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| Abstract o T S
A mew predictive conizol algorﬂ;hm is de!neloped for ﬂle mmputer control of mul
~tivariable ‘systems. In addition ‘ta ‘the-infegral action inhereat in the algonthm,- o

" ‘j_mnstrmuts on’ ‘the mput Va.na.bies of the system ¢an be spec:ﬁed o -

| -a.‘b]es

Thxs pmject mveﬂtzgates the development and evaIuahon of the algonthm Exten-’. L
- sive MATLAB, s:mulat_ms are uged to- explmn concepts and Verxfy thy mnctlonahty T

multwanable conj:rol syetem, tha.t allow for constraints on. the prooess mput va.n-

: “{5.. S

- o '_--addressed and simulated exa.mplea are 51ven to emp]mm.ze the: prm‘ 'lea., A detaﬂed _'3;: - R
qn,a]lta.twe approa.ch for selectmg tﬁe systam pa.ra.meters ia suggested = o

| “_.'The work done in this project shows that it is Fossible to design a stable, mbm* BRI
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- Chapter]. -: } r .

o Muiu-"tep Predlctlve Control hetter known in the control Ilterature as Genera.hsed ‘
. Prechctwe Control, deals with the idea of using a madel of a plant to predict plant
outputs based on past, present and future control inputs, and past outputs, Before
- predictive control is discussed, a brief overview of computer control should be pre-
- - sented in order tp gam msxght into how tlus teehmolugy mll be 1mp1emented in the -

reai world : _

-1 1 Background to Computer Control

' Fo: an indepth dlscussmn on the background to compnter controL the reader is re— -
 ferred to the book by Asttom and Wittenmark [7). o '

The idea of ‘using -digital cbmputer's 28 c&};nponenﬁii”iﬁ control systems mnerge&

around 1950. Applications in missile and aircraft control were investigated first..
Studies showed that there was no potential for using the general-purpose digital

' compuiers that were available at that time. The computers were too big, they -

consumed too much power, and they were not sufficiently reliable. For this reason
‘special-purpose computers — digital differential analysers (DDA) — were develsped
~ for the early aevospace applications. The major de\elopments in computer control _-
. occurred in the process industries,

1.2 Why dse conipliters ?

Wiﬁ the decrease in cost and increase in reliability of the digital computer over the
-years, there is a greater demand for better contro} systems. -
The added bensfits (to name a few) of computer contzol a,re

. ;

N Computers can. be used to des:gu »adaptwe contmllers which ‘adapt’ to
the system. In other words the system predicts the model of the plant on- -
line, which is used in the control algorithm. This sirategy is exploited in the
"Process Control Industry, which is renowned for its poorly modelied systems. -

+ Systems can be made more flexible, as decisions can be made '_bh—line_..

. The achievements of modern mn&d theory are WeIIanawh._ _Successﬁll; applications -
to aerospace guidance problems are remarkable, However, the implementations of

such technigyes for industrial control problems are not so successful. Industrial pro-

cesges are quite different, they are highly multivariable systems, perturbations affect



_the plant structure more often thans the iﬁéahuia;hle variables. ﬁudelhng of such -

systems ‘is ‘often difficult and often the models a.\'allal%’? are inaccurate, Industrial - -

: proceases alsg have the undeanable chara.ctemtlc of tramsport dala.ys. fe]

Hence, ematmg contml tec‘hmqnes appear’ to be msuﬁclent Mull:;«Step Control will .

hopefully pmve tu be & auparmr control stra.tegy, when applled to certam contral--
':-problems :

'1 3 Intmductmn to Multl-Step Eredlctwe Control

Multi-Ste? Bredietivs Control (MSC) is a computer based s abrol algorithm, which
48 jts name suggesta, isa pred:ctlve eontrol techmque This control techmque, '
far as the contro[ htera.ture is coummed, in often ca]led Model Prad:ctwe Control k

- e

The term pradlctme’ i used beca.use MSC makes nse of & model of the pla.nt to.'- :
" predict future ontputs o;E the process based on assumed futuze control actions, Al

though this might seem \potentially dangerous 1, feedback is mcorpora.ted into the

' structurs of MSC, whl wi]l compensate for model rmsma.tch.

'_ Model Predlchve Conﬁroi. a0
E Model Predmtwe Control § is ba.sed on i’our key concepts‘ R

EAm

s Pred.lctor Modal .

Comms :

A model of/the process which needs to be controlled is meorpora.ted mis a -

- predictivealgorithm, This model is uaed to pred.lci: the uptnnum control action |-

s that mudé be ta.ken at each step

T e Referenc\é ’S&ajectory i ‘ '
 This trajectory;swhich is recczastmcl;ed at each step, describes the uieal dosed .

_ loop response the system must track.In simpler terms, this trajectory de- -
i scribes’ the path the process output must follow, in order to return o she
specified set-point. This path can be constructed in uﬁch a, way tha.t the rise

__tnne and set-pomt are both speuﬁed
e Prediction Horizon . o

This patameter describes the number of steps the predxctive contro]ler must

use in its predmtwe algow;h.‘m

] Constramt

4 It is posaible to specsfy the mnstraints on the input and output va.na.bles of o
the process. This facility is i:he most lmpresmve featurs of Model Predwiwe :

K / Control schemes.
'\\& Cos_t functmn

tra.Ject Ty ard the predlcted close Ioop response Ideally this mismatch shonld - -

~ be ised, so that the predxcted closed lnop Tesponse corresponds as cloae;y
a8 posmbie to the reference tra;ectory _

. .'The.téfmce_ wodel aad dctual prdcéés.fn.édél may be different, leading to posr cﬁnﬁol :

Ty

L

e T—— :
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_ ‘I‘he MSC algonthm aﬁ:empts o ﬁnd the:,opﬂmmm control action that must ba taken
at feach step Thﬂ oﬁ:mum mntrol actxon is esta.bhshed in the fo]lomng way

e Flgure 1(1 slwws how the opt:mum pﬁechctmn ia solVed

Multx-Stép Cnntr;:l moorporatsa fhe abave deﬁned mncepts mta(a computer based _ . .'
- control algcnﬁlm. The exact. details of how the predictiye algorithm works will be

cnvered m lad:er chapters, The mam feature; of this cogtrol Bchema w:ll be out]med

: -'L;-' [

1 Measurethe output afthe pmcess S P ST "'_';: ‘-
2 Set~up referenne tmjectorg T}Jia trajectnry must ’be deﬁned based on the
followmgpaammeters o _
" {a) The pmaent ontpnt o
{b)ThecIosec!looPnset]me S |
: fc) Set-point: of dutput. - h - B e \\ LT
(@) Predictionhorigon. R S
Tlus tra;emurymll ‘staer tha system to: the aet poj‘nt |

3 Ribd the isptsmum control mctmn that must be taken, by mmiimamg the cost

B ﬁmctzon <,'I‘he algozithm which predicts the optlmu.m oontrolcan mcorpomte . . ~ '

tlw constramta on the mput/output pa.rameters
.4, Executethe optrmum conj;rol &ct:lOl‘L _ _ o .
5 Wa.it forbegmmng ofnextclock cyﬁe. .. = ) ,\V .
6 Re—dn dgoﬁthm (le. Gotastep 1) _ | o 3 | \\ |

[f Do

| _The above procedure gwes an overvlew of the Multl—Stap Control algonﬂnn

. ..a_

Sy
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= Present time
= Samphng period
= Reference trajectozy
# Ppedlcted uutput

s " Meapurad aotuation siansl

T PASTTIME | FUTURE TIME.

‘Measured Controd &ignd - |~ Pradlated Cohtroi Signal . .-

o et

 Figue 1.2 Time history of Ml Step Preditive Control.
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| 'T];e arcl,utecture use& to, imp!ement the Multlhgtep Predu.exve Contml Systm ig -
- ghown ia Figure 1.3, For an tndepth discuseior. of different computer conirol archl-__' L
' ‘tectures, thereader shmzlrl refer ta textg auch as Compnter Controlled Systems [2] S T

L o g

Figﬁ:e -1.3: Sch@atic.dihgram of a_«_- gomputer controlled system. -
Where u(t) = Actuaf.mn sxgnal tn plant R

- ¥{t}) = Plant output, * S

© ¥(tx) = Sampled signal y(t), A

' _u(t;,) - Algorithm output sngnal e  —

b —~SamPlingpmnd oA

B k # = Bample number, Hence tk_k*t,
- UAD = Analog to digital converter, .

+D-A = Digital to Analog eonverter:

P
et
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System operatmn- '

B The Proeess to be mtrM is interfa,(:ed 1;(; Y ng;tal compnter wa A-D am d D~ A'_ B

-cOnVerters S
e

o Tbse contmﬂed Va.nable (y(t}) nf the pmc&ss i measm'ed nsmg an electncak tza.ne?- SR

-ducer, The output of the transducer, which is a continuous tlme sxgnal m fed mto' S S

I a.dig:tal mmpnter via a.nalug to dlgita.l cnnverters

a2 v

d:{ tal computer is n;:pntm]led via clnck At the beginmng of each clock eycle - 25

*"the follawmg functlonsmperformed‘ e Ll v

a Réad new wntmﬂed variable oi the process . '
Tlns is done at time . The cOntro]led varmh]e is _v(f.;,)

Y Oncet the new contraﬂed va.na‘h]e is :mported into the computer, itis neceaaa.ry S
ta caleulste 'the actuation signal required for this clock cycle. ‘This-operation -

- o - is performed by the algorithm which is pre-programmed into the computer.

Lty

. system, the algmthm is progra.mmed wu;h the MSC a]gonthm.

N Once the a]goﬂthm has completed it t:omput;stmn, which is at time t;_. + § sec-

' onds, ﬂ]ﬂ new a.ctna.tlon mgnal u{tk-i-b’) is ready tobe output to the actua.tors L

Note The time Iag of § seoon&s require& for computing the ae,w control
. action, 15 usnally negligible (ie, & << T).

" " - Bowever, this time lag must never be’ g:eater thatt f;he sa.mPljn,g perlod. '_

N _If it does m:ceed the sa.mnhng penod then the system wili fall.

T ‘i[‘he new ébntrol vana.ble is output to the digital to amzlog converter ?Ius D- A o
¢onVerte: is used to drive the actuatars of the process. The control variable
(’u(t,,)) is held conatant tntil z;l next cycle, which Tequires a new actuation

" . . . o . .
I

¥

3
o

* ‘This algorithm can be programmed to perform any desited control strategy, I
. for example: PID control with a facility to tune the PID paraieters (in real =
_time) to best suit the process. When implementing the Mulii-Step Contml

g

¢

47
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This cycle is mpeated at the sta.rt of each clock cyt:le, whlch lasts: for a duratmn of o
T seconds. Therefore, it is 1mporta,nt to emsure tha.t all the a.bove operatlons are .

" executed before the clock cycle enda

he_ﬁ_qw chﬁt‘deﬁcr_x_bmg ‘E;];e'cydg is ShOWn iil Figurel. 4, - .

| I.lpdata uomputar data
" {ie Tend new butput eio)
— o Pwdlot thlmum )
i Onnlrol ectiun 1
| “Execite Optimum’
{ Contral aotion |
B R ITTE

ot é'Cﬁnﬁnuous‘ time variable | '_

4, =Sampling period

k= Sampling index -

I‘igu-re 1. 4’ Ol.‘&ﬂme Df ngorﬂ;hm o S

. "-':

The above completely descnhes the architecture used in Mﬂt:-Step Control.

Gonstramts on systam

. The fqllomng cnteﬁa. must bé adhered to in urder to a.chmve & worlung sysﬂetm

. Samplmg permd - - o
Nyquist sampling rate: The sa.mphng i'requency ( f.) must be selected in suck -
. & way that f, > 2fh where fh is the lughest frequancy of the mgna.‘[ bemg

: mea.sured

e Computatinn time of Algorzthm
As already mentioned, the time delay in calculatmg the control action to be
taken must be less th:m the sampling period. Usually this time delay is very
. small, and really depends on the speed of the computer used. In other words y
if the. delay is too long, use a faster computer

The reqmred wmputmg poter is d:ctated by the pmccss dynam:cs* ‘I‘he dynamca
of the process dictate what sampling penod should be used, which in turn dictates
the computing power required. ‘This is an unportant jssne to bear in mmd when
deslgmng a oomputer eontrolled system '



1. 5 Research mm S o |
: 'The purpase of tl.ua resea:ch pmject ig to denve a predmuve control a.lgonthm whlch' .
" can be nsed to control multivariable systems. The algofithm must be as flexible 28 -

posmble, and must a.]low for oonstramts, wlnch i the ma.jor meentwe for using these-' o
control teChmques :

1.8 Research procedure

: An overview of the predictive control algontlun s given in sect;on 1. 3, wh:ch Wl

o lowed by a descnptmn of the a.rchltet:tuxe used to mzplement this control ailgorlthm R |

7

| . -.'I‘he next atep is to denve the a.lgorithm

~ Tnitially only single variable systems are explored, mth the intention of settmg up-
- 3 basis for the principles on which the nnﬂtxmmble predictive algorithm opera.tes .
. This algorithm is then extended to cater ultmmable systema, whlch is the .

' mam theme of tlﬁs praJect ' g

| - The algonthm is evalua.ted usmg mmu]a.tlnns, mplemented as MATLAB programs |
. These pmgra.ms sxmﬂla.te the Multx-Step Controi system uamg a plant model. '

© QOther issues; such a8 the sta.bllity and robuatnessf,a,re also touched on, however th.ls |
Is not the main theme of: the project and is not cansxdered in great detail. .

1.7 Overwew of the pm_lect report
- This pro,lect report Js structumd as fo]lows

. Chapter 2' Multl-Step Coninol (SIS0 systems) . '
The predictive control scheme is first preseated for SISO systems T]lls pre-
sentation gives the reader n deeper understanding of the algorithnt used. The
analysis in thm chapter forms S founda.tmn for the predictive control algonthm :

+ Chapter 3: Multl-Step Coutrol (MIMO Byq‘sems) =
The work in Chapter 2, forms & foundation for the predictive algorithm, whlch
- is now extended to Jmndle MIMO syatems This c¥ mtet presents the tra,nsxhon
from th; SIS0 to the MIMO algorithm, i '

. iuhapter 4: Evaluatmn of Mult:—Step Control Algorithm _ .
_This chapter evaluates the functionality and efficiency of the algorithm. Issues" L
‘sach 83 memory and computatmnal effort are mvesiaga,ted '

» . Chapter 5: Stab:lity and Robustness lsaues

This chapter, investigates the method of designmg stable a:nd robust controi: o

systems, The aim of this chapter is to present a philosophy for desxgmng a
predictwe control system.

Where puss:bie, exa.mples are used to illustrate the aemgn phﬂosophy.

0




e ;_’Chapter 2 -

',.i;-;-j*ulm-Step Control (SIS.
N '-lsystem)

. C

| _'MIMO ve.mlon ina Ia.tet chapter.

— | ] | _'The algonthm is preseuteﬂ in the follomng W&}'. _

. 'Ihe mcédel repreaentati%f descnbmg the pred.lctor model is pmented_m aec- - _ '

tlon21¢_ I

\'\ woe

. The algontbm descnbmg the refez'ence trajectory 1s presented m sact:on 2 2. | o

R The P,edl.;m Equa.tlan is presented in section 2.3

1|.--. - --‘.L‘.:“

. ':o The Coat ﬁmutm;n;s presen‘fedm secnon 24. ' := =0

e 'I‘he n]gonthm used to ﬁnd the set of aptlmum mputsxspxesentedmsechon 2.5‘
e This chapter ““aancludes with a summary, wluch mtega.tes ail the Bﬁﬂdmg o

blot:Rs mtc the MS€' a]gonth.m Tlus is presenta&*m sectmn 2 6.

L The aIgonthm used to control SISO systems is presented in t]us cha.pter Tlua SISD . . L
. algorithin is wead 28 & basis for contro]]ing MIMG systems, and is extended tn the o



24 ]5 Madel R.epl:esentatmn e TR R

Previous predictive control tckniques, such a4 the IDCOM * a.lgorzthm ([4],[9],[61),_' o
 use a truncated FIR 2 model 25 a predictor ‘model, Although “hese models are -
- . adequate in many mtua.tmns, there are mauy’draﬁbacks in uau;g ﬂns model 5epre- SRTA

sentatmn‘ -

» T]us m.odel :epmsenta.non oﬂ:en requi:ea ma:ny coefﬁments to a,dequa.‘hely de—

scrlbe tke dyna.mnca ofthe pmness

¢ This mndel representa.tion is: not ab]e tc mcdel unai:a'.'ble syatems, or systé}ns '
" #%hat have pure integrators ine thelr tranisfer functions. These limitations are’ .
" pot all that important, beaa.use the majonty of the syatems that need control_ .

