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-1-" A NOVEL PREDI CTI VE AND-SELF-TUNI NG Pl CONTROL APPARATUS ZB@RYEHEANTED
'PROCESS CONTROL APR Leld of the Invention This i nvqmoigora,gw‘
generally rel ates jm” ('(IMI'BEM process control, and nore 5 particularly
to a predictive and selT - | Pl (Proportional plus Integral) control

desi gn whi ch enhances tH&Per.f or mance -&chi evabl e with conventional Pl
control while cagitalizin on the strong user-support established and

avai | abl & N VELsPRERICEIVEANID SELH-THNING Bh TRIALAPPARATIEN i on

10 PI control h ' r ' I 2Nt

met hodol ogy in %?Uﬁﬁﬁ%ﬁgﬂﬂﬁﬁﬁbﬁﬁﬁﬁFﬁgsq%§§$t%£ﬁ9%Q?QH&?§Fﬁ§ﬁ§§ deduce and
infer a set of fixed control gains fromthe characteristics of the

process. Over the years, the control gains tuning process has evolved from
si nmpl e apgbifthe Theedtigigedures to nore el aborate and exact conputations
based on mathematical nodels of the process, resulting in 15 increasing
performance yi el ds. However, whichever inferencing procedure is used, the
resul tant confThid invgating ghmeiallyd relhies dbythgr eldpef ipyodesx egntras and more

specifications on contrql perfor ce. ar | ght ened. by requirenents for

i Ecr ]?%‘S eHaliS’rcé‘iqrb’l thavﬁ’rﬁalcé‘g’éﬁr’élr Qgﬂ%&ipﬁy{ﬂngO*SP&élaQﬁ%sﬁ’g%?ﬁ Yol | ed,
the fixe f 0 ' ' twif d L catd h
range of UeiesduBef qrices” WhE erMPrARCC AP AE it CofRphEaid eI
be appl i atleccapidligingfdf theFforx@ER!seppbtiesedliviest ahalaitdble dorgaisitaplel
controller is well-known to be I nadequate for a nunber of classes of |inear

syst ens, PI bonﬂrukﬁtng:.tur@i nme- del ay processes, unstable processes, and
processes with tinme- varying paraneters.

Background of the Invention

10 PI control has existed for more than fifty years. The current methodology in
tuning a PI controller has been essentially to deduce and infer a set of fixed control
gains from the characteristics of the process. Over the years, the control gains
tuning process has evolved from simple and heuristic procedures to more elaborate
and exact computations based on mathematical models of the process, resulting in

15  increasing performance yields.

However, whichever inferencing procedure is used, the resultant control
gains derived thereby are mostly fixed. As specifications on control performance
are tightened by requirements for increased precision with greater complexity of
processes being controlled, the fixed nature of the control gains has direct

20  implications on the range of processes for which the known PI control structure
continues to be applicable and useful. For example, the conventional fixed-gains PI
controller is well-known to be inadequate for a number of classes of linear systems,
including: time-delay processes, unstable processes, and processes with time-

varying parameters.

25 Advanced and more complex control methods may be recommended for

these systems. However, such methods require more structurally-elaborate devices
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25 Advanced and nore conpl ex control nmethods may be recomended for these
systéns. However, such nethods require nore structurally-el aborate devices
*@300002* -2- which, in thenselves, act as a dis-incentive to adoption and
utilization. Mireover, there remains the decades-old dilemm that has been
facing hordes of control engineers, if2-that under real working conditions
(e.g., including nodel inperfections, nodest process operators, limted
avai | abi miltigh,ah theniseivesal ad igspdis-ingesntineg to bdeptkatoamd M@B@mry Mereavgtice,
etc), the benefits of advanced cqntrol over. Pl . control have never been

Gui1 e opiirRasmain e Jebadeolintemaun Boas bethylotine NeiEs oh Sharor
approach - Pl_.coatr r Lps . .wid d i cl im Lons
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obj ect ofimpBHeficReModdlY PddedS dperAYR tnked Beaildbilityt af tewhaicl spppert, art

Pl controls. It is a nore specific object of the invention to provide

i mpr ovenshort tweakdowrr satiovegntdlefapeeseto), the benefitsoif ddvancebeentrelopyaroll
apparatus which retains the con entiqna . control structure,vﬁggtthereby

Pl
to capit &PR¥el BAve REVEFAREST, gUilE QPlaineb §ukb&§r 5 Q4% FKI SRR &Y o he
controll . S [ ol Lo - | : t he
vent i od RuRER apfieR 18T ontloy sEmakls widhiTRAG Bt e M fduiGs
gai ns-t unkdtiAed tis@ewithuous self re-tuning of control paraneters of a
process based on a GPC (CGeneralized Predictive Control) approach to
optim ze performance indices. 20 It is yet a nore detail ed object of the

invention to provide a predictive and self-tuning Pl controller.
Objects of the Invention

10 It is accordingly an object of the present invention to overcome the

limitations of prior art PI controls.

It is a more specific object of the invention to provide improvements over
traditional forms of PI control in a novel control apparatus which retains the
conventional PI control structure, and thereby to capitalize on the massive uset-

15 support established for PI controllers over the decades.

It is still a more particular object of the invention to provide a novel method
of and apparatus for control gains-tuning and continuous self re-tuning of control
parameters of a process based on a GPC (Generalized Predictive Control) approach

to optimize performance indices.

20 It is yet a more detailed object of the invention to provide a predictive and

self-tuning PI controller.

It is still a more specific object of the invention to provide a predictive and
self-tuning PI control apparatus which expands the domain of PI control
applications to include time-delay pfocesses, unstable processes, and time-varying

25  processes.

It is thus an object of the invention to provide an improved PI controller



It is still a nore specific object of the invention to provide a predictive
and "self-tuning Pl control apparatus which expands the domain of PI
control applications to include time-delay processes, unstable processes,
and tinme-varying 25 processes. It is thus an object of the invention to
provide an inproved Pl controller -3- %hich, by utilizing a predictive and
sel f-tuning approach to control, is unified in design for different,
clhasse;'s1 whigh, doevtibizging & papgictivaland sebf-tining appioachigecastrol iseurificdriBcesses
than the pr.ior. art, and yiel ds. performance i.npr.ovenents heyond .adi tional
1xeq- gaPRuEpoE GHEBN chSs fbperrerrs APRIERIEIR 1 A oaden i abneet [ ¢ he
or egoi n t p nt i Nt p. i : I 5k and
self-tun?ﬁgggﬁgcgﬁ?igﬁ?epﬁégh%ghq%%t5%?§%sﬁﬁzé orﬁgng§B¥§§P§g§§ %%ﬁyﬁgd
from si malagitndl fikagdsatal Plusetrodpeci fications. In accordance wi th anot her
feature of the invention, there is provided a io0o nethod for designing a
predictive and self-tuning PI controller which is based on a GPC design
approach. In accordance with the invention, there is thus provided a

contrdl Susamarvef thelaveptioniesi gn which is naturally amenable to optimal
control applications. In accordance with another aspect of the invention,

there is provi t S Vi j -Gl nd
sel f-tuni ng cglggagfﬁdta}]@%%?: f(&%gg{? ?‘ﬂgg%] mc%g {t’eggﬁ %Pﬁé‘g |r§{rllfd§grfa§i nto
i ncl ude HioYEr sleliRYive PdeesEeninBl 8bhteolld] WELESEptimany perfRmaacy imtices
processes. In accordance with a nore specific feature of the invention,

t her e i s dprived Gedh sinpennd elassisphnsar speabeplioni.ng a novel conbi nation of
conponents, including a

In accordance with another feature of the invention, there is provided a
10 method for designing a predictive and self-tuning PI controller which is based on a

GPC design approach.

