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ABSTRACT

The thesis Is eoneernecl wilh idcntinealion and eontrol of single-input-single-outpul (SISO)

and t\vo-input-t\vo-oiilpiit (TITO) proeesses based on relay induced limit cycles.

A relay based on-line idcntinealion method for stable and unstable SISO proeesses is

proposed where the process model parameters are estimated from a single relay test. An

ideal relay in parallel with a proportional-integral-derivative (PID) controller induces a limit

cycle o.scillation whose frequency and amplitude arc used for the process identification,

firstly, the describing function (Df) analysis is used for the proposed identification method.

The analysis is also accomplished by state space approach to overcome the limitations of

the DF method. Load disturbance and measurement noise arc the two commonly

encountered problems during the proce.ss identilieation. These two problems are taken care

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

the continuous action of the integral controller in the loop and the Fourier scries based curve

lltting technique is used to get the denoised limit cycle from the noisy one. The curve fitting

method has its own limitations. Firstly, it gives an oil-line noise free limit cycle signal.

Secondly, the noisy signal fed to the relay results in multiple switching. To overcome these

limitations, an adaptive low pass filter is placed in the feedback path during the auto-tuning

lest.

■fhe proposed on-line identification method for the SISO process is extended for TITO
processes. A diagonal transfer function model of the process dynamics is identified for
decentrali/ed controller design, ihe interaction between the loops affects the accuracy of
the process iiKulel. Therefore, two proportional controllers arc inserted in the inner feedback
loops to reduce the loop interaction. A preload relay (P_relay) based identification scheme
is also proposed to identify the diagonal transfer function models. The proposed scheme
estimates the process model parameters accurately in the presence of loop interaction and

measurement noise.

A PID controller design method for stable and unstable first order plus time delay (FOPDT)
process models using the gain and pha.se margin criteria is proposed. The conventional PID
controller often results in excessive overshoot in .servo problem, particularly for unstable

and integrating processes. Hence, a two degree of freedom PI-PD controller is designed for

the fOPD'f process model. The PD controller is designed so as to ensure stabilitN' of the
iv
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inner rccclback lonp whereas the PI eontroller by loop piiasc and gain margin criteria. The

design method is e.\tended for the deeentralized PID controller design of TITO processes.

In the above controller tuning approaches, the process dynamics is llrsl fitted to a transfer

function model using the parameter estimation methods based on the relay indueed

oscillation signals. A model-free controller tuning approach for SISO processes is proposed

where the eontroller is tuned based on the frequency response information obtained from the

relay e.\periment. No structural assumption is made of the process. The distance of the

Nyquist curve of the loop transfer function from the imaginary axis of complex plane and

the loop phase margin are used in designing the eontroller parameters in this model free

approach.
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Chapter 1

Introduction

1. 1. Kchiy Ba.sccI klciilillcaiion

1 . 1. 1 Idcnlillcation ofSISO Processes

1 .1.2 kleiiliilcalioii of TITO Processes

1 .2. Coiilroller Design

1.2. 1 Model based Controller Design

1.2.2 Model-Free Controller Design

1 .3. Outline oftlie Thesis

1 .4. Aim of the Research Work
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1,1 Rclav Based Identification

1.1 Relay Based Identification

1.1.1 Identification of SISO Processes

Miilhcniatical models of both c.xisting and envisaged syslcms when made using well known

leehniques can result in higher order models leading to difficulties in designing control

systems, in performing simulations and analysis besides creating hardware complexities. As

a result, during the last eouple of decades, a large number of methods for order reduction

were developed to handle linear time invariant continuous and discrete systems [1].

However, a lower order transfer function model of the process dynamics can be obtained

from a relay leedback experiment. Auto-tuning using relay feedback is widely used in

industry because it is a closed loop method and therefore an on-off regulation of the process

may be maintained even when the relay test is being conducted. It is used to find the

dynamic information of the process and thereby to tune the leedback controller. The

reliability of the method is used by Astrdm and Hagglund [2]. Process identification using

auto-tuning variation (ATV) is one useful tool today in process industry. Luyben [3] is one

of the pioneers to explain ATV technique for process identification of low order processes,

■fhe iKirmal use ol' relay feedback is to induce a limit cycle in the process output. Process
models are then obtained IVom the measurements made on the limit cycle output. For

analysis, the nonlinear element relay is approximated by a gain using the describing
function techniqtie. The describing function technique is used by several authors to identify

the transfer function models of stable and unstable processes. The accuracy and efficiency

of the relay based identification have been improved in [4-14] by reducing high-order
harmonic terms or using the Fourier analysis instead of the describing function method.
Two relay tests are used by Li et al. [4] to identify an equivalent model of stable and
unstable process. However, the use of an additional relay test is tedious and time
consuming. Shen et al. [8] have used a biased relay for getting the model parameters using a
single relay test. Tyagrajan and Yu [11] suggested a method that includes the effect of shape
factor in identifying the stable and unstable FOPDT process models. Srinivasan and
Chidambaram [12] have proposed a modified a.symmetrical relay feedback method to get
improved estimates of the parameters ol the FOPDT model. The asymmetrical test requires
an extra parameter and the value of that parameter is to be selected appropriately lor
accurate cstimaliiai of the model parameters. Vivek and Chidambaram [13] suggested an
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1

I.I Relay Based Idenfification

I  inipnncd niclliod lor calciilatinu the FOPDT model iVom symmetrical relay tuning by the

simultaneous solution of three nonlinear equations to estimate the three model parameters.

Again, Vivek and Chidambaram [14] identified an unstable FOPDT model considering the

higher harmonies. Chang et al. [15] used the z-translbrm method, which is one of the exact

methods lor relay identification. But, their method uses the amplitude ratio equation from

the approximate describing function analysis. Wang et al. [16] used a time-domain approach

to obtain the exact expressions for the limit cycle waveform for a FOPDT transfer function

model. Atherton [17] also used a calculated exact waveform for both stable and unstable

FOPDT transfer functions to produce simple corrections which can be used with the

dc.scribing function method to give better accuracy. Majhi and Atherton [18] have derived a

set of general expressions from a single asymmetrical relay test to identify the exact model

parameters of open loop stable and un.stable first order plus time delay and second order

plus time delay processes using the state space approach.

Although, the relay auto-tuning is improved by some authors using modified relay based

identification or by using the Fourier analysis or by exact analysis, the improvements do not

overcome the practical constraints of the conventional relay based identification. First, it has

a sensitivity problem in the presence of disturbance signals, which may be real process

lierturbalion signal or equivalent one arising from varying process dynamics, nonlincarities

and uncertainties present in the process. For small and constant disturbances, iterative

solution [21 I has been proposed by adjusting the relay bias until symmetrical limit cycle is

obtained. However, for general disturbance signals, there has been no effective solution to-

date. Secondly, the relay switching levels are determined with respect to the steady state

operating conditions of the input and output signals and static gain of the process,

"fherefore, it is difficult to determine when the relay experiment is to be initiated as it is not

possible to know when the above conditions are satisfied. Thirdly, the relay auto-tuning

method is not applicable to certain class of processes which are not relay stabilizable, such

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

relay Icedbaek does not induce stable limit cycle. Again, the conventional relay feedback

test foi' unstable FOPDT process produces limit cycle when the ratio of time delay to

unstable time constant is less than 0.693 [18], The above ratio can be extended up to one by

pro\ iding an inner feedback propi>rtional controller during the auto-tuning test [23, 24, 40].

(
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1.1 Relay Based Identification

.l| Bill, il is dil liciill lo design llic conlroilor during the idcnlillcalion. Finally, the conventional
relay method is an ol 1-line identilicalion method. Olf-line luning alTccls the operational

process regulation which may not he acceptable for certain critical applications. Indeed, in

certain key process control areas such as vacuum control, environment control, it may be

,  loo c.xpensive or dangerous for the control loop to be broken for tuning purposes. Therefore,

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

1.1.2 Identincatioii of TITO Processes

N'lullivariable systems are more dilTicult to tune and control than the single-input-single-

oiitput systems. Such systems often called as miiiti-input-multi-output (MIMO) systems are

commonly found in automated plants, aircrafts, chemical industries and other fields. A

midtivariable control system where the control loops are independently tuned according to

recommendations given for the SISO systems often results in a closed loop unstable system.

Ihe main dilTieulty in controlling a multivariable system is the interaction between the

loops and among various plant variables. This raises several issues for multivariable control

system design. Phese include: interaction analysis, loop pairing, decoupling, robustness,

iniplementation considerations and economy. The most basic and well-known form of a
MIMO system is a TH Q system. Many methods have been presented in the literature for
Ihe identification ofTlTQ proee.sses [45-58].

Many modern controllers are equipped with various adaptive techniques such as self-tuning,
,■ on-line tuning and auto-tuning. These features provide easy-to-use controller tuning and
j  have pi oven to be well accepted among process engineers. A large majority of existing

tuning methods loi mullivai iable controllers require good process model in order to achieve
-satislaetoiy tuning. Aecuiate modeling ot process dynamics is time consuming and requires
extensive expeiimentation. One ol the most common approaches lo tune a controller

latically is to connect a lelay as a feedback controller to the process during tuning [2].
lelay test loi identilicalion ol T1 fO processes can be accomplished by the following
possible ways, a) using a single relay, b) by sequential operations of relays and c)

using a decentralized relay.

independent single lelay leedbaek metbod, one relay is used in one of the loops. This
nethod does not excite multi\ariable interaction directly and therefore, it is difUcult to
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1,2 Controller Design

achieve llne-Uining of tleceniralized conlroliers when all loops arc considered [45, 46]. In

,lhc ease ol" sequential relay feedback, the multivariable system is tuned loop-by-loop,

closing each loop once until all loops are tuned. Each time a relay configuration is set up to

find out critical point (critical gain and frequency) of the corresponding loop [47-48]. In

decentralized relay feedback, both the relays are closed at a time to tune the multivariable

system. Among them the decentralized relay feedback technique is the most widely used

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

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

systems.

1.2 Controller Design

1.2.1 Model Based Controller Design

In process industry, more than 95% of the controllers are of Pl/PID type. This is mainly

attributed to its effectiveness and simple structure, which can be easily understood and

implemented in practice. Consequently, the research on PID control algorithm development

and their applications is still a very active area and 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 effects of each proportional, integral and derivative

control. Several methods are available in the literature to design the PID controller for SISO

processes [24-39]. However, PID controller results in an excessive overshoot for unstable

and intemating processes. Hence, two degree of freedom controllers (Pl-PD, PID-P, set-

point weiuhtcd PID) are designed to overcome the structural limitation of the PID controller
[40-44].

Multiloop diagonal SISO controllers are often used to control multi-input-multi-output

processes. The simpler structure and the easiness to handle the loop failure are most

attractive advantaucs of such controllers. However, the controllers encounter interactions

existing amoim the loops which have resulted in scNcral open research topics lor years.

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

output processes [59-69].

(lain and phase margins have always served as important measures of robustness tor the
SIS(^ system. Phase margin is related to the damping of the .sy.stem and can thereiore serve
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1.2 Controller Design

us u measure of perromiance. Ho et al. [31] presented simple expressions for the controller

parameters of a SISO process using loop gain and phase margin criteria. In [59], the loop

phase and gain margin technique is extended for controlling the TITO processes. The phase

and gain margin criteria are used for the controller design for both the SISO and TITO

processes in our proposed methods.

1.2.2 Modcl-Frcc Controller Design

Tuning techniques for controllers which do not require a mathematical model of the process

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

method was llrsl suggested by Ziegler and Niehols [36] in 1942 for the tuning of PID

eontrollers. The tuning method is basically based on the concepts of the critical point

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

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

process output oseillatory. Thcrealter, many lurther contributions have been made to

improve the above tuning technique. One of the most popular methods was suggested by

.Astrdm and 1 lagglund [2] in 1984 for the automatic tuning of PID controller where a relay

is used in the feedback control loop to obtain the critical point of the process Nyquist cui-ve.

But, the critical point obtained by the conventional relay method does not give the best

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

information can be obtained by identifying a point in the third quadrant ot the complex

plane introducing an extra phase lag to the relay. Scali et al. [22] identilied a point in the

third quadrant using a modi lied relay (lime delay along with the ideal relay) for the

idcniilicalion of completely unknown processes. However, their method requires several

relay tests to determine the time delay of the modi lied relay. Also, the delay used during the

identiilcation is independent of the controller parameters. In [20], it is shown that the

accuracy of the describing function can be improved by using an integrator along with the

ideal relay during identification as per the attenuation characteristic of an integrator. The

process is approximated by a low order transfer function model and the PID controller is

designed by the pole-zero cancellation principle for a specified phase and gain margin. The

approximations used by»their method fail to give good results for many typical process

models.
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1.3 Outline ol" the Thesis

Ian el al. 139] proposed a robust on-line automatic tuning method for the PID controller

where the controller parameters are tuned non-iteratively. In their method, the relay induces

limit cycle output of the controller-stabilized process. The method is not straight forward

since an initial PI I) controller is required to stabilize the process before initiating the relay

test, l-lo et al. [.33] incorporated the ideas of iterative feedback tuning (IFT) into relay auto-

tuning of PID controller to give specified phase margin and bandwidth. Some limitations of

the conventional relay auto-tuning technique using a version of the Ziegler-Nichols formula

[36] are overcome by their method. But, the time required for their on-line e.xperiment may

not be acceptable in practice. A modified relay based auto-tuning method is proposed in this

thesis for stable processes to overcome problems associated with the above methods.

1.3 Outline of the Thesis

The thesis is concerned with identiUcation of an equivalent transfer function model of a

process dynamics from the relay feedback test using the describing function and state space
analysis, to make the identiUcation more realistic, static load disturbance and measurement

j  noise aie introdueed during the identiUcation. Some controller tuning methods based on the
itlentil icd model are then proposed. Obtaining a good process model may require a large

i  amount ol time and the e.xpense may not be justifiable. Therefore, a relay based auto-tuning
appioach is proposed where the controller can be tuned automatically on demand without

identilying the process model. The thesis is divided into six chapters. Brief descriptions of
I  the icseaich conti ihutions made in the four chapters (Chapter 2 to Chapter 5) of the thesis

are as follows.
I

1-3.1 Chaptei-2

I'l this chaptei, limit cycle data based on-line identification methods for stable and unstable
pioces.ses aie pioposed. 1o overcome .some limitations of the conventional relay auto-

lL"t'ng methods, limit cycle is induced eonneeting an ideal relay in parallel with a PID
umtiollor. I he relay .sees a llctitious process whose order increa.ses because of the PID
^untiollcr. I he 1)1- analysis is used to estimate the ,SISO process model parameters. There

t." two leasons loi using the Df analysis. Firstly, the generally accepted point about the DF
is that its accuiacy incieases with the relative order of the process transfer function.

Secondly, it requires much less computational effort compared to some exact methods for

TH-422_PKPadhy

IN
DI

AN
 I

N
ST

IT
UT

E 
O

F 
TE

CH
N

O
LO

GY
 G

UW
AH

AT
I



1.3,OiilIinc of the Thesis

system ideiuilieatioii. To improve the perlbrmanee of tiie aiito-luning method, the PID

eomroller is divided into PI and PD parts where the PD part in the inner loop and the PI part

in panillel to the relay in the error path indiiee limit cyeic output. The proposed method tries

to eouple the advantages of relay based identifieation of an inner feedback eontroller-

stabili/ed process. In the DP method, only the fundamental frequency component of the
nonlinear relay output is considered, thereby, affecting the accuracy of the identined model.

Hence, the state space analysis is introduced to overcome the limitations of the DP method.

PIowcN'er, one need to solve simultaneously a set of nonlinear equations to estimate the

process model parameters and therefore, the describing function analysis is used extensively

in subsequenl studies. Pstimalion errors of the process model parameters increase with the

asymmetrical and noisy limit cycle output data due to the presence of static load disturbance

and sensor. I lowevcr, the static disturbances during the on-line identification are

successlully rejected due to the continuous action of the integral controller in the loop and
smooth limit cycles arc obtained from the noisy one using the Fourier scries based curve

luting method. The Fourier series based curve fitting method gives an off-line noise free
limit cycle signal at high computational cost. Since the noisy output signal is beinu fed to
the I clay, it olten results in multiple switching. These limitations are taken care of by

;  iiiseiting an adapti\e low pass IHter in the feedback path during the relay experiment. The
now technique is able to estimate the process model parameters accurately even when the
piocess is subjected to the static load disturbance and measurement noise.

1.3.2 Chapter 3

111 lliis chnplcr. the proposoti i-ol.iy hasccl on-line idcnlincnlion method of eh.tpler 2 is
eslended lor the TITO proees.ses. At Ihst, an on-line identincation method lor the TITO
P"'eesses is presented where two PID eontrollers are eonnected across the relays in the
l""vard paths to indnee the limit eycle ontput. The proposed ntethod idenlilles two .second

^  '"'ler pins ,|clay ,SISO transler limelion models lor the TITO process dynamics in the
^  I " ol load distnibance and measiiremenl noise. The interaction hetween the loops

e aeeuiaey in the identincation ol the process model. Therefore, the identirieation

niodilled by inseiling pioportional controllers in the inner fcedbaek loops. The

'  ' * '■'"'thelleis slabili/e the process and rednee the loop interactions at the critical
Iretpiency thereby inctettsiitg the acettrttcy of the idenlilled models. Pttrther. P relavs based
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1.3 Outline of the Thesis

I

i

idenlilicnlion mclhod is proposed for the identincation of two SISO transfer function

models ol the process irom a single relay test in the presence of large loop interaction, static

disturbance and measurement noise.

1.3.3 Chai)tei-4

Some controller design methods based on process model parameters are provided in this

chaptei. Simple PIO tuning lormulae lor stable and unstable FOPDT process 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 performances. The PD controller

in the inner feed back loop plays an important role in stabilizing the open loop processes. A

method for llnding the parameters of decentralized controllers for a TITO process based on

the loop phase and gain margins is also presented. The controller parameters are tuned on

line without disrupting the closed loop operation. The control scheme is modified by

nserting proportional controllers in the inner feedback patbs to improve performances of
the forward path controllers.

■i 1.3.4 Chapters

A modilied relay (an ideal relay in series with a PI controller of unit proportional gain)
I  based auto-tuning method lor PID controller is proposed in this chapter. The method does
*! not iet|uiie the inteimediate stage (itientification ofprocess model), improves the describing
1  lunction ap|iro.\imation and ensures a symmetrical and noise free limit eyele output even in

the piesence ol static load disturbance and measurement noise. In describing function
technique, the input to the relay is assumed to be sinusoidal leading to error in the
estimation ol the ci ilical gain and Irequency. In the proposed method, the effect of higher
baimonics is leduced due to the integral action in the modified relay. The integral time
^•onstant of ihe PI controller of the modiHed relay is updated during the auto-tuning test
e-'isunng a minimum loop pha.se margin of 30". Thereafter, the PID controller is designed

t ihe limit cycle output data ol the modilied relay. The derivative time constant is
obtained by maintaining the above mentioned loop phase margin. Minimization of distance

N^quist cui\e ol the loop transier lunction Irom the imaginary axis of the complex plane
gives the proportional gain of the controller.
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1.4 Aim oftlic Research Work

jl.3.5 Chapter 6

'Conclusions and some general remarks are given in chapter 6. Also, some ideas about
'possible future work related to the research are ineluded in this chapter.

'1.4 Aim of the Research Work

One ol the primary aims ol this work is the identilication ol lower order transfer function

I models ol the stable and unstable proeesses in the presence of load disturbance and

measurement noise. The thesis presents some relay based approaches for the on-line

identilication of SISO processes using the DF and state space analysis. Then, the on-line

identilication method using DF analysis is extended for the identiFication of two SISO

transfer function models of TITO processes having various levels of loop interactions. A

: Fjelay based identilication scheme for TITO processes is also proposed. The proposed

scheme estimates the process model parameters acctirately even in the presence of loop

interaction and measurement noise. The parameters of the process models are estimated

Irom a single relay test. Another aim of the research work is to design effective and robust

FID controllers for the identilled models of both SISO and TITO processes. The controller
tuning methods using loop gain and phase margin criteria are then proposed for the
idenlilied process models. Further, a model-free controller tuning approach is proposed
whcic the controller is tuned based directly on the freqtieney response information obtained
hom the lelay cxpeiiment. The identilleation and control methods are demonstrated through
different simtilation results.
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Chapter 2

On-line Identification of SISO Processes

2.1. Introduclioii

2.2. On-line Idenliilcalion

2.2. 1. Describing Funclion Analysis

2.2.2. .Slate Space Analysis

2.3. Design of Adaptive Noise Filter

2.4. Conclusions
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2.1 Introduction

2.1 Introduction

Lii)bcn [3] pioneered the use ol relay leedback tests and the describing function analysis for
jsystem identillcation. The describing function approximation allows one to identify one
point of the process Nyquist curve on the basis of its frequency and amplitude. Then, an

equivalent transfer function model of the process is obtained based on the identified point.
Ihe describing function technique is used by several authors to identify transfer function

models o! stable and unstable processes. The accuracy and efficiency of the relay based

identillcation have been improved in [4-14] by reducing high-order harmonic terms or
using the Fourier analysis instead of the describing function method. To improve the
accuracy of the identification methods, some exact methods such as z-transform method

[15], time-domain approach [16], exact waveform method [17], state space approach [18]
and using the effect of shape factor [1 1, 19] are proposed. Mowever, unlike the DP method,
the exact methods are not straightforward and are time consuming. It is extremely difHcult
to obtain simple explicit expressions for the process model parameters by the exact analysis
methods.

Although the lelay auto-tuning methods have been improved by several authors [4-19], the
impiovements do not overcome the constraints of the ideal relay based identification
discussed in sub.section l . i .]. xhjs chapter presents a number of on-line identification
methods that include a relay in parallel with a PID controller in the error path (forward path)
to induce symmetiical limit cycle output even in the pre.sence of static load disturbances.
1 he initial settings ol the PID controller may be based on the simple prior information about
the pioeess oi one can use some delault settings. However, the initial controller settings
•''hould be selected caielully to induce stable limit cycle output. In the proposed work, a
'iKUhod to set the initial PID parameters has been suggested.
"nee a parametric model of the process dynamics is obtained, thereafter, the PID controller
i^nn.meters are updated using the model-ba.sed PID tuning formulae derived in chapter 4.
"ne of ihe proposed identillcation methods uses a low pass filter in the feedback path that

components much higher than the critical frequency and results in
noisc-hce limit cycle output. The filler time constant is olitained adaptively from the

the limit cycle output. The relay experiment may be re-invoked for retiming

'  ' \\hen changes in set-points or process dynamics take place.
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2.2 On-line Identification

2.2 On-line Idenfiileation

2.2.1 De.serihin}» Function Analysis

The describing lunclion technique has been widely used to determine the limit cycle and the

dynamical behaviour of the processes [71]. The technique has been used in industries for

decades and is receiving increasing attention for relay based identification of the industrial

processes. The relay induces a permanent oscillation of the process output and the

frequency and amplitude of the oscillation are used to identify an equivalent transfer

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

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

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

identification using a conventional relay that induces limit cycle output }' is shown in Fig.

2.1 w here 0"(.v) is the process and /V is the ideal relay of height h. In the figure, E and U

are the relay input and output signal, respectively. R is the reference or set-point input.

R
h — U

G{S)

y

—►

■S) '
—

N

Fig. 2.1. Conventional relay based identiilcation structure

Let £'(/) = /Lsinr(;/. where .1 is the peak amplitude and o is the fundamental frequency of
the relay input siunal. Using the Fourier series e.xpansion, the periodic output //(/) of the
relay can be written as

"(0 = ^//,, I sin(2/v - 1 )w/ (2.1)
<  I

where =
Ah are the amplitudes of different frequency components of //(/). The

/r{2k -1)

describimz function is obtained by considering only the principal harmonic of the relay
i>utput signal. Thererore, the relay is appro.ximated by a gain of

1 ,1
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2.2 Oii-Iine Identification

A' =
4/7

JZ-I

:iikI llic limil c\ cic inlonnan\>n is iibtainei.1 rri.)iii llic iiucrseelioii ol' the locus

1  /r. /

4/?

(2.2)

(2.3)

and the Nyt|uisi curve of G(/ro)iis illustrated in Fig. 2.2. The frequency at the intersection

is tiie critical Irequeney, ro.,. and the gain ofthe relay is called the critical gain, .

(V —► 00

G(/ro)

Real

Fig. 2.2. Nyquist curve ofG (yV^;) and -//A' locus

The relevant equations at the intersection point are
Z.G{Jco.^ ) = -/r

and

K , =
4/7

(2.4)

(2.5)
|G( )|

The parameters ol" the critical point and prox ide valuable information about the

magnitude and phase of a process under relay feedback. Using this information, an
ec|uivalent translbr lunction model ofthe process can be estimated. In practice, the aceuraey
ol lhe.se estimate.s depends c^n hc^w elc>.se the relay induced limit cycle signed is sinusoidal,

14
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2.2 On-line Identification

since it relates the aeeiiraey of the deseribing lunction method in predicting the limit cycle

parameters.! and r*; ,. where 27.,. is time period ol'the limit cycle signal.

2.2.1.1 Proposed On-line Identification Structure

The proposed on-line identification structure comprises of an ideal relay in parallel with a

PID controller G,.(s) in the error path as shown in Fig. 2.3. It is assumed that the static load

disturbance L and the random measurement noise M appear at the process input and

output, respectively. The proposed identification method induces the limit cycle output

around the set-point. Based on the measurements of the limit cycle output, a stable or

unstable FOPDT transfer function model of the process dynamic is identified. The relay

height /; is non-zero during identification and immediately after the relay test it is set to

zero. When the relay height is zero, one obtains a control structure with the PID controller.

However, the controller G.(.s) always remains in action.

R
G,(.v)

U

i

G{s) >'■

/.