- do ot have these dynamics,

Therowesepions: ¢

1. Thera are ma,ny chezmcal recters that are demgned to be unstable (eg.

e:mthermlc reactmns), so that the yield of the process can be incteased.

B _2. An example of a process. that has the dynam.:.cs tha.t exhﬁnt that of an .

mtegra.tor Tank being ﬁ]led with & hqmd

o ‘Tt is fcm these m \ﬁ that the ﬁmte unpulse resptmse model representa.tmn is not .
' used in the MSC z..gonthm. _ :

oa

* 'The FIR. model ‘cai be &escr.-.bed equally well usmg the mﬁmte mzpu!se response=

~ (TR) model [4]. "An important point is that the TIR representation, requires a far

. lower order model to describe the equivalent model of the FIR model representation,
I addition to-this, the 1IR model repr ﬁhtlon is not restricted when considering
' system:; that ha.ve complicatmns such a pure mtegra.tor i the tmnsfer functmm :

The tra,nsfer funchon of an HR. modﬂl in dwcrEt“e tlme is. W‘ﬂttenﬁ

- ACWO=BE  cen .

- th_e, T]ze va.rmb}e q represents the sh:ﬂ: operator, which {s

simply a shorthand notation used $o ropresent"%me ahlfté
_Exa.mpie -zt -{-_ n}_ q"x(t) am_l ;(_t n) = ¢~ z(t)

~ The equﬁ,tmns descnbmg Alg™) and B(tr“) are :}) o
A(q 1) A +Aaq""+Aaq'"“+ +An+xq : ey
N B(q"‘) Bi+ Byg” 1+Bsq‘“3+ ‘l‘Bn-HE oY)

~In genera.l B1 =0 (zero order hold is bemg used) and A1 =1L o

" The -above n,eta.tmn is used in the MSC algonthm to. descnbe the model of the
_prucess. ’ . . o : -

IDentification and COMmand

- *Pinite Impulse Response -

0

s

a
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Example* : }1 ¢ e : : : :
" The fo]lowmgbexample shows how ‘the dynamxcs of a contmuons time transfer flmo- R
. tion is expressed in discrete time, Consider the followmg continuous i.ime transfer L
: functzony which is vmtten in the 5 domain R S

L

P()—- Witl)

(+3)(s2+s+1) . (24) -.\

B tha sampling ptanod of fl.he computer controlled system is: set to 1 secand then . o
the p!a:ai model in éhscrete tmw is (mfer to modsl m) : S S

o (1“0 33574*1+o.4070 -o 0183q‘3)y(f) (n+2 0773q"‘+o umq— -o aussq~3)u(t)

L . (25)
o lllummatmg the slnft Operator from equatmn 25:esults in equa.tmn 2. 6. o
SR T 1 [ ‘i‘(t)"
b ~0.8357 .a-..:;o_?o 0‘0183] g ;; =0, 20778 0. 0742 ~0. 3086] “E: ;3
T 'y(v—%) A 3)

' Equatmn 2 6 deacnbee the sa.ma dynamlcs as the contmuous t:me tra.nsfer functmn
_ (Equa.tmn 2.4). '

- Consr.der t]],g step J:esponse of tﬁe system, shown in Flgure 2. 1 .

LB

: _stép'_mspohao' af mcm B S

&S, -
“l |
35§ 4
é 2.5_- 1
E 2 =
Y 18 .
r T
.}': |
asl -
) . o — " -.- r. —— A A . l.' ek - | 3 P 3 )
N0 2 4 6 8 19 12 14 % 18 20

_ o . Tive (am) _
Flgure 2. 1' Step msponse of contifuous: and dxscrete time systems :

' Flgure 2.1, wluch is generated by the progxam model ., shows that the dJscrete tlme -
. system gives the same dynannc re5ponse as the contindous time aystexn '
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B _ _.Ii B dlsturba.nce is: mcorporated mto the tranafer fﬁnctmn mpdel timn ﬂm tra.nafer
] fimctmn can. be rewrxtten a8 foIlows ' : . _ :

A= B(q-‘)u(t) +=A(q*‘)dct) ,WJ L
Whete the va.rlable d(t) ﬁascnbes the ihsturba.nce mput L '_ RV

-2 1.1 SISO system (mthout mtegra], acinon) ST PRI SRR T
- Tln,s mpdelrepresentahonxsdmmsae& in sec:t:on 2. 1 __ - '_:': R : e B _'

| :The fommfm. ﬂle model w ; o , ‘ - k& o e

'-'_".Thevalues om(q—l)and B(q—i)a,m a ST |
| L A@Y= A:+A2<I'1+Aaq'2+ +-4n~.~1t;' s
. B(q"‘) 31+qu*1+33q*3+ +B,;+1q o — f2a0)

2. 1 2 SISO system; (mth mtegra.l =actmn)

- 'When 2 control strategy is applied to procesa control pmblema, itis a.lwa.ys a.dva.n-
tageous to have integral action incorporated into the a.lgonthm The reason for this
is that disturbance offsets (w]uch occur oﬂ:en i process control) ca.n be ‘nu]led out’

' ’I‘he tra:nsfer flmntmn nf a SISO system w’ith an atfded &sturbanoa is wntten -

H both sides of Equahcn 2.11 are opera.ted on by (1 q 1), then Equatxon 2.12 is
obtalned L

(=gt = Ao g ;rl)dm (2.12_)- R

o - AlgY)
I the d.tsturhance is conata.nt (wluch is assumed), then

| (1 l)d(z) d(t) d(t 1) [ S (g 13)
N Usmg the above assumption (Equation 2. 13), the Equahon 2, ]E2 slmph.ﬁes to B

ex—;q-l)y(:) s q’.f,‘“q) “ . (2.141
:__'__Usmg thefollowmgnota.tmn, VA L . o o ..'-"\”‘1.:_ S
| C am=erw . Gy
B " SR

R}
S A
LTI
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'I‘!ﬁs tranafer functmn gives a xeta.tmmhp bJ'*ween the mcremental c]za;nge m the ':' : _'_'-:_”- -
m:put (ﬁu(t)) and the :a.ta of nha.nge in the od,tput {Ay(‘t)) Y G R

7: m(r) B(q-l)m(q’*)" — Aym

This transf ﬁnctmn notation .req,ds ta integral action i the contmller, s the ra.te - IR ERErg
of cha;n,ge of output m bemg controlled and not the specxﬁc output va.lue. s .

S
T

s '(‘s

)

.2 Settmg—up the Reference '.-?Trajectory | . &\ SR

o ’I’he reference trajec%orym mtended tu pmwde thesystem mth @ steermg mg,cha- . k D RETAN

~ nism, Thsrefereﬂba trajectory sPemﬁea i:he way the system must respond Typital S ’

Spemﬂ’catmns age: . - ‘“%“
DOvers]ldbt y o R

» Rsse—tlme of the a\?ﬁpﬂnse. -

. Steadv Statevahre L e e

Y

i S . ; . o } . 5

. s




The starting pomt is- gwen by: -

:\"_{_

. .

Figure 2.2 gives a graphical explanation of the reference trajectory.

S Meagured 6uj;puf§ _

. (I outputs o

u

Mea.mued inputs

TpasTTME |

Reférenmtr&;ectory
FUTURE TIME

- Pr_edlcted fut"ure iﬁputs \.;-.\- L |

[

f
A
.

i cted tra.jecto_ry- 3

Exphnatmn'

The output of tlie PIoOCess ab ‘ﬂhe present time (i = t,,), is given by the constzmt '
Y,. The degired set—pomt of the output is ¥,,. The reference trajectory guides the
system, according to some criteria, to this set—pomt ‘This criteria may state that

Figure 2.2: _Expla.ﬁa.tion 6:_fréfez_'encg ﬁra.jectory.-._ |

there must be no overshoot and that there must be a fixed rise time associated wn;h o
the transient, In t]ns paxucula.r exa.mple, therd i Is 10 overshoot spemﬁed -

' Settmg-up the tmjectory -
_ Iu many applications 8 s:m;ple ﬁrst order responae is suﬂiclent

-Spec:ﬂca.tmns Flrst order response o
- Nuinber of terms in trajectory = HP _
Rise: tlme =7 seconds

' Algont hm-

The algonthm is based on a recurmve equatlon..

The recurs;ve equatxon is:
Yt +i)=

=g

rg)- =%,

rrY"‘(i,;,-]-—s-—-l)-]—(l &)Y,  (i=LHP)
“The vari;ible a is related to the rise tlme o

T]'r :

E (2.13_)- |

oy

1)

)
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"'_--:2.3 The 'Predm or Equatmn

" This equatmn pmwdes a mechamam for Pfeﬂrlﬂtmg f“t“m Pk“lt thutg Come
- _'fortlmei to+1t¢to+HP e T . v '9]\

. @r -

T}ns aqua.tmn is a very useful bmldmg block in the MSC algonthm% because it pro- "
. widei a *hlack box” aqua.t:on, which. predicts the trajectory of the output for future
time. This equation is therefore a critical eomponent of the: optumsa,tmn algonthm, o
. whch s dsacusaed Ia.ter in. tlus t:ha.pter ) . -

'I‘he mphmentatmn of t]na equa.tlon rehea on the fo]lomng mforma.tmn “
° Past inputs to the plant | N '_ o . .:'\\'\\_;’ L

. Predmtor model of the pla.nt.. .

o Pzeﬂxcted future mputs to tha plzmt

Appendix A &enves tlus equa.tlon i‘or i:he SISO a.nd the MIMO case.

- “The derivation of this aquatlon relies on the tranafer functmn nmdel, which. ha.a al--
. ready been preﬂented T .

o

: This sub-sectmn describes the nota.tmn of the pred:ctor equatmn, when applled’ .

SISO systems. The rea.&er should refer to a.ppendnc A for an mdepi;h denvatmn of -

: thzsequa.tlon e Cooa

Ifmtegral axrl:mn m raqmred then the teference tta.;actory ot apecai‘y the requed T
. change in the output. Hence it is necessary: to find the change in the Y™ trajectory =
&t each steps Thix i is done by opera.tmg on f:he predmted reference trajectory (Y *)

v

.' ".Th'e é.bdﬁé"'a.lgomhm is q:oded in the pragra.m tref .Jn, w]uch 13 used a8 3 b.uldmg o
. Block in fhe maig MSC algontkm e, T

O

\k o



| Notatmi: uf. Predm‘tor Equatmn (ﬁso system, no mt&gral actmn)

The predwl;ur equa.tlon for the SISO case mthaut mtegra.l &clnon is deﬁned gy ;

A

¥= QYP,,,., +wuw4 RU,,M A (2 21)

A WhereQ o _ --Ma.tnx dimensions: Hf' x n . -: -'; DR e
W -Ma.tmcjggd:mensions- HP x HP - R ﬂ S
R --_'-Matn*‘ of dimensions: HP x(n-l} ' AR
Vet = Vgctor of pa.sst mputa to plmt
y(t 1)

o

e ﬂ(* ’H'l) RN

. Umd = Ve@l:or of predmte.t?/future mputatnplant
S [ u(t+ HP ~ 1) {4 .

: n(#-!-}ll’ 2/

‘,\

T

o i ‘Upm S o= :ectnr ofpasf. mputs toplant. o

ra(t 1)
ﬂ(t 2)

; _Ii'=. :

: u(t«-n-{-l) :
| v : -Vectorofpredzcted future outputa. S SO
y(t+HP 1) T

y(t:l-l) J _

. The matnces Q,W and R are denvetl ba,sed on knowledge of K&hne: predictar model
. a.nd the aa{np]mg rate, -




Notatmn cf Predlctor Equatmn (SISD system, wﬂ:h mtegral ‘actmn) Q
Tne predmtor eqnatmn for the SISO caae, mth mtegral actxm deﬁned as: | '. \
AY = QA st + WAUM + B.AUP,..; | (2 22)

Vhere: @ = = Matrix of dimensions: BPxn |
c W "—Matnxofdimenslons HP x HP L
'R = Matrix of dimensions: HP xn -~ . 7

| 'AYMf -!é:tor of pastchangesmoutputs?fplamt ; o
R e e I
/= ?J(. )
A Ay(t-—n+1)
) | AUPM = Vector of preé:cted future incremental mputs to plant. :
[ As@+EP-1) ]
Au(t-q—HP 2) |
Au(t)

 AUpe = gr.tor of past mcremental mputs to plant
IR Au{i 1) '
Au(t 2)

o | Auft - n+1)‘

' A’? ' -'Vector of predlcted dlanges in future outpfuts
o - Aj(t+HP) -
A+ HP -- 1) |

Adi( l+'1>

The matricds Q W and R are denved hased on knbwledge of the predlctor model
and the sa.mp]ing rate :

o

2.4 The Cast Fanction
o ""he cost functlon is an equation which prdvndes & measure of how different the ref-
erexce and predicted trajectory are, This function provides a quantitative describe
of this mismatch, which iz impottant when finding the set of optimum inputs. The

- set of optimum inputs is found when this miematch i is lowest. In nther words, Wfléi‘i -
the cost functlon is at its minimum.

- The cost functmn consmta of two components

. The ﬁrst component provﬁdeq 3 mea.sure of the trax:kmg &rror

a7




e

o

N The second component prmndea a measure of the dma.tmn of thef\h.ctuatlon o
- signal. This component cantiot be omitted, because good trackingis sometimes

obtained at the expense of Ia.rge dewa.tmns of the a.ctuetmn slg;na.l

_ The cnst fnnction is deﬁned a8 fci}lowg

HE

D> ["(’?)”(ﬁy‘(*o+k) ﬁ?(mk»%pe)’mu(e + k))“] e‘is)'f “

o kel

st oumponent '?- . 2_ec_i .-compoqent_

o ; Where A(k) We:gh:mg vana.ble for tracldngermr at time t ta +k o
L B(k) = Weighting variable for change in actuatmn mgnal at t:me = z‘a + koo

- AY*= Change in refemnee trajectory.
an AY = Predicted change in output tra.;ectory
- 'Au = Future mcremental mputs '

' 241 Welghtmg vanables

| This sub- sectlon ‘shows how the cJet function is expressed in qna,dra.tlc form Tlus"

The cast funciion has tWO seta of Weightmg va:nables, A amd ﬂ These vmghtmg

* ‘variables describe which portion of the curve is more important. For example: If
the steady state portion of the réference trajectory is more important than the tran- -

* gient portion, then the A(k) vasiables must be higher over the steady state portion
than over the transient portion. This will result in errors occurring over thé stea&y_ o
2 ata.te portion to have a hlgher ‘cost’ f.han over the. transnent portmn S

43 robustness and stability. Refer to the chapter on. Rnbustnesa a:nd Sta.blhty for a

dzst:ussmn of tlus issne. -

; 2.4.3 Cost functmn in quadratlc form

transformation is necessary becau ', a. quadratic opmm_sa,t;on routine is used to find

. theset of oplimum mputs

The predmtor equmhon is written:

LAY =QAY t-[r-WAUmd-I-RAUw“ (224)" -

o : Let AY& represent the predicted cha:nge in the output, assuming that tile input -
> p-gua.l to the process is unehamged (ie elements in Alpreq Bet to zero)

S AT=QAYu+RAGM ()

Su‘bstitutmg Equa.txon 2 25 into 2.24 results in the fo]lowmg

AY = AY1+WAUM . Il (226)..'

Now deﬁne the error vana.ble Y,, which representa the error between AY; and
AY* a8 fallows* _

18

The selection of these Wexghtmg Va.rla.bles is cntlcal ‘when conmdenng issues puch

s en



_' 'I‘his quadra%c fl}nctlon (Equataon 2. 30) i reduned ‘h‘.i" '

.' '.I‘lm constants arer -

[

' -Ti:e Gost Funetmn (Eqnahon 2.23) i éxpmesetl m ma.tnx form a8 io]lows'

o .

| t‘&st - = [7Y3”7WLAHM)]TL'YY3 "D‘YW(ﬁUmﬁ)j
o F W(AUN)F [ﬁ(AUmm SR |
s [-ms—'rW(AUm)} {ﬂ.,—-nfwmuw)} o
"t (AUma)F B(AUS) | (2 29) T
= (AU Ty WITyW] fﬁ“‘glmrfw) | g
= 2(7“’)“’(7YJ(AUM) + %) (*m) (2‘30)

u’- ; '_

e L 'Wﬁm tha ¥ and [S*matncea are. magonai matnces w:th ﬂméi.:g.l elementa oonmsting
el t}m wmghtmg elements J&(k) and ﬁ[k) _

o -Imbrder to mpmve the nota,tnon, tlﬁ-. following 00115*31%*9 m deﬁﬂed' 3

P (v-yW)T(‘rW) + ,8“"6 (231)

0’ = **2(7W)T(7YB) ; (232) | .

cost = (AUM&)TP(AUWA) + cmvm) + (m}"(wa (2 33)

o Equatlgn 2 33, which is expressed in qna.dratm form, is 1dentzca1 to the prewously
 deflned equation (2.23). However, this equation can be simplified even further. The .
- . lasf term in-this equation Is not s function of AUpes and Is therefore constant
o e }.’a: as the optimisation routine is concerned. If this ferm 1| ‘removed from the

{,odt functmn, the mxmnnaa.tmn of t]:is funci:mn wﬂl ati]l r:fs‘nlt m the sa.:rie optlmum

- imipt

: ‘I‘he new cost functmn is ‘ﬁhetefore

S . - . P
b o . .

cm = (AUm)"P(AUmaJ * G(awmaJ f e

[ £ th)TwWw“ﬁ
P C=ayWPaYs)
N 1= dlag[acl),A(z), ,,\(HP)]

ﬁ diaglB(1),B(2), - BEPY]

Ye=AY'- A? e

Bl




25 Fmdmg the .set of optamum mputs

" The. cost fimetion was derive& in sectmn 2. 4 This ﬁmctmn gwes a quantlta.twe -

measure of the error between the pmdlcted change in the output trajectory and the _' .

