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Abstract

In recent years, many research work on relay based processfichtion have been re-
ported. Still there is much scope for improvements and exbes of this method. Relay with
hysteresis has advantage of reducing the effect of noiserapared to ideal and asymmetrical
relays. In our proposed method this relay with hysteresislized. In this thesis using describ-
ing function technique explicit expressions are derived @sing state space method improved
results are obtained.

This thesis presents identification of single-input-seagutput (SISO) and two-input-two-
output (TITO) process dynamics using relay with hystere3ise analytical expressions are
derived based on describing function (DF) technique arte sfgace method. The DF technique
is applied to develop off-line and on-line identificationtimads for SISO and TITO processes
whereas the state space method is applied for off-line ifilgation of SISO processes. In
case of SISO processes a generalized second order plus g¢ime (8OPDT) process model
is realized in terms of a class of process models. The propb$etechnique is extended
for identification of TITO processes in terms of two SISO @m®x models. Even though DF
technique is simple and gives explicit expressions buessifrom the limitation of approximate
results.

To overcome the limitations of DF technique, firstly the stapace method is applied to
estimate the model parameters of SISO processes with @&lfpah of representation. The
state space method is further extended to SISO non-mininhasg(NMP) processes where a
SOPDT NMP process model is realized in terms of a class ofggomodels. Relay with hys-
teresis is used in the closed loop to generate sustainéthtisais or limit cycle output whose
frequency and amplitude are utilized to identify the preoggnamics. As relay with hystere-
sis has advantage of mitigating the effect of measuremeasenéurther, noise elimination is
carried out with the help of Fourier series based curve @ttechnique which is applied dur-
ing identification of processes using DF technique. As theectitting technique is an off-line
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method hence, for state space based identification a clospdtructure consisting of the pro-
cess, relay with hysteresis and a denoising block is prap&meonline mitigation of noise.
The combined effect of this denoising block and relay witktRyesis gives good results in the
face of measurement noise. The proposed state space méthes significant improvement
in results as compared with the conventional relay feedbacknique. In present work the

identification algorithms are developed for linear timeanant (LTI) process models.

(S

[HN
N
=
D
ND
ND
N



CONTENTS

List of Figures

List of Tables

Nomenclature

Mathematical Notations

List of Publications

1 Introduction
1.1 Research Background
1.2 Motivation
1.3 Contributions of this Thesis

1.4 Thesis Organization

2 Off-line and on-line identification of SISO processes

2.1 Introduction

2.2 Identification method and analytical expressions . . ...... . . . ... ...

2.3 Issue of measurement noise and load disturbance

2.4 Process identification

24.1
24.2
2.4.3
244

2.5 Generalized analytical expressions

TH-1339_11610222

FOPDT processmodel . . . ... ...........
SOPDT processmodel . . ... ... .........
Underdamped SOPDT processmodel . . .. ... ..
Critically damped SOPDT processmodel . . . .. ... .. ... .

Vi

viii

Xi



TH-1339

Contents

2.5.1 Expressions for SOPDT processmodel . . .. .. ... ...... 40
2.5.2 Expressions for FOPDT process model .41
2.6 SUMMANY . . . . . e e e e 42
3 Off-line and on-line identification of TITO processes 44
3.1 Introduction . . . . . . . . .. 44
3.2 lIdentificationmethod . . . . . . . ... L 45
3.3 Estimation of process model parameters . . . . . ... ... ... .... 48
3.4 Simulationresults . . . . . ... 50
3.5 Summary ... e e 57
4 Relay with hysteresis and state space based identification 58
4.1 IntroduCtion . . . . . . . ... e 58
4.2 ldentificationmethod . . . . . . . .. ... ... 60
4.2.1 Measurementnoiseanddenoising . . . ... ... ... ...... 61
4.3 Derivation of analytical expressions . . . . . . . .. ... ... 63
4.3.1 Expressionfog . .. .. ... ... ... 65
43.2 Expressionfam . .. ... . ... ... .0 0oL 66
433 Expressionfofp. ... ... ... ... .. ... L. 67
4.3.4 Estimationod . . . ... ... ... ... 68
4.4 Processidentification . . . . . .. ... e 68
441 SOPDTprocessmodel . . .. ... ... ... ... ... ....... 68
442 FOPDTprocessmodel . .. .. ... ... ... ... ......... 73
4.4.3 Underdamped SOPDT processmodel . . . ... ... ....... 17.
4.4.4 Critically damped SOPDT processmodel . . .. ... ... ..... 79
4.4.5 Integrating SOPDT processmodel . . . . .. ... ... ... ... 81
4.5 Implementation of proposed method inrealplants . . . ...... . ... ... 84
4.6 SUMMANY . . . . . e e e e e e e e e e e 86
11616222



Contents

5 Identification of processes with non-minimum phase charaeristics

5.1 Introduction

5.1.1 Contributions compared to the reference [1] . . . . . ...... . . ..
5.2 Identification method
5.3 Analytical expressions for parametric estimation. ...... . . .. ... ...

5.4 Process identification

5.4.1
5.4.2
5.4.3
5.4.4
5.4.5

5.5 Summary

FOPDT NMP processmodel . . . . ... ... ......
Overdamped SOPDT NMP process model . . . . ... ..
Underdamped SOPDT NMP process model . . . . . . ..
Critically damped SOPDT NMP processmodel . . . . . .. ......
Integrating SOPDT NMP processmodel . . . . .. ... ... ...

6 Conclusions and Future Work

6.1 Conclusions

6.2 Suggestions for further work

A Supplementary Materials

A.1 Detailed derivation of the expression (2.1) . . . . . . . . w . . o . . ...
A.2 Detailed derivation of the expressions (4.7) and (4.8)
A.3 Detailed derivation of the expressions (5.11) and (pb.12

A.4 Procedure to usksolvefunction

References

87

[EEN
[HN
N
=
D
ND
ND
N

TH-1339



LIST OF FIGURES

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

2.12
2.13

3.1
3.2
3.3
3.4
3.5

TH-1339_11610222

Conventional off-line identification scheme . . . . . . .. ... ... ... 13
Conventional on-line identification scheme . . . . . . . ...... ... .... 13
Equivalent representation of Fig. 2.2 . . . . . .. .. ... ... ... 14
Symmetrical relay diagrams . . . . . . . .. L. Lo e 14

Process output and input signals foridealrelay . ... ... ....... 15
Process output and input signals for relay with hysieres. . . . . .. .. .. 15
Relay and limitcycleoutputs . . . . . . . . ... ... ... ... ... 21

Noisy and denoised limitcycleoutputs . . . . . . .. .. .. . ... .... 23

Limit cycle and its second derivativeoutput . . . . ... .......... 28
Limitcycleoutput . . . . . . . . . . . . . e 30

Nyquist plots for Example 4: (a) Actual process, (bhiifeed model (off-line)

and (c) model proposed by Lavanyaetal.[2] .................. 33

Low frequency noisy signal and denoised limit cyclepotd . . . . . . . . .. 34
Nyquist plots for Example 6: (a) Actual process, (bhitfeed model (off-line),

(c) identified model (on-line) and (d) model proposed by Tdarajan & Yu [3] 38

Conventional TITO system with relay and controller . . . .. ... .... 46
Equivalent representation of Fig. 3.1 . . . . . . . .. ... ... ... a7
Limitcycle outputfromloop 1 . . . . . . . . . ... ... 51
Noisy and denoised limit cycle outputs fromloopl1 . .. .......... 52
Nyquist plots: (a) proposed model, (b) proposed by Padlgl. [4] and (c)

decoupledmodel . . . . . . . ... e



TH-1339

List of Figures

3.6

3.7

4.1

4.2

4.3

4.4

4.5

Nyquist plots: (a) proposed model, (b) proposed by Padhal. [4] and (c)

decoupledmodel . . . . . . . ... e 54
Noisy and denoised limit cycle outputs fromloopl . .. .......... 56
Proposed relay feedback identification scheme . . . . . .. .. ... ... 60
Denoisingblock . . . . . . . . .. .. 61
Limit cycle output and its second derivative for SOPDdgass . . . . . . . . 63
Noisy and denoisedsignals . . . . . .. ... .. ... ... ... .. 70

Nyquist plots for Example 2: (a) Actual process, (b) g model, (c) model
proposed by Liu and Gao [5] and (d) model proposed by VivekG@midambaram

6] . 3.0 4F. .. . F . A . . ... ... 72
4.6 Noisyanddenoisedsignals . . . . . . . .. ... ..o 75
4.7 Flowchart for implementation procedure . . . . ... ... ......... 85
5.1 Relay feedback block diagram with denoising block . . ...... . ... ... 90
5.2 Halflimitcycleoutput . . . .. .. .. ... ... .. ... 93
5.3 Processoutput . . . . . . ... e 59
5.4 Noisy and denoised limitcycles . . . . . . .. .. .. ... ... . ..., 97
5.5 Noisy and denoised limitcycles . . . . . . . . .. ... ... .. ... 100
A.1 Nonlinear feedbackscheme . . . . . . . .. ... ... ... ........ 110

11616222



LIST OF TABLES

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

3.1
3.2

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

5.1
5.2
5.3

TH-1339_11610222

Comparison of process models for Example1 . . . .. ... . ... ...
Comparison of process models for Example2 . . . .. .. .. ... ...
Comparison of process models for Example3 . . . . . .. .. ... ...
Comparison of process models for Example4 . . . . . ... . ... ...
Comparison of process models for Example5 . . . . . .. .. ... ...
Effect of measurement noise on parameters in % erroExXample5 . . . . .
Comparison of process models for Example6 . . . ... ... ... ...

Effect of measurement noise on parameters in % erronfample 6 . . . . . .

Error analysisusingo nOrm . . . . . . . ... L L

Error analysis for estimated parameters for Example2 . . . . . .. . . ..

Comparison of process models forExample1 . . . .. .. .. ... ...
Effect of measurement noise on parameters in % erroExXample 1 . . . . .
Comparison of process models for Example2 . . . .. .. .. ... ...
Comparison of process models for Example3 . . . . . ... . ... ...
Comparison of process models for Example4 . . . . . ... . ... ...
Effect of measurement noise on parameters in % errogXample 4 . . . . .
Effect of measurement noise on parameters in % erroExXample5 . . . . .
Comparison of process models for Example6 . . . .. .. .. ... ...

Comparison of process models for Example7 . . . . . ... . ... ...

Comparison of process models for Example2 . . . .. .. .. ... ...
Comparison of model parametersin%error . . . . . . ... . ... ...

Comparison of process models for Example3 . . . .. .. .. ... ...

Vi

22
29
30
34
35
36
38
39

54
56

71
71
73
75
76
76
79
81
83

97
98
100



TH-1339

List of Tables

5.4
5.5
5.6
5.7
5.8
5.9

5.10 Comparison of model parametersin%error . . . . . . . . . ... . ...

Comparison of model parametersin%error . . . . . . . .. . ... ...
Comparison of process models for Example4 . . . . . ... . ... ...
Comparison of model parametersin%error . . . . . . .. .. ... ..
Comparison of process models for Example5 . . . . . ... . ... ...
Comparison of model parametersin%error . . . . .. .. .. ..o ...

Comparison of process models for Example6 . . . .. .. .. ... ...

101
102
103
104
104
105
105

(S

(=

(o))

=
D
ND
ND

Vii



NOMENCLATURE

DF Describing function

FOPDT First order plus time delay process model
FPAA  Field programmable analog array

PID Proportional-integral-derivative controller
NMP Non-minimum phase process model

RHP Right half of the s-plane

SISO Single-input-single-output process model
SOPDT Second order plus time delay process model
SNR Signal to noise ratio

TITO Two-input-two-output process model

TH-1339_11610222 viii



MATHEMATICAL NOTATIONS

K Steady state gain of a process model
0 Time delay of a process model

T1,To  Time constants of a process model

z Right half s-plane zero of a process model

Kp Proportional gain

T Integral time constant

Tp Derivative time constant

h Amplitude of a relay

£ Hysteresis of a relay

Ap Peak amplitude of limit cycle output

Aq Amplitude at discontinuity in limit cycle output
Tp Half period of symmetrical limit cycle output
tp Time at which peak amplitude of limit cycle occurs after zerossing
y(t Output signal

)
) Process input

) Set-point / reference input

) Error signal

t Time

G(s)  Transfer function of a process

Gm(s) Transfer function of a process model
G¢(s) Transfer function of a controller

N Describing function of the relay with hystereis

TH-1339_11610222



Mathematical Notations

E Estimation error value

Wer Critical frequency of the process

TH-1339

[EEN
[HN
N
=
D
ND
ND
N



LI1ST OF PUBLICATIONS

Journal Publications

1. Bajarangbali, Majhi S. and Pandey S., “Identification &fFDT and SOPDT Process
Dynamics using Closed Loop TestSA Transactions (Elsevier), vol. 53(4), 1223 - 1231,
2014.

2. Bajarangbali and Majhi S., “Identification of underdampeocess dynamics'Systems

Science & Control Engineering (Taylor & Francis), vol. 2(BA1 - 548, 2014.

3. Bajarangbali and Majhi S., “Relay based identificatiorydtems”]nternational Journal

of Scientific & Engineering Researcol. 3, 1 - 4, 2012.

4. Bajarangbali and Majhi S., “Identification of integragiand critically damped systems
with time delay”, Control Theory and Technolodpringer) manuscript no. JCTA 14-
0018 (accepted).

5. Bajarangbali and Majhi S., “Identification of non-minimyhase processes with time
delay in the presence of measurement noik®A TransactiongElsevier) manuscript no.

ISATRANS-D-14-00546R1 (revision submitted).

6. Bajarangbali and Majhi S., “Estimation of first and secarder process model pa-
rameters” Proceedings of The National Academy of Scier{&psinger) manuscript no.

NASA-D-14-00152 (under review).
Conference Publications

1. Bajarangbali and Majhi S., “Modeling of Stable and Unit&econd Order Systems with
Time Delay”,IEEE INDICON IIT Bombay, India, 2013.

TH-1339_11610222 i



List of Publications

2. Bajarangbali and Majhi S., “TITO system identificationngsrelay with hysteresis”,
IEEE International Conference on Power and Energy in NERISBIJPEN 2012) In-
dia 2012.

3. Bajarangbali and Majhi S., “Smart Relay Based Onlineraation of Process Model
Parameters’international Conference on Soft Computing for Problenvi®gl (SocProS
2012) Jaipur, India 2012 anddvances in Intelligent Systems and Compuytifad. 236,
pp. 1195 - 1204, (Springer), India 2014.

4. Bajarangbali and Majhi S., “Modelling of integrating amakstable time delay processes”,
Proc. of 36th NSCAnnamalai Nagar, India 2012 amkecent advancements in system
modelling applications, Lecture Notes in Electrical Enggning Vol. 188, pp. 311 - 318,
(Springer), India 2013.

TH-1339

[EEN
[HN
N
=
D
ND
ND
N

- Xii



CHAPTER 1

INTRODUCTION

1.1 Research Background

There are many methods (e.g., derivation of model equabgnssing first principles and then
utilizing the process data to estimate the model parametgstem identification using neural
networks and fuzzy logic based identification) availabkeid@ntification of unknown process
dynamics. Still relay based process identification haseghiwmide acceptance in industrial
applications, as it is easy to implement and saves time. €l feedback technique has

several attractive features [7—9] as mentioned below:

1. Relay feedback technique helps in identifying the pre@ef®rmation around the impor-
tant frequency termed as the ultimate frequency (the frecpuevhere the phase angle

corresponds te-T).

2. As it is a closed loop test, the process will not drift aweynd the nominal operating

point.

3. It is more time efficient as compared to conventional stgpuise testing, for processes
having a long time constant. The experimental time is agprately two to four times

the ultimate period.

4. Relay based autotuning method can be modified to deal wathrdances and perturba-

tions in the process.

TH-1339_11610222
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A. Process identification using describing function (DF) tehnique

Process identification plays a significant role for analg$igrocess operation and also de-
sign of model based controller. Process identificationesponds to mathematical modeling of
an unknown process in terms of transfer function form, zitifj the measurements of system’s
input and output signals. Recently, identification of pgsedynamics from relay feedback
technique has gained considerable attention for contriviféng in process industries. In early
eightiesAstrom and Hagglund [10] proposed the use of relay feekibesting called autotune
variation (ATV) method for estimation of unknown processdelgparameters using describing
function (DF) technique. This ATV method identifies procedsrmation around the impor-
tant frequency called the ultimate frequency. Here in DIrégue, the nonlinear device relay
is approximated by a gain, hence the estimated parametkisenapproximate. Applications
of Astrom and Hagglund autotuner are found throughout tiveess industries and the suc-
cess of this autotuner is attributed to the fact that thetifleation and tuning mechanisms are
so simple that operators understand how it works. Subsdgueany variations to the origi-
nal method have been developed and used in a number of dapigdike autotuning of PID
(proportional-integral-derivative) controller and pess identification. Later, Luyben [11] used
Astrom’s autotune method to obtain transfer functions @filimear and complex processes.
Luyben applied this method for obtaining a suitable lineansfer function model of nonlinear
distillation column using computer simulation. Luyben posed two transfer functions and to
fit the data into these transfer functions, five different eledire developed. Each model had
two equations for time constant parameter. After solvirgtihio equations, if the values are
approximately equal then the predefined transfer functarsed to fit the corresponding model
data. Hence, this method was more time consuming. A numbexi@f based identification
methods [10-16] using DF technique have been proposed &noptocess models in terms
of transfer functions. Chang et al. [17] developed anaytexpressions for identification of
first order, second order and higher order processes ustrgngform method. Li et al. [18]

proposed estimation of unknown process model parametestafiole and unstable processes by
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using two relay tests. But use of two relay tests increasesrtie as the number of experiments
doubled. Shen et al. [12] considered dual input describumgtion approach (DIDF) and an
input biased relay feedback experiment to identify two pom the Nyquist curve. But this
method can be applied only for stable processes. Liu et @] gresented a detailed tutorial re-
view on process identification from relay or step test, ideig the significance of DF method,
in the past three decades. Atherton [20] discussed the tarpoe of relay in autotuning of con-
trollers and also highlighted about DF method. Hang et dl] fResented a tutorial review for
auto-tuning of process controllers using relay feedbachkrigue. Padhy and Majhi [14] pro-
posed an ideal relay based identification algorithm forlstabhd unstable first order processes
using DF method. Kumanan and Nagaraj [22] pointed out theifsggnce of process identifi-

cation for controller design and proposed tuning of PID calidrs, employing firefly algorithm.

B. Extension to two-input-two-output (TITO) processes

Multivariable or MIMO (multi-input-multi-output) proces are commonly used in many
process industries. Identification of these processes iffieult task due to the interactions
between the loops and system variables. Identification dfivatiable processes using relay
feedback testing can be done by three possible ways [23bplyang single relay feedback, ii)
employing relay in sequence and iii) applying decentralicday.

In single relay feedback scheme, the relay input is appbeazhe loop at a time while keeping
the remaining loops open. In sequential relay feedbacktgghe relay is applied to a loop to
extract the process information later this loop is closetthai controller and the same proce-
dure is repeated for the remaining loops. In the case of dedeed relay feedback scheme,
relay inputs are simultaneously applied to all loops to @&eqthe process information. This
decentralized relay feedback is the most preferred sch28je¢Hat is used for identification of
multivariable process dynamics. The TITO (two-input-taugiput) processes are considered as
one of the most commonly used multivariable processes Bl4,Rew researchers presented

algorithms for identification of multivariable processé¥ang et al. [23] proposed identifica-
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tion of TITO processes using decentralized relay feedbadkrtique. Choi et al. [26] proposed
identification of multivariable processes (TITO) usingseatial loop closing method. But ac-
curate time delay of the process can not be estimated hesty Bad Majhi [27] have suggested
on-line identification of TITO processes using relay feadbaith describing function approx-

imation. Grosdidier and Morari [28] defined a dynamic intdi@en measure, through which the
stability of decentralized control system can be predietiedg with performance loss caused
by the system. Methods [29-33] are presented for automating of Pl or PID controllers for

multivariable processes.