A'

Fiu. 2.3. Proposed on-line identification structure with PID controller

2.2.1.2 Identification Procedure

Many industrial processes require designing simple and easy-to-use controllers for their
smooth operation. Hence, it is desirable to model these process dynamics by lower order
transfer function models and then design simple controllers based on these lower order
representations. In this subsection, a first order plus time delay model of process dynamics
is obtained using the proposed on-line identification method. Let the process model transfer
function has the following typical form

\5
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2.2 On-line Identification

=  (2-6)/.V ± 1

wlici e K, T and D arc llic steady stale gain, time constant and time delay of the process

model, respectively. Let the form ol the PID controller be

G,(.v)= 1 +
T,s

(2.7)
T,s pT,s^\

where A.'_ . T, , 7, and [i are the proportional gain, integral lime constant, derivative time

constant and derivative filter constant, respectively. Normally, f5 is very small, so the

derivative filter term in (2.7) is neglected in the following for ease in analysis. Fig. 2.4

shows the equivalent representation of the Fig. 2.3. It is apparent from the Fig. 2.4 that the

relay sees a fictitious process G(.v)(G(.v) coupled with the inner loop controller G,.(5)) in

the loop. The process gets stabilizing signal from the inner feedback controller G^{s)

thereby improving its stability during idcntincation. The estimation of the process model

parameters is carried out in the following manner.

-h

G,(.v)

> f

N
U

L

M

i

G{s)
Y

Fig. 2.4. Equivalent representation of Fig. 2.3

Rstimiuion of Steady State Gain ( K)

fhe average value of the process input //(/) is non-zero for non-zero reference input due to

the integral action in the controller. So, the steady state gain of the process can be obtained

from the ratio tif the average values of the process output and input signals. The method

ensures accurate estimation of the steady state gain in the presence of measurement noise

16
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2.2 On-line Identification

and slalic load disturbance. For some / > 27,., when steady state limit cycle is produced, let

\  and be the averages of the process output signal y{f) and input signal ii{r),

respectively, as shown in Fig. 2.5. The average value of the limit cycle output is the set-

point value due to the integral action of the PID controller. Therefore, the steady state gain

can be estimated as

.V.,,, 2R
K = (2.8)

"...nx + '',nin

If average \alue of the limit cycle output signal is zero when /'(/) = 0, then a temporal

disturbance may be given to the set-point for a short period of time to obtain .

0 e

0 4

vu)

0 2

1 5

uU) 1

05

-

1 1 1 I

N  V

1

y

>

U

f
avg

tn
120 130 140 150 160 170 180 190 200

i (Second)

Fig. 2.5. Typical waveforms of v(/) and ii{f)

Estimation of T and D

From the measurements of A and w,.,. of the limit cycle output signal, T and D of the

process models can be estimated for any h ^ 0 . In order for a periodic solution to

ciirrcspond to a stable limit cycle

VC',„(/T>, ) = -l (2-9)

where

17
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2.2 On-line Identincation

) = (2.10)
1 + G

Nolc that llic oscilhuion frequency varies wilh dilTerenl conlroller settings. Then, (2.9)

beennies

G,„(>,; )[\' + C,(,/Vv)]=-1 (2.11)

.Substitution of G,„( /V/j^, ),/V and G^.iJo)^.,.) in (2.1 1) gives

Kc
(

J ±1)

where

i7| + /a,) = -l (2.12)

4/' . f 1
=  k and a. = K a) T.

•  - ' I " ■
Equaling the magnitude and phase angle of both sides of (2.12), one obtains

_ 7^'"(</|" +c/;)-l
T =

(0..
(2.13)

Ibi both stable and unstable proeesses and

f .. \

- lan ' (w.,T )-T + lan

/) = —- \ "i

(0

(2.14)

lor the stable process and

lan
-1

D =

cu

\ "i

+ tan ('O.J)

(t)
(2.15)

for the unstable process.

"le steady state gain K of the process model is obtained from (2.8) and the remaining

paiameieis {'I J)) o| ilio stable or unstable process model arc estimated either from (2.13)

and (^.14) in (2.1 j) and (2.15). T he auto-tuning lest is carried out in two stages. At first, the
initial conlioller parameters are chosen by the method given below and with these settings,
the auto-tuning te.st is started. Once stable limit cycle is obtained, a FOPDT model of the
pioeess is identiiied based on the limit cycle data. Then, the controller parameters are
upd.iled using the model based controller tuning technique presented in chapter 4. The
opdaied eoniiollL'r selling is now usetl for the second stage of relay test to obtain the llnal
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2.2 On-line Identification

Iranstcr fiinclion model ol'lhe process ciynamies. I lowever, one may perform more stages of

relay test, if necessary, to improve the aeeiiraey of the idcntifieation meliiod. Again, the

initial stage of the relay test is not required if the initial eontroller is known a priori.

Assuming an initial eontroller is known, which is true for a proeess already in operation, the

llnal FOPiyi" transfer function model is obtained from a single relay test. Another advantage

of the tuning scheme is that the relay height can be increased from zero to some acceptable

value when the operator requires re-tuning the controller.

The frequency domain estimation error inde.x using the integral of absolute error (lAE)

criterion for each of the process models is

EE = I (2.16)
0  o;,, (./><;)

where G(Jo)) is the actual process and C7,„(./Vt;) is the process model. The frequency range

for the integration is taken fromO to w.,, since that is most important for controller design.

Choice of Initial Pll) Controller Parameters

The relay induces stable limit cycle output when the fictitious proeess model satisfies

(2.9). Using (2.6) and (2.7) and setting T, = 0 and T,=\, can be e.xpressed as

(7(a) = (217)
.s(7:v±i) + A:A;.(.s + i)e

•or a small value of , (2.17) becomes

L' />>

C(.v) = .5^ (218)
r.v±i

It is evident from (2.18) that a positive value of ensures a limit cycle condition for stable

processes whereas for unstable processes ̂  should be less than 0.693 [18]. From extensive

simulation studies, it has been found that the choice of initial controller parameters

A. =0.01 - 0.1, T, =I and 7:, = 0 (2-19)

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

choice is suggested for the processes with KD<\00. For higher value of KD, the value of

A can furiher he reduced to obtain the stable limit cycle output.
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2,2 On-line Identification

2.2.1.3 Kliecls of Static Load I)i.sturl)ance

Static load changes Ircqucntly occur during a process operation and load disturbance

rejection is a major problem in process control. Generally, conventional relay feedback test
With an ideal relay under load disturbance results in an asymmetric limit cycle output. This
problem is o\'ercome by our on-line identification method by the forward path PID
controller, fhc transfer function of the closed loop system with respect to the static load
disturbance is

-i -t- '
'  1^^)-kV + C,.(.v)

I he steady state value of the output with respect to the static load disturbance becomes zero

due to the presence of integral action in the PID controller. Thus, a symmetrical steady state
limit cycle output is obtained around the set-point input even in the presence of static load

tlisturbancc during the auto-tuning test.

-•2.1.4 Llfecls of Measurement Noise'

Measurement noise is a common problem in almost all process industry. The noisy limit
^■yclc output signal makes it difllcult to measure its amplitude and Irequency accurately. So,
the need arises to recover the smooth signal from the noisy output. The Fourier series based
ciiive luting with the options of least squares method and trust region algorithm in
MAfl.AR is used in this work to obtain best 111 output signal from the noisy one. It has
been obsci\ cd Irom c.\tensi\'e simulation that the following Fourier series

y'in = z C,^ i:as(k(ol) + ̂ C^i. sin(AY/;/) (2 211
*  l> <^0 ^ ■ '

satisfactory results. In (2.21), r'(/)is the best lit output signal, {k = 0,1,...8) and
- -k (/< - 0,1,...8) arc the fourier coellicients and co is the frequency of the recovered output

J^ignal.

2.2.1.5 .Simulation Results
A stable ami two unstable process transfer functions arc considered in the examples in this
subsection to illustrate the proposed identification method. In the llrst example, three stages
'^1 '-^'lay tests arc performed. Normally, the .second stage relay test yields very much similar

20
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2.2 On-line Idcntiilcation

imnsfcr liinclion niotlcl parameters eompareci to the third stage (Table 2.1(a)). Theretbre,

the aiitD-tuning test is limited to two stages for all the remaining simulation e.xamples. In all

the e.xamples, A', = 0.1, T, = 1 and T, = 0 are chosen lor the initial stage of relay tests. The

PID eontroiler parameters needed in the subsequent stages of relay test are updated using

(4.1 1) and (4.16-4.17) of subseetion 4.4.1 for speeified values of the design parameters

a, .g,„ and and using the results of the auto-tuning proeedure given in subsection 2.2.1.2.

■fhe simulation results are compared with that of the ATV method given by Li et al. [4], the
identification methods proposed by Tyagrajan and Yu [11] and Vivek and Chidambaram
I Li-14]. The aeeuraey of the identilleation method is cheeked by the estimation error index,
EE. In this work, the effect of measurement noise on the process model parameters is
investiaaled in simulations by introducing normally distributed random additive noise with

zero mean and varying variance, /\/(0,<t;,) , at the outputs during the relay test thus making
the oscillation noisy. The noise power is quantified by SNR (Signal to Noise Ratio) in
decibel (dli) which is defined as SNR = 10 log(cr,-/ fx;,) . where, cr; is the variance of the

output signal and cr], is the variance of the noise. An ideal relay with height /? = 1 is
considered for all the examples. More examples are given in appendix B1 to highlight the
proposed identification method.

Example 2.1

1,01 US considci a typical second oi-dci- process [4] C(.v) = . The relay lest is

performed and the resulting process model parameters along with the eontroiler parameters
are given in Table 2.1(a). The design values « = 0.2, .g,„ = 3 and =60" are used to
design the eontroiler required in the second and third stages of the relay test. One is free to
choose the design values for satisfactory transient perfbrmanees. Because of the similar
estimated parameters in both the second and third stages (Table 2.1(a)), the process model
obtained in the second stage of relay test is considered to be final. The FOPDT model
parameters obtained by L,i et al.'s method aie K = -0.501, T - -5.0j and D - - . Since the
model is not valid, they have recommended a second order plus time delay model for the
process dynamics. The method suggested by Vivek and Chidambaram fit the process as a

21
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2.2 On-line Idcntiilcatlon

[•"OPD'r iikhIcI wilh paraniclers K - 1.03, T = 1 1.98 and D = 2.84. However, their mode!

has an esiiinalion error of 0.0606. Tiie proposed method gives improved parameter

estimates in terms ol" the estimation error index, /:£■. The Nyqiiist curves of the actual

process and the process models hy the proposed method and the method given by Vivek and

Chidambaram are shown in Fig. 2.6. it is clear from Fig. 2.6 that the Nyquist curves of the

proposed model and actual process are very close to each other, showing that the higher

order processes can be approximated by a FOPDT model more accurately using the

proposed on-line idenlilleation method. To verify the identification method under realistic

conditions, the process model parameters are estimated with different levels of

measurement noise as given in Table 2.1(b). From Table 2.1(b), it is seen that the processes

are identified well by the proposed method even for high level of noise. The largest error in

the estimated parameters is 9 % which is within the acceptable limit. The noisy output

signal wilh SNR = 20dB and the recovered signal obtained by using Fourier series based
curve filtiim method are shown in Fig. 2.7.

Table 2.1(a) Controller and process model parameters for example 2.1

Stage 1

C,(.V) 1 =0.1, r,= 1,7:^=0
1

A = 1 .0, r = 10.8176, D = 2.8885

Stage 2

GAs) A.. =2.4493, T, =1 1 .1424, 7;, =0.5477
EE = 0.0368Gnii-S) A = 1.0, 7 = 1 1.4341, D = 2.8602

Stage 3

C,(.v) A", = 2.6062, T; =1 1 .7212, 7;, = 0.5441
EE = 0.0366G,„(.v) 1 A = 1.0, T = 1 1 .4673, D = 2.8591

Table 2.1(b) Estimated parameters and the errors at different noise levels for example 2.

SNR in

dB

■  ■■

A Error in A' T Error in T D Error in D

No noise 1.0 - 1 1.4341 - 2.8602 -

30 1 .0 0.0 1 1 .4780 0.0009 2.8574 0.0005

20 1.05 0.05 1 1 .5538 0.0075 2.8509 0.0029

10 1 .09 0.09 1  1 .7712 0.0262 2.8677 0.0034

T)
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2.2 Oii-Iinc Iclenlinciitioii

0 2

1? -0 ̂

-0 4

-0.6

-0 S b L
-0 4 -0 2

Actual

Proposed

— Vivek a fid Chidarfibarairi

I!
a
h

0 2 0 4

Real

0.6 0.8

Fig. 2.6. Nyqiiist curves of process models for example 2.1

noisy

recovered

barnples

Fig. 2.7. Reeovered and noisy output signal with SNR

Esaniple 2.2

C onsider the (.)pen loop unstable process f 13]

X 10

20dB for example 2.

f;(.v) -
c

(V I)

2.-)
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2.2 On-Iiiic Identification

The relay lest starts witii the initial eontroiier K. = 0.1, T, = 1 and T, = 0 and then updates

the controller using the design values of cr = 0.9 , = 5 and = 45". The controller and

the process model parameters along with the estimation error index arc given in Table 2.2.

The model parameters obtained by the Li ct al.'s method [4] and by the Vivek el al.'s

method |131 are /C = 0.94, T = 0.77, D = 0.5 with EE = 0.4564 and = 1.0638,

7 = 1.0832, D = 0.5 127 with 7:7: =0.0825, re.spectively. The propo.scd method identifies

the process dynamics more accurately in terms of the estimation error index in comparison

to the above discussed methods.

T able 2.2 Controller and process model parameters for example 2.2

Stage 1

G,(.v)

o
II

II

te

ll

K = 1.0, 7 = 0.8592, D = 0.5127

Stage 2

G (.V) a; = 1.7399, T, = 13.9790, T, = 0.4462

G,„(.v) a: = 1.0, 7 = 0.9912, D = 0.5014 ££=0.0406

E\iinip/c' 2.3

Let us consider a process transfer function possessing one stable pole and one unstable pole
[14]

G(.v) =
(2.v-l)(0.5,v + l)

=0.1, T, - 1 and T, =0 is used in the initial stage of relay test and the design values of

<'^ = 0.85, =5 and =45" are used to obtain the controller parameters for the next

'^tage ol test, fhe controller and the process model parameters of both the stages of the

test are given in Table 2.3. The model parameters obtained by Vivek and

ChidambaranTs method [14] are K = 0.7534, r = 2.1642, 79 = 0.9951 with EE = 0.3524.
flic identilleation method by Tyagarajan and Yu [I I] fails to identify a FOPDT model as
the estimated values of process steady state gain and time constant become complex. The
estimation ei ioi index by the proposed method is 0.2760. The Nyquist curves of the actual
pioeess and the pioeess models obtained by Vivek and Chidambaram and by proposed

24
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2.2 On-line Identillcntion

iiiclliDcl iirc uivcii in 2.8. As seen IVom the Nyquisl ciiia'cs, Ihc proposed method can

estimate tine model parameters more aeeurately than the method given in [14].

rable 2.3 Controller and proeess model parameters lor e.xample 2.3

Stage 1

C.(.v) A', =0.1, t; = 1, r, =0

A = 1.0, T = 2.3304, D = 1.0729

Stage 2

.

k\. = 2.0853, T; = 1 1.7 1 83, 7], = 0.841 0

yT/r=0.2760
o;,(.v) A = 1.0, r = 2.6408, D = 0.954 1

u j -

0 1 -

e  -0 1

-0.

-0 3 -

-0 4

• Actual

Proposed

Vivek and Chidambaram

-1 -0 8 -0 8 -0 4 -0

Real

0  0

I 'ig. 2.8. Nyqiiist eiirves of proeess models for e.xample 2.3

2.2.1.6 Special Case

Id imprtne the identilleation method particularly for unstable process, the structure in Fig

2.3 is modilled and given in Fig. 2.9. The modilled structure comprises of an ideal relay in

parallel with a PI controller in the forward path and a PD controller in the inner feedback

path, fhe relay test induces the limit cycle output. Based on the parameters of the limit

cycle output, the process dynamics is identified by a stable or unstable FOPDT model with

the transfer function form uiven in (2.6).

J.n
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2.2 On-line Idcntincation

R

M

C.,(.v)

C.,(.s)

/) -

— -h

U

i

G{s) )'
*

.V

Mg. 2.9. Proposed on-line idcntincation structure with Pl-PD controller

R

G.,(-0

1 f

^C,,(.v)

6
M

}■

Fig. 2.10. Fquivalent structure of Fig. 2.9

T he forins of the PI and PD controllers are

I  ̂
G i( v) = a;. 1 +

T,s
(2.22)

(2.23)
\ + PT,s

Fig. 2.10 shows the equivalent structure of Fig. 2.9 and depicts how during relay feedback
test the process is subjeeted to the PI and PD controllers in the inner feedback path which
can stabiii/e the stable and unstable processes. During the identification, the Pl+PD
controller assuming negligible // becomes

26
TH-422_PKPadhy

IN
DI

AN
 I

N
ST

IT
UT

E 
O

F 
TE

CH
N

O
LO

GY
 G

UW
AH

AT
I



2.2 On-line icicntincation

(j^ (.V) = G I (.V) + G (.V) = /C, (1 + T,s) + Aw^ (2.24)

I'hc iclcnlillcnlion i.s ciirricd oiil using tlic procedures given in the subsection 2.2.1.2. The

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

parameters ol" tiie FOPDT process model are estimated either from (2.13) and (2.14) or

(2.13) and (2.15) where, the e.xpressions for o, and cu are

4 /?
f I = + K + K, and a. = (o K .Tj (2.25)

/r A ' " w.,J,

The relay lest is carried out in two stages in a similar manner as in subsection 2.2.1.2. in the

initial stage of relay test, K^. =0.01-0.1 (a value in between 0.01 and OA), Ti = \ , K ,■ =0

and Tj = 0 are chosen. But, the Pl-PD controller parameters are updated at the beginning of

the second stage of relay test by using (4.41-4.42), (4.27) and (4.22) of the subsection 4.4.2
for specilled values of and .

2-2.1.7 .Simulation Results

1 be identification technique is demonstrated by two examples. For the first example, a

second order stable process is considered. The unstable process of the second example

possesses a stable pole and an unstable pole. An ideal relay height of /? = 1 is considered in
both the examples.

h.xdinplc 2.4

Consider the stable process discussed in the example 2.1. The identifieation test begins with
die choice of =0. 1 , 7) = 1 , A.', =0 and 7)^ =0. The controller parameters are updated

before the second stage of relay test using the design \'alues of g,,, = 2 and = 30". Then,
rising the limit cycle parameters and (2.8), (2.13) and (2.15), process model parameters as
yi\ cn ill Table 2.4 are estimated. The EE of the process models by the proposed method is
0.0428 \shich is slightly more than the /:/: calculated in example 2.1. Mowever, the method
estimates the parameters more accurately compared to the methods discussed in [4] and
I 13J.
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2.2 On-line Identiileation

Table 2.4 Conlrollcr and process model parameters for example 2.4

Stage 1

C,(.v)

II

o

II

II

p

II

o

A' = 1 .0, 7 = 10.8236, D = 2.8884

Stage 2

o;(.v) A'. =1.6891, T, =1.6184, K, = 2.7376, T, = 1.4442

zr/r = 0.0488K = 1.0, 7 = 1 1.7301, D = 2.8524

Example 2.5

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

parameters along with the process model parameters for both the stages of the relay test are

given in Table 2.5. Gain margin of 4 and phase margin of 60" are used for the controller

design for the second stage of relay lest. As seen from Tables 2.3 and 2.5, identification

based on the modilled structure (Fig. 2.9) gives better estimates for the unstable process in

comparison to the structure shown in Fig. 2.3.

Table 2.5 Controller and process model parameters for example 2.5

Stage 1 C,(.v)

II

o

iP
II

II

p

II

o

A = 1.0, 7 = 2.3304, D = 1.0729

Stage 2 o;(.v) A,. = 0.5905, 7, = 1.1 133, A, = 2.0843, 7, = 0.5365

A£=0.2253
G (.v) A = 1.0,7 = 2.6225,D = 0.9570

2.2.2 State Space Analysis

l^elay based identiileation using approximate describing function method is used widely to

obtain model related information of industrial processes. Despite the apparent success in

''itlusirial applications, the ideal relay auto-tuning method can in some instances be

improved significantly with a more accurate estimate of the model parameters obtained

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

lunction method. The reason is that the estimated ultimate gain and the ultimate frequency

dcri\ed from the describing function are only an approximation for information at the

critical lrL\]uency. Several identiileation methods [ 15-19] are proposed in literature to

ideiitiiy the process modol accuialcly without using the tlcscribing function technique. In

2«
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2.2 On-line Identillcntion

ihis subsection, state space approach [IS] is extended for the on-line identillcation ofstable

and unstable processes and exact expressions for the model parameters in term of the limit

cycle measurements are deriv ed.

2.2.2.1 Identification Structure

The identillcation structure given in I'ig. 2.3 is redrawn in Fig. 2.1 1 to make the analysis

easier. Two stages of relay test arc perlbrmed to obtain the process model parameters. The

relay test starts with some initial choice of controller parameters as suggested in subsection

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

the model based controller design technique given in subsection 4.4.1. This controller

selling is used for the next stage of the relay test. Then, the desired process model is

obtained by using the limit cycle parameters obtained Irom the second stage of relay test.

G(.v)
}

1

o
M

Fig. 2.1 1. Proposed on-line identillcation scheme in state space analysis

2.2.2.2 Analytical Fxprcssions

Let the process model transfer function be as given in (2.6) and the controller in

(2.7) neglecting fi be expressed in the following lorm

29
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2.2 Oii-Iinc IclLMitinciition

G", (.v) = K + Kj s + (2.26)
.V

where Kj = K Tj and K, For ease in analysis, the proposed idcntiHeation

slruelure (Fig. 2.I I) ean be represented by the conllguration given in Fig. 2.4 where the

relay is kept in the forward path and the PID eontroller is coupled with the process. Then,

the transfer iiinetion ol'the Helilious proeess model (whieh the relay sees) beeomes

= G .(.V) = (2-27)
G,(.s) ■ 1 + G (.v)G,„(.v)

'fhe static load disturbance is neglected during the analysis. Substitution of (2.6) and (2.26)

in (2.27) uives

)(.v) AV (2.28)
i ' ( \ ̂ I ^

7-.v±l +A'A'.c +/<k\, .se +

Cross multiplication and inverse Laplace translorm ol (2.28) gives
/

{•(/) = ̂̂ \'(f) — K A ii^{/ — D) + A'A'^. /I \'(/ ~ A)) + kK/ A J.i'(/ — D)c/f + Kk^ A y{f — D) (2.29)
II

where A = + ̂ . The above delayed differential equation when represented in state space

form becomes

.(•(/) = . l.v(/) + /v/|(/ - /2) + /?,//.(/ - D) + h,i'rA' - lA) + h^ii^{{ - D) (2.30)

r(/)=v(/) (2.31)

where A = A , /', =-KA, A, = A"A'. T , k= KK, /t , Aj = KK, A, //,(/- D) = ±/?,
/

- 0)= y{t - D), iiy{f - O) = yif - D) and - D) = jy{f - D)ck . In the state model
(I

(2 30) it is assumed that the lour inputs to the proeess contribute the limit cycle output. Let

the peak amplitude .•/ occurs at time of the limit cycle output. During the half period of

the proeess tnitput, the relay provides two pieeewise constant input signals to the process as
shown in Fiu 2 12. Fherefore, the output waveform analysis is carried out for the time

interval 0 < I < D and D <t < T.,. - Mtfi'''' Atherton [18] derived the e.xpressions for the

t,input equation of a FOPD'f proeess model for the interval 0 < / < D and D <f < 7], as

3(1
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2.2 On-line Fclcntiflcation

\ir) = ±K/i{ \ - c '-')

and

y{/) = ±K/i{2c'" -c" -1),

rcspcclivcly.

(2.32)

(2.33)

",(/ - D)

t  (Seconcti

Fig. 2.12. Process and relay output signals

■Similarly, with the help of (2.32), (2.33) and using the method discussed in [18], the

solution oi"(2.30) for Q < t < D and D < / < 7],,. gives

r(/)= K/iO-c") ±\-KK -
KK, KK,e An \

2  A

- K'hi{K^ /l + Kj/^' + k I )c' ^ - k k ! ht (2.34)

•(/) = e'" "\\(D)+Kh{\ -c'" '") + (l-c-'"
A

U-D) +

+ A ' h( k A + k j Al' + k / ) {l-D)(2e'" -e") + (2.35)

The relav uivcs s\mmetrieal limit cycle only witcn tiic lollowing condition is satisfied

TH-422_PKPadhy

IN
DI

AN
 I

N
ST

IT
UT

E 
O

F 
TE

CH
N

O
LO

GY
 G

UW
AH

AT
I



2.2 On-line Icientillcation

r(") = -v(7;, ) = 0 ■ (2.36)

Lciokinu at the Fig. 2.12, one can write

= D (2.37)

Siibslitiitinu (2.37) in (2.34) or (2.35), the c.\prc.ssion for the peak amplitude is obtained as

.1 = K/i{ 1 - e'" )(±I - KK^. )-K-/i

I'rom (2.35) and (2.36), we get

A.\. AD+ K,, A-D + K, {2D-—sinh AD)
A

(2.38)

(l-c'"^ '"')(2-e"'^)A.n >

{Tr-D) +

( K"//(/s.'_ /. + K f 7. + K, )(7,.-D)(2t'"'' ) +

/.

(I ■•'"')
7.

= 0 (2.39)

'I'he time delay of the process is obtained from (2.37). The other parameters T (or T ) and
K can be determined from the simultaneous solution ot (2.j8) and (2.j>9).

2.2.2.3 Simulation Results

The proposed on-line auto-tuning method is illustrated by considering a stable and an
unstable FOPDT processes in this subsection. For both the processes, the relay e.xperiments
are eondueted with FID initial controllers with the parameters A.;, =0. 1 , T, =1 and 7^=0-

The controller parameters are updated in the beginning of the next stage of relay test using
(4. 1 I ) and (4.16-4.17) of subsection 4.4. 1 for some user defined values of a, and .
The process time delay i.s obtained from (2.37). Once the lime delay, D, is obtained, the
other process model parameters are estimated by solving the nonlinear equations (2.38-2.39)
usiim the nonlinear ec|ualion sob'ci iiiuline ol MAI LAB.
I:\cii>i/)le 2.6

Let us consider a typical FOPD 1 ordei pioeess

0(.v) =
I O.v

The auto-tuning test i.s carried out in two stages and the limit cycle parameters of the second
slaue of relay test yield the Final transler funelion model of the process. The design values
ol" (X = 0.2, g =4 </>, = 0Li'P'-''4e the controller needed for the second
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2.2 On-line IdcntHlcntion

slauc 111" relay test . The liniil cycle incasiircincnts, conlrollcr and process model parameters

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

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

on-line idenlifiealion method (using DP analysis) discussed in subsection 2.2.1.2 gives the

model parameters K = \,T = 8.89 and D = 2.0003 with the estimation error index 0.0814.

