H&f*“cti) ‘*“it?i B '.failz ”[b;'frit,. N (3-24) 8
Direct multiplication of the power series involves a lot of
; computation as compared to the use of step.response or f.;im
1mpulse response models.Q However, the objective here 1s to']"
'%show the equivalence of impulse (step) responSe and iil |
; convolution models,.- '

3 2 3 2 ARHA nodol

The ARMA model for a SISO system can be written as":

".«;%.- Rt _’A( )}'(k) B( )u(k) .‘ <3 25)5_‘

LT

S

‘i} B(z 1) bo + blz 1 +A...... +) bnbz‘l R
-_J}t¢ —1 is the backward shifﬁ operator._,;ofﬁf"
'quuation (3-25) can be rewritten as"“if-Litiﬁ'si7_fﬁf;:;¥§{g;
Lt y(k)- T uck) el e e

Y et

L e < 0,.-”
~jwhere the long division between tnp two pplynomials yields.

;T(—T)"""z -

‘- AT

. . LI
-‘.___,__, -

R
v

{idombininq equations (3-26) and (3 27) and uS1ng the
i%summation notation yields._%;_.ts g

J.,



5 zero order hold assumption. It can be ehd%n that the termv

. ho =bo,.therefore equation (3-28) can be rewritten as (by
omitting ‘the': index j=0)"':1;;7;ffZf»oﬁffj*oépve"’""ﬂ

e wc 'k> Zh(kn

'9

U where*the y term is written as a.prediction based on

1nformation up to and including intervaI (k-l)‘

'fTo predict;;b
- i tteps ahead where i=1,...,P,}replace k by k+i inuequationfff

(3 29) to giVe-’ _. .




‘:f.';:.which is the same as equation (3-16)3 nhich has been shown'.to
be equivalent to the step response model.,,_‘ Therefore the "_
rﬁtruncated ARMA model is equal to by tpe truncated impulse ;Cfi
--";_response model. « o R e ‘\, oy

N »

. ' .3 state spaco xodol

.""-”_nsider the followmg disg:.rete state space model' f-.
x(k+l) ¢x(k)+l"u(k) A ) (3 32)ﬁ'j
y(k) Cx(k)+Du<k) I <3 33)-:

Equation (3-32) can be rewritten as., e

T zx(k) ¢x(k)+1"u(lc)

.:'or expressing x(k) in terms of u(,}s,).“,,

x(k) [zl qb]"ru(k) : B o (3—34)
Combininq equations (3-34) and (3-33) gives. ‘. B

'-or in terms or backward Shlf operator

@ y(k) [ (1 ;z“qb) 'z r+o]u-k)‘ |

’f:;COmparing/ equation (3—36) and (3-26) shows that 1f the

"--input/wtput behavior is identical, then-*-"*' I R

u(k) A(z {C’ ‘_z 4’)‘2 f+D] o




which_was;-, shown{ in the preceding' section to .be' equivalent;to;
the impulse 'o step response modebg‘ .

;‘Spac fl'dmla.;:ion




iﬁAu(k-l)to the known-trajectory.‘ From the definition of the 5

fxstep response dati“(and noting that k always defines the v“

¥ A

-'curgent computational-interval) it follows that

L vackIR)- y.,(k+1|k-1)+a,Au<k H "'Jj? '_f-?‘(,3}-'13’.-47>~5‘".,

ﬂ’Extending equation (3-37) to the entire tra]ectory,{

;51—0 1,...,N, qives
W T A e ; : S .
YM(k.’-llk) ym(k"’l*llk-l)-*a,.,d‘.'_ :

'. | (3-33)-;;.‘
| with ai+1- ass for :zN However, bz'definition the effect

. of (Au(k thl } on the output predictions is constant for;rf

“ .'”

-;cz~ Therefore for i£N ,i¢} 53
ym(k+N+1|k 1) y,.(k+1v|k-1) ‘3'39*"?‘
ﬂgEquations (3-38) and (3- 39) can be put iu a more compact
;uvector/matrix no%ation, using the second part of the time
3gindex used for y.(lk)as the time index k,in X(k) (i e.,the fh

_jcomputational interval)

X(k) ¢X(k-1)+9Au(k 1) i S ey
‘._:.where E ‘;'__'f'f;{ . ; : '. g ;5. B Nﬁ )

x(k) [ym(kllc) y (k+l|k) y"'(k+N‘lkjLNof},z.f.‘f’.-"";:';'-'"t'f"' _
o 1 “ -."-.'. L L .“.'-..;_'1:1
o o S T RN IR

L S A l- (NeRJx(NOLY "o e T s

el




a,. 7 |
The outPut.,eguation, Y(k) -' y,,(u k) (i e. the current
eStimate) ‘can be obtained by using, e :

Y (k)= H X (k) _ - : \ (3 _41 )

“ b gpenxeeeny



'Note that the 1nput term 1n equatlon (3-40) becomes a' E

}matrix/vector product rather than d vector/scalar product

’a

}fand the output equation remalns the same.j The 1ower 7

S

' dlmen51on of A:he state vector s:.mpllfles the observers anefﬁ
vfllters formulated 1n 1ater sectuons.;mh |
'3 3 3 HIMO Extensions f\:7"’

The mu1t1Var1able state Space mgdel w1th r output and s :
-flnput Varlables can be constructed by simply redeflnlng the

: vectors and matrlces as. block vector and matrlces._g7“{fn




5The contents of the’block matrices depend on- the tygf of
LN ‘ Sl
.:model used 1 e. fullforlreduced order;

itvector for the full and reduced order model”is
.p.AU(krﬂQf[Auikfl)fhna_Ht.;ﬁa

cama oo
R [ P PTG SR SRR Tt

1frespective1y..éﬁj-::1; ¢,="

;f3 3.4 state Bpace Properties

The process model defined by equation .

fThus many

»»or (3 42) 1s a (non-minimag) state spac modelhtm

ifof the theorems and results from_the state space area can be

0 ,.‘;-;4

*_appli to 1nterpret and improve model predictive contro:fl

ifschemes.v In the folloW1ng sections we will look at th"‘ﬁ

;fcomputational efficiency and_observability of the state

i’space formulation.fn.

i*Computational gﬁficiency of ?rediction‘.Con_roP*schemes such
‘fas MOCCA (Srlpadaland Flsher, 1985) use equation (3-9) to

) predict the effect of past inputs on the future'output:

dftrajectoryfbehe'recursive equations represe::edyby e_'

.jtlons (3-40)vandf(3'42)Hiffer a mgph more efficient



?»requires 41 multiplications and 41 additions.; The reduoed

TAorder recursiVe relationship in equation (3-42) requires 41 fu

3ymu1t1plicatinns and 51 additions

1"Since the prediction must5f

?‘be made a eyery control'interval the computational

:;Thus the system is completely obsefvable and the state (cf.;*f
’jpredicted output trajectory) can be reconstructed from the
- measured output yp(k) and the kﬁown input;ﬂxﬁ f,}f’]l'h'f“

'Q?MLfThe precedingflictygn described the open loop

o predictions of the oﬂ%put variables using a step,responSe

f_model./fA perfecﬁghodel w111 result in perfect prediction
3tand hence provxd?s a baSis for perfect servo/regulatory

f;control HoﬁeVer, prediction error,_and hence control

.Toffset u}hj rd%ﬂlt when theré 1s model process mismatch or *f:
f'unknowﬁ disturbanées. In this section the use of different

:;feedback paths to correct for unmeasured disturbances and

:ﬂmodel process mismatch will be discussed.i The easiest type 2







\ :

' -"':predicth (c_ . '."'Flgure 3 5) defiped by, o -

X(k) ¢X(k = 1 )+ BAU(k “1 ) L '(.’3;4'6')?- j_:.,,,::

X(/c) [X(k)+1([y (k) y...(klk)]] " . - (3'47){”’:".{__'

: y,.(km chk) v

H [l 0; ryQ]lx(Pol) ‘ ‘ . o
J.S used to extract y.(k|k) from }z(k) |
1s_'ooioe;1.ao.5r550f; T}{

R

S 'E;»O_ '4'.? e ,',.'-o..-"lérx(rol) | ‘1' o

,. is used to extract {y..(kﬂik)z 1 vios .P} from the vector X(k)

Y(k) is the corrected model-based, predicted trajectory

B Of the prOcesS. - 1}.‘-.;. L "

~.;,n

t\' ¥

o , In equation (3-48) only the last P values are used. The
first value of ?(k) says that the’*best estimate of the '

current process output is the measured output itself ( i e

I -



.;..f‘.estimate.; If non—unity va..ues of k 3 :'are,"';sed t"v




_;:’IEI'Present',:dfz in APPendix c.< ,The closed 1°°P °bse’-"’er °a“ .e

ck) X(k)+1<[ ,,(k) y...(klk)]

| '"‘:Z"'-‘rY(k) H X(k)

»;where K is chosen such that the observer fﬁ?asymptotically

'[stable (see Appendlx C) The observer correspondlng t”7”

;;equatlons (3_49) to (3-51) is Shown schematically 1V}Ziff*" k

Yk, o E(K) [conTROL - U(K) e I
e thE,rALGORnHMf*‘?fPRQCFSS '




tend to zero_'or“a deterministic observer

stochastic filter féu&h'ﬁé th;-




LP(k) M(k) K(k)HM(k) ' (3-59>
. where Rw : covariance of w(t)bu. | el
'“']ﬁf’val= covariance of Q(t)‘
f}itfjan(k)ié a priori error covariance.::?;f_{‘iit“”
“ngifP(k)'s'a posteriori error covariance | |
:fij(k)'# Kalman gain ﬁfr.I7;{fﬁ' - ”1

Note that the matrix D, which appears only 1n equation

g:(3*55) is usually an unknown.. In pra:tice this is>

-?compensated by "tuning” using Rw-' In'most appliCations,_i[inf

»-steady state Kalman filter will give sati’factery
RS / P
{;performance.l In this case K(k) is constant and can be

_;calculated g::_ligg by integration of equations (3-55),
fi(3-56) and (3-59) The state estimation is then reduced to ?‘
f;equations (3-54), (3-57) and (3-55) as illustrated bf Figure

f{3 7-2 (Note that the feedback path as the same as for:"' e

,observer 1n Figure 3. 6., The-only difference is in the ;)f57 :

method of calculating K )



(k) {coNTROL- -"‘j" () e |y
— TJALGORITHM[ (2 )| PROC




mismatch. ‘.»_ he use.

fffilter as’ disturBance predictors are’discussed in the

';'.i,{/igpt;f‘

;'fcllowing 5°°tions..3fiz*'f'“

;fa ( 3 1 Binglo sorios rorocasting

A unified approach to disturbance modeling and ‘
:fprediction can be developed (Astrom, 1980a. Astrom and
‘LWitte“mark' 1984) bY using a ”disturbance generator" of the E;
ufwhere q 1 is the backward shift operator.ﬂ Agand c are |
7;polynomials with degree of C < degree of A an&“c assumed

”sstable. d(k) is a set of isolated pulsesior aniindependent:ff
f;white noise sequsnce.; h
ifthe disturbancel v(k)ﬁmay be a step, ramp or more ,
ﬁfCOmplicated signal.. Note that this representation 15 uniquei{
;gand is a convenient‘means of handling both determinist’c andii
;fstochastic disturbances.. The polynomials c‘and A can, be’ o
7fdetermined in a number of ways including open 1°°P‘resp°nsed?

7etesting as used in MOCCA's process model '

Prediction ‘r~':'jfcani'4pachieved by defining unique

;_polynomials F and G suchughat..'ff;ﬁjé,;gggiﬁ_:jf7;fﬁ?,;ﬁﬂﬁffﬁ



~60) can be rewritten'for m-step predictio




f&includes model mismatch and unmeasured disturbances

nquuatien (3-66) can be described as a single series

:ﬂthe future valuesf

T ‘\ .

ey u ;}, f"

flAlternatively equation (3166) can be used recursively;t';







W(k_)_. PROCESS SR
o ._u(k) Yo xeol ]
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Fxgure 3 8 'Schematlc Dlagram of a Dlsturbance Model_‘ S
z(k) =H. E(k)+v(k) e o G

e 7(3’-:'é§'_)‘f-'f; |
.__-...where “’ and ‘v a.re Gauss:.an wlute no:.se and m(k) 1s an‘

_,v_:external input varlable that can drlve the dlsturbance,
.‘-Y'Augmentlng equata.ons (3 68) and (3 69) 1nto equatlons (3-52)2‘1;_:;

"'V'and (3 61) respectlvely ylelds. '
o x (k) ( ¢ X (k- 1)+e U, (k- 1)‘+D w (.k 1) e ,(3_70)
Y (lc) H X, (k)+V (k) : o o (3-71)
.‘."";’Here R o R RRR
: SRR L

o]

LW



R *ﬁ f°fﬁD;Tﬁ3,f§T3

Vck-l) {w(k 1) w(k-l)]

Y(k) [z(k) y (k)] - )

H[Ho] e

V(k"l) [v(k 1) v(k 1)]

 The Kalman filggr for eqpations (3-70) and (3-71) is

:fldentical to the one digcussed"in equationSj(A-SZ) through; |

i(3 67) with the exception thatlthelaugmented model is used_“i
ﬁln the estimator |

;then be caicula$””u



;Jﬂd An equivalent way of interp': ng the prediction of m.x.;iz
disturbances is to consider the design of a separate Kalman ?fg
filter for the disturbance system described by equationsv,-uf,,

(3—68) and (3-69), with the "measurement" of the disturbfnce:':_

calculated from the di'ference between current measured :.fé :

output‘ and predicted output. _. 'I’he predicted disturbance y
values can then be added to the predicted process outputs
from the second Kalman fllter.} Figure 3 9 111ustrates this f:;
approach.f Note that the two Kalman filters in Figure 3 9 T#éi
are directly analogous 1n function to the two boxes in _:.i
Figure 2 1,_i e. model based prediction of output trajectoryiﬁr

Y(k)plus prediction of the residual trajectory,_Z(k)

.?:l«The first Kalman filter estimates the future Jhtput
trajectory without considering the disturbance.l The second.?f:
Kalman filter, estimates the future effect of the el et T T
disturbanceybased on the current and past resjduals;_ The

corrected estimate of the future output trajectory 1s then ‘f!s

given by.z_,j].};;f“-”



) fconTrot { u(k).
+ALGORITHM ™

' ,,tvo ca}cthations‘ar. : ’nd_




:setpoint.e Typfcal applications are’ calculati°n Of time

jvarying gains and/or constraints used by the MOCCA :

%controller*

U e 'C ‘ ghich resembles the approach used by Model
pré&ibp#ﬁ; nff:istic Control (HPHC) (Richalet et al., 1978),i;
'is to filte_ step inputs in setpoints such that {Ya(k+1|k),_f?

fi=1,...,P} e#hibits the desired dynamics._iIn this case’° iffﬁ

jMOCCA tries to control the process such that“thaip:ocess

ioutputs follows the desired dynamics (1 e. the'filtered

fﬂjj An alternative feedback path can be obtained by

fmodifying the setpoint filter so that yd(k) is equal to the f

'"ut yp(k) at evegy control interval.',c_;

. 1) (1 o p ) p(k) ”ff{“ , (3 74);i
7where 1—1,...,P1,‘1=i;...,r and yAk)-ka) This feedback

'path was used by Richalet et al.-(1978)/d““'

algorithm It can be shown that the MPHC filter 1s
j'tet'.juivz;llem: to a regular'filter (i e. no feedback) on the

?setp°i"t a“d a °xP°n°ntial discounting filter on the f?ifffff'
rresiduals between the desirod and actual outputs"l=ifkfs{i;7“
:ka) ydk*ljk-iﬁ(see Appendix D) f A similar feedback path |
fca“ b° impl“ggnted in. HOCCA by replacing the feedback filterif
‘*tand dism"’b“‘“ Predictor (cf. Figure 2 1) by the N

fexpOnential discounting filter._ The only differenCe is that



1:; as for classical feedforward control. _ However the?". impleme

\

usmge feedforward goncepts .
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;(using bi as theﬁdisturbance step'résponse coefficients)“*-“;g
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Once the effect of the disturbance on~the future output

)

tls calculated “a‘new error trajectory can be defined as f}}f:;

(3—77) ‘

The presence of disturbance model mismatch~w1ll deterlorate

J

the ﬁgrformance of the feedforyard
/ -

'control but Wlll not

L _

?fwxll also appear 1n the/feedback residual. ]x;:'”

MQCCA can handle knovn time delays ingthe process and/or :
~the load. The step responses for the process and 1oad are

'fentered "as reQOrded" during an experimental step response,f}
f-1 e. all the léading zeros due to delays are left in the |
fndata., Qfsume that the process and load time delays are rw-ﬁ

- s S
‘-and rut.There are'two cases to conslder'”

[4; rm>r”.in this case the trajectory 9n-is delayed by
. (fu-r»*l)before being subtracted from the setpoint

S

a;f trajectory.:,.. ﬁ



ffuture disturbances and use- equation (3-8) to’cal_“late the L

<feffect of the measured (current) and estimated vf ura)

”1disturbances on the output variables. Extensfon ta‘multiple
a}disturhances and multiple output and state space formulai '

jitions can be done as discussed earlie'

f"-_;*a.c.s Maptivo nocca xoau

Vfindustry' MOCCA's”step response=modelfha;ibe_made;fartiallyﬁ:




-fresponse mode1.~ The MIHO currént'modeli

rewritten as:’ a

m k k K kln A k i L T
Bz ( | )_  Z. ,(.) [Z[ u(‘ .1).] R e

—}Similarly, equations (3 11) may be rewrltten w1th the ratlo:f
‘*of the steady state galns factored out.&_-.xﬂy}ﬂ- e

{ <k+z|k+z>} ;z{.?m.,<-k-*-f-_l’€>5s-

B ckunku)} {y,.<k+z|k>} B s

",ﬁf{Au(k+1-1» tIQ.“QT”77 R
{Au <k+1-1>}

{Au uw 1))
| jal,..Ml, l=1,...,s L L A
Pl: l=1,...,r 1s the predlction horizon_forteach

“f output varlable

- . P . - -;§’3g~\}x?
Ml, 1=1,...,s 1s the control horizon for each input ,fj

variable

LN L

Tv.and K(k)p is given by






m(k+:x'+1 |k)"-‘.'»
' Y,,.(k+/\.+2|k)

I iarsrin) 0 Geene

"“"d eq“atlon 13-9> becomes' R

- [ au(k-N+ 1)'1;.';' T
: Au(k N>+2)‘2" RS







: ol ! P
: where timé’varying weightings are used__r time varyLng stepf¢g;;{

f response coeffic1ents are used then on-lin:'cali'laiion ofi{;gf;

equatlon (4‘15) is necessary.:_a;}‘:,j--“f B

fv -Qhe exten51on to the multivariible‘case‘is st]pigh

t f°r"ar§ ’The derivation and sold%ion;, jthe saml_as in theff.'”’