C. State space based identification of SISO processes

Astrom and Eykhoff [34] had given a detailed survey on pssddentification and also men-
tioned about the importance of identification for desigrengontrol strategy. The parameters
estimated by describing function method are approximatedeesearchers started working
towards development of exact expressions so that moreatequairameters could be estimated.
For SISO processes, Wang et al. [35] developed exact expnadsr time period and amplitude
of the limit cycle under relay feedback for a first order piusa delay (FOPDT) process model.
Initially the authors used biased relay to get oscillatoaveforms to identify the process. But
using biased relay caused larger disturbances than udhielssy, hence later the authors used
unbiased relay to improve the results. Jahanmiri and FdB&hproposed algorithms for iden-
tification of SOPDT processes based on the open loop testtepdnput variable. Majhi and
Atherton [37] and Majhi [38], [39] developed relay basedntiication algorithms using state
space approach along with ideal relay. Majhi and MahantpHd®e extended the work of [37]
and proposed novel identification method and control gyefier SOPDT integrating processes.
Srinivasan and Chidambaram [41] used Laplace transformoapp and modified asymmetri-
cal relay feedback method to get improved FOPDT model paemeBut this method requires
appropriate selection of an extra parametédisplacement in the relay height) for accurate cal-

culation of process gain and ultimate frequency. Vivek ahid@mbaram [42] also proposed
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improved identification algorithms using Laplace transfenethod and single symmetric relay
feedback test. Thyagarajan and Yu [3] and Panda and Yu [48]gsed waveform factor of
relay feedback response to estimate unknown process macdehpters applying ideal relay
feedback. Panda [44] proposed time domain approach fonastin of SOPDT underdamped
processes using relay feedback test. Mehta and Majhi [4& peoposed on-line identification
of cascade control systems using relay with hysteresisndJsiate space method and single
relay feedback test Majhi and Atherton [46] developed egaptessions and suggested on-line
tuning of process controllers for an unstable FOPDT systdvierchetti et al. [13] used two
relay tests for identification of open loop unstable proessd.iu and Gao [47] used Newton-
Raphson iteration method for obtaining exact expressionmfegrating and unstable process
models. Recently Panda et al. [48] used single relay feddieatto estimate the process model
parameters of integrating and time delay processes. Fplsuggested step response test to
obtain the FOPDT process model. Analytical expressionpimgosed [50] to identify second
order underdamped processes, considering rectanguka pyluts. Mei and Li [51] suggested
algorithms for identification of integrating processeshattte help of step input test. Liu and
Gao [52] used closed loop step response test to identifyrtieeps dynamics of integrating and
unstable processes. But relay feedback method is more fiineet as compared to step or
pulse input test [7]. Mehta and Majhi [53] used state spadiertigue to estimate the nonlinear
process model parameters. Recently Padhan and Majhi [i4kdtrelay feedback method to
identify the process dynamics of power system and suggesteleél based PID load frequency
controller. Vivek and Chidambaram [55] used an ideal retagxtract the process informa-
tion which is utilized to estimate the model parameters tiicaily damped SOPDT processes.
Ananth and Chidambaram [56] proposed step response basetifizhtion algorithms to es-
timate the parameters of an unstable FOPDT process modwj tle PID controller. This
method suffers from the stability problem which is pointed by Cheres [57]. To overcome
the stability problem in [56], Padma Sree and Chidambara&@hgeposed modifications to the
method suggested in [56]. Luyben [59] presented identiioadf stable and unstable FOPDT

processes using shape factor technique and relay inputo B80] suggested identification of
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FOPDT process dynamics using the locus of a perturbed rgktgra method. Sivakumar et
al. [61] used a saturation relay feedback test to identiéyiocess dynamics of first order and

higher order processes with large time delay.

D. Extension to non-minimum phase processes

Relay feedback testing has gained wide acceptance forastgrunknown parameters of
transfer function models of industrial processes and tbentrol. The processes consisting
of zero on the right half of the s-plane (RHP) are termed asmommum phase (NMP) pro-
cesses. The NMP characteristics can be observed in somdeconfemical systems [62],
Zhang et al. [63] described ship’s path control system itricded waters as NMP system. Shen
et al. [64] presented frequency domain analysis for prexiatf the existence of sustained os-
cillations for processes with RHP poles and zeros. Balagtat. [65] used step response to
identify the inverse response models. Wang et al. [66] ppegadentification of minimum and
non-minimum phase second and higher order process dynasnagsplying fast Fourier trans-
form (FFT) technique to find the frequency response of thegs® and inverse fast Fourier
transform (IFFT) to construct the step response of the gocBut relay feedback testing has
got the advantage [7] of more time efficient for processeh Vaihg time constant. Panda et
al. [48] presented relay based algorithms for model paramestimation of integrating pro-
cesses with time delay and also addressed about the transsgponse of the process with a
zero in the numerator. Atherton and Majhi [62] used asymicedtrelay feedback technique to
estimate the process model parameters, considering acsecter system with zero in terms
of a class of process models. Majhi [1] proposed algorithonsgdentification of NMP pro-
cess dynamics using state space method. The author usededldsgato extract the process
information and to remove the effect of measurement noisari€r series based curve fitting
technique is applied. Liu and Gao [67] considered asymoatrelay with hysteresis for iden-
tification of NMP processes with time delay. The identifioatmethods proposed by Majhi [1]

and Liu and Gao [67] can be applied to either FOPDT NMP prasess higher order NMP
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processes with repeated poles. Ramakrishnan and Chidamip@8] applied an asymmetrical
relay test and Laplace transform technique to derive thé/ace expressions for estimation
of process model parameters, considering a second order tbtiess without time delay as
one of the case studies. Vivek and Chidambaram [69] usedrasymcal relay and Laplace

transform method to identify the process dynamics of analmhstSOPDT process with a zero

in the numerator.

1.2 Motivation

Relay feedback method is widely used for identification afous types of process models in
the process industry, still there is a scope for improvemarthe literature many authors used
ideal relay or biased relay for identification of processaiyics, with or without noise. Use
of biased relay generates an asymmetrical process outparevithwill be difficult to make out
the presence of load disturbance at the process input saaased or ideal relay is suggested.
As measurement noise is a common issue in practice, use déahrelay suffers from chatter-
ing leading to incorrect relay switching. To avoid this sefavitching at wrong instants, relay
with hysteresis is generally preferred. Hence, in propasek we are using this relay with
hysteresis. Most reported methods employing DF technidgigved analytical expressions for
particular type of process model. This motivated us to dgvéie analytical expressions using
DF technique for a particular process model as well as gépedamodel which is realized
in terms of a class of process models. As DF technique givesogpnate results hence ex-
pressions are derived using state space method to estineatedadel parameters of a class of
processes accurately. The state space method is extenakshtidy the process dynamics of
various types of NMP process models. In the literature mdewtification methods are avail-
able for SISO processes, few authors proposed algorithmddatification of TITO processes
using conventional relay. An attempt has been made to igeht process dynamics of TITO
processes using DF method. Since relay with hysteresisibagivantage of reducing the effect

of measurement noise, the identification methods are peapasing this relay. In process con-
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trol, the majority of the processes with time delay are oissumed to be stable and unstable
FOPDT or SOPDT process models. Hence, these process modasrsidered in proposed

identification method.

1.3 Contributions of this Thesis

Although relay feedback technique for process identificatias been widely addressed, there
still exists a lot of scope to improve the results. In patacun this thesis we have investigated

and contributed to the following areas:

|. Off-line and on-line identification of SISO processes

Simple analytical expressions based on describing fum¢id-) technique are derived for
identification of the class of processes in terms of tranfiection models. The explicit ex-
pressions are derived by considering individual procesdatsoas well as generalized process
model. A single relay with hysteresis is used in closed Idopextract process information
and to reduce the effect of measurement noise. Explicitesgoons are derived for off-line and
on-line estimation of stable and unstable process modahpeters. Since measurement noise
is a critical issue in process industries, validity of thegmwsed method is illustrated under noisy
environment. As relay with hysteresis reduces the effectaiée, Fourier series based curve

fitting technique is appended to obtain noise free procegsitu

[I. Off-line and on-line identification of TITO processes

The DF technique used earlier for identification of SISO peses is extended to identify
the process dynamics of TITO processes in terms of two SI®0egs models. The DF based
expressions are derived for on-line method which can alsmbeified for off-line mode of

operation. For denoising Fourier series based curve fittolgnique is utilized.

lll. Relay with hysteresis and state space based identificain
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As DF technique gives approximate results hence, stateegpathod is used for off-line
identification of accurate process dynamics for SISO stablenstable FOPDT and SOPDT
process models. A generalized SOPDT process model isedalizterms of a class of pro-
cess models and state space method is applied to derive thematical expressions. Relay
with hysteresis is used to extract the process informatioough limit cycle. The limit cycle
guantities are utilized in the analytical expressions tovede the process model parameters.
The relay with hysteresis helps in generating sustainelaismns and also reduces effect of
measurement noise, which is an important issue in procesgifidation. Different types of
processes in the form of transfer function models are censtlto show the efficacy of the
proposed method and results are compared with availableaatetin the literature with and
without noise effect. To reduce the effect of measuremeisier® denoising block is proposed

in the closed loop along with the process and relay with hgsts.

IV. Identification of processes with non-minimum phase chaacteristics

As the time domain based state space method gives improeadifidation results, the
same is extended to derive the analytical expressions fonason of NMP process model
parameters. A generalized stable SOPDT NMP process moglized in terms of a class of
NMP process models like FOPDT, SOPDT overdamped, undere@dnapitically damped and
integrating process models. The denoising block propoadieeis modified to recover the

noise free process output.

1.4 Thesis Organization

This thesis is divided into six chapters. A brief descriptad each chapter is presented in this

section.

e Chapter 2: In this chapter methods are proposed for off-line and oe-igdentification
of SISO process dynamics, employing simple and effectiveédaRnique. The nonlinear

device relay with hysteresis is used to extract processnmdton that helps in estimating
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the unknown process model parameters. Another advantagpfvith hysteresis is that
it reduces the effect of measurement noise. The validityoppsed method is illustrated
with the help of typical process transfer function modetsrirthe literature. To test the
robustness of the method, process dynamics are identifredifferent relay settings.

Results with and without noise are compared using Nyquats@nd estimation errors.

Chapter 3: In this chapter the DF technique is extended to identify tloeg@ss dynamics
of TITO processes in terms of two SISO process models. Theesgns are derived for
both on-line and off-line mode of operation. Simulationulesare illustrated to show the

usefulness of the proposed method even in the presence stilme@@ent noise.

Chapter 4: In this chapter state space based mathematical expressmuderived for a

generalized SISO SOPDT process model which is realizednmstef stable or unstable
FOPDT, SOPDT overdamped, underdamped, critically dampéddraegrating process
models. The method proposed in this chapter gives accuratess model parameters.
Effect of measurement noise is reduced using relay withelngsts and a denoising block
is proposed to further mitigate the noise effect. Well kneewamples are considered
to show the general usefulness of the proposed method. tResel compared using

estimation error values and Nyquist plots.

Chapter 5: In this chapter state space method is extended to idengfpithcess dynam-
ics of SISO NMP process models during off-line mode of operatThe mathematical
expressions derived for a stable SOPDT NMP process modeéalieged for a class of
process models. The denoising block proposed earlier isfreddo obtain noise free
limit cycle output. Simulation results are illustrated @lidate the proposed method and

results are compared with recent methods.

Chapter 6: In this chapter conclusions from the research work are deawisuggestions

for further work are documented.
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CHAPTER 2

OFF-LINE AND ON-LINE IDENTIFICATION

OF SISOPROCESSES

2.1 Introduction

Process identification plays an important role in automainéng of controllers in industries.
In early eightiesAstrbm and Hagglund [10] proposed the use of relay feeklbambined with
describing function (DF) approximation as a simple meargetermine the ultimate gain and
ultimate frequency. Luyben [11] pioneered the use of reédback tests and describing func-
tion analysis for process identification. Many authors U3Ednethod to develop the analytical
expressions for estimation of process model parameterst dli [18] proposed algorithms for
identification of stable and unstable process dynamicgusio relay tests which takes more
time as the number of experiments doubled. Shen et al. [Iffjested an input biased relay
test to find out two important points on the Nyquist curve bplgimg dual input describing
function (DIDF) approach for the estimation of stable psscenodel parameters. Marchetti
et al. [13] employed an ideal relay to identify unstable psses. Lee et al. [70] used relay
with hysteresis and DF method to obtain the process dynanfistable FOPDT processes.
Padhy and Majhi [14] derived analytical expressions baseDle method to calculate the pro-
cess model parameters of stable and unstable FOPDT preaasgdoying ideal relay. As in
DF technique the nonlinear device relay is approximated bgradinear gain l{) hence, the
estimated process model parameters are approximate. 8y, desatification methods are pro-
posed to obtain accurate process dynamics. Vivek and Clhaiem [6] employed Laplace
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transform approach for estimation of FOPDT process modalpaters using symmetrical re-
lay test. Thyagarajan and Yu [3] proposed shape factor aisadf relay feedback response to
estimate unknown process model parameters. Majhi and th§87, 46] and Majhi [39] de-
veloped relay based identification algorithms for différtpes of processes using ideal relay
and state space method. These techniques give accurdts beginvolve extensive calculation
and need to solve set of nonlinear equations simultaneolrstie literature, process identifi-
cation methods are available for particular type of proeess general and few authors have
considered the effect of noise. Under noisy environmendlaalirelay is subjected to chattering
hence, to avoid incorrect relay switching, relay with hyssgs is applied for process identifica-
tion [19, 70]. Relay with hysteresis reduces the effect ohsueement noise and further noise
elimination is carried out with the help of Fourier seriesdxh curve fitting technique [1, 39].

Generally, the hysteresis width is selected as twice thedatal deviation of noise [7].

In this chapter, explicit expressions are derived basedtebhnigue to estimate the unknown
process model parameters of SISO processes during offtiden-line mode of operation. In
relay based process identification, DF method is widely setbpecause of the ease of com-
putation involved and general usefulness of the methodiallyi the expressions are derived
separately for stable or unstable FOPDT and SOPDT procedsimimcluding underdamped
and critically damped process models. Later it is shownttiege expressions can be obtained
by generalizing the expressions derived for SOPDT procesten The process information is
extracted using relay with hysteresis. Validity of the greed method, with and without mea-
surement noise, is demonstrated through simulation sesdiich are compared with available

methods in the literature.

2.2 ldentification method and analytical expressions

This section presents the procedures for identification@PBT and SOPDT processes by off-

line and on-line relay based closed loop tests. The corseaitpff-line identification structure
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Chapter 2 Off-line and on-line identification of SISO processes

Noise
r(t) e(t) u(t) | Process y(t)
G(s)
Relay with
hysteresis

Figure 2.1: Conventional off-line identification scheme

is shown in Fig. 2.1, which consists of a relay with hystesemsid the process(s) in the
closed loop. In figurer(t) is the reference or setpoint inpue(t) is input to the relay and
u(t) andy(t) are process input and output, respectively. It is assumegdtite measurement
noise appears at the process output. During process idatitfi, the reference inpuft) is
made zero so that the system generates sustained osn8latidimit cycles. As shown in Fig.
2.2, the on-line identification structure consists of a Ptdteoller connected in parallel with
the relay in the loop, the equivalent representation of filgisre is shown in Fig. 2.3. ltis
apparent from Fig. 2.3 that the relay sees a fictitious pm@_es) (G(s) coupled with the inner
loop controllerG¢(s)) in the loop. The process gets stabilizing signal from theeirfeedback
controller thereby improving its stability during identidition. Under noisy environment the
conventional relay experiment employing an ideal relayices chattering in the process output

which is not preferred in real time applications. Hence, layrevith hysteresis is applied to

Noise
T_(t))@e(t) - H u(t) | Process y(t)

I G(s)
A

Relay with

hysteresis

PID
controller |

Ge(s)

Figure 2.2: Conventional on-line identification scheme
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Noise

r(t) <+ >@(t) H u(t) | Process y@)
; G(s)

A

Relay with
hysteresis PID
| controller

Gi(s)

Figure 2.3: Equivalent representation of Fig. 2.2

minimize the correlation with high frequency noise. Theref to trigger the relay switching,
the feedback error must shift beyond the zero crossing §nsubbstantial quantity relative to
the noise level.

The typical diagram of an ideal relay and relay with hystsresshown in Fig. 2.4 wherg-h
indicates relay height or amplitude afi@ is the hysteresis width which is generally set to twice
the calculated standard deviation of noise. Figs. 2.5 a@d&l2ow the relay responses to the

process output for an ideal relay and relay with hysteresspectively.

h h

T T

ideal relay relay with hysteresis
Figure 2.4: Symmetrical relay diagrams

In DF method the nonlinear device relay with hysteresis raxmated by a gainN) as

N 4h(,/A%—£2—je> e

- 2
nAp

(The detailed proof of (2.1) is given in Appendix A.1)

whereA, is peak amplitude of limit cycle.
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Process output
= = =Process input

65 70 75 80
time in sec

60

55

Figure 2.5: Process output and input signals for ideal relay

Process output
= = =Process input

55 60 65 70 75 80 85 90 95
time in sec

50

Figure 2.6: Process output and input signals for relay wygtdresis
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The condition to obtain sustained oscillations duringlwfé identification is
NGn(jw) = -1 (2.2)

whereGn(jw) is the process model in frequency domain.

Let the form of PID controller be

1 Tps
=Kpl14+—94__—_—_== 2.
Gu(s) p( ot aTDS+1) (2.3)

whereKp, Tj, Tp anda are the proportional gain, integral time constant, deikregtme constant
and derivative filter constant, respectively. Normadlys very small so, the derivative filter term

in (2.3) is neglected in the following derivations for eas@nalysis. Hence, (2.3) is reduced to
1
Ge(s) =Kp (1—1— — +TDS) (2.4)
Tis
Rewriting the above equation in frequency domain

1
jw)=Kp [ 1+ — + jwT, 2.
Ge(jw) p( -I—Jw_l_l—i—jw D) (2.5)

Now, for on-line identification the condition to get a stalaheit cycle is
NGm(jw) = —1 (2.6)

Whereém(jw) is the fictitious process model in frequency domain, whiateesented as

_ Gu(iw)
Cn(19) = 1576 Jw)Geljw) @7

The following expression is obtained by using (2.7) in (2.6)
Gm(jw) [N+ Ge(jw)] = -1 (2.8)

Egs. (2.2) and (2.8) are utilized in Sections 2.4 and 2.5 tivelanalytical expressions to esti-

mate the unknown process model parameters.

During on-line identification test to obtain the sustainediliations the initial controller pa-
rametersKp = 0.01 (for stable processes) and 0.001 (for unstable progesges 0.5 and

Tp = 0.125 are chosen. The choice is decided from a number of sionlasults.
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Chapter 2 Off-line and on-line identification of SISO processes

2.3 Issue of measurement noise and load disturbance

In process control systems, irrespective of accurate sgrbe process output is corrupted with
measurement noise generated from control valves, meggigirices or the process itself. This
noise causes multiple switching of relay at the zero crgsddue to multiple switching at the
process input, the limit cycle will have number of measunet®éor time period and amplitude,
leading to inaccurate estimation of process model paramegp, it is essential to eliminate
the effects of measurement noise. Therefore, to reducéecimatin the process output, a relay
with hysteresis is applied in the proposed identificatiothod. To illustrate the effect of noise
in simulations, a white Gaussian noise of zero mean andicesmsiance (007) is injected to
the output signal which induces noisy oscillations. Thesagower is quantified by signal to

noise ratio (SNR) given by

o2
SNR=10log (a_yZ) (2.9)
N
measured in decibel (dB), wheo§ is the variance of the process output signal aﬁdhe noise

variance. To recover the noise free process output, Foserses based curve fitting technique
[1,39] is employed. Any practical or noisy periodic sigrebissumed to be represented by its

equivalent Fourier series expression which can be written a
8 8
D(t) = %Zlgcos(gwt)-k %Zzgsin(gwt) (2.10)
9= 9=

where{yg and{og (forg =0, 1, 2,....) are the Fourier coefficientsis the number of termsp
is the frequency of the fitted signal abt) is denoised output signal. Here the valuega$
restricted to 8 for computational complexity reduction. @igy signal can be decomposed into
number of signals oscillating with multiples of fundamdritaquency. From these number of

signals, one clean signal corresponding to the noisy sigrddtained.

To verify the efficacy of the proposed method under realistinditions, process model pa-
rameters are estimated even in the presence of measureoiset The proposed method is
also tested for noise with low frequency in fourth examplea8ations are not carried out with

several noise patterns but in real time scenarios the nais&e of various forms. Practical is-
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sues such as noise, effect of neglected dynamics etc. playoa role in model based controller
design. Our identification method provides a tool for modgeddal controller design not aiming
at achieving a very accurate model at any working conditisinjust at those frequencies that

are interesting for control purposes.

In the presence of static load disturbance of magnitydmth the relay output and load distur-
bance serve as process input leading to a significant ghiftithe limit cycle output. In order
to recover the original limit cycle a bias of magnitudé (as suggested in [39]) may be added

to relay amplitudes to nullify the shifting occurred in linsiycle output.

