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ABSTRACT &
The thesis is concerned with identification and control of single-input-single-outpu SO)

gcesses 1S

lay test. An

and two-input-two-output (TITO) processes based on relay induced limit cycles.

A relay based on-line identification method for stable and unstable SIS

proposcd where the process model parameters are cstimated from a sing
idcal relay in parallel with a proportional-integral-derivative (PID) contg induces a limit
cycle oscillation whose frequency and amplitude are used for the p@ss identification.
Firstly, the describing function (DF) analysis is used for the propo tdentification method.
The analysis is also accomplished by state space approach to o\g¢tgome the limitations of
the DF method. Load disturbance and mcasurement noigg jare the two commonly
encountered problems during the process identification. Tl vo problems are taken care

of in the proposed identification method. The load dist ce is rejected successfully by

the continuous action of the integral controller in the | and the Fourier series based curve

fitting technique is used to get the denoised limit ¢ rom the noisy one. The curve fitting
method has its own limitations. Firstly, it givggmpy ofl-line noise free limit cycle signal.
Sccondly, the noisy signal fed to the relay re in multiple switching. To overcome these
limitations, an adaptive low pass filter is |@cd in the feedback path during the auto-tuning
test. @
The proposed on-line identificationApethod for the SISO process is extended for TITO
processes. A diagonal transfer ll&on madel of the process dynamics is identified for
decentralized controller designe(h) interaction between the loops affects the accuracy of
the process model. 'I‘I‘C"C"(WL‘& proportional controllers are inserted in the inner feedback
loops to reduce the loop ij@n tion. A preload relay (P_relay) based identification scheme
is also proposed to idc@ the diagonal transfer function models. The proposed scheme
estimates the process lel parameters accurately in the presence of loop interaction and
measurement noisc.%
A PID conlmll.%ign method for stable and unstable (irst order plus time delay (FOPDT)
process mmlc%ng the gain and phase margin criteria is proposed. The conventional PID
conlmlk‘© results in excessive overshoot in servo problem, particularly for unstable
12 processes. Hencee, a two degree of frecdom PI-PD controller is designed tor

and mnte

the I T process model. The PD controller is designed so as to ensure stability of the

AN
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inner feedback loop whereas the PL controller by loop phase and gain margin critcriz%Thc
design method is extended for the decentralized PID controller design of TITO prm&s.

In the above controller tuning approaches, the process dynamics is first fitted to%nsfcr
function model using the parameter estimation methods based on the 1 induced

where the controller is tuned based on the frequency response informationotained from the

oscillation signals. A modcl-free controller tuning approach for SISO procg&%‘ 1s proposed
relay experiment. No structural assumption is made of the proccss.@c distance of the
Nyquist curve of the loop transfer tunction from the imaginary ax@ complex plane and
the loop phase margin are used in designing the controller par&mters in this model free

approach.
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1.1 Relay Based Identification

1.1  Relay Based Identification & J
1.1.1 Identification of SISO Processes ?

Mathematical models of both existing and envisaged systems when made using wg wn

Zconlrol

techniques can result in higher order models leading to difficulties in design

systems, in performing simulations and analysis besides creating hardware ¢
a result, during the last couple of decades, a large number of methods f fer reduction
were developed to handle lincar time invariant continuous and dis@e systems [1].
However, a lower order transfer function model of the process dy ics can be obtained

from a relay feedback experiment. Auto-tuning using relay fee@k is widely used in

industry because it is a closed loop method and thercfore an on- gulation of the process
may be maintained even when the relay test is being coi d. It is used to find the

dynamic information of the process and thereby to tu ¢ feedback controller. The
reliability of the method is used by Astrom and Hﬁg%&ﬁ]

rocess industry. Luyben [3] is one

. Process identification using

auto-tuning variation (ATV) is one uscful tool toda

of the pioncers to explain ATV technique for pr
The normal use of relay feedback is to inducg/@%i

models are then obtained from the mcasQﬂcnts made on the limit cycle output. For

dentification of low order processes.
tit cycle in the process output. Process
analysis, the nonlinear clement relay i proximated by a gain using the describing
function technique. The describing fugegion technique is used by several authors to identify
the transfer function models of sta d unstable processes. The accuracy and efficiency
of the relay based ldCl‘lllﬁL'\llOl@JC been improved in [4-14] by reducing high-order
harmonic terms or using the &101 analysis instcad of the describing function method.
Two relay tests are used K% ct al. [4] to identify an cquivalent model of stable and

unstable process. How the usc of an additional relay test is tedious and time

consuming. Shen et a rave used a biased relay for getting the model parameters using a

single relay test. Fya 1an and Yu [11] suggested a method that includes the cffect of shape
factor in ulcnu@ the stable and unstable FOPDT process models. Srinivasan and

('hidamlwmm have proposed a modified asymmetrical relay feedback method to get

improved s u »s of the parameters of the FOPDT model. The asymmetrical test requires
meter and the value of that parameter is to be selected appropriately for

an extre
;lccmtf ‘_\:'\lnmllmn of the model parameters. Vivek and Chidambaram [13] suggested an

[§9]
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1.1 Relay Based Identification

A

~N

improved method for calculating the FOPDT model from symmetrical relay lunin&f the

simultancous solution of three nonlinear equations to estimate the three model )WCICI‘S.

Again, Vivek and Chidambaram [14] identified an unstable FOPDT model ¢ cring the
higher harmonics. Chang et al. [15] used the z-transform method, which is |§ ol the exact

methods for relay identification. But, their method uses the amplitude 1a quation from
the approximate describing function analysis. Wang et al. [16] used a l@iomain approach
to obtain the exact expressions for the limit cycle waveform for a F T transfer function
model. Atherton [17] also used a calculated exact wavelform for Woth stable and unstable
FOPDT transfer functions to produce simple corrections w can be used with the
describing function method to give better accuracy. Majhi a therton [18] have derived a
set of general expressions [rom a single asymmetrical 1'elag\l?l to identify the exact model
St

parameters of open loop stable and unstable first ordc:

plus time delay processes using the state space appron%.
@

ime delay and second order

Although, the relay auto-tuning is improved by s authors using modified relay based
identification or by using the Fourier analysis oy @xact analysis, the improvements do not
overcome the practical constraints of the Con}&%%m] relay based identification. First, it has
a sensitivity problem in the presence oniislurbancc signals, which may be real process

perturbation signal or equivalent one :11@ (rom varying process dynamics, nonlinearities
I o IFor small and constant disturbances, iterative

and uncertainties present in the prgeess
solution [21] has been proposed b %ﬂling the relay bias until symmetrical limit cycle is

obtained. However, for general dfgurbance signals, there has been no eflfective solution to-

date. Sccondly, the relay swiyyhime levels are determined with respect to the steady state

operating conditions of U %mul and output signals and static gain of the process.
Therelore, it is difficult %(h srmine when the relay experiment is to be initiated as it is not
above conditions are satisfied. Thirdly, the relay auto-tuning

possible to know whei

method is not ;lmﬂi% to certain class of processes which are not relay stabilizable, such

as unstable proceSgg and processes with more than one integrator [72]. For these processes,

relay leedback s not induce stable limit cycle. Again, the conventional relay feedback

test for uns%
unstable l'nnslaml is less than 0.693 [18]. The above ratio can be extended up to one by

pros idi@ inner feedback proportional controller during the auto-tuning test [23, 24, 40].

FOPDT process produces limit cycle when the ratio of time delay to

TH-422_PKPadhy



1.1 Relay Based Identification
AN

N

But, 1tis difficult to design the controller during the identification. Finally, the conv&ml

%k Honal

B {
process regulation which may not be acceptable for certain critical applicatiofRndeed, in

1%i it may be

ses. Therefore,

relay method is an off-line identification method. Off-line tuning affects the 2%5

certain key process control areas such as vacuum control, environment cc

too expensive or dangerous for the control loop to be broken for tuning pu?

the tuning under tight continuous closed loop control (on-line) is necc@.

1.L1.2 Identification of TITO Processes @

AN

Multivariable systems are more difficult to tune and COHII’(@]H the single-input-single-
output systems. Such systems ofien called as multi-input-1 -output (MIMOQO) systems are
commonly found in automated plants, aircrafts, chemycal>industries and other fields. A
multivariable control system where the control loopindcpendcm|y tuned according to
recommendations given for the SISO systems ollggeeeSlts in a closed loop unstable system.
The main dilTiculty in controlling a multivarg system 1s the interaction between the
loops and among various plant variables. Thi§ rg)ses several issues for multivariable control

system design. These include: interacti alysis, loop pairing, decoupling, robustness,
implementation considerations

and cconomy. The most basic and well-known form of a

MIMO system is a TITO system.  methods have been presented in the literature for

the identification of TITO process 5-38].

Many modern controllers a:‘c&%gpcd with various adaptive techniques such as self-tuning,

on-line tuning and zmlo—@w(. .
have proven to be \\'c&u °pted among process engineers. A large majority of existing

tuning methods [()Kﬂ?\'nrmblc controllers require good process model in order to achieve

satisfactory [unmg@ curate modeling of process dynamics is time consuming and requires

CXtensive expey

Uz

These features provide casy-to-use controller tuning and

tation. One of the most common approaches to tune a controller

dutomatical w0 connect a relay as a feedback controller to the process during tuning [2].
The relay:

St toridentification of TITO processes can be accomplished by the following
three

1|sil%

l@ mmdependent single relay feedback method, one relay is used in one of the loops. This

hod does not excite multivariable interaction dircctly and therefore, it is difficult to

dle ways: a) using a single relay, b) by sequential operations of relays and ¢)

ceentralized relay.

TH-422_PKPadhy



1.2 Controller Design

achicve fine-tuning of decentralized controllers when all loops arc considered [45, 46]&

the case of sequential relay feedback, the multivariable system is tuned loop-by- 7
‘closing each loop once until all loops are tuned. Each time a relay configuration is up to
[ind out critical point (critical gain and frequency) of the corresponding loop ]. In

“decentralized relay feedback, both the relays arc closed at a time to tune the ivariable

system. Among them the decentralized relay feedback technique is the mo3tywidely used

technique in industry now a days for identification and control of TIT stems [49-58].

Using the results of relay experiment a multi-loop controller can be ﬁopted for the TITO

systems. @
1.2 Controller Design @
1.2.1 Model Based Controller Design \/

In process industry, more than 95% of the controllers %[. PI/PID type. This is mainly
attributed 1o its clfectiveness and simple structure, h can be easily understood and
implemented in practice. Conscquently, the 1‘cscar‘@ PID control algorithm development
and their applications is still a very active ar %(many formulae have been derived to
tune the PID controllers over the years [73],The importance of PID control comes from its
~ convenient applicability and clear cffe cach proportional, integral and derivative
control. Several methods are available 'n@lilcralurc to design the PID controller for SISO
processes [24-39]. However, PID &%lcr results in an excessive overshoot for unstable
and integrating processes. HenceRgvd degree of freedom controllers (P1-PD, PID-P, set-

point weighted PID) are dcsig& overcome the structural limitation of the PID controller
(40-44]. @

Multiloop diagonal SIS ontrollers are often used to control multi-input-multi-output
processes. The simplestructure and the easiness to handle the loop failure are most
attractive advantagesol such controllers. Flowever, the controllers encounter interactions
existing among loops which have resulted in several open research topics for years.

Many design Wodg have been reported in the literature for the control of two-input-two-

output proeedses [59-69].
Gain an ase margins have always served as important measures of robustness for the

SIS(%. em. Phase margin is related to the damping of the system and can therefore serve

TH-422_PKPadhy




1.2 Controller Design

as a measure of performance. Ho ct al. [31] presented simple expressions for the control@
parameters ol a SISO process using loop gain and phase margin criteria. In [59], the W
phase and gain margin technique is extended for controlling the TITO processes. The phise
| and gain margin criteria are used for the controller design for both the SISO z?FTITO

processes in our proposed methods.

1.2.2 Model-Free Controller Design @

Tuning techniques for controllers which do not require a mathematical no;cl of the process

are regularly used in industry, especially in auto-tuned PID cont . The pioneering

method was first sugeested by Zicgler and Nichols [36] in 19 r the tuning of PID
controllers. The tuning method is basically based on the contegls of the critical point

(critical gain and critical frequency) of the process Nyquigtjifrve which is obtained by

inserting a proportional controller of suitable gain in the feedback control loop to make the

process output oscillatory.  Thercafter, many l'urtheu@w

improve the above tuning technique. One of the m@mpulm’ methods was suggested by

tributions have been made to

Astrom and Hiigglund [2] in 1984 for the aulom'@&ming of PID controller where a relay
is used in the feedback control loop to obtain tl&ilical point of the process Nyquist curve.
But, the critical point obtained by the coxf Ational relay method does not give the best

possible information about the process witspect to PI/ PID controller tuning. Additional

information can be obtained by idei g a point in the third quadrant of the complex

plane introducing an extra phasc IR the relay. Scali et al. [22] identified a point in the
third quadrant using a modili ay (time delay along with the ideal relay) for the
identification of completely %ﬂ\&)wn processes. However, their method requires several
relay tests to determine th ¢ delay of the modified relay. Also, the delay used during the
identification is indepe @ of the controller parameters. In [20], it is shown that the
accuracy ol the descxi®mg function can be improved by using an integrator along with the
ideal relay during d(.%l fication as per the attenuation characteristic of an integrator. The
process is appr(%lcd by a low order transfer function model and the PID controller is
designed by Ahpdpole-zero cancellation principle for a specified phase and gain margin. The

approxiny s used bygtheir method fail to give good results for many typical process

modcl%

N

¢
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3 Qutline of the Thesis

Tan et al. [39] proposed a robust on-line automatic tuning method for the PID (,on@
where the controller parameters are tuned non-iteratively. In their method, the relay ces
limit cycle output ol the controller-stabilized process. The method is not Hll[l[ 1w;11'd
since an initial PID controller is required to stabilize the process before initjNga the relay
lest. Ho et al. [33] incorporated the ideas of iterative feedback tuning (1FT relay auto-
tuning of PID controller to give specified phase margin and bdndwldlh SO n limitations of
the conventional relay auto-tuning technique using a version of the Z@l—\lChOlS formula
[36] are overcome by their method. But, the time required for lhm&)n—lmc experiment may
hot be aceeptable in practice. A modified relay based auto-tunif@pethod is proposed in this

thesis for stable processes to overcome problems associaucd‘ the above methods.
13 Outline of the Thesis @

The thesis is concerned with identification of an %alcm transfer function model of a
process dynamics from the relay feedback test @hc describing function and state space
1@

analysis. To make the identification more rey

noise are introduced during (he i(lcnliﬁc;w@ Y

identified model are then proposed. OBpining a good process model may require a large

»statie load disturbance and measurement

ome controller tuning methods based on the

amount ol time and the expense m [ be justifiable. Therefore, a relay based auto-tuning

approach is proposed where (he ‘mlrollu can be tuned automatically on demand without

identifying the process mode thesis is divided into six chapters. Brief descriptions of

the rescarch contributions @ in the four chapters (Chapter 2 to Chapter 5) of the thesis
are as follows.

1.3.1  Chapter 2 &

n this chapter, L_\,’LIL data based on-line tdentification methods for stable and unstable

SIS % 4 WER T Tr— N , .
O processdxye proposed. To overcome some limitations of the conventional relay auto-

tuning imit cvele is i s5d . . , .
Ng ng - limit cycle is induced connecting an ideal relay in parallel with a PID

Co Plie ol .
H]“”]]Q he relay sees a fictitious process whose order increases because of the PID

con , .
¢ “ Phe DI analysis is used 1o estimate the SISO process model parameters. There

reasons for using the DFF analysis. Firstly, the generally acceepted point about the DF
hod is that its accuracy increases with the relative order of the process transfer function.
Secondly,

terequires much less computational effort compared to some exact methods for
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[.3.0Qutline of the Thesis

system identification. To improve the performance of the auto-tuning method, the Py&:

controller is divided into PLand PD parts where the PD part in the inner loop and the Pl

in parallel to the relay in the error path induce limit cyele output. The proposed metl Yes
to couple the advantages ol relay based identification of an inner feedback ¢ ller-
stabilized process. In the DI method, only the fundamental frequency comy t of the

nonlinear relay output is considered, thereby, alfecting the accuracy of the idoRgified model.
Hence, the state space analysis is introduced to overcome the limitations/@/RE DF method.
However, one need to solve simultancously a set of nonlinear equations to estimate the

process model parameters and therefore, the describing function anghysisis used extensively

I subsequent studies. Estimation errors of the process model py Cters increase with the

asymmetrical and noisy limit cycle output data due to the pregendFof static load disturbance
and sensor. However, the static disturbances during on-line identification are
suceesslully rejected due to the continuous action of the®yoral controller in the loop and
smooth limit cycles are obtained from the noisy ong gswg the Fourier series based curve

fitting method. The Fourier series based curve li@mcihod gives an off-line noise free

limit cycle signal at high con

nputational cost. the noisy output signal is being fed to

the relay, it often results i multiple switchin® These limitations are taken care of by

rin lli edback path during the relay experiment. The

ate the p

nserting an adaptive low pass filte
new technique is able to estim ss model parameters accurately even when the
process is subjected to the static log

&@urbancc and measurement noise.
1.3.2 Chapter 3 @

Inthis chapter, the proposdd lay based on-line identification method of chapter 2 is

extended for the TITO &‘L‘SSCS- AUTIrst, an on-line identification method for the TITO
OCOCene o e, 5 e ' b 5 % 1
processes iy pusullul@u two PID controllers are connected across the relays in the

lorward pachs 1o ine he

order plus delay SO transfer function models for the TITO process dynamics in the

presence of l(%lsmrhancc and measurement noise. The interaction between the loops

alfeets the oo racy i the identification of the process model. Therefore, the identification
1?

mllmd@ dified by mserting proportional controllers in the inner feedback loops. The
Propoy controllers stabilize

limit cycle output. The proposed method identifies two second

the process and reduce the loop interactions at the critical

J
CRUORY thereby mereasing the accuracy of the identitied models, Further, P relavs based

S
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1.3 Outline of the Thesis

identification method is proposed for the identification of two SISO transfer t‘un&

models ol the process from a single relay test in the presence of large loop intcrnct% gmic

disturbance and measurement noise.

1.3.3  Chapter 4

Some controller design methods based on process model parameters n@widcd in this
chapter. Simple PID tuning formulac for stable and unstable FOPD #cess models are
derived to meet user defined gain and phase margin specifications \Further. the method is
extended to design PI-PD controller to improve the control pcr[b@ues. The PD controller
in the inner feed back loop plays an important role in slabilizim open loop processes. A
method for finding the parameters of decentralized controllges jor a TITO process based on
the Toop phase and gain margins is also presented. The oller parameters are tuned on-
line without disrupting the closed loop opcmlion.%&:omrol scheme is modified by
inserting proportional controllers in the inner fecdfeR paths to improve performances of

the forward path controllers. z
1.3.4  Chapter s &

A modified relay (an ideal relay in s with a PL controller of unit proportional gain)

based auto-tuning method for PID co ler is proposed in this chapter. The method does

not require the intermediate siao

=y

o

@liﬂcalion of process model), improves the describing

a symmetrical and noise free limit cycle output even in

[unction approximation and ens

the presence of static load rbance and measurement noise. In describing function

technique, the input to %I lay is assumed to be sinusoidal leading to crror in the

cstimation of the eriticgRggin and frequency. In the proposed method, the effect of higher

harmonics is reduc ‘(@‘ to the integral action in the modified relay. The integral time
Qn

constant ol the P troller of the modilied relay is updated during the auto-tuning test

CRSUrINg o miggmum loop phase margin ol 30" Thercalter, the PID controller is designed
C

using the i yele output data of the modified relay. The derivative time constant is
obtamed b wintaining the above mentioned loop phase margin. Minimization of distance

ol !\}@ curve ol the loop transfer function from the imaginary axis ol the complex plane

Qi ca%dqig
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1.4 Aim of the Rescarch Work

1.3.5  Chapter 6 &

Conclusions and some general remarks are given in chapter 6. Also, some ideas

\&

One ol the primary aims of this work is the identification of lower m'de@sI‘cr function

models of the stable and unstable processes in the presence of lof

Nt

possible future work related to the research are included in this chapter.

.4 Aim of the Research Work

isturbance and
measurement noise. The thesis presents some relay based appw&cs for the on-line
dentification ol SISO processes using the DF and state space a@is. Then, the on-line
identification method using DF analysis is extended for lhcniﬁcntion of two SISO

transfer function models of TITO processes having variouNe#ls of loop interactions. A

y even i the presence of loop

P_relay based identification scheme for TITO process Iso proposed. The proposed

scheme estimates the process model parameters acg

mteraction and measurement noise. The parameterQt the process models are estimated

from a single relay test. Another aim of the resg work 1s to design effective and robust

PID controllers for the identified models of QAU SISO and TITO processes. The controller

tuning methods using loop gain and plhge margin criteria are then proposed for the

identified process models. Further, a Tl-free controller tuning approach is proposed

where the controller is tuned based

ipectly on the [requency response information obtained
from the relay experiment. The

different simulation results. >

cation and control methods are demonstrated through
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Chapter 2 &%
v

On-line Identification of SISO Proces

£
&

xS
2.1, Introduction <®@
2.2. On-line Identification \/
2.2.1. Describing Function Analysis §©
2.2.2. State Space Analysis

2.3. Design of Adaptive Noise Filter

2.4, Conclusions &

9
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2.1 lntrodlu_tlon

2.1  Introduction &

Luyben [3] pioneered the use of relay feedback tests and the describing function mm r

system identification. The deseribing function approximation allows onc to idd onc
point of the process Nyquist curve on the basis of its frequency and amplitu 1en, an

cquivalent transfer function model of the process 1s obtained based on the iRRtitied point.
The deseribing function technique is used by several authors to idcnli[@nsfcr function

models of stable and unstable processes. The accuracy and efficien

the relay based

identification have been improved in [4-14] by reducing high-ggferharmonic terms or

using the Fourier analysis instead of the deseribing functior od. To improve the

aceuracy ol the identification methods, some exact methods s as z-transform method

[15]. time-domain approach [16], exact waveform methog , state space approach [18]

and using the effect of shape factor [11, 19] are proposed¥pwever, unlike the DF method,

the exact methods are not straightforward and are tmoagnsuming. It is extremely difficult

to obtain simple explicit expressions for the proccs@ ¢l parameters by the exact analysis

methods.

Although the relay auto-tuning methods have&n improved by several authors [4-19], the

Improvements do not overcome the co@ims of the ideal relay based identification

discussed in subsection I.1.1. This cl r presents a number of on-line identification

methods that include a relay in pe m 1h a PID controller in the error path (forward path)

o induce symmetrical limig cy pul even in the presence of static load disturbances.

The initial settings of the PID pller may be based on the simple prior information about

the process or one can usg ‘wOH > default sctings. However, the initial controller settings

g@%lo induce stable limi cycle output. In the proposed work. a
method 1o set the lnllm@) parameters has been susoested.

C‘:‘

should be selected carel

Onee ¢ N . § . N

©a parametric | of the process dynamics is obtained, thereafler, the PID controller
Parameters are “Pmd using the model-based PID tuning formulae derived in chapter 4.
One of the pre

d identification methods uses a Jow pass [ilter in the feedback path that

filters out lhv‘uqucncy components much higher than the eritical frequency and results in
noise-freeJ

It eycle output. The filter time constant is obtained adaptively from the

param of the limit cycele output. The relay experiment may be re-invoked for retuning
TR as : \ N e : y - .
L l% % asand  when changes  in sel-points  or  process dynamics take place.
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2.2 On-line Identification

2.2 On-line ldentification
2.2.1  Describing Function Analysis

The describing function technique has been widely used to determine the limit cy

dynamical behaviour of the processes [71]. The technique has been used &% tries for
decades and is receiving increasing attention for relay based identification ¢ industrial
processes. The relay induces a permanent oscillation of the procr@lpul and the
[requency and amplitude of the oscillation are used to identify 111@1ivalcnt transfer

[unction model of the processes using the describing function anafgss [3]. The describing

function specifies the change in the amplitude and phase of the amental component of

the relay output with respects to its input assumed to be a purdsiic wave. The principle of

identification using a conventional relay that induces limj \/{, output Y is shown in Fig.
2.1 where G(s) is the process and N s the ideal relay ONReight /7. In the figure, £ and U

arc the relay input and output signal, respectively. R@e reference or set-point input.

h L’l )
> G(s) g
1)
N
Fig. 2.1. (‘(Ku nal relay based identification structure
Let e(r) = Asinr . Whep&J 1S the peak amplitude and @ is the fundamental frequency of

the relay input signal @1(5 the Fourier series expansion, the periodic output «(s) of the
relay can be \\'rillc%l %

If(n’):z,u‘; @/\'ﬁl)ml (2.1)
Y

4h : e . . —_—

where g, % 77 are the amplitudes of different frequency components of u(r). The
2k —1)

desepd function is obtained by considering only the principal harmonic of the relay

nmm\-ignui_ Therelore, the relay is approximated by a gain of
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2.2 On-line Identification

N &%2)

7T
and the limit cyele information is obtained from the intersection ol the lucug
e A
N ah

—» OO

N —1+ 40 .,

G(jw) %
WY

0

/ﬂ/ H

Imagqinarsy

O

Fig. 2.2 N@ t curve of G (jw) and -//N locus

The relevant equations at l@crscclion point are

ZG(Jjew )= —7m (2.4)
and %Z
PO B A\ (2.5)

I'he parameters he critical point w_ and A provide valuable information about the

magnitude shase of a process under relay feedback. Using this information, an

Lier function model of the process can be estimated. In practice, the accuracy

cquivalent &g
ol theseawymates depends on how close the relay induced limit cycle signal is sinusoidal,

[
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2.2 On-line Identification

AN\

since 1t relates the accuracy of the deseribing function method in predicting the Timit cyé%

Y

parameters o and @ = = where 27 is time period of the limit cycle signal. @

2.2.1.1 Proposed On-line Identification Structure g

The proposed on-line identification structure comprises of an ideal relay im{arallel with a

PID controller G(s) in the error path as shown in Fig. 2.3, [t is assume the static load

disturbance L. and the random measurement noise A appear at ghe process input and
=

output, respectively. The proposed identification method induc 1 limit cycle output

around the sct-point. Based on the mecasurements of the liny le output, a stablc or

unstable FOPDT transfer function model of the process dynantic is identified. The relay
height /1 is non-zero during identification and immcdiat@] ter the relay test it is set to

zero. When the relay height is zero, one obtains a con@ructure with the PID controller.