In accordance with the invention, there is thus provided a control apparatus

having a design which is naturally amenable to optimal control applications.

In accordance with another aspect of the invention, there is provided a
15 control apparatus having inherent predictive and self-tuning capabilities which
expand the PI control application domain to include time-delay processes, unstable

processes, and time-varying processes.

In accofdance with a more specific feature of the invention, there is provided

a control apparatus comprising a novel combination of components, including a

20 control structure similar to a conventional PI control, and a plurality of novel
elements, including a gains design means, a gains scheduling means, and a gains

self-tuning means.

In accordance with another aspect of the invention, there are provided novel
design, scheduling and self-tuning algorithms for the gains of a PI controller, and

25  apparatus for implementing the same.

In accordance with yet another feature of the invention, there is provided a



" 20 control structure similar to a conventional Pl control, and a plurality
of novel elenents, including a gains design neans, a gains scheduling
means, and a gains self-tuning nmeans. In accordance with anot her aspect of
the invention, there are provided novel design, scheduling and self-tuning
algorithns for the gains of a Pl contretler, and 25 apparatus for

i npl ementing the same. In accordance with yet another feature of the

i nvent i ogontrhkppparstysrioeludbag @ PU precess contraflprannd @asgaing |dgdigngmgam for ocess
controller and a gain esi gn nmeans for . designjng gains pf. the process
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del ay of mhitReRafcASHodElasMelRbEesk LR patidteNtpResdating ad «stiaree of aaimeanpi ng
factor and natural frequency, and a sanmpling interval, and which, in

r esponse detayt bethengrocessp premetterssrepprscitingd depired elassdrioop dampange facsor
plurality of ti functions associatin trol %ai ns tgQ the jnput
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specifie | Lch LS. t ' ' y
el ude: AAPRRRE Sfecffid bk i pbderaRRd phfep O AR B B A
predi cti qQRe PPEbERHI pdinyS®RGhpheshratbeergai ns desi gn means recomrends a
default prediction horizon. In accordance with a nore detailed feature of

the invention, the control apparatus also includes a gains schedulin

means for assilyisi #if] apptheptaatire ofdheinveption shatribe ppercigeind Iéﬂrfam&icfegn a

schedul e, the.schedul e dependi ng on el apsed ti f ol l owin set - poi nt
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means recommends a default prediction horizon.

In accordance with a more detailed feature of the invention, the control

apparatus also includes a gains scheduling means for assigning appropriate gains to

15 the PI controller based on a schedule, the schedule depending on elapsed time
following a set-point change according to the time functions generated by the gains
design means. The gains scheduling means is further responsive to a set-point signal
defining a desired process variable, and outputs are the actual time-scheduled gains

to be assigned to and updated on the PI controller.

20 In accordance with still a more detailed feature of the invention, the control
apparatus further includes a gains self-tuning means for continuously adjusting
weighting parameters of the time functions generated by the gains design means to
optimize performance of the PI process controller. The gains self-tuning means is
further responsive tb a set-point error which is the difference between the desired

25 and actual process variables. The outputs from the self-tuning component are a set
of replacement weighting parameters for the time functions generated by the gains

design means.

The foregoing and other objects, features, aspects and advantages of the



defining a desired process variable, and outputs are the actual
ti me-schedul ed gains to be assigned to and updated on the Pl controller.
20 I n accordance with still a nore detailed feature of the invention, the
control apparatus further includes a gains self-tuning neans for
continuously adjusting weighting parateters of the tinme functions
generated by the gains design nmeans to optinze perfornmance of the P
process pmsthiolingentiorthewihi g@,comq:fnmmi appaverindton  ther fllowipgs detpdlede to a

t - poi nt r which is the diff t the desired 25 and actual
o1 ocess. SNPGRS OITIRE oRtSHRS IV EHICBEN | LI iy CORMBROAE AP0 ofer  of

r epl aceng@gorer{;ﬁr{ggé%a&?ﬁglégneters for the tinme functions generated by the

gains desig oregoi ng and ot her objects, features, aspects and
advant ages of the -5- present invention will beconme nore apparent fromthe
follow ng detailed description of the present invention when taken in

conj unct Briefdé¢seription eCthenPeanyingy dr awi ngs. Brief Description of the

Drawi ngs 5 A preferred enbodi ment of the present invention is illustrated
by way of exanpl limtation,

e, and not by way. of in the acc anyin
figurds of thé BF%fWﬁ%semWfilg?v?néroé ‘?‘ﬁdﬁ?fﬁd’i‘a‘?@ﬁ‘“i“?ﬂbsél tqa{,qq?,gg Yfé}’t of the

speci ficatl a in Wi ' . r-ef e S 1 i 4

Spect 1! CRkhAMabe PULER b 5l BheRE SBUTRAARe TBARE SRt diltles
princi pl ¢hi&f atdhdoRystteldoimto hid b df F@m RAShe spékifitatior ahd i viiek Hikdi agr am
of a prior art Pl control structure;, Fig.2 is a block diagramof an

enmbodi nen¢ference hauinevalst refer donsimilar apgments.uspdamdicl,g tagethewsvign the

illustrative, exanpl e obtai ned by usi. t inventive control.
descrlptf(on?gewe to explgl?n theyprmc1pnl%s ort]‘fahe invention, In the drawings :

10 " Fig.1 is a block diagram of a prior art PI control structure;

Fig.2 is a block diagram of an embodiment of the inventive control

apparatus, and

Fig.3 shows an illustrative example obtained by using the inventive control

apparatus.

15 Detailed Description of the Preferred Embodiments of the Invention

Described herein is a method and apparatus for improving precision of
control of a process. For purposes of explanation, the following description sets
forth numerous specific details in order to provide a thorough understanding of the
present invention, including for example varying gains of a PI process controller in

20 a predictive and self-tuning manner. In an exemplary embodiment of the present
invention and in accordance with the objects and features thereof, there is provided
a novel process control apparatus comprising a PI controller, a control gains design

means, a control gains scheduling means and a control gains self-tuning means.