2.4 Process identification

2.4.1 FOPDT process model

Let the process in the off-line identification structurewhan Fig. 2.1 be represented by the

stable or unstable FOPDT process transfer function model

Ke—és
Gm(s) = ] (2.11)
The above transfer function model in frequency domain bexsom
. Ke1wd
G =— 2.12
m(jw) jot 1 ( )

where the unknown paramtes 11 andd are the steady state gain, the time constant and the
time delay of the process model, respectively. From the oreasents of peak amplitudé,)

and time periodTp) of the limit cycle output, the process model parameterandd are esti-
mated for any non-zero settings of the relay. SubstituBpgjw) from (2.12) andN from (2.1)

in (2.2) results in

an( (/A — &2~ j& ) Ke 199 » o1
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Chapter 2 Off-line and on-line identification of SISO processes

Equating the magnitude on both sides of (2.13), one obtains
4hK

=1 (2.14)
TAp (1) +1

The above equation is further solved to obtain the follonemgression for stable or unstable

process model

1 [/4hK\?
= (=) -1 2.15
=t (nAp) (2.15)

Now, equating the phase angle on both sides of (2.13) folesfabcess we get

—wd—tan H(wn) —tan [ —F— | = & (2.16)

2 2
Ap €

1 WT1, /A2 — €2+ ¢
5— 1 b (2.17)

= |m—tan
W A% — €2 — £Ty

which is reduced to

Similarly, equating the phase angle on both sides of (2. d3)Mstable process

£
—wd +tan ! (wry) —tan ! —— =0 (2.18)
A2 ¢

on further solving we get
tan

1
w /AR — €2+ ety

wherew = 11/ Tp. Due to symmetrical relay input, the limit cycle output geated is also sym-

/A2 2
. w1 Ap Ec—¢€ 2.19)

metrical hence, the time periodiy) is measured from half limit cycle output.

Using the explicit Egs. (2.15) and (2.17) and measuremeattenon the half limit cycle, the
process model parameters and o of the stable process are estimated during off-line mode
of operation similarly, to estimate the parameters of wistparocess model, Egs. (2.15) and

(2.19) are utilized.
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Chapter 2 Off-line and on-line identification of SISO processes

For on-line identification, substitution @&y (jw), N andG¢(jw) givenin (2.12), (2.1) and (2.5)

into (2.8) results in

Ke 199 (u+ jv)

e —1 (2.20)
where
ah, /A3 — &2
U:Kp+——7ﬁ€—— (2.21)
and
V= KpwTp — 1P 4ne (2.22)
wT, T[A%

Similar to off-line method, equating the magnitude and pragyle on both sides of (2.20) and

solving the following expressions are obtained

1
_ - 2 (L2 £ \2) —
ry_w[¢K(u+v) 4 (2.23)
for stable or unstable processes.
1 —
5== [n—i— tan ! (M)] (2.24)
W U+ vty
for stable process and
1
0=_— [tanl (M)] (2.25)
W u— v

for unstable process.

Hence, for on-line method Egs. (2.23) and (2.24) are utliiwe obtain the parameters(
andd) of stable FOPDT process model similarly, for unstable psscmodel Egs. (2.23) and
(2.25) are used.

As the DF technique gives expressions for two parametera fmarticular process model so,
the steady state galdis assumed to be positive and estimated from steady statgegion [7]

for both stable and unstable process models.

TH-1339_11616222
- 20



Chapter 2 Off-line and on-line identification of SISO processes

Example 1

Let us consider the following stable FOPDT process [18]
—2s
e

G(S) = Tos 41

The relay test is conducted for off-line mode of operatiomg$é = 1 ande = 0.025 to gen-
erate the limit cycle output with the parametéis= 0.2017 andT, = 4.0909. The relay and
limit cycle outputs are as shown in Fig. 2.7. The steady gateK = 1.0, is obtained from
the method as mentioned in subsection 2.4.1. Substitttisgyalue along with relay and limit
cycle quantities in (2.15) and (2.17) the remaining procesdel parameters; = 8.1167 and

0 = 2.0909 are estimated, respectively.

= Limit cycle output
''''' Relay output

output signals

25 30 35 40 45 50
time in sec

Figure 2.7: Relay and limit cycle outputs

TH-1339

[N
[HN
D
[N
D
N
N
N

- 21



TH-1339

Chapter 2 Off-line and on-line identification of SISO processes

During on-line identification test to obtain the sustainedilbations the initial controller pa-
rametersKp = 0.01, Ty = 0.5 andTp = 0.125 are chosen. Hence, the limit cycle and other
parameters obtained during on-line test A= 0.2029, T, = 4.0984 andK = 1.0. These
guantities are utilized in (2.23) and (2.24) to find aut= 8.0995 andd = 2.0915, respec-
tively. For the same process, Li et al. [18] used an idealrtdaestimate the process model
parameters. To show the efficiency of proposed method uralsy environment, the process
dynamics are identified during off-line mode of operatiorthie presence of measurement noise
with SNR of 20 dB. This noise effect is achieved using a whitai§sian noise of zero mean
and 1.352610* variance. Using curve fitting technique the denoised signalbtained. The
noisy process output and denoised limit cycle output aréew:s in Fig. 2.8.

The performance evaluation is carried out by calculatiegitequency domain estimation error

index €) for each of the process models. This error is found by applyategral of absolute

~ Wer
E:/
0

whereG(jw) is actual proces$m( jw) is proposed model defined both in frequency domain

error criterion as

Gm(jw) - G(jw)
Gm(jw)

dw (2.26)

andwy, the critical frequency of the process.
The identified process models and the model recommended dtyali [18] are given in Table

2.1 along with estimation error.

Table. 2.1: Comparison of process models for Example 1

Method Process model Errde
i 1.0872.09095
Off-line m 0.1381
. ) ) 1.0e-1937%
Off-line with noise 8106571 0.1483
. 1.0872.091$
On-line m 0.1393
. 0.98820s
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0.25 | | | |

= Noisy signal
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Figure 2.8: Noisy and denoised limit cycle outputs

2.4.2 SOPDT process model

The transfer function model of a stable or unstable SOPDtgs®is given by

Kefés
= 2.27
CnlS) = s (met D) (2.21)
which in frequency domain becomes
. Ke1wo
Gnm(jw) = — . 2.28
m(je) (joti £1)(jwts+ 1) (2.28)
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wheret; and 1, are the process time constants. Substituting (2.28) addl if2the condition

given by (2.2) for off-line method, following expressionabtained

mA3(jwty +1)(jwrz 4 1)

Taking magnitude of the above equation, one obtains
4hK

nAp\/<(a)r1)2 + l) ((a)Tz)z-l- 1)

Further simplifying the above expression for stable or alpl&t processes, we get

—1 (2.30)

4hK \ 2
W (wz(rlrz)er (1% T2)2:F2T1T2) - (H) -1 (2.31)
p
Above expression is rearranged to get
1 ( [4hK)? b
+T= \ o (H) —1]+2111— (wn 1) (2.32)
p
Hence, for stable processes
1 [ [4hK\? )
N1+ 1= \ 7 (H) —1]421172— (wni 1)) (2.33)
p
and for unstable processes
1 ( [4hK)\? 4
T—Tp= \ e (ﬁp) —1]-21112— (wn1 1) (2.34)

Now, substituting (2.28) and (2.1) in (2.2) and equatingghase angles, following expressions

are obtained for stable and unstable processes, respgctive

tan 1 (wry) +tan  (wtp) = m— wd —tan ! (Azez) (2.35)
—€

tan 1 (wry) —tan ! (wtp) = wd +tan ! (Azez) (2.36)
—¢

On further simplifying (2.35) we get
OmAR) _onl mews—tant | 5 (2.37)
1— w?T1T A% _ g2
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Chapter 2 Off-line and on-line identification of SISO processes

Above expression is rearranged to get the following equdbo stable processes

1 W(TL+T:
o= |1 (n+12)

|7 R
tan( m— wd —tan- e

Similarly, simplifying (2.36) we get

Om-mn) _ ., wd+tan | —5 (2.39)
1+ 2Ty A%—Ez

The following expression is obtained for unstable procétes eearranging the above equation

(2.38)

1 wW(T1—T
1T = — (1 2)

02
1 €

tan <w5 +tan (\/W))

Using (2.33) and (2.38) and further solving, the followixgkcit expressions for stable SOPDT

1 (2.40)

process are obtained

2hK si 1 |/2hKsing1\? 4hK
= S|n¢l 4= ( S|n¢1) . COS¢1 | (241)
TTApW W A, A,
. . 2
y 2hKsing; 1 (Zthmcpl) _ 4hKcospr L (2.42)
TMApW W A, A,
where
_1 €
¢ =dow+tan (2.43)

\/AS— €2
Hence, the process model parametgrand 1, are estimated by solving (2.41) and (2.42) for
stable processes.

Utilizing (2.34) and (2.40) and further solving, the followg explicit expressions for unstable

SOPDT process are obtained

2hKsi 1 [/ 2hKsi 2 4hK
gy — 2Ksings | 1 Singu \ " 4hKcospy (2.44)
TTApW W TiAp TiAp
. . 2
Iy _2hKSIﬂ¢1 N 1 2hKsing, n 4hK cosg, 1 (2.45)
TTApW w A TTAp
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Now, Egs. (2.44) and (2.45) are solved to find the process hpaatameterg; and 1, for un-

stable processes during off-line identification.

Similarly, to obtain the expressions for on-line identifioa, Eqs. (2.28), (2.1) and (2.5) are
substituted in (2.8) to get

Ke 199 (u+ jv)
(jot1£1) (jwta+1)

-1 (2.46)

whereu andv are as mentioned in (2.21) and (2.22), respectively. Sirtolaff-line method as
given above, the following expressions are obtained afteny the magnitude and phase angle

of (2.46)

K2(u2+v2)—1
T+ T2:\/ ( J(; ) 121175 — (WT1T2)? (2.47)
W(T1+12)
Nh=— 1 2.48
2= 2 [tan(éw—tarrl(%)) + ( )

Egs. (2.47) and (2.48) are simplified to derive the followaxglicit expressions

K2 V2si 1 [K2(uw2+Vv2)sir?
= us 4+ v S|n¢2+_\/ (U +V)SI ¢2—K‘/U2—|—VZCOS¢2_1 (249)
2w ) 4
KV L 2si 1 [K2(u2+v2)sir?
=N T Sln¢2__\/ F 2 ¢2—K\/u2+V2C05¢2—1 (2.50)
2w ) 4
where
¢ =dw—tan ! <\—/> (2.51)
u

Hence, the process model parametgrand, are estimated from (2.49) and (2.50) for stable
SOPDT processes.
For unstable process models, the below mentioned expnssare found by taking the magni-

tude and phase angle of (2.46)

K2 2 2\ __ 1
T1—Tr = \/ (u —(:V ) —2T1Tp — (wT1T2)2 (2.52)

wW(TL—T
1T = — (1 2>

w? [tan(éw—tarrl (1) 1 (2.53)
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Chapter 2 Off-line and on-line identification of SISO processes

Egs. (2.52) and (2.53) are further solved to get the follgnerplicit expressions

IRy IR 22 4 \2) si
1 = Kvuw+vising, | 1 /KW +v )sz¢2+K U2 +Vv2cospy — 1 (2.54)
2w w 4
TP 2 (2 \2) si
r,— _KVU er;/) Slml’z_l_(%\/|< (u +Z)S'n2¢2_|_|<\/u2—+v2cosqbz—l (2.55)

Now, to estimate the parametarsandt,, Egs. (2.54) and (2.55) are used for unstable processes
during on-line mode of operation. The steady state Hasestimated using the procedure men-

tioned in subsection 2.4.1.

To estimate the process time deldy 6f SOPDT process model, Majhi [39] proposed a method
which involves measurement of two parametgrandt; wheretg is the time instant at which
relay switching takes place amgis the time where second derivative output of limit cycle-suf
fers discontinuity or sudden change 865 (t; - tg). As the author used ideal relay wheége= 0
always, but in our method as relay with hysteresis is usedavhe relay switching takes place
attp which is non-zero. Hence, the method proposed by Majhi [88kiended here to estimate

the process time delay using relay with hysteresis.

Example 2
This example demonstrates estimation of stable SOPDT gsavedel parameters for the fol-

lowing process [49]
e*45
(10s+1)(2s+1)

During off-line identification the relay with parametdrs= 1 ande = 0.02, is applied to the

G(s) =

above process to generate limit cycle and its second deevatitput as shown in Fig. 2.9.
The measured limit cycle parameters &= 0.353, T, = 9.9722 andp = 0.2263 whereas
t; = 4.2263 is measured from second derivative output of limitey@he process model param-
etersK = 1.0 andf = 4.0 are estimated from the procedure explained in subse@idnt and

2.4.2, respectively. Substituting these parameters algtigimit cycle quantities in (2.41) and

TH-1339
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T T T
0.4l = |imit cycle output
' = = = Second derivative of limit cycle output
0.3F a
0.2 ]
w 0.1 ' ' ] ] 7
g ; \ A : ;
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Figure 2.9: Limit cycle and its second derivative output

(2.42) and solved to estimate = 8.9312 andr, = 2.1515. Similarly, for on-line identification
using the controller parameteiky = 0.01, T} = 0.5 andTp = 0.125, the measurements made
from limit cycle and its second derivative output @#g = 0.3599,T, = 10.0602,t5 = 0.2246
andt; = 4.2246. The process model parameters 1.0 andf = 4.0 are obtained using the pro-
cedure explained above in this example. The valud§, & and other limit cycle quantities are
substituted in (2.49) and (2.50) to estimate= 8.8556 andr, = 2.1712. Fedele [49] proposed
FOPDT model for this process using step input method. Thetiitksd process models during
off-line and on-line mode of operation, in the form of tragrsfunctions are given in Table 2.2
along with the model proposed by Fedele [49] and the corredipg estimation error for each

process model. Even though the model suggested by Fedg¢ledd%ess estimation error but

TH-1339
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the author has not considered on-line identification test.

Table. 2.2: Comparison of process models for Example 2

Method Process model ErrcE)
i 1.0874.05
Off-line B9315+1) (21515 1) | 00206
—4.0
10 % 0.0218

On-line (8.85565+1)(21715+1)

—5.6474%
Fedele [49] 200051 0.0143

Example 3
Estimation of process model parameters of the followingalsle SOPDT process [6] is ex-

plained in this example
efO.Ss

C8) = =05t D)

The off-line identification is carried out using the relaytegsh = 1 ande = 0.2 to generate
limit cycle and its second derivative output with the parger®A, = 0.857,T, = 6.5192,t5 =
0.3646 and; = 0.8646. The limit cycle output is shown in Fig. 2.10. The partereK = 1.0
and 0 = 0.50 are obtained as explained in subsections 2.4.1 and 2e&@ectively. These
parameters are utilized in (2.44) and (2.45) to find out tiheaiaing process model parameters
T, = 2.0781 andr, = 0.6638. Similarly, for on-line mode (using controller paraereKp =
0.001,T; = 0.5 andTp = 0.125) the limit cycle parameters measured Age= 0.8626, Ty =
6.6078,tg = 0.3632 and; = 0.8632. Using these quantities wikh= 1.0 andd = 0.50 in (2.54)
and (2.55) the model parameters are estimatag a2.0872 andr, = 0.6674. For this process
Vivek and Chidambaram [6] used Laplace transform technaneideal relay to identify the

process dynamics in terms of FOPDT model as given in Tablalargy with proposed models.
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Figure 2.10: Limit cycle output
Table. 2.3: Comparison of process models for Example 3
Method Process model ErrdEY
- 1.0e~05Cs
Off-line (20785 1)(066381) | 01171
: 1.0e~05%
On-line (208751066781 | 0-1201
—1.041%
Vivek and Chidambaram [6’] % 0.3838

2.4.3 Underdamped SOPDT process model

The stable SOPDT process model given in (2.27) can be ragesbwith the following transfer

function model for an underdamped SOPDT process

Kefés

Gm(S) = —oo
m(S) m +ns+ 1

(2.56)
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wherem= 111, andn = 11 + T with the conditiom? < 4mfor underdamped process. Rewriting

(2.56) in the following form

B K8765671B1
Gmls) = (s—a1)(s— ) (2.57)
or
. . Ke_jw601B1
Gl = o —anw—p (259
where
oy s ~ (2.59)

TNt jvAm—n2 Bl:n—j\/4m—n2

For off-line mode, Egs. (2.58) and (2.1) are substitute@ig)(to get the following expression

an (/A — &2~ j&) Ke 190,y _ (2.60)

mA3(jw—az)(jw—Br) -

The magnitudes are equated on both sides of (2.60) and &edpb obtain

3 w?+a? + B2
CY]_B]_ = wnAp\/(4hK>2 B (7'[Ap)2 (2.61)

Similarly, equating the phase angles for (2.60) and theesgion is shortened to

2
— €
p

As a; andf; are in terms of the process model parameteesdn, Egs. (2.61) and (2.62) are

(2.62)

further simplified to obtain the following expressions

1+cos| wd +tan? £ 4nK (2.63)
A2 — €2 TAp

n=sin| wd+tan? £ 4nK (2.64)

Hence, the parametensandn are calculated from (2.63) and (2.64), respectively forliok

M 1
=

identification test.
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For on-line identification the corresponding equationssatestituted in (2.8) to get
Ke 1990, 3y
(jo—a1)(jo—p1)

(U+jv)=—1 (2.65)

Like off-line method considering the magnitude and phaggeanf the above equation to get

B w?+af + 7
o161 = w K2 (U2+V2) ] (2.66)
a ([ a1fr - & —1(VY
R R tan<n+ w4 —tan <G)> (2.67)

Egs. (2.66) and (2.67) are resolved to obtain the followixgressions

m= % [1+ K/ u2+v2cos<w5—tan*1 (E))] (2.68)

[Kiuj)—i-vz sin(ooé—tan’l <\—l:)) (2.69)

The parametemn andn are estimated from (2.68) and (2.69), recpectively durimdjioe iden-
tification test. The remaining paramet&sndd are obtained as explained in subsections 2.4.1
and 2.4.2, respectively.

Example 4

In this example an underdamped SOPDT process [2] is corslder
e-3s

G(s) = J 04511
For off-line identification the relayn(= 1 ande = 0.1) input to the process generates limit cy-
cle and its second derivative output with the parametgrs 2.5716,T, = 3.9601,tg = 0.0443
andt; = 3.0443. Similar to Example 2, the process model paramétersl.0 andf = 3.0 are
estimated. These parameters are substituted in (2.63)2ad) (with limit cycle quantities to
estimatem = 0.9991 andn = 0.4127, respectively. Similarly, for on-line identificatigusing
controller parametersp = 0.01,T) = 0.5 andTp = 0.125) the measured limit cycle and its sec-
ond derivative parameters atg = 2.59, Tp = 4.001,tg = 0.0442 and; = 3.0442. SoK =1.0

and@ = 3.0 are estimated and these parameters are utilized withdyoié quantities in (2.68)

and (2.69) to estimaten = 0.9975 andh = 0.4125. The proposed models and the model sug-
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Figure 2.11: Nyquist plots for Example 4: (a) Actual process identified model (off-line)
and (c) model proposed by Lavanya et al. [2]

gested by Lavanya et al. [2] using an ideal relay are giverald2.4 along with the respective
estimation error. It can be observed that the proposed rmdieie less estimation error than
the model suggested by Lavanya et al. [2]. The results acecalsipared using Nyquist plots
(for off-line method) as shown in Fig. 2.11. During off-lingentification, a white Gaussian
noise of variance 0.00329 is added to the process output i@ geisy signal with SNR of 30
dB. Repeating the above procedure, estimated process padeheters aré = 2.9797,m =
1.0134 anch = 0.4158. As the white Gaussian noise is characterized vigfin fnequency, the
process dynamics are also identified in the presence of Eguéncy noise with SNR of 30 dB,

asod = 3.0209,m = 0.9871 anch = 0.4012. The low frequency noisy signal and the denoised
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—— Noisy signal
— Noise free signal

output signals

55 60 65 70 75 80 85
time in sec

Figure 2.12: Low frequency noisy signal and denoised lipie outputs

limit cycle outputs are as shown in Fig. 2.12. For same SNResthe process model parame-
ters estimated during on-line test ame= 1.0039n=0.4173 and = 2.9864 (for high frequency
noise) andn=1.0041,n = 0.4204 and = 2.9721 (for low frequency noise).

Table. 2.4: Comparison of process models for Example 4

Method Process model Errde
. 1.0e30s
Off-line (009912 +04106+1) | 00058
: 1.0e"30s
On-line (099752 +04125+1) | 0-0057
Lavan I 10e 3%
yaetal. [2] 77557 56e11) 0.1584
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Example 5
One more underdamped SOPDT process [71] is consideredsiaxthmple to study the robust-

ness of the proposed method

e—S
Gs)=—°
(8= 9912451

The off-line and on-line relay tests are conducted Wwith 1 and different values &f to identify
the process dynamics. The process model paranitetensld are estimated from the procedure
mentioned in subsections 2.4.1 and 2.4.2, respectivelg.cbiresponding expressions for off-
line and on-line method are solved using the known paraméddind outm andn. Chen [71]
suggested two different FOPDT models for this process. Tbegss models identified for
different values o are given in Table 2.5 along with the models recommended @nCHil].
The percentage (%) error of measured limit cycle quantdies estimated model parameters

for different SNR values are given in Table 2.6.