- change in the reference trajectory. The set of optimum inputs are. p:erhctad when o

- ‘this - error is mmumaed TIus sectlon explmns how these mputs are fcmnd

- ke aet of optimum mputs are. found by minumsmg the t:ost funchon, subject o

e T

: tlte constra.int impased on the mputs

_-_'_:Uonstramts o TR '
" Tn theory it is possible to spec:fy the constramt on the mpmta and outputs of the

B “contrel systam Howeves, this algorithm only considers the input constraints. Ifthe -

predictie control systém is designed corvectly, then the output constraints are not
- eritical to the opera’cmn of the system, a8 the output should theozetxcaily track the
' referenoe t:agectory

B _ 3_' lt m 1mportant to reahse tha.t the mmputa’gmna,l eﬁ‘o:t of ﬁnd.mg the 801111‘.1031 tothe -

minimisation problem is directly proporiional to the number of constraints imposed

‘on the sysiems. Ideally all the predicted inputs ghould have constraints imposed on~

- them, however this might be an nver~deelg'n,. Ttis therefure pmposed that oniy the j
- first r mputs have: constrmnts o |

R S o r<HP I (235) |
| '__‘I‘he cost functmn is & function of AU, whch are the predicted incremental
inputs to the process. Therefore, if constraints are to be incnrpograﬁed inte the niin-

- jinigation ‘of the cost function, then it is necessary to specify *he constramts asa -

- funetion of the mcremantal mputs ‘I'Ius is. done a@ fo]lows '

Constraint on mput u(t-l-x) . : 3 |
Conslder the sum of the mcremantal inputs, wluch m gene.rai satlsﬁea the equahon'

EAu(t+3)—n(t+m)-u£; 1) ” (236)
3=1 . " L

S y
i

The constramt ca.n be spemﬁed as:

- Umln u(t 1)< zAu(t -FJ) zrm - u(t - 1) (e3n
' n_(t }.)_ = Preaent input. - '
X 0= Vanable mdma&ing which mput is hemg cons:dered

| Constraints expressed ax a matrix - . - -
. . The eqnatmn 2. 37 i sepamted mto the minirawm canstramt, a:m:l the maximum



c.nnst.raint, as follom RO o |
Z Au(t + J) < Um - u(t 1) S @3
R - |

= EA‘E(‘! + J) < _(I?’mm - “(t 1)) | _ : {2 39) G .

} The equa.tmna 2. 38 aml 2. 39 rej:resent the conatrmnts 1mposed on the mput n(t+x) o
This summa.tmn can be expressed 28 2 vector mnlnplicatmn - .

=1

’I‘ha va,mabie a, is a row vector, consistmg of ones and Zeroe, whlch descrxbea which
_ Au(t+ ;) must be added.

_ Bach mpwu‘.-r 8 oons:ldered in turn. A ma.trlx is set-up, w}nc.h descr;lbes all the con--'
© straints on the mputs . SR '

o _.

aa\ T i
E L : max ‘““" T a4
Nmwap """'(Um;n ﬂ(t 1}) -
- e | (G- - 1))]
~ This matrix equation (2 41) j& written as: | S
| BonAUprd SBeon (242)

Solution of minimisation preblem
The cost function is a quadratic equat:on, whch iga Eu.uctzon of the set of mcremental
_ mputa (AUpmd) :

Cost = (AVpa POV O (180)

The “solntion of this quadratic problem is solved using a quad:ratac program, A
‘black box’ approaich is used to solve thic problem, MATLAB has a quadratic pro-
gram solver qp.m, which i ideal for solving this problem Refer to the MATLAB
a.ppendlx for deta.lls of progra.m .

"I‘h.zs quadratic program solver ie capa.ble of solvmg & quadratic program subJect to
' constraints. The solutmn of this problem, consigts af solvmg the i'ollowmg quadra.tm

o problem

min{ (AUDM)TP(AUM)'FC(AUM) | sen (ATt} < } (244)

_The quadratic programming routine which MATLAB offers has the featare of al--
lowing the program to start at a predefined starting point. This feature i very
. useful in this particular application; as the starting point can be defined based on
fhe pravious steps set of predlcted mputs Tlus decreases the oomputahon time.-

21

EAu(:H) aw(A’Um,) - '.'('2”.46) o



”-26

Summa.ry

- Th.ls sectmn shows how- 1;]1e black bmt a]gont]:ms denvea in the prewoua secﬁ&ns

- -ammtegratedmtotheMSC anonthm B R

l

At

281 MSC algonthm for s:so system

Beﬁne paraIneiers ST A \

' Deﬁne HP Predlctmn Honzon

__ .-'-‘];

= Kise Time

Y= Setpamt L T

T =Semplngpeod .

[

h‘.?ﬁ; = e"‘T/" -

2. Set-up Predmtor Equatmn

(mode}, HP) -—r m —. Q, ,R matnd’es
L‘I

S The model oi' the pmcesé s s;.emﬁed by the B(q"‘) and A(q“l) vectors. '

. Definie weighting va.rlable.s :

oy = diaglA(1),A(2), .. A(HP)]

=

= ding[p(1), B(2), -, AP

P=(WIGW B

. Measure output

The qutput of the process is measured any the hlstory Vectors are updated -
Present output = y(t) = Ag(t)= (1 3‘f'xlk"“)sr(it) y(i) y(* - 1) |

: _Set-up ret‘erenc'e traqectory

= (Y,p, ,y(t) HP) s | tre:f I [ — Y"‘ — Ioperate on Y* I — (AY*)

. Predmt set of optlmum mputs

At = Qﬁngg + RAUpat
C = —2(YyW)T4(AY* — AYy)

The oonstramts on the mput are defived by: Beon AU,,mi < bm

S= Startmg point of qua«d:a.tlc program which is haseei on prewous o
prethcted set of mpu*s o _

o Pred:ct the get of optlmum mputs, using a qua,d.ra.tlc pmgram

(P, R am,, bmn, S) - LQuadra.tlc program l — AUo

8

. Execute optimum mput i

o]ptxmum faput = AU,,(HP) ¥ u(i 1)
Wait fof end of cycle

Hold mput cnmtant, whﬂe wa.ltmg for cycle of end

PR
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. The !.‘ransfer flmctlon (a domam) of a NﬂM@ system 18

i

"‘ﬁChapter 3

:'_-Extensmn ta MIMO systemsﬁl' -

o Chapter 2 mtmduced the MSC algorit.hm for the SISO ca.se T}ns chapter extends o '_ o
o the a:nalyma to handle MMO systems o )

. =

- 3 11 'Mdd‘el Rébi*eseiit&tibil

gfaly witien:
[ msmn(s) mcmm(s) .': nitm(s) | .
sz:t(s) mMm:m(*?) “"“‘2!(-’)

.

P(,g)= | numml(s). ﬂﬂm;::((;:) _.,i. ’!W'm,,u(s) (3.1)§ .

) Where- m = Number of pla.nt outputs _ '
oo 1"_ = Number of plant inputs. -

- Ris poss:ble to transform ea.ch of the sub-tra-nﬁfer funct.lons mto lta dxscrete transfer
i functum form. Exa.mple ' g _ .

nﬂ'mll(s)' Bu'(q"' 1) | o

“dens). ._._“"” A (-3‘2)
I aJl the sub-transfer functxons share the sae COmmOoiL denomma.tor, then the sub- -
transfer functions in the discrete time domain will all have the same A(q 1)

. The tranai‘er functmn (m discrete time) of a system is wntten. :

| | . y(t) - AE; 1;“(*) S (53) | ._

' A(!I'"l) A1 +A3Q_1 +A3q"2 + . +An+1q N X
B(Q"‘) By + Bag™ +Bsq-2+ +Bn+111 ' (35)
'_When conmdenng MIMG systems, the aame equatmns is used. -




o “2 Each element arn is deﬁned

3 E ach eler : t anm tleﬂned

. o . .

1 Allelementam matnceaarenow trea.tednsma.tnxelements T SRR
Example Each element in the Al(q“ 1) a:nd Bﬂg“‘)}_._,vectm‘s are trea.teci as

Aa: '-Atl(m)a o ﬂ?ml.,,(n '..[.. 1} _' (3‘7)

"I(m} = 1dent1ty ma,trm of size m

o 4 The vmnble y(t+k)wdeﬁneﬂ (klaa.dummy vmable)

' _('3.95:-; IR :

L

Bt

| _ The foﬂomng extensmns to Equat:ons 3‘3,3 4 and 3.5 a.rema.ée when MIMO gystemg S e
.ﬁ a:econaidered _ o v




L .Example C e '
o _Conslder the fo]lnmng MIMO sys’sem

—6021.245% — 1445, 353’*’ 97 233

. The followlng example explajns the notatign‘ o e

21 §125.8248 4 1796. 36574 +130.208+ 8.1 ] e

-2626 0433 ~ 464.6657 ~27.090 - 0.52 - 5810.40° 4 11576882+ 73.87s 4 1 52

. -. | P(s}= [ ;;_% ﬂ—;ilr] . ‘ | RN

. - numﬂl

e 55045 8784 ']" 14790 1083 + 1461, 4732 + 53 008 -[- 1
o msmn 8} numg(s) I
8) riumn(s) |

o den(s) o | o T
' C‘onversmnto diserete time e R e

Sa.mplm,g pei‘md T 5 saconds

' m&mn(.s)

o 3111 + 311,_? o+ Buag 2 + Bmfl -3 + Bu.,q’“

drm(s]

 numgs(s)

A AggTT+ At 4 AagS o Asgt
- 0-10.5433¢~1 + 1.556¢~2 — 0.8160¢~% + 0. 1913q“'“

- “’ 128681 + 8.0783¢% — 14652054 0.2600¢

Bz'z, $ Blog™ + Bia 43 + Bio,g~® + Bus, g

- den(s)

.' B nunzzl:(sj' '

VAL Agg Tl Ay + AP o Azt

04 0.6568¢~1— 1.3662¢2 + 0.9452¢™% — oansq -4

" 12881 T+ 5.0780g 0 ~ 14063 5 020000

BBI:. ‘FBL".I:Q'.I"I'B#I;Q 4 Byi, g~ 3+Baz gt L '.

den(s)

ey

W(s) . Ban + Binq™ + Byt + gy g 4 Bany

Ay + Agg T Aaq %  Agg  Asqt

. 0—0.1918¢"1 +04278¢2 — 0,3185¢~% 4 0.0790¢~*
"1 - 2.8681¢~ + 3.0783¢72 ~ 1.4652¢3 + 0.2609¢~*

den,

)

5)

Al Agqt + Aagt L Ayt 4 At

04 0.44507"1 — 0.9638¢77 + 0.6916¢~2 — 0.1647~*

" T-258681g-1 + 8.0788¢~T ~ 1465245 + 0.2600¢ 4 -

i
T



Matmx vaﬂables. :
Acmrding to the ru]m,

follaws

g =]
o yt-9=

oy

e
el

' 0 01

Twn1l -5
ﬁ:&-d;- e[y

| wr~ 2): - ' .u.(g_....._ .

]

the irariabies m the IgFIMG tramfer functmn are deﬁned ax

."I!'

"éuoj

| [ —0. 5422 ﬂ¢6568
1 -B 1913 {1 4459

_ .“ E -

[ 1856 =1.3862 |
| 04278 09638 |
[ ~ogi60 94527
| -0.5185,0.6916 i

. -_ 1913 —-D 2175] 'As':: , . |

(i)

w1 |

wi-s|

S I §
--;2&"@)’_ B Gt h

'30783

n

R |

'ﬂzsog n]

-~
Rl

f1 u | e

- ~2 8681

RUNE ) 8681 ]

3,9733 ]

_'_umssa é }s ]

‘nl 4652

. "-“{u

0 - 0.2609 |



3. 2 MSC algorlthm for MIMO systems'_ | | o
1 Deﬂne parametera o i

o =Rise Time _

T | | :%Samﬂmgpenod

W9 =eT®, xeta
_'2_. Set-up Predn:tor Equatnon | | | :
. (wod, HP)_ -'_--> m —'-+ Q W,R mat'ricés : Y

_ | The model of the process is speclﬁed by tha B(q“"l) a.nd A(q“‘) vecturs. _ | ._ | o ”
3, Deﬁne welghtmg variables A _ ) :
- A(m) = diag{M(2), Ag(2), - -»dm(2)} z=1.H P
LA dJaS[A(l)v)‘(z)v o A(HP)] i ) I o g .
' B(a) = diaglBi(z), Ba(), ,ﬁ;(:c)] . e=l.HEP. o
8= d:ag[ﬂ(i),ﬂ(2), wﬁ(HP)] s o R LT
P= (1W)"(1W)+ﬂ"ﬁ T

4. Measure output’ ' ' SN N
 The output of the process is measured and the hiz ary ve_-_:\, - mpdated,
Present output = y(t) = Ay(t) ¥ —y(t— 1) -

5. Set-np reference tra,;ectory

(Y oprb,y(t), HP) ~= [ trefim | m Y — | opera.te on Y* [ — (AY*)

6. Predict set of optunum mputs;
- AY1=QAY 0+ RAU |

= —2(yW)TrAY* - AY,) .
. The constraints on the mput are defined by' oo A‘U‘md < beon




[T .

Pre(hct tha set of optufptlm mputs, usm,g a qua,dratic pmgra,m ;o

(P C ammbmn S)

Exer.ute optmum tnputs i

nptimum mpnts = A‘U,,(]IP) + u(t .-— 1)

8 Wt for end of cycle - ERCRR
Hold mpnta constant, whﬂe wmt:ng for cycle ofend \

R K _Guto begmnmg of cycle

Gotnnnmber4 e

o

e

99

ff;iuadrat:c progra.m "

- S = Startm,g; Qomt of qua.dratu: pmgta:m w!uch xs based on prevlous '
predmta-ﬁ&et of | mputs. L

o



i ;_Evaluatmn Of Mult1~S tep | \
| This ;ha.

o mntrol a.lgonthm The eﬁimency of thé a.lgpnﬁhm is also mvestlgated

4, 1 Funci:mnahty o o —

e

- . S I "'_g.s_ L o - s

)

Chapter4, e

Ner is mtended ta- prcmde evidenee of thh {un\rhOnaIxty nf the px:edmu?e

-+ The fnnci:mnahty of the algonthm is demonstra.ted by way of smulatmn Tlus siomn- :
- lation is merely intended to demonstrate that the algorithm which is derived in previ- -
~ous chapters does perform as intended. A simulafjon m-file is written (simulate.m),
which synthesises thqu@ntrol of a system using the MSC slgorithm, This simula~
tion attempts 6 aibiidl 2 reallstm evaluatmn of i:he control techmquae Reahatm
j-conmderatxons are: .
s The plant model a.nd predmtor model dlﬁ'er _
. Dmtuﬂ)ances effect the. performa.nces of the control system. 0 .
For these reas,ons, peparate pla.nt and predzétor models are wsed in the slmulatmn |
‘The plant + - sdél nsed has an tincontroliable input, which describes thie dzsmrbamces
on the .ysiem. The control system is expected to ‘null-out’ the effect of these :
. -_~(h8‘$ur'bantes A . _ e "
s 1 1 Simulation m—-ﬁle
The pre—a.mble of the simulation allows the fo]lomng para.meters to be aet
| » HP Honzon Predlctmn .
e T Sa.mplmg penod _ _
» Ysp Golnmn vector, descnbmg the intended set~pomt of ea.ch autpul: o

e ta.u Columan vactor, describing the rise tame of ea.ch trajectoxy '

o Umax: Column vector descnbmg the maximum boundary of the constramt on

the inputs. . _ . : L L _ -
o Umin:. Coljgmn vector deacri'bmg the mimmum boundary of the mnstra.mt on S e
' the mputm o . _ o '

%0




' Plant 1 Model

* no,uonst I\'iumber of futum mputs constramed (x)
el Speciﬁca.tmn of dismba.noe mput for each mmulatmn step
‘s The beta and aipha weightmg vanablea can alsa ba set.

