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Specification

APPARATUS FOR RELAY BASED MULTIFLE POINT FROCKSS FREQUENCY
RESPONSE ESTIMATION AND CONTROL TUNING

th tion

The present invention relates to closed loop systems having a regulator for control of 2
process, and more particularly to an apperatus for estimating the process frequency response
and using the estimated frequency response to design the regulator.

Brief Description of the Prior Arxt

Controllexs for tming the response of a system or a process have been the subject of
attention in the prior art. A typical block diagram of such a controller and process is shown in
Fig. 1 wherein the output y of a process 10 is fed back through a feedback network 12, the -
output * of which is subtracted from a reference signal r by a comparitor 14 which outputs an
error signal e. A control circuit 16 is designed to respond to the exror signal e by outputting a
process control signal u for directing the process 10 to output a corrected y such that the error ¢
is zero,

Achieving antomatic tuning involves identification of the process 10, and the design of
the controller 16. The control output % as a fimction of time is applied to the process 10 to
assure the desired outputy. It is generally convenient in analysis of such processes and control
circuitry to mathematically transform the parameters from the time domain to a frequency
domain, This process is done in electrical ¢ircuit analysis by means of the well known Fourier
Trensform. Manipulation of design parameters is much more conveniently achieved in a

. frequency domain. The frequency range of Interest for such applications is wsually from 2zero

up to the process critical frequency o, ie. the frequency at which the phase of a process
frequency response crosses -180°. This critical frequency and the process frequency response
at this point are useful for control analysis and design. For traditional frequency response
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identification, the fiequencies of the exciting signals u fed into the process/system 10 should be
carcfully selected based on the process bandwidth. The use of relay feedback can
automatically excite an unknown stable process around this frequency ©.. Such a method is
described in U.S. Pat. No. 4,549,123 by Hagglund and Astrom. Furthermore, traditional
frequency response identification usually involves an open loop test, while the use of relay
feedback involves a closed-loop controller. A closed-loop test is prefiezred to an open-loop test
mmlmhMMxtW%mMmmemmwMﬂmpmm '
operates in a lincar region where the frequency response is of interest. :
Rehybasedprocessldennﬁcaummdoonuolnmmghavcmwedagteatwof
attention. The method of Astrom and Hagglund is useful in many process control applications,
but it also faces two major problems. First, due to the use of a describing function
approximation, the estimation of the critical point is not accurate enough for some kinds of
processes. Second, the method of Astrom and Hagghmd depends on the single critical point
o,, and only crude controller settings can be obtained based on this single point. Attempts
have been made to solve this problem, including several modified identification methods using
relay-based feedback control systems in order to identify more than one point on the process
frequency response. In order to accomplish this, additional linear components (or verying

~ hysteresis width) have been connected into the system requiring additional relay tests to be

pexformed.  These methods are time consuming and the resultant estimations are still
approximate in nature since they rely on repeated nse of the standard method as described in
Astrom and Hagglund.

It is therefore clear that a method is needed whereby more points on the process
frequency response can be accurately identified from a single relay test.

SUMMARY OF THE INVENTION
It is therefore an object of the present invention to provide an improved epparatus for
process frequency response estimation and controfler tuning.
It is a further object of the present invention to provide an apparatus for process
frequency response estimation and controller tuning for accurately identifying multiple points
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on the process frequency response with a single relay test.

It is a still further object of the present invention to provide an apparatus for process
frequency response estimation and controller tuning for accurately identifying multiple points
on the process frequency response with a single relay test, whereby the controller regulator is
tuned with respect to the identified points on the process frequency response, whereby the
controller system achieves an improved, uniform response. o

Briefly, a preferred embodiment of the present invention includes an apparatus for
tuning a regulator in a process controller, The digitized output from a standard relay and a
parasitic relay are fed through a digital to analog converter providing signals at .5 ®,, ®, and
150, to the process, where @, is the process critical frequency. The apparatus-records the -
digitized relay output «' and the digitized process output )" until stationary oscillations are
reached. The outputs »' and )’ are then used to calculate the process frequency response at
S0, &, and 1.5@,. This data is then used to design the regulator, the output of which is
converted to analog form and inputted to control the process.