However, the controller G.(s) always remains in acggm
O
A

&

G.(8) G(s)

h = \ /.
—-h R

IFig. 2.3. Prq@:g on-line identification structure with PID controller

2.2.1.2 Identificatj rocedure

Many industrial pracesses require designing simple and easy-to-use controllers for their
smooth operager, Hencee, it is desirable to model these process dynamics by lower order
transier Ilan models and then design simple controllers based on these lower order

represg ns. In this subsection, a first order plus time delay model of process dynamics

—
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2.2 On-line Identification

o N
(;,,,(.\-)—’li’— (2.6) &

T+

where A, 7 and D are the steady state gain, time constant and time delay of the pro:@
model, respectively. Let the form of the PID controller be v

, | T,s
SR [P S §)

Ts  pT,s+1
where K . T, . 7, and f are the proportional gain, integral time consta@erivaﬁve time

constant and derivative lilter constant, respectively. Normally, g A&cry small, so the
derivative filter term in (2.7) is neglected in the following for ez@n analysis. Fig. 2.4
shows the equivalent representation of the Fig. 2.3. It is apparen@m the Fig. 2.4 that the

relay sees a [ictitious process G(s)(G(s) coupled with the @%oop controller G.(s)) in

the loop. The process gets stabilizing signal from thedader feedback controller G, (s)
thereby improving its stability during identification. g estimation of the process model

parameters is carried out in the following manner. @

A

G.(s) |e

A
R . I @

—t |

—> G(s)

N v
A !

\
Fig. OEquivalent representation of Fig. 2.3

Estimation ofStca(% ate Gain (K)

The average vul%lhc process input u(7) is non-zero for non-zero reference input due to
the integral qcl%l in the controller. So, the steady state gain of the process can be obtained

from the ) the average values of the process output and input signals. The method
cnsures % fate estimation of the steady state gain in the presence of measurement noise

N

16
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2.2 On-line ldentification

and static load disturbance. For some ¢ > 27, when steady state limit cycle is produc@ci

Ve and u o be the averages ol the process output signal y(7) and input sigaal(u(r),

respectively, as shown in Fig. 2.5, The average value of the limit cycle output Yvthe set-
point value duce to the integral action of the PID controller. Therefore, the sté state gain

can be estimated as

Vo 2
poo e _ 2R @: (2.8)
”m"\: “n\;n\ + ”uliu

If average value of the limit cycle output signal is zero when %z 0, then a temporal

disturbance may be given to the set-point for a short period 0['@:;10 obtain Vaw .

M

@iy

05t

@.‘. 2.5. Typical wavetorms of  v(s) and u(r)
Estimation of T%gD

From the mcu% ements ol 4 and @, of the limit cycle output signal, 7 and D of the

process m can be estimated for any /i # 0. In order for a periodic solution to
cnrrcspo&t}( a stable limit cycle

,\"(l,' /) = —1 (2.9)

\\%
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2.2 On-line Identification

2. %
. G, A

G, (jw,)=

(2.1
I+C.(jo )G, (jo,)
Note that the oscillation [requency e varies with different controller settings. 1@ 2.9)

becomes
G m( }'(FJ )[\ * Gl’(.li(")('l' )] = = @ (21 ])
Substitution of G (e )N and G.(jm, ) in (2.11) gives @
!\'(.’ fes D

—%—‘(cq%-/'u,):—l (212}
(jeo, T £ S @
where @

4 h . [ |
t =——+r N and & =K | T, —— \/

T - "l w. T, ;
Equating the magnitude and phase angle of both sic ) l“) one obtains

VK (a7 +al)=1 C D
T — 1 3 (2‘ ] 3)

., @

lor both stable and unstable processes zmd&

T+ lan —tan (),
Bl e & E’.'_/__i_ 2.14)
for the stable process and &@

o o,

lan [ > |+ tan &Q)
o /. § (2. 15)
for the unstable pr &s
The steady state n K of the process model is obtained from (2.8) and the remaining

"

ol the stable or unstable process model are estimated either (rom (2.13)

')
and ( 14%’ 13) and (2.15). The auto-tuning test is carried out in (wo stages. At first, the

initial cvmllu parameters are chosen by the method given below and with these settings,

the a%unn 1¢ test s started. Once stable limit eycle is obtained, a FOPDT model of the
".i

parametery (

is identified based on the limit cycle data. Then, the controller parameters are

dated using the model based controller tuning technique presented in chapter 4. The
hd ed controller selting is now used for the second stage ol relay test to obtain the final
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2.2 On-line Identification

transfer function model of the process dynamics. However, onc may perform more stages %& v
relay test, if necessary, to improve the accuracy of the identification method. Again, ?

initial stage of the relay test is not required il the initial controller is known a pyowt.
Assuming an initial controller is known, which is true for a process already in operz: 7 the
final FOPDT transfer function model is obtained from a single relay test. Anotl@antage
of the tuning scheme is that the relay height can be increased from zero to s@ acceptable
value when the operator requires re-tuning the controller.

The frequency domain estimation crror index using the integral of apsolute crror (1AE)

criterion for cach of the process models is @
O ) =G jw
I = J. o L0 de

0 G, (jw)
| \/

where G(j) is the actual process and G, (jw) is the proc@mdcl. The frequency range

(2.16)

for the integration is taken from 0 to ¢, , since that is m nportant for controller design.
Choice of Initial PID Controller Paramecters @

The relay induces stable limit cycle output whcg@%fﬂitious process model G, (s)satisfies

(2.9). Using (2.6) and (2.7) and sctting 7, =Q1d T, =1, G, (s) can be expressed as

— -')'I)\
Go(5) = — she @ (2.17)

)= —-
S(Ty £ 1)+ KK (s +1De ™
FFor a small value of K_, (2.17) be ‘&:ﬁ

G, (s)= ';:;l &é (2.18)

.. D . o
[Uis evident from (2.18) Dpositive value of = ensures a limit cycle condition for stable

D :
processes whereas [pORgstable processes T should be less than 0.693 [18]. From extensive

simulation studie N has been found that the choice of initial controller parameters
g C
/\‘ =0.01 - ( =1 and 7:/ =0 (2.1 9)

results in aable limit cycle output for of stable and unstable processes. The above initial

choice wvested for the processes with KD <100. For higher value of KD, the value of
%l

N % riher be reduced 1o obtain the stable limit cycle output.
19
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2.2 On-line l(lcntiﬁcatiug

2.2.1.3 Effeets of Statie Load Disturbance &

Static load changes frequently occur during a process operation and load digt vme
rejection is a major problem in process control. Generally, conventional relay fd CK test
with an ideal relay under load disturbance results in an asymmetric limit cy put. This
problem is overcome by our on-line identification method by the forgard path PID

controller. The transfer function of the closed loop system with 1'@3])@0 the static load
disturbance is &

) I

P <

I S (2.20)
/ 1/Gs)+ N +G(s)

The steady state value of the output with respect to the stalic@disuu‘bancc becomes zero
due to the presence of integral action in the PID controll us, a symmetrical steady state

limit cyele output is obtained around the set-point pIRGven in the presence of static load

disturbance during the auto-tuning test. %

2.2.1.4 Effects of Measurement Noise’

Measurement noise is a common pmh]cu%&%msl all process industry. The noisy limit
cycele output signal makes it difficult 1(@;1&“'0 its amplitude and frequency accurately. So,
the need arises 1o recover the smoot ml from the noisy output. The Fourier series based
curve fitting with the options pf lcast squares method and trust region algorithm in
MATLAR is used in this wor %

btain best fit output signal from the noisy one. It has

been observed from cxtcnsi@milmion that the following Fourier scries
N

Wik = Z;M cos(ker)

ko0

X, sin(kar) (2.21)
k
yields satislactory @][s. In (2.21), v'(r)is the best fit output signal, £, (k=0,1,...8) and

Sulk=01 8

stgnal, %

22.1.5%

A staliel o : : s
“% considered in the examples in this

suhon o illustrate the proposed identification method.

ay tests are performed. Normally, the second stage rel

1¢ Fourier coeflicients and @ is the frequency of the recovered output

ation Results
1 two unstable process transfer functions are

In the first example, three stages

ay test yields very much similar

20
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2.2 On-line Identification

transter function model parameters compared to the third stage (Table 2.1(a)). Thcrcforv&
the auto-tuning test is limited to two stages for all the remaining simulation examples. lnv
the examples, K. =0.1, 7, =1 and 7, =0 arc chosen for the initial stage of relay te 1C
PID controller parameters needed in the subscquent stages of relay test are upd %sing
(4.11) and (4.16-4.17) of subscction 4.4.1 for specified values of the desi rameters
a, g, and ¢ and using the results of the auto-tuning procedure given in su(@ion 2.2.1.2.

The simulation results are compared with that of the ATV method given t i et al. [4], the

identification methods proposed by Tyagrajan and Yu [11] and Vi and Chidambaram
[13-14]. The accuracy of the identilication method i1s checked by th imation error index,
L In this work, the cffect of measurement noise on the pr s model parameters is

investigated in simulations by introducing normally distribu 1dom additive noise with

hl .
zero mean and varying variance, A (0,07,) , at the outputs g the relay test thus making

the oscillation noisy. The noisc power is quantificd R (Signal to Noise Ratio) in

decibel (dB) which is defined as SNR = 10log(o; /@ . where, o is the variance of the
output signal and oy, is the variance of lhc&' 7 An idcal relay with height 2=1 1s
considered for all the examples. More cxm&cs are given in appendix Bl to highlight the

proposed identification method. @

Example 2.1

=Dy

. The relay test is

Let us consider a typical sccom@c process [4] G(s) = (105 + D + 1)

performed and the resulting RIOTRSS model paramecters along with the controller parameters
¢ . (==

. . - 2 el o — 9] -1 - 0 "
arce given in Table Z.I(Q@L design values @ =02, g, =3 and ¢, =60" arc used to

design the controller r 2d in the sccond and third stages of the relay test. One is free to

choose the desien aiiaes for satisfactory transient performances. Because of the similar
. sig s

estimated paramegers 1 both the second and third stages (Table 2.1(a)), the process model

obtained in h&Second stage of relay test is considered to be final. The FOPDT modecl

purumclcrsQh%inc(l by Li ct al.’s method are K = ~0.501, T = -5.03 and D = 2. Since the
model 1g valid, they have recommended a second order plus time delay model for the

pmc@namics. The method suggested by Vivek and Chidambaram fit the process as a

N
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2.2 On-line Identification

FOPDT model with parameters K =1.03, 7 =11.98 and D =2.84. However, their mq@& :
has an estimation error of 0.0606. The proposed method gives improved parai )

estimates in terms ol the estimation error ‘index, E£E. The Nyquist curves of thg/zactual

process and the process models by the proposed method and the method given b ek and
Chidambaram arc shown in Fig. 2.6. It is clear from Fig. 2.6 that the Nyquist es of the

proposed model and actual process are very close to cach other, showil@\l the higher
order processes can be approximated by a FOPDT model more a@lely using the
proposed on-line identification method. To verify the identification iyethod under realistic
conditions, the  process model  parameters are  estimated v different levels of
measurement noise as given in Table 2.1(b). From Table 2.1(b) secn that the processes
are identificd well by the proposed method even for high level opnoise. The largest error in
the estimated parameters is 9 % which is within the ac@lblc limit. The noisy output
signal with SNR = 20dB and the recovered signal obig by using Fourier series based

curve fitting method are shown in Fig. 2.7.

Table 2.1(a) Controller and process model pm@ggrs for example 2.1
— V3

G.(s) | K.=0ARL=1.T,=0
~ ! V72
stage | G, (s) K =10 &£108176, D=2.8885
y/a

G.(5) K.=2.44%3J, =11.1424, T, =0.5477
/s .
Stage 2 177G (s) géw T=114341, D =2.8602 EE =0.0368

G.(5) K@.@Oéz, T,=11.7212, T, =0.5441
X V4 a0
Stage 3 Guls) INSK=1.0,T=11.4673, D = 28591 EE =0.0366

AN
7- N

Table 2.1(b) Eslimal& -ameters and the errors at different noise levels for example 2.1

SNRin @ Error in K T Errorin T D Errorin D
dB X
N
No noise @.o - 11.4341 - 2.8602 -
30 Q? O | 00 | 114780 | 0.0009 | 2.8574 | 0.0005
fﬂ@ ) | 1.05 "T'"(i()_s 11.5538 | 0.0075 2.85057' 0.0029 |
‘“% 09T T 009 [Tz | 00262 | 28677 | 0.0034

i)
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2.2 On-lince Identification

6 3 Actual
=y mewsees Froposed ]
— — Nvek and Chidarnbaram
= Qv?
0r Il -
|
Il >
i |
& a3t @ J
o4t 4
S0 R -
Ny = S . i
-4 -0z 1.2
Fig. 2.6. Nyquist curves of proccssc@cls for example 2.1
05 T T T T {/Z)/A e T T
&\/ noisy
o recovered
0o Q i
n> -
(W _
é 0 ]
)
o1 -
Nyl
0=
0l @ ;
'I_I .':" 'g 1 1 1 1 1 1 1 1 I—
N Ay 04 06 08 | 12 14 16 1E 2
% Samples 0

Fig. 2.7, Rcu%cd and noisy output signal with SNR

“xemple 2.2

‘onsider the

T

@lﬁk)]) unstable process [13]
' @ 0=
()

(,\‘%
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2.2 On-line ldentification

The relay test starts with the initial controller K =0.1,7, =1 and 7, =0 and then upd&

nd

the controller using the design values of @ =0.9, ¢, =35 and ¢, =45". The contro

2
(3o

the process model parameters along with the estimation crror index are given in 12
The model parameters obtained by the Li et al.’s method [4] and by the W\ et al.’s

method [13] are K=094.7=077,D=0.5 with £E = 04564 a

{ =1.0638,
I'=1.0832, D=0.5127 with L =0.0825, respectively. The propos@ hod identifies
the process dynamics more accurately in terms ol the estimation error SX 1N comparison

to the above discussed methods.

Table 2.2 Controller and process model parameters [or exampleXZ

[ <%%

E G ($) K.=01,7 =17,
i N\
Stage || - - T > -
s _ G (s) K=10,7 _().an)@_o.su
i m - \ ‘
Go(s) K, =1.7399, T, =790, 7, = 0.4462

2,D=05014 EE=0.0406

K l()/)?@)l
LY

Let us consider a process transfer l‘uncl@)osscssing one stable pole and onc unstable pole
[14]

G(g) = " &@

(25 = 1)(0.55+1)

Example 2.3

Ke=0LT, =1and 7, =0 '@d in the initial stage of relay test and the design values of

= 450 i e . . ) .
=085, g =5 and /45" are used to obtain the controller parameters lor the next

stage of test. The gaagdller and the process model parameters of both the stages of the
relay test are i i Table 2.3, The model paramcters  obtained by Vivek and

(‘l)idamharzlm’s%c wd [14] are K =0.7534, T =2.1642, D=0.9951 with £~ = 0.3524.
The idcnlii%w method by Tyagarajan and Yu [11] fails to identity a FOPDT model as
the cslimwvb
c.&‘.[imul%u'mr index by the proposed method is 0.2760. The Nyquist curves of the actual

Dl'ULll]d the process models obtained by Vivek and Chidambaram and by proposed

alues of process steady state gain and time constant become complex. The

TH-422_PKPadhy




2.2 On-line Identification

mcethod arce given in Fig. 2.8, As scen from the Nyquist curves, the proposed >thod can
estimate the model parameters more accurately than the method given in [14]. v

Table 2.3 Controller and process model parameters for example 2.

%/

G (s) K.=01,7,=1,7,=0 \V/
) —

i
|

. 1

Stage | 3 = e

= | G, () K =1.0,7=23304, D =1.072¢

| §
i G () K. =2.0853,7, =11.7183, 7, =%ZS§1}O

| 6408, D :&9‘54’/1 ££=0.2760
N

RN

HEgR 2 G, (s) K=10,T=

"

-0 L 1 /ﬂ - 1 1 L 1

-1 0.8 V(/ = -0 4 -2 (] 2:2
& Real
Fig. 2.8, NyquiRlirves of process models for example 2.3

2.2.1.6 Special Case &

To improve the identift @n method particularly tor unstable process, the structure in Fig
YT da ifed ‘ in FFig. 2.9. The lified structure ¢ ‘ises of an ideal relay in
2.3 is modilfied and % 1 g 2.9, ¢ modilied structure comprises ol an 1dee ay

parallel with a Pl %nlm[lcr in the forward path and a PD controller in the inner feedback

path. The NM)V? induces the limit cycle output. Based on the paramecters ol the limit

cycle output, %
the li‘ans['crclion form given in (2.0),

N

srocess dynamics is identified by a stable or unstable FOPDT model with

19
T
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2.2 On-line Identification

_R_,® p G ()

I I

—
<t <

P
v

V‘
&Q/ £
@l() Equivalent structure of Fig. 2.9
The forms ol the Pl @J controllers are

%? (2.22)
G ()= §+ ] .,,,' ,,,,, \“ (2.23)
|+ /)’}",.s') T

p ocess is subjected to the PLand PD controllers in the inner feedback path which

% tabilize the stable and unstable processes. During the identification, the PI+PD
&

ntroller assuming negligible /2 becomes

26
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2.2 On-line Identification

G =G () +G ()= K, (1+T,s)+ K, 4 (2.24 &

The identilication is carried out using the procedures given in the subsection 221 The

steady state gain K of the process model is obtained from (2.8). The other nknown

parameters ol the FOPDT process model are estimated either from (2.1 1 (2.14) or

(2.13) and (2.15) where, the expressions for @, and a, are @

= A +AN . +K, and a, =0, KT, - R A (2.25)
A ., T,

©

The relay test is carried out in two stages in a similar munncr subsection 2.2.1.2. In the
RYO! and 0.1), =1, K, =0
and 7,; = 0 are chosen. But, the PI-PD controller paran ’: Q

initial stage of relay test, K, =0.01-0.1 (a value in betw
arc updated at the beginning of
the second stage of relay lest by using (4.41-4.42), ?) and (4.22) of the subsection 4.4.2

for specified values ol g, and ¢

m "

2.2.1.7  Simulation Results &3

The identification technique is clcmon@tcd by two examples. For the first example, a

second order stable process is con }‘d. The unstable process ol the second example
possesses a stable pole and an LH@C pole. Anideal relay height of /1 =1 is considered in

both the examples. @
Example 2.4 &

Consider the stable pre %discusscd in the example 2.1, The identification test begins with

the choice of K = 7,=1, K, =0 and 7, =0. The controller parameters are updated

belore the scm@gc of relay test using the design values of g, =2 and #, =30". Then,

using the Iimi&ulc parameters and (2.8), (2.13) and (2.15), process model parameters as
given in g 2.4 are estimated. The EE of the process models by the proposed method is

0.0428 RN is slightly more than the £F caleulated in example 2.1, However, the method

estin

% the parameters more accurately compared o the methods discussed in [4] and

N
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2.2 On-line Identification

A

Table 2.4 Controller and process model parameters for example 2.4 &
= i : S
| | G () K.=01.7,=1,K, =0,T,=0 , @
b |
| Stage | | G (s) K=1.0,7T=10.8236, D =2.8884
— W
' | G(s) | K =1.6891,T, =1.6184, K, =2.7376, T, =1.4442 v

S K=10,T=11.7301, D=2.8524 N 0.0488

Z
: Y

2.3 | A

This example considers the unstable process given in exgmple 2.3. The controller

~

Example

parameters along with the process model parameters for botl Stages of the relay test are
viven in Table 2.5, Gain margin ol 4 and phase margin Qf are used for the controller

design for the second stage of relay test. As seen I‘m@blcs 2.3 and 2.5, identification

based on the modified structure (Fig. 2.9) gives begge==Stimates for the unstable process in

comparison to the structure shown in Fig. 2.3. %

Table 2.5 Controller and process model parapge N for example 2.5

| Stge T [ G.(s) K =RI=1.K,=0.T,=0

| B K QO. T=2.3304.D=1.0729

TSips 2 CG(s) | K :().59@ =1.1133, K, =2.0843, T, = 0.5365
G, &Q/f\ =1.0,7 = 2.6225,D = 0.9570 | £E=0.2253
l K

mdustrial applixygions, the ideal relay auto-tuning method can in some instances be

Improved ggnillcumly with a more accurate estimate of the model parameters obtained

when thexgpeedure is based on exact analysis of the limit cycle rather than the describing

lunc% nethod. The reason is that the estimated ultimate gain and the ultimate frequency
d

Pfrom the describing function are only an approximation for information at the

al frequency. Several identilication methods [15-19] are proposed in literature to

%ﬂ‘”l”_\ the process model accurately without using the describing function technique. In

28
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2.2 On-line Identification

this subscction, state space approach [18] is extended for the on-line identification of slab&

and unstable processes and exact expressions for the model parameters in term of the ll@D

cycle measurements are derived. @

2.2.2.1 Identification Structure g

The identification structure given in Fig. 2.3 is redrawn in Fig. 2.11 to makethe analysis

casier. Two stages ol relay test are performed to obtain the process mod rameters. The
relay test starts with some initial choice of controller parameters as suﬂtslcd in subsection
S

2.2.1.2. When a stable limit cycle is obtained, the controller paran are updated using

the model based controller design technique given in subsect 4.1. This controller
ae

selting is used for the next stage of the relay test. Then, t sired process model is

obtained by using the limit cycle parameters obtained from l(‘cond stage of relay test.

i

- h'—-

—-h
N
—» A, L
y
K ,@ 1IN G(s)
1IRRY
o
V72
%
Fig. 2.1 l28poscd on-line identification scheme in state space analysis

N

2.2.2.2 Analylic@prcssions

Let the prog ‘ssqgnodcl transfer function be G, (s), as given in (2.6) and the controller in

m

(2.7) neg “ g /# be expressed in the following form

S
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2.2 On-line Identification
o

. . . N, &
G (M=K *K 5= (2
iy
where A, =N T, and K, =K _/T,. For casc in analysis, thc proposed 1d&flication
structure (Fig. 2.11) can be represented by the configuration given in Fig. where the
relay is kept in the Torward path and the PID controller is coupled with t socess. Then,
the transter function ol the Nctitious process model (which the relay seesNgeZomes

Y(8) _ ¢ G, (5) (2.27)

——— = [({)=————
Uy Y T GG, ) AN

The static load disturbance is neglected during the analysis. Sub@ion of (2.6) and (2.20)
in (2.27) gives @
F(s) Ke = CQ\/ (2.28)

o R,
Tsxl4+ KK e "W +KK, se ™ + } %

() =2v()=KAiu (1 =D)+ KK A (1= D)+ IK

where 4 = 57— . The above delayed dil'!'crcn@ cquation when represented in state space

~

[orm becomes

(1) = ‘]_\-(]).g./)’”i(,!—[.))-!—‘/7:1!7\(/—& fu (1= D)+ by, (1 = D) (2.30)

> (231)

;,:,/;;,&:M\"/t, bo=KK,i., b,=KK, A, u(i-D)==h,

where =4, : . d

V() = x(1)

0

w (t— D)= v =D), H‘(@& =v(t—0D) and u,(t+— D)= J_\'(! — D) dr. In the state model

(2.30), it is assumed 1% he four inputs to the process contribute the limit cycle output. Let
the peak amplitudeg ! oceurs al time 7, of the limit cycle output. During the half period of
the process ou %]w relay provides (wo piecewise constant input signals to the process as

shown in FiQRQN2. Therefore, the output waveform analysis is carried out for the time

interval ﬂ D and D << T, . Majhi and Atherton [18] derived the expressions for the

oulpuL e tion of a FOPDT process model for the interval 0<¢r< D and D <r <7  as
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2.2 On-line Identification

A7

vy = 2K —e”™") (2.32

and v

v(r) ==K P =™ -, $)

respectively. §
AN

1 1 AQV k: 1 L
a 35 5 a5 & 5
t (Gecond
g, 2 ‘ocess and relay output signals
Similarly, with the help of (" “”) 2.33) and using the method discussed in [18], the
solution of (2.30) for 07 = [) A /) <t <T, gives

. / r &/\-}-\-J /\’}\'f e Al
v(t)y= Kh(l —e¢”’ )(_f‘ |- A@— —_—
A A

Kht(K A +%§ + N, e~ KK, hr (2.34)

Ar-1)) Y- 13) G - (]“(.’;” /1:)(—7(,/:!))
il ) = (D (1 —e¢ )+ KK, | (1= D)y+~ :
| v L A
% r -

| : ‘ ; (IAL (r .’J))
'_f\ / F/\d./ + f\_.f )[(f = !))(2{"“ “l—-c"‘)+ﬁ,/}——i

—_
9]
J
h
—

[he re %\L\ sy mmetrical lmit cvele only when the tollowing condition is satisfied

-

31
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2.2 On-line Identification

N
) ==w(7,)=0 250
LLooking at the Fig. 2,12, onc can write (V
=D 2.37)
Substituting (2.37) in (2.34) or (2.35), the expression for the peak amplitude rtained as

A=Kh(l-e¢")Wx1-KK_ )-K /{f\ AD+ K, 2D+ K ('HD——Slﬂh@ (2.38)

FFrom (2.35) and (2.306), we get

,. A (1= &% -2 J"‘”
bl (s 1'“.\_( /))¥ /\'/‘,(] _(:A(I' : ')‘f‘ f\-/\lh (7?; _D) ﬁ )

. . . AT i ) .
VKUK 2w K27+ K )| (T, = D)2 M=)+ ]zo (2.39)

% Jhic other parameters A (or 7 ) and

“(2.38) and (2.39).

- £ s 5 T 2
The time delay of the process is obtained from (2.3

K can be determined from the simultancous solul@

2.2.2.3 Simulation Results &@

The proposed on-line auto-tuning mclh%ns illustrated by considering a stable and an

unstable FOPDT processes in this subs . For both the processes, the relay experiments

are conducted with PID initial contgpllers with the parameters K. =01, 7, =land T, =0.