“The ﬁ;ﬁulat:on m—ﬁlqg provxdes the user with a.n a.ceonnt of the aystema perform,ame '
. ak each step, The reference trajectory (AY*), pradicted output trajectory (A¥) for .

| ‘each output, as well as the pred;cted inputs for each mput channeI are dmpla,yed
- after eachmmlﬂﬁtecl stap., e

o 4. 1.2 Sxm.lla.tlon - . e T
. 'I‘he mude} of the plant aelected is typlcal of Y proaess control sjvﬁtem. It has trans«

. port delays, significantly slow dynamms, disturbances and parameter vatiations.
- Different plant and predictor models are used in order to create an envwonment
" that mmcs B system that has para.meter vana.tinns ' e :

' K

o 'Equa.ﬂon 4, J@hows thﬂ MIMO system whmh is. nontrolled usmg the MSC a]gonthm

ug(t)
d(t)

o [m(i)] { ,
T L -7![“ o =3Ts .. 4ou-Ts
| | w(® Z_B{%(o W) (@ 4;%%)(0.19-;-1} -r"""'i_f;zaﬂ
o Where wi(f) = Output 1 of systent. B
o gt} = Output 2 of system. = - .
-~ uy(f) = Input 1 of system (contmlla.ble)
- tg(t) = Input 2 of sysiem (consrollable).
d(t) - = Disturance input (uncontro}la,ble)
T = Samphrg period (5 secondz)

l-aTa g—ﬂ's :
m%ﬁ,m—m %J‘T:TH“”] o
\

- Equa-tlon 4.2 shows the model that i is used to preq;ct the heha ouz oi' the pmcess. o

" Note: The plant ani_'f,ieﬁ)ctor mode}s are ﬂxffemnt, -

rl_._

-Pmdmtm-Mo'dex . S
[w(ﬂ] [%%—T %gﬁ’—fme(t)]
L) “&5“* r‘“im u(®) |

1

’ W : .,,..- .



JEe

'.Yai, . ;

]
]

Al

ms:u

Umax

[
[

R

e '_— zero fmm 1.. 20, one from 20...100, sero from 100.‘ 2000

B ;31(3) g1+u
. AlE=0140.

A M@=t

Ag_(_m) = 1__ R

S:m:ﬂatmn results

o These reaults eoniﬁrm the ﬁmctmn&hty of the algonthm

I

B _no.stEps = 200

01$ | -Z:.‘/ .
Nz '

s=LEP.

Oulput 1

. i
i

D

3\

| Fxgurezil Test for'f\inctionali_ﬁjr“ ”

L "1ooo '
- Time (secouds)

o

e
Time (seconds) -

- 100D

dnput2
N T 5

o3 b B

£

R
Tlme(seoonds)

=



B i

Gbservatmns ' S ' _
 Fhe following observations are made fmm the results, shown in Flgure 4, 1. _

L

Fhe dmtu.:bance rejectmn pmpertiea of the system are: qmte clear from. the

plot of the outputs.

. The dxsturba.noes to the system cause oﬁ’se’s e_rrors, wluch are cance]led out by'

the mtegral agtion of the MSC algonthm

. The ontpnt tramsnents appea,r to track the reference tra_]ectory The rise-time

- was get to 50 seconda ‘which: eorreapond mth the slmula.tmn reaults

. The inputs to the system are both within the constraints defined. The a,blhfy L

for the system to limit the inputs would be made clearer if the § v&ria'bles

were reduces. This would increase the closed loop ba.ndwadt.h, resulting ina

more aggresswe contml action,

. The set point of the ﬁrat input is mtent:onally set to zero. Tn’ t]ns, way the '

dynamic coupling: between the outputs are observeéd,” One of the functions

of a MIMO control systetn is to minimise the dynamic coupling between the . -

outputs, so that the outputs of the system can be controlled independently.

. The dynamic coupling of the MSC system appears to be satisfactory, although
. this could be improved by Jmpromg the predsctor model and specxfying a
- larger t:loser Ioop ba.ndwldth . : _

4. 2' , _ .
'- N | Eudence of the functmnality oi the al@nthm is given in | section. 4.1. T]ns aect:on' -
asl.

~ to ﬁ.nd mlt how e:fﬁc:ent the algtmthm s,

Eﬁimency

1 that the algorithm is functional, and aims the mvestxgatmn more on tmng -

_.Two factors are used to gauge the eﬁcxency of the algorithim, na:maly the compﬂta— .
* tivnal effort and the memory required when implementing the algo:uthm .
- These twd factora are related 0 the fo]lawmg para.maers

T (Number of i lnputs constramed)
HP (Predlctmn horizon).

.Um,, Emm (-Constrmnts on inp'nts).'

_4.2.1 Eﬂimency as a functmn of ro . _
 The variable 7 descnbes the number ot' future predxcted mputs that a,re conatramed

Exa.mPle a predlctmn htmzon of 10 steps are used (HP-IO)

~and only the ﬁ.rst 5 steps aré tq have constrami:s, then
r=5, .

The comput ational effort is related to the vafia.ble 1. The la.rger r, the more complex
the optimisation problem is, which implies that more mmputa.txons are reqmred to

'ﬁad the optimum sdutxon

33.




B A;ée'r'xes of sirmilations a.re pérformed to find the: reiatlt;ﬁship betwoen thé compnta.— :

_tional effort and the variable . The computaﬁonal effort is mea.sumd as the number
\ of ﬁops v that are performed by the almula.tmm

: _' 3 I’rOcedure S:muiatwna, mmﬂar tp the functlona]ity teatr are executed
o ' The variable r is changed after each simulation.
. . The total pumber of flops for each simulation is measured
an Theae restilis are then tabula,t.ed and ana.lymd '

_ Bﬂfer to Append;lx B fOr exa.ct detaﬂs of teats 2 tc 10 Ta.ble 4.1 gwes de‘l;ails Df the
. _' v azmulaticm results. . R _ _

_ . | Memory| R.elatwe to r-l
. ¥lops | required | flops - _mefnory
S 1171183 446481 1
1483813 | 46352 | 1.2035 | .015&
15313253 | - 46056 | 1.3349 | 1.0315 .
18213188 | 46760 | 1.5877 | 10473
| 19945250 | 47464 { 1.7387 | 1.0631
21570767 | 481068 | 1.8804 ['1.0788 ]
24527650 | 48872 | 2.1382 [ 109468 ||
27950386 | 40570 | 2.4368 | 1,3104 |
32077628} 50280 -:_'2.796-4_ 11261

- 'I:_=

@ o] sl w|esiofie | -

o oof | | oxf | eofvofim[m 1 0

A=
=

Toble 4. 1 Resulta afmmummng (r) BRI,

* The relative computatzonal eﬁ'Ol‘t 811'95 5 relatlve m{,asm'e of the computa,txonal Eﬁmb

" compared to the effort of the system with r=1, Iu,. other words these resulis giva s -
_quahtatlve analysla of the eﬁ'ort For exa.mple, satti:ng rto'8, gives a mmputatlonal o

Flg‘lll‘e 4.2 gra.ph gives a gra.phmal representatmn of ‘the remﬂta

-]

il b < P / o | “

1 - a .
' .t {Wumber of eongbaliy - . 0 ' '
Figure 4.2 Plot of relative computa.tmnal effort as a funztmn of

o

| aFloatlng point opet_a.tinns  '

34
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Figure 4.3 Plot 0£ rela.twae memory requed a8 & f:mctmn ofr

- Observatmn of resnlts

% Refer tu test8 am? teatlﬂ ’I‘he response of test8 is r.oneldered acceptable.

Test9 and 10 obviously give better results, but at the axpe:nse of ha.vmg a,' o

lnghe; computatmnal effort.

o Y appeacs a‘though the computational effort and the memory requued, is
directory propomunal tother pasameter, o -

B . 'I‘he memory reqmred 1s not \rery dependent nn the t vana.ble, a8 can be seen__ -

T az2 Eﬁicnency 88 & functmn of HP

The computatmnal effort is velated to HP, in that, the rnore mpnts that are predlcted ;
~ the more complex the optimisation problem beuomes. A more complex nptimma.tmn
problem reqmres more computa.tmns. '

A series of smﬂanons ard performed to ﬁnd the relatmnshp between t11e tompu-
. tational effort and the variable HP, The computat]onal effort is- measured as the' '
~ number of flops that are performed by the simulation. '_ . '

: Pmcedu.m Slmma.tions, mm.llar to the funct:ona.ht;r test aré executei
. 'The variable HP is changed after each simulation. ™
 TFhe total number of flops for eack simulation is meaaure&
These results are then ta.bula.ted and a.na.lysed‘ -

3%



Reia:: to Appendm B for axact detmls of tests 11 te 14. Ta,ble 42 gmea deta,ils of
the sxmulatmn resul:s. e . :

o

aft

' u

.

EP|

' Memmy-
Flopa required {

R»elatwe
flops

toHP 10 .
_mematy |

T

10323708 | 47464

1~

1

15 |

_ABB70843 | 69144

.2.5135

1 "4568

- f.j"1.3

30

96589305 | - 97224

20484

8-‘9_528

2. ?748

E3)

1‘-‘-73;95_2&_1 [ Tai70d |

= Table 4 2 Results of sum:latmna [HP)

The rela.twe comvput&monai eﬁ'ort gwea.a relatme meaaure oef the computa.tmnal ef-

fort mmpa.red to the effort, of the system‘mth HP.-:.IB’

Flgllre 4 4 gwes a gra.p}uca.l representa.twn of the reanllis. -

L i

. 18 :
N 10 N 12 N

T IT

oW (Pmdmlon ho}ue.n)

Flgure 4 4»Plot cf relatn;se computatinnal &ﬁ'ori; 288 functlon of HP - __"-:' v o

36
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Flgurq 4.5: Plot of relative memary required. 86 a fnnctzon af HP

Obsewatlon of results g

. Refer to testl to test14 The response of testll is conmdered a.ccepta.ble.

* Test12,13 and 14 obviously give better results, bat &t the expense of hamng a

Ingher computa.tmnal effort.

‘v Refer to Figure 4.4, Tt appears as though the computatmna.l eﬂ‘ort is chrectory

proportmnal aquared to the HP parameter.

. Refer to Flgure 4 5. The memory reqmred is praportlona.l to theHP pa.rameter.' -

4. 2.3 . Eiﬁclency as a functlon of Umm ancl Umaz

The computa.tlonal effort is the only eﬂ‘icxency parameter tha,t is dependent on the'_ :

" Upnin and Umm gattings,

\ o : o
' If tha Unin or Um is set near the operahng point of the prooess, then the com-

putational effort required increases significantly. The optimisation routine attempts

to find the set of optimum inputs which do not violats the input constraints. I the
. operating point is close io a constraipt setting, then tke solution of the opiimisation
“problem is more complex. The solutxon to this problem therefore reqmres a greater S

computa,tlonal eﬁ'ort.

To demonstmte tlus hypothesm, two slmnla.tmns ate perform;ed One simulation has

~ thie constraints fa.r {rom the operating point, while the other has the constyaint near .
" the operating point. The computahonal effort of these two simulatmns are then

compared,

Refer 1:0 Appendix B for exact deta.ﬂs of these smula.tmns
_Bafer to testl and testlz ' '



Il 'I‘est# " Uin_

ms

Fr—

Memory reqmred} :

B W N

[5 5]:!‘

1 48247677

691443' S

: 12;2 __2]:’.‘-

;-43570343'”

: Il 12’ oo

'I‘a.bte 4.3 Resulfa of mmula.tmns (constrami:a)

Table 43 showa the resulta of the mmvla.tmns 'I‘he mmulatmn mth the constmmtn o
: “clase to the operating point (test12), is computatlonally Ioore dema.ndmg than the _' S
| other szmu]atmn. ’I‘lus cnnﬁrms the hypotheam

.........

SN

o

by



Chapter 5

':Stablhty and Robustness 1ssues

Y
.

L rohustness

3 "I‘he stability property of at, contrr.\l system is concemed wu:h the sta,bxhty of the: o

2 . closed loop response of the ‘systs..i;.-The robustness property of a control sys- - o

. temis "sticerned with the ability .f the system to functjon in the face of parameter

h vana.huns of the plant mndel as well ag extemal dJBuurba‘llﬂe 1mposed on the system -

" The stabﬂat‘y and mbustneas of predictwe control téchmques is extremely rhﬁicult to

estimate dune to the presence of the constraints, which canse the system % become

. non-lineir. There are however many subtle ways to establish a stable a.nd robust
ccmtrol system This is the mmn theme of ﬂnéfﬂlapter

s he JPmtlga.tmn of theae pro;:ertiea are supplemé\ x;l vnth snnula.ted examplesg
- whlcft cla.ri‘)' the explana.hons D R R .
| .1 Desugmng a robust and stable control system

 The main building blncks for a control system ba.sed on cIa.sslcal control techmquea
zsshownmlf‘lgureal ' -

VB pro-titer , |- Gomipensator (-~ Plant Mode) [yt

Fxgnre 5. 1: Block dmgra.m of classzcal control syatem

- "The mbustnesa and stab:hty propertles of the control system shown in F:gure 5. 1 R
~ are azch:leved by insuring: _ _ _

1. Tha pnles of the systém are in the Ieft hand pla.ne

2;-The loop transm:sslon Is high' over the bandwidth of the system
i f -
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 The system sho‘wn in F:gure 5. 1 is & two degree of freedom system The cug;}en- "

- sator is designed so that the system is stable and tobust. The pre-filter is infTodnced,

whose task ic to limit the baudwsdth of the cloeed loop response and alao specify the' - ..

- me time of the system.

' _-5 2 The Reference Trajrectory as a pre-ﬁlter

The nse tm:le of tha predlctlve eontrol system is meorpora.ted into the spemﬁca.tion o

Of the reference tra.;ectory C

- The output of the MSC system, hopefu]ly, tra»cka the reference 1ra3ectory T thisis
50, the systen- ks the game rise time as the teference trajectory, in which case the -

' closed loop ba.ndw;dth can be calculated from knowledge of the nse—time/
" Note: There is a reIa.tmnshnp between the nse—hme and bandvndth of the system

From the abov.*e dmcusmon, Jt is elea.r that the reference tre]ectory a.nd the pre-ﬁlter
- bave mnch in common.

'_ 5.3 leltatlons af Reference Madel Representatlon

5.3.1 Erequency Band llmztatmns

. The model used to represent the dynamics of the system (pretﬁctor model) is merely |
an a.pprommatxon of the true dynamlc beha.vmur of the procees The reason for thls K

and changes mth tlme Fortuna]:ely* all dynaamc systema are mherently low pass | -
and have a finite bandwidth. This characteristic of physical systems means that the -

~low frequency dynamics of the system dominate the behawour of the system '

Using these pnncxples a mmphﬁed dynanuc model of the process is eatlma.ted by
" considering only the low frequency dynamic behaviour of the system. This simplified
dynamic model of the system is used to make predictions on the behaviour of the-

syetem. Obviously the predictions are only valid if the predicted dynamics lie within

the bandwidth of the predictor model, In mure simpler terms, the closed loop-

bandwidth must be less than the bandwidth tf the predictor model. H this is not |

the case, then the predictions made using the model are worthless a.nd can lead to 1>

the insta.blhty of the MSC gystem.

5 3 2 Issuea of selectmg T, HP ) and B vanables B

. The selectlon of the sampling penod is dependent on the dyna.nucs of the process___

aund on the Nqust Samphng Crxtena..

- The T and HP va.na.blw combmed describes the ‘predictor window’ (T*HP) of each -
- control step, This predictor window should always be greater than the settling time

of the process. This insures that the referenee tragectory deacnben an accurate tra-
jectory of the intended system respouse, : _—

a0
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‘The X variables describe the waigl\}t!*ngs on the respective portions of the predictor =~
- window. These weighting variables must be:selected carefully so that the predictsd. - e
response tracks the reference trajectory as best as possible, Although these vana.bles_ S '

add extra dintensions to the &esxgn mpa.bx]it:;ea ocE the system, they are not crmcal _
to the opemtmn of the syst o

_ ___:The B vaxsa.bles ars very lmportant when conmdermg the robustneas of the control . _
. system. Selectmg ‘high’ B variables implies that the input signals to the system - L
© must not change qmc'kly ‘I‘Ius isa subt]e wa.y of controllmg the ba.ndmdth of the B
' SyStem.._,; o

An important constramt on the predlcted cﬁange in. the mput AUM is tha.t they .
must tend to zero, inthcatmg that the predicted outputs have reached = steady state.
One way of insuring thls, is to select the ;‘3 vana.ble., in sut‘.h a way that they gradu— -
ally increase. . : -
For exa.mple ﬁ(:c) 0.1 + 0. Ola = - Where x 1 HP

| By selectmg the r&ferenr.e tra.Jectory, A and ﬁ vanabhis ca:efuﬂly it is pesalble to
‘control t.he robustneas a.nd stablhty of the system

‘\ -?.

