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desi gni : tuning uses a process

ynamics estlmatlon scheme and a regulator design procedure. In standard relay
feedback automatic tuning, as described in US Patent 4,549,123 to Hagglund et al..
entitled "Method and an Apparatus in Tuning a PID Regulator" for example, only a
single process point, specifically the critical point of the process, is estimated and the
parameters of a PID (proportional-integral-derivative) controller are set with respect to this
single point. While this method has become standardized and is successful in many
process control applications, it suffers from two main problems.

(D) Due to the adoption of the describing function approximation, the estimation of
the critical point is not accurate. Under some circumstances (such as oscillatory or
significant long dead-time processes, for example) the known method could result in a
significant error. For these cases, the tuned regulators which result therefrom may thus
yield a poor system performance. Further, as above noted, the standard relay feedback
technique estimates only one point on the process frequency response. Such an approach
may be insufficient for descnbmg some processes, or for designing model based
regulators.

Thus, some modifications to the standard estimation method have been reported.
For example, cascading a known linear dynamics to the relay in the standard method can
acquire a point other than the critical point. However, the existing relay feedback
frequency response estimation methods still suffer from low accuracy, long test time




Thus,” sone nodifications to the standard estimati on net hod have been
reported For exanpl e, cascading a known |inear dynamcs to the relay in
t.he standard nmethod can acquire a point other than the critical point.
However, the existing relay feedback frequency response estimtion nethods
still suffer fromlow accuracy, long test tine 2 (e.g when multiple
frequency response oints are needed), and | ow efficiency (limted process
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Still a more specific object of the invention is to provide -a frequency domain
based auto-tuning and continually adapting control apparatus.

In order to provide such an apparatus, it is a further object of the invention to
overcome the deficiencies of the prior art by providing an improved means for accurately
identifying multiple points of a process frequency response with only a single relay or
step test, and to tune a regulator with respect to the identified multiple points of the
process frequency response, thereby to achieve a uniform and improved performance for
all operating conditions of the process, thus to provide an improvement which is
applicable to both simple and complex single variable processes.

A more specific object of the invention is to provide a frequency domain auto-
tuning and adaptive control apparatus which automatically and continually estimates the
process frequency response and which adaptively controls the process when the control
apparatus is connected to a process.

Yet another object of the invention is to apply a relay feedback or step test to a
process and to identify any finite number of points on the process frequency response
from a single process transient by providing an appropriate application of the Fast Fourier
Transform (FFT), thus to provide an exact result for linear stable processes without load
disturbances.

It is a further object of the invention to modify signals which are not capable of
FFT transformation in order to provide modified signals for such FFT transformation and



process frequency response, thereby to achieve a uniform and inproved
performance for all operating conditions of the process, thus to provide an
| Bproverment which is applicable to both sinple and conpl ex single variable
processes. A nore specific object of the invention is to provide a
frequency domain auto- t uni ng and adaptlve control apparatus mhich
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In accordance with another feature of the invention, linear least squares frequency
response fitting is used to design the regulator, which may be a PID or a higher-order
regulator, as required.

In accordance with yet another feature of the invention, both set-point and load
disturbance transients are utilized in order to continually adapt the regulator to changes in
the process dynamics. In addition, the invention further prov1des techniques for auto-
tuning of multivariable regulators.

Thus, in accordance with the invention, there is provided a method and apparatus
for continuously adapting and auto-tuning a regulator for a process-implementing device,
in which the inventive method includes steps of, and the inventive apparatus operates by,
using a single step or relay test to observe input and output transients of the process-
implementing device; estimating a plurality of points on a frequency response of the
device from the transients by using an FFT-based identification; using an optimal
multiple-point fitting method for automatically selecting parameters of a regulator
structure based on the estimated frequency-response points; constructing a transfer
function based on the estimated frequency-response points; based on the constructed
transfer function, constructing a Smith Predictor using the optimal multiple-point fitting
method; and adaptively designing the regulator in response to changes in set-point or
load disturbance by repeating the step of estimating the plurality of points on the
frequency response of the process-implementing device in response to changes in set-
point or load disturbance in order to provide an updated frequency response.



process. By providing an appropriate application of the Fast Fourier
Transform (FFT), the invention is thus capable of identifying any finite
nl;mber of the process frequency response points with a single process
transient, and of providing an exact result for |inear stable processes
without |oad disturbances. In acco4dance wi th another feature of the

deston ¢ e lé”ﬁfﬁﬁwﬁﬁﬁéﬁq@“ﬁ%@% %m fo;én%haj:%b%@ru%&r%qaa* ‘fiw
Pt
¥

reqU|red
set - poi n® a?née\fle’aan aﬁ%ﬁ arab ernrgcea%eﬁ%meatslw&he&p%an

cont i nualomtputsiehther deviceyibich: result drosm sheysequential relay  toste 5 stgminputss the n

addi t i onoptimal multiple-point-fittinghmethoddsivded td determine gardnmeters f anultivadiable of
mul ti var irggullftorsefioth ahe iphuralfiyUSE estitnabal fregleency-doinain poifits) and ke estimitbdre is

provi ded fRqiBichQibnpa aﬁea&ewéd R mbd¥ling'W U Rlagin Gﬂﬂﬁriﬂulﬁ%lﬂém' ng a
regul at °"prc§c%§s %a?é&’Sﬁgt?e{ f%gfﬁﬁz‘ﬁbﬁ%f th@n‘ﬁﬁﬁ Fy@o@é”&'%ﬁt hod

i ncl udes |nv n |ve tus. sin si ngl e
Step or w@ﬁgfgﬁ ¢ oo ol Boliplespsiof AfiE ¥ AEBeY cos-

i mpl ermren 1BPIAVAded; y of points on a frequency
response of the device fromthe transients by using an FFT-based

i denti fi cati odn acrordigg svithapspecific feathreiofithe inyention] identificationtof tt plurality

aut omat i ofipbintssel £frequrpcy fesporise dromn the teansiegts|redultingsfrom i sitigle bep ot relay t he
esti mat eqest rlﬁ%t%h‘éd b?sﬂﬁﬁ&@cﬁbﬁ' of = d@%skkfiﬁiehﬂﬂ mtbrﬂxesﬁ&isléﬂﬂnﬁ based

on t Q?e? fifl fthe y 1ﬁ gr%é C%Lfa 'iﬁé E’d
mul ti pl e- |§1’ff|#¥ Pidve %‘@fs. iﬁ’g% reuaorln
response PRV et th, shi 'bl_ %“sal step
of esti nmwagsemﬁeg&‘ﬁﬁﬂ"éndf #Cbﬁéﬂ‘ﬁﬁs on the f requency response of the
process-i npl enmenti ng device in response to changes in set- point or |oad
di sturbance i MThesedand bthepobjectis femturespdind advdntapesi of die peessputnmwention will n
accor dan®gcothd Feaditptapperedtaocthose! skill®l intRMNrt Giom BRAFHHOWIR désetiption @ad S or
step drawings, wherein there is shown and described a preferred embodiment of the invention,
simply by way of illustration and not of limitation of one of the best modes (and alternative
embodiments) suited to carry out the invention. The invention itself is set forth in the
claims appended hereto. As will be realized upon examination of the specification and
drawings and from practice of the same, the present invention is capable of still other,
different, embodiments and its several details are capable of modifications in various
obvious aspects, all without departing from the scope of the invention as recited in the
claims. Accordingly, the drawings and the descriptions provided herein are to be regarded
as illustrative in nature and not as restrictive of the invention.

BRIEF DESCRIPTION OF DRAWINGS

- The accompanying drawings, which are incorporated into and constitute a part of
the description of the invention, illustrate the preferred embodiments of the invention and,
together with the specification, serve to explain the principles of the invention. It is to be
understood, however, that the drawings are designed for purposes of illustration only,
and do not define or limit the invention. The limits of the invention will be appreciated
upon reference to the claims appearing at the end of the description. In the drawings:

Fig.1 is a block diagram showing an auto-tuning configuration for a control
system; '

Fig.2 isa diagram of a step function;

Fig.3 is a diagram showing an input-output relation of a relay with hysteresis;



I nput's are used to estimate a plurality of points of a frequency-domain
transfer function of a device inplenenting a nmultivariable process, from
transi ents on the inputs and outputs of the device which result fromthe
sequential relay tests or step inputs; the optimal nmultiple-point-fitting
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transfer function G, (process 3) to prov1de an output y(?), the mput control s1gnal bemg
provided to process 3 in response to an external input » provided to a summing amplifier
4. In the configuration illustrated in Fig. 1, the summing amplifier 4 compares the output
y(t) with the external input r by subtracting the output y(?) from the input », for example,
in order to generate an error signal e(#) which is inputted to a regulator 2. Regulator 2 is
designed with a particular transfer function to produce a specific output function #(?) in
response to a specific input function e®. The transfer function of the regulator is
provided so that the specific output #(?) thereof is that input which causes process 3 to
provide the particular output y(?) desired by a user when inputting the signal r.

In order to appreciate operation of the configuration illustrated in Fig. 1, let it be
assumed that process 3 operates in an open loop fashion and is manually controlled to
reach a steady state, without auto-tuning. Then, in an initialization phase of the auto-
tuning process, an input device 1 may provide a step input function, shown in Fig. 2, or
may operate as a relay feedback shown in Fig. 3, to provide its output to process 3. As
will be appreciated from the detailed description provided herein, this initialization phase
is used in a process for auto-tuning regulator 2. It should be understood that, although a
step function generator and a relay feedback are described, the number of devices which
may provide a perturbation to the input of process 3 is virtually unlimited. Any




together with the specification, serve to explain the principles of the
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The inventors hereof have appreciated that a fast-Fourier-transform (“FFT”)
cannot be applied to the input and output time response samples u(4T) and y(kT) of
process 3 under the above described test conditions (either step or relay). Nonetheless,
such a (FFT) transform is necessary in order to obtain the process transfer function.
Thus, in order to obtain the desired FFT-transformation, in accordance with the
invention a decay exponential e is introduced in order to define a pair of modified
signals #(kT) and y(kT) as follows:

G(T)=u(kT)e™™,  J(RT)=y(kT)e™™". )

It will be appreciated that, by introducing the decay exponential, the modified signals
#(kT) and P(KT) decay to zero exponentially as k approaches infinity. Thus, by
introducing the decay exponential the exponentially decaying modified signals #(X7") and
y(kT)are provided as Fourier transformable representations of the input u(?) and output
y(t). Applying the FFT to the modified signals described in Eq. (1) yields

U(jw,) = FFTG(kT)) = Thilﬁ(kT)e‘j‘“"‘T, i=1,2 -y m, Q)
k=0
and

T(o,) = FFTGUI) =TS SRS, i=1,2, -, m o)
k=0



transfer function [err]. As is known in the art, the process transfer
function [err] may be represented in the frequency domain as a function
[err](s). Typically, the input u(t) to the process 3 may be an input
control signal which causes the device characterized by the transfer
function [err] (process 3) to pro:v;l de an output y(t), the input control
signal being provided to process I n response tp an external input r
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 Most FFT algorithms or programs which would be used to implement the FFT
algorithm on the modified signals #(kT) and 3(kT) use the high speed radix-2 FFT
method. In order to save calculation time for the FFT, it is preferable to choose N to be
an integer power of 2. To reduce the window leakage problem associated with the FFT, a
larger number N will give a more accurate result. If a stationary limit cycle of the process
output y has been achieved before the test time reaches 7, then the test is stopped and, in
accordance with the invention, p cycles of the process 3 input # and output y
oscillation data are duplicated until the time span of the process 3 input # and output data
y reach T, ie.,

