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BACKGROUNQ or rm; JNVEN'DON 

:~ 

e lleJd of fhe Jgvention ' 

9 1be present invention relata to closed loop systems having a regula1or for COl1t1'0l of a 

10 process, and D101C par1icularly to an apparatus for estimating the piocess fiequency response 

11 and using the estimated ftequeney response to design the regulat.or. 

12 BriefDeseripti.on p(tbe Prior Art 

13 Controllers for tuning 1he ~ of a sysran or a process have been the subject of 

14 attention. in the prior art. A typical block diagram of such a controller and process is shown in 

15 Fig. 1 wherein the output y of a process 10 is fed back tbrougb. a feedback network lZ the 

16 outputy of~ is subtmoted 1iom a refemlCe sigua1 r by a co.mpaxitot 14 which outputs an 

1 7 error sigDaI e. A control circuit 16 is desiped to respond to the error signal e by OU1pUttiDg a 

l. 8 process control signal u for directing the process 10 to output a com:oted y such that the more 

19 ismo. 
2 0 Achieving automatio tuning involves identifiadion of the prot1eSS 10, and tho desip of 

21 the controller 16. The control output u as a fbnction of time is applied to the process 10 to 

22 assure the desired 01i1pUt y. It is generally oonvenient in analysis of suda processes and.co:o.trol 

23 circuitry to mathematically 1ranSform the parameters ftom the dme domain to a ftequency 

:24 domain. This process is done in e1ectrlcal Ch'cuit analysis by means of the well known Pourier 

25 Tnmsfonn. Manipulation of design parameters is much more conwniently ar.hieved in a 

2 6· frequency -domain. The frequency range of interest for such applications is usually ii'om. so 

2 7 up to the process critical fi.'eque!wy <00 i.e. the frequency at wbich the phase of a procms 

2 s frequency response crosses -180°. 'Ibis critical frequency and the process frequency msponse 

29 at this point are useful for control analysis and dnign For tnrditional ftequency n:sponse 
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1 identification, tho~ of the mmiting signals" tecl into the pmc:csll8ystem 10 shou1cl be 
2 carefiJ1ly selected based on the process bandwidth. The uso of :relay fecc:lblGk: can 
3 automatically excite an unlmown stable process around this :hquency co0• Such a method is 

4 describecl in U.S. Pat No. 4,549,123 by Hagglund and Astrom. FurthermOie, traditional 

s bqucnoy rcspomo identification usually involves an open loop test, Vlhile the use of mlay 

6 ~involves a closed-loop controller. A closed-loop test is p1ofe11ed to an open-loop test 
? in control applications, since it keeps the process close to 1bc set point so that 1l1e process 

e operates in a linear Ngion wheto the tiequency response is of intetest. .~ 
9 Relay based process identification and control tuning have mceived a great deal of 

1 o attention. The method of Astrom and Hagglund is useful in many process control appli.ca1i.cms, 
11 but it also faces two major problems. First, due to the use of a descn"bing fimction 

12 approximation, the estimation of the crltical point is not accurate enough for some kinds of 
13 processes. Second, the method of Asttom and Hagg11md depmds on the single critical point 

14 m., and only crude controller settings can be obtained based on this single point. Attempts 

15 have been made to solve this problem, inoluding several moditi.ed idendtkadan methods using 

16 relay-based feedback cOntrol systems in otder to identify mme thm one point on the process 
17 bqucnoy ICSpOllSC. In order to accompJish 1his, additional linear components (or wryina 

18 hystcmds width) have been connected into the system requiring additional relay tests to be 
19 performed. These methods are time c:oDSUming and the resultant estimations are still 

2 o· approximate in nature since they mly on repeated use of the standani method as described in 

21 AstromandHaggl~. 

22 It is therefore clear that a me1hod is needed whereby more poims on the process 

23 fiequency iespOnse can be accmately identified from a single relay test. 
24 

25 SUMMARY Oli''[JJB JNVENDON 

2 6 It is therefoxe an object of the present invention to plOVide an improved appa:a:atus for 

2 7 process fiequency respoDSO estimation and ccmttollcr1mring. 