&! in the beginning ol the next stage of relay test using

n 4.4.1 for some user defined values of a, ¢, and ¢,, .

The controller parameters are up

(4.11) and (4.16-4.17) ol subs

%1

The process time delay 1s Med [rom (2.37). Once the time dclzly, D, is obtained, the
s are estimated by solving the nonlinear equations (2.38-2.39)

other process model parg
using the nonlincar cqaJl
Lxample 2. %g

[.ct us consider ¢ %’]Witdf FOPDT order process

1 solver routine of MATLAD.

G(s) =
l()
The aute Yo test is carried out In two stages and the limit cycle parameters of the second
slage v test vield the final transfer function model of the process. The design values
of N2, v =4 and ¢, = 15" are used to_update the controller needed for the second
32
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2.2 On-line Identification

VAN

~N

stage of relay test . The limit eyele measurements, controller and process model parm&s

along with the estimation error index are given in Table 2.6 (a). The estimation §§§ndcx

is estimated using (2.16) to cheek the exactness of the identification method. ThQroposed

on-line identification method (using DI analysis) discussed in subsection 2§: gives the

model parameters K =1, T =8.89 and D =2.0003 with the estimation ¢ mdex 0.0814.

The identilication method proposed by Li et al. [4] gives K =0.988, 02 and D=2.0

with the estimation error 0.1383. The estimation crror index by present method 1s
0.0271, showing excellent improvements over the iclcnlilica{}a&slcthods using the DF
analysis. As mentioned in subsection 2.2.1.2, random nois¢ xt added to the process
output during the relay tests. The estimated process modd rameters and the respective
estimation errors at different noise levels are labulalc@blc 2.6 (b). The noisy output
signal with SNR = 20 dB and the recovered signal orms are given in Fig. 2.13. The

tabular values show sufficiently low estimation erRby the state space based identification

in the face ol additive measurement noise. C L

Table 2.6(a) Controller, limit cycle and PWWCM parameters for example 2.6
T G.(x) CONK =007, =17, =0 |
| |

Y/
 Limit cycle parameters <§ =3.0878,7,=2.0009, 4=0.1838 |

G (s) Q/ K =1.0255.T =10.4063.D = 2.0009 |

|
|
| Bl

| Stage |

sad

——t mév K =23912,7, =5.0846, T, = 0.3687 |
‘ . ‘ |
it eyele pllers |7, =T 48481, = 20005, A= 02147 | £ = 0027

@ K =1.0449.T =10.1377. D = 2.0005

_
Table 2.6(b) l?sﬁ@cd parameters and the errors at different noise levels for example 2.6
lk%N_R_m"be\ K Tlirz'm‘ in A T Errorin T | D ‘} Error in D
[ ‘ :
|

‘ di3
Nog % 0449 T - | 101377 | - [ 20005 | -

%Z 10705 | 0.0245 | 109765 | -0.0827 | 1.9915 0.0047

| |
< g ol S — — —
%;@}20 10718 | 0.0257 | 109822 | 0.0833 1.9915 | 0.0047
S? S0 LT3 T 00645 | 112335 | 0.1082 1.9502 | 0.0252
S S S N B
33
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2.2 On-line Identification

Catputs

]

oSy

1

Example 2.7

Consider the first order unstable process ol ex;

Fig. 2.13. Recovered and noisy output signal \\'ilh%

Samples

e

/\“
X~
$

=20dB for example 2.6

2.2. Table 2.7 lists the limit cycle

parameters, the controller and process modc%&amclcrs. The controller required for the

sccond stage is designed by using the desi

Q’a!ucs a=09, g, =5 and ¢, =45". Again,

the present method gives less cstimuli(@ror index ( £E =0.0382) as compared to the

describing function method (exampled 2y which resulted in £E = 0.0400.

Table 2.7 Controller,

limit cycle a
Q.

|

N

A

Yocess model parameters for example 2.7

G.(s) &\V

K =017, =1.T,=0

AN
Limit cycle p@crs

I, =159111r,=05001, 4=0.6813

TH-422_PKPadhy

K =1.001, 7 =0.9843, D =0.5001

|

KN =2.1914, 7, =4.6176, T, = 0.4001

7, =0.8440,r, =0.5001, A =1.151

9%}

K =1.001.7 =0.9892. D = 0.5002

EE =0.038




2.2 On-line Identification

To identily stable processes which can cfficiently be represented by lower order

function models, a P controller in parallel with the relay (setting 7, =0 in Fig, 1) is
suggested. The expressions for the model parameters are obtained by substityll g =0 in

(2.38) and (2.39). Several examples are given below to 1llu§1ntg ness of the

identification method.

I'\c.'.'?.'f)."(' R S§
This example considers the first order process of example 2.6. ¢ Controller parameters,

the limit cycle measurements and the process model parametg both the stages of relay

test are given in Table 2.8, The controller required in { Cond stage of relay test is

0 - .
designed by using ¢, =4 and ¢, =45". It is obsery "( 1 Table.2.8 that the maximum

estimation error index is 0.0168 which is less lhdn@’i%c timation error index obtained in

example 2.6,

Table 2.8 Controller, limit ¢ycle and process parameters for example 2.8

[ G (s) &Y 0.1, 7 =1 |

“Measured parameters ]ﬁ% 68781, =2.0009, 4 = 0.1838

Stage | /j\
G (s) 10"55 T =10.4063,D =2.0009

mrt

k. =1.2216, T, =6.1779

¢

7
%\
Q,

“Measured pdmx iYs | T =3.7178,1,=2.0009.4=0.2107 LE=0.0168

¢ o
Slage 2 | a& -
(, K =1.0203,T =10,

1656, =2.0009

é\

Example 2. %

The transter |Lll%\)]l of a FOPDT process is given as
il

abl shm\s values of the limit cycle measurements, the controller and the process
L

(

arameters for both the stages of relay test. Once again, the maximum estimation
. ~ )
% index is found 1o be 0.0017. The gain and phase margin values of 3 and 60" are used to

(luwn the PIcontroller necessary for performing the second stage test.

"
h
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2.2 On-line Identification

O
A
Table 2.9 Controller, limit eyele and process model parameters for example 2.9
i~ 'r %
| | G (s) K =017 =1 @{
| |
‘ | Mecasured parameters T, =0.6799,1,=0.3999, 4 = 0.4467
Stage 1 | . :g
L G o(s) K=1.0001,7=0.7997,D =0.3999
m §
G.(s) K.=1.0471, T, = 0.8375 )
f’%)

| Measured parameters | T, =0.7503,7, =0.4001, 4 = U.Sw EE=0.0017

| Stage 2 z@:‘&s(\
: G, (s) K =1.0001,7 =0.7998, D =4=801
B : M

cranms V

Lxample 2.110) @

One of the important issues in industry is the pa[h—lraclj@g/ﬁ problem of a mobile robot,
which is concerned with the ability to drive it aut usly as close as possible to a

previously defined reference path. This path is ug / specified as either a sequence of

consecutive reference points or by a sct ol geo qeal primitives such as straight lines or

ares of circumlerences. Many approaches hay, 1lested for the PT problem using PI/PID

controller and reported in the literature [2@. The PI/PID controller is designed based on

the model of the kinematies ol a nmh'mem. But, the external load disturbances create

problems during the path tracking. Nore, an on-line identification of the model of the

robot kinematics is required for agsmooth path tracking. In this example, we use the on-line
&

identification method discussuy@

Consider the process dynamicSg [ a mobile robot [26]

G(.\_) e &

¥ &E?
he controller, the Jaiteycle parameters and process model parameters are given in Table

hsection 2.2.2.4 for the path tracking of a mobile robot.

. : : B : :
=100 A Pl mm%]s designed by taking ¢, =3.5 and ¢, =60" at the beginning of the

second stage (%c relay test. As the dynamics of the robot is integrating in nature and the

process n is lirst order, the estimation error is evaluated in the [requency range
[U'lm“ 7 [Uis clear from Table 2.10 that the estimation error is high if the integrating

model I identified as a FOPDT model. Simulation results show that the Pl controller
QR

d

tor the process model gives satisfactory path tracking of the mobile robot

pared to some other methods reported in the literature [26-28].
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AN

N

Table 2.10 Controller, limit cycle and process model parameters for example 2.10 &
_ S N7

| G (s) | K =017, =1 | %\K

I - -

- Mcasured parameters T, =0.4025,¢,=0.2004, 4 =0.2026

Stage | ‘[ g

| G, (8) K =42.6134, T =42.5621, D=0.2004

. : , , S

| G (s) K, =2.0877.7,=2.0899 &)

i Val

Measured parameters T, =0401517,=0.2009, 4= 0253/ | £E=0.2074

G (s) | K =20.8068, T =20.2840, D ZT.X009

N B J (5
~~

The on-line identification procedure for FOPDT processgs l;lﬂ" the exact state space

=

analysis method has been presented in the subscction 2.2.@110 simulation examples show

that the relay in parallel with the PI controller is sufge®nt to estimate transler function
model of a process having first order dynamics. Thig tion highlights the complexities of

the state space based exact analysis lcclmiquc.@c method i1s subjected to increased
computational burden due to the sct 01‘11011]in%%ﬁni0ns one needs to solve.
2.3 Desien of Adaptive Noise Filter Q

Measurcment noise lalling into the h [requency range of the signal spectrum is a

common problem that arises during process identification. Since the identification 18

carried out at loop critical frequ , a low pass filter (Noise filter) that filters out the
critical frequency is inserted in the feedback path as

frequencies much higher lh:K

shown in Fie. 2.14. The liggr Wme constant is obtained adaptively from the limit cycle
output as described hclm\&

2.3.1  Estimation of %@ IFilter Time Constant

et the transter t‘un%1 ol the noise filter be

(2.40)

). the cut-oft

(2.41)
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2.3 Design of Adaptive Filter

A

[n this work. @, is chosen as @ . Therefore, the expression for the filter time com&%

becomes :\2,

sk *2)
“

The filter time constant 7, is updated adaptively from the limit cycle o\ data in the

following manner. ng
TI(H):—‘I (2.43)
(1n—1) A

where 2 and -1 denote the data for the present and previous t@:riod, respectively. Th

L&)

filter time constant is updated cvery period by using {2.43@1” a stable limit cycle is

obtained. Once the limit cvele is stable, the final \'llllft T, that satisfies (2.42) is

estimated., %
2.3.2  Estimation of Process Model Pnramctcr%

Fig. 2.14 shows the proposed on-line identifi @ scheme where a relay coupled with a
PID controller in the forward path and a K lter in the feedback path are placed. The

three parameters of the assumed FOPDT process model given in (2.6) are obtained using the

Parameters of the filtered limit eyele o signal 1'(r). Obviously, the noise filter helps in

estimating the model parameters acgeur

&

S G,U‘)

R w% = U - y
 p @. (o (8) —» " 7(8)
%9 U
i I— i I

— -

ly even in the presence of measurement noise.

A

% N
Figy14. Proposed on-line identification scheme with adaptive noise filter
he slc%-\;lzllc gain of the process (K) is obtained during the relay test using (2.8). The

proc > o obtain the other two parameters (7 and D) of the process model 1s given

h%in order to get a stable limit eyele

N
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2.3 Design of Adaptive Filter

S
NG, (jo )=— (&)

where

1

o o 8.6 [ i)
(Jm ( J, yiss P : T % (
l+G, GG (jw,)

12
i
o
S’

Then, (2.44) becomes

G, G, (jo )[.\' + G (Jw, )] =—1 :@ (2.46)
Using (2.6), (2.7) and (2.40) in (2.406) gives 3

fg b
— - (a, + ja, )=~
+ D) je , T £ i

- 2.47
(jew, T ( )

/

The expressions for ¢, and «, are the same as given in tg sybsection 2.2.1.2. Equating the

P ﬁ ) (2.48)
w, \ @ T7+] :
for both stable and unstable processes and @

&”u 7‘.’ )

magnitude and phase of both sides ol (2.47), one oblaigw@

I, . &
T+ tan '(f‘ Wflan '((.-)‘,_f)z}' (
4 /
iy P o (2.49)
W, @
for the stable process and g
e, L e
tan ’} e ]+lnn (), tan '(mHT, )
{ J -
D=— NN/ S (2.50)

A
for the unstable pmccss@clhrc, the process model parameters (7 and D) are obtained

cither from (2.48) anc 49) or (2.48) and (2.50). Unlike the situation for a stable process,

the unstable process *s not always experience a limit cycle condition. Again, the noise

[ilter in the l'culh%]

the closed loop Xsstem. Hencee, 1tis necessary to tune the initial PID controller parameters

. . . —{) . . ) g o
ath gives a phase lag of 457 at the critical frequency and destabilizes

judiciously ;1[ the fictitious process model G, (s) given in (2.45) satislies (2.44) and
induces % limit cycle output. The procedure to obtain the initial PID parameters is

descrikdelow. Neglecting the derivative filter constant, the PID controller given in(2.7)

caln% TIHICN as
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2.3 Design of Adaptive Filter

(

(;{s]*/\|l~ ,.!(IFT*)
with the relationships @
- i J §>§g(232)

K =K1+
[ t 'l"'.'

T N
E ©
K O
Assuming, CQV
T % (2.35)
G (s) can be expressed as

o !
and using the Taylor series expansion for the L,\pm tal term, G,

(_. ( ) l'\ n'”,“ ”L / (_) g()
4 .S". = -— e o o 2.56
s, O[T = KKITLD, s Kﬁ@i\/\j)“i%)x” +KK! ]
L i . .
Where D, = = s, =Ts, =1-B¢ T, and T, =—. The subscript » stands for
the normalization. Let j
(2.57)

|

/\"' e
KD, Q
57) m& aives
', &

Substitution of (

(2.58)

" il H

G,,(s,)= %
;( ( ‘m\r T % 7 I') 7]) )‘a'“-*"]}
D). G, (s,) can be reduced to

] or a |(||”L va Il@ iy k 'P [) - 0l 'l ( n
(2.59)

(2.60)

< :) i fn""n "
S been found from extensive simulation that the value of (T 27,0 =0, ) ean be

40
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2.3 Design of Adaptive Filter

10) ) .
assumed as — which eives
T 4

&%
o WD, (@v

"r(e D)
It is apparent [rom (2.61) that a positive value ol D ensures a limit Ly*k stable

processes and a value of D, <1 for unstable processes. The dppIO\lmﬂ[i( oT time delay
using Taylor series expansion [or unstable processes is appropriate as ¢h mmmhzcd time
delay is less than unity. In the case ol a stable process with high nor Jhad time delay, the
approximation is crude. However, the overall performances due t@ controller settings are
satisfactory even if the normalized time delay is high. @

Choice of Initial Controller V

In the beginning of the relay test, the choice of controREfarameters is most important as
the information about the process dynamics is unkipd. Poor choice of initial controller

may not yield limit cycle output. Once Iimil@ > output is obtained, the controller

Parameters are updated using the expressions pin (2.55), (2.57) and (2.61). Assuming a

small value of K',(2.56) can be expressed

- - )--[J,,.\” Q
G (s )=— R ™ @ (2.62)
(7,5, + s, £1)

Therefore, a positive value of %@IL\ a limit cycle for a stable process whereas for an

unstable process 1 < ( J(,g“@(i . [40]. So, the value of the filter time constant

should be less than uml 10 h tain Timit cycle condition. From the extensive

simulation

studies, the initial co Ilcr parameters for the initial relay test for stable processes are

suggested as K @() |.7,=7,=w, and T, =1. The values of T, and 7, are updated
adaptively (|Ll1 1 relay test using (2.43). However, K/ =0.01-0.1, /=1 and
1

=01 % chosen for unstable processes that restricts D, to 0.5977 so as to ensure

limit k.\(,l pu:. [Cis found from the simulation results and from (2.58) that the suggested

mitial ‘\L 1g ol the controller is applicable for the processes with A2 <100. For higher

\'ulg AD . the value ol K can further be reduced to obtain stable limit evele.

41
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2.3 Design of Adaptive Filter

2.3.3  Simulation Results @

one stable pole and one unstable pole to illustrate the identification method. The Rults are

compared with the identification methods using DF given in subsection 2.2, 1aa¥ch shows

improved results over some recent identification methods reported iterature. To

induce the limit cycle, a relay height /=1 is used in both the examples.

Example 2,11

Consider the second order stable process of example 2.1, The | controller parameters

Ki=00. 7 =1 and T, =T, =, arc used in the initial s [ relay test and updated

belore beginning of the second stage using the L\]FILH\I(W 35), (2.57) and (2.61). Four

cyeles of the noisy signal ( v(s) having SNR = 1[3 (5 the filtered limit cycle outputs
(2"(1)) obtained at the end of the second stage off lcl(%l are shown in Fig. 2.15.

el

& : |
§ [ TS B N =T D) ] 250130 135 1400 145 150
% (i | Secan i)

S

ig. 2.15. Noisy and filtered limit cycle outputs for example 2.11

The %& d values of the filter time constant are 2.9151 and 2.1403

L. 3 in the first and second

i the relay tests, respectively. Table 211 gives the controller and the process model

@ulus along with the estimation error index. The Nyquist curves of the process model

‘l the original process are shown in Fig. 2.16 and they are *very close to cach other near to

172
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2.3 Design of Adaptive Filter

) s % § S u i -
-180°, showing the accuracy of the identilication method in the presence of mcusurcnm&%
noise.  The LL of the process model for the same process estimated in example 2.1 13

).0368. One can conclude from the £E values of both the examples that the pr OLL.% be
approximated as a FOPDT model using the proposed on-line identification mctho?

T T

]
e process model S>
------- AroCess
el praces \

frmagqinary

o O _
ol @ i

iR | 1 ﬂ L L

04 0z ] (/ & 1 1.2
&q{
[Fig. 2.16. Nyquist curves of pl@\% and process model for example 2,11

O

Table 2.11 Controller and me& model parameters for example 2.11
\/
K. =01T7'=1,T,=29151

- AN
IS Q@ “
| ‘\/

PN

G (s)

¢ Q>
Stage | [

q& K=1.0,T=10.3208,D = 2.9846

O

%\ K =3.4580,7=10.0720, T; = 2.1403
| Stage 2 (s) T EE =0.0201
| {\\ K =1.0,T =11.0299, D = 2.8951

L \ o

Lxample 2 7%

This ¢

¢ considers the unstable process of example 2.3, The controller settings used in

' stage of relay test are K’ =0.1, I/'=land 7, =7, =0.1. A random noise of

Cﬁfmu 0.0364. which results in a noisy signal of SNR = 20 dB. is injected at the limit

43
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| 2.4 Conclusions

cvele output during the relay test. The updated value of the filter time constant in&%
second stage is 1.0644, The controller parameters and the estimated model pummetcv'wc
1

given in Table 2.12. The ££ in the sccond stage of relay test is 0.034 whereas the me

subsection 2.2.1 finds a process model for which ££ = 0.2760. It shows that Ul osed
noise [ilier method obtains superior estimates ol the model parameters in thgQytsence of
measurement noise. @
Table 2.12 Controller and process model parameters for example 2.1 ?(("@

" Stage 1 | G(s) | K'=0.,T =1, T =0.1 g

I G, (5) K=10,T =2.2505,1 @ \

: AN

| Stge2 | G(s) | KI=20116,T=22.1097, @1 0644 ll

! - N y

| G, (5) f\':l.o,rmzzm@’/ﬂozl? £=0.034 }

‘. ‘\; I
2.4 Conclusions %
In this chapter, three new on-line identifig methods for stable and unstable SISO

processes are proposed. In subsection 2.2&1 describing function analysis is used for the
identification method and simple eyffgssions to esumate the FOPDT process model
parameters are derived. The mclh(@umdtu the model parameters with less estimation

error compared to some recent fgntification methods available in the literature [4, 11, 13

and 14|, Further, the on- 111 umimmon structure (relay with the PID controller) i

modified in subscction 2.2

@

relay with the PI-PD controller) to improve accuracy of the
identification method, & modilied identification structure gives significantly more
accurate estimates q c modd parameters particularly for unstable processes.

An exact metho @n the state space analysis is proposed for the on-line identification of
stable and uns T processes insubscetion 2.2.20 The advantage of this method is that it
does not e lIl any (lppl()\lllhlllﬂl] like the DF 1w estimate the model parameters. 1t is
shown isgmulation examples that the exact identification method gives better estimates
than (h&escribing [unction method. However, one has to solve a set of nonlincar equations

S

cously to identily a parametric model ol the process dynamics. This limitation of

%ﬁj’mu method compels one to use the DEF based analysis.
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. 2.4 Conclusions

The static load disturbance during the on-line identification is successfully removed L]UC%
the continuous action ol the integral controller in the loop. Smooth limit cycle is Obl(l&

from the noisy one using the Fourier series based curve fitting method. The W1c
identification method is further improved by inserting an adaptive noise Iih@’m the

feedback path. The filter time constant is updated adaptively during the r&a\y test. The

method s able to estimate the model parameters accurately even in the nce of static

load disturbance and measurement noise. All the proposed techniqug sess practically
uselul and  desirable  characteristics  than  many convuﬂionulr’n@

) led relay based
identification methods available in the literature. A

15
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Chapter 3

Identification of TITO Processes

&%
®V
§V
&
o

f

N/

o
3.1, Introduction

3.2, On-line Identilication of TITO Processes @

321 Identification with PID Controllers @%

3.2.2 |dentilication with PID-P Controllers

I
-

3. Identification of TITO Processes using& y

. Conclusions Q

5]
L

TH-422_PKPadhy




3.1 Introduction

| 3.1 Introduction @

[dentification of TITO processes is more difficult due to the interaction between the | 0%.

For casier ficld implementation, it is desirable to identify two SISO transfer function &gdels

gr the

identification of TITO processes [45-58] by using a single relay or sequentia rations of

relays or by decentralized relay. @

This chapter proposes new identification methods for TITO [)I'OCGS@ The methods

ol the TITO process. Many methods have been presented in the literatu

overcome some constraints of the conventional relay auto-tuning tec 1es available in the
literature. [n section 3.2, we propose an on-line identification metl vhere a pair of relay-
controller (relay in parallel with a PID controller) is used for 1tilication of two SISO

second order plus delay process transfer function models I1TO process. A modified

identification method is given in subsection 3.2.2 by ing proportional controllers in

the inner feedback loop. The proportional controller §al¥lizes the process and reduces the
nteraction between the loops. In section 3.3@ propese a new structure for the
identification of a TITO process. In the structul 0 preload relays are inserted in the error
paths and two mtegral filters are used in lhu&ihnck paths. The mcthod ensures a smooth

limit cycle of the TITO process in the p@wc ol measurement noise and loop interaction

of various magnitudes. The cunclmling.)m‘ks to the methods are given in section 3.4.

3.2 On-line Identification of TT@@(:QQSSQS
3.2.1  Identification with l‘@nmtmllcrs

3.2.1.1 Identification Sfl%‘lll ¢

Fig. 3.1 shows the o &idcnliﬁc;nion structure for a TITO process. It comprises of an
ideal relay in paral ith a PID controller in the error path of cach loop. The proposed
relay idcnliﬁcul% ethod induces the Timit cycle outputs Y, and Y, around the set-points
Ry and R, pesetively. Based on the measurements of the limit cycle outputs, two SISO
ransfer f'u@n models ol the process dynamics are identified. The relay heights /4 and A,

are n N during identification and these values are set to zero afler the relay test for

osed Toop operation. The PID controllers in the loop are able to reject the effect of

% load disturbance during the identilication. As shown in the figure, the static load

47
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3.2 On-line Identification of TITO Processes

disturbances 7, and £, and random measurement noises A/ and M, appear at the EHK%

of the process G(s) and output of the sensors, respectively.

"‘O.P(V)——| G2 (8)
R,‘ U + }'_1
\ Y% ARV
N2
s N4
— L> %
7 G(R) M>
~ |

FFig. 3.1. Proposed on-line i(lcntiﬂ@%ﬂmcmm for a TITO process

3.2.1.2 ldentification Procedure

The equivalent of the proposed uluzl ton structure (shown in Fig. 3.1) is redrawn in Fig.
3.2 1t is apparent from Fig. 3.2 the mnllollus arc in the inner feedback paths and help

in stabilizing the process dm@k identification. Attempt is made in this subsection to
identify two SISO secondequdhr plus time delay transfer function models of the TITO

process from the relay L% 1ents. Let the model transfer matrix be

(Iull( () 2 ]}
S) - 0 % m:('\.) (J'

which pchm%m SISO transfer function models as given below

—_—

m

> : £ (3.2)
+1)

/ﬂ/
<
i
~
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3.2 On-line ldentification of TITO Processes

R>

G, (8) 0 Q _
‘ ] be lhc@ Zontroller matrix where
0 G yslS)

In the above cxprcss@ is the derivative filter constant of the i loop and neglected in

the Tollowing for cgggay analysis. Similarly, let the describing function matrix be

e

0 AN

where & il_\'\

v:a arc the gains ol the ideal relays of loop 1 and 2, respectively. The
cslin% '

1 of process model parameters is carried out in the following manner.

TH-422_PKPadhy
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. 3.2 On-line Identification of TITO Processes

\ Estimation of Steady State Gains (K)) &

The philosophy of estimation of the steady state gain for the SISO process desci

subscction 2.2.1.2 is extended for the TITO process. For ¢ > 2T, . when stead) limit

cycle is obtained around the scet-points, the average values of the $SS INputs
! . 1 3 |
(“:IA,.L- and u.,,,) and the process outputs (v, and v, . ) are mcasurcd@n, a temporal

disturbance is given to one ol the set-points or reference inputs for a @clurmion and the
corresponding average values w1300 Vi, and yj,,, are mea&d. If the limit cycles

occur around zero (1(1)=0), two temporal disturbances ma given to measure the

average values of the process inputs and outputs. Then, the s

by the relations CQ\/

y state gains are estimated

R — ok

| ! o2 DI ! i |
(1 I.n'_\_r." 2y - IHlm‘_u.‘ lave )(Hlm'guf.n-g ”'L.n'j:”?.(ll'_u ) -
(3.5)
B b
> T T b K ) 1 S
(”.‘.m‘x:-‘ lanve :t.‘!‘i_’-l RTIY (”l.u-.s;”hn‘_u Lave ™ Jfv:

where &

. 2 1 | A 1 o/ .2 i) ! it i ) | 2
& = (”:..n:." v ”:.n',\:-] iy }(”[.n-_u-" 2w jIQ“W ) (”lm:u-‘i Zave ”lm'.u—] lany )(”lnn:u-l g ”ln;u-‘ lavy )

Detailed derivation of the expressiotssgfven in (3.5) is presented in Appendix A.
Estimation of Process l\’lndc&%wtcrs

[t is assumed that both the dgop) under limit cycle condition have the same frequencies. The

pcak amplitudes A, anikkrl eal frequency @, of the limit cycle outputs are measured. The

deseribing [unction ¢ 1deal relays for cach loop is given by
, 44 @
\ " == — v < |, 2 (36)

7
The uum-ugng test results in stable limit cycle outputs forany /A, / /1, = 0 when

f\.,(;,,,(_j. - [ (37-)

\\'Iwr%

@) ) = [ I+G,G,(jo, }] ' G, (jew ) and Iis the identity matrix.