_ SISO case with the mattices and veﬁiors being replaced by

f block matrices and ﬁ?ctors witn the following forms..:




Due to the fact that the dynamic matrix, Az is '??Z?,T,
P \‘l’h' v B . ‘
':constructed of shifted values of the step response data, the{l

fzmatrix may be ill-conditionedQ i e.% ‘small perturbation in r;
i;the data of the\prqblem can lead tg a large change in the S
.?solution., Ill-conditioning is a property of the problem
:fitself.. Noisy or inaccurate measurements (in industrialbvi'w
'iapplicaticns) will also contribute to the ill-conditioning

Ve
(A

,rof the Az matrix. The conditioning of the dynamic matrix is-j

'ndiscussed further in Appendix G._ Ill—condi§§oned matrices
'Fcan cause the solution, (in this case Au(gl,to/be’sé//itive

'rr=§”511 changes in the error vectbr. To avoid computation—xr
_fal problems due to sensitivity, the dﬁka should be f'z:»w |

e

fnormalized or scaled It has also been suggested that the

;lcalculation of the pSeudo inverse (cf. equation (4 15))
fiuSing normal Gaussian elimination can caused stability
’:problems with regard to propagation of data errors and
;iuncertainty‘ To aVOid this problem, an algorithm for _
';finding the\pseudo inverse using orthogon?l or elimination ffi
;matrices’”e g QR factorization or singular value ;‘:li
,decomposition) should be used (LaWsonﬂ& Hanson, 1974 Gill
et al., 1981) L i': ”ﬁ,' e | .l,.

| “ Although the weighted 1east squares problem is ;Fi %*;;
Econsidered to be unconstrained the solution can handle'softgi

constraints by proper usekof the input weight'ng matrix (fori

\the multivariable case, output weightingica' also'be used)




'24.3 Constrained Gptimization

'731 Although the unconstrained optimization prohlems'

L discussed abovefhave explicit solutions that can be

f cald%lated a priori in most cases, they can not.handle hard

p'variables have physical limitations and frequently they

: optimum operating condition lies near i set of constraintémg;f

oonstrainfs\on the process variables. Constrainis are-‘j,-~

important 1n industrial applications since al‘;processﬁ

COntrol problems with hard constraintl can be haﬁale byf¢
MOCCA using mathematical programming;;@.uv AR R

3 strained control problem can be transformedjgnto difterent

-types of constrained optimization by proper specification of

~

\gne objec%}ve function and cpnstraints;i

DNy
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fﬁ-objective function and linear constraints.‘ The_followi

*: control problem with constraints into a standard LP;problem o

Ty

Lo

For our purposes the standard LP problem is defined as'”;?fifff

: .9;-.- m

L ‘ o ,
_ other LP formulations exist but this only adds to the
l;family of MOCCA’hlgorithms since one standard LP problem can“”

E'ialways be transformed into another standard t;i;t;:;;'""“

fﬂiproper algebraic manipulation.v The first ;et of constraints ‘
‘?qufthe LP problem can be either~equality or inequality o
:'fconstraints. The COnstraint 920 is called the non-negativi-f;

_ﬁlty cqnstraint in standard LP notation. A typical MOCCA

"12‘5minimize J = a linear function of input and/or outputdiﬁ

';subject to linear constraints on. input, changes 1n _;f{}f

-

input, output,xqﬁcontrolled output,.deriva-ff:f

tiVe or rate of change of output variabies ;5j

‘.. R ‘.






the obj ective function becomes






." Where NI and NO ?re the total number of input and output

4;;variables in the problem.,

#variables respectively._

T[gand control horizoﬁ fof;each of the input and odtput

“corresponding translation can be modified by proper

.__*cification of the weighting matrices., Tahle 4 3 shéas

ﬁa le Au3 Other Performance Indices For Linear Programming

The total number o£ constraints Iiﬁ@

H(i) and P(i) are tha prediction g

\

fwill be calculated in later sections.sﬁ_f' S :
The °bje°tive f“nctﬁonr.equation (4-17), and lts>:tfirﬂ.ﬁ

A ST

.autput Weighting

Input Weighting

Performance Index

‘ov Identiﬁy

,3:Zeroﬁﬂffv”~;"

3 S.ifll'l'plj_l,."e'..-;I).’E’:ﬁ;.};,” ..

'¢>Non-identity

'?“zeto;fa;"“‘

Welghted TAE

5wﬁf7grunction+9futimef%;57f

U R
A

W

ZerOw( : e

Weighting function of
"time or ITAE.

e Non-identity |

| ong '-"én‘azy-

Weighted IAE and /Adu ];f

Function of
time ‘

Weighted r;an ‘and :rAAu,‘“

S Weighting function of

time

o igonstraints‘“

o
A R
: K

Constraints on process variables are very common 1n aHW

,gindustrial processes since all process variables have a AT

:ffphysical limit., Constraintsaon the 1n3ut, 1nput changes,,?fiﬁ

'g}controlled output an_'uncontrolled output variables will be

‘f}fdiscussed in this SeCt'.n.‘f;j:”Q'ﬁt




AU(k)pSAU(k)mr

Aum, Av(n,...  .

- AU(k),

'rhe consgraimté %

constraints in the LP problem- - Equat:l‘.g:l' (4'29) can be .

ety g e
AU(’C); ,Avm,sw(k).m .

AU(k); AU(k)r

AU(IC),,‘l




=1 u(k)-?u(k— 1)+Au<k) e e
1-2 u.(k+l)-u(k)+'A "'f"k+ l) N I TR Py N

k] .

)

: \

#fior in vector matrix notation

U(k),- I.AU(k),+U(k- 1)',_i

i;fwhere L is a MxM 1oger triangular matrix of ones and U(k-l)vi;
{fyis vector of dimghsion Mxl with u(kbl) as its entries. _' vf;:
r;Extension to the qéltivariable case results in a L matrix RS
L;:constructed from blocks of lower tri ngular matrices of onesi;
H;Jin the diagonal and U(kdl) as a vector constructed from L

4f"blocks of U(k-l) vector for\each input variable. 1iim;;jf7°7;

fjﬁEquations (4-31).and (4-33) are combined to giVe
LAU(k),SU(kLM, U(k-l) f_;ff“”"’-“ e (4 34yf
LAUék)pZU(k)..u. U(k 1) \ /2 (

.[QOnce'again, using the decomposition technique, equation

“'. ” S

frf(4—34x_can be written in LP form,9i7~ K

LAU(k),-LAU(k),SU(k),,,,,"" U‘(Ic 1) | et (4-35)

LAU(k),-LAU(k),zU(k)m y(ku,l) g

'QQ;Output Constraints: Cbnstraints on the.contjllled output

'ﬁifvariable can be stated as ,g}f??f‘ffrﬁiw







o '2(k>,szck)..,.,"""""" SR

o

Z(k)rzz(k)wh;5 ff7“VTy;?ﬂ~ﬁ;

aA‘controlled output variables.; The translated \i




' ‘variables ¢an also’be used as part of the constrairitsitz

) AN
L Loy




g Auck)m., '

Lo o AU(k)mln S
'Ufk)mu; U(k‘l) di;,' B T TS
UKk =UCk=1) | o T L RO
YRy = PO

mlx

)V]AiYJAQNrMHN.M R

e . Y(E)m }7(lc) 1 |
=t Z(E)m‘n .' Z(k) ‘:'r * . . X Q : | |

Th!'ip problem t be solved is then equatlon (4-16) u51ng :

yquatlons (4-25) ,:',(4-26) v (4 42)’ ’ (4-43) Note that .only
a subset of constralnts is needed 1n an actual appllcatlon

| The total number of constralnts (not 1nclud1ng the upper and
‘:lower bounds on the LP variables) ln thls spec;fic'case can

i;be calculated as.: ff '.,»;? {llff;'“ - ;ff{f:f_l_ngmyhffgi:_ﬂ

SRR . ]

| 4*2M(z>+3*ZP<z>+2*ZP w o T
:where Nz is- the total number Of uncontrolled varlables and
sz<15 the correspondlng predlction horlzon.fliefc
:fRemarks-' The proposed MOCCA LP can be solved usxng a: ' .
' standard commerc1a1 LP or spe01a1 LP algorlthm._ Since the 5
_:control algorlthm has to be implemented on-llne, some of the ;
r’:speclal characterlstlc of the MOCCAJLP prob!em should be.";!ﬁ
'!examlned and taken advantage of._ Some of the spec1al |

'zcharacterlstlcs of MOCCA relative to the LP problem are-?& e



'El thg constraint matrix, A (equation (4'42)) remain

e 5
-g“constant_iﬂathe step response matrix is not adapted

_-@gon—line,3-fqr}fZ,Vj’jﬁﬁfi?gfifﬁgfq“fff°*”? g
'g,fonly the right hand side vector, b changes at every |

'13Lf1f the constraint matrix, A (equation (4-42)) and the

'77Lcontrol interval

iqgkobjectiwe function vector, (equation (4-25)) remains Ti

«.

d7».constant, the LP problem can be transformed into a _f?g5

SR TR
RS

'{bounded LP problem which is simpler and can be solved

* ":v_( SR

. “_'faster on-line (Gill et._al., 1981) and

.j4;_1f an LP algorithm can be developed such that the initial
-1£fsolution set does not ifve to be feasible, then at e&Lry_,-
'fif control interval the previous solution can be taken as »

_{5f_the _tarting sqlution set for the next control problem

“_Y‘e in most cases the new solution will be the same or :

'”ﬁ-only slightly different from the previtus one.,,;@f;fi
Noté that the quective function in thisﬁcase was

ﬁ;transformed into a 1inear objective funct.jv at the expense

,fof increasing the number of optimization variables. This\v\

'iproblem can be solved by going to the quadratic objective

';functiqn as discussed in section 4 3;1.




’fl 3 1 z.zntorval rogramming 'lif’f]t}fif;f‘§?
Interval programming 1s a very spec1al case of thg ijr,ﬁa

;ipro'lef.u_It involVes the use of upper and %ower bound

f}constraints.. A standard problem can be mathematlcally T
:writtqn ae‘ SETORE NN O TN e S o
: : ""f St*ai”'vft, B T N AT )

‘L;w_ submctto l<Ay<HL[ !}[1:5*,5 f’_ﬂt:f;*fgaf fQ;;tﬁ

yZO

15 mxn constralnt matrix, 1 and u: are tpe ;ower and o
. 2 :

ffupper bound”constraint vectors of dlmen51on mxl. The _f_:f.
ﬁfsolutlon of equation (4-45) can be found as fbllow.v Let z,or

'fa vector of dlmen31on mxl be Iv"_ _«1-f;'“'fwf'“-e553t’?:\’f

z= Ay or y .A z j'tdf‘tf77?rifft€,“:xd‘f;fdj f;34¥46)y
‘where A’ (A A) A’ _ o ’ " St
',Substituting eqﬁation (4 46) into equatlon (4 45) ylelds an ‘t
:}eq“ivalent Pr°biem ij-1-~ '?” j.d“"f'-’g 5‘-f:1v?fgf.;.' '
| 'nUﬁ {' f‘x'ift‘rff'.'?ft-f_ﬁ, ;';:‘4547X?
oo ZRO T T
The solutlon to equation (4-47) (a sufficlent conditlon whenj
_ minimlzing a univariate function, f(x) over a bounded {;""°t
interval [tu]is that lf I'U)>0'then x -1and if I(u)<o then :;7;

x -u(Gﬁll et. al., 1981)) may be stated expllcitly as
N



e __:‘.-gij.-u‘ lf (c A ) <o

-z, it ( A) | GRS e
}and the solution to the original problem may be obtained

;from equatlon (4-46) since the problem can be solved

iexplicitly, on-line computational time can be reduced ':}l;?;,;

jSlgnificahtlY~~ R, L e T e e
2 One of the simplest applications tor interval . i}}ff?f_fg{
K - LETEE L

*programming would be the control of a SISO loop.,ggfff ] :
{Traditionally PID controllers havethen used in most of the

jSISO loops in industry.g aowever the PID controller SR

’

,performance deteriorates'ﬁhen there is time delay in the
gloop, process constraints cannot be handled directly and the
fperformance is usually/not optimal. SISO MOCCA uting

T»-interval programming provides an alternative to the PID
: %,

fcontroller.u In this.ease uocca can handle the known time
' N

fdelay and the‘nse of interval proqramming provides optimal“ﬁﬁg

ﬁperfcrmance in the presence of process constraintsi_"“'

5Furthermore, the sxso uocca can include gain scheduling plus

a time-varying time delay and time constant (see section"7

{3 4. 6) Note that interval programming is restricted to ;fff7

*s;so MOCCA and one set of"constraintl'

“constratnts ({h genersl 1 P



' "»",'j"'-_'_';:subject to l<GAU (k)<u. .

where ;;the natrix G dopondn on tho typo of constraints used»

. (see diséussion on constraints in the linear programming e
section) For example if the constraint is on input Changes{_f
R then G is an identity matrix, if the constraint is on the \
: input variable then G is aolower ‘triangular matrix._,”._ el

Suhstituting equation (4-11) into the obj ectiVe

: function, e

‘i J:-IE(k) A AU_;(k)I S sy

subject to l<GAU;(k)<u

| From equation (4-19), - T R R R
- av (k) A [E(k) X(k)] “ (4 51)\.,

v Usmg equations (4-19) and (4 51) ,' equation (4 50) may be
Cmin’ J=lx(0)] O “'52)
subject to l<G/f2[E(k) X(lc)]<u

| Lettlng H GA:- then equatlon (4-62) can- be rewritten as
sub]ect to - z—HE(k)< HX(k)Su HE(k) S P

Decomposition ot ﬁ((k) into two non-negative variables (cf »

equation (4-21)) yield SR



z HE(k)] _
1 HE(k) ,,,,




:_.: ‘o 3_:_

’7control is also popular. With'thf

;fprogrgmming (QP) problem or 1east squares with linear

iiinequalitx constraints (LSI) problem (Lawson and Hanson,v ft;i

) ,_.n

1974) l._ .. B

4. 3 2, 1 Quadratic Programminq

Quadratic programming (QP) involves the use of a

ffquadratic performance index and linear constraints. We can ?f

AN

v-,f,‘defined a standard ;" problem as:

o

;The above QP problem was chosen to suit an available QP
;;algorithm The non-negativity constraints can be removed if
‘ian appropriate algorithm can be found. This would reduces
;ithe dimension of the problem to be soIVed.- The quadratic
1:per£ormance index used by MOCCA in this case is the same as
ifthat for the weiq.ted 1east squares,_equation (4-7) '
iquuation (4-12) will be the starting point for the QP ‘

.iproblem.eﬂ'jf;-.-xﬁffﬁﬁpjgfxfituff*“’”'*‘*



';J-l[

[E(k)“'A AU,(k)]-.jv;f_,‘_-k_)[E(’C) AzAUp(k)]

+AU;<k> .r?’ﬁ(-k)aufck)]

iuultiplying%the first term out Yields‘

A AUr(k)] '

Vo [E(k‘) A,AVU:;(k)] ]'(k)tf(k)' .
B "E(lc) r(k)£(k> 25(’” r (")" "” ’(")

S +Auf(k) A’i‘(k)Az.dU;(k) ke e

: -:;,-w Sl ".\

TJ -—[E(k) I'(k)E(k) E(k) r(km,au,m - (4-”)

r c'k)]au,-(k)]




e “,\hrﬁﬁﬁfﬁ’;f_. A T
f If a QP algorithm (routine) that does not require 137“:

’mativ1ty constraints is used then the optimization

;;probleg is, minimize equatioﬂ/x4-66) subject to equations “}ﬁ
;f(4 =29) (4-34),‘(4-37) and other types of constraints .
“,(without the decomposition&»as discussed earlier, However _4

.fthe QP'algorithm used for this work,requires that the

»fnon-negat1v1ty constraints be satisfied therefore the ;
fhdecomposition is necessary After decomposing AUAk)into a &

L pair of non-negative variables, equation (4 65) can be

: rewritten as-‘ﬁ"'

min ue[p (6" “f-pck> J a0,y AU, Y] e iRen)
| . b z‘bv L 'M'“W, [fiﬂﬁin
[Aup(k) Aup(m ] | ﬁ, ) D(k)][aurck) av, k]

\

iiThe decomposed constraints discussed 1n the LP section Can‘

tﬁnow be used in the QP problem._ Transformation 1nto the.ffgff
‘fstandard QP problem 1s completed by “ | ';' : -,‘.
ﬁl) multiplying the ijective function, J by —1 tovconvert

the‘problem from minimization to maximization. Therefore

NI

“xf the objeotive function be;f'

‘max. J [ p(k) p(k)’] 'U,(ky AU,(k)] :"'-.f'*‘f.".'(-4~f'6'8:-5..,-;

» ‘l[ﬁl],(k) AU;(’C)’ ] [ -

-‘

o D(k)ﬁau,m AU;(k‘) ]



'ff;,written as

[ pck) p(k) ]

'7.*%a;m‘."~ﬂ

whera the matrix D inside the brackats is giv*"




MUK ]
AU
U(k)m Uk~ '1)V,,jf~4';ig?fJff._-;,.,,_,_b,_:,p,p
| U0an=UCk=1) | - e
P (KD e Peky | e e s
PR =PCRY | T
2(5)...,‘":2(1&:)‘ B R T D e T A
Z(k)mm Z(k).j:v}_E,;}ij[ri{jgia;;i;fu;;aq,u_ﬁﬂ}iu

1
A TR

fa&f%ﬁwfwfwjmfwfw;ff}fﬂﬁ

R

;once again as in the LP problem only a subset of constraintse

:_1s needed in actual application.; Tue total number of

’fconstraints (not includinq the upper and lower bounds on the?