2 e It is a further object of the present inVention to provide an apparams for process 
2 9 fiequency responso estimation and controller tuning for accurately identifying multiple Points 
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1 on the process ftequency response with a single may 1est. 

2 It is a still further object of the piant invention to provide an appmatus fur p100eSS 

3 fi'equeD.cy response estimation and cxmtroller tuning for accurately identifying multiple points 

4 on the process ftc:qumoy response with a single relay test, whereby tm con1roller ieguiator is 
s tuned with respect to the identJfled points on the pucess ftequcmcy response, whereby the 
6 controller system achieves an .improved, 'Ullifonn response. 

7 Briefly, a pmfeaed embodiment of the present invention includes an apparatus for 
8 tuning a regulator in a process connoller. The cliglti&d output from a standmd !day and a 

9 parasitio relay are fed through a digital to analog converter providing signals at .S <D111 c.o1 and 

10 l .S<D., to the process, where m11 fs the process critical fi:equency. The apparat'US-records the 
11 digitiad relay output u and the digitized process ou1put y until stationary oscillations are 

12 reached. The ouq,uts ii and y are then used to calculate 1be process frequency response at 

13 .Seo"' <011 and 1.Scor This data is th.en used to design the regulator. the output of which is 

14 converted to analog form and inputted to control the process. 

15 An advantage of the aufD..tuner of the present invadion is that it am estimate multiple 
16 points on a process frequeney response simultaneously wi1h one single i:eiay test. resulting in 
1 7 time savings. 

18 A further advantage of the pmsent invention is that ii gives 9CCUD1t.e results since no 
19 approximations are made, and the computations involved are simple so that it can be easily 
2 0 implemented OD microprocessors. 

21 A still ibrther advantage of the present invention is that the method is insensitive to 
2 2 noise and step-like load disturbances, and non-zero initial conditions. 

23 Another advantage of the present invention is that the controller tuning methods 

24 employed work well for the general class of linear processes with di&e.nt dynamics, 
25 achieving consistent and satisfactory responses. 

26 IN TBIDRAWING 
2 7 Fig. 1 shows a prior art process cmdrol system; 

28 .Pig. 2 is a block diagram of the pmfmed embodiment of tho pn:sent inventiODi 
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1 Fig. 3A shows the digitimd modified teJay outpUt tor dM: process hquency respome 

2 estimation relay test 
3 Pia. 3B shows the process output during the ietay test; 

4 Fig. 4 illustrates a relay with hysteiesis for noise reduc1ion ; 
5 Yig. S is a Nyquist plot; 

6 Fig. 6 shows a regulator using an IMC syslmls configm:ation; and 

7 Fig. 7 shows the results of PID and IMC regulator desips. 

8 

9 DISCRJPTION 01 THE PBDl.llK£D EMBQD!M'l!lfl' 
10 R.efeniDg now to Fig. 2 of the drawing, a prefamd embodim.cnt of the S1SUm of the 

11 pieseo.t invention 18 ls shown to include an auto-tuner 20 which is responsive to a digJtiml 

12 reference signal r at input 22 and a digitized process ou1put signal y at input 24 to provide 

13 signals u' at output 26. 

14 The digitized signals u' are converted to analog signals u by digital tO analog converter 

15 28 and outputted at 30 to the process 32. The output y at 34 of the system 18 is shown. 

16 schematically to Include the sum of the ou1p11t at 36 of pmccss 32, and noises n and 

17 disturbances w, the addition schematically illusfrated through use of summing netwmb 38 
is and 40. The ~ y is converted by analog to digital converter 42 to provide the digitized 

19 inputy' at 24. 

2 o . The tbnctions performed by the auto-tuner 20 me schcmaticdy illustrated inside the 
21 autD-tuncr 20 block. 