The ideniillcalion method proposed by Li et al. [4] gives K =0.988, T = 8.02 and D = 2.0

with the estimation error 0.1383. The estimation error index by the present method is

0.0271, showing excellent improvements over the identification methods using the DP

analysis. As mentioned in subsection 2.2.1.2, random noise is next added to the process

output during the relay tests. The estimated process model parameters and the respective

estimation errors at dilTcrent noise levels arc tabulated in Table 2.6 (b). The noisy output

signal with .SNR = 20 dB and the recovered signal waveforms are given in Pig. 2.13. The

tabular values sbow suflleiently low estimation errors by the state space based identiUcation

in the face of additive measurement noise.

Table 2.6(a) Controller, limit cycle and process model parameters for example 2.6

•Stage 1

C,(.v)

II

o

II

II

o

Limit cycle parameters T.,. = 3.6878,/^, = 2.0009, A = 0.1838

K = 1.0255, r = 10.4063, D = 2.0009

Stage 2

o;(.v) A', = 2.3912, T, = 5.0846, T, = 0.3687

EE = 0.021 \Limit cycle parameters 7;,. =3.4848,/,, = 2.0005, .4 = 0.2141

G (.v) K = 1.0449,7" = 10.1377, D = 2.0005

Table 2.6(b) Estimated parameters and the errors at different noise levels for example 2.6

SNR in

dB

K Error in K T Error in T D Error in D

No noise

30

1.0449 - 10.1377 - 2.0005 -

1.0705 0.0245 10.9765 -0.0827 1.9915 0.0047

20 1.0718 0.0257 10.9822 0.0833 1.9915 0.0047

10 1. 1 1 23 0.0645 1 1.2345 0.1082 1.9502 0.0252
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2.2 On-line Iclcntificiition

noisy

recovered

4  4.5

Samples
5,5

X 10

I'ig. 2.13. Recovered ;uid noisy output signal witii SNR =20dB for example 2.6

Example 2.1

Consider the ilrst order unstable process of example 2.2. Table 2.7 lists the limit cycle

parameters, the eontroller and process model parameters. The controller required for the

second stage is designed by using the design values a = 0.9 , = 5 and = 45". Again,

the present method gives less estimation error index (££" = 0.0382) as compared to the

describing function method (example 2.2) which resulted in EE = 0.0406.

fable 2.7 Controller, limit cycle and process model parameters for example 2.7

Staue 1

G,(.v)

II

o

ir.
II

II

o

Limit cycle parameters r.,, =1.591 1, = 0.5001, A = 0.6813

G (.v) K = 1.001, 7 = 0.9843, D = 0.5001

Stage 2

C (v) a; =2.1914,7,= 4.61 76, 7, = 0.406 1

EE = 0.038l.imit cycle parameters T,. =0.8440,/^, = 0.5001,^4 = 1.1513

K = 1.001,7 = 0.9892, D = 0.5002

.34

TH-422_PKPadhy

IN
D

IA
N

 I
N

ST
IT

UT
E 

O
F 

TE
CH

N
O

LO
GY

 G
UW

AH
AT

I



2.2 On-line Identification

2.2.2.4 Special Case

To iclonlify slable processes which can erilcienliy be reprcsenleci by lower order Iransfer

riinclion models, a PI coniroller in parallel with Ihe relay (selling =0 in Fig. 2.1 1) is

suggesied. The e.xpressions for Ihe model paramelcrs arc oblained by subsliluling/v_, =0 in

(2.38) and (2.39). Several examples are given below to illustrate exactness of the

idcniiricaiion method.

I'xcimpic 2.tS

This example considers ihe Ursi order process of example 2.6. The controller parameters,

ihe limit cycle measurements and the process model parameters in both the stages of relay

test are given in Table 2.8. The controller required in the second stage of relay test is

designed by using =4 and =45". It is observed Irom Table.2.8 that the maximum

estimation error index is 0.0168 which is less than the estimation error index obtained in

example 2.6.

Table 2.8 Controller, limit cyele and process model parameters for example 2.8

Staue 1

o;(.v) =0.1, 7) = 1

Measured parameters 7;,,. = 3.6878,/^, = 2.0009, /I = 0.1838

C,„(-v) K = 1.0255,7 = 10.4063, D = 2.0009

Stage 2

o;(.v) a;. = 1.2216, 7, =6.1779

7:7 = 0.0168Measured parameters 7;.,. =3.7178,/,, = 2.0009, A = 0.2107

6' (.s)in \ '
K = 1.0203,7 = 10.1656, D = 2.0009

I'XaiiipIc 2.9

I he transfer function ol'a FOPDT process is given as

11 4 s

<bTv) =
0.8.V + I

I able 2.9 shows values ol the limit cycle measurements, the controller and the process

model parameters lor both the stages ol relay test. Onee again, the maximum estimation

eiror index is lound to be 0.001 7. The gain and phase margin values of 3 and 60" are used to

design Ihe PI controller necessary for performing the seeond stage test.
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2.2 On-line Identincation

Table 2.9 Cciiitrollcr, limit cycle and process model parameters for example 2.9

1

Staue 1

C,(.s) =0.1, T, = 1

Measured parameters r,,. = 0.6799,/^, = 0.3999, A = 0.4467

K = 1.0001,7 = 0.7997, D = 0.3999

Stage 2

GAs) a;. = 1.0471, T, =0.8375

i:7: = 0.0017M easured parameters 7;., =0.7503,/,, = 0.4001,//= 0.5475

K = 1.0001,7 = 0.7998, D = 0.4001

Exaniplt' 2. / 0

One of the important issues in industry is the path-tracking (PT) problem of a mobile robot,

which is concerned with the ability to drive it autonomously as close as possible to a

previously dellned relerence path. This path is usually specilied as either a sequence of

consecutive relerence points or by a set ol geometrical primitives such as straight lines or

iii'cs tjl eireumferenees. Many approaches have been tested lor the PT problem using PI/PID

'-"ontrollcr and reported in the literature [26-28]. The Pl/PlD controller is designed based on

die model of the kinematics of a mobile robot. But, the external load disturbances create

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

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

identillcation method discussed in subsection 2.2.2.4 for the path tracking of a mobile robot.

Consider the process dynamics of a mobile robot [26]

C(.s) = -^

The controller, the limit cycle parameters and process model parameters are given in Table

2- 10. A PI controller is designed by taking =3.5 and =60" at the beginning of the

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

piocess model is first order, the estimation error is evaluated in the frequency range

[o.lc/; (■/; ]. It is clear Irom Table 2.10 that the estimation error is high if the integrating
model is identilicd as a FOPDl model. Simulation results show that the PI controller
designed lor the process model gives satisfactory path tracking of the mobile robot
compared to some other methods reported in the literature [26-28].

36
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2.3 Design of Adaptive Filter

Table 2.10 Controller, limit eyele and proeess model parameters for example 2.10
-  j

i o; (■^■) = 0. 1, T, = \

cStage 1
M e a s u re d jia ra mete rs T., = 0.4025, = 0.2004, A = 0.2026

o;,(.v) K = 42.6134, T = 42.5621, D = 0.2004

K^. - 2.0877, T, = 2.0899

EE = 0.2014

Stage 2

i

Measured parameters T, = 0.401 5, = 0.2009, A = 0.253 1

K = 20.8068, T = 20.2840, D = 0.2009

The on-line identiileation proeednre for FOPDT proeesses using the exaet state space

analysis meiiiod has been presented in the subsection 2.2.2. The simulation examples show

that the relay in parallel with the PI controller is surileient to estimate transfer function

model of a proeess having llrst order dynamics. This section highlights the complexities of
the state space based exaet analysis technique. The method is suhjected to increased
computational burden due to the set of nonlinear equations one needs to solve.

2.3 Design of .Ada|)ti\'c Noise Filter

Measurement noise ialling into the high Irequency range ol the signal spectrum is a
common problem that arises during the process identilication. Since the identification is
carried out at loop critical frequency, a low pass fdtcr (Noise liltcr) that llltcrs out the
frequencies much higher than the critical frequency is inserted in the leedhack path as
shown in Fiu. 2.14. 1 he (liter time constant is obtained adaptively Irom the limit cycle
output as described below.

2.3.1 Fstimalion of Noise Filter Time Constant

L.el the transler lunctimi oi the noise hltei he
.  1 (2.40)O, (.V) = -

/, .V + I

Since the identiileation is carried out at the loop critical Irequency (r/;, ), the cut-oil
iVeL|iienev ( c.*,, ) oi the i liter can he chosen as

C'A, =? (o. ,
(2.41)
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2.3 Design of Adaptive Filter

In this \v(irk. is chosen as . Therclbrc, the expression for the tliter time constant

becomes

T. =
0)

(2.42)

*1 ...he lliter time constant 7, is updated adaptively from the limit cycle output data in the

lollowiim manner.

Tf{n) = (2.43)
(t}(n- 1)

where n and n -1 denote the data for the present and previous test period, respeetively. The

niter lime constant is updated every period by using (2.43) until a stable limit cyele is

obtained. Once the limit cycle is stable, the final value of that satisfies (2.42) is

estimated.

2.3.2 Estimation ol'Process Model Parameters

fig. 2.14 shows the proposed on-line identillcation scheme where a relay coupled with a

I'll) controller in the ibrward path and a noise iHter in the feedback path are placed. The

three parameters oi'the assumed fOPD'f process model given in (2.6) are obtained using the

parameters oi'the illtered limit cycle output signal _r'(/). Obviously, the noise filter helps in

e'stimaling the model parameters aceurately even in the presence of measurement noise.

)"
C

R

,(.v)

(V

O. (s)

/; —

— -Ii

u

u,

\  » C(s) )■

;V
i-ig. 2.14. Proposed on-line identification scheme with adaptive noise filter

I he steady state gain of the process (A') is obtained during the relay test using (2.8). The
pioceduie to obtain the other two parameters (T and D) of the process model is given
below. In ortler to get a stable limit cvcle

.38
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2.3 Design ofAcInptivc Filtcr

) = -' (--44)

where

Cj ,Cj ( I (!) .)
a ijo) ) = ' "' ' — (2.45)'  17 ' I y-. y -• , ' \ '

Then, (2.44) beeomes

+ ̂A.i^'Kr)] = - ' (2.46)

Using (2.6), (2.7) and (2.40) in (2.46) gives

Kc "
{a, + fa.) = -1 (2.47)

+1)(7>;,,T±1)' •

Tiie e.xpressions for r/, and ci. arc tlic same as given in Ihe siibseclion 2.2.1.2. Equating the

magnitude and piiase of both sides ol'(2.47), one obtains

r = ̂  I-':''*";' -I (2.48)
M , \ O'T' + I

17 ' I

for botii stable and unstable processes and

n + tan '
a, - tan ' (w ,.r )- tan"' )

D = ^ ^ (2.49)
(!)

for the stable process and

tan
a, + tan ' )- tan ' )

O = ^ (2.50)
f'Kr

Ibr the unstable process. Therefore, the process model parameters {T and D) are obtained

either irom (2.48) and (2.49) or (2.48) and (2.50). Unlike the situation for a stable process,

ihe unstable process does not always e.xperience a limit cycle condition. Again, the noise

filler in the feedbtick path gives a phase lag ol"45" at the critical frequency and destabilizes

the elosetl looj") system. 1 lenee, it is necessary to tune the initial PID controller parameters

judiciously so that the lletitious process model c;,„( v) given in (2.45) satisfies (2.44) and

induces stable limit cycle output. The procedure to obtain the initial PID parameters is

described below. Neuleeting the derivative filter constant, the PID controller given in (2.7)

can be written as

V)
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2.3 Dcsi<;n ofAcIuptive Filter

c; (.V) = k; i + tt (i + Cv)
r/.v

(2.5!)

with the relationships

r,'
K. = A"

t;

T ̂  7"
/  ' I

\  • / /

"T"* I

iiL
T ,'/ /

r,

t:
1+ ''

t;

(2.52)

(2.53)

(2.54)

Assuming,

= r, (2.55)

and using tiie 'I'ayior series expansion lor the exponential term, C,„(.v) can be expressed as

c;A,(v„)-- (2.56)+i)[(r,:, - KKXpy;+(Krj,:, ±7-,:,).v„+kk:]

D  T T'
where D„ = — , .v„ = Ts , = I - D„.v„, = xr a'ld 7)', = . The subscript ;? stands for

T T

die normalization. Let

A' =
A/J.

(2.57)

Stibstitution of (2.57) in (2.56) gives

^KD,s„c

'" (y.+1) [(7-,:, ± K A, - A,) .v„+1 ]
l or a large value of (7)[, ± 7)',/7, - ), C„(.v„) can be reduced to

(2.58)

U ( .V ) =
III ̂ 11 '

t\ c

(I s + I )
'  hi I) '

where A'
AZ; D

fii n

(2.59)

(2.60)
{'n,±r;,A.-D„)

it has been itnind irom extensive simulation that the value of ±T,l,D,, - D,,) can be

40
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2,3 Design of Adaptive Filter

assiiined as — which uivcs
r

r;,- (2.61)

II is appaicnl from (2.61) thai a positive value of D„ ensures a limit cycle for stable

processes and a value of D„ < 1 for unstable processes. The approximation of time delay

using Taylor series expansion for unstable processes is appropriate as the normalized time

delay is less dian unity. In the ease of a stable process with high normalized time delay, the

approximation is crude. However, the overall performances due to the controller settings are

salislacioiA c\'cn if the normalized lime delay is high.

Choice of Initial Controller

In the beginning of the relay test, the choice of controller parameters is most important as

the information about the process dynamics is unknown. Poor choice of initial controller

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

parameters are updated using the expressions given in (2.55), (2.57) and (2.61). Assuming a

^>mall value of A',', (2.56) can be expressed as

= ~ (2.62)

Iherefore, a positive value of /7, ensures a limit cycle lor a stable process whereas lor an

unstable process /7, < 0.69.5-In^7,,, +1] [40]. So. the \'aluc ot the filter time constant

shoukl be less than unity to obtain limit cycle condition. From the extensive simulation

studies, the initial controller parameters for the initial relay test for stable processes are

^riggestcd as K' = 0.01 - 0.1, Tj = 7^ - w and 7) = ]. The values of T) and are updated

adaptively during the relay test using (2.43). However, = 0.01-0.1, 7)'= 1 and

I'l "=7^ = 0.1 are chosen for unstable processes that restricts D„ to 0.5977 so as to ensure

limit cycle output. It is found Irom the simulation results and from (2.58) that the suggested

initial setting ol the controller is applicable for the processes with A79<100. For higher

\ahie ol A/), the \aliie ol A"^' can lurther be redueed to obtain stable limit evcle.

41
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2.3 Dosiyn of Adnptivc Filter

2.3.3 Sinuihition liesuits

Tills suhsoclion considers a second order stable process and an unstable process possessing

one stable pole and one unstable pole to illustrate the identillcation method. The results are

compared with the identilleation methods using DP gi\'en in subsection 2.2.1 which shows

imprined results over some recent identiilcation methods reported in the literature. To

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

H.xdniplc 2.11

Consider the second order stable process of example 2.1. The initial controller parameters

A" = 0.1 , T'. = 1 and T, =T, = o{.,. are used in the initial stage of relay test and updated

belore beginning oTthe second stage using the expressions (2.55), (2.57) and (2.61). Four

cycles of the noisy signal ( \'(0 having SNR = 20 dB) and the Hltered limit cycle outputs

(y'(i)) obtained at the end oTthe second stage oTrelay test are shown in Fig. 2.15.

too 105 no 1 15 120 125 130 135 140 145 150

t (Second)

100 105 no 115 120 125 130 135 140 145 150
t (Second)

Fig. 2.15. Noisy and filtered limit cycle outputs for example 2.1 1

The updated values of the fdter time constant are 2.9151 and 2.1403 in the llrst and second

stage ol the relay tests, respeetixely. 1 able 2.1 1 gives the controller and the process model

paiameteis along w ith the estimation error index. The Nyquist curves of the process model

anil ihe oi iginal process are shown in Tig. 2.16 and they are \ ery close to each other near to

42
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2.3 Design of" Adaptive Filter

-180", show ing liic accuracy of the idcnliilcalion method in the presence of measurement

noise, l iie i.L of the process model lor the same process estimated in e.xample 2.1 is

0.0368. One can conclude from the EE values of both the examples that the process can be

approximated as a fOPD 1 model using the proposed on-line identification method.

0 3

0 2

0 1

0

-0 1

process model

process

■0 4

■0 5

•0 6

-0 7

-0 8

-0 9

/

_i i_

-0 4 -0 0  o: 0.4
Real

0 5 0.8 1.2

Fig. 2.16. Nyquist curx es of process and process model for example 2.

able 2. 1 1 Controller and process model parameters for example 2.1 1

Stage 1

o;(-v) a; =0.1, t; = i, r; = 2.9151

Gjs) A = 1 .0, r = 10.3208, D = 2.9846

Stage 2

6;(.v) a; = 3.4580, t; = 10.0720, r, = 2.1403

AA = 0.0201G„(-v) A' = 1 .0,7" = 1 1 .0299, D = 2.895 1

Exam pic 2.12

fhis example considers the unstable process of example 2.3. The controller settings used in
ihe fust stage ol lelay test are A_. = 0.1, 7"/= I and T, = 7", = 0. 1 . A random noise of
v ariance 0.0364. which results in a noisy signal of .SNR = 20 dB, is injected at the limit

4,3
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2.4 Conclusions

cycle oiilpul cliirinu liic relay lest, ilie upcialed \'aliie ol ihe filter lime eonslant in the

seconti stage is 1.0644. The controller parameters and the estimated model parameters are

gi\'en in Table 2.12. The EE in the second stage ofrelay test is 0.034 whereas the method in

snbseclion 2.2.1 llnds a process model for which EE = 0.2760. It shows that the proposed

noise lllter method obtains superior estimates of the model parameters in the presence of

measurement noise.

Table 2.12 Controller and process model parameters for example 2.12

Stage 1 CT(.v) r = 0.1, r; = 1, r; = 0.1

G (.v) A' = l.(),r = 2.2505, D = 1.1 187

Stage 2 (.v) K[. = 2.01 16, T; = 22.1097, V, = 1.0644

£ = 0.034
G (.v) a: = 1.0, r = 2.2638, D = 1.0217

2.4 Conclusions

In this chapter, three new on-line identillcation methods for stable and unstable SISO

processes are proposed. In subsection 2.2.1, the describing function analysis is used for the

identilicalion method and simple expressions to estimate the FOPDT process model

parameters are derived, "fhe method estimates the model parameters with less estimation

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

and 14|. 1-urlher, the on-line itlenlificalion structure (relay with the PID controller) is

modified in subsection 2.2. 1.6 (relay with the Pl-PD controller) to improve accuracy of the

identillcation method. The modified identification structure gives significantly more

accurate estimates of the model parameters particularly for unstable processes.

An exact method using the state space analysis is proposed for the on-line identification of

stable and unstable processes in subseetion 2.2.2. The advantage of this method is that it

does not ret|uire any approximation like the DP to estimate the model parameters. It is

shown in simulation examples that the exact identification method gives better estimates

than the describing function method. Mowever, one has to solve a set of nonlinear equations

simultaneously to identiiy a parametric model of the proeess dynamies. This limitation of

the exact method compels one to use the DP based analysis.
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2.4 Conclusions

Tlic sialic load disuirbancc during llic on-line idcnlillcalion is successrully removed due to

the continuous action of the integral controller in the loop. Smooth limit cycle is obtained

Irom tiie noisy one using the 1-ourier series based curve tilting method. The on-line

identilleation method is lurther improved by inserting an adaptive noise illter in the

feedback path. The Illter lime constant is updated adaplively during the relay test. The

method is able to estimate the model parameters aeeurately even in the presence of static

load disturbance and measurement noise. All the proposed techniques possess practically

useful and desirable eharaeteristics than many eonventional/modiiled relay based

itientillcation methods axailable in the literature.

4.S
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Chapter 3

Identification of TITO Processes

3.1. Introduction

3.2. On-line klentincation ofTlTO Processes

3.2. 1 Identillcation with PID Controllers

3.2.2 Identilleation with PID-P Controllers

3.3. Identification ofTlTO Processes using P_relay

3.4. Conclusions
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3.1 Introduction

3.1 introduction

IdcntiUciilion ol'TlTO processes is more dilTieult due to the inleraetion between the loops.

For easier Held implementation, it is desirable to identify two SISO transfer function models

of the flTO process. Many methods have been presented in the literature for the

identification of TITO processes [45-58] by using a single relay or sequential operations of

relays or by decentralized relay.

This chapter proposes new identillcation methods for TITO processes. The methods

overcome some constraints of the conventional relay auto-tuning techniques available in the

iileralLire. In section 3.2, we propose an on-line identification method where a pair of relay-

controller (relay in parallel with a PID controller) is used for identillcation of two SISO

second order plus delay process transfer function models oi the TITO process. A modified

identillcation method is given in subsection 3.2.2 by introducing proportional controllers in

the inner feedback loop. The proportional controller stabilizes the process and reduces the

interaction between the loops. In section 3.3, we propose a new structure for the

identillcation of a TITO process. In the structure, two preload relays are inserted in the error

paths and two integral fillers are used in the feedback paths. The method ensures a smooth

limit cycle of the TffO process in the presence of measurement noise and loop interaction

of various magnitudes. The concluding remarks to the methods are given in section 3.4.

3.2 Oii-linc IdentiUcation of TITO Processes

3.2.1 Identification wifii PII) Controllers

3.2.1.1 Identification Strnctnre

Pig. 3.1 shows the on-line identification structure for a TITO process. It comprises of an

ideal relay in parallel with a PID controller in the error path of each loop. The proposed

relay identification method induces the limit cycle outputs )'; and f, around the set-points

li^ and /A, respectively. Based on the measurements of the limit cycle outputs, two SISO

lumsler lunction models ol the process dynamics are identified. The relay heights /?, and /?,

■lie non-zero during identillcation and these values are set to zero after the relay test for
noimal closed loop operation. The PID controllers in the loop are able to reject the effect of
static load disturbance during tbe identification. As shown in the figure, die static load

47
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3.2 On-line Identification of TITO Processes

dislurbaiiccs /., and and random mcasiircmcnl noises and A-/, appear at the inputs

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

Ri

Gdi (-v)

—

—

—► O.v:(.v)

/
—

-H -h:

i- iu. 3. 1 . Proposed on-line identification structure for a TITO process

3.2.1.2 Identification Procedure

The equivalent of the proposed identification structure (shown in Fig. 3.1) is redrawn in Fig.
3.2. It is apparent from Fig. 3.2 tiiat the controllers are in the inner feedback paths and help
in stabili/.inu the process during the identification. Attempt is made in this subsection to

identify two SISO second order plus time delay transfer function models of the TITO
process from the relay experiments. Let the model transfer matrix be

G„As) -
G„.^s) 0
0

(3.1)

which possesses the SISO transfer function models as given below

K c
V / = 1,2

(.sT + 1)-

where , 7] and D, are the process model parameters to be estimated.

(3.2)

4S
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3.2 On-liiic Icientillcntion of TITO Processes

Rt

Ri

Gcll (s)

Li
Ml

/'/h
-I-/;,

A'y

R^
li: |—

— -h:

Gii{s)

C,:(.s-)

G:i (.v)

)'/

AA

G:: is)
}A

1

L:
G, I2 (x) <  (

^  \

R^

M^

Fig. 3.2. Equivalent representation of the structure of Fig. 3.

C,(.v)

= a;',

c;„(.v) 0

0  o;,,(.v)
he the Pi!) eonlroller matrix where

I
T s

V  '' 2

+ •
Vm-

i + AO
V / = 1,2 (3.3)

In the above expression, /i is the derivative filter constant of the i''' loop and neglected in

the Ibllowiim for ease in analysis. Similarly, let the describing function matrix be

A' =
A'

0

0

N
(3.4)

where /V, and A', are the gains of the ideal relays of loop 1 and 2, respectively. The

estimation of process model parameters is carried out in the following manner.
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3.2 On-line Identification of TITO Processes

Estimation of Steady State Cilains ( K^)

Tlio philosophy of estimation of the steady stale gain for the SISO proeess described in

siihseelion 2.2.1.2 is extended for the TITO process. For t>2T.,„ when steady state limit

cycle is obtained around the set-points, the average values of the process inputs

(/(,'^and and the process outputs (r,',,^and are measured. Then, a temporal

disturbanee is uiven to one of the set-points or reference inputs for a short duration and the

corresponding average values /h;,, .v^,, and are measured. If the limit cycles

occur around zero (r,(/) = 0), two temporal disturbances may be given to measure the

a\ cra'jc values oi'the process inputs and outputs. Then, the steady state gains are estimated

by the relations

/

\

/
K. =

(3.5)

("LyyL.. - "LyXLy )("Ly"i.yy ' "Ly"Ly )

where

Detailed derivation of the expressions given in (3.5) is presented in Appendix A.

Kstimafioii of Procc.ss Model Parameters

It is assumed that both the loops under limit cycle condition have the same frequencies. The

peak amplitudes A, and critical frequency co of the limit cycle outputs arc measured. The

describiim function of the ideal relays for each loop is given by

.V = V / -1,2 (3.6)
/r .1,

■fhe auto-tuning test results in stable limit cycle outputs for any 'h / h. * 0 when

= - f (3-7)

where

icy ) = [ / + )] ' identity matrix.