.fQP variables) in this specific case can be calculated As

4* Z M(t) *. 2* i P(l); 2# pr(‘) .A':;—.» P (4\,74)%_'..

2

;and the ﬁbtal number of QP variables to be optimized lS

P

}’As in the weighted 1east squares case, proper selection of ‘
fthe weighting matrices Yields different objective functionsnﬁ
‘;Table 4.2 is still valid for the QP problem R

l

lfRemarks:-‘The MOCCA QP problem described above can be solvedf

bbe developed to take advantage of the following characteris-;
{:tics of. the MOCCA QP problem.; Jﬁ_f;;_ﬂ?ﬁgng R '



function is



‘{The_objective functions are equivalent l fﬁe let Ex-—A,AU,an
Cand fecBey I |
. The transformation of the constraints was described

.;earlier in the LB~section.5 The problem nOW'lS to group

i?together the constraints as 1nequa11ty constralnts of the=”

ok

tqtype greater than or equal to as required;_y the ali“rithm
11Any less than or eqnal to constraints can be converte:‘to a f

f?greater than or equal to—constraint by multiplyintfby

Q'negative one. Therefore the basic constraints, equat':ns
if(4-29). (4-34) and (4~37) can be rewritten as »53a*'t;
e ‘-?',-AU(k),> AU(k)m ;-_‘f:ﬂ B "_ e (a=19)
o ape AU (e ) |
S "’_'—Lauczq,z U(k)mw(k 1) T

._'.""_LA&(k),zU(k)m,, U(k-l)
-':’_"':-,"_-A AU(k),- ?(k)m.,+?(k) A I A g

. A AU(’C)FZY(’C)mnp i .
or in natrix vector<notation correSponding to the ,;;g ,;Tff~
constraints presented in the standard LSI problem as _“gjfff

. \":;/



t.awson and Hansen.» Basically the‘ »élgor_ﬁhm.jused




'variables (speclflcarlz Error,'change in input varlable,;?

jlpast input etc ) then the control problem can be solved

"using non-linear optimization. A general descriptif:iof;i{‘.

,:such a problem was . gi n by Moréhedl (1986)
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_ZS 1 Introduction

.’:k In thls chapter, model PrediCtive °°ﬁtr°l (MPC)
.faléoplthms such as Dynau}c Matrix Control (DMC), Model
.Algorlthmlc Control (MAC)q Internal Model COntrol (IMC),/;Y
';Generalized Predictlve Control (GPC) etc.-3ﬁ11 be examinéd
'fand compared to noccn.r MPC has been reviewed by Richalet

'f(1980), Garcia and Prett (1986), Prett and Garcia (1987:

};Garc1a (1981) and Rlchalet (1987) Prett and Garcia (1987)

;also polnted out the llmltatlons of MPC in terms of l :
lvstablllty, robuStness and performance-analysis in the:fff' ’
ﬂpresence of constralnts and model uggertainties. A brief

i B J
fgrev1ew and comparlson between DMC and MPHC was given by

'ﬁMartln (1981) Proposals for future research in these areas'ff
;fwere also glven.“The following review and comparison of

?veach method w1ll be 1n the same.format as the structure of

ﬂtthls thesiS° process-modeling. control algorithm and

'ﬂappllcations.nv;fT<

j{S 2 Dynam;c uatrzx Control (DKC)

t:early nlneteen{ueventies'

'-'by Cutler aﬂ Ramaker (1979),



ff{f;iés?“
.;papers (Prett and Gillete, 198Q; Cutler, 1932 °9unna1ke,.ff_gﬁ
171983 Asbjornsen, 1984 Cutler and Johnston, 1985 MOfShedl L

:}et al., 1985. Morshedi 1986 Ogunnaike and Adewale, 1986,.wf"’

L

fCutler”ﬂﬁd_iawkins, 19&7) haVe been published 1n the

]literature a doctoral thesiS‘by Cutler3(1983)

;Garcia and'Pret 4 u986) gaVe an concise 1ntroduction to the -

?use of optimizj'; methods in process control 1n t:e”;f,"l”

: context of DNC | Ei f;y/ﬂilp_ . ‘;-}.’,i
';5 2. 1 Dnc Procoss uodel : )
n The.DMc process model erlved from a technlque of
'@representing the process dynamics b a set of numerical
i?coeffic1ents (step rgiponse data) which 1s described each offﬁ
;the DMC papers.» The method used for modeling the process 1sii;
:the same as used in MOCCA.. The output prediction vector 1s icu
,:obta\ned from the process model as desqribed below."t ‘ ‘;d
,11) Initialize all prediction vectors and manipulated 1nput f;
:".values w1th the current output and 1nput measurements e
Afm;frespectively.‘ The output prediction horizon for DMC 1s
| *;equal to the number of step response coefficients, S plusgﬂ
‘:ugthe control horizon, c so that the steady state effect offif
'"jthe future most—change in manipulated input (i e. the cthn;:
:change in input value) shows in the prediction vector -

.»v‘(Cutler, 1983 Horshedi et al., 1985)



i2) Time is advanced by one. interval and a cumulative change :
ixg;in output. 60<‘s calculated based on the change in the u;”ﬁ

'*??input variahle.m~.,55"“';' o

15{{The cumulative change in output variable is added tc the :fﬁ

"*'prediction vector, oi “In: the first interval after

7Tt1n1tialization, °i is the measured output., After the

'kﬁbfirst interval °i 19 the Prediction vectcr trom the T

:ji‘previous interval._,

;4)fThe output prediction vector is shifted forward except .
t:i:for the last element which does not change it the steadyi_;

f,;fstate is one in which the output is a constant (i“e. the’*'

f,jﬁsecond element becomes the first element, the third fnfﬁ*cfﬁ

’i_ib" omes- the second and B0 on) If the steady statffis'iﬁfﬁf
'f'one in which the rate of change of the output is constantf 5
'-f‘then the last element is calculated.trom preceding o

| alues. o,-o” ¢uuq—o,4L i e. an integrating process

(cwﬁ:ler, 1982)

fS)rThe current output pred
B i s (V N k

t;fivalue and the differencejis“added to all the elements of :

7]7{the prediction vector. This provideswa teedback



_ j!Using the above method.the transients that existed inva‘qf‘t
‘fthe system prior to the initialization will die out after_a }fi

{time equal to the prediction horizon.. In the original MOCCAfff

fthe rigorous calculation of the prediction vector is ﬁ_ﬁf-_,jﬁ;

performed at each control interval.: This allows the‘

'prediction of transients that originated before HOCCA Was -
finitialized, provided that the changes in inputs for the
Lpast P intervals are stored in~the computer memory. In
_1ater papers, Hdrshedi et al. (1985), Garcia and Prett R
(1986) and Garcia and Horshedi (1986), DMC models similar to%f3
;that of the original MOCCA were also presented. The full‘
order MOCCA state space formulation is closer to the DMC

;method.f A key difference between DMC and MOCCA is tfyt_the ;iﬁ

jreduced order MOCCA formulation makes it possible to have”‘h"‘
f_the prediction horizon, P less than or equal to ﬁe number
iof step response coefficients (see step 1 of above) o
DMC for SISO process systems with time varying

"parameters was described by Ogunnaike and Adewale (1986)

;Their paper described how the time delay and steady state
;gain of the process model may be que time varying.3:$héxitif;:
lvarying time delay was handled by extending the error ﬁuz'“
iprediction vectbr to inolude Aperiods.i A new error vector”“f

. o
}is extracted from this extended error vector by ignering theff“

“first Aupredictions and the control calculation proceeds as-;ﬁff

inormal.. In contrast MOCCA handles the time delay in the



control calcnlations, a,t is the outputs and{ input.s re’




~"7?ﬂﬂ19§fi

5feedforward controller (see—MﬁCCA'feedforwagd'section)

A,

-gdetail:?on implementation issues s delcribed in noccx- ;;féi

lffeedforward were provided.‘;ﬂ

522 Duccontroi c.mz.mn & o
. The bnc control calculations are/also described as a
foptimization problems The first DHC algorithm described by
'fCutler and’ Ramaker (1979) and cutler (1982, 1933) ised the ig-
' least squares method to minimize the sum of the squares of
;jtﬁe output error over'the prediction horizon. Using the B
i;least squares method to minimize the objective function,,an i
fequation for calculating the change in manipulated inputs
"fwas obtained S L e

(5 1)“f

AI ( ) 4 o | | Fabe
;wherg Alis the change in input Vector;ne.is the error_ﬁd‘i'“t
f;vector and A is the dynamic matrix‘of dihension (SxC) by c ;f;
__which is considerably larger than that of HOCCA.. The changei
iin input obtained from equation (5-1) may be too large for |
1§some applications so a control move suppression factor, X (k;?
;> 0) was implemented empiricallyiby augmenting the dynamic |
:matrix with'a diagonal matrix with diagonal k elements.,i-_ffi
;This produced a new control law where the magnitude of the
‘fcalculated manipulated input could be reduced by increasing :ﬁ

”the suppression parameter,.,e' ”7""d







ifhis doctoral thesis.3ECut1ef’concluded ini: thesis that

'ﬂthe on-line time requirement fdr'LP solution is ei:essive

7ﬁand describes an alternative method (called a partitioning ’

;ialgorithm) of handling problem with,constraints on the inputfi
;?or manipulated variables (constrained control on manipulatedji
{rinputs problem) which will be discussed 1ater.‘ The use Gf

1ilinear programming in DMC (LDMC) was further documented by N
lMorshedi et aly (1985) A USA patent application involvingj?f
»:the Duc-methqp and the linear/quadratic programming method o
aﬂof optimization has also been submitted by Morshedi Cutler,;o

;Fitzpatrick and Skrovanek._ LDMC minimizes the sum of the,”'

'aabsolute error as its objective function subject to linear
‘constraints._ Linear transformation of the objective_f__“v '
:‘function allows the absolute error objective function to be»:;
iused here (see MOCCA LP formulation) The LDMC problém is bf
J.essentially the same as that of HOCCA LP prdblem”iith the o
gvfollowing exceptions' 1) the LDMC dimension is-considerably
'elarger that that of MOCCA and 2) the suppression parameter'77f

}is still implemented empirically although control weighting

»fcan.be_implemented more formallY Via the Objective (see q,_”“;

) ("

SMOCCAmLP formulation).. The handling of caiﬁtraints is the
the treatment of -

7”same as tppt of HOCCA with the exception



}-1) an optimizaﬁion subprohlem (usually steady state)zwilifqﬁ

f;fgeconomic objective tunction and constraints is solved so

p ‘,,_)

?? fdetermined.3 Th?}input variaBles then canlbe :egarded as'jf




A natural extension of the linear/quadratic programming ff;

fproblem is the use_of non-linear programming to solve the

_jcontrol problem., Korshedi (1986) described the universal

ffDMc (UDHC) algorithm for the optimization and control of

fnonJIInear processes where the procqss models are describedfu”
:fby non-linear differential equations. The resulting ;b,[;,vgﬁ
o T e
:'algorithm can be solved by any standard non-linear (_ﬁg}?

i:optimization routinxgalthough the use: of successive 'iffafjff\
tiquadratic programming‘was highly recommended., other types »
iaof optimization methods such as a penalty function algorithm
_ihave been used by Little and Edgar (1986) 1 Garcia and Prett
:5(1986) pqinted out the uselgf LP and QP involves the tumping
;fof all the objectives into a single objective fundflon where :
fweightings are used to influence the.importance of each h
‘ﬂobjective. Such an approach, although computationally
;lconvenient, has ‘some difficulties.. Some of the difficultgesiz
';are 1) selection of the weights is dependent on the scaliﬁg
}fof the variables, 2) the relative importance of objectives ;?f
-his difficult to quantifY,(;)_since afl the objectives are |
_flumped together there is no guarantee that increasing the
ffcorresponding weight of one objective will not af!act the
ﬁ?others due to an inherent interaction through lumping and 4)
:gthe weights are highly dependent on the operating conditions

jfot the procéss (i e. the loop is no longer maintenance



fuulti-objective optimization‘was suggested a

‘;identifies cgnstraints on the\manipulated>variables serially o
‘a8 they " When the manipulated_variable ’ 3

fbeigmes constrainede_ time, its allowah;e changes ar;_,“ E

;imbeddedﬂin the prediction ve ors 1

:”dimensionlof the problem is‘reducéd.

,Thevcontfol

]calculation still uses:the standard least squares‘sdiutio;'" “



7constraints) have totbeﬂignsidef”d and checked on-line B

fbefore calculations are’ performed.