2 :z 'Ihe objecti.ve of the auto-tuner 20 is to automatically icientify i.e., estlmat.e the 

23 ftequency n:sponse /dynamics of the process 32, and then. to automatically designlccmfigure a 

24 regulator to control the output y of the process 32 according to tbs applied :reference signal r. 

2 s A more detailed desc.tiption of the :functions performed by the auto-tuner 20 will 'Jlt!W 

2 6 be given in reference to the oitcuitry illustrated in Fig. 2 inside the aut.o-tuner 20 block. ID 

2 7 order to identify the fi:cquc:ncy n:sponsc of the proocss 32, tho switch 44 is set to coiinect the 

28 output 46 of summing network 48 to the input 26 of the digital to analo& converter 28. In this 

29 mode, the signal output at 46, provided by the relays SO and 52, eontmls the piocess 32. The 
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1 digitiml pooess input d at 26 and digitized process output y' at 24 are then teCOtded by 
2 conventional circuitry (not sbowa.) until stationary oscillations am racbed i.e., until 1hae are 
3 no varia1ions in amplitude or period of oscillations in the output y. The output at 46 ittcludes 
4 process excitation frequencies includiq o.sco. , co1 and 1.5 co., and in response, 1he output y of 
s the process also contains these bquencics. When the stationary osaillation condition is 

6 mwbed, tho mxmied/saved rl and y are then used to compute tho process 32 fn:qumcy 

7 response data at the ih:quenoies .Sm, m0 and 1.S m0 ming equations 2 and 3, whioh will now be 
a described in detail. The auto-tuner 20 circuitry then uses the calculated process &equmcy 
9 response data t.o design the regu1ator 54. When the regulator S4 is determined, the switch 44 is 

10 activated to connect the :regulator output 56 to the input 26 of the digi1Bl to anal0g ~ 
11 28. At this point the regulator 54 responds to the tegu1ator input e at 56, e being 1he difference 
12 between the digital reference r and digitiml process output y by applying a signal rl, which 
13 converted by dlaital to analoa converter 28, provides the signal u to the processor to drive the 
14 processor to OU1pUt ay at 34 conaponding t.o the ftlfemnce r. 
15 The procedure descn"bed above and with the following text as performed by the auto-

16 tuner 20 can be implanented in a computer, the inputs behig the digital refereoce r and the 

1 7 digi.ti7.ed ~ outputy' and the output being the digi1a1 COD11'0l signal ". In addition to the 
18 specit1c bloclcs noted within block 20, block 20 also represents the digital apparatus iespomive 

19 tor and yt for calculating the process ftequency response, and for ca1cu1aDng the required 
20 ~ parameters and setting the regulator as required. Such opemtions performed 
21 according to the equations disclosed will be understood by those skilled in the art. 
22 As discussed above, Fig. 2 fs an ammgement of appmatus for automaticaUy estimatjng 

23 a process tiequency response and designing a process regulator. The details of the process 
24 frequency estimating apparatus will now be descn"bed in detail. 

2s Assum.e that initially, process 32 nms in open loop. Then a staodard relay 50 and the 
2 6 novel parasitic mlay 52 of the present invention are applied to process 32. This iesults in input 
27 and output time responses u(t) and y(t) of process 32. u(t) and y(t) are sampled at a sampling 
2 a period of T and are recorded until stationary limit cycles of u(t) andJ(t) have been reached. 
2 9 The key of the present invention is the modified relay which consists of the standard 
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1 relay SO and parasitic relay 52, as shown in Fig. 1. The stand8l'd relay operates as usual with 

2 the amplitude of the sampled ou1pUt u1(1rJ being h, where 111(/rJ Is the k-th sample of u1(0. It is 

3 well known that the s1Bndard relay oan excite process 32 mainly at flequmc)' m0 • In order to 

4 provide exoi1ation of the process 32 at iequencies other than m. for use in control wbile 

s maintaining the process OU1pUt oscillation under such an a:rraop.mmt, a parasi1io mlay 52 with 

6 · out;put amplitude o1' and twice the period of 111 ~ is intmduced and superimposed 011 Ui(k). 