.5(1
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3.2 Oii-Iine Identification of TITO Processes

Then, (3.7) becomes

(J('K, )(A', + G(/Vo .,)) = -1 V /■ = 1,2

Using (3.2), (3.3) and (3.6) in (3.8), \vc obtain

Kc
—' t(ci. +a, ) = -1
(I- ./>'!,'/:)■

where

4/7
1

T
,  \

• h

(3.8)

(3.9)

n A
+ A".  +

r.
'• /

= A . OJ.T' -
j

(3.10)

(3.11)

F.ciiiating the magnitudes of both sides of (3.9), one obtains

(o T - ;r + tan

+ "i - 1 (3.12)
Similarly, equating the phase angles of both sides or(3.9) gives

2tan '(ri7,.,.7;) (3.13)

1  Then, (3.12-3.13) gives the e.xpressions for the transfer function model parameters as

(3.14)

^7, ^

y - V ~ '
(i\ ,.

n + tan

D =

/  A
C7,

^ "l/ J
■ 2 l»n"' r)

(0.
(3.15)

Two stages of relay tests are performed to estimate the process model parameters. In the
first stage of relay test, the initial controller parameters for each loop are set in a similar
manner as given in the subsection 2.2. 1 .2. Once stable limit cycle outputs are obtained, two
lemporal .Sl.SO models of the flTO process are identilled using the limit cycle parameters
and the expressions given in (3.5) and (3.14-3.15). Thereafter, the controller parameters are
updated using (4.44) and (4.58-4.59) of chapter 4 for speciHed values of loop gain margins
( .i,'™ ) and phase margins ( ), where the subscript / = 1, 2. The second stage of relay test is

.51

TH-422_PKPadhy

IN
DI

AN
 I

N
ST

IT
UT

E 
O

F 
TE

CH
N

O
LO

GY
 G

UW
AH

AT
I



3.2 On-line Identification ofTlTO Processes

pcrloniicd using llic abine conlrollcr sellings to obuiin the final SISO iransfer funetion

process models of the TITO process.

3.2.1.3 Load Disliirhance Rejection

The output of a TITO process for a step load disturbance is

r(.v) ̂  [/ + .V(7(.v) + G.,(7(.v)] ' (;(.s)Z.(.v) (3.16)

The presence of the controllers in the loops during identification results in zero steady state

value of the outputs to the step load disturbance inputs implying symmetrical steady state

limit cycle outputs around the set-points. This ensures accurate estimates of the limit cycle

parameters under static load disturbances.

3.2.1.4 iMcasiircmcnt Noise

To measure the amplitudes and the loop frequency accurately, the smooth simials from the

noisy initputs are recovered using the technique discussed in subsection 2.2.1.4. The best fit

outputs for the ri'fO process can be e.xprcssed as

fi ^ S
"■ v-os(A7/;/)+ sinCA'//;/) (3.17)

k  II

where, i''(/) recovered output for the /" (/ = 1,2) loop, (A, = 0,1,...8) and

v:t (A, = 0,1,...8) are the Fourier coefficients and o) is the frequency of the recovered

outputs.

3.2.1.5 Simulation Results

do illustrate the methodology discussed in the preceding subsections, two examples are
presented here. One more example is given in appendix B.l for further illustration. The
auto-tuning test starts with the choice of /f,', = 0. 1 , T,] = 1 and The final model of
the process is obtained using the procedure given in the subsection 3.2. 1 .2, The effect of
measurement noise on the process model parameters is investigated in simulations by
introducing normally distributed random additive noise with zero mean and varying
ai iaiice. 3/^(0, ), iii the outputs dui ing the relay tests thus making the oscillations noisy.

I he relay test is performed with /;. = /?, = | .
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3.2 On-line Icientincntion ol'TITO Processes

I^MinipIc 3.1

C'oiisiclci" ii rrrO process [62] wilh (he iranslcr nialrix

"(i.5.v + l) l).2(0.75.v + i)
I

(''(.s) =
cl(.'n(s]

().6(().75.v + l) 0.8(1.2v + l) ^

where ck'n(s) = (I + .v)(l + 2.v)"(l +0.5.v). The gain margin of 2, phase margin or45" and the

derivative lliler eonslanl of ().()! are used for both the loops to design the PID eontrollers

for the seeond stage of relay test, 'fhe process model parameters along with the controller

parameters are given in Table 3.1(a). Similar relay tests are performed wilh additive noise

ol \arioiis tr;, such that the SNR varies Irom 10 dB to 30 dB. The estimated parameters

(7], 73, /J>| and D,) with different noise levels and their respective errors are given in Table

3.1 (b). The recovered and noisy outputs signals wilh SNR = 20 dB are shown in Fig. 3.3.

From the results, it is seen that the process is identified very well by the proposed method

although it is subjected to high level of noise. The largest errors in the estimated parameters

7] and D, are 0.18 'f(i and 0.78 'fo, respectively which are within the aceepiable limit.

fable 3. 1 (a) Controller and process model parameters for example 3.1

Loop 1 Loop 2

Stage 1
A^;, =0.1, r;, = 1,7;;, =0 a;, = 0.1,7;', = 1.7;;_, = o

A, = 0.849, 7] = 1.6698, D, = 0.4370 A, = 0.678, r, = 1.5343, D, = 0.4272

Stage 2
a;, = 3.5298, T;, = 1.671 1, 7;;, = l .6698 a;, = 3.7481, t;. = 1.5343, 7;;, =1.5343

A, = 0.849, 7] =1.8790, D, = 0.3422 A, = 0.678, r, = 1.7573, D, = 0.3271

fable 3. 1 (b) F.stimated parameters and the errors at different noise levels for example 3. 1

SNR Loop I

m dB Ti Error in

T,

D, Error in

D,
Tj Error in

T:

D: Error in

D:

No noise

dB~"

~"20 dir ~

n 0 tiir

1.8790 Nil 0.3422 Nil 1.7573 Nil 0.3271 Nil

1.8792

^1.8767'

-0.001 1

o.ooTo"

0.3421

0.3428

0.0002

~7o7oT)T7'

1.7573

" L"7s63~

0.0 0.3270 0.0002

0.0005 0.3267 0.0004

1.8759 ().()() 18 0.3432 -0.0029 1.7558 0.0005 0.3245 0.0078

LoopI
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3.2 On-line Identincation of TITO Processes

noisy

recovered

5.5 5 6

Samples
K 10

Fig. 3.3. Recovered and noisy oulpul signals with SNR=20dB for example 3.1

Exinuple 3.2

Lcl llic iransler malrix ol'a Tl TO process [62] be

-2.4

G'C-v) =
1

cicn (.v)

1 + ().5.v

0.5

1 + 0.1.S-

wiicre r/(V/(.v) = (1 + 0. l.s){l+().2.v)\ The estimated process model and the controller

parameters lor both the stages ol relay tests arc given in Table 3.2. The design values

=2 and f/^„„ =45 arc used to calctilate the controller settings required for the second

stage of the relay test.

12ible 3.2 Controller and process model parameters for example 3.2

Slaec I i

Stage 2 !
I

1
.  .-_1

Loop 1 Loop 2

=().L t;, = l t;, =0 a;, = 0.1, t;, = 1, t;, = o

A', = 2.1 923, y; = 0.3342, D, = 0.0399 A',= 2.1923, T; = 0.3342, D, = 0.0399

A", = 2.9868,7;, = 0.3348,7;;, =0.3342 A',= 2.9868, 7;'_, = 0.3348,7;;, = 0.3342

A, = 2.1925,7; = 0.41 19,D, = 0.0419 ^2= 2.1925, 7; =0.41 I9,D, =0.0419

54
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3.2 On-line Iclcntiflcntion of TITO Processes

3.2.2 Iciendncntion wllii lMi)-P Controllers

3.2.2.1 Identincation Structure

r-'iu. 3.4 shows tlic iclcnlillcalion and control slriiclurc for the TITO processes. In the

structure, two PID controllers across the relays in the forward paths and two proportional

controllers of gains /v,„( V / = 1,2) in the inner feedback paths are connected to induce the

limit cycle outputs, 'fhe main aim of the inner feedback proportional controllers is to

improve tbe stability margin of the open loop processes and also to reduce the interaction

between the loops.

3.2.2.2 Uccluctiun of Loop Interaction

■| his subsection e.xplains how the inner feedback proportional controllers are able to reduce
the loop interaction. Let the fictitious process P{.s) be the TITO process coupled with the

inner feedback controllers. Lrom Pig. 3.4 (setting the load disturbance and measurement

noise to zero), one obtains

-I
1 G

A.v)-

where

 + (.V)

A. (■"'') I +

,, (.v) G,.(.v)

G,.(.v) G,,(.v) P:,(.v) P.As)

C|,(.Y)+ K,,2 (G||G;;,(,V)-G|,C,|(.V))
t- + /\.;,;,G\,(.S) + /f/.lA'/,, (G||G,;;(.V) - G,,G,|(.V))

(3. IS)

(3.19)

G /.(.v)

G ,,.(.v)

G.Js)

"ig. 3.4. Proposed on-line idenli llcalion structure lor a flTC^ process \\ ith PIH-P eontrollei
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3.2 On-line Identification of TITO Processes

/3 ( V ) = ^1 - ̂  (3 oQ)
" ■ 1 +A,'„G,,(.v) + A^,„G\,(.v) + /r,„A-,,(C,,C,,(.v)-C„C„(.0)

A,(.v) = — ; ^ . (3.21)
1 + /\,,|G'||(.s )-t- Al'/,,G,;,(.v) + (C,|C,,(.v)-G,2G,|(.v))

j> ( \ Gn;(.v) + A.;,I (G)|(.s)G22(-v) — Gi^GtiC-v)) 2?)
I  ̂ ̂ ^",,,0",, (.v) + A',,,G;,,(.v) +/("/.lAT/,, (C| ,C22(.'>) — GjtGt, (.v))

Assuming A.',., = A',,, = A',,, the above expressions at steady state arc reduced to

/;,(.), = K,,*K,XK,.K
\ + k,.k,, + k,.k„ + k;xk„k„-k,,k,j

(3.24)
1 + A'„ A',, + A',, A',, + K; (A,, : ̂'21)

/',,(())= (3.25)
1-t-A\A',,+A,.A2:+A-(A,,A22-A,2A2,) ^

I\AO) = A22+A,(A,,A -A-^AG,)
\ + K,K,,+ '

where A,^ = G,.(0) for all / = 1,2 and ./ = 1,2. It is clear from (3.23-3.26) that for TITO

processes with ( A',, A'.^ — A,, A,,) > 0 , the off-diagonal elements of the fictitious model

/'(.v) at steady state are reduced if the values of A,,, and A,,, arc increased which indicates

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

carried out at critical iVequcncy. fherefore, it is required to reduce the interaction at critical

frcciuency to increase the accuracy ol the idcntilication. Palmer et. afs technique [53] is

used to \ erify liow the proposed method helps in the reduction of the loop interactions at

ci ilical frct]uency. The loop interaction is measured in terms ol the critical gains and steady

stale gains by their method. 1 lie* condition lor the limit cycle oscillation for a TITO process

can he written as

P A' '( ) e = - e (3.27)

where A"( ) = l\ +G ,(,/w, ) and e is the input error signal veetor. Assuming the limit

cycles of the loops are at the same frequency ( ro, ). the input error signal vector elements

can he expressed as

c, i,n )c, t /[.A U/V/; )c'_, (3.28)

.36
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3.2 On-line IclcntiUcation of TITO Processes

(3 ̂>9)
A','! /W , )t', + )e:

Selling ,.|,ca<«t,/+4."l.cre ff is the plinsc ciirterence beuvcen Ihe loops
niKl a-len-ing |62], we can linil Uie approximate relationsliip between /t',,, and A.'.,,, as

A.', (3.30)
A\

k
/],{{))+ f\AO)'

where /x',, = |.V>6-,„(.M„)| is the critical gain of/" loop. If the tenns A^,,0) and y3,(0)are
" ' . ,|„ ,,,in,ble choice of K„ and Af„,, (3.30) is reduced to

iissiimcci lo be very small for the sinuu'ivery

/'sslO)
(3.31)

^ /^O) . , , ,
"  ,.,.1 , i^p inicraction can be measured by an error

Aecordinu lo Paimor el al.'s method [5-^J.
as

(3.32)

trror = - cp i \

^\^bere (p is defined by
X  (3.33)

A' a, /^riiLL
V = tan '

nil! (3.33) gives
mid = 45". Substitution of (■>-

*■^-45" ^ loop interaction becomes zero if
'i is efear from (3.32) i-cduccd with proper selection of

., the loop intcracuoi^i.n(O) = (0) = 0 . Thcrefoic, ^ ^ controllers. If the effect of the diagonal elements
uain of the inner feedback P'OP'^' process can be identified by two

o(v) is reduced,
ion tnoclcls-"'-'^-'^-

"Hlependent SISO transfci ft
'^■2.2.3 Identiflciitioii ' ' rimction models of the TITO process are

ri.'hiv transfei tun
■ISvu SISO second order pid' ^ given in subsection 3.2.1.2. The PID
'^'t-'inilled from the relay ' ."^j^.i^dpcation is as.sum^^t'
'-'"ntroi icr (3.3) requii't-'^' duiuv t

.57
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A_

3.2 On-lino Idcnlificntion of TITO Processes

(i f {s ) ~ K I + F
[  T

r,s

.s \^fiT,s
(3.35)

with the relationships (neglecting y?,)

K.. = K'..
/  j' \

1 + -^
V  ' h J

= 'K

(3.36)

(3.37)
/; /

T. =
T'

1+
77

(3.38)

Then, the process mode! parameters {K-^T. and D.) are obtained from (3.5), (3.14) r

(3.1 5) witii the modillealion in tlte expressions ol tr/,,. as

and

Ah
cl,

IT . 1
^  -*■ /<„, + A- (3.39)

Once, the process model parameters arc identiiied, the controller parameters can be
obtained using the expressions given in subsection 4.5.2.

3.2.2.4 Siimilation Results

I-^xcinip/c o.a

C'onsidei- the 'DTO process [63]

22.S9e - 1 1 .64^

6'(.v) =
1  -t-4.572.v

4.6S9t^

1 + 1.807.V

S.SOe''"'
_  1 + 2. 174.V i + 1 .801x

riie lime scales are in hours, so it is a quite slow process. Further, the process is not
diagonally dominant, l lence, accurate SISO models ol the process need to be identiiied toi
saiislactory ck)sed loop performance. The relay lest is performed with A, =/u =0.1 . The
controller parameters are assumed as A^., -0.01, =0 and =0 in the lust

stage of the relay test. I Unve\er, the controller parameters are updated at the beginning oi

58
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3.2 Oii-linc Idcntillcntion of TITO Processes

the-■ "CXI Slaiic "I- rcliiy lest using liic expressions (lerivecl in snbseetion 4.5.2 ss ilh ihe design
mines .. s 4 nnd A = 45". The ehusen vnlne of K„ = 0.2 is wilhin llie snggesled range us

<■"> m T III IV.I y

„  , . , . , , - T Tllr^ ivintmllcr Daramctcrs along with the estimated model^•xplamed m siihsection 4.^.2. I Ik coniioiiti h"""
•  -ri is -Xi'A Table 3.3 (b) aives the critical gains, criticalPnrameiers are given in Table a.-H'i)- v / „

r  r rrr,srrvii values of K,, a'ld K,,. with the controller settings•'•vqiiencies and the errors lor dilleicnt vatties ui ^
..si fmin the last column of Table 3.3 (b) that the erroryivcn in Table 3.3 (a), it is apparent horn tnc
•  „ ,I,.r,vases for hiaher values of A',,, and Thewhich measures the loop interaction dccicascs

cnnlrollcr pcTonnunccs for the process model are shown in Ihc suhscclion 4.5.2.
Tahle .2.5 ,u) C'omrollerand proeessaaW

Lo
Loop

Loop 2

■^

= 0.3567, 7f/,i =

T~^3T27r7r='i^2690r^^

=0.01, r,, = 1, r,, =0, /c,, = 0
8.176, 7; = 0.6789, D, = 0.2864

A' = 0.2616, 7;, = 1 .1428,

T„ = 0.2756, A'„_, = 0.2

7; = 0.5781, D, = 0.2667

...I f-ivnucncy and errors for example 3.3
''able 3.3(b) Critical gains, crilKa^ _ —

in

4.0459 31.1694
ao 8900

4.0343 6. 1 102

4.0255 2.3097

4.01970.5019
'>.3426
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3.3 IdentiUcation of TITO Processes using P_relay

3.3 Idenlincalioii ofTITO Processes using P_relay

3.3.1 kientiflcation Structure

The proposed idcniillcaiion striiclurc comprises of two P_relays in the forward paths and

k
two adaptl\e integral Hitcrs, G,i{.s) = — , in the feedback paths as shown in Fig. 3.5. The

s

P_relay is made up of an ideal relay and a proportional gain eonneeted in parallel to yield a

robust perlormanee [ 10]. The method ensures smooth limit cycle measurements of the TITO

process G'(.v) in the presence of measurement noise and loop interaction ol various

mamiitudes.

/ii

R

1- 1
^  u!
/'/ —

— -h,

K
/■I

/V.
—

—

K ,
/•-

Fig. 3.5. Proposed identification structure using P relay

The static load disturbances and random measurement noises appear at the inputs and
outputs of the process, respectively. The value of the proportional gains of the P__iuhiy is
cho.scn using the method given in [10]. The selection procedure for the gain ol the intcgial
fi lter !<! is tleseribed in the following subseelion. G^^s) filters out noise and enables oi
t)btciin aeeurate limit cycle measurements. Based on the measurements ot the tdteicd
cycle output, a two-by-two diagonal transfer function matrix model of the TITO pioee..
dynamics is identified.
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3.3 Identification of TITO Processes using P_relay

3.3.2 iMeasureinent iS'oise and Load Disturbance

riic idcnlillcalion of the process is earried out at the critical frequency while the

ineasuremenl noise is of high freqiieney. Therefore, an integral filter, which is a low pass

11 her, is inserted in the feedback path that attenuates the high frequency components of the

noisy output signal. The cut-off frequency of the integral tilter is

(3.40)

As the identiileation is carried out at critical frequency, the cut-off frequency is chosen as

(3.41)

Therefore, it is easy to write

/  (3.42)
42

where / > 1 . As the bandwidth of the integral filter increases with the increased values ofy ,

therelbre, the suggested range ol y values lor noise-iice limit cycle outputs is 1 </^10.

The value of k, is updated during the relay test with the following adaptive law

(3.43)
42

w here // and /7-1 denote the data for the present test period and the previous test period,

respectively. To begin with, A',(0) = 0.01 is chosen and thereafter, its value is updated every

period using the formula given in (3.43).

The innuenee of static load disturbance during identilieation is overcome by using tbe

method suggested by Majhi [25].

3.3.3 Ueductiou of Loop Interaction

The relay identification of TITO process exhibits a variety of behaviors under relay
feedback control due to the loop interactions. With the proposed identification method, the

clTeet ol" loop interactions in the TITO processes during identification is reduced. This
allows one to analyze the loops independently. For ease in analysis. Fig. 3.5 can be reduced
to an equivalent configuration having ideal relays in the forward path in series with the
lletitious process P{Jco) as shown in Fig. 3.6.
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3.3 Iclciitiilcation of TITO Processes using P_relay

A'>

Fig. 3.6. Equivalent configuration of Fig. 3.5

11' A' „ i.s titc pro|-)ortional gain of the P_rclay of /''' loop, P{jro) can be written as

PiJfo) =

where

I ( ^

r,,i/oj) =

r.A Jo)

P.JJ(O) P..{Jco)
(3.44)

<Jn I li'") + ̂r-^l ~ <^12^10'^^))

Gi,G^^_{J(o)
'  G\I{ Jo)) + A'^,,G,/C„( /V<;) + A^,, (/Vt;){G|,G„(_/><;)-G,.G,,(yVt)))

Gi,C.JJ(o)
' + ̂r\Gi, G^ I ( Jo)) + A'^,,G„ G,,{ J(o) + A^,| A^.^G,) (/o;)(G, |G„(/Vt;) - G,,G,, (./oj))

^// G.JJ(o) + A'^.iG,) (/Vt»)(G,|G,,( /Vt;) - G,,G,|(7Vt;))
' + A',,|G/, G|,( /o;) + Pf.zG J(t>) K^,^K (/V/;)(G,|G2,(yry) -G,,G2,(,/o7))

At \ ery low frequency, (3.45) can be approximated as

P^ ̂ ( P" > = J7~ • A, , (Jo)) =

(3.45)

P^A jo) =

I ( jo ) =

G^Aj(o)JO

^'/ ^ {G^^G..{ Jco) - G^.G^JJco))

jo G.J j(o)
A^,|A'^,, (G||G,,( /V<;) - G|,G,|(7V«;))

(3.46)
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3.3 Idciitiriciitioii of"TITO Processes using P_relay

ll is apparcnl l"roin (3.46) ihal Ihe diagonal clcmcnls of tiic llclilious process P{/fo) is

decoupled complclely at steady state {fo = 0) and the coupling increases with the increase in

o) as the magnitude of the ofi' diagonal elements of P( /a)) increases. However, the

coupling can he reduced by the choice of a large value of k, . It is straight forward to see

that the closed loop transfer matrix can be described by

where

1 + .V| I ( /V^;) + /V/;) + A',;V, ( i^22 - -^2^21

^'.P^.{j(o)
1 + A'|/^|(7V/;)+ /w) + A',A', ( ^^22 (7 ~ ̂^2^21 (./^<^))

^'yP.^i,j(0)
1 + .V|/-^,( /V/;) + A',A,( /r6»)+ /V.A', { Px \ P.^z^ J - Pxz^zx^J'^'^^)

A', /A, (Jo)) + AyV, (jP, P,, (J(o) - a; : A, (J(0))
1 + N^P^^{ J(o) + A', /ro) + A'pV, (/^, A^C./w) - (./V<;))

ir(,i- \(i)\ ̂  - ^vhen |/^|/-',,(7V/.>)| » /r/;)|, (3.47) can be reduced to

/:„,( i«)) =

/w21 ( />'>») =

P.,Z2^ i^"^ "

P..nz^J"'y

l\izz^J^'^^

' + ' "^' 1 1 ( )

A\/^,(7V(;)

(1 +A',/^,(7V,;))(1 +A/,A,(7V^))

/V|/3;|(7V6>)
(1 + A\/^,(7V/;)")(1 + N.P.AJa)))

A'2 A 2 ( )

(3.47)

(3.48)

1 + N.P.Ai(o)

piie diagonal elements of given in (3.48) imply that one can analyze the individual

|o(.)p independently and identify two SISO transler lunetion models of the TITO process.

The <.d"l diagonal elements ol P,i(J^<^) give the magnitude of interactions due to the

identiHeation of the two SISO transfer lunetion models. Ihe interaction magnitudes can be

reduced by choosing a large k, .
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3.3 Iclcntillcation of TITO Processes using P relav

3.3.4 F.sfiinalion of Process Model Parameters

ill this subsection, two second order Iransler lunclion models of the TITO processes are

estimated based on the limit cycles data. The process model transfer matrix (3.1) is

identiHed in the following manner.

Fslimalion of .Steady State Cains ( ,)

f or / > 27, when steady state limit cycle is obtained around the set-points, the average

values of the process inputs in conjunction with the integral tllter (17', and ) and the

llltered sensor outputs tt'id ) are measured. Then, a temporal disturbance is

uiven to one of the set-point or reference input for a short period and the respective average

values .''2",,,.. v'j",,,,. and 1'';,,,,^ are measured. 11 the limit cycles occur around zero

(/;(/) = () ), two temi-)oral disturbance may be given to measure the average values of the

process inputs and outputs, 'fhen the steady state gains are estimated as

X
K, = —

l,/i,e "2,/IV.' -"i.v l./i,v" 2./.V " l./',v" 2</>.v ^

where

/ = (^Lv.'''!,/,:v " 2„>v."'L.2. )"

■flic detailed derivation of the expressions given in (3.49) is given in Appendix B.
irstiniatioii of 7 and 7),

prom the measurement of.4, andr<;,.,. ol the limit cycle output signals, 7, and D, of the
process models can be estimated lor any /?, / /?, ^ 0. Two SISO models can be identified
in(.lependentl\' from the loop limit cycle outputs as explained in subsection 3.3.3, Looking at
the expi'cssions given in (3.44-3.45) and (3.48), the equi\ alent SISO models of the diagonal
^.lements of />,;) can be assumed as

n ( jai) = - V / = 1, 2 (3.50)

(3.49)
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3.3 Idcntinciitioii of TITO Processes usiiis P rehiv

w here, are the SISO models olTiie TITO process as given in (3.2). Then, tiie diagonal

elements (.)rthe closed loop transfer fiinetion P.,( /Vt>) can be written as

finnan ̂
V / (3= 1,2

l + (/V, + A-,„)C„„C;,0;)

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

Using (3-2) in (3.52), one obtains

.51)

(3.52)

. I

= -1 (3.53)

where - (A', + K , / a\.,. . Equating the magnitude and phase on both sides of (3.53), it

is easy to obtain

-1

O)

D. =

^-2 tan
(O

(3.54)

Thus, the TITO process dynamics is identilied by a diagonal transfer function matrix.

3.4.5 .Siimilation Results

Two examples are considered in this subsection to illustrate the proposed identifieation

method. Also, the method proposed by Palmoi et al. [53] has been considered for

compiii'S'^'i study. The critical gains and the ciitieal Irequeney estimated by Palmor ct al.'s
method are at negligible loop interaction. Mence, a diagonal process model is identi bed by

the use of the critical gain and the critical liequency lor comparison study. The decoupler
obtained by Wang ct al.'s metiiod [51] is used to decouple the process assuming that tlie full

mali'i."^ transfer I'unetion model ol the pioeess dynamic is known or identified accurately.
y — I is chosen to obtain u]")date value ol A", during the identification. The value of the

propoilional gains of the P relay is chosen as 0.3/?^ in both the examples. The effect ol

measurement noise ( M,) on the process model parameters is investigated by introducing

6.5
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3.3 Iclcntificiition of TITO Processes using P relay

iu„ niall>' clisirihiiiecl raiuloin aclclilivc noise wilii /.cro mean and varying variance, rx;, at the

sensors ouipul during the relay lost thus making the limit e>c!es noisy.
h.XclllipIc 0.-/

Consider Ihc Wood-lk-rry hinnry dislill»ti«" colnmn process [53] will, irenslcr .nalrix

Q.v) =

12.Sc-' -18-9g "

(I6.7.V + I) (21.V + 1)

6.6c''^

(l().9.v + l) (I4.4.y + 1)j
wiin s^troii" interaction and signillcant time delays. The relayll is a typical TITO process with .stioiu

/, = -0.3 and k. = 0.01. The height of relay in the
lest starts with the parameters Z?, - 2

rOY is necative. With the help 00(3.43), the value
second loop is negative because Os2(

Tl,, ,„„dinod relay lest gives \P„R,U„,,.)\^612 r
IS updated as O.OVlc. 1 nc

cicn innsfer function models of the TITO process can bei /^, /J,, ( jo) )! - 3 ."i 1 . I Ienee two S1 SO
1  i^aiidom noise and A/, having variances

iOentilled using ihc proposer me
•  K, 'ire added to the sensors output during the relay<t;, =0.495 and ,t;,= 0.641 respectively.
noisy The noisy limit cycle outputs and the denoisedlest to make the limit cycle outi ^ lerminals) resulling from the test are shown

•milt cycle outputs v. outputs is different becau.se of the intecral
i. n, -nr. ... .
illlers in the feedback patios. Usin.-

aie estimated dining 1 - -ppo idcntilied process transfer function

cstiinatr-d lhan die dcnoisod l.niit cydc ontp ••
'natri.x is

-.l.OS.VVv

: of k,

and

■0|I  l*lO|>»>sClf

(I + 5.1522.V)

0 (I+ 3.8694.V)- j
L  ■ al Iroqiictcy ostiitialcd by Paimor el al.'s tiiothod, the

using the crilitial githis 'tiid
ess is irlcntilied as
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3,3 Identincation of TITO Processes using P_relay

llltUM Cl .ll.