Table. 2.5: Comparison of process models for Example 5

Method £ Process model ErroE(
o (9.0991§éof;.120;57s+1) L
Off-ine | 0.2 (g.oggé-zofz.l'zo;gﬁl) 0.0135
0.3 (9.115%504?;.120;1@1) pro144
o (9.0991§éof2.120;945+1) 0.0124
Ondline | 0.2 (9.oggééof;.léogz$+1) 0.0131
03 (9.107ééof2.120;3zs+1) 0.0141
Chen[71]| - % 0.2948
- % 0.3196
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Table. 2.6: Effect of measurement noise on parameters i@ éor Example 5

SNR (dB) Ap Tp m n 0
15 —1.3268| 00172 | 15715 | —0.4958| —4.19
Off-line 20 03478 | 00141 | —0.1802| —0.0219| 062
25 01416 | —-0.0016| 00011 | 01228 | 026
30 —0.0772| —0.0016| 00011 | 06405 | 062
15 —-1.2114| —-0.059 | 13848 | —0.5519| —3.95
On-line 20 —0.2872| -0.0047| 00912 | 02146 | —-0.11
25 —0.0125| -0.0047| —0.2715| 05256 | 098
30 —0.1249| —0.0124| 00011 | 04029 | 026

2.4.4 Critically damped SOPDT process model

Let us consider the following transfer function model fatically damped SOPDT process

Ke—és

For off-line method, substituting (2.1) and frequency dontd (2.70) in (2.2) to achieve
ah( /A2 — €2 je)Ke 190
(VA je)xerte?

A2 (jwty +1)° N
The following expressions for the process model parameteasdK are obtained after con-

(2.71)

sidering the phase angle and magnitude of (2.71), respéctiv

1
71 = —cot| wd+tan?! & 2
w A — g2

Ay [(wrl)z + 1}
4h

(2.72)

K — (2.73)

TH-1339

[EEN
[HN
N
=
D
ND
ND
N

- 36



Chapter 2 Off-line and on-line identification of SISO processes

Hence,1; andK are estimated from (2.72) and (2.73), respectively forlia#-identification
method.
For on-line identification the following expression is dbtd by employing the required equa-
tionsin (2.8)
Ke 199 (u+ jv)
(jeor1 + 1)2
Considering the phase angle and magnitude of the aboveieqtaderive

=1 (2.74)

T = C—tcot(wé —tan ! <\—lj> /2) (2.75)
K — 7(“’32):;21 (2.76)

Now, 171 andK are estimated from (2.75) and (2.76), respectively forina-ldentification
method and one more parameteis obtained from the method as mentioned in subsection
2.4.2.

Example 6

This example illustrates identification of critically daethSOPDT process dynamics for the

following process [3]
e001s
(2s+1)%

Application of off-line relay b= 1 ande = 0.1) feedback test generates the limit cycle and its

second derivative output with the quantitiés = 0.1555,T, = 2.3291,tp = 0.4889 and; =
0.4989. So, the time delay paramei®e- 0.01 is obtained. Substituting the required parameters
in (2.72) and (2.73), the remaining process model paramaterestimated ag = 1.9938 and

K = 1.0054. Similarly, the parameters obtained during on-lisé g@sing controller parameters
Kp=0.01,T, =0.5andTp = 0.125) areA, = 0.1558,T, = 2.3279,tp = 0.4876 and; = 0.4976,

so,0 = 0.01. Utilizing these parameters in (2.75) and (2.76) the ggsanodel parameters are
obtained ag; = 1.9963 andK = 1.0085. These identified process dynamics are represented
in transfer function models in Table 2.7 along with the magolelposed by Thyagarajan and
Yu [3]. The results are also compared using Nyquist plotshasva in Fig. 2.13. The effect

of measurement noise on limit cycle parameters and estih@atecess model parameters in
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Figure 2.13: Nyquist plots for Example 6: (a) Actual process identified model (off-line),
(c) identified model (on-line) and (d) model proposed by Tdarajan & Yu [3]

percentage (%) error is given in Table 2.8 for on-line id@cdtion.
Table. 2.7: Comparison of process models for Example 6

Method Process model  Errdg)
Off-line (11-99095;‘98:352 0.1109
On-line (11-?90986?;; 0.1182
Thyagarajan & Yu [3] ?f;g?;iil; 0.4236
11616222 38
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Table. 2.8: Effect of measurement noise on parameters iné6 fer Example 6

SNR (dB)| T, Ap K o |8

10 0.0301] -0.513% -2.0129 -1.676 -3|0

15 0.0408| -0.3851 -1.2097 -0.8697 -1,0

20 0.0021 -0.0642 -0.2082 -0.1602 G

25 0.0064, -0.0642 -0.1784 -0.1502 -1i0

2.5 Generalized analytical expressions

In this section a generalized SOPDT process model is camsidend the expressions are de-
rived for on-line identification method, further these elipras can be used to get the expressions
for off-line method with some modifications. The generalib@nsfer function model of stable

or unstable SOPDT process is given by

Ke—c‘is
Gm(S) = m< +ns+ 1 (2.77)
or
. Ke_jw502B2
Gm(jw) = — - 2.78
%) = e w— B (.78)
where
—2 F2
o — ; N 2.79
2 o E 279)

The model given in (2.77) is realized in terms of SOPDT (&all unstable), underdamped
SOPDT, critically damped SOPDT, and FOPDT (stable or uts)gtirocess models as de-

scribed in the following subsections.
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2.5.1 Expressions for SOPDT process model

The transfer function given in (2.77) can be realized adstabunstable SOPDT process with
the conditiomn? > 4m. For on-line identification, substituting (2.78), (2.1)d¢2.5) into (2.8)
and solved further to get

Ke 190 a3,
(JoFaz)(jo—PB2)

(u+jv)=-1 (2.80)

Substituting fora, and 3, in the above equation and solved to obtain
Ke 1wo u—jv

. = 2.81
mw? — jwnFl uZ+\V2 (2.81)

Equating the magnitude and phase angle on both sides of) (2h&Ifollowing explicit expres-

sions are obtained
m= % [1+ Kv/ u2+v2cos<w5—tan‘1 (E))] (2.82)

for stable SOPDT process.
m= % [K u2-1—vzcos<wc‘5—tan‘1 (E)) R 1] (2.83)

for unstable SOPDT process.

_ [K\/u2+v2
w

sin(wé—tan‘l (E)) (2.84)

for stable or unstable SOPDT processes.

Hence, the expressions given in (2.82) and (2.84) are usestitmate the process model pa-
rameters iy andn) for stable SOPDT process and (2.83) and (2.84) are utili@ezbtain the
parameters of unstable SOPDT process. The remaining pta@Heand d are obtained as

explained in subsections 2.4.1 and 2.4.2, respectively.

The stable SOPDT process model given in (2.77) becomes agrdardped process for the
conditionn® < 4m as described earlier in subsection 2.4.3 hensend B, are replaced with
a1 and 31 as mentioned in (2.59). It is observed that substitutingehealues oftr; and 31

in (2.80) for stable condition, the expressions obtainedri@ndn are as given in (2.82) and

(2.84), respectively.
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Chapter 2 Off-line and on-line identification of SISO processes

Now, a critically damped SOPDT process model is represeaged
Ke—c‘is
(y/Ms+ 1)

which is obtained by substituting= 2,/m in (2.77) which is considered as stable process.

Gm(s) = (2.85)

Hence, this value af, is putin (2.79) to getr, = 3, = —1/,/mwhich are utilized in (2.80) and
reduced to
Ke 192 (u+ jv)
(jwym+1)°

Again, equating the magnitude and phase angle on both sidles above equation we get

_ 1 (2.86)

vm= ai) [cot((wd—tan‘l (E))/Z)] (2.87)
W’ + 1
K = \”/"m (2.88)

Egs. (2.87) and (2.88) are employed to estimate the procedslrparameters,{m andK) of
critically damped SOPDT process. The process time délays(obtained from the method as

described in subsection 2.4.2.

2.5.2 Expressions for FOPDT process model

The following stable or unstable FOPDT process model isinbtbby makingm=0in (2.77)

Ke—c‘is
- ns+1

Gm(s) (2.89)

Usingm=0in (2.79), one can get, = —1/n andf, = « which are substituted in (2.80) and
solved to obtain

Ke 199 (u+ jv)
(jon+1)

_ 1 (2.90)

Considering the magnitude and phase angle on both sideg abitve equation the following

explicit expressions are obtained

N VKZ(W+v?) -1
B w

(2.91)
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Chapter 2 Off-line and on-line identification of SISO processes

for stable or unstable process.

51 {n-l—tan‘l (V_ ”“’”)] (2.92)
W U+ veon
for stable process.
5— ai) [tanl (‘Jtt‘lzz)} (2.93)

for unstable FOPDT process.

Hence, to estimate the FOPDT process model parameteaasdd), Eqgs. (2.91) and (2.92)
are utilized for stable processes and Egs. (2.91) and (f088)nstable processes. The steady
state gairK is obtained by using the method as explained in subsectibh.?2.

As mentioned earlier during off-line mode of operation, thlay test is conducted in the ab-
sence of controller. Hence, the expressions derived inestiosis 2.5.1 and 2.5.2 can be modi-

fied with the following changes to identify the process dyreanaluring off-line mode
u= (4hy/A2 —2) /A%, v= —4he/TIA? (2.94)

It can be observed that the expressions derived for FOPDTS®®DT process models by
considering the individual process in Section 2.4 and thpressions obtained for generalized

process model in Section 2.5 are the same.

2.6 Summary

A simple DF technique is used to derive explicit expressiarterms of relay and limit cycle
parameters to estimate the unknown process model paradetang off-line and on-line mode
of operation. Relay with hysteresis is applied to get predge®rmation in the form of limit
cycle. Different types of processes are considered ancessgjuns are derived for individual
process model to estimate the parameters. These procestsmoel also generalized using a

second order process model with time delay and accordixglsessions are derived. Examples
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Chapter 2 Off-line and on-line identification of SISO processes

are considered in the form of transfer function models andrpaters are estimated to show
efficacy and robustness of the proposed method. Processnibmare also identified in the

presence of measurement noise.
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CHAPTER 3

OFF-LINE AND ON-LINE IDENTIFICATION

OF TITO PROCESSES

3.1 Introduction

Process identification plays an important role in automainéng of controllers in industries.
In the literature a plenty of identification methods [3, 18,37, 39,41, 48,62, 72—75] are avail-
able for SISO processes using different types of relays #garithms. Many of the indus-
trial processes consist of multi-input-multi-output (M@J processes. The TITO (two-input-
two-output) processes are one of the most commonly usedarae of multivariable pro-
cesses [24, 25]. As identification of TITO processes is gdlyea difficult task due to the
interaction between the loops, it is desirable to identifyQ processes in terms of two SISO
process models [76] for easier field implementation. Fewhouas are available for identifi-
cation of multivariable processes. Wang et al. [23] prodadentification of TITO processes
using decentralized relay feedback technique. Here theetised biased relay and standard
relay in the dominant loop and other loops, respectivelyi@hal. [26] proposed identification
of multivariable processes (TITO) using sequential loggsitlg method. Padhy et al. [4] and
Padhy and Majhi [27] proposed on-line identification of TIp@cesses using DF technique.
Here the authors used ideal relay to acquire the processmatmn. Li et al. [77] proposed
identification of TITO processes applying step test.

In this chapter simple explicit expressions are derived@BiF technique to identify the TITO
process models during on-line and off-line mode of operatMeasurement noise is an impor-
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Chapter 3 Off-line and on-line identification of TITO processes

tant issue in an identification problem. During the relaydfesck experiments, amplitude of the
limit cycle output is often corrupted with noise due to whitie test may fail. To overcome
the possible failure, a relay with hysteresis is considaréde proposed identification method.

Simulation examples are included to illustrate usefulméske proposed method.

3.2 ldentification method

This section presents the procedure for on-line identiicadf TITO processes by relay based
closed loop tests. The conventional on-line TITO systenhawh in Fig. 3.1 which consists
of the TITO process, two relay¥; andN,, and PID controllers in the closed loops. The TITO

process is represented by the following transfer functiatrix

G11(s) G12(s
G(s) = () Gzl (3.1)
Ga1(s) G2z(s)
This TITO process is approximated by two SISO process modéis DF technique proposed
in Chapter 2 is extended here to identify the TITO proces®ims of the following model

transfer function matrix

Gr(g= | o O (3.2)
0  Gm(S

whereGy (s) andGpp(s) are the SISO transfer function models as given below

Kie 9s .
Gmi(S)Z(l_I{_TiS)Z V i=12 (3.3)
or in terms of frequency domain
. Kiefjwa
Gni(jw) = ——— 3.4
mi(jw) (1+jwri)2 (3.4)

whereK;, 1j andg; are the steady state gain, the time constant and the timy alietlae process
model, respectively. These process model parameifgrs; (@nd &) are unknown and that are
to be estimated.

It can be observed in Fig. 3.1 that the relals &ndNy) are in parallel with the controlleiG¢;

andGg,. Equivalent representation of Fig. 3.1 is redrawn in Fi@. 3t can be seen from Fig.
TH-1339 11616222
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Chapter 3 Off-line and on-line identification of TITO processes

3.2 that the controllers are in the inner feedback paths elpih stabilizing the process during
identification. In describing function analysis, the relayith hysteresis are approximated by

gains of

4h (\/Apiz — &2 — jEi)

whereh; is the amplitude of relay; the hysteresis width of relay arf},; the peak amplitude

N =

Vo i=1,2 (3.5)

of limit cycle for corresponding loops 1 and 2. The relay pagters (1, ho, €1 andéy) are user
defined and the peak amplitude of limit cychg,( andAp) is measured from the corresponding

limit cycle output. LetGc(s) be the PID controller matrix given by

ri(t f 4 eJ(tL H " ul(ti Gil(s)

———
?JJ( t)
N
> G S ise
G.A5) i B
> Gg]( 5) Noise
ot
reft e—>2(t) H -+ > Gyi5) u )’
UQ( t)
N,
Geo(8)

Figure 3.1: Conventional TITO system with relay and corrol

Ge1(s 0
Go(s) = |21 (3.6)
where
1 Toi
Gei(5) = Kpy <1+ Tt 7aiTD?si— 1) (3.7)
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Chapter 3 Off-line and on-line identification of TITO processes

Gi(s)
ri(t ei(t) H G,i(s) (i)
. Gils) [ ok
= Gls) e
Tyt e(t) | I Gyl L
E]\E A3)
Giol'$)

Figure 3.2: Equivalent representation of Fig. 3.1

In the above expressiam is the derivative filter constant of th# loop. Since this derivative
filter constant is very small, it is neglected for ease in gsialin the following derivations.

Hence, the above expression can be written as

1
Gei (S) = Kpi <1+ TiS‘FTDiS) (3.8)
or
Gei (jw) = Kpi 1+ — 4 oo (3.9)
ci () — N\pPi jOl)T” J Di .

The controller parameterkg;, T andTp;) are pre-specified to obtain the sustained oscillations.

Let the describing function matrix be

N, O
N = (3.10)

0 Np

whereN; andN; are the gains of the relays with hysteresis for loops 1 andshactively. The

estimation of process model parameters is described irotloeving section.
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Chapter 3 Off-line and on-line identification of TITO processes

3.3 Estimation of process model parameters

The peak amplitudé,,; and half time period; of the limit cycle outputs are measured assum-
ing that both the loops under limit cycle condition have tame frequencies. The auto-tuning

test results in stable limit cycle outputs for any non-Zerandh, subject to the condition
NG (jw) = —| (3.11)

where

Gmi(jw>
| + Gmi(j w)Gei(jw)

Gmi(jw) = (3.12)
andl is an identity matrix of the order dbmi(jw). Then, (3.11) becomes

Gmi(jw)(Ni +Gi(jw)) = —I (3.13)
Substituting foMN;, Gni( jw) andGei(jw) from (3.5), (3.4) and (3.9), respectively in the above

eqguation and resolving we obtain

Kie 193 (u+ jv)

T wn)? ~1 (3.14)
where
u = :Thi%i( A2, — £2) + Kpi (3.15)
and
V= wKpiTpi — ﬁ — m (3.16)
wTii A2

Equating the magnitudes of both sides of (3.14) and furtingplgying we get

Wt = \/Ki Vud+ve—1 (3.17)

which is represented in terms of the process model paramedsr

K 2 2_1
- VKiv ”w+" (3.18)
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Similarly, equating the phase angles of both sides of (ahd)solving
wd = m+tan ! <\—lj) —2tan }(wr) (3.19)
or in terms of¢;,

_ m+tant (Y) - 2tam Y (wr)

4= W

(3.20)

Thus, using the explicit expressions (3.18) and (3.20) ptieeess model parametersand &

are estimated, respectively.

Since, using DF method only two parameters can be estimaedeh the steady state gain
K; of the process is obtained from the method proposed by Padiiy[4].

The expressions derived for on-line identification are rfiedito get the equations for estima-
tion of process model parameters during off-line mode ofafpen with the following changes

in uandv

U= (4hi\ /A% —e2)/TIA; v =—4hig/TTAG, (3.21)

Hence, substituting fan andv in (3.18) and (3.20) the following expressions are obtained

4hiK;
— -1 .22
e (3.22)

1
Ti = —
w

& = al) [nZtanl(wTi) —tan ! (\/ﬁ)] (3.23)

Now, Egs. (3.22) and (3.23) are used to estimate the procedsimparameterg{andd) during

off-line mode of operation.
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3.4 Simulation results

Two examples are considered in this section to illustragfulisess of the proposed iden-
tification method. For on-line identification the initial PIcontroller parameters are set to
Kpi = 0.1, T =1 andTp; = 0.25, fori=1, 2. These values are decided from a numbenui-si
lation results. To test the proposed method in the face osarement noise, a white Gaussian
noise of zero mean and certain variance is added at the suiplaops 1 and 2 simultaneously
to create noisy oscillations. Fourier series based cutuedfitechnique [1,39] is used to recover
the noise free limit cycle output. The process is decouptedaietely by using the decoupler
obtained by Wang et al.'s method [78] assuming that the fallri transfer function model of

the process is known.

Example 1

Let us consider the following transfer matrix of a TITO presé4, 79]

dens) | os 1

1+0.1s

whereden(s) = (1+0.1s)(1+0.2s)2.

For on-line identification, relayhg = hy, = 1 ande; = &, = 0.1) inputs are simultaneously ap-
plied to both the loops 1 and 2 to obtain the limit cycles. Tihgtlcycle generated from loop 1
is as shown in Fig. 3.3, similar output is generated from IBophe parameters measured from
these limit cycles aré\p; = 0.2903,Ty; = 0.3272 for loop 1 similarly, for loop2p, = 0.2576,
T2 = 0.3273.

The steady state gaikg = 2.2 andKy = 2.2 are obtained from the method proposed by Padhy
et al. [4]. Using the corresponding values in (3.18) and(}B.the process model parameters
T1, T2, 01 anddp are estimated. Similarly, the process dynamics are idedtiifi the presence of
measurement noise of 20 dB SNR. Using curve fitting techniji89] the denoised limit cycle
is obtained, Fig. 3.4 shows the noisy and denoised limitecgatputs from loop 1. Hence, the

identified process models are given below
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Chapter 3 Off-line and on-line identification of TITO processes

03 J T T T T T T T T T

0.1 §

output
o
Il

228 23 232 234 236 238 24 242 244 246
time in sec

Figure 3.3: Limit cycle output from loop 1

2 900374 0
(1+0.307%)2
Gm(S)without noise= ( 0 ) 2 2e-0.027%
(1+0.327®)2
2 9g-0.0365 0
_ ~ _ | (1+0.306%)2
Gm(S)with noise= ( 0 ) 2 9g-0.0254
(1+0.3316)

During off-line mode of operation the following process mrebds obtained by repeating the

above procedure and using (3.22) and (3.23)
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Chapter 3 Off-line and on-line identification of TITO processes

2 2670.03(‘3

E s 0
2
Gm(S) _ | (1+0.305%) e
0 2.2e
(1+0.3263%)2

The process model suggested by Padhy et al. [4] using anriglaglis

2 2670,041$

e 0
Gm(S) _ | (1+0.316%)2

O 2.2870.04043
(1-+0.32269?2

0.4 -
- Noisy signal

= Denoised signal

0.3
,)» 4' ‘Y

0.2

T
—
|

0.1

output
o

|
o
[EEN

T

1

VA J
\ (

-0.3

28.2 284 286 288 29 292 294 296 298 30
time in sec

-0.4

Figure 3.4: Noisy and denoised limit cycle outputs from Idop
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Chapter 3 Off-line and on-line identification of TITO processes

The decoupled model obtained by using Wang et al.'s [78] otk

2505+30005+11000 0
Gm(s) = $°+325%4-385%+2150?+-5500-+5000
0 250s%+30005+11000

+-325%44+-3853+-21502+-5500+5000

The Nyquist plots of first and second equivalent diagonahelas of the above process models
are shown in Figs. 3.5 and 3.6, respectively and it can berebdéhat the plots are close to
each other. The error analysis (usidg norm) of the proposed models, the decoupled model

and the model suggested by Padhy et al. [4] is given in Talile 3.