7 This implies that ~ ou1pUt 14(k) of the parasitic relay 52 flip-flops once every period of 

8 oscillation in u1(A;>. The pamitic relay 52 output "2(/rJ II descdbed by the following equatioils, 

{

ui(O)=ah; 

111 (k) = ah • stgn(u2 (k- l J ), if UJ (k- l) > 0 and m(/f) < O: 
U2~ = U:Z (k- l), otherwise; 

9 (1) 

lo whete a is a constant coefficient. a. should be large enough to have sufficient stimulation on 

11 1he process 32 and it should also be small enough such that the pm:asiti.c relay 52 wlll not 

12 change the period of oscillation genemted by 1he main relay 50 too much. The prefmed range 

13 of values for u is fi:om 0.1-0.3. The output at 46 of the moclified. relay appamtus is thus given 

14 by u(k) • u, (J;) + "2(~, and is sent as the input to process 32. . 
15 In this way. the piocess is stilnulaled by two diffemnt excitations whose periods me Ta 
16 and 2T. iespectively. The digital input u' at 28 resulting mm the modified relay appatatus is 

17 shown in Fig. 3A. The output y at 34 from the process 32 will appear as shown in Fig. 3B, and 

18 will :mch a statlonaty osc11J.ation with the period being 2Tv Due to two excitations in u, y 

19 consists of frequency components at 

20 

21 and their odd harmonics 

22 

23 

24 

3 S.tr 
... and-, -, 

Tc- 'fc 
• , . respectively. 



7 

1 For a Jina process 32, the process hquency response can be obtained by 

(2) 

(21-1)2.n" 
011 = iT. ' l =0, 1, 

It 

3 ~ 

4 are the basis frequency and its odd hanmmic frequencies in u. audy.. u. and Ys have a period • 
s (2TJ related to the stationmy osclllations of v(k) and Jl(k) respectively. G(jCOs) in (2) can be 

6 computed using the FFT algorithm as 

7 

8 

FFf(yJ 
GUOJ1,> = FFt(u.) 

(3) 

9 The spectrum. analysis method used by the auto-toner 20 in estimating the process 1i'equency 

1 o response gives a more accurate result than methods relying on the desuibioa fimotion. 1he . 

11 method of the present llmmti.on employs the FFr only once and the required computation 

12 burden is modest. It can identify multiple points on the process :hquenoy response from a 

13 single test using the modified relay of the present invention. Moreover, the method can be 

14 e8sily extended to find additional points on the frequency response. One can flip-flop the 

15 parasitic n:lay ever/ 31C1or4* period of the main oscillatlons generafed by the standard relay 

16 and get other iequenqr points. One can also use moie 1han one parasitic relay in a relay test 

1 7 and flnd mom points on the 1i'equency response in one relay test. To estJmate the static gain of 

18 a process, either a small set-point change at referenc.e Dl8J be introWced or a bias may be 

19 added to the moclitied relay. 

2 o In a realistic environment, the major concems for any identification niethod are 

21 disturbance and noise. It should be noted that the identification tnethod is unaffected by the 

32 stop.lib load disturbance w refened t.o in Fig. 1, which is a eommm case in practice. 'Ibis can 
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1 easily be shown fimn (2) as 

f~y.(.t)e-i..rdt 1211
[y.(t)+w(t)]e-Ndt 122'. y

11
(t)e-"'1dt+w £~ e·1~dt 

27! 2T. = 27'. 2r. J
0 

·u,(,t)e-1'°"dt f
0 

1 (u$(t)+ii)e-J°"'dt J
0 

• uk(t)e-./ll"dt+i J
0 

• ,-P¥dt 

2 

127', y.f..t)e-.hl" dt 
= zr. G(jt»1). I• 1, 2, ••• J

0 
'fh(t)e-/111 dt 

3 ~ 

4 where m1 bas the same definition as in (2). The modi:tied relay estimating apparatus of the 

s auto--tuner 20 of the present invention is also insensltl.ve to noise. A prefe.aed method of 

6 reducing the noise in the process output y(O is by intioducing a hysten&s in the standard may 

7 SO. 'Ibis is illustrated in Fig. 4. The width of hysten&s should be bigger than the noise band 

8 and is usually chosen to be 21imes larger than the noise band. Filtering is ano1her pom"bility. 