An advantage of the auto-tuner of the present invention is that it can estimate multiple
poinis on a process frequency response simultaneously with one single relay test, resulting in
time savings.

A further advantage of the present invention is that it gives accurate results since no
approximations are made, and the computations involved are simple so that it can be easily
implemented on microprocessors.

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

Anoﬂxeradvantageofthepreseminvenﬂonisﬂ:atﬂaemmnerumingmeﬂmds_ '
employed work well for the general class of linear processes with different dynamies,
achieving consistent and satisfactory responses.

IN THE DRAWING

Fig.lshowsapriorartproéessoomrolsystem;

Fig. 2 isa block diagram of the preferred embodiment of the present invention;
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Fig. 3A shows the digitized modified relay output for the process frequency response
estimation relay test;
Fig. 3B shows the process ouiput during the relay test;
Fig. 4 illustrates a relay with hysteresis for noise reduction ;
Fig. 5 is a Nyquist plot;

Fig. 6showsareg|ﬂat0tusinganMCsysbexnsconﬁgmat10n,and
Fig. 7 shows the results of PID and IMC regulator designs.

Referring now to Fig. 20fthedramng,aprefmedembod|mmtofﬂwsyswm0ftbc
present invention 18 is shown to include an auto-tuner 20 which is responsive to a digitized
reference signal 7 af input 22 and a digitized process output signal y at input 24 to provide
signals v’ at output 26. _

The digitized signals v’ ave converted to analog signals » by digital to analog converter
28 and outputted at 30 to the process 32. The output y at 34 of the system 18 is shown
schematically %0 include the sum of the output at 36 of process 32, and noises » and
disturbances w, the addition schematically illustrated through use of summing networks 38
and 40. Theomptuymconvcrtedbymalogtodxg:taleonvm&mpmwdeﬂ:edmd
input y at 24,

Theﬁmcuonspa'fomedbyﬂaemno-umerMateschmahcdbuﬂushatedmsidethe
auto-tuner 20 block.

The objective of the auto-tuner 20 is to automatically identify i.e., estimate the
frequency response /dynamics of the process 32, and then to automatically design/configure a
regulator to control the output y of the process 32 according to the applied referenco signal 7.

A more detailed description of the fimctions performed by the auto-tuner 20 will now
be given in reference to the circuitry illustrated in Fig. 2 inside the auto-tuner 20 block. In
order to identify the frequency response of the process 32, the switch 44 is set to connect the
output 46 of summing network 48 to the input 26 of the digital to analog converter 28. In this
mode, the signal output at 46, provided by the relays 50 and 52, controls the process 32. The
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digitized proccss input u et 26 and digitized process output ' &t 24 are then recorded by
conventional circuitry (aot shown) until stationary oscillations are reached i.e., until there are
no variations in amplitude or period of oscillations in the output y. The output at 46 includes
process excitation frequencies including 0.50, , o, and 1.5 @, and in response, the ontput y of
the process also contains these frequencics. When the stationary oscillation condition is
reached, the recorded/saved « and ' are then used to compute the process 32 frequency
responsedmattheﬁequmcics.Sm,m,andl.Sm,usingequaﬁonsZandS.whiohwillnowbe
described in detail. The auto-funer 20 circuitry then uses the calculated process frequency
response data to design the regulator 54. When the regulator 54 is determined, the switch 44 is
activated to conneot the regulator output 56 to the input 26 of the digital to analog converter
28. At this point the regulator 54 responds to the regulator input e at 56, e being the difference
between the digital reference 7 and digitized process output y by applying a signal «', which
convexted by digital to analog converter 28, provides the signal u to the processor to drive the
processor to output a y at 34 corresponding to the reference r.

The procedure described above and with the following text as performed by the auto-
tuner 20 can be implemented in a computer, the inputs being the digital refetence » and the
digitized process output )/, and the output being the digital control signal . In addition to the -
specific blocks noted within block 20, block 20 also represents the digital apparatus responsive
% r and y* for caloulating the process frequency response, and for calculating the required
regulator parameters and setting the regulator as required. Such operations performed
according to the equations disclosed will be understood by those skilled in the art.