Imaginary Axis

Real Axis

Figure 3.5: Nyquist plots: (a) proposed model, (b) propdse&adhy et al. [4] and (c) decou-
pled model
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0.2r
a
---b
Of B
-0.2,
[ 4
|
]
0.4
m .
< i
< | 1
> —0.6%
(-U -
c |
2
£ -08f
_l -
-1.2F
-1.4r

Figure 3.6: Nyquist plots: (a) proposed model, (b) propdse&adhy et al. [4] and (c) decou-

pled model

0.5 1
Real Axis

Table. 3.1: Error analysis using, norm

Proposed method He norm
On-line without noise 0.1886
On-line with noise 0.1886
Off-line without noise 0.1886
Padhy et al. [4] 0.1886
Decoupled by Wang et al. [78] 0.1475
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Chapter 3 Off-line and on-line identification of TITO processes

Example 2

The following TITO process [27, 79] is considered in this rexde

. 1 (15s+1)  0.2(0.75s+41)
dens) |0.6(0.75s+1) 0.8(1.25+1)

whereden(s) = (1+5)(1+2s)%(14 0.5s).

Here also the limit cycles are generated by applying relayts simultaneously to loops 1
and 2 on-line. The relay settings used hie= h, = 1 ande; = & = 0.1 and the limit cycle
quantities measured from loop 1 akg = 0.2652,Ty; = 2.7381 and from loop2;, = 0.2566,

Tp2 = 2.7382. Similar to Example 1 the steady state gadas= 0.849 andK; = 0.678 are
obtained. Egs. (3.18) and (3.20) are solved utilizing tlygiired values to calculate the process
model parameters;, 1o, 41 and &.The process model parameters are also estimated in the
presence of measurement noise of 20 dB SNR. The noisy andsddrimnit cycle outputs from

loop 1 are as shown in Fig. 3.7. Hence, the proposed proceds|sware

0849205518 0
(1+1.55265)2
Gm(S)without noise= ( . ) 067806408
(1+1.36215)2
0.849e 04595 0
. o _ | 161,27
Gm(S)wnh noise=— ( 0 ) 0.678s-0.544%
(1+1.409%)2

Similarly, the process model identified during off-linettess

-0.84%70.55195 O
1+1.5544
Gm(s) = | ¢ 2
0 0.67&70,64135
(1+1.3635)2

The process model suggested by Padhy and Majhi [27] usindeahlielay is

-0.84%70.43705 O
1+1.6698)2
Gm(s) = | ¢ )
O 0.67&70.4273
(1+15343 |

The decoupled model obtained by using Wang et al.’s [78] otkih

17.1562%°+24.755+8.5 0
Gm(S) = 24°+1165%4-20653+171*+675+10
0 5.492+7.925+2.72
125°+565%+95534 7552+ 285+4
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— Noisy signal
0.3 — Denoised signal

0.2

0.1y

output
o

-0.1

66 68 70 72 74 76 78 80 82
time in sec

Figure 3.7: Noisy and denoised limit cycle outputs from ldop

The estimated process model parameters are compared wétm@@rs suggested by Padhy

and Majhi [27] and the error analysis is given in Table 3.2.

Table. 3.2: Error analysis for estimated parameters fonipta 2

Proposed method T1 T2 o) o

On-line without noise, 0.0702 0.1122 0.2625 0.5

On-line with noise | 0.0310 0.0815 0.0508 0.2750

Off-line without noise| 0.0691 0.1118 0.2629 0.5007
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Chapter 3 Off-line and on-line identification of TITO processes

3.5 Summary

In this chapter an on-line and off-line identification of TTprocesses using describing func-
tion of relay with hysteresis is presented. A relay with kyssis is applied simultaneously to
both the loops to extract the process information througlit icycle output. Two well-known
examples are considered to show the usefulness of the mopadsntification method even in
the presence of measurement noise. Simulation resultseaifeegt with the help of Nyquist
plots. Further, based on the identified models the PID cetrparameters can be updated on

demand when the PID tuning rules are available in terms oftbdel parameters.
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CHAPTER4

RELAY WITH HYSTERESIS AND STATE

SPACE BASED IDENTIFICATION

4.1 Introduction

Identification of accurate process dynamics plays sigmificale in design of model based con-
trollers. As it is seen in Chapter 2 that process identificatian be done by using DF method
which gives approximate process model parameters. Intératiure many authors [12—-16, 80]
used DF technique to estimate unknown process model pages @t various processes. In
DF technique, approximations are made on the gain of a relaghnacts as a static nonlinear
device. Hence estimated process model parameters arexapate and maximum two pa-
rameters can be estimated. To overcome these limitatieesrehers started working towards
development of exact methods so that accurate process padaheters are obtained. Kaya
and Atherton [72] proposed identification of stable and aipist FOPDT and SOPDT process
dynamics based on exact asymmetrical limit cycle analy&isivasan and Chidambaram [41]
used Laplace transform approach and modified asymmeteiesl feedback method to get im-
proved FOPDT model parameters. Their method requirestgeieaf an extra parameter
(displacement in the relay amplitude) for accurate esionaif process gain and ultimate fre-
guency. Wang et al. [35] developed exact expressions fa periods and amplitudes of the
limit cycle using relay with hysteresis for a FOPDT processlel. Initially the authors used bi-
ased relay to get oscillatory waveforms to identify the pgscdynamics. But using biased relay
caused larger disturbances than unbiased relay, lateuthera used unbiased relay to obtain
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improved results. Chang et al. [17] developed analyticaressions for identification of first
order, second order and higher order processes using garam method. Atherton and Ma-
jhi [62] proposed on-line identification of stable and ub$aFOPDT and SOPDT processes,
using asymmetrical relay feedback test. Panda and Yu [8Hldeed process model equations
in time domain to estimate the unknown parameters of ovepeanrcritically damped and un-
derdamped process models. Panda et al. [48] proposedthigsrior estimation of integrating
and time delay process model parameters using single reédbfck test. Majhi [39] devel-
oped analytical expressions for parametric identificatibfirst order, second order and higher
order processes using ideal relay. The author used Foerieissased curve fitting technique
to obtain clean limit cycle from noisy process output. In literature many authors used ideal
relay or asymmetrical relay for identification of processamics, with or without noise. But
the effect of measurement noise can be reduced using reflayysteresis [10]. Generally, hys-
teresis width is set to twice the standard deviation of npi§eSo, in proposed method a new
control structure which comprises of relay with hystergsie process and a denoising block,
is used to increase the robustness of process dynamicicktidn under noisy environment.
The approaches proposed in [39] are extended in this worételdp mathematical expressions
for estimation of unknown process model parameters usiag veth hysteresis.

Process identification algorithms are also proposed baseelay with hysteresis [5, 16, 35,47,
82]. Our proposed method has the following advantages apa&ad with other algorithms: a)
derivations of more number of exact equations, b) measureafenore number of limit cycle
parameters for symmetrical relay feedback tests, ¢) andimination of measurement noise
with the help of a new control strategy and d) generalizedesgions to estimate the unknown
parameters of a class of process models.

In this chapter, identification of stable or unstable firstesr second order overdamped, under-
damped, critically damped and integrating process dymnaimigresented. Relay with hysteresis
is used to induce a limit cycle output and using this infoliorgtunknown process model param-
eters are estimated. State space based generalized eadaypressions are derived to achieve

accurate results. Expressions are derived for off-linatifieation of SISO process dynamics.
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In real time systems, measurement noise is an importarg thstung identification of process
dynamics. A relay with hysteresis reduces the effect of nmegsent noise, in addition a de-
noising block is proposed to recover the original limit @.cBimulation results are included to

validate the effectiveness of the proposed method.

4.2 |dentification method

In this section a new control structure as shown in Fig. 4gtaposed to identify the unknown
process dynamics and to mitigate the effects of measuremoes#. This structure consists of a
relay with hysteresis in series with the unknown processaahehoising block. The functioning
of this denoising block is explained in subsection 4.2.1Fin 4.1 application of relay input
to the process generates limit cycle output. This limit eyamlitput consists of process informa-
tion in the form of various parameters. These limit cyclergitees and relay parameters are

substituted in the expressions derived for correspondiaggss models to identify the process

dynamics.
Noise
r(t) e(t u(t)| Process y(t) | Denoising| y(t)
1 G(s) block -
Relay with
hysteresis

Figure 4.1: Proposed relay feedback identification scheme

The generalized transfer function model of a stable or lhst&OPDT process is given as

Ke9s
(115 1)(125+1)

Gm(s) = (4.1)

wheret; and 12 are the time constant& the steady state gain ardthe time delay of the
process. It is assumed that is larger thant, andK is positive. The above expression is

rewritten in terms off; and f, as

y(s) +Kf1fp

u(sle s  (s—fi)(s— f) (4.2)
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Chapter 4 Relay with hysteresis and state space based identification

where f; = q:r—ll and f, = —T—lz. The process model considered in (4.1) is realized in terms

of FOPDT, SOPDT including overdamped, underdamped, alifidamped, integrating and

unstable process models.

4.2.1 Measurement noise and denoising

In process industries generally, the process output isipted with measurement noise. Hence,
a noise free output can be obtained with the help of an integed the process output or by
using an off-line method such as curve fitting technique. &ldition of an integrator at the
process output changes the order of actual process leadlingdcurate measurements. The
design of an integrator is dependent on process frequenahwtill not be known due to
unknown process dynamics. These issues motivate us togeadpe on-line denoising block as
shown in Fig. 4.2 which consists of a derivative blo€Ek ) followed by a closed loop sequence

of an integrator and one more derivative bloEl). The expression fadb; andD> is written as

Tps
Di=Dy= 2> 4.3
1 2T OTos+1 (4.3)

whereTp is the derivative time constant amdthe derivative filter coefficient. Normally is
very small 1). Generally, information signal and the measurementenais considered as

uncorrelated while carrying out their additive addition.
y(t) = cx(t) +rand(sizgx(t))) (4.4)

When the differentiation of contaminated signal is caroed, the rate of change of signal and
measurement noise is yielded. Further, to recover the laesonse, the output &f; is passed

through a closed loop control having an integrator and &difftiatorD, as shown in Fig. 4.2,

()

y(t)_

)DJ ]/8

Dy

Figure 4.2: Denoising block
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The function ofD;, is to find out the variation of signal and noise content fokoWy filtering
and forward to adder where difference between the actugltiar of noisy signal fronD1 and
D, is obtained. Further, those variations are finally mitigdig an integrator which also helps
in removing the higher order harmonics present at the derevéD,) output, assuming zero
initial conditions. Hence, the process of denoising isiedrout to obtain a noise free limit cy-
cle outputy(t). Lee et al. [83] proposed an identification method to supgpsemificant effects
of higher order harmonic terms of process output using mate@f relay feedback responses.
Lee et al. [70] used high pass filter to remove slow drifts ahalapass filter to eliminate the
high frequency noise from the noisy process output. Them, &tial. [84] used an integrator at
the process output to obtain chattering-free responser tethod can not be implemented for
identification of lower order processes, since the integrahich is connected at the process
output, will change the order of the actual process dynaamdsalso yields inaccurate ultimate
period. Our proposed denoising block is advantageous @&iniag the order of the unknown

process during identification.

Remark: As the output of derivativ®, is in terms of the rate of change of the noisy limit
cycle with reference to time. This rate of change is bound&l wnknown amplitude. The
absolute value of this bound could be enormously high or taaiad at an acceptable level by
varying the sampling time. With reference to real time aggdlons this sampling time can be
defined by the user corresponding to a tolerable derivativpud. However, in the proposed
structure, a sampling time of 0.01s yields satisfactoryltesn noise removal, while increasing
the upper bound of the derivative output which may not betedde in the context of practical
applications. This limitation can be overcome by an addittba derivative gain which should

be less than unity (up to two digits of precision).
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Chapter 4 Relay with hysteresis and state space based identification

4.3 Derivation of analytical expressions

The limit cycle output ¥(t)), its second derivative output for SOPDT process and thayeel
relay output are shown in Fig. 4.3. The parameters indicatdedg. 4.3,h and¢ are relay
parameters as amplitude and hysteresis width, respachiyell, andt, are limit cycle param-
eters as peak amplitude, half period and peak time, respddij is the time instant at hysteresis
value where actual relay switching takes place find the time where the second derivative
output of limit cycle shows abrupt change add-t; —to. In case of FOPDT processés,is

measured from first derivative output of limit cycle.

1.5 ! ! !
= Limit cycle output
= = =Delayed relay output

+h AN T 2nd derivative of limit cycle

output

|
o
34

T

t
o
=
E
Il

168 170 172 174 176 178 180 182 184 186
time in sec

Figure 4.3: Limit cycle output and its second derivativeS@®PDT process
The mathematical derivations are carried out using stateesfechnique. The standard form of
state space equations of a system when the process contairesdaelay,d are given by

X(t) = Ax(t) +bu(t — 9) (4.5)
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Chapter 4 Relay with hysteresis and state space based identification

y(t) = cx(t) (4.6)

whereA is a 2x 2 square matrixp is 2x 1 column vectorg is 1 x 2 row vector. Transforming

(4.2) from transfer function to the following state spaceresentation

soy=| OO L] ® s 4.7)
0 f, Xa(t) —a
y(t)z[l 1}X(t) (4.8)

(Detailed derivation of Eqgs. (4.7) and (4.8) is given in Apgix A.2)
Comparing (4.7) and (4.8) with the state space Eqs. (4.5)(4u6), respectively the matrices

A, b andc are given as

f]_ 0 a
A= ;b= ;c={1 1} (4.9)
0 f2 —a

wheref; and f, are the eigenvalues @éf and

+Kfifo
a—= 4.10
(=) (4.10)

Assume that there exists a symmetrical limit cycle with tpafiod T, as shown in Fig. 4.3

which is obtained with the initial conditior(tp). It can be observed from Fig. 4.3 that even
though relay switching from-h to —h, takes place at timg), the delayed relay output pro-
vides two piecewise constant input signals to the procespdsitive or negative limit cycle
output. Hence, the solution of (4.5) for time rangges: t <t; andt; <t < (Tp+to) becomes,

respectively as

x(t) = ety (tg) + A1) —|)bh (4.11)

x(t) = ety (t)) — A=) —|)bh (4.12)

wherel is 2 x 2 identity matrix. Due to equal half cycles the limit cyclessgmmetrical hence,

it follows thatx(Ty+tg) = —X(tg). Substituting = T, +tg in (4.12), the following expressions
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Chapter 4 Relay with hysteresis and state space based identification

are obtained

X(Tp+to) = eMTptlo~ty () — A=L(eMTetto~t) _|)ph (4.13)

X(Tp+to) = eMTp~ )y (1)) — A=L(Tp~ (W) _|)ph (4.14)
As 0 = (t1 —tp), above equation reduces to
X(Tp+1o) = eMTP=9x(t1) — A~1(™=9) —)bh (4.15)
Puttingt = t; in (4.11) one obtains
X(t1) = i)y (tg) + A=A _|)bh (4.16)
or
X(t1) = %X (to) + A~1(e*® — 1)bh (4.17)
Substituting the above equation in (4.15) the followingresgion is obtained
X(Tp+1o) = €ATPx(to) + A~ L(erTP — 269 4 | )bh (4.18)
But x(Tp+1tg) = —X(to) hence, above equation reduces to the initial conditionrgiose
X(tg) = (I +€*)"1A"1(2eA (o0 _eATo _|)bh (4.19)

These Eqgs. (4.11), (4.12), (4.17) and (4.19) are used tdhgegxpressions for relay and limit

cycle parameters as described in the following subsections

4.3.1 Expression fore
The condition for sustained oscillations using relay wiyilsteresis is
y(to) =cx(to) = € (4.20)

Simplifying the initial condition given in (4.19), the fallving expression is obtained

ah(2ef1(Tp=9) _efiTp_1)
_ fi(1-+ef1)
X(to) - 7ah(26f2(Tp76)7ef2Tp71) (4.21)
fo(1+ef2'p)

TH-1339_11616222
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Substituting (4.21) and= { 1 1} in (4.20) and resolving we get

26f1(Tp-8) _efiTo _ 1 2ef2(Tp—8) _ gfeTo _ 1
e ah( e € € © (4.22)

fi(1+eftT)  fy(1+el2l)

Using (4.10) in the above expression and further simplgyone obtains
+Kh 2¢~ 10 2e~ 20
=—|[fo|l ———=-1]|-f1| —=—1 4.2
¢ (fp— f2) ( 2<1+ef1Tp ) 1<1+ef2Tp (4.23)
4.3.2 Expression fort

The expression fat, is achieved using (4.12) as follows. Substituting ty in (4.12) gives the

following expression
X(tp) = eA(tpitl)X(tl) _Afl(eo‘(tpftl) _ |)bh (424)

Now, X(t1) from (4.17) is solved to get

ahe1%(2ef1(Tp-9) _ehTo—1) | ah(ef1?-1)

_ f1(1+ef1p) f1
X(t) = —ahef29(2e2(Tp=9) _ef2Tp—1)  ah(ef2?-1) (4.25)
fo(1+ef2p) f2

On further simplification one obtaingt;) as
ah (ef1Tp—1
fi \efTpy1
__ah(ef2Tr—1
f2 \e2Tpy1

Substituting (4.26) in (4.24) and resolving yields the esgsion forx(tp) as mentioned below

X(tg) = (4.26)

ahe1(p—1) (ef1Tp—1)  ah(ef1ltp—1)_1)

fi(1+efTe) f1
X(tp) = ! 4.27
( p) _ ahel2(tb—t1)(ef2Tp—1)  ah(ef2(tp—t1) 1) ( )
fo(1-+ef2Tp) f2

which is reduced to

ah [ —2ef1(tp—t1)
f_1< 1+ef1Tp +1

X(tp) = b (200 (4.28)
2\ 14eRTp
Since the first derivative of peak amplitude is zero, whicteesented as
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Chapter 4 Relay with hysteresis and state space based identification

or
CAX(tp) —cbh=0 (4.30)
Sincecb = 0, above equation reduces to

CAX(tp) =0 (4.31)

Substituting forc, A from (4.9) andk(tp) from (4.28) in the above expression and solving gives

the following expressions

to—t1)(f1—"fp)
gltp—t1)(f1i—f2) _ o (4.32)
or
1 1+efTh
tp=1t1+ (i) In (l-l-efZTp) (4.33)

4.3.3 Expression forAp

The expression foh, is obtained by substituting farandx(tp) in the following expression

Y(tp) = Ap = cXx(tp) (4.34)
ah _Zefl(tp_tl) ah Zefz(tp—tl)
Ao=— |- 1)+ | 7 1 4,
PR ( 1+efTe I fo \ 1+ef2 (4.35)
Using (4.33) the following expressions are obtained
f1
- 1+efTe\ =%
fi(tp—t1) —

e (1+ efZTp) (4.36)

T\ 126
ehaltp—ty) _ (1H €T P BT (4.37)

1+ef2Tp

Now using (4.10), (4.36) and (4.37) in (4.35) and further@ifging one obtains the expression

for Ap as given below
Ap = +Kh (z (1+ eflTv) it (1+ eszp) i 1) (4.38)

These derivations fag, tp, andA,, are used to get the expressions for stable or unstable SOPDT

process model parameters as given in Section 4.4.
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Chapter 4 Relay with hysteresis and state space based identification

4.3.4 Estimation ofd

Initially, Majhi [39] proposed a method to find the processdidelayd from the measurements
of tp andt;. There the author used ideal relay in which ctase 0 always, but in our proposed
method since relay with hysteresis is used hep@e~ € att = to which is non-zero. From the

graph shown in Fig. 4.3 it can be observed that to + 4, due to non-monotonic characteristic
of the limit cycle output. Hence, the method proposed by V&89 is extended here to estimate
the process time delay. For FOPDT processés is measured from first derivative output of

y(t) similarly, for SOPDT processes it is measured from secongat&/e output ofy(t).