9 To reduce the effect of noiile further, especially in the case of large noise-to-signal mtios, the 

lo estimator uses the average of the last 2-4 periods of oscillation as the stationary oscillation 

11 period, depending on the noise level. W"rth these mm-noise measures, the method of the 

12 present invention can reject noise very effectively, and provide accurate ftequem;y i,:sponse 

13 estimatlQ1l at frequencies of O.Sm~ m0 and I.Sm~ It should be also noted that a non-2'.e!O initial 

14 condition of the process at the start of a telay test has no e1fect on 1he estimation because oDly 

15 stationary oscillations u, andy. after transient are used in the estimation, where u. andy1 me 

16 independent of the initial oondition. 

1 7 Exampltt. In order to test the method in a realistic environment, extensive real-time 

18 relay testing was performed using the Dual Procm Simulator KI 100 from KentRidp 

19 ln.ttruments. Singapore. For illustration, a process was con.figured on the Simulator as 

20 

G(s)=_!_,-s.r 
Ss+l 

21 In the test, the standard relay amplltode was chosen as O.S m1 the parasitic relay height 

22 was set to 20o/ox0.5. Wrthout additional noise, the noise-1o-signal ratio of the inherent noise in 



9 

1 the test c:nvimnment was measmed atN,=0.025%, \\'here N1 is defined as 

2 

3 

N mean power spectrum density of 110lse 
1 = mean polWH' spectrum Jen8itY Of 8ignal 

4 or as N2 = 4%, where the noise-to-signal ratio N2 is 

5 

N mean (abs (noise )) 
2 = -m-ean_(..,..abs..,..-( ..... n ... p_a_l_)~~ 

6 The identification error ERR is 2.5%, where 

W=m0%{ GU011)-GUt})I) fx100o/o, i=l, 2, 3} 
I G(j());) 

7 

8 in which G(jCl>j) and G(jO'>i) are the actual and the estimated process frequency responses 

9 respectively. To see noise effects, extra noise was introduced with the noise SO\U'Ce in the 

10 Simulator. Tune sequences ofy((> and 11(1.) in a ielay test under N1=100A (.1'2=31%) are shown 

11 in Figs. 3A and 3B. The first part of1he test in Figs. 3A and 3B (t=Q...12) was the "listening 

12 periodH, in which the noise bands of y(() and 11(0 at the *8dy state were measured. Under this 

13 noise, the h~ was chosen as 0.3. With averaging 4 periods of statiol181')' oseillations. the 

14 estimated frequency teSpOnSe points under this noise level am shown in Fig. 4. 
15 Upon conipletion of the process fi:equcncy IeSpOnSe estimation, 1he auto-tuner uses the 

16 estimated data to automatically design the regulator 54. This process will now be descn"bed in 
17 detail. 

18 The thtee estimated points of fi:equcncy response are used for tuning the l'tgulator 54 in 

19 Fig. 2. The three points are first converted into a second order plus dead time model with the 

2 0 following structure 

,. B-1£ 
G(s)= , 

as2 +bs+c 
21 (S) 
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1 where a. b, e anclL are unknowns to be deter.mined. It follows that 

A 1 -JM£ 
GU(J];) • U<D,)2 a+ jdkb + c e • I= 1, 2, 3. 

2 00 
3 The mapitude ofbotb sides of (6) is takm as 

4 

5 

6 where 

7 Then, 

8 

(a' ... 1)9 • ~o>J', I= I, l, 3. 