 5.3. 3 Oh..ngmg 7 and its eﬁ'ects on the bandmdth

The princlples for obtaining a sta.ble and robast predictive control system are pre—
sented in section 5.3.2. This section gives evidence of theae pnnmples
Refer to Appendlx B, Testsl5 16 and 17.

Tostdf [ 1P '.'ﬁ(z) *=1. HP Result

15 |15 | 0.0014-0.001x | Imput signals to process mseuliate Poor steady atate trackmg

16 |15 1 0.0140.001x " | Input mgna}s to process oscillate. Poor steady state tra.cking
| 17 15 0.1—]—[1.01:( ] Good robustness and tra.clnng -

| Table5.1; Res"ultaofﬁtests o

' “Table 5.1 shows the restlts of simulations which ha.ve dlﬁ'erent 8 values The sim-
ulations which use ‘small’ § values, give poor steady state tracking and there in -
significant ringing in both the input and ontpnt variables. This result s to be ex-
pected because the bandwidth of the system is too large, whlch causes eITONEOUS

~ predictions (plant and predictor models are dxﬁ'erent)

The last test use ‘lugher B values, and the results improve mgniﬁca.rtly The ﬂ
- values are selected so that they increase as x increase, This i improves t.¢ Tobustriess

of the system. The resalts (refer to Test17) shows that the system has good dxstur-
) bance rejection, steady state tracking and robustness propertles. ' S

 The following simulation llustrates the robustaess of the MSC cqntrol tecbniquet:" S
This simulation uses a predictor miodel which has parameter vagistiops in all the =~
model pa.ramaters These parameter vana,tlona cauge gl bnemns predmtmns, b,zt due

’All dimulations ha\'e A=l
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o ' 1:0 the r&bnstneaa pmpert}', ‘khe § """ k m 18 Btlﬁ Opera.tes. ::. S

.' R‘ﬁar toAppendxxB TestlS

w The slmula.hon resnlts show tha,t the ayatem mmame& sta.bie and that there was no°

. steady state errors This confirms the. robustness of the MSC a.lgon&hm, Whlch.can
o “"bse a.ttnbuted to the careful selectlon of tlxe B vam}gyfegﬁ_;_/ -y

o ..

vl

e

N

!_’/._'-:"'

W

.

] .:_‘\..



Chapter 6

B | Couclusmn

' 6 1 Genera}

The aim of this project was to estabhsh a,predlctxve control algonthm for contra]]mg R
- multivasizble systems. The a]gbnthm was first developed for the SISO case.cn chap- .
 ter 2, andrwas then extended to handle MIMO dystems in chapter 3, The reason for * -

" this approach is that the SISO algorithm created a useful framework, which can be
easily extended to MIMO systems. An important feature of this algonthmm that it

has inherent integral action. This featur:. is essential for the nul].mg out of constant
external disturbances imposed on the system, However, *he most important featurs
of this control algnnthm i that the desxgner tan speclfy constraints on the input

. va.nables to the ; process.

i _ _ _
In cha.pter 4, almula.tlons where ca.rned ous with the intention. of assessing the func~

tiopality and <fficiency of the algorithm. The functionality investigation verified *

that the algorithm is fanctioning correctly and that the overall approach: to solving

the problem was correct, The efficiency investigation led to a qualitatwe analysis of .

" the memm‘y and campﬂtatlonal Gﬁfort requirements of the algonthm o

- '(‘ha.pter 5 gave a qualitative approach for designing a stable and robust predlctwa- '

-cqitrol system. The need for careful aitention to selecting algorithin parameters

‘was emphasised, and simulations where giver to illustrate the concepts. . The ro-

business properties of the predictive control system where shown with the a'd ofa

simulated example. This example used a preicior model which would haye given
serious stea.dy state errors, but good results were still achieved under MSC. feedback
control , : .

Used in the cortect manner, Mulh-Step Gbntrol can yleld avery powerful ang effec-

_twe multxvanable contral gystem.

6. 2 ASSessment '

Cla.ss:cal control techmques are useful when designing control systems that ha.ve.

Imear models. These control concepts experienice difficulties when non-linear 8ys-
tems are being considered. All systems.have non-linear properties. The approach
to designing control systems besed ont ‘lassical control concepts therefore forcas the
desxgner to select the opera.tmg points t’b.a.t. are in the mast hnea,r region ’

R
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'_The work done in t}us project ha.s shovm thadz it is poaaxble to demgﬂ sta.ble, robust o
'multwanahle ocmtrol system, that a]luw for constra.mta on the process mput vm o

N .Thls pro,jecf. has not mveatlgated the pe:for@_gm:e o:f MSC‘ mntrol in a mnwhnear:: o :
- enviromment, A typical mvestigatuan would, Es“r insta.nte, squi%e 8 %xmnla.tmn of the RS

| . MSG system”mmg a non~lmear piant modeL '

o 6 30 Suggestwns for fui;ure w%srk

o S&?ge prmmplea fur auchlevmg a stabie and zobust contml systéiu ha.ve Been pre- .
 gented.  However, only & quahta.twe method exists for establishing stability and - .
" robustness. There is'a ,ne\ed for a more qua.ntita.twe ‘method that would take mi:o .

. conszdera.tion isgues suc.h as pla.nt model mxsmatch. e '

S

TTOA ma.thematlcal function, similas to the loop transmmsion (clasmca.l control), is re- '_
quired for predictive control aystems. This fanction ‘would enable the deslgner to

- _ accurately determne the stabﬂxty and robustness properties of the system

. 'The prednctwe control algonthm de\re‘ipped in this projec’c relies on g predmtor model

- of the process. ‘At present this predicior model is bused on s lincar system model

_ " rrepresentation‘ Future work m:ght i‘nVeutxgate eonvertlng the pnedlctor model from
A lmear ﬁo a non—hnear madel‘ | N '

. ’ v
{\i .

P
gy
1.

) . - . - L L " . . A . .' . s ' _ L . .
.

- H the opera.tmg pomﬁs-d a control systmn are ;placed cbser to the satura,mn Iumts ——
* . and a stable, robust control techuique is usad,,\ then ‘the yield of ¥he process can -
- often be jncreased. This can be acconiplished nding prédictive control techniquey, . .
o _Themfom, there is aa.n amnbmlc mcentwe for uamg predictma control techniquea Py



b Appendlx A ' SRR T

: 'T}us a.ppendlx g:veé & detmled a.nalysm of how the predictor equatzon is deﬂved.
: The ‘predmtor equa.tmn is dsenved aasuming a kpown plant model is a,va.ila.ble

- -_Iiutialw, only SISO systems a.re cons:dered, however, this ana]ysls is easi]y extended

4o cater for MIMO systems.

. The analysis ’Sasﬁﬂlows o u T S ._ .
| . Seetw:u A 1~ SISO systems, o o /-.. | ‘. : :
. SeetlonAz MIM‘{') systems _ _ “ o o o

The predlctor equnilon‘ o

S ihis ¢ equatxon provides'a mechamsm fcrr predxctmg theplant output

| fort = = fot L ot HP.

'-::The mplementa.tlon of thia equa.tmn rehes on the ioﬂowing mi'orma.tmn' - '.
e Pa.stmputtcsplant K " o
& Past output of pla.nt
liatimated modeI of the plant
Ig Estzmated futm plant mputa. _.



e i b '
i
."1. N : ) : . -. .
A.1 Predxctor Equatmn. SISO system |
The tramsfer functmn (m dmcrete time) of a SI30 systeﬁ is wnttam . . -

A T}us ma.y be re-a.rranged into’ the io]lowmg equationt "

'y(t) [BQQ“I +Baq"‘3 + qu“':; + Bﬁ q""]u(t) [ Az g-vl + Asg }.2 + A4q"3+ Asq_ ?g(t% >

Where: SR L e
: - A@ﬂ) A1—Fﬁnq'1+deq"’+ +Au+1q T I o
B(g-l) B:+Baq +Bsq‘"’*'+ +B.,+1q R 2

3

= orcier of tramsfer :ﬁmct;on F*-- -

NB‘ A1 = «1 and B1 = U, for a.li systems

In ordez to demonstrate the mechamsm of derwmg the predxctor equatmn, an arb:- Lo
trary system will be used. After this demonstra,uon, the pred,lctor equahon w:]! be -

; d.erived ibr the genezal case, _ _ _ o
o .Exa_mple The predmtor equation is denved for i, SISO system - ’,'_;;\l' -
. nf order 4 and prediction honzon of 2 steps ' - B

. e n=4 and HP =2
The transfar function (A 1) ca.n be expa.nded a8 fnllows

[1 + Aﬂ"i + Aaq"g + Aalq'a + Asﬁ"‘]ﬂ(ﬂ [th.i"l + 339'2 + B-;ffs + Bsq-}]:(tg. -
) _ . 4)

A
I

The sluft Dpara,toz: may be illumma.ted from Equa.tlon A, 5 by wntmg the equatxon_

m terms Of the past mputs and outputs

y(t-- 1) "

S : o uft — 1) P . :
v)= 1B B Ba B | TR bt A - —ai] | TR |
o T T T e

Usmg the shﬂt opemtor, the hext predicted output ma.y he wntten as:

o eEY=a . @An
Subst:tutmg Equa,tmn AS mto Equatmn AT and Jllummatmg the shift opera.tor,

: the equa.tmn for §(t +1) ma.y be written:

| S A 70 y(t)
- g(t-;-'I) = [B; Bs By Bj] :g—2§ + [-dz ~4s — Ay ~Ag] 38:3
| wt-31 " tw-3] |
e a8
46:_'. ’



"5(3 ol *
-

§t+2)-= (B2 By .B;“-ﬂ_sl

= [B: By By Byl

Al

o Usmg the s]nﬁ; opei'ator, ﬂfé next predicted outpnt ist ES R

U fe+3)= (B Bs BBl |

L u=1).
T u(t+ 1]" '
- u(E)

'ﬁ-___-.Lu(t 2)) o

+("'Az)[—Az —Aa -—A4

4 [_(543}- A) CAc+ 49 [ A2di) (g 445)]-.

g

@v(t + ‘2) qy(t + 1)

ProAe B A D)+ (s ~Ae '-_?'Asl

u(t)
‘“G 1)

u(t—1) Bs B" Bs]

(t—i)

4‘5] yi-2) |

e ﬂtt 9] S

+ [-4s —.'A.-;-_eas]-f.

(A 9)

o -\Aﬂ;er substltutm,g the equatlon for Wi+ 1) (Equa.tlon A 8), a.nd agam ﬂlumma.tmg
o _the sh]ft opera.tor, the equa.tlon for 3}(‘! + 2) is:

s‘(ﬂ

(- 1)

(f 2)

el :

u(2).
u(t 1)
u(t—2)
o L (=3
N A
y(i~ 1)
¥t -2)
w0-3) |

I ':-._u(t-i-l) 1
- [(Bz) (Ba—AzB:) (34 Agﬂa) ( 3 Az B{) (._ Az 35)]

Ay

| Now, the above equatmn ﬁ(*""?) (E‘lﬂatmn A. 10) is a fuuctmn of y(t + 1) In order Feeno T
1o xllumma.te thia, ?i[t + D (Equa.tlon A, 8) must be aubstltuted into this equataon '



by - .. . .
fowo.

L The resultmg equa’ssons ior Q(: + 1} ;1 ﬂ(t +2) ate m;ed i;o set up- the p!'ed.ictor ;" _ |
.. . equation, The pre&;ctor equa.tlon s s ply a ma.tnx equatmn, wluch deambes the_ S
. eqna.txons @(ﬂ +: 1) y(t + HP) . o

R

)_...-,. --5

R _'I‘he follomng nota.tmn will be uaed to &qscnbe the predxctor eqnathn

SR = QR Wt + R (& 12)1.‘_- Sy
Usmg the not&thf deﬁned in Equ%tlon A 12 the squa.tmns y(t+ 1] a.nd y(t.;.g) can .' e

Cow

. 'blﬂ u.sed 10 ﬁnd the matnces

9"'

it

.'13“4 - BsﬂM]

oy .4 (n )1) o u(t+1) e
el PR Rt ) _m,g

ToNE

u(t: 3)

@ 15)'__'

1_ (‘A? +A§) (-Aa-l-AaAa'} ("'As +A2A4) @4245} ] (A 13) -

u(t 2| (Alﬁ)

L e m




The pre\nous a.nalys;s mere]y Justrates how the preﬂmtor equa,tmn m formula.ted
___"'Tha predictor equatwn is now denved jor the genera.l case: - o ﬁ : '_gg c

- FDI‘ any system uf n!lier B, :t can. be shown tha.t thﬂ eqnatxon for y[t) has the -
foﬂowmgstrucgm_._:._.- _ e e T
PR :[]'5u@ 31 .~7f*  ;}?&&-% ;3Q;7T

a ¥ = [3233,Bn+1] u(_-tf: 2) [-Az -As .-Ai_t+ﬂ g Sl B

. '
'.

- y(t- "), |
(A 17)

. _.UBlIlg Equatmn A 17’ f)(t + 1) i& wmten' s

N gﬂj
o ﬁ(t-}-l}:— [Bz Bs B,,+1] _' y( N ;

-- +[--A3 -Aa - ““411+1] ..

y(t n-}»l))f.'-.'” :
. (Am)

| ﬁ(t + k) is &eﬁned (m genera.l) a8 foﬂows

R S (et k- 1) I y(t)) L
T IL A ’ u(t-}-k —2 y(t -1
B+ k)= [Hp Xg, WX (n+fe}.k] : } 1+ [’Yl k Yé.k Y,,,;,] - # :
S u(t et y(t-—ﬂ+1))
R Where the vanables X a.nd Y are ‘du vanables whmh descnbe i:he elements in _'
- the vector, . ¢ :
¥ the equation desmbmg the K'th predmtlon is k:novm, then the (k+1)’th predlctmn o
is derived from the followmg equatwn ' _ o

" 0(£+1-+1) 'fw(t+k)

k3

(s (:@.:b)l o » _' - 9(t+)1) 1
[xl,k XR k X(n-l-k)lkl ) ] +:[Y13k Yévk' "‘3;'?;‘:#] . y( ’

: u(‘t n+ a - y(t—n+2)
. : ult+k 'f . '
o u(tE}-k )1)f Lo O
[Xm Xa.fe X(n-!-k) k] FYigglt+ 1)+ [l‘i.h Y&.b] i
Y a | o L_ﬂ(f--?}ﬂ'-_?)'__ o (t ﬂ+2)
o L N u(t—{-k—'l) y(i)
o= K Xag e Xenaal | 0 +I1"2.k Yn,k] .E -

I

Dz

[}

=¥
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. __'.+'Y1_,k[32'_33- 5 B_,H_-l] [ " )

Equa.tmn A20is used to set-up the pred,lctor equa.tmn ma.tnces The mmai sta,ri:mg
point is deﬁned ba.sed on, the equation of y(t +1).

3 .Key result.

:].mtla.l settmgs forX and Y __ L _ :
* Xia= By s en
| K’I o A(,.|.1) Where.z 1. I (A.21) -
Recurswe formnl&e:_ L P
ecume " P oieny
_ _ | w4k -1)
g(t»i—k-l-l) [Xl,k sz N CAPPTRR || | S S
_ o _ o w(t-n+23) |
o pu(t—-npl)
T ) .
.+ Yi.[B; Ba .. Bupi) ]
IR S -'ﬁ(i'-_-—'ﬂ-{-i)z S
I U
iy ..Q.Yn 0 . . E ‘\'
| We=n+l) }
o B | '(y(t)i_)-
e : | we-13
Mgl = ds oo~ d] | 107
| S Let-n+1)

MATLAB codmg . '

. Equaijons A.21 and A.22 are mcorporated into a MATTAB code as foBOWs o
Setup the eguation describing §(t + 1), using the recursive formulae to find sucoes-
sive equations. The above formulae operates on the principle that each predietion

 relies on the previcus prediction. In other words if a formulae for §(2 + 1) is known,

thon using the recuesive forxanlae, an equation for y(t + 2), and kence all succesmve

- equations are oomputed

Caleulate the equaf.aons, using the mdea: ngnge k =} (HP-I}
-Once this is done, it is a simple p%cddam- m a.tf w.'t the matrwes QW und‘ R1
‘Refer to the MATLAB program ¢ale.m E '

1The MATI}AB.mde_dnes this in one step.
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S ote descnbeequationsi)(t-t—i) y{t+EP} Ty

ee+2) L |

:mwm,,;.