A1)
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3.2 On-line Identification of TITO Processes

Then, (3.7) becomes @
G, (jo AN +G, (jo, ) =~] Y F'=1,2 (S.Sv

Using (3.2), (3.3) and (3.6) in (3.8). we obtain

// . jor 1)
(0, +a,) =~ %3.9)
(I+ jeor Ty )
where @

[T
o = o) +A’j__t1+i

3.10)
"ord e A (

ay = K 0,1 = —— | @ (3.11)
- (I)"?.’.‘ J

quating the magnitudes of both sides of (3.9), one ohlui@

w,T =K Ja +al -1 %% (3.12)
Similarly, equating the phase angles of both sidc@ %.9) gives

A as _ -
w,T =x+tan”’ (—i -2tan Y (w,T) & (
'\ alﬂ

Then, (3.12-3.13) gives the expressions thc transfer function model parameters as

Poe M L P Q/ (3.14)
A

(O8]
Lo
S—

D -

o
’_‘\_
4
e
5]
N
—

Two stages of relay

(s are performed to estimate the process model parameters. In the
first stage of relay XJT the initial controller parameters for cach loop are set in a similar

manner as gi\'c@%l 1e subseetion 2.2.1.2. Onee stable limit cycle outputs are obtained, two

temporal SIS

wodels of the TITO process are identified using the limit cycle parameters

and the exgeaRions given in (3.5) and (3.14-3.15), Therealier, the controller parameters are

updulcn% e (4.44) and (4.58-4.59) ol chapter 4 for specified values of loop gain margins

£ @ phase margins (¢, ), where the subscript /=1, 2. The second stage of relay test is

N
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| 3.2 On-line Identification of TITO Processes

performed using the above controller setlings to obtain the final SISO transfer I‘me(i&&:

process models ol the TITO process. v
| 3.2.1.3 Load Disturbance Rejection @
The output of a TITO process for a step load disturbance is g

V(s)=[1+NG(s)+G,G(5)] G(s)L(s) @ (3.16)

The presence of the controllers in the loops during identification resultsfigicro steady state
value of the outputs to the step load disturbance inputs implying syfametrical steady state
limit cycle outputs around the set-points. This ensures accurate c@a[cs of the limit cycle

parameters under static load disturbances. @

3.2.1.4 Measurement Noise \/

To measure the amplitudes and the loop frequency accet y, the smooth signals from the
noisy outputs are recovered using the technique disciyrg

outputs for the TITO process can be expressed as@

in subscction 2.2.1.4. The best fit

)= i;u cos(k i) + Z;H sin(k er) & (3.17)

Lo ko0

, . tho, 2
where, v/(7) is the recovered outpr the i (i=1,2 loop, <, (k =0,1,...8) and

< (K =0,1..8) are the Fouricg&fotlicients and @ is the frequency of the recovered

outputs. 5&

To illustrate the mcth&ogy discussed in the preceding subsections, two examples are

presented here. On;‘ ge example is given in appendix B.1 for further illustration. The
S N

3.2.1.5 Simulation Resul

auto-tuning test § vith the choice of K/, =0.1, T, =land T} =0

. The final model of

the process Lg)hlmncd using the procedure given in the subsection 3.2.1.2. The cffect of

measuremenNgoise on the process model parameters is investigated in simulations by
mlmduc'% normally distributed random additive noise with zero mean and varyine
\'ul'ia V(0,0 ,,), atthe outputs during the relay tests thus making the oscitlations noisy.

T@%y test s performed with h=h=1.
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\
't 3.2 On-line Identification of TITO Processes
} Fxcmple 3.1

I

I (1.3s+1) 0.2(0.75s +1)
|
‘ ("( .\.:' -

i deni(s) _ . g
'i 0.6(0.75s+1)  0.8(1.2s +1) ]

~ where den(s)=(1+$)(1+25) (1+0.55). The gain margin of 2, phase ma@l‘%“ and the

| Consider a TITO process [62] with the transfer matrix V

| derivative filter constant of” 0.01 arc used for both the loops to desigin# PID controllers
tor the second stage of relay test. The process model parameters g with the controller
parameters are given in Table 3.1(a). Similar relay tests are pe ed with additive noise

of various a;, such that the SNR varies from 10 dI3 to 30 @Thu estimated parameters

(7, 7., D, and D, ) with diflerent noisc levels and their @vc errors are given in Table
I (b). The recovered and noisy outputs signals wit =20 dB are shown in Fig. 3.3.

From the results, 1t is seen that the process is ldr. U/ very well by the proposed method

although it is subjected to high level ol nois wul errors in the estimated parameters

7 and D, are 0.18 % and 0.78 Y, I'CSPULIIK ich are within the acceptable limit.

Table 3.1 (a) Controller and process mogcpparameters for example 3.1

}q Loop | m\) Loop 2
| 'I\ ). 1, 7;1 _/ T 0 5 K:-: =1, Tf’z =iy T; =0
| Stage |
| | K, =0.849,7 =1. %\,{) = K,=0.678,T,=1.5343, D, =0.4272
| K, =3.5298, QDY T = L6698 | KL, =3.7481 T, = 1.5343, 77, = 1.5343
| Stage 2 |—— | - '
| | K =054, A0, D =03 K, =0.678, T, =1.7573, D. =03271 |
]ililt 3.0 (b) I sum%|§.11‘:}111c(c1‘si|_1cl the crrm‘ial different noise levels for example 3.1
SNR l & Loopl i Loop2 ;
- , _ |
m dl3 { % Error in | Error in | T Error in D> Error in |
| T Dy | T5 D:
| S
Nonoige N$.8790 | Nil | 03422 [ Nil L7573 | Nl [ 03271 Nil
18792 '-‘().'()UTT{( 34207 00002 17573 | 0.0 | 0.3270 | 0.0002 |

|
|

i 1.8767 | 0.0013 [ 03428 | - 0.0018 : 1.7563 i'"'o'()ﬁ(*— 0 :7’(‘577 0.0004 |
|

]
2 _ 4‘
%ﬁ”% . '\_’ﬂ‘) | 0.0018 103432 F-0.0029 1.7558 | 0.0005 | 0.3245 | 0.0078 |

T
)

TH-422_PKPadhy

s




3.2 On-line Identification of TITO l’ro(\ccsscs

N
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!

Chtputs (haop
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(B3}
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g
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n
:-_- % rf 4

o

Fig. 3.3. Recovered and noisy output qwn

Excmple 3.2

[.ct the transler matrix ol a TITO process I(a&é

"1 .y Q
. .)7__(_]_7 1+ 0.5¢ @
Gl den(s) 0.5
1+0.1s Q/
where  den(s)=(1+0.15)(1+0. The estimated

parameters for both the stag relay tests are

(8] . - ~
g =2 and @, =45 tu@l to calculate the controller settings required for the

stage ol the relay test.

mn
I1s)

5.8 5

x 10
NR=20dB for example 3.1

&

ith SN

process model and the controller

given in Table 3.2, The design values

sccond

ble 3.2 C nmmllu wrocess model parameters for example 3
a

% Loop | Loop 2
- | L 0.7, =1. T}, K,=01,T,=1,T,=0
Stage | %%m .7, =0.3342, ?5 JT()?TJT K.=2.1923, 7, = 0.3342, D, = 0.0399
2.9868. 77, 348,77, =0.3342 i' K'. =2.9868,7, ")'_3348,-7'"';: =0.3342 |
Slage > A, -2 l‘)”—_m}:- )-ll I‘) _!)- 471_611_9—&»}"_ 2 1925. 7. = 0.4119.D. —=0.0410 |

TH-422_PKPadhy
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3.2 On-line Identification of TITO Processes
SN

AN
3.2.2  Identification with PID-P Controllers

3.2.2.1 Identification Structure @g

Fig. 3.4 shows the identification and control structure for the TITO prod&ggses. In the
structure. two PID controllers across the relays in the forward paths and proportional

controllers ol gains K, (¥ i=1.2) in the inner feedback paths are con@‘d to induce the

limit cycle outputs. The main aim ol the inner feedback proport@ controllers 1s to

improve the stability margin of the open loop processes and also & reduce the interaction
between the loops. @
3.2.2.2 Reduction of Loop Interaction @

\i/conlro!lcrs are able to reduce

This subsection explains how the inner feedback proport

the loop mteraction. Let the fictitious process P(s) be
inner feedback conwollers. From Fig. 3.4 (sclling%

Hk)iHC L0 ZzCro), one obtains 1§ E’
; . : - -1 ) -
. ﬁ(l +N,G(s) KLGals) FH m&%ﬂ«) [R® By 3,19)
v) LG K

L ANaGa(s) -+ KL G Py(s)  Pa(s)

TITO process coupled with the

oad disturbance and measurcment

where

/)”{.\.) ~ ——(J'Ii(l\‘)_ll'/\'Iv:(GH%:,;(h - ‘IE 21{'\.))

G..G
e NGy (s) + /\'r-:("::('\.Kw’m (GHG::(-‘}_ GL.’GZI('\.))

(3.19)

G, (s)

G..(s) ——

G, (s)

(5L 8)

M

G(s) Kl‘

IFig, 3.4, Proposed on-hine identification structure for a TITO process with PID-P controller
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3.2 On-line Identification of TITO Processes

ki )= e BN, . i (320
L+ K Gy (8) + K Gaa () + K3, K2 (GGaa (8) = G, Gy (5)) &
/)_*1(-\‘) — s oo o - Gzl(.\')’ ) ._l)
Lt NG (8) + K Gaa(35) + Ky Ky (GG (5) = GGy (5)) %
Po(s)= - — 7‘79}:(-\')"*' ’l‘im (G ()01 (5) = GGy (9)) (3.22)
o L oy O 08 ) W8+ KK (G“G::(.v)— GG (5))
Assuming KN, = K,, = K, , the above expressions at steady state are rediRgd to
lfl(()):____ /\tl'*'/\h(‘!\n]\z’z_/\u[\:\) @ (3-23)
I+ KK+ KK+ K (K K, - K LK) S§
K.,
77,(0) = PRy e et @ (3.24)
) I Ky + KRy o+ K (K Ky = B K5y @
A
0] =y e N4 (3.25)
1+ KK, +K,K,, +K; (KK, —K-K5))
I O R %
PL(0) =— ,\" Ll By = - 2) - (3.26)
- l—t-K,!K“+K,‘K:3+K,j(K,l[\'::—KDK2©
where K, =G (0) forall i=12 and j= l,% is clear from (3.23-3.26) that for TITO
processes wilh (Kyhss—Kpfeg )20, thA&(S‘-diagonal clements of the fictitious model

P(s) at steady state are reduced if the :%ws of K, and K, arc increased which indicates

that the loop interactions can be redteCd at steady state. However, the identification is

carried out at critical I'rcqucncy.& #lore, it is required to reduce the interaction at critical
(requency to increase the accurRgy of the identification. Palmor et. al’s technique [53] is
used to verily how the propReed method helps in the reduction of the loop interactions at
critical frequency. The |@1cmclion is measured in terms of the eritical cains and steady
state gains by their lnc@l. The condition for the limit cycle oscillation for a TITO process

can be written as %
]’ "\» ’

(Jew ) e "¢ (3.27)

where N'(jo &N +G ,(jw,) and e is the input crror signal vector. Assuming the limit
- %] ¢ 5 ‘

cycles of g ;gnps are at the same frequency (@ ). the input error signal vector elements

can be c.'\@;scd as
s . S Q
¢ /%IF'? Jer o F2 N o e ) (-"-—‘\)

10
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e 0 ot I I 1 0 ] l OV
0 SSCS

—C. =/ N
AR WG [ /J:_‘,\"':( Jjw ., )

Setti
ng ¢ =
& [""1 cos(e, 1) A, cos() H(J}]J her i |
: .where & 1s the phase difference 1 ;{
between the |
0%

and referri
crring |62
a102], we G 1 ssir .
| can lind the approximate relationship betw K
5 ecen K, o .
ler L”ld K . v
2o AN

/i

N P 0) T+ Pa(0)
LT I 2
N R
P10y Pa0) 3
> ? (3.30)

/I
I (‘.r;_]i]] q'][‘ !-!fl lOO]) “‘ I.he lCl'lﬂsE&O) 1 d
1 an 7 {0) o
| are

\\hC] N 2
¢ fl\. =
o =N+ G, U, )| is the critica
ASSume
ed to be v
VBT
ery small for the suitable choice of K, and K @
b2 @ s redu
iced to

;fu_t_fi:((1)
N,
77,(0)

o

P
tJ
5]

D)

an be me
asured b
Y an error
o1

I\ ?
Accord:
ng to P et al” 5
L Palmor et al.’s method (53 3], the loop nte c

ds
[ I'T:
or |[) -, | @
\\h ‘I'e . @ 3.3
cre ¢ is defined by & R
14 5
? = tan '["‘__,P_J(Ql\, Q
LKL P (0) ) @ (3.33)
Ellld gz . _
n, =45, Substitution {)[‘(B'BK@%) gives
n - R
= 4 ) "
) (3.34
32) & (3.34) that the loop interaction  becon |
s zero if
‘ 1

It
l.\ e ~
clear from (3.
lc%h loop interaction can be reduced with pro
per selecti
selection of
of

Sl
1 (0)= P, (0)=0. Therg
f the effect of the di
¢ diaconal
gonal elements

l\ plopo:lmnal controllers. |

the
gain of the mmnct
%H p(s) i reduced, the TITO process can be identifi
tfied by
Y lwo

or
U
e fictitious P
wsfer function models accurately.

|I‘|
dependent SIS “
o Idcn(@tmn procedure
g time del
10 the pi'occdu

Iy
Vo §
I@Lumd order plu
l(lL
nt i
% rom the relay (est usig

1y L ansfer (unction models of the TITO
process
S8 are

re given in subsection 3.2.1.2. T
et i LNE PO

(jon 1s nssumcd as

ana the idcn[iﬁcz\

K‘()n ]
wqun'ul durmg

Lr(‘al
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3.2 On-line Identification of TITO Processes

Tos 1+ fT,s

A
g

7
K., -/\',{u_/;f; J (3 36)
I/

i A -
/‘, = ~ @ (_)_38)
o ['I :

Then. the process model parameters (K, 7, and D,) a@hlmmd from (3.5), (3.14) and

3.15) with the modification in the expressions of cﬁ@%
4

@, =+ K+ K (3.39)

v &l é
Once, the process model parameters 115'6&:1111“.‘(1, the controller parameters can be

obtained using the expressions given in SQCCUO!} 452

3.2.2.4 Simulation Results @
Joxample 3.3 &{//

Consider the TITO process [03

- 0y
"J") \;Q)(, 0.2 )._I_(_)

I
r
. ' ]|4-,7‘1\ 1.807y
(’(.\.J - ! 00 Oy
| 4.689¢"" @H.___
Ll+2.l74s | +1.801s
The ume scales \% hours. so it 1s a quite slow process. Further. the process is not
diagonally domi T Henee, accurate SISO models of the process need 1o be identified for
I loop performance. Fhe relay test is performed with h =h,=0.1. The

satisfactory

controller

o

%\mclcrs are assumed as K, =001, 7, =17, =0 and K, =0 in the first

stage 0R relay test. Towever, the controller parameters are updated at the beginning of

N

TH-422_PKPadhy



3.2 On-line Identification of TITO Processes

A

the next stave of relay test using the expressions derived in subsection 4.5.2 with the L&'{

s ol A, =0.2 1s within the suggested gaWe :
T 0 « chosen value of K, = 0.2 1s within the suggested gaNée as
values ¢ - dand ¢, =457, I'he chosen va "

i . . e . cantroller parameters along with the estimat®® model
explained in subscetion 4.5.2. The controller par

Table 3.3(a). Table 3.3 (b) gives the critical &\Ns, critical

parameters are given in
&l r'd e - 3 . » .
[requencies and the errors for different values of K, and K, with the ller settings

- 5 )
i P o from the last column of Table 22 that the crror
given in Table 3.3 (a). It1s apparent fron ¢
K

[ i Y% 3 - . - .
whicl he loop interaction decreases for higher valueg o s and K., . The
‘hich measures the looj 7
1 0 oY1 9]
iS J arc shown in the s clion 4.5.2.
controller performances for the process model arc
i 27
‘ | parameters for c,\';@e 3.3
Fable 3.3 (a) Controller and process model param

K. =02616,T,, =1.1428,
7, =02756, K,, =0.2

| errors for example 3.3

. ey and

- - oty frequency ¢

Fable 3 3 watieal gains, Critég e ——
able 3.3(b) Crnitical & K i { o
= 0 | K o |l in

|
[ S
08002 | 07775 | 4.0459 | 311694

—57320 | 06855 | 4.0343 | 16,1102
53382 | 05019 | 40197 T 112189 |
- ]
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3.3 Identification of TITO Processes using P_relay

3.3 Identification of TITO Processes using P_relay

3.3.1 ldentification Structure @g
Ws and

y. 3.5. The

The proposcd identification structure comprises of two P_relays in the forwar

two adaptive integral filters, G, (s) =%, in the feedback paths as shown i
&

P relay is made up of an ideal relay and a proportional gain connected igpayallel to yield a
robust performance [ 10]. The method ensures smooth limit cycle mcasgrcnwms of the TITO
IS

process G(s) in the presence ol measurement noise and loop action of various

magnitudes.

)

A‘\" "’ ¥

R £ e VU
_"-/I.i

A\ 4

Gy (5)

L : _RE G (s)
. \> ; .

(s)
% & G, (5) L_ s

-

Fig. 3.8 bposed identification structure using P relay

; . ) : and
The static load dISlL% ces and random measurement noises appear at the inputs ¢

i - 1 3 . : ©he elay 18
outputs ol the proeggs, respectively. The value of the proportional gains ol the p_relay

E : . S B . . - he integral
chosen using the_Rghod given in [10]. The selection procedure for the gain ol the mieg

s one to

filter A, is L!cx%iK‘(l in the following subsection. G, (s) filters out noise and enable
11 : 5 -11ered limit
limit cycle measurements. Based on the measurements of the filtere

the TITO process

obtain acce

cycle ou a Lwo-by-two diagonal transfer function matrix model of

dynamics ¥ identified.

TH-422_PKPadhy
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3.3 Identification of TITO Processes using P_relay

3.3.2  Measurement Noise and Load Disturbance %

The identification ol the process is carried out at the critical frequency ﬁgb the
8]

measurcment noise is ol high frequency. Therefore, an integral filter, which is W pass
filter, is inserted in the feedback path that attenuates the high frequency cot tnts of the

noisy output signal. The cut-ofT frequency of the integral filter is
w, =2k, > (3.40)
As the identification is carried out at critical frequency, the cut-off ﬂ@sncy is chosen as

m, = m, & (3.41)

Therclore. it is casy o write

Vo) 5 3
B e i @ (3.42)
\E \/
where ¥ = 1. As the bandwidth of the integral filter ing ("s with the increased values oty ,

therefore, the suggested range ol y values for “0.*%"00 limit cycle outputs is 1<y =10.
Ny

The value of &, is updated during the relay LCSLC he following adaptive law

A‘;(H)i-yiﬂ(”_” &Q/

A
9%}
I~
)
S’

2

where n and ;7-1 denote the data for present test period and the previous test period,

respectively. To begin with, k,(0) = is chosen and thercafter, its value is updated every

&

‘bance during identilication is overcome by using the

period using the formula given in

The influence of static load
method suggested by Mujh&

3.3.3  Reduction of Lo I%Qructiun

The relay idcnliﬁczn@of TITO process exhibits a variety of behaviors under relay
teedback control d% the loop interactions. With the proposed identification method, the
effect of loop in&ctions in the TITO processes during identification is reduced. This
allows one o @,m the loops independently. For ease in analysis, Fig. 3.5 can be reduced
idcal relays in the forward path in series with the

to an cquivalgt conliguration having

I]clilintns©§) ess P(jw) as shown in Fig. 3.0.

TH-422_PKPadhy
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3.3 Identification of TITO Processes using P_relay

Y

l(’j /l.j Ul L
Ea N, ! P, (\)ﬁf—b g
)2 () v
Pj; (s) @
RJ /:3 U: )” @
= A - P2 () =

\

[Fig. 3.6. Equivalent configuration (11’@3.5

I A, is the proportional gain ol the P_relay ol i ]uop/m) can be written as
¢ R

T E (3.44)
P jo) Puljo) @

where

Y

Y

7N

Q

12, jew) G, G, (o) +K,.G, (-/.‘&nc;:g(fﬂ))—GDG:;(ja)))
i y=-—""" : ; Sl |
e I+ K"'G” Gy (Jw)+ /\—:':Gu G_‘:(J'.“ Y K;nJGr_: (_/'f-’))( Gx |C’::(J’m) = G|2Gzl (_/(U))

»l

@n G, (Jo)

e P+ K Gy Gl + K26y %MHKI,,KNG; (J0)(G,, G ()= G,,G,, (fw)) 3.45)
P (jw) = ——— > G,,G’g,(,;'m)ﬂ | | |

N L+ K,,Gy Gy (o) + K O30 (j) + Ky K .G () (G Gon (J0) = Gy G, ()
o= OO R GUIGG -GGt
- L+ K, Gy Gy (G Gos () + K K Gl (e (G Gy () = Gy G, ()

At very low l'rcqucnc_y@45) can be approximated as

7 - l .(I)} o

K, % K,

— jﬂ)_é Gu(./.(")) (346)
J

WIKH (GG (jo) - G,JG:,(A,"(U))

I () - S OJE(J’E’))
el /(. ; ". /\';-]/\',._‘((;]\G‘jj(,fﬂ})i(;IZGJE(-”-({)))
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3.3 Identification of TITO Processes using P_relay

It 1s apparent from (3.46) that the diagonal elements of the fictitious process &m) 1S

decoupled completely at steady state (@ = 0) and the coupling increases with lthcasc n

e as the magnitude ol the off diagonal clements of P(jw) Increascs. "Wever, the

l%or\\'urd to scc

coupling can be reduced by the choice ol a large value of &, . It 1s straig

that the closed loop transfer matrix can be described by

> iy Pa(jw) F.(jw) s A >
P )= » A, _ il
LF:I(./(‘)) l.,r::(.}'(()) (g ZZ)

- N B (j)+ NN, (B P,(jw)— P,P,, (_jm%

i LJw) = ; : . ) : AT

i 1+ N B, (fra)+ N B fa Y+ N N B Py ( o) —(’j@(_;m))
. ;\'r P .(’r))

P Cie) = U _

L+ N B (J)+ NP (fw)+ NN, (PP (G (Jw))

) (3.47)
/),'ﬂ( /"(U) &= B :\.]jzl(j(()) A
aEal R L+ N B (Jo)+ NPy (o) + NN, (P PD) — PP (o))
N.P,(jo)+ NN, (P,,/—)ﬂ(_,f(.')&%S;jf”ﬂI (Jjaw))
P (jw) = PO B " N

L+ N B (jw)+ NP (jo)+ NN, (G R (Jw)— PP, (jw))
For o] = @, o when |73, P ()| == 1B, (Jagp47) can be reduced to
N A Gw)
P L g = e PR Q
L+ N B ()
i3, { e @
!lw(/”)' . 2 L/
(L+ NP ) (1 + ﬂ',@/m)
(

_ NPy (jw
Pl @) = I(II

(1 + N, P, (o)) (] @/g:(_;m))
@ ol )= A je) &
221 | 4 .-\:/1:(_;(,&%

The diagonal elements

2
I
cQ
e

(jer) given in (3.48) imply that one can analyze the individual

loop independently % ntify two SISO transler function models of the TITO process

The off diagonal ¢ nmp, of P,(jw) give the magnitude of interactions due to the

identification ofge two SISO transier function models. T

I'he interaction magnitudes can be
reduced by ¢ m%sing a large &, .

Q
N3
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3.3 Identification of TI'TO Processes using P_relay

3.3.4 Estimation of Process Model Parameters %
In this subscction, two second order transfer function models ol the TITO pro are
3.1) 1

cstimated based on the Lhimit cycles data. The process model transfer malr

identified in the following manner.

Iostimation of Steady State Gains (K))

FFor > 27, when steady state limit cycle is obtained around the sc@ms, the average
values ol the process inputs in conjunction with the integral filter (F@and 17'2‘“1,) and the
filtered sensor outputs (4, and '1";‘“1_) are measurced. Then, %mpomi disturbance is

given to one of the set-point or reference mput for a short perja®dnd the respective average

N v and v's . are measured. If the

2ave Y S Llave - 2ave

values s cycles occur around zero

lenvge °
(- (/)= 0), two temporal disturbance may be given 1o @SUI'C the average values of the

process inputs and outputs. Then the steady state gaigue estimated as

K== 7 @
| (vl RE =2 a2 o — =1 w
i I'n'u-l RITIRY u l.n'_c.'l leve )(I I.n'ur 2ave u |=J|'_\:'” a4y
5 ¢ (3.49)
1 TYFE . T W i72 =y
(H "”.\."l' lave u :mu. Doy )(” Tave U dave ”Zm:u” RITIVY )
where

r] P | _n | 5

f _ = ,fl 2 i’ 2
2ave Iil'{l:.'\'_t:-l lanve )(1!2”‘.}.,_'! i —H-. ‘."] Jave )

- J F £l
/{ = ('” Qanye- v lone _”Ln'\:.] Janve

The detailed derivation ol the L\PI&( 18 given in (3.49) is given in Appendix B.