[ab c]=[-.% J"2 +2.Jiji; Ji; ] 

g In addi1ion, the phase relation in (6) gives 

10 

11 

a>,L=-arg[GUm,)]-tan·'( . bm~1 i=l, 2, 3. 
c-am, 

(8) 

12 It will be clear to those skilled in the art that L can be obtained wi1h the lea squares 
13 method. 

14 With the model in (S) for the process available. a controller can be designed. A PIO 
15 controller can be written in the fmm: 

16 

K(s) =K(.A.sz +B+c~, 
s 

(9) 
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3 The controller mos ate chosen to C8DC8l tho model poles, Le. A:a, B-b. C-C, whele 4 band c 

4 aie the model paramcm demnined mm O> anct (8). 'lbm the resultant opc:n-1oop uamfc:r 

5 :function O(s) IC(.s) is approldmatM by 

... h-"' 
G(s)k(s) = -. 

s 
6 • (10) 

7 Its closed-loop poles can be selected from the root locus of the loop by assigning a 

8 proper value fork. 

9 

10 For the transfer tbnction in (10), real or complex roots may be obtained for 1he closed-

11 loop. In 1he method of the present invention, the controller zeros have been chosen to cancel 

12 1he model poles. Exact cancella1ion is never expected since the process can be of any order 

13 while the model is only of second order. Pot higb1y oscilJatcty processes, it Is possi"ble 1hat the 

14 uncanceled dynarnb will drive the systan to heavy oscillation, and hence it is masonable not 

1s to creat.e additional oscillatory dynamics by having coinplex close-loop poles. Real closed-

16 loop poles are chosen for the systma instead. On the other hand, for non-osoillat.my ot lightly 

1 7 oscillat.oly processes, the uncanceled dynamics will not bring the systmn to Seve1'e oscillation, 

18 and hence it is advisable to introduce some overshoot by selecting complex closed-loop poles 

19 so as to speed up the response. 

20 For ease of presentation. some terms ~ now be defined that will be used in the 

21 following ~ption. The equivalent time constant t 0 of a process is inversely pmportlou1 to 

22 its speed of response. For monotonic processes, the speed ·of response is reflectsl by. the 

23 locations of the dmninant poles. For oscillatory ones, it is related to the real part of the 

24 complex poles which determines the systetn attenuation and hence serves as a measure of the 

25 process speed. According to equivalent time principles, we have 

26 
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1 

2 (11) 

3 whc1e 4 b and c are model parameteis that am be obtained from (7). Anotbet 'V8liable of 

4 inteicst to the design method is the damping ra1io <;o oftbe open-loop plant which is detimd as 
t ... 

5 

6 

• . 

(12) 

7 with a, b and c being the model parameters. Tho solution [to the regulator design?] will JJOVt 

a be pesented by separating it into three cases. 

Cllsel. ' 0 >0.7071 or L <0.15 or .!.>1. 
'l"o t'o 

9 

10 Complex closed-loop poles on the root locus am chosen based on the reasonina given 

11 earlier. In order fur a pair of the desired poles 

12 

13 where <;. is the olosed-loop damping mtio, t.o be on the root locus fbr the system in (10), the 

14 phase condition 

15 

16 

17 

(13) 
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13 

2 

3 The magnitnde condition then assigns tho value of kto 

4 

5 

k = (iJ,P--,,Lt •• 

(14) 

(15) 

~ Sim.alation results show that the feedback system gives satisfact.ory responses if closed-

7 loop poles of damping ra1io ~ = 0. 7071 ate chosen. Substituting c;.,, = 0.7071 into -&i. (14) and 

8 (15)resultsin 

k= 0.5064 
L 

9 (1~ 

L 
Cosen. ' 0 ~0.7071 or O.lS'S.-~l. 

'Z'(I 

10 In this caso, we choose the closed-loop poles as md double poles on the root-locus. Its 

11 location is selected to have a sinrilm: response speed to that of the open-loop one if it is 

12 achievable, i.e. it is bebe the bialcaway point. Otherwise the 1m:alcaway point will be used. 

13 In onier for 

14 to be on the root locus. 