;Another restriction lS fiff

*thatf'nlf constraints on'the manipulated inputs are

fconsideredji*Additionax constraint";piithe controlled andk

-uncontrolled output variables result,in’a mcre complex : |
ﬂalgorithm The prccedure-may not produce globally optimal f’“
}solutions. This is the price paid in exchange for faster
;on-line execution (most of the control calculations-are*—i_wfﬁ
,performed off-line) Simulations using the partitioning

falgorithm were performed on a fractionasor'model and showedéﬁuc

fthat it was possible to maintain the manipulated input

:constraints. -5ff7f17f5wffif§ :; : ;=;; Q;f«; ;~:;'f5:5g»i;;;sq

fs 2.3 nxc Applisstions jfaj',f:: "f*ﬁiﬂf,ftﬂ*
““3 DMC was applied to a preheat furnace as described by\,ce_h;

*

Cutler and Ramaker (1979) where the furnace outlet

,temperature is controlled by manipulating the fuel wru@ e
/ &

ifeedforward from the inlet temperature. The use of the

jsuppression parameter was demonstrated using an eihmple

' Y
'simulation-\ Compared to conventional analog and compute

'PID/feedforward control DMC performed substantially betterﬁ§¢
fRobustness of the DMc aigorithm was also shown for a 1arge
;temperature disturbance., A cgmparison using simulations wasip:

performed by Cutler and Johnston (1985) and showed thh )
superiority of DMC (or in general model predictive control)






"controlled output (level) change within the target area. Noff
.hindustrial applications of the algorithm,to averaging level
;}control has been reported. HcDonald et al. (1986) presented;
_»a survey of the 1eve1 control problem in the literature as p;;
;Qwell presenting a new optimal predictive level controller -
::which was compared°to traditional methods of level control
j‘and DMC. In general McDonald et al. found that their
algorithm performed as well as the DMC controller Wlth tﬁe
i'exception that their formulation does not take 1nto account 117
,'the timp delay of the proceSs. . | ,. ,,.:,_
_' Ogunnaike and Adewale, (1986) applied a modified DMC
'walgorithm to a distillation column and pre—heat furnace
fmodels with time-Varying gain and time delay. Simulation ,'
:results were presented and showed significant improvementb“ o
gover the standard Dﬁc for the same process. McDonald andht'
’MCAVOY (1987) described the use of gain and time constantiﬁ!f”

-

fscheduling in DMC for the control of non-lrnear binary

L

ddistillation towers._ The gains anq ti g}constants were'

‘b”i" .

ievaluated using simple analytical mod%?% to update key f"

_process model parameters (process gains and time constants)

. £

”on-line.' Simulation results showed,ﬁ&gnificant improyement :

gin regulatory control performance _er the standard DMC

ot

B Morshedi et al (1985) prake ,ed simulation results for :i~

jLDMC using a three input ’ tput system._ A LP. subprohlem

.using a steady state mod'l f;? economic objective function



~ -

vdand constraints was solved for the optimum steady state "ilfk;?
'values of the manipulated variables._ LBHC with a moditied |
;dynamic matrix and error vector was then used to solve the
fcontrol problem subject to constraints on output and input
variables such that the optimal steady 7tate values of the
E;manapulated variables were implemented.;_-« _ _iu ,‘, YA; :
B Garcia and Horshedi (1986) applied QDHC successfully to ?22
a pyrolysis furnace with three manipulated inputs and three<i:-
controlled output variables.» Two measured distuzbance
i'variables were also fed forward to the control‘algorithm
_jResults showed that the constraints on the manipulated |
“finputs were maintained and the algorithm provided a smooth
f:return to the operating region in theﬁpresence of e |
ffunmeasurable disturbances.. Numerous other applications on
v‘continuous and batch processes within Shell using QDMC were;f:

gemphasized by the auth°rs':,§f}fianpw-'

Cutler and Hawkins (1987) described the application'ot hufﬁ

llconstrained DMC algorithm to the first”stage 2 the Suncor if7

;{Hydrocracker reactor in Sarnia, Ontario \fffif 1gors

fﬂused to control four output variables using tive manipulated

{7variab1es and two feedforward variables with’an on streamwp-ff

'ffactor of greater than so‘percent, resulting in a reduction,*{

Nﬂof 55 percent (approximately $1000 pervday) in_the energy

‘“93‘1 bY the reactor preheat f.urnace :



Kiparissides et al. (1987) performed a comparative studylfi
fgof linear quadratic control (LQC), DMC and an extended .g |
;_self-tuning regulator (ESTR) The algorithms were used to
‘1control a simulated polymerization batch reactor. The
results show that pMC and LQC produced almost the same
rresults. ESTR also produced the same results after
'Aidentification was completed. The main point in this studyf7‘
iwas that ESTR could reproduce comparable control as DMC andg:j»

ZLQC without a priori knowledge of the system.
'5 3 uodol Algorithmio Control (MAC)

‘Model Algorithmic COntrol (MAC) was developed in France.'
’pby Richalet et al.-(1978) as Model Predictive Heuristic
:cOntrol (HPHC) whose commercial software is called IDCOM N
-(;gentification-ggmmand) HPHC was, first conceived by
;7Adersas/Gerbios 1n the late 60's (Mehra et al., 1981

; Richalet, 1987) ‘ A general introduction to MPHC iF given by
:»Richalet (1980 1987), where the basic principles of model ;7"

:dpredictive control are described

55 3 1 HAC Procoas xodol
As in HOCCA and DMC MAC relies on an 1nternal model for -
'fon-line, long range prediction.. The process to be . _
| controlled is represented by its impulse response._ Mehra et

(1979) divided MAC long range prediction into open and

5closed loop HAc.f In the first case, the predictiOn is made



eindependent of the measured output and in thb second case L
;the measured outpnt is used as the starting point (initial_rify

condition) for the future prediction.. The equations used in ?f
7open loop and closed lOOp MAC prediction are teeoretically :
'fequivalent to MOCCA end unc models éince step response and

5impu1se response are related.; In fact,famstep response

5model can

’pconverted to an impulse response model by

freplecing th‘;step response coetticients hy its impulse

7response coe ficients end the chenge iﬂ inputs'by input

>

,rvalues. In eny case both the step responss and impulse

f*response modebs are non-minimal.n;e_fg

Initially model process mismatch and unmeasured fflfToJF”I5

'ﬂdisturbances were not handled explicitly es in MOCCA and 1ﬁj4:

;CDMC, however it wae included in 1athrf

'(197%{ 1980), ‘Mehrd and Rouhani fl980)‘and_ _

(i982). _ MAC also included anothe fén"””“”’“““”'“--* {

'their formnlation*by feeding back‘_’



wﬁi@'

. relaxation

,:1973)

fcoefficients was also;giten‘&n chalet et al., 1978) and is ,31{
;described as a dual'tomthe control problem which in effect |

,;is the ConVOlution/deconvolution idea discussed in Chapter :
_13,' “The identification algorithm is an orthogonal projection.f’
tialgori!hm (Goodwin and Sin, 1984) modified to include a ,,gaf?

"relaxation ?actor."

75 3 2 unc control Calculation f-f
The control calculation was initially described as a t,}rf:
.dual to the identification problem and constraints were y

:aintroduced by limiting the calculated values (Richalet et

:fal., 1978) A projection type algorithm (an iterative.lf57°"
optimization procedure) was used to minimize the weighted
.ileast squares objective function} Hehra et al. (1980) and
,wRouhani and Mehra (1982) suggested the use of various L
.Joptimization algorithms to solve the weighted least squares pi”
'kproblem.,;;fs B _i N t_ i | ’. | f“'

@* Mehra et al. (1980)*and Rouhani and Mehra (1982)
described a linear quadratic (LQC) control type problem
Wapplied to non-minimum phase systems._ The HAC problem is
first transformed into its state space equivalent where the i
g state vector is made up of present (unknown) and past inputsmﬁz

before the LQC control design is applied.i The resulting



_-.phase "systems. . 'l‘he basic




("block") input values may be computed from three ("block“)7;f§

future errors for the next five steps into the future.. Thefff

.00

advantage Of this blocking method is that it permits L
reasonably 1°ng Optimization horizons with low dimensional D
;hcalculations and is justified by the fact that the controlsif;i
id"ill generally be recalculated at every control interval.;.i;fi
{fMehra °t Al (1981) also described the development of a it
”gradient-projection algorithm to improve the control

l;calculation for general systems.‘ The algorithm retains the‘*n
;finput b100king features but does not block the outputs.‘fitfpgi
_}minimizes the sum °f th§ squares of the output errors at | 1"'
kﬁeaCh Step in the future-a For- example, the gradient “.ﬂf{j?

piprojection algorithm would compute three control inputs to,f”“

;minimize five future erxors.; The algorithm is capable of
Qweighting both input and output variables in its cost jif}i;(;
“j}{ Mehra et al. (1379 1980), Hehra and.Rouhani (1980) and?“ﬂ
;Rouhani and.Mehra (1982) presented some theoretioal results,jﬁﬁ
;fregarding MAC's robustness, stability, application in s .
:fgtoohastic environment and non-minimum phase systems .An ‘
fexcellent summary of the resultsfwas given byenehra et al.~}f{

-m(1981) and is reproduoed here foﬁh wnvenieﬁtéf.

-v"srnn.:w A msusmss rnof. o) 'Bsz “The_ followinq notation o
»_--_Iwill be usqn 1) an actual plant ho. 2) an internal (plant).].-_}j

15model used for prediction, h and 3) a reference model used

E i. |"'.;’.



:'f-.f‘differ. . The following three equaéions represent .the pla_

"I-model respectively.i - ~‘ '
g y,(t'*l) h u,(t) = L

y(t+l) hu(t) [ZY (t) Y(t)] |

,-_fy(t+1> ay,(t) -1 a)C

‘- --twhere c is the desired setpoint and @ is a parameter relatad'»fij:;‘.i_-

:inversely to the traj ectory time constant j__(small a implies

approach to the set point and o<a< 1) For the closed

::.,loop *_‘" ystem to be stable, it i.s neces-ary and sufticient

that ',p,olynomial x

'z‘ "[}1 (z.) H(z)]+H(z) az 'H (z) (5‘5)"_;1__7:.}‘({

v“j"‘has a11 itsv'f roots within the uniti’"‘c:i.rcle,- where Ho(z) andré'




phase then relatively simple choices of h stabilize the ‘
”\closed loop system.i The closer h is to hp, the shorter thef7ff

convergence time of the output to its desired setpoint.. ff{-:

PORRIES cal -

ijf~ One. of the most useful properties of MAC is its
0 ! &

robgstness, which appears to result at 1east partially fromf?‘
Jthe use of an impulse response model as opposed to a B
Oparametric model for piant representation. It can be shownfgi
fothat when the mismatch between the plant and the internal
jmodel is a pure gain, as long as the gain factor, q is 1essgks
\}thdn the inverse of l-a‘the system is stable and the output'fi

capter?ES to its desired setpoint.‘ In particular, a slow

v referenFe model (t:close to 1) enhances the~robustness of

a.

ene. sygtems. L e

BTOCBABTIQ BNVIRONMBNT: The properties of MAC have been

T T e ey

'_udie? in the presence of both white and colored additive

;/output noise._ In particular it is shown that the variance

; i
on: the output of the controlled system decreases as the
g\ .
reference model becomes slower.u For colored noise the

f results are more complex depending on the correlation
: ﬂb

properties of the noise. For instance with a highly
positively correlated noise, it is necessary to speed up the

creference model to decrease the variance on the output. I_fff

\

generql it is often advantageous to perform output filtering
pa }icularly when the output noise level is 1;z4é., The ﬁ"




proper choice of an output fiIter decreases the output .
variance while allowing the selection of a !aster reference;,,;

NON-XI!IHU! PRABB rnnum: When the plant is non-minimnm }f;ﬁwvif
phase, difficulties arise in the sense that the convergence;_;:
of the output to its desi;;; value may roquire inputs of A
infinite magnitude. lwithin thq&framework of uac, il is

relatively simple to come up with a solutiOn whf%h i

of selecting an’ optimum internal nodel such thet the S
Euclidean,distance of the output to the :eterence trajectorny,




e .- f ,. 127

;Qtrajectories and constraintst, A combination of MAC and ”
:;Bingular perturbation theory appears to provide a powerful ;~,
"jteol for overall optimization of plant performance through
_;proper coordination and control of different levels. :;f;[j;a;ﬁ
'n.nmrm rnso:cuon ssz 'For linear.systems, the 'f‘-":.' 5N
ipredicted output response can be writtenfas tge sud‘hf :
_:predictions based onspast inputs and predictions based on f:i;
,tfuture inputs.. current implementations of MAC use the 't_f_
iimpulse response model for computations of both the output 'Jif
’jpredictions and control calculations.\ HoWever if a. state:{tf«
_fmodel of the system is available the predictions'based on- u'.‘
;:past inputs can be obtained from a stgtg estimator (Kalman |
':type) or a. Luenberger observer (see also Li et al., 1986,l ;.
~“Navrglt:i]. 1988) This is particularly attractive for }i-tifed
:_continuous time and/or non-linear-systems If a state khf”&fi

3_representation is not available, then an ARMA model may-be ffﬁ;

gused for prediction.- It may even be more suitabhe due to'
: L2

lits 1ower order. The main advantage of the impulSe response B
"jrepresentation is in the control computation. Thus it is o

possible to use two different models, One for prediction

p(any type of modafz)and an impulse‘model for control

f~calculations. The two deels need not Wt:essarily have the

.fsame input output properties since the objective of the ;

'fprediction model is to produce accurate predictions whereas

'thevobjective of the control model is to produce



R S R . %
.satisfactory, stabilizing and robust control valu‘
ﬁparticuler, for non-minimun%phase systems, the”'“’ els '
'are ditferent since the true plent model doee not hdib e

;stable inverse.;fd;”

t

e’selection of samplipefrate is

important A vgry high ﬂ.mpl inq:’rate ie

,‘

‘wasteful of syet;
frate would leadf:%‘

_' Variahle/o\é :

;the,,anpling nterval.,

a procedure tor‘ ;:__W;iﬁ



by a.simple filter inlthe particular case of gain -
disadapﬂhtion., Stability analysis and robustness are tii
performed Snd an example is described., Although the .
self-adapting procedure is shown to be feasible,-there are

Coo1ee

ek .“. -

many thinqa that still need to be considered._ Hahmood and
Iarimore (1986) describe the integration‘”*: X '

P e
identification routine, Canonical Variate Analysis (CVA)

The new result here is the identification routine which can

be used to identify the plaﬁ; on-line.i CVA can determine

the state order and identify a plant or part bf it in closed .

loop configuration. No' initialization is needed and it

,"»

perform near maximum likelihood.,ri;a;flfﬁfj;ﬁ;gw<m e ﬂwip”,

Bruijn et al. (1979) extended the cost function used by
MAC (ISE) to include weighting-on the inputs This ;5{”

r,represents a weighted least squares solution to the control

problem. Simulation results were used to show the effect of

the Weighting. - .. I-'j:.: S e

'l

s, 3 3 unc Applications ,f'f;gf'ﬁpp_:5d;';;:§j31;ﬁ1:5
A number of industrial applications usinq MAC“{IDCOM)
were summarized by Richalet et al. (1978), Froisy and |
.Richalet (1986) and Mehra et al. (1981) The first
plication involved control of an entire PVC plant in

France,_where four distillation columns and three cracking

furnaces were controlled.i The unite wére controlled using a



isetpo_nts to the slave (PID) loops./ No resulta were"'

ftotalfeconolﬁc saving for the PVC plaht was estimated at

-

:j$37o 000 per §;hr. Lebourgeoie (1980) provides nore details
f;on the procese,and the control schenes. '

IDCOH was also applied to a fluid catalytic cracking

fractionator column, where.two key column tempe?atures ST
‘rdiated to product quality were placed under multivariable -
SR

control. The internal pan 1eve1 in the coﬂumn'ia affected
ny varidns disturhances and also by the manipulated

indicated tighter oej“yv

and variance calcula;w
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evaluations estimated ‘a $2 million annual savings compared

K _o g
:ato an investment of $4o 000 for equipment (computer, # g

x'\ﬂ‘

i“instruments etc ) for the unIt
v e _ PRI ‘
A control system for a power plant steam generator was

:;also built using multivariable IDCOM where three output
ﬂavariables are controlled uSing three'manipulated variables'f;
Tﬁunder conditions of measurable load changes. This was the
;lfirst application described that involved non-minimum phase
fvresponses in the process.; Here, the process non-linearity |
iiwas taken into account using gain scheduling and changing
;;the sampling time to/;eflect changing time constants.f IDCOM"
iwas compared to an adaptive analog controller and the j}j;]:"f
:fresults indicate a reduction of the controlled variable .“h :
jdeviations (Mehra et al., 1981) Mehra et al. also reported
-a case where IDCOM was applied to the control of an utility
1iboiler attached to a large crude distillation‘column The
‘iobjective was to maintain steam pressure as close as
,ﬁpossihle to 4 bars while mainfaining the wlter ievel.‘V:V'fr
‘gAnplication of IDCOM to the unit resulted in a reduction of

'!the pressure from 7 bars (conventional control) to 5 bars.kit

Mereau et al. (1978) applied MAC using IDCOM to the }f- -

%ildentification and control of the fast mode of an airoraft o
ijcbnthIled by its autopilot to keep zero pitch angle (i e._ﬁf
pethe system is clogtd Ioop where the\pvgcess input is the

. autqpilot output and the process output is the pitch angle)



&:The aircraft was simulatedgusing‘an analog computeruand tﬁe*r
:fresult showed better control of the pitch angle and smootherﬁ

faircraft response compared to classical methods.fg

S

_tat Gulf Canada s lube 011 plant at Clarkson,.Ontario.K

'f'three level hierarchy° the first level (microprocessor

fhcontrol) sets each of the reactor bed inlet temperatures.

Daclin (1980), described the application of IDCOM to a

f;51mulated mine hunter boat.a No results were given. The - iﬂ

,,imain concluSions was that'multivariable control using a

;;process model was necessary and that computers w111 have to

play an 1mportant role 1n control systems,v

Martin et al (1984) descrlbed the app11 :_ofEIDCdxf_

‘i'to a. first stage hydrotreatergreactor and fractionation unit;

_The

f‘main object1Ve in the control of the reactor was its weight c

fyaverage bed temperature (WABT) : WABT is controlled by ag,mﬁf

TR

f_level two includes several IDCOH controllers that maintain
ifbed outlet temperature. and at level three IDCOM computer

;3control adjusts bed one inlet temperature and the outlet




\

f;regulate the distillation processes and control the product ?

‘ﬂfcata yst deactivation.t[v

,~A5few othe”:applications were also mentioned by Mehra etTi

klsal) and Froisy and Richale (198é) but noﬂdetails

%i ere given or\available (i e.“no referenoed papers) The
aﬂapplications includes. Mirage (aircraft) control F-loo jet'f

iiengine control, adaptive missile control, glass furnace,ﬂ ,*f

vffcontrol cryogenic wind tunnel’control; green tempera-7-

:;ture/humidity control fluid talytic cracker regenerator L

’v ,..,,

3Qcontrol and catalytic reformer’%gntrol.pn,.ff**

,_USOro and Mehra (1984) pﬁesgnted simulation results fori-*

i 1

fthtee phase electric arc 5ﬁﬂ7j*“

tne control of a non-l:iin: %

-y

) .furnace.,:,j Simulation resgﬂts\for MAC compared favorably toijf
i:the'simulated convenﬁ%onal control (proportional and Iobicvf{
fffeedback control) negults. A partially adaptive MAC,‘whereff

'?t@fnal model was changed on-line was alsoiﬁ

T?thf'gain of the"

1

{;implemented ‘a d cqmpared to MAC._ Due to the non—linearity ff

;;ofvthe prodéss, the gain scheduled MAC gave better results.:f

ffMahmood and Larimore (1986) presented simulation results for_

ﬂfthe adaptiVe‘control ot a missi e., It wal-demonstrated thatn



g l" .;-‘ ; ]
- 3_inferentia1 control, MAC, DHC)o“- Sinc° then a ’iaw el




:1)

5?)