T+pT, 2T, | ©)

Otherwise, if the testing time T, is larger than the required T}, then the testing time T,
may be used in place of 7. The value of the decay coefficienta is chosen to meet the

requirement that the modlfied signals u(kT) and y(kT) decay approximately to zero as
time approaches 7. That is, a is chosen to meet the requirement that
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out put of the device inplenenting the process 3. The signals u(t) and y(t)
are sanpl ed by standard devices (not shown) at a sanpling period of T and
are recorded until the transients are conplete - i.e., until either the
steady state is reached for the step input or stationary limt cycles have
been reached for the relay test. In the follow ng description, the sanples
of the input u(t) and output y(t) @I the k-th sanpling period are

represent b hou t he t expl tion,of

oper at i ofY" Ei’&fe%/h’é(‘gen%@g&%éw% Qﬁ‘;‘rsai’ eemotﬁpmsﬁg 2@6} tton
provides an illustration of the manner in which the frequency response of
process 3 is dbeiabavedescribed F&dckased multiple-peint nrequencynrespmee estitiation andi ng
t he t heomnsdthotbiks referdacqi renein@gs aniddnnificasircSolution. t hose of ordinary skill in
the art will be enabled to practice the invention The i nvent ors her eof

have ﬁggreci atechoulfibe raaategwt aeﬁovEf @Qﬁ ﬁﬁ%ﬂ ejc riBEd PRRLI od tO
under the ove O‘Hbl'i) {no O{w% B&@% éf H’?ﬁf 8 %etﬁg

Nonet hel &tso uemo a deqay)expengntiabe m .fe lspelw({r%) (kT he
process it shegldealse baomdenstoodithat, it is withinithe &cgpvbbf theninvertiogictoi ingrgduce a

FFT- t r ansimitaralecaynexponesntiat to theniaputveigrial u(t)sanmomput sipnal gl@k aln eitheoicasy, i al

[err] isp %6&%!?@91&1&&&%&6 bfaﬂseaécaﬁ al Y MRfich! ke i@?@és?blé%r] (kT)
and [err ]og

W{tﬁ] Silctibh ko) the [err]
(0 1 et ﬁ?gﬁeax@% i g IR e o S
Y

approaché‘!;a 1REic Thus, by int rodu0| ng the decay exponential the
exponentially decaying nodified signals [err](kT) and [err] (kT)are provided
as Fouri er tr #nisfrecognizied thatpases balanei afmsultiplet dveunatepfiequeicy) respohse popnts y(t) .
Appl yi ngbting dobtdined ficne avemiplel st sthe ralcalation cisi Hdit complex. ( Bowever, dhe [ err ]
and [err komputation elapsed time is tolerable in real time process control. Nonetheless,
computations can be reduced if, rather than requiring points representing all frequencies
up to the Nyquist frequency, fewer points are required and used.

Moreover, the FFT moving version can be exploited to track process frequency
response; however, the recursive version of FFT can be implemented to simplify the
computations.

It should be appreciated that the shifted process frequency response points
G,(jo,+a) are sufficient for tuning the regulator in the following examples, as

illustrated by the sequence of steps beginning at Equation (11). However, if G,(jo,) is
needed, such as in the case of designing a Smith Predictor, then the inverse FFT of
G,(jo, +a) may be taken:

FFT(G, o, +a)) = g(kDe™, ®
from which the process impulse response g(AT) is obtained as -
g(kT) = FFT™'(G,(jo, +a))e™. ®
Applying FFT to g(kT") again yields the process frequency response:
G,(jo,) = FFT(g(kT))- (o)



7 rrespectively, where Nis the nunber of sanples, [err] and [err]=
[err]/(NT). The 2 transfornmed signals are used to obtain the frequency
domain transfer function [err] as follows. A shifted frequency domain
transfer function of process 3 is given by the frequency response ratio in
Eq. (4) [err] (4) I'n accordance woth the present invention, this shifted

frequen T I s N and
the t est/Zf] %ﬁ%@%ﬂﬁgﬂﬁﬁé %ﬁ%ﬂﬁ?ﬁ 23@? é%eégiof»oﬂ%w@ig(u}’%%?s@gr g
det er mi fallo Smibgs(e.g.t designmng) segulatprs? i Figq 1y nlhe ?H?ﬁ’cﬁz‘@“ 1)) arg ¢

poi nt s JOrmxﬂazd ireGgd(i t)/as ad¢simble Objecpveeles@-mpéran%fquﬁm%m&@ fitified
in the negi on fromzero frequency to the phase- crossover frequency [err].

If, under a relay test, the oscillation period [err] of the process output
y(t) is measured on line, then kotzshould be appreciated that the required

time span for the FFTH;}Q.Qed—TeI?n-t-’-I—F-I—eq{e 6n is [err]= (N -1)T, whetd)N
satisfies [err] 5°+20,5+0 ' (5) Most FFT al gorithns or
programs which would be used to inplenment the FFT al gorithmon the nodified

si gnal s viieié L ksfthe a ﬁr&ﬂrdbid-ﬁiﬁ)e oftlee plbeesbsgkndswganﬂ ¢ adtimindte AeTbehmviond. | n
ged:L fé’gﬁ%\/&soower o-10 ré#ggﬁse ce t ow ea ?e&’ﬂr%g eth@ugés?%;s:t Zdt °
with th q;gqttlmg u??f?é?ho ’Itpelbl se For @aﬁc rb‘%ssg*lﬁ tﬁ%

stati onafol}owmmcntqwcl e of the process outputy has been achl eved before the
test tinme reaches [err], then the test is stopped and, in accordance with

the invention, p cycles of tge eoﬁceﬁ_ ?Io?gput u and output y oscglzgati on

data are duplicated until the tinme span o “t he process 3 input u out put
data y reach [err] i.e., [err] (6) Oherwise, if the
testlngapflrre [err] is larger than the required [err], then the testing tine
[err] may be used in place of Jer *h vaI ue of the decay (13)

coefficient[err] is chosen to rfee Q(tgeL

where p is a factor for modiﬁcation of { and ®,, and depends on the different fitting
situations. The modification factorp is typlcally in the range of 05~ 2 and the default
valuep is 1.

If the control specifications are given by the user as the phase margin ¢, and
gain margin 4, then o, and § are determined by

1—cos® ¢
= ,_____»1 (14)
c=p 4cosq,,

and
st 2
-t ()
- , 15
o, 7 as)
where ¢ is the positive root of equation
(An-D’=452¢* +(1-¢°) (16)

If the control specifications are not given by the user, then default settings are used for the
parameters { and ®, L, preferably values such as £ = 0.707 and o, L, = 2. Using these




requrrenent that the nodified signals [err](kT) and [err] (kT) decay
approximately to zero as tinme approaches [err]. That is, [err] is chosen to
neet the requirenment that (7) [err] 8 where [err] is the specified
threshold and usually takes a value in the range of [err] . The above
descri bed FET-based nultipl e-point fygquency response estimation nmethod is

hat Z”ﬁ%@a‘%’?gﬁ%‘ B ERBbCJfI8 Ve sl eepohsci I BHOR 08, P IRR °L 5T

process

KEY
Wéﬁ%ﬁﬂ%%ﬁﬁ-%n met hod resides in the introduction of

a decay exponential [err] to the sanpled input signals [err](KT) and

| t Astwilllhe apipeagiated by thess ohH ondinany skills far shevcorfiguration ilustratedf t he
i nvent i ol Fig. iIntheoshendosp sansferfundtion )G coopessoniding to thet dwiredplosed ilgapnl u(t)
and out puﬁngélgﬂaéﬁoy,(y%is bivegbyher case, however, it is the introduction of

[err] (KT).

this decay exponentia

[err] which nmakes it possible to obtain a FFT of the

nodi fied signals [err] and [err]. Wth tﬁe I ntroduction of the decay
exponential, the nultiple points Gusyhe—fkocess frequency responsglgan thus
be obtained in a single test. It is redog#i zed that, as a bal ance of

mul ti pl e accurate frequency response points being obtained froma single

test, thofecakmse)lths open 1osp funktién desttib&kin Bdp (EREs appliseble dodtie dbnfigursiicips ed

time is §dvl B, 1.0 HoWRver, itBholllde:
ugnk‘ . %ﬁ?%ﬁ ueﬁl: ﬁhm s are requlr
gfthaf e r(b )\}Egé’i‘%’ﬁg’é‘gﬁﬁgﬁ‘%&m‘gﬁi?&u to track process

can be r
frequenc
used. Mré
frequenc
I npl enmren

res

vmfchﬁﬂt&isdbvi&giﬂuyt&t i ons
d x%l%{u%ﬁaﬂ befvédh Hy and

and

s il

onse; however, the recursive version of FFT can be
EORPESIGNhe conputations. It should be appreciated that the

shifted process frequency response points [err] are sufficient for tuning
t he regul at or The rédudatdo? linVHiggl dasfg@idess, desearibed by) a transfer function G,. In

accordance with the invention, the transfer function G, of regulator 2 is designed such
that the product G,G,, representing the transfer function of the cascaded combination of
the regulator and the process, is fitted to the desired transfer function G, in the frequency
domain. To this end, in accordance with the invention a number of process frequencies,
Q,, i=1,2,--,m, are chosen such that

arg(G,(jo, +a))<-=, i=1,2,-- m-],

and
arg(G,(jo, +a))~-n (18)

At the corresponding values of the frequency parameter s, i.e., at s= jo, +a, the design
of G, is implemented to achieve the relation '

G, (jo, +a)G.(jo, +a)=G;(jo,+a), i=12---,m. 19)

As a first approximation of the type of regulator which may be used to implement
the desired transfer function for the combined system, a PID regulator is used as a
candidate for G.. As is known in the art, such a PID regulator is described by a transfer
function:

1 1
G.()=K(A+—+T,H=|1 - s} == |. 20
+(5) ,,(+T'_s+ 45) [ - S] T 20)

KT,

(4



illustrated by the sequence of steps beginning at Equation (11). However,
if. [err] [err] is needed, such as in the case of designing a Smth
Priedictor, then the inverse FFT of [err] may be taken: [err]

(8) fromwhich the process inpul se response g(kT) is obtained as g(kT) =
[err] (9) Applying FFT to g(kT) again yields the process
frequency response: [err] = FFT(qgkT)). (10) 9 The

e 1ot | oReopp of peieey bEF R s RBERA atovm 2B 67 1“1l Conero

specifications are fornulated in Eq. (11) as a desirabl e Obj ective
cl osed-1oop transfer function [err] d8r&romr toy: [err](s)= [er@l)
(11) where [err] is the apparent dead-tine of the process 3, and [err] and

[er {] ?omhags e mtmmvcaﬁmﬁé ﬁﬁ Stés 6hsel @aﬁ@otrr]&ﬁomerfx@eésaseonﬂdllei h]e g
contro r nc | i f S [r an
over shoo@[ eﬁ;q}a If’ﬁ'énﬁfoégaﬁ Fégéltgl% %0?% 4‘]’%{@ %‘L’&

f ol | owi nfanstion &7,{(jo, ¥ w),rdpd X = [K + K The resuitim seanﬂeqmps described

(13) whebg Hoe(21) 4ré easilyaolved dsiig tﬁeqiéafs.t Sfubted éthod wéﬂtaﬁrtﬂe péfafleters 8l

depends id?rvﬁﬁé fih cekg 8 ferr]
s typ Czﬂ?{cﬁgwo}ﬁss ﬁfi’ﬁ“%”ﬁs; ?%S tmba gt

If the c t ons |ven the errar
[err] an #@F:b}' 3?\;?5% eé‘i‘eé‘% H“ﬁ?ﬂ?er r]
(14) PID conu'ollers having adj ustable control parameters

In accordance with the invention, however, the inventive design may be
implemented in a repetitive process to attain a desired accuracy by comparing the results
with an arbitrary criterion of acceptability. For example, prior to terminating the design
process and accepting the design parameters obtained by solving the linear equations
(21), the solution may be evaluated using the following criterion:

max|G,(jo,)G,(jo,)-G,(jo, )| S E 22)

where E is a specified fitting error threshold. Obviously, the desired stability margins
impose an upper bound for E. Within this bound, E is specified according to the desired

~ degree of performance. In Eq. (22), the smaller is the value of E the tighter is the resulting
control.