However, it should become apparent to those skilled in the art to which the

25 invention pertains that the present invention may be practiced without, or by



apparatus. 15 Detail ed Description of the Preferred Enbodi nents of the
I nvention Described herein is a nmethod and apparatus for inproving
precision of control of a process. For purposes of explanation, the
foll owi ng description sets forth nunerous specific details in order to
provi de a thorough understandi ng of the& present invention, including for
exanpl e varying gains of a Pl process controller in 20 a predictive and
sel f - t univagatiemrmdr varinuarones exfpther spesifbo dieteslst distlosed hsreisefior ¢xamed on

di d i th the abject d f h f h ' | ded
a novel “plge Leperaithathed sneBprE navans & uiaatn of eligs Dok )
o . g | | |
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the art tigvemfiveltohbept mby aRwes dppliedabtothdisfobabof thatrpll@semid spectficdibn may
be practiced without, or by -6- variation of, various ones of the specific
det ai bs dd sontosldéets vdrieh are Fetrordkamby elassidiedas Kdteontrellpisesent |y preferred
enbodi ment is applied to variation of gains of a Pl controller in a

predictive and se]f-tuning manper, it should be,appreciated that the

i nventive cong’é&%‘%ﬁpsﬁr‘f S»b‘éfeﬁglﬂ‘%“é‘h SfrBC%‘f‘T‘?e?nq ﬁgtce&arsc?ﬁ‘f)%’l f%ﬁ’é‘?("kand
speci fi cal ot 124 Wi & HIPr SHsR@Fihd Yihe! assddn I
controll gllrlésgifaﬁntfgrtxﬁer iOns%ISFlies, lWe I?{e%ﬁ%%nl }gt(fﬁusgfaﬁ?%s and de@?fébsfagt}é;
shown i nif¥e&gion. di agramformin order to avoid unnecessarily obscuring the
concepts of the invention. Al though the theory underlying an invention is

not necessarily relevant to 1o _gquestions of patentability,. it js noted
that the i nverddithsnal thei theers spderlying i HEVREIOR B | RPLESESSaEY TelsHaRbie .
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mathematically described concepts. Accordingly, prior to providing the detailed

disclosure of the invention, the mathematical concepts used in the inventive control
apparatus will first be presented herein. The following mathematical proceedings
implicitly define all the mathematical notations subsequently used in describing the
15 invention, and explain the actual implications of the equations contained in the

Appendix included herein, which are utilized in the invention.

Referring now to Fig. 1, as shown therein a known prior art unity feedback
control system 2 includes a PI Controller 4 for controlling a particular process 6, the
process represented by a transfer function G(s). In the known configuration, a set-

20 point value y, is inputted to the system 2 and it is desired to obtain an output
process variable y corresponding thereto. A signal representing the process variable
y is fed back from the output of process 6 and the difference between the set-point y,
and the process variable y is obtained at a summer 8. The difference, representing
an error e between the input and output of the system, is-then provided as an input
25  to the PI controller 4 which provides a control signal « to process 6. PI controller 4
is described by a number of characteristic features, known in the art, such as gains,

delays and transient responses thereof.

In the process control industry, a large class of processes controlled by



apparatus will first be presented herein. The foll ow ng mat hemati cal
proceedings inplicitly define all the mathematical notations subsequently
used in describing the Is invention, and explain the actual inplications of
the equations contained in the Appendix included herein, which are
utilized in the invention. Referring now to Fig. 1, as shown therein a
known prior art unity feedback control system2 includes a PI Controller 4
f or cont feetlbadkgcantpelr $ysterhausuph as edescBbed hereiprexbiyt angparsséefinadl by, a
transfer function s). In the known configuration,.a set 20 point yalue yr
i s i nput MOROtARIG hdNRYQWRID H3gsiept | §e§ﬂ’é’§ﬁ‘?e(‘f PRCHSISEER ARGl peAR é?ocess
vari abl e i e i I j e .
vari abl PR FER B AR PR s s ta SRS e RE TRRUI QDL dBiRER s
bet ween the set-point yr and the process variable y is obtained at a
summer 8. The difference, réﬁsr)esenti_n[g an error e beb\geen t he i nput and

o]

out put of the system is th ﬁrﬁoﬂygﬁed as an input 25 the PI controller

4 which provides a control signal u to process 6. Pl controller 4 is
descri bed by a nunber of characteristic features, known in the art, such as
gai nss  del aylh andntrolasystesnof thespypsshewnHartdss | theextprmahpdorant domst Q| ‘

i ndustry, .a larg ass ,of. prqcessgs .contralled by -.7- feedback contsol
syst ens &g '%@ %@éﬁ?‘ﬁ‘bgﬁslﬁ’gr %caoréﬁ%glgi or g‘?‘?&%ﬁ?l% dg3iEn eQRSEIFTationS KoiSt oni ¢
i nput - ou BH;: . i % théNRRGahhSt i ¢s which can be approxi mat ed
by a fi rEl -opgégﬁglsgg&‘ttlroen%pgel ay transfser function nodel, described as:
As) =be (1) s+a 5 1In a control systemf_p&reytype shown in Fig. 1 the
external set-point does not affect the feedback design. Accordingly, for
f eedbackwhédti grequinvedéndao dbé tine damain equpfioppri ate to set yr to zero. It
then fol |l ows that
10 é&=—ae—bu(t—L) 2)
The presently preferred embodiment of the invention incorporates a digital,
sampled, implementation. However, any feasible embodiment may be implemented
and is within the scope of the invention. Accordingly, to provide a basis for
appreciating various features of the invention, the following description with respect
15 to the prior art of Fig. 1 and to the concepts of the invention, is presented from a
sampled data perspective. The preferred embodiment of the present invention is

similarly provided as a digital embodiment the advantages of which will thus be

more readily appreciated over the prior art.

For digital considerations and implementation of the control system of Fig. 1,
20 the z transform of Eq. (2) is taken to provide a difference equation. Upon applying
the z transform to Eq. (2) there resuits the following corresponding discrete equation
(3):
e(k+1) = a e(k) - b u(k— h) (3)

where a' = ¢“", b' = (b/a) (1-¢°"), T, denotes the sampling interval, k denotes the
25 k™ sample, and & = round(L/Ts), where ( round(arg) is a mathematical operator

rounding the argument arg to the nearest integer).