As discussed above, Fig. 2 is an arrangement of apparatus for automatically estimating
a process frequency response and designing a process regulator. The details of the process
frequency estimating apparatus will now be described in detail. '

Assume that initially, process 32 runs in open loop. Then a standard relay 50 and the
novel parasitio relay 52 of the present inveation are applied to process 32. This results in input
and output time responses () and y(f) of process 32. (t) and y(¢) are sampled at a sampling
period of T and are tecorded until stationary limit cycles of x(t) and y(t) have been reached.

The key of the present invention is the modified relay which consists of the standard
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relay 50 and parasitic relay 52, as shown in Fig. 1. The standard relay operates a3 usnal with
the amplitude of the sampled output (%) being h, where us(k) is the k-th sample of 2;(®). Itis
well known that the standard relay can excite process 32 mainly at frequency o,. In arder to
provide excitation of the process 32 at fiequencies other than @, for uso in control while
maintaining the process output oscillation under such an arrangement, a parasitic relay 52 with

" output amplitude o/ and twice the period of u; (%) is introduced and superimposed on (k).

This implies that the output (%) ofthcpmsiﬁorelaySZﬂip—ﬂopsoneeeverypeﬁoQof
oscillation in (k). The parasitic relay 52 output u,(%) is desceibed by the following equations,

uz () =oy;
w2 (k) = oh. sign(uz (k-1)),ifwr (k-1 >0 and w(k) <O;
uz(k) = uz (k-1), otherwise;

L))
where o is a constant coefficient. o should be large enough to have sufficient stimulation on
the process 32 and it should also be small enough such that the parasitic relay 52 will not
change the period of oscillation generated by the main relay 50 too much. The preferred range
of values for o is from 0.7~0.3. The output at 46 of the modified relay apparatus is thus given
by u(®) = uz (&) + w,(K), and is sent as the input to process 32.

In this way, the process is stimulated by two different excitations whosc periods are 7,
and 27, respectively. The digital input u' at 28 resulting from the modified relay apparatus is
shown in Fig. 3A. The output y at 34 from the process 32 will appear as shown in Fig. 3B, and
will reach 2 stationary oscillation with the period being 27.. Due to two excitations inu, y
consists of frequency components at

2 =
. i
and their odd harmonics ¢
%4 10z 3 5r .
e s — acr el -
T s T , «..and T’ T, respectively.
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Yor a linear process 32, the process frequency respanse can be obtained by

[ leye ot

1} = 3 =1, 2,000
sy _L “u () dt %
2
or= @5}-12,-2”4— 1=0,1, ;

where .

are the basis frequency and its odd harmonic frequencies in %, avd y,. , and y, have & period
(27)) related to the stationary oscillations of u(k) and y(%) respectively. G(jooy) in (2) can be
computed using the FFT algorithm as

_FFI(y)
Gl = T

®

The spectrum analysis method used by the auto-tuner 20 in estimating the proceas frequency
response gives a more accurate result than methods relying on the describing function. The .
method of the present invention employs the FFT only once and the required computation
burden is modest. It can identify multiple points on the process frequency response from a
single test using the modified relay of the present invention. Moreover, the method can be
easily extended to find additional points on the frequency response. One can fiip-flop the
parasitic relay every 39 or 4% period of the main oscillations gemerated by the standard relay
and get other frequency points. One can also use more than one parasitic relay in a relay test
and find more points on the frequency response in one relay test. To estimate the static gain of
8 process, either a small set-point change at reference may be introduced or a bias may be
added to the modified relay. _

In a realistic environmment, the major concemns for any idemtification method are
disturbance and noise. It should be noted that the identification method is unaffected by the
step-like load disturbance w referred to in Fig. 1, which is a common case in practice. This can
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where o; has the same definition as in (2). The modified relay estimating apparatus of the
auto-tuner 20 of the present invention is also insensitive to noise. A preferred method of
reducing the noise in the process output y(¢) is by introducing a hysteresis in the standard relay
50. This is iltustrated in Fig. 4. The width of hysteresis should be bigger than the noise band
and is usually chosen to be 2 times larger than the noise band. Filtering is another possibility.