3)

-ffgshould be maintained in the face of structural and

"'”(is a controller shculd be designed with a minimum of

4

[f;fvery important

fRobustness. stability and acceptable control performance”}

?information about the process.__*'wVf““”,3“

."‘,

Garcia and Horari (1982 1985a, 1985b) postnlated four

:criteria used to evaluate the quality of a controller-f,;‘~~~

Regulatory behavior*vthe output Variable is to be kept at-

-*jits setpoint despite unmeasured disturbances affecting

'";the process.v;cfl75”;f5{fhh.* ?“ﬁf,ﬁ;:ﬂ}“fffur,fyf ﬂ’zﬂ

fServo behavior"changes in the setpoint should be tracked

O

7jgfparametric changes in the underlying process model, that}

fAbility to deal with constraints':major economic returns“i

Tfrom process control arise from the optimization of the i

operating conditions (determination of optimﬁl set-sﬁ

‘points) N‘well functioning regulatory control layer isif
;needed to implement the«optimal operating conditions ;"ﬁ

Qwhich often occur at the intersection of constraints..;s;;
jIherefore the ability of the regulatory control laYer‘toi;
;deal with constraints on both the inputs and outputs is :







fminimum variance estimates by taking into,account éhe

;statistical properties of the noise and the model of thef ;i

.5 4.2 xuc cpntrol Calculations
i Garcia and Horari (1980, 1985a, 1985b) showed the L

isimilarity between the linear quadratic optimal control andqf
-IMc., They also formulated a predictive controlvproblem “i.}
;using IHC.. Essentially the problem formulation is the samei;
has that of MOCCA's weighted least squares case with the ey
‘fQIIOWing exceptions- ,ffffg*a;t?fﬁ;waf?vii}*f¥3h7-fffffitnf}
,1) Both the error and input trajectory are optimized over afl
igﬁlprediction horizon, P (as opposed to P and H'in MOCCA) :”
viifNote that the input trajectory is optimized as oppose to;f
‘i}rMOCCA where the input changes‘ﬁrajectory is optimized.¢3-
:25SM, optimal input values were calculated, even though P

;%fvalues were specified in the objective function.; This

-;f;was done by l) setting the input weighting for all future:
'?iiinput variables greater than M equal to ero and 2)
1€i;setting future input variables equal to the input
”’nﬂVariables at the Mth value as constraints in the




Only

ﬂ“}fConstraints were not taken into accoun”iexplicitly




{hv;control horizon, M.; SREPCIEPE e
:éilControl Horizon, H (IMC defines this as inputusuPPreSSI&n;
' parameter). Any Bystem with hi>° (i"lr -~-'") cﬁ“‘ be
:ii;stabilized by choosing M sufficiently small.gic -

PN
'flaA stable approximation of H(z)‘l can always bé obtained
;i;lmeaking ﬁ.sufficiently large-; ~,?fQ»"n |

'-gvarying.; Otherwise one should ohoose m-l.,

<With :tht half pland (RHP) zeroes produces ar

'v”~of y,"

foots outside the unit circle. If the sampling time, ‘

f}s increased these roots arelhﬁhe Stable-x An alternatfiii
‘is tp increase T just enough to ensure hi>0 (i=1.--sn,ff;f

y'?and to obtain a. stable approximation by reducing the }f'

.,a.

LIRS

Input Penalty Parameter (p) This is the input Weighting.’

“utilt Penalty Parametgr (y) In the SISO case the use'?g

s only meaningful when the parameters are-time f,ﬁf‘

"ishown that the controller Gc(z) = I-I(z)"1 1eads tO larget'~

r'_excursions of the input and strong oscillations of the fip

"Qoutput between sampling intervals.( The reason for thisih

':kfundesirablg behavior is that the controller drives'onlﬁiw

" the' output to zero without taking oare of the other fifff}

'1fsystem states., It is well known that a general nth order

'7ffsystem can be brought precisely to rest in no fewer thanl;

i;n discrete steps. IMC suggest the following ohoice of

fi”jtuning\parameters for a system of knoun order, n' P-Zn-lsj

R S



,f_]Thgge values were. testeﬁfin jimulations andbshowedlsuperbfh

:i;fparfOKDance._Garcia and Morari, 19821f R
1$f;optimization Horizon, p,ﬁ Any pr 5¥9tem:canibe i
4=7fstabi1ized by selecting k sufficiently small andlp:
f?sufficiently 1arge,L. s o : L

IMC Tuning Guidelines for Mintmum_Phase Systems 5;?1{jflffl’;

B ﬂinot unreasonably large). jLarger*Tws generally 1ead¢toiw‘f
'-gfless~extreme excursions of the“manipulated variable, but

iflfthey have a detrimental effect_on the ability of the :

.*}fsystem to handle frequent disturbance chahqeﬂo.'fi'

fzijOntrol Horizon, M.‘ Perrect contr'f (P-H-Nhfrequires

“ﬂjsevere variations in the input'variable and usua'ly jfﬁagf

iiffto strong.oscillations'of'theiﬁutputdbetwaen the'sampling

J(:ftimes.n Reducinq M reduces the extreme excursion of th;ﬂ i

ﬁfffmanipulated’variable and thus leads to”a more:desirable Jf

7jﬁlresponse offtheﬁulant.;,;%;fif




-,ffmanipulated variable (cf. HOCCA};g However, it was/shown ?

vﬁrfby example that by penalizing the change in manipulated

'*'variable only it is generally not possible to

: ‘:tain a”

‘*istable approximation of H(z)"1 for Nupgsystems | i S
"biéstatement is misleading in the sense that the NMP exampleg
ﬁfi}chosen was uns%%ble in the first place.; The system wouldf
giﬁihave to be stabilize before MOCCA could be applied. ;hf?u;
fg)idptimization Horizon, P. ‘Tﬁf’length of the optimization =

fga}horizon has virtually no effect on’. the performanCe as

7?»;soon as P exceeds about twice the system order;" It Was
%fffproven that if P is chosen such that it is greater than
idifN,lthe stability of the controlllr is ensured ?:f. DMC)
dGarcia and Morari (1982) also showed the equiValence of IMC f

ito mc and DMC. L

—_ .

Ricker (1985) formulated a constrained IHC which was ‘
solved using quadratic.programminq. The objective function%ﬁ
hand model prediction used was very similar to IMC.. Only f
!constraints on the manipulated inputs and proceSs outputs ilf
fwere considered. The initial transformation is similar to

{that of Duc and MOCCA although no details*wefe given.v The f@

?transformed problem (QP with inequa‘ity constraints) is thenf

[form and the.Kuhn-Tucker conditions were applied.‘ The A
fresulting equation (Ax-b type) can be solved for the optimalh



zﬁccntrol.{ They discussed the translation}o"cont*OIs,

QObJectives,-j
J;define the_s _;5jn:g~-u




/ﬁimulation results;"°r° Presented for“the"mu: iuariable casefﬂfi
by Garoia and Morari (1985a, 1985b) The control of i
simulated methanol/water distillation coldmn u51ng Iuc W1th&fiﬁ
diagonal time delay factorization and feedback filter Was §~r;

compar“d to sxso PI loops and Ogunnaike and Ray s

”ble‘dead time compensator plus PI.; The results

4ﬁ_"§5ﬁsator. The results show better control by IMc

When input saturation

se&%re@output oscillations.

constrained., In contrast; IMc remained stable but offset

was observed 1n one ofﬂthe controlled outputs.:,iV"‘

Arkun et al. (1986) tested ‘TMC: experimentally for the !

4 i E» y',qf
eat é?changer (SISO) and'the 5.3 e
level/temperature control!if'a stirred tank (MIMO) In the

In tpe sIsd%experiment.thefmain

: .~-\‘~J;.. Y

ties and valvefhysteresis






A R

1

simulated multieffect evaporator (for blazzgliguor recovery
in kraft pulping) The QP/IMC controlgerf

as then compared
to optimal PI con rol (tuned using a. parameter optimization %n
program that minimized the ISE for the servo response to a o
step change in the setpoint) in an unconstrained control f“'im
pmpblem (QP/IMC was made unconstrained by artificially :
infiating the constraints)‘p Results show almost perfect .
ksetpoint traCKLng for QP/IMé whereas for the PI control theﬁ_
response was extremely sluggish.u Simulation results also ‘lj
showed that QP/IMC was able to handle hard constralnfs. No ;f
comparison to any other controller was given.ifi;{ﬁ' Ed

Ricker et al. (1986) applied IMC to a six effect \},;ﬁiﬁ

evaporator process in a kraft pulp mill.r The control
objective was to maintain the final product concentrationf?:_
using steam and the feed throughput as the manipulated fiﬂtﬁ“?
variables, subjgct to constraints on both manipulated
variables.: A secondary control objective was to hold thesf'”’

average feed flowrate at a target value.‘,There are. ]_fgév_;‘j

tanks preceding and following the evaporator that ;-i@ﬁ;;“5‘75

short term dev1ations from the target. ;3" maxﬁ um steam},ﬂf&

flowrate varies with time and since no measurement of the?;t}ﬁ
_ - .
steam flowrate was available, approximate maximum steam

constraints‘were used. The feed throughput was subjected;tof,

a minimum value to prevent rapidl‘w """

Surfaces and other problems.' Weightings and input blocking'f



vwere.used in this application.. Nhen the &ontroller;was‘put

finto closed loop operation'AQP/IHc held the steam flowrate
S R 1Y S ,

fof to 2%.: It was noted that givenrthe“eonstrain'“o tho::

,Since the concentration Was given a higher output Veighting,““

3the algorithm allows deviation~of the throughput so that the




RN

;is s othor xothods and APplioations f ff.f«iffff}ff;?ff}}f?ﬂ;
A detailed analysis of predictive control techniqpes fg};f

convolution models (step or

;fwhich are based on discref'j
: T NG

‘Vimpulse) was performed byﬁx:;chetti et al (1983a) The

'-advantageg of HPC were outlined and MPC was shown to reduce f‘
SO

;’to deadbeat cqptrol and Dahlin’s algorithm for special :
_;cases.5 The effect of various tuning parameters on the Aﬁ?ﬁh-i
fperformance of a predictive control scheme was examined v1a ;7
*isimulation,, ‘A major conclusion is that a significant ' B
i;reduction in the dimension of the dynamic matrix (cf. MOCCA)f;
;does not significantly degrade the control system é;;;:;;?
',performance thus allowing reduction in computation time;.;i;f;
;fMarchetti et al. (l983b) also presented a new design Ad |
i;technique for predictive controllers based on closed loop
tfpole assignment rather than minimization of.a quadratic.gfwif
};performance index. The controller gainncih be calculated
};analytically from the system model parameters and the ‘H .
;pdesired pole %ocations.‘ The analytical solution does not
5ireguire a- matrix inversion.v It was demonstrated that it mayg;

: I
“bnot be possible to arbitrarily assign all the closed loop

';poles using discrete convolution and:i predictive control

Lblaw (change :n inpﬁt equals gain vector’times error vector"Q;;

ﬂ“However, sa:isfactory control system performance was

tﬁobtained by attempting to place the dominant poles in the

PR



desired locaxions with thefremainder at"thw erigin_

stability is ensured;f

; long asvthe dominant pnles'are'
located well within the'unit circle.' o

Haurath et al.,(1985a) reviewed,the development ot thef

predictive controller forESIso5syatems ihzstability

L’

“éoqtroilerv.



iitrade off performance and\robustness in designing the

:CCoBQroller.. Examples for the design of two distillation fi.sf

;;columns were presented and simulated.” Experimentalﬁ»ﬂ;:;ii;;
;ftions on a multivariable heat exchange network of this ifﬁtfﬁ;
Eimethod were pertormed by Callaghan and Lee (1986b) and
»;Wolfgang et al. (1986) No comparisons to other methods

;%controllers. 'The :e uses a particular time varying
'}setpoint trajectory toﬂenforce decoupled setpoint changes 1ni;
:;the closed loop system, while retaining the original load e
!uisturbances ﬁejection properties of the controller._ The

;ftime varying trajectories are calculated off-line by

lﬁsimulating setpoint changes with a weighted predictive ffmj;fi
:JContgoller such that heavier weighting is given to variablesf

:pnot having the setpoint change.. The trajectory °btai"ed‘ﬁ“jﬁ

STy

;ffrom this simula/ion can then be scaled (since a linear

-f?'del is assumed) according to the reguired'se¢point change.ii

. simulation results show significant improvement in the

Yuan and '_: ’ |

iﬂinteraction at the expense of slower response.






iuif%i;

. Q" LA

i ( o
';control signal throughfa scalar gain.l,,t»'l

Rotea and Marchetti (1987) transformed theuimpulief;ff"

3§response model (SISO) in IMC into a state space model and

ifapplied linear quadratic’tegulator theory to obtained a

gcontroller whose gain is calculated from the matrix Ricatti’d‘
'ieguation._ Constraints on control variables were implemented
;ﬁby calculating the control weighting factor and optimal gain
;vector such,that the constraints were not violated. The
f:solution requires automatic tuning using‘the control

:Qweighting factor and on-line computation of the matrix

3Simulation resultsfconfirm the ability'

fto handle control variable constraints_optimally._ Wong et
ffal. (1986) implamented a number ot heuristic saturation .y

;ralgorithms to constrainc§he control variab e and’gompared .

*}them to quadratic IMC._ Experimental evalur*ions of the



¥




o=

sampling time. It Was shown that the regulator works fof a

certain class of problem asulong'as a stahility condition 1s
f satisfied. The main disadvantage is;that the settling time

of the.resulting closed loop system is larger than the open

loop system., A simple;simulationfwas presentequ
J

simplified model predictiVe controi algorithm was presented

.',

;fgndipas“ﬁjredictions in the form/of convdlution. The tuning

parameters were determined by off-linegbptimization which

: satisfies a user specified perfofmance index. simulation
-_l\) J ',_, I

ﬂresults for a distillation,column Were presented

iirﬁ5j;fﬁ7ﬁfﬂ
: comparisons were made.. Tung (1983) described'howfa:state vi;

'sspaoe model can be transformed into an impulse response

‘hmodel and derived a controlflaw based on a éﬂadra‘ic

: e
.performance index., It was shown for a special case (output

ijeighting equal to identity and input weighting equal to a
'”scalar times identity, prediction horizon equal to control
’fhorizon), Qhe controller gain matrix i. e. (aﬁw~rJ”4w'can be
;gcalculated on—line A recursive formula was used to ;séﬂp.:}7
: calculate the matrix inverse before the gain matrix is ;ﬂfffﬁ?
;fcalculated.' On-line adaptation of the model was also~fik3'"
ifdescribed.» Simulation examples were presented with no fcifl

?ﬁcomparison to other methods.-.ul‘*f“
o e e e



introduced lately (Clarke et al., 1984;, 1984h.'2}ark.and ,j;

Zhang. 1985, 1937, Clarke, 1987. CIarke and Moht _dif-‘

SVOI‘OhOS, 1987 ) The algorithms in gananl usa the same
concepts as the basic modal predictive contro

adaptation is perfomq,d using a parametric model (q,,g.



"-,'6.1 Inttoduction o
One of the objectives of this thesis was to des-{gn and

1mplement a software package to translate the /standard model.
.f_.'_predictive control problem (i e. the engineer specified -
::iobj ective function, des:.gn parameters, step:)response data
"‘-.,etc ) into a standard optimization problem that can be ‘ _'
'f“:-'.readily solVed off-line and/or on—line control algorithms..u_
'pFigure 6 1 represents a general idea of the off-line S
-'-,_fsoftware package. R | R
OPTIMIZATI'ON PROBLEM
SIMULATION RESULTS

'ébN”T’R'OL 'pmm
‘ PROCESS DATA
- LOAD DATA

Cpamaer (s

s



}package can be used by contral ot application engineers to

fdesign, simulate and implemeﬁt ﬁocca in industry

MAIN 4
PROGRAM

- . QUESTIONS e

SR S RN Z;-READ

e

 Figuré 6.2: Program Structure Diagram of :Software Package .

fs 2 Tranalntor/

 The ”bjective o 'the translator"program'is-to transl”te



tofTFortran code.;fExtensive documentation“for each module is

statements)

OPTIMIZAT ON FILES R

.;v-'_i;PERFORMANuE mm-:x Ei
INFORMAT ON mi-: S

:'. ' "DESIGN PARAM ETEB’S ; f '. : -
L CONSTRAINTS GRARETR TS

' PROCESS | DATA .
'LOAD DATA -

::_I-‘»TRANSLATOR.