(st+ a) = -be-"u which is equivalent to the time donmain equation: 10 &= -ae
- bu(t- L) (2) The presently preferred enbodi ment of the invention
ilncorporates a digital, sanpled, inplenmentation. However,. any feasible
enbodi ment may be inplenented and is within the scope of the invention.
Accordingly, to provide a basis for afipreciating various features of the
invention, the follow ng description with respect 15, to the prior art of
Fig. 1 and toThedlisseleqguivadenttiiecontrplar pbhig. ilgs geesbddy from a sanpl ed
dat al pelrspecti yg. dThe preferred enbodi mrent of the present invention is
simlarly provided as a gjgit ( nt the adva es of which wll
thus be nore readily apg{rkgcilg'%(ekgmg'i_ éﬂ(?he prior ar'lt@.’r)agor digital
consi derations and inplenentation of the control systemof Fig. 1, 20 the
z transf eherok, &t k(@% thecontkargains. pipoviddBniag cﬁ(kﬁ%égb@éi)é(dwét them follgyen
applying the z transformto Eq. (2) there results the follow ng
correspotiditng discrete equation (3): e(k +1) = a'" e(k) - b" u(k - h) (3)

where a' = e-aTs, b'" _ (b/a), (1-e-a , TS denotes e sanpling interval, k
denotés the 25 kth sanﬁfe(ﬁf)ba:n (‘ﬁJr:e-{{‘s%und(L/ Ts), whgrae ( round(arg) is a
mat hemati cal operator rounding the argunent arg to the nearest integer).

-8- The di scr¢f gheLekMaleiibs Rle Sips¥ehals! €= f off G sthtel Squieivarddueenlbixt to k- 1
u(k) = kPe(k) + 1%0) (4)SV\heere kp and kg g?e tshe c%%trol gai ns. U;g)on

defini ng BY kJ) is obtained 83: 2(k), it then follows that

x(k+1) = Fx(k) + Bu(k—h) = ((1) ;')X(k) +( 0 Yu(k — h) 6)

-b
Clearly, both states are available and the state feedback of Kx(k) is simply PI
10 control, where K=[k, ; k;]. The foregoing describes a control structure which is

essentially a conventional PI control structure of the prior art.

A novel aspect of the present invention is provided in the manner in which
the control gains of the PI Controller are designed, time-scheduled and self-tuned.
This aspect is described in the following, with appropriate reference to the drawing

15 Figures.

A theoretical derivation of a GPC solution for time-delay systems is provided

by the inventors in an internal document (Tan. K. K., T. H. Lee, S. N. Huang and X.
Jiang, Optimal PI Control for Time-Delay Systems Based on a GPC Approach,
Internal Report #EE-CNTL-98-01. National University of Singapore, 1998.) the

20 contents of which are incorporated herein by reference. The solution may be applied

to the control system to minimize a cost function defined by :

T =2 llx(k+ Dllgg HluCll; 7

where r is the control weight, O=diag(q,,q,) is the output weighting matrix, and P is

the prediction horizon.

25 The resultant PI control gains are given as



5 8(k+l) = 0(k) +e(k) (5) If the systemstates are chosen as x =[2, €e]T, a
stat'e equation equivalent to Eq. (3) is obtained as: x(k+1) =
Fx(k)+Bu(k-h) _ (1 a)x(k)+( b)u(k-h) (6) Cearly, both states are
avai l abl e and the state feedback of Kx(k) is sinply PI 1o control, where
K=[ kp ; k1]. The foregoi ng describes a%control structure which is
essentially a conventional Pl control structure of the prior art. A novel
aspect of the preséht,)av¢RtAWAB s rpt B4 @41 n Gk <ranner (8 which the
control gains of the PI Controller are designed, tine-scheduled and
self-tuned. This aspect is described in the following, with appropriate
reference to the draw ng 1§-ﬁéguregl A theoretical derivation of a GPC
sol ution for tine-@b%ﬁk=s&§té -ﬁtfbr66ﬂaé@“:by t he inventgbs in an
i nternal docunment (Tan. Ky K, L -188, T o N ng and X/ Jiang,
Optimal PI Control for Ti§g§BEE%P£%%t€ﬁ%(§gged %%%a GPC Approach
I nternal Report #EE-CNTL-98-01. National University of Singapore, 1998.)
the 20 cqegnts of which are incorporated herein by reference. The solution
may be applied to the control systemto mnimze a cost function defined
by : P 1= 111 x(k+1)I FTUk)IT" (7) where r is the control weight,

Q=di ag(gl,g2) is the putput weighting matrix, and Pis the prediction
horizon. 25 The respltant (Pl control gains are given as -9¢1(0)kl kP) = - (BT
AT QAB+ r)-' BATQAFk+l ®& | k<- h, (8) (k1 kP) = -(BT AT QB+ r) "BA T
QAF[ F Fr

5 Direct simplification of (8) and (9) yields the following explicit gains as a

function of time sample:

For k<h,

qb g
k. (k) = — — (11)
q,b : (gz +g3q2) +r

1 k+1 tk+1 )

a“™ -1 _
(& —.‘”r"'gza +8:G,a
k,(k) = 4 — (12)
q,b (& +g3Q2) +r

10 and fdr k> h,

k (k) = qb (g £, (h) +(g + 83d +87,2 ) £, (h)] (13) .
1 qb’ (g +gq,) +r
k (k)= qb' (g i, (h) + (g + g2 +£G,a ) L, ()] (14)
’ qb* (g +&q) +r
where
af-a P-1

BT @-? (@-n

a?l 22t 2aF-a*+2a%+2a"

&= (@?-1)(a -1 sy
d”—l+ pP-2
at-1 (a-1)°?
at-1
&~

at-1



B(BTATQAB+r)‘B T AT QAF]'' k>>-h (9) where A= M(10) F P-' 5 Direct
sinplification of (8) and (9) yields the following explicit gains as a
function of time sanple: For k < h, k, (k) _ "2 91b g (11) 91b (g2 + 4392)
+r a k+1 -1 k+1 k+1 ) 91H (g ' +g2a +g392a _ a -1 kP(k) _ glb,2
(g2+4392)+r (12) 1o and fork h, k, (k)Y®-916 (gl 1 (h)+(gl+g2a+g342a)f21(h)]
(13) glb2 (g2 +4392)+r k (k) 91 b" (& f 2 (h) + (gl + g2 a +4392 a) f22
(h) ] (1@) P 91b2 (g2 +4392)+r where a P-a P-1 gl= (a -1)2 (a'-1) a
2P-2aP+1- 2a P— 4+2af%hfa ng (a2 -1)(a'-1)" (15) a'2P-1 P-2

. F- B(B"ATQAB+r)' BT ATQAF]" 16
le(h) fzz(h)] [ ( Q ) QAF] (16)

The weighting parameters are related to the desired closed-loop damping

factor ¢ and natural frequency w, by the following equations (17)-(18)

[1-2e %" cos(w, J1-ET)+e > ]a r '
5 q = 1 T (17)
&€
_(a —e el g —[1-2e7%" cos(w, 1~ &T) +e***1a (g, — gy)r 18
qQ = 2 “2%w,T (18)
b* gge