Upon determining that Eq. (22) is satisfied, the design is accepted and the
regulator implemented as a PID having the parameters obtained from solving Eq. (21).

However, if the criterion described at Eq. (22) is not satisfied, it is concluded that
a PID form for regulator 2 is insufficient for implementing the process to obtain the
desired performance. In this case, a more complicated structure of the regulator 2 is
considered to obtain a better fit to the error threshold. While many alternatives may be
used to implement a more complex regulator, one approach may be to select the
following function for the regulator 2, and to solve for the parameters g; and b; therein:

as’+a;s’ +as’ +a,s+1 ©23)
bys® +b,s’ +bys

Gc(s) -

Upon identification of the parameter values, an appropriate regulator may be obtained in
a straightforward manner to implement the transfer function of Eq. (23), and thus to



and [err err
of'equat%o% [elr] (16) If thélgénr¢e{e doert o ot ve o
. ol specifi [
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. _ ues such as [err]= 0.707 = i
10 : and [e =
values inplies that the oversili@t of the objective gy;[Ln1$és;§hgg }Qese
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closed loop transfer function [err] i corresponding to the desired

. s given b
(17) O cour%ﬁMgeqmimnl(b@pnéyjﬂwsb@)rﬁvﬂ‘é@r"ﬁbgd[ﬂ]r]Eq. (17) is applicable

for the configuration sh i i
own -
t hat various contro in Fig. 1. However, it should be appreciated
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f requengids the design iis -acgepted and the z¢ q,}%élﬁﬂllen\éﬁ It Ng Bivifig thé Ocess
parameters obtained from solving Eq. (24). However,g-:gfI AL LEakioh Yesdrivd Gt Eq.
(22) is still not satisfied, it may be concluded that a form for regulator 2 described by the
transfer function of Eq. (23) is also insufficient for implementing the process to obtain the
desired performance. Thus, a still more complicated structure of regulator 2 may be

considered to obtain a still befter fit to the error threshold described by Eq. (22).

Alternatively, however, it may be concluded that the objective closed-loop
performance required by Eq. (11) may have been set to an unrealizable level. In this
situation, a more reasonable obj ective closed-loop dynamics may be established, such as
by decreasing § or reducing o, L, until it is determined that the error criterion described
in Eq. (22) is satisfied, whether for a PID described by Eq. (20), a more complex structure
described by Eq. (23), or still other and more complex configurations known in the art.
After regulator 2 in Fig. 1 has been designed as above, relay (or step generator) 1 is
disconnected from the control system, and regulator 2 is connected to the process 3.
Process 3 is now under control.

The above described regulator design method of the invention is identified herein
as a multiple-point-fitting solution.

Various advantages of the inventive approach may ‘be appreciated from
comparison with results obtained by using known methods.

For example, in methods based on Ziegler-Nichols-like and gain/phase margin
specifications, only one or two frequency response points are moved to the desired places.
The inventive method, on the other band, advantageously can shape the loop frequency
response to optimally match an entire desired curve, specified by G,(jo,), over a large
range of frequencies, so that the closed-loop performance is more closely guaranteed to
match the curve than is possible with methods using only one or two points. Moreover,
the approach of the present invention using a response fitting is a more reasonable
requirement than obtaining an exact point, as exact point matching is sometimes
impossible or, indeed, is not necessarily important. What is actually required is that the




[errq (18) At the corresponding val ues of the
frequency paraneters, i.e., at s = [err]+[err], the design of [err] is
i-mpl emented to achieve the relation [err] (19) As a first
approxi mati on of the type of regulator which nay be used to inplenent the
desired transfer function for the asnbi ned system a PID regulator is used

as a cangiflabe 1§ bé Blosd endiibni & amljearl " the BUHHq B THOUVRALOT | S

descrlbggs a.éﬁn i ierr 0 %’fr . lgua 10 Ig can

R I Rt e

(21) whef¥ 7% P& SRRNT PR PTS #2hm t he process

controller [err] = [err] the vector [err] represents data fromthe

desi red «tanstheproagss frequenty responsgrie ¢omverted-inge atiansfen function imaodel; Bhet  of

equat i ons desmoddlestrusturé&gnust k) specifiedabutl forsedse exf commuatidne thee apdcifssguar es

met hod to obtswbtird s waallyvérs siple, Sudh ab ikbtiopdt phisidead/tingd) and it mayhonct i on

with the proc&s&%mgg%bgesﬁfﬁ&&m%%dﬁ,gttransfer function for the system
ed the e

Havi ng obt ai n parameters, t actual PID device is thus easily

r oduced, .,whet b rogr amyi n roce r to inplenent &he.same.or b
Cse of *kiBhn ehﬂ?%mgff’? epl e oaéﬁt}&rﬁ%c%ﬁ”‘fgﬂvegz{%mﬁﬁ oy, "
accordance wi§ap G BIESIB /G V8ich ar¢, no fg Aahay be
i npl emented in a repetitive process to attain a desired accuracy by
conpari ng t heThese Wiffulties laracompletely avgided ibyethe dnvettive apppiaghi Withy theFor
exanpl e, otjédtive réspohss, ithe) iventiort perntigssthg solution &6 beainblananead totaly he tlbesi gn
par anet eﬁ'éqtﬁﬁé}ﬁd behabRhy b&fer 'ah& ndré 8&durdtel bthiulition(of tbntrdlerfoPnbhdeOn MBY
be eval UgbSRAMMY FRF ah@' iR B 6f e Fbfibncy domain has been made possible

herein by developing both process identification and regulator design in the frequency
domain.

J

Stability. The closed-loop stability and stability margin for a system designed in
accordance with the above described process can easily be analyzed from the Nyquist
curve of the designed G,G,. The curve is enclosed by bonds with the objective G, as the

center and E as the radius.

Performance. The present design gives better PID settings than usual formulas
and naturally leads to a high-order regulator whenever it is necessary for complex
processes for which simple PID is not adequate.

Weighting. Weights may be introduced to emphasize matching over some
frequencies other than others. The modification to accommodate weights is
straightforward.

For example, Let a weight be w, for frequency o,. It is only necessary to replace
G,(jo,+a) and G,(jo,+a) with wG,(jo,+a) and w,G,(jo, +a), respectively, and
use the procedure as above described.

Modification. The above procedure for the regulator design may be modified for a
series of Pl/lead/lag compensators to reduce the dimension of least squares from 3 to 2.
To this end, PI is first used for obtaining an overall fitting. Then, respective frequency
ranges are determined for which G, leads or lags the compensated process. A lead or lag
compensator is accordingly adopted. More weights are put on that particular range than
on others and the resultant fitting problem is solved to find the two parameters concerned.
The procedures are repeated once for each range, until the compensations on all the



[err] (22) where Eis a specified fitting error threshold.

Qobvi ously, the desired stability margi ns i npose an upper bound for E

W.t hin this bound, E is specified according to the desired degree of

performance. In Egq. (22), the smaller is the value of E the tighter is the

resulting control. Upon determ' npag that Eq. (22) I's satisfied, the design :
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may t hus describedy thesetimesrefponsds are used to estimate a possible newly changed process
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Eq. (22) ta FF%S‘KI%@' #}?Rr?@s%ol ution obtained for Eq.

ADAPTATION FROM LOAD DISTURBANCE

If no set-point change has been made, any significant transient must be the result
of some load disturbances. All such disturbances can be collected and grouped as an
equivalent disturbance d acting at the process output y through an unknown dynamic
element G,, as shown in Fig. 4. An analysis of the inventive approach to such adaptation
permits an assumption that a transient in the loop is caused by an external load
disturbance d. The resultant responses y(f) and u(t) are recorded from the time when
the output signal y(7) starts to change, to the time when the system settles down. It is thus
desired to re-identify the process G, from the recorded responses, so that the regulator G,

can be re-tuned and adapted to any change in G,.
The modified process illustrated in Fig. 4 is now described as
Y(s) = G,(s)U(s) +G,D(s) (25)
If d is measurable, the FFT technique is applied to d to compute the FFT thereof, D(jo,).

If d is unmeasurable then, upon waiting for the process input to reach a steady state, it
may then be inferred that

[ ifue)=u(0) |
Dis) "{ if 1(0) # u(0). - @9

W {n=

G, and G, are réspectively modeled as



(24);<the design is accepted and the regul ator inplenented as a device

havi ng-the paraneters obtained fromsolving Eq. (24). However, if the
criterion described at Eq. (22) is still not satisfied, it may be concl uded
that a formfor regulator 2 described by the transfer function of Eq. (23)
is also insufficient for inplenentipg the process to obtain the desired
performance. Thus, a still nore conplicated structure of regulator 2 may be
considered to obtain a still better fit he error threshold described by
Eq. (22). Alternatively, homeveﬂ(3j£—nggé§éicgn¢fdded that the obj g27) ve

cl osed-1 oop perfornmance requi red by Bgf ¥a#)t®ny have been set to an
unrealizable level. In this situation, a nore reasonabl e objective and

cl osed-1 oop dynam cs nay be established, such as by decreasing [err] or
reducing [err], until it is deternmned tRa4 jthe error criterion described
in Eq. (22) is satisfied, whet he%(fb*-r—a—;%-gg‘mibed by Eq. (20), @&8hore
conpl ex structure described by Eq. (2§Tf'+ A3 1 other and nore conpl ex
configurations known in the art. After regulator 2 in Fig. 1 has been

desi gned Beuatinn(2S) canthep begearmnged inéper ator) 1 is di sconnected fromthe
control system and regulator 2 is connected to the process 3. Process 3 is

now under control. The above d@lsty(i,-j),ea Fp(g?u.a.u%ygqsi gn net hod of the
invention is identified herein as,a miltiple-point-fitting solution.