[Estimation of 7 and D, Q

From the measurement of . di lm . of the limit c¢cycle output signals, 7, and D, of the
process models can be es d forany £,/ h, # 0. Two SISO models can be identified

independently from the limit cycle outputs as explained in subsection 3.3.3. Looking at

(he expressions gi\-’c%

clements of P(_/(U%‘un be assumed as
( | -
/)(/(,))_ : ?(/ﬁ))g‘"_ - ’_:1’ 5 (350)
G, (jw)

8
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3.3 Identification of TITO Processes using P_relay

where, G

are the SISO models of the TITO process as given in (3.2). Then, the&gonal

NG, G, (jw) %

P, (jw)= Vi=1.2 V 3-51)
i (/ ] -+ (."\', + /\}1"{ )C;miGH (_/-(!)) (-)

In order for a periodic solution to correspond to stable limit cycles

nt

clements ol the closed loop transfer function P, (/@) can be written as

—_
O8]
w
[}

~—r

GGy, ey N + K==
Using (3.2) in (3.52). onc obtains

'l'; e 1Y)
KKye = @ (3.53)
{ e, 4, ) @

+ Kk, /mw, . Equating the magnitude anwmsc on both sides of (3.53), 1t

is casy to obtain @
JAN N, -1 ®§

LJ

where A, =V

re

T =X~

L @)
—2tan (e, T) &@

—~
(U9]
Lh
S

p——

N

L. =
1)

o

Thus. the TITO process dynamics is idc%(S%d by a diagonal transfer function matrix.

3.4.5 Simulation Results

Two examples are considered in/@ubscclion o illustrate the proposed identification
method. Also, the method proj ccd by Palmor et al. [53] has been considered for
comparison study. The criticajgins and the critical frequency estimated by Palmor ct al.’s
method are at negligible lo p%)tcruction. Hence, a diagonal process model is identificd by
the usc ol the critical gaj &d the critical frequency for comparison study. The decoupler
obtained by Wang et al ffethod [S1] is used to decouple the process assuming that the full
matrix transfler l'uncﬁ\l\k} model of the process dynamic is known or identified accurately.

=1 1s chosen stain update value of &, during the identification. The value of the

;

o the P relay is chosen as 0.3/ in both the examples. The effect of

])l-n]mr[iun:ll o

measureme

S

TH-422_PKPadhy
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3.3 Identification of TITO Processes using P_relay

normally distributed random

sensors output during the

Example 3.4

Consider the Wood-Berry bing

-
[2.8¢

Gls) - )
6.6¢

(16.7s+1

(1095 +1

~18.9¢ ™

s S

) (2ls+1)
~19.4¢”

. —

) (14.45+1) |

s with strong interaction

v distillation column process [53]

and signiﬁ@

additive noise with zero mean and varying variance, (TfJ al&

relay test thus making the limit cycles noisy.

with transfer g’x X

@
A

ime delays. The relay

IUis a typical TITO proces

03, = —03 and k, = ()hc height of relay in the
(0) is negative. \\m[@\%p of (3.43), the value of %,

test starts with the parameters I

second loop is negative because G,

is updated as 0.0912. The modified relay gives |\ Py(jo,)|=672 and
R | %modc]s of the TITO nrocess ¢ ;
i!T:/J;:(_[m“ )1 - 351. llenee twWo gISO) transiel il@ process can be

T noise M, and M, having variances

identified using the ]“'OPOSCL} method.

aradded to the sensors output during the relay

=0.641 rcspccli\&
A The noisy limit eycle outputs and the denoised
test to make the Himil cycle Oulpllih)' o
put terminals) resulting from the test are shown

at the imcgl'g‘ i’lltcr out
& | denoised output

in Fig. 3.7. The shape of the I bl

N -

a;, =0.495 and oy,

limit cye :
cycle outputs ( —
. ] s is different because of the inteeral

Dling (3.49), the steady state gains K, =06.32 and K, =-9.61

filters in the feedback paiz:
| parameters 7,, 75, D and D, are

. The process mode
are estimated during afy 1ot the 1

i -l Timit cycle
Cstimated from lh®””“d limit ¢y

<

6.32¢

(1+

oulputs. The identified process transfer function

Mmatrix is

30833
——n 0
5.1522s5)°

3 0000
_9.6le
B

0 (I+_:?.8()()4.s‘)‘ |

W - ency estimated D
< and critical [requency estimate
ains

y Palmor et al.’s method, the

Ning the critical 2
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3.3 Identification of TITO Processes using P_relay

(:\2 = Tk @
3 0 Wl 0

, (1 +2.5444%)°

(',“,{‘\')Il’illlth“ olal = “()_()]L’ 27768, @g

0

I (1+2.5098s)" v

The decoupler obtained by Wang ct al.’s method gives

12.8¢”  6.43(14.45+1)e™ @

0
. (16.7s+1) (10.9s+1(21s+1) @
ro(s)

" i\\';m:cl.ll - - X —-Oxs
0 -19.4¢ +9.745(16.7.s+1)c A

(144s+1)  (109s+1)(21s+1)

Using the third order Pade approximation for time delay, the Nygquigfcurves of the diagonal
clements are shown in Fig. 3.8. The Nyquist curves of the ps modecls obtained by the
proposed method, Palmor et al.’s method and Wang ct alg *thod are shown in Fig. 3.8

for comparison study. It is clear from Fig. 3.8 that the RyfWist curves of the process model

2]

by the proposed identification method is very Closi @hc Nyquist curves of the process

model obtained by using Wang et al.’s decouplep,

‘eby, indicating the accuracy of the
proposcd identification method. The frequeney r¥sponses of the diagonal clements of
P(jem) upto @, for y =123 4and > m'@ n in Fig. 3.9 to evaluate the magnitude of

the loop interaction. The maximum ingeraction at the critical frequency is 24.82 which

decreases further with higher valucs&

-~
-
!

o

G0 S0 w0 w0 5300 1000

t (Second)

|

/
ST

O
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Nyquist curves of ]W&i@ S modecls for example 3.4

o
:/l§@ m[ y =1 j|
: Q)

% sl ‘
5 | o - - - 1
e

y =95 | 2} T ST ; 4

Fig. 3.9,

Frequency responsces of the diagonal elements of P(jw) for example 3.4
Example 3.5 %

Consider ll% wodel  of methanol-cthanol  distillation  column [53] which has large

il“““‘““”@l\\ cen the loops. The transfer matrix of the process is given as

N3
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3.3 Identification of TITO Processes using P_relay

AN
N
| 0471l 0.495¢7
, (30. 75 +1) (28.55+1)° ;g
G L&) = ] = - - @
0.749¢ 7 ~).832¢7"
| (57s#1F  (50.5s %1y
The relay test starts with /4, =0.5, 5, =-0.5 and &, =0.01. However is updated as
0.00874 during the relay test. The output signals are corrupted /&, the addition of

M (0,05, =0.495x10 %) and M,(0,0;, =0.1448x107°) during lgc relay test. The noisy

and denoised Imit eyele outputs are shown in Fig. 3.10. The s@y state gains K, and K,

arc estimated as 0.9167 and -1.6193, respectively. @
T — N — ) 0dr & 74
l ~N - -
O
/ f \.
\ / \
T / \-“

. ] . L i |
3500 400 4570 S0 250 3000 3500 anm 4500 5000
1 (Secondl L {Secand)
@ . '

1

L

(RS = ‘-"\' —~ = '{

i b \ \ : \d

\ \I\ \\l ']

RS . \‘_ \".,.i

- |

; A |

30 25 X 3300 a0 4500 5000
L @ L(Second)
IFig. 3.10. Noisy & Il red limit eycle outputs for example 3.5
Mecasurcments [rom the dei @mll cycle outputs results in the process dynamic model
140617
0.91 6
) (1-+ ‘\4 $
(’m(’\ Frapose: = 193¢ 11,2540,

% u T8

The critical gains anWeritical frequency obtained by Palmor et al.’s method vive

X Y332

0.9167¢ _~__ g
(l+52.313\’\')'
~]()1‘))’ ST
(1+52. 79%;)

(r, ()

" ‘ Palmoy

%

%

nal clements of the process model by using Wang et al.’s decoupler are given as

The %
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3.3 Identification of TITO Processes using P_relay

[ 0471e 0 0.4456(50.55+ 1) e 27 | &

i} - 0
(30. 75 +1)" (578 +1) (2855 +1)°

G""('\l )' Mone et oal = I g
e 0 —0.832¢  0.7872(30.7s+1)7e ™"

(50.55+1Y  (57s+1)"(28.55+1)°
Third order Pade approximation is used for the time delays associated wiNyr~he process
models. The Nyquist curves of the diagonal clements obtained afteg dycoupling, that

obtained by the proposed method and Palmor ¢t al.’s critical point c:@tion mcthod are

given i g, 3011, S§

D » -
, . &
o 2 % -

St NI Prapnsed

— - - Falrmor et al
@ """ Wang et al

@ Real

. » ~C % - AQQ ale T ~ 2 g
Bip. 3_2@(1“15[ curves ol process models for example 3.5

%_y 3,120 Frequency responses ol the diagonal clements of P(jw) for example 3.5
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3.4 Conclusions

-

It is observed from Fig, 3011 that the Nyquist curve of the proposed process model Oncc&

again wracks the decoupled process more accurately in comparison to Palmor ¢t a

method. The frequency responses of the diagonal clements of P(jw) upto g

y=1,2,3,4and 5 arc given in Fig. 3.12 which shows a maximum inlcmcli@ alue
6.62 at the critical frequency. @

3.4 Conclusions @

A relay based on-line identification method for the TITO pmccssc%k yesented in the
o T | >

subscction 3.2.1. The proposed method requires no prior knowicd@ 1¢ process and can

identily cquivalent second order plus delay SISO transfer functiomW#dels of the process in
\K modilication of the

S proportional controllers in

the presence ol load disturbance and  measurement  noj

. i - s . . - ceant ] 2 5 .
identification method is given in the subsection 3.2.2 by ins¢

the inner feedback loops. The proportional controllers st z¢ the process and reduce the

Joop interaction at critical Irequency thereby mcreasingtiiaccuracy of the process model.
A P relay based identification method is proposc scction 3.3 for the identification of
diagonal transfer function models ol the T jocess from a single relay test in the

presence ol" large loop interaction and mecagdygment noise. The novelty of the pmposcd

approach is that it successlully reduces lhc mteractions and can cope with the presence

of measurement noise during the pro

o

widentification. Most importantly, the steady state

aains ol the transler function modelsaxg SStimated ina simple manner,

)
&é
%°

&
N
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4.1 Introduction
O\

A
4.1 Introduction

Conventional PID  controllers are still used extensively in industry in sp ‘g of the

development of many control techniques owing to their simplicity and mhuvms. Several
methods are available in the literature for controlling of single input singl put processes

[23-44] and two input two output processes [59-69]. However, the co > design based

on the gain and phase margins criteria are found to be robust. The 1@ controller design

for SISO and TITO processes based on loop phase and gain nn as proposed in 1995

[31] and in 1997 [59], respectively. In this chapter, the phasn, andd eain margin criteria 1s

uscd to design the SISO controllers for the identified transfe tion models of SISO and

N4

Dilferent controller conligurations ol a feedback I(mp 101 system are given in section

4.2. Scction 4.3 gives some ideas of the pcrinrnun%ﬁ;miption of" a control system. In
gubsection 4.4.1, we use the loop phase Hﬂd

T1TO processes.

margin philosophy to obtain the

expressions for the PID controller parameters both the stable and unstable FOPDT

ProCesses. The equations lor the controlle @mgs are simple in terms of the model

parameters. ITowever, the PID controller g 1\’c>. excessive overshoot, particularly for servo

problem. To minimize the overshooty 1@%‘:’1‘&‘ of freedom controllers [40-44) arc used. In

subscction 4.4.2, we use the two-deg -ol-Irecedom PL-PD configuration where the PD

controller 1s used to stabilize lh&r cess and the Pl controller for overall performance
|C

improvement. The SISO contu

L()l]ll(}“Cl ‘-'L‘\l"ll ()1 T 17O [7[&.
4.2 Controller C()nhg@ns

tuning formulae are extended for the decentralized

>s in section 4.5 followed by conclusions in section 4.6.

The basic control sys L@lln be represented by the block diagram shown in Fie. 4.1. In the

fieurc, U and YV rdggesent the control signal and the controlled variable, respectively. The

design objective UNC basic control system involves the determination of the control signal
over the pres&&Ged time interval so that design objectives are satislied. Many ol the
conventionyl Wesien methods for control systems rely on the fixed design configurations.

The dcsi@- Jecides the basic configuration of the overall system and the place where the

L-nnll‘UHié;.

TH-422_PKPadhy

to be positioned. Thercafter, the parameters of the controller are designed based



4.2 Controller Configurations

on the process dynamics. The commonly used system configurations with uz@viicr

¥
V@

compensation are described briefly as follows.

U y
/ Process

&

tem %
©®

Fig. 4.2 shows the most commonly used system contiy on. In the configuration, the

Y

Fig. 4.1. Basic control sys
Series Compensation

controller is placed in series with the process in the [ea@=A'd path. PI, PID, phase lead and
lag type controllers arc usually used with this scricr% yensation conliguration.
. 4 .
R Controller|Z Process )

G.(s) N G(s)

o

K@Z_ Series compensation

The controller is placed ihw feedback path as shown in Fig. 4.3 and the scheme is called

Feedback Compensation

feedback unnpcnsuliun@w wase lead type controller can be used with this configuration.

Process

G(s)

R

v

’.

Controller
G (s)

% Fig. 4.3, Feedback compensation

1
TH-422_PKPadhy



4.2 Controller Configurations
_ O

Sceries-Feedback Compensation &

Fig. 4.4 shows the series-lfeedback configuration for which series and leedba

N

)

arc usced. The feedback controller is placed in the inner feedback path hc series
D

controller is connected in series with the process in the forward path. PI- -P and PI-

P controllers are the best examples for this configuration. 5

R Controller U Proccss:\ Y
> P . P ~ »
@ G (s) G(siCo)
Controller :
G..(s) N%
—O
N

Fig. 4.4 Scrics—ll:cdb:@ mpensation

Sceries Compensation with the set-point ﬁ&@

In this compensation, controllers are pl;% in the reference path and in the forward path in
series with the process as shown in Fi . The reference path controller (G, (5)) does not
affect the roots of the characterig squation of the system. This is also called set-point

weighted compensation. Any o& PID, phase lead and lag compensators can be used in

this scheme. &Q

]
R Controller| Process Y
- > . > , >
)3 Go(s) G(s)
% Fie. 4.5, Serics compensation with the set-point filter
['he cor Ssation schemes shown in Figs. 4.2 and 4.3 have one degree of freedom in that
there sy one controller in cach system, even though the controller may have more than

unc%nmmm- that can be varied. The disadvantage of the one degree of freedom controller

TH-422_PKPadhy



4.3 Performance Description of a Control System

is that the performance criteria that can be realized are himited. For example, 1t a syslcm&
to be designed to achieve a certain amount of relative stability, it may have poor scnsili@
to parameter variations. Again, il the roots of the characteristic equation are sel&d’ 1o
provide a certain amount of relative damping, the maximum overshoot of step res )% may

0]. The

still be excessive, owing to the zeros ol the closed loop transfer functjg

compensation schemes shown in Figs. 4.4 and 4.5 have two degrees of fie m
4.3 Performance Description of a Control System

To analyze and design a control system, the required performang Nl > control system

must be defined and measured. Then the system parameters @ justed to provide the
desired response based on the required performance of the con sy
systems are inherently dynamic, their performance is oilg@v ed in terms of their step

response. The transient responsc is the responsce that dis

stem. As the control

bears with time and the steady

state response is that which exists at ume f — % >rtormance of the system can be

readily improved by inserting a controller in a suf@bg®” location within the structure of the
costem. Sifce the controlicr desiin is d”.CCK@[cd to the desired performance of the
control system, a brief description of the tim€ a I frequency performance measure is aiven

below.

Time domain performance measurg @

The time domain performance &@1”)’ obtained from the response of the process to a

(est signal. The standard {hh@lll signals are step input, ramp input, pulse input and

sinusoidal input. In this &N, the most commonly used step input is considered for
performance measure bgUs it yields very useful information about the process dynamics.
The step response ot‘@aicul under damped closed loop system is shown in Fig. 4.6. The
time domain perft ce measures of a closed loop system are usually given in terms ol

maximum ()\AC].S]“% (0s) which occurs at peak time (7,), settling time (r_), rise time (,)

and steady sixs error (¢ ). These [ive quantities give a direct measure ol the behavior ol a

control s% N o a unit step nput. In practice, the system output is usually required to

I'u“miﬂpm as closely as possible which ideally means zero steady state error and small

I-ig—.(_ . . 5&‘”“”}_’_ [in“.‘ Z]ﬂ(l l.’Cl-CCnl;]gL- ol U\-Cr.\'hﬂﬂl.

()
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4.3 Performance Description of a Control System

&%

110
0as

it

S

[Fig. 4+.6. A typical closed loop oulm@' honse to step input

Frequeney domain performance measure &@

A very practical and important alternative agproach for the analysis and design of a system

i the time domain is the frequency resp anthocl. The frequency response of a system

indicates the magnitude and phase rel; li(@ip between the sinusoidal input and the steady

state output of the process. In steadg M£, the sinusoidal input to a lincar process generates

sinusoidal response ol the sumc@ucncy as the input signal, but with different amplitude
yPIc

and phase. Fig. 4.7 illuslrnlcsg@ of'a

process. In the desion ol mm' control system using frequency domain method, the
& ¢ such

al frequency response gain and phase characteristic

performance of 5, _\.\.chn@l se identified using the appropriate performance measur
as the phase margin (A Gain margin (£, ), resonant peak and bandwidth. In this chapter,
the phase margin m oain margin criteria are used 1o desien the controller. Another

Important charagtNstic of a frequency response measure of a system is the critical pomt.

The critical pggsts the point where the Nyquist curve intersects the —1+ ;0 point i thi
negative 1@_%:& This point yiclds the critical gain, K and the critical frequency. @ -

S h g v D .
[These tw ues are used in chapter S to tune a PID controller.,

A

TH-422_PKPadhy



4.4 Controller Design for SISO Processes

Real % -
Fig. 4.7. Nyquist curve ‘%i‘occss

4.4 Controller Design for SISO Processes

4.4.1 PID Controller Q

P controller is the combination ol portional (P), integral (1) and derivative (D)
controllers. The proportional conm& ith increased gain typically increases the speed of

response but, at the same time, yRIY a much larger overshoot. Especially for higher order

processes, large value of projQr nal gam causes mstability. For most control systems,

there is an upper limit nl@l-opnmonnl gam m order to achieve a well damped stable
Y

response. Again, the liny y still yield certain steady state error., So, an integral term 1s

added to the controller prove the steady state accuracy of response. Now, the controller

becomes the Pl lyp%

comes at the cosiad a worse transicnt response. To eliminate this problem, a derivative

C

it reduces the steady state error 1o zero, but this benefit typically

action is requg in the controller. Further, the derivative action can be used for the

stuhilimliun%

“al of the error and the ume rate change of the error. The derivative

e process. So. the control signal is the combination of the weighted error.
the time | part ol the

contro QL usually improves the systen s dynamic performance, but at the same HME
mcreasey the cain at high frequencies. I'herelore, the high frequency noise cliects are
78
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4.4 Controller Design for SISO Processes

imcreased by the derivative term. To climinate this problem. a filter 1s usced with l&
derivative action of the controller. V
The dynamics of many processes can be described adequately by stable or unstable %)T
nstable

FOPDT

process models. Several methods for tuning of PID controller for stable an

processes are available in literature. Ho et al. [31] designed a Pl controll
process using loop phase and gain margins. They required solving four desfanbquations of
loop gain and phase margin criteria to obtain two unknown controller pare ers because of
the presence of other two unknown parameters, gain and phase CI'OSSQA& frequencies in the
design equations. To design a PID controller for FOPDT process, i[@:quircd to solve four
cquations to obtain live unknown parameters. So, we design 1l\rivulivc time constant
[rom the process time delay. Therealter, the other controller 'Mﬂ:lcrs are obtained using
the design cquations of loop gain and phase margin @in. In this subscction, the

expressions [or the parameters of PID controller are dQR\yed in terms ol process model

parameters and uscr defined loop gain and phase mm© The series form of P1D controller

given in (2.51) is considered in this subsecction. @

4.4.1.1 Estimation of Controller Parameters

Using the identification method discussec Chapter 2, a FOPDT transfer function model
(2.6) of the process is identilied. Basedpp the process model parameters, the P1D controller
is designed using the phase and gai %1 criteria. The open loop transfer function In Fig.
2.3 (setting the relay heights to zc@d using (2.6) and (2.51)) can be written as

f B T30 4-d)e
GG ls)== > t,’\,)F 5%1\5 (4.1)
f!.\'(/xié{x

1.ct the phasce crossoveys vain crossover frequencies of the loop transter function be @,
and . rcspccli\‘cl\'%milurly, let ¢ and gy be the phase and gain margins. From the

definition of phas§@argin and gain margin, the following set of cquations are obtained

i(;'m(;'_ (ja, ) %];g (4.2)
1 (4.3)

79
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4.4 Controller Design for SISO Processes

T+ m'g((im G (fow, )) =@, W(
T+ :n‘g((fm G (jeo, ))= 0 %15)

Using (4.1) in (4.2-4.5), we obtain v

| ,)f—lu‘ 'i'l (46)
NK" = = (1), / e @
\(r}f H}((r);[:,"l'“
,——4—’ﬂ_‘_'_‘ @

K L T+ \ (4.7)

s LI l’ ———“T‘—
Y \/(m T+ Ty +1) @

7 -1 T—D(U :(/@ (—!-8)

£ tan (e, T/)+1an '(m‘:T )F lan” @y

1o

(4.9)

8 e P '
. Ly an @,
+lan ([ T))+ an (w0, ) ¥
' ;ma|}[lt'll[y in casy way because of the

. be g0
! h - P al ¢ -4. )) can nO[
¢ above cquations (4.0 Ving dppmxmmllon [59] is considered for the

o n
Presence of the arctangent function. T@

Arctangent function.

([ <

{

| TX for 0= :.\'EQ
\[ _ IUI @
| 4\ &

Let gy choose : ) ¢11)

are less than one and that of

(4.10)

~

:4

[

P« ]
o (.(1”) f’
:I ' w,d,
Uﬂ o dnd R J

alues of

Vi
Wh wing the . written
se D= g J& At ne, (4.6-4.9) can be writlen as
¢ than one, =

. greal
(.')I‘]f o, /2 f}] and @, T (4.12)
KK m (4.13)
& J’\%

40) 7 4(

mﬂ
@ ML D{l /r !
.') 7
E ( T )

T '”’:'/){ [=- 1)

4(1} 7 4(1; A
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4.4 Contre
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sign for SISO
SISO Process
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atileieous solution ol (4.1244.13)
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"y
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v
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\ )
Where >
("I - _ E{/JL' T(U _]) @
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(gL —1)(4 - 7a) A
(4.19)
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|

\_ ) § R I 3.8578 | 8.2268

Table 4.1 Actual process,

| W . _)_’__‘_._———L'—)‘ : | B & - o |
& g T 09912 | 03014 2.1720 | 3.3925 | 0.2735 |

4.4 Controller Design for SISO Processes

Fxample 4.1 &
0.3 ;é
& wntroller

()= —— [34]. The specilications for

Consider 1 stable FOPDT prodess G (s+1)
‘rE obtained for

ct al.’s method

0 “Plaa - . A S
0 and ¢ =00". Fhe controller parame

F
=J. m

design are set as @ =0.33, Eu

in Tablc - > PID scttings by Padm
the process model are given Table 4.1. The PID scttings by Padme

we K o=15 Tr=1.25, Ty=02167. Wang et al.’s IMC method wh@
dre \, = 2.9, ',; 2D, i ooty

ased on numerical

o o ies K =1T137, T = 1.0154, 7, =0.1669=a0d the derivative filter
optimization technique Ives i,

4.8 (a) shows the cgmparisons ol the closed loop

& e P v,
ime constant ol value 0.01856. g S et 05 et
(put (o unit step input and step load distu oL mas e 0.5 applied a
OULPUL responses § _ '
l - ttings. The prop cthod shows improved set-point
settings.