After the PI controller is commissioned accordingly as described above, the

parameters g, and g, can be continuously adapted for optimal control performance

using the following equations obtained from a gradient search method:

k+1 4 19
10 ﬂ 5% (19)
k+1 ) 20
B, 5(12 (20)
where
a - e(k) ce(k)
1z} 20}

4 _ 12 k-2

AR 7 1C DR 2 elell
[qlb (gz—g3)+CIzb g3+I']
' 4 12

AT Al e R LT WP
[qlb (gz g3)+sz g3+F]

al _ ()ﬁe(k)

5(12 aq,

=— ab’ g k2 .
(G52 (g, —g) + b7 g, + 117 Y e(i)e(k)

_ a blzrgz_q1blzrgxg3 e(k—1)e(k)
[qb? (g, — &)+ qeb”* g +1l° ’

and p,,p, are small adaptation gains.
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paraneters are related to the desired cl osed-1oop damping factor 4 and
natural frequency w, by the follow ng equations (17)-(18) [1-2e-,W'T cos
(co,, 1- 2T)+e 2 "Tla'r (17) 5 ql - 2llgl e -2~co"T |Ib (&' -e2~mM'T)gl-[1-2e
| aTcos(w,, ~1 2T)+e-2,wW'T]a(g2-9g3)r (18) 92 - b 12 glg3e -2~o0,"T After the
Pl control | er The present deyenisa provades aglnichisedeendigused| aspbystratedan the

per f or meHEEPISPhd Tena Fos PSR Caat BhECaRta Hisa (rRBbi AR ooy cn
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Referring now to Fig. 2, shown therein is a PI control apparatus 10

5  incorporating the inventive control gains design method, gains scheduling method
and gains self-tuning method. More specifically, Fig. 2 shows a digital
implementation of PI control apparatus, in block diagram form. Reference numeral

12 represents a PI controller which responds to the various signals inputted thereto.

At the k" sample time, the process variable y(k) of a process 14 and the set-point

10 y,(k) are input to a summing element 16. As seen in the Figure, the process variable
y(k) is input to an inverting (subtracting) input of element 16. Similarly to the prior

art illustrated in Fig. 1, the output e(k) of summing element 16 thus representing a
difference between the set-point y,(k) and the process variable y(k). The output of

the summing element 16 is input to the PI controller 12. The PI controller outputs a

15 signal u(k) in response to the signal e(k) in accordance with equation (4). The output
signal u(k) is input to the process 14. This aspect of the PI control structure shown

in Fig. 2 is thus in conformity with the prior art of Fig. 1.

However, in accordance with the invention, the PI controller 12 and

associated control structure is provided in a novel combination with a variable gain

20 element 17, including number of additional components shown in Fig. 2. These
additional components are enclosed in the variable gain element 17, shown in the

Figure as a dotted box, a detailed description of which is provided as follows.

As shown in Fig. 2, the variable gain element 17 includes a gains design
means 18 which receives as inputs thereto a user-specified parameter set. In

25 accordance with one embodiment of the invention, the parameter set includes :

a) parameters (a, b) of a first-order mathematical model of the process;
b) a parameter (L) representing the time delay of the process;

¢) parameters (., 7,) representing the desired closed-loop damping factor and



4g|bS(gz-gl)+rH29I+a rH2g2 e(k-1)e(k), [9lb,2 (g2 -g3)+g2b,z g3+r]2 z glb,
4 9193 | e(i) e(k) ,z .z 2 [qglb (g2-9g3)+g2b g3+r] , a 'b, 2 rg3 - glb' 2
rglg3 e(k-1) e(k), [gl b,2 (g2 -g3)+g2b,2 g3 +r]2 and /31,/32 are snall
adaptation gains. -11- The present invention provides a structure,
configured as illustrated in the exampte of Fig. 2 for exanple, which
I npl ements the foregoi ng mat henati cal concepts as a control apparatus
whi ch is bot maggel fiaivencaind robustly stable. Referring nowto Fig. 2,

shown therein is a Pl trol apparatus 10.5 incorporating the inventive
control ga&i@ B%@W&%@ﬁﬂéﬁl?w@%ﬁ h%’ﬂﬂ’h‘%@ﬁ?ﬁgd’f ﬁo&ééiar‘igubsé‘]‘?ntuni ng
nmet hod. s??t’eﬁr%ﬂﬁd fically, Fig. 2 shows a digital inplenentation of PI
control apparatus, in block diagramform Reference numeral 12 represents

a Pl cont re) areoptibniat paraapends) ﬁe@résbﬁtiﬂ?fﬂdﬁﬂ’édﬁﬂti@ﬂ@io‘iizbﬂpUtted thereto. At
the kth sanple tine, the process variable y(k) of a process 14 and the

set-point 1o yr(k) are input to a summ ng el enent 16. As seen in the

Fi gufe, the d?l&yeléb@ apRrGadred, hgpygyer; that hﬁlmughoa specifiy settofmprametsrs has i ng) )
[ t of elepent., 16. Simlacly to the prior, art illustrated in Fig. 1, the
out put _oes “BRCne g Bresffic Pkt it Bp eitendicbrarty Feifs il et ween
th t j ' 79 B o)

surmi g o Ehit e @Rt B AE RPN UL Y Ao M HPtes r oPE,

out put s pardihetetgnaly b kiputtedr @spenssnd desige raégisal 8 eikhout Riepatiigdange W th

equat] Ort]thé gc):dpeTglfethglIJ)trgs%tnt invention.

10 In response to the input parameter set, gains design means 18 produces a set
of time functions, generally shown as 9, relating the control gains k, and £; to the
input parameter set and the elapsed time sample following a change in the set-point
signal y,(k). These time functions are given in equations (24)-(27) in Table 1 of the
attached Appendix. If the optional prediction horizon P parameter is not specified

15 by the user, the gains design means will automatically recommend, or generate, a
default prediction horizon value. In the example of the invention embodied herein,
the default prediction horizon parameter generated by gains design means 18 is P =
10.

In that regard, it should also be recognized that it is in accordance with the
20  concept of the present invention that any of the parameters may be replaced by a
default parameter, whether generated by gains design means 18 or any other device,

when such a parameter is not input to the inventive apparatus.