To reduce the effect of noise further, especially in the case of large noise-to-signal ratios, the
estimator uses the average of the last 2-4 periods of oscillation as the stationary oscillation
period, depepding on the noise level. With these anti-noise measures, the method of the
present invention can reject noise very effectively, and provide accurate frequency response
estimation at frequencies of 0.50,, o, and 1.5m_. It should be also noted that a non-zero initial
condition of the process at the start of a relay test has no effect on the estimation because only
stationary oscillations #, and y, after transient are used in the estimation, where », and y, are
independent of the initial condition. '

Example. In order to test the method in a realistic environment, extensive real-time
relay testing was performed vusing the Dual Process Simulator KI 100 from KentRidge
Instruments, Singapore. For illustration, a process was configured on. the Simulator as

— 1 -z
Gs) Ss+1e

In the test, the standard relay amplitude was chosen as 0.5 and the parasitic relay height
was set to 20%x0.5. Without additional noise, the noise-to-signal ratio of the inherent noise in
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the test environment was measured at N;=0.025%, whete N, is defined as

] mean power spectrum density of noise
= “mean power spectrum density of signal

9

or 25 N, = 4%, where the noise-to-signal ratio N, is

mean (abs (noise ))
Na2- mean (abs (signal ))

The identification error ERR is 2.5%, where

m=m{
i

é(jd)i) -

GU®) 1100%, i=1,2,3 }

G(jo))

in which G(o) and G(o,) are the actual aud the estimated process frequency responses
respectively. To see noise effects, extra noise was infroduced with the noise source in the
Simulator. Time sequences of (%) and »(3) in a rlay test under N;=10% (N;=31%) are shown
in Figs. 3A and 3B, The first part of the test in Figs. 3A and 3B (=0~12) was the “listening
period”, in which the noise bands of y(t) and u(p) at the steady state were measured. Under this
noise, the hysteresis was chosen as 0.3. With averaging 4 periods of stationary oscillations, the

estimated frequency response points under this noise level are shown in Fig. 4.

Upon completion of the process frequency response estimation, the auto~tuner uses the
estimated data to automatically design the regulator 54. This process will now be described in

detail.

The three estimated points of frequency response ave used for tuning the regulator 54 in
Fig. 2. The three points are first converted into a second order plus dead time model with the

following structure

G(s) =

e-&i

as* +bs+¢’

&)
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V)= Goyatjobre: » 1=h33
©
The magnitude of both sides of (6) is taken as
] .
[0 o 19 = , i=1, 3, 3.
Ia;wn)]2 :
(7)
where )
. 0 =[a* b* -2ac ¢*Y.
Then,
, [« b cl=] & 6,+2/88, JG |
In addition, the phase relation in (6) gives
oL =-aglG(jo )]~ tan” (c-b—:’ﬁ'”-), i=1,2 3.
®
It will be clear to those skilled in the art that L can be obtained with the least squares
method. .
With the model in (5) for the process available, a controller can be designed. A PID
controller can be written in the form:
K=KALLRAC,

®
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e ' =t =i
A T B Z° C &
The controller zeros are chosen to cancel the model poles, i.e, A=, B=b, C=¢, where q, b and ¢
are the model parameters detenmined from (7) and (8). Then the resultant open-loop transfer
fomction G(s) K(s) is approximated by

- ~sL,
G(s)k(s)=%—.

. (10)
Its closed-loop poles can be selected from the root locus of the loop by assigning a
proper value for k.

For the transfer fanction in (10), real or complex roots may be obtained for the closed-
loop. In the mefhod of the present invention, the controller zeros have been chosen to cancel
the model poles. Exact cancellation is never expected since the process can be of any order
while the model is only of second onder. For highly oscillatory processes, it is possible that the
mcanceled dynamics will drive the system to heavy oscillation, and hencs it is reasonable not
to create additional oscillatory dynamics by having complex close-loop poles, Real closed-
loop poles are chosen for the systom instead. On the other hand, for non-oscillatory or lightly
oscillatory processes, the uncanceled dynamics will not bring the system to severe oscillation,
andl}mceitisadﬁsablewinuodueesomeovershootbyselecﬁngcomplexclosed-looppolw
s0 a3 10 speed up the response.