R LR L) N
B R (CE ) I SR

formnlated naing the Equa.tnons A .21 a.nd A 22. S

| . Exampie°.HP"‘5ﬁndn—4 o 1 o

The following matrix ejuation shows how the dummy variables X ami Y a.re used

W ma.tnx __ "-_ )

Y ...Y.Blz.: Yl‘z' .
Y3 Yaa
Y34 Yau
Yap Y
Q ma.tnx

‘I‘he mitna.l staﬂnng pomt is spemﬁed by the eqnatmn deambmg ﬁu 1)

, - gw _. : u(t)
e 18 5 B |

(- 1)

i u(t 3)

.....

. R matrix

W J +i-Aa -m -4 -4;{]

.........

Tt

2

y(f) :
y(i—~1) |
y(t-2)
y(t~3)

Wt —2) |

(Az:{)  ; i o

-\f

w2

: The valies of Xm. X4,1 and 'Yi,g 1';,1 may. be obtamed f.‘rom Equatmn A.24“ .

B E
1| u(t+ 1)' .
trow® | o
| u(t~ 1)

o Bach of the predicted equations B+ k) where k =1, HF), are dﬁnved usmg the =

" Once these equa.tions are denved the ‘matrice
set of equa.tmns as phnwn 1;1 Equatmn A3 N,

':recnrsma equa.tmn (Equa.t.mn A.22) ST o

[
._h\ L

5

‘

L7

™
bt

L

H +1

B )

W,B. and Q are extracted i‘mm the B

Ny
1,

o

Go 0 .

T T S



: .Aﬂ;m-m le mdﬂL

e

o .'__'I'asﬂmg nf cude'

e Usmg the predactor eqnatlon, the response o 2 sﬂrstem tn a step cha.n,ge i t;he

- input s predicted. -

ol . The lmear system_is mmnla,ted usmg the MA‘ILAB ls:un m pzogram

ﬁ &mpare the resu.'lts

we sun(s+5) o
o P(*’) (3+10)_(32+2({!3)s+102)

S Imtlal autpnt‘ 1 5 - S
o Step t‘.h:mge of mput sxgna.l to pla,nt‘ D 5 1 0 a.% txme t = O,

"‘_.'._Flgure A.i shgws tha resu}.ts of such a test [refer to stest m) 'I‘he results indi-
 cate that the predictor aqua.tmns predmtmns are identical to the results obtained by .

- slmulatmg the system In other words the pl‘ed.lctor equa.tlon for the SISO system B
is- correct . o . _ '

B.esulta. : 'i. | —Pre&cmreguahom Lo

shp mpvnu (-ﬂh mul memm)

\ /:‘l Er

-

il
e
A 1
' I

o,

.. | F‘iEﬁe A.l: Test of predlctorequu&ﬁon (8150 system) o

w

P

- Itl order ‘ta assess s the functlonahty ofthe MATLAB code (calc m), 2 test Program B B o
.ls wntten in which the fo]lowmg i doneo T e



| A.zu Predlctor Equatlon. MIM[Q system

The predictor eqnat;on for- the SISO casé is denved in sectmn A 1 AB a]ma.dy
* menticzied, the conversion from 8IS0 6 MIMO 15 easi]y dl:me 'J.‘h:s Sectmn gives .

' det&lled expla.‘natxon ofthe mnvermom T L :.::-‘I;—i-:'} C

o The hau.c atmcture used in I;he SISG case is extendetl ﬁo ca.ter for MIMQ systems SO

by converting the elements in the formulae from scalar va:aa.'bles o matrix variables. -

o Tlua section outlines: the rules for handling the MIMO. Lyt on, mncludmg the |

lysis, thh a:n example of Q]\:te prqdlctor equa.tnon used i systems. o

systam representatmn a L T e
. sfer fu,nchon {s rlomain) of 3 MIMO system is usua]l}! wntten

numn(a) mxmu(s) numu(s) (R
“numg(s) Mmze(s) ﬂﬂmzi(ﬁ) ..

&

P(s)

m}_nmm;(s) -mm,,,,(s) v ntmg(s) |

Where‘ 1 .“'— Number of pla.nt outputs.
1 = Number of plant inpuis.

: "It is p_" axble to transi‘orm ea.ch of the sub-transfer functmns late its dnscrete tranafer -
function form: &> . .
. Example .

ntluml'fl(é:) - Bu (4"1)
dén(s)‘ - A(ﬁ"'l)

o If sub—tra.nsfer funchons sha.re the same common daxﬁimma.tor, then the sub tra.nzfer
- fu:nctmns in the discrete time dnmaln has the same A(q"‘l)

| (A,'z*r)

@

i,
[ .
{




- : '_The transfer functmn (m d;screta tlme’j of 4 a, system 18 written

" Rules for exterision from SISO to MIMO O B
. The fo?lomng extensmn to Equa.tzons A,28 A 29 aud A 30 a:ramade when cansxdermg' .

SOk Aﬁ-l; u(t)

- v'

A(H"l) A} + Azq -1- Aaq"z + + Aa-i-lq
B(q 1) = ]531 + ng"’ £ Bsq'“z + it Bu.g.;q

o 'Ihf.IMO syctems:

1 Each ele!IIem‘. in the equa,tm (Eg AhBi) i trea:ted as o ma'trm T e

2 Each element ofB 18 deﬁ.ned

311, -Blzs iy 'Bu;-' R
leﬂ Bﬂﬂa " les uf .

S B T T ety

N 3.'-Eache1eimtomisdéﬂn§dsg "

A= Aa:I(m)a o eslunen
I(m) = 1dent1ty matrix of size ﬁie R . o
4 'I'he va.na.ble y(t-i-k} }%\W (k s dummy vprla.ble)

?z!

. .‘_

L Tuen ]
o t+k
Y+ k)= ___#e(_. k)

o ymct + k)
5 The vaa-:able u(t+k) is deﬁned (k isa dummy vanable)
'ﬂ1(t+k) '

1 wesn)|

-.._._\\ ’

v
. _When eonsldenng MFMO systems, tk;e same equa.tlons mused, RE

B A T

C St

Caay

e (A.'sz) -

= (.&34) |




U The followiné’ exa,mple expla.ms the nota,’sxon

B '-Example- S

_._-:,.Conmder the followmg MIMO a}fatem - o

BRI L 1o'aa+1 LY _ R S . C o
T —6021.248° - 1445 9567 - 97, 233 - 21 8125, 8233 " 1746 363 £ 130.20.9 +3. 1
| 262 045% - 464,667 — 27.003 ~ 0,52 5810.405° + 11576852 4 T3.8Ts 4 1.52

-

31.551'

o .I ﬂ“ﬁl(‘) “"mﬂ(‘s} ]
;‘ numgl(s) wmzi(&)

55045 87s% + 14790 1033 + 1461 47.93 + 63 Uﬂa + 1

den(s)

: Converswu to dlscrate tzme B

L Samphngpgrmd T Esecnnds

ﬁ.--numn-(S)l; '4 3111 + Bngfj + Busq 2+3114¢I"13+3115f1_4

. den(s) Ay 4 AgqV+ Aag '+ Agg® o+ Asgt

ntma(s)

oy 00543307 + 1155607 = 0.8160¢5 + 0. 19134-4 o
o --__.‘\3 hw 32 8681«1‘1 +3. u7saq-2 14652973 4+ 0.2600¢—%

Sy

" Bug, '%"Bn-;q “b 4 Buagg™ 2-_|_' B3¢ ;"'3'-1-13"1259' 1,

Tden(s) T T ALt A ¥ A F At Asgt

numay(s) - _Bm £ B 4 g™+ Birgd 4 B}

0+ 0.6568~1 -~ 1.3662¢~2 + 0.9452¢~% — 0.2175¢~4
 T=23868]q1 + 3.0783¢ % — 14652 + 0.2609¢ % -

l\
-3

Cden(s) - Art Asg T Aot + AT+ Aggt

. "'ﬂuﬁln;(&)' _b ' 3221 + Bzzzq + Bzzaq -2 + Bzzﬂ"a + B:rzaq

| 0-0.1913g 4 D4278g~ - 0.3185¢°3 + 007904

Tden(s) T T AvtAgq 4 Mgl + Asg S Asgt

1-2: sss1q—1 + 3.07834-3 L4652q*‘3+ (i} 2609q~4_

(= 28681q“1+30783q"2 14652r3+02609q”4 B R

0404450~ - 0.96382 + 0.60160~% — 01647974 - °




Matrix vama:ies-'- R

Accordmg to the rules;'fhe varisbies in the Mmo mm*mntmn a.ré’desﬁned as -  s

- The input and ouvtput vectors’ ._q:';‘-.ej_de;tﬁned as _ﬁ:llows: e

- y(;1;.'__ 2--)_;

\ u @~

© =lwe|
y(t -1)= m(-1) |

.h.

| w(~3) |

e

@,

~mﬁhg-
n(t-2)]
% =2

= [ me=8) ]

[ u-4) ]

92(3 —.41' -'_ :

05422 0eses] . [
[ -01018 oas | 227

[ 1556 —1.3662 |

]

] ‘%f.._._i;._nwa -0:0638 | _ o
|
]

1 j".-1 4652

T —0.8160" ;1:9452-'* ' vy .
o -146‘62 L

03185 0.6916 |
e o [ 001 —oams ]

'""")

= R "
] I .
"

3 9?83 ]

02609] P

The above ¥ a.nd u ma.tnc.ea a.ré NOW. used to denve the predxctor equatxon The =

: _ procedure of deriving the equation ig:identical to that of the complementary SISO
'~ case. The only difference is that in the SISO case, the clements inside the matrices
 weze scalar vdha,bles In the MIMO rase these elements are now matnces. .

"56'_ o .

.ﬁ_{" -

IS
A .':;
'f_.r. S _

L g

B

Ty

o



- A R

o Matlah Codmg :

o M{OcasecanbefoundmtheMATLABappendm S

o exactly as explamed The way around this. problem i& to split the matrix up into.

'- - séctions, where each section can be treated us a matrix. ‘This issue is. not elzborated . - g S
" on any further; as the key issue is to nse matrices o8 thé base variable, If this, code: "
were to<bee-written uamg 2 language anch s Tufbu C++, theh t}us archtecture e

. _;__'-'would be eamly abtmed. -

.. {'Test‘ing of eade' R

- In order fa asaess the functmna]lty of the MATLAB code (ca.'.l.cm m), & test pm-:- ek
. gramie written wluch performs the followmg* o N L

.

o Using tha predlctor equatlon, pred.lct the response af tha system to'a step_‘ o
changemtheplamtsinputs S S o

. Simula.te the linear system usmg MATLAB’s lsun m program

- . Cempare the results

]

y ,Best: .. Lo

BN
3
U

Arbltra.ry pla.nt model,

I A S P(,s) [19_.{{._1- ﬁ] L (ASB)

_Iniﬁ:al-inp'ufs. '. lﬁpﬁfl :.'—- 1 ” . L o
'- Cmputz=2 L 4L
Step cha.nge ofmput axgnal to pla.nt at time t = 0,__ '

New mputs mputl =05 e

L mput‘z -__- 1

" The MATLAB prograni, calm.m, w]uch denves the p:e&cxor equamén i‘or the:- S e

" Unfortunately, MATLAB does not allow eletnents in a matrix to be defined asmaatrix , -~ .
" slements. So the explanation given which converts SISO to MIMO is Implemented IR



[

The foﬁowmg gra.ph aze’ the resuits of such a teat (refer te ma“ ‘m) The resnlts B

. imdicaté that the ‘predicior equal.on i§ identical to the simulated system In othez""
T words the predmtm equatlon i‘ur the MIMG algonthm is carrect. R

Results‘ :"":':' = PredJctor gquatlon
o e = Sunula,teé system

0. 2 - 30 S 8 0 . 80 % - 100
- Tima taaeaﬂﬂu) CoF
Hupmlu of HINO mhm

A

é_!i .

_{:.‘.:

/

0 2 36 43 80 607 70 80 86 108

Figure A.2: Test of predictor equation (MIMO system)
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| 'f'm*:tmn {B’ A] szp{numl denn T}: S _

.}: fnnct:on L'B,, A czdp(n'um, den,. 1‘),
x\ . @ . o

A A convexts s contixmous *.Ina tra:us!n:' '.f‘unct’:l.on t‘o diacrate time L

3 aasuming a  zero order hold on the inputs L
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c.' 2 TREF M | |
R :funct:l.on [yl = ’raetcfsp, w, 7, b'm)r |

S

Wk Galcnlataa ‘tha re:lerance tra;j ectory L

'__function Eyi & TRef(!sp, Yo, I beta),

Cyla,1) = Yo. L,

v foy 47E Lifes

oyt = bee{a*y(i i) ¥ (1-‘be‘t=a)ﬂ‘sp,, )
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TR

f
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S A ’whare
o e
B ¢+ A

...:__'mrta.on IZCI. U, RCI ca.lcta A m:),

- | = langth(a,,]«

N X Bet-uf& in:l:bﬁl sta.reing po:lnt _

T

c3 CALG.M

J= caic{B LEPL

\l’ and. R niatrix =

Wk

L

: -B{nﬂ}l
< A(ar)l

_ “[81 B2 B3 BY ns B85
Wik A& = [AL A2 A3 4415 18 5,
%% m = order of system . .
np - horizon nP’-‘&dicti.on R
Ml _
KZK predictud.autput =

.||' -al"n-.'

q * l:p t. outpnts]’
o +u* fpr d:cto&_

pradic.t:ad,_out'p‘ats = Ey(t-l-i)

ast. inputs

| s (1)
past ou:l:puts .

= !Zy(ﬂ

Q= 33:05(5?, nd; o -
¥ = zevos(EP, BF); . .
R s"seuros'{_l_!_!';_ﬁ*_i);' -

o q(i,.) ='-A(2 n+1}, R
W1, 3) = [Zeron(l, HP—i) 3(2)], o
. .B(i,.) = 3(3 n+1), R E

' duomyt = NNCL, ) m,.)}. -

dunmy? = q(i.,),_. -

: _dummy:l.i = dmyi dummy22 = dmyz "

'::tori=2m'-"

. IR S umyznci}n .
dummyn = [dvmny) 1(2: 1gngt:h(dumy11)) o‘.l + Mg
- dummy22 = [dmyzzcz 1ength(dummy22}) o] +
- H(i ‘) = rlummyn(l HP), _ o
R(i,:) = dunmyii(HP+1: 1eng1-.h(zi)).-
. Q(i; ) = dnmmyzz, : _ .

o

y(t-!-z)

e pred:,cmd_.mputs = {=(t+HP-1) x(tL+EP ) .
x($-2) eers
(LS R

N 53'
+ R * Epast inputsfr"" _

..‘ X(t} . J,_.
(t-n#1)32
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o ._" [ 5’ whex considering 2 SISCI syst.em _ N
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04 STEST»M L

v

%»,,m.a !!—:Eila ﬂili. *best t.he tun.cﬁwnal:.ty b:! 'l:he prad:.ctnr squa:b\}}.on

N

}ﬁ Rrocedure 3 JL SISO iystam ‘:111 be aemrp

i _,_.a.

e

% e D The datpwiawill be gonerated us:l:ng both ’Ehe predic*l:or equ,atfon s - '_

oo ad -t siwulation of the. system.

e K Horizon: pred:ct;on B
T ‘= 0 05, . , - . e x smpling pariod (gecoma)

= o

- sezwup plaut ncdel
oum = aGO*[L BY: A T L
m:[iiosioemoo}

[B, '.,_. czdp(mm. _den, T),“ v o . .
n = length(ﬂ-i. R - % oxder ot transfer function

m. v, _n] = ea (B am, R

x Predict the b
543 Using the
% = Te(4:1:RP
%% set-up the system with- upnt = 0,5 S
[y.X0] = lsin(nun,den,n E+zeres(HP, 1), 100%),
{41,81,01,041 = t:tzss(nun,dm) i B

%% calculate thie step rasponse ‘of the system with an :ut:,t;s.al cond:l.t;on

%% of input = 0.5 and output = 1.50

- %% Note : The extra time was included hecau.se the 1gim comma.nd alﬂays -

%% . includes the initial starting point in the output.
y-# 1sim(A1,B1,01,01 somes(EP+1,1), Tt T*(EP-I-;I.)J xocﬂp,.)),_,_. o

¥ ryeaegnm)

m Using the pcrad:.ctor aquation
y_pas'{'. = 1.8B0 + zexos(n,1); -
. u_past e 0.50 + zeros(n—i 1);
n..:tuture = ones(HP;1); > '
Y= q*y_pastw*m:tntnramw,past,

% ﬁisplay resnlts ) I I N
plot (T#(1:8F), r,w ,t.;v). gna, o L
» title(’Step response (with initial cond:tim) ), .
- ylabel(’Output?), xlabal(’Time (seconds)?);

a4
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"""c 5 CALCM M e
Yy :Etmce:l.on I'.Q, 'ﬂ l{} = calcm(B A,HP 1,11). | . :
- AR : ' .
S 4 caa.cu:.ates the q, w and 3 ma‘l:rz:: :Eor a uznu aystem
P S :
7+ ll}
;f!
]

v 4
17

PR
o
e
| s
LWL B =
%%
_m'-_ |
b ¥4
44
WA
o
S
W
A

' where Bxy = TOW. vao‘l:or u:c coaﬁ:l.cients oi 1engt1f n-l:i .