The generated time functions ¢ and the set-point signal y,(k) are provided as

inputs to a gains scheduling means 20 in the block diagram of Fig. 2. By inputting

25 y(k) to the gains scheduling means 20, the invention allows the gains scheduling
means to track the elapsed time following a change in set-point. The gains
scheduling means 20 sets and adjusts the PI control gains according to the time

functions & generated by gains design means 18.
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signal u(k) is input to the process 14. This aspect of the Pl control
structure shown in Fig. 2 is thus in conformty with the prior art of Fig.
1. However, in accordance with the invention, the Pl controller 12 and
associ ated control structure is provided in a novel conbination with a

vari abl e gain 20 el ement 17, includi ag-nunber of additional conponents
shown in Fig. 2. These additional conponents are enclosed in the variable
gai n el enent Ilzrm@houhomraumof Fheglmwema@ dhelorroesigbabe (khisdapyf 'IOe%gams
descripti fall ows. As s

vari abl eseggpf’i{”%gmé#%%b% i O\(%Eg’gg? itbrgpggngaéigla&qp snrggr@rﬁrge%m ghapg(,qél ves
as input gtl“ %}L}e{l&%ofuﬁﬁﬂéﬂ aé&ﬁﬁ ar a:g'E colnf‘dmf{p ng%ﬁl'éj@'lﬁeth\é‘ th

one enbo e |nvent|o I NC a par anet ers

(a, b) 0£tt@ehéar&§péhﬁ%®émm@mw {ptd‘mﬁeéalﬂgoﬁ Ip? =3, C@ 86001 Mk wepar anet er
(L) representing the tine delay of the process; c) pararreters (., T,)

representing the desired cl osed-1oop danping factor and - 12- natural
frequency; d)Aa parcambose (d%edr apetasablyi Hip tquetrghrﬁmaregw nefeithel prgsenthe

b ed ?E?@h%h%%»s?%aﬁ%ééﬁ{” sy Biend! ke PR REerss il GPERREerY |
specific éo%t hI%fwrﬁal?s"H{% ol &hn Pfif'e@ t%eﬁﬁ}b&%gt vhABuS R Jté Q)fRﬁEaa{B%)tv%rS do

not nece sarl e I nven ewer para ters t han

her ei nabay@rfﬂ)@a%ha%hs v éveanad wiRRappeéciate@byothose of padinass ekidlsrimy be
inputted to the gains design nmeans 18 w thout departing from the scope of
the presthe aitnveatdpelect®nia ciwsypsnweyt e tused i tap fitlfitlamanst ebjests of gliiens
de5|?n nmeans .18 produces a set of time functions, generally shown as 9,
rel at® ngMv§8tieBntrol gains kp and k, to the

For the preferred digital implementation of the control apparatus, an interface
between the (digital) controller apparatus and the analog (input) measurements and
actuator (output) signals uses known analog-to-digital and digital-to-analog
converters, respectively, in the same manner as used by conventional digital

15 controllers. Accordingly, the present disclosure omits description of such

converters.

Similarly, the functions of the PI controller 12, the gains design means 18,
the gains scheduling means 20 and the gains self-tuning means 22 described herein
are preferably implemented in software as a program (stored in a Programmable

20 Read Only Memory of the microprocessor/digital-computer, for example) for
processing the stored data representing the converted input and output signals. Such
a program may be stored in volatile or non-volatile memory, which may be

randomly or sequentially accessed, and which may be read only or writable.

Preferably, the input parameter set, time functions and other data variables

25 are held in a Random Access Memory (not explicitly shown herein) of the
microprocessor/digital computer. The software used for this purpose by the present
invention is the same as in other digitally implemented controllers and, accordingly,

a detailed description thereof is omitted.
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i nput paraneter set and the el apsed tine sanple following a change in the
set-point signal yr(k). These tine functions are given in equations
(24)-(27) in Table 1 of the attached Appendix. If the optional prediction
horizon P paraneter is not specified 15 by the user, the gains design neans
will automatically recommend, or generdte, a default prediction horizon
value. In the exanple of the invention enbodied herein, the default
predi cti on hothe dellgaingnetamplgdnprexided by wa atilbstagannehapplitionspf=  10.

In that regard,.it ,shoul d so be r nized that it is .in accordance wth
the 50 TEdaumtian NRE sBisllor e fRoHnE plevidfy e SimiRuoR SXERAERS Eay be
repl ace r € r; : i : hgnh neans
T e T

i nventive apparatus. The nerated tine functio€§>9 and the set-point

signal yr(k) are providéas §(5hq?uts to a gains éheduling means 20 in the
bl ock diagramof Fig. 2. By inputting 25 yr(k) to the gains scheduling
means 20, the invention allows the gains scheduling nmeans to track the

el apsed tine Thtlfosi-oglea mbdelgorithe gabeqsoi otitaindth drgai siandagd Heakitiqugraseans
20 sets a d,?djusts the Pl control gains according to the tinme functions O
gener at elieBifigaioR MG ‘neans 18. s - 13- Throughout operation of the
invention, the error signal e(k) is input to a gains self-tuning neans 22.
The gains sel f-tuning neans—ad%gm§ﬁ?he paramet er £22)) and g2 of the tinme
functions according to equéf?&' (30)-(3 1) contained in Table 2 of the
attached Appendi x. Default snmall adaptation gains of A _ flz = 0.00001 are
used. 5 As heTﬁéﬁ@Qqﬁguﬂp&gﬂKﬁ@ﬂ@{ghably the control apparatus of the
present invention is physically inplenented by neans of a

m croprocessor/digital -conputer a=0.37,

10 b=0.37,
L=17.69,
=1,
T,=0.19,
T,=0.001,

15 P=10.

For comparison of the control performance, a well-known reported fixed-
gain PI control is employed. The PI parameters for the proposed controller are

computed to be

k; (k) = 0.0003, 1 0<k<769,
20 ky(k) =0.081-0.0774 X 0.9963" |

k() = 0.0638, 1 & > 760,

k(%) = 0.000199 J

while the control parameters of the fixed-gains PI control are

K, (k) = 0.1061, ”
> K, (k) = 0.00039012. (23)
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(not shown) using known techniques to inplenent various aspects of the

above described functions. However, as will be appreciated by those of
ardinary skills in the art, analog electronic circuits nay be used to
fulfill many objects of the 1 o invention. For the preferred digital

i npl enentation of the control apparatus; an interface between the
(digital) controller apparatus and the anal og (input) neasurenents and
actuator (outpig )3 sshyrvas sa uswmsﬁooharaﬁamsigﬁ tlor dhgi faregeing example. As

digital-to-anal onv respectivel sed by
convent | ST Bibretforis ieo o et-IGNE esptsh SHovwt yhetfine dpmeBantic B BEL e
omi ts dethRid ?Eceﬂuéw scdox@l\aemo%&érpéraﬁﬂaﬁ% the functions of the Pl
controller e galns JES|gn nmeans e gai ns schedul i ng nmeans 20
and the gai ns sel f-tuning nmeans 22 described herein are preferably

i mpl enent ed i The dbtegaire dsscaippioagrfaie (pseferred dntbadiRreagoéithabivenfionRead Onl y
Menory of the mcroprocessor/dl ital -conputer, for exanple) for proceSS| ng

the st orb@prua&eaentééreéﬁhmqsgs phéllustigtien aad 4eﬁﬁlﬂlﬁtl<§hdho‘§t%l§tm@il§ﬁ<é[t% esuch