Various advantages of t he=bsudne Ve+apth,sdte Moy BE(Qepfeci at ed fr €29

conparison with results obtain ing. t hods. For exanple, in
nmet hods based on Ziegl er-Ni cholggﬂ?%ziéﬁﬁgg@n? $e margi n specifications,
only one or two frequency response points are noved to the desired places.
The i nvenEquaiongéddeire-writtemes ot her hand, advant ageously can shape the | oop
frequency response to optimally match an entire desired curve, specified by
[err], over a |large range of frequehXi=eP(s)s0 that the closed-1oop (30)
performance is nore closely guaranteed to match the curve than is possible

wi th net hods using, @ 0 r 0} .-Ljybr e -ijshe ; oach,.of,t he
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i mpossi bl estioratedi r1fl echrocess dedd-time d5 98 khdwn, therowithfrequiiicyt responaest i, Y,
required g8 ahdMGw,), i = 1,2,---,m, computed via the FFT , (30) yields a system of linear
algebraic equations. The least square solution X is then obtained in (30). This solution in
fact depends on L, if L, is unknown. The fitting error for (30) is given by

J(L)=|o@ @) ' ©'D-D|, @31)

which is a scalar nonlinear algebraic equation in only one unknown L,. The error is then
minimized with respect to L, in the given interval, which is an iterative problem on one
parameter L,. Each iteration needs to solve a Least Squares problem corresponding to a
particular value of L,. The model parameters are obtained when the minimum value of J
is achieved. To facilitate solution further, bounds are derived for L, so that the search can
be constrained to a small interval. This will greatly reduce computations, improve
numerical property, and produce a unique solution. It is noted that the phase lag

contributed by the rational part of the model, G,,(s) =— Ps+1 , is bounded, i.e.,
o, +o,5+0,
arg Gy (o) €[-1,7), Ve e(0,), €7

so that an upper bound fp and a lower bound L, can be imposed on L,:



13 designed | oop be close enough to the desired | oop. Yet, the nethod of
the invention is sinpler in the sense that the probl em becones |inear,
whi | e ot her approaches are generally nonlinear. In fact, true gain and
phase margin nmethods require that: (1). the process frequency response be
converted into a transfer function nodel. The nodel structure nust be

speci fied but for ease of conputabion the specified structure is usually
very sinple, such as first-order plus dead tinme, and it nmay not describe
the process sufficiently; and that (2). bqQth the regulator and the nodel be
brought back to the frequen yfgﬁgﬁiﬂb 0 8dl ve gain and phase nmargin
equations whi ch are n scg dﬁntgé These dlfflCU|tR§§ are
conpl etely avoi ded by fhe ventivg,appro ¢ T h®he obj ective r %onse,
the invention permts the sqlution t%o be ijnpl emented totally in the
frequenc omai n, enabling better and noré accurate fornulation of control
per f or mance specifications Ful | and direct use of the frequency donmain has

been nade possible Zer_ei n % atg g /o) ta (}‘Spé’@r ocess identificati 3 and

regul at or desi gn i n=rhe quencymdorrai n{> rii’ . The cl osed-|
stability and stability margin for*a syst em desi gned I n accordance W|th t he
above descri bed prqcess can easily be analyzed fromthe Nyquist curve of

the desi¥riedutther tp beynderstaodethatsthe inyentien makes i pessiple direily topprevidee Gd as
t he cent gosmestingte fortdead rtmh frem s change imralay, feedbackrarsehpoidt by greagunings

bet t er Pﬂh@tﬁﬁétﬂ NB&wediRa \¢haR) e nOEdRoP SighR 1o Blelinftidl redctidfl Soft e Soulndh- Or der

regul at eneV nec 'y for conplex processes for which sinple
PIDis né{’v@ @eeb(\%@ %I ghts may be introduced to enphasi ze

mat chi ng over sone frequenm es ot her than others. The nodification to
accommodat e wei ghts is straight Egkiarxﬁ Rosiexanpl e, Let a weight ®s) w, for
frequency [err]. It is only necessary fo repfiace [err] and [err] with [err]

and [erré respectively, and use the procedure as above described.,
xtensive simulation and real-time experiments show that within a reasonable bound, the

error constraint identified in Eq. (31) exhibits a concave relationship with respect to L,
and yields a unique solution. Once L, is determined, X is determined with the aid of the
computation provided from Eq. (30).

In that regard, if the process dead time L, is unchanged since the last
identification of the frequency response of process G,, no iteration is needed to solve Eq.
(30). This is a special case in that the bound for L, is specified as a zero interval, which

greatly simplifies the identification. However, such a situation may well be true in many
practical cases, as process dynamics perturbations are usually associated with operating
point changes and/or load disturbance, which mainly cause time constant/gain changes.
Thus, in many typical situations, the inventive concepts may be carried out under
simplified conditions. Moreover, any small change in dead time can be discounted in
other parameter changes thus further simplifying application of the invention to practical
systems.

TRANSFER FUNCTION MODELING

Application of the inventive concepts to modeling of the- frequency-domain
transfer functions of a process is described as follows. The estimated multiple points of
process frequency response are sufficient for implementation of both auto-tuning and
adaptive tuning of the regulator 2 (as described above with respect to Fig. 1 and Fig. 4).
However, for a model based regulator, such as the Smith Predictor, the multiple points
obtained above are not enough. As is known in the art, a transfer function model of the
process 3 is required for implementation of the Smith system. In accordance with the




Modi f+ cati on. The above procedure for the regul ator design nay be nodified
for a series of Pl/lead/lag conpensators to reduce the di nension of | east
squares from3 to 2. To this end, Pl is first used for obtaining an overall
fitting. Then, respective frequency ranges are determ ned for which &d

| eads or | ags the conpensated process. A lead or |ag conpensator is

accor di nglysé GteationMheR WGireVRled ar{@n i sottidn e ME& fioh 3AGR1RPAN ON
others ag&ﬁﬁ JERHOAL N (Sdch! 4 | A8hidhO gﬂﬁain%dsﬁégp%r&& '\iith LHE oniBwinég

par anet er% <goncer \ Eegw%r OCE u.reds are r.ep ggceﬁh&" e hgﬂng%
it 1t heBiesinmite . Whe the process %esm&:&drbar@s%dﬁ ESHhPLPEEa 27,

subpr obl &redel shepld be fited o, theddensified procgss Hemeneyorespanse as well as possiblen Ateq

t he appr oeguencies grsj@le Eab(2y) gields! i fi ed. APPLI CATI ON FOR ADAPTATI ON FROM
SET- PO NT CHANGE After inplenentation of the regulator in accordance with
t he foregoi ng descri pt ijg,nB_,_tlhe control systemruns in closed-loop, as
illustrated in Fi g—4——Céntinuouseaddps &,(im,)of thd T égll-atwr to t K36)
changi ng dynani cs P Phd JRBeds®sis provi ded by responding to detection of
a significant transient in the system Specifically, the regulator is
unchangednf scvordance deith ghe hfventicis bfovther oqiiskiveations are! prérhised Sngtukingc et i s
det ect ed mhghitifles ¥EbAAsidS of BY. éSG?ﬂﬁdxﬁ&?tola%ﬁ%?fi‘téréWe dalehlRfos le: POI Nt
change, then the resultant outputy and input u tinme responses are recorded.
Just as in the auto-tuning case hgrei nabove, descri bed, these tine responses
are used to esti s’ a,,poqsi ZV(Q )rocesg=f7 equengy regppnse.
Based on the sanpled transi enE;pQ;'ugg‘a s,lG;(gmr)ngul ator [err] may be re-

desi gned, or re-tuned, as above descri bed. This, the regul ator i s adapted
to the changed process dynami cs. §uch2adapt atiorzl may be automatically

i npl errentwherapdh =det exit ixgnxel” * foyisioeit=<20 s exeis P - EEquationt BT ired

nagni t udesystefii!of fiheat ehjuaBord MOXtandUsauBey sotvab ot avittethel lhcar 1éast siupes
process.  AOABT A QNHTCMstemfA D DloS TARBANGEeah e Aeov@led BRI sghange has been

made, any significant transienf rist be the result of some |oad
di sturbances. Al such disturbances can be {ol | ected and grouped as an

o, * (

a, sz +200,0 4

= . (38)
o, \/g
Pl =
The phase relation included in Eq. (36) yields
,L, =—arg[G(jo,)]+tan™ Bo, — tan™ -&—‘129’——7 i=12 -wm (39)
300,

Based on the foregoing inventive considerations, it should thus be clear that L, can again

be estimated by applying the least squares method to Eq. (39), thus obtaining a model in
the form of Eq. (27) that best matches the process frequency response.

APPLICATION TO A DEAD TIME COMPENSATOR

The following describes application of the concepts of the invention to design of a
dead time compensator. Referring now to Fig. 5, the Smith Predictor control shown
therein provides dead time compensation for processes having a long dead time to
achieve performance enhancement. Such enhancement can be particularly achieved if the
Predictor is properly tuned and adapted to dynamics changes. If the current model of the

-5



equi'val ent di sturbance d acting at the process output y through an unknown
dynami'c el enent Gd, as shown in Fig. 4. An analysis of the inventive
approach to such adaptation permts an assunption that a transient in the

| oop is caused by an external |oa dlsturbance d. The resultant responses
y(t) and u(t) are recorded fromt time when the output signal y(t) starts

t h dt
Fe- fﬁiﬂ? ?’P““’%h‘é?gé‘égf *@fﬁf@?ﬂr AN ol %’; hyﬁg:;%g% ot ?’ﬁ"&@ﬁe‘?ﬁf@ ar: °
r egul at of® t e
rmg:Jf i ed upnﬁ'@efmqﬁlonugpfsatﬁdhemnﬂbgve descmbnd;vmmebe: isedtion emtitléds JTrapsfer |

(25) 11 Guh&ticHEMBA1RR" Shefordehd Srhith PRIANISIIS ithpleMeRfeded t0 d to conpute the
FFT thereof, [err]. If dis unmaasurabl e then, upon waiting for the process

i nput to reac t err t hat

[err] and Jerr a.rae q&gﬁg}&? ff“t‘%fg& lggdelré' %gb sa SL%#L%E

(28) EquiPof- Geqlgﬂ 8 Pf‘é‘r‘i? ‘1': i on

(29) is oSS 401&5Gcf efR ]the Oﬂowmg descnptlon, Gy 15 spegifi

[err] transfer function for the dead time free part of the closed-loop response. Gdo has the same
form as Eq. (11), although having the parameter value L,=0, since the primary

controller G, is now designed for the dead time free part G, of the process, given by

Bs+1

40
o, rosta, 40)

Gpo(8) =

Having recognized and obtained the above description of the primary controller, the
multiple-point fitting solution described hereinabove, in the section entitled “Regulator
Design”, for example, is used to solve the following fitting equation, applicable to Fig. 5,

Gpo(j)G, o) =~ @D
I-G,

for G.. Thus, in accordance with the invention, there are provided parameter values to

enable modification and design of the Smith Predictor for the process 3, including

particularly a design of a primary regulator thereof.