6.32c'

(1 + 2.5444.V)"

0
-9.6 Ic

! 77f..S%

(l + 2.5()98.v)-

Tiio decoupler obiained by Wang el al.'s melliod gives

12.8c^-^ 6.43(14.4.v + l)e-''^
(16.7.V + 1) (10.9.v + l)(21.v + l)

0

0
-I9.4e-^ 9.745(16.7.v + l)c'-').v

■ +

(14.4.V + 1) (10.9.v + l)(21.v + l)

Usiim ibe ibird order Padc approximalion for time delay, the Nyqiiist eurves of the diagonal

elements are shown in Fig. 3.8. The Nyquist curves of the process models obtained by the

proposed method, Palmor et al.'s method and Wang et al.'s method are shown in Fig. 3.8

for comparison study. It is clear from Fig. 3.8 that the Nyqui.sl eurves of the process model

bv the proposed identiHeation method is very close to the Nyquist curxes of the process

model obtained by using Wang et al.'s decoupler, thereby, indicating the accuracy of the

proposed identiHeation method, fhe frequency responses of the diagonal elements of

/-'(/>/;) upto c/;., ibr y = 1, 2, 3, 4 and 5 are given in Fig. 3.9 to evaluate the magnitude of

the loop interaction. The maximum interaction at the critical frequency is 24.82 which
decreases further with higher values ofy.

X'l-

10

' I '."1
v,UJ 0

S-IO tixl *^*.0 ".'.tl
I (Second)

•njn ICOO ax 6X ew eso seo ?oo 94c %o 9.x lox

I(Second)

201 , ^ ^ ^ , , ^ , r—

1  ■...-j o,:]) irtjO
■■,1' -'4

.TQl 1 I I ' ' I I 1 I
»X 840 iX 590 aX OX -''40 060 OX IftX

I (Second)

Fit' 3 7. Noisv and illtered limit cycle outputs for example 3.4
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3.3 Iclontincation of"TITO Processes usin" P relay
O  V

7
V

..

Proposed

Palrnor et al

Wang et al

Reel!

.1^'

Real

Fig. 3.S. Nyquist curves ofproccss models for example 3.4

If.

y = 1 /
1^;,'.-•»!

/ = 5

; I ; j; 0 1i

y = \ !

V = 5

COJ occ 0I38 Of OK 0

l-"ig. 3.9. Frequeney responses of the diagonal elements of P{Jfo) for example 3.4

l-:xiiinplc 3.-'>

(^•cmsider the model of methanol-elhanol distillation eolumn [53] which has large

inici actions heiw een the loops, 'fhe transfer matrix of the process is given as

6S
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3.3 Identification of TITO Processes using P_relay

c;(.v)

0.47 Ic' ^ 0.495c'

(30.7.S + 1)- (28.5.V + I)-

0.749c' -0.832^-^

(5 7.V + 1)- (50.5.S' + 1 )-

■flic relay te.si starts with Z?, =0.5, =-0.5 and k, =0.01 . However, kj is updated as

0.00874 during tiie relay test. The output signals are corrupted with the addition of

.\Z|(0,rr;, = 0.495x10 ") and .VZ,(0,crj, = 0.1448x 10"') during the relay test. The noisy

and denoised limit eyele outputs are shown in Fig. 3.10. The steady slate gains Zv, and

are estimated as 0.9167 and -1.6193, respectively.

•;;aaa/\
DO

y,(n 0

3500 4CIT0
I (Second)

Viii) 0

I (Secor.-J'
35CO 4IT00

t(Second)
5000

I'ig. 3.10. Noisy and llltered limit cycle outputs for example 3 S
Measurements from the denoised limit cycle outputs results in the process dynamic model

^  I'lopos,.!

0.91 61 e
.  14 (ii7;»

-r 0
(1 + 84.8606.Y)-

-1.61 v.dc
0 (1 +87.8339.V)-

riie critical gains and critical frequency obtained by Palmor el afs method uive

I'tilinoi ,||

i> 3521 >
0.9167e

(1+52.313^

0
-1

0

.6193c'"-"'^
(1 + 52.7973.v)-

I be diagonal elements ol the process model by using W ang et al.'s decouplei" are ui\'en as
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3.3 IclLMitillciition of TITO Processes using P_relay

C'., \\ .m- ̂ .1 .il

0.471 ().4456(50.5.v + l)-t'
2,7.

0
(3().7.v + I)- (57.V + l)-(28.5.v + 1)-

^  -0.832c'-' 0.7872(30.7.v + l)'e"^
(50.5.V + 1)- (57.v + l)-(28.5.v + l)-

Third order Pade appro.xinialion is used for the lime delays associated with the process

models, i he Nyquisl cur\es of the diagonal elements obtained after decoupling, that

obtained by the proposed method and Palmor et al.'s critical point estimation mcliiod are

uiven in I'iu. 3.1 1 .

Proposed

Palmor et a

Wang et a

Real

Fi" 3 1 1 Nyquist curves of process models for example 3.5

y = l

L
r= 5

0  Oijll ngo; OCOJ 0 004 0 005 0 lX* 0 av oOi'B 0 Of'' nO'o.xo o,x^. oo.

ig. 3. 1 2. Frequency respon.scs of the diagonal elements of P{ /0)) for example 3.5

"'O
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3.4 Conclusions

ll is ohsci v cci iVom Fiu. 3.1 1 tlinl llic Nyquist curve of the proposed proeess model once

ayuin tracks the decnniplcd process more accia-atcly in comparison to Palmor ct ak.'s

method, 'i he I'requency responses ol" the diagonal elements of P(J(o) uplo ru.,. for

/ = 1, 2, 3, 4 and 5 are given in Fig. 3.12 which shows a maximum interaction of value

6.62 at the critical frequency.

3.4 Conclusions

,'\ relay based on-line identillcation method for the 'FFFO processes is presented in the

subsection 3.2.1. The proposed method requires no prior knowledge of the process and can

identify equivalent second order plus delay SISO transfer function tnodcls of the process in

the presence o!" load disturbance and measurement noise. A modification of the

idcntincation method is given in the subsection 3.2.2 by inserting proportional controllers in

the inner leedbaek loops. The proportional controllers stabilize the process and reduce the

|ot)p interaction at critical I'requency thereby increasing the aeeuracy of the proeess model.

A F_relay based identillcation method is proposed in section 3.3 for the identification of

diagonal trtinsfer function models ol the TITO process Irom a single relay lest in the

presence of large loop interaction and measurement noise. The novelty ol" the proposed

appfoach is that it successfully reduces the loop interactions and can cope with the presence

t>f measurement noise (.luring the process identillcation. Most importantly, the steady state

oiiins of the transfer function models are estimated in a simple manner.
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Chapter 4

Model Based Controller Design

4.1. Inlmduclion

4.2. Conirollcr Connguralions

[Ym ronnancc l^cscriplion ol'a C\-)nlrol Syslcin

4.4. Conlroller Design lor .Si.SO Processes

4.4. 1 . PID Conlroller

4.4.2. Pl-PD Controller

4.5. Conlroller Design lor TITO Processes

4.5. 1 . PID Conlroller

4.5.2. PID-P Conlroller

4.6. Conclusions
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4.1 Introduction

4.1 Inti'ocluction

C\>in cmiiMKil PI I) conlroiicrs arc slill used cxlcnsi\'cly in induslry in spile of ihe

clc\ ck)pincni id" many conlrol leehniqiies owing to iheir simplicity and robustness. Several

methods are av ailable in the literature for controlling of single input single output processes

[23-44] and two input two output processes [59-69], However, the eontroller design based

on the gain and phase margins criteria are found to be robust. The idea of eontroller design

for SISO and TITO processes based on loop phase and gain margin was proposed in 1995

[31] and in 1997 [59], respectively. In this chapter, the phase and gain margin criteria is

used to design the SISO controllers lor the identilied transler lunction models of SISO and

ri'fO processes.

Different controller conllgurations ol a leedback loop control system are given in section

4.2. Section 4.3 gives some ideas ol the perlormance description of a control system. In

Subsection 4.4.1, we use the loop phase and gain margin philosophy to obtain the

c.spressions for the PID controller parameters lor both the stable and unstable FOPDT

processes. The equations for the controller settings are simple in terms of the model
parameters. However, the PID controller gives excessive overshoot, particularly for servo
problem, fo minimi/.e the overshoot, two degree ol Ireedom controllers [40-44] are used. In
subsection 4.4.2, we use the two-degree-ol-lreedom Pl-PD eonriguration where the PD

controller is used to stabilize the process and the PI controller for overall performance

improvement. The SISO controller tuning lormulae are extended for the decentralized

controller design of TITO processes in section 4.5 lollowed by conclusions in section 4.6.

4.2 Controller Conngin'ations

I he basic control system can be rcpiesented by the block diagram shown in Fin. 4.1. In the

ilsiUfc. F' and )' represent the contiol signal and the controlled variable, respectively. The

design objective of the basic conlfol system involves the determination of the control signal

(,vcr the prescribed time interval so that design objectives are satislled. Man>' of the

cmtional desiun methods for control systems rely on the Fixed design conngurations.

•| hc designer decides the basic conliguralion ol the overall system and the place where the

^•ontroller is ii) positionctl. fhcrcalter, the parameters of the controller are designed based
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4.2 Controller Confl"iirntions

on ihe paiccss dynamics. The commonly used system eonnguralions with eontrollcr

compensation are described brielly as follows.

U Process

Fig. 4.1 . Basic control system

.Series Compensation

Fig. 4.2 shows the im>st commonly used system eonilguralion. In the configuration, the

controller is placed in series with the process in the ibrward path. PI, PID, phase lead and

lag type controllers are usually used with this series compensation configuration.

Controller U Process

A L

C,(.v) C(.v)

Y

Fig. 4.2. Series compensation

F e e d b a e k C o in p e n s a t i o n

I'he controller is placed in the ieedback path as shown in Fig. 4.3 and the scheme is called

feedback eomiiensation. A phase lead type controller can be used with this configuration.

R Process

C(.v)

Controller

"ig. 4.3. Feedback compensation
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4.2 Controller Configurations

Series-I-^eedhnck Compensation

i "ig. 4.4 shows llic scrics-lccdback configuration for which scries and feedback controllers

arc used. The feedback controller is placed in the inner feedback path and the series

controller is connected in series with the process in the forward path. Pl-D, PID-P and Pl-

PD C(.)ntri')llcrs arc the best c.xamples for this configuration.

Controller

i k

*\
U

Controller

C,,(.v)

Process

G(.v)

Fig. 4.4. Series-feedback compensation

.Scries Comj)cnsa(ion with the sot-point filter

In this compensation, controllers are placed in the reference path and in the forward path in

scries with the process as shown in Fig. 4.5. The reference path controller {G , (.v)) does not

affect the roots of the characteristic equation of the system. This is also called set-point

weighted eompensation. Any of PI, PID, phase lead and lag compensators can be used in

ihis scheme.

R Controller Controller U Process
► G,.{s) G(5)

Fiu. 4-5- compensation with the set-point filter

fhe ca)mpcn.sation sehcmes shown in Figs. 4.2 and 4.7, have one degree of freedom in that
there is only t>ne controller in each system, even though the controller may have more than
one parameter that can be \ aried. The disadvantage of the one degree of freedom controller
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4.3 Performance Description of a Control System

is thai the performance criteria liiat can be realized are limited. For example, if a system is

to be desiened to achieve a certain amount oi'relative stability, it may have poor sensitivity

to parameter \ariations. Again, if the roots of the characteristic equation are selected to

proN'ide a certain amount of relative damping, the maximum overshoot of step response may

still be excessive, owing to the zeros of the closed loop transfer function [70]. The

compensation schemes shown in Figs. 4.4 and 4.5 ha\'e two degrees of freedom.

4.3 Performance Description of a Control System

■ft) analyze and design a control system, the required performance of the control system
must be (.lefmed and measured. Then the system parameters are adjusted to provide the
desired response based on the reqtiired perlormanee oi the control system. As the control
systems are inherently dynamic, their perlormanee is olten specified in terms of their step
response. The transient response is the response that disappears with time and the steady
state response is that which exists at lime / —> x . 1 he perlormanee of the system can be
readily improx ed b>' inserting a controller in a suitable location within the structure of the
system. Since the controller design is directly related to the desired performance of the
control system, a brief description oi the time and frequency performance measure is gix'cn
below.

rinit-' domain performance measure

The

and

foi"

;rform;

I'hc time domain perlormanee is normally obtained from the response of the process to a
test signal. The standard test input signals aie step input, ramp input, pulse input and
sinusoidal input. In this section, the most commonly used step input is considered for
performanee measure because it yields veiy useful information about the process dynamics.
'Phe step response of a typical undei damped closed loop system is shown in Fig. 4.6. The
lime domain iterformancc measines ol a closed loop system are usually gix'cn in terms of
maximum oxershoot (os) xxhich occurs at peak time (/^,), settling time (/,), rise time (/,.)

iiiid steady state error (c\, )■ fhese live quantities give a direct measure of the behavior of a
control system to a unit step inptd. In praetiee, the system output is usually required to
jolloxx the input as closely as possible xvhieh ideally means zerxx steady state error and small
I'jse lime, seitliim time and |Tereenlage ol oxeishoot.
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4.3 Performance Description of a Control System

» 0\'

1 0

I

.. 1
I ■••A

ri.n

U  ti ij.i ts

Fig. 4.6. A typical clo.scci loop output response to step input

lM-e{|uene\' cloinain |)ci ronnancc incasiii L'

A \ ers' practical and iinporttint alternative approach for the analysis and design of a system
in the time domain is the iVcqucncy response method. The frequency response ol a system
indicates the magnitude and phase relationship between the sinusoidal input and the steady
state output of the process. In steady state, the sinusoidal input to a linear process generates
sinusoidal response of the same frequency as the input signal, but with different ampliti-"^^
and idiase. l"ig. 4.7 illustrates a typical frequency response gain and phase characteristic ot a
process. In the design of linear control system using frequency domain method, the
lierformance of n system can be idcntillcd using the appropriate performance measure such
as the phase margin (r/,,, ), gain margin (g,„), resonant peak and bandwidth. In this chapter,
the phase margin and uain margin criteria are used to design the controller. A\nothei
important characteristic of a frequency response measure of a system is the critical point.
The critical point is the point where the Nyquist curve intersects the -l+./O point m the
negati\ e real axis, fhis point yields the critical gain, and the critical frequency, ('K-, ■
These twci \ alues arc used in chapter 5 to tune a PID controller.

/ /
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4.4 Controller Desifiii for SISO Processes

Real C

Fiu. 4.7. Nyquisl curve ofa process

4.4 Controller Design for SI.SO Processes

4.4.1 PI!) Controller

Pll) conlrollcr is llie combination of proportional (P), integral (1) and derivalive (D)

controllers. The proportional conlrollcr with increased gain typically increases the speed of

response but. at the same lime, yields a much larger overshoot. Especially for higher order
processes, large value of proportional gain causes instability. For most control systems,
there is an upper limit of the proportional gain in order to aehievc a well damped stable
response. Again, the limit may still yield ceitain steady state error. So, an integral term is

added to the eontrt)ller to imprcn'C the steady state aeeuracy of response. Now, the controller

becomes the PI type tmd it reduces the steady slate error to ?.ero, but this beneUt typically
comes at the cost of a worse transient response. To eliminate this problem, a derivative

action is rec|uired in the controller. Further, the derivative action can be used lor the

stabi l i/aticm of the proee.ss. So, the control signal is the combination of the weighted error,
the time integral of the error and the lime rate change of the error. The derivative part of the
controller usually improxes the system s dynamic perlormanec, but at the same time
increases the gain at high frec]ueneies. IheieUne, the high Irequeney neiise elleets aie
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4.4 Controller Design for SISO Processes

increased by the deii\ativc term. To eliminate this problem, a biter is used with the

deriv ative action of the controller.

The ds namics of many jirocesses can be described atlequaiely by stable or unstable FOPDT

process motlcls. Several methods for tuning of PID controller for stable and unstable

processes are available in literature, l lo et al. [31] designed a PI controller for FOPDT

piocess using loop jihase and gain margins. They required solving four design equations of

looj") gain and phase margin criteria to obtain two unknown controller parameters because of

the presence of other two unknown parameters, gain and phase crossover frequencies in the

design equations. To design a PID controller lor FOPDT process, it is required to solve lour

cquaiiims to obtain live unknown parameters. So, we design the derivative time constant

from the process time tlelay. 'fhereafter, the other controller parameters are obtained using

the design ecpiations of loop gain and phase margin criteria. In this subsection, the

e.xpressions for the parameters of PID controller are derived in terms of process model

parameters and user dellned loop gain and phase margins. The series form of PID controller

given in (2.51 ) is considered in this subsection.

4.4.1.1 F.stimatlon of CoiUioIIlm- Parameters

Using the idenlillcation method discussed in chapter 2, a FOPDT transfer function model

(2.6) of the process is identilled. Based on the process model parameters, the PID controller

is designed using the phase and gain margin criteria. The open loop transfer function in Fig.

2.3 (setting the relay heights to zero and using (2.6) and (2.51)) can be written as

'  r;.v(7:s ±i) ^ '

Let the phase crossover and gain crossover Ircqueneies of the loop transfer function be a)

and (t)^, respectively. Similarly, let and be the phase and gain margins. From the

clelmition of phase margin and gain margin, the ibllowing .set of equations ai'c obtained

(,/V/;^, )| = 1

(/>'>,, >1 = —
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4.4 Controller Ocsign for SISO Processes

^ + arg(G,„G; [Jo)^ )) = «^„,

'T + arn(G;,C(,/V.o,,))=()

(4. 1) in (4.2-4.5), wo obiain

(4.4)

(4.5)

KK' (,)T
'

r/;-r+i

y(rof/;->i)(r/c7:;'+i)

i  ̂ 57^^+^ '
'  ]IUoT;-+]}(ror, +1)

+ ̂ I
+lun (oj

.  T/\ —I'ln '^y T ~ D(o^ ^iii

(4.6)

(4.7)

(4.8)

(4.9).n-Wo,,T-D(O,=0

be solved analytically in easy way because of the
± '^ + itin ' (o)/;) + tan ^

' 'ic above ec|ualions (4.6-4.9) can no ̂  approximation [59] is considered for the
P'"cscnoc of the arctangent function. The
'""ctangcnl function.

tan ' V =

'T.v |brO<|.v|^'
4

for |.v|^l
2  4.V

(4.10)

'-•^^t iis ehoo.se

^./ = (/l)

(4.1 1)

and (oXj are less than one and that of
les ol ry/) '

*  I ho
^^'•^c-re {.)<a<\. A.ssunn'iS ,.r d 9) can be written asrercater than one, (4.6-4-

r;, roj;,oj/ ancUy/^^'^OJ

^ 0) J

'5 III l\ K - (f) /

n

-)

-T

4ojj; 4roJ

4ro T' 4(ii ,7

z:^

(  no.

Ty

(  Itff

(4.12)

(4.13)

(4.14)

(4.15)

1-

SOTH-422_PKPadhy

IN
DI

AN
 I

N
ST

IT
UT

E 
O

F 
TE

CH
N

O
LO

GY
 G

UW
AH

AT
I



4.4 Controller Design for SISO Processes

'lUiiiy, siinuluincous sdliilion ol (4.12-4.15) gi\cs

(4.16)
K' iL]

I A' ̂ i /;;

C-,

(4.17)

\

±1
D

w here

->/ n

r o.5.y^££Ll^'
^

(4.19)

.  snccifications {g„., L \ the PID controller
I- 1 I / r r /9) ti'to Lisci si-"-

a given proco.ss model (^< - (4.16-4.17). Thcroarier, the PID
1  *cl (Paiaineiers ( K' J',, h ) I , (,^p,-cssions given in (2.52-2.54).

,  , I 7- are obtains tis'"=^^^'Uioller parameler.s A',., 7/ t"tt ^ compensated system is suggested as
"te ranue of uain and phase mai=.'range of gai

^2, <^,„>3() [31]

'•2 .Siimilation Uesults considered. At ilrst, a FOPDT
■  ••il nroeesses Ita

■is SLbscclinn, .l.i-cc ihc ■■■clhod given in snbsccMon 2.2.1.2.
el «r .1,0 process Jvnnn.ies is esiii"»>^ ,4., , (4., 6-4.17)
1. 11,0 PID 001,1,-oilei- p.,■■»■»•"■•" ^.|,„ioe of the design pnramctei-s
(2.52-2.54) for li,e is inkcn C O' Tl"=

2„ and A, The derivative nWer la-st one eonsidc-s an unstable
.  , - (vnieai stable 1 „,tmllcr parameters lor the abovetwo oxaniples cons,del IVP' piD eonfoUe |

,  I narameiei-^ ai controller settingsess. -l-bo p,.oooss ,„odc 1 1 ,„,.,par,son
essos a,o tabula,ed „■ Visioii 135^ js ilU,st,4ted in appe^
.•mod byPadnu. S,ee et al. I- ' a higlt-o"'^-"""
idccd. fho cont,-ollo'- auto-to'tinS '

nnpared '

Si
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4.4 Controller Design for SISO Processes

I-'Xiuiiplc 7. /

.  [i41. Tiie specifications for iho coiilroiicr
Consider a stable lOPOr process C/(.s)- I- J i

„  in ,,nH (h =60". The controller parameters obtained for
design arc set as a = 0.3:), g„, = "P"'

■  4 1 The PID scttin<4s by Padma Srcc et al.'s methodthe process model are given m Ti
^  ̂ _ I T5 T' = 0 ''lb?. Wang ct al.'s IMC method which is based on numerical

r-i7l i7 f = 1.0154, 7"/= 0.1669 and the derivative filteropiimi/ation technique gives A. - . ' /

.  nniQSA Fio 4.8 (a) shows the comparisons of the closed loop
lime constant ol value 0.0 i A- • = , . ,

.  .,.ul sien load disturbance oi magnitude 0.5 applied at
output responses to ttnil step mpi'l , , , •

II tti'mrq The proposed method shows improved set-point/ = S smml lbi-all lhcconlrollci-suim,.. . , , , .r,
•ince rejection in comparison to the other two methods. Thelesponse and acce] ' , i , pLulurbiim the values of time delav, steady state

robustness ofthe controller is cvalitatulb) putt '
1  +l()o/„ whereas the controller settings used are tor

uain and time constant ol lb<- pi
4 S (c) and 4.8 (d) show the closed loop responses lor thethe nominal piocess. 1 i-. The performances under the model parameter

process «ill. ,ariali»il-i a. process pJi.n ^
u„ccr,ai,„>. by ,l.c proposed ...c.bod a,c bcl.c
al.'s method.

1 ,t mrarneters and PID controller parameters
■l-abie 4.1 Aelual process, process ...odd pa.a. PID C-CSS model parametersProcess

Processes.\amplcs

2.8602

().v + l)(.v + l)

ontroller parameters

AV

.6972

3.8578

2.1720

T,

1 .1600

8.2268

3.3925

T,

0.1486

1 .5922

0.2735
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4.4 Controller Design lor SI SO Processes

0 6

LI 4

^  V

Proposed

Padrna Sree el al,

Wang el at

V'

iV

I' ig. 4.,S (;i). Closed loop resp(^'i-'>'-'^
to step input and load disturbance for example 4.

Proposed

.— Padma Sree et al

VV'ang et al.

10 % variation in .k.

•to % variation in t

, (Second)

w illi

step itiP^"

• ̂  r inresampl^^^''
xariatinn m
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4.4 Controller Design for SISO Processes

Pro(Xised

Padma Sree et al

VVanci et al

j % vanation in j

-Id % variation in T

t fSecond)

4 s ,c) Closed loop responses to step inpn. and load disturbance\,i,„±,0%varlat,oninndrexan.p,e4.l

Propose i"J

— PatJma Siee et al.

Wang et al.

10 % variation in D

.10 % variation in D

t (b'OCOnoj

c 1,4 step inpi'i and load disturbance,.^4.b(a.Xlosedlooprespo-'--^^^^^,„,,,,,,,
xviih ±11'"'" variation

S4
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4.4 Controller Desifiii for SISO Processes

Example 4.2
1  .......cc nf pvamnle 2.1. The controller parameters for the

Consider tiie second order process ol cxampie
1  1 . iisin" the desiszn specii'icalions « = 0.75, g,„=S,

identilled FOPDT model are obiaincti usm^

•  4 1 For comparison, the PID controller design method by= 6t) and are given m lablc 4.i.
,  .^,,css model parameters given in Table 4.1 for the

Padma Sree et al. is considcicd ioi mc i
Ti . PID naramctcrs by their method are K, = 1 .o096, T, - 4.7836, Tjsecond order process. T he PII7 1'

= 0 7970 -md /7= 0.01. The closed loop outpt.t responses for both the methods are given m
.n.,1 ihe nroposed method gives satislactory controllerFig. 4.9. The results show that tnc p i

performance as compared to theii met

• proposed
Padma sree and Chidambaram

1:

OS

06

04

j

so 9060 70

Pi,. 4..,. cicscJ loop

Example 4.3

The unslehle I^OPDT P'O'-''--®

t (Second)

10 step inpst and load disturbance lor example 4.2

eonsidercd here. The FOPDT model
of example 2.2 is

a ? 1.2 along '^vith
ihe PU")

or parameters estimated using

use

= 0.6 , g„

ideniilled in subsection ^ . 4 ] Por performance comparison, we
I  ,/, = 60 arc gi^'^''^

o =4.6 and </,„ P4i visioli [35] and Huaim et al.1  I , Padma Sree et al. U F tthe eontroller .settings suggcstcc 2.1934, T, ̂  2.7792,
•  as by Oadma Sicc

[38]. Ihe eontroller scitm-- ^ _')^g79. 7], =0.2901 and thai proposed by

T. = 0.2561 ; by Visioli are
_ 2.4976,7/
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4.4 Controller Design for SISO Pi"occsses

Hilling cl 111. lire A',, = 2.142, r, = 2.9087, T, = 0.1603. The control perrormances of all the

methods for boll, the sel-pcint change and the step load disturbance of magnitude 0.5 are
sllmvn in Fig. 4.10. The proposed method shows improved control performances in terms of
tile overshoot, speed ofresponse and settling time.