For ease of presentation, some terms will now be defimned that will be used in the
following description. The equivalent time constant ¢, of & process s inversely proportional to

_ its speed of response. For monotonic processes, the speed of response is reflected by the

locations of the dominant poles, For oscillatory ones, it is related to the real part of the
complex poles which determines the system attenuation and hence serves as a measure of the
process speed. According to equivalent time principles, we have
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where @ b and ¢ are model parameters that can be obtained from (7). Another variable of

infercst o the design method s the damping ratio G, of the open-loop pant which i defined as

L3
.

;ﬁ. B2~hacet;
Go = ]

I, b2-~dacz0.

(12

with g, b and ¢ being the model parameters. The solution fto the regulator design?] will now
bepresmdbysepmﬁngitintothreecases._

Casel. ¢,>0.7071 or L <0.15 or —I‘->1.

Te T,

Complex closed-loop poles on the root locus are chosen based on the reasoning given
carlier. In order for a pair of the desired poles

s+-tg, = jw,,‘,I—g:

where ¢, is the closed-loop damping ratio, to be on the roat locus for the system in (10), the
phase condition

-w,,,’I —g2L~(r-cosg)=—x
(13)
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has to be satisfied, giving
@, = o8 ¢, .
I,
(14)
The magnitude condition then assigns the value of k to
k_.—_m“e"'rl'ﬁ.

as)

Simulation results show that the feedback system gives satisfactory responses if closed-
loop poles of damping ratio ¢, = 0.7071 are chosen. Substituting ¢, = 0.7071 into q. (14) and
(15) results in '

0.5064

k= —————

L -
(16)

CaseIl. ¢, <0.7071 or o.zss-f-sz.

¢
In this case, we choose the closed-loop poles as real double poles on the root-locus. s
location is selected to have a similar response speed to that of the open-loop one if it is
achievable, i.c. it is before the breakaway point. Otherwise the breakaway point will be used.
In order for

1o be on the root locus,

(17

To find the breakaway point, it is noted from eq. (14) that
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lim wn = lim l_g'z' L
Snal SN _
(18)
Hengce, the breakaway point is
, 1
52 =05 tj@ =6, == -
and the corresponding gain is
=1
(19
Therefore, the value of k should be taken as
_L
k=mm{ie—'€a-, L }
T, el
(20)
Casem.—té:»z.
Processes with long dead time tend to produce very slaw responses, In fact, the single-loap

slmomreisinadequateinhandlingsuchpmcesm One possible solution is to apply the
Intemal Model Control (IMC) strategy to compensate for the long dad time. The controller
structure is shown in Fig. 6. The model of the process is denoted as G (s) in the figure, and
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where the parameters g, b ,¢ and L are piven in (7)-(8). The controller is now modified to

as® +bs+¢

K@= 7
i ;ST, +1 )2

where <, is the equivalent time constant defined in (11) and o is 2 design parameter to adjust
the speed of response. The larger the value of a, the faster the response becomes. The typical

range of o is ae[0.5,5]. If the mode! is exact, the system will have an equivalent trensfer
finction of

@n

I -

H (5)= €
y -l—sz', +1 r
(a

The dead time is therefore brought out of the loop, and the speed can be chosen to be as
fast as desired by selecting a large o value. Since this inevitably increases the size of the
control effort, the limit is set by the saturation of the control signal and the accuracy of the
model. '

When the regulator 54 in Fig. 2 is desigaed, the switch 44 is connected to the lowee
node 56, and the anto-tuning is completed.

22
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Example Consider the following long dead time process given by the transfer function

1 5
Gls)= ¢ +2s+3)(s+3)£

The model of the process if found to be

- 1 . 2305
6= 29215 +6.5365+9.031°

The PID controller is designed to be

K(s)=1.446+1'-§’-’§-+0.646s. -

Since the process is dead time dominated, the IMC approach can be employed to speed up
the response. Choosing the value of & =2 in eq, (21), the controller is computed to be

K@= 2.921;' +6.5365+9.031
@0.394“1 i

The control performance of the IMC and PID controllers is also shown in Fig. 7.