APPLICATION TO AUTO-TUNING OF MULTIVARIABLE REGULATORS

The following description discloses application of the inventive concept to auto-
tuning of multivariable regulators.

Referring now to Fig. 6, illustrated therein is a multivariable process, wherein a
plurality of input variables are provided to a process having a frequency domain transfer
function G(s), and a plurality of outputs are obtained therefrom. Although the number of
output variables and input variables are shown as equal (with i single-variable feedback
loops from i individual output variables y; ... y; to i individual respective input variables
u; ... u), it will be appreciated that in other applications the numbers of variables may
not be equal and, moreover, the feedback loop structure may be more complicated. Such
different feedback loop structures may include feedback control devices in the feedback
loops which may themselves be single- or multi-variable control devices, and may
provide for a plurality of output variables to be fed back to one input variable, a plurality
of input variables to receive feedback from one output variable, or a combination thereof.
‘However, in the illustrative example provided below, there is considered a linear and



and "~ [err] is the vector of real paranmeters to be estimated. If the
process dead-tinme [err] is known, then with frequency responses [err],
[err] and [err],i =1,2,....,m conputed via the FFT, (30) yields a system
of linear algebraic equations. The | east square solution X is then obtained
in (30). This solution in fact dependgs on [err] if [err] is unknown. The

}‘ist;i rs‘gagfabIérZ Q}frg&)ss,h% Qi précesPb which ate pio Qfdé]ltvg(r)] én%urt] Q%%es[, Y I(;afé-)zﬁ_‘r’]\'g' ch
error islaitq%en m n| m ze@bwlt %‘gg&g{g@aﬁ% g‘?’r?ﬂﬂl % the given interval, which

S aniterat| ohl mon one par me er ch ration. neesto
solve a Least Q 3? ?)‘H’%F‘In ‘E%“ﬁ“%tqft a’rtl Wt}% lg Sterr].
The nodelassya?eé t %p@ﬁ@smsapﬁeel Eﬁm Fr“emﬁi“%ﬁ"ahfﬁp ystalg 1} eved.

To faci | isequeatislorlayifessdback 1 isshowndnfig. Gard isappliedita tbﬁ pmesg 3 dp ofdexto t he
sear ch castirthate thepiovess freduencyrespoasd ini avnannexlsimildrite thatiprexjoesly describedice
conput at if§Nthe biBleOVAridbleTeasecalit Bliculd Heyappaéiated abiate althoughi theefollowing on. |t
i s not ed Eéai'ifpnwfs ﬁhaﬂfs dfelag Teddbhti, Bk ﬁ}xvfbhay H%l&é@bo&éﬁﬁoﬁbpmﬂbdﬂ

[err] ctifh "o dpgqsﬂf% an% %Jfa%j may be utlllzed Wi

t hat an upper nd y bou n Terr]:
16 [err] ‘T‘E ge 1%ytotheﬁ?:1‘ixzatmn&ﬂ?1 %’}{ fse&i}}f Hi?&isﬁ&elfl}nderstood
that the |nvent|on rrakes it possible directly to pravi de a gross estimte
for dead ti me Fortheabovnpetedexample)thy 2 by ameesks isdesaibeddpnt by neasuring the
time [err] between a change in control signal to the initial reaction of

t he out put Anot her possi bl YP.;‘) Gmls) t'@rlzm

(35) Extensive sinulation I D % show t hat wit hi4d) a
reasonabl e bound, the pzl(ge 8 &' ?F?t)

As an initial simplifying explanation of the method of the invention, the SISO
(single-input single-output) relay tuning hereinabove described in connection with
regulator tuning for the single variable implementation is applied to the first loop of the 2
by 2 system described by Eq. (42), with the second loop being open. That is, the first loop
is closed with a relay feedback until a SISO regulator is tuned and operating. The relay
test transients plus the subsequent control transient are recorded as u,(¢), y,(), ¥,()}.
These transients are processed in accordance with the Identification Solution earlier
described herein to obtain the FFT transformed functions U!(jo), ¥/ (jo), ¥/ (o)}
Since only a single control [u;(t)] is provided, u,(#)=0 and Eq. (42) provides an
approach to obtaining a first pair of the process parameters G,;; and G, as

o= 192 ®
and
¥/ o)
G,,(jo +°‘)" o) (44)

Next, while the first loop is kept closed, the SISO relay tuning is applied to the second
loop. The resultant process inputs and outputs u,(f), #,(), ¥;(1), ¥,(#)} are recorded and
are also processed in accordance with the previously described Identification Solution to
obtain U?(jo), U?(jo), ¥?(jo), ¥ (jo)}. Then, it is possible to estimate G,,,(jo +a)
and G,,,(jo +a) as



error constraint identified in Eq. (31) exhibits a concave relationship
Wth respect to [err] and yields a unique solution. Once [err] is

determ ned, Xis determined with the aid of the conputation provided from
Eg. (30). In that regard, if the process dead tinme [err] is unchanged since
the last identification of the fredfency response of process [err], no
iteration is needed to solve Eq (38,. i hj |al case in that t he
bound for [err] is specifgg 2 reatly sipgy)ifies
the identification. Homever such a srtuati[ljﬁlon)ay wel | be true in many
practical cases, as process dynam cs perturbations are usually associated
W th opgipdti ng poi nt changes and/or | oad di sturbance, which nmainly cause
time constant/gain changes. Thus, in nmany typical situations, the inventive
concepts may be carried out under gjinplifie ndi.t i ons. Moreover, any
smal | change in dead timgg 138 }s(dﬁbmped ‘?1'*93@(23@‘“[3& anet er chfmﬁgs t hus
further sinplifying appl |”é’ on’of the mvﬁrq}'d, n to practical sys .
TRANSFER FUNCTI ON MODELI NG Appl i cation of the inventive concepts to

nodel ing of the frequency-domain transfer functions of a process IS
describ f.ol.l qws The rruI tiple 0| nts of. proces uency
responsjdé’r"‘ie rdp fesign the cop % nﬁ %P}“E?‘?S%f 8 i,considst ﬁdaptl ve
t uni ng d¥ H’é’rregul ator 2 (as descri bed above with respect to Flg 1 and
Fig. 4). However, for a nodel based regulator, such as the Smth Predictor,
the multiple poi nts obtai ned above a{@ nothezr]ough. As is known in the art,

a transfer function nodel of the @rs 3.1s|,required for inplentdMation
of the Smth system In accordance wiLthett he2d 17 present invention, there
is provided a sinple solution for transfer function nodeling, wthout

i t erati aoafigied vith the pricessrasishovedinelige?l i n accordance with the foll ow ng
di scl osure. Where the process [err] is described by the nodel described by

Eq. (27), t hthE‘f L@dt}?axtdr%ﬁglét@déd&ﬁ Ao th cREedlodh $7stierh tRGEENCY
responsgg ?&mﬂ@i lughﬁ'er éﬁmfx %"%bﬁ slggoxiaf"ﬁ%] 'thézélgm At lofPthg! ds
diagonal in the product matrix are 0). In accordance with the invention, the off-diagonal
elements in a product of a matrix multiplication of matrix G, of Eq. (42) by matrix G, of
Eq. (47) are thus set to zero, thereby to establish design criteria for the multivariable
regulator. Implementing this approach, it will be understood that the off-diagonal
element of the product matrix G,G, at position (2,1) is G, G,y + G,3, G,y - By sefting
this element to zero there results the first design equation, or criterion, for the control:

G,izich + szzGczl =0, (48)
or -
T (49)
Gp22

Using standard mathematical tools, it then follows that the diagonal element of
G,G, at position (1,1) is

GpIZGpZI A~

Go1Gett + G 12Gogy = (G - VG =GotiGoty (50)

p22

The parameter ép,, is regarded as a generalized process. Thus, G, is then
designed by using the SISO regulator tuning technique (earlier defined herein as
- Multiple-point-fitting solution) to solve the following fitting problem:



[err] (36) In accordance with the invention,
further considerations are prem sed on taking the nagnitudes of both sides
of Eq. (36) in order to avoid any iterative calculation, i.e. [err]

(37) where [err] . Equation (37) is a systemof |inear equations in X and
can be solved for X with the Iine?é | east squares nethod. For a stable
system [err] and [err] can be reCOvered fronXas [err] [err]

(38) The phase relation incl ud(aglc%gn_E&. (36) yields [err] &?é} [err]
Based on the foregoing inventi wnsrderations, it should thus b ear
that [err] can again be estimted by applying the | east squares nethod to
Eq. (39) whereu6,,distthe irstgopen+ioaje bbjectivehtrarisfernfunétidng WitR 4, ), IGy,, land tG yat ches

t he proc . LG T VE ENSATOR The
OC@%3lableSHE Mdiple B Giting &?E&d&é;i%@(}gg?gab?@?\,ﬁ ¢!

foll ow ng descri bes appfic of the e invention to design

of a dead tine conpensator. Rg.se?irlg O\QLéto Fig. 5 the Smth Przgi'ctor
control shown therein provi des'zéfcadl 11 ree! tdrtpensati on for process )havi ng

a long dead tine to achi eve perfornmance enhancenent. Such enhancenent can
be partitubdaihyG gchieved if the Predictor is properly tuned and adapted to
dynam cs changes. If the current nodel of the 18 process is not in the

transfer i -3, [LLE1.] i1y f discrete frequency response
Sﬂx&i\%il;": ﬂftéﬁiezﬂglﬂig g?éi{t @Fg sdliidn\§ apSidd 8

[err], howe equency response can be converted into a

transfer function [err] as herg n&bove described, in the section entitled

"Transfer Function Mdelipg", _ Ghe.gm 6h prgdi ctor is inplegented.
Once a frequency domain tgaa“ﬁisferG)‘,pn%:tci”on #d&¥ ¥’ the process igm

avail abl e, the
and

GpHGc12 = "'GpuGczz’ 4

respectively, where G,, is the second open-loop objective transfer function, to determine
G, and G,j,.