a program,m be stor volatile non- vol at. whi ch _nma

r andon ySgHG gg&%e‘ﬁﬁ ffri}{ gla%éggcgglo ﬁo i iPLFC % Orl%s ggsggo%ﬁlt yISE W abI e.
Pref er ablhqifiiiidn8 er‘%aﬂﬁﬁ@ﬂ?ﬂfﬁe&%e bés”ﬁeflﬂ nghl Qﬂﬁleadlﬁvett@ﬁhﬂ%

vari ables 25 are In a Random Al cess not explicitly shown
herein) of the mcroprocessorldl gital conputer. The software used for this
pur pose by t hEopersmapte, dlthwaghithn prssdnlhl@f pf@ras embodithemt ©i dgéscaibeg in
inplenented controllers and, accordingly, . a detalle descrlptlon thereof

i s omittk&gms- qﬁusqh@ppapqimrw@e@x%nlﬂsgov@ ?@\PPEFé?éP thatysugh ppamatesst i ons

gf s? : ;{Cr}%tg'n gigﬁ%ﬁ i fj[g'e nl\él%g}ltll\(?e apI'\)/era%lss %%?nf n%?h yde\;w& ];l?(!h %W #8n raOVI ‘des
computer responding to environmental parameters, from another process controller,
or from any other source. Moreover, although the illustrative embodiment of the
invention disclosed herein is applied to variation of gains of a PI controller in a
predictive and self-tuning manner, it should be appreciated that the inventive

15 concept may also be applied to other forms of controllers, and specifically to

controllers which are not ordinarily classified as PI controllers. -

These and any other such modifications and variations are within the scope
of the invention without departing from the broader spirit and scope of the
invention.. The embodiments described herein were chosen and described in order

20 best to explain the principles of the invention and its practical application, thereby
to enable others skilled in the art to utilize the invention in various embodiments
and with various modifications as are suited to the particular use contemplated
therefor. It is intended that the scope of the invention be defined by the claims
appended hereto, when interpreted in accordance with the full breadth to which they

25 are legally and equitably entitled. The specification and drawings are, accordingly,

to be regarded in an illustrative rather than a restrictive sense.



“the inventive control apparatus. A high-order systemis considered and
given by : Es) =1 (21) (s+1)10 5 The first-order nodel for the process
obtai ned from standard | east-squares identification nethod is : 1 e Zs9s
(22) 1+2.72 s The user input paraneter set is a=0.37, 10 b =0.37, L =
7.69, ~=1, T'=0.19, TS = 0.001, 15i= 10. For conparison of the control
performance, a well-known reported fixed- gain Pl control is enployed. The
Pl par andippendivr t he proposed controller are conputed to be ki (k) =
0.0003, 1 0< k < 769, 20 kp(k) = 0.081-0.0774 X 0.9963" kIl (k) = 0.0638, ~

k >_ 769FHBﬁE#H§WE€888%g#3%YéF%@b#&'the control paraneters of the

fixed-ga 251061, 25 kp (k) = 0.00039012. (23)
For 0<k<h,
Q1b' &
k, (k) = — - , (24)
qb* (g +gq,) +r
1 k+1
! -1 1 k+ — _tk+
0 q,b (gla—a'——l—+g2ak 1+g3QZa “1) 25)
5 k,(K) = = _ ,
g ‘hbz(13'2'*'g3.‘12)+r
and for k> h, |
k (k) = q,b g 1, (h) +(g + g2 +gg@a') by (h)] (26)
1 Q1b|2 (gz+gsqz)+r
k (k) = qb'[g £, (h) + (g + ga +8q,2 ) £, ()] Q27
g Q1b'2(gz+g3§z)+r
10
where

[1-2e7" cos(w, 1~ &T) +e > a'r )3
g = bv 2 g e—2§{o,,T ( )
1

(a —e ) g —[1- 2675 cos(@ 1= &T) +e*"1d (g, — g)r

29
bl 2 glgse—Z@J,,T ( )

q, =



s >

a -16- Appendix Table 1. Time functions for Pl control gains For 0<-k < h,
k1(k) = glb gl (24) 91bz (g2 +g3g2)+r a k+1 -1 , k+1 k+1 ) glU (g, +g2a
+g3g2a 5 k (k) =a -1 (25 pglH 2 (g2 +g3g2)+r and for k > h, k. (k) gl
b [g, 11(h) + (g, +g2a +g3 g2 a) f21(h) ] (26) 91 b'2 (g2+g3 ;2)+r k p _
glb' [gl f 2 (h) + (g, +g2a +g3g2a) f22-(h)] (27) p gl b2 (g2+g3g2)+r 10
where [ 1-2ecos(W' 1-2T)+e 2~w'T]a'r (28) gl =b ,2 g, e -2~-W'T (a'

- e2~Wwr) gEalE1222Adﬁptation®dsl(m¢ fulmctlQﬂ'})&mIQemeT] a(g2- gS)r (29) g2 b 2 gg3e

2-W'T -
-ql 181 5(11’ (30)
qk+1 —% ﬂz 5612 (31)
where
A W
ach aql
b'ggl(q,—q)+b’rg
- k
[qb° (g, —g)+qb° g +1)* 5 26(1 ek
_bag(e-g) bt rarbte o oy
[qb* (g, —g)+q,b" g+rl° ’
s 0”] e(k) Fe(k)
a, a,

qb’ g8 .
T . e(i)e(k)
[qb7 (g, —g;) +qb° gy + 1) Z

_ a b‘zrg3—q1blzrg1g3 e(k—l)e(k)
[qb? (g~ &)+ b’ g +r]° ’

B,. 3, are small adaptation gains.

The various notations of the equations are accordingly defined in “Notations
and essential proceedings” under the section “Description of the embodiments of

the invention”.
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s -17- Table 2. Adaptation of tine function paraneters 0J ql +1 = q, -A-,
(30y agl aJ qgqi+tl =gz -N2 2, (31) where di =e(k) ~) b, 4 9g1g3 (gz -
ql) +62 rg~ e(i) e(k) 2 2 2 [glb (g2-g3) + QA g3+r]
b' 4gi g3(g2-ql) +rb' 2g1+a' rbi 292 e(k-1)e(k), [9lb,2 (g2- g3) + g2b 2g3+r]2 5
01 e(k) de(k) dg2 0%gl b, 4 9193 | 218 e(i) e(k) 21 [glb (g2-g3)+g2b
g3+r] ; a bi2rg3-glb,2rgl 93 e(k-1)e(k), [glb'2 (g2- g3) +g2b'2 g3 +r]
A 62 are snall adaptation gains. The various notations of the equations are
accor di n&imsf i ned in "Notations

1. A process control system for controlling a process in accordance with a
set-point signal input thereto, including:
a controller connected to provide a control signal for the process; and
5 an associated control structure providing signals to said controller,
said associated control structure providing predictive gain values for said PI

controller and self tuning the gains of said controller.

2. The process control system of claim 1, wherein said associated control
structure comprises gain design means responsive to an input parameter set from a
10 user and generating a time function signal for controlling gains in accordance with

said input parameter set.