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

speed is much increased, and the sattling time end overshoot are significantly reduced.
Although a preferred embodiment of the present invention has been described above, it

will be appreciated that certain alterations and modifications thereof will be apparent to those

skilled in the art. Xt is therefore intended that the appended claims be interpreted as covering

all such alterations and modifications as fall within the true spirit and scope of the invention.
What is claimed is: '
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CLAIMS - IR
An apparatus for estimating the frequency response of a linear stable process comprising:
2. signal excifation means for providing a process contral signal including a process
critical frequency and a plurality of signals of different frequencies; and
b. identification means based on the fast fourler transform for estimating a plurality of
points on said frequency response of said process from input and output stationary
oscillations of said process.
An apparatus as recited in claim 1 wherein said signal excitation means includes ‘
a. astandard relay for providing said process critical frequency; and
b. aparasitic relay for providing said plurality of signals. <
An apparatus as recited in claim 2 wherein said parasitic relay is set to flip-flop every k-+h
period of said standard relay, where & is selected from the group including .5 and positive
integers.
An epparatus as recited in claim 2 wherein an output of said standard reley and said
parasitic relay can be biased to output a signal indicative of an estimate of a static gain of
said process.
An apparatus for tuning a regulator in a controller of a process comprising:
a memsforesﬁmaﬁngﬂaeﬁequencymsponseofsaidpmcessincluding
i signal excitation means for providing a process control signal including a
process critical frequency, and a plurality of signals of different frequencies; and
fi  identification means based on the fast fouricr transform for estimating a
plurality of points on said frequency response of said process from input and outpat
stationary oscillations of said process; and
b. regulator design means for calculating parameters of a regulator, said design means
using said plurality of points on said frequency response of said process.
An apparatus as recited in claim 5 wherein said regulator is a PID regulator.

. An apparatus as recited in claim 1 wherein said regalator is an IMD regulator. -

An apparatus as recited in claim 5 wherein said regulator design means includes
a. means for canceling model poles with controller zeros; and
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b. means for computation of & constant gain of said controller; wherein said means for
canceling and means for computation are used to generate closed-loop poles for a
controller feedback system.

9. An apparatus as recited in claim 5 wherein said signal excitation means include
a. astendard relay for providing said process critical frequency; and
b. aparasitic relay for providing said plurality of signals.

10. A apparatus as recited in claim 9 herein said parasitic relay is set to flip-flop cvery b
period of said standard relay, where & is sclected from the group including 0.5 and positive
integers. )

11. An apparatus a3 recited in claim 9 wherein an output of said standard reldy and said
parasitic relay can be biased to output a signal indicative of an estimate of a static gain of
said process.

12. An apparatus as recited in claim 1 wherein said signal excitation means includes
a. first programmed computer means responsive to a digitized teference input signal r and

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

b. digital to analog converter means for converting said digitized process output signal to
a process excitation signal; and

c. analogmdigimlconvertermeensforconve:ﬁngapmoessmnpmsignalt'osaid
digitized process output signal.

13, An apparatus as recited in claim 5 wherein said signal excitation means includes
a first programmed comgruter means responsive to a digitized reference input signal and a

digiﬁzedpmcwsmﬂputsignﬂbpmﬁ&adigiﬂlmcitaﬁmméammﬂpﬂsigmk

b. digital to analog converter means for converting said digitized process output signal to
2 process excitation signal; and

c. analog to digital converter means for converting a process output signal to sald

14. An apparatus as recited in claim 13 whetein said identification means includes second
programmed computer means,

13. An apparatus as recited in claim 14 wherein said regulator design means includes



N R b N

LU

19

. mnmmmw_mmmmmamm
ou@msignaltopmvideaﬁgihdmgﬂmwm?mmm .
16 Anappmamsasrecitedinclaimlsﬁuthercompﬁsingdxgmlwﬂnﬂogcon . means
.forconvuung' ing said digitized -regtﬂmmeanson@ut'gnaltoapromeonn-olsxgml.