4.4 Process identification

4.4.1 SOPDT process model

In this subsection expressions are derived to estimatetkgouwn process model parameters of
stable or unstable SOPDT process model as given in (4.1)eBsing (4.23), (4.33) and (4.38)

in terms ofry and 1 as

+5 d
—T 2en T 2en
g=4Kh| 12 S - (4.39)
0¥\ en NF2\1 e
To
1ter
tp=t; + L2 |n [ =782 (4.40)
n1+12 1_'_esz

Ap=+Kh|2(1+em 1+e™ ~1 (4.41)

Rearranging (4.39), (4.40) and (4.41) in the following foofnequations for stable or over-

damped process model

3 3
Kh 2em 2en
(11— T2) — = | 1- = |t =~ 1 =0 (4.42)
1+en 1+em
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— Tp

1 T,
(t-1) -2 [ 2] =0 (4.43)
(to=t) \ 1 en
1 T2
o\ 12 o\ T 12
Kh 2<1+eT1) <1+er2) -1]-Ap=0 (4.44)
Similarly for unstable processes
Kh 2 o 2 2
en en
(1+T12)— ~ 1 5 — l1]+1m T~ 1 =0 (4.45)
l+em l+em
Tp
Tr l+er
(L+1)——2 [ =22 | =0 (4.46)
=t \1 ev
il T
o\ u+r, “Tp\ T1t12
Kh 1—2(1+ef1) (1+ef2) —Ap=0 (4.47)

Therefore substituting fag, J, h, Tp, Ap, tp andt; and solving simultaneously the set of Egs.
(4.42), (4.43) and (4.44) the stable SOPDT process modahpetersK, 7, andt, are estimated.
Similarly, to estimate the parameters of unstable procextemEQqs. (4.45), (4.46) and (4.47)
are solved simultaneously. The simultaneous solutionegegmonlinear expressions is carried
out by using the MATLAB functiorfsolveassuming suitable initial values. The details of using
fsolvefunction is given in Appendix A.4.

Example 1

Let us consider a stable SOPDT process [12,42,82]
—2s
e

S =Tt

A single relay with the settings = 1 ande = 0.2 is applied to the above process to generate
the limit cycle output. The measurements made on the lingtecgnd its second derivative
output aret, = 4.6436,t; = 4.2536,tg = 2.2536,T, = 8.7198 andA, = 0.3566. Fromt; and

to, the process time delay is estimateddas 2.0. Now, using the relay parameters, limit
cycle quantities and in (4.42), (4.43) and (4.44) and solving these expressiomsig&aneously,

the estimated process model parametersKare0.9923,11 = 9.8997 andr, = 1.0105. The

performance evaluation is carried out by calculating thieregion error E) index as described
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Chapter 4 Relay with hysteresis and state space based identification

in Chapter 2. The proposed model is compared with the modetgified by Shen et al. [12],
Liu et al. [82] and Vivek and Chidambaram [42] with estimati&rror €) in Table 4.1. To show
the usefulness of the proposed method, relay test is comdlucider noisy environment where a
white Gaussian noise of zero mean and certain varianceffereft values of SNR, is injected
at the process output. As mentioned earlier, the denoismk lshown in Fig. 4.1 is used to
recover the noise free limit cycle output. And process maadeameters are again estimated
from the measurements of denoised limit cycle quantitidge foisy and denoised limit cycle
outputs for 10 dB SNR are as shown in Fig. 4.4. The percentagesef parameters, measured
and estimated in the presence of measurement noise whies yeom 10 dB to 30 dB SNR,

are given in Table 4.2.

—— Noisy signal
== Denoised signal

0.6

output

70 80 90 100 110 120 130 140 150
time in sec

Figure 4.4: Noisy and denoised signals
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Chapter 4 Relay with hysteresis and state space based identification

Table. 4.1: Comparison of process models for Example 1

Method Process model Errde)
0.992320s
Proposed (98995 +1) (L0105 L) | 00006
0.99820s

Shen et al. [12] (9.145+1)(L04%+ 1) 0.0369
. 1'0122;‘,—2.00375

Liuetal. [82] [Mo1176 100951y | 0-0028
. . 1_03e72.84s

Vivek and Chidambaram [42] 198D 0.0378

Table. 4.2: Effect of measurement noise on parameters inég ér Example 1

10 0.028| 0.003 -0.004 -0.008 -0.019 -0.40 -0.574 0.680 0

20 0.028| 0.006 -0.018 -0.035 -0.015 -0.57/0 -0.793 0.950 0

30 0.028| 0.004 0.00f 0.008 -0.082 0.020 0.g05 0.050 0.005

It can be observed from Table 4.1 that the presented tec@ryiglds process models with less
estimation error as compared with other methods. Tablendlizates that the measured limit
cycle parameters and estimated model parameters are dgtherror for different SNR values.
Example 2

In this example the following unstable SOPDT process [5 @gken
—0.5s
e

G = = D0ssr 1)

Applying the above procedure with relay settings 1 ande = 0.1, the limit cycle parameters
obtained arep = 1.551,t; = 0.691,tp = 0.191, T, = 4.0325 andAp = 0.6394 henced =
0.50. Using these parameters in (4.45), (4.46) and (4.47 yalving them simultaneously the
following process model parameters are estim#ted 1.0069,71 = 2.0152 andr, = 0.5057.
The FOPDT model suggested by Liu and Gao [5] using relay wytdresis is given in Table

TH-1339_11616222 1
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4.3 along with the model proposed by Vivek and Chidambarahwjth the corresponding
estimation error values. These results are compared usiggist plots as shown in Fig. 4.5
and it can be observed that the proposed method gives gadltsres

In the presence of measurement noise of 1% standard dewi&iiek and Chidambaram [6]
suggested FOPDT model with the parameters 0.5332,7 = 1.3524 andd = 0.8807, our
proposed method gives the model parameteis a€.9947,1; = 1.9872,12 = 0.4980 and =

0.4981. Hence, application of single relay feedback tgstimd proposed expressions helps in

achieving improved results for unstable SOPDT processes.

—a
0.2} b
- - = C
R RN d
\' g
0.15f R * —
ra Wity \Y
. ’ A3
0.11 ’ o
R4 )
Bl
£ 0.05 o
< L
5 JEt£
c - | I Ho-a
=) 0 H: SIEN
£ HAY
- [ R
_0.05’ ‘ 7N ,
. K4
-,
-0.1
-0.15 a
-0.2 .
-1 -0.8 -0.6 -0.4 -0.2 0

Real Axis

Figure 4.5: Nyquist plots for Example 2: (a) Actual proceg$g,proposed model, (c) model
proposed by Liu and Gao [5] and (d) model proposed by Vivek@nidambaram [6]
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Chapter 4 Relay with hysteresis and state space based identification

Table. 4.3: Comparison of process models for Example 2

Method Process model ErrdE)
1.006%0-50
Proposed (20155-1)(05066+1) | 0-002
—1.36s
Liu and Gao [5] % 0.2159
—1.041%
Vivek and Chidambaram [6’] % 0.3838

4.4.2 FOPDT process model

A stable or unstable FOPDT process model is obtained bynguitti= 0 in (4.1) as

Kefés
S) =
m(S) 115+ 1

(4.48)

Hence, the SOPDT process model expressions obtained iredidrs 4.4.1 are framed to
achieve the equations for estimation of FOPDT process mualg@imeter« and 1;. Substi-

tuting 72 = 0 in the expressions (4.39) and (4.41) and further simpigyve get

+0

2 T
e=+2Kh| 1- ei;p (4.49)
l+en
2
Ap==£Kh <7ﬂp—1> (4.50)
l1+en

Rearranging Eqs. (4.49) and (4.50) for stable processes as

3

2 T7
Kh{1- == | —e=0 (4.51)
l+en
0.5T
Khtanh< - p)—Ap:o (4.52)
1

Substituting fore, d, h, T, and Ap and solving simultaneously (4.51) and (4.52) the stable

FOPDT process model parametdfsandr,) are estimated.
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Representing Egs. (4.49) and (4.50) for unstable processes

;6
Kh Ze:p—l —£=0 (4.53)
l+en
0.5T
Khtanh( - p)—Apzo (4.54)
1

Now, substituting the required quantities in (4.53) an®43.and solving simultaneously the
unstable FOPDT process model parametiérarfdt;) are estimated. The process time deday

is obtained from the measurementgodndty as explained in subsection 4.3.4.

Example 3
Consider the following stable FOPDT process [5,41,42]
—25
e

(8 = 171

A single relay with parametetts = 1 ande = 0.1 is applied to the above process to generate
the limit cycle output. S@ = 2.0 is obtained from the measurementg¢;of 3.0536 andg =
1.0536. Substitutingp = 5.3897,A, = 0.2631 and = 2.0 in (4.51) and (4.52) and solving
simultaneously the model parameters are estimatéd=$.9994 andr; = 9.9957. Table 4.4
shows the comparison of these results along with estimatiar €) for the proposed model
and the models identified by Vivek and Chidambaram [42],i%ssan and Chidambaram [41]
using asymmetrical relay and Liu and Gao [5] using unbias&d/iwith hysteresis.

To identify the process dynamics in the presence of measmenoise, a white Gaussian noise
of variance 0.0023 which gives SNR of 10 dB, is added at thege® output. The noisy out-
put signal and the denoised signal are as shown in Fig. 4.thgulkse denoised limit cycle
guantities in corresponding expressions as mentionedeahdtiis example, the process model
parameters are estimatedkas= 0.9986,7; = 9.9923 and = 2.0. For measurement noise of
0.5% S.D., Srinivasan and Chidambaram [41] suggested thielnparameters as = 0.9336,

71 = 9.3638 and = 2.03, whereas our proposed method yidds 1.0017,7; = 10.0206 and

0 =1.9994. This example shows that the proposed method gives atcurate process model

parameters even under noisy environment.
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0.4 —
—— Noisy signal

= Denoised signal
0.3F '

0.2

0.1

output
o

|

o

w
T

-0.44 ! ! !
40 50 60 70 80 90

time in sec

Figure 4.6: Noisy and denoised signals

Table. 4.4: Comparison of process models for Example 3

Method Process model ErrdE)
—2.0s

Proposed % 0.0002

—2.3s
Srinivasan and Chidambaram [41]% 0.1132
- 1.0048:2002%

Liu and Gao [5] ~1004%+1 0.0019
—2.0s

Vivek and Chidambaram [42] | $%PR " | 0.0156
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Chapter 4 Relay with hysteresis and state space based identification

Example 4
Here, the following unstable FOPDT process [5, 13,47] ietalor process dynamics identifi-

cation
e—0.4s

G(s) = 1

Using single relay feedback test with relay paramekters1 ande = 0.1, the limit cycle pa-
rameters obtained ate = 0.4953,tp = 0.0953,T, = 1.5198 andA, = 0.641. Hence = 0.40

is obtained, substituting fa¥, T, andAp in (4.53) and (4.54) and solving simultaneou$lyr

1.0 andr, = 1.0 are obtained. Further the results are compared witmtiaels identified by
Marchetti et al. [13] and Liu and Gao [5,47] in Table 4.5 alovith estimation error. For noisy
environment, the percentage errors of measured paranaeigestimated model parameters are

tabulated in Table 4.6 for SNR values varying from 10 dBto BO d

Table. 4.5: Comparison of process models for Example 4

Method Process model Errde
1.0870.4(3
Proposed o1 0

—0.392%
Marchetti et al. [13] % 0.3716

—0.40s
Liuand Gao [47] | 1290E—— | 0.0106

—0.402%
Liuand Gao[5] | %sese—r | 0.0265

Table. 4.6: Effect of measurement noise on parameters i@ éor Example 4

SNR@B)| A, | Tp | t to K T )

10 -0.187| 0.032 0.061 0.314 -0.180 0.0%0 0

20 0.093| 0.052 -0.061 -0.209 -0.060 -0.160 -0.025

30 0.031| 0.065 -0.040 0 -0.1530 -0.190 -0.050
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4.4.3 Underdamped SOPDT process model

Considering (4.1) in the standard stable SOPDT transfeatiimmform as

B qufés
Gnl®) = ng nstq (4.55)

wherem = 1117, n = 71 + T2 and assuming = 1 without loss of generality. Hence, the above

transfer function is reduced to the following underdampextess model

Kefés
Cn(S) = Fgnst 1 (4.56)
or
y(S) K (4.57)

use % m+ns+1
Here it is to be noted that for underdamped procesdes 4m with reference to (4.56). Ex-

pressing (4.57) in terms df and f, as follows

yis) Kfyfy

= 4.58
u(sje%s  (s—f1)(s—f2) ( )
wherefi=y1+ jpandfo=y—jy
where
—n
W= (4.59)
and
VAam—n2
Yo = —m (4.60)
Solving (4.59) and (4.60) fan andn, the following expressions are obtained
m=_ (4.61)
A |
-2
n=——- (4.62)
Vi+vs
Sincem= 1,7, andn = 11 + T2, SO, T, andT, in terms ofy; andy, become
ity
= —5 =2 (4.63)
Vi+vs
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“Y—ipy
P — (4.64)
TR

Using 11 and 1, in SOPDT expressions (4.42), (4.43) and (4.44) and sohhegd equations,

following expressions are obtained.

(Tp—9) .
(kN (amBerrremms (Lsin(a(Ty—8)) - cosly(Tp— 5))

(4.65)
_ enh (% sin(ys8) + Cos(y25)>) . 1) _ g> 0
1 e e sin( ¥oTp) B
2= (tp—1t1) (o (1+ o cog o Tp) ) =0 (4.66)

1+2enTrcoq yoTp) + €41 /A
Wi V P 1) =0 (4.67)
Now, y1, y» andK are obtained by solving (4.65), (4.66) and (4.67) simulbaiséy. Substituting
y1 andys in (4.61) and (4.62) and solving them,andn are estimated. Process time defais

obtained from the measurementgpéndty.

Example 5

This example considers an underdamped process [2] as
g—001s

G(s) = 106511
Relay 1= 1 ande = 0.25) feedback testing generates the limit cycle with ¢jtiast, = 0.8471,

t; = 0.2571,tg = 0.2471,Tp, = 1.8098 andA, = 0.5575, henc® = 0.01. Expressions (4.65),
(4.66) and (4.67) are solved simultaneously using the rafalimit cycle parameters to obtain
yi = -0.2995,), = 0.9557 andK = 0.9954. Now, usings andy in (4.61) and (4.62) and
solving these two equations the model parameterd).9969 andh = 0.5972 are obtained. The
process model parameters obtained by Lavanya et al. [Za¢€l.0, d = 0.01, m= 0.8953

andn = 0.922. The estimation error for our proposed moddf is 0.0108, where as Lavanya

et al.’s [2] model has 0.8069. Considering the effect of meatment noise in the range of 10

dB to 30 dB SNR, the % error of measured and estimated paresvaetepresented in Table 4.7.
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Table. 4.7: Effect of measurement noise on parameters i@ éor Example 5

10 0.017 0 0.03§ 0.040 0 1.060 0.70 210 |O
20 0.017 0 0.03§ 0.040 0 1.060 0.70 210 |O

30 0 0.005| 0.03§ 0.040 0 0.810 0.580 080 |0

4.4.4 Critically damped SOPDT process model

The expressions obtained for underdamped SOPDT processl maglibsection 4.4.3 are uti-

lized here to derive the equations for identification ofically damped SOPDT process model.
The following transfer function for critically damped SOPIprocess model is obtained by
substitutingn= 1,2 andn = 217 in (4.56).

Ke—5s

ol s 17

(4.68)

Using the corresponding values mfandn in (4.59) and (4.60) give = —1/11 andy, = 0,
respectively. Hence, using = 0 in (4.65) to (4.67), we obtain the expressions in terms; pf
K andd as follows.

EqQ. (4.66) is reduced to

sin(y,Tp)

t tpb—t1)) = 4.69
which is again modified as
ene  /sin(yTp)
tp—ty = 1+elep( v ) (4.70)

Using L'HOspital’s rule above equation is further simg@dito obtain the following expressions

Tp
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T
—nTp= In( P —1) (4.72)
Replacingyy = —1/11 in the above equation we get
T
L= T—p (4.73)
In (% — 1)
p—l1
Now, Eq. (4.67) is solved to get
2eVi(tp—t1)
Ap = Kh ° 1 (4.74)
\/ 1+ 2evTp L e2nTp
or
Zeyl(tp_tl) — eVlTp -1
Ap=Kh ( T T (4.75)
Substituting fory; in the above expression and simplified to
Ap <1+ eTp/H)
K= (4.76)

h (ZG(TPJFtl*tp)/Tl —elp/T1 _ 1)

Similarly, the expression far is obtained from (4.65) as

e =Kh

2eY1( P %) ylSi“(VZ( Ip é)) T % Si“(V26>
_1 _an1 7SR Y2E)
T T < 1 —ehe ( +1)) +1} (4.77)

Putting the corresponding valuesyafandy, the above equation is further simplified

2e%/1 (eTP/Tl(é ~Tp—T1) —T1+9)
Kh

. +1] —e=0 (4.78)
11 (14€™/n)

Hence, the unknown process model paramateandK are estimated from explicit expressions
(4.73) and (4.76), respectively similarfy is obtained from (4.78) using MATLAB function

fzera
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Example 6

This examples considers the following SOPDT critically gheath process [3]
g—001s

G(s) = 25117
Using relay with parametefs= 1 ande = 0.1, the measured limit cycle parameters Ape=
0.1555,Tp = 2.3291,t; = 0.4989 andt, = 1.0529. These parameters are substituted in the
explicit expressions (4.73) and (4.76) to estimate the anknprocess model parametears=
2.0 andK = 0.9999, respectively and using these parameters in (46/8)0.010 is obtained.
Similarly, the process model is identified in the presencme&surement noise of 10 dB SNR.
The proposed models are given in Table 4.8 along with the hsdgested by Thyagarajan
and Yu [3].

Table. 4.8: Comparison of process models for Example 6

Method Process model Errde
—0.010s
Proposed without noise % 0.0009
i . 0‘99993—0.009$
Proposed with noise ~(20sr)7 0.0051
, 0.870% 001
Thyagarajan and Yu [3] (18976117 0.4236

4.4.5 Integrating SOPDT process model

Now, let us consider (4.55) as an overdamped (stable) psearesassumiq = K to represent

in the following form
K_e—c‘is

Cn(s) = g nstq

(4.79)

which is converted to the following integrating SOPDT preeenodel by makingh=1,n=1
andg=0
Ke 0s

Gm(s) = ) (4.80)
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Assumingf; — 0, f, = —1/11 andK = K in the expressions obtained in subsections 4.3.1 -
4.3.3 for stable process model, the following equationsdaméved to estimate the unknown
process model parametdfs 11 andd. Utilizing (4.32) in (4.23) and solving gives the follow-

ing expression

7| . o fao(Tp—O—tp+t1) _
£ Kh 5 2f1Tp 2110 flTp s 2e’2llp P 2 (4.81)
(fi—f2) 1+ef 1+ef
Further simplification leads to
€= %h (o.sszp — f,6 —ef2(To~totto) | 1) (4.82)

Replacingf, by (—1/11) in the above equation and rearranging we get

Kh (o.sTp — 5+ rlew — rl) —£=0 (4.83)
To obtain the expression fdg, (4.32) is utilized in (4.38) and further simplified to get
Ap = Kh (% - 1) (4.84)
The corresponding value df is substituted in the above equation and solved to
Ap=Kh(0.5T, —tp+t7) (4.85)

or

Ap

K =

(4.86)

Now, usingf; — 0in (4.32) gives

o falty ) _ ii ;1;2 (4.87)
which is further reduced to
(1+6) et =2 (4.88)
or
2ef2(to~t) _glTo 10 (4.89)
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Representing the above equation in terms;cds

(tg—tp) —Tp

26 1 —en —1=0 (4.90)

Hence, substituting the parameters of relay and limit cytkxpression (4.86]§_is estimated,
similarly other parameters andd are obtained from simultaneous solution of Egs. (4.83) and

(4.90).

Example 7

Let us consider a second order integrating process withdietesy [48]
e—O.Zs

&=

Arelay with parameters =1 ands = 0.2 is applied to the above process to generate limit cycle.
The measured limit cycle and it's second derivative paramsét, = 0.5895,T, = 2.3898,t; =
0.4612,tp = 0.2612 andp = 1.0666 along with relay parameters are substituted in exjmress
(4.86) to estimat& = 1.0. Similarly, the remaining parameters= 0.9999 andd = 0.20 are
obtained from solving (4.83) and (4.90) simultaneously.show the validity of the proposed
method, the process dynamics are also identified in the presaf measurement noise of 20
dB SNR. The proposed models in the absence of measuremeetanml with noise are given
in Table 4.9 along with the model proposed by Panda et al. \M8jout noise effect. From
Table 4.9, it can be observed that the proposed method caicbessfully used to identify the

process models under noisy environment also.