Proposed

PadiTia sree and Chidambaram
Huang et al

Visioii

'•"ig. 4.10. Closed loop
10 step

20 -ju

1 (Second)

and load disturbance for example 4.3

'l-PD .vnirailv available controller for use
■  4 4 1 IS llie

) controller discussed in sutecc'"" phenomenon ihat ccours because of
ec. I loivevcr, derivative kick signal can be written as
alive action in die Imn* (4.20)

^ ̂ w controller, the lirst part of (4.20)
(// ih . ,(.£ input to

,  ill tilt' . 1^ jg ,-eierred to as a derivative
s a sudden change leinpo'''^'"'^'

In the control ̂ '8®' ,|,is, the relerence tnput may belarge change in uic ^ntitratton- I o ̂

,  ,t n roiitrollof to f""' nciion of the controller can betl tnaydt tvc 1 .phe detiv- ^

, die feedback I ain

.  , ... U-- , , ..nuiinv.... r ^-.ration for
derivative ac pie coun

feedback poll- ,„.tr pantmccr control,e... Ir
.  , ,uo cleg'VV ol

'hieii IS a

in ibis
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4.4 Controller Design Tor SISO Proeesses

subsection, the Pi-Pl) controller parameters are designed for the FOPDT model based on

the loop phase and gain margin criteria. For fair comparison, some other two degree of
iVcedoin or four parameters controllers for stable and unstable processes such as set-point
weighted PID controller [43, 44], PID-P controller [42] and Pl-PD controller [40, 41] are
considered in the simulation study.

4.4.2.1 Fstimntion of Controller Parameters
.  . , Fj„ 9 9 the PI-PD control structure is obtained. The

Settiim the relay height to zero m t^ig- -A
, ̂Iiprc nre uiven in (2.22) and (2.23), respectively. At First, the

forms of the PI and PD controlleis aic given . v ^
M  . ic Hpsiancd based on the stability properties of the process

inner feedback PD controller is designca
.1 , irii-ntillcation procedure given in subsection 2.2.1.6.model obtained by using the ideiititieatio i

n  • . Hnsimied for the stabilized process model Gl{s) that is the
Thereafter, the PI controller is dtsigncu

I  I rv/iih ihe PD controller,process model GJs) coupled with tnc

Design of PD controller
mnction model (Fig.2.9) can be written asThe stabilized process translei lunctioi

^:„(.v) =
Ojs)

' (l + T.s)c' ±\
(4.21)

. + C,6;,(.v) T.s + KK,i\+
•  V ,Kpd for the time delay term m the denominator of

The llrst order Pacle approMi";>P»" '

(4.21 ). L.et us choose

7- =«
■' 1

Then, (4.21) becomes

g:(.v)=
Ke

(4.22)

(4.23)

'  KK,D
T-

2  ;
sHKK,±\)

I. is „|,p,„cu IVom il"-- 'I---"'""""""
|. of (4 23) that C,,(.v) is capable of stabilizing an

tinstable FOPDT process model and i
clocating the pole of a stable process model when

(4.24)

^'7 ^
and

K
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4.4 Controller Design lor SISO Processes

K,<^ («5)
KD

Combining (4.24) and (4.25), one obtains

1 < A- < 0.26)
K  ' KD

Then, one enn u.se Ihc following proportional gain to design the feedback PD controller

I  llf (4.27)

Design of" PI controller

.-...iption becomes C,,C;,(-^) and die basic equations of theNow, the outer loop transiei liinction ue

phase and gain margins criteria can be expicss

Kj</\ =(o/,{KK, ±1).

=| + tun-

^ + taji

where

KK,D^
T-

r  ̂

KK. ±

(4.28)

(4.29)

(4.30)

(4.31)

1^' i(./%)<^7„(.A'^,.)|-t"
om

^ + arg( { j(o^)C7'„(./n^,«)) ~

+ a rg (C. I (ja)^,) G'„, (J (O,,)) = ̂
Using (2.6) and (4.23) in (4.28-4.31) g'vcs

(4.32)

W ̂o)T,{KK,

(4.33)

(4.34)

(4.35)

(4.36)
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4.4 Controller Design for SISO Processes

The .|,p..ox,n.„ion, ta,r'.v = f-i, for i<i, is "secl .o solve (4.34-435) and
44, r, .,or ,or arc assunKcl to be grcalcr lhan one. Now, using .he above appro.xima.ion,•h / ' /' ' .1,'

I'lo cxpres.sions (4.32-4.35) becomes

KK =(0 T -
KK, D

,ii,„KK = (t)

KK,D
r-

(f) =
7 iti

71

<oJ, co^r
- Dco^

(4.37)

(4.38)

(4.39)

(4.40)

T—V- —
rM_3 7-4.40) gives

" '■"iiilly, the .siimillancoiis soiulion o

K =

r,

V KD j

\( KK,D]
T--

(4.41)

(4.42)

1 +

whcrc

c;

\i^j

O C\ Tfc. - -A, + and C.' r, ,
u  ■ ■ nr d, ), (4.41-4.42), (4.27) and-1) speciricalioiii. (i'«"^""'' ^

' ̂^1" a given process paraiiieiei's (K,, T,, K f, 7),).n.pDconti-ol'ei P'"'
^'^•22) are used lo cstinniie ibe

^•'<•2.2 Shnulatlon Uesult-S ^,,,,onstraied by several examples. The PI-PD
I  ...ni aPpi'O''"^'^ ' x.innd "iveii in subsection 2.2.1,6 isdiis subsection, the coni ^ the mv = , • i , , ,

models obtain eonsidered two typical stable^"niroller for the procc-ss mo We Haw
,.iliics ol s

,  , loi-
l^'"^^^esscs aiul two unstable P

,  ,oliiCS Ol

.  „,ocess" -
ll tlielb

,^,,av The process models and the"'^Nuned usin.u suitable valdv ,,udy.
^ j|.,, tabulated m Table 4.2.

control ler pnianietem loi
n m-
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4.4 Controller Design for SISO Processes

'rabic 4.2 Actual process, process nKKici parameters and Pl-PD controller parameters

b.xainplcs Processes

(.v + I)

(.v + l)-'

(5-1)

46^'

(4.V-I)

Process model
parameters

K

1.0

2.0

1.0

4.0

T

1.0002

4.6127

0.9795

3.9997

D

0.4976

1.7726

0.3998

2.0013

Pl-PD Controller parameters

K.-

0.3912

0.2815

0.4460

0.0848

T,

0.1543

0.7070

0.4124

1.8788

Kf

2.0050

1 .1407

2.2136

0.4998

T,

0.2488

0.8863

0.1999

1.0007

^■ample 4.4 ,vample 4.1. The process model parameters and the
msick-,- ,1,0 s,„blo rOPPT process o c.. ^ ^
-PD co„„ollei-paroniccs oblaioed us,.,t i.

. ...11,.,. nnrameters by Chidambaian
-■ The set-I

•c nhinincd usn^S)ntroller paramcteis . , , ,
itrollei" parameters by Chidambaram s method [43] arehe .set-point weighted PID eontio ^ ^ T,= \,T,= 0.25

n r - n 098 with the set-poim.6, T/ - 0.9, /,/ 1,^ .heir dominant pole placement ir 'n S4. ,-espocP«ly. by

'  , ,, nnillt weiem -C- -.-r, 1,
1 T = 0 098 with the sct-p1 .6, T/ - 0.9, 1.1 I j . tiominant pole placement method and

.  u, 0 54 respectively, by
the set-point weigm • ■ loop performances of the proposed

iiinin*'Jer and Nichols [.^oj ^ set-point change and the step load disturbance are
ChidambaranT.s methods I ^ lejects disturbance rapidly and shows good

I'ol performance in teiins

e.xample considcis «
. c... the idcntincd equivalent FOPDT model

= 30" are used to dcSic,n ^veichted PID eontroiler with the
\AT,\ designed a sei-pe process. Chidambaram |4N ^ ^ ^ ,^4^ fo,. q,,. higher order processr = ^ 5823, T,/= '

neters a; - 0.8el, T/
90
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4.4 Controller Design for SISO Processes

using the I^CPD'r model G'„,(.s ) =
15.

2c
. Tlie conlrol peiibrmances oftiie proposed method

(3.V + 1)

and C hidambaram's method are shown in Fig. 4.12. The results show that the proposed

method can also be extended to design the PI-PD controller for higher order processes.

1 4

1.2

0.8

□ 6

0.4

Proposed
Chidambaram (Z-N)
Chidambaram (dominant pole)

f

ii
5  10

t (Second)
15

l  ig. 4. 1 I . Closed loop responses to step input and load disturbance For example 4.4

1 4

Proposed
Chidambaram

1  -

0 8 -

0.6 -

0 4 -

\rV II

0  10 20 30 40 50 60 70 80 90 100
t (Second)

1' ig. 4. 1 2. Closed loop responses to step input and load disturbance for example 4.5
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4.4 Controller Design for SISO Processes

h.uiinp/e 4.6

Conskicr an unslabic FOPDT process = PI-^D controller paranrctcrs arc
-()..) .V

i-'siiniatLxi using ihc gain margin of 4.6 and phase margin of 60". Table 4.2 shows the
, , Lisinc the method discussed in subsection 2.2.1.6 and'dentilled process model paiamttcis usmg

,  ,, Fnr the same process, Padma Sree and Chidambaramtlie designed controller paramcteis. l oi mc v
,, , ,.,r,:„hied PID controllers using ISE and overshoot[44] have proposed set-point weiglitea

■  Ti onntml Dcrformances of the proposed method for both the set-'ninimi/.alion techniques. The conuoi
,  A riicinrbance of maanitudc 0.5 are compared with that ofpoint chaime and the step load distuioanc

^  niPihods [44] as shown in Fig. 4.1 j. The proposed method
I'adnia Sree and Chidambaram s mcthoa t j

or- in Iprms of the overshoot, speed oi response andslutrv., excellent cotitrol pcrlbritiitncct. ft x, ,
r tMQ control method is that the inner leedback PD

^^ottling time. The main advantage of
controller manipulates the stabilization p'O

• Proposed
. Padma Sree and Chidambaram (b=0.404)
Padma Siee and Chidambaram (b=0.0)

Fiu. 4.13. Clo-scd loop responses tc

5  t (Second)

.  , .,nd load disturbance for example 4.6
;p mpm

92
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4.4 Controller Design for SISO i'rocesses

hlxiiniple 4. 7

I^CI Ihc unsuible FOPDT process be G(s) = ■ The eomroller paranrclers obtained by

lire proposed niclhod Ibr Ihc process model osing g. = 4.5 and = 60" arc given in
Table 4 2 For .he .same pioeess, lire parame.o,-s of.he PID-P eont,■oiler suggested by Park et
ai. [42] are AV = 0.068. T, = 1.885, T, = 4.296 and A', - 0.35 and the Pi-PD controller

,  . I „ Mm nre/f . = 0.131, 7) =2,/w= 0.5 and r</= 1. Fig. 4.14parameters by Majlii and Atlieilon [ J' '
thp set-Doint input and the static load disturbance of(a) shows the responses given by the sei p

I  vnotimH nroDOsed by Majhi and Athcrton results in bettermagnitude I). I . The Pi-PD control method piopos
.  c\ al 's method. As expected, the proposed methodovershoot and settling lime than the I aiKu " „ ■

TUr. mhiist neribrmance of the controller is verified by•^hows the best control performanee. - r-
■  constant and the time delay of the process. Figs. 4.14pertiirbinu the steady state gam, 4-ino/ ■ •

I  ,.in?cd loop performances loi ±10% variations m(b), 4.14(e) and 4.14(d) show the closed 10 P I
•  the robustness ol the proposed controller,process parameters, thereby, mdicatii ^

Proposetj melhotd
Park et al. methoij
Majhi et al. method

h

1  .

i-n in

inn 120 140 160 180
JO 60 n-Q 20 I (SecontJ)

Fig 4.14(a) Closed loop
s u> step

.  .um\ load disturbance for example 4."_,p input anu

9.3
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4.4 Controller Design for SISO Processes

0.5

/r

Proposed method

Park et al. method

tvlajhi et al. method

[!,'

10 % variation in K

J  L

20 40 hU
30 100 120 140 160

-10 % vai^iation in a.

100 120 140 IbU ISO
(Second)

Flu. 4.14(b). Closed loop responses to step input and load disturbance

Proposed rnethod

.— — Park et al. rnethod

- Majhi et al. method

10 % variation in T

10 % vai'iation in i
U 5 -

120 140 160 ISO

input and load disturbance

,
„i,I. ±10%
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4.5 Controller Design for TITO Processes

I 5 -

'\

Proposed method

— Park et al. rnethod

Ivlajhi et al. method

//
V

10 % variation in D

20 40 60 80 100 120 140 160 180

-10 % vai'iation in D

LI 5 -

40 60 80 100 120 140 160 ISO

t (Second)

Fig. 4.14 (cl). Closed loop responses to step input and load disturbanee

with ±10% variation in D for example 4.7

4.5 Coiiti-oller Design for TITO P rocesses

According to industrial demand, there are many developments in tine eontrol of two-input-

two-outpnt processes. The uses ol" such processes are very often in power plants, aircraft,

chemical industries and other fields. The eontrol of these processes is difficult than the

SISO processes due to interaction between the loops. Many methods have been presented in

the literature for the eontrol ol TITO process [59-69]. In this subsection, the PID controller

design method for the SISO process (given in subsection 4.4.1) is extended to design

deeentrali/cd PID controllers for the TITO process. The PID controllers arc designed for the

ideniincd .ShSO transfer function models discussed in subsection 3.3.1.

9,5
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4.5 Controller Design for TITO Processes

4.5.1 PI!) Controller

4.5.1.1 r.stiinntlon of Controller Pnranieteis

Al lii-st, a diagonal Iranslcr fiinclion model (3.1) of the TITO process dynamics is identified.
Thereafter, Iwo .SISO controllers for the process model are designed using the loop phase
and gain margin crile, ia. The form of the controller given in (3.3) is eonsideied here. So, the
'(Hip iiaii.slcr fiinclion becomes

0

'-en us assume

T'l = Tih ' ,

Then, (4.43) can be wrilien as

k" k" f

{j(oT, + \)
I + J(oTl, ̂

.  for each loop can be expressed asT'le phase margin and gain margin ciituu

V'ln^AJcK, )| = '

^ +'""g ( (M" ̂

^ + arg(6;,G;,,(./V(;/„)) = 0

»here aiul pi,a.sc margins of/" loop.
'cspcctivciy. Similai'lys Snu
Uaing (4.4,3) in (4.46-4.49) wo have

•n rmssover and phase crossover

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

 frequencies,
j''' loop

•  r ;ih , .

K A" _ r'

^'

rr ' -Uro T ) -
2 "tan '(r.o,/;,) '

(4.50)

(4.51)

(4.52)
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4.5 Controller Design for TITO Processes

1+ lan
l^y using ilic approximation given in (4.10)

^  I I n -,h~  + D/0 =
-  ̂o>T,K' I'

I

2  * 4«,..rf'l II I '

- D/o„ = 0

^'nniliancous solution ol (4.54-4.57) g!\6

K' fQ]' T. ^
U'J j

T.

'  ( j\\
1 +

lien•rc

2(g- -1)

-2,g„„c„ I- ; , .
^  , ur' r and T') are obtained irom (4.58-4.59)-,niroilcr parameters (7^,./'

clccentralized PiD eoi parameters of
r  rl craiii margai gmi '(4.44) for user delme c obtained using (3.36-3.38). Robustness

n-oller KT„ and 7), aic
parallel form a^in and phase margins lor each loop.

,  I,Y choosing suitaoie s10 sv.stem can be Ibimd out y suu^csted as g„„>2, <p„„>30 [59].
■„ .ukI

raimc of loop ^nd aain margins of PID control
to eonipuie pna^v-roxnnate analytical Tormulac ^^,^,p,,,tion which would be particularly usefulems can be obtained to facilitate on- '

mplementing adaptive coi
97

Ig C>.- h nil li
X

(  .
aiL

n  )

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)
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4.5 Controller Dcsisn for TITO Processes

4.5.1.2 Sitniilalion Uesiiits

T\sc) examples are eonsiciered here lo iiliislrale the coiilrol mclhodoiogy discussed in the

preeeding suhseetiun. At llrsl, a diagonal process model is identified using the method

discussed in subsection 3.2.4. Thereafter, the controller parameters K^.., 7), and are

designed by using (4.58-4.59), (4.44) and (3.36-3.38) for the specified loop phase and gain

margins. The methods proposed by Zhuang and Alherton [62] and Ziegler and Nichols

tuning Ibi niLilae uiven in [66] have been considered here for comparison of results. Another

typical example is given in appendix 02 to highlight the control technique.

/:'xc/in/y/c -/.A'

Consider a fotirth order TITO process discussed in example 3.1. Using the identification

procedure described in subsection 3.2.4, the process is modeled as

0.849 c-

G (.V ) =
*11 ^ /

(I .8 79().v -t- I )-
- ci 327 I t

0.678 e
0

(I .7573.V + 1)-

Choosim' J) =45" and e =2.0 for both the loops, the parameters of the controller

C./|(.v)are eslimtited tis A'., =10.1388, 7,, — j.7600, 7,| =0.9400 and that of

A.' , =: 12.4033, 7,, =3.5165 and 7]^, =0.8791. Using the method given in [62],

K I = 7.156, A , = 7.717. 7), =7), =0.713 and 7/, =7],, =2.925 are obtained. Similarly

Ziegler and Nichol's tuning Ibrmula [66] gives A'^., = 6.072, A^., = 6.547, 7^, =7,. =0.457

and 7^1 = 7^, — 1.903 for the considered 1 1 fO process. The responses of all the three

methods lo unit step set-point input and static disturbance are shown in Fig. 4.15(a). The
figure shows improved performance, in terms ol speed of response and overshoot, by the
proposed control method. To test the robust performance of the controllers, the process

liarameters are perturbed by ±10%. The closed loop responses to step input and load

disturbance with 10 and -10 % variations in parameters of the process are shown in Figs.
4.15(b) and 4.15(e), respectively, h is e\'ident Irom the figures that the proposed P1F>
eontixillers ha\ e the best set-iioint responses and disturbance rejection for perturbed process

as eom|-)are(.l to other two (.liscussed methods.
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4.5 Controller Design for TITO Processes

-y
-I

—  I"

Proposed

1 b

V

Zhuang and Atherton

1

-

0 5

1 —

,  . 1

0
r̂

 ̂ 10 ^3  lU
20 25 30 35 40

0 5

J■ /
I i

li '■■■■
30 35 40

IJ t (Second)

to step input and load disturbanceNg. 4.15(a). Closed loop rospo®^^^^
of loop 1 ttnd loop

Proposed
Zieglei and Nichols
jiuang and Atherton

p(\D\l-
po ̂

■ '8- 4. 15(1,,. Closed loop in aH I''"'"'"'
\\•ith 10''"

20
t (Seconii)

.  A rlisiLirbance of loop 1 and loop 2
,i and,.,..,,oosesl''="^"""'„,'„„„orsonhepioeess

thesis
central itbrary
I IT. Gl \A ahATi

AGC. No. T.U,S^_^
y ft ^^ Q
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4.5 Controller Design for TITO Processes

Proposed

Ziegler and Nichol

Zhuang and Atheilon

input and load disturbance ofloop I and loop :
4.15(c). Closed loop responses to step process

^<-in}plc 4,9 ]  3 2. The dynamics of the proe

c.xumpio considers the high t

es
rder process of examP

'  'Clodded as

,(-v)

2. 1 925 d?
.0.04

.0.0''I'"

2.1925£_
—^—— "I" 0
(0.^> ̂  ^ loops yield the controller

.  ,0 . =2.0 lor
nf " jt -T =0.2061 , Zhuang anddiis study, the choice ol </••< ^Q8246 and7:„

'■ _r.= 7.0162,^. = ^'^' r.,=r. =0.140 and_//,=5.83, T,^=T,.-0A40 and
I  d [62] ' r '0.091 and T,, = T,,, = 0.364-'■Ion's CL .iKthod L ^

ers as /C, = ^<2

-6.40, '/I " , • . j, .
= Kr. " , r/Ai The unit step input and load

= r - o <;ri Similarly' ' I 'c method [6^J'9.561. ^ . , nfi Niclrrr'^ 4 16. It is apparent from the
(• 7ioa|er a' i nvvii

•^dmaied by the use ol = ^re sho t,olmiquc.
■rtx,nco .csponscs of ihe TiT |,y .he I

thill superior pei lo'
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4.5 Controller Design for TITO Processes

Proposed

Ziegler and Nichols
Zhuang and Atheilon

i„,4.l6. Closal loop"- I example t.9
of loop

a  ,„e„ .herein l-iEh'-"
PID-P ecmlrollm- slroCorc is , e,„ai„ccl as give,, in sabsec.io,,

.  a-.I-ie 11'^ 1'
•  . ..v..... err (j Jl v'v —

^•5.2 PID-P Controller

,-.n(icl ol fnr the process model. Usin,o„„| „.anslc,- luiiclion "W"^' ...am,-ai'c <I«'S'"-'" . .
p , . .|- piD-P contio' p,g ^Then, the pnrameier.s oi l " .nilorstnicH't^^^'^^ " _4. Then, the parameters ol I „.„|,or striiciot^' (sdO'T-

'11 in Fi" 4 17,  , pin-P coiilioi .-tmctiire as showi
tliamam reclnction ol ilio piP contiol.

.. the eqi'i^'^"- the new PID cor
■dactionorilKm-- - p|D cootroi s"-

.  • flic edOi^'^ , „f the new PID con
loej.

troller be1° ^0,0), one cn„ easily oWa"' "»• p,;, ,o„,.-olleo Let the
t vVClU'

is equivalent to a set-poi' . i 9 (4-62)
'  / 1 1 V/ = ̂ '-

35), The ooni"
■  iveii i'ldmiruller 0;,(.v)'S y"

.,ol|er parameters K\, Tl and t;, arc„ eontioi"-' ^

,he method given in the preceding^ (,■) using I'l'-models 0,J-i  -i-d proo^-'^^ """ " . T and T„ of C,,{-v) are obtained'yoetl inr the ideiinl'^'d pi a^.., /,/,paranw

'■^^^"lion 4.5. 1 . Them dio
the relations

(4.63)

K'
'  7^" ^

K h!
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4.5 Controller Design for TITO Processes

r,

G^,,(.v) + A.',,|

Pi'clUlcr

A'- G/G-v)

C^.,.(.v) + A.'y,,

GM

PID

Conlie"'-^''

Gri^)

G.M)

PrcHUcr

PID

G„(>v)

C?(5)

pjo, 4.17. Equivalent PIDMiucU
of plD-P control structun

(4,64)

T.

I +

.  K /

(4.65)

a )
T,

to obtain a stable

"  i-le. n-o. ,4.63-4.65) tM ,3 „ .tis-V'-e-icn
Cl

l

l

i

K

oop output response.

.  example, K,, = K,, that satisfyfollowing eX'
2 I • "■

-line identillcation and control
.  ...^-'iction 0^ ,, v _ to imnrove the

r,i\i 2 1 . In tits
= f:K\

' ̂  ^'Itoosillg K < 1 sl'tt'-"
^  , intcraet'O't drnt'tfe ^ improve tlie

:s ehoscn U, .-erlucc the looP «,U,eS
"te process, liowever. o""- ''

'"^'"^^I'oliei- pci formances.

io:

■I''(v?' ..-J . • ].' '
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4.5 Controller l)esl<in for TITO Processes

/■..viiii/pli' -I. /d

Consider die 'I'lTO process ciisciisscci in example 3.3. The iclenlilled process model

parainelers are ui\en in Table 3.3 (a). Choosing =4, =30" for loop 1 and g,„ = 3,

= 45" for loop 2, the parameters of the controller (^) are estimated as

a:., =0.0638, T;, =0.41 19, 7,, =1.3349,/C,I =0.2 and that of are /6^,=0.1121,

7, ,= 0.356 I, 7,, = 0.6708, A,,, =0.2. For comparison of results, the controller setting

suggested b\' Chien el al. [63] is considered. Their method shows superiority over some

decentrai i/.ed eontroller design methods [48, 49, 53, 54] for the TITO processes. Chien el

al.'s method gives A, =0.3634, 7„ = 1.42, 7],, =0.1614, A^._, = 0.2252, 7,, =1.77 and

= 0.20! I . Fig. 4.18 siiows the closed loop responses for the above controller settings,

where the unit step set-point change in A, occurs at / = 0 and in A, at / = 20 hour. It can be

seen from I'ig. 4. 18 that the proposed eontroller design method gives satisfactory
performanees although the TITO process is not diagonal dominant.

I

05

0

-0 5

... . . ... y .... . .. , T ■■ ■ -

- r- Proposed
c\.

1  1

/

1  1

— Chien et al.

1  1

405  10 15 20 25 30 35
I (Hour)

Fig. 4. 18. Closed loop responses to step input and load disturbance of loop 1 and loop 2
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4.6 Conclusions

4.6 Conclusions

In subseclion 4.4.1. siinplc ibnmilac are derived to tune PID controller for stable and

unstable .S1S(^ processes to meet gain and phase margin speeitleations. Further, the method

is e.\tendetl to design Pl-PD eontroller to improve the eontroller performanees in subseetion

4.4.2. The PD eontroller in the inner feed back loop plays an important role in stabilizing

the open loop processes. It is apparent from the simulation results that the proposed method

is capable t)f gi\ ing quite satisfactory performances compared with several previous

methods ss hen suitable phase and gain margins are used.