As an alternative approach to tuning the multivariable regulator G, it is possible
to use a matrix version of the linear least square frequency response fitting. With this
approach, the objective closed-loop transfer function matrix is chosen as

H(s)=diag{H,,, H,, , ' (55)

where H,, and H,, are respectively specified in the same way as in the SISO case. The
objective open-loop transfer function matrix is given by :

(56)

H H
G =diag{G,,, G,,}=di al_. 2. _
4(8) = diag{G,,, G} = diag{ 1-H," 1-H,

With the shifted process frequency response matrix G, available and the objective loop
described in Eq. (53), the multivariable regulator G, is designed such that G,G, is fitted
to G, as well as possible. To this end, a candidate for G, is provided as a multivariable
PID:

Gc(s)=KP+K,-};+KDs=E Ly G7)

G




I ssue remaining with the Smth predictor is to design a primary regul ator
2', having the transfer function [err]. In the follow ng description, [err]
is specified as the objective transfer function for the dead tine free part
of the cl osed-|oop response. Gdo has the sanme formas Eq. (11), although
havi ng the paranmeter value [err] $42nce the primary controller [err] is now
designed for the dead tine free part [err] of the -process, given by [err]
(40) Havipg gec | 2 i ned the above description of the prinmary
controll eﬂg [ QWH@Q%%@%‘% tting solution described hereinabove, in

t he section entltle %t Design", for exanple, is used to solve the
following fitting e ﬂ(dt”u ) éﬁ’lil*@'aﬁ@ G ErY. 5I=Fefr1 (>8)

(41) for [err]. Thus, in accordance with the i nventi on, there are provided
par anet erlnwidwiep EqO(samad.essmdﬁbé featrangeddifith daidingar fibi: Smi th Predictor
for the process 3, including particularly a design of a primary regul ator

t hereof. APPLI CATI ON TO AUTO TUNI OFp MULTI VARI ABLE REGULATORS Th 9)

foll owi ng description discloses applicdtion of the inventive conce& to
auto- tuning of nultivariable regulators. Referring nowto Fig

i 11 ust r atveliere Heoontains; frequency! respanse ditadrom 6,636, [ fnhdr ei s ].aB ﬁnom ét,a and X¢

I nput  vardoahlmhémaltvatiubld PUDsetiagr ocess having a frequency domain
transfer function s), and a pl urallty of outputs are obtained therefrom

Al t hough the r as
equal  (vi g Qg@; qé‘ae?t*"ﬁtf’%'ﬂtﬂ %ﬁg%tgﬁ?‘%@?fé%n’%@“ | ApuioR Suaeae
varlables° ttive input varlables [err].. [err]),
it will be appreC| at ed that in other applications the nunpers of vari abl es
may not be equbdhesgigabayemetedethe inveativebninganrethod panshe ¢xdended tora genssalinr e
conpl i catisphit Bumitputi fystene withf mintiramkdificationst asufdliomwss For freiqnencydeespansdback
control ddentifestion) aﬂ&ethéé‘ﬁstbmhuémpﬁewynemb havwy bédnaione] aisthbie 16opsdiave oOr
mul ti - varveablcqmeent,ftmlthsleaebeﬁ&hz@m% dﬁeafeOﬁmad RsUd&lctibod Gh thet put

Vari bl e feég\?é Bl g g o belay e a%*‘ﬁ fiot 'm*’. on

t her eof . ?E frelﬁ? F stuvgin zeejexa aagv{e} 256% B\%cgé% t@ﬂ%

consi der etk i ‘hefa'r, myage recorded until the system reaches a stationary state. ‘At that time
there results a description of the system as

=

(Y B (o) - ZG,,L, (o +a)T}" (jo)) 1 Ui (o)

Gpl,k+l (_]CO + (X.) =1

: : (60)
Gpsalio +0)| | @ (j0)- 3G, o +a)t7,"+‘ (o) /Ui (o)

R = _

In this way, the shifted frequency responses G,(jo +«) of an m-input and m-output
multivariable process is determined after m relay tests.

For control design, the relationship between diagonal and off diagonal elements of
a multivariable controller which inherently achieves complete decoupling of the system
can be derived from the foregoing. As a demonstration, let an m-input and m-output (“m
by m”) system be represented by the following “2 by 2” system

[Yl (s)] — [_G_pu(s) _G_—plz (S)][Ul (S)] 61)
Y, (s) Gou(8) Gpp(s) U, '



19 stable 2 by 2 process, i.e., a process to which are provided two input
variables, [err] and [err] and from which are provided two output vari ables
[err] and [err]. For illustrative purposes and to enabl e understanding of
the invention, it is assumed that the process runs in open |oop and is
manual | y controlled to a steady ®%te. A sequential relay feedback lis

shown i sAap rocess 3 in.order to es t he
processn'f'ﬁérg &f’ g‘sls)baﬁggfl) ﬁf’j’asﬁmﬁﬂé{fvy tpc? o“t“??a TRCAU RS LfétJ ’d scri bed
for the #%G el YErrdh @cdbel, (m— é}?s(mdlbée@smw:aanéd mmuémaneblgh t he
f ol | owi rggulator b papresented asn terns of a relay feedback, the previously
di scl osed concept of applying a step function to auto-tune a single
vari abl e regul ator nay be utilize t hp=t mul tivariable process simlarly
to the utilization of the rel ag, E{edﬁac "d|,scl osed herein. For thegXbove
noted exanple, the 2 by 2 process K%mdegﬁf bed as [err] As an initial
simplifying explanatlon of the nethod of the |nvent|on the SI SO
(single t=si t put
connectlgfgga} (gg dygﬂb§a¥? Hg or éﬂ% varLa e 9j @E %t tion is
appli ed (B 1HEMT L 9B th 9 € g mesearb "'dgﬁé’t‘i . with
the secdHustraby Zdaf%gyrtmn should be appregiated; that, fioghp math rel ay
f eedbac kthe pensidezationsand mgultsare subswmlheﬂlmecfpemmgyhemm Y8l ay t est
transi ents plus the subsequent control transient are recorded as [err](t),
y, (t), [err]Kdr)cbmpldiedecouphns ot Tlosed:1d0p0 dRssE-diagOnd elepichb 6E EGWH L4t t he
| dentifi %h?? ol ution earlier described herein to obtain the FFT
transforne unctions [err]. Since only a single control [err] is provided,
[err] and Eq. (42) provides an 2?proach_to_obta|n|ng a first pair of the
process paranmeters [err] and [eGhGas H@s:Cu (43) &R [err]
(44) Next, while the first loop is kept closed, the SISOrelay tuning is
appl i ed s 146 dEREPIAE HROPramBErs 0T Th foblifatc? 2A8 U ploBe sBomld beQelaiilss [err]
are recqg ﬁﬁsand are also processed I n accordance with the previously

e e

describ ntification Sol Utl&-ﬂ tOC_T’G G (64)
c2l p22~ p2l~cll*

It thus follows that the diagonal element of G,G, at position (1,1) is

~

GpHGcH + Gp12Gc2l - (Gpll - Gpli‘G[;JI)G 21 )Gcll Gp]chH (65)

The parameter G‘r,,, is regarded as a generalized process. Thus, G, is then
designed by using the SISO regulator tuning technique (earlier defined herein as
Multiple-point-fitting solution). With sz,, Gp,, and G,;, available, the Multiple-point-
fitting solution is applied to Eq. (64) to obtain each element of G.,,. Similarly, the other
columns of G, are determined.

As hereinabove noted with respect to Eq. (54), as an alternative approach to
tuning the multivariable regulator G., it is possible to use a matrix version of the linear
least square frequency response fitting for the case of a general m-input and m-output
multivariable processes.

APPLICATION TO AUTO-TUNING OF MULTIVARIABLE SMITH
PREDICTORS

As previously noted herein, for processes with long dead time, a Smith Predictor
(shown in Fig. 5) can achieve performance enhancement if it is properly tuned. With the



obtarn [err]}. Then, it is possible to estimate [err] and [err] as 20
[err] - (45) and [err]

(46) In order to design the control, for illustrative purposes there is
considered a nultivariable regulator [err] configured with the process as
shown in Fig 7. It wll be apprez4ated that for conplete decoupling of t he

cl osed | e [
which is ona E?%?pdn% ﬁﬁ:ﬁraﬁﬁ\%l?pﬁ%césgl ag r({ﬁ'{)& £V le iéldl}g
mat ri x alf glﬂi’&‘lﬂ"d lgnregpggo E‘EP ment s
in a prodgeinabp wmammq qunssuq@ph ts:reaE el oby

mat r i x [eﬁpl()m tbfa)E@ obtain) th&rprocd:sasﬁ-mnmr@pomp Ghgmabynd ds sonvestedsimtalesi gn

criteri aufaﬁgfemﬂcﬁaﬂxhbaambjmmmﬂgérﬁhm;%waﬂlﬁrseaﬁém this approach, it
wi Il be understood that tHe of f-di agonal enment of the product matrlx

L oL e Sl B B

[err]  G,(s), which xsdetenmec}a%r [err] (49)
Usi ng standard mat hematical t ool t_ Qg)rr foll ows that the diagonal

el enent of [err] at position (1 s?‘br ']r-ﬂ err] (50) The

par anet eiG & specified me therahjettine transf orzmdquxrfox:ﬂwsopefrm dgadtinje free t hen

desi gned réiponkel The algerithiiSdstilad dbové irl conjuigtibe Mithi atstuntigy dfi mrltideidbled
herein agegWitbrshd Gsel 2 Bbtefmint tHeprifiry cbftolldr ¢ Sol ve the following fitting

probl em
CONCLUSIONS

Although various algorithms are described in the foregoing, it should be
appreciated that the invention claimed herein is limited by the claims rather than the
disclosure. Thus, rather than claiming a mathematical algorithm, the claims recite a
method and apparatus for designining and implementing single- and multi-variable
regulators and Smith Predictors for single- and multi-variable processes. The
mathematical algorithms, involving specific transforms, matrix multiplication and matrix
inversion, for example, are used as tools operating in combination to attain the desired
objects of the invention. Thus, while mathematical equations may provide an efficient
manner of describing the inventive concepts, the invention does not pre-empt the
mathematical algorithms disclosed herein, per se, but rather the applications thereof to
produce a useful and unobvious control apparatus.

Indeed, the method of the invention may be implemented by a programmed
computer or processor, programmed to carry out the various computations hereinabove
described by implementing a sequence of instructions controlling its operations and
stored in a memory, such as a RAM, a ROM, a recording medium (whether of a
magnetic, optical or another type). Moreover, upon identifying the necessary parameters
of the regulators, Smith Predictors, and the like designed in accordance with the
invention, it should be recognized that such regulators and predictors themselves may be
implemented by programmed processors, as well as by electronic devices, utilizing
discrete components having values selected to conform with the parameters provided in
accordance with the invention. :

The inentive apparatus, when operating to obtain the various parameters in
accordance with the foregoing principles, has the following significant features, among
others which help to distinguish the invention from existing adaptive controllers.




21 [err] (51) where Gd, is the first

open-1 eop objective transfer function. Wth [err] and [err] avail able, the
Mi tiple-point-fitting solution is applied to Eq. (49), i.e. [err] [err]
(52) to obtain [err]. Simlarly, the nultiple-point-fitting solution is
applied to [err] (53) and [err] (54)

respectively, &f the s ond o en | o§) F,‘#ﬁectrve transfgr
function, 5 %f’ ' g} ?Pgllrg 3 Yo dEROPE

tuningth of fhe K possrbleto use a matrix
version of the Irnear | east square frequency response fitting. Wth this
approach, the Bpthesetroing changes @nd dogd disturhaness respoosdscane nsadr for identifipationn as
[err] = [adddaptive control. (55) where [err] and [err] are
respectively specified in the same way as in the SISO case. The objective
?gg )n l[OOpJ, t dré?nﬁrﬁ Cﬁt?ﬁnf‘ﬁitﬁ'a& bftc ElpYctessd ah@'thé mod[elefﬂd con[trollel]' are
err quency response matrix [err
avai l abl e %ndédr}rr obj ect | ve1 (E)io%g:%g@écté‘?bed in Eq. (53), the rrul tivariable

regul ator [err desi d ch that err fitted tQ GJ a
poggr bl e. II'o t | S@Wi @%ﬁ%‘r é-e Yé’F;Wlng% ﬁﬂi“I 1B, sojution, ds :l’“?ﬂl ?4 @?Irr abl e
PID [er rljeg(ﬂB‘P}'t'{Ilé?S]

Transfer function models are provided when a dead time compenéator or other
model-based advanced controllers are required.