Table. 4.9: Comparison of process models for Example 7

Method Process model  ErrdE)
d del with o 1.08_0'205
Proposed model without nm-em 0.0001
T 1.001e~0-19%
Proposed model with noise SLO0IETT) 0.0008
d | 1.08_0'205
By Panda et al. [48] m 0.0003

Above simulation results show that the proposed identiicagcheme gives better results even
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in the presence of measurement noise as compared to othkodset From the procedure
explained in Section 4.5, the proposed algorithm can beingedl time applications to identify

the process dynamics.

4.5 Implementation of proposed method in real plants

The procedure to implement the proposed method for ideatiific of the process dynamics of
real plants is detailed in this section. A simple dc motorloaassumed as a real process whose
dynamics is characterized by the ratio of motor speed totinpitage. Referring to Fig. 4.1, a
relay with hysteresis induces a limit cycle output when @mted in series feedback to the plant
or process. Relay with an operational characteristics,actn electrically operated switch. In
the literature [9], it has been reported that a solid stdgyrean be implemented in order to
achieve an accurate plant dynamics as compared to conmehétectro-mechanical relay. A
relay can be implemented either by using a FPAA (Field Prognable Analog Array) [85] or
op-amps (Operational Amplifiers) by setting the samplinggti relay amplitude and hysteresis
values in the range of milliseconds, volts and millivolesspectively. These relay parameters
are user defined and can be modified in order to control theitudelof limit cycle output.
The relay is connected in such a way that it would bring a piriand oscillatory behavior
in the plant output characteristics. The denoising bloakscsiing of derivative blocks and an
integrator can be implemented using a set of op-amps or FAAArefore, a denoised limit
cycle can be yielded with reduced noise effect and also thépteuswitching at relay output
gets mitigated. A recovered limit cycle and the relay outgan be observed on oscilloscope
connected at the plant output and relay output terminadpeaetively. The limit cycle and other
parameters as shown in Fig. 4.3 can be measured by makind¢esaigervation. Using these
parameters in the corresponding expressions derivedrdloess can be modeled. The summing
point and comparator at the forward and feedback pathsecésply can be designed using op-
amps. The flowchart as shown in Fig. 4.7 facilitates in urtdeding the above explained

procedure in a simple way.
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Figure 4.7: Flowchart for implementation procedure
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4.6 Summary

Methods are proposed for identification of accurate prodgsamics of stable and unstable
first order, second order overdamped, underdamped, digtidamped and integrating pro-
cesses with time delay. Generalized SOPDT process modeh&dered and expressions are
derived to estimate the unknown model parameters. State spathod is used to develop the
expressions so that accurate model parameters are estimadesstimate the process model
parameters in the face of measurement noise, the procgsst agiicorrupted with noise and
for denoising, a simple but effective closed loop denoiditogk is introduced in proposed re-
lay feedback control structure. To show the efficiency of pheposed method, well known

examples are considered and simulation tests are carrtathdar noisy environment.
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CHAPTERDS

IDENTIFICATION OF PROCESSES WITH

NON-MINIMUM PHASE CHARACTERISTICS

5.1 Introduction

Some complex chemical processes exhibit non-minimum piNigd@) characteristics and these
processes may provide erroneous information if the ideatifin is not accurate. In the lit-
erature, initially identification methods are developethgsdescribing function (DF) tech-
nique [10-12, 18]. In this DF method the nonlinear devicayas approximated by a gain
hence, the process model parameters estimated are natlexacicess identification accuracy
of the estimated parameters is important to design coatrédlr satisfactory performance of
the process. Hence, many authors developed exact meth®is 8, 39, 42,43, 47, 49] gen-
erally for all pole processes with time delay. A process wiitie delay or with RHP zero can
be considered as NMP process. These NMP characteristidsecabserved in some complex
chemical systems [62], Zhang et al. [63] described shipth pantrol system in restricted wa-
ters as NMP system. The drum-boiler dynamics [86] reprezeadf the real time examples for
NMP process. To mention few more examples are a valve casysdem, a telescope azimuth
angle control system [9] and water level in boiler drum [48, 8Few methods are available
for identification of NMP process dynamics. Panda et al. @@&jressed about the transient
response of the process with a zero in the numerator. Padhllajhi [88] derived state space
based analytical expressions for identification of timeagelnd NMP process dynamics using
ideal relay. But the authors have not considered the eftdatseasurement noise in the pro-
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cess output. Ramakrishnan and Chidambaram [68] suggdgiittams for identification of
SOPDT process dynamics employing an asymmetrical reldyatesLaplace transform tech-
nique. Here, the authors have considered a second order KddBgs without time delay as one
of the case studies. Many a times in process industries tipeioig distorted with measurement
noise leading to chattering in the process output. So, tima&®d process model parameters
will not be accurate which in turn affect the design of coltrcand performance of the process
operation. In proposed method a noise free limit cycle isioletd with the help of a modified
denoising block and relay with hysteresis in the closed Ibtgnce, presented technique works
well in real time scenarios. In the literature identificatimethods are available for particular
type of process, few authors have considered more than pa@fyrocesses but without noise.
The method suggested in this chapter can be applied to mameotire type of process model in
the presence of measurement noise.

In this chapter time domain based generalized analytigatessions are derived to estimate
exact process model parameters of a class of stable NMP gzexevith time delay using a
single relay with hysteresis in closed loop. Analytical egsions are derived for off-line iden-
tification of SISO NMP processes with time delay. The proaesslels are considered for
FOPDT, SOPDT overdamped, underdamped, critically dampddrdegrating processes. Re-
lay as an input to the process generates sustained ostillair limit cycles whose parameters
are utilized in the expressions to identify the unknown pescmodel dynamics. In practice
measurement noise is an important issue which can corragrticess output causing multiple
switching and finally leads to erroneous process identiinatRelay with hysteresis reduces
the effect of noise and further mitigation of noise is achéwith the help of a denoising block
so that a clean process output is obtained. Processes rdaadhe form of transfer functions
are considered to test the presented technique. Resultsalyezed and compared with recent
methods available in the literature to demonstrate thetfEness and validity of the suggested
method, which also holds true for process output with chiatjecaused due to measurement

noise.
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5.1.1 Contributions compared to the reference [1]

This subsection highlights the contributions of this cleapis compared to [1]. Using ideal re-
lay, Majhi [1] derived set of expressions applying statecepaethod for estimation of process
model parameters of NMP processes with time delay congisfisingle or multiple poles and
applied Fourier series based curve fitting technique tayatiéi the effects of measurement noise
from limit cycle output. Majhi’s [1] method can be used toiegtte maximum three parameters
at a time among four unknowns of the transfer function modeland Gao [67] considered the
process model suggested by Majhi [1] and proposed algositbrastimate all four parameters
of the transfer function model. But the process model caed by Majhi [1] and Liu and
Gao [67] has repeated poles and this model cannot be gersetati process models like un-
derdamped and integrating. The methods proposed in [1, 6@yated to further generalize a
second order NMP process model with time delay to FOPDT arflCEINMP process models
with repeated and non-repeated poles. Using our proposétbthéur unknown parameters

are estimated at a time.

5.2 ldentification method

The closed loop identification scheme as shown in Fig. 5.5istsof a relay with hysteresis,
the NMP process and a denoising block. This denoising blodksists of a single derivative
and an integrator in the closed loop. Here also the derwdilack generates first derivative
output in terms of the rate of change of noisy limit cyglé) with reference to time and the
integrator removes higher order harmonics present in theadize output, assuming zero initial
conditions. Hence, a clean limit cycle outpit) is generated. During process identification,
with relay input the system generates sustained oscitlati@nce, the reference inmt) is
made zero. The user defined relay parameters and the medisuiteci/cle parameters are
substituted in the corresponding analytical expressiogstimate the unknown process model

parameters of NMP processes.
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Noise
r(t e(t u(t) NMP y(t t
YO T e - OM DD
G(s)
Relay WijCh Denoising block
hysteresis

Figure 5.1: Relay feedback block diagram with denoisingklo

The generalized transfer function model of a stable NMP ggsavith time delay is given as

_ Kg(-zs+1)e %
 mg+nstq

Gm(s) (5.1)

which consists of the unknown parameters to be estimat&d(ateady state gaing (process
time delay),z (the zero on the right half of the s-plane), n (process parameters) ands
assumed to be 1 here without loss of generality for deriviessions but for an integrating
process model it is taken as zero. The transfer function ioeed in (5.1) can be realized
in different types of NMP process models like FOPDT, SOPD&rdamped, underdamped,
critically damped and integrating. The relay input caubesgrocess to generate limit cycles,
which are in the form of sustained oscillations and carry ghaecess information. Also the
delayed relay output provides two constant piecewise tiimgauts to the process for the time
rangedp <t <t; andt; <t < (Tp+tp), whereTy is the half period of limit cyclet is the time

at which the relay switches fromth to —h (h is relay height or amplitudej; is the time at
which the second derivative output of limit cycle experiemmstant change, in case of FOPDT

processed; is measured from first derivative output of limit cycle.

5.3 Analytical expressions for parametric estimation

In this section the state space method used in Chapter 4 |ledgp derive the analytical
expressions which are used to estimate the unknown prooedsl parameters with the help
of relay and limit cycle information. Hence, the detailedidg&tions shown in Section 4.3 and

subsections 4.3.1 - 4.3.3 are not repeated here but for ommae few equations are rewritten
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as follows.

The standard form of state space equations for procesdesinvé delay are given by

X(t) = Ax(t) +bu(t — 9) (5.2)

y(t) = cx(t) (5.3)

whereA is a 2x 2 square matriXy is 2x 1 column vectorgis 1x 2 row vector. The expressions

derived forx(to), X(t1) andx(tp) are rewritten as

X(to) = (1 +eAT)~1A=1(2eATe=0) _eATo _|)ph (5.4)
X(ty) = A0y (tg) + A~ (eA7) _|)bh (5.5)
X(tp) = e~ Wx(t) — A~ () _)bh (5.6)

Now, the NMP process model given in (5.1) is represented as

_ Kfyfa(s+ fo)e %

Gm(s) = 5.7
m(S) fo(s— f1)(s— f2) (®.7)
where
fo=-1/z (5.8)
fi = 5.9
YTt /N2 —4mq (5:9)
_2q
fo= 5.10
? n—/nN%—4mq (5.10)
Transforming the transfer function given in (5.7) to staiace form as
f1 O X1 (t a
xty=| S R P (5.11)
0 f» Xo(t) —ap
xa(t)
y(t) = [ 1 1} (5.12)
Xa(t)

(Detailed derivation of Eqgs. (5.11) and (5.12) from (5.7¢ien in Appendix A.3.)
Comparing (5.11) and (5.12) with (5.2) and (5.3), respetfithe matriceg\, b andc are given
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as

fi O a
A= b= ;c:{l 1} (5.13)
0 f2 —ap

wheref; and f, are the eigenvalues &f and

_ Kiyfa(fo+f1)

Kfyf2(fo+f2)
& = fo(f1—"12)

and &, = fo(f1—T2)

Now, Egs. (5.4), (5.5) and (5.6) are simplified, respectivel

a;h(2ef1(T—9) _ef1Tp_1)
f1(1+ef1p)
X(to) = ! 14
(to) —aph(2ef2(Tp~5) _ef2Tp 1) (5-14)
fo(1+e2'p)

agh (ehT-_1
fl 1+e 1Tp

t) = 5.15
X(t1) aoh (21 ( )
f2 \1+el2
agh <ﬂf@ n 1)
X(tp)= | ™\ 1re1® (5.16)

These expressions (5.14), (5.15) and (5.16) are furthikzadito obtain the equations for relay
parametee (hysteresis width at which relay switching takes placepitlicycle parameters,
(peak time) Ap (peak amplitude) andy (amplitude at discontinuity in limit cycle output) as

follows.

The necessary condition to generate sustained osciltaisagiven by
y(to) = cx(to) = € (5.17)

Substituting forc andx(tp) in (5.17) and resolved to get

Kh [fz (2(fo+f1)efl(Tp—5)_1>_fl (2(fo+f2)ef2(Tp—5)_1>] 0 19

T fo (1+efTe) fo (1+€f2r)

To get the expression fog, the first derivative of peak amplitude is represented as
y(tp) =cX(tp) =0 (5.19)
Expansion of the above equation leads to

CAX(tp) —cbh=0 (5.20)
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Substituting (5.16) and other corresponding expressio(s.20) and simplified to obtain

1 (fo+ f2) (1+ef1Tp)
tp—t1— In = 5.21
PR (i) | (fo+ fu) (1+ef2Te) (21)
The expression for peak amplitud&) is obtained as follows
Equations foc andx(tp) are utilized in (5.22) and reduced to
o =
1772 1=72
Ap—Kh |2 fotT _ft AT 4]0 (529)
fo (1+eftTr) fo (1+ef2™)

In the given process model apart from time defags there are four unknown parameters so,
one more new expression is derived as follows.
The half limit cycle output of SOPDT NMP process is as showifritn 5.2. LetAy be the

amplitude at time; or discontinuity in limit cycle output therefore,

y(t1) = Ag = cx(tz) (5.24)

0.9

0.8

0.7

0.5

0.4

output

0.3

0.2

0.1

T
>

80 81 82 83 84 85 86 87
time in sec

Figure 5.2: Half limit cycle output
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Substituting forc andx(ty) in (5.24) the following expression is derived

flT _ fZT —
pg - dah(err—1y ah feze-1 (5.25)
fi \14ef fo \1+ef2Tr
Utilizing the corresponding values fag anday in the above equation and further simplifying
we get
Kh fo+ f1) (eftTr —1 fo+ f) (ef2Tp —1
Ad_ 2(0 1)( 1T, >_1(O 2>( T, ) =0 (526)
fy—fo fo (1+ €M) fo (1+€f2™r)

Hence, the expressions (5.18), (5.21), (5.23) and (5.26juather explored to derive the corre-

sponding equations for different types of process modefseagioned in the following section.

5.4 Process identification

5.4.1 FOPDT NMP process model

The following FOPDT NMP process model is obtained witk= 0 andg=1in (5.1)

K(—zs+1)e %

Gm(S) = ns+ 1

(5.27)

Hence, for this modefg = —1/z, f; = —1/n and f, — —o which are substituted in (5.18),

(5.21), (5.23) and (5.26) and solved, respectively to get

230 () (o) <0 o2
tp—t1=0 (5.29)

Ap 2(1+2zn)
ﬁ—erl—O (5.30)
% <1+e—Tp/”) +e To/n (%Z-i- 1) —-1=0 (5.31)

The above Egs. (5.28) - (5.31) are solved simultaneouslstimate the unknown process
model parameterk, o, zandn. These nonlinear expressions are solved simultaneously by
using the MATLAB functionfsolveassuming suitable initial values. The details of udsgve

function is given in Appendix A.4.

TH-1339_11616222
- 94



TH-1339

Chapter 5 Identification of processes with non-minimum plamracteristics

Example 1

Let us consider a FOPDT NMP process with the following tranfiinction

— 1 —S
Applying single relay It = 1 ande = 0.3) input to the above process generates limit cycle as
shown in Fig. 5.3. The limit cycle and its first derivative put parameters measured &ye
1.7133,t1 = 1.71331p = 0.7133,T, = 3.6054,A, = 1.5754 and\y = 0.5754. These quantities
are substituted in (5.28) - (5.31) and solved simultangaaststimate the exact process model

parameters a€ = 1.0,0 =1.0,z=1.0 andn= 2.0.

T
|

0.5

process output
o
Il

_05 - _
_1 - ]
-1.5¢ 8
35 40 45 50 55 60 65 70

time in sec

Figure 5.3: Process output
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5.4.2 Overdamped SOPDT NMP process model

Let us consider the model given in (5.1) as an overdamped SQir@cess model witlg = 1
as mentioned below

K(—zs+1)e %

Gm(S) = 12 +ns+1 (5-32)
Egs. (5.9) and (5.10) are simplified for the process modelpatersn andn as
1
m= h (5.33)
n— M (5.34)
f1f2

Egs. (5.18), (5.21), (5.23) and (5.26) are solved simutiasly to calculate the parameters in
terms ofK, fp, f; and f,. Hence, apart fronK the process model parametds obtained from
fo andmandn are obtained from (5.33) and (5.34), respectively.

Example 2

This example considers an overdamped SOPDT NMP process [88]

(s) = (—s+1le*
102+ 7s+1°

The relay test is carried out with the parameters1 ande = 0.35, without noise to obtain the
limit cycle and its second derivative output parameterts, &s4.6683t; = 3.45651y = 2.4565,
Tp=9.0675A,=0.6194 and\y = 0.4604, s@® = 1.0 is obtained. Substituting these parameters
in expressions (5.18), (5.21), (5.23) and (5.26) and saduadltaneously to find the parameters
K =1.0002, fo = —1.0, f{ = —0.5001 andf, = —0.1999. Hencez= 1.0, m= 10.0030 and

n = 7.0021 are obtained fronfp, f; and f, using the procedure as explained in subsection
5.4.2. Similarly, a relay test is carried out in the presesfameasurement noise of 20 dB SNR,
the noisy and denoised limit cycles are as shown in Fig. 5he Measurements made on the
denoised limit cycle and its second derivative outputtgre 4.6686,t; = 3.4557 tg = 2.4559,

Tp = 9.0673,Ap = 0.6194 andq = 0.4604. Applying the the procedure as mentioned above
in this example the process model is identified. For this ggecPadhy and Majhi [88] used

an ideal relay to estimate the process model parameterswittonsidering noise effect. The
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1 T
== Noisy limit cycle
0.8F = Denoised limit cycle
0.6 -
0.4r i

0.2 |

process output
o

|
o
[«2]

T

I

_1 | | | | | | | | |
90 100 110 120 130 140 150 160 170
time in sec

Figure 5.4: Noisy and denoised limitcycles

identified models and the model suggested by Padhy and M&ghafe given in Table 5.1. The

% error for corresponding model parameters is given in Talfle

Table. 5.1: Comparison of process models for Example 2

Method Process model

1.0002 —1.0s+1)e 10

Proposed without noisg 10.00302 1 7.00215 -1

0.9983 —1.00035+1)e 09998
10.004%%+6.98765+1

Proposed with noise

1.0001(—1.000%+1)e 10
10.007%%+7.001s+1

Padhy and Majhi [88]
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Table. 5.2: Comparison of model parameters in % error

Model K z m n o
Proposed without noise -0.02 0 -0.03  -0.03 0
Proposed with noise 0.1y -0.03 -0.049 0.1771 0|02

D
|
o
(@)
[y
|
o
R
|
o
(@)

Padhy and Majhi [88] without nois 079 -0314 0

5.4.3 Underdamped SOPDT NMP process model

Let us consider (5.1) as an underdamped SOPDT process mitde w 1 as given below

K(—zs+1)e %

Cm(S) =12 +ns+1 (5-35)
For underdamped process®s< 4m, so, f; and f, become
fi=ynt+ijyr =n—jr (5.36)
where
—n
= — 37
M=o (5.37)
V4m—n2
Yo = —m (5.38)
Solvingy; andy, for mandn we get
m= _——— (5.39)
+ys |
-2y
N=—"— (5.40)
i+

The below mentioned expressions are derived using (5.36)18), (5.21) and (5.26)

2e/{Te—0) ( i ( ( foty

1+eMTe 1 2eTecog yoTp) \ 1o fo

Kh

) (sin(ya(Tp— 8)) — TP sin(y,8))

+2 (cos (T 8) + e coged) ) - ( (22 ) (cosra(Tp3)

+e1T cog(28)) — f% (sin(y(Tp— 3)) — elepsin(szS)))) + 1} —e=0 (541)
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1 | (fo+ya) €4 sin(yoTp) — o (1+ €1 Te cog o Ty))

f byt =0 5.42
Ye(tp—ta) —tan (fo+y1) (1+e1Trcog yoTp)) + Y€t Tesin(y,Tp) (642
Kh[2enTe fo) sin(yaTp) — yafo (eMTo — 1
[ (yf+v22+V1To) l (Vsz) Vafo ( )]_Ad:o (5.43)
yofo [14eMTe 4 2e%1Te cogyoTy) |
Expressions (5.42) and (5.43) are utilized to get
Kh [21T (y2+ 3+ i fo) sin(yoTp) — yofo (€470 —1)] (tp — ty)
foAg [1+ e Te + 2 Tr cog(1oTp) |
—tan ! (fo+y1) €™ sin(ysTp) — y2 (1+ €70 cogyoTp) ) =0 (5.44)

(fo+ 1) (L+e4Tecog yoTp)) + Yo e sin(yoTp)
The parameterK, fp, Y1 andy, are estimated by solving (5.41) - (5.44) simultaneouslgnir
fo, y1 andy, the remaining process model parameters andn are calculated and is obtained
from measurements ¢f andtg asd = (i1 - tg) as explained in subsection 4.3.4.
Example 3
Let us consider the following underdamped SOPDT NMP prof&&$89]

B (—4s+1)e s
- 024+24s+1°

G(s)
Application of relay with hysteresis as an input to this @®& generates limit cycles in the
absence of measurement noise. The relay parameters uskd-ates = 0.4 and measured
limit cycle parameters amly = 0.9964,T, = 9.1399,to = 0.5831,t; = 1.5831 andp = 4.2412.
These relay and limit cycle parameters are substituted.#41}5 (5.44) and solved simultane-
ously to obtairk = 1.0001,fo = —0.250,y1 = —0.1333 andx, = 0.3055. From theséy, y1 and
yo the remaining process model parametera andn are estimated. The process time deday
is found asd = (t1 - tg) = 1.0. The proposed method is tested in the presence of mesasnt
noise of 20 dB SNR, Fig. 5.5 shows the noisy process outputiandised limit cycles. Now,
the measured limit cycle parameters Age= 0.9964,T, = 9.14,tp = 0.5831,t; = 1.5831 and
tp = 4.2413 which are again substituted in (5.41) - (5.44) ar(t; - to) to identify the process

dynamics. Hence, the identified process models in trangfestion form and the models sug-

gested by Liu and Gao [89] and Wang et al. [66] are given in@&B and the corresponding
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% error for model parameters is mentioned in Table 5.4.