=98 second for all the controller

e relcction in c
response and acceptable disturbance 1<) W)

luated by per o the values ol time delay, steady state
aluale = =

+1897 Whereas the controller settings used are for

rison to the other two methods. The

3 - o 1C Y
robustness of the controller 1s ¢
ant of the process by

:é@i g (d) show the closed loop responses for the

aain and time const

) ~ t
. A o 8 (b), 4.8 (5

the nominal process. Fig. 4.8 (b)
1C

T -OCeSS ):&
Process with variations 1 proce I

Q better than that of Padma Sree et al.’s and Wang et
are e

s, The performances under the model parameter

. - ;ed mect
uncertainty by the proposed n

al.’s method. @

moters and P1D controller parameters
.| parameters al
.pss model Pl

B

R AT PID Controller parameters
o - vee mode] parameters pare s
{ Process M
| TR N—
- " .
& T e s
. OO SCS
l*_\amplch‘ ‘ & 8 — | !

| | e | |
o \&x“””‘"’ 0.9996 | 0.5000 | 1.6972 1 1.1600 | 0.1486

[

b o | 114341 | 28602 . 15922
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| e e

—— Proposed

‘. — — Padma Sree &t al g
. S VWang et al. i

ar

it
[}
-
:&4—_,_‘__’__
—
e — ——
W
1

example 4.1

——— Propose

_ — Padma Sree et al o

_______ Wigang et al.
‘__'..l—-""—_‘-_-_-_‘__-_-
Rl
\\_‘:’ ~

10 Y wariztionn I
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4.4 Controller Design for SISO Processes

N — . &%

Froposed _
| — — Padma Sree 2t al

r | N -"__—
= ¥ =

-------Wang el al %@

' -.l:..' e —————— e T —

| g
! ‘ 10 % wanatwonon T &

1)
L‘H
4
L]
1

OsF &
! | |
h l |
{ c 10 15
R ’ t (Sec %

g 4.8 (¢). Closed loop responsgs R&gtep mput and load disturbance
o FLIE S C). 2 : |
) A 7 for example 4.1

with £10% var,

. ——— FPraposed
Q — — Padma Siee et al. 7

st - @ ------- Wang et al. !
\ |
. - . ‘,-A:,._ruv““ﬂ ===

L z i

S0 % wanation e D

(o step input and load disturbance

-esPONSES
% i , Josed loop res| _ ‘
% Fig, 4.8 () . riation in D 1or example 4.1

with £10% v

QA
%v% ’ "t; - { (Second]
Q

8-
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4.4 Controller Design for SISO Processes

Fxample 4.2 %
of example 2.1. The controller parameters | e

Consider the second order process
d using the design specifications @ =7 % =93,

For comparison. the PID controller desi :thod by

identified FOPDT model are obtame

¢ = 60" and arc given in Fable 4.1.

he process model parameters given in Ic 4.1 for the

Padima Sree et al. is considered for . " , 5
The PID paramelers by their method are Ko | 900, 11 = 4.1836, T
Y are

sed loop output responscs for both ncthods are given in
e

that the proposed method gi\&s satisfactory controller

second order process.
=0.7970 and g = 0.01. The ¢l
Fig. 4.9. The results show
performance as compared 10 (heir method. @

—0

e P __;er: and Chidambararm |
Al
\ %

¥ity

&0 70 an a0 100

40 a0
{ (Seco ni)

. load disturbance for example 4.2
e 1o step input and
'“.,CH 10 5""LI

Example 9.2 is considered here. The FOPDT model

. 5 y respol
Iig. 4 ‘@de loop res|

« of example
) - \CCSS 0[ cX ; '
The unstaBle FOPDT procs PID controller parameters estimated using

o with the

1.2 alon '
able 4.1. For performance comparison, we use
3 Wolsith

[}

. n
idef_God in subsection =

%{E U(‘) § .i-.r,” = 4() ﬂ”(l (/).u.‘ =

/
o suggested bY

()0 are ﬂi‘\"cﬂ il'l l
et < < 1 Jieinll T2 ) - N
P'ldlﬂ'{l Sree cl “1]‘ [" ]~ V 11‘10“ IJJ] ll]\.i ”Ll me ct al.

hC '(H]l:l\)]} Y Ci[in ‘l 'll i“ | "'\' " | l ()‘-‘4 | | : : L)h ,

| < { . !.CC L . . ks 1
oL i i \'L‘Hinh.’.n' l)_\" Pdtll'ﬂd ; C { -y
IJHI. [h | ‘U”“-“”Ll | 4 T — ‘\’\] ; L) 7‘,' - 0 )()Ol iln(i [hﬂl p]'l)l)\}f- \(i l).\
i {) /! () by = L.QL = y

N

02561+ by Visioli arc A=
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4.4 Controller Design for SISO Processes

I'IL]E“ T o] - ar 4
g etal are K =2.142, T, = 2.9087, T, =0.1603. The control performances ofé@h
g ¢

and the step load disturbance of magnity

met s for '
hods for both the set-point change
shown in I T ‘
vin Fig. 4.10. The proposed method shows improved control performanceNgQ terms of
b § ol

settling time. g

NN

the o
Vers 5 *
ershoot, speed of response and

——— Proposed \)
— — Padma sree and Chi@ram
Huang et al -

“\
W \
i
T — - — Visiali
:

T

&

ra

2
22 20

ond)

15
eco

0 i 5 Q 10 (

Q&; (o step input and load disturbance for example 4.3

IPig. 4.10. Closced umpéczsl

PI-PD ControRgr
4.4.110s the typic

Tl
1€ PID conrol [ igoussed 1N subsect”” P
G undCSil‘ﬂb[C phenmmnon that occurs because of
[

ck IS
[ the error signal can be written as

TR—

e e

" el H‘&\\,’L  derivalive kich .
path The derivative 0

44,2
ally available controller for use

the (Iet‘i\’aliv@ion in the forward
detr) N (1) (4.20)
e T )
! H% d | ;” hangc in the relerence input 10 the COHU.OHCI.;‘ " 11“.81 part of (4.20)
y] d lnt sudden chi N ol signal remporarily: which is 1¢ en‘u to qb 5 dérivative
angd Ll s -ontr oller 10 salelntEOI avoid thi th% ‘]Cfc‘cncc Input Iy e
Ll“dkdlilmy e e action: The derivatty ction of 111c0‘nlnillu (_‘Hl'l be
rom  the derivati p PD S(ructure is the mmmoniy used configuration for
:Iunu”“l e !U‘d]md\ 1Pil”']w|u[, of ll]wcdmn and [our p;n-umclcr controller. In this
(W

Wy ; |
Purpose which 1s @
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4.4 Controller Design for SISO Processes

subscction, the PI-PD controller parameters are designed for the FOPDT model base %

the loop phase and gain margin criteria. For fair comparison, some other two deg P
O

freedom or four parameters controllers for stable and unstable processes such gs int

weighted PID controller [43, 44], PID-P controller [42] and PI-PD controller 417 are
considered in the simulation study. §

4.4.2.1 Estimation of Contraoller Parameters

Setting the relay height to zero in Fig. 2.9, the PI-PD control sprut¥e is obtained. The
¢ given in (2.22) and (2.2

forms of the PI and PD controllers ai pectively. At first, the

inner feedback PD controller is designed based on the sta
(he identification proccdur@

properties of the process

. I s - it
model  obtained by using en In subsection 2.2.1.6.

5 . s 3 el for stabilf rocess model G’ (s at i
hereafier, the PI controller 1s designed for the stal del G, (s) that is the
53 > = 0 =
process model G, () coupled with the PD conti %
Design of PD controller @
FTi0.2.9) can be written as

The stabilized process (ransfer function'!

L Ke In
G””('\.):—EEL(“\L—:”T"_’Q_‘F?} (4,21)
151G .G, Toe KK GRS

m
e lime delay term in the denominator of

he first order Pade uppro.\'nzzllli

(4.21). Let us choose

&Q (4.22)

(4.23)

is used for tl

. of (4.23) that G.,(s) is capable of stabilizing an

10 the pole of a stable process model when

del and relocatil

“% le FOPDT process MO
‘ (4.24)

TH-422_PKPadhy



4.4 Controller Design for SISO I’mce‘;scs
7 AN
K, < ;7‘ (42
KD . @

Combining (4.24) and (4.25), on¢ obtains

4 20)

L
el A y B
K KD

Then. one can use the following proportional g gain to design the Iu.dbacl: sontrolle

| [21 R

) A,

Design of PI controller

IN

’ =

sfer function becomes GG, (s the basic equations of the

Now, the outer loop trans
phase and gain m @
|~ (4.28)
G, (Jew, )G, (jo, )J =1 %

1 @ (4.29)
:—;‘—

&
Q/ (4.30)
A

T+ a1 g(G (Jo, VG, )) P

(4.31)
T+ é( (jw,)Go(j0,)) =0 Q
Using (2.6) and (4.23) in (4. 28- 4:”\%5

. £ A Y AP f‘S
arains criteria can be expressed ¢

‘G( |(.f.“{ )G (

HI

(4.32)
KK = w, T (KK, +1)
(4.33)
8.AK = .@E(!x’RK\ i
: (4.34)
(/):u :f—{ﬂ'm ! —lmT'] (_(QL,T)’D@L-
h ) (4.35)
I :(
HL 5@/,) an (u,f)"’)“)p
\\IlLIQ
[ = b ] (4.30)

S5
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4.4 Controller Design for SISO Processes

/S B . %
_2 . for —<]1, is used to solve (4.34-4.35) and
")

he approximation, tan X ==
20X X

an one. Now, using the above appr

(ON 2 L SATEP
e T @,T, @,T arc assumed to be greatet th

the expressions (4.32-4.35) becomes v
KK :(UU(T_M\,D] §
2 >

( KK, D
8.RK = ’ I —— )
2 / A
x @ y
b, i ey +»]r - Do, @ (4.39)
2 w0, or '
CQ\/ (4.40)

19 [

l |
———+ —-Duw, =0
w, T, w1 %

Finally, the simultancous solution of (4.5 7_4'4%
(4.41)

(4.42)

QH.HCI
T C ]__,_,_,‘_——"' i
" = =g 7

pLL][lCdllOﬂ" ( &

Forp , ,
O 4 given ]w& K.T.D) ¢ ¢ TK
roller ])E]idl'l'lLlle( o)

(4.22) are us;%@slimulc the P

% ion Res sults o
e (Iunomnmad by several examples. The PI-PD

é, ), (4.41-4.42), (4.27) and

( \ . . appr Y S )
| Becetion, the contl 1 ‘ncd by the lehOd given 1n subsection 2.2.1.6 is
. obtal
CI-(7 (}‘)IL ) - .
mod 1o have considered two typical stable

¢
m\“‘ﬁ ler for the process ”
v (_ 5
“ I v alues 01 gu an i B
gned using suitable V¢ L nunu\ﬂ“”” study. The process models and the
S iol'tlk—:’
pulated in Table 4.2.

Dl.\) . . )ch,:-ql_.
% Cessey . , stable prt o qre ta
% ex and two uhl o four examples ar

']
-
PD controller pmmﬂtlu
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4.4 Controller Design for SISO Processes

Fable 4.2 Actual Process, process model parameters and PI-PD controller parameters &

: s e T —
| | P del \/{‘
‘ rocess mode
| | PI-PD Controller paraipg
parameters parargg
——

Examples | Processes

- ‘i\j_ T D K. Ty (@g Ty
I AN

|
0.5y
I I ™ 010002 | 04976 | 03912 | 0.1543 050 | 0.2488
| D) &)
?%”_%__ _"___—_.___________.__———r—- A
| " -
, i 24 50| a6127] 17726 | 0.2815 QF%O 1.1407 | 0.8863
| (s+1) ©
T W S S Loy C>\/ R
Qo.4124 2.2136 | 0.1999

e 1009795 | 03998 0@

g
(s=1)
M L
4 AT 4039997 2.001'@@% 848 | 1.8788 | 0.4998 | 1.0007
| (4s-1)
e
Example 4.4 &
? ymple 4.1. The process model parameters and the

Consider (he stable FOPDT process ;
n Ve L . -
Sing €n -3.6 and ¢, =30" are tabulated in Table

. _ ;
PI-PD controller parameters obt
aramelers by Chidambaram’s method [43] are

4.2. The set-point weighted controller | - dK. =2
K= 16,7, - 09, T = 08 MM the et-point weight 028 and Ke = 2.4, 7, =1, 7, = 0.25
@ = 0, = e bl T 3 . H
f y their domimant pole placement method and

” . R ,-'."l1h
\\.’llh ”‘]L\ Scl-p()in[ \\"C“—@hl’ ]Lbl){.(,“\(r y ‘f . .
J (uning formulac. The closed loop performances of the proposed

Zicgler and Nicholgd?
EZ s > setl-p
and (‘hidumlmmv&n .thods for both the ] ].
" . rejects dl
shown in Fig @]. The proposad method 1€

. : . of overshoot
control perfiggance in terms of ovel

oint change and the step load disturbance are

sturbance rapidly and shows good

and settling time.

2

Ly 5
“Xampl! 5
—. Again, g, =36

O

netion G(s) =

order gransfer fu (s+1)

% oller for
el o controlle!
¢, =30" arc used 1o desigh th - 5
] . — s'cl-PO"”l wclghlcd PID controller with the
esig *

_ 0.2646 for the higher order process

L identified equivalent FOPDT model

[ the process. L‘hidunﬁmrmn '|4-’ 40 1 b
QN2 , = 25 anc
Da“‘(l“]clcl'ﬁ /\ = ()831, 7'.[ = 2.:\(\2.’. Tu 0.

an

TH-422_PKPadhy



4.4 Controller Design for SISO Processes

" (3s+1)

P B :
using the FOPDT model G, (s) = = . The control performances of the proposed n]i&;.ho

and Chidambaram’s method are shown in Fig. 4.12. The results show that the @osui

mcthod can also be extended to design the PI-PD controller for higher order pro %

14 T T
Proposed

— — Chidambaram (Z-N)

i Chidambaram (dominant pr
' / \ /

\ ¢4

; o7
oul If @% !
@)

L)
0t 7 =
g /\ 10 i

t [Secord)

‘g, 4.1 1. Closed loop responses to st put and load disturbance for example 4.4

-]
ok
in

T T T

Froposed

— — Chidambaram

= i:,’ _
N |

0.4 F -

l_' 2 1 L 1 1 1 1 1 1 1
Il 100 20 =0 40 a0 B0 0 a0 an 100
t (Second)

I “:‘%l 2. Closed loop responses 1o step input and load disturbance for example 4.2
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4.4 Controller Design for SISO Proces
ses

Ixample 4.6

Consi _
sider an unstable F . o0
nstable FOPDT process G(s)=-——- The PI-PD ¢
' (s=1) ontroller paxa¥geters are
d us s oAl s -
sing the gain margm of 4.6 and phase margin of 60" Ta
= . ap
72 shows tl
i : e
ing the method discussed in st ton 2.2.1
2.2.1.6 and

identified pr
fied process model parameters us
the degi
esiegned ¢ Aller nar .
i gned controller parameters. For the same process, Padma ST dC
4] e ¢ and Chida :
1ave " . . g B 1nb’11
ave  proposed set-point weighted PID controllers 1 ISE e
= and over
shoot

minimizati .
1 7.0 N by
zation techniques. The control performances O

y load disturbance of maunilu@s ar
g are compared wi
¢ with that of
. of
10. 4.13. The pr
g. 4.13. The proposed method

f the profjosed method for both the set

It e
point change and the stej
aram’s methods [44] as shoy

]).l

dma Sree ¢ hi

adma Sree and Chidamb

erms olieyovershoot, speed of respons d
se an

performances in t

SCH“]]( 1 T . iy 2

g time. The mam advantage of this cond ethod is that the inner feedt

‘ eedback

controller ’ L ack PD
oller manipulates the stabilization pr%

O

Fropose d

shows e
ws excellent control

__ — padma Sree and Chidambaram (b=0.404)
+on-- Padma Stee and Chidarmbaram (b=0.0) ‘

o
o

£
]

% ij 10 15 20 25
< t (Seccmd]

e step 1 nd load disturbance for ex
esponses 10 step input and 10 ance for example 4.6

;Q Fig, 4.13. Closed loop I

92
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4.4 Controller Design for SISO Processcs

4o . et ma e o :
Let the unstable FOPDT process be GlE= m The controller parameters ot\Ngied by

Example 4.7

=60 given in

nr

. 088 )| usi =4.5 and g
the proposced method for the process model using g, 5 )

ameters of the PID-P controller sug ed by Park et

Table 4.2, FFor the same proccess, the par
= 1.885 Tu= 4.296 and K;= 0.35 and (RPI-PD controller

al. [42] are K. = 0.068, T;
d T, = 1. Fig. 4.14

e K. = 0.131, T =2, K=
parameters by Majhi and Atherton [40] are K= 0.131, 74 /

(a) sl ] 15es given by the set-point input and the (gtatic load disturbance of
d) shows the responses &

Magnitude 0.1. The PI-PD control method Dl‘OPOSCd by Mﬂﬂ@ therton results in better
) N park et al.’s method. \pected, the proposed method

I he | trol performance The robust per[orw of the controller is verified by
shows the best control pe - ‘ |

{ime constant and l'!C delay of the process. Figs. 4.14
1

variations in

overshoot and settling time than the

perturbing the steady state gaim.

@ Mé s for £10%
(b). 4.14 (c) and 4.14 (d) show the Closcéié% e
' I

10ss of the proposed controller.

chby, indicating the'!

process parameters, ther

—— Prapased mathod
— — Park et al. method
------- hajhi et al. methad

7S

_-—
—mt- -

160

40

&0

gn 100
{ (Second)

120 140

l( il } sl O st SeH sle Rl 'Inp 1
( l 'I l )'l‘ e ‘P i (& l 1
a S N 1
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4.4 Controller Design for SISO Processes

i Froposed method &

(=) “r_—jlv/_"i — — Park et al. method
~ L, e tdajhi et al. method
N N
Z Vi ?P
£
‘ 10 % variation in&\
[ | 1 i{ —
rEE @Q) 180
15F ".\ ; ! _ >
ﬂ“ . o T ,"'; "~ . =
= 1} i ‘%“m 7 @
| ;i v ey 4
A Yo variation m &
. ] 1 1
Lt . 140 180 180
a e . B ol
g 22 40 { Le%

TH-422_PKPadhy

Fig. 4.14 (b). Closed 100

5 input and load disturbance
p responsaS Ny siep i

with £10% vaf@

1 K for example 4.7

—— Proposed methad
— — Park et al. method

------- Majhn et al. rethod

T

‘ 10 % vartation in

1 1
140 160 1

a0

_10 % vartation in T

100 120 140 &0 L=l

Bl

 (Becont)

E0

5 input and load disturbance

esponNses to stci
n 7 for example 4.7



4.5 Controller Design for TITO Processes

A
.
s T T T T T ¥ ¥ ¥ &

— Propozed method
-2 — — Park et al. method _‘>
i g T tlajhi et &l rmethod i
a ; 7
=S W R N El e e o Av
AT W hd v
-I o ~ \ll n'
| )
|:| ;:" _} -.\/,- _
i 10 o variati VT’J
] ; I 1 1 1 1 1 \ v'l/ 1
0 20 40 &0 &0 o 120 1 ﬁ | 160 130
I ‘5 ) T T T T T T —w T
S
ke A
%5 -10 %0 variation i 2
1 1 1 x 1 ] 1
S A =
20 JI | Bl i: | 120 140 160 180

— '.__'
/)
oF]
l..-..
==

Fig. 4.14 (d). Closed loop respot %gslcp input and load disturbance
with =10% V(.IIQUOH in D for example 4.7

O

4.5 Controller Design for Tl"@rocesses

According to industrial demard\here are many developments in the control of two-input-

Lwo-output processes. The Yol such processes arce very often in power plants, aircraft,
chemical industries and % fields. The control of these processes is difficult than the
SISO processes due t ( raction between the loops. Many methods have been presented in
the literature for th llOl of TITO process [59-69]. In this subsection, the PID controller

%ﬂ, SISO process (given in subsection 4.4.1) is extended to design

design method

transier function models discussed in subsection 3.3.1.

decentralized l%g) Jontrollers for the TITO process. The PID controllers are designed for the

i%g
%E
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4.5 Controller Design for TITO Processes

4.5.1  PID Controller é
fied.

- - - e » )
4.5.1.1 Estimation of Controller Parameters

AL first. a diaeonal transfer function model (3.1) of the TITO process dynamics is

Thereafier. wo SISO controllers for the process model are designed using tk p phase
« A ’ N
i g
and gain margin criteria. The form of the controller given in (3.3) is considei®g cre. So, the
 £4 [ 1 .

loop transfer function becomes @
[0.;,]0‘“(./'“)) 0 } A (4.43)
g ©,

GmGw‘ (,J’;(")) = G G (l({))
m2 =2

Let us assume @ »
/"h - T’ @\/ (4.44)
Then, (4.43) can be written as %
T K K.e "'“’_ [ __L_} % (445)
e Cr o f) = ﬁ(—/—;;:_rl) /(rJT,,
' e o can be expressed as

The phase margin and gain margin critertd | 7 }

) (4.46)

G G, (joo,)| =] Q
(4.47)

{Gw G, )I = F,L

\‘”HH
Q/ (4.48)
T+ ‘“L((} (;', }'(I) ] HH &
@ (4.49)

f7+aru((, G, (jw
ST v ”’ Crossover and phase crossover frequencies,

% A Jgop gain
Where w, and ({)&L the !
' are the gain

3 ~ oth
and p]msc margins of / loop.
dl]d ¢}mi c

(4.50)
N
\{f\,” = %
%g (4.5
&k a1
% (4.52)
% :’Gb”“
5 Hlan (w7,
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4.5 Controller Design for TITO Processes

o l ’(ml‘,'/’,:.)— tan (e, T) - D,—f”,” =0 (4-5&

Ve
e
By using the approximation given in (4.10) @%

g ’
KR = W, T}

‘gun /\)/' l\, = T;.r 3 (433)
R ol
L | @ (4.56)

S+ —0-D, = .
- - b
< dew deo T
W Wl

A
Tt ' pw,=0 \C/Q@ 4.57)
O

3 -
£ 4(!)‘“, 7,} 4(1)1”. 7:

- i “(4.54- gives
Simultancous solution of (4.54 4.57) gl

LU

2g,, -V
2 & (4.61)

i ler parameters
Che decentrali D cnnl:o]lu pate ' |
decentraliZg gﬁ””.. T'hen, the parameters of

' ¢ hase mal‘pin
! i r['lC(] “‘ﬂi[] []]EI[‘glI] i and P
and (4. 4) ! -%Er cdell = 1d are ohmincd Llsing (3.36-3.38). Robustness
l'\’ - )h al ;U,’

Able gain and phase margins for each loop.
¢ B

= ( ) &Q/ (4.60)
= O T E

(K. Ty and T ) are obtained from (4.58-4.59)

.antroller
the paralldxLorm PID control

‘ . by ch
0l ”k‘?ﬁ'm can be found out By
Ilﬂc ol loop gam
NN

OXlmate ;n"lall_\fllt'ﬂl

oosing sult
as 9 ) o
Hln lq SLIQHCSlCd as gll” 2‘-'1 (]5”” 230 [39]
ap ar 3 58
jase dls
and P!

ase and oain margins of PID control

o compute ph

f'(\H]ll.llﬂC { [uion \\’hiCh would be Pﬂ!'tiCUlﬂ}']V useful
e compulte \
¥ _line comj
weiliate on it
> e )iaulm
stems can be nhlmmcl [«

control.

O implementing adapt®
07
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4.5 Controller Design for TITO Processes

4.5.1.2 Simulation Results & :

Two examples are considered here to illustrate the control methodology discusg

preceding subscction. At first, a diagonal process model is identified using method

discussed in subscction 3.2.4. Thercafter, the controller parameters K, and 7, are

designed by using (4.58-4.59), (4.44) and (3.36-3.38) for the specified Ic hase and gain

margins. The methods proposed by Zhuang and Atherton [62] and er and Nichols
tuning formulac given in [66] have been considered here for compayiss¥of results. Another
typical example is given in appendix B2 to highlight the control l‘c—‘l'&&jquc.

Lixample 4.8 @

Consider a fourth order TITO process discussed in exampl&3/1. Using the identilication

procedure described in subsection 3.2.4, the process is m d as

[ 0.849 ¢ 0.3422 4 .
1.87905 + 1)° %
G (5)= ‘ ( 5 ) Z

’ (}_()78(_’ AT

0 ——— e

(1.7573s + l)&

Choosing ¢ =45" and g, =2.0 for @1 the loops, the parameters of the controller
= " = R

i

Q

G, (v)are estimated as K| = 10.1388 ), =3.7600, T, =0.9400 and that of G..(s) are
K . =12.4033. T.=3.5165 a ,=0.8791. Using the method given in [62],
K =156, £ =7717. 7= s =0.713 and 7, =7,,=2925 arc obtained. Similarly

3

Zicgler and Nichol's tunmsl smula [66] gives K | =06.072, K, =6.547, T =1 =0.457
and 7, =7, =1.903 &[hc considered TITO process. The responses ol all the three
o v

methods to unit lepg Aoint input and static disturbance are shown in Fig. 4.15(a). The
I

figure shows imp performance, in terms of speed of response and overshoot, by the

proposed contrd m(,lhod. To test the robust performance of the controllers, the process

parameters srturbed by £10%. [he closed loop responses 1o step input and load

disturb: mu h 10 % and -10 % variations in parameters of the process are shown in FFigs.
g ot e 2 ~ . —-— ST

S(h) 4.15(¢). respectively. Tes cvident Irom the figures that the proposed PID
Contr, % have the best set-point responses and disturbance rejection for perturbed process

as compared to other two discussed methods.
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4.5 Controller Design for TITO Processes

2 ————1—__’_——"———_—,—_—_—_
- Proposed

| N T Ziegler and Nichols - g
fim b — — Zhuang and Atherton

3]
T

M (1]

=]

1
=

—
2l
(3]
O
o
=

‘K;n Jnd load disturbance of loop | and loop 2

Fig 4 1¢ to step
2. 4.15(¢). Closed loop responses .
(¢). Closed looj I & ramelers of the process
!

with —10% varis jatio

Ey

Ample 4 ¢ e
- - Texam
Phis ¢ : » high (Pl'Occh of exami

NS o
S Cxample considers the

IS Mode] @
ed as & e
9N
' 0

3.2. The dynamics of the proces

[ 2.1925¢",
Pl = NN 21975e’“w“
A annh
) %@ 50 for both the 100ps yicld the controller
[.‘( ’ 1 i "45 “gm e i
T othig Slll% he choice of ¢ 7= . 0?745 — =T =0.2061. Zhuang and
ar 5 = T
Pay : 2K E 7.0162, 11 12 . ~5.83, Fy=Ts= 0040 .and

AN Qs
) Llua%n. N ¢ N K.
9 gIve: . .
the m(_[hOC[ [()"] - 7 =l = 0.091 and Ty =T, =0364

!_[( il Y
st CL & _640, Tn~ |
- larlys K., = e 4 166]- The unit step input and load

,\ 501. S|ml|t1||\/ ol " Is’s metho [
ich \

/. ¢ Ziegler and N i Fig 4.16. 1t is apparent from the

Nated by the use ¢ epss are show ]

Sturl i the TITO pro&== by the {)IOPO“LI eginirel BENTINE.
ance r 0 X lc by
Lqpm]‘wL‘: | Syl
Al 1Ic

[} .
11‘_\’ ,.]ﬂ(-‘ch {ll

Ul
&5 that superior perform
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| (Seco ond
fmpul and load disturbance

Fig. 4.16. C losed loop responses L
of loop 1 and l&l example 4.9

y Jeights in Fig. 3.
= 4 are set to zero.