Fzgure 6 3 Schematxc Representatxon of Translator Program-"_';._f:"=~.'Z"»v

","’

Using the translator program, ‘,the engineer specifies the
objective function, cdnstraints (if any) 2 process step |

"‘;_response, load Step response (if any) ’ design parameters

s

.'{fto output files,l which are (1ater used by the advanced ._,"‘, f»
":.control algorithm routines in the simulator or in an actual

" ;implementation. g 'I'he current translator program includes

v.‘translation for the following optimization problems o
";"j}weighted least squares, 1inear programm1ng and quadratic

_programming o

Figure 6 4 shows the program structure diagram

_"‘--for the translator program.-
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the presence of an unknown delay, ][fv

: the controller approaches a‘one step ahead”p.ed‘ctiveil‘

_ controller (equlualent to P_ui}"

’ shown 1n Flgure 7 9.H

. B

- \'I‘lus 1s becausev_'fo__‘ M’:p,ppxo

’

fThe controller“therefore

. overcompensatei the model procees mlsmatch T

' the objectlve 1s stabillty and rojfstness and la_ge ,fx
' performance ;

: trade-off between the twO criterla»A In general hiqh'

A'-;/The ratlo of M to P can be usedfas an @dd‘-ional'é

? ;The ratlo should:be small if

jlmportant bearing in mlnd the ;ne&itable




R R . v L : :
different welghtxng can.be,a551g ed for.each step 1n the

;'future control 31gnal°(e.: .future control slgnals can beiu

7fpenallzed heavier than the current"control slgnals:7
. Y L .

'fIncrea51ng the 1nput Welghtlng wguld decrease the magnltude

'~of the change 1n the 1npgt varlable 1 e. 1t penallzes the

Lot
St .

'@movement of the input varlable,_,ﬁ*

For constraiped optlmlzailon algorlthms (1 e. llnear andlgg

Fquadgatlc programming) hard constralnts on the changes 1n fff?

fﬁlnput varlables can be used to obtaln some of the sameu

.ﬁ :L'

ifob]ectlves produced y input welghtlng In the SISO:c'se. fgﬁ
vﬁthe,lnput welghtlng is of llmited use_khen LP 1s usedj “Th

fwelghtlngjcomes 1nto use 1n the multlvarlable/case Where{th

\z

’flnput welghtlng can be used to F‘ange the relatlve economlc"g

.-)" .‘

i

iicost of one 1nput varlable relatlﬁe to another (e g ,on the

;[evaporator 51nce steam‘xs more expen51ve than pumped
o O ,
--flowrate larger welghtlng can be asslgned to the steam

;varlables than the flowrate varlable 1n the cost functlon,

o

'{thereby penallzlng the excesslve use of the hxgher cost

s *—— *‘ L 4~' o L o . . . . '
: Flgure 7 10 and Flgurg 7 11 ShOWS the effect of 1nput.""“
'§wemght1ng on system 1 and 2 respectxvely Generally

ﬁilncrea51ng 1nput welghtlng results 1n smaller changes 1n the

f;lnput uarlable and a more slugglsh output reSponse fori-””‘

xS

';system 1 and a more osc1llatory response for system 2%

fNotlce that the calculated changes 1n 1nput.var1able,. 1;f5=»ﬁ






i;horlzon. Thus any subset of thefpredfcted output'values can .

/T portance on one output varlable_over another.

\

- %*rigﬁ:éfjiig,;_ qure,7 15 shoWs;the effect of

3ﬁ1nd1vidual output predlction{welghtzng on the performance of;

}systems 1 2 and 3 respectively.. For system 1 heavy Y

fiweighting on the flrst fiVe output predlctlonswresulted 1n'a{

o Tr e S " T “ LT












Figure 7 23 and Figure 7f 4 show fhe performance of the;i 

?;controller wheh the actua;Jproceqs gain and tlme constant

SR






Lo

(Reasonable_default values Zfe 9—10 M=3)ff’

. and alqulate the sum offthe o i













seépndféffécti;l.,gyg

dw2
“dT"B"Bz -0,

: W dCz
_',;"j"_. :v 2 dt TR . ‘

where.

5 B (Cl-cz)"‘oz Cz , "

S Ry -y kg
O(H“é‘c"c) Q= “-2*” i~ha)*5,

Co1se

S ae

(ro10y

o

Propéft§ ré1ationéJaré.giVeh"byi'f o

-,H -o 4T +1066 o

h -T 32 o ; ',fi'." SN e
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'Runge-Kutta method Steady state operatlng data were

73228imu1at1OnResults L

The step responses for the flfth order non-llnear o

_evaporator model are presented 1n Figure 7 29( Thefiﬁ

‘tevaporator model contalns two open loop unstable (1ntegra'

Ttor) modes correSpondlng to the two levels., These were

flstablllzed by low galn ( 1 0 and -2 75 for level 1 ahg 2

'~»¢/"

;frespectlvely) proportlonal feedback controlfbefore MOCCA was

1:app11ed., MOCCA in thls MIMO appllcatlon calculates the L
?:steam flow rate and the level setpolnts for the pigportﬁonal 5
l*level control loops‘vsed to control the second effect e

1fconcentratlon plus the flrst and second effect 'evels.‘ Note‘?

3ftfat 1n thls case, MOCCA uses the stab111zedcsystem and can

'""ilnterpreted as the master controller Wlth the tWO

“’roportlonal level controllers as sfave IQOPS v If'a SYStemb

ithas 1oca1 controllers that g1Ve good performance.ithen MOCCA_»

;;can be added as a second level controflto optimize the

'foverall control performanc‘ by manipulating thejsetpoints“to'

githui ocal controllers.f’(HoweVer, the locav controllerstl



ffFigure 7,30 shows the result.of u81nglthe MOCCA welghted

;'least squares algorlthm when the total number of step
e e

f*responsevzégff1c1ents for allithe 1nput output palrs 1s

ftrestrlcted to 80. Slgnlflcant truncatlon error40ccurs 1n
s -t . r \/- :/ .

“ithis case and its effect can be seen gy the “bump" 1n“the'lf5-
_ a
D ; >

'_evaporator‘responses at t1me t—N*Ts.g The,truncatlon error

ffcan be mlnlmized by. 1) 1ncrea51ng the sampllng 1nterval so

;lthat the value of~N—80 covers more of the output responses,bA

';2) 1ncrea51ng N to cover more response data and 3) modlfylng
E %

;fthe avallable step response data such that the flnal fewfrlf“

i'valzes approaches the steady state., Whlh computlng power 1s

"ﬂble,'optlon 2 is an attractlve ch01ce.§ When N was-f7j’
. b o R

’Jlncrea ed the truncatlon error was reduced as. shown mn };'ﬂ*

e
o

ffFlgure 7-31 (F1 Ye 7 31 and Flgure 7 32 uses the same

flconcroller) The setp01nt Change 1n Flgure 7 32 §206‘3“w'45*
L . L

'-1ncrease) in’ C2 results in a- good C2

“fponse w1th mlnlmal

.;devlatlon in the levels. Slmllarly, the response to a step
o 1\
lﬂfeed flow dlsturbance at t—101 1s also qulte good The good

’ l

ifcontrol comes at the expense ngrelat1Ve%y large dev1atlons
;'lP>the manipulated varlables (no\lnput welghting was used) !

. Note: that Bz 1s less than -1 0 whl,c}@ 1nd1cates a negatlve

'
P

ffflow rate.\ A prev1ew of the controller pe;formance can be

;fobtained us1ng the MOCCA 51mulater rather than a spec1al I

A

R purpose 51mu1at1on prbgram._ The 51mulator can use the same

;IStep response data 1n the process 51mu1atlon as for the .t’“'




Tgsimulation) shows that simllar resu}ts ?an:be obtained uslng_?

;tthe 51mu1ator.g Hence the simuiator can pnpvide a powerful

?{tool to tune th[icontroller.”,*f?-v

Input welghting can be used to penalize the.contro.”

'7action.- In Flgure 7 34, equal input welghtlng was used to

a;penallze all the manlpulated variables,_resulting in a*

ﬁimanlpulated vari?bles;a

:ﬁare all Wlthln phyggcal;limlts, i




.

5?’P-M-1) controller

shbws the re;ponses of a "perfect“ (i.

to a: 20% 1ncrease in feed flowrate Withoutkand WI:,‘v.v |
feedforward control.v The weighted least squares oontroller ;;
and the feedforward control control forkFigure 7 38 were 2
designed uSing linear step and disturbance respcnses fih;f}t}

respectively The Simulations were,performed us1ng a fifth

b

order linear evaporator model._ When feedforw\rd control lS

- used the total absolute error. 1s Significantly smaller )i o

compared to the case when no feedforward is used., As ’ebtédﬁi

LI

earlier, perfect modeling and perfect control w111 give

perfecbidisturbance rejection.3 In the case where the»-kﬂfjfi,

controller is an approximation (i e; P not equal to M and

r iO(» then p:rfeét disturbance rejection cannot be

g achieved even when the models are perfeet Figure 7 39

? shows the non-lié&hr evaporator responses u51ng MOCCA for a

20% increase in feed flowrate Without feedforward controI
(the weighted least squares controller and feedforward
c‘crol for Figure 7 39 and Fig ‘7 40 were deSigned usmg

the non-linear step and disturbance responses respectively), l

Figure 7 4&'shows the responses of the non—linear evaporator






§multivariable proceéses.puln Fiqure 7 p4;(dev1ational)»

fconstraintslof‘b 01, 0 001,and o 001 on the upper bound of'gf5

ch, Wls and Wzs regbectrdely were specified (compare versusfvf

:Figure 7 42) Eigdre:7;45 Shows the effect ofiuSing

Econstraints on the input varlables: The steam yas

fconstrained to an upper bound ofno 5'and a lower boundrof‘
ff-l 0 (zero steam flowrate).t :
'Ceffect level feedback loopi’
ﬁand a lower bound Ofo-o 5 i
'ieffect 1eve1 feedback“loop
;fo 182 and a lower bound of

_flowrates constraints which are more familiar L.

f7.4 other simulated Applications 'I”?flfoﬂﬁiiffgg}“5?

Y . s e e AT ":";

In this seCtion,'MOCCA is applied to sone published N

-examples so*that direct comparison to some of the other:;;:“ﬁj

_falgorithms canfbe performed The results obtainéd usinglkfhjf







ﬂﬁfGraham et al. (1985) applled DMC and Mac (model based

: in,‘r cement k11n model.v The cement k11n model (obtalned

_by fitting experlmental data) was glven as:\
(10049 © 0.024 -o 111‘ R ¢ £ ) D
T T 708 % b zosf._,l- 705+
| |=0.037" q.-ofza .0.089 |
70$+l 708+ 7os._+.‘,1f Jo R
- -=0. 0026 0 -010'," R
L "a05+1 - 405+ 1] S TR e

?where the measured variables BZ BE and OX are the burnlng

oo"

: N pgl
' zone temperature, baé; end temperature and percentage oxygennh

‘]in the ex1t.gas respectlvely. The manlpulated varlables areij
,fKF BF and Fs whlch are the k11n feedrate, fuel flowrate to f{
fthe burner and speed of the 1nduced draft fan.j:The un1t
fstep responses are plotted 1n Flgure,7 48 'Jffélgj{'[}';ﬁ--“
In»all of the slmulatlons, three 51mu1taneous setpolnt

;7changes'were 1ntroduced ABZ--240 ABE--B()and on_—o9s‘-§Vt

{Figure'"

9sshows the responses of MOCCAJWeighted least

f.ﬁffminutes.. InPUt;?






.a_,.

| e_.al.}(1985)







’7L%its'1n1t1al va}ye tq gét the minimpm value'tiatﬁdoes not.

iﬁazﬁrefalt'in;a 51gn1ficant 1oss 1n“performa"e’ f7ﬁJ"ﬁ“'w







into Q_e‘predlctLVe model must be used to malntaln good

feedforward coqtrol wﬁen there are known and dlfterent

___—————

lenear programmlng was used as a study case to show that

;process varlables

0

deiays in the process and dlsturbance.}fj,,fi?__ifffihjﬁ;ftjfstfg

CTR

‘iused to pgov1de addxtaonal on- 11ne tunlng f Input and

) Te

output welghtlngs are Stlll used to penallze or place le.;fﬁgéf;

'mo!l 1mportance of bne’varlable over another.; The 1nput

.ﬁdwelghtlng 1s akso used to prov1de better\hrmerlcal

57stab111ty ln the LP controller.” Output constralnts were

ﬂrshown to be effective fo mlnimlzing lnteractlon 1n d‘jf'fﬁAj'

”methods presented 1n the 1rterature.‘*;

:multlvarlable system. iiﬁ «

fi0verall, MOCCA performed better or equal4to the other " if‘-2“'
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Model Formulabion Por antable (Integrating) Processes By

N | < D:Lfferentiation - T ST

For a stable process, the follow1ng e"atlon,’equatlon

fn(3 7)) can be used to predlct the future trajectory u51ng‘;oaﬂ
bu‘tpmresponse data': -ﬁff,3- N o

- .

(L+L|Ic+t) Za Au(ku-' )+a u(kn—t”-l)

- ooy

fwhere 1*1 2,...,P.; £ If the process were unstable then fo
,yand ass would no: longer be frnlte._ As a result the jx'
}'summatlon term in equatlon (A 1) could no 1onger be

ﬁ;truncated and an "1nf1n1te" ordet model would be requlred

Yalk+ilk+i=] >‘f':~?Z'a-14u(k.+ i=j) LR

“:A model for unstable (lntegratlng) processes can however, :
;fbe formulated by d1fferent1at1nq equatﬁon (A 2) W1th respect-f
.to tlme. The 51mplest approx;@atlon for a flrst derlvatlve G

is the' backward dlfference formula. : Q’ (

;Ly y(z) y(l-l) - (A 3):'{

:nNow dlfferentlatlng equatlon (Aﬂf) on both szde\:using

:"equatlon (A-B) whenever approprlate glves._f e J;_u'

', : o _' 279



\ymckmkw) ym(k+ : }
At :

thow redeflne (aj-aj_l) as & Note that al»-)a sgnce ao =1'Jff
;ho 0 (due to normallzafgon) Equation (A-4) can then be
. el : L . T R
";wrltten as- LA

. L= B N R . L. e U R " L -

y (k+l|k+z) y (k+l—llk+t) Za Au(kw—’;) S T

R o S

o S '"$~ .
.7;At thlSJQOlnt, lt 1s n‘ted that the output response of a

iunstable 1ntegrat1ng process does not

"fto a steady state
itvalue but to a steady state ramp chan:u.,¢'° o

f;a .can. then be truncated to a"after N data p01nts, A e.5

nconstant for 3>N. Therefore equatlon ekcs) m%y be rewrltten

<.

S iy agk +§ |k +i) —y ;,,"(-'ic'__#‘ i- 1__.'|-'k= :»?. ii) -.';-_'-’5[

U e [ B S coelon L
4 . . - .
R . Lok Come e

Zd AU(k+l—/)+5" Z AU(IC-*(-f) LT

o . C o ; .. '.] : pe Nl

'Slnce the output at any tlme 1nterva1 ktf,‘ by assumptxon, a

7?functlon only of changes 1n 1nput‘nyer the p:ft N intervals '
ijand<of the 1nput (N+1) 1ntervals ago, equation (A 6) may be f{

:anewrltten by truncating AMtat N and v at N+1.3.r;4



L

y (k+l-lllc+t) S . (A 7)

Z Z]u(k+t— i) *'a'ssfli(k't.i"" = 1) J
1 - L EATEARR . R

e e el m'fﬁﬁ- ,,-u.-;- ST e e, q,¢.r ”§~w

N Whlch is 51m11ar to equat1on (3-%% except that the left hand

szde represents the change 1n the output.~ The MOCCA
mbalgorlthm for 1ntegrat1ng processes can then be implemented

f‘as follows.. ‘h

B

'1. a 1s the dlfference step response data (1mpulse response

data) ,,;jzliv/ e *_.?§f o 71§;p,; 7;}; “ ;g;f;“' |
the output trajectory\ls now expreSsed in termg—of

N changes in: output Aym()

:‘3 setp01nt changes must,be 1mplemented as changes in

EUEE o

de51red trajectory, Ayd ). _‘;fﬁm

the re51duals in the feedback paths must also be

\ expressed as 1ncrements e

S the control sxgnal 1s Stlll in terms of changes 1n 1nput

’,

however the controller galns areAEEI//lELed based onithe |

:‘ea?‘

1' o~ .0 ’

step response obtalned 1n step one.‘

Thls formulatlon of MOCCA can be applled dlrectly to

: 1ntegrat1ng pgocesses but may suffer from 1ncreased

sen51t1v1ty to measurement noise due to the d1fferent1atlon.v

. S

:;The alternatlve 1s to stablllze the process before applylng

4the standard MOCCA formulatlon. ' i"“ﬂ-tf.i o
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Eyu}rgg 11 Appendix

T R Reduced Order state Space Model
R S S : AT T

-~

B Flgure B. l Schematlc DPagram of Process \«hth I_oad#,,

. g ST

fwhere w(k) lS process n01se, v(k) ls measurement nOLS

f}the process 1n' t/output relatlonsnig,_Gp, 1s deflned'byﬁthe.
‘nknown step respoigz data (al, a2,7...,raN. ass) or the {;f:ff
4equ1va1ent 1mpulqe response data (hl, hz, ,5 hN, hss}
A where hl ‘ al and hl = al-al-l.g slmilarly, let the i

srelatlonshlp between the external dlsturbance d(k—l) and

:;the output be deflned by the known step response data (bl,;‘f
1.b2,<...; va bss} or the equlvalent 1mp se response data mfi

e(91,,92;,--‘: QNr gss)

PRSAN

B N L - S UL LR :




: assumptlon of stperp051tlon and llnear scallng) 1t 1s

p0551b1e to develop the follow1ng equatlons that estlmate

s of thelprocess output The notatlon ym(klk)

r;vf, .A R

: means the egtlmated value of the model output at tlme’k\ls

calculated u51ng 1nput values up[>2 and 1nclud1ng tlme k-l.‘;:
Now assume that at@tlme k an‘estlmate of the future e

B output trajectory {ym(k+1|k~1), fzb 1,..,,P} 1s known.t Also

- assume that at t1me k, the 1nput varlables Au(k?ka.