BF Hor:.Zon Prad:.ct:l.on -

L o= Numbex of inputs

. m = Number of outputs
‘m = order of system .

. waew
§- BRE-

TR

E.
Mﬂmmum“mmm“—-—_—n——.‘m
- e T

_:unction [q. -il n] --calcm(B i, HP l,m),
n = 1ength(&)-1, _ o '_ % nom o:rder of tra.uster tu.n.ct:.on o

' Z% Set-Up !!atricea
: 'Q = zoros(W+HP, m*n), o

_ | = zoros(msHP, 1#HP);
R = zeros(msEP, 1x(a-1)); =

SO

% set-up tiret row -

for i = 2intl
Blim , n*(i-?.)-l-i m*(i-i) ) = -A(i}*eya(m),

H am. .
¥(iim; ) = [zu:os(m,l*(li?-:l))’, gst. b(B 2 1,m) ’]’
for i = 3:mbl

B(i*m ' 1*(1—3)+1 1*(1-?) ) = get. b(B i, 1 m).
ny . }._
% set-tip Z10 and Z20; B
- %10 = [W(1m,:) R(1:m,: ).I. -
- 220 = q(1 m, ), _

21 Z'.I.D 22 = 220,
for i = 2 HP

l|=22(1m,1n). ' '
‘Z4 = [Z4(4m , 1+1:1%(EP+~1)) zeros(m 1)] + mum(n 210 1), )

. 22w _[22(1.111._’ nelimdw) - zeros[m,m)] + mul{i(ll Z20,m)

. '. ) . S \j_;
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MTESTM T o
_ xz Thia H_f.?l'LAB program will '!:est the :sun'ctiona:tity of fhe'xxﬁﬁ pq:eaj.'c_tof_
. aquat:.on PEOgTRN GALCI!.]I o o SRR
B tleﬁﬁe a«domum model - SRR . -
o o
% w21 B I
S 1 18.Ts+L . 2184 b
woP(s) = .o b :
W | -o.82 - - 1,62 .
l Ve Reda 3
| I

10.98+1 ¢ 18,454

PLi(s) - P12(s) |

W . P21(8)  P22(s) .
v e I
o ‘den(n)

.

W

%Y -The - disc:ete time model is as’ ;follaws (ZDE on’ the inpnt)
W4 :

W Inu BAZ | C _ '
whop=1 R . 1

%A 1 B21 B22 | '

W -
W A

élsar;_

HP = 20; S _ % prediction horizen -
T s By G K-'sampliﬁg period

- N, itara.ﬂnf&s = 40. :

b Sas'-*up modsl o:E HIHEI sys‘l.'em in the s-domain .

SLl=25 0 % nwsher of inputs -
Cme ¥ .. % number of outputs
numili = =2,1; dexii = [16.7 3];
- pumi2 = 3,1; den12 = [21.0 1]; 1
w2l - = =0,62; den2t = [in.p 13;
- num22 = 1.52; dend2 = [HA 11;
den = conv( denii, de:niz). .
" den = conv({ dex, den2i);
= conv( - den, denzz);

denn.

% Comvert the model to the notation as shown above
Pii = deconv( conv( mum1i, den ), denil);

. P12 = deconv( conv{ numiZ, den ), demi2); -

P21 = deconv( conv{ num2i, den ), den21);

P22 deconv( conv( num22, dan ), dem22};

i

e
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%‘ﬂ% !‘ind stnp xeapunsa waing a-dauau modal | o L ; o

o= TR0 ER) ;0

- [a1,81,01,041 = tfzaa(,(i?nis?zﬁ,aan)”- e e T
[A2,B2;0¥,00] = t¥2ea([¥12:P22] den); S 8 R
%A% sst—up system wiif;h inftial conditims. -
- %¥% inputi= 4 -and $hputa = 2 (steady s#a.ta cond:.t;m}
o find atspcraspohzeminputi S AT
o YT = ledn(A1BY,61,01, 1+zms(m’+1 z) :locm), ' -Z. IR
%:tindstapxesponaem input 2. 0 o S A
“[y2,%2] = 11!&(12 BZ,02,D2, 2-!-301'@2(31’1'1.&);100*‘3). S
%ﬁﬁ tind response of the systen uth ehaaa mimal cbnd:.tion R
xzx Anputi = 0.5 and input2 = 1 R L
- % rasponse fue o inputl . Y e S
Uyt = 18in(A2,81,04,B1,0, 5¢oﬁaa{m:+1 1) t xi(apu .)). ST
% Tesponse due to inputl. . A
‘§y2m 1&1&(12,52, .Bz,ones(ﬂl’d-i ‘1) ,1: 12(F.P+131)); e
- # T Y’J“‘rzs o o A 9 : . R

%m F:mtl stap :response nsing 'bha disuete -l:ina préd‘ictor bqﬁatian . .
% Convert the Hodel from the s-plane to the discrete-time witb. 70K 1-25:; :I.nput o
2 DB11,4 ‘= o2ap(Be%,. den, T);" - : :
- [B42,43 = c2ap(Pi2, dam, TH; © -
: [Bzi.ﬂ = m‘(Pﬁ. den. -T) ."
B = mu, 1312' Bai; 522], BN S :
T oe léhgt‘-h(,l}-i' Lo L RN
X Calewlate the predictor’ equatipn matricea “for the HIHU arstem
. [9,0,AT = calen(B,A,RP,1, m), : _
x Beﬂ"'np “ﬂtm . . I . s . . : . :
- n_past{1:2:2#(n+1), 1) - 1¢00 - zeroa(n-:l 1); % past :.npu-bs :tor input i
 u_past{2:2:9%(n-1) 1) = 2.00 + zeros(m-i; 1), % past inputs for input 2

Ly,

yopast(1:2:2%n,1)  ='4.10 + zeros(n,1)5- % past outpmts for output 1 .
y_.,pa.sttz - 2*11 i) '=_2.5_2 * zérdﬁ'(n;_‘_l); - "% pest outputs for output 2
| x ﬁind step rgsponsg . B : ._ o - . = | ) .rj.. . o o .
- u_future(1:2:2¢EP,1) = 0,50 & zeroa(up—“~ B
pofuture(2:R: 2*11!' b1) = 1,00 # zuos(ﬂ? K R o
Y= q*y.Qast + H#n :tnme + B.*'Ll_past, o
L _pm;( T#(1:HP), ¥(132: 1engtn(1r3>. t,y{: 1),-'5»_’5.__; Y e
tit1le{’Response of MINO system’); : o -
- ylabel('Output 1), xlabe:l.("riue (aeeonda) ),_ ' o e R
gz’id, ‘pause; - _ Lo R
© pas( TH(LiER), ¥(aa: mm(m e .2)m* ST
‘title(*Response of MIND system’); BRI
__ylabélf’ﬂutput 2’) R zlabal("l‘ime (secunds)’},' :
Srid; : _ : .



ﬁ:.eap, r.:i.c. c:.g. .

dup(*‘i'he A vactor is =-: YA

f ;_c 7, _MoDELM R

. RA 'fl'hu metile dmnatxatés how the ra:!erencq mdel ot a p:rocess can ba

o W deiined using a diﬂaréuce equation T

. E
% P:r:acaas llodel :in s*—doﬁp.:i.n .

fo{s+1}

' (s+3)(s"2+s+1}

2 2% 32 2 aauu:

: % This program tr:l.ll :lind the coeﬂiﬂient :naaded t¢ datine tha A and B vactors

dan I:uuﬂ, R |
T !w L S % aampling per:.oa (ssconds}, C

.-aBa ﬂ = cadp(nﬁm. d“n T)u s =

' ._ﬂisp("rhe B vactor iz 3 ’};B e 4
¥i= datap(l!,ﬁ 2(1), R R
x= T*linspace(b A9, 2o)+-r/2- x = x" -
Staiﬂ(x,yi)a L . ) .
. stap(mm.ﬁan,'rﬂtnspace(o 20)),
_ hold off

e - S o

-

£1¢18("Stap '_:eapbiﬁse of __g«;é_},gg,,,a_)- o
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Q’PM

:tunc.t:.on [x 1amhda,how} gp{H, :E,L B vlb,vub,x,neqcstr,verbosity,nagde:)

“ﬁ#“ﬂﬂﬂﬁﬂﬂasﬂxﬂgg

. % QF Quadratic programming. o
o '«'% I-QP(I(,t,A,b) sulvﬂs “the quad::atic pz‘ogramm:mg problm' : T
7 pin o.Bwemk 4 £ix subject to: dx <= b
I, mnm:haﬂn 1 A*b) roturna the set of mg:angian multipliers,
mnnm at the solution. _
X-QP(H 'I,A,'b VLB WB} dﬂmes 1 set of lower and 'u.ppar
. 'bounds on. the design variables, &) so tha'c ths solnt:l.on
_isalwayainthera:ngem<x<m o
: II=QP(H 1,4,b,VL8 ‘JUBJ) ind:.cates that the first N consﬁra:mts de::.ned
by A and b axe eqnality constrdints. _
_ QP producss ﬁmin,g mas,saga,g :Eh,ﬁ" ighh suln’l;nton is- ‘either un‘bounded
. - or infeasible, Waining m-“ T NE ‘Im:l."hud oﬂ with 'che caning
syntax* anp(n 1, l,b Vl'./ﬁ ,\. B . .
. fl -‘..
- % Copyright. (c) 1990 ‘by tha Hr.tt In&.[ iy v S
% &ndy Grace 7—9-90. S \_ﬁ_.f._ . P R U
: : EEPEEE o

3 % Haﬁqﬁ.e ﬁisé‘..ng; argupants .
. 3F mappin <10, negdef = 0; o e
‘it nargin<g, ve:rboaityu [ PR S . Do :

. if nargin<s, neqestr=T1; = . o o . - ¢
3 nargin < 7, ¥=[); : ' A : : : :
if pargin<é, vub={l};

- if nargiws, vibell; .
. snd, ond, end, end, end, end D .
[ncetr,nvars]=aize(d); L . ' P
nvaras = fength(f); % In cawe i is empty -
if ’1angth{vexbos:.ty), varbosity = 0; end
if "length(meqessr), soycstr = 0; and
"4t "Jength(X), X=zeros(nvars,i); end

=20 . o
' 'B=B( )i -

it nom(n,*m')a-o ¥ "length(ﬂl n=o' QP=0; slse, Qb= nagdaf, and
how = 6k’ : .
% Handle constraints a8 linear constra:lntn
© lenvlb=length(ylb);
if lewvld > 0 : .
A=ﬂ,-aya(1em~lb.mars)]. o
B= [B:“_‘v:l.b( 3;
. end
1anvub—1engbh(vub). ,
if lenvub>p : '
_ h—[&.eya(lenvuh,nvars)],
B‘[B V'llb( )3’ )
end .



ncatmastrﬂenvlb-l-lanmb-
lambda-zeros(ncstr, 1). :

- aix=lambda;

ACTCRT=0;

AGTSEI=11;

ACTIND=0;

CIND=1; S

eqix = 1:meqesty; S o .
-x-r-—-—-u--a-gqum'nr caxsmm's i e it
if meqeatrsd T o o
a.ix(eq:.x)‘-"onas[neqcatr,i), S

o AGTSBTuA(nqi:,.), .

© ACTIND=egiz; 0 oo 4
- ACTCHT=neqcaty; . R
CI¥D=neqestxtl; N o
if max{abs(A(egix;: )*x—n(aq:.x))»i,e—io._. S : o
X=ACTSET\B(sqix); ~ & R S
z-‘aull{:lCTSET) ;
cerp = 0
it neqcst;:a nva:rs : :
exr = max{&hs(A(eqix,: )*x-aceqix))),
it (exr > fe<8) '
" how=*infeasible’;
- 1f vexbosity > -1 '
-diep(’Waxning: The equality conatra:mts are overiy str:mgant”)
' .disp(' . there is ne ’teasz.bla_solution,’)
end - - ' :
end ;
it ~length(Z) | err > /1e-8
actlembda=abs(-ACTSET \(Hr*xn)) H
."1amb¢3a.(eqix}’=ac‘blambda" :
Tetura

a

% Check whsther in Phase 1 of :I!eas:.‘bil:l.ty point t:.nd:l.ng.
it (verbosity == -2) 2
catr & A*X-3;
mc=max( catr(nsq“tﬂi nestz));
it (me > 0)
X{avarg) = mc + 1;
end
alse
=1:
end

% Find Initial Feasible Snlutio;,p,
satrsisX-B; :
me=max(catr (nogestr+l: ncstr)) H
- 'if mc>eps '
42=[[A:zergs{1,nvars)], [zeros(neqcstr,:l),'-un (ncstrl-:l.-neqcstr,i)]],

[xs lambdasl‘éqp(l] [zeros(mrars.i) i1, k2 {B;1s-B]1, [3 [] [x;me+1] .naqcatr,-2)._ .

X=%s8{1nvars);
| gstr=AsX-B;

i Xs(nvars+1)>epa
if IS(nvaxs-I-i}):la-—B

G



and

| Ytmmmm e mme—=Main Routine~

- .STEPHIH_-ielB.
. else

How=? 1n:teasiﬁle 'y

_ifverbaaity)—i R

disp( 'Harz_ling The conatraints are. overl'y str:.ngant*'} '
dzsp(’ . ‘kha‘.re is no ieasibla solut:on’) .
else ' : Jf’T‘

. how = ’overly constraﬁed';
- . end.

Mhdamlambdas{i : ncntx) :
: :cat'urn . '

s end._ -

-":gf+n*x+£-'
" if (gQP)

sn=—z¢((z»*x*z)\<zv*gf))*'”
% Chieck for ~ve definite problains'

I Y SD*#gf>0, QP = 0; SD=-SD; end

else
.a-z::zﬁ#gf
ond .
oldind = n, _

.- exregtr = :n.om(x)#:le-a- :

shile Lc'rCETﬁnm(ncptr,nvars)ﬂ '
% Find'Wistance we ¢an move in search di::ect:.on 5D baio:ra a
% constraint is v:r.qla.ted .

. @sp= A*SD, S

',- .

':Lnd: = f:.nd(GSDm & a:x).

it “length(indf) ' -

[STEPHIN,ind2} = min(abs(eatr(indf)./GSD(indt)}); -
ind=indf(ind2); - o
end -

oy e o P
iz (qp) ' -
% I STEPMIN is & then 'l:his is the exact di&ta.nce %o the solution. _

if STEPUIN>=1

=X+8D;

if AGTCRT>0
if ACTICET>=hvars-1, nc’rss'r(cm), ) (N H Acrxm(c:clm) I:]. and -
acxlambda=-ACTSET\(HeX+£); .
[minl, lind] = mm(actlambda(imeqcstr AGTCITT}), -
if (“lapgth(minl)) minl = 1; end :

_if (minl>0) -

lambda (ACTIND)=abs (actlambda] P
roturn :
and

‘% Remova c’dnﬁt’famt(s):"
- KCTSET(lind,:) = {I;

aixuc'rzun(uml)) = 0;

' ECTIRDCidnd) = n; -

ACTCHNT = mcn—z
ind = 03 :
else

&8



. slas

-ret'urn_ '

I~I+STBPHIH*SD‘ '

else :

. % Unboondod Sclnt:.un

if STEPMIN>1els; .
if X(avers)>eps .
STEPNIK=abs({X (nms)-riu«-s)/ (SD(nVars)-l-eps)) o

_ R=KsSTEPHINRSD; . .
© . end

how=’unh01mded"
if verbosity > -1

-disp('!la,rning 'l'he solutiom is mbounded and: a,t :.n:tin:l.ty, iy

digp(l o the constra:lnts are not-. restrictive enough ')
return -
. !=I+STEPHIH*SD,.

emi m (qp)

'% Update ¢ and calcnlate constrainte -
‘cetTEAVE-B; '

% Check no constraint 1s_vxolated

- if max(estr)>errcstr.
- if vexrbosity > =1

disp(*Warning: The pmblem iz badly’ conditioned' 1y -

. disp(’- . the solution is not reliable')

end

* now="failed?;"

X=X~STEPNIN®SD; .