A method for finding the parameters of decentralized PID controllers for the TITO

processes has been developed in subsection 4.5.1. The controller parameters are designed

for the ShSO models of the TITO process for specified loop phase and gain margins. The

controller scheme is modified by inserting proportional controllers in the inner feedback

paths, thereby, reducing the loop interaction and improving the stability of the process.

From the simulation, it is observed that the method gives improved performances with

respect to in ersht)t>t, settling time and speed ol responses.
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Model-Free Controller Design
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5.1 Intiodiiction

5.1 Intfodiictioii* ' « 11 ( I IIVI II I ll^ll

.  Iiorc which do nol require a malhematical model of thelie aiiH)-iiininu of PID coiilroiicis whicii ao nu i
.  1 hv 7ic"lcr and Nichols [36] in 1942. The tuning method is'"oecss was lirst simuestod by

.c n|- the critical point on the process Nyquist curve asi^iisically based on the concepts ol the i
.  r .iv.nicr 4 The critical point is obtained by inserting a

discusserl in section 4.-i ol chai r i u i t i ia fi .
•  . 1. in the error path ot the lecdbaek control loop thatPiopoitional eontiollei ot siiita many contributions have been made to

•nakes the process output oscilla > Hagglund [2] used a relay in place of
i'lipiove the above tuning tech q ' pip ̂ .Q,.H,-0ller. The auto-tuning method
P'oportional controller loi the aiit iterative feedback tuning [33] and on-line

improved by using a modillct' iclay
'^"n-ilerati\'e method [39]. I  iccfl nutomatic tiiniim method for stable
,  , .. modiiicd relay hasee <'■1 Ibis ebapter, we propose i . ,,,.,ta''es. Firstly, the method estimates

I  a has the following amain cP'"oeesses, The proposed metho ' .accurately than the e.xisting conventional relay
critical uain and critical Irequeiicy controller in the modified relay.

I  - nreseiice oi u"-JUito-iuning methods due to tie l ^,,,,,tctrical and smooth limit cycle output in
iIkhI t'ivcs sy'"^^^eondly, the auto-tuning measurement noise thereby improving the

P'esenee of static load disiurbaiiee iVcquency. Finally, the method does
•lif'il "iiin aiiu ei

""^Kurcmcm accuracy ol'H"-' c"'"" ' „ecds to design only „vo conlrollor
"Ol r«|uirc nrior inlbrnwti"" ohoul 'I"-' ^ from the modified relay

•  ']iid
P'tranieters (a proportional gaii
^'•^Periment.

^•2 F'roposed Aiito-tuni"p I ^1^^, moditied relay comprises of an
k shown in ■■nte p,-o,«.,d „,„„.tu..i.te '■ P, ,o,„rollcr of unity proportional gain, C,,,,v).

"leal ,,|ay. A', conncclcJ i" noise M appear at the input and
,  ,„,0C i ■ nfPlD controller is carried out based on"le static load disiurbaiiee mhe auto-m"'"^^ . ,

,,h, ,„,.ess. rcspcc"-"^' ^ , „„„se margi" o, at least aO dururg the
rion that the closed looP-'riterioii the

'^'ss identillcatioii and cont
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5.2 I'roposcd Aut()-tiiniii<; Scheme

I-
h — u'

G,s (.V)
G(.s)

— -/;

Mociilicti

-—► c.i V)

Fis.5.l. Proposed

Tire scries Ibrni of the PIO eoiiiro"er given
1 ,»(>\nrcsscd tis

The PID controller ciin n
^Mv)= c;

whore

^'.v(.v)= (1 + —)
l,s

/'/) (•v) = A',' (I + TjS)

auio-iiininu test is
,S, ,s

(2 51) is ^"^'ysis in the proposed

(5.1)

(5.2)

(5.3)

 cnrriec, —
of relay test as 7"/ of G , (•!>■) is unknown
1  r.sn hetwceii 10-20 so as to induce the

of T' Is chosen
''filially In ihc initial siag'-% ' , ji,ereaiier, 7)' is updated using the

. . . frequency c^.r-
'iniit cycle output with a cut '
e.xprcssion (referring (5.2)) (5.4)

w

en the modified relay in the fecdbaek
in the second stage. From

,;,5e angle- Then
,  ical I'reine

,,vcle oiitpnt witn " for stable processes

.  tan (/)'

'i^a-e, ^'> 30" is the user d^''" frequency n;,, m
^,1 with a ciminduces limit cycle outp ^ ,-.o,qr,ency n;,,-

«>ensivo sinnila.h.n, it ia l»"'"' ,|,c phase angle contribnted by the
I  ol ■

the sunucslcd initi'"' Nyquist curves of the
"  ̂ X „,e ilian <p ■^  1 1 is nioic

'""dilicd relay «>-"•" \rn„f,0 relay and the process will, ihc
un v.s the 11)7'neuni|x-nsaled prt^evss.
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5.2 Proposed Auto-tuning Scheme

■  r- r 0 -ru,. modi (led relay idcntil ICS a point in the third quadrantc'ontrollcr arc shown in Fig. 5.2. I IK mociuii-u ^

^  , -.v.,! in>nuencv (0 that lags from the negative real axis(^/ in Fig. 5.2) with the critical licqucncy j,.
I  tn tlip anin

<is by an
(^/ in log. 5.2) with the critical irequcney

■  J. ic rnlcLilated with respect to the gain crossover pointangle of ̂  . The loop pha.sc margin is calcuiaieo
,  ■ , • linn 30" for a user defined phase angle of > 30"'d: as shown in Fig. 5.2 which is moie than

, Dnre the identification is over, the PID controller is^a-isurinu a stable limit cycle output. Once the . . ,
,  . ^ . • .^ .vu-imeters obtained from the second stage ol relay test,designed based on the limit cycle i' '

,  PID comroller is the imcgral fme constnn, of G,.,. The
' lie intemal time constant ol the

.  dlT' are designed using the amplitude and frequency
luniaining controller parametcis a <i

nl the limit cycle output signal.

\  <!>

■'y-5.2. Nyqiiist curves

1  the process with the modi tied
otpH process ( F

of the iinconiP''^'^^' controller ( - )
..) and the pi

relay (-

. ni'oeess
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5.3 Accuracy of the Proposed Scheme

5.3 Accuracy oftlie I'roposed Scheme

'I'lic clcsci ibinu runclion analysis produces acciiralc rcsulls only when the limil eyeie is near

siniisoiclal and this is ecrlainly nol liie ease wilii the majority of processes. The describing

function approximation leads to estimation error in the critical gain and frequency. In the

proposed method, the ratios of amplitudes of the harmonic components to the fundamental

decrease because of integral action of the PI controllers in the modified relay. Thus the

aeeuraey of the describing function analysis is improved. Let <?(/)= Asxncot be the input

signal to the modi lied relay where A is the peak amplitude of the error signal. The ideal

relay output ii'(l), in response to e{/), is a square wave with the fundamental frequency co .

Using Fourier series expansion, the periodic output u'{t) can be written as

//'(/) = , sin ((2A-- l)ri;/) (5.5)
k  I

Ah
where //' , = are the amplitudes of the harmonic components of u\t) and h is

'  .t(2A -I) '

the relay height, "fhe amplitude ratios of higher harmonic components to the fundamental

component of ideal relay output are given in Table 5.1. The expression of the output of the

modified relay //(O 's

//' ^
{2k (5u{l)==Y.^''2k ,-sin((2A--l)r.;0 + Z -rvo" -\)cot- —

,z^coT;{2k-\) K 2y
.6)

The expression for the amplitudes of the frequency components of ?/(/) can be written as

//,, , = , T (2k-ir+ (5.7)
/r(2A-l)-y (f'-'T)')'

Table 5.1 indicates that the modified relay reduces the effeet of 3'^', 5''\ 7''^ and 9''^ harmonics

from 33% to I 1%, 20% to 4%, 14% to 2% and 1 1% to 1%, respectively.

fable 5. 1 I larmonie analysis of relay methods

Idea 1  relay Modi!(led relay

//'<///,' /-'ih'l
t  / /

/A,///, AA,///,

0.3333 0.2 0.1429 0.1 1 1 1 0.1 1 1 1 0.0400 0.0204 0.0123
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5.4 niTccts of Load Disturbance and Measurement Noise

5.4 ICITects ol" I.oad Disturbance and Measurement Noise

i  lic static (.iistiirbaiiccs during the ideal relay feedback lest result in an asymmetrical limit

cycle (.nitput that leads to errors in the estimates of the limit cycle parameters. Because of

the integral action in the loop in the proposed schetne, the effects of load disturbance is

eliminated successfully as described in the subsection 2.2.1.5 of chapter 2. Again, another

problem in estimating limit cycle parameters is the measurement noise. Fourier series based

curve fitting technique discussed in subsection 2.2.1.6 is used in this work to obtain the best

lit output signal from the noisy one.

5.5 Controller Design

During an auto-tuning test, the modified relay induces the litnit cycle output with a user

defined pha.se of (p' degree. According to the Nyquist stability criterion, limit cycle exists

when

A'G ,C;(/w, ) =-1 (5.S)

Using (5.2) in (5.S), one obtains

c o s - I s

(  .ic\ . ) V  """ (5.9)
/

-Iwhere |C ̂ (/V/;,. )| = and ^ = tan
COS^ I .

At the critical frequency, the process has the phase lag of -180 + ̂6 degrees and its

Nyquist curve passes through the point A, in the 3"' quadrant as shown in Fig. 5.2. The
controller is tuned based on the following design criteria. Firstly, the phase lag of the loop

transfer function G Gijco^.,.) is to be -180 + (6 degrees so as to tnaintain the minimum phase

margin of 30". Secondly, the real part of Gfi{jco^.^.) is set to where 4>\. The design

parameter c satisfies both the gain margin and phase margin requirements

because c and > cos '(1/^)- ̂ hc closed loop performance of the process can be

impro\ cHl with the proper choice of g . Then, the design criteria become

)  1X0+ (5.10)

lit)
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5.5 Controller Design

IG" G" (c/j , ) I c t) s </ = — (5.1 1)

VViih the help or(5.1-5.3) and (5.9-5.1 1), il is easy lo obtain

=  (5.12)

=  (5.13)
C COS (f)

.Solving (5.12) and (5.13), the c.xprcssions Ibr the proportional gain and derivative time

constant ofthc PID controller become

Ah

(5.14)

K' =
ttAc

, _ tan (!>

(O

Similarly, the e.xprcssion for the integral time constant ofthe PID controller using (5.2) is

T; ̂  ' (5.15)
tan ̂

I he PID cDiiiixillcr jiaramcters K[., and Tj are thus tound using (5.14) and (5.15).

I hercal'tcr, the PID controller parameters K^., 7) and T, of (2.7) are obtained using the

expressions given in (2.52-2.54). The following steps are suggested for the automatic tuning

ol the PID eontroller.

•  i'he aulo-iuning test starts with the initial choice of 7"/ value which is between 10 and

20 for stable processes. Next, 7)' is updated using (5.4) for a user-dellncd phase angle

of (/)' > 30" before beginning ofthe second stage of relay test.

•  The amplitude A and the frequency ofthe limit cycle output are measured in the

.second stage of the auto-tuning test. The parameters of the PID controller are then

obtained from (5.14) and (5.15) for a chosen value of

•  F(m- llne-tuninsj ofthe controller, the above steps may be repeated with different user

deHned [ihase angles, (/>' ■

1 11
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5.6 Simulation Results

5.6 Simulation liesuIts

Two ,vpicnl su.blc p,occs.es and a non-minimum phase process are considered in rlris
scci..,; and ,w.. irieh-ordcr process arc iakcn in appendix B3 for ilrc sinrr.laiion sir,dies .0

,  ,iip new aulo-tunina method. Initially, scttinu
Shorv ihc robi,slncss and criccnvoness ol lire • - -

•  n^rrni-mec! to obtain the limit cycle parameter (o^.,. lor ther; = 20 the relay e.xperimenl is pei lot meet
i,c Thereafter, the value of T, is updated lor a user

Pi-oee.sscs in the following examples.

-  -^n" The critical gain and frequency are estimated from thecieimcd phase angle of parameters are obtained from (5.14) and
seeonci stage ol relay test, icn,^ examples. Again, the value of the
(5- 15). A relay with height h - tlcrivative time constant of the PID
'•'^Tivative filter eonstant is chosen to

^■ontrollcr.

'■'■•Simple 5.1 t,.nncfer function with repeated roots [39]

C(.v) ^
+ I)" , iA\ A liefore lieainning the second staae of

.n" r' is updated as 1-341^a user-defined <f)' ^ ^ cycle output giving the phase lag

^nito-tuning test. The modified
= 3S.54I4" (see Fig- 5-2)- signal with SNR = 20dB and the

,|, , the relay fexst- ^ shown in Fig. 5.3. The PIDprocess output duimg fitting method
1  rvnin the cui . estimated PID■^"'^ovcrcd signal olmained fom ,nd ^

^"ntrnllcr purnnrccrs mc dcsiun« - p,, T.m, e, uL 139] and
^-■mnccrs alonn wi,h droxc sruugc-' ,„,od loop ou.prn rcxponscx ,o .a rml,

„ivcn m ' j n s 'It 40 see are shown m Fig.5.4. As'kulei and Nichols [-■> of p,p ^i^ows overdamped and sluggish
Ml input and a step oac p,.^gglun improved disturbance

''-om f- ig- 5- closed loop respon.ses are obtained
^'^Poiiscs to both the inpr ^ pcnisc- Fl'f^'^'^ ^ .^p^d gives excellent eomrol tor the
Meetion with poor set-pm'^^ ,vever, ib'-' xcnonse and settling time for both^V lauctal.'sPll^eontroller.H^ ^ ^^^^^^^^ p

ol the o\e•  , ti-rniS olOlid order process m
i i;

TH-422_PKPadhy

IN
D

IA
N

 I
N

ST
IT

UT
E 

O
F 

TE
CH

N
O

LO
GY

 G
UW

AH
AT

I



5.6 Simulation Results

.1 . . ,,c To test robustness oF the proposed auto-tuningIbe sct-poiiu and load disturbance inp ^ -r j
4-10% of Dtir^nicter pertuibations in a, T and D,

'iioilu)d, it is assumed that there aie -

.  a ^ did) show that the proposed method is robust to'■^^^pcctively. Figs. 5.4(b), 5.4(c) and 5. (
Poranicicr perturbation in this e.xaniplc-

noisy

recovered

2  2.1
1^ Sair'P'®®

2.3 2.4 2.5

Fiu. 5.3. Recovered and noi-Y

Table 5.2 PID eontroU'-'''

Methods

Proposed

Asirom and I liigg'i"''^

tiiiigs In' Lsvamp''-' '
controllci-P^^'"^'"'^"''

"ol208i-
,.l443fl + ri^''0T0^

0.8940 ' + 3 66805
■0.91705

an et al.

0.5970.V

^'.ieuler and Ninhn s .5325 i^2.38«-^'
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5.6 Simulation Results

Proposed

Ziegler and Nichols

Tan et al.

Astrom and Hagglund

1 1

t (becond)

l-"iu:.5.4 (a). Ck)scd loop responses to step input and load dislurbanee for example 5.1

■] '!

'

II' V'

Profjosed
Ziegler and Nichols.
Tan et al.

/ . .Astrom and Hagqiund

nil.
10 % variation in

_| I _u JL

Li 10 20 30 40 50 60 70 80 90 100
1  1 1 1 1 1 1 1 1

f  \
r-
—V

I;/
0 5 - t

-10 % vai iation in K

"0 10 20 30 40 50 60 70 SO 90 100
t (Second)

l- ig.5.4 (b). Closed loop responses to step input and load dislurbanee

with ±10% variation in/L for example 5.1

1 14
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5.6 Siimihition Results

■ Proposed

Ziegler and Nichols

— - — Tan et a!

Astrom and Hagglund

10 % variation in

go 70 80 9U 100
40 50

10 % vai-iation in i

50 50
70 80 90 100

I (Second)

to stop ippi't and load disturbance
,:i„.5.4 (c). Closed loop response example 5.1

Vi.l. ±10%
Proposed

|lO % variation in i

?n so 90 100

10 % vfu'iation in l.-

80 90 100

riu.5

I (Seeohd)

\\ lib
,0% variaonn

l la
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5.6 Simulation Results

l.xcimplc 5.2

Tliis cx:implc considers a sixch order process [33] wiih tlie iranstcr hincuon

^(x) = r ■
(.v + l)"

The integral lime constant r/ is estimated as 3.1045 during the auto-tuning test using

,»■ = 30". The noisy limit cycle output with SNR ' 20dB which results upon the addition of
.1 /((), rr;, = (I.OOTO x IQ-^) during the modi lied relay experiment and the recovered signal are
shown il Fiv 5.5. Usinu (5.14) and (5.15) and the recovered litnit cycle data, the PID
paranteters are estimated with the choice of ,= = 2. The niethods proposed by Astrdm and
l-lllgglund [2], l-lo ct al. [33] and Zieglcr and Nichols [36] have been considered for

.  T- , , ^ oivcs the PID controller parameters designed by thecomparison ol the results. Table 5.j gi\cs mi.
^ , 1 (i-irs ivsnnnscs of the controller scttinsrs to unitabove mentioned methods. Fig. 5.6 show.s the icsponscs

r,aa.,<7nliiidc 0 05 appearing at 80 seconds,step referenee and step load disturbance ol ma^ni

0

noisy

lecove red

Fin. 5.5. Recovcred and noisy output si

aiTiples X 10"

anal with SNR=20dB for example 5.2

1 16
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5.6 Simulation Results

Table 5.3 I'll) coiiirollcr sellings ibr e.xample 5.2

Melhods PID conlroller parameters

Proposed

Aslrbm and Hiigglimd

i lo el al.

Zietiler and Nieliols

14

OS

0 6

0 4 -

0 2

J0

,ll /

f

__1

20

1.0384

0.8200

- + -
1.0726^

4.7433.y 0.01075 + 1

1

8.35895
+ 2.08975

1.3 1 +
1  .J5

5.2915 0.135 + 1/

.4057 1 +
5.44205

+ 1.36055

Proposed
Zieqler and Nichols

Ho et al

— — Astrom and Hagglund

.fv

"4^ 60 80 100
t (Second)

120 140 160

, Closed loop responses lo step input and load dislurbanee Ibr example 5.2
2iegler and Nichols's and Ho ct al.'s melhods show moreelear from ^ jisn„.bance rejeclion abiliiy. The method proposed by

shoot \N ilh nlmosl simi ai however, the responses are sluggish. The
bm and l lagglon*-' redllees l^su^r .capons.^ with shorter

,1 u lb^- motnoo B
nil coinpiii --'br'w ..ujihy in comparison to the othei thiee.
inu (i,„c omi go«l disturbnncc rcjccno .

1 17
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5.6 Simiihition Results

livaniple 5.3
1-5.9 .

A non-inininuim phase process with the transfei iiinction ^ 20i-)

consicicrcci. The rchiy nv,u,-umi„g les, i.s carried out with t, user dclmed phase augic of
= 45" which results subscqueutly in r;= 8.198! aitd ^ = 56.68". The additive randou,

noise M((),o-;, =0.188x10") is introduced at tlie process output during the relay
experiment Piu. 5.7 shows the corresponding noisy output signal with SNR = 20dB and the
recovered output signal. Table 5.4 gives the controller settings by the proposed method lor a
I  ■ 1 r = 1 7 Por eoninarison, Astrilm aitd Hagglttnd's method [2] and Zteglerdesign value ol c = 1 eoinpti''-^*- ■'

•  I I .,nri ihirir eonli'olier parameteis aie given in Table 5.4.
and Nichols's method are considered and then eonuoi i

r  II ..nnirollcrs are shown in Fig. 5.8. The magnitude of1 he closed loop performances of all the eo
.  . r . , nn .PC is 0 5 Results have been compared with thosethe step load disturbance applied at IjO sec

a vntT the relay feedback. It is clear from Fig. 5.8 thatobtained with the usual technique based on in y
1  sUnrtrt k satisfactory with respect to the otherthe overall performance of the proposed method

methods.

noisy

re cove re id

6  U

i  iy.
H,..uveivcl and noi.sy ouHhU

Barnples

w.th SNI<=2lldl5 t-u, cx«m,4v s..";

1  IS
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5.6 Simulation Results

able 5.4 PID conlrollcr .sellings for e.\ample 5.3

Melliocis

Proposed

PID eontroller Parameiers

3.4744 ■ + ■

5.7247.V

27.1732^ 0.0572^ + 1

Aslrdni and I Uigglund
4.4563

1

29.56495
+ 7.39125

Zieuler and Niehols

7.6394 1 +
1

19.24805
+ 4.81205

1.5

-0,'

/

i!

Proposed
Ziegler-Nichols
Aslrom and Hagglund

150 200 250 300

t (Second)

,0 step iiiptil ttwl l""'' distil,-tances tor exaitrple 5,3
iis.5.8. Closed loop respottsos to st p
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5.7 Conclusions

5.7 Conclusions

In chis work, a modined relay based aulo-liiiiing method for the PID controller is proposed.
The method improves the describing ftinction appiTOimation and ensures a symmetrical and
snwoth limit cycle output compared to the conventional relay based atito-tumng methods
even in the presence of static load disturbance and measurement noise. The distance of the
Nytpiist curve of the loop transfer ftinetion from the imaginary axis of complex plane and
the loop phase margin are used in designing the controller parameters. The proposed control

c tvnirni nrocess transfer functions, it shows improved
method lias been illustrated by vaiious typ e P

lo.riniie: work on PID control for stable processes,results as compared to some pic\ lous

12( 1
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Chapter 6

Conclusions

6.1 Simimaiy

6.2 i^iiliirc Work
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6.1 Summary

This thesis has investigated various identification and control methods for SiSO and TITO
processes based on relay indiieeil iiioil cycles. In the rollowing eoncliiding remarks we first
brielly sttrnmarize the main eonlribt,lions oniie thesis and then discuss about the various
possible extensions.

6.1 Summary

Relay leedback identification and control are two topics in control engineering that present
ntany interesting probletns. The main purpose of this thesis has been to investigate sonte
relay ba,scd identification and control methods tor SISO and TITO processes.
In chapter 0 relay based on-line identification methods for stable and unstable SISO

1  A, first the DF analysis is used and simple expressions are derivedproccs.scs arc proposed. At lii-st, H''- •'
I si nnnmctcrs The method estimates the model parameterto obtain the FOPDT process model paiameieis.

ortvl to some reeent identincation methods available mwith less estimation error as eompaicd
.  . -r cfi-iicture frelay with PID eontroller) is

the literature. Further, the on-line identihca
the aeeuracy of the method. The

modilled (relay with PI-PD eontroller) to imp
■  -iTrrnniiv imnroved estimates of the modelmodified identification structure gives sigmncanliy impio

, r^riiip method depends on the estimation ofparameters lor unstable processes. The accuracy ol
Cr,.- come typical processes in case of DF

llK« critical gain (A',,.) which is not accurate loi some iyi i
.  . . 1 .otrv cmce analysis is proposed for the on-line

analysis. Hence, an exact method using the slate space ^ i
,  , , , , .oc- in <;iibsection 2.2.2. The advantage of this

idcntilication of stable and unstable processes m suPsec
J i, il docs not t-cquii-c uny approximntion ,o estimate model parameters. It is
.  .- ifuion examples that the exaet identification method gives belter estimates

^Nhown in sinHiltin i • u i l-
However, one needs to solve simultaneously a set ofthan the desci ibiiu^^l^^ ^.^limiue the model parameters. This is not the ease with the

nonlinear equations to c- although approximation is involved, the DF
describing function ana yMs. wstems

.ilv orefciTed for the relay leedback systems,analysis IS gcnciaii) i identification is successfully

lo-ul disturbances uuiuic
The effects ol static ^ controller in the loop and best lit limit

removed by liie continuous actio ^ method.
cycle is obtained from the noisy one .

■ based curve litimg u'^^"
Althcnmh, the Fourier scries >. feedback to

■  lime consuming P'occ..
noise-free limil cycle, it is a lunc ,imitations are taken eare of by inserting an

,  • 1 , -xv iiehinu. 1 hesc iinnum
the relay results in multiple s ^
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6.1 Suiiimarv

adaplive low pass illtcr in ihc feedback path. The metiiod is able to estimate the model
parameters accurately even in the presence of load disturbance and measurement noise from
a sinule relay test.

Chapter 3 prescils s™..c klc.lilieation methods for the TITO processes. An oir-linc
itienlillctititm mclhtHl Ibr TITO processes Ibr the decentralized relay based lest is presented
in Ihc subsection 3.2.1. The proposed method identifies two second order phis delay SISO
iransfer fitnelion models of the process in the presence ofload disturbance and meastirement
noise. A modification of the identification method is given in the subsection 3.2.2 by

I  < miorc: in the inner feedback loops. The proportional controllersinsertmu proportional contiollcis in
. 1 1 ..., i,-,tonrtinn at critical frequency thereby increasingstabilize the proee.ss and reduce the loop mteiaction at i

, 1 r7,„.|iinr a P relay based idcntilication method is
the aeeuraey of the identilied model, ruithci, a i_ic }

-  , -a „ifu'ntinn of two SISO transfer function models ot thepropo.scd in section 3.3 for the idcntilication or u\u o
•  , . . • ,Up nreseiice of larae loop interaction and measurementprocess from a single relay test in the piesen
,  ̂ , , „„.onrh lies in that it successfully reduces the loopnoise. The novelty ol the proposed appioacn

nf measurement noise during the processinteractions and can cope with the presence oi
pniiis of the transfer function models are

idcntilication. Most importantly, the steady ^ai .

estimated in a simple manner.
■  , t ■ ^pz^ In rhantcr 4. Firstly, simple formulae are

Some controller design methods arc provided in cnapic. i
nit-t , II r . M a ona iinQtablc FOPDT proce.sses to meet eain and

derived to design PID controller for stable and unsuimi. t
■  .■ r .1 .1 „a„,und is extended to design Pl-PD controller tophase maruin specilications. Further, the method is e.xic

.  ,„„„.„||ur pcrformimccs. The PD coutiollcr in the inner feed baek loop plays an
,  .„ „,,hili/,ina the open loop processes. Also, it avoids the chance of

important role in - ' - - r . • t- • n r a
■  ■ . s'liich is possible due to the pre.sence ol derivative action m the forwardilcrivalive kiiK » " meters of clecenlralized controllers for a TITO process

palh, A method for finding the paramele ^ ^ ^ ^ ^
based on the loop - disrupting the closed loop operation. The eontroller,, ,h-ise and naiii margins is presented in stibseetion 4.5.1. The eontroller,e loop P ■ • • disrupting the closed loop operation. The eontroller
parameters ale „,oportional controllers in the inner feedback paths to
scheme is modified by nnsciim- pi I
improve the control p|p „,mr„||er is proposed in chapter 5. The
A modified relay based auto-timin. ^ ,identification of process modelf. improves

■  > ihiv iiitei'iiicdiatc suigu vmethod does not requiic tnc cymmetrical and noise free limit cyclethe describing fiinetionapprosimalion ami
12.3
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6.2 Future Work

oulpiii even in llie presence of snnie IomI dislnrbanee and ineasurcnicnt noise. The dislanee
ol llie Nycpiisl curve of the loop Irtmsler function from the imaginaty axis ol complex plane
and the loop phase margin are used itr designiirg the controller parameters. The proposed
control method has illiistraled by various typical process transfer ftinctions. It shows
in,proved resttlts as eon.parcd to some previotts work on PID control for stable processes.
6.2 Future Work . , .