‘‘‘‘‘ Noisy limit cycle
= Denoised limit cycle

proces output

|
=
T

_4 | | | | | | | | |
60 70 80 90 100 110 120 130 140

time in sec

Figure 5.5: Noisy and denoised limitcycles

Table. 5.3: Comparison of process models for Example 3

Method Process model

1.0001( —4.0s+1)e 10
9.0009%4-2.399%+1

Proposed without noise

0.9999 —3.9984%+1)e10s
9.00092+2.399%+ 1

Proposed with noise

_ . .| 0.9998 —3.999%+1)e 108
Liu and Gao [89] without noise 9.01832 123955+ 1

1.0(—3.98s+1)e 107
8.8652+2.39s+1

Wang et al. [66] without noise
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Table. 5.4: Comparison of model parameters in % error

Model K z m n o
Proposed without noise -0.01 0 -0.01L 0.0125 0
Proposed with noise 0.01 0.04 -0.0L 0.0125 0

174

Liu and Gao [89] without nois¢ 0.02 0.0075 -0.2033 0.2042 |0

Wang et al. [66] without noise 0 0.5 1.5556 0.4167 -Y.0

5.4.4 Critically damped SOPDT NMP process model

A critically damped SOPDT process model is represented as

_ K(-zs+1)e %
Gm(s) = (ms+ 1)2 (5.45)

The expressions obtained in subsection 5.4.3 are useddéegive the equations for critically
damped process model. Hence, comparing (5.45) with (588)dy: in (5.37) and (5.38) are

modified to
y=-1/m ; yo=0 (5.46)

Using above values g andy, along withfp in (5.41) - (5.44) the below mentioned expressions

are obtained
£ 2ed/m

Kh m2 <1+eTp/m>

5 mz<1-|- eTp/m> +(m+2)e/m ((5—m) <1+e‘TP/m> —Tp>] -1=0

(5.47)

11 T
S+ 2 ) | —2——tp+ty| +1=0 5.48
(%) [y 649
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Kh [1— /M 1 2T €™/ (24 m) /mz] +Ag <1+eTp/ m)2 =0 (5.49)

Kh(tp—t1) [ZTpeTp/m (z+m) +n? (1 - esz/m>]

+mPA [Tp <l+eTp/m> +Zm<1+eTp/m>2/(z+ m)} =0 (5.50)

Simultaneous solution of Egs. (5.47) - (5.50) leads to estion of critically damped process

model parameters, 4, zandm.

Example 4
Now, a second order critically damped NMP process withaeuetdelay studied by Padhy and
Majhi [88] is considered as

5(—3s+1)
(2s+1)2
The relay withh = 1 ande = 0.4 generates limit cycle with parameté&g = 0.4, T, = 5.4098,

G(s) =

t; = 0.2559 andp = 1.795. Similarly, in the presence of measurement noise of 25NR,

the limit cycle parameters measured Age= 0.3999,T, = 5.4099,t; = 0.2558 and, = 1.795.
These parameters are substituted in (5.48) - (5.50) an@daivnultaneously to estimate the
process model parametdfs zandm with and without noise effect. The proposed models are
given in Table 5.5 along with the model suggested by PadhyMajti [88], where the authors
have not considered the effect of measurement noise. Thedvodimodel parameters is given

in Table 5.6.

Table. 5.5: Comparison of process models for Example 4

Method Process model

5.0001( —3.05+1)

Proposed without noise
P (2.0s+1)°

5.000% —2.9994+1)

Proposed with noise (2051172

| 5.0002—2.999%+1)

Padhy and Majhi [88] without nois (2005+11)2

C
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Table. 5.6: Comparison of model parameters in % error

Model K z m
Proposed without noise -0.002 0 0
Proposed with noise -0.004 0.02 0

Padhy and Majhi [88] without noise  -0.004 0.0083 -0.1

5.4.5 Integrating SOPDT NMP process model

Let us assumiq = K in (5.1) which is represented as

K(—zs+1)e %

Crm(s) = m& +ns+q

(5.51)

which is converted to the following integrating SOPDT prazenodel by makingy = 1 and
q=0

K(-zs+1)e %

Gm(S) = s(ms+ 1)

(5.52)

With reference to (5.52) the following expressions arewaégtiassuming; — 0, fo = —1/m,

fo = (—1/2z) andK =K in (5.18), (5.21), (5.23) and (5.26)

Kh(0.5Tp+1t; —ty+2) —Ap =0 (5.53)

m <1+ e’/ m) —2(m+2) o(Totito) /m _ (5.54)
(5+2—0.5Tp+¢&/Kh) /m— lo—o-To)/m g g (5.55)
0.5Kh {Tp +m (e(tp‘“‘Tp)/ m_ gtot)/ ”‘)} “Ag=0 (5.56)

Hence, the process model parameié_rsﬁ, z andm are estimated by solving (5.53) - (5.56)

simultaneously.
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Chapter 5 Identification of processes with non-minimum plamracteristics

Example 5
In this example a second order integrating NMP process withime delay [48] is considered

as

~ 0.25(—s+1)
C(8) = —2s+ 1)

Again, from simulation test, the limit cycle quantitiés = 0.8921,Ag = 0.45, T, =9.4970,t; =
1.8804 andp = 4.0604 are measured utilizing a relay with height 1 and hysteresis width

€ = 0.45. The process dynamics are identified from simultanedusieo of (5.53), (5.54) and
(5.56). Similarly, the process model parameters are estiiria the presence of measurement
noise of 10 dB SNR, where the measured quantities of limitecypce A, = 0.8921, Ay =
0.45, T, = 9.4969,t; = 1.8804 and, = 4.0604. The identified process models and the model
proposed by Panda et al. [48] are mentioned in Table 5.7 am@dlhresponding % error in

model parameters are given in Table 5.8.

Table. 5.7: Comparison of process models for Example 5

Method Process model

0.250(—1.0s+1)
S(2.0s+1)

Proposed without noise

0.250(—1.00015+1)

Proposed with noise s(2.0s+1)

0.252(—1.0s+1)
S(2.0s+1)

1)

Panda et al. [48] without nois

Table. 5.8: Comparison of model parameters in % error

Model K z m
Proposed without noise 0 0 )
Proposed with noise 0ol -0.01 O

Panda et al. [48] without noise -0/8 0 0
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Example 6
This example considers an integrating SOPDT NMP proceds\BiB the transfer function

(—s+1)e3
s(2s+1)

G(s) =
Repeating the procedure of above examples, the relay isBet L ande = 0.7, the limit cycle
parameters measured akg = 5.4711,Aq = 3.6734,T, = 13.3316,tg = 0.7147,t; = 3.7147
andtp = 5.9094. Substituting these parameters in (5.53) -(5.56) ahed simultaneously to
estimate the process model paramekerg, zandm. Similarly in the presence of measurement
noise of 20 dB SNR the model parameters are obtained usinigntiiecycle quantitiesA, =
5.4711,Aq = 3.6734,Tp = 13.3316,tp = 0.7147,t; = 3.7147 andp = 5.9094. The process
models identified and the model suggested by Padhy and Mgghidre given in Table 5.9.

Similar to above examples, Table 5.10 indicates the % enrpracess model parameters.

Table. 5.9: Comparison of process models for Example 6

Method Process model

. —3.0s
Proposed without noise Lo( 3(12'03;11)53

o —3.0s
Proposed with noise L 5(12.03;11)33

1.0(—1.0s+1)e 305

Padhy and Majhi [88] without noise S(1.999%+ 1)

Table. 5.10: Comparison of model parameters in % error

Model Klz| m|9d
Proposed without noise D 0 0O O
Proposed with noise 0O 0 0 0

0]
(=)
o
o
fan
=
o

Padhy and Majhi [88] without nois
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5.5 Summary

State space based analytical expressions are derivedntifydbe process dynamics of NMP
processes with and without time delay. A single relay witkthyesis is applied as an input to the
process in closed loop to extract process information. Tvelty of presented technique lies in
generalizing a SOPDT NMP process model and its derived sgjmes to identify the process
dynamics of FOPDT, SOPDT overdamped, underdamped, dijtidamped and integrating
NMP processes. The derived expressions are employed toagstiour accurate parameters
at a time. Efficacy of the proposed method is shown with the lbélexamples taken from
the recent literature. Results are tabulated and compaiad the percentage error of process
model parameters. Robustness of the suggested algorithitigsirated in the presence of

measurement noise.
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CHAPTER G

CONCLUSIONS ANDFUTURE WORK

6.1 Conclusions

In recent years, many research work on relay based prooessfication are presented in the
literature. Still there is much scope for improvements axtéresions of this method. Briefly,

the results are summarized as follows

A. Off-line and on-line identification of SISO processes

A single relay with hysteresis is used in closed loop, to getess information. Using DF
method explicit expressions are derived to estimate th® iB®cess model parameters during
off-line and on-line mode of operation. Expressions arévedrfor generalized process model
as well as individual process models. For on-line identificg controller parameters are ini-
tially chosen and once the process model is known, suitaisigaler can be designed. Since
measurement noise is a critical issue in process industadiglity of the proposed method is
illustrated even under noisy environment. Results ardigdmwith the help of estimation errors
and Nyquist plots. These plots indicate good match neighfdhe critical point. To test the

robustness of the method, process dynamics are identifietifferent relay settings.

B. Off-line and on-line identification of TITO processes
An attempt is made to identify the process dynamics of TIT@psses using DF technique
and relay with hysteresis. Identification methods are psepddor on-line as well as off-line

mode of operation. The TITO processes are modeled in terms®mEISO process models.
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Simulation results are illustrated to show the generalulse$s of proposed method.

C. Relay with hysteresis and state space based identificaticAs DF method gives approxi-
mate results and estimation of two process model paramédtbescorresponding time domain
based state space technique is used to derive the expressisuring accurate results. Expres-
sions are derived for off-line identification of SISO progelynamics. A generalized SOPDT
process model is realized in terms of class of process maahelsaccordingly analytical ex-
pressions are derived. As relay with hysteresis reducesftbet of measurement noise, further
noise elimination is achieved by using a denoising blockediosed loop with the process and
relay. Well known examples are considered to show the effioathe presented work. Results

are compared using estimation error values and Nyquiss.plot

D. Identification of processes with non-minimum phase chareteristics

State space technique is extended to identify the processmigs of SISO NMP processes
during off-line mode of operation. Mathematical expressi@are derived for stable SOPDT
NMP process model which is realized in terms of FOPDT, SOPiéradamped, underdamped,
critically damped and integrating NMP process models. &ed method is tested even in the
face of measurement noise. Simulation results are compatiedecent methods using % error

of process model parameters.

6.2 Suggestions for further work

Following the design methods described in this thesisethes several directions in which the

presented work can be extended and further investigatede ®6them are enumerated below:

¢ In the proposed work DF technique is used to identify the @seadynamics during off-
line and on-line mode of operation and state space methaks for off-line identifica-
tion. Hence, state space method can be extended for ordénéfication so that accurate

process dynamics are identified.
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Chapter 6 Conclusions and Future Work

e Similarly, presented work can be extended to identify TITTOgesses using time domain

approach.

¢ In the present work for on-line identification, initial coolier parameters are chosen
based on many simulation results. Hence, a model basedtenttesign can be carried

out.

¢ It will be interesting if the proposed expressions which deeved by using state space

method can be extended to explicit form.

e The identification methods proposed in this thesis are ealple to linear processes.

Hence, the proposed work can also be extended to nonlineeesses.
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APPENDIX A

SUPPLEMENTARY MATERIALS

A.1 Detailed derivation of the expression (2.1)

r(t) e(t u(t)

N = G(s) y(t) >

Figure A.1: Nonlinear feedback scheme

Let us consider a nonlinear feedback scheme as shown in EigviAich consists of a linear
transfer functionG(s) and a nonlinear elemeit (relay with hysteresis). If the input signal to

the nonlinear element is a sinusoidal wave then,

e(t) = Apsin(wt) (A.1)
or

e(t) = Apsin(0) (A.2)

whereA, is the peak amplitude and the fundamental frequency of the relay input signal. The
presence of hysteresis in the relay, makes the outfijito get the value ofth according to

whethere > €, ore < —¢ on the last instant whele| > €. Then, the output of the relay is given
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Appendix A

by
)
-h 0<6<6
uB)=< +h By<O8<m+b (A.3)
—-h m+6y<0<2m
\
where

6o — sin* (Aip) (A.4)

As the describing function analysis provides a tool for fregcy domain analysis of the non-
linear system hence, the DF is obtained with the considerati only the principal harmonic

of the relay output signal. Therefore the relay with hystexés approximated by a gain of

21
o 1) / u(6) (sin@ -+ j cosd) 6 (A.5)
TTAp
0
or
21 21
N= L /u(e)sinede+ j /u(e) cosOd0 (A.6)
TiAp
0
let
21
M= / u(6) cosode (A7)
0
and
2
Py / u(6)sinedo (A.8)
0
in (A.6) which is represented as
N = n%p Aot jAd] (A.9)

The solution of the constants andA, are found by using (A.3) as given below

6o +6g 21
A= /—hcos9d9+ / hcosado + / _hcos0de (A.10)
0 6o +6
on further simplification we get
A1 = —4hsingy (A.11)
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Similarly
6o +6 2
AZ:/—hsinGdG-l- / hsin6do + / _hsin6de (A.12)
0 6o +69

resolving the above equation one obtains

A2 = 4hcosHy (A.13)

Substituting (A.11) and (A.13) in (A.9) to get

N = % [cosBp — j SinBy) (A.14)

Using the corresponding value 6§ from (A.4) in the above equation and resolving we get the

" 4h(1/A%—32—j5> A15)

2
nAp

DF of relay with hysteresis as

A.2 Detailed derivation of the expressions (4.7) and (4.8)

Let us represent the transfer function given in (4.2) as

yis) +Kfif

= A.16
u(s)e s (5—f)(5— ) (A.16)
Taking partial fractions of the above equation and resglwe get
y(s) 1 1
= — A.17
(e -1 -1 A4
where
g KMf (A.18)
f1—f
Representing (A.17) in the following form
ya(s) y2(s) a a
= — A.19
Wse s use ™ (5-f) (5-h) (A.19)
or
yi(s) (s— f1) = au(s)e % (A.20)
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y2(s) (s— fp) = —au(s)e°° (A.21)

Taking inverse Laplace transform of (A.20) and (A.21), daling two equations are obtained,

respectively
yi(t) — fayp (t) = au(t — &) (A.22)
ya(t) — faya(t) = —au(t — &) (A.23)
Let
xa(t) = ya(t); Xo(t) =y2(t) (A.24)

Hence, (A.22) and (A.23) are modified to

x1(t) = fixa(t) +au(t—9) (A.25)

Xo(t) = foxo(t) —au(t — 9) (A.26)

which can be represented in the following state space emsati

0 I R I VN R (A.27)
Xz(t) 0 f Xz(t) —a
y(t) = ya(t) +ya(t) = xa(t) +xa(t) (A.28)
or
y(t) = { 1 } X(t) (A.29)
Representing (A.27) and (A.29) in the following state spfacm
X(t) = Ax(t) +bu(t —9) (A.30)
y(t) = cx(t) (A.31)
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Hence,

f]_ 0 a
A= b= ;c:{l 1} (A.32)

A.3 Detailed derivation of the expressions (5.11) and (5.12

Let us reconsider the transfer function given in (5.7) infdilowing form

y(s)  Kfifa(s+fo)

L A.33
u(sje=%s  fo(s— f1)(s— f2) ( )
Taking partial fractions of the above equation and furth@péfying we get
y(s) (fo+f1) (fot+f2)
= — A.34
u(s)e9s a (s—f1) (s—f2) ( )
where
Kff,
a=———"— A.35
fo(fr— f2) (A-35)
Representing (A.34) as
y(s) y2(s) _a(fo+f1) a(fo+fo) (A.36)
u(s)e=% u(s)e%  (s—fy) (s— f)
or
ya(s) (s— f1) = a(fo+ f1) u(s)e (A.37)
Ya(s) (s— f2) = —a(fo+ f2) u(s)e % (A.38)

Taking inverse Laplace transform of (A.37) and (A.38), wefglowing two equations, respec-

tively
ya(t) — faya(t) = a(fo+ fy) u(t — &) (A.39)
Ya(t) — faya(t) = —a(fo+ f2) u(t — &) (A.40)

Let
xa(t) = ya(t); Xa(t) = ya(t) (A.41)
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Hence, (A.39) and (A.40) are modified to

x1(t) = fixa(t) +a(fo+ f1)u(t —9d) (A.42)

Xo(t) = foxo(t) +a(fo+ f2) u(t — d) (A.43)

or representing in the following state space equations

xt) | | f O X (t) r a(fo+ f1) u(t— ) (A.44)
Xz(t) 0 fo Xz(t) —a(fo—l—fz)
or
. Kfifa(fotf1)
X1 (t) a fi O X (t) h fo(f1—T2) Ut 3) (A.45)
Xo(t) 0 f || )| | -“EElgE
y(t) = ya(t) +Ya(t) = xa(t) +X2(t) (A.46)
or
y(t) = { 1 1}X(t) (A.47)

A.4 Procedure to usefsolve function

Fsolveis a MATLAB [90] function, which solves a set of nonlinear egons simultaneously
as explained below with an example.

Fsolveis used to solve a problem specified Byx) = O, for x, wherex is a vector andr (x) a
function that returns a vector value. The following syntswsed in our presented work

x = fsolvg fun, X0, optiong

which solves the equations with the optimization optiorsc#ed in the structure options. To
set these options, the below mentioned syntax is used

options= optimset'Display’, ‘iter ")

which displays the output.
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In fsolvesyntax,funis a function that accepts a vectoand returns a vectd¥, the nonlinear
equations evaluated &t The function fun can be specified as a function handle foea fil
x = fsolvg@myfun x0),
wheremyfunis a MATLAB function such as
function F= myfunXx)
F=..
to compute function values at

Thefsolvefunction applied in Example 3 of Chapter 4 to estimate the BOprocess model
parameterg; andK is explained below.

First we write a file that computds, the values of the equations»xatThe MATLAB code
is given below:
functionF= my funx)
h=1;Ap=0.2631;T, =5.3897;0 = 2.0, £ = 0.1,
F = [X(2) * hxtanh(0.5x Tp/(X(1))) — Ap;
X(2) * h (1~ (2 exp(8/x(1))/(1+ exp(Tp/X(1))))) — €];
wherex(1) = 1; andx(2) =K.
The above function file is saved as myfun.m on MATLAB path. hhe initial point and
options are set up arfdolveis called as given in the following code
x0 =[2; 1]; make a starting guess at the solution
options= optimset'Display’, 'iter ');
[x, fval] = fsolveg@my fun x0, options; call solver
The above code is run to calculate the paramateanidK. After several iterationgsolvefinds
an answer as:
x(1) = 9.9957
X(2) = 0.9994
hence,r1 = 9.9957 andK = 0.9994 are estimated.
Regarding choosing initial values f&f, the values are varied from [1; 1] to [20; 20] and it is

observed that(1) varied from 9.9954 to 9.9957 but for most of the values it 8987 andk(2)
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remained at 0.9994. Or the explicit expressions propos€&ihapter 2 can be used to select the
initial values.

Fsolvemay converge to a non-zero point and generate the followiessage:

Optimizer is stuck at a minimum that is not a root, try agaithvei new starting guess.

In this casefsolveis run again with other starting values.

Similarly, fsolveis used in other examples where a set of nonlinear equatest to be solved

simultaneously.
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