- return
-end _

% Caltulate fiew saa.'rch d:raction a:nd update activa sat
S‘f-n"‘xﬂ» : . . : o
if ind o . #

aix(ind)=t; . . L i
" ACTSET(CIND,:)=A(ind, : ), o Iz

ACTIHD(CIND)-ind, : g
end _ e 4
it old:.nd ' ' : .

. aix(oldind) -'0,
cend

if nc‘rdn'rmvmui
nc'rcn'm_cmrm H

CIND=ACTCNT+1;
© . oldind = 0;

elze

 actlanbdas-AGTSET\gt g

e.ctlam‘bda.(eq:lx)-abs(actlambda(eq:.x)), : .
Dminl GIHD]=m1n(actlambda), :
17 minl<o™ :



o 'Sise::! "1ength!ngt)

D alse

.|.'

' Benal1(ChoTSET(Hscrm- 1,.),msmcmu.nvm, S S

oldind = AGTI!ID(CHD). P
. eilse. ¢ Coe ”‘
lanbda(AGTIlm)—actlambda,

C "retnrn

© end it mcnr-:nvm
©ix(ge) - g
. zsi za* o .
i (norl(z%ﬂ & 1.0-183 Tl
) = zeros(nvarg,1); - .

.- % Only 3appens in ~ve sem:.-defmite p:r:o'blems o
. disp{*Varning: QF problem is ~ve semi—ﬂatin:l.ts.')

- sn--'zarusfnvm 1);

ﬂlsa T o
: sn:»-z*((z**n*")\(z‘sfn,
- end - .- '
"% Check :!u: ~va ﬂefm:tte pu:o‘blems S
% i: 'SD’ﬂ-g:DO. qp =0; sn-asn, end .

Sﬁw-Z*Z'*gf.,
1% norn(SP)<ie-10 LA I
. actlambda = abs(-lcTSE’f’\g'!). o
' 1amm1m1aur:mc:'mn)=am~.1::Lalmb<m.a e
.xetm__-'__-...__ T '
o .
. ends . oo '
. -encl % wlula ,&GTGHTmin{nvara.ncstr)

S

@



co SIMULATE M .
| % Kult:.—var:.a‘ble p'lant node'l. smuiation -

% .
2 Specincatzons z

xﬂasxaxngsx

Hae got :l.ntegral act:l.on
-~ Congtraints en inputs P
Allowances !or d:.:t!e:‘smt pradictor and plant model
define continunns tima modal SR oo '
S '_'I .-Pii._:__ 1’12_ :I_-
P{S) = | - . |
: . !-Pzi___ P22 |-
den(s)
' .élear" A L SEPIRR

Y% satup apec:.i:.cat:.ons - .
203 . % prediction horizom

. EP .=
T =85 . ' - % sampling period
Tsp = [0-;1];' % set-point. :
tan = [go;801; " % time congtant of Tef trajactn::y
Unax = [2.2;2]; - % input comstraints
Umin = [0;03; " % input constraints
" no.const = B; . ¢ % number of inputs constraints

'-no atsps = 200,' . Z number of steps to Ton smla.t:l.on :Eo:r

WA detine d:.sturbancs imput - - ' :
d= [zaroa(20 :l) 0. iﬂeros(so 1), ssr.oa(no steps 1)]' '

%Y Define model of PREDICTOR
" % defiiie dzmenszons of predictor model _
C l_pred = 2; - . Y number of :l.nputs
m.pred = 2; ¥ number of outputs .-
% Set-up model of MIND a:ystam in the s-domain.

numii = -2,1F; denii = [17 41]; dalay:li = 0,
numi2 = $.2; deni2 = [21.1 1]; delayi2 =

nam21 = =0.8;  dem2i = [11 - 1]; delay2i = Q;
num22 = 1.52) dem22 = [16 1l; delay22 = 0;

max_delay_pred = max{ [delayil delay12 delay2i delay22] ); -
Aen = conv{ denil, deni2}; . o : -
den = conv( den, dan2i);
dan = conv{ den, den32); '
% Convert the model t6 the motaticn as shown above _
P11 = deconv{ conv( numii, den‘), denil);
P12 = deconv( conv( xmm12, dsn }, denl2); -
P21 = deconv{ conv( num21, den ), den2i);
P22 = deconv( cony( nmm22, den ), den2?);
% Convert the model from the s—plane to the discrete-time with ZOH on imput
811,47 = c2dp (P11, den, T).
zszi.nz = c2dp(P21, dan,'r).
~ [822,17 = ¢2dp(P22, den, T);
- Bil = [ zeros(i,delayii) Bii zeroce (i,na.x_dsla.y_pred-dalay:li) 13 _
_ Bi2 £ [ zeros(1,delayi2) BI2 zeros{1,max delay pred-delayi?2) 1; -
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321 = [ zerus(ﬂ,delaym) B21 zaros(:l..ma: dala.y_prad—dala.yzi) ],
. 822 = [ zeros(1,delay22) B22 zar.os{i,max_delay_pred-delayzz) :l,
A_prad NI 1 zeros(i,max_delay_.prad)}, :
. B_pred = [Bii; Bi2; B21y B22];-
. % order of 'hransrler function.
n_pred = length{A_pred)-1; =~
'Z set~up system (predictor medel) - e R
u_past_pred(1:{l_pred: l_prad*(n_p:ed—i) 1) = Otzeros(an_pred=-1,1); <
n_past_pred(2:1 pred:1_preds(n prad-i) ,1) = Otzeros(n.pred-1i,1);

y_paat_pred(i'm_pred'a_pred*n_prad 1) = ptzeros{n_pred,i}; =
y-past,pred{2: m_pred.n_predmpxed ,i} ﬂ+zq:_:'os(n_-.prad,1};_ o N
g Pl'osant :.nim'l:s = [0; 0], oo S T
m Daf;ne nodel- ar mm: : SR S N
- % define dimensions of plant mogel ' ) B 3 SR
1. plant = 3; % aumber of inputs SR
m_plans = 2; - % number of outputs - e

% Set-up model of MIMO sys«tem in the s-douaim.

. nwmiyl = -2.i; demil = conv([18.7 11,16 1]); 'dalay1-1'=“o;
numi2 = 3.1; den12 = conv([21.0 1],[5 11); delayi2 = 0;
nnni3 = 3.8; denls = [14.9 417; delayi3 = 0;

" num2l = -0,5Z; den21i = conv([10.8 1],06 1]); delay2i = 0;
oun22 =7 4.62; den22 = gonv([14.4 1], i:s 11); delay22 = o;
num23 = 4.9 den23 = [13.2 1]; : delay23 = 0; -

_ 'max_delay = max(. [delayii dalayl2 delayia delay2i da].ayi’z dela.y23] ), '
den -3 conv{ Qenil, deniZ); o
" den = conv{ ‘den, denid);
den = conv( den, den21);
den = conv{ den, den22);
. ‘den = ¢onv( den, den23);

% Convert the model to the nobation as shown above
Pti = deconv( conv( numii, den ), demii);
P12 = deconv( conv( numi2, den ), deni2);
‘P13 = deconv( conv( numi3, den }, demid);
P2t = deconv( conv{ mum2i, dex ), den2f); . -
- P22 = deconv( conv( nuu22, den ), den22);
. P23 = daconv{ conv{ num23, den ), danz':),.
% Convert the model from the n-plane ta the discrete-time with ZQR on :.nput
[B11,4] = c2dp(Pit, den, T);

- [B12,4] = c2dp(P12, dem, T);

- [B43,A] = c2dp(Pi3, dem; T);
(824,41 = c2ap(P21, den, T);
[822,4] = c2dp(P22, déu, T);
[8238,A] = c2dp{P28, &sn, T);

Bii = { zeros{1,delayll) Bii zeros(i,max_dela.y-delayil) I;
- B12 = [ zeros(i,delayi2) Bi2 zeros{l,mar_delay-delayi2)} 1; .

Bi3 = [ zeroz(1,dslayis) B13 zer_os(i,nax_dalay-d.elayis) 1;
‘821 = [ meros(1,delay2i) B21i zeros(i,max delay-delay21) J;
-B22 = [ zeres(1,delay22) B22 zetos(l,max_delay-delay22) 1;

823 = [ zerss(1,delay?23) B23 zaros(i,mu_delay-delayzs) 1;
Aplant =14 zeros(i,max_dalay}]; .
B_:plam: ) [511, B12; Bi3; B21; B22; 323],
% order of transfer function
- 1_plant = length(A_plant)-1;
% set-up system {plant model)
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: +zaros(n_‘p1ant 1); -
O+zeros(n_plant,1}; -
O+zaros(n_plant,1);
0 zert_)a(n_plant 1);

) y_past_plant.(l m_plam‘. m_planttn_plantm
: y_past_plant(2°m_p1ant'm_p1anttn_p1ant 1}
u_past.plant{1:1_plant:l_plant*n_plant,i) :
u_pagt_plant(2:1_plant: 1_plant*n_plant i)y
% get. suffled A and B matrices:
Ab_plant = [1; BBiplant = {35 . -
for i = 1:length(k_plant) - - ' ' ' o
" BB.plant(1:m_plant, 1_plant*(i—1}+1 l_plant*i) = get b(B_plan'l: 1,1_plant,1n_p1ant)"'
AA.,planf.(i m_plant u,__p].am-.*(:—-i)-l-i ‘m_plantu) = A,_plant(i)*eye(m_plant),
' end‘ T . sl . o

=
=

outptlt_h:.stuzy = [3 :.nput_‘histuccy & []- U

% Calculata the pred:ir,tor aquation matricea for the HIHEI system
m “sm = ¢alm(5_prad. med) HP‘Q 1_111'311; M.PIGG’-), . i \_} P
% set-up Heighting matyices. :
' betal = [1; alphai =0
for i = 1:EP '
_ bty (@ [betal; 0. Bto i*ﬂ.
47 1$jEP/R -
T alphai & Ealphn:l* 13..
elself i>3/4¥EF 4
- alphat = [alphai; 1.817 . B .
' else T ey
alphai = [alphai' 1-.‘5]; ' ' R -
Cend; - B N
..:!ori-im_preﬂ o -
. alpha(:. m_pu:ed.m_prsd*HP) = aipha‘.l.
~ end; : : '
 Tor i = 1:3_pred .
bata.(a.:l..pred*l_pu:edtm’) = batal;
m . \\_
‘beta = diag(bata‘rn uzyha = diag(alpha)

' -delta_u = zeros(l_predﬂi? 1) zo-delta_u,

O

.b = axp(-T Jtan);
8= 2% (alpha*w)’*mphaw} ¥ heta*tbatz ;,

’&%3 congtraink . BRI
aa = zeros(l_predine_ const,i,,gfed* )\5
for i = iino_const " ) o
~aa(i*l_pred-1, 1:l.pred: 1_predeEP) = fze:& 5(£,8P-1) onea(1,1)1;
“aa(i*l pred, - 2:1_pred:l _predtiP) = az&»l’ 1,8~-i) onas(:l i)].

"_“-‘;-"'...

end; .
. . aa = :a-a, aa]’ .

- for i = 1:1_pred - _ ' ' . o S _
Phi{itl_pred:i. pradenc const »1) = Umax(:.)+zeros(no const 1). S S
Th2(is 1_pred; i_pﬂ:ad*no const, 1) = Dmm(:.)-!-zsros(no const, 1); -

.-gndn . . .

o3



. i
i

i

tor countar = 1:&9._stepa

ZX%E f?reﬂ:.ctive t‘.'o :l.'ol Sectzqn '
%ZK 1 Hea.au::e the Qntput oo '
3 ‘n‘.ﬂate the histou:g inputs to ‘the p:l.ant
. _n1 s prehga:t_hpnts(i),
u2 - . = preswnt_inputs(2); o
dummy <« . = [ Tuiyu2;d(counter,i)]; u_past_plant],
g u_paat_pla.nt = dumy(,‘t,l_.nl\t*n_plant 1), o
% calglabe output of. plags
y_oufb_pla::q_: = BE_plants [zeros(l_%&:nt 1),u_past_p1an‘b] _
. S ---u..,plant#[z s(m_plant :l),y_past_plant],

% calculata tha change .in nhtpnt and npdate the predictor nodei outputs
dwimy - - = [ (y.o u.{t.plam-y_past_plant(i m_plant,*)) H y_pa.';t_pred]
y_paat_pred dumy(:l. \n,,prdrl*m_pted. 1). o . . _ .

. % updata h:l.stozy ot outputa of plant L
. dummy . - = [y_ont_plant; § _past_plantl; .-
T y-_pagt._,p:l.agt = dumy(i m..pIant%p.,plant 1) _' :

: W% 2 SQt-Up neiamcq Tra.Jectory
. X= E]p L .
for § = 1'muprad : '
- dummy = Ey_ont_pa.ant(j). tref(Ysp(ji, y_out_plant(; 1}, HF, b(;))],

for i 1 Hp R
x(:.,;) £ dmy(iﬂ‘) - dum;r(i),
and; I
CY.Ref = [1;
for i = 1:m _pred - _
' T_Re!(i n..pred' p;l‘:ad*ﬂl’;i) = 1{:,1i);
end;: - S S )

Y%% 3. Find opt:l.mum J.npu.t T L
71 = q*y..,past_pred + R*u_past pred, : '

. p = ._.2* (alpha*") ’*alpha.* (Y_nﬁf—f.‘:)_, e

for § = 1:1,pred : o - T

“Bb(i:il_pred:l predino_ const 1) 5 ' o o

bb1{i:1_pred:1_pred+no_ const 1) - present_ inputs(i), o

'bb(l_pred#no const+i:l_pred:2+1_predeno_const,i) = 5 g

: = bbz(:}. 1_pred:1_praed+no_dotist, 1) ~ present_ :uzputs(i) ) '
end.‘ :

‘50 - .Clock, -
d&lta_,u = qp(c.p.aa.,bb [] [1,X0);
P lag = [T.lag; etime(clock, +0)1;
433 4. Update the 'hié-to:."y veut'o'rs' -

_present_inputs = present mpui:s-l-aalta_u(iﬂ_pred*(ﬂ?—i) l_pred*HP 1),
inpnt,.hzstory = [:l.nput_histury, prasent_jinputs?l; .



u_pak'b_pred = [de:.ta_um-:l._praa*m—n 1_pra-z*np 1};
_ SR u.pwt..pu:ed(i Lpr }‘(Wed—ﬁ i)J

o _ontp‘n‘l:_history = {output_history, y_out n?.a;w.t’],
R calcnlate tra;éctory of. inp.ﬂ-.s Y ;”.'_ el T e T
'inlmt ~traj = present.’ inpu'bs" R L ST

" zorieo2ER T SO

L T dumy del‘ha_ﬁ(:l"‘l.P:red*(m’-l) 1_pﬂ.'ed*(ln’-:|.+ﬂ 1) S e

}\\ el W input ﬁa;(langth(inpnt ‘l'.raj( .1)){! *;;‘___ S k\\\
Vool e input traj If:i.nput traj. dmy*], o T '

:‘Q S

-- '.% show preticted remitg . . o T
W yapred = Y1 4 ll*deltaf_u, _ : C s . .
2’1 U elgyieubplow(221);

. . I &x$w1 = gtepS('I. EP’ ‘J‘_pr{‘a(i nqpred m_prad*’ﬂl’)), - .- T

e plot(:t HP, Y.Rei(lim pred: m_pcred#m’), ;;x,n 2 ,1;1,., (ame out. #1'), ST

o [aegyyl = stcps(i*m' ¥_pred(2:m pred; m.m-f'*m’)). e ' T
- plot(1:HP, Y_Ref(2: rm_predim_pred*HP),: xX,¥Y Y ylabel(’na.te otr;t #z ,}, Sp Coa
©, [xx,y¥] = steps(1:%P, input tra;(..:l)), a A - S
e plot(:x,yy&, ylabel(*inpat #17);. - T g ?f’ s ST
- Lxx,yy] = steps(1:EP, input_ traj(-.e)}, L T O

: -p:l.oi;ixx,yy), ylabel(’mput #2’). " ST e PR

S % new initial start %& ophimigaﬁim roubite < - '
I af:?s»_-_"«—aj xo = L‘ delta, u(l 1-Pred 1) d.elta..u( r:l.pred*(li?—i) 1)3.- L e

' x?x show results o o o B o g o
clg; subplot(zzi), 3 B o _ o R i
. ._plot('r*(:l.no steps). output history(.,i"?), grid, title{’ﬂutput 1’), N I
- plot{T*(imo stsps},&outpnt_h:.stdry(,.h{), grid, title(’l]utput'?'z ¥ i .
- [xx,3y] = ateps{T+{1:no_steps), input_ history(:. 1)) o A
- plot(Ex,¥7), grid, title( Input 17); - . : S
[xx,yy] = stepa(TH(1:no.ateps), :.nput.,hiatory( ,2)), oL o
lo‘b(n,n), gr:ld. title('Inpni: 2')l . Y i : a @
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