The foregoing description of the preferred embodiment of the invention has been
presented for purposes of illustration and description. It is not intended to be exhaustive or
to limit the invention to the precise forms disclosed, since many modifications or variations
thereof are possible in light of the above teaching. All such modifications and variations are
within the scope of the invention. The embodiments described herein were chosen and
described in order 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
are legally and equitably entitled.




22 The fitting equation to be solved is [err] . ————
(58)" In view of Eq. (57), Eg. (58) can be rearranged I nto real Irnear

equations: AX= B, H“l“] |l| “ U A cont ai ns
frequency response data fromJ[err] =[err], B cont ai ns

the multivariable PID settings. Thzfs the i nvenfioh obtains an opti mal

sol uti on ¢pAIMSind, again, the solution is obtained vm th the linear |east

square nethod. As herei nabove noted, the inventive tuning nethod can be

extended to a ge Utﬁﬁllﬁ temw th ninor. | £ | ons as

foll ows. For fre%%%ié%a;égé%@ng {gqr% ﬁoce§§,tcgn}[ppﬁ%£§r?ﬁje S'g%pcs%tﬂ '

sequenti al relaci 0CS$™d t heir | oops have been cl gsed

with the decerh g ippu and oipyt ansiontsfoand fomithe prepess reswiing fiom the

for egoi ngappllhépﬁrkutbauqn,l oop is put into a relay feedback. For such a

confi gurati on,c)absing he BFT-baped ddentificatich fer estinmating i plurality | ¢ft poinfs—od 2 . . .,

K,k +, fﬁeqt‘ﬁhéy-l%ﬁpdﬂse o Ik £roGesh ida! ke {riisidnts for oblaining a uﬁhc)&d@nélﬁCOF ded

unti |l thwﬁﬁmcﬁgﬁ eﬁro‘é&s%t ionary state. At that t| me there results a

description of

shifted freg gﬁlpy éﬁ%gaﬁrr phe—é@ﬁ{ ]ﬁ;‘ﬁr& g@&%b Q?ﬁca‘tiﬁ' %&ﬁﬁrr abl e

process i ) %‘H algps?%gp o= BWHS? rPé?m

rel ation p bet Ween di agonal and of f di agonal el enents of a nmultivariable

control | er whi@Huning dhesegpiatos for tho Processisl asperdarceonith thegpastmetris sslestedm can

be deri véy the optimhbmablipbsgpointfittiag methiebronst ration, | et an minput and

moutput ("mby nf') system be represented by the following "2 by 2" system
2. The method of claim 1, wherein said step of applying a perturbation comprises

applying a step function to an input of the process.

3. The method of claim 1,. wherein said step of applying a perturbation comprises
-applying a relay test to the process.

4. The method of claim 1,. comprising the further step of continually varying the
regulator by:

a) monitoring transients of the process representative of changes in process set
point or load;

b) upon detecting a significant transient, repeating said steps of :

1) estimating a plurality of points on a changed frequency-response of the
process from the transient for obtaining a frequency domain transfer function for the
changed process;

ii) using an optimal multiple-point fitting method for automatically
selecting parameters of a regulator structure based on the estimated frequency-response
points for the changed process; and

iii) automatically tuning the regulator for the changed process in
accordance with the parameters selected by the optimal multiple-point fitting method,
thereby providing a continually adaptive variation of the process regulator.

5. The method of claun 1, wherein said step of using an FFT -based identification
comprises sampling the input and output transients, and

introducing a decay exponential into the sampled transient signals,
thereby to enable application of a fast Fourier transform thereto.

6. The method of claim 1, wherein said process is a multivariable process having a
plurality of inputs and a plurality of outputs, and said step of applying a perturbatio_n to
the process comprises applying a sequence of perturbations to said plurality of inputs,



[err} (61) 23 where [err] are matrices with di mensions of mx 1, mx 1,

| x*(m-1), (m-1) x 1, (m 1) x (m 1) respectively, and let the

nmul tivariable regul ator be represented as [err] (62)
where [err] are matrices w th dinensions 1x(m| )”mmmllmluumulm(mI )
respectively. Although the results %te easier to vistalizé& fér the
illustrative 2 lsmd&bsgwirwstep¢omprm$d be appreciated that, froma

mat hemat i cal vi ewpoi ru)obédmngananpiamhslait&em;;ﬁsmldpphauenwhqieﬁuﬂiaﬁbhy

the sane f%oﬁ&%reﬁa PRGN &F mpdts ah@obSevik M@oupbﬁtpa ®dnsichfs resulting
cl osed- | oog? 4 di agonal eI enment of [err] at colum Is.[err]
or

(63) Thus, Tor CO:@» s4id %) Gy ﬁ:}ph%no%&ildwgn%egﬁ ss
onal

t hus foIIov%‘dt el epent of [err] at position (1,.1) js [err]
+ [err] = [err] sal estimating:sjepreampsEPS sRLimAting drom the drangignts gqiuralityof points
general i zedmpacni ity frequency-sesppnsescharasteristies diony indjvidual nigputs o Sndividual
regul at or toutputsjoft the proacgsscfof ebtaining a plafality df frequeincy demain transfer functions for
wul ti pl e- pqh@m\ﬂﬁmamgpﬁddegg,r on). Wth [err] and [err] avail abl e, t he

Mul ti pl e- DO' nt- saidtsrepgotsahtéma%auyssew&ﬂ qbafaa:e@is Joﬁﬂimé@uﬁhé oAl
‘zgé“?

ﬁle(rarerFﬂgbgfl cgg? x¥1ethto efO?t ag{t)lr oacﬁe ~
t uni ng the%ﬁ@ﬁ?{ﬁﬁ Br’%ggu ee : &3' S |%‘§§’c%ﬁe e a rrat
sre‘?ﬂé‘é‘ﬁ mgﬁa grr&fgm é[‘ﬁase

version of the IS g)rpgs
of a generdﬂ“l prgﬁqpsmmﬂomncemﬂl eparametersselectedbymeo multiple-
point fitting method.

1

7. A computer implemented method for auto-tuning a regulator for a process,
comprising the steps of :

a) applying a perturbation to the process;

b) observing input and output transients to and from the process resulting from the
applied perturbation;

- ¢) using the computer to provide an FFT-based idenfification for estimating a
plurality of points on a frequency-response of the process from the transients for
obtaining a frequency domain transfer function for the process;

d) using an optimal multiple-point fitting method for automatically selecting
parameters of a regulator structure based on the estimated frequency-response points;
and _

¢) tuning the regulator for the process in accordance with the parameters selected
by the optimal multiple-point fitting method.

8. A program for auto-tuning a regulator for a process by performing on a
computer the steps of :

a) applying a perturbation to the process;

b) observing input and output transients to and from the process resulting from the
applied perturbation;

¢) using an FFT-based identification for estimating a plurality of points on a
frequency-response of the process from the transients for obtaining a frequency domain
transfer function for the process;

d) using an optimal multiple-point fitting method for automatically selecting
parameters of a regulator structure based on the estimated frequency-response points;
and

———



mul t vari abl e processes. APPLI CATI ON TO AUTO TUNI NG OF MULTI VARI ABLE SM TH
PREDI CTORS As previously noted herein, for proc nl m ad tine, a
Smith Predictor (shown in Fig. 5) can achieve pjmﬂmmj M“ﬂ Ement ifoit
is properly tuned. Wth the 24 shifted frequency ‘re$pohses of

nul tivariable process [err] availab#® in the foregoi ng description of

aut o-tuni ng of eriming she mghlatar fontha poocess inrascerdancei withnthe pacanhetensiseletede i n

t he esti nmebyi the opfimpl makiple-poiacifirting metlkrionse is applied to each el ement of
[err] to obtain the process frequency response [err] , and is converted

into transfer function nodel [err] with the algorithmgiven in Section 6.

To design the. 161 o b7, Whbic LA sbbBe S5k BRSSP Ahofigt ] (5)
f th del . [. 2 Y 2 B fied
o the 2‘8@@!@5&%&@%%5%&%?@3;& " ip? open. 1 0op. S orpetiiie

response. The al gorithm descri bed above in conjunction with auto-tuning of
nul tivariabl e rKydhemethod of dlaimd, wherpin saidstep of applying awpetturbation epmpriseserr ] .
CONCLUSI ONppBlinghareldy testrto dhesprategsr i t hns are described in the foregoing, it
shoul d be appreciated that the invention clained hereinis limted by the
claims rather tfyamhehethidot Qs B, cohlpiRingthé Athet SBP of béitiually Farying the

mat hemat i Cr@éulﬂt] ggfgt hm the clains recite a nethod and apparatus for

desi gni ni ng-andl ol ting. SiNg 8- Lo YAk .
S th P edct or') RO HE sdichls 6t B 00t HorhpesiBlihg Bt S 17 pRdcter
mat henat | @ntAr °;(grrs, _inval ving specific transforns, trix
nul tiplication 2o F‘ieFW‘g?ﬁ}gﬁ“ﬁFg‘H, pnterepegiing said ep§OLd as t ool s
operating in conbi nabiestimatinga plurality |of paints enea chaniged fiequencyresponse-ef then.
Thus, whi |process Homntthe transient ofbi obtaining apfrequiedey domaeiif franséert funetione forothe
descri bi nghahged ptuesss;i ve concepts, the invention does not pre-enpt the
ii) using an optimal multiple-point fitting method for automatically
selecting parameters of a regulator structure based on the estimated frequency-response
points for the changed process; and .
* iii) automatically tuning the regulator for the changed process in
accordance with the parameters selected by the optimal multiple-point fitting method,
thereby providing a continually adaptive variation of the process regulator.

12. The method of claim 7, wherein said step of using an FFT-based
identification comprises sampling the input and output transients, and

introducing a decay exponential into the sampled transient signals,
thereby to enable application of a fast Fourier transform thereto.