4.5
5.2
I)
1D-P Controller
Jen the rela

e TITO process is obtained as given in sub
= supsecto
n

The
‘ontroller structure 15
jel of th
or the process model. Usi
. Using

e {Iuwmd [

ptroller ar
(s‘{l ne the relay 5 ;
& ) hugh[s i Fig. 3

/\ .
dl'\tx
& ::-Or]nl i = 3
transler function
; structure

JPID-P co

o PID-P controlle!

o]
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Oy
Cro
), one LJ@ 0
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rol structure

( PID cont
Let the new PID controller be

s eqL uivalen
D controller:

ohted Pl
(4.62)

h ]:} "
Lqm\:d[ int wels
l .
Vi= .2

‘r’r R
%%f\w 1+57{h) I‘f”fi’
It
The (,onlloIl pnquw, K T ad T
i and [“ are

h
¢ %
o in (3
offer G, (3 §) 18 piven in (07 35)
nmlulﬁ i (8) using the method given in the preced
ln()
and T, of ;
;o G, (s) are obtained
t >C

L\] v
n \\Q
for the identificd proce
oller pammclcrs K. Tai

Blil
\/ ton 4.5.1. Then, the contr
(4.63)

g' ||1U
% & the relations

N
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@)
(4.64)

7“"/ — _ﬁ[ i1
[l | /"r Ky
F’” /\u Q

N

O 65) 1he

(4.65)

I : .
, jess than K Mzt | B ain ¢
K ,qhould be less i { 7 o obtain a stable

IS
clear from
atisly the relation

Cl¢
)SC
d 1o @ |
A 1as o S
op ou Csponse: 1 herefore: one
(4.60)

f\),. & §ﬁ
= ek %
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4.5 Controller Design for TITO Processes
' AN

Foxample 4110 &

Consider the TITO process discussed in example 3.3. The identified proces

-

parameters are given in Table 3.3 (a). Choosing g, =4, ¢, =30" for loop | e, =3,

@, =43" for loop 2, the parameters of the controller G, (s) arctimated as

K.,=0.00638,7,=04119,7, =1.3349, K,, =0.2 and that of G,,(s)eary K, =0.1121,
7,, =0.3561,7,,=0.6708, K,,=0.2. For comparison of results, @conlrollcr setting
sugpested by Chien et al. [63] is considered. Their method shmw&upcriorily over some
decentralized controller design methods [48, 49, 53, 54] for U TO processes. Chien ¢t
al.’s method gives K, =0.3634, 7, =142, T, =0.1614 ¥, =0.2252, 7,, =177 and
7,,=0.2011. Fig. 4.18 shows the closed loop rcspon@br the above controller settings,
where the unit step set-point change in R, occurs sl and in R, at 7 =20 hour. It can be

%1‘ design method gives satisfactory

Zgonal dominant.

seen  from Fig. 4,018 that the proposed ¢

perlformances although the TITO process is

%

r

1
N &\\J 0 15 20 25 30 35 a0

/ Praposed
....... Chien et al.

]
g 0% 1 1 L 1 1 1
il 10 5 20 25 30 35 40
t (Houn
’ . . . 3
18, Closed loop responses o step input and load disturbance of loop 1 and loop 2

N3
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4.6 Conclusions

4.6 Conclusions é
é nd

In subscction 4.4.1, simple [ormulae are derived to tune PID controller for s a
unstable SISO processes to meet gain and phase margin specifications. Furthey nethod
is extended to design PI-PD controller to improve the controller performancefgsubsection

4.4.2. The PD controller in the inner feed back loop plays an important goRy in stabilizing
the open loop processes. It is apparent from the simulation results that {iéyproposed method

is capable of giving quite satisfactory performances compared f{vith several previous

methods when suitable phase and gain margins are used. @
A mecthod for (inding the parameters of decentralized Pl nirollers for the TITO

srocesses has been developed in subsection 4.5.1. The comgrolJer parameters are designed
] g

for the SISO models of the TITO process for specified phase and gain margins. The
controller scheme is modified by inserting proportic ontrollers in the inner feedback
paths, thereby, reducing the loop interaction and qffproving the stability of the process.

DONSCS.

From the simulation, it is observed that the 3:@(1 gives improved performances with

respect to overshoot, settling time and speed

&%
9
%%%
&
§
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5.1 Introduction

3.1 Introduction

Fhe auto-tuning of PID controllers which do not require a mathematical mo i
LU]L( and \ILhOIb [._')6] in 1942, The u]n”](%]od is

process was first suggested by Zi
* the critical point on the process N cuwe as

basicallv

asically based on the concepts ol
43 ol chapter 4 The critical point is obtain v inserting a
in in the crror path of the fecdbaglk Yontrol loop that

-). 11 - .
Proportional controller of suitable gall
atory. Therealter, many ¢

¢ tuning technique. Astrom and Hagglund [A&cd a relay in place of
matic Wning of PID comr@ The auto-tuning method

(20, 22]; iterative @%l\ tuning [33] and on-line

. modified relay

discussed i section
] " . . 3 b =Y S

Nakes the process output oscill ontributidgg Yave been made to
IMprove the abov

Propartional controller for the auto

IS Tmpr '
Samproved by usimng

NOnN-iterati 8
rative method [39]-
omatic tuning method for stable

. e v as
I thiy chapter, we proposc a modificd relay ba
o5l method has the followil antages. Firstly, the method estimates

S o A L. . N ¢
the critical gain and critical frequency mot

bix VR s 1
Processes. Ihe prop -
tely than the existing conventional relay

the PI controller in the modified relay

aum~luning methods due 10 the .
symmcl:‘lcu] and smooth limit cycle output in

uning method
mcasurcmcnl

See
SCeondly, the auto-t
\ noise thereby imprmfinu the

load disturb i
uency. Finally, the method does

S _ .
Presence  of static ; ‘
nd critical freq

ceds to design only two controller

Mo
wasurement accuracy o the rit ]
e and n s &
i informe 1li ut the process ¢ i
- e constant) from the modified relay

not e
U require prior e tim
srivative U

dAry . a dL
Parameters (a plopmlm@mn and &

SXperiment
5.2 Proposed A &ln ng Schent
5.1. The modified relay comprises of an

aain @

T i e ghown iN Fig.
lhc_\ pPropose _[unln” ‘-;LhL.IHL 15 sho | | .
| / ; 2 H " -~
id T Pl controller of unity proportional gain, G (s).
deq) % | 1n Serics
al relay connectet i |
.o poise Moappear ¢ s ,
17 ind the random additive noise ppear at the input and
]L‘ \l- » -l , ‘C
AL [0 urbanc
i Toad disturbe o The o uning of PID controller is carried out based on
oy aclive y.
["the I}IULLHS respe : mqm{d[[]b A |7h(1“v lTlcllUl n 0[ at least 30 du”nu i
J)

{l N
iterion that the Lloqud 00

1 Antrol.
%LLH“ identification and contr¢
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3.2 Propose
oposed Auto-tuning Scheme

v
Modilied relay

Fig.5.1. P]'O]Josed auto-tuning scheme S

D controller given in (231} is usC analysis i
= e mn H]C pl-o
posed
rcan be cxprcsscd as \/

G(s)y= ¢
8= G (9)G ppbE)
Where @
(§ » (3:2)

G (s
"\ (.\ ) e (] + _]r_)
=
T)s &
(5.3)
Th
auto-tuning test 15 carricd oul 1@7 stages O

niti; e hose
ially. In the initial stagé R of T, 15 chosen

/ aafter ioE
. Therealter 7/ is updated using the

. Onyedl [requency @,

4

r]‘hc . .
series form of the Pl

(5.1)

me i
thod. The PID controlle

(J“,” ) /\ ( / ) st as
N l y l\b a ! K}i G \) S
1 ( .\( ) 2 UHI Now
(5 + ; ¥ ? AN n

&l 1K >
e <

lim;
WML ey .
cyele output with

CND].‘ .
Cse N i
sston (referrng (%)
(5.4)

,‘ - -
r
' tan ¢’ @

wh % . Then, the modified relay 1 .

i T e angle. 1en, relay in the feec
e, > 30 he uscr Jefined phase == ¥ 1t the teadbaek

. critical frequency Wy the second stage. Fro

8e. m

¢ outpt
o A CQ ‘ ! b
is less than @', for stable processes

CN 1 : e ey @
eIy L e B [requency W

f’“Wml:mnn, itis lo
for % 3

! .

S“‘:"c’t‘slcci initial choice ol i

: o The T
) more than ¢ - rhe Nyquist curves ol the

N ( I T
% !llcd 1'Cii]} ) Stan ‘\(.} ’/__, ] 15
o
mndiﬁcd rel

pmccss with the

2 Therefore, the phase angle contributed by the

ay and the process with: il
: e

Une
Coy v
Mpensated proces the 107
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5.2 Proposed Auto-tuning Scheme

The modified relay identifies a point in the third qu@

hat lags from the negative real axis by n

controller are shown in Fig. 5.2.
(07 in Fig. 5.2) with the critical frequency @,
angle of ¢ . The loop phase margin @, s calculated with respect to the gain crossoyypoint
A2 as shown in Fig. 5.2 which is more (han 30 for a user defined phase angl > 30°

{. Once the identification is over, the ontroller i

ensuring a stable limit cycle outptt.
designed based on the limit cycle paramete
¢ PID controller is the integral llm@slam of G.,. The

nplitude and frequency

rs obtained from the sLmn sc e of relay test,

Fhe ntegral time constant of th
T are dcswmd using the

'maining controller parametcrs K! and
of the limit cyele output signal. @3

(o) the process with the modified

$5
ted pro
ol the uncompmsa I
N with the €0

i

é >m/, Nyquist curve: Bl

: -) and the pmu,sb
relay (-7

AN
108

ntroller € )

TH-422_PKPadhy



5.3 Accuracy of the Proposed Scheme

5.3 Accuracy of the Proposed Scheme & :

The describing [unction analysis produces accurate results only when the limit cyg

sinusoidal and this is certainly not the case with the majority ol processes. TheRdgscribing
function approximation leads to estimation error in the critical gain and fre Wy. In the
proposcd method, the ratios of amplitudes of the harmonic components t STundamental
decrease because of integral action of the PI controllers in the modifegd)relay. Thus the
accuracy ol the describing function analysis is improved. Let e(r) =®n wt be the input
signal to the modified relay where A is the peak amplitude of t%ﬂ'm' signal. The ideal
relay output (1), in response to e(r), is a square wave with th¢({f)idamental frequency @ .

Using Fouricr series expansion, the periodic output (1) can @friucn as
w'(r) = Z‘u;  sin((2k = Der) @ (5.5)
Ao

44 E

where g, | = e YRRCE arce the amplitudes of lh@mnic components of «'(#) and /1 is
B (2K —

the relay height. The amplitude ratios of higfGy Jarmonic components to the fundamental
component ol ideal relay output are given &a le 5.1. The expression of the output of the

modified relay w(s) is Q
. u T

u(r) = b, sin((2k = Deor ) + @H—sin((ﬂ{*])(urm—} (5.6)
;;"' ApT 2k -1) 2

The expression for the ;1111]111’&1\&[1!10 frequency components of u#(f) can be written as

O

4/ , S | ;
L = 2k - IR (5.7)

~rd

Table 5.1 indicates thgdthe modified relay reduces the effect of 3™, 51 7" and 9™ harmonics

from 33% to 11%, 28TeAo 4%, 14% to 2% and 11% to 1%, respectively.

Table 5.1 | {eu'm(% analysis of relay methods

O

@cul relay Modified relay

P S
[ ’ v_r / ’ t ) ’ J'/ [ / ! !
A E % 4 ) A Ko [ H Hy [ 1 Iy Hs [ H, Ao /A Ky | Hy

%
()_3@/ 0.2 0.1429 01111 O.1111 0.0400 0.0204 0.0123

A

S

109
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5.4 Effects of Load Disturbance and Measurement Noiic

A
5.4 Effects of Load Disturbance and Measurement Noise &

The static disturbances during the ideal relay feedback test result in an asymmetg Ylﬂil
cycle output that leads to errors in the estimates of the limit cycle parameters, ause of
the integral action in the loop in the proposed scheme, the effects of load @yurbance is
eliminated successfully as described in the subsection 2.2.1.5 of chapler@\gain, another
problem in ¢stimating limit cycle parameters is the measurement noise. Fgyrier serics based

curve itting technique discussed in subsection 2.2.1.6 is used in this ﬁvork to obtain the best

(1t output signal [rom the noisy one. @
5.5 Controller Design @

During an auto-tuning test, the modified relay induces \nfit cycle output with a user

defined phase of ¢' degree. According to the Nyquis%silily criterion, limit cycle exists

when %

NG  G(jew , y=-1 @ (5.8)
&

Using (5.2) 1n (5.8), onc obtains

4 ; ‘US(/’ S IRU-¢ )
‘ N (5.9)
where |G (jew )’ == ] and ¢ =& . : .
e L@, Ccos b & a7,

At the critical frequency, lhg@ss G(jew,) has the phase lag of —180+¢ degrees and its

; . ; ~rd e e .
Nyuist curve passes lh['UEl_’,h he point 4, in the 3™ quadrant as shown in Fig. 5.2 The

controller is tuned huscd@l

)is to be -180+¢ degrees so as to maintain the minimum phase

1 following design criteria. Firstly, the phase lag of the loop

transler function G
margin of 30", Scc% y, the real part of G.G(jw, ) is set to i where &> 1. The design
S
parameter £ s\% isfies both the gain margin (g,) and phase margin (4, ) requirements
because L’%: and ¢ >cos '(1/&). The closed loop performance of the process can be
¥ J - i
impm\g ith the proper choice of £ Then, the design criteria become

U%rm ) 180 + ¢ (5.10)

110
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5.5 Controller Design

S

|
l(;'_(f(m.. )[L‘ns:/ﬁ = — (5.1
With the help of (5.1-5.3) and (5.9-5.11), it is easy to obtain %
5.12)

ZG ., (fw, ) =¢

|Gy o) # § (5.13)
- Sceosg

| derivative time

Solving (5.12) and (5.13), the expressions for the proportional gain\a
constant of the PID controller become
4/
T AAE

. Lan ¢ \/

r

?J = T o 3
o),

Similarly, the expression for the integral time LOI1G$1 ¢ PID controller using (5.2) is

Prm L (5.15)
@, lan g @
PID controller parameters K[, 7} nngé,@@w thus found using (5.14) and (5.15).

¢ obtained using the

K' =
(5.14)

I'he

the PID controller parametgfs, K., 7, and 7, of (2.7) ar

expressions given in (2.52-2.54). The @wing steps are suggested for the automatic tuning

Therealter,

of the PID controller.

et . LI ) 8 L ol S ow ae N AT ¢
° I'he auto-tuning test start 1 the initial choice ol 75 value which is between 10 and

20 for stable proccss\&
ol ¢' = 30" bcl'or@ming ol the second stage of relay test.

Txl 7“,' is updated using (5.4) for a user-defined phasc angl

e The amplitude @nd the frequency @, of the limit cycle output are measured in the

second stagd he auto-tuning test. The parameters of the PID controller are then

obtained onMS.14) and (5.15) for a chosen value of £

nine of the controller, the above steps may be repeated with different usc

e For lined g > C
dcﬂ%&ahusc angles, ¢
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5.6 Simulation Results

5.6 Simulation Results

minimum phase process are considered i
is

Mwo typical stable processes and a non-
section and two high-order process are taken in appendix B3 for the simulation s 1o
show the robustness and effectivencss of the new auto-tuning method. Initi setting
periment is performed 10 obtain the limit cycle paraméo,, lor th::

o e 1 ¥ a 2 r 2 o ! b ~
Thereafter, the value of 7, is 4@1&1 for a user

’ ¢'230“. The critical gain and frequency al@limalcd from the

.l'”r =0

;=20 the relay ex
M Geegese } > i

processes in the lollowing cxamplcs.

define

clined phase angle of

the controller parameters are ined from (5.14) and
. C

idered in all the exan

S
ccond stage of relay test. Then,
(.5 is consl

/ Again, the value of the

5 ¢ , ;
(5.15). A relay with height =
derivative filier constant is chosen 1o be 1% of the derive time constant of the PID

controller,

/:.\'(:m/)/e 5.1
function with repeated roots [39]

Congi
onsiders a second order stable

ted as 1.3414 before beginning the second stage of

Fop . | T
Fa user-defined ¢ = 30 7 1

output giving the phase lag

se lag

¢ limit cycle

. . ice
Wo-tunipne test. The modilicg indt ,
£ 1, 2 _0.0C¢ -2y
ofg = 39 5414" ( Fig 5 msummn[ noisc M (0, oy 0.0917x107) is added to
= J8.0¢ see ‘IE: ) .
¢ noisy output Slgﬂal with SNR = 20dB and the

y test. Th

the
process output during in Fi
l & {he curve e fitting method are shown in Fig. 5.3. The PID
{ Yrom

(5'|4-5,15). The estimated PID

recoyve
overed signal ()hlll% o
Cony & ]11,({ us[ng g =& an
roller param S : - tund 21, T |
Pa ed by Astrom and Hagglunc [2], Tan et al. [39] and
dramete ges ,
ers £ N
alop . Table 5.2. The closed loop Output responscs to a unit
ven I ¢
. (0.5 at 40 sec are shown in Fig.5.4. As

Z]
Ln 8
2ler and N%O]" [30] are c gl
verdamped and sluggish

stepy b 1C
3 , rbal
I m[)“@l step load dist™ | Hi glund’s pID shows ©
s
sy and HESS ; o
nml1ocl oives improved disturbance

I&, <
Cv l(] 4(a), /
Zom Fig. 5 ( _ I N ichols’s
e Zicgler A4 T
- ory closed loop responses are obtained

IQ\‘

3] inputs
¢ inputs:

|@ 1o both the mj - Highly oscillate

il il ;-cSPO”f’L | gives excellent control
set-e p:upos ed metho¢ - control tor the

n with poor set” J
€
onsc and scttling time for both

Ho wwu, ‘
csp
crshoob speed of resy

an et gl P umltﬂ”b

\
k(‘) e ‘-,(‘)il
nd order Process in term
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5.6 Simulation Results

s of the proposed auto-tuny c%
the set-point and load disturbance inputs. To test robustnes: =
e £10% of parameter putuibauons in K,
. are *

method, it is assumed that therc

S 4(c) and 5.4(d) show that the proposed method is 19
5.4(c) and -

respectively. Figs. 5.4(b),

Parameter perturbation in this example.
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5.6 Simulation Results
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5.6 Simulation Results

Ixample 5.2 @
with the transfer function v
: I
G(s)= ————

(s+1)° V

is estimated as 3.1045 during the auto-tui\gedtest using

T'Iys 2 . . I e 1 )
I'his example considers a sixth order process [33]

i g i ]
Ihe integral time constant 7,

¢" = 30". The noisy limit cycle output with SNR = 20dB which results Lq@hc addition of

M0, a7, =0.0970 % 107) during the modified relay experiment and th@overed signal are

shown in Fig. 5.5. Using (5.14) and (5.15) and the recovered cycle data, the PID
parameters are estimated with the choice of & = 2. The met] roposed by Astrom and

Higglund [2], Ho et al. [33] and Zicgler and Nichols_ [ ave been considered for
comparison of the results, Table 5.3 gives the PID ¢ r parameters designed by the
T of the controller settings to unit

Fio. 5.6 shows the respoil
05 appearing at 80 seconds.

above mentioned methods.

step reference and step load disturbance ol magniu
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O F A '

Cutputs
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5.6 Simulation Results

Table 5.3 PID controller settings for example 5.2

N
PID controller parameters @

Methods
Proposcd 1 1.0726 :g
RS 1.0384] 1+ - ]
4.7433s 0.0 107s +1
Astréom and Hiigglund 0.8200] 1+ 1 +2.0897s
8.3589s
Ho et al. 3 1+T—I——+ l;_)S
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Zicgler and Nichols | 4037( ?w 055]
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[t is clear Fig.3
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rl 1 A
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: | Higglund reduces the overshoot, however,
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5.6 Simulation Results

Example 5.3 &

o , e 1-35s
A non-minimum phase process with the transfer function G(s) = vis
(1+10s)(1 +2

considered. The relay auto-tuning test is carried out with a user defined phas zle of

# = 45" which results subsequently in 7;'= 8.1981 and ¢ = 56.68". The ad random

=0.188x107) is introduced at the process output Q@g the relay
responding noisy output signal with @= 20dB and the

y thedygoposed method for a

noise M (0,07,

experiment. Fig. 5.7 shows the cor

able 5.4 gives the controller settings b
Astrom and l*[éiggiun@clhod [2] and Ziegler

rs are given in Table 5.4.

recovered output signal. T
design value ol S=1.2. [For comparison,

and their controller para

and Nichols’s method are considered

pa— ~ - TN M o 5.8 @ 1 2 3
Ihe closed loop performances of all the controllers are sl 1 Fig. 5.8. The magnitude of
the step load disturbance applied at 130 sec is 0.5. ReS qave been compared with those
back. It is clear from Fig. 5.8 that

o

obtained with the usual technique based on the rela

the overall performance of the proposcd mclh@
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5.6 Simulation Results

Table 5.4 PID controller settings for example 5.3 @
PID controller Paramcters §%§
A

Methods

5.7247s

Proposcd
Astrom and Higglund

Zicaler and Nichols

yit)

.
IR

TH-422_PKPadhy
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5.7 Conclusions

5.7 Conclusions &

In this work. a modified relay based auto-tuning method for the PID controller is pl'OpO@,

The method improves the describing function approximation and ensures a symmetrieg/ard

smooth limit cycle output compared to the conventional relay based auto-tunin thods
is§

sence of static load disturbance and measurement noise. The d > of the

Nyquist curve of the loop transter function from the imaginary axis of co@ plane and
are used in designing the controller parameters. 1 h@posed control

pical process transfer i‘unclion% It shows improved

even in the pre

the loop phase margin

method has been illustrated by various ty

. i ~antrol for stabl CESSeS.
results as compared to some previous work on PID control fo ]
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6.1 Summary

This thesis has investigated various identification and control methods for SISO and TIT&%
processes based on relay induced limit cycles. In the following concluding remarks we?ﬁ
1S

briefly summarize the main contributions of the thesis and then discuss about [he@@

possible extensions. v

6.1 Summary
Relay feedback identification and control are two topics in control Cnginc@ihat present

many interesting problems. The main purpose of this thesis has been @ftsugate some

relay based identification and control methods for SISO and TITO proggsscs_
1 methods for s@ and unstable SISO

relay based on-line identificatiol
expressions are derived

[n chapter 2,
processes are proposed. At first, the DF analysis is used and sh@
to obtain the FOPDT process model parameters. The nwlhoquﬂcs the model parameter
with less estimation error as compared to some recent idcalion methods available in

the literature. Further, the on-line identification slru&'%(l'dﬂy with PID controller) is

modified (relay with PI-PD controller) (0 improfg e accuracy of the method. The

modilicd identification structure gives signiﬁ@ﬂ

parameters for unstable processes. The nccur%&‘ ‘e method depends on the estimation of

e for some typical processes in case of DF

improved estimates of the model

the critical gain (K ) which is not accyf

analysis. [Hence, an exact method usinstatc space analysis is proposed for the on-line
identilication of stable and unstablg/processes M subsection 2.2.2. The advantage of this

method is that it does not l'cquil@_\, approximation (0 cstimate model paramecters. It is

ation cwznnplcs@ (he exact identification method gives better estimates
< . 4

shown in simul
one needs to solve simultaneously a set of

(han the describing function4ithod. However,
Qintte the model parameters. This is not the case with the

nonlinear equatons 1o L e
s etion b iis. Therefore, although approximation 1s involved, the DF
deseribing  functiol »
IWSeererred for the relay feedback systems.

analysis Is ueneral T .
%l d disturbances Jduring the on-line identification 1s successfully
Jatic 10d : =

The effects of - 1 and best fit limi
. ous action of the integral controller in the loop and best it limit
: ) S 10US N

removed by dalsontint _ . e i "
o4 from the noisy one using the Fourier series based curve fitting method.
cyvele is obRuaged from the = ; t fi
; fitting method cnables one o obtain the best fit

o Fourier scrics hased curve S o
uming process and the noisy signal being feedback to
cons g =

<e limit L')'cic. s a time

1O O | | |
I ' These Hi'l]IlLllIUHS are
lh‘-' olay results mn mnlliplc S\\llchlng. ['hese
relay restit o

Althowg

(aken care of by inserting an
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6.1 Summary

A

in the feedback path. The method is able to estimate the m&

adaptive low pass filter
sence of load disturbance and measurement noise%

paramelers accurately even in the pre

a single relay test.
Chapter 3 presents some identification methods for the TITO processes. % on-line

%
ay based tes\spresented

identification method for TITO processes for the decentralized rel

1. The proposcd method identifies two second 0t'dc® delay SISO
c d measurement

in the subscction 3.2.
transfer function models of the process in the presence of load disturban
noise. A modification of the identification method is given in th§ subsection 3.2.2 by
inscrting proportional controllers i1 the inner feedback loops. Tl coportional controllers

the loop interaction at critical iency thereby increasing

the accuracy of the identified model. Further, a PJ"—"“)’W{ identification method is

3.3 for the identification of two SlS@msf‘cr function models of the

proposed in section 3.
p interaction and measurement

stabilize the process and reduce

process [rom a single relay test in the presence of g
noisc. The novelty of the proposed approach lies @Zimit it successfully reduces the loop
interactions and can cope with the presence @asurcnwnl noise during the process

identification. Most importantly, the slcudy& ¥a
estimated in a simple manner.