3. The process control system of claim 2, wherein said input parameter set
includes parameters representing at least one of: a first-order mathematical model of
the process, a parameter representing an estimate of a time-delay of the process,

15 parameters representing a desired closed-loop damping factor and natural
frequency, and a sampling interval and wherein said gain design means generates
said time function signal in response to each parameter of said parametef set input

thereto.

4. The process control system of claim 3, wherein said input parameter set

20  further includes include a prediction horizon.

5. The process control system of claim 4 wherein said gains design means
generates a default prediction horizon and replaces said default prediction horizon

by said prediction horizon when included in said input parameter set.

6. The process control system of claim 3, further comprising gains
25  scheduling means, said gains scheduling means responding to said set-point signal
and to a schedule depending on elapsed time following a set-point change for

assigning gains to said controller in accordance with said time function signal
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and essential proceedi ngs" under the section "Description of the
enbodi nents of the invention". S~ Q-18- Cains 1. A process control
system for controlling a process in accordance with a set-point signa
i nput thereto, including: a controller connected to provide a control
signal for the process; and 5 an assoepkated control structure providing
signals to said controller, said associated control structure providing
pr edi ct i genayated brasaié gafrodesgn dhdahns, wherebypltinee scrdutel gaihsiarengssigredgai ns  of
sai d contngller. 2. The process control systemof claim1l1, wherein said
associ at 84dCORIPHEr- structure conprises gain design neans responsive to an
i nput paraneter set froma 1o user and generating a tine function signal

for control |1 5a -Gal Broldl. ARRHAYGENE MaifRied (AR CBALAIRLL affl el The

process control systemoO n sar nput

i ncl udesnan@ M@K S s4ie HeES@Rin N thedhs ke@pdhdRietood differehts be@V et said set-
mat hemati cal nodel of the process, a paraneter representing an estimte of

a tine-dpbey sognal endpa coas|]led sprpaesanedrabie fep remetadiyn gdiusting weighting

cl osed-1 oop danping factor and .natural frequency, and a_sanpling jnterval
and wher BRI F‘?‘\‘%dté@Fg nﬁﬂ%s“%‘%éPa‘?@gnga'%/%“ﬂl rﬁfrfq}ﬁ@tﬂ%rf‘%éji g‘?‘fal in

response . h _par : | : t Laput eretqQ.:q 4. The
process E%oﬁz{@%% gygegg@gfé c‘? Jar?l?ﬁ%tfq \g\@qel?{eglﬁnﬁé}ﬁs g%{lzr:lpu Sﬁ%é%n%(?es%l% e%lm-EZO
further kéddugeBeding bétlufinpmeeinstfboselNAIHiAS Baind assiBRe@{PSHE ToARBIIEL!
system of claim4 wherein said gains design neans

8. The process control system of claim 2, further comprising gains self-

10 tuning means, said self-tuning means responding to a difference between said set-
point signal and a controlled process variable for repeatedly adjusting weighting
parameters of said time function signal to optimize control performance and for
providing a weighting parameter adjusted time function signal to said time

scheduled gains scheduling means for self-tuning gains assigned to said controller.

15 9. The process control system of claim 8, further comprising gains
scheduling means, said gains scheduling means responding to said set-point signal
and to a schedule depending on elapsed time following a set-point change for
assigning gains to said controller in accordance with said time function signal
generated by said gain design means, whereby time scheduled gains are assigned to

20  said controller.

10. The process control system of claim 9, further comprising gains self-
tuning means, said self-tuning means responding to a difference between said set-
point signal and a controlled process variable for repeatedly adjusting weighting
parameters of said time function signal to optimize control performance and for

25  providing a weighting parameter adjusted time function signal to said time

scheduled gains scheduling means for self-tuning gains assigned to said controller.

11. The process control system of claim 10, wherein said input parameter set

includes parameters representing each of: a first-order mathematical model of the
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generates a default prediction horizon and repl aces said default prediction
hori'zon by said prediction horizon when included in said input paraneter
set. 6. The process control systemof claim3, further conprising gains 25
schedul i ng means, said gains scheduling neans responding to said set-point
signal and to a schedul e dependi ng om0el apsed tinme foll ow ng a set-point
change for assigning gains to said controller in accordance with said tine
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set-point for a process and a second signal representing a process

vari abl etharetans for generating an error signal representing a difference

between said first and second signals, and control neans for providing a
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and to ekafalsld, mhemsi k| ganenging seteriei signa hepasentlig gadifferenteetatwery means
for updating the PI control gains based on the said elapsed time according
to a ti neaisdirstiand sehopidetgenlhyandaiontrol means frtpronNtingadi gl # theapiocesii ng
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comprising :
gains design means receiving a user input parameter set and generating time
functions relating the PI control gains to at least one input parameter of said input
parameter set and to elapsed time following a set-point change;
15 gains scheduling means for updating the PI control gains based on the said
elapsed time according to a time schedule depicted by said time functions; and
gains self-tuning means for continuously updating and fine tuning parameters

of said time functions based on said error signal.

13. The improved PI control apparatus as recited in claim 12, wherein said
20  user input parameter set comprises:

two parameters (a, b) of a first-order mathematical model of the process;

one parameter (L) representing a time delay of the process;

two parameters (&, @,) representing a desired closed-loop damping factor

and natural frequency;

25 one parameter (T,) representing a sampling interval of the data acquisition
system; and

one optional parameter (P) representing a prediction horizon.

14. The improved PI control apparatus as recited in claim 12, wherein the

said time functions are given in the equations (24)-(27) of Table 1.



“of said tinme functions based on said error signal. 13. The inproved Pl
control apparatus as recited in claim12, wherein said 20 user input
paranmeter set conprises: two paraneters (a, b) of a first-order

mat hemati cal nodel of the process; one paraneter (L) representing a tine
del ay of the process; two paraneters (H; co,) representing a desired

cl osed-| oop danping factor and natural frequency; 25 one araneter (T)
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i mproved control ap ara us as reci aim 13, ere| n said gains
desi gn nmeans assigns sal d optional paraneter representing the prediction
horizon a def a8l Th¥ ahpeovald El0come appidtiapds reoatd pachimt K, wiseranspdiest! i ed.
16. The inproved Pl control apparatus as recited in claim1l2, wherein a
firsts Spaaiof timie funvtiohs At isedsngeseasiog thfthéﬂléﬁr@ltgm@S tisaidelapend Hple gal ns
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wher ei n g isHoRahanshtsmeldergl d time functions are updated according to
equations (30)-(3 1) in Table 2, and default adaptation gains of/31 = N2 =
0. 00001 are used therein.

17. The improved PI control apparatus as recited in claim 12, wherein the
10 parameters of said time functions are updated according to equations (30)-(31) in

Table 2, and default adaptation gains of 8; = £, = 0.00001 are used therein.