15 

16 

l _A, 
k=-e ~ ... 

t"o 

1 7 To find the breakaway poJnt, it is noted fi:om eq. (I 4) that 

18 

19 

(17) 



1 

2 

3 

. 4 Hence, the bieakaway point is 

5 

6 and the~ gain is 

7 

8 

14 

9 Therefore, the value of k should be taken as 

L 

k = m.m{.!...e- 'fo ' J_ } 
'°o eL 

10 

11 

L 
Cas~Dl.->2. 

t'o 

. 

. ·-· ··-·-···········---··· 

(18) 

(19) 

(20) 

12 Processes with. long dead time tend to p:oduce very slow responses. In fact, the single-loop 

13 structure is inadequate m handling such processes. One possible solution is to apply the 

14 Int.emal Model Control (IMC) strategy to compe.osato for the long dad thne.. The eontroller 

15 structme is shown in Fig. 6. The model of the process is denoted as tJ (s) in 1he ftgore, and 

• 
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2 

15 

e-4 
G{.r) al' +bs +c 

a where the pmam.eters a. b ,c and Lare given m (7){8). The conttoller is now modified to 

4 

s 

K(1)= as2 +bl+c 

(!n-.+1 y 
(21) 

6 where "to is the equivalent time constant defined in (11) and ex is a design parammr to adjust 

7 the speed of response. The larger tho value of~ the faster the response becomes. The~ 

a mnge of a. is cxe[O.S,S]. If the model is exad. the system will have an equivalen.t tJ:aasfer 

g :function of 

10 

11 

1 rll. 
H,(s)=~e 

-si-0 +1 Y 
a 

(22) 

12 The dead time is therefore brought out of the loop, and the speed can be chosen to be as 

13 fast as desired by selecting a large a value. Since this inevitably increases the sim of the 

14 control effort, the limit is set by the saturation of 1he control signal and the accuracy of the 

1s modeL 

16 When the reguJator S4 in Fig. 2 is designed, the switch 44 is comeoted to the lower 

1 7 node S6, and the auto-tuning is com.pleted. 

18 

19 

20 

21 
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1 ED.lllple Consider the following~ dead time pocetSS·givm by the transfer fbnctlOD 

G() 1 -21 
s = c.r2+2s+3X1+3) 

2 

3 The model of the process if found to be 

A,~ 1 -un. U'\s,- e 
- 2.92ls2 +6.5361+9.031 

4· 

s The PID controller is designed to be 

6 

J.998 
K(s) = 1.446 +-+0.646s. 

$ 

. 
• 

7 Since the process is dead time dominafr.d, the IMC approach can be em.ployed to speed up 

e the msponse. Choosing the value of a= 2 in eq, (21), 1he controller is computed tn be 

K(.r) = 2.92lr +6..536s+9.031 

(!z0.8948+ l 1 
2 . . 

9 

10 The control pe.rformance of the JM:C and Pm controllers ts also shown in Fig. 7. 

11 The performance of the IMC controller is an. improvement over the PID controller. The 

12 speed is much inoreased, and the settling time and ovmhoot are significantly :reduced. 

\ 

l.3 Although a prefened embodiment of tho present invention has been desorlbed above. it 

14 will be appieciated that certain altera1ions and modifications tbmof will be apparent to those 

is slrilled in the art. It is therefore intmded that the appended claims be interpreted as covering 

16 all S\JOh almratlons and modifications as fall within the true spirit ao.d scope of the hl\'ention. 

l 7 What is claimed is: 

18 

19 

20 

21 
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2 t. An appar.Gm for estimating the ftequency response of a linear stable process oompdtfna= 

3 a. signal exciiation means 1br pn>Vidmg a process control sipal including a process 

4 crltical frequency and a plurality.of sipls of different~ and 

s b. identification means baaed on tho fast fourler tnummm for esthnatioa a pluraJifJ of 

6 poin1s on said 1iequellcy response of said piocess ftom Input and output statiomuy 

7 oscillations of said process. 

1 2. All apparatus as ieci1ed in claim 1 wherein md sigoal exoitafionmeans includes 

2 a. a 61andard relay for providing said process crltica1 frequency; and 

3 b. a parasitic relay for pxoviding said plurali1¥ of signals. 
. . 