Some controller design methods are @gcd in chapter 4. Firstly, simple formulae are
yIC

derived to design PID controller for stal ble FOPDT processes to meet gain and
phasc marain specifications. Fur& %

e meth
\e PD controller in the inner feed back loop plays an

ins of the transfer function models are

and unsta
od is extended to design PI-PD controller to

ve the controller performanyys. T

Ipro
Ne open loop processcs. Also, 1t avoids the chance of

important role 10 stabilizn
vhle duc to the presence ol derivative action in the forward

derivative Kick which 1'&0\
he parameters of decentralized controllers for a TITO process

path. A method [or in@l |
@'md oain margins s presented in subscction 4.5.1. The controller

based on the loop
( ! lun%l?nn—linc without disrupting the close
ers are

o pmporiionul controllers in the inner feedback paths to

d loop operation. The controller
parame

scheme is m&&aed by insertn

improve ll%%nlm] perfor

: eod quto-Lunit
A mod relay hased auto-tul

mances.
1o method for PID controller is proposed in chapter 5. The
o cdentification of process model), improves
i . ntermediate sge (idenutic
cquire the intermed

me B oL r . - e
el s and noise free limit cycle

. ymmetrical
ll]k‘%crj hine funct [on ;1[‘)}}['0\'][1](1[]0]1 .

and ensures & 3
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6.2 Future Work

output even in the presence ol static lo

of the Nyquist curve ol the loop transler function from the imaginary axis ol complex plé

and the loop phase margin are used in designing the controller parameters. The pr@d

control method has illustrated by various typical process transfer functions. DWS
improved results as compared to some previous work on PID control for stable ff ses.
6.2 Future Work Q

Some identilication and control methods have been proposed in this 11]0@0\\"0\’Ct', it is

ake further extensions of the proposed rcsca@k&vork. Some of the

issues that require (urther investigations are explained below.

ntification method for SISO processes uhc DF analysis is very
But, the error in the estimatio} %{lﬂw critical gains (K_.) is

method specially for under

still possible to undert

. The on-line ide

simple and efTicient.

significant due to the uppmxinmlioﬂs involved i
damped and delay dominated processes - The & problem is overcome by using
the state space analysis. However, (he meth@ldquires solving nonlinear equations
which again gives estimation €rrors for Wppisect choice of initial solutions. Hence,
{urther scope to obtain an exact mod > the process dynamics Llsing some exact

methods exists.

2 In chapter 3, different idcnlificzl@nclhods for highly interactive TITO processes
are proposed. The loop integfign is reduced during the identification of process

Ny, However, (he method is not able to climinate the

model to improve the acg

loop nteraction. The ag y of the identification method will be improved if the

loop teraction 18 clpainaed during the identilication.
There are many % {0 improve the controller design methods for the multivariable
L& ¢ Lol b

[S]

)| oives controller design methods based on the model of the

Processes. Che
ut, the model based design methods depend on efficient and reliable

TITO pl'm‘% .
5 dynami

e process ¢s. Chapter 5 provides a step in this direction, by

modeling
) auto (uning method  for SISO processes where parametric model
e an « - =

prese d _

%, ion is not 1'cqll'll'Cil- The samc technique m

iden

) processes. i ‘
od for stable processes (n

% ‘U prnpnsud

chapter 3) that

d mn(liﬁcd l'C‘l'l\’ 'UE\SCd l’lllll"—ll\nlﬂ” ﬂ‘[(‘lh
. 63 h er 50mME CNiSlil'lL\" 1CChHiqUCS. SU. Ihp
S i "{l thLIl(h ovel SO
HI'IU\\_\ HHPIU\L
l ']
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6.2 Future Work

extension of the auto-tuning method for unstable and integrating processes ma\@

prove uselul

5. The identilication and control methods proposed in the thesis are applicable o@é
the lincar time-invariant proccsscs. Hence, the techniques may be L\[Ln(@;f

nonlinear processes.
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Derivation of Steady State Gains

Appendix A & J
Al Derivation of Steady State Gains (Subsection 3.2.1.2)

Looking at Fig. 3.1 (ncglecting the cffect of disturbance and measuremet %{.) the
expressions for the process inputs (U, (s) and U, (s)) and outputs ()’(5)@ 5)) at two

different set-point or reference inputs ( R, and R, ) can be written as

] [ul v oo 0 Jra, @
I 0 0 vou! -3
] DI DG (A1)

" Lig U 0O 0 |Gy @
iy 0O o0 U’ (JJ G, @

The dependency on s is suppressed in the expressions EOWL in analysis. Solving (A.1),

one obtains @

Gy,

Ga 1 N

G (U:L’ﬁ (A.2)
Crss

“the process is dec - , : vt i gt -
[ the | coupled by using (Wepdecoupler given in [S1], the effective transfer

function ol cach loop can be c:.\])rca;n;c(

GG = GG,y ‘ Q/
G § .
A

G0 — GGy, i
Using (A.2) In (A3), we %n

G =

Gs=— G

o o MUK —UGY )Wﬂ@v Rl }*‘U'"*U K3y —uivd)
‘ -U; )(t"(“-u Ul
; . : A4
= N = _1)_91\5 >'> RN Y UV YUY - UAY) (A4
B % (& ' )(( { ~UUY
w here j (/. are the cffective transfer functions between Y. U, and Y., U,

respect HLHLL the steady state gains can be estimated by taking the average values of
2]

me uls and outputs during the relay test. Therelore, the expression for the steady

\ml% ns can he written as

TH-422_PKPadhy

126



Derivation of Steady State Gains

. &
/\[ = 1 m 2 . ! 3 - 1
(”Im'Lh] RETIRG - ”Im‘u‘l lanve )(”i.r\'u”".n'u - Hlm'u”"m'u )

A
‘ ) Moy 2y %V(A.S)
Ky=—7 et :

- I | 1 2 R 1
('H" j'.‘ Torvy - HI::HL'.\ 2ave )(I"l‘r\l‘rf:(ul’ - Ill(n'ul'r:.'rn'g ) v
where @
5 __( 2 A _ s ’: | N _ )( _ | )
/{ - ”3:111\:.‘ lanve 1 "mk )(:.’llng Jave ”]uv_u.] lavg ) - (”I.nju-]"_‘m'y lu\L— lmu qu, anJ "'nn_
and the subscript avg indicates the average value of the concerne riables (subsection

3.2.1.2). A
A2 Derivation of Steady State Gains (Subscection 3 @

L.ooking at Fig. 3.5, the expressions for the mputs 01@%@&55 in conjunction with the
noise  [ilters (U (s) = G, U, (s) and U,(s) =G, U,( the filtered output signals
( ¥ and YY) at two different set-point or referencg n% R, and R, ) can be written as

Y —‘ g T g 0

(@ o o, @
) -’f bf |" [J' ; 0 () J (J‘j] Q

L}"E 1o 0o 0 g:|G.,
% expressions for case in analysis. As explained in
(1‘\

(A.6)

1
The dependency on s s Suppress

‘,\]-,Pcndlx AL, (A.0) can be sim
| G- | ) ,__l 4 /
( % LTE 0 _UI )-11 (/\7)
Gan ) . g
Using (A7) in (é% we obtain
I iy
v ¥ pAYETS Tyl ol (A.8)
| 5 —L P 18 ______—__E _L_ )(( _—{J_) 9]
% the expressions for the steady state gains can be written as
1’37

. = T 7l
3("'1 ( LQO —(_i: IR .“
G| T Ny
")(( ‘) =TIV Y=Y <O YO =Y
% ~ONYIw00; =00
ST )”)(LL —T0H | -
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Derivation of Steady State Gains

K =- T el [ — N —
(2 '

\.n';‘-.l dave i ;ul_s_'-‘. i—u\";_' )(” !m-s:” Jave 1 ! i 2ave )

= N
- X
e ™ T = - o

(”Em‘;’.“ lerve -1 1 )(” L™ 2

5 s A
Jeng. 2avg 2uvy lavg ™ 2ing

where

a bl

® o st BB g g T W Wi W )
— -2 i - 3 v —_— L] = L — : - - 5 o
/%’:(U"mw.r laay —le_l- 2y X”h;.y.‘ R '“rlm.u1 lany lang.” 2o lang" lany 2R diny

and the subscript avg indicates (he average value of the concerned @11\!05 (subscction
¢ h . R 3 . &

3.3.4). A

&
&
O
/\Q/
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Simulation Examples

Appendix B @
B1 Simulation Examples of On-line Identification Methods v
A

[n these examples, the proposed limit cycle based online identification metho PID
applied to hieh order SISO processces with and withou lgu delay.

controller in the loop is
For the assessment of ils accuracy. identification error in the freq domain

considered. The comparison is made with other on-line ldCI][lllCﬁtl@
reduced order modeling Mefods using swarm

10ds i.e. area
method [73], step responsc methods [74],
[80] and stability equation
performance enhancement. Also, the on-line ‘dentification methd/ with PID controller in
pical TITO process. @

optimized cigen spectrum analysis od [81] to show the

the loop is illustrated foraty

Lxample B.1
Consider a high-order process with large time d la)%

5 10y
G(s)= = _ %
(s+1) (25 +1) @

K =0LT= and 7, =0 is used in [hcj@%l“gc of relay test and the design values of
\¢ controller parameters for the next stage

obtain the

(o]

- (
=02 g,=3and 4, =60"arc usg

of test. The controllerand the pronoclcl parameters of both the stages of the relay test

ained by the area method [73] are

siven I Table B.1. The fhpdel parameters obt
1.27%. The Nyquist curves of the actual process,

K =1.08, T =396, D=14.0; £ =

arc

([“

;s models obtained area method and by the proposed method are given in Fig.
proces: :
e and Table B.1, the proposed method can estimate the
he Ay quist curves and Ta . an estim
31 As seen lrom {
lel Jers PHORgaccUr ately than the method given in [73].
model parameter:

Jel parameltcrs for example B.1
1d process Mot
Table B.! (m@?n

R l = = l, T :0 E
> G‘ (j\') 'J AL' 01’ Tf d
R aaa | ¢ = T -3.927, D=14.09
Stag w18 LY, T3
" | —’—4—_—4_____4,____‘___—_
t_____)_,__———————‘—' A T el

’7) g - —!-f-?,‘(‘—)'f'_J] K =02725.T, =6.1833, T, =1.5337 !

i 7 N | U I : ~ e
L T ] ~ 412, D=14.01 ‘ EE=0.001
2 tage 2 G, () ‘; S L

1’7()
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Simulation Examples

Actual Process 7| g
------- Froposed Model %

- emmzmceo T — — Area Method

05t # e g
. T TN \‘ %
L I T '5 o
P 7 A R % 4
/ e Y 1

1

[rnaiqinary

(o
i
T

g.B.1. Nyquist curves of process fdCls for example B.1

)
=
s
-
in
-
n
@
o
)
@
N
=
(B3]

Fxample B.2 &@

[.et the process transfer function of a his_'h—glflu process without time delay be

_ !
Gloh= i ©

The relay test starts with c Nt . e -~ 0,
Ihe relay test starts the initj, wroller K. =0.1,7, =land 7, =0 and then updates

Vo . S ST > desio . f
the controller using the design viNyes of « = 0. 2, g,=3 and ¢ =060". The controller and

the process model pammulu&mu with the estimation crror index are given in Table B.2.

The model parameters 0@1 by the area method [73]) are K =1.0. 7 =2.3772. D = 2.6400

with £ = 17.48%. @

Table 3.2 Control I\F:nd process model parameters for example B.2

§ (;\ (&)

|
§ G () \ K =1.0,7 =3.5927, D = 2.6697
|

K.=01,T,=1,T,=0

[
|
] %LL](TL |

m

<7

- G (s) '

|
%% - ’ (\3 R R = 1.0, T =3.6021., D=12.6105 'ﬂ!{ EE=0.0421 1

K =0.9596, T, = 4.0960, T, = 0.4643 .l
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Simulation Examples

The identification method by step response method [74] gives the FOPDT model %
K =1.0.7T=2.060, D=3.31. The resulting estimation error index by the later melh&s

12.76% . The proposed method identifies the process dynamics more accurately inQenNns of
the estimation error index in comparison to the above discussed methods.

3 2 .
Let us consider a typical high-order process [80] G(s)= Sl Tgﬂ\é

. ; ) — . The
s* +10s° J@/fﬂo_\urm
relay test is performed and the resulting process model parameteys obtained with the

Lxample B.3

choice of design values @=0.2, g, =3 and ¢, =60° for contg s design required in the
scecond stage of the relay test. @
Table B.3 Process models for example B.3 \/
Methods Q Tdentified Models
(\ eﬁ(),()ﬂﬂs,\
Proposed «%S T
0.8231s+1
) N 0.63495+ 4
Parmar et al. S B
J,é\?/ s +5s+4
Chen et al &J 0.6997 (s + 1)
en et al. >
sT+1.4577s+0.6997

Actual
FProposed
— — Parmar et al
- — - Chen et al

L 1 1 1 1 1 J
-0 2 0 0 04 oG o8 1 1.2
Real
%g b

12.B.2. Nyquist curves of process models for example B.3
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Simulation Examples

The identified models obtained by Parmar et al. [80], Chen et al.[81] and by proposc@

methods are given in Table B.3. The Nyquist curves of the actual process and the pro

models by the above methods are shown in Fig.B.2. Parmar et al. and Chen ct

C
sccond order models whereas the proposed identified model is a first order with elay.
Flowever, it is clear from Fig. B.2 that the Nyquist curves of the proposed mo d actual

process are close to each other at high frequency which is related to the tganyent response
of the process, showing that the higher order processes can also be @oximated by a

FOPDT model using the proposed on-line identification method. &

Fxample B.4

Consider a typical time delay TITO process [62] with the trans@mtrix

A N

G(y) =
s+1]10.3 1 le "5

The auto-tunipe e ; A r_ B o i e -
1Ng test starts with the choice of M, #0.1. 7; =l and 7, =0. The estimated

process model and the controller paramcl%@oth the stages of relay tests are given in

Table B.4. The design values g = =2, (/52] — 60" and g, =2, ¢,, = 65" are used to calculate

the controller settings requireq for t@:
identified model is illustrated iy, ¢ xample B.6 and compared with other methods.

> C
Table B.4 Controller and proc&%de] parameters for example B.4
B

Loop 2

ond stage of the relay test. The accuracy of the

f(@ﬁﬁ', =17, =0 K',=01,T,=1.T,=0
V%

Stage 117 T, =0.4190,D, =0.3103 \ K,=1.04,7,=0.3241.D, = 0.3783

R

1\',@6055?[’] = 0.8802,7}, = 0.4190 \ K', =0.7188.T/, = 0.4855.T,, = 0.3241

Stage 2

N

A
@E =1.9556.T, =0.4192,D, = 0.3103 \ K, =1.04, T, =0.3245 D, = 0.3784
~

<

S
Ny
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Simulation Examples

B2 Simulation Examples of Model based Controller Design @

In this scction, the controller performance for the high-order process given in example \W.

is illustrated and compared with the Leva et al.’s auto-tuning method [79] wWh€, “the
controller parameters arc obtained [rom the closed loop characteristics of t t%ccss.
Again, the controller performance for the TITO process (example B.4) is conyped with the

methods proposed by Zhuang and Atherton [62] and by Ziegler and Nichol@é].

Example 3.5

Consider the high-order process discussed in example B.2. Th

2 )
controller design are sct as @ = 0.2, g,=3.0 and ¢, =60
obtained for the process modcel are K.=0.95906,7, = 4.0()60\f,/— 0.4643. The PID settings

by Leva ct al.’s method [79] are K. =105 T, = ”-6@ = 2.27. Fig. B.3 shows the

comparisons ol the closed loop outpul FESpoONses 10 un input and step load disturbance

ol magnitude 0.1 applied at 7 =100 sccond for a ™ controller settings. The proposed

method shows improved set-point and disturbai @sponsc in comparison to Leva et al.’s
methods. &

/& S—
% Proposed
@ — — Leva el al

1
g o E an =0 a0 130 120 140 160 =
% t (Second)
%_H.F Closed Toop responses to step input and load disturbance for example B.S
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TH-422_PKPadhy



Simulation Examples

Foxennple 3.6 &

Consider the TITO process discussed in example B.4. Using the identification pr *%n'e
3.2.4, the process is modeled as

desceribed in subsection

_I.()SS(U(’ 03103 0 §}§£

, (41925 +1)°
G m (s)= . 1 .04 PEUEELLE
(0.32455 +1)° @

and  g,.=2,4,,=065", the parapftaers of the controller

-2 4 =060"

Choosmmg g =2, ¢,

G, (v)are estimated as K, = 0.8938; 1,=12991, T; = 0_2@ and that of G_,(s) are

K .=1.1453, T, =0.9220 and 7,,=0.2102. USE”@?W method given in [62],

K,=1.014, K ,=1.480, T, =1258T,,= 1.038 and 7, 220, T,, =0.221 arc obtained.
similarly  Zicgler and Nichol’s tuning formula gives K =1.192, K, =1.743,

7, =7,,=0.908 and 7, =7,, =0.218 forthe cm@rcd TITO process.

Froposed 4

&@ ------- Jiegler and Nichols

— — Zhuang and Athertan

]
0 2 HNIE g8 10 12 14 1B 18

oo
N
o

% M ’;} 1 i 1 1 | 1 1 I 1
I 2 4 5 o 10 {2 14 16 o 20

Fig 3.4, Closed loop responses to step input and load disturbance

% ol loop 1 and loop 2 lor example B.6
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Simulation Examples

The responses ol all the three methods to unit step set-point input and static disturbance m‘c&
shown in Fig.BB.4. The figure shows improved performance, in terms of speed ol'rcsponsv

and overshoot by the proposed control method.
B3 Simulation Examples of Model-free Controller Design ;é

Two typical stable processes are considered in this section for the simulat tudies to
show the robustness and effectiveness of the new auto-tuning method.@ ct al,’s iso-
damping mecthod [77] and Jeng et al.’s modified relay (relay connected 5in Sefies with a time

delay) method [78] are considered for comparison. Both the meth 1o not require the

intermediate process model for the controller design. @
[oxample 137 :
Considers a third order stable process transfer i‘unct@\{ilh repeated roots [77]

Gls= =2 %
- (s 1) %

For a user-delined ¢’ — 20 - . - 2SRRI T S ) s a5

/ SO". 7, is updated as 1.939 pefore beginning the second stage of
. _x: | b g F N R / P -
auto-tuning test. The maojfjeq relay induccs& cycle output giving the phase lag of

b= 372796 . A MEasureiient rigise M 1Jfl —0.0917%x107) is added to the process

Y

output during the relay test, The PID ¢ er parameters are designed using &=2. The

=

estimated PID parameters along with phose suggested by Chen et al. are given in Table B.S.

[=]

The closed loop output responses unit step input and a step load disturbances of
maenitude 0.5 at 40 sec are showy
oives highly oscillatory close @

(&
in terms of the overshoot, spesd Sfresponse and settling time for both the set-point and load

Wig.B.5. As is evident from Fig.B.5, Chen et al.’s PID

esponses. The proposed method gives excellent control

disturbance mmputs,

Table B.5: PID conlr(&@scuings for example B.7

Mcllu%\ PID controller parameters
y>d

Pr 70884
@ 1.0749(1+ U Y \
V’ 3.05135  0.007s+1)
%wu ct al. { |

Q \.024\1+ I i .53().\-\}
S 241 y
N
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Simulation Examples

i Proposed - ;é
." { — - — -Chen et al

j\Il
— IJ
T T
>- =
{ -
)
{
—
Rol
o
[
I
1

4

X

o
o
T
<
Q)
X/

_ QO

1 1

0 10 20 30 40 S0 60 70, W 90 100
1 (Second)
Fig.B.5. Closed loop responses to step input and isturbance for example B.7

Example B .8

This ex

ample considers g high order process [78@(: transfer function
G ==t
i A

Ihe integral time constant 7, is estingfed as 2.4644 during the auto-tuning test using

3

t oA . i .
g = 307 Using the recovered limitc data, the PID parameters are estimated with the

choice of & = 2. The mcthods@poscd by Chen etal. [77] and Jeng et al. [78] have
£

been considered for compariso ie results.

Table B.6: PID conlrollcr@ngs for example B.8
V74

Methods /\ PID controller parameters
AN
I

Proposc@
Cl Pal
1@'\\‘7 0.92!1( 1+ 1 +1 .969.@]

1.1734(1+ LI 0'5837“‘]

384705 0.0088s +1

1.961s

ne et al.

s

1
3.651s

1.207(1—% +0.9133‘W

Q%

N
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Simulation Examples
IS

Table B.6 gives the PID controller parameters designed by the above mentioned melh&
FFig. 3.6 shows the responses of the controller settings to unit step reference and st )%nd

disturbance of magnitude 0.05 appearing at 80 seconds. [t is clear from Fig. B.6 thaN{hen et

(N

al.’s and Jeng ct al.’s methods show more overshoot with almost similar turbance

rejection ability. The overall comparisons show that the proposed metl gives faster
response with shorter settling time and good disturbance rejection abilityQa pomparison to

the other.

0 20 400 AR G 100 120 140 160
t (Second)

Fie. 3.6 Closed loop l‘csme@mcp input and load disturbance for example B.8

N)
&é
%E

S
Ng
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On-line Identification for Non-linear Processes

Appendix C &

C1 On-line Identification for Non-lincar Processes

In (his section, on-line identification of the non-linear processes is discussed.
Suggeested scheme Flammerstein type or Wicner type models using relay fecQGgef arc

=

identified where the models configure linear dynamics and non-linear static g [Unctions
(') as blocks in series. The series of blocks gives good description o@ phenomena
really going on a physical process. The above mentioned models @vcry useful in
modeling of the non-lincar processes. The features of the response in the relay feedback test
for linear and non-lincar processes (Wiener and Hammerstein typ re given in Table C.1
(75, 76]. Figs. C.1 and C.2 show the block diagram of the W@' and Hammerstein type

processces.

Table C.1 Features of the responsc in the relay feedback

l.incar Model \\’@'Ioclcl Hammerstein Model
Hall period (77,) ) 7, =T, %.V = Lo 2T
y/alP)
| Amplitude ( 1) A =4 N A = A A=A
L V/i
N
y ¥ 4
L) " L.in ,.”.\/ Static L
e > . ; I
Dyg | Non-linearity
%
@.C. I. Wiener type process
Static Linear Y
Non-linearity :

Dynamic

Fig.C.2. Hammerstein type process

The nun—ling%ﬂt‘t’% can be identified inany of the above mentioned structure (Wiener or
[['nnlﬂcl'%lWWPCf‘)- The proposed auto-tuning scheme can be extended for the

idcm@H and control of the non-lincar process. The block diagrams of the suggested

UH%

TH-422_PKPadhy
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On-line Identification for Non-linear Processes

&%

N
s
S

5

Y

Estimation of

Wiener
IVPC Process

[.inear @

[Fig.C.3. Proposed on-line identification schcmccner type process

with adaptive noise e

CSS

—

vV

Fig.C.4. Prope

Estimation of’

€

Y

Iammerstein
Ve process

[.inear Process

]@&nl—linc identification scheme for Hammerstein lype process

% with adaptive noise filter

the symmetric mput signals causes the symmetric output responses.

For lincar proggesses,
[Tence. il datatic non-linearity (

N.) of the non-linear process is cancelled. then the

Jormase® of the non-lincar process becomes that ol a lincar one. Hence, a lincar PID
PL‘I ( (4

can be designed for the lincar process model. The non-linearity can be removed
¢ e = J

cont
hﬁ' N mizing the parameter & which is described as

TH-422_PKPadhy
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On-line Identification for Non-linear Processes

. N - 1 S
E=miny (J_ifl—t] +LM%—IJ + (N (n)=1) &

\\.hcrc' %

A (1) and /I (1) are the positive and negative ¢ amplitudes of the n'" period of th @ cycle

i . 5 | - = ’
a (1) and « () are the positive and negative arcas of the n'" period of the | cvcle

K (1) are the steady state gains of the lincarized model obtained from n' id
1@0

procedure can be divided into two parts. I first part, the

Thus. the identification

(=

parameters ol the non-linear function are obtained by minin £ via a simple

. which aims to obtain a symmetric limit

optimization procedure output. In the second

part, the linear transfer function model is obtained by using tl ‘ocedure given in section
2.3. Henee, the identified lincar and non-linear parts are It coupled. The PID controller

is designed for the identified linear model.

C2 Tuning Problems Associated with Real Li h@ troller

Ihe auto-tuning of PID controller can be used Agrospace, motion control, process control,
medicine, communication  system, CILCU c? mechanical, chemical and numerous
engineering applications. A few zlpplic;ul are given below.

{. Communi sation System

Adaptive channel quality indica @Ql) used in wireless communication system:

The auto-tuning method can b\jmplemented for adaptively biasing a channel quality

indicator (€ Qn used for %c&_’ a conliguration of communication between a transmitter
and a rpeaieer 1 @ wire 1& mmunication system. The receiver sends a CQIl and positive
ment (f\(. megative acknowledgement (NACK) messages to the transmitter.

The ACK/NAC K %\g ¢s indicate the absence or presence of error, respectively, in a
g

(ransmitted data lmu Fhe CQLis derived from the signal-to-interference ratio (SIR)

the ACK/NAGEMCSSges. The wansmitter caleulates the block error rate (BLER) of th
= ¢

acknowledge

and

ased upon the ACK/NACK messages sent from the receiver. Tl
& rer. The

lmmmnlh& 7 packets b
NS @umlp;ll‘cs the BLER of the transmitted data packets to a target BLER and biases

transim

m@)

TH-422_PKPadhy
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Tuning Problems Associated with Real Life Controller

2. Medicine &

Automatic control of anesthetic depth during surgery g

Continuous infusions, delivered by digitally programmed pumps, are a com‘?-" used
11

approach for delivering intravenous anesthetic during surgical procedures. Th ows the

physician to set the flow rate of anesthetic precisely into the patient attempt to

maintain the appropriate levels of the anesthetic depth. The advant f the infusion

n contrast to the

5

method is that the drug level in the body can be kept more consjai
sequence ol peaks and valleys that result from periodic in_icclions.‘fl%s less drug is needed

[or the salety of the patient.

3. Robotics \/C

Mobile robot path tracking using a robust PID L‘()Illl'()

The important issues in this field is the palh—trackil@ﬂ, which is concerned with the

ability to drive a mobile robot autonomously as Acas possible to a previously defined

®

relerence path. This path js usually specified ag \iger a sequence of consecutive reference
points or by a set ol geometrica] primitives K 4 straight lines or arcs of circumferences.

Aotion control of robot Mmanipulator Q
These manipulators are used in ma[c@ andling, welding, grinding, guided missile etc.
The main challenge in this arca is shHotion control under complexity of dynamics and

K flexibility, actuator dynamies, friction, sensor noise

and unknown disturbances, :
3

4. Power system

Unccl-min[ics arises from joint a

STATCOM (Static 4 &))"S"“"-VSVC (Static VAR Compensator) for automatic
voltage stabilizatiol @

In clectrical ranst{RGTON SySIEMs. the voltage of the system is largely controlled by reactive
power. A ST 'I%M/SVC are the devices that is capable of producing

or absorbing

Using a combination off capacitors, reactors and power eleetronic switches,

[lence, R Nproposed auto-tuning scheme can be used for the volig

lrumlm systems.

TH-422_PKPadhy
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