D

Ad(k-l)are known._ Then by deflnltlon,‘the predlct§;n of

the output trajectory at t1me k 1s
v':~- SR '¢’ O 3 1”55;43 DERNENE
(klk)= (k+11k—r)+a Au )+b Ad( —1) ST
y(k+ 1 {Ic)-y(k+2lk—l)+a Au(k—l)+b Ad(k 1) ST

i & IR . Lo o . S L T ese e T . i e M
L e e e

y y(k+P|A)=y(k+R»1 M—l)+ap.,4

a.

Us1ng the past contrlbutlons of equatlon (3 9), the ,””'”

follcw1ng may be wrltten for ym(k+P+1|k-1) and ym(k+Pl¥;hp;

ym(k+1>+ 1 |k- 1) "ap.zdll(k 2)+ap.3du(k 3)+ ',

- ; . )

ea, Au(lc N+P)+a,,u(k N+P.—‘l)
f.f+b,. 2Ad(k 2)+b,,3Ad(k 3)+



(3“3) '

Subtractlng equatlon (B\—B) from (B 2), and collectlng all

the s:.mllar terms yl.eflds- Lt e -
,,,(k+1>+1|k—1)=-

+ am a,.,)Au(k 2)

+

*a~ GNI)AU(k N+P-’—."" T

( | e
(ap a-ay. 2)Auck 3>+ ~* S L
(

a

Ndu(k N+P-l)+a,,Au(k N+P—I)

Y 'fi‘f("b; 4 bp..[)Ad(k 2)

{ora- bra)ak=0) e

(bN_bN l)dd(k N*P)

-b Ad(k' N+P.-l)+b,,Ad(k N+P-—l)



,ié(k+P+1|k—1) ym(k+P|k—l)+h,QAu(k 2)

o +hP.3Au\(k 3)+

+h mak N+P)

fff':t+h“4u(k N+P-l)+gp.2dd(k 2)

’;f+g,44d(k 3+

+g"mﬂk N+PFU

+g~Ad(k N+P)

,;Now substltutlng Eqn (R75) for ym(k;P+1|k-1) 1n the iast

L@
-Tequatlon of equatlon}(B-l) and rewr1t

'evector/ matrlx form

B ym<k¢k>
y (k+1|k>

R

onte::d{k)5ls

that affects Ym(

. response data’ (bl, bz,

measured lngut (dlsturbance)

9 fﬁOETT:{

lTga

ﬁgﬁﬁtﬁ;f

bN? bss)

_7

ar mqk N+P-U

Au(k N+P)

- Au(k 2)
Au(k-l)

f§n:the manner defined by the step

Ym <A;5-1) [ R
y (k+l!k—l).“i“

S ¥

R . .
o

‘ {Ad(ka%R)twﬁf:o

any measured or known process 1nput 51gna1

Typlcally g( ) 1s a

If d is non-zero then the
P : RN AT RS

1§g equation (B 1) J.n |

1 e

:§?<£4k1kiiijv;,te;a~

b sadED ] .'



;quuatlon (B-6) 1§'egu1va1ent to-equatlon (3 40)fif P=N since
ln,ﬂo and a,.-oa" and the matrlx becomes a column vector

' (also applles to the last term) _efffwfevf_if“;ﬁﬁf tfj§_ g8



o 12 APPendi-x

B c1093d Loop observer Derivation |

,‘- S J‘v:,‘-,

Conslder a. System represented by equatlons (3-40) and »lf

4 (3 41)

xck> ¢xck-l)+ecw<k-l> L SR <c 17

R N

Y(k) chk) "f <°"-> |

We would 11ke to desxgn a state observer to estlmate thebr"

.

:fstates X(k) In equat1ons (C-1) and (C 2) the matrlces o e .'

e

_hand vector H are known, the SLgnal yxn-y,UIk)can be
lsmeasured and the AU(k~l)sequence 1s known 51nce we generate
fit A transfer functlon approach ln des;gnlng the observer.
"f(Phllllps and Nagle Jr., 1984) w111 be used. Taklng)the 2 |
;transform of equatlon (C-l) ylelds*ff{}'?ff'd' ' ,
i ., zX(Z) ¢X(z)+eAU(z)
ﬁand solv1ng for X(Z) . 'f;}f:,hfjfl5 S
.1g‘g L e ERRR '[:3g;?~;&\: u__';j'fjtgt‘ . o
X(z) [;z"/ qb] eAU(z) (C-3)
?Slnoe the observer has two 1nputs,jY(k)“and AU(k) we can

fwrlte the observer equatlon a5° H*”»--*

X(L) Ff(k—l)+KY(k)+HvAU(k—l) - (C 4) ‘
&.» R ""'"';; L
where F K and H' are the parameters to be de51gned

8 : SR

Solv1ng equatlon (C—4) forQJCz)91VES'ﬁ:7-

zX(z) FX(Z)*KZY(Z)*‘H AU(Z) * 5 ;




Q=X(z)be the same as AU(z)to X(z) Therefore, comparlng

T

f'equatlons (C-3) and (c 8)

(z[ qb) e=f’(z1 F) ][KHz(z] qb) 9+H] ,

ifiEquitlon (C 9) can be rewrltten as~75;“

u

Cai-F) [zl (F*KHZ)](zI "¢)”e (zl F)"H e
.(z’ "’)"'9 [zf (F+KHZ)]"H S MR A N \

f[T erefore chooszu'ﬂf{ eand - - F- KHz we could rewrite the

;foiserver (equatlon3(C-4)) as*

X(k) (qb KHz)X(k-l)*KY(k)*-eAU(k 1)



| ﬁwhlch satlsfles the transfer functlon matrlx de51gn

t,crlterlon. Note that here only K the observer galn 1s

7eunspec1f1ed (the g&ln ln thls partlcular case 1s a column PR

'” vector)

Now, con51der the errors 1n the state estimatlon PR
‘;-process. Deflnlng the error vector e(k) as.ﬁ;tffj7%5}tf'

e(k) X(Ic) th) '1_’.' (c-1z);5:"’f"£

ffThen from equatlons (C 1), (C-2) and (C-ll), equatlon (c 12):”

.Jcan be rewrxtten, after some alqebralc manlpulatlon’ as‘_ﬁﬂvv
Q(k)"‘”(’“” KHzx(k-l) (¢ KHZ)X(k—l) (c 13)?1[

S

'-(¢ KHz)(X(k—l) X(k-l))

v.-(qb KHz)e(lc-—l) Wy
: ; g B '@;f SR :-'_'f, . o N i S
s:Equatlon (C-13) can be rewgltten as._ﬁf:fifﬁ‘:lQ;r.Fj‘f,ijf7Lfi

[zl (¢ KHz)]e(k) o o Y (c-14)

;;or_ln.a»moregfamlllar form JT o
[zl [f;KH)] | ¢]e(k—) .ook i (c—15)
| Hence the error-dynamlc has a characterlstlc eqtatlon glten'”‘:
ftby the followxng determlnant.}»_rn,k': DI S
e |.zI [I—.KH] ¢|-o 0"' ' (c 16)

= L S . T SR EU AT

Con51der now the observer state equatlon (equatlon S
.(C 11) All the matrlces 1n the equatlon are determlned by
"_the plant equations except K. However the observer‘de51gn

ifcriterlon is satisfled independent of the ch01ce of K.,-



s e PRI
,.use of a reduced order state space model woﬁld reduce the ;;_g}

jfcomplexlty of the closed loop observer.. Thus a}mobserver s
;5can be de51gned once ‘an- appropriate characteristic equation'lf”
1}for the error dynamlc 1s specifled hy the oser._;;;}t- B
o SOurces of error 1n state estimatlon are 1) model “
ofprocess mis;atch 2) ch01ce of 1nitia1 condltions and 3)5
?iplant and measurement n01se.o The f;rst source of error ca
fgonly‘Le ellmlnated by choxce of a better_model._ Thelsecond

?fincré‘ses.'

forom g01ng t_‘




X(k) ¢,?(k-1)+eAU(k~1)+7<,[sy( )__‘ Hzg(k_l)} (c-17)
"'7?'”('“'1>*94U(k-1)+1<[>f(k) HX(k)] R

'V-or 1n terms of MOCCA's varlables, the process output, yp(k)

#/and 1t's correspondlng estlmate, ym(klk)

a'_\

X(“ "bk("")*@“"("“)*“[y (k) Yo (klk)] ‘-’.'-’f(c'-.ls.)-;f

X 'Z-g).v,' .t
v}~The block dlagram of equatlon (C—18) 1s shown,ln Flgure C 1

) AU(k-l) [ X(k) T L ek

5ffszﬁ'fiﬁ'

N

OBSERVER

-'F.,igfq ‘r.e_;'c-. -1?{':‘ jA‘ 'l‘terri,a_vtiv_e -v:iew;f.o.flf .t'h'e- O’bs_er}\;f;._efr-.
ftFrom Flgure C 1, 1f the output of the observer and of the
'7.p1ant are approx1mate1y equal (1 e.vthe model 1s good),
f_there is" llttle effect from the-feedback through K

i-Therefore X(k)ls determlned prlncipally by Au(k) However 1f

'“LX(L)dlffers signlficantly from X(k), then the effect of K f;_ﬁ



%ﬁls mq;h more 1mportant and the measurement y(k) 1s more

‘éilmportant thaanu(k)ln determlnlng xxk) Thus Wf[can view
;fthe ch01ce of K as related to the relatlve 1mbortance that
ifwe attach to the effects of Au(k)and to the effects of the

ffmeasured OUtPUt On X(k) In summary, the ch01ce of K can be
?€v1ewed as a feedback correctlon to the—sta_efestlmate‘7ﬁ5nh

-

5?(F1gure c 1) to account for modellng errors and dlstur-

”fbances. If the«errors are 51gn1f1cant K shOUId be

iirelatlvely large.3 However, 1f the measurement, y(k) is not

jﬂrellable then K should be relatlvelyismtll The'value of K

}1can be checked v1a 51mu1at10n of the system in Flgure C 1,,f;

ffThe use of an observer accompllshes the model based

f;predlctlon functlon of.MOCCA.-



13 Appendlx D ,
Alternate Feedback Path Analysxs

Rlchalet et. al. (1978) 1n thelr MPHC algorlthm use a _
}dlfferent feedback path than MOCCA.: They set yd(k) equal to-f;>
._the current measured output yp(k) at every control 1nterval
;:and generate a new setp01nt trajectory uslng a: flrst order
fifllter so that yd(k+1) moves exponentlaity from yp(k) to the b3y
3fnew setpolnt. An ana1y51s of thls feedback path w1ll be '

,performed here. For a. 51ng1e lnput 51ngle output systém

f;the feedback path may be wrltten as-nifff“;f“

f yﬂ(hz) Byd(kﬂ-l) oi.0- Bay,,,(k) e ey

et y(e)

g?Equatlon (D 1) may be rewrltten for i= l 2,...

L yd(k+l)-/;’yd(k) (1 o B)y,p(k) | ':.f_"'(D"?_):.;_-'_"_Vj"'
e !‘-By(k) a0 BV IR

ey

w2 yd<k+2) Byd<k+1> (1 .0- B)y.p(k) | e 3)

;.Substltutln% equatlon (D—2) 1nto equatlon (D 3) ylelds'fu5 -

Yalk+2)= s y(k) B, ow o- B)y.,,(k) BT

A181m11ar1y for 1-3 f'i S ”n-_”

yd(k+3) p y(k) ( ﬁ*l 0)(1 O B)}’,p(k)  ‘ (D-S) s

4nor for 1-1 2,...77”



o a

yd(kn) By(k) [ZB,]U .0- B)y,p(k)

Now consa.der the case where there 1s no feedback of the e
' measured output to the setpo;,nt fJ.lte-

,‘ .

&

""ljiil_y,(lc) y‘(k*l lk-l) 1 e, the trajectory _;_tarts ‘at where 1t

__fexpects ( 1,4e perfect control) the process to be as opposed
to where the process 1s The notatlon 2 1s to dlstmgulsh

-’;:: between the two cases As in the above, successwe

B3 .

substltutlon y1elds for i=1, 2, v \ g / :-j -
yd(k+l) /3 Ya(k'*l lk‘z:) |:ZB ](1 0 B))’;,,(k) R T

. T_he block Qdi‘agrarﬁ'-for eduation"(bfs)'_ _-isz's'»howh»“iu"-ll-"‘i-gure Dl‘ i

) (D—-?) s

T




Flgure D 2 1s the block dlagram of equatlon (D-7) ;The,i ;"
':block w1th the questlon mark (’) 1nd1cates a proposed block (,;

that w1ll make Flgure D 1 equlvalent to Flgure D 2

: 'd . . . P - g .
T S B T e ey

<yr(k+1>> v b — |

<xmk+o}

’53?%$(k)ff'fgﬁv;',{ixk;mi;-

F ig_u 'r»e' »—D 28 P': 0 p_gs'_ed"'_E'q 'uﬁival ent of'; Fig'u re QD 1
”;_. F SR ,",_, ,;-r\ ’ ; ' N
'For the two block dlagrams to be equlvalent\vtﬁe outpu&i in v

R

~_F1gures D 1/and D 2 must be equal, i. e.IA"
. - R J) . .

(0*8)

i '('y--f'(k‘i#i)} (yd(k”)} {yd("'“)}

}

‘";Substltui/ﬁg equatlons (D 6) and (D 7) 1nto equatlon (D 8v;1

¢ <k+z» {ydck+zn {yd<k+i» (02 9)

Lo ey 7
. r BB }I(k) (1 O B)[;B'Jy,p(k) .

9'—Wyuhlm—n(103{Zﬂ}sku

- Byt T ke 1ik- D]



~

Janlgure D 3 shows the block dlagram correspondlng to equak1on
;_(D 9) S S o _ R L _

A -

- ; ' ‘ -

b K+i)) ) (Yd(l\+l)}

‘ff%%k)Y(k+0 ﬁ k+rl)+0-ﬁlkmk)
_Ti:;Y(k)- Y(k+l'h—1)

e -;’;F’ig’_'_u‘re' D 3_:'-‘Alteﬁr"1-ati'vei$/ i_le'.wj éf -'-;:Eigiu'rjé _D._-..,"_li‘ Ll
[vﬁHence, the "fllter"ils B‘t-l P actlng on the dlfference ffi_{.f

'f*between the actual (current) and prev1ous des1red output.v'~ff“

<

: eAn alternate way of drawxng Flgure D. 3 can be obtalned by

'fﬁrewrltlng/?yr(k+1)} Deflnlng y(k) y(k) y4k~l|k—1)(1 e. ffff,f

f*the error betWeen whére the process 1s, and whe@e the

»?tprocess should be), then equatlon (D‘Q) c?n be rewrltten as

o yhck )= By, (k) ~'7*f 1"“*ff7%’,!v”.frviiL5f- (D 1°’
,itw:iplng:equat;onm(o=lo);f6f,ié;;z;{i;”‘

e I YU
R —— .

e =By ) s ()

I

. .
3

’



Succe551ve substltutlon yxéﬁas the follow1ng equatlon for'fi.fg

.vo.

EZ ckﬂ) By Uc t-1> Lo D)
”*rg:y (k) y(k) ya(k+llk-1) | e
Flgure D 4 shows an alternatlve v1ew of Flgure D 3 _tf;;f:5>gg

. N o

R )G(;K‘f‘;"l‘_‘ﬁf.l‘), S + ‘ ,_ _. s

EQN D- 13

S . A -ﬁ jf¥ f?<n(k+0>
0 0 et 1] S50 W
""*»;,y<k>— %(k+1lk 1) ::*~; ?‘f»j: a~;-;.r~ 9’;1‘-

B ,~r;tg};_v;l[;;jg;;;f';;;13\55f;Q§f}"
S, s e T B T
'_F'ivg‘}}i-rj‘e_ :',D;,:._é}_':’j‘, A;l' ter ,n-a_.ti- VeVleW v‘lo.ff' "_F‘-'ig.g_r;e; f_p‘;esj ! s

,,-.