13. The method of claim 7, wherein said process is a multivariable process having
a plurality of inputs and a plurality of outputs, and said step.of applying a perturbation to
the process comprises applying a sequence of perturbations to said plurality of inputs,
said observing step comprises:

a) observing an input transient resulting from application of a perturbation
to one of said plurality of inputs and observing a plurality of output transients resulting
therefrom, and '

b) repeating said step a) upon application of said perturbation to another of
said plurality of inputs;

said estimating step comprises estimating from the transients a plurality of points
on a plurality frequency-response characteristics from individual inputs to. individual
outputs of the process for obtaining a plurality of frequency domain transfer functions for
the multivariable process;



mat hemat i cal al gorithns di scl osed herein, per .se, but rather the
applications thereof to produce a useful and unoﬂ’ﬂmgi"mﬂw m”mgar at us.

| ndeed, the method of the invention may be inple

conmputer or processor, program*red tzg carry out the various cohputations
her ei nabove descr|bed by i errentl ng a sequence of instructjons .
control l'ing its Bieskpi ghau epting, PRISFRSESFS comprisess uging ap optily a
recor di ng rmaeltinlergoinfefitting mﬂwdw@g rmmxnatweby iselerting pavaoieters ofympultivariable
Mor eover, upgulatorstnictirgs based op thecestimmted\freqaencyaesponseopointspandegul at or s,
Smith Predictor Saida Nininige stepk eotifppises etiining d@d:qndmvaﬁabiétbegutmﬁnfmtthen
it should tiﬁulﬁ@ﬁ%llé &Ged‘s*iﬁhco%%céﬁﬂﬂ'tﬁéﬁﬁ’r&n&@ﬂ seleB@t by IS optiipaTaRhibpRe- MY
be i npl eneg;o ﬂi‘%fn ghmed processors, as well as by &l ectronic devices,
utilizing discre corrponents havi ng val ues sel ect ed to conformwi th the
paranmeters provided in accordance with the invention. The inentive

appar at us, when operating to obtain the various paraneters in accordance
with the foregoing principles, has the follow ng significant features,
anong others which help to distinguish the invention fromexisting adaptive
controllers. 25 A sinmultaneous and accurate nultipl e-point process
frequency response estinmation is provided with an appropriate use of the
FFT. Both setpoint changes and | oad di sturbances responses are used for
identification and adaptive control. The process transient data are

bat ch- processed and the nodel and controller are updated only after the
transient is conpleted. An optimal nultiple-point frequency response
fitting solution is provided for regulator tuning. Transfer function nodels
are provi ded when a dead tine conpensator or other nodel -based advanced
controllers are required. The foregoing description of the preferred
enbodi nent of the invention has been




presented for purposes of illustration and description. It is not intended
t o “be‘exhaustive or to limt the invention to the precise forns disclosed,

since many nodifications or variations thereof are possi blLe .in- tht‘—:-"o? the
above teaching. Al such nodifications and variations arxeTw.g St Hes J&E(Spe
of the inventi on The enmbodi rrent53©escr| bed herein were chosemm‘“ 0

descri be iﬁhP @%R& the principles of theikawenti-on andlts
practlca{iﬂpp catlon Eﬂre 0 enable others skilled in the art to
utilize the i ntlon n various enbodi nents_an wlth varlo podi fications
as are sui ted P gptortupjag ap ﬁ?‘g@%’é}[ tNg | nt ended

t hat t heapRagses i léﬂPP mrmlm gable progessi A Tbt}asqd]@eemﬁ@mnmeé@ her et o,
when i nt nomptrensformablessamplesaf transientisignals t6 obtaisimaltateoupawhacchratdhey ar e

| egal | y mudtipberpoinaédtimatestofia Mluency (ﬁnﬂlﬂ/ﬁ)p‘romﬁaaﬁbh bbthefpodcesstransferni ng a

regul at Oﬁmfzﬂénﬁs:ﬂf étfiiate o ponSe. SA Aineardbast ua?é%ﬂbﬂlh [&-point-

per t ur bagig %; ) nR% [ﬁﬁ? LeNnts to
d f t using an

o {rorgh csgﬁh%ﬁ% e@%‘%@fﬂ f% é% gﬁ 9

frequenc?ﬂﬂl‘@ 'tpP ) %ﬁsnphg a

f r equencydditiom #Iépfqmﬂgtﬁ’bﬁlt?ﬂ'i‘m?&@f@ agable ggulatorsg an opti mal

mul ti pl e- poi nt f| tting nethod for automatically sel ectl ng paraneters of a
regul ator structure based on the estimated frequency-response points; and
e) tuning the regulator for the process in accordance with the paraneters
sel ected by the optimal multiple-point—Hitting method. 2. The method of

claim1l1, wherein said step of apﬁllis)ghgégH ert urbatl on conprises applying a

step function to an input of the det hod of claim 1,
wherein said step of applying a pﬁlﬂm m m nprises applying a rel ay
test to the process.



4. ¥he method of claim1,. conprising the further step of continually
varying the regulator by: a) nonitoring transients of the process
representative of changes in process set point or |oad; b) upon detecting a
significant transient, repeating said steps of: 1) estimating a plurality
of points on a changed frequency-rgsponse of the process fromthe transient
for obtaining a frequency donajp transfer function for the changed process;
ii) using an optimal multiple-point—fitting nethod for automatically

sel ecting paraneters of re@mhgmmﬁmqiﬁ cture baseg on the estimated
frequency-regpon N} s Fer—the—ehangqd piycy i i) y@tomatically
tuning the regtte "~ the changed pij t he

paranmeters sel ect’e opt-ipal—milti|pl e- poi’ ng t hod, thereby
providing a contingally aptgmgmuﬁﬁlat on of the process fegulator. 5. The
met hod of cl aim1, jwherei ntsa+e—s+ep—ef usi ng an FFT-based] i dentification
conpri ses sanplingithe input and output transients, and infroducing a decay
exponential into the sanpled transient signals, thereby t ol enabl e
application of a fast—Fourrertransformtherero. o. T1ne net hod of claim1l,
wherein said process is a nultivariable process having a plurality of
inputs and a plurality of output gig ARds@hé! step of applying a perturbation
to the process conprises applying a sequence of perturbations to said
plurality of inputs, 27 sai d observing step conprises: a) observing an
input transient resulting fromapplication of a perturbation to one of said
plurality of inputs and oljserving a plurality of output transients
resulting therefrom and Q) repeating said step a) upon application of said
perturbation to another of

Fig. 2: A Step Function
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Fig.3: ARelay with Hysteresis




said plurality of inputs; said estimating step conprises estimting from
the transients a plurality of points on a plurality frequency-response
characteristics fromindividual inputs to individual outputs of the process
for obtaining a plurality of frequency domain transfer functions for the
mul tivariabl e process; said step ?f automatically sel ecting paraneters
conprises using an optimal nmultiple-point fitting nethod for automatically
sel ecting paraneters of multivariable regulator strggtures based on the
estimated frequency-response points; and said tuninglstep conprises tuning
the multivariable regulators for the nmultivariabl >SS i n accordance
wth the paraneters selected by the opti mal nultlplﬁxﬂpwﬂnt fitting nethod.
7. A conputer inplenmented method for auto-tuning ator for a process,
conprising the steps of: a) apglying a pertdrbation to the process; b)
observing i nput amd r@e) eius_t ol a@q»fr m Jcess resulting
fromthe applied pewtfirbati és—c)—usi ng the—codputer~tq provi de an

FFT- based identificat]on foﬁkﬁéﬁWhatlng aPpicessal ity of |points on a
frequency-response ofjthe process fromthe transients fior obtaining a
frequency domain transfer function for the process; d) Jusing an opti nmal

mul tiple-point fitting nmethod Tor automatically selecting paraneters of a
regul ator structure based on the estinmated frequency-response points; and
e) tuning the regul ator for t e prOomesml Self-Taseor dance wWith the paraneters:
selected by the optimal nultiple-point fitting nethod. 8. A programfor
auto-tuning a regulator for a process by performng on a conputer the steps
of : a) applying a perturbation to the process; b) observing input and
output transients to and fromthe process resulting fromthe applied
perturbation; c) using an FFT-based identification for estimating a
plurality of points on a

A + 3
r + + ut u(t) h{U]
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Fig.5: Smith Predictor Control




freguency-response of the process fromthe transients for obtaining a
frequency domain transfer function for the process; d) using an opti nal

miul tiple-point fitting nmethod for automatically sel ecting paranmeters of a
regul ator structure based on the estimated frequency-response points; and
28 e) tuning the regulator for the process in accordance wth the '
parameters sel ected by the optimal multiple-point fitting method. 9. The
met hod of cl al on conpri ses
applying a step function to an input of the process. 10. The jrethod of
claim?7, whegein said step of applylng a perturbation conprises applying a
relay test t¢ th risfing the
further stepjof jontinuallv varvinq,the requl at or by _a) nift oring

transients of the pfjocess representative of changes in procesls set poi nt or
| oad; b) u Qp&" ing a signifi Qmamﬁle,q T repeati i d st eps of:
1) estimating a, 4l urality of } K)c ghanded frequency-respoase of the

process fr ransi en arning a 1rgquency domaln iff ansf er
function for]the changed jprocess; ii):using an og®mal} mul ti pl e- poi nt
fitting 4 mﬂJgpiuuii:4JgL4muaneters : tor
structure based on the mat ed frequency;redponse paints for the changed

process; and iii) automatically tuning tﬁe réculator flor the changed
process in accordance with the paraneters sel deted by—t he optina

mul tiple-point fitting nmethod, thereby providing a continually adaptive
variation of the process regulator thod of claim7, wherein said
step of using an FFT-based ﬁg'g Sequeg[hl&?"l%

R + .E G‘_(S) U - Gp(s) Y .

Fig. 7: Multivariable Control System




i dentification conprises sanpling the input and output transients, and

i ntroducing a decay exponential into the sanpled transient signals, thereby
to enabl e application of a fast Fourier transformthereto. .13. The net hod
of claim7, wherein said process is gghultivariable process having a .
plurality o t out puts, and said.step of applying a
perturbati S 1..c ?‘ggwqb!%ﬁ [Sﬁ}a_apm ying a sequence of perturbations
to said plurali tg i nputs, said observing steip conprises: a) observing an
i nput transient PHCY meﬁwl%mdmnuﬁwmpmmmhrdgulaung of said
plural ity dPPamepisisapplied &peldinearstable proeasslA F¥ T dhased itlentificationisiapplied to

resul ting tieertsinsfimpable damples bpeatisionysigaild o sisinmuIRABoRIdicaIbLEN Of sai d
perturbatlanulhpleéﬁuhﬁﬂvsﬁnﬁiesﬁﬁaﬁ e datﬁkdaﬁonéﬁhg %ﬁg step

;IOUP;: ;Stefl ﬁﬁéMtawﬂegﬁtﬁ%wg c er STT egarrn tﬂﬂf@f’ o

i ndi vi dual ﬂt& ﬁl%%:éip?ﬁ&&% PHieng. ﬁ‘ ‘H?‘Pf tting ¢ ency
domai n tran ?fr‘s piEe peylagorgesign ppapessdisd st ep of
aut omat i cal gm@e EOMPRRS %mctbﬂpmcgswet:mm@or ardogd distiirbances. In .
mul ti pl e- pdd Oﬂsfsﬁhweﬁﬂmdwﬁgdfcamummnmgaifmﬂﬂﬁrmblem ipEsanet ers of

mul tivariable regul ator structures based on the estinmated
frequency-response points; and said tunlng step conprises tunlng t he
multivariable regulators for the nmultivariable process in accordance with
the paraneters selected by the optimal nultiple- point fitting nethod.
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ABSTRACT

A FREQUENCY-DOMAIN ADAPTIVE CONTROLLER

A frequency-domain adaptive controller is applied to regulate a linear stable
process by auto-tuning and continually adapting control. A FFT based identification is
applied to non-transformable samples of transient signals to obtain simultaneous and
accurate multiple-point estimates of a frequency domain approximation of the process
transfer function as an estimate of a frequency response. A linear least squares multiple-
point-fitting process provides regulator design parameters. A multiple-point-fitting
transfer function modeling process is disclosed, and an adaptive regulator design process is
applied to compensate for changes in the process set-point or for load disturbances. In
addition, techniques are provided for auto-funing of multivariable regulators. (Fig. 6 is to

be published)
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