1 3. An appacatus as recited in cJahn 2 wherein said parasitic relay is set to Oip-flop ew;ry k-tb. 

2 period of said standard relay, where k is se1ect.ed from 1he group including .S and positive 

3 integers. 

l 4. An apparatus as recited in claDn 2 whendn an output of said standard relay and said 

2 parasitic; IClay can be biased to output a signal indicative of an estimate of a static gain of 

3 said process. 

1 S. An appmatus fortuning aNgulator in a.controller of a process oomprising: 

2 a. means for estimating the ftequency response of said process including 

3 

4 

i. signal exoitati.on means for providing a process control signal in.eluding a 

pror.ess critical fiequency, and a pluiality of signals of clif6nnt :trequencies; and 

5 ii. idcmification means based on the i8st fourier transfonn for estimating a 

6 plmallty of points on said ftequency response of said process ftom. input and output 

1 stationary oscillations of said process; and 

8 b. regulator design means for calculating parameters of a replator, said design. means 
9 usJng said plurality of points on said frequency response of said process. 

l 6. An apparatus as ncited in claim. S wherein said regu1ator is a PJD regulator. 

1 7. An apparatus as recited in claim 1 wherein said ICgU1ator is an IMO regulator. • 

1 8. An.appatatus as recited in clabn S whemn said regu1ator design means includes 

2 a. means for canceling model poles with conttoller zeros; and 
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3 b. means for computation of a constant gain of.Slid commlla; wherein said means b 
4 canceling and means for computation am used to generate olosed-loop poles :fur a 

5 eontroller feedback syslmL 

1 9. An appara1us as iecfmd in o1aim S wb.emin said signal excitation means include 

2 a. a standatd Ielay for providing said process critical fi:cquency; and 

3 b. a parasitic relay forprovidina said plutality of signals. 

1 10. ~ apparatus as mifed in claim 9 hemin said parasitic relay is set to fliJ)6flOp every ~1h 

2 period of said standard relay, where k is selected mm tho group including o.s and posit1ve 

3 integers. 

1 11. An apparatus • reci1ed in claim 9 wherein an output of said standard re1'.Y and said 

2 parasitic relq can be biased to output a signal indicative of an estimate of a static gain of 

3 said process. 

l 12. An apparatus as recited in claim 1 wherein said signal excitation means includes 

2 a. fimt programmed com.pu1l;r means responsive to a digitjmi teference input signal rand 

J a digitized process output signal to provide a digital excitation means output signal; 

4 b. digital to analog converter means for converting said digitized process output signal to 

s a process excitation signal; and 

6 c.. analog to digital converter means for converting a process outpUt signal to said 

7 digiti7J:d process output signal. 

1 13. An apparatus as recited in. claim S wherein said signal excitation means includes 

2 a. fiISt programmed oomputer means iesponsive to adigithed reference input signal and a 

3 digitized process output signal to provide a digital exoitation means output signal; 

4 b_ digital to analog converter means for converti11g said digitm:d process output signal to 

s a process excitation signal; and 

6 o. analog to digi1al converta means for converting a process output signal to said 

7 digiti7.ed processed oU1pUt signal. 

1 14. An apparatus as recited in c1aitn 13 wherein said id~cation mmns inoludes second 

2 programmed computer means. 
1 15. An apparatus as xeoited. in claim 14 wherein said regulator design means includes 
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2 a. titcl pmgrammed ~ means ibr pedbnnq said calcndadug. whecein said 
3 regulator is n:sponslvo to said ctigiti7Jed_ieferena:i input signal and said dlgltizcd_J'fOCCSS 
4 outpJt aigDa1 to provide a digltlzed regulator means output signal 
l 16. An apparatus as ncitecl in daim IS fbrther comprlsina digital to analog converter means 
2 for COJrYerting said digltizedregulamr means output signal to a process contioI signal • 

- . 
:.·· ··: 

. . 