I  , , miMliods have been proposed in this thesis. However, it isSome idenlilieation and eontiol n - , , c r .1
r- rxf thf nronosed researeh work. Some 01 thestill possible to undertake further extenstons ol the ptoposedissues that require Itirthcr investigations are explained below.

-  ■ rv.hnd For SISO processes using the DF analysis is very1 . The on-line identilication method ioiSlr^ui

,  .1 . rvft-nr in the estimation of the critical gams (A^.,) is
simple and elTicient. But, the

■ bvinnlions involved in DP method specially for under
simiilleant due to the appiu-MUi'

.  .rv,-,o„cs The above problem is overcome by usingdumped and delay dominated piocc..

.  ihp method requires solving nonlinear equationsthe slale space analysis. I lowevei, the
m,- inroiTCCl choice of initial solutions. Hence,which again gives estimation errors loi mcoiicLi
a,>i rtf the process dynamics using some exactfurther scope to obtain an exact model ot tne pu .r

methods exists.
for hiizhly interactive TITO processes

2  In chapter 3, dilTereni identilicaiion methods 101 m= ^ h
,  . • .^rUxrod diiriim the identification of process

arc proposed. The loop mleraction is leduc
v.,. (he method is not able to eliminate the

model to improve the accuracy. Howevei,
,,,,, interaction. The accuracy of the idenlilieation method will be improved if the

•  icriction is eliminated during the identilication.
^  improve the controller design methods for the nuiltivariable

3. There are man> ̂ ^ay ^..^iun methods based on tbe model of the
•  rivipter 4 tiivcs i-k""

^lesign methods depend on efficient and reliable
■pi ro pi-ucoss. 5 provides a step lu Ibis dirccliou. by

r ilii* processmodeling oi o"- 1 nmccsses where parametric model
1, nmiiui method 101 . >

prcscniing a" „,oy bo cxiendcd for ihc couirol ofidou.inea.ioi, isn..tiTC|""-iai'-
Ti ro processes. auto-tuning method for stable processes (in

4. We proposed a modilicd ichy existing techniques. So, the
:-v ihat shows improved icsu -chapter >) uim
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6.2 Future Work

extension ol' the auto-tuning mcthocl for unstable and integrating processes may

prove useful.

5. The iclendllcalion and conhol inelhods proposed in lire thesis are applicable only to
the linear time-invariant processes. Hence, the techniques may be extended for
nonlinear processes.

I2.S
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Derivation of Steady State Gains

Apiiendix A

A1 Derivation ofSteady State Gains (Snbseetion 3.2.1.2)

I.cKikinu at Fig. 3.1 (neglecting tlie elTeet of di.sliirbanee and measurement noise), the

e.xpre.ssion.s for the process inputs (L',(.v) and (y,(.v)) and outputs ( )1(.!>) and I'J.Cx)) at two

different set-point or reference inputs ( R^ and R-, ) can be written as

'g; ul 0 0 ~Gu'

=

0 0

G:

g:

0

Gi

0

C,:
(A.l)

_0 0 g;- G;_ c,.

The dependency on .v is suppressed in the expressions for ease in analysis. Solving (A.l),

one obtains

G,,

G,,

G: I

G: 0 -G\ 0 'r:
I ~Gr 0 G\ 0 y'.
-77;^

0 G^ 0 -G\ yy

0 -g:- 0 G\_ y{

(A.2)

If the process is decoupled by using the decoupler given in [51], the effective transfer
funclion of each loop can be expressed as

G| ~ G^2^2\
o,

o\.

-

1 1 f /.., F/1, f /, I

G,

(A.3)

Using (A.2) in (A.3), we obtain

(U;);' -u\y:){uly{ -u,-)V)(U;i;' -uG?)
G, -

(U;)V );-■)((/, -U;U\)
((/;};' -u,-};-)-(U,');' -u,-r,')(u,-);' -u!);-) (A.4)

((,■■,■ }■; -L'1)V)(L','(;: -U;U\)

u heie O", ami 0\ are the effective transfer functions between )',, L\ and

resi")eeti\el\'. I lenee, the steady state gains can be estimated by taking the average values of
process inputs and outputs during the relay test. Therefore, the expression for the steady
state gains can be written as

126

f -I r-1 • ilif riiii 1 1 1
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Derivation of Steady State Gains

A', =

A, =

(A.5)

("LyxL-^ - )("hnx"L.^ -"Lu^'L.,)

where

/T = 0'L.^yLv - .v'L..,, - "LAv ) - ~ "LssyLf:)

and the subseripl a\\(^ indiealcs ihe average value of the concerned variables (subsection

3.2. 1 .2).

A2 Deri\ a(i()n of Steady State Cains (Subsection 3.3.4)

Looking at Fig. 3.5, ihe expressions for the inputs of the process in conjunction with the

noise niters ( O', (.v) = Lj (.v) and (/^(.v) = C//(y,(.v)) and the Filtered output signals

(  and }, ) at two difCcrcnt set-point or reference inputs ( A, and /?,) can be written as

^2 0 0

0 0 ^2
0; ^2 0 0

0 0 ^7

^1 I

C,,

(A.6)

The dependency on .v is suppressed in the expressions for case in analysis. As explained i
/\ppendix Al, (.A.6) can be sinipiiHcd as

1
^'2 0 -0\ 0 -y\

f'1: 1 -o;- 0 01 0 y\

C/,i 0 0 -0\ y;
C/,j 0

_

-0- 0 0\_ y'\

(A.7)

Using (A.7) in (A.3), wc obtain

Oi -

r;.

~  (Uly':-U;y'^KUla:

((7;}"; -(7i)''i)((7;)''; -(7,')''-;)-(G;)''i-(7r)'';)((7;)'';-uiy;)

(0;)-'; -U\y'\)(UlUi-U;U\)

fhen. the cxiTicssions Idr the steady stale gains can be written as

127

(A.8)
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Derivation of Steadv State Gains

7

(A.9)(" '.MX'.''';,,.... ~ " )(" i.»v" " I"'-.':" ^
X

Lv.'"'!,,,-. - " )(" 'i.»v" :.»v " " I"'-'-'" ^

where

/=("Lr'U ^

;.nd th.- siibscripl m-g indicalcs the average vaUic ol' Ihe coi.ccmcd variables (sribseetiorr
3.3.4).

12S
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Simulation Examples

Appeiuiix iJ

HI Siniuhilidi, Exnniplos of On-line Idenlillcatinn Meduxis

In ,lK-sc exnn.plcs, .he proposed lin.i. cycle In,seel online iden.incn.ion .ne.l.od with PID
eonn-olle,- In Ihe loop Is applied to high o,cle,- SISO processes wl.h and wdhou, ,nnc delay.

,„e assess,nen, of ils aecnracy, iden.lllca.lon error in the fre,neney do.nain Is
eonsldced The comparison is made with other on-line identd.catton tnclhods ,.e. a,ea

aaoiiynHs r741 reduced order modeling methods using swarmmethod [711, step response methods
I  rsm and stability equation method [81] to show theoptimized eitzen spectrum analys. [^^ ] ' , ■ . nm n

Men ihc on-line identiUcation method with PID eontroller mperformance enhancement. Also,

the loop is i llustrated lor a typical 11 P'^ '

Example B. i

Consider a high-order process with large time dela>

C{s) = ; r.
(.v+l)-(2.v-t-l)'

•  I ci.,oe of relay test and the design values ofyt- ^ Q i T, = 1 and T, = 0 is used in the initial stage oi ieu>
I . -.a fiin eontroller parameters for the next stage

_ 0 - 3 and </>„, = 60" are used to obtain the eontioi if/ — U.- »

■  I . -icicrs of both the stages of the relay lest
of test 'flic controller and the process model paiame

I,re obtained by the area method [73] are
■ire ..Iven h, Table B.I. The model ptnamctcs
■  . ] OS r - - O = 14.04 with EE -1.27%. The Nyqnlst curves ol the actual process,

"  Ids obtained by Ihe area tnethod and by Ihe proposed method are given in Fig.process inoc e s ^ proposed method can estimate the
[1 I As seen Irom the y 1

V  ,,,ors more aeetttttlcly II",, the tnethod g,vet, m [7.,].mcxlel paianictc . , n i
,, ., model parameters for example B.I■rable B.l C-ontfoll" .tt,d^_____^

Staac

Staac 2

AT(U72l7^^W833,7;,=l.-s337
r-l.O.r-d.U.D-ld.OI /r/r=o.ooi9

120
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Simulation Examples

-0.5

-1

• Actual Process

Proposed Model

Area Method

f  ]]

-1 -0.5 0  0 5

Real

1 -5

Fig.B. I. Nyquist curves of process models for example B.l

F.xanipU' B.2

Let Ihe piocess lianslcr lunetion ofa high-order process without time delay be

The relay lest starts with the initial controller A', =0.1, T, = 1 and T,=0 and then updates

the controller using the design values of a = 0.2, g,„ = 3 and = 60" . The eontroller and

the process model parameters along with the estimation error index are given in Table B.2.

The model parameters obtained by the area method [731 A' = 1.0, T = 2.3772, D = 2.6400

u ith /:/•: =- 17.4S%.

Table B.2 Controller and process model parameters lor exatiiple B.2

Stage 1

C (-v)

o

II

10

11

ST

c

II

A' =: 1.0, 7 = 3.5927, D = 2.6697

Stage 2

c;(.v) A\ = 0.9596, 7, = 4.0960, 7,. = 0.4643

£7=0.0421
c As)

1

A' = 1.0, 7 = 3.6021, D = 2.6705

1.30
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Simulation Examples

The identification method by step response method [74] gives the FOPDT model as

K = 1.0, 7'= 2.60, D = 3.31. The resulting estimation error index by the later method is

12.76'.^. The propo.sed method identifies the process dynamics more accurately in terms of

the estimation error index in comparison to the above di.scussed methods.

.y' h-7.v' +24i- + 24
ThLet us consider a typical high-order process [80] G(.y) = e

.y"* + 10,y-' -I- 35.y' -t- 50.y + 24

relay test is performed and the resulting process model parameters are obtained with the

choice of design values a — 0.2 , = 3 and <z>,„ = 60° for controller design required in the

second stage of the relay test.

Table B.3 Process models for example B.3

Methods Identified Models

Proposed
-<).(XX).S.v
e

0.823 I.y-1-1

Parmar et al.
0.6349.y + 4

5" + 5s -t- 4

Chen et al.
0.6997(.y + l)

.y- + 1.4577.y-t-0.6997

\T«

e

O Sr

O 2

O 1

0

k
-rj 1

w
-0 2 \

-0 3 -

-0 4 -

-O 5 -

-O 6 -

• Actual

Proposed

• Parmar et al

Chen et al

-O 2 0 4 0 6

Real

O 8 1 2

Fig.B.2. Nyquist curves of process models for example B.3
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Simulation Examples

Tlic idcnlined models obtained by Parmar ct al. [HO], Chen et al.[81] and by proposed

metiiods are given in Table B.3. The Nyquist curves of the actual process and the process

models by the above methods are shown in Fig.B.2. Parmar et al. and Chen et al. give

second order models whereas the proposed identified model is a first order with time delay.

1 U>wevcr, it is clear from Fig. B.2 that the Nyquist curves of the proposed model and actual

pi ticess arc close to each other at high frequency which is related to the transient response

of the process, showing that the higher order processes can also be approximated by a

FOPDT model using the proposed on-line identification method.

E.Mimplc B.4

Consider a typical time delay TITO process [62] with the transfer matrix

1
<7(.v) =

.V + 1 0.3 1

The auto-tuning te.st starts with the choice of AT.', =0.K 7]; = 1 and T;. = 0. The estimated

process model and the controller parameters for both the stages of relay tests are given in

Table B.4. The design values e ='>6 = 60" and g„,. = 2. = 65" are used to calculate
I  ̂ * rm I

ihe controller settings required for the second stage of the relay test. The accuracy of the

idcntilied model is illustrated in the example B.6 and compared with other methods.

Table B.4 Controller and process model parameters for example B.4

Loop 1 Loop 2

■Stage 1

K\ =0.1, r;, = 1, r;, =o

t j

II

o

II

1J

II

c

A', =1.9455, r, = 0.4190, D, =0.3103 A, =1.04, r, =0.324LA =0.3783

Stage 2

a;, = 0.6055, r;, =0.8802,7;;, =0.4190 a;, = 0.7188, r;, =0.4855,7;;, =0.3241

A, =1.9556,7; = 0.4192, D, =0.3103 A, = 1.04, r, = 0.3245, D, = 0.3784

132
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Simulation Examples

Ii2 Simulation Kxamples of Model based Controller Design

In this section, llic controller pcrrorinancc for the high-order process given in example B.2

is illiislrated and compared with the Leva et al.'s aiilo-liining method [79] where, the

controller parameters are obtained from the elosed loop characteristics of the process.

Again, the controller performance for the TITO process (example B.4) is compared with the

methods propo.sed by Ziiiiang and Atherton [62] and by Ziegler and Nicholas [66],

/■Sxdiiiplc 8.5

Consider the high-order process discussed in example B.2. The speciUcations for the

controller design are set as a = 0.2, g,„=3.0 and ^,,,=60". The controller parameters
obtained foi" the pi ocess model are - - 0.9596, 7] = 4.0960, Tj = 0.464j. The PID settings
by Leva et al.Ls method [79] are A". = 1.05, T, = 1 1 .66, T., = 2.27. Fig. B.3 shows the
comparisons of the closed loop output responses to unit step input and step load disturbance
q1" magniiiu.le 0. j applied at / = 100 second for all the controller settings. The proposed
niethod shows impruved set-point and disturbance response in comparison to Leva et al.'s

methods.

Proposed
— Leva et a I

80 100 120 140
I (Second)

160 180

Fig B.3. Closed loop responses to step input and load disturbance for example B.5
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Simulation Examples

ilxctmpic B.6

C't)nsitlcr the TITO process cliseussecl in example B.4. Using the identincation procedure

cieseribed in siibseetion 3.2.4, the process is modeled as

C.As) =

1  .9556 e
(1 11 (1.1»

(4 1 92.V + 1)-

0

0

1  .04 c
-0 .^7S4 A

(0.3245.V + 1)-

C'hoosing .g„„ = 2, = 60" and = 2, = 65". the parameters of the controller

(7^i(.v)are estimated as = 0.89j)8 , 7",, =1.2991, = 0.28j9 and that ol are

A', =1.1453, 7"/, = 0.9220 and T,, =0.2102. Using the method given in [62],

I =1.014, = 1.480 , 7], = 1.258, 7], = 1.038 and 7;,, = 0.220, T,. = 0.22 1 arc obtained.

Similarly Ziegler and NichoPs tuning Formula [66] gives AT,., = 1.192, = 1.743 ,

= 7] , = 0.908 and = T,^ = 0.218 For the considered TITO process.

10

y
• Proposed

Ziegler .and Nichols

■ Zhuang and .Atherton

12 14 16 18 20

y
-1
/
/  , , , 1  1 1 1 t 1

0 5

10 r; 14 16 18 20

lMg.lT4. Closed loop responses to step input and load disturbance

oFloeip 1 an(.l Uaip 2 ieir example 13.6
1.34
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Simulation Examples

Tlic responses of all the three methods to unit step set-point input and statie disturbance are

shown in Fig.B.4. The llgurc shows improved perFormanec, in terms ofspeed ofresponse

and overshoot by the proposed eontrol method.

Ii3 .Simiilalion Examples of Modei-rree Controller Design

Two typical stable processes arc considered in this section for the simulation studies to

show the robustness and effectiveness of the new auto-tuning method. Chen et al,'s iso-

damping method [77] and .leng ct al.'s modified relay (relay connected in scries with a time

dela> ) method [78] are eonsidered for comparison. Both the methods do not require the

intermediate process model for the eontroller design.

Ilscimple li. 7

Considers a third order stable process transfer function with repeated roots [77]

C7(.v) =
(■v-t- I)' •

I-oi a iisei-dellned </)' = 30". yptiated as 1.9319 before beginning the seeond stage of
auto-tunmg test. 1 he modilled relay induces limit eycle output giving the pha.se lag of
(j) - .->7.2796 . A nieasurenieni noise /V/(0, cr(, = 0.091 7 x 10 ") is added to the process
output during the relay test. The PlD controller parameters are designed using g = 2. The
estimated PIH paiameters along with those suggested by Chen et al. arc given in Table B.5.
q lie closed loop output responses to a unit step input and a step load disturbances of
niagnitude 0.5 at 40 sec are shown in Fig.n.5. As is evident from Fig.B.5, Chen et al.'s PlD
ui\'e.s highly oscillatory closed loop responses. The proposed method gives excellent control
in terms iif the overshoot, speed of response and settling time for both the set-point and load
disturbanee inputs.

I'able B.5: PlD controller settings for example B.7

Methods PlD controller parameters

1 .0749] I. '
V  3.0513.V 0.007x + i;

t hen et al. ( 1 ^
1.024 1-r + 1 .539.V

1 .241.S- j

1.3.3
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Simulation Examples

1 8

Proposed

— - — Chen et al

/ \

_j I I u

10 20 30 40 50 60 70 80 90 100

t (Second)

Fig.B.5. Closed loop responses to step input and load disturbance for example B.7

Example

This example eonsiders a high order process [78] with the transfer function

r;(.v)= !
(.v + l)^ •

fhe mtegial time constant 7] is estimated as 2.4644 during the auto-tuning test using

(f) - "^0 Using the recovered limit cycle data, the PID parameters are estimated with the

choice of c = 2. The methods proposed by Chen et al. [77] and Jeng et al. [78] have

been consideicd tor comparison of the results.

1 able B.6: PID controller settings for example B.8

Methods PID controller parameters

Proposed

Chen et al.

.leng et al.

1.1734 1 +
1 0.8857.f

0.921 1 +

3.8470,s- 0.00885 + 1

1
1

1.207 1
V
+ ■

1.96LV

1

 3.651.V

.969.V

0.9135

36
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Simulation Examples

Table B.6 ui\cs the PID conimiier parainclers designed by the above mentioned methods,

l-'ig. B.6 shows tiic responses oTtiie eontroller settings to unit step reference and step load

disturbance of magnitude 0.05 appearing at SO seconds. It is clear from Fig. B.6 that Chen et

al.'s and .leng et al.'s methods show more overshoot with almost similar disturbance

rejection ability. The overall comparisons show that the proposed method gives faster

response with shorter settling time and good disturbance rejection ability in comparison to

the other.

1 4

1

o 8

o 6

0 4

O 2

■t- \
v--\- h>-

Proposed
Jeng et al

— Chen et al

20 40 60 SO 100
t (Second)

120 140 160

Fiu. B.6 Closed loop responses to step input and load disturbance for example B.8

1.57
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On-line Icicntificnrion for Non-linear Processes

Appendix C

C1 On-line Identilicntion for Non-linear Processes
i„ ,, ■ ,-,11-linc idenlincation of the non-linear processes is discussed. In the
"1 Ihis section, on m'"- r

suuucsted seiiemc, Mammcrstein type or Wiener type models using relay feedback are
identiHed where the models configure linear dynamics and non-linear static gain functions
( A' ) as blocks in series. The series of blocks gives good description of the phenomena

really noinu on a physical process. The above mentioned models are very uselul in
niodelinu of the non-linear processes. The features of the response in the relay feedback test

for linear and non-linear processes (Wiener and Hammerstein types) are given in Table C.l

[75, 76]. Fius. C.l and C.2 show the block diagram of the Wiener and Hammerstein type

processes.

Table C.l Features of the response in the relay feedback lest

Linear Model Wiener Model Hammerstein Model

1 laII"periiKl ( T.^. ) 'C. -T.- T-r. = T..- r.,..

Amplitude ( A ) /f = /I. A, 7^ /f A^ A_

u
—^

Linear

Dynamic
Static

Non-linearity

Y

►

Fig.C. I. Wiener type process

U Static Linear Y
Non-linearity Dynamic ►

Fig.C-2. Hammerstein type process

■["he non-linear process can be identilied in any of the above mentioned structure (Wiener or
I Fimnierstein types). 1 I'K-' proposed auto-tuning scheme can be extended for the
identification and control of the non-linear process. The block diagrams of the suggested
on-line identifieation method for non-linear processes are shown in Figs. C.3 and C.4.

1.3S
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On-line Identification for Non-linear Processes

}"

I .inear ProcessI .inear Process

G, (s)

G,(.v)

Wiener

lype prtK'ess

/V

Fiu.C.3. Proposed on-line identification scheme for Wiener type process

with adaptive noise filter

1 .inear Process

Pid C 4- Proposed on-line idcntilication scheme for llammerstein type process
with adaptive noise filter

1-or linear processes, the synimelrie input signals causes the symmetric output responses,
l icnee if ilio static non-linearity ( A\ ) of the non-linear process is cancelled, then the
performance vif the non-linear process becomes that of a linear one. Hence, a linear PID

M „■ d-.n he dcsi'med for the linear process model. The non-linearity can be removedcontrollei can oe

by minimi/ing the parameter which is described as
1 ?■>')
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On-line Identification for Non-linear Proeesses

= mill ̂
n - I

licrc.

+

,  ./ (") c ('t) J
+(A'(/7)-I)'

,  , , t / ,1 -ire tlic positive and nesiativc amplitudes ofthe n" period ol the limit cyele
•'.(/7) and .-1 ("1 '

a (/;) and o (/?) are the positive and negative areas ofthe n"' period ofthe limit cyele
f<(n) arc the steady state gams

ofthe linearized model obtained from n''^ period

Thus, the idcntillcation procedure can be divided into two parts. In the first part, the
parameters tif the non-linear function are obtained by minimizing ^ via a simple
optimization proeedure which aims to obtain a .symmetric limit cycle output. In the second
part, the linear transfer function model is obtained by using the proeedure given in section
2.3. Hence, the identified linear and non-linear parts arc fully decoupled. The PID controller
i.s dc.signcd tor the idcntilied linear model.

C2 Tuning ProhlL-ms Associated with Real Life Controller

■fhe auto-tuning ol'PlD controller can be used in aerospace, motion control, process control,
medicine, communication system, electrical, mechanical, chemical and numerous
engineering a|")pligntitms. A lew applications are given below.

1. Conimi"!''-''*^'*"' System
Aj|.,ptne channel quality indicator (CQI) used in wireless comiminication system:
The aulo-liininy method can be implemented for adoptively biasing a channel quality
ndicator (CQD configuration of communication between a transmitter

,„id a receixcr in a wireless communication system. The receiver .sends a CQI and positive
ael-nowledgomcnt (ACK)/negative acknowledgement (NACK) messages to the transmitter,
fhe ACK/NACK messages indicate the absence or presence ol error, respectively, in a
transmitted data packet. The CQI is derived Irom the signal-to-interferenee ratio (SIR) and
the ACK/NACK messages, fhe transmitter calculates the block error rate (BLER) ofthe
triiisinitted data packets baset-l upon the ACK/NACK. messages sent Irom the receiver. The
transmitter compares the Bl.l-R of the transmitted data packets to a target BLER and biases
the CCI l-'t'sed on the comparison in order to achieve the target BLER.

141)
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Tuning Problems Associated with Real Life Controller

2. Medicine

Automatic control of anesthetic depth during surgery

C'onlinuoiis inlusions, delixcrcd by digitally programmed pumps, are a commonly used

apjTroach hir delivering intravenous anesthetic during surgical procedures. This allows the

physician to set the How rate of anesthetic precisely into the patient in an attempt to

maintain the appropriate levels of the anesthetic depth. The advantage of the infusion

method is that the drug level in the body can be kept more constant, in contrast to the

sequence of peaks and \'alleys that result from periodic injections. Thus less drug is needed

for the safety of the patient.

3. Robotics

Mobile robot path tracking using a robust PID controller

The important issues in this field is the path-tracking (PT), which is concerned with the

ability to drive a mobile robot autonomously as clo.se as po.ssible to a previously defined
rclerence path. This path is usually specified as cither a sequence of consecutive reference

points or by a set ol geometrical primitives such as straight lines or arcs of circumferences.

Motion control ol robot manipulator

Tiiese manipulators are used in materials handling, welding, grinding, guided missile etc.

The main challenge in this area is the motion control under complexity of dynamics and
uncertainties arises Irom joint and link llexibility, actuator dynamics, friction, sensor noise

aiul disturbances.

4 Power system

STATC'OM (Static Compcnsator)/SVC (Static V'AR Compensator) for automatic
voltage stabili/ation

lu electrical transmission systems, the voltage olThc system is largely controlled by reactive
poNser. A STATCOM/SVC are the devices that is capable of producing or absorbing
reactive power using a combination ol capacitois, leactois and power electronic switches.
I lence, the proposed auto-tuning scheme can be used lor the voltage stabilization in
transmission s\'stems.

141
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