'Equatlonx(D-IB) represents a flrst order filter W1th zero

%de51red flnal output Hence Rlchalet's et al MPHC :”"‘

ffeedback path W1th fllter 15 equxvalent to ah‘%xponentlal

'dAscountlng fllter actlng on the re51dua1 ?fffifffip;ﬂiag

N =
A feedback path 51m11ar to that of MPHC can be
iconstructed 1Q>the MOCCA block dlagram (compare Flgure D 5

versus Flgure 2 1), by replac1ng the fllter and dlsturbance

Feat® B



;:Pft_lctor blocks by a dlscountlng fllter block act1ng on the%ff

f res1dua1 yr(k) —vyp(k)'--Ym(k) The re51dua1 term includes{f}

k)|coNTROL ,_,.) ' g
w_'ALGOMTHM g PROCESS,

. VlSORY N

L
Ym(k)

25 Gesiym By, (i1 o

'Figure D.5:.MOCCA With Expenentially Discounti ngpm er bR s



Appendix

Pegﬁforward COntrol stnq Model Predictive Control ..

l In order to fa0111tate the 1mplementatlon of con- 1“7
_7Stra1nts, the feedforward and predlctlve controller

3,calcu1atxons are comblned 1nto one calculatlon (lre e’“ﬁff*”

Flgure E 1 shows a

{fconstralned optlmlzatlon problem)ff

) y—,— : '}

,[schematlc of the slmpllfled MOCCA system where Gp and GL |
ffrepreient the process and 1oad respectlvely, GpM and GLM fff,;)

:krepresent qbe model (step response) of the process and load

-rrespect1ve1y fia GC 1s*t‘e predlctlve controller transfer

*functlon. Y.

| Y | 3

* Figure E.1: Schematic Diagram of MOCCA With Feedfoward -

}ane transfer functlon relatrenships between y and d can be
'”wrltten as follows‘d{‘m,,vf:?&;' . R L
. 299 T




Au(k) c E(k) c [¥—(k) yy,(k) Y(kﬁ

n{k) CluQ(k)

o S Bl L 3 _ ag
:jIn equatlon (E—2) only V,,ls a. functlon of d Dropplng the g

—_——

‘f;oﬁher two terms for conven1ence, equatlon (E 1) ‘can’ be

_1_rewr1tten as'“'»j; ' -,>n3“~-\

/(k) (¢ .;—_:pccc';p)dm (E 4)

':f81nce the MOCCA predlctlve controller appr021mates a model

.;1nverse controller ln the 1deal case, that ls cc.c"gfﬁ

f*equatlon (E-4) reduces down to'53

| y(fc) (G Gw)d(k) R L <E 5>
,,Now assumlng perfect modellng, the desired effect of the

feedforward controller, i. e.‘y—o 0 15 achieved he.v'-

“'presence of model prccess mlsmatch will deterlorate the

1fperformance of the feedforward control but will not affect

fffthe 1mp1ementatlon. Mlsmatch between the process and
efprocess model as. well as mismatch between load and load

ﬁemodelbw1ll appear 1n the feedback residual ?(k)

Inyfhe absence of measurable dlsturbances, ap

f?"lnferential feedforward" controller‘can still be implement

ifed in mocca.,

The effect of the disturbance on the’current '_M




jiﬁwhlch 1s equlvalent to the feedforward contrlbutlon when the*g;
31dlsturbance 1s measurable.- In th1s case, the dlsturbance '

';;predlctor 1s essentlally a model of the load disturbance h“f;f

‘?w1th the re51dual belng the dlsturbahce term.'{;f5 fI?k"‘
. :.. ‘f')“ - 5 . B L



' predlcted value 1s forced to match the de51red output of the
‘J_

'»system after one sampllng perlod_ W1th P-M—'ﬁ-equatlons

Loy

-

nclude the effect of dlsturbances and model mlsmatch

gTo i
E corrected predlctlon based on the assumptiqn that the fouiff7

ré51dua1 at tlme k+1 is equal to the re51dual at tlme k can T

y"‘ i ‘) 2 <k+llk) [y.,(??),"";,.._y}%'(;k';:.??);]"j, B

Y (Icllc) Za,du(k 1)+a,,u(k .N-vl‘)

‘susstituting equations (=2) and. cr-4)fx“iﬂ;jf;pq~=

'ﬁcollectlng terms ylelds'“




( az)Au(k 2)+ +(a,,--'a~)Au(k N)

ﬁcan be rewrltten asra‘“

Definlng hﬁ(mfa,d equatlon (F—

gty 3 h; Au(k 41 ) S R O

o "J'

-’-.'-S°1"1“9 eq“atmn (F‘l) by settlng }’4(k*llk) )/..(k*llk) as the
;ide51red output and replac1ng the term yAk~Hk)by the i

:]corrected predlctlon (equatlon (F 6)) Ylelds’df}

Au(k)'—‘{Ya(k+l) Y(V) E:h Au(k f*l)] TR S
?quuatlon (F 7) 1s the one step ahead predlctlve control whenile
iethere 1s no delay , For the case where L¢(>where l is. the s

-jtlme delay of the process, equatlon (F 6) can be rewrltten fﬁe'

lnas (u51ng equatlons (3-82) and (3 83))

L SR lf'. SIS FICT T SR t??:F;é j;
(k+1) y(k)+Za Au(k /+l) Za AU(k J A) “‘('--" )

- e

,“where aN.-au Thefponﬁrol‘iaw;'equafipn (F¥7),,ﬁnen«;i5_f}f¥bf

o Aulk) = Ly gk 1A=y (K) - izza JAu(k=je1y o

R

Lo : o

) oadutk=j-N)

Ty



T L T (FlO)
yd(k+1+x) y(k} Za Au(k ,+1)+Z_q Au(k / A)

iiThe setp01nt fllter for SISO system w1th P—M—l and delay 1s

yd<k+1+k> Byd@b+x) (1 0- B)yw(k)  ;;;f' (F—ll)
E;Taklng the z-transform of equatl ns (F-lO) and (F-ll) and

*fCOmb;nlng them to glves the follo_ing closed 1oop gyansfer

!>functlon (after some manlpulatlo')  5w3f7}E{ﬂ?g}4k~‘w'-""" 

) L aspy ( -z 'cu(z)) S r1a)
.p(z) (f*yﬁi"). ,;e‘ IR D R AR

ivalgebralc manlpulatlon, the closed 1oop transfer”'unction s

f”can Le wrltten as._jff”7V

.....



."In the case where P M#l (1 e. multl-step predlctlve

y(z) (143) o

e

e

gfcontrol),_the control law deflned by equatlons (F 7) and

f:at tlme k f Thls is due to the lower trlangular form of the

;ffF 9) 1s Stlll true prov1ded that only Au(k)ls 1mplemented

f‘dynamlc matrlx Az when P=M 'Slnce the lnverse of a lower -

e-trlangular matrlx 1s Stlll a lOWer trlangular matrlx

;‘(Bronson,.1970) That 1s Au(k)ls calculated from the f1rst

ffrow of the invented matrix (whlch has a non zero 1n the

1ff1rst column and zeroes in the rest) multlplled by the error

B i

A 51m11ar analy51s can be performed on the closed loop

;'ver51on Qf MPHC (Mehra et al., 1981) u51ng a MPHC setpolnt
;ifllter (w1th feedback, cf. equatlon (3-74)) The;resultxng.,;;

,closed loop transfer functlon is glven by




e Y(z) “'B)Z TR DI SRR R
= y,p(z) (1-pz-a 1) :l-:f_;‘: E e e

"'fWhen B o o the closed loop transfer functlon 1s the same as -

.E,f'-J.n MOCCA For'BVO 0 perfect model follow:.ng of the MPHC .f,“ff o

s ,_-.,fllter 1s achleved



16 ‘Appendix G

o 'c',di:‘dit‘i&i;'i-ngf 'o_f‘- bﬁ.@ic;mag S
The follow1ng dlscu5510n on 111-cond1tlon1ng of matrlces;ﬁ”}
}were taken from Applled Numerlcal Analys1s by Gerald and
-Wheatley, 1984 (pages 114 124) and Pract1ca1 Optlmlzatlon by;7-
;G111 et al., 1981 (pages 27 30) ' We w111 start by rev1ew1ng -
vsome of " the mathemat;cs 1nvolved 1n the dxscu551on of ‘ |
.1ll-cond1t10n1ng and the pract1ca1 1mp11catlons of 111-con-“.sh
;dltlonlng Ln the solutlon of system of llnear equatlons

fParallél conc1u51ons w1th respect to Mﬁ§CA can then be drawn o

~from these dlscussxons.v”jf '

A measure of the magnltude of a vector or matrlx can be

obtalned by u51ng the norm There are’ three ba51c

1def1n1tlon of norms for vectors'~‘ t'{f_-;»‘-Lﬁm“fhf o
I X

I‘m”»v" N

xwhere p-l is the sum‘of magnlzhdes f;";_'._~'ffre/;1’7't»?¢«:;ff
- p—z 1s the Euclldean norm _ S | |
‘31 p-°° 1s the max1mum magnltode norm

{Equlvalent deflnltlons of norms can be deflned for matracesub
%The norm-z of a matrlx (also known as the spectral norm) 1s w;i
]related to the ergenvalues of the matrlx and protldes'the h
d"tlghtest" measure of the magnitude of 9&matr1;\ It 1s also
‘hthe most dlfflcult to calculate.t The spectral norm of a‘,?H:f



matrlx, A 1s glven by the square root of the largest ;f7;5°“:”

- elgenvalues ef ATA.; The Frobenlus norm prov1des a easier
way of calculatlng th?Tmagnltude of a matrzx.= The norm 1s
glven by | e o :

l'l]'l

; The condltlon of a matrlx can be deflned u51ng the condltlon

4‘number (u51ng perturbatlon theory)

cond (A)—HAHHA e . S (G

If the cond(A) ls iarge, the 5 he exact solutlon may change

substant1allyaby eveﬁ a smalllChange 1n the data. The
» b ‘
matrlx A 1s sald to be 111-cond1tloned 1f cond(A) is large :

f and well condltloned 1f cond(A) 1s Smaﬂl The above

g

_ statements are made w1th respect to the solutlon of a linear;-

Cou

systeﬁ Ax—b B The follow1ng observatlons were made by Geraldﬁf

: v
: and Wheatley, 1984 regarding the solution of a llnear

system. 5
The accuracy of aksolutlon can be dependent on the

lalgorlthm used to 1nvert the matrlx. For example,

.‘:‘_.

f’Gaus51an elxmlnation w1th plvotlng glves better accuracy i

y"fthan w1thout plvotlng.,

‘f2§TSomet1mes the problem itself may be very sen31tive to theQQ

afeffects of small errors., This 1s usually indicated by

‘"ﬁlismall diagonal values of the triangularized system. Thisjg



. ) e E . Y

:g;lndlcates that the determlnant of the or1g1na1

'. . - . .

fcoefflClent matrlx tends to be small and 51nce a 51ngu1ar7“

matrlx occurs when the determlnant ls zero,‘we can say

S ;ﬁthat the small deterﬂlnant 1nd1cates "near 51ngu1ar1ty“

f'In actual appllcatlon, the coeff1c1ent matrlx of A may beﬂt

v_eobtalned experlmentally, hence t“

';_as prec1se as the measurements.:

‘An ana1y51s can°be"k,_

_coeff1c1ents are only -

'performed in thls case The problemals a: llnear system,_,

- U

"iwsuch that the follow1ng vs solved 1nstead of the true ‘fi’

e e

h-jij*b.-‘:
(‘A“',E),;f b ' .. ',‘.:'.

- where X represent the solutlon of

v'ft;Ax—b : Assume that the error in the measurement E

.\,'_ N
g [

B ",
.

the perturbed system

"and A represents the true coeff1c1ents., Let A-,q E then

"_we want to know how large x-x 1s.,

._;t_hen” L

> B e -

= 1e AN A A)]x_——.«"»
_ -r+A$g{ A)A

15351nce 2-4-5 then

'x—EiA”EE»'ef.fﬂf

R

O lx=FRHSHAT I E NN =A™ HIATIE |

S

"x= A b A (,Zx) A (A+7{\ A)x'v>

Slnce Av-band Zx b e

O

g s

EIT

A

y.”,; '.:7.(c+%fj

“Ajrﬂf(655§ -:

jxé;gff;



|| <11 d( ) ”E I I Al 4 e

"fThe error of the solutlon relaﬁaue to the norm of the .l
'rf'tompu&ed solutlon can.be as large as the relative error'f*f
”fgrln the coefflclents of A multlplled by the condltion |
:ﬂlnumber.f Therefore 1f the coefflclents of A are known toA
_h»fonly four dlglt prec151on and the conditlon number 1s f?i;{
"';1000 then the computed vector x may have only one d1g1t o

- accuracy.- In fact 1f ”.jﬂfﬁ"r:mj*}bf'

—= lx- XIllslo R I L

~

then 3 1s probably correct to only p-d

taﬁow we can draw parziifl conclu51ons for MOCcA from‘the 5;‘3
ffabove observatlons. -Qf;:i~"; S _"_H;h_m _xh _: : |
If the dynamlc matrlx 1s ill-condltloned (i e the “

':fx;condltlon number is’ large) then the solutlon, 1n thlS fgf?

vcase Au(k)wlll be sen51t1ve to small changes

'4f;1vector L
e ) : @Q‘ SR : RN LG
}‘27»Slnce the coefflcxents of ‘the dynamic matrlx need to be

, .

g measured 1n most cases, then the argument 1n observation {

D

-sz3 holdsih Therefore n01sy and 1ncorrect measurements w111

ffllkely cause trouble due to the ill-conditioned dynamic

matrix. a ?ﬂif““9"g'[:1 f_?3’f3ﬁifffﬁ"fﬂ'g'JTT“fan_*



'f13 Observatlon 2 19 also relevant to MOCCA where the
:_‘-_.vif '

’%glnverse w1ll contaln small values, 1f'not zero

as T

';151nce the pseudo ”Versehls taken,_Az can have row of

”“zeros and still be 1nvert1b1e and naturally the 1nverse

{w111 have zeros._u,"‘"

'fIll condltlonlng can be av01ded by proper treatment of the

f«data by scallng or normallzatlon.l Future work could 1nclude‘

?,the use of scallng matrlces that mlnlmlzes the condltlon

f'number (Srlpada and Flsher 1987) to s_

ve the welghted

'lleast square problem in’ MOCCA.V It has also been suggested

,;that the calculation of the pseudo 1nverse (cfb equatlon Jh‘ﬁ

5;(4 15)) u51ng normal algorlthms (e g Gau551an ellmlnatlon)

ffcan caused stabillty problems w1th regard to propagatlon Of

7ﬁdata errors and uncertainty To avold thlS problem,r~,'1_

f;algorlthms for findlng the pseudo 1nverse u51ng orthogonal

‘_.

'_or ellmlnation matrlces (e g. QR factorlzatlon or 51ngular

zﬁvalue decdmp051tlon) should be used 51nce lt leaves the ';¢"r

;Euclldean length of the vector 1nvar1ant (e g the Euclldean:

N

iilength used 1n least square problem 1s preserved by jq»g’s‘].

‘(orthogonal matrlces Lawson & Hanson,‘1974 G111 et al.,

f 1981)



d7 Appendix H

SISO Welgﬁtedwheast Sqnare Example Translation and "”‘Ti

szmulation Sessxon 5f\5.

The follow1ng se551on log prov1des a 51mp1e welghted

331east square controller des&gn u51ng the MQCCA transla-z§w->”'
1ttor/51mu1ator software package.; Sxmulatlon of the resultlnq?
*fcontroller was performed usxng the 51mu1ator optlon., The

:fpurpose of 1nc1ud1ng thls example 1s to show that the

131mp1ementatlon of MOCCA is stralghtforward and 1s deflned'ff
;'strlctly 1n terms of "control termlnology" e g. the user
ﬂfdoes not need to know how to formulate th e;ghted least

;square, 11near programmlng orygyadratlc programmlng
.”problems. f:‘ *q;;;:wu 'Qufﬂf
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Steady state Operatxng Data For The Evaporator Model

The follow1ng steady gtate operating data

effect evaporator'were taken from Wllson s the51s (1974)

':-

v

for the double i

 Fartante

Description’ .~ 't T ool

"'f]Steady state

. teem femperatare

?f}f177 8 oc

L.

..5uiéFlrst effect tube wall temperature

}108*3 OCf“

wffFlrst effect holdup

.ﬁi;ff

k0. 64 kg

”'{glFlrst effect concentratlon

.\~-,

'“3i;4 59% glycol

*';Flrst effect enthalpy

°’7ff44o 1 kj/kg

52 8 0c

'fiiSecond—effect holdup

7*HfSecond effeft tube wall temperature

'18~82*kgwucq]'

' Rthecond effect concéntratlon

10 ll% glycol

Iqi”second effect enthalPY

'311 9 kj/kg}]?f’

hezoc |

'"ffflCohdenser tube wall temperature

lft'steam flow rate

‘:.53;§3~fﬂ1~

iéii'ké/égl,ﬁ'i’

::i;Flrst'effect bbttomxflaéréfé'“'

”“;26 3 kg/s

"VfiSecond effect bottom flowrate

, T

12.0 kg/s,f;[ja.

'tff;fFeed flowrate

;:ﬁf37 8 kg/si§

 econd efrect concentration

2% qiyeol |

s kikg |




